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Summary 

Cleaning within the food industry is a complex process which is necessary for both 
product sterility and also for efficient processing conditions. At present, cleaning is 
expensive, mainly due to the cost of chemicals and plant downtime. Some attempts have 
been made to optimise the process, but these were inadequate due to the lack of 
understanding of the fundamental mechanisms. The primary aim of this work is to develop 
a better understanding of those mechanisms. 

This dissertation studies the chemical and physical factors affecting the removal of whey 
protein deposits from stainless steel tubular heat exchanger surfaces. The cleaning process 
involves diffusion of the cleaning solution into the deposit matrix, reaction to form a 
swollen gel and dissolution of the reaction products away from the surface. As well as 
these chemical effects, the fluid imparts shear stresses on the deposit surface. 

Overall mass removal during cleaning was measured using a protein assay. At the same 
time a micro-foil heat flux sensor (MHFS) measured heat recovery over a section of the 
surface. The data showed the unexpected result that mass removal and heat recovery 
feature different sequences. This difference was shown to be due to deposit swell, 
providing a greater thermal resistance, whilst deposit removal still occurred from the 
surface. The MHFS was also used to measure the thermal conductivity of the deposit (0.28 
W/mK), which was found to be significantly lower than water. A kinetic analysis of the 
data suggested the process was mass transfer controlled .. 

A novel approach to cleaning using pulsed flow was investigated. The aim of this work 
was to increase cleaning rates and hence reduce cleaning times. A cleaning rate 
enhancement of up to 70% was found by applying a reverse flow pulse to the system of 
frequency 2 Hz and displaced volume 2 ml. The reasons for this enhancement were partly 
due to increased mass transfer rates but mainly due to the higher shear forces acting on the 
deposit surface. Reverse flow pulses as opposed to non-reverse flow pulses had a 
significant effect on the enhancement. 

The change in the deposit microstructure was studied during cleaning, using a range of 
surface analysis techniques: SEM and freeze drying, X-ray elemental mapping, CSEM, 
SEM and glutaraldehyde fixation. These techniques showed that the cleaning solution 
diffused into the deposit structure within 3 seconds. In addition, the deposit morphology 
changed from an aggregate structure to a fused structure after 3 seconds and then changed 
further, after 4 minutes, to a structure resembling a fine stranded gel. 

On the basis of these results, a physical model was proposed to predict both heat recovery 
and mass removal during cleaning. The model initially assumed that the deposit consisted 
of a series of nodes, all of the same height. The observed swelling of the deposit was 
modelled as an increase in node height and removal was modelled stochastically as a 
decrease in node height. The removal mechanisms included uniform (assumed to be due to 
mass transfer or reaction limitation) and random removal from random nodes. A sensitivity 
analysis was carried out to investigate the balance between these effects. The best fit mass 
removal curve was achieved by assuming that 99% of the deposit was removed randomly . 
The heat recovery curve was found to fit by: (i) the deposit swelling and affecting the 
superficial velocity, resulting in a higher Do and (ii) removal occurring from inside the 
deposit structure, resulting in no change in the deposit thickness but in an increase in the 
deposit voidage. 
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Chapter 1 

Cleaning of Food Process Plant: 
Introduction 

1.1 Introduction 

The cleaning of food process plant, involving the removal of undesirable foreign 

substances from a surface, is an essential stage in food production. Ineffective cleaning can 

affect both product quality, by contamination and loss in sterility, and process operation, 

by raising the pressure drop and impeding heat transfer. The rapid deposition of organic 

and inorganic material, particularly on to heat exchanger surfaces during food 

manufacture, means that process plant must be cleaned regularly. Deposition can be 

reduced by the use of equipment which resists fouling, such as polymer coated heat 

exchanger surfaces (Yoon & Lund, 1994), but it is very unlikely that it will be eliminated. 

Cleaning is a function of several interrelated factors (de Goederen et al., 1989). These 

factors, illustrated in figure 1.1, are: 

(i) The mechanical design of the plant, which is critical for efficient cleaning; too 

often the plant design only takes into account the need to process the food rather than 

designing the equipment to be hygienic (Hasting, 1995). Effective design is essential for 

efficient cleaning. 

(ii) The process design, which cannot be altered for the particular processing 

conditions, and results in the formation of deposit. This includes the required processing 

temperature and flowrate. 

(iii) The cleaning process: this involves a significant number of process variables 

which can be changed to produce optimal cleaning schedules (Timperley & Smeulders, 

1988). 

The three areas are closely related and a full understanding of the cleaning process requires 

knowledge of them all. This work concentrates on understanding the mechanisms involved 

and the cleaning process in milk soils so that cleaning can be made more efficient. 
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1.2 The Cost of Cleaning 

Cleaning within the food industry is more expensive than other process industries (Sandu 

& Singh, 1991), due to the high frequency and standards of cleaning necessary. Cleaning 

commonly involves the circulation of a chemical solution through the plant. Kane & 

Middlemiss (1985) estimate the world sales of cleaning chemicals to be over a $1 billion 

per year. The cost of cleaning chemicals is frequently regarded as the sole cost of cleaning, 

whereas the true cost also includes: 

• energy needed to heat the cleaning chemicals and operate pumps, 

• loss of production during cleaning, 

• cost of plant downtime during cleaning, 

• effluent treatment of spent cleaning chemicals, 

• labour requirements for dismantling equipment for manual cleaning. 

The cost associated with product safety is often neglected. Contamination of the product 

by organisms such as salmonella, listeria, E.Coli or clostridium botulinum is a risk to the 

consumer's health which in extreme cases can be fatal. Such events can destroy consumer 

confidence in a brand. The cost of an individual case has been as high as £400 million 

(Hasting, 1995). 

Reducing the cost of cleaning can be achieved by: 

(i) using smaller quantities of cleaning chemicals and process water: this will 

reduce the costs of chemicals and treating used cleaning solutions, 

(ii) cleaning for shorter periods of time: this will reduce the loss of production, the 

energy required and the cost of the plant downtime, 

(iii) hygienic design of process equipment: this will render cleaning more effective 

by for example, minimising dead spaces. 

Many efforts have been made to optimise the process conditions of cleaning but no clear 

understanding of the fundamental mechanisms involved in cleaning exists (GraBhoff, 

1996). Novel approaches to cleaning are now also being considered to improve the overall 

cleaning efficiency. These are discussed in section 1.4.2. It is also important to understand 

the mechanisms of cleaning sufficiently well to be able to develop a model. 
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1.3 The Nature of Deposits Within the Food Industry 

Deposits within the food industry are heterogeneous, and contain different constituents, 

such as: fats, proteins, carbohydrates and minerals. Heterogeneous deposits are more 

difficult to clean than homogeneous deposits as the cleaning solution must be multi

functional. Table 1.1 lists the solubility of these constituents and the effect of heat on 

cleaning. 

Deposit Solubility Ease of removal Change on heating 

constituent 

Carbohydrates Water soluble Easy Caramelisation: 

more difficult to 

clean 

Fat Water insoluble, Difficult Polymerisation: 

alkali soluble more difficult to 

clean 

Protein Water insoluble, Very difficult Denaturation: 

alkali soluble, denatured protein 

slightly acid deposits are very 

soluble difficult to clean 

Mineral salts Water solubility is Variable No change on 

variable, but most heating: generally 

are acid soluble easy to clean 

Table 1.1 General behaviour of food deposits at solid surfaces (GraBhoff, 1996). 

The most difficult deposits to clean are those which contain protein and have been formed 

during heat treatment, when the protein denatures to form an extremely tenacious layer. 

Heat treatment of many products within the food industry results in deposits containing 

greater than 50% protein, referred to as a proteinaceous deposit. Examples of such 

products are: chocolate dessert (Rene et al., 1988), tomato pastes (Cheow & Jackson, 

1982) and milk (Burton, 1968). The formation and removal of milk deposits has been 

studied the most, due to the milk high volume production and the large quantity and high 

tenacity of the deposits formed. It is expected that the technologies developed for milk 

deposit cleaning can be applied to other proteinaceous deposits. 

The aim of this work is to improve the understanding of the removal of milk product 

deposits. Chapter 2 reviews the current knowledge in this area. The equipment used to 

form the deposits is described in chapter 3. 
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1.4 Industrial Cleaning 

1.4.1 Current Practice 
Historically, cleaning was a manual process whereby items of plant were dismantled and 

cleaned individually. Modern practice features cleaning-in-place (CIP), which is defined as 

the cleaning of complete items of plant without dismantling or opening the equipment 

(Romney, 1990). The equipment is cleaned by jetting or spraying of surfaces, or by 

circulation of cleaning solutions through the plant. The reduction in manual involvement 

increases the safety of the operation. A CIP process typically consists of a series of discrete 

cycles, comprising: 

(i) a pre-rinse to remove loosely bound adherent matter, 

(ii) a detergent cycle, during which the majority of the cleaning process occurs, 

(iii) a final rinse where all traces of deposit and detergent residues are removed. 

The detergent used depends on the nature of the deposit. Sodium hydroxide (NaOH) is the 

basis of many cleaning compounds used in the food industry; it breaks down proteins, 

saponifies fat and has good disinfectancy properties (Romney, 1990). However, it is poor 

at removing mineral based deposits. The earliest detergent cycles, known as dual stage, 

consisted of two stages. The first stage was alkali based, typically 0.1 to 2 wt% NaOH, to 

remove the proteinaceous deposit. The second stage was acid based, typically 0.1 to 2 wt% 

nitric acid, to remove the mineral scale. Single stage detergents have been developed 

combining NaOH with a complex mixture of other components, and are described in 

section 2.3.1. 

A CIP process is usually automated and follows a set schedule regardless of the deposit 

nature or quantity (Timperley & Smeulders, 1989). Monitors for the cleaning process have 

been tried (for example, Corrieu (1987)) but little practical success has resulted. Attempts 

at optimisation of CIP processes have been made by a number of workers (van Duist, 

1994; Timperley & Smeulders, 1988) but these have been unsuccessful as the mechanisms 

which govern cleaning, and thus the length of the detergent cycle, are still not well 

understood. 

A food process plant comprises many pieces of equipment, such as: heat exchangers, 

storage tanks, pumps and valves. Each piece of equipment has its own cleaning 

requirements and poses different cleaning problems. As discussed in section 1.3, the 

cleaning of deposits from heat exchanger surfaces provides some of the greatest processing 

challenges. Plate heat exchangers are common within the food industry because they are 
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compact and require a smaller approach temperature than shell and tube heat exchangers. 

This results in lower wall temperatures and less overheating of the product stream. 

Unfortunately the flow path of these heat exchangers is extremely complex, making 

modelling of the fluid dynamics of the system difficult (see, for example, Foumeny & 

Heggs (1991)). Experiments within this thesis concentrate on cleaning heat exchangers, 

using tubular heat exchangers as they have definable flow paths. Chapter 3 describes the 

use of the tubular heat exchanger to form a reproducible deposit. 

Various degrees of cleanliness can be achieved for different applications. Romney (1990) 

defines three levels of cleanliness: 

(i) Physically clean: the surface appears clean optically but chemical residues 

may remain, 

(ii) Chemically clean: the surface is totally free from any trace of chemical 

residues, 

(iii) Microbiologically clean: the surface has been treated with a disinfectant to 

reduce the number of bacteria on the surface. 

For ultra high-treatment (UHT) of milk the surface must be microbiologically clean, 

whereas a chemically clean surface is sufficient for pasteurisation of milk. 

1.4.2 Possible Novel Approaches to Cleaning 
CIP sytems are widely used and developed within the food industry: 

(i) CIP and operation is becoming highly automated, 

(ii) production schedules are increasingly complex, 

(iii) downtime is becoming more expensive. 

The benefits of improving the standard cleaning techniques are diminishing as these 

processes become optimised through use. To make a step change in the technology novel 

approaches to cleaning are needed. The following section discusses these approaches. 

(a) Enzymes in cleaning chemicals 

Enzymes act as highly specific catalysts that assist in the breaking down and removal of 

organic matter. The major types of enzymes used in cleaning are: proteases for protein 

removal, lipases for fat removal and amylases for starch removal (Kane & Middlemiss, 

1985). Enzymes have been used for 20 years within the laundry industry because they 
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cause less damage to textile fibres than conventional synthetic cleaning powders and have 

less environmental impact than caustic based detergents. However, enzymes are not 

commonly used within the food industry (Kane & Middlemiss, 1985), primarily because 

they act slower than conventional cleaning solutions but also because they are active only 

over a narrow pH range (usually 5 to 9) whereas hydroxide solutions are at circa pH 14. 

Enzymes cannot be mixed with hydroxide and remain active. 

Enzyme technology is improving and they have been applied to the cleaning of membranes 

(Kane & Middlemiss, 1985). Some membranes are sensitive to pH and require a pH below 

9; in this case enzymes are ideal for membranes. If enzyme technology continues to 

improve there may be scope for food process plant cleaning using enzymes. 

(b) Multi-phase flow 

Some attempts have been made to investigate the effects of entraining air in cleaning 

solutions on the overall cleaning rate of food and bio process plant (Mercier et al., 1997). 

It was hoped that air would both promote turbulence in the cleaning solution and increase 

mass transfer effects at the surface, resulting in higher cleaning rates . Tragardh (1981) 

noticed a small increase in the cleaning rate of a milk soil with a few air bubbles but found, 

when the bubbles coalesced to form an air slug, the cleaning rate dropped. There are 

further opportunities for research in this area. 

(c) Pulsed flow 

Flow pulsing will enhance the surface shear stresses and the turbulence of the system. 

Pulsed flows have found applications in a number of areas (see, for example, Mackley & 

Stonestreet (1995)). Attempts to clean food process plant with ultrasonics, pulses with 

frequencies above 16 kHz, have been unsuccessful (GraBhoff, 1996). 

Farries & Patel (1993) investigated the effect of pulses on cleaning of whey protein 

deposits, as a Part 11 research project in the Department of Chemical Engineering at 

Cambridge. They generated pulses using a flow interrupter, which involved a solenoid 

valve on a timer. By closing the valve, the back pressure was allowed to build up, and on 

opening the valve, the released pressure generated a fluid pulse. The cleaning enhancement 

increased with increasing back pressure. An experimental study of pulsed flow cleaning is 

described in chapter 5. 

1 .4.3 Environmental Aspects 
CIP processes generate a significant amount of aqueous wastes that need to be treated 

before disposal. The quantity of aqueous waste produced during processing can be reduced 

by membrane treatment and recycling, but a significant amount is still generated. For dual 
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stage cleaning effluent disposal is simpler than single stage cleaning; the alkali and acid 

cycles can be neutralised together to ensure pH is in the range 6.5 to 10. 

The effluent disposal problem for single stage cleaning is more complex because of the 

greater range of sequestrants used. GraBhoff (1996) reviewed the environmental impact of 

the major constituents of a typical single stage cleaning solution and found 

ethylenediaminetetraacetic acid (EDT A) to be the worst agent. EDT A is present in many 

cleaning solutions as it is an efficient complexing agent for removing mineral scales. 

Unfortunately, EDTA exhibits poor biological degradability and therefore passes readily 

through water treatment plants and into the environment, where it can solubilise heavy 

metals back into the aqueous ecosystem. Current research is looking for alternative 

complexing agents to EDT A. 

1.5 Conclusions: Aims of this Thesis 

Cleaning is a complex process involving interactions between the surface, the deposit and 

the cleaning solution. It is expensive in terms of the cleaning chemicals, the process 

downtime and the additional energy requirements. The most important cost, which is often 

disregarded, is the requirement to meet safety and hygiene regulations. Deposits formed 

from protein are the most tenacious and consequently a study of these deposits forms the 

bulk of the cleaning literature for food systems . 

..... 

Industrial cleaning involves automated CIP procedures which rarely take into account the 

deposit type or amount. A single stage cleaning solution incorporates a complicated 

formulation of detergents, sequestrants and wetting agents. Greater emphasis within the 

food industry, is being placed on disposing these cleaning solutions so that they cause less 

environmental impact. Reducing the quantity of cleaning solution used requires both a 

better understanding of the fundamental cleaning mechanisms but also a step change in the 

cleaning process technology, possibly using a novel approach. 

An extensive literature review of current work concerning cleaning proteinaceous deposits 

within the food industry has been carried out in chapter 2. Within the literature, little 

fundamental understanding of the cleaning mechanisms can be found. One of the reasons 

for this is due to the small amount of information about the physical structure of deposits. 

In contrast, extensive work has been carried out to develop cleaning chemical formulations 

(Timperley & Smeulders, 1989). The experiments in this work do not use complex 

cleaning formulations; the work is not concerned with the details of the deposit/cleaning 

solution reaction but more with the fundamental cleaning mechanisms. The aim of the 

work is to produce a greater understanding of these mechanisms. 
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As CIP procedures become better optimised, they become more difficult to improve; there 

exists a need for novel approaches to cleaning. The use of pulsed flow cleaning provides 

an opportunity for significantly increasing the cleaning rate of heat exchanger surfaces. 

Currently CIP procedures clean for fixed periods of time to ensure the surfaces comply 

with hygienic standards. These cleaning times are often significantly longer than is 

necessary to clean. An aim of this work is to develop a cleaning monitor, based on a heat 

flux sensor, that can be used to indicate accurately the time required to clean a surface. 

The primary aim of this work is to develop a better understanding of the mechanisms of 

cleaning. This requires study of the deposit microstructure during cleaning. The 

hypotheses proposed, following the heat flux sensor experiments of chapter 4, enabled a 

simple mechanistic model to be the developed. 

1 .6 Structu re of Thesis 

Chapter 2 reviews the current understanding of the cleaning of milk product deposits from 

stainless steel surfaces. The interactions between the stainless steel surface, the milk 

product deposit and the cleaning solution are described. Previous work in the development 

of a mechanistic cleaning model and the application of pulsed flow to cleaning is 

discussed, and cleaning and fouling monitors currently used within the food industry 

described. 

Chapter 3 describes the experimental methods used to: 

(i) form reproducible whey protein deposits, 

(ii) carry out uniform and pulsed flow cleaning experiments, 

(iii) measure the change in the thermal resistance of the deposit during cleaning, 

using a heat flux sensor. 

An error analysis of the experimental measurements is made and the flow pulses generated 

are characterised. 

Chapter 4 presents experimental results for the change in the thermal resistance of the 

deposit during cleaning using a heat flux sensor. Mass removal is measured using a protein 

assay; the two cleaning measurements are compared. 

Chapter 5 describes a study of the effect of pulsing on the cleaning rate. Pulses are 

generated by a mechanically oscillated bellows and by a pneumatically powered piston. 

8 
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Chapter 6 describes surface analysis techniques used to observe changes in the deposit's 

structure during cleaning. The results of this investigation suggest that the deposit structure 

changes after 3 seconds of contact with NaOH. The structure of the deposit after 3 minutes 

resembles a gel with a pore structure of approximately 5 flm diameter pores. A model is 

developed on the basis of these observations and the heat flux sensor experimental results. 

Conclusions and recommendations for future work are presented in chapter 7. 

9 
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MECHANICAL ..... ~ 
DESIGN I~----~ 

• Surface finish 
• Material of construction 
• Equipment design 

CLEANING 
PROCESS 

• Nature of detergent 
• Detergent concentration 
• Solution temperature 
• Mechanical action 

Figure 1.1 Factors involved in process plant cleaning. 
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PROCESS 
DESIGN 

• Nature of deposit 
• Initial soil amount 
• Water hardness 
• Age / moisture content 

of soil 



Chapter 2 

Studies of the Cleaning Process: 
Literature Review 

2.1 Introduction 

The cleaning of contaminated surfaces in the food industry is exceptionally challenging. 

This is due to the heterogeneous nature of the residues that accumulate on solid surfaces, 

rendering it difficult for a single cleaning solution to clean all surfaces completely. The 

nature of these residues can vary with the temperature at the solid surface and over time. 

As discussed in section 1.3, deposits formed from protein are some of the most tenacious 

found within the food industry (Burton, 1968). The experimental work carried out in this 

thesis investigates the removal of whey protein deposits from stainless steel surfaces. This 

chapter reviews previous work related to proteinaceous deposit cleaning and considers the 

associated mechanistic models. Fouling and cleaning monitors, used to detect deposit, and 

the use of pulsed flow, to enhance cleaning rates, are reviewed. 

The cleaning of proteinaceous deposits involves the interaction between the following 

three layers: 

• a solid layer: the surface of the food process equipment (usually stainless steel 

for hygienic reasons) 

• an adherent deposit layer: a network of protein and up to 80% water 

• a liquid layer: the cleaning solution 

These layers are displayed schematically in figure 2.1 (a). Cleaning is a complex process, 

involving the separation of the adherent layer from the solid layer as a result of the 

physical and chemical parameters of the cleaning solution. On contact with the cleaning 

solution proteinaceous deposits react to form a swollen gel, as shown in figure 2.1 (b) 

(GraBhoff, 1996). This gel is then removed by the action of shear forces and mass transfer 

effects to the bulk cleaning solution. Analysing the cleaning process becomes more 

complex as it is difficult to decouple the shear stress and the convective mass transfer due 

to the inherent link between each phenomenon. The cohesive (deposit - deposit bonds) and 
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adhesive (deposit - surface bonds) properties of the system will control the system 

behaviour. 

2.2 Deposits Formed During Fouling 

The nature of deposited soils, such as the soil composition and structure (section 1.3), 

varies greatly and can significantly affect the overall cleaning process. Deposits can form 

on any type of surface, depending on the surface energies involved. Heated surfaces, such 

as those found in heat exchangers help form some of the most tenacious deposits. This 

section is primarily concerned with the interactions of cohesive and adhesive bonds within 

milk product deposits formed on stainless steel. The mechanics of the removal process are 

related to both the physical properties (for example strength, density and elasticity) and the 

thermal properties (for example thermal conductivity) of proteinaceous deposits . 

Unfortunately, within the dairy industry these properties are not well documented. This is 

likely to be due to the heterogeneity and complex structure of the deposit. 

2.2.1 Composition and Properties of Milk Product Deposits 
Before cleaning can be studied the composition and properties of the deposit must be 

investigated and known, as these can affect cleaning. Milk fouling was extensively studied 

by Burton (1968), who characterised whole milk deposits by processing temperature into 

type A and type B as summarised in table 2.1. 

~ 

Processing Temperature Composition Appearance 

Conditions 

Type Protein: 50-60% Soft voluminous, curd 

A Pasteurisation up to lOO°C Mineral: 30-35% like material, white or 

Fat: 4-8% cream in colour 

Type UHT Protein: 15-20% Brittle, gritty and grey 

B (Ultra High lOO°C - 140°C Mineral: 70% in colour 

Temperature) Fat: 4-8% 

Table 2.1: Composition of milk deposits at different processing temperatures. The balance 

of the percentage composition is made up by other components such as carbohydrate 

(Burton, 1968). 

Type A deposits pose a greater problem to dairy processing than type B as their lower 

density results in higher pressure drops across processing equipment (Burton, 1968). For 

this reason, type A deposits have been investigated more extensively. These deposits can 

typically be up to 0.5 - 1 mm thick after 3 to 4 hours operation (Tissier & Lalande, 1986). 

.. 
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Proteins are the major constituent of type A deposits and B-Iactoglobulin, the least 

thermally stable globular protein (Lund & Sandu, 1981), constitutes approximately 50% of 

the total protein content in the deposit (Lalande et al., 1985). Tissier & Lalande (1986) 

proposed that the proteins were responsible for the cohesion of the deposit. Surface 

analysis techniques, such as scanning electron microscopy (SEM) and X-ray elemental 

mapping, have been used to view the microstructure of a type A milk deposit (Tissier & 

Lalande, 1986; Belmar-Beiny & Fryer, 1993). The observations from these techniques are 

illustrated in figure 2.2 and the main features were: 

(i) the random size of components of the deposit structure (over a 10 /lm scale), 

(ii) the existence of a thin mineral layer « 5 /lm depth), consisting predominantly 

of calcium phosphate, adjacent to the wall; this layer formed during the 

ageing of the deposit, 

(iii) the heterogeneous nature of the deposit, with calcium phosphate and fat 

globules held in the deposit cross section by a protein network. 

The interaction between the different deposit components of protein, fat and mineral has 

not been investigated; however, Burton (1968) mentions the work of Lyster in 1966 who 

reported bonds between denatured B-Iactoglobulin and precipitated calcium phosphate. 

Description of protein bonding and denaturation is given in appendix E. 

Since 1985 extepsive studies on milk product deposits have used whey protein solutions to 

form deposits. These solutions have the advantage that they form deposits of a more 

reproducible composition and quantity than whole milk deposits (Gotham, 1990). The 

appearance of the whey protein deposits formed at temperatures below 100°C is similar to 

type A milk deposits (Gotham, 1990). The composition of the dry whey deposit contains 

up to 99% protein and the remainder minerals (Bird, 1993). Whey protein deposits are 

used for cleaning studies here. The way in which deposits were generated is discussed in 

chapter 3. Fouling is not the primary subject of this work; for a more thorough review on 

milk fouling, see Schreier (1995) and appendix E. 

The water content or voidage in proteinaceous deposits affects the overall strength of the 

deposit and therefore cleaning rates. Water contents can vary significantly, depending on 

the fouling process conditions. A comprehensive review of water contents can be found in 

the literature. Tissier & Lalande (1986) calculated the water content of their whole milk 

deposits to be 70%. Gillham (1994) showed that the percentage water content of the whey 

protein deposit, reduced from 80% to 50%, with an increase in the Reynolds number of the 

fouling run from 1800 to 4600. The water content was calculated by weighing the deposits 

before and after they were freeze dried. 

13 
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Cleaning experiments on dried milk deposits have been carried out by Jennings (1965). It 

is not possible to compare these results with wet deposit cleaning experiments as the 

removal involves initial hydration of the deposit before cleaning commences. 

The effects of adding other milk components to the whey protein can also affect the 

structure and consequently the strength (Kessler & Schraml, 1994). The existence of high 

proportions of lactose in whey protein caused a deposit with a low density and spongy 

structure. Similarly, higher proportions of calcium phosphate in the whey protein resulted 

in a thin layer of calcium phosphate surrounding the protein aggregates, producing a more 

compact structure. 

2.2.2 Physical and Thermal Properties of Proteinaceous Deposits 
Understanding of the following physical and thermal properties of the deposit would help 

in studies of cleaning: 

• density, Pf 

• thermal conductivity, Af 

• mechanical properties, such as deposit strength. 

Possible values of these properties are now discussed. Densities of milk proteinaceous 

deposits are usually estimated to be similar to a solution of milk at the same temperature. 

A correlation for the milk density, PL (kg/m3), used by the Meiji Milk Products Company, 

(Japan) is: 

PL =1-1 ( ( 1 %: ]-0.0005(TL -15)) X 10
3 

(2.1) 
10 cTS / + 100 - cTS 

/ PTS Pw 

where CTS is the percentage total solid concentration in the solution, PTS is the total solid 

density (kg/m3), Pw is the density of water (kg/m3) and T L is the liquid temperature CC). 

The thermal conductivity, Af (kW/mK) can be used to calculate the fouling resisitance, Rf 

(m2K1kW) of deposit of thickness, Xf: 

(2.2) 
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Few thermal conductivities of dairy based deposits are reported in the literature. Delplace 

& Leuliet (1995), investigating the fouling of a plate heat exchanger by 1 wt% whey 

protein solution, reported an 'apparent' thermal conductivity, based on the ratio of overall 

heat transfer performance and a model prediction of the deposit mass coverage. The results 

showed an exponential decline in the protein thermal conductivity over time from an initial 

value of 3.5 W/mK to an asymptote of 0.25 W/mK after 400 minutes. It seems unlikely the 

thermal conductivity will vary as much as this. Recent work by Davies et al. (1997), used a 

heat flux sensor to determine the thermal conductivity of a whey protein deposit, and 

reported a value of the protein thermal conductivity of 0.25 W/mK. The thermal 

conductivity of similar dairy based products, such as soft cheeses, of a similar water 

content, are in the range 0.4 to 0.6 W/mK (Rao & Rizvi, 1986). These should be compared 

to water, 0.615 W/mK at 30·C (Perry & Green, 1984). 

Yield strengths of deposits play an important role in the timing of the break up and the 

eventual removal of the deposit layer. For this reason it is surprising that no work has 

reported proteinaceous deposit yield strengths. However, some work has explained the 

strength of mineral scales. Taborek et al. (1972), studying water scale, which have brittle 

structures, proposed a deposit bond strength term which increases with deposit uniformity 

and decreases with deposit thickness. Loo & Bridgwater (1985) reviewed the modes of 

brittle deposit failure, and suggested that the principal failure criterion for these deposits 

was brittle fracture at weak interfaces within the deposit. Proteinaceous milk deposits are 

likely to have s<?me elasticity (similar to cheeses and other dairy gels (Dupont, 1997)) so 

are more likely to fail by shearing or tearing. 

2.2.3 Deposit / Wall Interactions 
Stainless steel surfaces are used in food processing equipment for hygienic reasons. As a 

result, the majority of research on proteinaceous deposits involves the study of deposits on 

stainless steel surfaces. Corrieu (1981) reported that the adhesive forces of a proteinaceous 

deposit to a stainless steel surface in food processing equipment are considerably greater 

than the cohesive forces within the deposit. This implies that breakage of deposit/deposit 

bonds is more likely than breakage of deposit/wall bonds. Other types of deposit (for 

example crystalline and particulate deposits) are removed as a result of breakage at the 

deposit/wall interface, known as 'spalling' (Loo & Bridgwater, 1985). These deposit/wall 

bonds are critical to efficient proteinaceous cleaning as the faster these bonds are broken 

the quicker the surface can be cleaned. Breakage of these bonds effectively determine the 

mean deposit removal rate, as defined in chapter 3. 
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Research on the initial events during dairy fouling have produced conflicting results . 

Burton (1968) stated that the desolubilisation of minerals, particularly calcium phosphate 

caused the primary stages of deposition. More recently Belmar-Beiny & Fryer (1993) 

studied the initial stages of fouling from whey proteins using elemental mapping 

techniques, and reported that proteins were the first species deposited on the surface of the 

metal. Minerals were found at the deposit/wall interface only after several minutes. Foster 

& Green (1990) had previously suggested this phenomenon was due to the slow diffusion 

of minerals through the deposit layer. 

McGuire & Krisdhasima (1991) stated that little is known about the molecular basis of 

proteins at solid surfaces, such as those in heat exchangers. They proposed that the large 

molecular size and complex structure of the protein chains result in multiple contact sites 

with different types of interaction between protein and surface. A dairy product consists of 

many proteins and minerals which makes analysis of adsorption even more complex. 

Sakiyama et al. (1994) studied the adsorption of the major protein component in milk 

deposits, B-Iactoglobulin, on stainless steel surfaces. They stated the critical factors which 

affect the adsorption of B-Iactoglobulin are electrostatic and van der Waals forces because 

stainless steel surfaces are hydrophilic. 

Several attempts (such as Britten et al. (1988) and Yoon & Lund (1994)) have been made 

to reduce fouling and enhance cleaning in milk systems by altering the surface energy of 
"-

the equipment. Surfaces with high surface energy (such as stainless steel) appeared to be 

more easily fouled than those with low surface energy (e.g. PTFE) because of three factors 

(Y oon & Lund, 1994): 

(i) higher surface free energy providing stronger adhesion, 

(ii) rougher surface resulting in greater contact area, 

(iii) surface imperfections also providing more sites for crystal nucleation. 

The effect of the following surfaces on deposition and subsequent removal has been 

investigated by a number of workers: 316 stainless steel (with different surface finishes), 

PTFE, polystyrene and titanium (Britten et aI., 1988; Yoon & Lund, 1994). The fouling 

results all agreed that fouling onto all surfaces occurred at the same rate. The cleaning 

results however conflicted; Britten et al. showed evidence that the polymer coated surfaces 

appeared to clean faster, whereas Y oon & Lund observed no significant reduction of 

cleaning time with a PTFE coated surface. Although the surface roughness of the different 

materials tested varied considerably, the rate of fouling was not affected. This is consistent 

with the hypothesis that the surface can only influence the initial stages of fouling. Once 

16 
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an initial deposit layer has been formed, further deposition will not be affected by the 

original surface characteristics. Mtiller-Steinhagen (1996) described an alternative surface 

modification technique to mitigate scale formation, whereby silicon fluoride ions were 

implanted into 304 stainless steel heat exchanger surfaces. He reported that negligible 

deposit formed on treated surfaces, compared with unmodified surfaces. This surface 

modification technique seems only suitable for lab-scale equipment as it is not practical to 

treat large heat exchanger surfaces in this way. 

2.3 The Stages of Cleaning 

This section develops the discussion of section 2.2 to describe the physical and chemical 

aspects of cleaning proteinaceous deposits. 

The cleaning of a deposit from a solid surface first requires contact of the cleaning solution 

with the adhering soil. As well as the chemistry of the fluid components, the flow of the 

cleaning solution over the deposit surface plays an extremely important role in the cleaning 

process. GraBhoff (1996) describes both the chemical and the physical action of the 

cleaning solution over the deposit surface. The process can be classified as: 

Chemical action of the cleaning agent 

(molecular change) 

(i) Reaction/modification: the deposit 

is seen to swell prior to removal 

(ii) Dissolution: dissolving the deposit 

into the solution 

(iii) Ageing: the change in the structure of 

the deposit with time 

Physical action of fluids 

(forces) 

(i) Mass transfer of caustic to deposit 

surface and reaction products away 

from deposit surface 

(ii) Surface shear stress 

(iii) Particulate removal 

(iv) Diffusion of caustic into the deposit 

structure and reaction products away 

from the reaction interface 

The sequence of steps in the cleaning of proteinaceous deposits has been described by 

GraBhoff (1996), for cleaning of flat plates, and is illustrated schematic ally in figure 2.1 (a) 

to (c). Initially, the deposit is porous and of approximate thickness 0.5 to 1 mm (figure 

2.1 (a». On contact with the cleaning solution, some process takes place by which the 

deposit swells by a factor of circa 2.5, resulting in a structure with a water content greater 

than 85%. Bird (1993) studied the changes of the appearance and structure of whey protein 

deposit during cleaning with 0.5 wt% sodium hydroxide (NaOH) in a glass duct. He also 

observed rapid swelling of the deposit into a translucent gel structure before the random 
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spalling of aggregates from the surface into the bulk, as shown in figures 2.1 (b) and (c). 

Bird (1993) found that after 3 to 10 minutes, only 'patches' of deposit remained (figure 

2.1 (c)) . Deposit at the edges is thus removed preferentially; rapid removal of any lumps or 

protuberances on the surface is also seen. GraBhoff also observed non-uniform cleaning, 

resulting in 'patches'. The final deposit 'patches' are removed by erosion from the edges. 

Figure 2.3 shows a typical plot of proteinaceous cleaning rate versus time, measured by 

optical assays of the dissolved protein in the effluent (Bird, 1993). The cleaning curve can 

be split into three regions: 

Region I: a rise in the cleaning rate during which deposit swell has been 

observed, 

Region 11: a maximum cleaning rate, 

Region Ill: a slow decline in the cleaning rate to zero as the 'patches' of deposit 

are removed. 

This section reviews the different effects of the cleaning solution, which can be classified 

into those due to reaction and to fluid mechanics. 

2.3.1 Chemical Action of the Cleaning Agent 
The main chemical change occurring during the cleaning of proteinaceous deposits is the 

reaction of alkali with protein (usually at pH 12 - 13), which involves breaking the peptide 
--.. 

bonds by hydrolysis. The peptide bonds link the different amino acids in the protein 

structure; breakage of these bonds renders the material more water soluble (Schwarz, 

1994). 

The changes in the microstructure of the deposit, after the addition of a cleaning solution, 

have not been fully investigated. Bird (1993) studied the change in the surface 

microstructure of the deposit, after the addition of NaOH at concentrations of 0.1, 0.5 and 

2 wt%, using SEM. A graph illustrating the effect of NaOH concentration on total cleaning 

time (defined as the time to clean all the deposit from the tube walls and illustrated in 

figure 2.3) is shown in figure 2.4; the use of 0.5 wt% NaOH minimises the cleaning time. 

