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Abstract 

In this master thesis project, the formation of fouling on heat exchanger surfaces in dairy pro-

cessing and mainly the influence of air was examined. Based on prior experimental findings 

regarding the influence of air bubbles in combination with calculations based on solubility 

properties of air in milk, a hypothesis was stated. Milk can enter the processing system without 

any undissolved air, with altered equilibrium due to change in temperature and pressure the 

solubility can decrease. From this phenomenon, air bubbles can be created which are simulta-

neously filled with steam at the corresponding steam pressure. Assuming the steam is evapo-

rated from the boundary layer of the bubble a local increase in TS would be present, creating a 

fouling footprint. The influence of dissolved air and processing pressure on the fouling rate was 

examined in the thesis and the reason behind the creation of fouling is assumed to be drying. 

A lab scale tubular heat exchanger UHT was used in the experiments and a part of the thesis is 

focused on the instrumentation of the machine. The results points in two directions. While pro-

cessing milk entering with a high level of dissolved air, an increased process pressure led to a 

decreased initial fouling rate and prolonged induction period. The results from processing milk 

with low level of dissolved oxygen were inconclusive. Either a point of low enough oxygen 

level and high enough pressure was reached for nil creation of bubbles, or the milk properties 

were changed from the preprocessing which intended to lower the oxygen level. 

  



 

 



 

 

Sammanfattning 

I detta examensarbete undersöktes luftens inverkan vid skapandet av fouling på 

värmeväxlarytor i värmebehandling av mjölk. Baserat på tidigare experimentella upptäckter 

gällande inverkan av luftbubblor samt beräkningar baserade på löslighetskonstanter av luft i 

mjölk fastställdes en hypotes. Mjölk kan presenteras i systemet utan olöst luft, med förändrat 

jämviktstillstånd på grund av nytt tryck och temperatur kan lösligheten minska. Utifrån denna 

förändring kan luftbubblor skapas som parallellt fylls med ånga vid korresponderande ångtryck. 

Under antagandet att ångan evaporerar från bubblans gränsskikt ökar torrsubstansen här vilket 

skapar ett foulingavtryck. Inverkan från löst luft och tryck i processen undersöktes i arbetet och 

orsaken till skapandet av fouling antogs vara uttorkning. 

En tubvärmeväxlare i labbskala ämnad för UHT processing användes för experimenten och 

delar av rapporten fokuserar på instrumentering av denna maskin. Resultaten pekar i två 

riktningar. När mjölk med hög löst syrehalt behandlades, bidrog ett ökat processtryck till 

minskad initial foulinghastighet samt en förlängd induktionstid. Resultaten från körningar med 

låg löst syrehalt var ofullständiga. Antingen nåddes en punkt då tillräckligt låg syrehalt och 

tillräckligt högt tryck bidrog till ett obefintligt skapande av bubblor, eller så förändrades 

mjölken på något sätt på grund av den värmande förbehandlingen som skulle sänka syrehalten. 
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1 Introduction 

1.1 Heat treatment of milk 

Milk has not always been an as obvious choice for a nutritional beverage as it is considered 

today. Since it is almost an optimal environment conducive for the growth of microorganisms, 

without proper processing several pathogenic organisms can be found in milk. Raw milk has 

been known to contain pathogens like Salmonella, E. coli, Listeria and Campylobacter [1] and 

historically, raw milk was a common source of spreading diseases like tuberculosis, typhus and 

scarlet fever [2, p. 87].  

To kill the harmful substances milk is heated to a certain temperature for a certain time, called 

pasteurization. It was from the work performed by Louis Pasteur in the 19th century regarding 

the lethal effect heat has on microbes the process today commemorates his name [2, p. 87]. The 

kind of processing this thesis deals with is called Ultra High Temperature (pasteurization) per-

formed in Tubular Heat Exchangers, denoted simply UHT and THE. UHT is performed in the 

temperature range of 135-140 °C for a couple of seconds. 

1.2 Fouling 

Fouling in general is a wide concept considered to be the formation of unwanted material on a 

solid surface [3]. In the sense of the dairy processing industry fouling is mainly the buildup of 

precipitated proteins [2, p. 97] and partly mineral deposits on the hot heat exchanger surfaces 

[4] [5]. Some of the many factors affecting the fouling rate are the temperature difference be-

tween the milk and the heating side, the milk quality and composition, the air content of the 

product and the operating pressure of the heat exchanger [2, p. 98] [6].  

The negative impact air content in milk, dissolved and undissolved, has on the fouling formation 

has been a long-recognized fact [2] [4] [5] [7]. However, the exact reason why and the phenom-

enon occurring has not been determined. Bennett [8], in his doctoral dissertation, shines some 

light on a theory mentioned by for example Burton [4] in his journal article from 1968. The 

theory is that air induces fouling if it separates as bubbles (undissolved air) on the heating sur-

face. Bennett [8] manages to capture videos and photographic visualizations supporting this 

theory. In the wake of Bennet’s discoveries, a purely theoretical pilot study was performed at 

Tetra Pak. The results from the calculations for solubility and steam properties performed in 

the report [9] shows great consistency with the experimental results of Bennett [8]. Both reports 

support the hypothesis that the mechanism behind what Bennet denominates as “bubble induced 

fouling” is drying. 

1.3 Aim of the study 

This thesis is a continuation from the theoretical pilot study aiming for a more practical ap-

proach towards bubble induced fouling. The aim of this study is to further examine the rela-

tionship between undissolved air bubbles and the fouling rate in milk heat exchangers. This is 

to be done in a way more resembling the way UHT is performed in Tetra Pak machines and to 

validate what was found in the pilot study [9]. By performing trial runs with milk on a lab scale 

THE while varying the dissolved air content and process pressure, the fouling formation rate is 

measured. From the results, further analysis is applied to explore and understand the mechanism 

behind bubble induced fouling.  
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1.4 Scope 

The work is limited to experiments performed on a lab scale THE which is to be taken into 

consideration when reading the report. Results obtained from the experiments can be uncertain 

when scaling up to a commercial plant. The results are more focused on examining patterns 

than quantifying absolute correlations.  

1.5 Disposition 

The report is initiated with a theory part, large parts of this section can be skipped if one has 

fundamental knowledge in heat transfer and milk processing. Following is the material & meth-

ods section where the experimental setup as well as the fouling monitoring devices are de-

scribed. The results, discussion and conclusion chapters are followed by notations used in the 

report as well as the bibliography. Lastly the appendices consist of graphs not fitted in the report 

as well as a start-up protocol for the machine used in the project. 

When “the writer” is stated, the author of this thesis is intended as the person 
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2 Theory  

2.1 Literature review 

During the initiation phase of this project, in the beginning of 2016 before the writer was in-

volved, a literature search was performed at Tetra Pak. The aim was to find relevant literature 

and information regarding the influence of air on milk fouling. Keywords in the search were 

“air”, “milk OR dairy”, “heating OR uht OR pasteurization” and “fouling OR run time OR 

pressure drop”. Found in the search was the earlier mentioned dissertation by Bennett from 

2007, called “Aspects of Fouling in Dairy Processing” [8]. Beyond this, several journal articles 

by Jeurnink et al. collected in his dissertation was of interest, for example “Mechanisms of 

fouling in dairy processing” [5] and “Fouling of heat exchangers by fresh and reconstituted 

milk and the influence of air bubbles” [7]. 

A similar search was performed prior to this thesis to get up to date and conclude if any infor-

mation or reports had been done on the topic since. Also, citations of Bennett’s dissertation 

were checked and some search words were added such as “bubble” or “bubble induced fouling”. 

Not much material of interest has reached the public domain since 2007 according to the 

writer’s discoveries and knowledge. One German journal article published 2014 by Sprunk et 

al. [10] with relevant topics was found but no new relevant information was deemed to have 

been introduced. The article was analyzed with the writer’s very limited German skills, trans-

lation tools and the English abstract. It is very possible that internal projects within companies 

has been conducted yielding results without publishing. 

2.2 Milk 

2.2.1 Composition 

The main contents of milk are a mix of water, proteins, fat, carbohydrates and minerals, but 

also trace amounts of substances such as vitamins and enzymes [2, p. 18]. The total solids (TS) 

content for whole milk is usually around 13 wt% [2] [11], the composition can be seen in Table 

2.1. Since milk is a product originating from a living animal, variations between breeds, cows 

within the same breed, milking seasons and feeding can have a dependence on the composition 

[2, p. 22] [11]. Milk is slightly acidic due to the lactic acid and has a pH around 6.5-6.7 [12]. 

Table 2.1. Composition of the total solids in cow’s milk from two different references, the Dairy 

Processing Handbook [2] and Ullman’s Encyclopedia of Industrial Chemistry [11]. 

Solid substance (wt%)  [2] [11] 

Protein 3.4 3.3 

Fat 3.9 3.8 

Carbohydrates 4.8 4.8 

Minerals 0.8 0.7 

Organic acids n/a 0.2 

Total solids 12.9 12.8 
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2.2.2 Fat 

The fat in milk is present in the form what is called an emulsion or dispersion, meaning small 

droplets of a fluid in another and therefore not a true solution [2, p. 19]. Butter is also an emul-

sion with small water droplets which is called a water-in-oil emulsion [11]. In the case of milk 

it is the other way around, called an oil-in-water emulsion, and the fat is present in fat globules 

which are surrounded by a membrane with complex structure [2, p. 23] [11].  

The milk fat is fairly stable towards heat treatment and is not very altered by this [11]. However, 

milk fat is sensitive to mechanical treatment which is utilized in the homogenization and men-

tion later in the report. 

2.2.3 Proteins 

The proteins are divided into two major subgroups: whey proteins and casein proteins. The 

caseins agglomerate and form big, relative the size of a protein, clusters called micelles [11]. A 

micelle can consist of hundreds and thousands of single casein proteins [2, p. 28], but at present 

time it is not yet fully determined the actual appearance of a casein micelle. Caseins make up 

about 80 % of the proteins in milk and are by the light scattering capabilities of casein micelles 

the reason behind the white color in skim milk [2, p. 28]. Casein proteins are not easy precipi-

tated by heat but more easily by acid of enzymes, which is used in cheese making [2, pp. 30, 

39]. 

Whey proteins are the type of proteins often acquired protein powders for body building pur-

poses. They are separated from the main product in cheese making and make up the remaining 

20 % of the milk proteins. About 50% of the whey proteins are β-Lactoglobulin (β-Lg) which 

are heat sensitive. At 60 °C [2, p. 32] – 70°C [5] these proteins start to denature and form 

complexes with the casein micelles [11]. Denaturation means that a protein loses its tertiary 

structure and sometimes biological function. 

2.2.4 Carbohydrates 

Lactose is the carbohydrate occurring predominantly in milk and is found only there, it is a 

disaccharide consisting of glucose and galactose [2, p. 35]. Lactose mainly affects the color and 

taste of the milk during heat treatment, and partly converts into lactulose, discussed more thor-

oughly later. 

2.2.5 Minerals 

The most occurring minerals are potassium followed by calcium, which has a major influence 

in the building of bone mass in all mammals drinking their mother’s milk [11]. Heating a fluid 

with minerals alters the equilibrium and can cause them to precipitate. In milk for example 

different forms of calcium phosphate and calcium citrate precipitate upon heat treatment [5]. 

2.3 Indirect UHT 

The following sections (Indirect UHT & UHT processed milk, including subheadings) are based 

on the writer’s knowledge gained from working with process design of UHT treatment plants 

for milk processing if not referenced otherwise.  

UHT is based on the same process as pasteurization, to heat up a product to a certain tempera-

ture for a certain time to kill bacteria, but when referencing to UHT it is denoted as sterilization 

instead of pasteurization. UHT can be performed as direct or indirect heating, meaning direct 

contact with the heating media or separated by a wall. Direct heating is performed by injecting 
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steam into preheated product or spreading product through a nozzle into a space of steam. Direct 

heating is only considered briefly in this thesis for comparative reasons. 

2.3.1 THE 

The kind of heat treatment regarded in this thesis is performed in THE, tubular heat exchanger. 

The different pipes/sections of the THE are often gathered in an insulated package, see Figure 

2.1, where the tubes are placed in parallel going back and forth. 

 

 

Figure 2.1. A tubular heat exchanger unit with covering insulating sides as a compact device, 

figure from [2, p. 101] 

 

A closer look at the edge of the unit and the cross sections of two types of tubes is visualized 

in Figure 2.2. The product that is heated flows in the inner tube(s), called tube side, and the 

heating medium on the exterior, called shell side. The heating medium can be either steam, 

water or hot product. The case of heating unprocessed cold product with already processed hot 

product is called regenerative heating. It increases the energy efficiency of the process but as a 

tradeoff, some of the controllability and preciseness is lost. It should be noted that an exception 

exists when heating regeneratively. The processed product (heating medium in this case) then 

flows on the tube side and the unprocessed product on the shell side. This is since a higher 

pressure is always maintained on the tube side than the shell side. If a crack in the process would 

occur, product should leak into the heating medium, alternatively, processed product should 

leak into unprocessed, as to not loose sterility on the aseptic side.  
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Figure 2.2. Cross section of two types of tubular heat exchangers: (A) Monotube and (B) 

Multitube. Figure from [2, p. 102] 

 

The two main configurations for THE are monotubes and multitubes, see (A) and (B) respec-

tively in Figure 2.2, however more configurations exist. The multitube is a bundle of smaller 

tubes placed concentrically in a revolver type configuration where the flow is spread even in 

the channels. The pipes can either be smooth or corrugated. In the latter, turbulent flow is easier 

to obtain at lower flow rate but the capital cost is higher and the pressure drop is increased. The 

manner of heating is almost exclusively in countercurrent flows with several advantages. The 

product that is heated meats the heating medium in its coldest place and gradually encounters 

warmer medium when it is heated, see Figure 2.3. This minimizes the temperature difference 

and enables a higher outlet temperature of the product compared to concurrent flows.  

 

Figure 2.3. Visualization of a countercurrent THE and the notations used in the calculation of 

the logarithmic mean temperature difference, figure from [2, p. 95]. 
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2.3.2 Heat transfer 

Transport of heat is the main process in UHT processing, all heating and cooling processes 

follow fundamental heat exchanger and thermic calculations. Eq. 1 [13] calculates the heat load 

to or from a fluid taking mass flow, heat capacity and temperature difference into account. Eq. 

2 [13] is a heat exchanger specific calculation utilizing the overall heat transfer coefficient, the 

area of the heat exchanger and the logarithmic mean temperature difference. The heat load 

transported from one fluid is always taken up by the other and equal to the heat load over the 

heat exchanger, applying conservation of energy and neglecting heat losses [14]. 

𝑄 = 𝑚̇1(𝑐𝑝1,𝑖𝑛 ∙ 𝑇1,𝑖𝑛 − 𝑐𝑝1,𝑢𝑡 ∙ 𝑇1,𝑢𝑡) = 𝑚̇2(𝑐𝑝2,𝑢𝑡 ∙ 𝑇2,𝑢𝑡 − 𝑐𝑝2,𝑖𝑛 ∙ 𝑇2,𝑖𝑛) 
Eq. 1 

 

𝑄 = 𝑘 ∙ 𝐴𝐻𝐸 ∙ ∆𝑇𝐿 
Eq. 2 

 

The logarithmic mean temperature is calculated to obtain an overall measure since the temper-

ature difference can differ throughout the heat exchanger, see Eq. 3 [13]. Compare with Figure 

2.3 for notations used for the tube and shell side respectively.  

 

∆𝑇𝐿 =
(𝑇1,𝑖𝑛 − 𝑇2,𝑜𝑢𝑡) − (𝑇1,𝑜𝑢𝑡 − 𝑇2,𝑖𝑛)

ln
(𝑇1,𝑖𝑛 − 𝑇2,𝑜𝑢𝑡)
(𝑇1,𝑜𝑢𝑡 − 𝑇2,𝑖𝑛)

 
Eq. 3 

 

The overall heat transfer coefficient is calculated from a combination of the two fluids being 

heat transferred and the material choice and thickness of the wall, see Eq. 4 [13]. 

1

𝑘
=

1

𝛼1
+

ℎ𝑡𝑢𝑏𝑒

𝜆𝑡𝑢𝑏𝑒
+

1

𝛼2
 

 

Eq. 4 

Often the heat transfer coefficient is empirically obtained by monitoring temperatures and flows 

in a heat exchanger. But it can also be theoretically calculated as followed from several factors 

such as heat capacity, flow profile and is highly temperature dependent. The Reynolds and 

Prandtl number can be calculated, see Eq. 5 and Eq. 6, respectively, as input to the Dittus-

Boelter equation [15] where the Nusselt number is approximately determined, see Eq. 7 [15]. 

The Dittus-Boelter equation is valid for smooth tubes and Reynolds numbers above 10’000. It 

is not exact science since it is an empirical correlation but can work as a crude estimation for 

the purpose. 

𝑅𝑒 =
𝑑ℎ𝑣𝜌

𝜇
 

Eq. 5 
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𝑃𝑟 =
𝐶𝑝𝜇

𝜆
 Eq. 6 

 

𝑁𝑢 = 0,023 𝑅𝑒0,8𝑃𝑟𝑛           𝑛 = {
0,4 for fluid being heated
0,3 for fluid being cooled

 
Eq. 7 

 

From the value obtained in the Dittus-Boelter equation the heat transfer coefficient for the fluid 

at a given state can be obtained from the definition of the Nusselt number, see Eq. 8 [13]. 

 

𝑁𝑢 =
𝛼𝑑ℎ

𝜆
   →    𝛼 =

𝑁𝑢 𝜆

𝑑ℎ
  

Eq. 8 

 

The transportation of heat from the bulk medium to the bulk product can also be divided into 

several sub steps, see Figure 2.4 . Heat convection, i.e. heat traveling from the bulk fluid to the 

boundary layer can be seen in Eq. 9 [13].  

|𝑄| = 𝛼𝑖𝐴 (𝑇𝑖,𝑏 − 𝑇𝑖,𝑤) 
Eq. 9 

 

Heat conduction, specifically in circular walls, i.e. the heat conducted through the heat ex-

changer pipes can be seen in Eq. 10 [13]. All calculations regarding heat load are set equal to 

match steady state. The heat traveled from bulk medium to the wall is equal to the heat traveled 

through the wall and equal to the total heat load from bulk medium to bulk product. 

𝑄 = 𝜆𝑡𝑢𝑏𝑒2𝜋𝐿
(𝑇𝑤,𝑜 − 𝑇𝑤,𝑖𝑛𝑛)

ln (
𝑑𝑖𝑛𝑛

𝑑𝑜
)

 
Eq. 10 
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Figure 2.4. Schematic visualization of the fluids divided by the heat exchanger wall, and the 

heat exchanging processes occurring. 

 

2.3.3 Preheating section 

A simplified process flow chart for UHT processing is shown in Figure 2.5, numbers in paren-

theses in the following section refers to this figure. Storing milk for 12-24 hours chilled or at 

room temperature after milking and before processing is found to reduce the amount of fouling 

formed [4] [8]. Storing for longer periods than this has instead an increased effect on the fouling 

amount, while the risk of developing possibly dangerous micro-organisms is present. After stor-

ing, the milk is pre low temperature pasterurized presented into the processing system usually 

chilled at around 4 °C. The pressure in the system must be maintained albeit pressure drops due 

to piping, valves and bends to make sure the product is not boiling when heated above the 

atmospheric pressure boiling point. Initially the product is pumped (2) up to sufficient pressure 

coming from a balance tank (1) and the preheating stage is initiated (3). The milk is preheated 

to around 70 °C before it reaches the homogenizer (4). In the homogenizer, the fat globules are 

smashed into smaller pieces by forcing the flow through a small channel at high velocity result-

ing in a, as one can conclude from the name of the process, homogeneous product. Homogeni-

zation is utilized to avoid separation and clumping in the product. 

After the homogenizer, which raises the temperature in itself by a couple degrees due to high 

pressure energy transforming to heat [2, p. 136], the product is then heated further (5) until it 

reaches the stabilizing holding tube (6). The idea behind this unit is to denature and stabilize 
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the proteins in an early stage. Fouling starts to become an issue when the milk is heated above 

70 °C [5], since the whey proteins start to denature at 65 °C and is almost totally denatured 

when heated to 90 °C for 5 minutes [2, p. 39]. Because of this reason the product is held for 

about 30 seconds around 95 °C. The stabilizing holding cell is usually fabricated in a wider 

diameter than the rest of the plant to manage the pressure drop from fouling formed in this 

section. 

2.3.4 Final heating section 

Following the preheating stage is the final heating section (7) where the product is heated to the 

maximum processing temperature. At the temperature of 135-140 °C the product travels 

through a holding cell (8) for the desired holding time, a couple of seconds. The length of the 

holding cell is calculated from the flow, the holding time, and the tube diameter and taking the 

flow profile in account as a correction factor, see Eq. 11. For example, in a process which has 

a laminar flow profile, the velocity of the flow in the center is much higher than that at the 

periphery which is “sticking” to the wall [16]. The correction factor takes this into account and 

prolongs the holding tube, resulting in some particles traveling in the correct speed would have 

a longer holding time compared to the slowest [2, p. 247]. 

𝐿𝐻𝐶 =
𝑉̇ ∙ 𝐻𝑇

𝜂 ∙ 𝐴𝑡𝑢𝑏𝑒
=

𝑉̇ ∙ 𝐻𝑇 ∙ 4

𝜂 ∙ 𝜋 ∙ 𝑑𝑡𝑢𝑏𝑒
2  

 

Eq. 11 [2, p. 100] 

When the heat exchange in the preheating section is performed in a regenerative matter (3), 

uneven or decreased heat transfer with time can be obtained. This manner of heating is unde-

sired in the final heating section since a steep and predictable temperature curve is wanted. In 

the final heating section, heat is always added directly with steam or a hot water circuit (9) to 

maintain control over the heating phenomenon. It is also required to use a small temperature 

difference in the final heating section. The combination of small temperature differences and 

fast heating processes calls for a great heating area in the final heating section according to Eq. 

2. 

2.3.5 Cooling section 

After the holding cell the product is cooled down to desired packing temperature. It is either 

cooled with ice water, cooling water or tower water and most often a combination of them. In 

the case visualized in Figure 2.5, the product is initially cooled with cooling water (10) and then 

further with the cold unprocessed product (3). Regenerative heating is a win-win situation since 

in the meantime, regenerative cooling is utilized. The phenomenon is similar to what is done in 

pinch analysis. The cooling medium that is heated up in (10) in the cooling section is afterwards 

sent to (5) to heat the product after the homogenizer. After processing and cooling the product 

it is sent to either an aseptic tank or directly to a filling machine to be packed aseptically (11).  

Note that the sections (3), (5), (6), (7), (8) and (10) are all collected in the unit shown in Figure 

2.1 and each section can consist of several tubes and not just one. Figure 2.5 is not showing this 

in a true manner. 
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Figure 2.5. A simplified process flow chart for UHT milk processing in THE. Figure from [2, 

p. 259]. 

1. Balance tank 

2. Pump 

3. First preheating section 

4. Homogenizer 

5. Second preheating section 

6. Stabilization holding tube 

7. Final heating section 

8. Holding tube 

9. Plate heat exchanger for hot water circuit 

10. Cooling section 

11. Product sent to aseptic tank or filling machine 

 

2.4 UHT processed milk 

2.4.1 The product 

UHT milk is defined as commercially sterile meaning that the product is free from microbes 

that can grow in the conditions it is meant to be stored [2, p. 247]. The product is packed asep-

tically and can be stored in ambient temperature (25-40 °C depending on location) up to a cou-

ple of months. Of course, once the product is opened it spoils in a matter of days just as regular 

milk. Shelf life is however dependent on the definition of when the milk is “spoiled” i.e. factors 

as sedimentation, separation, increase in viscosity and worsening of smell, taste or color [2, p. 

249]. 

When treating milk at high temperatures the Maillard reaction is taking place between the lac-

tose and amino acids of the proteins in the product [2, p. 40]. This reaction results in a brownish 

color, a boiled, bitter or caramel like taste alteration as well as a sulphureous smell. All these 

traits are more or less significant for UHT milk. Once the Maillard reaction has been initiated 

it can proceed even at ambient temperatures, only at a slower rate, which is one of the detri-

mental effects reducing shelf life. 
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2.4.2 Lactulose and F0 values 

As mentioned above it is desired to have an as steep temperature curve as possible in the final 

heating section. If the temperature is increased rapidly and held at this temperature for the hold-

ing cell time followed by a rapid cooling, the least impact on the product is obtained while still 

having a commercially sterile product. The optimal process to depict this has to be with direct 

heating where the high-pressure steam instantly increases the temperature of the product when 

they are mixed. After the holding cell the mixed flow is sent to a vacuum vessel where steam 

is flashed and the temperature rapidly decreases consequently. By this manner of heating a 

spike in a “time vs temperature” diagram is obtained, compared to a slower process as in indi-

rect heating, see (1) and (2) respectively in Figure 2.6. 