This was reflected in the structure of the deposit. At a concentration of 0.5 wt% the surface 

structure, after contact with NaOH, was more 'open' (i.e. a greater voidage) than at higher 

and lower concentrations (Bird, 1993). Timperley & Smeulders (1988) also reported an 

optimal concentration when cleaning whole milk deposits with a single stage detergent. 

Romney (1990) explained this in terms of the increased concentration of caustic raising the 

viscosity of the cleaning solution, making penetration of the deposit more difficult. This 

seems unlikely as 2 wt% NaOH concentration only increases the viscosity by 10% above 
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water (Bird, 1993). Another explanation for the optimal concentration might be due to 

increased swelling of the deposit at higher caustic concentrations as a result of increased 

hydrolysis reaction rates. The increased deposit thickness will reduce diffusion of both 

hydroxide ions into the deposit and reaction products away from the reaction interface. The 

precise mechanism of the concentration dependence is still unclear, but clearly involves 

the structure and chemistry of the deposit rather than fluid mechanical effects. 

The temperature of the cleaning solution is also a critical variable in the cleaning process. 

The effect of temperature upon the cleaning rate has ben fitted to Arrhenius type 

relationships. Bird & Fryer (1991) reported activation energies for whey protein deposit 

removal in the region of 80 kJ/mol. This activation energy is higher than that which would 

be expected from simply diffusion control, but lower than that commonly associated with 

chemical reactions (Levenspiel, 1979). Bird (1993) observed that the sizes of the 

aggregates removed depended on the temperature, see figure 2.5, suggesting the 

mechanism of the break-up of the protein differed according to the temperature. Above 

50°C, a smaller increase in cleaning rate with increasing temperature was observed. 

Formulation Functionality 

Low in salts Hard water might affect the cleaning process 

Sequestrants Suspend salts: subsequent precipitation during rinsing is 

also limited by the addition of sequestrants 

Wetting agents Reduce interfacial tensions, so intimate contact exists 

between the deposit and the cleaning solution 

Alkali Convert the deposit to a water soluble form 

Emulsificating Suspend oils and fats in a stable emulsion 

agents 

Deflocculating Deposits are made up of aggregates which need 

agents defloculating 

Corrosion Minimise the corrosive attack of acids and alkalis on 

inhibitors process plant 

Foaming Foam must be limited as it can interfere with the 

inhibitors cleaning process 

Disinfecting Added to kill bacteria; however, many bacteria will be 

agents killed under the harsh conditions of the cleaning 

chemicals 

Table 2.2 Functionality of the single stage cleaning detergent components (adapted from 

Romney, 1990). 
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Modern single stage cleaning agents for milk deposits are usually alkaline based and 

contain sequestering and wetting agents, enabling both mineral and protein deposit to be 

removed in the same wash. Table 2.2 lists some of the detergent formulations and explains 

some of the component functionalities (Romney, 1990). 

2.3.2 Physical Action of Fluids 
The flowrate of the cleaning solution affects mass transfer both to and from the surface and 

the shear stress at the surface. It is difficult to separate which process is responsible for the 

effect of flowrate on cleaning. Attempts have been made to characterise the flow effects in 

terms of the Reynolds number, the mean wall shear stress and the average fluid velocity. 

Traditionally, the design of food process plant has been based on a mean cleaning solution 

velocity of 1.5 m1s (Romney, 1990). Plate heat exchangers are commonly used in food 

processing; they have a complex geometry in which the overall flow is turbulent but the 

surface shear stress and local velocity will not be uniform. 

Jennings (1965), Hankinson & Carver (1968) and Jackson & Wai Ming Low (1982) used 

Reynolds numbers to characterise the physical action of fluids on cleaning. Jennings and 

Hankinson & Carver cleaned dried milk deposits from stainless steel surfaces whereas 

J ackson & Wai Ming Low cleaned dried tomato juice from a stainless steel plate heat 

exchanger surface. Jennings suggested the effect of flowrate was negligible below a 

minimum Reyn~lds number of 25,000. Hankinson & Carver, using water as a cleaning 

solution over a Reynolds number range of 85,000 to 600,000, showed that the removal rate 

of a milk deposit increased linearly with Reynolds number. Jackson & Wai Ming Low, 

using 2 wt% NaOH as a cleaning solution, found a critical Reynolds number of 6,300 

below which little deposit was removed. These dry deposits should not be compared to 

freshly fouled deposits. Bird (1993) studied the removal of freshly fouled whey protein 

deposit using 0.5 wt% NaOH and showed cleaning can be carried out at Reynolds numbers 

in the laminar regime. This suggests the chemical action of the cleaning agent, as opposed 

to the physical action of the cleaning agent, is important. At present, cleaning of food 

process plant is carried out using turbulent flows of cleaning chemical (Romney, 1990). 

This is for economic reasons as the time required for cleaning, rather than the cost of 

cleaning chemicals, is the dominant economic factor. 

During flow of a cleaning solution over a deposit surface, the velocity at the surface of the 

deposit must be zero. This results in a surface shear stress, 'tw acting on the deposit surface. 

The relationships for surface shear stress, 'tw under turbulent flow (assuming a smooth 

proteinaceous deposit surface) and laminar flow are (Coulson & Richardson, 1977): 
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Turbulent flow: 'tw = 0.0396PLu2(RerX (fully developed) 

(2.3) 

Laminar flow: (developing flow) 

where u is the mean superficial velocity, P L the density of the liquid and 

Re x = (XffU PL I ~) is the Reynolds number. The length Xff is that of the tube upstream of 

the surface; the shear stress changes with distance in a developing flow. 

Gra~hoff (1996) stated that fluid shear forces in CIP systems are not as important as in 

mechanical cleaning (scrubbing and scratching systems). He reported that the equivalent 

shear force required to wipe a milk deposit from a surface was 1250 N/m2, significantly 

greater than the shear force generated by a fluid at the surface of a plate heat exchanger (1 

to 20 N/m2). 

Bird (1993) observed aggregates breaking off from the surface during whey protein deposit 

cleaning, in the size range < 0.1 mm to 0.2 mm. To remove these aggregates from the 

surface into the bulk requires a similar mechanism to the removal of particles from 

surfaces. The removal of clays, with a mean particle diameter of 80 /lm, was studied by 

Paulsson (1989), who found a linear relationship between the removal rate and the surface 

shear stress raised to the power 1.24. 

During cleaning, in turbulent flow, all deposit removed from the surface must pass through 

the boundary layer. Figure 2.6 illustrates the flow profile across the boundary layer, which 

is made up of three different regions: the viscous sublayer, the buffer layer and the 

logarithmic region. The dimensionless velocity relationships for these three layers are 

described in Kay & Nedderman (1985). The viscous sublayer is extremely important to 

cleaning as all the deposit to be removed must pass through this layer either as molecules 

or as particles. The structure of the viscous sublayer within turbulent flow is unclear and is 

the subject of current research. It is clear that turbulent bursts, random events within the 

viscous sublayer, convey fluid to and from the surface, are important. This fact was used 

by Cleaver & Yates (1973) to model the removal of submicron (colloidal) particles. A 

single burst acts within an area, defined as: 

135~ x 630-~-
PLU PLU ' 

(2.4) 
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where U* , is the wall friction velocity, which is defined as: 

( )

lf2 

U* = ~: (2.5) 

The mean time between bursts, within this area is: 

75 ( *)2 PL U 
(2.6) 

and the area on which a single burst acts was assumed to be a circle with a mean diameter 

of: 

(2.7) 

However, no attempt was made to estimate the force of these bursts on the surface or on 

the particle. Cleaver & Yates (1973) stated the dominant removal mechanism of 0.9 flm 

spheres of carbon black is due to these turbulent bursts. They concluded that the 

mechanism of detachment is not clearly established but the adhesive force is proportional 

to some function of the wall shear stress and the particle diameter. Hubbe (1985) agreed 

with the ideas of turbulent burst theory but suggested that the dominant removal effect of 

submicroscopic particles (0.3 flm to 1.4 flm) was due to rolling. 

Yung et al. (1989) attempted to verify the turbulent burst theory for a range of particle 

sizes. Spheres of two diameters were studied: 50 flm, particles within the viscous sublayer, 

and 300 flm, particles projecting from the viscous sublayer. It was concluded that particles 

sitting within the viscous sublayer were not affected by turbulent bursts, whereas particles 

projecting from the viscous sublayer were affected. Most recently Sharma et al. (1992) 

verified that rolling, rather than sliding or lifting, was the dominant removal mechanism 

for a particle diameter range of 5 to 40 flm. For the aggregates seen to be removed by Bird 

(1993) (lOO flm to 200 flm), turbulent bursts would be expected to act. 

2.3.3 Cleaning Process: Summary 
The cleaning process involves the interaction of the cleaning solution with the deposit. 

Both reaction effects, due to the chemistry of the fluid and physical effects, due to its flow 

are seen. A number of authors have concluded that the sequence of events during cleaning 

is : mass transfer of the cleaning solution into the deposit, a reaction of the cleaning 

solution with the deposit, mass transfer of the reaction products away from the reaction 
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interface and surface shear forces breaking up the deposit (GrasBhoff, 1996). The result of 

these events is deposit removal into the bulk flow by both dissolution and break-up into 

random sized aggregates. 

Cleaning is not uniform; random sized aggregates are removed from the deposit surface. 

This results in areas of process plant becoming clean while other areas still contain deposit 

'patches'. The final stage of cleaning is the removal of these 'patches'. It has been 

suggested that region III of the experimental cleaning curve, measured using protein 

assays, is due to the removal of these deposit 'patches'. 

2.4 Chemical and Physical Cleaning Models 

The aim of a cleaning model is to understand the effect of measurable process parameters 

(such as flowrate, equipment configuration, temperature and concentration) on the cleaning 

process so that cleaning rates can be predicted. Early studies of cleaning, carried out by 

detergent manufacturers, investigated the removal of oily or particulate soils from textile 

fibres (Jennings, 1965). Jennings' (1965) work represents the earliest 'scientific' study of 

cleaning kinetics in food systems. Some cleaning models have been developed for both 

physical removal (those without chemical reaction, dominated by physical forces such as 

deposit strength and surface shear stress) and chemical removal (those with chemical 

reaction, dominated by mass transfer and reaction stages). However, they still do not 

explain all the experimental observations. 
" 

The removal rate, dmr is defined as the mass of deposit removed per time and unit area. 
dt 

The amount of protein present in a liquid can be measured using a Bradford dye assay 

which is described in section 3.3.2. If the cleaning process were reaction or diffusion 

controlled, the cleaning rate would be expected to obey reaction and mass transfer 

relationships, such as: 

For reaction control, the removal rate would fit the pseudo-Arrhenius equation: 

(2.8) 

where EA is the activation energy, TA the absolute temperature of the deposit and R the gas 

constant. The rate would not be a function of the flow velocity. 



Chapter 2 : Studies of the Cleaning Process: Literature Review 

In contrast, for an external mass transfer controlled process and turbulent conditions, the 

removal rate will be proportional to the velocity, v to some power, co: 

dmr ro --ocv 
dt 

(2.9) 

(for which, if fully turbulent, co = 0.8) and will not be a strong function of temperature. 

Due to the sequence of steps during cleaning, noted in section 2.3, it is unlikely that the 

whole process will be either totally mass transfer or reaction controlled. It is more likely 

the process will alternate between the two, or other mechanisms, i.e. that equations (2 .8) 

and (2.9) might apply only to parts of the process. This is studied further in later chapters. 

2.4.1 Physical Removal Models 
Physical removal models, those which do not involve chemical reaction, are dominated by 

physical forces such as deposit yield strength and surface shear stress. The development of 

this type of removal model has followed from the development of accurate fouling models. 

Fouling models are often presented as a balance between deposition and removal, first 

proposed by Kern & Seaton (1959): 

dm . . 
__ f =mg-mr 

dt 
(2.10) 

where mf is the wet deposit coverage, mg and mr are the mass deposition and mass 

removal rates respectively. These models have been extensively applied to cases of 

crystalline fouling (such as by Somerscales & Sanatgar, 1989). To obtain more predictive 

fouling models, some workers have studied the mechanisms which can cause removal. 

These generally include one or more of the following three fundamental processes: 

(i) Dissolution: 

The deposit is removed from the surface by dissolving into the solution. 

(ii) Erosion 

The deposit is removed in finely divided form, by the action of the fluid moving 

over the fouled surface. 

(iii) Spalling 

The deposit is removed in large pieces. It has been suggested that this is due to 

mechanical weakening either in the deposit/deposit bonds (cohesion) or between 

the deposit and fouled surface (adhesion) (Taborek et al., 1972). Break-up of the 

24 



Chapter 2: Studies of the Cleaning Process: Literature Review 

deposit due to thermal stresses has also been discussed for crystalline scales (Loo 

& Bridgwater, 1985). 

These processes are affected by the physical parameters of the deposit and the shear forces 

of the liquid adjacent to the deposit surface. Wilson (1994) reported that, unlike crystalline 

fouling, chemical reaction fouling, such as found in the food and petroleum industries, 

rarely involves asymptotic fouling behaviour. This suggests that the removal rate in 

equation (2.10) is negligible for chemical reaction fouling, but it is still important for 

cleaning of deposits formed during chemical reaction fouling . The following section 

reviews removal terms, as described in equation (2.10), used to model particulate fouling. 

Kern & Seaton (1959) proposed the first and most widely used form for the removal term. 

They defined an average removal rate assumed to be caused by the shearing action of the 

fluid at the surface. The deposit was assumed to be sheared off in lumps at random planes 

of cohesive weakness in the deposit. They suggested that the average removal rate over the 

whole tube was proportional to the shear stress, 'tw and the deposit thickness, Xf: 

(2.11 ) 

This simple relationship was shown to fit physical removal data. However, it assumes the 

deposit strength is proportional to the deposit thickness and removal occurs by cohesive 

rather than adhe~ive failure. Loo & Bridgwater (1985) mentioned work by Bartlett in 1968 

who studied particulate deposition in a corroding reactor. Bartlett postulated that the 

shearing force exerted by the fluid caused the particles to be broken off at points where 

weak bonds were present. Taborek et al. (1972), working on cooling tower water fouling, 

proposed a removal term: 

(2.12) 

where Rb is the deposit bond resistance, defined as the adhesive strength of the deposit per 

unit area at the plane of weakest adhesion. They proposed that Rb increases with the 

uniformity of the deposit structure, decreases with deposit thickness and is a function of 

the original surface if deposit/surface adhesion is weaker than internal cohesion. 

Loo and Bridgwater (1985) studied the removal term for a brittle crystalline scale in a heat 

exchanger and developed a theoretical model for the link between the thermal stresses of 

the deposit and the developed radial temperature distribution. The theory suggests that 
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when a deposit lump is removed the area exposed is approximately proportional to the 

deposit thickness. 

An alternative approach to the deposit removal term was presented by Yiantsios & 

Karabelas (1994). They considered a polycrystalline deposit as a series of non-interacting 

roughness elements. This had the advantage over previous removal terms that it did not 

rely on predicting unknown deposit strengths. The roughness elements failed after reaching 

a critical size, which could not withstand the surface shear forces. They were assumed to 

be removed in a random manner and their removal (either individually or as lumps) was 

described by a statistical population balance. Although the approach was very different to 

previous removal terms, the final result was similar to equation (2.11), developed by Kern 

& Seaton (1959). 

2.4.2 Proteinaceous Deposit Cleaning Models 
Cleaning models used within the food industry have been largely empirical relationships 

(Corrieu, 1981) but mechanistic models have been developed recently. The mechanisms 

involved in cleaning are extremely complex and assumptions about the rate determining 

steps are required before a model can be formulated. Unfortunately, the heterogeneous 

nature of food deposits results in mechanisms hard to model (Jennings, 1965; Grant, 

1996). This section reviews the development of published models to describe cleaning of 

proteinaceous deposits. 

2.4.2.1 Empirical models 

Jennings et al. (1957) studied the effects of time, temperature and cleaning solution type 

on the removal of p32 labelled dried milk from stainless steel. They fitted the experimental 

results for the rate of removal of milk residues with a first order model with respect to the 

bulk concentration of the hydroxyl ions, COH,B : 

(2.13) 

where k3 is an empirical rate constant. This expression describes the experimentally 

observed decrease in the concentration of the deposit in the cleaning solution, Co with time; 

after some initial peak, CD starts high and then falls. (The initial build up of CD to this peak 

is not modelled.) Bourne & Jennings (1963) investigated cleaning tristearin from stainless 

steel and extended Jennings' original model to include two parallel first order reactions to 

model the slow down of the kinetics during the final stages of cleaning. They based this 

model on the assumption that two different soil species existed, resulting in different 

deposit / deposit bond strengths. 
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Lalande & Rene (1987) reviewed work carried out by Schlussler in 1970 on the removal of 

dried milk deposits from glass. Schlussler measured an average removal rate which he 

assumed to be constant and thus derived a zero order removal rate with respect to the 

deposit quantity. As mentioned in section 2.3.2, dried proteinaceous deposits behave very 

differently to wet deposits and comparisons should not be made. 

Harper presented the first mechanistic model for the removal of a deposit in 1972, which 

he fitted to the measurements made by Jennings (Corrieu, 1981). The model featured four 

steps, as described in section 2.3: 

I. Transport of the cleaning solution to the deposit surface. 

11. Wetting and penetration of the soil by the cleaning solution, followed by 

reaction between the soil and the cleaning solution. 

Ill. Dispersion of the reacted soil. 

IV. Prevention of re-deposition of the dispersed soil. 

Harper made no quantitative studies of cleaning mechanisms; Grant et al. (1996) noted 

that the description was accurate but, in this form, it was difficult to model each stage 

mathematic all y. 

2.4.2.2 Mechanistic models 

Plett (1985) describes the first mechanistic based model for protein cleaning, developed by 

Schlussler in 1976. Schlussler, using Harper's cleaning mechanism as a base, ignored step 

IV and assumed that the diffusion of removed deposit would be slower than that of the 

cleaning solution, i.e. that step III was rate limiting. This resulted in a first order mass 

transfer model with respect to deposit concentration: 

dNz _ Dab ( ) -- - -- Cos -COB dt 0 . . 
d 

(2.14) 

where Nz is the number of moles of deposit removed, co,s is the concentration of deposit in 

solution at the deposit cleaning solution interface, CO,B is the concentration of deposit in 

bulk solution, A is the surface area of soil, Dab is the diffusivity of the soil in the solvent, 

and Od is the thickness of the depositlliquid surface boundary layer. This model fits the 

experimental cleaning results of Gallot-Lavallee & Lalande (1985) at all times except at 

the beginning of the cleaning process. Plett (1985) stated it was surprising, given the 

complexity of the cleaning kinetics, that the overall dynamic behaviour could be modelled 

to a close approximation by a simple first order relationship. 
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Gallot-Lavallee & Lalande (1985) referred to as GLL developed one of the first on-line 

detectors for measuring the removal of milk pasteurised deposits from tubes. The cleaning 

rate was monitored using an optical detector to measure the turbidity of the cleaning 

solution after passing over the fouled surface. Typical results for the cleaning rate at 

different liquid bulk temperatures, are displayed in figure 2.7. The cleaning rate curves are 

similar in shape to those produced by Bird (1993) and discussed in section 2.3. As the 

temperature is increased, the cleaning rate increases and the overall time to clean 

decreases. GLL developed a mechanistic model to explain these results. Figure 2.8 

illustrates the proposed change in the deposit morphology during cleaning with distance 

from the wall. The figure also shows the concentration of hydroxyl ions in the cleaning 

system. They proposed that, on contact with NaOH, the initial compound adhering to the 

wall, X, changed to an intermediate state, Y, before being eliminated in the cleaning 

solution as species, Z. GLL justified the existence of the intermediate state, Y, in terms of 

the swelling of the initial deposit on contact with the hydroxyl ions in the cleaning 

solution. This was also noted by a rise in the differential pressure during cleaning 

(Gra~hoff, 1996) and observed by Bird (1993). The steps used to express the model , 

shown in figure 2.8, follows those proposed by Harper: 

I. Diffusion of the hydroxyl ions from the bulk, COH,B to the surface, cOH.s 

Il. Diffusion of the hydroxyl ions from the surface, COH.S through a layer of 

swollen deposit to a reaction interface, COH.) 

Ill. Reaction at the interface to form the intermediate, Y 
, 

IV. Diffusion of intermediate, Y, out of the deposit matrix forming species, Z 

Figure 2.9 shows the modelled concentration profile of hydroxyl ions, COH (kg/m3) and the 

concentration of the deposit, CD (kg/m3) in the cleaning system. Steps I and n, were 

described mathematically by diffusion of hydroxyl ion, MOH, first to the surface: 

( dMOH) -( ) ~ ) - COH,B - COH.S A.KoH (2.15) 

and then within the swollen deposit: 

~(dMOH) = (c _ c ) DowA.py 
A dt Il OH,S OH,)' My (2.16) 

where A is the fouled surface area, KOH the external mass transfer coefficient, DOH the 

diffusivity of hydroxyl ion in the deposit, My the mass of the intermediate compound Y 

and py the density of compound Y. In agreement with Jennings (1965) the reaction of X, 
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(mass Mx), to form Y (step Ill) was assumed to be first order with respect to the 

concentration of hydroxyl ions: 

dMx = -ns·AJ' .kr ' .COH ! 
dt . 

(2.17) 

where f' is the reaction front thickness and k/ the first order reaction rate constant (S-I). 

The rate controlling step was the diffusion of the intermediate compound, mass M z, away 

from the deposit surface: 

(2.18) 

where ko is the external mass transfer coefficient and, co,s and CO,B are the concentration of 

deposit in solution at the depositlliquid interface and the bulk respectively. An expression 

for the change in My with time was derived by subtracting the quantity formed during 

reaction (equation 2.17) from the quantity eliminated by diffusion (equation 2.18): 

(2.19) 

The change in concentration of hydroxyl ions at the reaction interface (between deposit 

compound, X and intermediate state, Y) was expressed by the increase due to diffusion 

minus the consumption by the reaction: 

consumption 

by reaction 

dc 
-~-k'c dt - r OH,! 

increase by 

diffusion 

(2.20) 

To calculate the removal rate of the intermediate compound, Mz, the series of four 

differential equations (2.17 to 2.20) were solved by numerical integration. The eight 

constants involved were obtained using non-linear regression to fit the experimental data. 

The model fits the experimental data well; not surprisingly, considering the number of 

variables. 

The weaknesses with the GLL model were discussed by Bird (1993). He identified three 

major areas of weakness: 
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(i) Reactionfrant thickness, f' 
This is used for mathematical convenience as it allows the interfacial accumulation of 

hydroxyl ion mass to be represented as a concentration. It does not seem to represent the 

experimental observations. 

(ii) Surface concentration of deposit 

The surface concentration of deposit is defined by GLL as: 

M c =-y-
D.S AJ' (2.21) 

i.e. the ratio of the intermediate deposit mass, My to A (the surface area) and f' (the 

reaction front thickness). The product of A and f' is the volume of the reaction. It is 

unrealistic to assume the concentration of the deposit on the surface is dependant on the 

reaction volume. 

(iii) The complexity of the model 

Eight variables in a model leads to a situation where care must be taken to ensure that any 

fitting technique gives realistic values. The values of the variables given by GLL vary 

significantly from the range of acceptable literature values. 

The GLL model does, however, represent a considerable advance on previous models. 

However, its shortcomings suggest that the model is not a true representation of the 

cleaning process. Lalande & Rene (1987) review a model developed by Perlat in 1986 for 

cleaning a semi-industrial sized plate heat exchanger fouled with whole milk. Perlat 

followed the form of the GLL model but proposed replacing the diffusion of the 

intermediate compound (equation (2.18» by a spalling mechanism adapted from Kern & 

Seaton (1959) (equation (2.11): 

(2.22) 

where Mz is the mass of intermediate compound, k4 is a constant and 'tw is the wall shear 

stress. This model gave good agreement with data for industrial sized heat exchangers. 

This is the only milk deposit cleaning model in the literature incorporating a physical 

removal term. Physical removal is an important aspect of cleaning and there seems scope 

for development of a model in this area. 
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2.4.2.3 Mechanistic model developments since the GLL model 

The most recent mechanistic models developed in proteinaceous deposit cleaning are those 

of Bird (1993). Bird studied the cleaning of whey protein deposits from stainless steel 

surfaces (i) qualitatively, by visualising removal and (ii) quantitatively, using a Bradford 

assay to monitor the total protein removed from the inner surfaces of fouled 6.35 mm 

diameter tubes . He modelled the cleaning process at three stages of complexity in an 

attempt to reproduce the observed features of the cleaning process: 

(i) a simple analytical model, 

(ii) a numerical model, based on modifications to the GLL model (1985), 

(iii) a stochastic model, based on the percolation approach. 

The concept of a reaction interface, rather than a volume which was used by GLL, was 

incorporated to minimise the complexity of the models. 

The first, simple model was based on visualisation work and aimed to model temperature 

and velocity effects on a deposit of initial thickness, X. It was assumed that the unreacted 

deposit (at some time, thickness lluX) was transformed, by the action of hydroxyl ions , into 

a swollen, reacted form (thickness ll sX<I». llu is the fraction of initial deposit thickness 

which remains unswollen, lls is the fraction of initial deposit thickness which has become 

swollen, X is the original unswollen deposit thickness and <I> is the swelling factor. 

Removal was ass~med proportional to the thickness of the swollen layer. Two first order 

differential equations were solved analytically; the first equation governed the rate of 

change of the lower, un swollen layer, assuming a zero order reaction with respect to 

concentration: 

dlluX --k 
dt - 0 

(2.23) 

Equation (2.23) applies until all the unswollen layer had reacted. The second equation is 

found by a mass balance on the swollen layer: 

dlls _ ko _ k 
dt - X<I> Ills (2.24) 

where ko and kl are rate constants, ko describing deposit swell and kl describing deposit 

removal. The analytical solution to these equations gave a reasonable fit of the 

experimental data. However, the model does does not match experiments at the maximum 
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cleaning rate; it predicts a sharp peak removal rate as opposed to the measured data, 

illustrated in figure 2.3. 

To take account of this, Bird adapted the GLL model into a more realistic simulation 

incorporating a variable interfacial hydroxyl ion concentration. The GLL model was 

reformulated to reduce the number of variables from eight to four. GLL defined the deposit 

species in terms of masses per unit area; for mathematical simplicity Bird used fractions of 

the original deposit thickness, as in their analytical model. 

In calculating the hydroxide concentration at the reaction interface, Bird assumed the 

concentration profile of the hydroxyl ions varied linearly with distance through the 

deposit: 

(c - c ) 
Flux of OH- to the reaction interface = DOH OH.B OH,I (2.25) 

11sX<I> 

where DOH is the diffusivity of the hydroxyl ion in the deposit. It was assumed that solution 

arriving at the interface could either: 

(i) react with the un swollen deposit, 

(ii) fill up the volume created by the reaction, i.e. as the swollen deposit moves 

into the unswollen region. 

A material balance across the swollen deposit gave: 

D (COH,B - COH,I) 

OH 1"1 X<I> 
• Is 

Flux of OH- to the 

Reaction interface 
= 

X d11u s' 
dt 

OH- ions 

reacted 

+ X d;u COH,I (2.26) 

+ Solution filling 

volume created by 

swelling 

where s' is the stoichiometric factor. This equation was solved numerically for 11s' using 

dimensionless variables. After all the deposit had been converted into the swollen form, 

the second term on the right hand side disappears: then, the loss of deposit can be defined 

by a first order equation with respect to the deposit quantity, similar to equation (2.24) 

from the analytical model. 

The rate of deposit removal, r' (kg/m2s) can be calculated, once 11s is known: 
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r' = ky llsXPswell (2.27) 

where ky is a first order rate constant (S-I), similar to kl used in equation (2.24) of the 

analytical model , and Pswell is the density of the swollen deposit (kg/m3). 

This was an improvement on the GLL model in terms of understanding the cleaning 

mechanisms. However, two weaknesses are immediately evident: 

(i) No physical deposit strength term 

The removal rate parameter, ky was obtained by regression to the experimental 

data from the decay phase, region III in figure 2.3 . This is the only physical 

removal term in the model and was dependant on bulk flow and surface shear 

parameters; any understanding of the deposit strength, along the lines of the 

term proposed by Kern & Seaton (1959), might give a more realistic mechanistic 

model. 

(ii) No random removal term 

Bird (1993) observed the cleaning of flat plates was not a uniform process; deposit 

lumps randomly break off into the flow. This leads to uneven cleaning; eventually 

'patches' of cleaned surface are seen with other areas still un-cleaned. 

In addition, the d~posit does not become saturated with hydroxyl ions until the peak 

removal rate. As will be described in chapter 6, there is evidence that hydroxyl ions diffuse 

through the deposit cross section after only 30 seconds of contact with NaOH, rather than 

the 8 minutes suggested by the peak rate. 

Bird (1993) also made an attempt at modelling the cleaning process by using a stochastic 

percolation approach. A 2D grid of protein-protein bonds was generated to represent the 

deposit structure and the breakage of these bonds was statistically considered. The results 

display the characteristic shape for a cleaning curve; however, no further development was 

made. 

2.4.2.4 Proteinaceous Cleaning Models: Summary 

Early proteinaceous cleaning models were only empirical correlations, resulting in models 

which were either zero order, first order or combinations of first order in deposit quantity. 

The first model based on a realistic mechanism was developed by Gallot-Lavallee & 

Lalande in 1985. This model produced a good fit with the experimental data but involved a 

large number of variables which were, in cases, fitted to unrealistic values. The mass 
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transfer of the reacted deposit away from the deposit surface has often been quoted as the 

controlling mechanism of cleaning (Lalande & Rene, 1987). 

Bird (1993) further developed the GLL model to produce a more realistic model with 

fewer vll.riables. This model produced a good fit to the experimental data with more 

reasonable values of fitted parameters. Considering the importance of physical removal 

terms, such as those discussed in section 2.4.1, it is surprising that only Perlat (ref: Lalande 

& Rene, 1987) has introduced a physical removal term into a proteinaceous deposit 

cleaning model. Further work is required to understand the deposit structure and 

morphology so deposit strengths along the lines of the crystalline scale models can be 

incorporated into models. 

2.4.3 Other Mechanisms for Removal 
This section reviews models describing the removal of crystalline scales and the rinsing of 

thin fluid films which may be useful in modelling the cleaning of milk deposits. Whey 

protein deposits, formed at pasteurisation temperatures, contain a small amount of minerals 

« 5 wt% calcium phosphate). This is left on the tube surface, as a scale, after cleaning 

with alkali, and can be removed using acidic or sequestrant (EDT A) cleaning solutions. 

After cleaning is complete, before the plant can be used for food processing, it is necessary 

to rinse the remaining cleaning solution from the surface. Rinsing process involves mass 

transfer of the cleaning solution from the surface to the bulk. No adhesive or cohesive 

strength terms are involved. 

2.4.3.1 Crystalline Scale Cleaning Models 

Murray (1987) used a simple mass transfer based model to describe the removal of a metal 

oxide layer by an acid. This model includes a moving interface between the solvent and 

the solute and assumes that dissolution occurs at the metal oxide layer surface. Murray 

expressed the change in the metal oxide layer thickness as: 

(2.28) 

where Xf is the film thickness (m) and k5 is a rate constant (S-I) based on the physical 

parameters of the oxide film. An external mass transfer based model between the scale 

surface and the bulk liquid has been used to describe the removal of scales from a refinery 

cooling system (Abdul-Latif et al., 1988). The authors used sodium salts of EDTA to 

dissolve the many constituents of the scale. 

Grant et al. (1996) studied the dissolution of P32-labelled calcium phosphate from the 

internal surface of a pipe. Experiments, using an acidic cleaning solution, were modelled 
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using a mass transfer approach. The model was derived by carrying out a mass balance on 

a differential volume element of calcium phosphate. The change in the radius of the 

calcium phosphate layer, Ri was modelled as: 

(2.29) 

where V m is the average molecular volume of the material, k.n is the mass transfer 

coefficient (mls), CCH is the concentration of calcium phosphate in the cleaning liquid and 

the subscripts Band S refer to the bulk and solid/liquid interface respectively. The model 

predicted the change in thickness well but over predicted the thickness over longer periods 

of time. They attributed this difference as being due to the uneven deposit surface and the 

lack of reliable solubility data. A second model, incorporating velocity and pH effects, was 

derived by regression of the experimental data. Results from this suggested that removal 

does have a strong dependence on dissolution of the deposit rather than mechanical shear 

effects. 

2.4.3.2 Rinsing mechanisms 

Effective rinsing is essential for food production; chemical residues must be rinsed away to 

avoid product contamination. CIP cycles include specific rinsing steps as part of the 

program. Rinsing can be very costly as highly pure water is required before food 

processing commences (Bird, 1993). 

Plett & Loncin (1981) investigated rinsing kinetics. The shape of their experimental 

rinsing curves is shown in figure 2.10; Cc refers to the concentration of contaminant at 

time, t and Cco refers to the concentration of contaminant in the exit flow at time, t=O. 

Three stages in rinsing behaviour were observed: 

I. Zero removal of bulk fluid: 

(2.30) 

11. First order removal with respect to the contaminant, with rate constant k;: 

(2.31) 

Ill. First order removal with respect to the contaminant, with rate constant k;: 
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(2.32) 

A different approach to rinsing was proposed by Mickaily & Middleman (1993) who 

studied the removal of an immiscible contaminant due to the shearing action of a turbulent 

flow and the subsequent mass transfer effects. Removal was modelled by assuming the 

contaminant film moved in planar flow. The model fitted the experimental data well 

although pipe surface roughness effects were important. 

2.4.4 Cleaning Model: Conclusions 
This section has reviewed cleaning models for proteinaceous deposits formed during milk 

product fouling, removal models for scales formed from crystallisation and particulate 

fouling and rinsing models. It is clear that when using a cleaning solution, such as NaOH, 

to clean proteinaceous deposits, the dominant removal mechanisms are mass transfer and 

chemical reaction. Physical removal effects have been examined in context to particulate 

and crystallisation fouling. However, little work has examined the incorporation of these 

ideas into proteinaceous deposit cleaning models. The removal of scales by chemical 

methods and rinsing have been described by mass transfer based models. 

Many challenges still exist including accounting for the geometry of the fouled surface and 

the role of heterogeneous contaminants. The models reviewed in this section assume flat 

surfaces and homogeneous deposits. 

2.5 Monitoring Cleaning 

Monitoring cleaning can provide useful information for the effective operation of heat 

exchangers. Unfortunately, an accurate on-line food process plant cleaning monitor has not 

yet been developed (Gra~hoff, 1996). Information from a cleaning monitor might be used 

to optimise both the time to clean and the quantity of cleaning chemicals required. 

Monitors can take two forms (Schreier, 1995): 

(i) A study of the behaviour of the whole system, such as pressure drop, heat 

transfer coefficient or measurement of the properties of inlet and outlet fluids. 

(ii) A study of a local measurement at which temperatures, pressure and tlowrates 

can be more easily determined. However, such a device must be representative of 

the rest of the system. 

Cleaning monitors, which have been developed in the lab and on process plant scale, are 

discussed in more detail in the following sections. 
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2.5.1 Monitors Applied to the Whole System 
Many workers have described monitors of cleaning or fouling of plate heat exchangers 

based on measurements of pressure or temperature (such as: Corrieu et al., 1987; Delplace 

& Leuliet, 1995; Schreier, 1995). The main drawbacks with these approaches are that (i) 

they are insensitive to small changes in the deposit thickness and (ii) measurement errors 

are often of a similar size to the changes the sensors are trying to detect and (iii) sensors 

will not detect soil remaining in stagnant regions. 

Optical measurements of the cleaning solution outlet stream have been made by a number 

of researchers. Corrieu et al., (1980) developed an on-line sensor that measured the 

attenuation of incident light. Two diametrically opposed optical fibres were placed across 

the outlet process stream. One optical fibre transmitted a light beam and the other detected 

the beam and measured any change in the optical density of the process stream. A major 

disadvantage with this system was any foreign bodies, such as air bubbles, would also be 

detected. 

Bird (1993) developed a protein assay technique using the Bradford assay (Bradford, 

1976). Measurements involved sampling the outlet stream and adding a reactive dye to the 

sample. The dye bound to the protein and changed colour from red to blue; the intensity of 

this blue was a measure of the amount of protein in the solution. This was measured in a 

spectrophotometer at a wavelength of 595 nm and compared with a standard curve to 
"-

obtain a concentration. This technique was used in this work to monitor the removal of 

protein and is discussed further in section 3.3.2. The time required to perform this 

technique, renders it unsuitable for industrial applications. 

Electrical conductivity monitors have been used on industrial food process plant to 

determine the ionic strength of the solution (Romney, 1990). These monitors are useful 

during the rinsing of cleaning solutions as NaOH dissociates readily, so that the reduction 

of N aOH concentration can be monitored. 

2.5.2 Local Monitors 
Heat flux sensors, which measure the heat flux across a temperature gradient, have been a 

popular method for detecting deposits. A change in the heat flux can be related to a change 

in the deposit thickness, the operation of a heat flux sensor is described in more detail in 

section 3.5. Zelver et al. (1985) described an instrument for food industry heat exchangers 

that simultaneously measured changes in heat transfer and pressure drop. This system was 

fitted to a side stream from the exchanger so the process conditions may not be equivalent 

to inside the device. Stenberg et al. (1988) used a small surface mounted sensor to measure 
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the fouling resistance in biofilms. The sensor contained built in heat generators using a 

resistance heater, with temperature sensitive diodes to measure the temperature and 

determine the heat flux. Schreier (1995) reported a paper by Tsados in 1987 who used a 

heat flux probe to monitor gas-side fouling from hot hydrocarbon gases in a cylindrical 

apparatus. Water was used to cool the outside of the probe and thermocouples measured 

the temperatures at the probe surface and near the flow of coolant to enable calculation of 

the heat flux. The disadvantage with this system was the probe had to be inserted into the 

flow. 

Ward & Jones (1994) used a heat flux sensor that can be attached to the outside of a hot 

process pipe, thus providing a temperature driving force and maintaining aseptic 

conditions. The use of this technique as an industrial monitor was further investigated by 

Schreier (1995). The change in heat transfer coefficient during the fouling of a 0.5 inch 

diameter stainless steel pipe by whey protein could be monitored. The development of this 

device to monitor cleaning is discussed in chapter 4. 

Withers (1994) developed an ultrasonic sensor which was able to measure milk deposit 

thicknesses down to 0.5 mm. These sensors are less able to measure the interface between 

protein and fluid since the densities of the process fluid and depositare similar. Many 

deposits in the food industry are less than 0.5 mm thick, which is the minimum this sensor 

can detect. Ward & Jones (1994) reviewed work carried out by Meijer in 1984 who studied 

the deposition of hard crystalline scales using an ultrasonic sensor. These scales are more 

easily detected by an ultrasonic sensor since the density difference between the process 

fluid and the scale is greater than within protein fouling. 

A number of different flow geometries have been proposed for possible use in monitoring 

fouling. Fryer (1985) used a heated radial flow chamber, in which milk flowed radially out 

between two parallel flat discs. The milk velocity decreases as it moves outward and at 

some point the shear stress reduces to a level where deposition occurs. This can be 

detected by a change in the wall temperature. One disadvantage of such a device is that 

expanding flows are unstable and so deposit tends to form in streaks. A converging tapered 

tube provides more stable flows than the radial flow chamber, and has been shown to give 

useful results (Fryer & Slater, 1987). This device causes milk to accelerate down the length 

of a tapered tube and deposition develops first in the slower areas of flow. Both these 

techniques allow the effect of surface shear stress on fouling to be studied. The workers 

suggest the applicability of the sensors to industrial plant; however, it is more likely these 

sensors are confined to lab use as they require visual inspection. 
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A range of industrial monitors, such as annular, transient temperature and hot wire test 

sections have been developed for the general process industries and are reviewed 

thoroughly by Chenoweth (1987). Although a considerable number of cleaning and fouling 

monitors have been developed, there is still a need within the food industry for a monitor 

that is both aseptic, accurate and predicts the thickness of deposits. Using a heat flux 

sensor to measure the change in heat flux within a heat exchanger, during cleaning and 

fouling, has the most potential for predicting deposit thicknesses in the food industry. 

Chapter 4 investigates this technique further as a tool for monitoring cleaning. 

2.6 The Application of Pulsed Flow to Cleaning 

Flow pulses and oscillations, defined as a change in the superficial fluid velocity within the 

equipment with time, are usually considered a nuisance within engineering systems. 

Examples of undesirable pulses are water hammer, and gas surging in two phase flow. 

Water hammer occurs when a flowing liquid in a pipe is suddenly stopped. The pressure in 

the pipe rises rapidly due to the deceleration of the liquid which causes stretch of the pipe 

walls and compression of the liquid. The literature also contains many references to the 

beneficial effects of flow pulsing (Mackley & Stonestreet, 1995). This section reviews the 

use of pulses to enhance mass and heat transfer and increase the cleaning rate in food 

process plant. 

2.6.1 Introduction to PulSing 
, 

The term 'pulsing' covers a very wide range of types of flow, as shown in figure 2.11. This 

figure illustrates the range of pulse frequencies and their applications. Ultrasonics are 

sound waves having frequencies beyond the limit of human hearing, greater than 16 kHz 

(Blitz, 1963). Ultrasonic cleaning is well established; see Mott et al. (1995) for the 

removal of biofilms and GraBhoff (1996) for the cleaning of cheese moulds. Unfortunately 

this type of cleaning cannot be applied to process equipment within the dairy industry, 

such as plate heat exchangers, as the ultrasonic wave penetration depth is too small 

(Gra~hoff, 1996).The pulses studied in the current work, discussed in section 1.5.3, 

involve aqueous systems which are assumed to be incompressible. The important 

parameters in a pulse system are: 

(i) frequency, 

(ii) amplitude, 

(iii) displacement/time profile. 

which must be fully characterised before a pulse is considered for an engineering 

application. The novel feature of this work is to use low frequency (0.1 to 2 Hz) and high 
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amplitude (up to 25 mm) pulses. These conditions were chosen as those which could 

possibly be applied to industrial process plant. 

2.6.2 Transport Process Enhancement 
As discussed in section 2.4.2, most proteinaceous deposit cleaning processes are 

influenced by mass transfer effects. Any enhancement in mass transfer rates may lead to an 

increase in the cleaning rate. The generation of low frequency and high amplitude pulses 

has been shown in the literature to enhance mass and heat transfer (Keil & Baird, 1971). 

This section reviews research concerning transfer process enhancement. Most of the 

experimental studies have concerned heat rather than mass transfer as enhancement is 

easier to quantify using temperature measurements rather than concentration 

measurements. 

Webb (1994) identified thirteen techniques for the enhancement of heat transfer, which can 

be classified as either active or passive. Passive techniques employ special surface 

geometries or fluid additives whereas, active techniques require external power to produce 

surface vibrations or acoustic fields. The majority of enhancement techniques are passive 

(Webb, 1994); the lack of use of active techniques is due to: 

• Additional installation costs, such as pulse generation unit, 

• Preliminary research using active techniques, at high Reynolds numbers 

showed no enhancement 
, 

• Not straight forward to install 

• Noise and safety 

• Increased maintenance 

Published values of enhancement in heat transfer coefficient, resulting from pulsed flow 

are conflicting. Karamercan & Gainer (1979) stated that this is due to investigators 

considering only a small number of operating variables and confining their studies to 

relatively narrow ranges of these variables, often different to other investigators. Table 2.3 

summarises heat transfer work carried out on pulsing water in a tubular system; results 

vary from: no enhancement by Martinelli et al. (1943), a 700% enhancement by 

Karamercan & Gainer (1979) and even a decrease of 5% in heat transfer coefficient by 

Lemlich (1961). However, more recent work suggests pulsing at low Reynolds numbers, 

with reverse flow and a frequency up to 10 Hz is likely to produce enhancement (Mackley 

& Stonestreet, 1995). For the analogous case of mass transfer, reported enhancements are 

similarly conflicting (Lemlich & Levy, 1961). 
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The pulsed flow investigations reviewed in table 2.3, have used a wide range of pulse 

generators. A knowledge of the displacement/time profile of the pulse is critical to 

compare enhancement under similar pulse conditions. The majority of these pulse 

generators are based on rotating concentric cams producing a sinusoidal displacement 

(Karamercan & Gainer, 1979; Mackley and Stonestreet, 1995). This is mathematically 

convenient as it permits the velocity and acceleration of the pulse to be calculated. A 

simpler pulse generator technique is the flow interrupter (Lemlich, 1961) which consists of 

a solenoid valve causing a pressure pulse. Unfortunately no information about the pulse 

displacement can be gained from this technique. Keil & Baird (1971) used an air filled 

surge tank to generate pulses. They approximated the pulse displacement shape to be 

sinusoidal. 

References Pulse generator Steady flow Enhancement of Maximum Remarks 

Reynolds heat transfe r frequency 

number coefficient 

Martinelli Reciprocating 77,000 0% 4.4 Hz Little attention 

et al. (1943) pump 2,600 40% to the laminar regime 

West & Taylor Reciprocating 30,000 to 70% 1.67 Hz Air surge tank may 

(1952) pump and air 80,000 have acted as a spring 

surge tank for the pulsations 

Lemlich Flow interrupters: Interrupter closer to 

(1961) up-stream 2000 80% 1.5 Hz HX bigger enhance. 

downstream -5 % Some cavitation 

Keil & Baird Air filled surge Transitional 100% 1.1 Hz Power calculations 

(1971) tanks approx. suggested that pulses 

3000 are economically 

feasible 

Karamercan & Scotch yoke on o to Max. 5Hz Causes: cavitation 

Gainer (1979) reciprocating 45,000 enhancement in and flow reversal 

pump transitional 

regime 700% 

Mackley & Motor driving 130 500% 10Hz Greatest enhancement 

Stonestreet crank and piston found at low 

(1995) Revnolds numbers 

Table 2.3: Summary of forced convection heat transfer enhancement as a result of pulsed 

flow of water in tubular systems. 
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Several research workers have attributed the heat transfer enhancement to cavitation. 

Lemlich (1961) verified this effect by changing the flow interrupter location from 

upstream to downstream of the heat exchanger. In the upstream location some cavitation 

occurred, due to the reduced pressure, which caused an 80% heat transfer enhancement. In 

the downstream location no cavitation existed and there was a slight drop in the enhanced 

heat transfer coefficient. This effect will depend on the type of pulse generator employed; 

a flow interrupter with a greater pressure surge is likely to cause more cavitation than a 

reciprocating pump. 

Enhancement has been studied over a range of different Reynolds numbers. The Reynolds 

numbers listed in table 2.3 are for steady-state conditions. Generally it was found 

enhancement was greatest at low steady Reynolds numbers « 1 000), because the 

difference between the steady-state velocity profile and unsteady-state velocity profile is 

greatest under these conditions. The unsteady-state pulsed flow velocity profile is reviewed 

in section 2.6.3. 

Mackley & Stonestreet (1995), in the most recent study of heat transfer enhancement due 

to pulsing, have studied pulses within a tubular heat exchanger, in which periodically 

spaced orifice-type baffles were inserted. A fivefold increase in the Nusselt number, 

relative to pulsed flow without baffles, was achieved in a tube subjected to a low steady 

Reynolds number (Re < 200). 

2.6.3 Theory of Pulsed Flow Heat Transfer 
The simplest quantitative approach to calculate transfer processes under pulsed flow 

conditions is to estimate the transfer rate at any instant using the mean fluid velocity at that 

instant, from a known steady-state relationship. This is the essence of the quasi-steady 

state theory, developed by Martinelli et al. (1943), and can be applied to both laminar and 

turbulent flow conditions. These quasi-steady state relationships are usually based on 

steady-state empirical correlations, which do not take inertial terms into account. As a 

result of this, the difference between quasi-steady state predictions and experimental 

results increase with pulse velocity. 

Pulsing under laminar flow conditions is more amenable to theoretical analysis than 

pUlsing under turbulent flow conditions (Baird, 1966). In addition, a theoretical 

explanation for the laminar flow region is generally more valuable as pulsing in this region 

gives greater enhancement than in turbulent flow. A purely theoretical approach to transfer 

processes under pulsed turbulent flow is beyond the scope of this work. A solution to the 

change in the flow profiles with radial distance has been made for pulsed laminar flow 

conditions. 
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Uchida (1956) studying a Newtonian fluid under oscillatory motion, assumed laminar flow 

conditions and solved the equation of motion in cylindrical co-ordinates for an arbitrary 

pressure gradient. The results of Edwards & Wilkinson (1971), who also solved the 

equation of motion in cylindrical co-ordinates but with a sinusoidal axial pressure gradient, 

were similar to Uchida's results. Figure 2.12 shows possible changes in the parabolic 

velocity profile in a pipe as a result of sinusoidal oscillations at different frequencies, f, 

assuming that the fluid remains in the laminar regime during the pulse. The increased 

velocity gradient as r!Rp approaches 1 exhibits greater shear forces near the wall. These 

increased velocity gradients at the wall, under pulsed flow conditions, suggest greater heat 

transfer compared to uniform flow. 

The power required to pulse liquid in a tubular system was estimated by Jealous & 

Johnson (1955) assuming quasi-steady state. It is assumed that the pressure drop at any 

moment in a varying flow is identical to the pressure drop that would be obtained if the 

velocity were steady. In order to provide pulses to the fluid in a horizontal pipe a force 

must be provided to overcome two effects: inertia and friction. The inertial power is the 

product of the cross sectional area, the pressure and the fluid velocity. Similarly, the 

frictional power is the product of the surface area, the pressure drop as a result of the 

friction and the fluid velocity. This model satisfactorily predicts the power required for 

high amplitude (> 5 mm) and low frequency « 1 Hz) pulses. However, at small 

amplitudes and higher frequencies the power requirement is greater than predicted. 
"-

Mackley & Stonestreet (1995), reporting on flow visualisation work, suggest this 

difference in predicted and experimental values is due to eddy interaction and complex 

flow structures. 

2.6.4 Cleaning Using Pulsed Flow 
Few papers have been published which investigated cleaning under pulsed flow 

conditions. This is possibly the result of the many variables associated with pulsed flow 

research and as a consequence of the damaging effect a pulse might have on a process 

plant. The different pulses that can be generated in an aqueous medium by changing the 

pulse frequency and pulse amplitude are illustrated in figure 2.11. As stated in section 

2.6.1, this work is concerned with pulses in the frequency range 0.1 to 5 Hz and amplitude 

range 1 to 30 mm. 

The use of compressible waves in the removal of scales from boilers has been discussed 

(Hanjalic & Smajevic, 1994). This type of pulse is very different to the incompressible 

pulses featured here. The dominant removal mechanism involves the shock wave and the 

consequent compressive and tensile interior stress waves generated within the deposited 
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material. These workers concluded that successful breaking and subsequent removal of the 

deposit depends on the intensity of the shock wave and the deposit cohesive strength. 

Unfortunately, similar to other deposits such as proteinaceous deposits, the deposit 

cohesive strength was not measured. This technique was applied to a coal fired boiler 

containing a brittle scale and was shown to enhance cleaning without causing any physical 

damage to the boiler tube bundle. In contrast, Hankinson & Carver (1968), working on the 

removal of dried milk deposits with water, applied a water hammer pulse to the system but 

found the compressible pulses were ineffective in improving the removal of deposits. 

An alternative approach was taken by Sviridov & Novikova (1993) who use an 

electrochemical cell to measure the diffusion layer thickness, Bd, during pulsed flow over a 

cavity, and relate this to the shear stress at the wall, 'tw by: 

(2.33) 

where'\) is the kinematic viscosity, p is the density, D is the diffusivity of the electrolyte 

and L is the dimension of the sensor. A quasi steady state assumption and the analogy 

between mass and momentum transfer were used to derive equation (2.33). They make no 

attempt to calculate the response time of the cell and the inertia of the diffusion layer is 

assumed to be negligible. This seems unlikely as the pulse frequency was as high as 180 

Hz. They assumed that the shear force on the cavity walls are a measure of the efficiency 

of cleaning. By comparing pulsed flow and uniform flow experiments, the shear forces 

were calculated to be 10 times greater on the walls of a pulsed flow cavity. 

2.6.5 Pulsed Flow Cleaning: Conclusions 
Pulsed flow cleaning has been studied for the cleaning of scales from boilers using shock 

waves and an unsuccessful attempt at removing milk deposits using water hammer. 

Preliminary proteinaceous deposit cleaning experiments, using a flow interruptor, have 

been carried out by Farries & Patel (1993) and suggest low frequency (0.1 to 2 Hz) and 

high amplitude (25 mm) pulses do increase the cleaning rate of proteinaceous deposits. 

The advantages of these types of pulses, unlike ultrasonics, is that they can be applied to 

existing CIP systems. Chapter 5 contains experimental work investigating the 

enhancement of the cleaning rate due to pulsed flow. 

The effects of fluid pulses on heat and mass transfer have been reviewed, to understand 

what experimental conditions were likely to lead to the greatest improvements in cleaning 

rate. The greatest heat and mass transfer enhancement as a result of fluid pulsing occurs at 
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low Reynolds numbers « 1000), frequencies up to 10 Hz and amplitudes up to 25 mm 

(Mackley & Stonestreet, 1993). A theoretical calculation for the velocity profile of pulsed 

flow, at low Reynolds numbers was predicted. The profiles suggest that enhancement will 

increase with increasing pulse frequency and amplitude. Reasons for the enhancement are 

explained by increased shear forces close to the pipe wall, reducing the boundary layer 

thickness. The cost of the power required to pulse a liquid system has been briefly 

reviewed in section 2.6.3. This should compare favourably with the savings due to heat 

transfer or cleaning rate enhancement if the process is going to have a commercial future. 

2.7 Literature Review: Summary 

Many reviews of milk cleaning experiments have been carried out but it is often hard to 

make comparisons between different sets of experiments due to the number of the 

variables. 

The same sequence of events during proteinaceous deposit cleaning has been seen by a 

number of authors (GraBhoff, 1996; Bird, 1993): mass transfer of the cleaning solution into 

the deposit, reaction of the cleaning solution with the protein, mass transfer of the reaction 

products away from the deposit surface and shear stress acting on the deposit surface. 

These events cause the deposit to be removed uniformly by dissolution and randomly by 

aggregate removal. The final stage of cleaning is the removal of 'patches' of deposit from 

the process plant surface. 

Most cleaning models have been empirical relationships. Gallot-Lavallee & Lalande 

(1985) developed the first mechanistic model based on mass transfer and reaction of the 

cleaning solution with the deposit. Few models have incorporated physical removal terms, 

such as the deposit strength, and the surface shear stress. Chapter 6 develops this 

discussion and describes a novel approach to modelling proteinaceous deposit cleaning. 

Cleaning monitors are still unable to accurately measure cleaning rates and cleaning times 

within the food industry. The present approach is to use pressure or temperature 

measurements. However, these approaches are inaccurate and often not representative for 

dead zones within the plant. Further work, developing a cleaning monitor by measuring the 

change in heat flux during cleaning, is presented in chapter 4. 

Pulsed flow has been studied extensively, for mass and heat transfer enhancement. Flow 

pulses have been shown to be beneficial in these processes but can create engineering 

problems, for example failure of gaskets in plate heat exchangers. Under optimum pulsing 

conditions (steady Reynolds number less than 1000, 10 Hz frequency and 100 mm 

amplitude) it was shown heat transfer enhancement can be as high as 500%. The most 
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recent pulsed flow work includes pulsing within a tubular heat exchanger, in which 

periodically spaced orifice type baffles were inserted (Mackley & Stonestreet, 1995). 

Under these conditions heat transfer enhancements as high as 700% can be achieved. Little 

work has been carried out to apply these pulses to cleaning proteinaceous deposits. 

Chapter 5 discusses the effects of cleaning solution pulses on fouled tubular test sections. 



Chapter 2 : Studies of the Cleaning Process: Literature Review 

-. Cleaning solution flow 

t = 0 seconds Proteinaceous deposit layer 

Stainless steel surface 

Figure 2.1(a) to (c) Schematic diagram illustrating the changes observed in a whey protein 

deposit during cleaning. 2.1 (a) Cleaning solution bulk reaction with dispersed and 

dissolved soil. 

t = 30 seconds Swollen deposit layer 

Unreacted deposit layer 

Figure 2.1 (b) Diffusion and reaction of the cleaning solution with the deposit structure. 

This causes swelling of an upper layer. The swollen deposit layer is dissolved by the 

cleaning solution and removed as aggregates into the bulk, as illustrated. 

t = 3 to 10 minutes 

Figure 2.1 (c) Reaction of the deposit with the cleaning solution has finished; final deposit 

'patches' are removed by shear forces and mass transfer effects. 
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Cross-section 1111111~lllt of deposit 

Stainless steel 
process plant 
surface with 
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showing large mineral 
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deposit. 

D 

• D 

Matrix, largely composed protein and water matrix 
of protein and water 

Minerals, particularly calcium phosphate 

Fat globules 

Figure 2.2 Diagram showing the heterogeneous microstructure of a milk deposit after circa 

1 hour of operation (Tissier & Lalande, 1986). 
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Figure 2.3 Typical cleaning curve showing the removal of a whey protein deposit, 

experimental conditions: 1 wt% NaOH, liquid temperature = 50°C, Re = 1770 (Bird, 

1993). 
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SODIUM HYDROXIDE CONCENTRATION (wt %) 

Figure 2.4 Cleaning time as a function of NaOH concentration for whey protein deposit 

cleaned at 50°C and 0.175 mls (Bird, 1993). 

(a) Temperature = 70°C: size of aggregate (b) Temperature = 40°C: size of aggregate 
removed = < 0.1 mm removed = 0.2 mm 

Figure 2.5 Change in the deposit aggregate removal size with temperature (Bird, 1993). 
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Figure 2.6 Schematic of a velocity profile in a turbulent boundary layer (Kay & 

Nedderman, 1985). 
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Figure 2.7 Effect of liquid temperature on experimental cleaning curves. Cleaning rate 

measured using on-line optical detector. Experimental conditions: NaOH concentration = 
20 kg/m\ velocity = 1.1 rnIs (Gallot-Lavallee & Lalande, 1985) 
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nZ 

ns represents the mass of the deposit reacting 
with one sodium hydroxide mass unit 
cOH represents the concentration of hydroxyl 
ions (kg/m3) 

CLEANING 
SOLUTION 

DEPOSIT 

WALL 

Figure 2.8 Diagram illustrating the diffusion and reaction of the NaOH within the deposit. 

The mechanism was proposed by Gallot-Lavallee and Lalande (1985). 
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COH,B 

CD,B 

DISTANCE FROM THE WALL 

Figure 2.9 Schematic diagram of NaOH concentration profile in the cleaning system. f' 

refers to the reaction front thickness (Gallot-Lavallee and Lalande, 1985) 
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Cc = cco 

o 

Time, t 

Figure 2.10: Schematic plot of the concentration of contaminant during rinsing (Plett & 

Loncin, 1981). 
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Figure 2.11 Types of pulses generated in an aqueous medium at different pulse frequencies 

and amplitudes (Baird, 1996). 
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Figure 2.12 Effect of pulse frequency on laminar flow velocity profile; f, pulse frequency, 

r, radial coordinate, Rp, radius of pipe, (Edwards & Wilkinson, 1971). 



Chapter 3 

Deposit Formation and Removal: 
. Experimental Procedure 

3.1 Introduction 

In chapter 2 previous work concerning the removal of milk product proteinaceous deposits 

was reviewed and possible techniques to enhance and monitor the cleaning rates were 

investigated. 

This chapter first describes the experimental apparatus used to form reproducible whey 

protein deposits on 6.35 mm SS tube. Two flow pulsing rigs have been developed both to 

study the cleaning of surfaces and to quantify the enhancement in deposit cleaning rates 

due to flow pulsing. The pulse frequency, mean pulse velocity and pulse liquid volume 

could be varied and measured. The amount of protein removed from a surface was 

monitored using a dye-binding technique. A local heat flux sensor was incorporated in the 

apparatus to monitor deposit removal and investigate the change in the thermal properties 

of the deposit during cleaning. 

3.2 Fouling Experiments 

A reproducible deposit is a prerequisite for all cleaning experiments. Gotham (1990) 

developed a fouling rig, incorporating a tubular test section, to study deposition from whey 

protein solutions. Further work using this rig was carried out by Bird (1993) to produce 

uniform proteinaceous deposits for subsequent cleaning studies. The operating conditions 

for the fouling rig used in this work were based on the experimental conditions used by 

Bird (1993). Some changes to these were made: 

(i) protein inlet temperatures of 74°C, also used by Bird (1993), and a lower 

temperature of 72°C were used to ensure the correct deposit quantity for the 

proposed range of cleaning experiments, 

(ii) the whey protein solution pH was adjusted from pH 6.6 to pH 6.0 to give more 

deposit with a higher voidage than that in the experiments of Bird (1993). 
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Both these changes ensured the deposit produced had a morphology similar to 

proteinaceous deposits encountered within the food industry (Gotham, 1990; Bird, 1993). 

Figure 3.1 is a line diagram of the fouling rig. The protein solution was pumped from the 

reservoir, at room temperature, through an adjustable needle valve and a rotameter, and 

through a coil immersed in a pre-heater to raise the protein solution temperature. Oil at 

97°C was passed counter-current to the protein solution in the annulus of the tubular test 

section. This increased the wall temperature to approximately 9TC which resulted in 

formation of a proteinaceous deposit on the walls of the test section. The temperatures at 

the inlets and outlets of the heat exchanger were displayed and logged by a BBC micro 

computer. The outlet whey protein was sent to the drain. 

The operating conditions used for all the experiments on whey proteins here were: 

(i) a 3.5wt% protein solution reconstituted from whey protein concentrate 

(35wt% protein) using reverse osmosis (RO) water and the pH adjusted from 

pH 6.6 to pH 6.0, 

(ii) an oil inlet temperature of 9TC, 

(iii) a protein solution flowrate of 0.8 IIrnin and an over pressure of 1 barg, 

(iv) a total fouling run time of 1 hour. 

The protein inlet te!)1peratures were representative of conditions within a milk pasteuriser 

(see chapter 2); 72°C gave a deposit with a large range of wet deposit coverages (defined 

later in section 3.23) over the heat exchanger length (commonly between 80 g/m2 to 320 

g/m2) whilst 74°C gave a more even wet deposit coverage (commonly between 150 g/m2 

to 320 g/m2). The protein outlet temperature for a clean tube was typically 83°C for an 

inlet of 72°C and 85°C for an inlet of 74°C. The outlet temperature dropped during the 

fouling run by circa 2°C. 

3.2.1 Preparation of Test Fluid 
Whey protein concentrate (35% protein, designated WPC35) was obtained from Carbery 

Milk Products, Republic of Ireland and was reconstituted to a protein concentration of 

3.5wt% in 60 litres of RO water at an ambient temperature of approximately 20°C. The 

WPC35 powder was mixed using a marine impeller until all large powder lumps had 

disappeared and left to stand for a further hour before use to ensure complete 

reconstitution. This protein concentration was representative of whole milk, which 

typically contains 3.1 wt% total protein (Walstra & Jenness, 1984). Deposit quantities were 

enhanced by the addition of O.IM hydrochloric acid (BDH laboratory supplies, Poole) to 
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the whey protein solution to alter the pH from 6.6 to 6.0 (Skudder et al., 1986). This was 

found to produce larger deposit quantities. 

All process water used in this work was produced by RO, which gave a typical water 

quality of 50 IlSlcm. This reduced inaccuracies as a result of the water quality. 

3.2.2 Construction and Operation 
The protein solution was passed through a preheater coil consisting of an 8 mm inside 

diameter, 25 m long copper coil immersed in water at 80°C in a 200 litre tank. The water 

in the tank was heated by three 3 kW Backer heating elements (STC Distributors Ltd., 

Potters Bar), resulting in a protein solution outlet temperature of 74°C. At the exit of the 

coil, protein flowed into the tubular test section. Thin walled (0.15 mm), 6.35 mm o.d 316 

stainless steel tube (supplied by Tube Sales Ltd, Southampton) was used both to minimise 

heat transfer resistances and to represent materials of construction encountered within the 

food industry. A forming section, length equivalent to 50 pipe diameters, preceded the 

tubular test section to ensure fully formed hydrodynamic conditions. Before use, the tube 

was weighed and the overall length measured to obtain an average mass of metal per unit 

length. The oil (BP Transcal N heating oil) was recirculated and heated, to an inlet 

temperature of 9TC, using a Conair Churchill Ltd heater. The protein solution, leaving the 

heat exchanger, was sent to the drain without recycling. 

Previous work carried out by Fryer (1985) on whey protein fouling showed that if nucleate 

boiling took place in the exchanger, a large amount of non-homogeneous deposit, 

containing many voids, formed. As the uniformity of deposit is very important for cleaning 

experiments, a needle valve (Hoke International, Middlesex) and pressure dial (Budenberg, 

London) were used to ensure a back pressure in the system of 1 barg to minimise nucleate 

boiling. The deposit appearance, after fouling runs, showed no evident signs of bubbles. 

Inlet and outlet temperatures were monitored using Imm type 'K' thermocouples 

(Eurotherm, Rugby) and logged on a BBC micro computer. The thermocouples were held 

in rubber bungs mounted in brass blocks to ensure that the tips were in the bulk flow. 

Fouling was found to be sensitive to temperature fluctuations, particularly the protein inlet 

temperature; care was taken to ensure this temperature remained within the specification of 

± 1°C. 

Start up and shut down were critical times. Before the run, it was vital to ensure the tube 

was degreased to establish consistent, initial surface fouling conditions (Gotham, 1990). 

After the run, care was taken to make sure the final deposit was not mechanically or 

thermally damaged. 
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Before starting a fouling run, Decon 90 detergent (Decon laboratories, Sussex) at 2 wt% in 

water and 50°C was passed through the tube at a velocity of 0.5 m1s for 30 mins to remove 

any grease left on the surface after manufacture. RO water was then passed through the 

apparatus for a further 20 mins to rinse the tube walls and bring the rig to the experimental 

operating conditions before switching over to the protein solution. The protein solution 

was maintained at constant operating conditions and a flowrate of 0.8 lImin (velocity 0.46 

m1sec and Re = 4600) for an hour. The oil temperature was then reduced to 50°C and the 

system flushed through with RO water until water was seen at the drain outlet. The 

equipment was switched off and the fouling run was considered to be complete. 

After draining the water, the rig was dismantled and the 2 m length of fouled stainless steel 

pipe was sectioned, using a stainless steel pipe cutter, into 10 cm lengths. 

3.2.3 Deposit Storage and Dry Mass Analysis 
The 10 cm tubes were held up vertically on adsorbent tissue for half an hour, to allow the 

excess water to drain from the deposit surface. Wet deposit coverages were then calculated 

by weighing the tubes: 

Wet deposit coverage (g / m 2) 
mass of wet deposited tube (g) - mass of tube (g) 

surface area of inside tube (m2) 

where the mass of the tube was calculated using the average mass of metal per unit length 
---of tube measured before fouling. Figure 3.2 shows three typical plots of wet coverage 

versus axial distance, for the same processing conditions; the wet deposit coverage varies 

by ± 50 g/m2. Such a plot was made before cleaning runs were performed to give an idea 

of the deposit coverage to be cleaned. This plot is typical of fouling profiles; as the bulk 

temperature increases down the axial length of the heat exchanger, protein denaturation 

increases and a greater deposit coverage occurs (Gotham, 1990). The wet deposited tubes, 

referred to as the test pieces, were then stored on a gauze, above 10 ml of water, in a sealed 

container at 4°C; the air was thus saturated with water. Tube weight measurements showed 

that the deposits maintain their moisture content better over time using this method than 

storing without the container. Cleaning experiments were carried out within four days of a 

fouling experiment. After four days, the results became less reproducible, suggesting 

alteration of the deposit. 

For each fouling run, at least three test pieces, from the middle and each end of the heat 

exchanger, were kept for further deposit analysis. The deposits on these tubes were dried to 

minimise biological degradation during storage. Deposit drying was carried out by 

immersing the tubes into liquid nitrogen which froze the deposits quickly « 1 second) and 
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thus minimised the formation of large ice crystals. The tubes were removed and 

immediately placed in a silica-dried desiccator at a vacuum pressure of 0.1 bara. The water 

was removed from the deposit by sublimation to reduce break up of the biological 

structure. The deposit dry weights were taken at least 48 hours after drying commenced to 

ensure total water removal. The dry deposit coverage was calculated by a similar method 

to the wet deposit coverage: 

Dry deposit coverage (g / m 2 ) 
mass of dry deposited tube (g) - mass of tube (g) 

surface area of inside tube (m2
) 

Dry deposit coverage for a typical fouling run versus axial distance is also plotted in figure 

3.2. Comparing these values, md with the wet deposit coverage, mf using the following 

relationship, gives some idea of the water content: 

% water content = (1 - ::) x 100 (3.1 ) 

The water contents, from figure 3.2, show a range of values from 58% to 66%. After 

cleaning, a small trace of mineral scale was observed on the inside walls of the test pieces. 

The amount of mineral was too small to be determined gravimetrically. To remove this 

scale the cleaned test pieces were soaked in 0.1 M hydrochloric acid for 5 hours and then 

rinsed in water. Weighing the tubes dry, after acid treatment, gave more accurate tube 
"-

weights (± 0.1 %) than using the average mass of metal per unit length. These more 

accurate tube weights were used to calculate the dry deposit coverage throughout. 

3.3 Cleaning Experiments 

The basic structure of the cleaning rig used here was developed by Bird (1993) to study 

cleaning under uniform flow conditions, for different cleaning solution temperatures, 

velocities and concentrations (see chapter 2). During this project a series of modifications 

were made to the rig both to investigate the change in cleaning rates using pulsing of the 

cleaning solution and to develop an in situ cleaning monitor. Flow pulses were generated 

in two ways: firstly using an electromagnetically oscillated bellows and secondly, using a 

pneumatically powered reciprocating piston. This section describes the design and the 

operation of all parts of the equipment associated with uniform flow experiments. 
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The cleaning rig comprised two parts as detailed in figure 3.3 (a) and (b): 

Part one (figure 3.3(a)) consisted of a 40 litre glass storage tank, a centrifugal 

pump, a rotameter and an immersion heater. This part was used to dissolve the 

NaOH pellets in water, heat the cleaning solution and to measure the flow rate of 

the cleaning solution. 

Part two (figure 3.3(b)) consisted of two independent rigs: (i) a rig to investigate 

uniform flow cleaning described in section 3.3.1 and (ii) a rig to study the effects of 

flow pulses on cleaning. A more detailed description of the pulsing apparatus and 

its development is given in section 3.4. 

3.3.1 Part One of the Cleaning Rig 
The rig was designed to measure protein deposit removal under defined thermal and 

hydraulic conditions. Part one of the cleaning rig (figure 3.3(a)) was common to all the 

cleaning experiments carried out in this work. All the cleaning solutions were 0.5 wt% 

NaOH. A glass 40 litre storage tank was used to dissolve NaOH pellets, 98% purity (BDH 

Laboratory suppliers) in RO water. An overhead stirrer (Citenco, Blackburn) was used to 

provide mixing to help dissolve the pellets. After all the NaOH had dissolved, the cleaning 

solution was then pumped using a magnetically coupled, chemically resistant centrifugal 

pump (Little Giant Pump, Scientific Industries, Loughborough) through a fine control 

needle valve (Hoke Int., Middlesex) to a rotameter (GEC Elliot) and into a copper coil 

immersed in a water heating bath. Two rotameters were used depending on the flow rate 

required; the first for flowrates in the range 100 to 800 ml/min and the second for flowrates 

in the range 800 to 1720 ml/min 

Heat was transferred to the tube in the heating bath which could raise the temperature of 

the cleaning solution from ambient conditions to 70°C, The bath consisted of a 210 litre 

polyethylene barrel (Powell's Ltd, Carmarthen) into which three 3kW heating elements 

(STC Distributors Ltd., Potters Bar) were fitted. The cleaning solution passed through 30m 

of 9mm o.d., 7mm i.d. copper tubing wound within the barrel. A vertically mounted mixer 

stirred the water to assist accurate temperature control and minimise the external heat 

transfer resistance. The water within the barrel was maintained at approximately 10°C 

above the required cleaning solution outlet temperature. 