 

Figure 2.6. Typical temperature curve as a function of time for a direct heating process (1) 

and an indirect heating process (2). Figure from [2, p. 247] 

 

Lactulose is an epimer, i.e. one of a pair of isomers [17], of lactose and is formed when milk is 

heat treated [18]. The formation is strongly related to the time/temperature correlation of the 

heating phenomenon and is used to differentiate how heavily the milk has been heat treated. 

For example, in Figure 2.6, process (1) would have a lower lactulose value than process (2). 

In some way opposing the lactulose value is the F0 value, which is the effect the time/tempera-

ture correlation has on the killing of Clostridium botulinum [2, p. 245]. Milk treated for x time 

at temperature y can have the same F0 values as milk treated at a higher temperature for a shorter 

time. Briefly, a high F0 value (5-6) guarantees a commercially sterile product if the raw milk is 

up to standard quality [2, p. 245]. 
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2.5 Fouling 

Fouling in milk processing UHT plants is one of the major problems concerning process design 

and run times. It is hard to estimate and requires years of experience with trial and error in the 

field to grasp the concept and its features in a deeper sense. Tetra Pak experience issues from 

customers that cannot reach sufficient promised runtimes due to the buildup of fouling, which 

requires resources and money to resolve. An increased knowledge in the processes and phe-

nomenon behind fouling has a large possible economic gain.  

2.5.1 Composition 

It is more or less consensus in the dairy business to divide fouling into two categories: type A 

and type B. The classification was proposed by Burton [4] in 1968 and has been widely used 

since, see [5] [6] [8] [19] [20] etc. The types are divided partly in which temperature region 

they occur and partly on the composition of the fouling material.  

Type A starts to form at the temperature of 70 °C, reaches a peak at around 100±10 °C, and 

then starts to decrease [4]. The composition is around 50-60 % protein, 30-35 % minerals and 

4-8 % fat [4]. Since denaturation of β-LG starts at 60 °C [2, p. 32], the protein content of type 

A fouling is mainly β-LG in the lower temperature region, this turns to more casein content 

reaching increased temperatures [8]. The texture of type A fouling is described as soft, volumi-

nous, spongy and whiteish in color [4]. By a simplified approach, one can say that type A is the 

fouling that happens in the stabilization holding cell. 

Type B dominates the upper part of the heating spectra up to the maximum temperature of the 

system. The texture is more compact and brittle than type A and has a more greyish color. 

Composition wise type B includes a lower protein content, about 30-40 %, and larger mineral 

content, about 70 %, according to Burton [4]. Other references report a slightly different com-

position of 70-80 % mineral and 10-20 % protein [8]. It should be noted that not a specific 

boundary exists between the fouling types but more of a sliding scale towards type B with 

increased temperature. To conclude, at lower temperatures in the fouling span protein content 

in the fouling matter is predominantly. When the temperature is increased the protein content 

decreases and mineral fouling constitutes a bigger part in the composition. 

Lactose is basically not existent in the fouling and has a high solubility in water. The solubility 

is just below 19 g/100g water at 25 °C and increases with an increased temperature [21]. 

2.5.2 Factors affecting fouling 

The fouling formation depend on several factors either by alterations in the processing condi-

tions directly or by differences in the product entering the system. Correlations between the 

factors can also exist which is why it is important to keep the same approach when examining 

a factor, i.e. try to keep conditions not examined in an experiment constant. 

Acidity 

Casein micelles are sensitive to a lowered pH in milk, strong internal calcium bonds are created 

within the micelle [2, p. 30]. This results in growth of the micelles which eventually ends with 

a dense coagulum if the pH is low enough [2, p. 30]. The effect to this extent is usually achieved 

only when acid is added to the milk and not within the natural variation of pH in raw milk. A 

reduction to the lower end within the natural variation has however showed a larger amount of 

fouling [8]. 
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Milk age 

As mentioned above, storing milk for a short time can reduce the fouling amount, as long as the 

pH is not altered. But aged milk causes more fouling than fresh milk [4]. It has been showed 

that milk stored at 5 °C for 6 days before processing quadrupled the fouling degree [22]. 

Seasonal variation 

The runtime of UHT, especially sections heated above 120 °C, experiences variations in depo-

sition degree throughout the milking season [22]. Some recognize this effect to changes in feed 

and thus changes in milk composition [4] [22] and some to natural variation as difference in 

cows and environmental factors.  

Milk preheating 

Preheating, also called forewarming, causes denaturation of whey proteins and thus reduces the 

formation of this fouling later in the process [11]. This is widely accepted and utilized in the 

stabilization holding tube described earlier [23]. Many variations of time and temperature have 

been investigated. A sufficiently high temperature at around 95 °C has been shown to be more 

important than the holding time [24]. 

Flow velocity 

At high enough velocities the product flow becomes turbulent, exceeding a certain Reynolds 

number. A higher Reynolds number, and thus a more turbulent flow, decrease both fouling rate 

and amount [25]. The viscous sub-layer at the wall becomes thinner with increased velocity 

making the particle transfer through diffusion harder [26, p. 18]. 

Dissolved gases 

Out of the several factors affecting fouling formation in UHT, air in milk has long been a known 

contributor to the phenomenon. Burton [4] states a hypothesis that “It is probable that air only 

encourages deposit formation if it separates as bubbles on the heating surface, and that its effect 

will be eliminated if sufficient pressure is maintained in the milk at all times to prevent separa-

tion”. This was published in 1968 and has since been cited in several journal articles and reports. 

However, no experimental studies to examine the hypothesis have been stated. A general pat-

tern when reviewing literature is mentions regarding the negative influence of air on fouling, 

but experimental evidence lacks and in cases with experiments the conditions are stated poorly.  

Jeurnink [7] performed experimental studies aimed at exploring the influence of air bubbles on 

the amount of deposit, both in THE and PHE (plate heat exchanger). He found a significant 

difference in deposit formation between untreated and deaerated milk. But no measurements 

regarding air content neither before or after experiments were mentioned. Jeurnink also reports 

that “visual observations showed that air bubbles were nuclei for the formation of deposit”. It 

is hard to grasp how these observations have been conducted when reading about the experi-

mental rig. The THE utilized in the experiments was a monotube with heating medium flowing 

in the inner tube and an outer tube of glass. But since milk is not a transparent solution some 

struggles had to be evident to observe the air bubbles on the inner tube. It should also be noted 

that a part of Jeurnink’s theory regarding the bubble participation in fouling is a bubble bursting. 

The writer also went into the trap of visualizing the bubbles as soap bubbles which can burst. 

However, the bubbles are air bubbles surrounded by a fluid media created by an altered solu-

bility equilibrium and can thus only be eliminated by a decreased temperature or increased 

pressure. 
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Degassing in a vacuum vessel is a method used to eliminate bad smell and reduce the amount 

of dissolved gases in the product. The method is commonly used and often included in the 

design depending on product quality and ability for increased investment/running costs 

2.5.3 CIP – Cleaning In Place 

CIP is the process of cleaning a UHT plant without having to dismantle the parts and clean them 

separately. The whole processing unit can be cleaned by running a CIP program where fouling 

and other dirt is removed and afterwards followed by a sterilization of the plant. Initially water 

is used to rinse off material that easily comes off. This is done immediately after the closing 

down of the process as to not dry the fouling which makes it harder to remove [2, p. 462]. 

Afterwards both acidic and alkali solutions are used to break down the fouling material with 

water rinses in between [2, p. 462]. The alkali, usually NaOH, breaks down the precipitated 

proteins and removes fat while the acid, usually HNO3, dissolves the mineral deposits [27].  

Regarding UHT in the dairy industry CIP is performed usually on a daily basis but longer 

runtimes can be reached, direct UHT usually have slightly longer runtimes. However, compar-

ing with other process plants including heat exchangers in the chemical production industry 

CIP is very much less frequent. For example, the petroleum or petrochemical business where 

the process is cleaned more on a yearly than daily basis [6]. If runtimes can be prolonged a 

longer guaranteed runtime can be assured to customers making Tetra Pak’s processing solutions 

more attractive. With longer runtimes more product is processed per cycle. Cleaning of the 

machines also becomes less frequent resulting in less use of chemicals, less energy used and 

less effluent to take care of. According to Georgiadis et al. [28], 65% of the annual cost in a 

processing dairy is due to interruption of the production, compared to the increase in energy 

used due to fouling. 

Since the dairy business is a very energy demanding business, much is to be gained if the 

runtimes can be prolonged by controlling fouling phenomenon even slightly. 

2.5.4 Formation 

Since the process of the deposit formation is not fully understood the fouling phenomenon de-

scribed in this section is in a general way. In the literature, some in depth analytic approach to 

the phenomenon are described but merely as hypotheses. The theories consist of chemical re-

actions, mass and heat transfer and other physical processes for both bulk and surface effects 

[5] [25]. 

Initially the product is affected by the heat treatment by equilibrium and denaturation reactions 

forcing some species to precipitate [23]. The solubility of the minerals is decreased with in-

creasing temperature [5]. Some of the proteins start to denature and aggregate [22]. To con-

clude, heat treatment forces some parts of the milk to longer be in a true solution [4]. 

Figure 2.7 shows a visualization which summarizes the assumed possible process steps for foul-

ing in a good manner. The process steps are inspired by a similar figure made by Sprunk et al. 

[10] and theories of among others Jeurnink et al. [5] and can maintain a decent view of the 

processes according to today’s knowledge. Some processes are visualized in the boundary layer 

and some in the bulk fluid and a continuous transfer between the layers is occurring [25]. 

See Figure 2.7 for referenced processes (denoted A-H) in this paragraph. Already at room tem-

perature a monolayer of β-Lg can be formed and adsorb to the heat transfer surface (A). With 

increased temperature β-Lg denatures and exposes thiol (-SH) groups when the protein loses its 
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structure. The denatured β-Lg can either attach to the monolayer (B), create small groups of β-

Lg (C) or attach to casein micelles (D). The small groups of β-Lg can then become parts of 

bigger aggregates (E) or travel back to the bulk and exit with the processed product (F). The 

creation of bigger aggregates can only occur in the presence of precipitated minerals (G), the 

minerals can also attach to the casein micelles (H) or the heat exchanger surface as mineral 

fouling (I). [10] 

In the bubble, the process of bubble induced fouling described by Bennett [8] is thought to take 

place, more thoroughly explained below.  

 

Figure 2.7. Processes for the formation of fouling in milk heat treatment involving whey protein 

(β-Lg), casein, minerals and gas bubbles. Figure by [10] with inspiration from [5], redrawn by 

the writer. 

 

Thorough research has been made as to which layer/species that attaches first and the many 

theories conflict with each other following Bennett’s discussion [8]. Some argue that a specific 

layer is constructed initially and then the other species is attached to this one, one can also 

envision the course of action to a simultaneous creation. A fact speaking for this process is the 

absence of lactose in the fouling matter even though it is the biggest contributor to the total 

solids in raw milk. Since lactose has a high solubility in water (milk is mainly water) it does 

not precipitate upon heating and does therefore not foul following this argumentation. 

The process of fouling over time is often described and divided into different growth periods, 

much like the phases in bacterial growth, see Figure 2.8. Initially a so-called induction period 

where not much change is apparent, only a thin layer of fouling is formed which does not affect 

the heating significantly [6]. The induction phase can last up to an hour and has been shown to 

actually increase the heat transfer coefficient slightly due to surface roughness creating more 

turbulent flow [22]. 
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Following the induction period is the fouling period where the growth of fouling is sufficiently 

substantial to make an impact on the heat transfer or the pressure drop [25]. The behavior of 

the fouling rate during the fouling period can be constant or nonlinear depending on processing 

conditions. 

 

Figure 2.8. The possible fouling periods in the process of fouling growth with increasing fouling 

resistance over time, figure by the writer with inspiration from [25] 

 

2.6 Fouling dependency of air 

This section outlines the supporting theories regarding bubble induced fouling and the main 

reason behind the initiation of this thesis. 

2.6.1 Aspects of Fouling in Dairy Processing – H. A. E. Bennett 

MPHE 

The classification of type A fouling as foamy and voluminous is with regard to the texture at 

the end of a run. To identify the process of fouling formation in an early stage one has to either 

shut down a process early and visually examine heating surfaces or create a strategy to examine 

the fouling process in real time.  

Bennett [8] created a clever experimental rig with a miniature plate heat exchanger (MPHE). 

The MPHE consisted of several smaller units with a single plate in each unit. The rig can be 

described as a PHE where all the plates are separated for an enhanced and simplified monitor-

ing. One of the units were modified to include a transparent Perspex (acrylic glass) sight glass. 

By this constellation Bennett managed to get real time footage and video sequences and could 

attain strong indications for the bubble induced fouling behavior. The solution used for these 

experiments were a 0.1% whey solution which was deemed to be transparent enough and still 

provide a medium for sufficient fouling formation. 