3.3.2 Sampling Protocol: Protein Assays 
A review of techniques available for monitoring cleaning is presented in section 2.5. This 

section describes a technique for evaluating the cleaning kinetics of proteinaceous 

deposits. The technique was originally developed by Gotham (1990) using 8M urea and 2-
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mercaptanethanol as a resolubilisation protocol for the measurement of whey protein 

fouling deposits. Further development by Bird (1993) established the resolubilisation 

protocol was not necessary in cleaning experiments; the deposits formed from a 3.5 wt% 

whey protein solution dissolved satisfactorily in 0.5 wt% NaOH at 50°C. 

A similar protocol to that used by Bird (1993) was utilised here to measure the protein 

concentration in the cleaning solution outlet using a Coomassie Brilliant Blue dye. The 

protein concentration at any time could be converted into a deposit removal rate. The total 

protein removed from a tube was compared with the dry mass of deposit on a tube with 

similar deposit weight. Different tubes had to be used as it was obviously not possible to 

clean a wet deposit and measure the dry deposit weight of the same tube. This was done to 

confirm the deposit contained> 95% protein. 

The outlet from the cleaning rig (figure 3.3(b)) consisted of two solenoid valves (Valeader 

Pneumatics, Cambridge) which were controlled by Labtech™ control software 

(Laboratory Technologies Corporation, Wilmington, USA). During normal operation the 

sample valve, Vs was closed and the drain valve, VD was open, allowing effluent to pass to 

an effluent collection tank. Every 30 seconds the drain valve, VD closed and the sample 

valve, Vs opened, allowing a 50 ml sample of the cleaning solution effluent to be collected 

in a sample beaker. 

The protein concentrations (Ilg/ml) in the samples were determined by comparing the 

absorbance of the samples with a standard curve of absorbance versus protein 

concentration. A standard curve, shown in figure 3.4, was prepared before every fouling 

run by making up a series of five standards at protein concentrations of 50 Ilg/ml, 100 

Ilg/ml, 150 Ilg/m1, 200 Ilg/ml and 250 Ilg/ml. Ideally the proteinaceous deposits should be 

used to make up the concentrations for the standard curve. Unfortunately insufficient 

deposit was available so WPC35 powder was used. For each required concentration, the 

whey protein concentrate was dissolved in one litre of 0.5 wt% sodium hydroxide at 50°C. 

The standard concentrations were stirred and allowed to cool for 2 hours before pipetting 

the sample volume (0.1 m!) of each concentration into a 1 ml disposable plastic cuvette 

(Wesley Co., Cambridge). A volume of 0.9 ml of Coomassie protein assay reagent, 

containing Coomassie Brilliant Blue G-250 dye, (Pierce and Warriner, Chester) was added 

to each cuvette. Each protein standard concentration was performed in triplicate. The 

cuvettes were mixed by inversion and allowed to stand for five minutes before an 

absorbancy reading at a wavelength of 595 nm for each cuvette was compared to an 

absorbancy reading from a blank cuvette which contained dye and NaOH but no protein. 

60 

2 



Chapter 3: Deposit Formation and Removal: Experimental Procedure 

The five standard protein concentrations were diluted by a factor of ten and a similar 

procedure as described above was used to produce a micro curve in the range 0 to 25 

Ilg/ml, as described in the Pierces manufacturer's instructions. The only difference 

between the standard assay and the micro assay procedure was that the dye to sample 

volume ratio in the cuvette was 1: 1 as outlined in table 3.1. 

Protein in sample Dye Sample 

concentration range volume volume 

Standard assay 50 to 250 Ilg/ml 0.9 ml 0.1 ml 

Micro assay o to 25 Ilg/ml 0.5 ml 0.5 ml 

Table 3.1 Dye and sample volumes used to calculate sample protein concentrations 

After a cleaning run the samples were left to stand for at least an hour to ensure complete 

dissolution of the protein. All samples were initially analysed using the standard assay (50 

Ilg/ml to 250 Ilg/ml). Samples with smaller absorbancies were then analysed using the 

micro assay (0 Ilg/ml to 25 Ilg/ml). If the protein concentrations did not lie in either the 

standard or micro assay concentration range, the samples were diluted. The absorbancy 

readings were compared with the relevant standard curve using a third order polynomial, 

as illustrated in figure 3.4. Commonly the scatter in the absorbancy measurements, over 

different experiments, was ± 2% for the standard curve range and ± 7% for the micro curve 

range. This enabled the protein concentration to be measured to an accuracy of ± 3% using 

the standard curve and ± 8% using the micro curve. 

A further check on the validity of the protein assay procedure was made by comparing the 

dry mass coverage of deposits on tubes with the protein coverage on tubes. The dry deposit 

coverage of similar deposit weight tubes was calculated by gravimetric methods, discussed 

in section 3.2.3, whilst the protein coverage, discussed in section 3.3.4, was calculated 

using the protein assay. Figure 3.2 compares calculated protein coverage and measured dry 

mass coverage against axial heat exchanger distance for a representative fouling run. The 

data clearly shows the protein assay technique accurately predicts the total quantity of 

protein to within ± 5 %. 

3.3.3 Uniform Flow Cleaning Experiments 
Part one of the cleaning rig, described in section 3.3.1 (figure 3.3(a)), consists of a pump to 

pass the cleaning solution from the storage tank, through a needle valve and rotameter and 

into an immersion heating bath. On leaving the heating bath the flow path enters part two 

of the cleaning rig (figure 3.3(b)) which consists of one of two independent cleaning rigs: a 

uniform flow cleaning rig and the bellows pulsed flow cleaning rig. This section describes 

the components and operation of the uniform flow cleaning rig. 
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Uniform flow cleaning experiments were carried out using a fluid forming section before 

the test piece, 100 pipe diameters in length as detailed in figure 3.3(b). A 1 mm type 'K' 

thermocouple (Eurotherm, Rugby) was mounted in the bulk flow and the temperature was 

displayed on an electronic meter (model-37S0-K, Digitron Instruments). 

Care was taken before a cleaning run to ensure the rig had reached thermal equilibrium. 

This was achieved by maintaining the cleaning solution heating bath at a consistent 

temperature, using a vertically mounted stirrer, and passing the cleaning solution through 

the apparatus for S minutes. During this period a dummy section was inserted in place of 

the cleaning test piece. The cleaning solution flow was then switched off for 10 seconds 

while the 10 cm test piece was inserted in place of the dummy. The rig was then run under 

constant conditions for 30 minutes. Effluent sampling was then carried out as described in 

section 3.3.2. 

3.3.4 Cleaning Data Analysis 
The protein assay procedure, described in section 3.3.2, was used to determine the 

concentration of protein (Ilg/ml) in the collected outlet samples. The protein concentration 

for each sample of SO ml was converted into a local cleaning rate using: 

. 2 protein concentration (g / m1) x cleaning solution flowrate (mll s) 
cleanmg rate (g / m s) = ~---------.:..=::....----=-------.:~-----:---.......:.-~ 

surface area of cleaning test piece (m 2) 

After a cleaning run, all the solutions from the sample pots and the contents of the effluent 

collection tank were mixed together and analysed using a protein assay. The protein 

concentration of the effluent was calculated and, using the effluent volume, the total 

protein quantity could be calculated. E (g/m2), defined as the 'biochemical integration' of 

the cleaning rate curve, was calculated by dividing the total quantity of protein in the 

effluent by the surface area of the cleaning test piece. 

Figure 3.S shows a typical plot of cleaning rate versus time. Cleaning rate points are 

plotted at the time corresponding to (i) mid-filling and (ii) corrected for the time of travel 

for the liquid from the test piece to the sample pot. The cleaning rate curve can be divided 

into three regions: 

Region I Increase in the cleaning rate from zero. 

(0 to 3 mins) 
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Region Il 

(3 to 11 mins) 

Region III 

(11 to 24 mins) 

A period during which the cleaning rate does not change 

substantially (±5%) with time. A rise (up to 25%) in the 

cleaning rate is sometimes noticed, before entering region 

Ill. 

A slow exponential type decay to zero. 

The first cleaning point is obtained after approximately 30 seconds; all cleaning curves are 

assumed to pass through zero cleaning rate at zero time. Four parameters (referred to as 

'the cleaning parameters') are shown in figure 3.5 and have been used to characterise the 

cleaning curves: 

(i) P, the m,ean plateau cleaning rate (g/m2s): the 'fully developed' cleaning rate, 

calculated by taking an average of all the maximum cleaning rate points in region 

Il. P is difficult to measure accurately because of the variation in cleaning rate. It is, 

however, quite useful for trying to correlate data and determine the controlling 

processes, as studied in chapter 4 and 5. 

(ii) C, the mean protein coverage (g/m2): the arithmetic mean of the integrated 

area under the cleaning rate curve, Aint (for example the shaded area in figure 3,5) 

and the 'biochemical integration' of the cleaning rate curve, E, calculated from an 

analysis of the effluent. 

(iii) 'tM , the total tim,e to rel1'Wve protein from the tube (minutes): defined as the 

time (to the nearest 0.5 minute) at which the cleaning rate curve reaches zero 

cleaning rate. This was calculated by extrapolation of the final three non-zero 

cleaning rate points . 

(iv) 'tT' the time for the decrease in the cleaning rate (minutes): defined as the time 

(to the nearest 0.5 minute) for the cleaning rate to decrease from 95 % of the mean 

plateau cleaning rate to the total time to remove proteinfrOln the tube (this 

can also be defined as the duration of region Ill) . 

Using the above parameters, rm , the mean deposit removal rate (g/m2s) can be defined as: 

C 
r =-

m 60't
M 

(to convert 'tM from minutes to seconds) (3 .2) 
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The area under the cleaning rate curve, Aint was found, using KaleidaGraphTM software, by 

calculating the sum of the trapezoids formed by the data points. Best fit lines quoted in the 

text were calculated using KaleidaGraphTM software by the Least Square error method. 

The validity of the assay measurements was confirmed by comparing the relative 

magnitudes of Aint and E, i.e. the measured protein loading from the sum of individual 

measurements and the whole effluent. Experiments were discarded if the difference 

between Aint and E was greater than ± 10%. 

3.3.5 Cleaning Experimental Error Analysis 
Many factors are involved in cleaning experiments, such as: deposit morphology, 

uniformity of deposit thickness and the cleaning process conditions. It is impossible to 

separate the effects of all the different variables. For this reason major errors are discussed 

here and the repeatability of the experiments has also been tested on three cleaning 

experiments under the same experimental conditions. The critical stages which affect the 

reproducability of the cleaning experiments can be attributed to: deposit formation, the 

cleaning experiment and the protein assay measurements. 

Deposit formation (section 3.2), affects the cleaning experiments in terms of the deposit 

water content, the deposit structure and the deposit quantity. The water content of a 

deposit, calculated using equation (3 .1), typically varies between 58% and 66%, along the 

2 m axial length of a" fouled tube. The structure of the deposit has been studied using 

scanning electron microscopy (chapter 6); this suggests the deposit structure does not 

change significantly along the heat exchanger for the deposits formed here. The protein 

coverage varies between 60 g/m2 and 160 g/m2. This creates a problem as it is necessary to 

compare samples with similar deposit coverages to get an understanding of the cleaning 

kinetics. The experiments carried out in chapter 4 use coverages of around 100 g/m2, only 

3 - 4 test pieces of this type were available in each fouling run. Test pieces used had 

coverages of 100 ± 7.5 g/m2. 

Experimental errors could result from three sources: measurement error in the cleaning 

solution NaOH concentration, the cleaning solution temperature and the cleaning solution 

flowrate. 

• NaOH solutions were prepared by weighing pellets (accuracy ± 0.1 g) and dissolving in a 

set volume (accuracy ± 0.1 1) of RO water. This results in a concentration error of ± 

0.25%. 
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• The cleaning solution bulk temperature was measured using a 1 mm type 'K' 

thermocouple (accuracy ± O.l°C) with the tip mounted directly in the bulk flow. The 

cleaning solution temperature was controlled by varying the impeller speed within the 

immersion heater. During the cleaning experiments the cleaning solution temperature was 

set using the preheater; in practice the temperature was considered acceptable within ± 2°C 

of the set point. 

• Two rotameters were used during these experiments; the first for flows of 100 to 800 

mllmin and the second for flows of 800 to 1720 ml/min. The volume measurement of the 

rotameter, estimated from the pump standard curve, led to an error in the velocity of ± 

0.0006 mls for the first rotameter and ± 0.003 mls for the second rotameter. During the 

cleaning experiments the cleaning solution flowrate was set using the rotameter; the 

flowrate was considered acceptable within a constant range of ± 0.003 mls of the set point 

for the first rotameter and within ± 0.006 mls of the set point for the second rotameter. 

The protein assay measurements were conducted using the protocol of section 3.3.2. To 

verify this, a dry deposit, containing> 95 % protein, was weighed and compared with the 

protein coverage calculated using the protein assay technique. The difference was within ± 

6% for three test pieces. The same comparison can be made by comparing the dry 

coverage with the protein coverage on figure 3.2. This close agreement confirms the 

accuracy of the assay. 

All the inaccuracies discussed, together with the inherent variability of all biological 

experiments contribute to an overall error. This can be checked by comparing results from 

experiments under the same experimental conditions. Figure 3.6 shows three cleaning runs 

carried out at a flowrate of 100 ± 5 mllmin, a bulk liquid temperature of 50°C, a cleaning 

solution concentration of 0.5 wt% NaOH and a protein coverage of 145 ± 2 g/m2. The 

average difference in the cleaning rates between the highest and lowest values at any time 

is ± 5% and the maximum difference is ± 10%. 

3.4 Pulsed Flow Experiments 

This section discusses the development of a system that can be used to generate fluid 

pulses of different amplitude, velocity and frequency across the test section. In chapter 2 

several pulse systems are reviewed that have been used to study the removal of deposits. 

Farries & Patel (1993), used a solenoid valve as a flow interrupter. They produced fluid 

pulses that succesfully enhanced the cleaning rate of whey protein deposits, but these could 

not be quantified. Two rigs to generate pulses have been designed during this work: firstly, 

one using a bellows connected to an electromagnetic oscillator and secondly, a piston 
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powered by a pneumatic actuator. Each of these rigs formed part two of the cleaning rig, 

described in section 3.3.3. A schematic diagram of the rig is seen in figure 3.3(b). 

3.4.1 Bellows Pulsed Flow Rig: Construction and Operation 
Trial experiments were first carried out using a set of solenoid valves as a flow interrupter 

to produce pulses. A decrease in the overall cleaning time of 30% was seen using this 

system. However, the system was limited to low pulse frequencies and there was no net 

steady flow. This made the pulses hard to analyse and the data difficult to correlate. The 

following design requirements for the bellows pulsed flow rig were identified from these 

scouting experiments: 

(i) Pulse frequency range (0.1 Hz to 20 Hz) 

(ii) Maximum pulse liquid volume (2 ml) 

(iii) Overall liquid flowrate in addition to pulse flow (lOO mllmin) 

Flow pulses were generated using an electromagnetic agitator, type V201 (Ling Dynamic 

Systems, Royston) connected to a stainless steel bellows, i.d. 16 mm (Palatine Precision 

Ltd., Rochester). A pulse amplifier (Ling Dynamic Systems, Royston) produced a 

maximum pulsing voltage of 4 ± 0.01 V with a maximum frequency of 20 Hz to power the 

electromagnetic agitator. The maximum voltage corresponded to a bellows displacement 

of 2.S mm and a volume of I.S9 ± 0.02 ml. 

A conical entry section was used to minimise the pressure drop as the flow cross sectional 

area changes from the bellows to the 6.3S mm test section. A non-return valve (Code: 

6233G4S, Hoke Int., Harrow) was placed upstream of the pulser to reduce back flow of the 

cleaning solution. This valve incorporated a spring loaded poppet which closed the flow 

path in one direction. This valve will not close instantaneously; the measured pressure 

profile will reflect both its response and that of the bellows. A 1 mm type 'K' 

thermocouple (Eurotherm, Rugby) was mounted in the bulk flow and the temperature was 

displayed on an electronic meter (model-37S0-K, Digitron Instruments). A pressure 

transducer type EPX-MSIW-3.SG (Entran Int., Watford) was mounted upstream of the 

cleaning test piece and hydrostatic pressure measurements were used to characterise the 

pulse, as described in section 3.4.2. The following base conditions were used for all the 

bellows pulsed flow cleaning experiments: 

(i) average flowrate of 100 ml/min, 

(ii) liquid temperature of SO°C, 

(iii) NaOH concentration of O.S wt% which, as described in chapter 2, gives the 

minimum cleaning time. 
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Before a pulsed flow cleaning run, the rig and associated pulsing equipment were allowed 

to reach thermal equilibrium, as described in section 3.3.3. The rig was then run at set 

pulsing conditions for 20 minutes. Effluent sampling was carried out as described in the 

sampling protocol section 3.3.2. The main advantages of the rig were that experiments 

could be conducted over a range of pulse amplitudes (3.2 V, referred to as 'half' amplitude 

and 4 V, referred to as 'full' amplitude), pulse frequencies (0.2 Hz and 2 Hz) and total 

protein coverages (60 to 170 g/m2). 

3.4.2 Bellows Pulsed Flow Rig: Pulse Characterisation 
It was difficult to characterise pulses generated by the bellows as there were no 

displacement / time data available. The following experiments were carried out to estimate 

the mean pulse velocity: 

(i) Pressure profile analysis. 

Experiments were performed to measure the pressure changes, via the pressure transducer, 

while pulsing water. The bellows rig was set up such that downstream of the pressure 

transducer was the test piece, the back pressure valve and a 90° elbow bend. The water and 

rig were all at room temperature (circa 20Ce). Before all experiments, the transducer was 

calibrated using a Druck pressure transducer calibrator (accuracy ± 3 mbar). Data were 

logged on Labtech™ control software at a frequency of 420 Hz. A typical shape of the 

pressure profile of a single pulse, for different frequencies and pulse amplitudes, is 

illustrated in figure 3.7. A pressure peak, defined as the pulse amplitude, is seen after circa 

0.01 seconds. The pressure then oscillates for a further 0.05 seconds before reaching a 

steady state value. Voltages were set to produce pulses of maximum pressure (,full') and 

half the maximum pressure (,half), as illustrated in figure 3.7. The 'full' setting 

corresponded to the heighest possible voltage (4 V); trial and error found that 3.2 V 

produced half that pressure. 

A statistical analysis of the pressure profiles was conducted to investigate the range of 

pulse amplitudes. Figure 3.8 shows the distribution of the pulse amplitudes within ± 10 

mbar of the pulse amplitude, as illustrated in figure 3.7, circa 0.01 seconds. Twenty pulse 

amplitudes were analysed for each experimental condition. The range of pulse amplitudes 

from the minimum to the maximum for a particular experimental condition was high; 180 

mbar for 'half amplitude and 140 mbar for 'full ' amplitude. For 'full' amplitude the mean 

pressure was in the range 540 to 560 mbar. Similarly, for a 'half amplitude the mean 

pressure was in the range 310 to 330 mbar. The average pulse amplitude was calculated as 

the mid-point of the range; 320 mbar for 'half pulse amplitude and 550 mbar for 'full' 

pulse amplitude. 
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A force balance, using these average pulse amplitudes, was carried out over the displaced 

volume of liquid to estimate the mean pulse velocity. The method and a sample calculation 

is described in appendix A. For 'full' amplitudes an average pulse velocity of 0.94 m/s was 

estimated compared to 'half' amplitudes where an average pulse velocity of 0.58 m/s was 

estimated. This calculation: (i) neglects both inertial terms and friction forces, and (ii) 

assumes that the pressure did not change with time (whereas examination of the pressure 

profile, figure 3.7, clearly shows a change). An estimation of repeatability was made by 

evaluating the pulse velocity, for the same conditions 10 times using different pulse 

pressures. This resulted in an average pulse velocity repeatability variation as high as ± 

8%, illustrating the approximate nature of the calculation, and the need to support the 

value obtained using different methods. 

(U) Pulse trajectory analysis 

The pulse velocity was also estimated by measuring the distance a pulse projected 

horizontally from the test piece exit. The pulsing rig was set up as above, except with a 

horizontal pulse outlet. The pulse outlet was a distance H above the bench surface, as 

illustrated in figure 3.9. Using the equation of motion in the x and y directions, the pulse 

mean velocity can be estimated from the jet flow. The jet is defined as the pulse of liquid 

as soon as it has left the pulse outlet. By analysis of the jet projectile trajectory, assuming a 

constant jet velocity in the x direction and a frictionless jet nozzle outlet, the mean pulse 

superficial velocity"vp, can be shown to be: 

v =L. )g 
p J~2H (3.3) 

where Lj is the horizontal distance from the pulse outlet to where the jet falls. A video 

camera was used to film the jet projectile in the horizontal direction. By examining 

individual frames (24 frames a second) the value of L j could be measured and vp estimated. 

Pulse Pulse Lj , as defined vp' pulse Repeatabili ty 

frequency Amplitude in section 3.4.2 velocity of pulse velocity 

(Hz) (cm) (m/s) ± (m/s) 

2 Full 16.6 0.72 0.04 

0.2 Full 17.4 0.75 0.04 

2 Half 11.6 0.50 0.02 

0.2 Half 11.2 0.42 0.01 

Table 3.2 Pulse velocity estimation using pulse trajectory analysis. 
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Table 3.2 shows measured values of Lj and the estimated vp ' using equation (3.3), for the 

pulse conditions of 0.2 Hz and 2 Hz, 'full' and 'half' amplitude with a net steady flowrate 

of 100 ml/min, which corresponds to a mean superficial velocity of 0.0581 m/s. 

The experiments for each pulse condition were repeated 10 times; the results, listed in the 

table, show greater repeatability for 'half' amplitude pulses, probably due to the shorter 

distance the jet is projected and therefore a more compact jet falling point. 

The main inaccuracy in this pulse velocity estimation method was the measurement of Lj . 

Using the video camera, it was possible to achieve a ± 15 mm accuracy in the point where 

the jet falls. This resulted in a pulse velocity error of 14%. Other inaccuracies included no 

air resistance terms and the calculation assumed a frictionless pulse outlet. The motion of 

the liquid jet in the air was also assumed to be two dimensional. 

The velocity was further estimated using a video camera to measure the time for the jet to 

leave the pulse outlet. The mean pulse velocity could be calculated by dividing the 

displaced volume of liquid by the product of the cross sectional area for flow and the time 

for the jet to leave the pulse outlet. Unfortunately, the average time for the jet to leave the 

pulse outlet was approximately 0.9 seconds. This meant the camera shutter (24 frames a 

second) could only capture approximately 2 to 3 frames, which resulted in extremely high 

errors. Further pulse analysis using this method requires a high speed camera. 

A comparison between the two methods of mean pulse velocity estimation show an 

approximate difference of 0.21 m/s for 'full' amplitude pulses and 0.12 m/s for 'half' 

amplitude pulses. In both cases the pressure method over estimates the velocity. For future 

calculations in this work using the mean pulse velocity, an average is made between the 

two estimation methods : 0.84 m/s for 'full' amplitude pulses and 0.52 m/s for 'half' 

amplitude pulses. 

In addition to these calculations, the displaced volume of liquid was measured by 

collecting the projected jet of liquid for 10 consecutive pulses. The total displaced volume 

was calculated by weighing the total collected volume. For 'full' amplitude pulses the 

displaced volume per pulse was 1.59 ± 0.02"ml :and for 'half' amplitude pulses the 

displaced volume was 1.15 ± 0.02 ml. 

The mean values of the measured displaced volume and the mean pulse velocity for 'full' 

and 'half' amplitude are summarised in table 3.3. For all pulsed flow cleaning runs an 

average flowrate, over the duration of the experiment, of 100.ml/min (0.0581 m/s) was 

used. Figure 3.10 shows a schematic of the change in the velocity with time during pulsing 
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using the bellows pulsed flow rig. This plot illustrates the net flow and at points when the 

flow in the test piece is forward, as the bellows move up releasing a pulse, and reverse, as 

the bellows move down and charges with liquid. The maximum reverse flow velocity is 

the mean pulse velocity (assumed to be the same in both directions) minus the net average 

velocity (0.0581 rn/s for 100 ml/min). This corresponds to a reverse velocity of 0.78 ± 0.10 

rn/s for 'full' pulse amplitude and 0.46 ± 0.06 rn/s for 'half' pulse amplitude. 

The acceleration time of the pulse, 'Cpa ' the time for the pulse to reach the maximum pulse 

velocity, was estimated as 0.0084 seconds using the pulse pressure/time profile (figure 

3.7), as discussed in appendix A. The total pulse time, 'Cpl ' which is the total time for the 

pulse to accelerate to the mean pulse velocity and decelerate to the original steady velocity, 

can be estimated by dividing the displaced volume by the mean pulse volumetric flow, 

calculated from the mean pulse velocity. These values are listed in table 3.3. 

Pulse amplitude Volume displaced Mean pulse Total pulse time, 

state (ml) velocity, VD (rn/s) 'Cpl (s) 

Full 1.59 ± 0.02 0.84 ± 0.10 0.066 ± 0.008 

Half 1.15 ± 0.02 0.52 ± 0.06 0.077 ± 0.009 

Table 3.3 The mean pulse parameters for all frequencies and 'full' and 'half' amplitudes. 

3.4.3 Bellows Pulsed Flow Rig: Conclusions 
The pulse characterisation experiments indicated a maximum variation of 16% in the pulse 

velocity estimation methods and a 30% difference in the values calculated using the two 

methods. The bellows rig satisfactorily fulfils the design criteria and can be used to study 

the effect of pulses on cleaning (chapter 5). However, operation showed that a rig could be 

designed to generate more reproducible pulses, to characterise pulses more accurately and 

to eliminate the reverse pulse by charging the pulse device from a secondary liquid supply. 

3.4.4 Piston Pulsed Flow Rig: Introduction 
On the basis of the experiments conducted using the bellows pulsed flow rig, a new rig to 

generate pulses incorporating a piston powered by a pneumatic actuator could be designed. 

A schematic diagram of the piston pulsed flow rig, figure 3.11, illustrates the ng 

components. This rig had the following advantages over the bellows pulsed flow rig: 

(i) better reproducibility of pulse velocities (± 0.05 rn/s) due to a piston rather than 

a bellows design (the bellows was subject to lateral offset and also a lack of 

power from the electromagnetic pulse generator resulting in inaccurate pulses), 
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using the bellows pulsed flow rig. This plot illustrates the net flow and at points when the 

flow in the test piece is forward, as the bellows move up releasing a pulse, and reverse, as 

the bellows move down and charges with liquid. The maximum reverse flow velocity is 

the mean pulse velocity (assumed to be the same in both directions) minus the net average 

velocity (0.0581 m/s for 100 mllmin) . This corresponds to a reverse velocity of 0.78 ± 0.10 

m1s for 'full' pulse amplitude and 0.46 ± 0.06 m1s for 'half' pulse amplitude. 

The acceleration time of the pulse, 'tpo> the time for the pulse to reach the maximum pulse 

velocity , was estimated as 0.0084 seconds using the pulse pressure/time profile (figure 

3.7), as discussed in appendix A. The total pulse time, 'tpt , which is the total time for the 

pulse to accelerate to the mean pulse velocity and decelerate to the original steady velocity, 

can be estimated by dividing the displaced volume by the mean pulse volumetric flow, 

calculated from the mean pulse velocity. These values are listed in table 3.3. 

Pulse amplitude Volume displaced Mean pulse Total pulse time, 

state (ml) velocity, VD (m1s) 'tpt (s) 

Full 1.59 ± 0.02 0.84±0.10 0.066 ± 0.008 

Half 1.15 ± 0.02 0.52 ± 0.06 0.077 ± 0.009 

Table 3.3 The mean pulse parameters for all frequencies and 'full' and 'half' amplitudes. 

3.4.3 Bellows Pulsed Flow Rig: Conclusions 
The pulse chara6terisation experiments indicated a maximum variation of 16% in the pulse 

velocity estimation methods and a 30% difference in the values calculated using the two 

methods. The bellows rig satisfactorily fulfils the design criteria and can be used to study 

the effect of pulses on cleaning (chapter 5) . However, operation showed that a rig could be 

designed to generate more reproducible pulses, to characterise pulses more accurately and 

to eliminate the reverse pulse by charging the pulse device from a secondary liquid supply. 

3.4.4 Piston Pulsed Flow Rig: Introduction 
On the basis of the experiments conducted using the bellows pulsed flow rig, a new rig to 

generate pulses incorporating a piston powered by a pneumatic actuator could be designed. 

A schematic diagram of the piston pulsed flow rig , figure 3.11, illustrates the rig 

components. This rig had the following advantages over the bellows pulsed flow rig: 

(i) better reproducibility of pulse velocities (± 0.05 m1s) due to a piston rather than 

a bellows design (the bellows was subject to lateral offset and also a lack of 

power from the electromagnetic pulse generator resulting in inaccurate pulses) , 
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(ii) higher range of mean pulse velocities (0 to 2 m/s) (the force generated by the 

pneumatic actuator (330 N) was greater than the force generated by the 

electromagnetic agitator (20 N)), 

. (iii) no reverse flow in the test piece when the piston draws liquid into the piston 

cylinder (a secondary liquid supply and a system of valves allows the piston 

cylinder to charge without interfering with the flow in the test piece) , 

(iv) an accurate method of mean pulse velocity measurement (± 0.003 m/s) using a 

displacement transducer. 

The next two sections describe the piston pulsed flow rig in more detail. 

3.4.5 Piston Pulsed Flow Rig: Construction and Operation 
Figure 3.11 shows a schematic diagram of the equipment. Flow pulses were generated 

using a 25 mm stroke I 25 mm piston diameter pneumatic actuator (Bosch, Stuttgart) . The 

air line, powering the actuator, was controlled by a Norgren pressure regulator and had a 

maximum supply pressure of 10 barg. A solenoid selector box was used to control valves 

V3 , V4 and V5 (see figure 3.11). The flow directional valve, V5 (Bosch, Stuttgart) allowed 

the air into the inlet actuator supply ports . Pulse frequencies of 0.1 Hz, 0.2 Hz, O.S Hz, 1 

Hz and 2 Hz could be achieved by varying the frequency of the flow directional valve, VS. 

The air flow ou~et from the actuator ports could be varied by the flow control valves, VI 

and V2 (Valeader Pneumatics, Cambridge). These valves had built in check valves , as 

illustrated in figure 3.11 . Check valves are defined as having variable flow in one direction 

and full flow in the other direction. These allowed the piston speed to be varied in the 

positive direction, by changing the position of VI, and in the negative direction , by 

changing the position of V2. 

The pneumatic actuator shaft was screwed into the piston assembly unit (Cambridge 

Reactor Design) connecting both the piston shafts and the piston assembly casing. The 

displacement of the piston was measured using a 50 mm stroke displacement transducer 

(Solartron Metrology, Bognor Regis). The displacement transducer was connected directly 

to the pneumatic actuator piston rod. The voltage output (max 5V) was transmitted to the 

Labtech™ control interface. The Labtech™ control software was then used to convert the 

voltage, by a linear calibration, into a piston displacement and log the displacement data at 

a frequency of 420 Hz. 

The piston assembly unit was required to pulse NaOH at a concentration of O.S wt%, and a 

temperature of 50°C. This meant the piston and the cylinder had to be constructed from 
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stainless steel. The rig was designed to produce a pulse velocity of 0.84 rn/s; the pulse 

velocity estimated from the bellows pulsed flow rig. Based on this pulse velocity, a piston 

diameter of 10 mm and a stroke velocity of 0.31 rn/s was calculated, which allowed pulse 

velocities from 0 to 2 rn/s to be generated. A PEEK (polyetheretherketone) bearing was 

used to ensure the piston shaft was aligned with the cylinder to reduce unnecessary wear 

on the seals (Busak and Shamban, Birmingham). The piston stainless steel shaft (304 SS) 

was machined to a surface finish of O.S !1m r.a.(the arithmetic mean surface deviation), 

allowing a thin hydraulic film of liquid to pass between the piston stainless steel shaft and 

the PTFE seals resulting in superior seal lubrication. 

The secondary NaOH supply was used to charge the piston cylinder on the reverse stroke. 

The supply consisted of a one litre pyrex conical flask placed on top of a heated magnetic 

stirrer, to maintain the liquid at the same temperature as the primary NaOH supply. Valves 

V3 and V4 (Valeader Pneumatics, Cambridge) were used in phase with the displacement 

of the piston to eliminate reverse flow over the test piece. Valves V3 closed and V4 open 

drew liquid into the cylinder chamber and the valves in their opposite states allowed the 

liquid out, generating a pulse, as illustrated in the key to valve operation in figure 3.11 . 

Valve V3, illustrated diagramatically in figure 3.11, was a pinch solenoid valve which 

operated by compressing a clear PVC (polyvinylchloride) tube (5 mm i.d.). Unlike 

conventional solenoid valves, with small orifices and complex internal flow paths, the 

pinch solenoid valve had low flow resistance resulting in a more powerful pulse. Valve V4 

was a conventio~nal solenoid valve with an orifice diameter of 3 mm. 

A steady volumetric flow of liquid, from the primary NaOH supply, could be combined 

with the flow pulses. To generate reversed flow pulses, similar to those generated by the 

bellows rig, valve V3 was open and valve V4 closed. The piston cylinder then charged 

from the primary NaOH supply. A more powerful pump (Pump no. 12, Stuart Turner Ltd, 

Henley) than the pump used for the bellows pulsed flow rig, with a maximum flowrate 

through the rig of 1.8 lImin was connected to the rig . This was used for two reasons : to 

conduct cleaning experiments at higher flow rates than the bellows rig and to increase the 

pressure head at the pump outlet to reduce cavitation in the piston cylinder during reversed 

flow pulses. The temperature of the unsteady flow was measured 2 cm upstream from the 

test piece using a 1 mm type 'K' thermocouple (Eurotherm, Rugby). Under pulsed flow 

conditions at SO°C, the maximum temperature variation was 1°C. 

Before a pulsed flow cleaning run, the rig and associated pulsing equipment were allowed 

to reach thermal equilibrium as described in section 3.3.3. The rig was then run at set 

pulsing conditions for 20 minutes, to ensure all the protein had been removed. Effluent 

sampling was carried out in section 3.3.2. Experiments were conducted over a range of 
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conditions, which were similar to the bellows rig, to investigate the following effects on 

the cleaning parameters: 

• mean pulse velocity of 0.52 rn/s, 

• pulse frequency of 0.2 Hz, 

• pulses without reverse flow, 

• a range of total protein coverages, from 60 g/m2 to 150 g/m2, before the start of 

the cleaning run . 

3.4.6 Piston Pulsed Flow Rig: Pulse Characterisation 
Section 3.4 .2 describes the use of the pressure transducer to characterise the pulses 

generated by the bellows pulsed flow rig. A similar experiment was conducted here to 

confirm that the distribution of amplitudes of pressure pulses was narrower than for the 

bellows pulsed flow rig (figure 3.8). The rig set up was maintained the same as the bellows 

pulsed flow rig; downstream of the pressure transducer was the test piece, the back 

pressure valve and the 90· elbow bend. The experimental procedure was also maintained 

the same. 

The typical shape of the pressure profile, for 0.2 Hz frequency, is displayed in figure 3.12. 

The profile is more complex than that generated by the bellows pulsed flow rig (figure 3.7) 

due to the operation of the valve V3. The profile can be split into regions, I, II and IH. 

Region I repre~ents the lag between valve V3 opening and the piston moving in the 

positive direction. Region II shows the pressure profile as the piston moves for 0.13 

seconds . The first peak in region H, after approximately 0.01 seconds of region H, is 

defined as the pulse amplitude. Finally in region HI, as valve V3 closes, a negative 

pressure occurs which damps out to zero over 0.15 seconds. 