Bennett further analyzed one run where bubbles were apparent during the run and a clearly 

similar pattern was obtained on the MPHE plate after the run, see (e) and (f) respectively in 
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Figure 2.9. The photograph from the plate after the run was zoomed in and analyzed further, 

see Figure 2.10. 

 

Figure 2.9. Video stills from during a run on the MPHE (e) and a photograph of the plate after 

the run (f), figure from [8] with republishing permission from Bennett. 

 

 

Figure 2.10. Enhancements of the section chosen to further examine from the photograph of 

the test plate in one of Bennett’s runs, figure from [8] with republishing permission from Ben-

nett and slight modifications by the writer. 
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The fouling footprints obtained in Figure 2.10 correspond to where bubbles were apparent dur-

ing the run. According to Bennett, bubbles in this area existed for about 3 minutes. In the pattern 

it can be seen that the bubbles move in the direction of the flow and during the movement they 

grow bigger. Bennett estimated the number of rings to be 15, resulting in a mean formation time 

of 12 seconds. He admits this to be a low estimation for the number of footprints, which can 

clearly be estimated to at least the double resulting in a halved formation time of 5-6 seconds. 

It was also showed that bubbles created a greater footprint in the surface the longer they stayed, 

which speaks for some kind of regeneration of solid substance at the bubble surface that can 

dry out. 

THE 

Bennett proceeded from the findings obtained in the MPHE to perform runs on THE with whole 

milk to examine the influence of pressure and flow velocity on the behavior. With pressures 

ranging from 30-80 kPa (g) and run time of 4 hours the amount of fouling was weighed after 

each run. A clear relationship between a decrease in fouling amount with an increased pressure 

was determined. 

An interesting feature was also obtained from photographs of the tubes after the runs. In Figure 

2.11 (A) and (B), fouling pattern on tubes under same magnification with operating pressures 

at 30 kPa (g) and 80 kPa (g) respectively are shown. Process specifications regarding flow, run 

time and temperature profile for product and heating medium were the same between the runs.  

With an increase in pressure considerably fewer and bigger bubbles seem to have been nuclea-

tion sites for fouling. Bennet showed through digital analysis of the photographs also that the 

area of steel covered in fouling decreased almost linearly with increased pressure. 

 

 

Figure 2.11. Photographs of tubes post run from Bennett’s runs with THE: (A) at 30 kPa (g) 

and (B) 80 kPa (g), figure from [8] with kind republishing permission from Bennett. 

 

Conclusion 

Bennett performed several runs with varying pressure and product flow. He found that in his 

setup, the nucleation of air bubbles could be eliminated by: 
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• A backpressure of 130 kPa (g) (14) 

• A linear velocity of 1 m/s 

 

These numbers are not to be taken as absolute reference values to advance with since they are 

highly dependent on the setup conditions. The findings from Bennett’s MPHE and THE above 

strongly speaks for bubble induced fouling and the numbers are instead used in this thesis as an 

incentive to be able to limit air nucleation with high enough pressure in a certain process design.  

Bennett proposes in his discussion a 15-statement theory regarding bubble induced fouling, a 

selection of these is shown below. The numbers in parenthesis refer to Bennett’s numbering of 

the statements 

• When bubbles nucleate at the surface a layer of proteins and fat adsorbs to the liquid/gas 

interface immediately. (1) 

• The proteins and other milk solids attach rapidly to the metal surface at the periphery 

creating a fouling footprint (within 12 seconds in our experiments). (3) 

• The creation of a footprint depletes the air/liquid interface of its stabilizing solids and 

fresh solids immediately enter and spread out on this interface from the adjacent liquid 

milk. (4) 

• The proteins from the milk can attach to the wall or to existing fouling deposits if they 

are activated either by heat or by enzyme and able to aggregate. […]. This mechanism 

is independent of and co-exists with the air-bubble fouling mechanism. (10) 

• The activation, transport and attachment mechanism of fouling is considerably slower 

than the air bubble mechanism. (11) 

• It is more effective to control air nucleation by increasing the pressure of the system 

than by using high linear velocities. Unfortunately, the maximum pressure used in in-

dustrial plants is dictated partly by cost. There is a relationship between the limiting 

pressure at which air bubbles cease to nucleate and the temperature of the milk. In this 

work the value is 130 kPa (g) for a hot side temperature of 90 °C. (14) 

 

From Bennett’s statements several theories and thoughts arise. The bubble induced fouling phe-

nomenon is fast (3) and considerably faster than the protein activation mechanism (11). A pro-

cess system therefore does not require a long time to create an altered heat exchanger surface if 

bubble nucleation is prone to occur on the surface. Milk proteins can however attach to either 

the clean heat exchanger or to an already fouled surface (10). Immediately when a bubble is 

created a layer of precipitated material adsorbs to the interface between liquid and gas stabiliz-

ing the bubble (1). Regeneration of solids takes place on the bubble surface meaning new solids 

appear as soon as the fouling footprint is created and solids are removed from the surface (4).  

Findings above is merely the writer’s selection from Bennett’s work, for further information 

the reader is advised to read Bennett’s dissertation [8].  

2.6.2 Tetra Pak Development Report 

At Tetra Pak a project was initiated with the purpose of advancing on the topic of “fouling 

dependency of air” and “bubble induced fouling”. A calculation tool was developed to estimate 

the tendency of bubble nucleation in milk being heat treated. From a state in equilibrium with 

given temperature and pressure the amount of dissolved oxygen and nitrogen is calculated with 
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Henry’s law and solubility constants. This equilibrium is altered with changed conditions in the 

THE. With increased temperature the solubility of the gases is decreased, the reverse is valid 

for increased pressure. At a new state of equilibrium, the amount of dissolved gases is calcu-

lated, if the solubility in this state is decreased the difference can thus be used to calculate to 

amount of undissolved gases. The undissolved oxygen and nitrogen creates “air bubbles” in the 

product. The bubble simultaneously becomes filled with steam calculated from the steam pres-

sure at the given temperature. From these calculations the volume of bubbles at a new state is 

calculated. [9] 

The steam is evaporated from the product and in total the amount is negligible in comparison 

to the total flow. But if the evaporation is assumed to be from a boundary layer on the bubble 

surface drying completely, it would experience a local increase in TS, thus the concept of drying 

and bubble induced fouling [9]. The drying on the hot surface creates the fouling footprint 

mentioned by Bennet [8]. The bubble can either grow bigger, move on the surface or be trans-

ported in the flow direction and thus be replaced by a new bubble, depending on the flow ve-

locity.  

The calculation tool was developed further to include a measure of fouling formation (kg foul-

ing/ m2 heating surface). The experimental conditions provided by Bennett was entered into the 

calculation tool and calculated at given pressures. Great correlation was found with fouling 

formation measurements (kg fouling/ m2 heating surface) on his runs on the THE when com-

paring [9]. However, a constant factor of lower values was estimated by the calculation tool, 

the reason for this is yet unknown by the writer and the author of the Tetra Pak Development 

Report. Since assumptions had to be made in the construction of the calculation tool some of 

these could be the origin of the error. Note that the values of fouling potential and formation 

were compared for the end of each run and not a continuous comparison in time. The proposed 

process is visualized in Figure 2.12, one can envision the process producing a crater looking 

fouling footprint similar to found in Figure 2.11. 

From two different initial states of dissolved gas, the same amount of undissolved gas volume 

can be formed at different temperatures and pressures. It is then the temperature which deter-

mines the degree of drying on the bubble surface. A higher temperature corresponds to a higher 

partial steam pressure which forces more steam to evaporate. 
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Figure 2.12 The proposed process of bubble induced fouling through drying in the boundary 

layer of the bubble. 

 

2.7 Monitoring fouling formation 

To monitor the buildup of fouling in real time several methods are available. No continuous 

visual methods were required in this work since Bennett [8] already gained that knowledge. 

Instead indirect methods, i.e. measuring a variable dependent of the fouling, as compared to 

direct, weighing or measuring thickness manually, are used in this thesis. 

2.7.1 Heat transfer 

As the fouling builds up in the tubes of the heat exchanger, it can be visualized as an extra term 

in Eq. 4 corresponding to the fouling layer, resulting in Eq. 12.  

1

𝑘
=

1

𝛼1
+

𝑏𝑡𝑢𝑏𝑒

𝜆𝑡𝑢𝑏𝑒
+

𝑏𝑓

𝜆𝑓
+

1

𝛼2
 

Eq. 12 

 

The heat conductivity of the fouling layer is lower than the stainless steel of the tube resulting 

in a decrease in heat transfer coefficient with a growing fouling layer. According to Eq. 2, if 

the overall heat transfer coefficient is decreased, less heat will be transferred between the fluids 

and the milk will not have sufficient outlet temperature. To compensate this effect the medium 

inlet temperature can be increased, but then the fouling rate will increase and a negative cycle 

has started. The modification from Eq. 4 to Eq. 12 is very simplified and not as straightforward 

as adding a term since the remaining factors are not constant. For example, the heat transfer 

coefficient on the product side changes with an altered heat exchanger surface created by the 

fouling. Another disadvantage is the difficulty of estimating the heat transfer coefficient of the 

fouling layer [29]. 

With this in mind, the build-up of fouling can be modeled from a broader perspective taking 

only the overall heat transfer coefficient into consideration. In Eq. 13, a ratio between the cur-

rent and initial heat transfer coefficient can be seen, denoted HTRF (Heat Transfer Reduction 

Factor). The value of the factor starts at zero, in a clean process, and increases with time as the 
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coefficient decrease. An uncertainty with this method is whether the fouling resistance is orig-

inating from the fouling layer or another way altered heating phenomena. 

𝐻𝑇𝑅𝐹 =
𝑘0 − 𝑘𝑖

𝑘0
 

 

Eq. 13 

 

2.7.2 Pressure drop 

A flow through a pipe experiences pressure drop due to friction along the pipe walls according 

to the Darcy-Weisbach equation, see Eq. 14 [13]. The hydraulic diameter for a circular pipe is 

simply the inner diameter of the pipe. For a given pipe length the pressure drop will thus in-

crease when the diameter decreases due to fouling, a relationship used when monitoring the 

fouling formation in real time. The increase in pressure drop throughout the process with time 

forces the pumps to deliver an increased output pressure. Eventually the output pressure will be 

too high for the process to withstand and it must be closed down for cleaning. 

∆𝑝 = 𝑓
𝐿

𝑑ℎ

𝜌𝑣̅2

2
= 𝑓

𝐿

𝑑ℎ
5

𝜌 8 𝑉̇2

𝜋2
 

Eq. 14 

 

The approximation of the friction factor is dependent on the flow regime, i.e. laminar or turbu-

lent flow, which is determined from the Reynolds number, see Eq. 15 [13]. 

𝑅𝑒 =
𝑑ℎ𝑣ρ

𝜇
=

4 𝑉̇𝜌

𝜋𝑑ℎ𝜇
 Eq. 15 

 

For a laminar flow the friction factor is reciprocally proportional to Reynolds, see Eq. 16 [30]. 

𝑓 =
64

𝑅𝑒
     [𝑅𝑒 < 2300] Eq. 16 

 

Blasius correlation [31] can be used for the friction factor in the turbulent region assuming a 

smooth pipe, see Eq. 17 [30]. 

𝑓 = 0.316 𝑅𝑒−0,25     [𝑅𝑒 > 2300] 
Eq. 17 

 

Combining Eq. 14, Eq. 15 and Eq. 16 results in a pressure drop equation for laminar flow de-

pending on the length and diameter of the tube as well as the viscosity and flow of product, see 

Eq. 18. 
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∆𝑝 =
128

3.6 ∙ 106
 
𝐿𝑉̇𝜇

𝜋𝑑ℎ
4  Eq. 18 

 

The same reasoning but for turbulent flow with Eq. 17 results in a bit messier expression for 

pressure drop at turbulent flow depending also on the density in addition to the factors in lami-

nar flow, see Eq. 19. 

∆𝑝 =
0.316 ∙ 2 ∙ 40.75

(3.6 ∙ 106)1.75
 
𝐿𝜌0.75 𝑉̇1.75 𝜇0.25

𝜋1.75 𝑑ℎ
4.75  

Eq. 19 

 

When the pressure drop at a given time is compared as a ratio to the initial pressure drop on a 

clean process, many factors cancel out as constants. Assuming constant pipe length, product 

flow and temperature profile (i.e.  constant density and viscosity) the resulting ratio can be seen 

in Eq. 20 with the exponent denoted as * for a more concise writing.  