Figure 3.13 displays the distribution of the pulse amplitudes within ± 1 0 mbar of the height 

of the pulse pressure amplitude. The pulse pressure amplitude, which is recorded, is the 

first peak in region H of figure 3.12. Twenty pulse amplitudes were analysed for each 

experimental condition. Comparing this plot with figure 3.8 (both have the same pressure 

axis scale) shows the pulse amplitudes generated by the piston pulsed flow rig, have a 

tighter distribution by 120 mbar. The distribution ranges from 200 to 260 mbar and the 

mean pulse amplitude was approximately 240 mbar. A mean pulse velocity of 0.45 m/s 

was calculated, using the method of appendix A. 
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A more accurate method for calculation of the pulse velocity can be made using the 

displacement transducer. Displacement transducer data, accurate to ± 0.1 mm, were logged 

at 420 Hz using Labtech™ control software. A typical plot of piston displacement and 

pulse velocity versus time is displayed in figure 3.14, for the same pulse conditions as for 

the pressure analysis work. The average pulse velocity was calculated by dividing the total 

displaced distance by the time, giving a mean pulse velocity of 0.52 m/so This compares 

well with the value of 0.45 rnIs estimated from the pressure profile and the method of 

appendix A. Pulse characterisation was carried out following every cleaning run to check 

mean pulse velocity reproducibility, which typically varied by ± 0.05 rnIs. A measurement 

for the displaced volume of liquid was also made, as described in section 3.4.2, by 

collecting the projected jet of liquid for 10 consecutive pulses. The displaced volume per 

pulse was 1.92 ± 0.02 m!. The measured displacement compares well with the volume 

calculated using the dimensions of the piston cylinder (1.96 ml). 

The acceleration time, 'Lpa ' the time for the pulse to reach the maximum pulse velocity, was 

estimated to be 0.025 seconds using the pressure/time profile from the pressure transducer 

(figure 3.12) . This was carried out in the same way as for the bellows rig, described in 

section 3.4.2. This value was compared to the displacement/time profile (figure 3.14), 

which shows good agreement, suggesting the pressure profile was accurate in predicting 

this value. This value should not be confused with the total pulse time, 'L pl ' the total time 

for a single pulse to accelerate to the mean pulse velocity and deccelerate to the original 

steady velocity..., The total pulse time, measured from the displacement/time profile, is 

0.135 seconds, as illustrated on figure 3.14. 

3.4.7 Piston Pulsed Flow Rig: Conclusions 
The piston pulsed flow rig successfully fulfilled the design criteria, described in section 

3.4.4. It was capable of generating reproducible pulses which could be accurately 

quantified using the displacement transducer. A mean pulse velocity of 0.52 m/s was 

measured with the piston operating at 0.2 Hz. The displaced volume per pulse was 1.92 ml, 

compared to 1.59 ml for the bellows rig. By using a system of valves reverse flow, during 

the piston cylinder charging, could be eliminated. A full discussion of all the pulsed flow 

experimental results is detailed in chapter 5. 

3.5 Heat Flux Measurements 

The heat flux through a section of the tube wall was measured using a Micro-foil heat flux 

sensor (MHFS) (purchased from RdF Corporation, Hudson, USA via Rhopoint, Oxted, 

Surrey), which consisted of a thin (0.076 mm) foil thermopile. When a temperature 

difference was applied across the foil the sensor developed a voltage, which could be 
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related to the heat flux . lones & Ward (1994) used a MHFS to successfully monitor 

protein solution fouling by following the decrease in heat transfer coefficient. A similar 

set-up has been developed here to monitor cleaning. Chapter 4 discusses (i) tests on the 

sensor, using flows of RO water to investigate the thermal characteristics of the system, 

and (ii) studies of cleaning. This section describes the experimental equipment and 

procedure used to measure the heat flux during a cleaning run . 

3.5.1 Construction of the Cleaning Monitor 
The cleaning monitor measured the change in heat transfer from the cleaning solution 

across the deposit and into a heat sink due to deposit removal. The MHFS was mounted 

between the heat source and the heat sink, as illustrated in figure 3.15. Heat sink paste (RS 

Components Ltd., Corby) was required to achieve good thermal contacts across each side 

of the sensor heat transfer surface to maintain accurate heat transfer measurements. Poor 

contacts resulted in inaccurate readings. 

The heat sink consisted of two rectangular block sections (60 mm X 60 mm X 30 mm) 

with a 6.35 mm channel in the larger of the surfaces, to take the 1/4" test piece. One hole 

(8 mm) through each half of the block carried water to heat or cool the block to provide a 

temperature difference for the MHFS. The water was maintained at the required 

temperature by pumping water (Pump No. 10, Stuart Turner Ltd, Henley) at 7.7 llmin in a 

circulation loop from a heating bath (Grant Instruments, Cambridge) . The MHFS 

(dimensions 8 mm x 13 mm x 0.076 mm) was mounted in the middle of the 6.35 mm 

diameter channel in a specially designed recess to allow the sensor and wire to sit flush on 

the curved surface of the channel and to eliminate air gaps (see detail in figure 3.15(b)) . A 

2 mm hole in the block led the wire away from the MHFS. A type 148 nanovoltmeter 

(Keithley Instruments, Ohio, USA) was used to measure the voltage, typically between 

150 and 350 flY, from the MHFS and amplify (x 1000) the output to the Labtech™ 

interface. A 1 mm type 'K' thermocouple (Eurotherm, Rugby) was mounted in the block 

in a 1 mm hole to measure the temperature. 

3.5.2 MHFS Operating Principle. 
The MHFS consisted of a thin foil thermopile bonded to both sides of a thermal barrier 

(Kapton type 'H' film , Dupont). The total thickness of the sensor was 0 .076 mm . The 

operating principle is based on the fact that an electric current flows in a continuous circuit 

of two different metallic wires if the two junctions are at different temperatures (Perry & 

Green, 1985). The thermoelectric junctions were formed from the materials chromel and 

alumel on the upper surface. Similar junctions existed on the lower surface. The output 

leads came from the upper and lower junctions. If a temperature difference was applied 

across the sensor an electromotive force was generated which was proportional to the 
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temperature difference across the sensor; knowledge of the thickness and thermal 

conductivity of the sensor thus allowed the heat flux to be inferred. 

3.5.3 Operation of the Cleaning Monitor 
Operation of the cleaning monitor involved connecting the soiled test piece to the rig fluid 

forming section, mounting the heat sink block and starting the data logging program. This 

had to be achieved quickly to ensure the cleaning solution did not come into contact with 

the deposit. The same operating procedure was used for pulsed flow or uniform flow 

cleaning experiments. 

As in the experiments of section 3.3.3, thermal equilibrium in the rig (figure 3.3(b) for 

uniform flow or pulsed flow with bellows and figure 3.11 for pulsed flow with piston) 

must be reached before cleaning could commence. This was achieved by maintaining the 

cleaning solution heating bath at a consistent temperature, using a vertically mounted 

stirrer, and allowing the cleaning solution to flow through the apparatus for 5 minutes . 

During this period a dummy section of stainless steel tubing was inserted in place of the 

cleaning test piece. The block was mounted independently from the test piece and its 

temperature was maintained by pumping water at the required temperature through the 

block. The cleaning solution flow was then switched off for 10 seconds while the 10 cm 

test piece was inserted in place of the dummy. A problem with this set up was that during 

the 10 second mounting of the test piece, the cleaning solution could react with deposit; 

cleaning had started before the MHFS was logging data. 

During the mounting of the 114" test piece in the block recess, heat sink compound (RS 

Components Ltd., Corby) was coated on both sides of the MHFS to provide a good 

thermal contact. The test piece was placed on top of the MHFS and, using the guiding pins, 

the two halves of the block were bolted together as illustrated in figures 3.15(a) and (b). 

Care was taken to ensure the same compression was met each time the block was 

tightened. This was achieved by tightening the fly nuts to the same position on each 

occasion. The Labtech™ data logging program was started at the same time as starting the 

cleaning solution pump. The Labtech™ data logging program logged the block and liquid 

temperatures and converted the microvoltage output of the MHFS from the nanovoItmeter 

into a heat flux. The heat flux, q in kW/m2 can be related to temperature difference by : 

(3.4) 

where As is the thermal conductivity of the sensor (kW/mK), Xs is the thickness of the 

sensor (m) and Ts is the temperature difference across the sensor (K) . However, the 
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manufacturer does not define the physical properties of the sensor in this way. The 

manufacturer relates the temperature difference across the sensor to the voltage by the 

relationship: 

(3.5) 

where V was the microvoltage output of the MHFS, K(T B) varies with the block 

temperature and <p is a constant. Substituting equation (3.5) into equation (3.4) gives an 

expression for q: 

(3.6) 

The factors: K(T B) and As.<p, are supplied by the manufacturer for each heat flux sensor. 
Xs 

For the sensor used in this work, As.<p had a value of 0.1227 kW / m
2 

Xs ~V 

During the cleaning run the effluent was sampled, as described in section 3.3.2. The run 

was completed when the heat flux measurement had maintained a steady value for 2 

minutes. 

A summary of the cleaning monitor operating procedure sequence is shown below: 

1. Maintain block and cleaning solution temperatures 

2. Replace dummy section with test piece 

3. Turn on nanovoltmeter 

4. Tighten block to preset compression, to ensure reproducibility of the sensor 

5. Simultaneously start Labtech™ data logging program to monitor data and start cleaning 

solution pump 

6. Set cleaning solution flowrate (velocity accuracy of ± 0.0006 rn/s for rotameter in the 

range 100 to 800 ml/min and ± 0.003 rn/s for rotameter in the range 800 to 1720 

mllmin). 

7. Maintain block and liquid temperatures (accuracy of ± 0.1 °C) 

8. At the end of the experiment stop program, cleaning solution flowrate, water flowrate 

and turn off nanovoltmeter 
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3.5.4 Heat Flux Data Processing 
The heat flux data were measured using the MHFS and processed using the Labtech™ 

control software. All uniform flow experimental data were measured at 8 Hz; 10 readings 

were averaged, so data was logged at 0.8 Hz, to reduce both the experimental fluctuations 

in the data and the quantity of data being collected. All the data collected from pulsed flow 

analysis experiments using the MHFS were measured and logged at 20 Hz. No data 

averaging were carried out with the pulsed flow analysis, to ensure the change in heat 

transfer coefficient as a result of flow pulsing could be detected. A summary of the data 

measuring and data logging rates is shown in Table 3.3. 

Experiments Data measuring rate Data logging to file 

Cleaning runs 8 Hz 0.8 Hz 

Pulsed flow analysis 20Hz 20Hz 

Table 3.4 Labtech data logging rates 

The heat flux data file from the Labtech™ control software was processed using Excel to 

give the overall heat transfer coefficient across the area of the sensor: 

where 

(3.7) 

U is the measured heat transfer coefficient (kW/m2K) 

q is the heat flux calculated from the measured voltage using the 

MHFS (kW 1m2) 

TB and T L are the measured block and liquid temperatures 

respectively CC) 

Equation 3.7 can be compared with equation (4.1) which is used to calculate the overall 

heat transfer coefficient. The difference between the block temperature and the liquid inlet 

temperature, rather than the log mean temperature difference, could be used as the liquid 

temperature varied only a small amount (less than O.scC) with test piece axial distance. 

After each run, the fouling resistance, Rf (m2K1kW), was calculated from: 

1 1 
R =--

f U U 
o 

(3.8) 

In this equation Uo is the overall local HTC for the clean tube (kW/m2K). Here, Uo was 

calculated by taking the average of all the steady state HTC values at the end of the 
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cleaning run using a statistical package in Microsoft Excel. The end of the cleaning run 

was defined as the point where the HTC had not changed for two minutes. 

Figure 3.16 shows a typical plot of fouling resistance versus time during a cleaning run. A 

full discussion of the shape of this plot is given in section 4.4. Four parameters ('the 

thermal parameters') have been used to characterise the curve and are shown in the figure : 

(i) Rfmax, the maximum fouling resistance: the fouling resistance curves 

characteristically showed a peak at a period of around a minute to two minutes . 

Rfmax was defined as the centre of this region . 

(ii) 'rH' the time for total heat recovery: defined as the time (to the nearest 0.5 

minute) for the mean fouling resistance to fall to 2% of the maximum fouling 

resistance. This definition takes account of the fluctuation in the fouling resistance 

with time. 

(iii) Rfo, the initial fouling resistance: an approximation to the value of the fouling 

resistance at time = O. Estimated by extrapolating the fouling resistance for the first 

two minutes (excluding the first 30 seconds) to time = O. 

(iv) tswell ,Jhe time for the deposit to swell: taken as the time to reach the maximum 

fouling resistance. 

Rfo , the initial fouling resistance, is difficult to quantify because of the variation in the 

early fouling resistances but can be calculated as shown in section. It is however, quite 

useful for trying to establish the swelling characteristics of the deposit, as discussed in 

section 4.4.2. 

3.5.5 Error Analysis and Conclusions 
An analysis of the experimental errors in cleaning experiments was carried out in section 

3.3.5. This section considers errors arising from the measurement of the overall heat 

transfer coefficient. A discussion of the major errors is made and an overall error is 

calculated. Two replications of the fouling resistance during cleaning experiments, under 

the same experimental conditions, are compared for experimental repeatability . 

The overall heat transfer coefficient is calculated using equation (3.7) . Of the three 

variables: q, the heat flux, TB the block temperature and T L the liquid temperature, the 

measurement of q, described in section 3.5.3, causes the most significant errors. This is 
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primarily due to the mounting of the sensor between the block and the tube. The surface of 

the 6.35 mm channel in the brass block was milled and sanded to obtain a smooth finish. A 

very thin layer of heat sink paste was used to ensure no air gaps existed, and thus a 

consistent heat transfer resistance between the block / sensor and sensor / test piece. Care 

was also taken to tighten the block to the same compression before each experiment; the 

aim was to create a good and consistent mechanical and thermal contact between the block 

and sensor. The error within the nanovoltmeter (2% of full scale deflection, 1 m V) and 

conversion of the voltage into a heat flux (equation (3.6» were considered negligible 

compared to the sensor mounting. To guarantee satisfactory sensor mounting the values of 

the heat flux, at the end of the cleaning experiment, were compared with the values 

obtained using a heat transfer correlation, as described in section 4.2. 

The error in the value of the heat flux was calculated by averaging the value of the heat 

flux from ten consecutive experiments. These experiments were conducted by mounting a 

clean tube in the block at 70°C and pumping water through the tube at 50°C and a flowrate 

of 800 mllmin. Before each experiment the tube was remounted. The variation in the 

calculated values of the heat flux was 5%. 

The temperatures of the block and bulk liquid were measured using 1 mm type 'K' 

thermocouples. The temperature of the brass block was assumed uniform; the 

thermocouple was mounted in a 1 mm diameter hole in the block at a depth of 1 cm. The 

bulk liquid temperature was measured by placing the thermocouple tip in the centre of the 

tube. Both thermocouples were calibrated linearly and their accuracy was estimated to be ± 

0.1°C. 

The percentage measurement error in the value of the overall HTC (ru/U) , where U is 

calculated from equation (3.9), can be calculated from: 

(3 .9) 

where r refers to the error. The calculated percentage error in the value of the HTC is 

5.1 %. Similarly the calculated error in the value of the fouling resistance, calculated from 

equation (3.9), is 8.6%. 

Figure 3.17 shows results from 'identical' cleaning experiments of fouling resistances for 

cleaning experiments (#10 and #22). The two experiments have similar protein coverages 

(86 ± 5 g/m2). During the experiment the cleaning solution temperatures varied in the 

range 50 ± 2°C and the block temperatures varied in the range 70 ± 1°C. The flowrate 
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varied in the range 385 ± 5 mllmin. Both the experiments have very similar fouling 

resistance profiles (within 5%), illustrating the repeatability of the system. 

The MHFS obviously requires a temperature difference to detect a heat flux. Analysis of 

the effect of temperature difference on the operation of the MHFS was carried out by 

operating the sensor under a steady flowrate and varying the block temperature. The 

temperature difference was reduced to O°C over 4 minutes and then raised back to the 

normal operating conditions of 20°C over 10 minutes . Figure 3.18 shows the change in 

HTC with the change in temperature difference, calculated from equation (3.7). The graph 

shows as the temperature difference is lowered the sensor stops detecting a heat flux at a 

difference of 4°C. Likewise when the temperature difference is raised the minimum 

difference required is 1.5°C. Allowing a margin to ensure the sensor always detects a heat 

flux regardless of the additional thermal resistances, such as the deposit, the operating 

temperature difference should be above 20°C. 

This section demonstrates the Micro-foil heat flux sensor was an accurate instrument for 

measuring the change in the thermal properties of the deposit during cleaning. It is simple 

to use and has the advantage it does not interfere with the process fluid. Chapter 4 

discusses its use as a cleaning monitor and in determining the thermal properties of the 

deposit during cleaning. 

3.6 Conclusions 

This chapter describes a fouling rig which can be used to form a uniform proteinaceous 

deposit in a counter-current oil tubular heat exchanger. Each fouling run can produce 

enough soiled tubes for 15 cleaning runs. Comparison of protein coverage, calculated 

using a protein assay, and dry deposit coverage, calculated gravimetrically for the same 

soiled tube show a difference of ± 6%, illustrating the accuracy of the protein assay as a 

measurement technique. 

The development of a cleaning rig is also described, which can be used to generate 

quantifiable pulses to investigate the enhancement of cleaning rates. It was possible to vary 

pulse frequency, pulse mean velocity and to introduce a reverse flow pulse. Cleaning rates, 

calculated using protein assay measurements, were used to compare uniform flow cleaning 

with pulsed flow cleaning. The repeatability of the cleaning experiments was investigated 

and showed a maximum difference in cleaning rates of ± 10%. 
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A cleaning monitor utilising a commercially available heat flux sensor was used to 

measure the change in local fouling resistance during cleaning. Before cleaning 

experiments were conducted, a test to establish the minimum temperature difference 

required to detect an overall HTC was carried out; this was found to be 20°C. The cleaning 

monitor could also be used to investigate the mechanisms involved in cleaning. 
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Figure 3.1: Schematic diagram of the fouling apparatus. Dotted lines refer to temperature 

logging lines. TI refers to thermocouple. 
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Figure 3.3(a): A line diagram of part one of the cleaning rig used to deliver cleaning 

solution to the correct flowrate and temperature. 
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Figure 3.3(b): A line diagram of part two of the cleaning rig used to study uniform and 

pulsed flow cleaning. The diagram also shows a cross sectional enlargement of the bellows 

pulse generator. The modified pulsing rig of figure 3.11 can also be used with this rig. 

84 



Chapter 3 : Deposit Formation and Removal: Experimental Procedure 

300 

Protein conc.=-28.11 +285.3(Abs)-202.1 (Abs)2+ 158.9(Abs)3 

]: 
250 

bJl 

-3 
z 200 0 
r::: 
~ 
f-
Z 

f3 
150 

Z 
0 
U 

S lOO 

0 a:: 
0... 50 

0 
0 0.2 0.4 0.6 0.8 1.2 

ABSORBANCE (OD 595) 
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Figure 3.9 Diagram illustrating the dimensions used in the pulse trajectory analysis, 

section 3.4.2. 
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Figure 3.10 Schematic showing the change in the velocity with time during pulsing, using 

the bellows pulsed flow rig, operating conditions: net flowrate = 100 ml/min, 'full' 

amplitude and pulse frequency = 0.2 Hz. 

88 



.., "T:I 
::l -. 
0...0"0 

C -< '""i 
~ (1) .., u.:> 
-. 
(1) 

() 
C/.J 0 

8 () 

:::s-
'"0 (1) 
c 8 ....... 
(1) .., -. ....... 
() o· 
0 0 ::l ....... ......, 
-. ....... o :::s-
:::::: (1) 

(1) '"0 0... _. 

~ . 
r:n ....... 

....... 0 :::s- ::l 
(1) 

'"0 '""i 

0 S 00 '"0 r:n 
1..0 (1) (1) 

::l 0... 
0 :::!l 
'""i 0 
2.- ~ 
0 
en ~. 
(1) 0"0 
0...'"0 

0 
~ 
(1) 
'""i 
(1) 
0... 
cr' 
'< .., 
'"0 
::l 
(1) 
c 
8 .., 
....... o· .., 
() ....... 
c .., 
....... 
0 
;. 

-< u.:> 

'Stop'to 

~
hutOff 

, flow in tube 

. PVC 

ESl tube 

Detail of pi nch 
solenoid valve, V3 

Pulse Cleaning 
outlet test piece 

Primary NaOH supply from part I of 
the cleaning rig (figure 3.3(a»: from 
high pressure pump; no reverse flow 

V4 

Piston 
pulse 

generator 

Secondary 
NaOH supply 

Negative direction 

--Positive direction 

KEY TO SYMBOLS AND VALVE OPERATION 

------- Pneumatic air 1 ine Piston 
Positive Negative qy direction 

Temperature indicator Valve Valve state Valve state 

-+- One-way valve V3 OPEN CLOSED 
- - -f- - . variable flow val ve V4 CLOSED OPEN 

Displacement transducer 

I 
r--, 
I I 

'-P( ~ VI 

, 

Pneumatic 
actuator 

r--1 
I I 

'-P( ,*,-V2 
I I 
'---l 

-----, I------~ 
I 

VS 

I 

Corn pressed air 
inlet 

(J 

~ 
~ 
w 

t:I 
~ 

<::> 

~. 

~ 
~ ..... o· 
;:::: 
I:l 
;:::: 
\:l... 
::::::, 
n, 
~ 
<::> 

~ 
~ 

""(j 
n, .., 
§. 
n, 
;:::: 

!i 
'"1:l 
Cl 
<"> n, 

~ ;;; 



Chapter 3 : Deposit Formation and Removal: Experimental Procedure 

300 

I 

200 ~ 

•• I I 

I • 

~ 
,\ 
I • .D 100 ,. • E- I 

~ 
, 

::> 
CIl 
CIl 

0 ~ 
0.. 

-100 

-200 

o 0.05 

11 

Pulse 
amplitude 

0.1 0. 15 

,. 
'. I I 

•• I 

0.2 

TIME (secs) 

III 

0.25 0.3 0.35 0.4 

Figure 3.12: Pulse pressure profile for the piston pulse flow rig: pulse frequency = 0.2 Hz, 

data logging rate = 420 Hz, average water flowrate = 100 ml/min. 
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Figure 3.13: The distribution of the amplitude of the first pulse of pressure in region II 

(circa 0.07 seconds), as illustrated in figure 3.12; data collected from piston pulsed flow 

rig, amplitudes measured using Entran pressure transducer: data logging rate = 420 Hz, 

average water flowrate = 100 ml/min. 
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Figure 3 .14 Average piston displacement and pulse velocity versus time over three pulses 

for piston pulsed flow rig measured using displacement transducer: data logging rate = 420 

Hz, NaOH mean flowrate = 100 ml/min, bulk temperature = 50°C. 'tp1 refers to the total 

pulse time and 'tpa refers to the time for the pulse to accelerate to the maximum velocity. 
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Figure 3.1S(a) A schematic of the heat flux sensor brass mounting block. 
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Figure 3.1S(b): A cross sectional view of the heat flux sensor brass mounting block. 
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g/m2, block temperature = 30°C, liquid bulk temperature = 50°C. 
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Figure 3.17: Plot of fouling resistance versus time for two runs showing the repeatability 

of the measurements: Reynolds number = 2340, block temperature = 70°C, liquid bulk 

temperature = 50°C. 
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Figure 3,18 Effect of changing the MHFS temperature difference on the overall heat 

transfer coeffici~nt: NaOH flowrate = 800 ml/rnin, NaOH bulk temperature = 50°C, 
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Chapter 4 

Simultaneous Measurement of Mass 
Removal and Thermal Recovery during 

Cleaning 

4.1 Introduction 

Chapter 3 has described the Micro-foil heat flux sensor used here to measure heat flux 

during cleaning. The results presented in this chapter first demonstrate the accuracy of the 

technique by comparing experimental data with theoretical values calculated using well 

proven correlations for forced convection. Heat transfer recovery during cleaning runs has 

been monitored using the sensor and compared with data from the protein assay. These 

results have been used to elucidate the cleaning mechanisms. 

4.2 Validating the Use of the Heat Flux Sensor 

4.2.1 Calculation of the Overall Heat Transfer Coefficient 
The overall heat transfer coefficient (overall HTC) was calculated by: (i) relating the 

measured voltage signal from the MHFS to the overall HTC, as described in section 3.5.3 

and 3.5.4 and (ii) calculating the fluid-surface HTC and relating this, and the thermal 

resistance of the sensor, to the overall HTC. This section describes the calculation of the 

overall HTC using the second method. The results of these two methods are compared to 

demonstrate the accuracy of the system. 

Heat was transferred by conduction and convection from the block to the liquid, as 

illustrated in figure 4.1. The measured heat flux, q (kW/m2), is assumed to be proportional 

to the overall temperature difference between the block and the bulk liquid: 

(4.1) 

The constant of proportionality is U (kW/m2K), the overall HTC. Equation (3.8) shows the 

rearranged form of equation (4.1), used to measure the overall HTC. U is a composite 

value, representing the successive transfer of heat through the different media in figure 4.1: 
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(4.2) 

where hL is the fluid-surface HTC, x (m) and A (kW/m.K) are thickness and thermal 

conductivity and the subscripts f, m and s refer to the wet deposit, the stainless steel tube 

wall and the sensor respectively. The nomenclature of the temperatures and values for x 

and k for the wall and the sensor are displayed in figure 4.1. Equation 4.1 and 4.2 can be 

solved, to eliminate the intermediate temperatures, and thus to give U in terms of the 

individual thermal resistances: 

(4.3) 

Physical property data is shown in figure 4.1; the wall term xm/'Arn was 98% smaller than 

x/As and was therefore neglected. It was assumed there were negligible thermal resistances 

between the block / sensor and the sensor / tube as the surfaces were covered with a heat 

sink paste to ensure good thermal contacts, as justified in section 3.5.5. To test that the 

sensor was accurate, the fluid-surface HTC was calculated using two empirical correlations 

for: (i) laminar flow conditions and (ii) turbulent flow conditions, and this data compared 

with experiment. 

4.2.1.1 Correlations for fluid-surface heat transfer coefficient 

Under laminar flow conditions, Re < 2100, a correlation was used which assumes that 

thermal conditions develop in the presence of a fully developed velocity profile (Incropera 

& De Witt, 1990). A temperature difference was applied between a 60 mm long block and 

the test piece which had a fluid forming section of 100 pipe diameters, as described in 

Incropera & De Witt (1990). Fully developed thermal conditions are reached if: 

XYct "'" 0.05 Re Pr (4.4) 

As conditions were not fully developed, under any of the laminar flow experiments here, 

the following correlation for the Nusselt number (hLd/A) in the thermal entry length under 

laminar flow conditions was used (Incropera & De Witt, 1990): 

0.0668C~{e) Re Pr 
Nu = 3.66 + 2/3 

1 + 0.04[ (~JReprJ 
(4.5) 
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where Le is the distance between the tube entering the block and the sensor. This 

correlation is valid over the range of conditions: 

• TB = constant, 

. • Re < 2100, 

• Nu < 15. 

In contrast to laminar flow, thermal and velocity entry lengths for turbulent flows are 

comparatively short (xentry < lOd) (Incropera & De Witt, 1990). 

Although a fully developed velocity profile will be established within the tube for 

turbulent flow, the temperature profile is not fully developed at the point of the sensor. 

Extensive and numerous correlations are available in the literature for Nusselt numbers in 

the turbulent regime, see Kays & Crawford (1993). The well established Dittus-Boelter 

correlation for the local Nusselt number under turbulent flow was used for simplicity: 

Nu = 0.023 Reo.8 Pr°.4 (4.6) 

This equation has been confirmed experimentally for the following range of conditions 

(Incropera & De Witt, 1990): 

• 0.7~Pr~ 160 
"-

• Re~ lO,OOO 

Neither expression will be fully accurate in the transitional range covered by some of these 

experiments; they are used to confirm that the results of the sensor are reasonable and thus 

the measurements are appropriate and accurate. 

4.2.1.2 Comparison of the calculated and measured values of the overall heat 

transfer coefficient 

Initial experiments measured the heat flux from a 6 mm tube containing RO water at a 

bulk temperature of 50°C, into the heat sink block at 30°C. Experiments at different 

flowrates were carried out (for flowrates between 100 and 1720 mllmin and Re between 

585 and 10063) and experimental and theoretical values of the overall HTC compared. The 

experimental values were calculated using the equations described in section 3.5, while the 

theoretical values were calculated using equation (4.3) and the correlations for the fluid

surface HTC using equations (4.5) and (4.6) depending on whether the flow regime was 

laminar or turbulent. Under the transitional flow regime, experiments conducted in the 
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range: 1460 < Re < 4700, both laminar (equation 4.5) and turbulent (equation 4.6) 

correlations were used. 

Data were taken over a range of flows between 100 and 1720 ml/min. The equipment was 

left to equilibrate for 1 minute, then, the overall HTC data were recorded for 20 minutes; 

these were calculated from the voltage and temperature measurements , according to 

equations (3.6) and (3.7) and the procedure of section 3.5.3. Figure 4.2 records 20 minute 

sets of experimental data for all fluid flows, as points, together with predicted values using 

the laminar flow correlation (equation (4.5», as dotted lines and turbulent flow correlation 

(equation (4.6» , as straight lines. The overall HTC changes between the different flowrates 

have been omitted. 

Strictly the Dittus-Boelter correlation should only be applied to heat transfer situations 

with liquid flows above a Reynolds number of 10,000. For flows in the region, 4700 < Re 

< 10,000, the Dittus-Boelter correlation values are approximately 5% greater than the 

experimental points, showing good agreement between the experimental and the predicted 

values. In the laminar region, at low Reynolds numbers (Re = 585) the laminar correlation 

(equation (4.5» predicted the experimental results well. However, at Re = 1460, where 

conditions are close to transitional, the laminar correlation (equation (4.5», under-predicts 

the experiments by approximately 18%. Experimental results carried out in the transitional 

regime (Re = 2340 and Re = 4680) have been compared to both laminar and the turbulent 

HTCs; results lie closer to the predicted turbulent HTC. The experiment at the lowest 
, 

flowrate of 100 ml/min (Re = 585) shows some fluctuations, due to a build up of bubbles 

on the heat transfer surface presumably by the fluid degassing. These bubbles can be 

observed leaving the test piece and the corresponding HTC rising; they were not seen in 

other experiments at other flowrates . This plot proves that the sensor is giving values of 

the overall HTC under steady flow conditions that are comparable with well established 

correlations; i.e. it is capable of measuring the right interfacial conditions. 

The fluid-surface HTC, hL can be extracted from the overall HTC, U, using equation (4.3). 

Figure 4.3 shows the results for hL from a series of experimental runs under turbulent 

conditions, plotted as Nu versus Re. The line in the figure refers to the Dittus-Boelter 

correlation (equation (4.6». A comparison between the data and the line shows good 

agreement. The gradient of the line of best fit through the points is 0.77; this is very close 

to the theoretical result that the Nusselt number varies with the Reynolds number to the 

power 0.8, as predicted from the correlation. The results presented in this section show the 

heat flux sensor works and can now be used for further experiments. 
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4.2.2 Measuring the Thermal Conductivity of the Deposit 
As discussed in section 2.2.2, very little work documents the thermal conductivites of 

proteinaceous deposits. However, some work has been published on the thermal 

conductivities of protein based foodstuffs, containing 60% water, typically in the range 0.4 

to 0.6 W/mK (Walstra & Jenness, 1984; Rao & Rizvi, 1986; Delplace & Leuliet, 1995; 

Davies et al., 1997). By applying a temperature driving force across the deposit, its 

thermal conductivity can be calculated from the fouling resistance, Rr (m2K1kW), 

measured using equation (3.8). This can be done with the MHFS, by passing water at 20°C 

over the deposit surface and maintaining the block temperature at 40°C, as described in 

section 3.5. For a uniform deposit: 

(4.7) 

where x is the thickness of the wet deposit (m) and Ar is the thermal conductivity of the wet 

deposit (kW /mK). The deposit thickness can be related to, mr, the coverage of wet deposit 

(g/m2), measured gravimetrically as described in section 3.2.3, Pp the density of protein 

(kg/m3), Pw the density of water (kg/m3) and the voidage, E. 

(4.8) 

As the solids content of the deposit typically contains> 95% protein, as discussed in 

section 3.3 .2, md~m p' where md is the dry deposit coverage (g/m2) and mp is the protein 

coverage (g/m2), calculated using a protein assay, as described in section 3.3.2. For 

simplicity, it is assumed that most of the water content in the deposit is held between the 

strands of aggregated proteins (as seen in the SEM pictures of chapter 6). The space 

between these strands is referred to as the voidage (see appendix E for more information 

about the micro-structure of proteins). The voidage can be calculated from the water 

content: 

moisture (4.9) 

where mr is the wet deposit coverage (g/m2), calculated gravimetrically as discussed in 

section 3.2.3 and Pw is the density of water at 20°C (998 kg/m3). Then, substituting for Xr 

(from equation 4.8) into equation (4.7) and rearranging gives an expression for the 

effective thermal conductivity (kW/mK) of the deposit: 
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(4.10) 

Values of the density of proteins in the liquid state are reported in the literature (Walstra & 

Jenness, 1984; Davies et al., 1997) to be in the range 1000 kg/m3 to 1300 kg/m3. An 

average value of 1100 kg/m3 was taken for Pp in this work. 

Using a value of 0.6 for the moisture content (calculated from equation (3.1)) , the voidage 

can be calculated to be 0.62. An effective deposit thermal conductivity of 0.28 W/mK can 

be calculated, using equation 4.10, under the following conditions: mr = 234 g/m2, Rr = 

0.79 m2K1kW measured from equation (3.8), £ = 0.62, Pp =1100 kg/m3 and Pw =1000 

kg/m3. 

An attempt to relate the effective thermal conductivity of the deposit, /..,r, to the thermal 

conductivity of the protein, ~, has been made in appendix B. Two different arrangements 

for the protein and water composite in the deposit structure were assumed: 

(i) horizontal layers in series, 

(ii) vertical channels in parallel. 

The ratio of effective deposit thermal conductivity to water thermal conductivity has been 

plotted against voidage as a function of protein thermal conductivity for both 

arrangements. As the thermal conductivity of water, /"'w, at 30°C is 0.615 W/mK (Perry & 

Green, 1984), the effective deposit thermal conductivity, /..,r, calculated using equation 

(4.10), is 0.28 W/mK, resulting in a deposit to water thermal conductivity ratio of 0.455 . 

Assuming the voidage, £, is approximately 0.62, the thermal conductivity of the protein 

can be approximated. Using figure B.3, for the horizontal layers in series model, predicts 

the thermal conductivity of protein to be 0.15 W /mK. Figure B.4, for the vertical channels 

in parallel , shows the thermal conductivity of protein to be closer to zero. This suggests the 

protein structure is more likely to resemble the horizontal layer model. In fact the structure 

is more complex, see chapter 6. 

Inaccuracies in this method include the presence of other constituents, in addition to 

protein and water, making up the the deposit structure. As discussed in section 2.2.1, small 

traces of minerals are present. These minerals have high thermal conductivities (thermal 

conductivity of calcium carbonate = 2.2 W/mK (Perry & Green, 1984)) and only small 

traces would increase the effective deposit thermal conductivity. Any air (thermal 
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conductivity = 0.026 W/mK (Perry & Green, 1984» in the deposit structure would have 

the opposite effect to the minerals. 

The estimated effective deposit thermal conductivity of 0.28 W /mK is lower than 

expected; previous range of values, suggested in section 2.2.2, for protein foodstuffs, 

containing 60% water are 0.4 to 0.6 W/mK. More work is needed to confirm the result. 

4.3 The Effect of Temperature and Flowrate on the 
Kinetics of Cleaning 

Bird (1993) characterised cleaning kinetics by plotting the cleaning rate versus time. This 

work is discussed in section 2.3. A typical cleaning curve for the experimental data in this 

work is illustrated in figure 3.5 and described in section 3.3.4. This cleaning curve was 

obtained using the assay, of sections 3.3.2 and 3.3.4. In this section we examine the effects 

of the wall temperature, the bulk liquid temperature and the cleaning solution flowrate on 

the cleaning kinetics . 