∆𝑝0

∆𝑝𝑡
= (

𝑑𝑡

𝑑0
)

∗

      ∗= {
4          (𝑙𝑎𝑚𝑖𝑛𝑎𝑟)
4.75 (𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡)

 Eq. 20 

 

The expression for the inner diameter of a pipe at a given time is thus Eq. 21. The height of the 

fouling layer can be seen in Eq. 22. 

𝑑𝑡 = 𝑑0 (
Δp0

Δ𝑝𝑡
)

1/∗

 Eq. 21 

 

ℎ𝑓 =
𝑑0

2
(1 −

Δ𝑃0

Δ𝑃𝑡

1/∗

) Eq. 22 

 

This method of indirect monitoring fouling formation is fairly easy to set up with a differential 

pressure transmitter. The difference in pressure drop relates to the diameter difference to the 

power of 4 in the laminar region, where the friction factor also is independent of the pipe rough-

ness, see Eq. 16. But to obtain good heat transfer a flow in the turbulent region is to strive for. 

Here the expression is precise to a higher power (4,75), but under the assumption that the pipe 

is smooth. This assumption is valid during start up conditions but will with time fail to be true 

due to the buildup of fouling, and the fouling being crusty and non-homogenous on the surface. 

The friction factor of a surface increases with increased roughness, see Moody-chart in for ex-

ample [13] or [30]. 

It is unfortunate that a method for monitoring fouling will be invalid when fouling is formed. 

But if one is understood with the uncertainty the assumptions contribute to, the value of the 
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fouling height can instead be used as a fouling factor with less absolute reference to the height. 

Because what is true however, is that the formation of fouling will increase the pressure drop 

by reducing the diameter and by increasing the “real” friction factor. By using Eq. 17 for non-

smooth pipes when a fouling layer is apparent, the calculated fouling height in Eq. 22 will be 

overestimated since the friction factor is underestimated.  

Theoretically a different equation than Eq. 17 could be used for the friction factor, taking sur-

face roughness into account. But since the fouling surface roughness is an unknown factor under 

dynamic circumstances it would be several other assumptions contributing to more uncertainty. 

For the purpose of examining and comparing fouling formation between runs Blasius correla-

tion is sufficient as long as the values are not taken as absolute measures of fouling height. 

2.8 Monitoring bubble formation 

Regarding the creation of bubbles on the heat exchanger surface solely indirect methods are 

utilized in this work. By equipping the process with oxygen sensors and transmitters, dissolved 

oxygen in the product can be measured continuously at appropriate positions. The decrease in 

measurement values between two sensors downstream indicates a reduction in dissolved oxy-

gen due to altered equilibrium. 
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3 Materials & Methods 

3.1 Armfield Modular UHT FT174-26 

The experiment runs in this thesis were performed on a laboratory scale UHT delivered from 

Armfield Limited, seen in Figure 3.2. The unit consists of a small balance tank, a feed product 

pump, 2 heating sections, a holding cell, a cooling section and a filler. It was rebuilt by Tetra 

Pak in 2017 to include two hot water circuits for an enhanced monitoring of the heating phe-

nomena as compared to heating with steam, which was the initial heating media. The hot water 

circuits are still heated with steam. Furthermore, during the time of this thesis work it was 

equipped with 2 differential pressure transmitters, one covering the preheating section and one 

covering the final heating section. 2 oxygen transmitters with 4 sensors as well as 2 extra pres-

sure transmitters were added on the product line. Beyond the added instruments the machine 

has transmitters, sensors and controllers for automatic control. The piping and instrumentation 

(P&ID) diagram is visualized in a small version in Figure 3.1 and in bigger scale in Appendix 

A. The Armfield is a dual mode machine able to operate also in a direct heating mode which is 

not regarded in this work. In Table 3.1 below, relevant data obtained from the actual machine, 

email correspondence with the company support and the instruction manual supplied from Arm-

field Ltd [32] can be found. 

 

Figure 3.1. Piping and instrumentation process diagram for the Armfield UHT.  
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Table 3.1. Data regarding the THE used in the experiment runs collected partly from the in-

struction manual (A), email correspondence (B) and partly from inspecting the machine (C). 

The letters in parentheses denotes the source of information, values calculated from the data 

are marked (D). 

Armfield Modular UHT FT174-26 Value Unit Source 

Number of heating sections 2 - A 

Number of tubes per heating section 8 - A 

Number of 180° bends per heating section 7 - C 

Bend diameter ~8.5 cm C 

Tube diameter product side 8.1 mm A 

Product tube wall thickness 0.711 mm B 

Tube diameter medium side 15.8 mm A 

Length heated per tube 0.4 m A 

Material 316 SS - A 

Heat conductivity 316 SS [33] 13-17 W/ m K  

Assembled test pressure 20 bar A 

Working pressure (maximum) 15 bar A 

Heated length per section 3.2 m D 

Total length per section 4.1 m D 

 

 

Figure 3.2. The Armfield UHT with touch screen, cooling section behind and PLC in the cabinet 

below. In the background the insulated heating sections can be seen. 
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3.2 Operating the Armfield 

3.2.1 Hardware and equipment operation 

Product configuration 

The milk was delivered in “bag in box” packages á 10 L, regular low pasteurized 3% fat Swe-

dish whole milk (“standardmjölk”) was used. Fed to the product pump are two inlets, one con-

nected to water and one dedicated to product coming from the tank upstream. The pump in the 

unit is a variable speed progressing cavity pump with a frequency converter and has 2 modes 

of operation. Standard flow mode is used in normal production and ranges from 10-55 l/h ap-

proximately. High flow mode is primarily intended for CIP but is available for use in production 

also and ranges from about 30-140 l/h. During start up the machine is fed with water which is 

heated to the selected temperature profile throughout the machine. When steady state is reached 

the inlet is switched to product feed and the experiment run is initiated. 

From trial and error, it was discovered that the pump had issues if the product flow not fully 

had reached the inlet and thus experienced cavity problems. This was not a problem with the 

water inlet since the pressure from the water supply was very high, but the liquid column in the 

product tank just barely exceeded the altitude of the pump. The problem was solved with a 

simple manual throttle valve mounted on the end of the product tube. The valve was open until 

the product flow reached the outlet and then closed to keep the liquid. Then the tube was con-

nected to the pump and the valve was opened again. The product travels through the THE with 

heating or cooling water flowing counter current. The processed product was collected in buffer 

tanks to be sent to destruction and biogas production.  

Monitoring conditions on the product line valid for this project were initially very limited. With 

time several components were, with slight delays, delivered and mounted on the UHT with 

input from colleagues and help from welders. All components were however dimensioned for 

a full-size plant which meant weight and size issues when mounting them. Custom made stands 

and tube spacers had to be manufactured for support and fitting purposes. 

Both pressure (PT) and differential pressure transmitters (dPT) where connected to the preheat-

ing and final heating sections. The differential pressure sensors had to be located in a horizontal 

position which meant spacers had to be added due to the bulky and voluminous size of the 

sensors, see Figure 3.3. Two sensors per dPT where fitted on the UHT, located on the high and 

low-pressure sides respectively. The signals from the sensors are collected and compared in the 

transmitter. Compared to a regular PT, which most often refers to gauge pressure, a dPT dis-

plays a much more exact measurement of the pressure drop since the comparison is only inter-

nal. 
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Figure 3.3. Differential pressure sensor (1) and spacer (2) to fit the unit on the preheating 

section. 

 

The oxygen sensors were quite a hassle to get a grip on. Initially they were mounted on the 

correct positions throughout the process and tested with circulating water without heating. A 

temperature limitation of 80 °C for valid measurements [34] resulted in sensors placed after the 

product tank (OT01), after the pump (OT02) and after the preheating section (OT03). OT04 

was sometimes placed after the final heating section (when lower temperature programs were 

run) and sometimes after the cooling sections. The sensors displayed similar values but with a 

magnitude of about 3 times the theoretical. After more investigation in the product datasheet 

[34], the installation orientation was of great importance. The sensors use optics to measure 

dissolved oxygen levels and is thus very sensitive to partly buildup of deposits and mostly air 

cushions on the spot cap. An ascending flow was required to assure that the housing was com-

pletely filled with liquid. The problem is shown in Figure 3.4 where a housing was unscrewed 

and opened for a visual examination and troubleshooting before the issue was solved. The sen-

sors were also limited from a horizontal orientation up to 45° with the cap pointing downwards 

as not to create air pockets. The final positioning of a sensor is visualized in Figure 3.5.  
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Figure 3.4. Oxygen sensor housing opened up for examination with ascending product flow 

coming from (1) and sensor cap (2). 

 

 

Figure 3.5. The positioning of oxygen sensor denoted “OT02” in the flow diagram with the 

flow direction marked with the arrow. 

 

After each run the machine was opened up for inspection and photographic documentation of 

the pipes and the fouling. The breaking down of the fouling during cleaning was monitored 

with the differential pressure as well as opening the machine afterwards. 

Process media configuration 

The hot water circuits are heated with steam in two separate PHE. They deliver a flow rate of 

~370 l/h at maximum capacity and water at ~25 °C. The steam delivered from the steam-boiler 
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on site has a pressure of well over 7 bar. With steam reducing valves the pressure was reduced 

to around 2 and 5 bar in preheating and final heating respectively.  

Calculations from observed values at steady state on the primary water test showed that the 

overall heat losses were around 15%, comparing heat transferred from the HW circuits and the 

heat taken up by the product. These results indicated that the THE had to be thoroughly insu-

lated, partly to reduce the heat losses partly for the sake of the temperature transmitters. The 

metal in the temperature transmitters radiates heat without proper insulation and thus displays 

a lower temperature than the real. The temperature transmitters on the HW circuit were initially 

placed below the THE far away from the inlet and outlet to the product tube. These were moved 

to better positions as to measure values with less heat loss to the environment and obtaining a 

better energy balance calculation. With these changes the overall heat loss was decreased to 5% 

overall losses. In Figure 3.6, before and after photos showing the insulation added by the writer 

along with the above listed features. The insulation was Armaflex from Armacell which can 

withstand a temperature of 175 °C. 

 

Figure 3.6. The preheat and final heat section in the UHT, stripped machine delivered from 

Armfield to the left and insulated machine with differential pressure sensors, oxygen sensors 

etc. to the right. 

 

3.2.2 Software operation & touch screen control 

The UHT is controlled and monitored from a PLC (programmable logic controller) connected 

to a touch screen with the user interface adjusted and enhanced to Tetra Pak standard. Initially 

the software is switched on and setting for the mode of operation is chosen, see section “Start 

up protocol” in Appendix B for further specified information. The product flow and temperature 

profile is set as well as the flows in the hot water circuits. With PID control loops the outlet 

temperatures from the heating sections are adjusted to the setpoints, see (TT43-SV43) and 

(TT44.1-SV44) connections in P&ID in Appendix A. Since the flow in each hot water circuits 

are set values the loop controls the temperatures with regulating steam valves (SV). If the outlet 

product temperature transmitter (TT) is showing values to low, the steam valve opens more 

resulting in a greater temperature in the hot water circuit and thus an increased product temper-

ature until reaching the set point. In a similar matter the control loops of the hot water circuits 

adjust the flows to the setpoints with the flow transmitters (FT) and the pump frequency con-

verters (SX), see (FT09-SX09) and (FT10-SX10) connections in P&ID in Appendix A. The 
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preset control values of the proportional, integral and derivative terms were used throughout all 

runs. They resulted in a decent control of the process with a fast reaction without too much 

overshoot and oscillations. 

The HMI on the touch screen consists of several tabs for an enhanced monitoring of the process 

and ability for manual input if needed, see Figure 3.7. The tab Process is an overview, showing 

product and HW temperatures, flow rates and pressures as well as the steam valve opening 

percentage in a pedagogic and instinctive way. From this view problems as falling temperatures 

or flow rates which need direct manual action are visualized. The tab I/O contains all values of 

process data in real time that can be logged. Beyond contents of the Process tab all pressures, 

differential pressure, dissolved oxygen content and the values of the pump frequency converters 

can be found. Tabs for all PID loops are present as for example TIC43 showing both the present 

values of the setpoint, process value and control signal as well as charts showing the trend over 

time. In Dev the deviation of process values from setpoints are displayed as an allowed limit 

and an absolute difference over a chosen time span. This is utilized to determine if the machine 

has reached steady state and is ready for a run or if values during a run fluctuates too much to 

be reliable. In the Force tab all valves and pumps can be forced into an active position which 

is useful when troubleshooting after encountering various issues or problems. 

 

 

Figure 3.7. The Armfield touch screen with HMI tab “Start” showing. 
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The writer was included in some steps in the process of constructing and testing the automation 

and adapting the HMI to the project needs prior the time of the runs. But with the limited 

knowledge in programming and automation the changes were constructed and implemented by 

colleagues at the department of R&T.  

3.2.3 Logging of process data 

The tab Logg contains the settings for the logging of process data. For this project another kind 

of data logging than the predefined was desirable. It was constructed by entering a number of 

samples to take and the frequency of sample collection in combination with a wait time. By this 

constellation the logger collected one sample every second for 60 seconds and then waited for 

240 seconds (4 minutes) and the was repeated. These logging parameters resulted in a good 

balance between not receiving a massive amount of data and the uncertainty of not logging 

temporary peaks or valleys. Variables to log are chosen by checking boxes in the I/O view. 

Since basically only the heating phenomena was of interest to measure in the runs a lot of pro-

cess values were intentionally disregarded. 

3.3 Experimental plan 

The design of experiments was created to monitor the fouling rate with varying process pressure 

and dissolved oxygen level in the product inlet. The array of conditions can be seen in Table 

3.2. The goal is to obtain a benchmark in the middle ground of the array and monitor the con-

sequences of a factor by varying it solely or obtain interactions in the corners of the array. 

 

 

Table 3.2. Array of experimental conditions varying the process pressure and oxygen level 
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Low pressure 

High O2 level 

Low pressure 

Medium O2 level 

Low pressure 

Low O2 level 

Medium pressure 

High O2 level 

Medium pressure 

Medium O2 level 

Medium pressure 

Low O2 level 

High pressure 

High O2 level 

High pressure 

Medium O2 level 

High pressure 

Low O2 level 
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3.3.1 Altering oxygen level 

To alter the dissolved oxygen level of the product it was decided to vary the product tempera-

ture. The other option was to change the pressure but this solution was harder to implement 

with the material at hand. An insulated and jacketed 250 L yoghurt tank with an impeller was 

found unused at the site and thus became dedicated for the purpose, see Figure 3.8. For the 

jacket either cooling water at ~4 °C, depending on outside temperature, or hot water at ~55 °C 

was used. The temperature was monitored by switching TT71 to the tank thermometer, see 

TT71 (Alt. 2) in Figure 3.1. 

 

Figure 3.8. The tank used to store and heat/cool the product during a run. 
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3.3.2 Altering process pressure 

The process pressure in the system is set with a manual back pressure valve. The pressure meas-

urements tended to be a bit noisy and drift from the setpoint if the screw nut was not really 

tightened. The upper limitation is due to a safety valve releasing at 8 bar and the lower limit is 

a high enough pressure to avoid boiling in the pipes. When examining the consequences of 

changing a variable it is important to keep variables not examined constant. If not, the risk of 

reading something into what was actually a consequence of another process than thought is 

present. 

 

 

Figure 3.9. The manual back pressure valve visualized in the upper right corner of the picture.  

 

3.4 Determining an operating point 

When a suitable flow to operate the unit at was determined, several upper and lower factors 

constraining the flow were concluded. Either by physical limits (feed pump, THE area) or the-

oretical (enough flow to utilize certain equations). This was done in an early stage before runs 

on the THE had begun. 

3.4.1 Feed pump 

The pump limits the upper bound of the flow capacity and thus limits the Reynolds number that 

can be achieved in the process. The variable factors Reynolds depend on are the flow, dynamic 

viscosity and density, see Eq. 15, the two latter are temperature dependent. Consequently, the 

Reynolds number was calculated at varying flows delivered by the pump and varying temper-

atures in the UHT range. Polynomials for the viscosity and density with milk temperature as 

input variables were utilized. The resulting matrix can be seen in Figure 3.10. A turbulent flow 

regime was aimed towards to be able to utilize Blasius correlation seen in Eq. 17, meaning the 

lower limit of the flow is constrained by obtaining a high enough Reynolds number.  
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Figure 3.10. Reynolds number calculated at varying flow and temperature (and thus varying 

viscosity and density). The different flow regimes are color coded and defined above the chart. 

 

3.4.2 Hot water circuits 

The next issue was regarding if the hot water circuits could manage to heat a sufficiently high 

product flow to the desired temperature profile. The given capacity of the pumps in the circuits 

is more than double compared to the product pump maximum capacity. By this fact and since 

milk and water are similar heat property wise the capacity of the hot water circuits was deemed 

to probably not be a problem. The steam supplied to heat the hot water circuits is designed for 

a much larger plant and in abundance delivered in a Tetra Pak pipeline and therefore neither a 

cause of an issue. 

3.4.3 THE 

Even though the hot water circuit has enough capacity to heat up the product flow, another 

limiting factor was the area of the heat exchangers. According to Eq. 2, the smaller heat ex-

changer area the bigger temperature difference is needed for a given heat load. To examine the 

limit of product flow where the heating area is sufficient to exchange the required amount of 

heat with a reasonable logarithmic mean temperature difference, an excel sheet with calcula-

tions was constructed. The built-in excel solver was utilized to solve the iterative calculation 

steps. Initially the product heat load required was calculated from Eq. 1 with flow, temperatures 

and temperature dependent heat capacity polynomials as input. The medium heat load was 

matched to this value by the same method and a constraint and varying the temperatures and 

flow of the heating medium. The objective of the solver was to minimize the difference in heat 

load calculated separately from Eq. 1 and Eq. 2. The complexity of the problem was that when 

the medium heat load was matched to the product heat load changing the medium temperature 

and flow, both the logarithmic mean temperature difference and overall heat transfer coefficient 

was altered rendering a new scenario. The solver managed to converge nicely with some initial 

help of defining reasonable start values.  
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According to the solver results, the THE could theoretically manage to heat a product flow of 

140 l/h at the desired temperature profile. At this point the medium inlet flow is at maximum 

and has a temperature of above 160 °C, the logarithmic mean temperature difference is about 

35 °C, which is to high. The results from the solver are not to be taken as absolute truth due to 

the many uncertainties and approximations (calculations of Nusselt number in Eq. 7 and ne-

glecting heat losses), but were useful as a tool in encircling the limits for an operating point. 

Processing at maximum capacity is never a good idea since a margin is needed to take care of 

temporary peaks and the steam valve has to open more with time due to fouling build up. The 

process has a safety valve releasing at 8 bar. To be able to analyze a greater pressure span the 

maximum temperature was decreased compared to the initial thought, since the fluid in the 

tubes must not boil. 

With the limitations mentioned above the operating point chosen was a flow of 100 l/h heated 

up to 120 °C maximum temperature. This was a trade-off between taking the air bubble fouling 

phenomenon into a more UHT perspective than Bennett did and the limitations originating from 

the Armfield’s performance.  

3.4.4 Comparison with Tetra Pak Indirect UHT 

An aim of this study was to examine the air bubble induced fouling phenomenon found by 

Bennet in a way more resembling how Tetra Pak machines work. With the use of the Armfield 

UHT this could partly be obtained, but some limitations on the machine made this goal hard to 

implement. 

Reynolds number 

The operating point was chosen with an as high Reynolds number as possible in mind. Fully 

developed turbulence (>4000) is reached at around 40 °C and evolves to values above 10 000 

at the higher temperature span. Tetra Pak’s indirect UHT usually starts at 10 000 reaches values 

in the 100 000 area. This can be seen both as a similarity and difference but compared to what 

could have been the case, the experimental configuration is fairly well setup. 

Heating process 

Compared to Bennett’s process configuration [8] the heating process in the Armfield is much 

more similar to Tetra Paks configuration. For example, the tube configuration of a monotube 

heated with medium on the outside, Bennett used concentric tubes heated both from the middle 

tube and outer tube. However, differences are still present, for example the lack of stabilization 

holding tube and deaerator. 

Run time 

The trade-off from increasing the product flow rate resulted in an increased temperature differ-

ence between product and heating medium, thus also an increased wall temperature. This com-

bined with a significantly lower flow velocity (~0.5 m/s) than in a Tetra Pak UHT (>1.5 m/s) 

led to decreased run times. Although this is negative in general it can be seen as positive for 

this project. It can sometimes be hard to create fouling even when wanted and the high fouling 

rate in these runs led to being able to perform many runs within the time limitations. 
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3.5 Processing experimental run data 

3.5.1 Analyzing raw data 

Each run resulted in a log file with all process data in a text file format obtained from the PLC 

with an ethernet cable. From here on the process from raw data to analyzable results, for each 

run, will be demonstrated with an example run, X11. The file was imported into Excel by a few 

steps in the Text Import Wizard and switching all dots to commas due to format differences. In 

Excel, the data from the runs were collected in separate sheets in the file Armfiled experiment 

runs 2018.xlsx, see Figure 3.11. For each collection of samples (60 samples every 5 minutes) 

the average value, standard deviation and relative standard deviation was calculated and 

checked throughout the run to observe any possible strange behavior or irregularities, see Figure 

3.12. Each average calculated from 60 samples is from here on, slightly incorrectly, called a 

sample for simplified reasons.  

 

Figure 3.11. The raw data from run X11 imported into Excel.  

 

 

Figure 3.12. The calculated average and deviations for each collection of samples at the given 

process times for run X11. 

 

3.5.2 Calculating fouling height & HTRF 

Each run was transferred into a compiled sheet in Excel where all calculations were performed. 

The fouling height was calculated at every sample time according to Eq. 22. The measured 

value from the differential pressure transmitters includes both friction, which we want to meas-

ure, as well as pressure difference originating from height difference and one-time losses 
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(valves, bends etc.). These had to be subtracted from the measured value before entering Eq. 

22. The calculated fouling height was plotted over time for each run, see Figure 3.13. 

 

Figure 3.13. The calculated fouling height over time for run X11. 

 

The heat load and heat loss were calculated to analyze the results from the insulation. The heat 

load was then used to calculate the overall heat transfer coefficient at each time sample together 

with the logarithmic mean temperature difference and the heat exchanger area, according to Eq. 

2 and Eq. 3. The heat transfer reduction factor (HTRF) was then calculated with Eq. 13, com-

paring the heat transfer coefficient at each sample time with the initial. In Figure 3.14 the HTRF 

over time can be seen. 

 

 

Figure 3.14. The calculated heat transfer reduction factor over time for run X11. 
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The graphs of fouling height and HTRF were analyzed further, see Figure 3.15. To maintain an 

as objective view as possible the writer only had the graphs at hand when analyzing and no 

process data as pressure or oxygen level etc. This was done as not to create the results expected 

or wanted and read in behavior not really observed, but to obtain the actual behavior of the 

fouling phenomenon. In each graph the induction period, i.e. the period before something starts 

to happen, was identified, see (1) in Figure 3.15. From this point two lines were drawn, one 

corresponding to the initial inclination of the curves (2) and one corresponding to the overall 

inclination from induction period to the end of run (3). The units of the inclination for these 

curves are either [mm h-1] when referencing to fouling height rate or [% h-1] when referencing 

to HTRF rate.  

The main reason two lines were drawn originates from reasoning regarding smooth pipes 

brought up earlier (section Theory, Monitoring fouling formation, Pressure drop). With time, 

the fouling layer will be overestimated and the calculations are thus less reliable in the latter 

time span. The initial fouling rate was drawn as a tangent to the curve following the induction 

period and the total fouling rate as a straight line matching the overall inclination ignoring tem-

porary peaks or valleys. 

 

Figure 3.15. The calculated fouling height over time for run X11 with identified induction pe-

riod (1), initial fouling rate (2) and overall fouling rate (3). 

 

It is uncertain how the HTRF rate differs between initial and overall measurements. As men-

tioned earlier the product heat transfer coefficient is altered by a fouled heat exchanger surface 

but the altered direction is not further analyzed. One can envision a more turbulent flow caused 

by an increased roughness on the surface, but it is unsure to what degree. 

3.5.3 Surface temperature & theoretical fouling rate 

The calculations regarding tendency for bubble nucleation requires the product temperature on 

the heat exchanger surface, simply called the surface temperature. By utilizing the calculations 

regarding heat transfer and fluid properties, Eq. 1 - Eq. 10, the surface temperature was calcu-

lated from both the medium and product bulk temperatures. The mean value from these calcu-

lations was used since they both seemed to overestimate the heat transfer properties.  
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The tool based on drying calculations developed in the pilot project at Tetra Pak [9] was during 

the time of this project developed further. With the structure of the main calculations intact a 

calculation for fouling rate [mm/h] was introduced. Beyond entering process data as flow rate, 

pipe diameter and product density, the state in the balance tank (initial state) was entered as 

product temperature and measured oxygen level. The new state was entered as a measured pres-

sure and the calculated surface temperature. See Figure 3.16 for an overview of the input and 

output to the calculations.  

 

Figure 3.16. A layout overview showing the input and output from the calculation tool. 