A matrix of cleaning experiments have been carried out; block temperatures of 80oe, 70oe, 
50 0 e and 30 0 e and cleaning solution flowrates of 100 ml/min, 260 ml/min, 400 mllmin 

and 800 ml/min, corresponding to flow Reynolds numbers between 585 and 4680. Table 

4.1 describes these experiments, and lists them by experiment reference number. Table 4.1 

also shows (i) the measured cleaning parameters defined in section 3.3.4 and (ii) the shear 

stress at the wall, 'tw calculated using the laminar correlation of equation (2.3) for Re < 

4700 and turbulent correlation of equation (2.3) for higher Re. 

As discussed in chapter 2, cleaning is a complex process involving reaction and mass 

transfer effects. The parameters, defined in section 3.3.4, are 'secondary quantities', 

resulting from this sequence of events. By analysing, P we hope to establish whether the 

process is reaction or mass transfer controlled; for reaction control the mean plateau 

cleaning rate should be a function of temperature and for mass transfer control the mean 

plateau cleaning rate should be a function of liquid velocity. The mean plateau cleaning 

rate was used as this corresponds to the 'uniform rate' period, Region 11 of figure 3.5, 

section 3.3.4, which is the region thought here to be either reaction or mass transfer 

controlled. 

4.3.1 Effect of Changing the Cleaning Temperature 
Bird (1993) studied only protein removal, not heat transfer and protein removal 

simultaneously. To measure any heat flux from the MHFS, it was necessary to apply a 

temperature driving force across the deposit. Figure 3.18 shows that a temperature driving 
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force for the whole system of at least SOC was required in the absence of a deposit; to give 

an effective safety factor, 20°C was used as a minimum temperature difference. It was first 

necessary to study the effects of this on the cleaning kinetics. Figure 4.4 shows four 

experiments where the liquid bulk temperature was kept at SO°C; it includes an 

'isothermal' experiment (#lS) with both the block and the fluid at SO°C. Cleaning runs 

carried out at a bulk liquid temperature of SO°C have been carried out with and without the 

heating block, which was held at SO°c. The results do not show any change in the shape of 

the cleaning curve within experimental error. This suggests heat lost from the external 

surface of the test piece at SO°C, without a block, does not affect the cleaning kinetics. 

Increasing the wall temperature to 70°C, increased P by 9% compared to the 'isothermal' 

experiment, whilst the total time to clean, 'tM remained unchanged within experimental 

error. However, by reducing the wall temperature to 30°C, P was reduced by 23% and the 

total time to clean, 'tM was increased by 162%, compared to the 'isothermal' experiment. 

These results show a wall temperature effect; at 30°C the effect is more significant. 

To establish the effect of the bulk temperature on cleaning kinetics, similar experiments to 

those of figure 4.4 were conducted, in which the block temperature was maintained at SO°C 

and the bulk liquid temperature was varied. The results are displayed in figure 4.S. Two 

cleaning runs had a constant liquid bulk temperature of SO°C and block temperatures of 

30°C and 70°C and the two others had a constant block temperature of SO°C and liquid 

bulk temperatures of 30°C and 70°C. These curves were compared to the 'isothermal' 

experiment. Switching bulk liquid and block temperatures makes a significant difference: 

compare experiments #16 and #18, where P is 143% higher with the bulk at SO°C than 

with the block at SO°C, and experiments #14 and #19, where P is 108% higher with the 

bulk rather than the block at 70°C. These experiments suggest that the bulk liquid 

temperature is more significant than the block temperature. 

In figure 4.S, compare the different shapes of experiments #14, #lS and #16 where T L = 
SO°C and the wall temperature changes from 30 to 70°C with experiments #lS, #18 and 

#19 where TB = SO°C and the bulk temperature changes. The effect of changing bulk 

temperature makes a S fold difference in the cleaning rate; the effect of changing wall 

temperature over the same range is a SO% increase in rate and decrease in time. The effect 

of changing bulk and wall temperatures on the temperature of the deposit/liquid interface, 

T3 has been studied. Appendix C describes a sample calculation; three different 

temperature conditions along the length of the cleaning test piece are illustrated 

diagramatically in figure C.1 and listed for all the experimental conditions in table C.l. 

Temperatures will be different around the MHFS because it offers thermal resistance. 
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The temperatures at the deposiUliquid interface, T 3 at the start of cleaning, were calculated 

for experiments: #14, #15, #16, #18 and #19 of table 4.1. Any interfacial reaction will 

occur at that temperature. Table 4.4 lists these values and shows that as a result of the 

presence of the deposit, T 3 is closer to TB rather than T L' Comparison of the cleaning 

rate/time profiles of figure 4.5 with T3 shows that the cleaning rate is closely related; the 

highest mean deposit removal rate (experiment #19) corresponds to the highest interface 

temperature as is the lowest (experiment #18). The reason for the stronger effect of bulk 

temperature is that for thick deposits the deposiUliquid interface will be close to the bulk 

temperature. 

In the latter stages of cleaning the deposit temperature will approach that of the wall. 

Although T3 approaches the temperature of the block as the deposit is removed, the length 

of the 'tail', for experiments #15 and #19 (with TB = 50°C and TL = 50°C and 70°C 

respectively) does not appear to be affected greatly by wall temperature. This suggests the 

latter stages (region Ill) of the cleaning curve are not a strong function of temperature. The 

fact that the overall process is a strong function of bulk rather than wall temperature also 

suggests that reaction effects are more pronounced at the start of cleaning than at the end. 

The latter stages may be affected by the fluid mechanics of the system, as discussed further 

in section 5.2. 

Experiment Block Bulk liquid Temperature at the 

reference temperature temperature deposiUliquid interface 
"-

number CC) CC) at the start of cleaning 

CC) 

14 70 50 55 

15 50 50 50 

16 30 50 45 

18 50 30 35 

19 50 70 65 

Table 4.4: Calculated values for the temperature at the deposit/liquid interface (T3) for a 

liquid flowrate of 800 mllmin. A sample calculation for these values is described in 

appendix C. 

A kinetic analysis of this data can now be carried out. The influence of temperature on 

reaction rate constants, for simple reactions, can be represented by Arrhenius type 

equations (Levenspiel, 1979): 

(4.11 ) 
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where kR is the reaction rate constant, kA the frequency factor, EA the activation energy, TA 

the absolute temperature and R the gas constant. To estimate EA, 10g(P) was plotted versus 

1/T3 and is displayed in figure 4.6(a). This is a 'pseudo Arrhenius' plot because a log of the 

secondary quantity, the mean plateau cleaning rate is used instead of a log of an 

experimentally determined reaction rate constant. An added problem is that not all of the 

tube is at the same temperature. The temperature at the start of cleaning at the 

deposit/liquid interface, T 3 in contact with the block, as described and calculated in 

appendix C, was used as the absolute temperature (see figure C.1). 47% of the tube surface 

area was at this temperature; the rest of the tube had different temperatures: (i) 40% of the 

tube surface area was outside the block, exposed to the air and (ii) 13% of the tube surface 

area was in contact with the sensor. The need to connect the pipe work made it impossible 

to use smaller end sections (exposed to the air). A correction for the exposed area which 

allows a better estimate of the effect of temperature is discussed below. 

The activation energies for all Reynolds numbers, calculated from the slope of these lines, 

are displayed in figure 4.6(a) . The activation energies range from 23 kJ/mol for a Reynolds 

number of 585 to 34 kJ/mol for a Reynolds number of 4680. Generally in traditional 

chemical engineering, such low values of the activation energy (below 30 kJ/mol) suggest 

the reaction is diffusion limited as opposed to reaction limited (Levenspiel, 1979). These 

activation energies also do not vary significantly with Reynolds number. As discussed in 

section 2.3 .1, previous values for the activation energy of cleaning, measured as in this 
"-

work, have been in the region of 80 kJ/mol (Bird & Fryer, 1991). This value is higher than 

the results presented here . 

A similar calculation for the activation energy was carried out for the mean plateau 

cleaning rate values across a greater absolute temperature range by changing the bulk 

temperature. These cleaning curves are displayed in figure 4.5. Using these mean plateau 

cleaning rates gave a higher activation energy of 54 kJ/mol, suggesting the cleaning 

process was less diffusion limited. This value is closer to the range of activation energies 

in the literature. Activation energies for protein denaturation and aggregation are greater: 

300 kJ/mol and 80 kJ/mol respectively . The measured values suggest either diffusion or 

reaction controlled cleaning kinetics . Another explanation for the low measured activation 

energies is that partial denaturation occured during the fouling and we are measuring the 

energy required to break the rest of the denatured structure. 

However, the cleaning rates plotted in figure 4.6(a) represent averages of three regions : (i) 

the surface area outside the block, effectively at the bulk liquid temperature, (ii) the surface 

area within the block not in contact with the MHFS, where the dominant temperature is T3, 
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calculated in appendix C and (iii) the surface area of the MHFS, which represents only 

circa 13% of the total tube surface area and is neglected here. The true mean plateau 

cleaning rate, PT at the deposit/interface temperature (T3) was estimated by correcting the 

measured rate for the contribution from the surface area outside the block, which can be 

obtained from the 'isothermal' experiment. Details of the calculations are given in 

appendix C. The corrected cleaning rates are plotted in figure 4.6(b) and the activation 

energies calculated; values range from 44 kJ/mol for Re = 585 to 51 kJ/mol for Re = 4680. 

The activation energy for Re = 2340 is higher than expected, this is due to experiment #11 

from figure 4.6(a) being higher than expected and is used to calculate all PT values for Re 

= 2340 in figure 4.6(b) . The activation energies are greater than those from figure 4.6(a) 

and closer to (i) the value calculated from figure 4.5 (circa 54 kJ/mol) and (ii) the values 

reported in the literature (circa 80 kJ/mol). 

Figure 4.7 plots the time required to remove protein from the tube as a function of block 

temperature at different Reynolds numbers. At a Reynolds number of 585 a block 

temperature rise from 30°C to 50°C causes a 30% reduction in cleaning time whereas at a 

Reynolds number of 4680 a block temperature rise from 30°C to 50°C causes a 60% 

reduction in cleaning time. This suggests that the effect of increased surface shear stresses 

resulting from higher flowrates , is more effective as the temperature is increased. The 

reduction in cleaning time becomes smaller for all Reynolds numbers at higher 

temperatures. The difference in cleaning time between 70°C and 80°C is very small for all 

Reynolds numbers . These results suggest at a high block temperature (80°C) the cleaning 
"-

is more controlled by temperature than by velocity. 

4.3.2 Effect of Changing the Cleaning Solution Velocity 
Figure 4.8 shows the results for a series of cleaning runs carried out at a range of cleaning 

solution flowrates from 100 ml/min (Re = 585) to 800 ml/min (Re = 4680) at a bulk liquid 

temperature and block temperature of 50°C. The effect of velocity is similar to that found 

by Bird (1993) ; higher cleaning rates and smaller cleaning times for higher flowrates. The 

length of the falling rate period, 'tT' as defined in section 3.3.4, decreases greatly with 

increasing flowrate . In experiment #3 , with Re = 585, 'tT = 15 mins , 60% of the total 

cleaning time. Compare this result to experiment #15, with Re = 4680, where 'tT = 2 mins, 

only 30% of the total cleaning time. 

Figure 4.9 quantifies these effects by plotting both, 'tM and'tT against cleaning solution 

Reynolds number. This plot shows (i) that the improvement in the total time to clean with 

increasing Reynolds number becomes less at higher Reynolds numbers and (ii) the only 

significant change in cleaning time is in 'tT. This suggests that the duration of the plateau 

(region II of figure 3.5, section 3.3.4) is not strongly affected by velocity changes; it has 
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already been shown to be a strong function of temperature. The change in 'tT (region Ill, 

the 'tail' region of the cleaning curve, defined in figure 3.5, section 3.3.4) is a function of 

the cleaning solution velocity. 

These observations suggest the cleaning solution velocity or fluid effects dominate the 

final stages of cleaning. The fluid effects, discussed in section 2.3.2, are likely to be a 

combination of mass transfer effects and surface shear stress. The surface shear stresses 

were calculated using the relationships described in section 2.3.2 (equation 2.3), over the 

range of flowrates, and are listed in table 4.1. The laminar correlation was used for all 

experiments with Reynolds numbers below 4700. 

Flow effects are summarised in figure 4.10 by plotting the time to remove the protein from 

the tube versus the cleaning solution Reynolds number for various block temperatures . The 

shear stresses show a factor of 22 increase from a flowrate of 100 ml/min to 800 mllmin at 

a constant liquid temperature of 50°C; however cleaning times decrease by much less than 

this . Data for a block temperature of 50°C has already been plotted in figure 4.9. A block 

temperature of 30°C, for all Re has cleaning times approximately 10 minutes greater than 

all other block temperatures . Figure 4.9 shows this occurs as a result of a very long 'tT • For 

block temperatures of 50°C, 70°C and 80°C, above Reynolds numbers of 2340 the cleaning 

times are similar. In contrast, for block temperatures of 50°C, 70°C and 80°C, below 

Reynolds numbers of 2340 the cleaning times become more of a function of temperature; 

here, for low shear-2tresses, reaction effects appear to increase. 

The results from the 'pseudo Arrhenius' plots of figure 4.6(a) and (b) find quite low 

activation energies which suggest the cleaning process might be controlled by mass 

transfer rather than reaction. This can be further studied by establishing the relationship 

between the 'secondary quantity', the mean plateau cleaning rate, P and the fluid velocity, 

u. By assuming external mass transfer control the cleaning rate, dm f can be described by: 
dt 

(4.12) 

where kL is the fluid-surface mass transfer coefficient, CD is the concentration of deposit 

within the cleaning solution and the subscripts Sand B refer to the deposit/liquid interface 

and the bulk respectively. The fluid-surface mass transfer coefficient can be related to the 

superficial fluid velocity, u by using the known correlation (Kay & Nedderman, 1985): 

106 



Chapter 4: Simultaneous Measurement of Mass Removal and Thermal RecovelY During Cleaning 

kLd cc (dUpJa 
Dab ~ 

(4.13) 

where a varies between 0.5 (laminar) and 0.8 (turbulent). By assuming the mean plateau 

cleaning rate corresponds to a uniform removal rate, then log of this value can be plotted 

against log velocity to establish the exponent a. For the cleaning process to be external 

mass transfer controlled, then the mean plateau cleaning rate should vary with u, to a 

power in the range 0.5 to 0.8. 

Figure 4.11, plots the log mean plateau cleaning rate versus log cleaning solution velocity. 

Using the log log plot it was possible to calculate how the mean plateau cleaning rate 

varies with the cleaning solution velocity. The gradients of the best fit lines on the plot 

gave values for, a in the range 0.19 to 0.35. These values are lower than the expected range 

of values (0.5 to 0.8), suggesting the cleaning process is not external mass transfer 

controlled. As discussed in later chapters, the cleaning process might be controlled by 

mass transfer within the deposit. 

4.4 Measurement of the Thermal Recovery During 
Cleaning 

The use of the MHFS to measure overall HTC in a 6 mm diameter tube has been described 

in section 4.2. During fouling of a surface the overall HTC decreases; this has been studied 

using the MHFS by Schreier (1995). During cleaning the overall HTC of the surface 

returns to the original value. This section examines the changes in the thermal resistance of 

the deposit during cleaning using the MHFS. The aim of this work is to relate, if possible, 

this heat recovery during cleaning to the mass removal curves, described in section 4.3 . 

The MHFS potentially allows on-line determination of cleaning rates; if it were possible to 

relate the two processes so that physical cleanliness could be measured by a heat flux 

measurement this would be of considerable practical use. 

4.4.1 Change in the Heat Transfer Coefficient During Cleaning 
A typical cleaning run consisted of mounting a fouled tube, containing 100 g/m2 protein, in 

the block as described in chapter 3. Figure 4.12 compares the result of measuring (i) the 

HTC, using the MHFS, and (ii) the total protein mass removed, using the protein assay as 

described in section 3.3.2, while cleaning the tube with 0.5 wt% NaOH at a flowrate of 

400 ml/min and a bulk liquid temperature of 50°C. Measuring the HTC during cleaning 

shows an unexpected result; the protein mass removed profile does not follow the HTC 

profile. The HTC profile can be broken down into three distinct regions: 
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Region i 

(0 to 5 minutes) 

Region ii 

(5 to 7 minutes) 

Region iii 

(7 to 10 minutes) 

A slight drop in HTC, possibly as a result of deposit swell, 

before a constant period (rate uniform to ± 5%) for 70% of 

the total cleaning time. 

A sharp rise in the HTC. 

Constant region, suggesting the tube is clean. 

These regions can be compared to those seen for mass removal, described in section 3.3.4; 

a full comparison is made in section 4.5. Consistently, the time for total heat recovery was 

20% faster than the time for total mass removal. Possible reasons for this difference are 

discussed in section 4.5. The start of the HTC profile can be explained by the swelling 

behaviour of the deposit when first contacted with NaOH, resulting in an increase in 

deposit thickness. The subsequent shape of this curve could be due to: 

(i) uniform removal of the deposit from the surface, together with a complex 

change in the thermal resistance of the deposit during cleaning, 

(ii) non-uniform removal of the deposit resulting in the surface, at the end of the 

cleaning run, covered in deposit 'patches' leading to high HTCs . 

An effect, not observed in figure 4.12, but found in some cases is a slight rise in the HTC 

in region ii, above the steady HTC value for region iii. This effect could be linked to the 

non-uniform cleaning of the deposit surface; any increased roughness from deposit 

'patches' could result in a higher HTC than predicted. 

4.4.2 Change in the Fouling Resistance During Cleaning 
The fouling resistance can be calculated directly from the HTC profile using the method 

described in section 3.5.4. The fouling resistance, a measure of the thermal resistance of 

the deposit (xcl'Ar), can be more easily compared to the cleaning rate than the overall HTC. 

Values of the thermal characteristics, Rfmax, RID and "CH are listed in table 4.1 for all the 

experiments carried out. 

Figure 4.13 plots cleaning rate and fouling resistance versus time for different flowrates 

(260, 400 and 800 ml/min) and bulk and block temperatures of 50°C and 80°C. The fouling 

resistance rises from RID (0.65 to 0.9 m2K1kW) to a maximum, Rrmax, in the range 0.95 to 
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1.10 m2K1kW, before dropping to zero at time 'CH' As the flow rate increases from plots (a) 

to (c) , the time to reach the maximum fouling resistance, Rfmax, reduces from 3 minutes 

for a flowrate of 260 mllmin to 1 minute for a flow rate of 800 mllmin. The sharpness of 

the maximum fouling resistance is also more pronounced at lower flowrates. The drop of 

the fouling resistance from the maximum value, Rfmax, to zero becomes quicker from a 

flowrate of 260ml/min (6 minutes) to a flowrate of 400 ml/min (4 minutes). For the highest 

velocity (experiment #13), the fouling resistance remains within 5% of Rfmax for 65% of 

the total heat recovery, 'CH; the decay of the fouling resistance from, Rfmax to zero is much 

faster than in experiments #5 and #10. 

Figure 4.14 shows cleaning rate and fouling resistance plots versus time for the same flows 

as figure 4.13 (260, 400 and 800 mllmin) but a lower block temperature of 70°C. The 

general shape of the curves are similar to those of figure 4.13 but the maximum fouling 

resistances are less sharp. The time to reach the maximum fouling resistance, Rfmax, also 

reduces from 5 minutes for a flowrate of 260 ml/min to 2 minutes for a flowrate of 800 

ml/min. 

Figure 4.15 shows cleaning rate and fouling resistance plots versus time for the same flows 

as figure 4.13 and 4.14 and a block temperature of 30°C. The time the fouling resistance 

remains within 5% of the maximum ranges from 11 minutes to 6 minutes is significantly 

greater than previous plots. This is consistent with the equivalent mass removal curves for 

30°C where the m!?an plateau cleaning rate is approximately 70% longer than those for TB 

= 70°C. 

The fluctuations in fouling resistance with time become smaller at higher flowrates . The 

swelling of the deposit on contact with NaOH causes it to become thicker, providing a 

greater thermal resistance. The deposit thickness can be estimated by assuming the thermal 

conductivity of the swollen layer is close to that of water (I."w = 0.615 W/mK, Perry & 

Green (1984)) at the maximum fouling resistance, Rfmax. The thickness of deposit can 

then be found by equation (4.7); for experiment #8 the thickness is 920 /lm and experiment 

#16, 580 /lm. The maximum fouling resistance, Rfmax, for all block temperatures, except 

80°C, is greater at lower flowrates (260 ml/min) than at higher flowrates (800 ml/min), by 

approximately 80%. The initial deposit thickness, before cleaning commences, is approx. 

460 /lm. The increasing fouling resistance shows that swelling occurs. However, as the 

velocity increases the calculated deposit thickness reduces. This suggests swelling and 

removal occur simultaneously and velocity has a significant effect on either removal or 

swelling. 
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The initial fouling resistance, RfO, should be a measure of the quantity of deposit before 

cleaning. It is difficult to measure this on some plots (for example 4.15(b)): the wide range 

of the values in table 4.1 reflects this difficulty, as discussed in section 3 .4.4. 

It is important to relate thermal effects to the mass of deposit on the surface. The 

observations of figures 4.13 to 4.15 might be due to: 

(i) R f 7:- ~; this will occur if the deposit is sufficiently thick that the velocity of 
/..,f 

the liquid changes enough to change the clean HTC, Uo so that equation (3.8) is not 

correct, 

(ii) Rf = ~; but assuming Xf is a constant and 'Ar changes during cleaning from the 
/..,f 

calculated value of 0.28 W/mK, section 4.2.2, to the value of water (0.615 W/mK, 

Perry & Green (1984)), 

(iii) Rf = ~; but where both /..,f and Xf vary through swelling; here R f is a measure 
/..,f 

of the change in deposit thickness and (RfmaxIRfO) is a measure of the deposit 

swell. 

The hypothesis which is most supported by experiment is discussed. For case (i): the 

calculation of Uo is based on a clean tube of internal diameter, 6 mm. The maximum 

thickness of deposit, based on the largest value of Rfmax (experiment #8), as calculated 

above, was 920 /lm. Due to this deposit thickness on the tube walls and the consequent 

drop in the cross sectional area for flow, the mean superficial velocity is approximately 

doubled, increasing hL by a significant amount. This is, however, the worst case; it only 

takes place for a short period of time during the cleaning cycle and not all experiments 

result in the same large increase in the deposit thickness. To determine whether this effect 

is significant, it would be useful to clean tubes of increased diameter; this was not possible 

here. 

For cases (ii) and (iii): changes in the thermal conductivity of the deposit may well occur 

during cleaning; these are most likely to increase the thermal conductivity from the 

calculated value of 0.28 W/mK (section 4.2.2) to that of water. If this change takes place at 

constant depositthickness, the fouling resistance drops by 54%. If the thermal conductivity 

changed from the maximum fouling resistance to zero then this might explain the rapid 

heat recovery over this period. 
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For case (iii): by assuming little removal takes place before the maximum fouling 

resistance is reached, a measure of deposit swell can be made by plotting the ratio of the 

maximum fouling resistance, Rrmax to the initial fouling resistance, RfO. This plot is shown 

in figure 4.16 as a function of cleaning solution Reynolds number. If the swollen deposit is 

assumed to have the thermal conductivity of water, then a swelling factor, <I> can be 

defined as the ratio of the swollen to the un swollen deposit: 

<I> = xr,s = Rr max .Aw = Rr max . 0.615 

xr,u Rro-Ar R ro 0.28 
(4.14) 

Due to the difficulty in measuring the initial fouling resistance, RfO as discussed above, a 

constant absolute value of 0.83 m2K1kW was used, this was calculated in section 4.2.2. 

Figure 4.16 shows that the ratio of Rrmax to RfO decreases from approximately 1.6 at a 

Reynolds number of 585 to 1.1 at a Reynolds number of 4680, which corresponds to a 

drop in swelling factor, <I> from 3.5 to 2.4, calculated using equation (4.14). As discussed 

in section 2.3, swelling characteristics have been studied by Bird (1993) and GraBhoff 

(1996) who suggest a factor, <I> of 2.5. This value lies at the lower end of the calculated 

range of values from this work. 

At high Reynolds numbers, the reason for a decreased swelling factor is probably due to 

increased removal. At low Reynolds numbers, a possible reason for an increased calculated 

swelling factor is (i) only some of the deposit is converted into the swollen form at the 

maximum fouling resistance, due to a mass transfer limitation, so that (ii) the swollen 

deposit thermal conductivity is significantly less than the assumed thermal conductivity of 

water. This would make the ratio of the water and deposit thermal conductivities lower 

than calculated, resulting in a lower swelling factor at lower Reynolds numbers . For the 

rest of the thesis, changes in both Xr and Ar during swelling are considered. 

4.5 Comparison of Mass Removal and Heat Recovery 

Previous sections have examined the effects of temperature and cleaning solution flowrate 

on both the protein mass removal and heat recovery during cleaning. This section 

compares mass removal and heat recovery. The intention of the mass removal and heat 

recovery analysis was to measure similar data for the thermal charateristics (Rrmax, RfO 

and 'tH) and the mass removal parameters (P, C and 'tM), see figures 4.5, 4.7, and 4.10. This 

section relates mass removal with heat recovery and suggests reasons for the differences 

between the two processes due to changes in Xr and Ar. 
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4.5.1 Quantifying the Differences Between Mass Removal and Heat 
Recovery 
Figure 4.17 shows a typical plot (of experiment #10) of % heat recovery, calculated by: 

% Heat re cov ery (4.15) 

as a function of the % mass removed calculated using: 

% Mass removal . 100 (4.16) 

The two processes do not happen at the same rate. The plot shows (i) heat recovery first 

decreasing as mass removal increases, due to deposit swell, followed by (ii) when circa 

half the mass has been removed, the heat recovery starts to increase. Three critical points 

are marked in the plot: X, where the thermal recovery is zero (i.e. the thermal resistance is 

the same as at t = 0) after about 75% of the mass has been removed 75%, Y, where the 

mass removal equals the heat recovery and Z, where thermal recovery is complete but 

mass removal only 90%. The dashed line shows the path of the heat recovery if a uniform 

layer was removed uniformly from the surface. This plot shows: 

(i) heat recovery is not the same as mass removal, 

(ii) there is a time lag between heat recovery and mass removal. 

Figure 4.18 plots the time for total heat recovery against cleaning solution Reynolds 

number. Comparing the plot with figure 4.10, time for mass removal against Reynolds 

number, shows a similar general shape; at high Reynolds numbers, block temperatures of 

70°C and 80°C are similar; thermal recovery times are circa 60% slower for a block 

temperature of 30°C. The times for heat recovery are less than the mass removal values for 

all Reynolds numbers. Figure 4.19 makes a further comparison between figures 4.10 and 

4.18 by plotting a percentage difference in cleaning times versus Reynolds number, 

(calculated by assuming a clean tube). There seems no trend in the percentage differences; 

all mass removal values are between 15% and 48% greater than heat recovery values with 

the average 34%. 

4.5.2 Discussion of the Differences Between Mass Removal and Heat 
Recovery 
As discussed in section 4.5.1, significant differences in mass removal rates and heat 

recovery rates do exist during cleaning. A series of reasons for this can be hypothesised: 
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(i) The conditions at the location of the MHFS may not be representative of the cleaning 

conditions within the rest of the tube, perhaps due to: 

• . a difference in the temperature of the deposit under the sensor compared to the 

deposit temperature at other points on the tube surface, 

• non-uniform removal of the deposit from the 'leading edge' of the cleaning test 

piece, as illustrated in figure 4.20. 

(ii) The conditions at the point of the MHFS are the same as at other points on the tube 

surface but that mass removal does not change Xf. It is possible that the voidage of the 

deposit changes rather than xf; such mass removal will not change the thermal resistance. 

These hypotheses are now discussed in more detail. The temperature of the deposit under 

the sensor has been calculated in appendix C and compared to the temperature of the 

deposit elsewhere on the tube surface. These calculations, as discussed in section 4.3.1, 

show the maximum temperature difference is only 3°C, between the conditions under the 

sensor and the conditions under the block for all the experimental conditions. This is a 

small temperature difference and will not give rise to significantly different mass removal 

rates at different points on the tube surface. 

"-

An explanation for the difference in cleaning times is the deposit could be eroded from the 

leading edge of the cleaning test piece, as illustrated in figure 4.20. This would result in the 

deposit being removed from the surface of the test piece in contact with the MHFS , before 

the deposit was removed from the surface of the test piece downstream of the sensor. The 

removal of additional deposit, downstream of the sensor, would account for the difference 

in cleaning times. 

An experiment was set up to check this effect by extending the surface area of the test 

piece downstream of the sensor. If the deposit was removed from the surface of the 

'leading edge' of the test piece first, then it would be expected that the difference between 

the total time for mass removal and the total time for heat recovery would be considerably 

greater than previous experiments. Two cleaning experiments, to compare mass removal 

and heat recovery from a 20 cm cleaning test piece, were carried out as described in 

section 3.5. The first experiment had no block and the second experiment had a block at 

80°C attached to the upstream half of the test piece (geometry shown in figure 4.22). The 

experimental conditions were otherwise the same as previous experiments. The cleaning 

parameters are tabulated in table 4.2. 
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A comparison of the cleaning kinetics between test piece lengths of 10 cm and 20 cm, 

without a block, was first made as a base case, to compare the cleaning profiles for 10 cm 

and 20 cm test pieces. The longer piece proved to have 25% more protein coverage. The 

plot (figure 4.21) shows the mean plateau cleaning rate is approximately the same for the 

two curves but the mass removal time, 'tM , is 38% bigger for the 20 cm long test piece, 

reflecting this. It was felt that the two test piece lengths, taking into account the relative 

protein coverages, show similar cleaning curves. One possibility was that the bulk cleaning 

solution might become saturated with protein, to reduce the cleaning solution 

concentration driving force between the bulk and the deposit and thus reduce the cleaning 

rate. This does not seem to occur. 

The cleaning rates and fouling resistances for a 10 cm and a 20 cm test piece length both in 

the presence of a block are compared in figure 4.22. The block for the 20 cm test piece was 

mounted on the upstream half of the test piece, as shown in the figure . Were deposit 

removed as in figure 4.20, the difference between 'tM and'tH would be greater in the 20 cm 

case; however the difference between the two times is (i) 50% for the 10 cm tube and (ii) 

60% for the 20 cm tube. The two values are thus similar, which suggests the test piece 

does not clean from the 'leading edge'. 

The cleaning rate of experiment #21 is similar in shape and magnitude to experiment #20, 

which has no block. Following the approach of section 4.3.1, the cleaning curve can be 
"-

considered as a composite of a surface with no block and a surface with a block at 80°C. In 

comparison with a 10 cm long test piece where 60% of the surface area is in contact with 

the block a 20 cm long test piece has only 30% of the surface area in contact with the 

block. 

As a result of the above findings it was concluded that the conditions at the point of the 

MHFS are the same as at other points on the tube surface. The differences between mass 

and thermal removal are thus due to other effects. The idea that voidage changes can be 

investigated by assuming that the dry coverage, md the protein coverage, mp and the 

deposit voidage does not change on drying. The deposit thickness, Xf can then be 

represented by : 

x = m f mp 
f P f 1000 Pp (1 - £) 1000 

(4.17) 
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then (4.18) 

factors of 1000 arise as mf is defined in terms of g rather than kg. Equation (4.18) can be 

rearranged to the following relationship for the possible change in voidage, with both mp 

and Rr changing with cleaning time: 

(4.19) 

where mp, the protein coverage remaining on the test piece was measured using the protein 

assays, as described in section 3.3.2. Rr was calculated from the measured values of the 

heat flux using the MHFS , described in section 3.5.4. Ar, the value of the thermal 

conductivity of the deposit (0.28 W/mK) was calculated in section 4.2.2. Pp, the density of 

protein was assumed in section 4.2.2 to be 1100 kg/m3. Figure 4.23 shows a plot of the 

change in voidage against cleaning time fora thermal conductivity of water at 60°C (0.66 

W/mK) and the calculated value of the thermal conductivity of the deposit (0.28 W/mK). 

The value of 0.28 W/mK for the protein thermal conductivity seems the most reasonable as 

we know the starting voidage is approximately 0.62, section 4.2.3. The plot shows how the 

deposit voidage increases rapidly within the first minute indicating the speed of swelling. 

A gradual increase in voidage occurs up to about 0 .9 at which point equation (4.19) 

suggests the voidage decreases, which seems unlikely. An explanation for this effect might 

be due to equation (4.17) assuming the deposit is removed from the surface as a uniform 

layer. When the deposit voidage starts to drop, exposed surfaces of cleaned metal start to 

appear. This effect is likely to be related to the phase offset of the heat and mass cleaning 

times. 

4.6 Cleaning Monitor: Conclusions and Implications 

Initial tests have shown the MHFS can accurately measure overall HTC for different 

flowrates of water at 50°C in a 6 mm test piece. The results are consistent with predictions 

from laminar and turbulent flow heat transfer correlations. Experiments were conducted by 

passing water at 30°C through a test piece, containing a deposit, attached to a brass block 

at 80°C. Using the MHFS, the fouling resistance for the deposit was measured and an 

effective deposit thermal conductivity of 0.28 W/mK was calculated. 
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The MHFS was intended to be used as a cleaning monitor to detect the change in deposit 

thickness with time. It was first used to establish information of the mechanism of 

cleaning. An Arrhenius plot found activation energy values in the range 44 kJ/mol to 51 

kJ/mol suggesting mass transfer control. A correction was incorporated to minimise the 

effect of the unheated tube ends. The mean plateau cleaning rate was found to vary with 

velocity by an exponent of 0.3, below the expected value for external mass transfer control 

suggesting internal mass transfer control. A ratio of the maximum fouling resistance to the 

initial fouling resistance found a range of values for the swelling factor (3.5 to 2.4) which 

were consistent with values in the literature. 

Significant differences were found between thermal and mass removal; there is a sharp 

thermal recovery in the final 20% of the cleaning time. Reasons for dR f :F dX f were 
dt dt 

thought to be due to: 

(i) swelling of the deposit 

(ii) possible changes in deposit voidage during cleaning, resulting in mass 

removal but no change in thermal resistance, (i.e. Xf = constant for some mass 

removal) 

(iii) the effective deposit thermal conductivity increasing from 0.28 W/mK to the 

value of-water (0.615 W/mK) . 

As discussed in chapter 2, the essential requirements for a cleaning monitor are reliability, 

true representation of deposit removal in all areas of plant and cost. The MHFS is both 

reliable and cheap to produce but, by providing a temperature driving force to the deposit 

the removal rate may be affected. This means the cleaning rate may not be representative 

of all areas of plant. The analysis, of section 3.5.5, has shown the sensor requires a 20°C 

temperature driving force to operate. This would mean the sensor could be attached to a 

hot tube during cleaning and allow the surrounding air and the hot cleaning solution to 

provide a temperature driving force. There is certainly scope for further development of 

the sensor both as a tool for analysing the cleaning process and as a cleaning monitor. 