 

Several macros in excel were developed by the writer with the purpose of saving time of copy-

ing and pasting run data and clicking around in the solver options. By entering which run and 

sample to analyze in scroll boxes and utilize click buttons with macros, the data analysis was 

automated to work with just initial input.  

The use of the calculation tool was a mean to merge process data into only one variable. The 

process data between runs were sometimes similar but differed decimals in pressure and oxygen 

level. Instead of comparing similar pressures and oxygen levels the values were used as input 

to the calculations resulting in just a comparable fouling rate between runs. This calculated 

fouling rate was used as comparison to the experimental fouling rate or HTRF rate. 
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4 Results 

4.1 Following the experimental plan 

During the course of the project several experimental and trial runs as well as water tests were 

conducted. Due to the time limitations a master thesis project prevails and due to delays of 

equipment, the experimental plan could not be followed satisfactory. 17 experimental runs (de-

noted X01-X17) with at least 100 L milk each run were performed. Before beginning a run, a 

time of preparing the machine and finding dissolved oxygen equilibrium was present. All milk 

packages were opened by hand with carpet knife and scissors and poured into the balance tank. 

Following a run was the CIP process which took about an hour. With this in mind a process 

cycle lasted for at least half a working day. Some days double runs were performed but this 

caused stress and the risk of making mistakes increased. The master thesis turned towards more 

instrumentation of the Armfield and added devices than initially planned. 

The runs X01-X06 eventually became dedicated to a lot of trial and error and getting to know 

the machine since the process data had to be disregarded. During this time the issue with the 

oxygen sensors became present and resolved and the writer gained a lot of insight in how runs 

could be performed more efficiently. X07-X11 were conducted in the range of high dissolved 

oxygen level (around 12 mg/L by cooling the milk to ~4 °C) with varying pressure. During run 

X09 the pressure was set really high, exceeding 7 bar, which resulted in milk dripping from the 

safety valve which had released. The pressure had probably temporarily exceeded 8 bar and 

when examining the results the run was determined to have failed. The experiment runs X12-

X16 were performed in the low oxygen level region (around 6 mg/L by heating the milk to ~50 

°C). 

A final date for experimental runs was set early in the experimental plan to have sufficient time 

for data processing and analyzing as well as presentation preparations. During the last days a 

crossroads of either obtaining the middle ground of the experimental array (keeping the milk at 

room temperature) or taking the runs into a more UHT perspective (increasing the maximum 

process temperature to ~140 °C) was reached. It was decided to go for the latter option since 

reaching the UHT perspective was from the beginning an aim in the project. This would some-

how result in an extra dimension in the experimental array with altered temperature profile. 

This decision resulted in a negative outcome for the reliability of the project results since the 

middle ground of the array was not reached and comparability between oxygen levels was quite 

low. 

During run X17, where the maximum temperature was set to 137 °C, the machine was very 

much pushed to the boundary of its performance ability. The steam reducing valves was opened 

fully to have an as high pressure as possible in the entering steam. Eventually the water in the 

final heating hot water circuit started to boil and the pump was close to cavitation. The process 

had to be shut down and restarted with adjusted settings, setting a higher temperature between 

the heating sections letting the preheating section heat more. A second attempt at the run was 

performed but again troubles with the heating circuits were encountered. Too much steam was 

flowing to the preheating section, which resulted in steam not condensing in the PHE and steam 

going out in the drain pipe. A plastic gasket placed on the drain pipe melted and suddenly steam 

started leaking and the run had to be shut down again. After these events the ordered milk had 

run out and the time experimental phase had come to an end. The finished experimental plan 

showing the experiments and failed runs can be seen in Table 4.1. 
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Table 4.1. The resulting experimental plan with runs corresponding to experimental condition 

variables and failed runs. 

 

 Decreased O2 level  


In
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Low pressure 

High O2 level 
X10 

Low pressure 

Medium O2 level 

Low pressure 

Low O2 level 
X14 

Medium pres-

sure 

High O2 level 

X07 
Medium pressure 

Medium O2 level 

Medium pres-

sure 

Low O2 level 

X12 

High pressure 

High O2 level 

X08 

X11 

High pressure 

Medium O2 level 

High pressure 

Low O2 level 

X13 

X15 

X16 

 Not filled into experimental plan: X01-X06, X09, X17  

 

4.2 Compiled results 

In Figure 4.1 and Figure 4.2 the fouling layer and HTRF over time can be seen for all successful 

runs in the experimental plan, referred to as all runs forward. The figures are very crowded and 

difficult to analyze from this view, the runs with high dissolved oxygen level has a darker tone 

than the ones with low dissolved oxygen level. In between each series the differentiation is done 

with different markers. What can be seen, in Figure 4.1, is a pattern of the high oxygen level 

runs shifting upwards and left. This pattern speaks for a generally thicker fouling layer at a 

given time if the product has more dissolved oxygen in the inlet, resulting from either an in-

creased fouling rate or a shorter induction period. This pattern is not as obvious in Figure 4.2 

but is present to some degree. When analyzing fouling layer runs the inclination of the curve 

directly corresponds to the fouling rate. The case is not the same when analyzing HTRF runs, 

but the graphs are more used like patterns for fouling rate instead of absolute correlations with 

numbers. 
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Figure 4.1. An overview of the fouling layer development over time for all runs. 

 

 

Figure 4.2. An overview the of the HTRF development over time for all runs. 
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For further analyzes, each set of experimental conditions were divided into sub groups, high 

and low oxygen level runs. The fouling layer and HTRF for the high level oxygen runs can be 

seen in Figure 4.3 and Figure 4.4 with the varying pressure between runs. From Figure 4.4 one 

can see a pattern of graphs shifting downwards and right with increasing pressure, i.e. a lower 

fouling layer or heat transfer reduction. The same pattern is obtained in Figure 4.3 if analyzing 

up to 0,5 hours. After this time, run X11 (~6 bar) seem to surpass run X07 (~4 bar). Overall one 

can see a generally longer induction period in both figures with an increased pressure. 

A similar comparison as above for the low level oxygen runs can be seen in Figure 4.5 and 

Figure 4.6. All runs seem to follow the same pattern of similar induction period and both HTRF 

and fouling rate. Some runs with low level oxygen were performed for a longer time span but 

for comparative reasons all graphs have the same time axis bounds. The pattern of longer in-

duction period and lower values with increased pressure, seen in Figure 4.3 and Figure 4.4, is 

not apparent in Figure 4.5 and Figure 4.6. 
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Figure 4.3. The fouling layer development over time for the high dissolved oxygen level runs. 

 

 

Figure 4.4. The HTRF development over time for the high dissolved oxygen level runs. 
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Figure 4.5. The fouling layer development over time for the low dissolved oxygen level runs. 

 

 

Figure 4.6. The HTRF development over time for the low dissolved oxygen level runs. 
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4.3 Calculated & experimental fouling rate 

Even though the runs were divided into separate sets of experiments, high and low level dis-

solved oxygen, some differences between them are present. The oxygen levels range from 11,8-

12,1 and 5,5-5,9 for high and low runs respectively since it was determined by the fluctuating 

temperature in the product balance tank. Also, the pressures of runs aimed to fill in the same 

box in the experimental plan differ slightly, due to the manual setting of the back pressure valve. 

See for example runs X08 and X11 (5,9 and 6,0 bar respectively) or X13, X15 and X16 (6,7, 

6,7 and 6,9 bar respectively). This is where the drying calculations come in very handy. Since 

they reduce and merge the number of varying factors to analyze in runs from 3 (oxygen level, 

process pressure and surface temperature) to 1 (calculated fouling rate in mm/h). The calculated 

fouling rate is used below for many comparisons, sometimes comparing with experimental 

fouling rate and sometimes comparing with HTRF rate or induction period, obtained as in Fig-

ure 3.15. The latter comparisons are not as straightforward when comparing numbers but more 

used to validate and find patterns. 

Figure 4.7 shows the relationship between experimental initial fouling rate and calculated foul-

ing rate for each run. Not much can be gained from analyzing the figure from this view unfor-

tunately. If the runs with low oxygen level are excluded, a power law trendline with a good 

match can be fitted, see Figure 4.8. What can be seen here is a clearly increased initial fouling 

rate with decreasing process pressure, but not a linear relationship between the experimental 

method and theoretical calculation. A similar result is obtained from the HTRF method of mon-

itoring fouling rate, see Figure 9.1 in Appendix C. 

The results from analyzing the low level oxygen runs in the same manner are however incon-

clusive, see Figure 9.2 and Figure 9.3 in Appendix C. This is mainly because the low oxygen 

level in combination with a high pressure resulted in nil fouling rate calculated from the drying 

phenomena. The experimental fouling rate was also very inconsistent and followed no reliable 

pattern with varying pressure. 
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Figure 4.7. Experimental fouling rate (initial) versus calculated fouling rate for all runs. 

 

 

Figure 4.8. Experimental fouling rate (initial) versus calculated fouling rate for the runs with 

high oxygen level. With runs starting from left: X08, X11, X07 & X10 
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4.4 Induction period 

Analyzing the defined induction period from each run and comparing with the calculated foul-

ing rate should result in an opposite pattern than above. An increased pressure should increase 

the induction period if the hypothesis is right. In Figure 4.9 the relation between calculated 

fouling rate and induction period for each run is shown. Comparing between experimental sets, 

the induction period is generally longer for the low level oxygen runs.  

 

Figure 4.9. Induction period defined from the differential pressure method versus the calcu-

lated fouling rate for all runs. 

 

If again, the experimental sets are divided, it is easier to analyze within the same oxygen level. 

In Figure 4.10 the runs with high oxygen level are shown in the same view as Figure 4.9 with 

a trendline fitted, the correlation is good. With increased pressure the induction period is longer. 

The behavior of following a power expression well is reasonable. When decreasing the pressure 
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be longer or another fouling phenomenon starts. Figure 4.11 is identical to Figure 4.10 but with 
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the HTRF method can be seen in Figure 9.4 and Figure 9.5 in Appendix C. The behavior ob-

tained for the high oxygen level runs could not be found for the low level oxygen runs, the 

induction period was very similar in time and followed no pattern pressure wise, see Figure 9.6 

and Figure 9.7 in Appendix C. 
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Figure 4.10. Induction period defined from the differential pressure method versus the calcu-

lated fouling rate for the high level oxygen runs. With runs starting from left: X10, X07, X11 & 

X08. 

 

Figure 4.11. Induction period defined from the differential pressure method versus the calcu-

lated fouling rate for the high level oxygen runs with logarithmic scale axes. With runs starting 

from left: X10, X07, X11 & X08. 
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4.5 Comparison between fouling monitoring methods 

The analyzed results consist of graphs originating from both the differential pressure measure-

ments and heat transfer measurements. The method chosen to visualize is not a matter of choos-

ing the best result matching the hypothesis at all time but more consequence of saving space in 

the report. All graphs are present in Appendix C for analysis. A comparison of the initial fouling 

rate and initial HTRF rate is shown in Figure 4.12. A good linear correlation can be seen. For 

the overall fouling rate the correlation is not as good, which is expected from discussions above, 

the correlation can be seen in Figure 9.8 in Appendix C. The correlation between the induction 

period obtained from the two methods is also a good linear regression. Generally, the HTRF 

method seem to indicate a slightly shorter induction period, see Figure 4.13. 

 

 

Figure 4.12. Comparison between the initial fouling rate and initial HTRF rate. The correlation 

is good. 
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Figure 4.13. Comparison between the induction period for both fouling monitoring methods 
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5 Discussion 

5.1 Results from runs 

The initial thoughts which arose from the early analysis of Figure 4.1-Figure 4.6 seem to be 

correct with the deeper analysis in mind performed in Figure 4.7-Figure 4.11. The use of the 

drying calculation tool had its pros and cons. The correlation obtained in Figure 4.8 matches 

the data good but optimally it would be a linear 1:1 correlation. There is probably a nonlinear 

phenomenon in reality which is lost in an assumption and not taken into consideration in the 

model. Another nonlinear behavior was obtained regarding induction period in Figure 4.10 

which however, is not very strange. The comparison was between a calculated fouling rate 

(mm/h) and an induction period (h).  

In the experimental plan section, the topic of keeping variables not examined constant was 

brought up which turns the light towards the variable of changing the dissolved oxygen level. 

This was done by changing the product temperature which is known to alter conditions in milk. 

The high oxygen level runs were cooled which probably is not a problem as long as the milk is 

not contaminated. For the low level runs the milk was stored at around 50 °C for sometimes 

over an hour. The time perspective was a necessity for the milk to reach equilibrium and oxygen 

level tests were taken continually. Thinking that the milk was affected by this treatment is not 

impossible. Tracing this treatment to the inconclusive results for the low level runs is not at 

obvious, but still possible. 

It is also a possibility to think that the limit for bubble nucleation was reached. The drying 

calculations regarding the low oxygen level experiments indicated that the oxygen level was so 

low and the pressure so high that no bubble nucleation was present. If this is true in reality is 

uncertain, but the runs fouled eventually anyway. Maybe the drying fouling phenomenon was 

limited and another fouling phenomena entered in its place. In general, the results originating 

from the runs with high oxygen level were more reliable and conclusive. 

 

5.2 Monitoring methods 

It was shown that dividing the fouling rate into the initial and total was a good decision. It was 

known from the beginning that the fouling layer would be overestimated from calculations with 

time as the surface turns from smooth to fouled. The results from the initial fouling rate showed 

consistency for some runs (mainly high oxygen) while the total fouling rate showed no con-

sistency. A reason for this could be a local analysis on a longer phenomenon. If the inclination 

of the total fouling rate is determined by a local peak or valley in the graph, the analysis could 

be based on false premises. Another source of error is the fluctuating fouling and HTRF curves.  

The use of two methods for studying the build-up of fouling was positive. Some aspects of the 

phenomenon were caught by one method and some by the other. Some differences occurred but 

generally they showed the same results. An interesting part of the differences is the temporary 

peaks and valleys of the fouling and HTRF curves. In Figure 5.1 the fouling layer development 

is shown for X11 with small peaks at around 0,6 and 0,85 hours. In Figure 5.2 the HTRF de-

velopment is shown for the same run with peaks at around 0,45 and 0,75 and a valley at around 

0,85. The temporary peaks in the fouling layer curve could be explained by fouling coming off. 

If a tube is temporarily blocked the differential pressure would rise until maybe the blockade 
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falls of and the differential pressure falls again. This example would affect the HTRF less since 

only a small section of the pipe is blocked which does not affect the overall heat transfer which 

takes place all over the pipe.  

If the fouling is evenly distributed the differential pressure and heat transfer would be affected 

more to the same degree. If the air bubble phenomenon is present, one can also envision bubbles 

on the surface. Air bubbles probably limit the heat transfer, due to the insulating properties of 

air, and maybe the differential pressure less. 

 

Figure 5.1. The fouling layer development over time for run X11 

 

Figure 5.2. The HTRF development over time for run X11 

 

Generally the temporary increase in heat transfer performance (mentioned in Theory, Fouling, 

Formation) can be seen as a pattern throughout all runs. The behavior can be seen up to 0,2 

hours in Figure 5.2. 
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5.3 Direct fouling measurements 

In an early stage of the project it was planned to measure the fouling manually. One option was 

to measure the fouling height with a sliding caliper or to analyze photographs taken post run. 

Photographs were taken on the end of the tube, see Figure 5.3, but after a few runs it was de-

termined as a solution hard to implement. The reason can be seen in Figure 5.4, the hot water 

entered a few centimeters into the tube at (A) and the surface measure shown in Figure 5.3 is 

located at (B). The fouling layer displayed in the photograph would thus not correspond to the 

fouling layer inside the tube. Another risk was also the creation of a thicker layer due to the 

gasket acting as a slight obstruction in the flow path in the tube coupling. 

 

Figure 5.3. The end of a heat exchanger tube in the final heating section with the fouling on the 

inner surface of the tube. 

 

 

Figure 5.4. The configuration of hot water inlet to the outer tube at (A) and the opening for 

the product tube with clamp at (B). 
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6 Conclusions 

To summarize, the aim of the project was to mainly analyze the phenomenon of bubble induced 

fouling in a UHT perspective and partly to validate the drying calculations developed in the 

calculation tool. Right from the start a trade-off to reduce the temperature program to 120 °C 

limited the UHT perspective. Some limitations both timewise and from the machine pushed the 

project in a direction of not obtaining complete fulfillment of the project goals.  

The results from the project points in two directions, one indicating that air has a big impact on 

the fouling evolution and in the opposite direction. The runs with high dissolved oxygen content 

had both a longer induction period and decreased initial fouling rate with an increased pressure. 

These two factors result in a decreased fouling height at a given time with increased pressure.  

The runs with low dissolved oxygen level had inconclusive results. The induction period was 

very similar in time and the fouling rate showed no particular pattern at varying pressure. Either 

the milk was processed somehow by the pretreatment or a limit was reached where the air bub-

ble phenomenon no longer was the main fouling process. Regarding the influence of varying 

oxygen level in the inlet, an increased level resulted in generally earlier induction periods, com-

paring at similar pressures, and thus an increased fouling height at a given time.  

Neither the wall temperature or flow velocity was varied in this project but the parameters are 

thought to affect the fouling tendency. The fouling tendency is shown to be increased with: 

• Decreased process pressure 

• Increased oxygen level 

 

The drying calculations came in handy for several analyses but seemed to miss a nonlinear 

behavior shown from the experimental data. 

6.1 Future work 

If more time had been dedicated to the project more runs would have been conducted. Partly to 

fill in the middle ground gap in the experimental plan, which leaves a lot of questions, and 

partly for the replicability of the results. Having, as in some places, only one run to represent a 

box in the experimental plan is not optimal. One should probably work with pressure instead of 

temperature to adjust the dissolved oxygen content in the milk since some issues with the results 

originated from this method. 

If the results from further work is more conclusive and reliable, the trials should be brought into 

UHT perspective to gain more knowledge about high temperature air bubble fouling. If this is 

to be done on the Armfield, some other variable has to be changed to the worse as a trade-off. 

It would also be interesting to analyze the fouling matter to see what type of fouling it is and 

the contents of it. 

The calculations must be revisited and adjusted to match empirical data. Gases like carbon di-

oxide and argon could be included in the model. They are present in the atmosphere in a lower 

level but has different solubilities than oxygen and nitrogen. 
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7 Notations 

 

Table 7.1. Latin letter symbols 

𝐴 𝑚2 Area 

𝑐𝑝 𝐽 𝑘𝑔−1 𝐾 Heat capacity 

𝑑 𝑚 Diameter 

𝑑ℎ 𝑚 Hydraulic diameter 

𝑓 − Friction factor 

𝑔 𝑚 𝑠−2 Gravitational acceleration 

(𝑔) − Gauge pressure 

𝐻𝑇 𝑠 Holding time 

ℎ 𝑚 Height 

𝑘 𝑊 𝑚−2𝐾−1 Overall heat transfer coefficient 

𝐿 𝑚 Length of tube 

𝑚̇ 𝑘𝑔 𝑠−1 Mass flow rate 

𝑃𝐻𝐸 − Plate heat exchanger 

𝑝 𝑃𝑎 Pressure 

𝑅 𝑚2𝐾 𝑊−1 Heat transfer resistance 

𝑅𝑒 − Reynolds number 

𝑇 °𝐶 / 𝐾 Temperature 

𝑇𝐻𝐸 − Tubular heat exchanger 

𝑇𝑆 − Total solids 

𝑉̇  ℎ−1 Volumetric flow rate 

𝑣 𝑚 𝑠−1 Local velocity 

𝑣̅ 𝑚 𝑠−1 Mean velocity 

𝑤𝑡% 𝑔 (100𝑔)−1 Weight percentage 

𝑄 𝑊 Heat load 

 

 

Table 7.2. Greek letter symbols 

𝛼 𝑊 𝑚−2 𝐾−1 Heat transfer coefficient fluid 

∆ − Difference 

𝛿 𝑚 Thickness of HE wall 

𝜂 − Correction factor 

𝜆 𝑊 𝑚−1 𝐾−1 Heat conductivity 

𝜇 𝑃𝑎 𝑠 Dynamic viscosity 

𝜌 𝑘𝑔 𝑚−3 Density  
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Table 7.3. Subscript symbols 

0 − At time=0, initial state 

𝑏 − Bulk 

𝑓 − Fouling layer 

𝐻𝐶 − Holding cell 

𝐻𝐸 − Heat exchanger 

𝑖 − Fluid index 

𝑖𝑛 − Inlet 

𝑖𝑛𝑛 − Inner 

𝐿 − Logarithmic mean 

𝑜 − Outer 

𝑜𝑢𝑡 − Outlet 

𝑡 − At time t 

𝑡𝑟 − Transition 

𝑡𝑢𝑏𝑒 − Heat exchanger tube 

𝑤 − Wall 
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9 Appendices 

9.1 Appendix A – P&ID 
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9.2 Appendix B – Start up protocol 

9.2.1 Processing 

1. Turn on the power to the machine which starts the software. 

2. Press “On” on the start screen of the software to initiate the program. 

3. Check that the heat exchanger and all flow paths are configured correctly according to 

the mode of operation (indirect heating). Follow the product from inlet to outlet. 

4. Check that the steam on the media side is configured correctly according to the mode 

of operation (indirect heating). 

5. Check that all media connections to the machine are open (deionized water, pressurized 

air for pneumatic valves, steam, cooling water, ice water) 

6. Enter mode of operation in HMI (Sterilization, Process, CIP). If CIP see instructions 

below. Sterilization not used in project, thus no instructions at hand. 

7. Enter a low product flow (~30 l/h) through HMI and start the process with water. 

8. Let it run for a while and check so that the water exits in outlet, no leaks are present and 

all air collected in the system has escaped. 

9. Enter desired product flow and increase the process pressure with the back pressure 

valve. Make sure nut is screwed tight 

10. Enter desired temperature program and flow in hot water circuits and start heating.  

11. Check steam pressure from pipeline and set desired steam pressure with the steam re-

ducing valves 

12. Let machine reach steady state, check deviation from set points in “Dev” tab with de-

sired settings. 

13. Check that steam valves not are fully open (~50% open is good for handling unexpected 

events). 

14. Chose logging settings and chose variables to log. 

15. Open valve on product inlet to let product reach the outlet 

16. Close the valve and mount the product pipe to the product pump. 

17. Switch to product processing in HMI, start logging when machine is filled with product. 

18. Process product for desired time 

19. When finished, switch to water inlet 

20. Turn off heat and let machine cool down 
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9.2.2 CIP 

1. Follow “Processing” until step 6 

2. Machine has predefined flow and temperature profile regarding CIP. 

3. No back pressure needed since below 100 °C  

4. Rinse machine with fresh water going to drain for ~10 minutes. 

5. Move outlet to balance tank and start water circulation by switching to “product” inlet. 

6. Add NaOH and circulate for ~20 minutes 

7. Switch to fresh water inlet and empty machine of NaOH and dirt for ~10 minutes, move 

outlet to drain. 

8. Move outlet to balance tank and start water circulation by switching to “product” inlet 

9. Add HNO3 and circulate for ~20 minutes 

10. Switch to fresh water inlet and empty machine of HNO3 and dirt for ~10 minutes, move 

outlet to drain. 

11. Turn off heat and let machine cool down 

 

For further information see Armfield instruction manual [32] 
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9.3 Appendix C - Figures 

 

Figure 9.1. The initial HTRF rate versus the calculated fouling rate for the high level oxygen 

runs. Runs starting from left: X08, X11, X07 & X10. 

 

Figure 9.2. The initial HTRF rate versus the calculated fouling rate for the low level oxygen 

runs. Runs starting from left: X15, X14, X12, X16 & X13. 
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Figure 9.3. The initial fouling rate versus the calculated fouling rate for the low level oxygen 

runs. Runs starting from left: X14, X16, X15, X12 & X13 

 

 

Figure 9.4. The defined induction period from the HTRF method versus the calculated fouling 

rate for the high level oxygen runs. Runs starting from left: X10, X07, X11 & X08. 
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Figure 9.5. The defined induction period from the HTRF method versus the calculated fouling 

rate for the high level oxygen runs, with logarithmic scale on the axes. Runs starting from left: 

X10, X07, X11 & X08. 

 

 

Figure 9.6. The defined induction period from the differential pressure method versus the cal-

culated fouling rate for the low level oxygen runs. Runs starting from left: X14, X16, X15, X13 

& X12. 
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Figure 9.7. The defined induction period from the HTRF method versus the calculated fouling 

rate for the low level oxygen runs. Runs starting from left: X14, X15 & X13 (same position), 

X12 & X16. 

 

Figure 9.8. The correlation between the total experimental fouling rate and experimental HTRF 

rate. 
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X07   4,0 bar    11,8 mg/L O2

X08   5,9 bar    11,8 mg/L O2

X10   2,1 bar    11,9 mg/L O2

X11   6,0 bar    12,1 mg/L O2

X12   5,2 bar    5,8   mg/L O2

X13   6,7 bar    5,5   mg/L O2

X14   2,2 bar    5,9   mg/L O2

X15   6,7 bar    5,9   mg/L O2

X16   6,9 bar    5,7   mg/L O2