More work is needed to study why mass removal and thermal recovery are different. 
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IlMass removal Heat recovery 

Block Liquid Expt. P C 'tM Rrmax Rro 'tH UO 

temp. temp. Ref (g/m2s) (g/m2) (mins) (m2K/kW) (m2K1kW) (mins) (kW/m2K) 

Q =100 ml/min, Re = 585, u = 0.0585 rn/s, 'tw = 0.0091 N/m2 

80 50 1 0.18 139 18 1.45 1.05 12 0.59 

70 50 2 0.16 102 14 - - - -
50 50 3 0.13 107 22 **** 

30 50 4 0.08 102 32 1.10 0.95 21 0.53 

Q =260 ml/min, Re = 1500, U = 0.151 rn/s, 'tw = 0.038 N/m2 

80 50 5 0.22 104 10.5 1.10 0.65 8 0.86 

70 50 6 0.18 108 13 1.25 0.65 9 0.94 

50 50 7 0.14 119 17 **** 

30 50 8 0.10 111 29 1.50 0.80 24 0.85 

Q =400 ml/min, Re = 2340, U = 0.232 rn/s, 'tw = 0.072 N/m2 

80 50 9 0.21 101 12.5 0.80 0.55 6.5 1.10 

70 50 10 0.20 91 10.5 1.05 0.7 7 1.07 

50 50 11 0.19 110 12 **** 

30 50 12 0.11 110 24 1.40 0.85 19 0.97 

Q =800 ml/min, Re = 4680, U = 0.464 rn/s, 'tw = 0.20 N/m2 

80 50 13 0.29 109 9 0.95 0.90 6 1.31 

70 50 14 0.24 96 8.5 0.75 0.65 5.5 1.27 

50 50 15 0.22 94 8 **** 

30 50 16 0.17 106 21 0.90 0.70 13.5 1.27 

20 50 17 0.16 89 - - - - -

Q =800 ml/min, Re = 3300, U = 0.464 rn/s, 'tw = 0.25 N/m2 

50 30 18 0.07 102 25+ 1.00 0.62 21.5 1.27 

Q =800 ml/min, Re = 6520, U = 0.464 rn/s, 'tw = 0.95 N/m2 

50 70 19 0.50 98 5 0.70 0.7 4 1.37 

Table 4.1 Mass removal and heat recovery analysis for 10 cm long test piece. Mass 

removal parameters are defined in section 3.3.4. Thermal removal characteristics are 

defined in section 3.5.4. **** signifies there was no temperature driving force, so U could 

not be measured. These are termed the 'isothermal' experiments, which are used to 

calculate PT' 
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Q =800 ml/min, Re = 4680, u = 0.464 m/s, 'tw = 0.20 N/m2 

Mass removal Heat recovery 

Block Liquid Expt. P C 'tM Rfmax Rfo 'tH Do 

temp. temp. Ref (g/m2s) (g/m2) (mins) (m2K/kW) (m2K1kW) (mins) (kW/m2K) 

50 50 20 0.21 118 11 No temperature driving force: cannot measure D 

80 50 21 0.21 144 13 1.35 1.20 8.00 1.24 

Table 4.2 Mass removal and heat recovery analysis for 20 cm long test piece. Mass 

removal parameters are defined in section 3.3.4. Thermal removal characteristics are 

defined in section 3.5.4. 

Q =400 ml/min, Re = 2340, u = 0.232 m/s, 'tw = 0.072 N/m2 

Mass removal Heat recovery 

Block Liquid Expt. P C 'tM Rfmax Rfo 'tH Do 

temp. temp. Ref (g/m2s) (g/m2) (mins) (m2K1kW) (m2K1kW) (mins) (kW/m2K) 

70 50 22 0.19 82 9 1.05 0.80 7.5 1.10 

Table 4.3 Mass removal and heat recovery analysis for reproducability run using a 10 cm 

long test piece. Mass removal parameters are defined in section 3.3.4. Thermal removal 

characteristics are defined in section 3.5.4. 
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Figure 4.1 Schematic showing heat transfer from the block (TB) to the liquid (T L) 
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Figure 4.2 Change in the overall HTC (U) with time at different RO water flowrates 

measured using the MHFS : dotted lines refer to laminar flow correlation (eq.4.5), 

continuous lines refer to Dittus-Boelter correlation (eq.4.6), TB = 30°C, T L = 50°C 
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Figure 4.22 Cleaning rate versus time for 20cm long test piece with block temperature = 

80°C: NaOH flowrate = 800 ml/min, T L = 50°C. A diagram of the block and tube illustrates 
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+ Voidage Aw = 0.6 W/mK D Cleaning rate Pp = 1100 kg/m3 

x Voidage Ar = 0.28 W/mK • Fouling resistance 

1.0 1.6 
+ + + + + + + 

+~ 
+ + 

+ + x x x 1.4 -----.. x x 
x 

0.8 x "T] 
x 0 x 1.2 R> c:: 

w n r 
x Z ~ • r 

• • • tT1 Cl 0 » <.: 0.6 • • • -----. 
3; 

;0 
Cl • tT1 

0 • Z (n 

Cl en > • 0.8 

~ 
-l 

t::: » 
Cl) • Z 

~ tT1 n 
0.4 0.6 € 

tT1 
~ 3' Cl 3 

• 0.4 :3 ~ 
0.2 3 

D D D D 
D D 

D Cl D D D D D 1'1 0.2 
D 
~ 

D 

0.0 • 0 

0 2 4 6 8 10 

TIME (mins) 
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Chapter 5 

Pulsed Flow Cleaning 

5.1 Introduction 

The bellows pulsed flow rig and the pneumatic pulsed flow rig have been described in 

chapter 3. This chapter demonstrates the cleaning rate enhancement possible due to flow 

pulsing. Possible reasons for this enhancement are considered by an analysis of the pulses 

using the heat flux sensor described in chapter 4. 

In contrast to chapter 4, where the cleaning experiments were carried out using tubes with 

the same protein coverage (lOO g/m2) but different flowrates (lOO to 800 ml/min), the 

majority of experiments in this chapter have been conducted using a range of protein 

coverages (60 to 170 g/m2) but the same flowrate (lOO ml/min). This was carried out for 

two reasons: (i) the fouling rig, described in section 3.2, produced tubes with a range of 

deposit coverages and (ii) varying deposit quantities are experienced within the food 

industry. The first section of this chapter thus examines the effect of protein coverage on 

the cleaning rate using a uniform flowrate to establish a base case against which the 

improvements due to pulsing can be tested. Later sections describe this effect of pulsed 

flows. 

5.2 The Effect of Protein Coverage on Cleaning 

As a result of the range of protein coverage values generated during fouling (see figure 

3.2), it was possible to study the effect of protein coverage on the cleaning rate. Analysis 

of this effect is important as different deposit quantities can be found even within a single 

heat exchanger (for example Delplace & Leuliet, 1995). Results from these experiments 

are thus relevant to real situations. This section examines the effect of protein amount on 

the shape of cleaning curves and the change in removal rates and cleaning times. These 

parameters have previously been discussed in section 3.3.4. Table 5.1 describes these 

experiments and lists them by experiment reference number. The characteristic cleaning 

parameters of the curves studied in this section are also listed in table 5.1. 
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Figure 5.1 shows a plot of cleaning rate versus time for different protein coverages, all 

other conditions being the same. The deposit coverage of experiment #3 (107 g/m2) is 

similar to those of the experiments described in chapter 4. Increasing the deposit coverage 

from 107 g/m2 to 157 g/m2, ie. by 47%, increases the mean plateau cleaning rate by 31% 

and the time to remove protein from the tube by 23%. The most noticeable difference 

between the curves is the cleaning time. Unlike the effect of velocity, this is not because 

the exponential 'tail' on the cleaning curve, i.e. 'tT' is longer. Instead, the time that the 

cleaning rate remains within 10% of the mean plateau cleaning rate increases with loading; 

it is 60% longer for experiment #24. At a reduced deposit coverage of 71 g/m2 the 

'plateau' disappears and the system shows a peak. This is similar to the curves reported by 

Bird (1993) however, is different to the majority of the cleaning curves seen here . The 

mean value of the plateau cleaning rate for all three experiments, as shown in table 5.1 , is 

0.15 ± 0.02 g/m2.s. 

Figure 5.2(a) plots both the time required to remove protein from the walls of the tube, 'tM , 

and the time for the decrease in the cleaning rate, 'tT versus the protein coverage, C for all 

100 ml/min uniform flow cleaning runs. An increase in both 't M and 'tT with protein 

coverage is seen. The line of best fit for the total cleaning time, 'tM=9.77+0.103C, is steeper 

than that for 'tT, the 'tail', 'tT=6.56+0.05C. For a 10% change in the deposit coverage 'tM 

will change by 1 % whilst 'tT will change by 0.5%. This suggests that the length of the 

exponential 'tail' is less of a function of protein coverage than the length of the plateau. 'tT 

is therefore closely related to the shear stresses at the end of the cleaning run, which is not 

sensitive to the initial coverage of deposit. This data suggests that: 

(i) in the plateau region all of the surface is covered, the length of the plateau 

region depends on the amount of coverage of deposit and, 

(ii) the tail region corresponds to incomplete coverage, where patches of deposit 

are found on the surface; here removal is a strong function of the flow 

conditions, less so of temperature. 

A summary of the mean deposit removal rates, rm and the mean plateau cleaning rates, P, 

defined in section 3.3.4 and listed in table 5.1, is made in figure 5.2(b) . The figure plots rm 

and P versus protein coverage for all uniform flow cleaning curves at 100 mllmin. The 

mean deposit removal rate best fit line (rm=0.051 +0.00033C) shows an increase in mean 

deposit removal rate with increasing deposit coverage. 

Two possible explanations of this effect are suggested. The first relates to the fluid 

mechanics of the system. As protein coverage increases from 71 g/m2 to 157 g/m2 the 
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deposit thickness increases from circa. 400 flm to 890 flm, estimating the thickness of the 

deposit, Xf from: 
C 

Deposit thickness = -----
p/1-£)1000 

(5.1) 

where C is the protein coverage (g/m2), Pp the density of protein (taken as 1100 kg/m3) and 

£ the voidage of the deposit (taken as 0.6). These values were estimated in section 4.2.3. It 

is also assumed the reaction of the cleaning solution with the deposit swells it by a factor 

of 2.5, as discussed in chapter 2. This narrows the effective area for flow and increases the 

liquid velocity from 0.0775 rnIs to 0.117 rnIs and Reynolds number from 676 to 831 for 

the conditions of table 5.1. A 121 % greater deposit coverage (71 g/m2 to 157 g/m2) causes 

the fluid velocity to increase by 51 %, which will increase the removal rate, as a result of 

increased surface shear force and mass transfer rate, as discussed in section 4.3.2. It would 

be interesting to test this theory by cleaning deposit from a tube with a diameter twice that 

used here. This should result in the velocity not changing significantly with increased 

protein coverage. The minimal effect of the deposit on the flow might reduce the change in 

the mean deposit removal rate against protein coverage. These affects of reduced cross 

sectional area for flow as a result of swelling will be critical within plate heat exchangers. 

The second hypothesis to describe the effect of increased mean deposit removal rate with 

protein coverage is related to the method of formation of the deposit. Whey protein deposit 

formation in tubular heat exchangers has been shown by Gotham (1990) to result from 

reactions within both the bulk and the surface region of the tube. Bulk effects are more 

likely to dominate where protein bulk temperatures are greater than 74°C; this is the region 

of the tube where large deposit quantities, greater than 100 g/m2 are found. However, 

surface effects will dominate at bulk temperatures below 74°C; this is the region of the 

tube where small deposit quantities, less than 100 g/m2 are seen. The morphology of the 

deposits is similar (Belmar-Beiny & Fryer, 1993), however it may be that these different 

fouling processes cause the formation of deposits which will clean in different ways. 

Further cleaning experiments are required to confirm this theory. 

The line of best fit of the mean plateau cleaning rate (P=0.064+0.00072C) shows a greater 

increase with deposit coverage than the mean deposit removal rate. The reasons for the 

increase in the mean deposit removal rate with protein coverage are similar to those for the 

mean plateau cleaning rate. The major difference between the two best fit lines is the mean 

plateau cleaning rate is higher than the mean deposit removal rate. This is consistent with 

the definition of the two deposit removal parameters, described in section 3.3.4. 

135 



Chapter 5: Pulsed Flow Cleaning 

5.3 Cleaning Using the Bellows Pulsed Flow Rig 

Initial pulsed flow experiments used the bellows pulsed flow rig, described in section 

3.4.1, which could produce pulses at a range of frequencies (0 to 2 Hz) and full and half 

pulse amplitudes. The pulses generated by this rig were characterised in section 3.4.2, and 

are summarised in table 3.3. This section discusses the effect of pulses, generated by the 

bellows rig, on the shape of cleaning curves, cleaning rates and cleaning times. The results 

are compared to uniform flow cleaning results discussed in the previous section. The 

pulsed flow cleaning conditions which are examined here and the measured cleaning 

parameters, as a result of these experiments, are listed as shown in table 5.10. 

Amplitude Pulse frequency Cleaning 

condition parameter list 

'Full' 0.2Hz table 5.2 

'Full' 2Hz table 5.3 

'Half' 0.2Hz table 5.4 

'Half' 2Hz table 5.5 

Table 5.10 Experiments carried out using the bellows pulsed flow rig and a list of the 

tables detailing the cleaning parameters. 

5.3.1 The Effect of Pulsing on the Shape of Cleaning Curves 
Figure 5.3(a) shows a plot of cleaning rate versus time for uniform flow and pulsed flow at 

0.2 and 2 Hz. All other experimental conditions, for the three cleaning curves, have been 

kept constant. The general shape of the cleaning curves, as defined in section 3.3.4, is 

affected significantly by pulsing: 

(i) The cleaning time decreases from 22.5 to 11 minutes, a reduction of 51 %. Region Ill, 

the decrease in the cleaning rate, 'tT, is almost eliminated by pulsing, from 11.5 minutes, 

without pulsing to 2.5 minutes for 2 Hz pulsing; this is the same result as observed with 

higher flowrate cleaning in section 4.3.2. 

(ii) The cleaning rates in the early stages of the process increase; the plateau cleaning rate 

increases by 22% for a pulse frequency of 0.2 Hz and by 33% for a pulse frequency of 2 

Hz. The concept of a 'plateau' cleaning rate is less appropriate for pulsing than for uniform 

flow; the cleaning rate increases to a peak which becomes more marked with increased 

frequency. 
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(iii) The earliest stages of the process, during swelling of the deposit, are not affected by 

pulsing. Differences only become established after 2 to 3 minutes. 

The data for 'full' amplitude pulses can be compared with that at 'half' amplitude. The 

cleaning parameters for 0.2 Hz pulses at 'half' amplitude are listed in table 5.4 and for 2 

Hz pulses at 'half' amplitude in table 5.5. Figure 5.3(b) plots cleaning rate versus time for 

uniform flow and pulsed flow at a frequency of 0.2 and 2 Hz, both at 'half' amplitude. The 

'half' amplitude pulsed cleaning curves are similar to those in figure 5.3(a) but: 

(i) The decrease in cleaning time and region III of removal is less marked, from 22.5 to 15 

minutes (for total cleaning time) and from 11.5 to 5 minutes (for region Ill). 

(ii) Increases in plateau cleaning rates, and a 'cleaning peak' are similarly less marked. 

5.3.2 The Effect of Pulsing on the Mean Deposit Removal Rate 
Mean deposit removal rates for both uniform flow and bellows pulsed flow cleaning 

experiments are shown as a function of protein coverage in figure 5.4(a), and can be 

compared to the uniform flow data of figure 5.2(b). Best fit lines for the three cases of: 

uniform flow, pulsed flow at 0.2 Hz and pulsed flow at 2 Hz, both for 'full' amplitude 

have been plotted. The three data sets are clearly separate, showing that pulsing can 

enhance the cleaning rate. The best fit lines are: rm=0.051 +0.00033C for uniform flow, 

rm=0.062+0.00073C for pulsed flow at 0.2 Hz and rm=-0.023+0.0018C for pulsed flow at 2 

Hz; the 2 Hz line has a much higher slope than the others suggesting that the surface 

coverage has a greater effect at higher cleaning rates. The effect of 'half' amplitude pulses 

is less; most 'half' amplitude points (2 Hz and 0.2 Hz frequency) lie below the 0.2 Hz 

'full' amplitude best fit line. 

A cleaning rate enhancement ratio, RPulse can be defined as: 

(5 .2) 

where rmp is the mean deposit removal rate for pulsed flow and rmu refers to the comparable 

mean deposit removal rate for uniform flow; figure 5.4(b) plots RPulse as a percentage 

versus the protein coverage for 2 Hz and 0.2 Hz pulsed flow at 'full' amplitude. These can 

be calculated from the best fit straight lines through the data. The enhancement for 2 Hz 

pulsed flow ranges from 180% to 250%, and for 0.2 Hz pulsed flow which ranges from 

150% to 170%. In both cases enhancement is greatest at higher protein coverages. 
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(iii) The earliest stages of the process, during swelling of the deposit, are not affected by 

pulsing. Differences only become established after 2 to 3 minutes. 

The data for 'full' amplitude pulses can be compared with that at 'half' amplitude. The 

cleaning parameters for 0.2 Hz pulses at 'half' amplitude are listed in table 5.4 and for 2 

Hz pulses at 'half' amplitude in table 5.5. Figure 5.3(b) plots cleaning rate versus time for 

uniform flow and pulsed flow at a frequency of 0.2 and 2 Hz, both at 'half' amplitude. The 

'half' amplitude pulsed cleaning curves are similar to those in figure 5.3(a) but: 

(i) The decrease in cleaning time and region III of removal is less marked, from 22.5 to 15 

minutes (for total cleaning time) and from 11.5 to 5 minutes (for region Ill). 

(ii) Increases in plateau cleaning rates, and a 'cleaning peak' are similarly less marked. 

5.3.2 The Effect of Pulsing on the Mean Deposit Removal Rate 
Mean deposit removal rates for both uniform flow and bellows pulsed flow cleaning 

experiments are shown as a function of protein coverage in figure 5.4(a), and can be 

compared to the uniform flow data of figure 5.2(b). Best fit lines for the three cases of: 

uniform flow, pulsed flow at 0.2 Hz and pulsed flow at 2 Hz, both for 'full' amplitude 

have been plotted. The three data sets are clearly separate, showing that pulsing can 

enhance the cleaning rate. The best fit lines are: rm=0.051 +0.00033C for uniform flow, 

rm=0.062+0.00073C for pulsed flow at 0.2 Hz and rm=-0.023+0.0018C for pulsed flow at 2 

Hz; the 2 Hz line has a much higher slope than the others suggesting that the surface 

coverage has a greater effect at higher cleaning rates. The effect of 'half' amplitude pulses 

is less; most 'half' amplitude points (2 Hz and 0.2 Hz frequency) lie below the 0.2 Hz 

'full' amplitude best fit line. 

A cleaning rate enhancement ratio, RPulse can be defined as: 

(5.2) 

where rmp is the mean deposit removal rate for pulsed flow and rmu refers to the comparable 

mean deposit removal rate for uniform flow; figure 5.4(b) plots RPulse as a percentage 

versus the protein coverage for 2 Hz and 0.2 Hz pulsed flow at 'full' amplitude. These can 

be calculated from the best fit straight lines through the data. The enhancement for 2 Hz 

pulsed flow ranges from 180% to 250%, and for 0.2 Hz pulsed flow which ranges from 

150% to 170%. In both cases enhancement is greatest at higher protein coverages. 
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5.3.3 The Effect of Pulsing on the Cleaning Time 
The time to remove protein from the tube, 'tM, for all the bellows pulsed flow and uniform 

flow cleaning curves is plotted as a function of the protein coverage in figure 5.5(a). The 

uniform flow data has already been plotted in figure 5.2(a). The best fit lines at 'full' 

amplitude for both the 0.2 Hz pulsed flow ('tM=7.04+0.0512C) and the 2 Hz pulsed flow 

('tM=11.2-0.00363C) show a reduced time to clean, compared to the uniform flow best fit 

line ('tM=9.77+0.l03C). Similarly, the half amplitude pulses show a reduced time to clean, 

compared to the uniform flow cleaning time; these points lie between the uniform flow 

best fit line and the 0.2 Hz pulsed flow best fit line. 

A cleaning time ratio, TPulse can be defined as: 

'tMP 
T Pulse = -'t

MU 
(5.3) 

where 'tMP refers to the total time to remove protein from the tube for pulsed flow and 'tMU 

refers to the total time to remove protein from the tube for uniform flow. Figure 5.5(b) 

plots T Pulse as a percentage versus the protein coverage for 2 Hz and 0.2 Hz pulsed flow at 

'full' amplitude. As before, the ratio was calculated from the best fit straight lines through 

the data. The ratio for 2 Hz pulsed flow ranges from 58% to 38% compared to 0.2 Hz 

pulsed flow which ranges from 62% to 58%. In both cases the ratio is lowest at higher 

protein coverages. This shows that the effect of pulsing on the cleaning time increases with 
"-

protein coverage and with a higher pulse frequency. The lines show the same trends as the 

mean deposit removal rate in figure 5.5(a). 

5.3.4 Bellows Pulsed Flow Rig: Experimental Conclusions 
The results from this rig showed that pulsing the flow of cleaning solution, during cleaning 

a tube, can enhance the cleaning rate significantly from uniform flow cleaning rates. The 

experiments showed a maximum cleaning rate enhancement ratio of 250% at a pulse 

frequency of 2 Hz, a 'full' pulse amplitude and a protein coverage of 160 g/m2. The 

enhancement became less at lower frequencies, lower pulse amplitudes and lower protein 

coverages. Comparing uniform flow cleaning curves with pulsed flow cleaning curves 

showed the major improvement in mean deposit removal rate is in the final stages of 

cleaning; the slow exponential decay of the uniform flow curves was replaced, for pulsed 

flow, by a much faster drop in the cleaning rate to zero. 

The major limitation with the pulses generated by the bellows pulse rig was that reverse 

flow pulses were produced, as illustrated in figure 3.10 and described in section 3.4.2. 

These pulses were of a similar displaced volume and velocity as the forward flow pulses, 
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except in the opposite direction. Farries & Patel (1993) showed that reversing the flow had 

beneficial cleaning effects; however, this work has quantified this effect in much more 

detail. To understand whether the forward pulses or the reverse pulses were causing the 

cleaning rate enhancement, the bellows pulsing rig needed to be redesigned to eliminate 

the production of reverse pulses. 

Further limitations with this rig included the lack of accurate information about the pulse 

characterisation, see section 3.4.2, and the non-reproducible nature of the bellows pulses, 

illustrated in the statistical analysis of pressure profiles, figure 3.8. A new rig, described in 

section 3.4.5, was designed to incorporate design modifications to reduce these limitations. 

5.4 Cleaning Using the Piston Pulsed Flow Rig 

As described in section 3.4.5, the piston pulsed flow rig was designed on the basis of 

experimental data from the bellows pulsed flow rig. The main features of the new rig were: 

(i) a piston rather than a bellows, for greater pulse reproducibility, 

(ii) a more powerful pulse generator (a force of 330 N rather than 20 N could be 

achieved), 

(iii) no reverse flow in the test piece, 

(iv) and an accurate method, incorporating a displacement transducer, for pulse 

velocity measurement. 
" 

The rig is illustrated in figure 3.11. Characterisation of the pulses, including an estimation 

of the mean pulse velocity was carried out, using the pressure transducer, to compare the 

reproducibility of the pulses with the pulses generated by the bellows rig. A more accurate 

measurement of the mean pulse velocity was made using a displacement transducer. 

Details of the velocity profile in the test section for the conditions used here are given in 

figure 3.14 and described in section 3.4.6. 

This section compares the cleaning characteristics of the pulses generated from the two 

rigs. The effect of pulses, with and without reverse flow, on cleaning curves are also 

studied. Tables 5.6 and 5.7 describe these experiments by experiment reference number. 

The characteristic cleaning parameters for pulsed flow are listed for 0.2 Hz, with reverse 

flow in table 5.6 and for 0.2 Hz, without reverse flow in table 5.7. 
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5.4.1 Comparison of Cleaning Rates in the Piston Pulse and the 
Bellows Rig 
The pulses generated by the two rigs have been characterised in section 3.4.6. The mean 

pulse velocity for the bellows pulsed flow rig was 0.84 m1s compared to 0.52 m1s for the 

piston pulsed flow rig. The average displaced volume for the bellows pulsed flow rig was 

1.59 ml compared to 1.92 ml for the piston pulsed flow rig. 

An initial test was made to compare the pulsed flow cleaning profiles generated by the 

piston pulsed flow rig, with those generated by the bellows pulsed flow rig . The curves, 

produced by the piston pulsed flow rig, were similar in shape to those of figure 5.3(a) ; a 

decrease in the overall cleaning time, by reducing the time of the decrease in the cleaning 

rate, 'tT, and an increase in the cleaning rate to a 'peak'. Figure 5.6 plots the mean deposit 

removal rate, I'm' versus protein coverage comparing the effect of pulses generated by the 

bellows rig and the piston rig on the cleaning rate. All experiments were conducted with a 

pulse frequency of 0.2 Hz, as described in section 3.4.6. The change in the mean deposit 

removal rate with protein coverage for both the bellows rig and the piston rig is very 

similar. The two best fit lines for the bellows rig (rm=0.0621 +0.000734C) and the piston 

rig (rm=0.0883+0.000481 C) overlap. 

The similarity in the mean deposit removal rates for the pulses generated by the two 

different rigs is unexpected, given the difference in the mean pulse velocity for the two 

rigs. The pulse characteristics for both the bellows and the piston rig are compared in table 
"-

5.11. 

Bellows pulse rig Piston pulse rig 

Mean pulse velocity, VD (m1s) 0.84 0.52 

Pulse acceleration time, 'tpa (s) 0.0084 0.025 

Total pulse time, 'tpt (s) 0.066 0.14 

Displaced volume (ml) 1.59 1.96 

Maximum shear force (N/m2) 2.9 1.3 

Change in momentum (N) 1.42 0.30 

Table 5.11 Comparison of the fluid pulse characteristics between pulses generated by the 

bellows rig and the piston rig. 

In this table mean pulse velocity, acceleration pulse time, total pulse time and displaced 

volume data were obtained as described in sections: 3.4.2 and 3.4.6. The maximum shear 

stress was calculated for the conditions at the mean pulse velocity, using the turbulent 
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correlation of equation (2.3), section 2.3.2. The change in the momentum was calculated 

by: 

Change III momentum = (mv p) 
't pa 

(5.4) 

where m is the displaced mass of liquid (0.0142 kg for the bellows rig and 0.0146 kg for 

the piston rig, calculated as described in appendix A), vp is the mean pulse velocity and 'tpa 

is the acceleration time of the pulse. All these parameters suggest that the bellows pulses 

will result in a greater cleaning rate enhancement than the piston pulses, whereas the 

cleaning rate enhancement is similar for both pulses. The reason may be because the total 

time of the pulse, 'tp1 for the piston is 0.14 s, compared to the bellows pulse which is 0.066 

s; 2.1 times greater, which will result in the mean pulse velocity being applied to the 

deposit surface for a longer period of time. 

5.4.2 Pulsed Flow Cleaning With and Without Reverse Flow 
All pulses generated by the bellows rig, and those discussed to date from the piston rig 

have had a reverse flow for part of the pulsing cycle, as discussed and illustrated in section 

3.4.2. This type of flow is referred to here as 'reverse flow'. Using the piston pulsed flow 

rig and the methodology of section 3.4.5, it was possible to generate pulses without reverse 

flow, referred to as 'non-reverse flow'. Cleaning experiments, incorporating non-reverse 

flow at 0.2 Hz, wer~ conducted under the same experimental conditions as those described 

in the previous section. 

Figure 5.7(a) compares representative cleaning curves using reverse flow and non-reverse 

flow. The general shape of the cleaning curve produced by reverse flow has been described 

in section 5.3.1. The shapes, produced by reverse flow (experiment #35) and non-reverse 

flow (experiment #70) are significantly different. Non-reverse flow takes longer to clean 

and all three regions are different. Region I of the non-reverse flow cleaning curve is less 

steep and it takes 1 minute longer to reach the mean plateau cleaning rate, P. In region 11 

the cleaning rate is 30% smaller, has less fluctuations and does not have the peak, 

particularly noticeable in experiment #35, characteristic of reverse flow. The gradient in 

the final stages of region III is less steep in the non- reverse flow cleaning curves. 

Figure 5.7(b) shows the effect of protein coverage on the cleaning rate for non-reverse 

flow cleaning, including experiment #70 of figure 5.7(a). By reducing the protein 

coverage, from 156 g/m2 to 112 g/m2, the mean plateau cleaning rate does not change 

significantly but the cleaning time, 'Cm, is reduced by 31 %. Reducing the protein coverage 
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further from 112 g/m2 to 68 g/m2, the mean plateau cleaning rate does not change but 'tm is 

reduced by 26%. This decrease is not due to a change in 'tT but to a change in the length of 

region 11, as defined in section 3.3.4. For the three experiments, 'tT varies by 4.5 minutes 

±33%, whereas the average length of region I and 11 varies by 7 minutes ± 71 %. This 

effect is similar to that of uniform flow in section 5.2. This suggests region III represents 

the removal of the final 'patches' of deposit. 

The mean deposit removal rate of non-reverse flow cleaning curves has been plotted 

against protein coverage and displayed in figure 5.6. The best fit line 

(rm=0.0927+0.000169C) shows the mean deposit removal rate is lower than that for reverse 

flow. RPulse, defined in equation 5.2, ranges from 142% at a protein coverage of 70 g/m2 to 

117% at a protein coverage of 156 g/m2. Comparing these enhancement ratios with those 

for reverse flow (153% at a protein coverage of 70 g/m2 to 173% at a protein coverage of 

156 g/m2) shows similar enhancement at low protein coverage but 32% less enhancement 

at high protein coverage. The presence of reverse flow thus is significant in enhancing the 

cleaning rate. 

5.5 Pulse Study Using the MHFS 

The Micro-foil heat flux sensor (MHFS), as discussed in chapter 4, has been used to 

measure the heat flux between a flowing fluid and a heat sink block. The analysis of the 

heat flux could be related to the overall HTC using equation (4.1) . The sensor has been 

used here to provide information about pulsed reverse flow and non-reverse flow, 

produced by the piston rig. The piston pulsed flow rig was set up as illustrated in figure 

3.11. The MHFS was mounted on the test piece and the block temperature was maintained 

at 40°C. Both the displacement transducer and the MHFS data were logged simultaneously 

using the Labtech ™ control software at a frequency of 30 Hz. All experiments were 

conducted at a net flowrate of 100 ml/min and a bulk water temperature of 20°C. 

Before experiments were carried out, the thermal response time of the MHFS was 

estimated. This is governed by the MHFS thermal diffusivity, a (a = As/PsCps). The 

values for the MHFS are: As = 0.144 W/mK, Ps = 1420 kg/m3 and Cps = 1.09 kJ/kgK (all 

taken from the Rhopoint Catalogue, Oxted. Surrey). This gives a thermal diffusivity, a = 

9.3 x 10-8 m2/s. Incropera & DeWitt (1990) define a thermal penetration thickness, Ot as: 

Ot = 4~ate where te is the response time of the sensor. Using the thickness of the sensor = 

0.076 mm, gives a value of te = 0.0039 seconds. This value sets the fastest data logging 

frequency of 250 Hz. A higher value of te = 0.02 seconds is quoted in the Rhopoint 

Catalogue; this corresponds to a maximum data logging frequency of 50 Hz. Thermal 
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inertia of the system will ensure that steady-state conditions are not immediately 

established; here the steady-state assumption (equation (3.6)) breaks down and U measured 

is not correct. 

5.5.1 Pulsed Reverse Flow 
The first experiment studied the change in the overall HTC with reverse flow. Figure 

5.8(a) plots the velocity of liquid in the the test piece and the overall HTC versus time. 

Four pulses are displayed. The velocity in the test piece was calculated using the measured 

displacement of the piston, as described in section 3.4.6. Data logging was at 30 Hz, which 

is slower than the maximum data logging frequency to ensure the system is not limited by 

the thermal inertia of the sensor. As the piston moves in the positive direction, defined in 

figure 3.11, the overall HTC, U rises sharply to a peak at approximately 1 kW/m2K. The 

HTC then decreases to approximately 0.7 kW/m2K, at which point the piston moves in the 

negative direction. The HTC decreases sharply to 0.6 kW/m2K and then rises again sharply 

to approximately 0.7 kW/m2K before the next pulse. The repeatability of the HTC for 

different pulses is extremely good. The periodicity of the HTC is closely related to that of 

the pulse velocity, suggesting that the inertial forces of the system are small. 

The MHFS detects a strong effect of the positive pulse but less of the flow reversal, which 

as illustrated in figure 3.10, occurs when the net velocity in the positive direction (0.0581 

m1s) is less than the velocity of the pulse in the negative (reverse) direction (0.52 m1s). The 

change in the HTC, during the movement of the piston in the negative direction, can be 
"-

explained using a knowledge of the liquid velocity in the tube. A drop in the HTC to 

approximately 0 .6 kW/m2K occurs as the velocity becomes negative. The HTC then rises 

and fluctuates around 0.68 kW/m2K as the velocity becomes positive again. 

5.5.2 Pulsed Non-Reverse Flow 
Pulsed non-reverse flow has also been analysed using the MHFS; figure 5.8(b) shows a 

plot of the velocity of liquid in the the test piece and the overall HTC versus time, under 

the same experimental conditions as figure 5.8(a). The overall flowrate for the experiment 

was also 100 ml/min; the uniform flow rate from the primary supply (figure 3.11) should be 

76 ml/min, this, plus pulses of 2 ml occurring at a frequency of 0.2 Hz result in an overall 

flowrate of 100 ml/min. The pulse of 2 ml occurs over 0.13 seconds (figure 3.14) so at the 

point the piston moves in the positive direction a flowrate of 1 lImin is experienced by the 

MHFS. This high flowrate for a short period of time explains the positive velocity peak of 

approximately 0.6 m1s. On the reverse stroke of the piston, a net flowrate of 76 ml/min is 

experienced in the test piece which explains the small increase in velocity at circa. 3 

seconds to 0.044 m1s. This change in the velocity over the sensor surface can be used to 

explain the HTC profile measured by the MHFS . The HTC pulse, as the piston moves in 
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the positive direction, is similar in shape to the HTC pulses of figure 5.8(a) except the 

HTC pulse height is approximately 0.08 kW/m2K higher. The HTC decays to 

approximately 0.65 kW/m2K over 2.5 seconds and it remains at this value until the next 

pulse. The movement of the piston in the negative direction for pulsed non-reverse flow 

causes a slight peak in the HTC of approximately 0.04 kW Im2K, shown circa 3 seconds. 

5.6 Heat Transfer Enhancement Due to Pulsing 

As discussed in section 5.5, the MHFS can be used to measure the change in the HTC with 

pulsing. Figure 5.8 shows the shape of the HTC profile during pulsed reverse flow and 

pulsed non-reverse flow. It is possible to define a time averaged HTC, Upulse, to express the 

mean of the variation in, Uo with time: 

~p 

UpuIse = -1-f Uo(t)dt 
60'tp 0 

(5.5) 

where 'tp is the total time the experiment was run (in mins, hence the factor of 60) and dt is 

the time increment between individual HTC values. Numerical integration was used: 

t (UO•i + ~O.(i+l») L1t 

U - ...!i.=,,=O"--_____ _ 
pulse - (5 .6) 

where UO.i and UO.(i+I) are individual values of the clean HTC at point i and point i+ 1, n is 

the total number of points and t is the increment between individual HTC values. The 

HTC was typically averaged over 20 pulses. 

Usteady, the time averaged HTC for steady flow was calculated by carrying out a similar 

time averaged analysis to equation (5.6), under steady flow conditions, for net steady 

flowrates from 100 mllmin to 1200 mllmin, which correspond to Reynolds numbers of 580 

to 7000 respectively. Upulse was converted into a fluid-surface HTC, hpulse by subtracting the 

thermal resistance of the sensor, taken from the relationship of the sum of thermal 

resistances (equation (4.3)): 

(5.7) 
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where the value for x/As, the thermal resistance of the sensor, is 0.528 m2K/kW (taken 

from figure 4.1). A similar calculation is made for hsteady, the time averaged fluid-surface 

HTC for steady flow. To calculate enhancement as a result of pulsing, a ratio of hpulse to 

hsteady was made. 

Figure 5.9(a) shows the enhancement in the HTC for pulsed reverse flow as a function of 

the steady flow Reynolds number; enhancement is only significant under laminar flow 

conditions and increases with pulse frequency. Similarly, figure 5.9(b) shows the 

enhancement in the HTC as a result of pulsed non-reverse flow against the steady flow 

Reynolds number. The steady flow Reynolds number for non-reverse flow is based on a 

velocity calculated from the sum of: (i) the total average flowrate of the liquid from both 

the primary supply line, as illustrated in figure 3.11 and (ii) the average flowrate from the 

pulse unit, which can be calculated by: 

Average flowrate from pulse unit = f X displaced volume (5.8) 

where f is the pulse frequency and the displaced volume was 1.96 ml. The enhancement 

for pulsed non-reverse flow is considerably less, by a factor of circa 0.6 than that for 

pulsed reverse flow. The maximum enhancement for pulsed reverse flow is circa 2 and 

occurs at a Reynolds number of 500 and a pulse frequency of 1 Hz. Common to both 

pulsed flow situations is (i) no enhancement at Re > 1000 and (ii) some enhancement only 

for Re < 2000. 

Results are consistent with the previous heat transfer enhancement work, discussed in 

section 2.6.2. Enhancement, at low Reynolds numbers, is due to the unsteady state nature 

of pulsed flow increasing the eddies close to the boundary layer. At high frequencies 

(greater than 1 Hz) the pulsed flow rig causes cavitation, which has been seen as bubbles 

and foaming leaving the heat exchanger exit. This effect, which is not seen here, will 

dramatically enhance the HTC. The heat transfer enhancement possible due to flow 

pulsing has been discussed further in section 2.6.2. 

5.7 Thermal Recovery During Uniform and Pulsed 
Flow Cleaning 

Simultaneous measurement of the thermal recovery and the mass removal was studied for 

uniform flow cleaning in chapter 4. This section applies the MHFS to pulsed flow 

cleaning; results are compared to thermal recovery during uniform flow cleaning. The 
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MHFS is also used to compare the effect of cleaning using pulsed flow at high Reynolds 

numbers with the effect of cleaning using uniform flow at high Reynolds numbers. 

5.7.1 Measurement of the Thermal Recovery During Pulsed Flow 
Cleaning 
The HTC was calculated, during uniform flow cleaning experiments, using measurements 

from the MHFS. The same three regions are seen as for uniform flow cleaning, which was 

described and illustrated in figure 4.12. Figure 5.10(a) shows the cleaning rate and the 

HTC versus time during a typical pulsed flow cleaning experiment at 100 mllmin, using 

the bellows rig. Table 5.8 lists the mass removal parameters and thermal recovery 

characteristics for this plot, as defined in chapter 3. The HTC profile can be discussed in 

terms of the three regions: 

Region i: Over this region, 0 to 6.5 minutes, the HTC remains steady, in the range 

0.55 to 0.50 kW/m2K. However, for the first few minutes (0 to circa, 4.5) there is a greater 

fluctuation in the HTC with time than from 4.5 to 6.5 minutes. Fluctuation results from the 

change in the fluid-surface HTC, hL. The overall change is probably due to a balance 

between the changes in thermal resistance of the deposit, due to swelling, and the increase 

in hL(t), due to the deposit swelling and constricting the flow path. The overall HTC can be 

represented by the following relationship: 

(5.9) 

where Uo(t) will fluctuate with time as a result of pulsing, Af is the effective thermal 

conductivity of the deposit and Xf is the thickness of the deposit layer. As the deposit reacts 

with the cleaning solution the deposit layer swells by a factor of 2.5 (GraBhoff, 1996); Xr 

will increase by a factor of 2.5 . Uo(t) will also rise by a factor of circa. 1.3, assuming no 

deposit is removed. The overall effect is for (i) U(t) to become less of a function of Uo(t) 

and more of a function of Xf I Ar, resulting in less fluctuation of the HTC with time and (ii) 

U(t) not to change substantially over region i. Again it would be expected that this balance 

would be different in a wider tube; if Uo(t) did not increase with the swelling then it would 

be expected that both U(t) and the pulsing effect would decrease with swelling. 

Region ii: Here there is a sharp rise in the HTC to an approximate value of I 

kW/m2K. The duration of region ii (l minute) is a lot smaller than that seen in the 

equivalent uniform flow plot (2.5 minutes) displayed in figure 4.12. The fluctuation of the 

HTC increases over this region, suggesting a decrease in the fouling resistance. 
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Region iii: A peak in the fluctuating HTC, range of 0.97 ± 0.07 kW/m2K, is 

experienced before the HTC reaches a constant fluctuating range of 0.85 ± 0.07 kW/m2K. 

The peak in the fluctuating HTC has been experienced before with the uniform flow HTC 

experiments, discussed in section 4.4, and is linked to the fact that patches of deposit exist 

on thetube surface which result in eddies and therefore increased heat transfer. 

The fouling resistance can be calculated directly from the HTC profile using the method of 

section 3.5.4. Fouling resistance profiles for uniform flow cleaning experiments have been 

discussed in section 4.4.2. The main difference between calculating fouling resistances for 

pulsed and uniform flow (from equation (3.8)) is that the pulsed values vary with time, 

because an average value of Uo is used rather than a time dependant value of Uo. The 

method, described in section 5.6 and equation (5.5), is used to calculate the time averaged 

value of Uo. 

Figure 5.1O(b) plots the fouling resistance, using equation (3.8), and the cleaning rate 

versus time for the same pulsed flow cleaning experiment as displayed in figure 5.1 O( a). 

The fouling resistance profile shows an increase from approximately 0.70 m2K/kW to 0.85 

m2K1kW over the first 6.5 minutes. A sharp drop in the fouling resistance to zero then 

occurs, approximately 1.5 minutes quicker than that for the uniform flow profiles . A 

similar fluctuation in the fouling resistance with time occurs as already experienced and 

explained for the HTC profile. 

5.7.2 Comparison of Pulsed Flow with Uniform Flow Cleaning at High 
Reynolds Numbers 
This chapter has shown pulsing is successful at enhancing cleaning rates at low net 

flowrates (lOO mllmin and Re=580). High flowrates are used, in this section, to compare 

the effect of pulsing and uniform flow on deposit removal. At high flowrates, the effluent 

protein concentration is too small to detect by the protein assays of section 3.3.2; only the 

MHFS can be used. 

Figure 5.11 compares the change with fouling resistance as a function of time for uniform 

and pulsed flow cleaning for flowrates of 1.56 l/min (Reynolds number of 9120). Table 5.9 

lists the thermal recovery characteristics for both plots, as defined in chapter 3. The two 

curves are close together throughout the cleaning time. The time for thermal recovery, "CH' 

for uniform flow is 6.5 minutes and for pulsed flow is 5.5 minutes. The maximum fouling 

resistance for both plots are similar (0.82 and 0.80 m2K/kW). The total protein coverage, 

calculated by taking an assay of the total collected effluent, was 79 g/m2 for the pulsed 

flow plot and 70 g/m2 for the uniform flow plot. These results suggest pulsed flow cleaning 

at high flowrates has a lesser effect on cleaning characteristics than at low flows. 
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Comparison of the curves of experiment #73 (figure 5.1O(b)) and experiment #75 (figure 

5.11) suggests two major differences in the pulsed flow fouling resistance profiles as a 

result of velocity: 

(i) The shape of the curve for experiment #73 is much 'squarer' than that of 

experiment #75 . The gradient of the fouling resistance curve of experiment #73 , from 

Rfmax to zero, is greater than experiment #75. It was noted that the faster the recovery of 

heat transfer, the faster the overall cleaning rate. 

(ii) The fluctuations in the fouling resistance with time are considerably greater for 

experiment #73; these are due to the mean pulse velocity being significantly greater than 

the mean superficial velocity of the steady flow. Where the fluctuation is reduced during 

cleaning, as in experiment #73 between 4.5 and 6.5 minutes, the thermal resistance of the 

deposit has increased and dominates the overall resistance of the system. No fluctuations 

exist in experiment #75 as the difference between the mean pulse velocity (0.52 m/s) and 

the mean superficial velocity (0.38 m/s) is much less significant compared to the difference 

between the mean pulse velocity (0.84 m/s) and the mean superficial velocity (0.0581 m/s) 

for experiment #73. 

Overall comparison between reverse and non-reverse pulsed flow experiments shows a 

distinct difference in the shape of the fouling resistance curves. This is clear evidence, 
----despite the fact that pulsing occurs in both cases, that the fluid mechanics of the two are 

different; cleaning enhancement appears to be greater in experiment #73 for reverse flow 

cleaning. 

5.8 Reasons for Cleaning Enhancement 

Chapter 2 noted that cleaning food process plant is often considered as a balance between 

physical (surface shear forces, mass transfer etc.) and chemical effects. This section 

analyses these effects to suggest possible mechanisms for enhanced cleaning due to 

pulsing; pulsing will enhance only the physical effects. 

Factors which affect physical cleaning include the surface shear stress, mechanical fracture 

within the deposit and the rate of mass transfer of deposit particles into the bulk flow. 

Figure 5.12 shows the forces on the deposit undergoing fluid acceleration, as experienced 

during pulsing. The cohesive (deposit/deposit) and the adhesive (deposit/surface) forces . 

exist in reaction to the surface shear force. Critical limits may exist for the cohesive and 

the adhesive forces, above which the deposit breaks up. 
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As discussed in sections 3.4.2 and 3.4.6, when a liquid is subjected to a pulse the mean 

bulk velocity increases. Table 5.12 relates the mean pulse velocity, for pulses discussed in 

this work, to the surface shear stress experienced on the deposit surface assuming quasi

steady state (ie. neglecting acceleration), calculated using the turbulent correlation of 

equation (2.3). Compressibility effects (i.e. water hammer) are not thought significant here 

since the flow and pulsing are controlled upstream of the test piece. 

Pulse type Mean pulse Reynolds Surface Total pulse Change in 
velocity number at shear stress time, 'tpt 

momentum 

(m/s) mean pulse (N/m2) (N) 
velocity (s) 

Bellows: 0.84 8460 2.9 0.066 1.42 

'full' amplitude 

Bellows: 0.52 5240 1.3 0.077 0.88 

'half' amplitude 

Piston rig 0.52 5240 1.3 0.135 0.30 

Table 5.12 Estimated values of the mean pulse velocity, the Reynolds number, the surface 

shear stress , the total pulse time and the change in momentum. These values were 

calculated using the methods described in sections 3.4.2 and 3.4.6. 

The surface shear stress for uniform flow at the overall flowrate of 100 mllmin is 0.0091 

N/m2; 320 times smaller than the maximum surface shear stress generated by the bellows 

pulsed flow rig for the same overall flowrate . As discussed in sections 3.4.2 and 3.4.6, this 

surface shear stress is only applied to the deposit surface for a short period of time; 0.066 

seconds for 'full' amplitude bellows pulses and 0.135 seconds for piston pulses. This 

means the fluid effects of the piston pulses have about double the time per pulse to act on 

the surface. 

An important effect associated with the pulse is the acceleration of the fluid producing a 

change in momentum which acts on the surface via the surface shear forces. The 

acceleration times of these pulses are low; 0.0084 s for 'full' amplitude bellows pulses and 

0.025 s for piston pulses. Calculation of the resulting change in momentum is discussed in 

section 5.4.1 and the calculated values are listed in table 5.12. The change in momentum as 

a result of 'full' amplitude pulses is circa. 5 times larger than the change in momentum as a 

result of the piston pulses. The results presented in section 5.4.1 suggest the total pulse 

time, 'tpt is the dominant removal effect, generating higher surface shear forces and higher 

Reynolds numbers for greater periods of time. 
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Reverse flow was shown in section 5.4.2 to have a greater enhancement than non-reverse 

flow; 11 % greater Rpulse at 70 g/m2 and a 56% greater Rpulse at 156 g/m2. During reverse 

flow, the shear stresses listed in table 5.12 will act in both directions over the deposit 

surface, depending on the direction of flow. The reverse flow will also include boundary 

layer 'shedding' effects of the type discussed by Mackley & Stonestreet (1995). 

Mass transfer has traditionally been linked to cleaning as an important mechanism for 

deposit removal (Gallot-Lavallee & Lalande, 1985; Bird, 1993). Many research workers 

believe uniform flow cleaning is mass transfer limited (GraBhoff, 1996). Enhancements of 

heat and mass transfer rates, due to pulsed flow, have been reviewed in chapter 2 and 

show, under laminar flow conditions, up to 100% enhancement. Section 5.6 has analysed 

the enhancement of the fluid-surface HTC due to pulsing. Mass transfer enhancement 

could well be similar to heat transfer enhancement. 

The maximum enhancement of the fluid-surface HTC, achieved as a result of pulsed 

reverse flow at 0.2 Hz, was about 22%. However, the cleaning rate enhancement ratio, 

RPulse, described in section 5.3.2, under the same pulse conditions as the heat transfer 

enhancement experiments, ranged from 150% to 170%. If the enhancement of pulsed flow 

cleaning was solely due to mass transfer effects, then the cleaning rate and heat transfer 

enhancement would be similar. As this is not true, other factors such as surface shear 

effects discussed above, cause enhancement. Similarly, under pulsed non-reverse flow at 

0.2 Hz the maximum measured enhancement of fluid-surface HTC was 16%. The cleaning 

rate enhancement ratio, RPulse, under the same pulse conditions, ranged from 117% to 

142%. 

The analysis of mechanical effects suggest that the most dominant effects appear to be (i) 

the total time of each pulse, 'tp(' causing longer periods of high Reynolds numbers and high 

surface shear forces and (ii) the presence of reverse flow. 

5.9 Conclusions and Implications of Pulsed Flow 

Up to a 170% cleaning rate enhancement ratio has been measured as a result of pulsed 

flow . The enhancement increases with pulse frequency, pulse amplitude and protein 

coverage on the tube. Pulses have been generated with and without reverse flow. The 

reverse flow causes, on average, a 20% increase in the mean deposit removal rate. 

Reasons for this enhancement have been attributed to enhanced mechanical removal 

effects. Most enhancement occurs by sharpening the removal 'tail', which has already been 
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seen to be affected strongly by velocity. A pulsed flow heat transfer analysis suggested a 

maximum heat transfer enhancement of only 22% occurred as a result of pulsing. This 

suggests the increase in shear forces are more dominant than the mass transfer 

enhancement; the longer these shear forces are applied to the deposit surface the greater 

the cleaning enhancement. Reverse flow pulses are necessary to maximise this effect; non

reverse flow pulses show little enhancement. 

Deposits found within the food industry occur in the greatest quantity within heat transfer 

equipment. Pulsed flow cleaning could therefore be applied to this equipment. The 

majority of heat exchangers within the food industry are plate heat exchangers. These 

contain a complex flow path and have delicate seals between the plates. It may be difficult 

to apply pulses, of the type used in this work, to the surface of plate heat exchangers. 

However, areas exist within the connecting process plant where cleaning is inefficient and 

often the limiting step. For these areas, pulsed flow cleaning could have an important 

application. Further work is required to examine the effect of the dissipation of flow pulses 

so pulsing could be applied to the food industry. The importance of reverse flow needs 

also to be tested, this could be incorporated into real systems without extensive 

modifications . It would be easier in practice to ensure reverse flow than deliver particular 

flow profiles throughout an exchanger. 
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Uniform Flow Uniform Flow 

Expt. P C 'tM rm 'tT P C 'tM rm 'tT 
Expt. 

Ref (g/m2s) (g/m2) (mins) (g/m2s) (s) 
Ref 

(g/m2s) (g/m2) (mins) (g/m2s) (s) 

0.17 157 27.0 0.10 15 
24 

3 0.13 107 22.0 0.08 14.5 

0.19 147 23.5 0.10 13 29 0.11 101 25.0 0.07 14 
25 

0.18 146 22.5 0.11 11.5 
26 

30 0.11 84 18.5 0.08 9 

0.17 143 25 .0 0.09 16 
27 

31 0.11 81 16.5 0.08 9 

0.15 130 22.5 0.10 11.5 32 0.16 71 15.0 0.08 10.5 
28 

T",ble 5.1 Cleaning parameters for uniform flow cleaning, as defined in section 3.3.4: 

flowrate = 100 ml/min, Re = 585, T L = 50°C. Note: ref 3 for experiment also described in 

Table 4.1. 

0.2 Hz Pulseli flow, Full amplitude 10.2 Hz Pulsed flow, Full amplitude 

~ 
Expt. P C 'tM rM 

~ 

Expt. P C 'tM rM 

Ref (g/m2s) (g/m2) (mins) (g/m2s) Ref (g/m2s) (g/m2) (mins) (g/m2s) 

33 0.22 162 14.5 0.19 39 0.14 110 16.0 0.11 

34 0.24 156 13.5 0.19 40 0.15 94 12.0 0.13 

35 0.20 153 14.5 0.18 41 0.15 86 11.0 0.13 

36 0.22 151 14.0 0.18 42 0.18 82 9.5 0.14 

37 0.21 148 15.0 0.16 43 0.16 76 10.5 0.12 

38 0.14 114 16.5 0.12 44 0.16 66 9.0 0.12 

Table 5.2 Cleaning parameters, as defined in section 3.3.4, for pulsed flow cleaning in the 

bellows rig: pulse frequency = 0.2 Hz, full pulse amplitude, average flowrate = 100 

ml/min, T L = 50°C. 
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112 Hz Pulsed flow, Full amplitude 112 Hz Pulsed flow, Full amplitude 

.--== 
Expt. P C "CM fM 

~ P C Expt. "CM fM 

Ref (g/m2s) (g/m2) (mins) (g/m2s) Ref (g/m2s) (g/m2) (mins) (g/m2s) 

45 0.31 159 10.0 0.27 49 0.18 103 12.0 0.14 

46 0.24 143 11.0 0.22 50 0 .18 103 10.5 0.16 

47 0.24 132 10.0 0.22 51 0.18 95 11.0 0.14 

48 0.19 112 12.5 0.15 52 0.20 89 9.0 0.16 

Table 5.3 Cleaning parameters, as defined in section 3.3.4, for pulsed flow cleaning in the 

bellows rig: pulse frequency = 2 Hz, full pulse amplitude, average flowrate = 100 ml/min, 

TL = 50°C 

0.2 Hz Pulsed flow, Half amplitude 10.2 Hz Pulsed flow, Half amplitude 

= 
Expt. P C "CM rM 

r----
C Expt. P "CM rM 

Ref (g/m2s) (g/m2) (mins) (g/m2s) Ref (g/m2s) (g/m2) (mins) (g/m2s) 

53 0.18 139 18.5 0.13 56 0.12 110 18.5 0.10 

54 0.17 137 16.5 0.14 57 0.12 104 17.5 0.10 

55 0.17 134 16.5 0.14 

Table 5.4 Cleaning parameters, as defined in section 3.3.4, for pulsed flow cleaning in the 

bellows rig: pulse frequency = 0.2 Hz, half pulse amplitude, average flowrate = 100 

ml/min, T L = 50°C 

112 Hz Pulsed flow, Half amplitude 112 Hz Pulsed flow, Half amplitude 

.--== 
Expt. P C "CM rM 

r:::--
C Expt. P "CM fM 

Ref (g/m2s) (g/m2) (mins) (g/m2s) Ref (g/m2s) (g/m2) (mins) (g/m2s) 

58 0.21 145 14.0 0.17 60 0.15 107 14.5 0.12 

59 0.21 135 15.0 0.15 61 0.14 100 14.5 0.11 

Table 5.5 Cleaning parameters, as defined in section 3.3.4, for pulsed flow cleaning in the 

bellows rig: pulse frequency = 2 Hz, half pulse amplitude, average flowrate = 100 ml/min, 

TL = 50°C 
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Pulses with reverse flow IlPulses with reverse flow 

~ 

P Expt. C 'tM rM 
~ 

P C Expt. 'tM rM 

Ref (g/m2s) (g/m2) (mins) (g/m2s) Ref (g/m2s) (g/m2) (mins) (g/m2s) 

62 0.18 164 16.5 0.17 66 0.17 120 12.0 0.17 

63 0.18 155 16.0 0.16 67 0.16 105 12.5 0.14 

64 0.17 135 15.0 0.15 68 0.16 89 11.0 0.13 

65 0.18 134 15.5 0.14 69 0.18 72 10.5 0.11 

Table 5.6 Cleaning parameters, as defined in section 3.3.4, for pulsed flow cleaning (with 

reverse pulses) in the piston rig: pulse frequency = 0.2 Hz, full pulse amplitude, average 

flowrate = 100 rnI/min, T L = 50°C 

lPulses without reverse flow lPulses without reverse flow 

~ 

Expt. P C 'tM rM 
= 

C Expt. P 'tM rM 

Ref (g/m2s) (g/m2) (mins) (g/m2s) Ref (g/m2s) (g/m2) (mins) (g/m2s) 

70 0.14 156 22.5 0.12 72 0.14 68 11.5 0.10 

71 0.15 112 15.5 0.12 

Table 5.7 Cleaning parameters, as defined in section 3.3.4, for pulsed flow cleaning 

(without reverse pulses) in the piston rig: pulse frequency = 0.2 Hz, full pulse amplitude, 

average flowrate = 100 ml/min, T L = 50°C 
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Pulsed flow and heat recovery analysis 

Mass removal Heat recovery 

TB TL Expt. P C "CM Rfmax Rfo "CH Do 

Cc) Cc) Ref (g/m2s) (g/m2) (mins) (m2K/kW) (m2K/kW) (mins) (kW/m2K) 

70 50 73 0.28 141 11.5 0.85 0.70 7.0 0.85 

Table 5.8 Mass removal and heat recovery analysis for bellows pulsed flow: pulse 

frequency = 0.2 Hz, full pulse amplitude, average flowrate = 100 ml/min. Mass removal 

parameters are defined in section 3.3.4. Thermal recovery characteristics are defined in 

section 3.5.4. 

Uniform (#74) and pulsed (#75) flow at an average Reynolds number of9120 

Heat recovery 

TB TL Expt. Rfmax Rfo "CH UO 

Cc) Cc) Ref (m2K1kW) (m2K1kW) (mins) (kW/m2K) 

70 50 74 0.82 0.55 6.5 1.48 

70 50 75 0.80 0.65 5.5 1.30 

Table 5.9 Heat recovery analysis for uniform and pulsed flow cleaning at high Reynolds 

number (9120): pulse frequency = 1 Hz, no reverse flow, average flowrate = 1.56 IImin. 

Thermal recovery characteristics are defined in section 3.5.4. 
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Figure 5.1 Effect of protein coverage on the cleaning rate: NaOH flowrate = 100 ml/min, 

T L = 50°C. The arrows refer to the total time to remove protein from the tube. 
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Figure 5.2(a) Removal time versus protein coverage as a function of total time to remove 

protein from the tube and time for the decrease in cleaning rate, as defined in section 3.3.4: 

Uniform flow, NaOH flowrate = 100 ml/min, TL = 50°C. (Data from table 5.1) 
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Figure 5.2(b) A comparison between the mean deposit removal rate and the mean plateau 

cleaning rate for different protein coverages: NaOH flowrate = 100 ml/min, TL = 50°C. 

(Data from table 5.1) 
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Figure 5.3(a) Effect of pulse frequency at full amplitude on the cleaning rate: NaOH mean 

flowrate = 100 ml/min, protein coverage = 147 g/m2 ± 4 g/m2, T L = 50°C. (Data from table 

5.3) 
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calculated from the best fit lines of figure 5.4(a); RPulse is defined in equation 5.2. 
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Figure 5.6 Comparison of mean deposit removal rate for pulses generated from bellows 
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Figure 5.7(a) Comparison of pulsed non-reverse flow with pulsed reverse flow on the 

cleaning rate: Pulse frequency = 0.2 Hz, NaOH mean flow rate = 100 ml/min, T L = 50°C 
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Figure 5.7(b) Effect of changing the protein coverage on the cleaning rate for non-reverse 

flow pulses generated using the piston pulsed flow rig: Pulse frequency = 0.2 Hz, NaOH 

mean flowrate = 100 ml/min, T L = 50°C. (Data from table 5.8) 
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Figure 5.8(b) Velocity of liquid in test piece and overall HTC versus time for non-reverse 

flow pulses generated using the piston rig: water mean flowrate = 100 ml/min, pulse 

frequency = 0.2 Hz, data logging rate = 30 Hz, T L = 20°C, TB = 40°C. Continuous lines 

refer to the overall HTC and dotted lines to the velocity of liquid in the test piece. 
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Chapter 5: Pulsed Flow Cleaning 

0.5 1.4 

::r:: 
ii iii 1.2 tr1 

0.4 ~ 
-I 
;>;;> 

i: ;J> z 
~ 

VI 

~ 0.3 ;g 

5 0.8 ;>;;> 
() 
0 

Cl tr1 

~ 0.6 :H 
0 .2 () 

« m 
~ ~ ....J 
u 0.4 >? • 

~ t 0 .1 

0.2 3 
• 

0.0 0 

0 5 10 15 

TIME (mins) 

Figure 5.10(a) Cleaning rate and overall HTC versus time for pulsed flow at 0.2 Hz using 

the bellows pulsing rig: experiment reference number = #73, mean protein coverage = 141 

g/m2, NaOH mean flowrate = 100 ml/min, TL = 50°C, TB = 70°C. 

0 .5 1.6 

1.4 

0.4 
• 1.2 ',' . -, 

• 
• 0 .8 

0.6 

0.4 
0.1 

0.2 

0.0 o 
o 5 10 15 

TIME (mins) 
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Chapter 6 

Deposit Microstructure 
and Modelling of the Cleaning Process 

6.1 Introduction 

Chapter 2 has reviewed previous studies of deposit structure. The structure of the deposit 

determines the cleaning characteristics of the deposit. For this reason, a study of the 

deposit structure during cleaning might indicate the mechanisms of cleaning. 

In this chapter, a set of surface characterisation techniques have been used in an attempt to 

investigate the sequence of changes in deposit structure during cleaning; scanning electron 

microscopy (SEM), cryogenic scanning electron microscopy (CSEM) and X-ray elemental 

mapping are described here. Experiments were carried out using a flow rig which allowed 

fouled surfaces to be contacted with cleaning solution for short times (5 to 800 seconds). 

The sequence of change in deposit structure resulting from this could be studied using a 

variety of physical techniques. Chapter 4 has already shown that the recovery of heat 

transfer appears to be significantly different to that of mass removal. These experiments 

allow the possible reasons for this to be investigated. 

The results of these surface studies and the knowledge gained in the previous chapters are 

used to develop a quantitative model, describing the removal of deposit in terms of simple 

physical processes. The model predictions are compared with the experimental results . 

6.2 Surface Analysis Techniques 

This section describes: (i) experimental equipment used to pass NaOH over deposits, for 

short contact times and (ii) analytical techniques used to characterise the deposit surfaces 

before and after contact with NaOH. Conventional SEM and X-ray elemental maps were 

used to study these deposits. Other techniques, including cryogenic SEM (CSEM) and 

conventional SEM with 'fixed' samples, were used to confirm that the sample preparation 

was not causing false results. The four analytical techniques used to study deposits and the 

sample preparation necessary are summarised in table 6.1. 
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Suiface Cleaning conditions used to Sample preparation 

characterisation form samples 

technique (NaOH concentration = 0.5 

wt%) 

Conventional SEM Re = 1520 Freeze drying in liquid 

(SEM) Temperature = 50°C nitrogen 

Contact time = 5 to 300 secs (-19TC) 

Water rinse time = 20 secs 

X-ray elemental Same as SEM Same as SEM 

mapping 

Cryogenic SEM Deposits dipped into NaOH Freeze in 'slush' nitrogen 

(CSEM) bath (-215°C) 

Temperature = 20°C 

Contact time = 5 to 300 secs 

Water rinse time = 20 secs 

Conventional SEM Same as CSEM 'Fixed' in 2.5 wt% 

with 'fixed' sample glutaraldehyde in 0.1 M 

cacodylic buffer. 

Sample stored in ethanol. 

Table 6.1 A summary of the analytical surface characterisation techniques used and the 

associated sample preparation necessary. 

6.2.1 Short Contact Time Cleaning Experiments 
Before cleaning experiments were performed, a 6.35 mm diameter AISI 321 stainless steel 

tube was fouled by the protocol of section 3.2. AISI 321 stainless steel was used instead of 

AISI 316 stainless steel. The latter contains molybdenum, which has a spectroscopic peak 

in the same region as sulphur. Sulphur is present in B-lactoglobulin and was used as a 

protein signal. After the fouling run, the tube was sectioned and stored in 10 cm lengths in 

a sealed container at 4°C as described in section 3.2.3. 

Short contact time cleaning experiments were carried out on a rig originally developed by 

Belmar-Beiny et aI., (1994) to study the initial stages of fouling. Figure 6.1 shows a 

schematic diagram of the apparatus used to study short contact time cleaning. This rig used 

a system of valves controlled by Labtech™ control software, which is discussed in section 

3.5, and was capable of passing whey protein solution over a hot surface for short periods 

of time (4 to 210 seconds). The rig was designed so that NaOH, under steady thermal and 

hydraulic equilibrium, could be passed through the fouled test piece for a pre-set contact 

time. By changing the valves RO water was allowed to pass through the test piece and 
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rinse the deposit surface. The rest of this section describes the experimental procedure in 

more detail. 

All cleaning experiments were performed using the following base conditions: 

• Liquid temperature of 50°C 

• Average flowrate of 250 mllmin 

• NaOH concentration of 0.5wt% which, as described in chapter 2, gives the 

minimum cleaning time 

Thermal and hydraulic equilibrium in the rig was reached before cleaning experiments by 

maintaining the heating bath temperature at a consistent temperature, using a vertically 

mounted stirrer, and allowing the cleaning solution to flow through the apparatus for 5 

minutes. A dummy section of SS tubing was inserted during this period in place of the 

cleaning test piece. The flow of cleaning solution was then switched off for 10 seconds 

while the dummy section was replaced by the 10cm test section. The cleaning solution was 

then passed through the test piece for the allotted contact time (5 to 800 seconds) until the 

valves switched, as illustrated in figure 6.1, to allow RO water, again at 50°C, to rinse the 

test piece for 20 seconds. Rinsing was carried out to remove excess NaOH from the 

surface. The test piece was then quickly removed and freeze dried in liquid nitrogen, as 

discussed in section 3.2.3, to terminate any further reactions. The effluent protein 

concentration was measured using the assay of section 3.3.2, to measure the amount of 

protein removed from the deposit surface. 

6.2.2 Analytical Methods for Conventional SEM and X-Ray Elemental 
Mapping 
The test pieces, containing dried deposits from the short contact time cleaning rig were cut 

into small sections (10 mm x 10 mm) for scanning electron microscopy (SEM) and X-ray 

elemental mapping studies. For SEM work, the specimen was first gold sputtered and 

analysed in an SEM model JEOL JSM-820 (Tokyo, Japan). Five micrographs were taken 

for each sample. For X-ray microanalysis, the specimen was carbon-sputtered and three 

elemental maps were obtained per sample. Elemental maps were obtained at 20 kV, 30 nA 

and 1000 ms acquisition (or dwell time) with a Camscan S4 (Cambridge Scanning Co. Ltd, 

Cambridge) X-ray microanalyser fitted with a Link analytical energy-dispersive system 

(860 IT); Link software was used to generate the elemental maps. The pixel resolution of 

the images was 128 x 128. For each image a map of background was obtained which was 

then subtracted from the elemental map. The displayed map was then photographed using 

a 35 mm camera and Kodachrome film. 
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6.2.3 Analytical Methods for Cryogenic SEM 
Representative images of samples using conventional SEMs, rely on removing water from 

the sample without disrupting the biological structure. The cryogenic SEM (CSEM), 

model JEOL JSM-630IF (Tokyo, Japan), located at Unilever Research, Colworth House 

allows the samples, still containing some water, to be analysed. The hydrated samples 

were frozen rapidly, causing the formation of small ice crystals which are less disruptive to 

the biological structure than large ice crystal formation . This technique has been used 

extensively to examine samples with high water content, particularly in the biological and 

food industries (such as Lawes, 1987). It produces a sample with much less disruption of 

structure due to freezing. 

Unlike the cleaning experiments for conventional SEM analysis, the cleaning experiments 

for the CSEM were carried out immediately before specimen examination as the samples 

had to be stored in liquid nitrogen. Test pieces, containing the wet deposits, were cut into 

10 mm lengths and shaped to fit the CSEM sample stub. The sample was immersed in 0.5 

wt% NaOH for varying times (3 to 240 seconds), rinsed in deionised water for 20 seconds 

and excess water was removed using an absorbent material. The sample was stuck to the 

SEM stub using Tissue Tek Compound and immediately immersed in slush nitrogen at 

-210°e. 

The CSEM stub was mounted in a cryo-prep chamber controlled by a CT 100 cold stage 

controller (Oxford Instruments). A vacuum was maintained in the cryo-prep chamber and 
--.. 

the temperature of the CSEM stub was slowly raised to - lOO°e. Removal of the frozen 

water from the sample surface takes place by a process of sublimation known as 'etching'. 

When the condensate, which had formed on moving the sample from the slush nitrogen to 

the cryo-prep chamber, had been removed from the CSEM stub the cryo-prep chamber 

temperature was returned to - 120°e. The sample was gold plated at 0.4 mbar in the 

presence of argon with a current of 6 mA for 6 seconds. The CSEM stub was quickly 

transferred to the cooled cryo-stage of the CSEM, via an airlock to reduce condensation. 

CSEM imaging was performed at - 150°C and 10-6 torr. 

6.2.4' Analytical Methods for Chemical Fixation 
The limitation with both the specimen preparation techniques used above, freeze drying 

and freezing, is that the water present in the deposit is converted from liquid to solid. Fast 

freezing results in small ice crystal formation, which are less disruptive than large ice 

crystals (> 10 flm). Large ice crystals can have damaging effects on the specimen structure 

and as a result of this, images viewed using SEM or CSEM sometimes contain artefacts of 

the sample preparation. 
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To avoid these problems a chemical fixative can be used, which preserves the deposit by 

penetration and reaction to form a stable gel. A gel is formed so the water content can be 

removed and the deposit can be examined under conventional electron microscope 

conditions, without damage to the structure. With the deposit in this form, the structure is 

preserved and chemical breakdown is terminated. An ideal chemical fixative should act 

quickly, causing minimum shrinkage or swelling of the structure (Hayat, 1981). The 

choice of a satisfactory fixative is based on the speed of the reaction and the depth of 

penetration of the fixative. Since we are interested in terminating the reaction of NaOH 

with the deposit as quickly as possible, a fixative that reacts with the deposit quickly is 

important. Glutaraldehyde was chosen for this reason and because it has been used 

extensi vely for cross-linking and preserving tissue proteins. Hayat (1981) describes 

glutaraldehyde/protein reactions in more detail. 

This technique was used here in order to: 

(i) compare the images with previous images of SEM and CSEM, to ensure the 

observed features are not artefacts, 

(ii) observe the cleaning solution/deposit interface which, as discussed in 

section 2.3, had a high water content (> 85%); SEM and CSEM are not good 

for examining high water content structures. 

Test pieces, containing the wet deposits, were cut into 10 mm lengths and shaped to fit the 

SEM sample stub. The sample was immersed in 0.5 wt% NaOH for varying times (3 to 

180 seconds), rinsed in water for 20 seconds and excess water was removed using an 

absorbent material. The sample was then chemically fixed and critically point dried using 

the technique described in appendix D. Gold sputtering and analysis of the sample was 

carried out, as described in section 6.2.2. 

6.2.5 Microstructure Analysis: Summary 
Many techniques are available for surface characterisation but not all of them can be used 

here owing to the high water content. Three techniques have been used to study the 

microstructure of the deposit after contact with NaOH: 

(i) samples, prepared by freeze drying, examined using conventional SEM and 

elemental mapping, 

(ii) samples, prepared by freezing, examined using CSEM, 
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(iii) samples, prepared by chemical fixation, examined using conventional SEM. 

The second technique was used to ensure the observations from the first technique were 

not affected by removing the water phase from the specimen. The third technique was used 

to examine the structure of the cleaning solution/deposit interface, which has a water 

content greater than 85%, as discussed in section 2.3. 

6.3 Structure of the Deposit During Cleaning 

This section discusses the results obtained using the techniques described above: 

6.3.1 Change in the Deposit Thickness 
SEM images were first made of the deposit before contact with NaOH. The deposit, 

illustrated in figure 6.2(a), consisted of an amorphous structure with aggregates of size 1 -

10 ~m, similar to the structures observed by Bird (1993) and Belmar-Beiny & Fryer 

(1993) . A dried deposit thickness, observed using SEM, of about 200 ~m was measured. 

As discussed in section 6.2.1, wet deposits were contacted with NaOH for times in the 

range 5 to 800 seconds. The deposit was observed to form a swollen gel on contact with 

NaOH, similar to the observations from Bird (1993) and illustrated in figure 6.3(b). 

Changes in the deposit morphology across the deposit cross section (defined in figure 

6.3(a)) were examin;;ct using SEM. For all contact times, images showed a thin (1-5 ~m), 
smooth, adherent layer on the cleaning solution/deposit interface, as illustrated in figure 

6.3(c) . This was assumed to be the swollen gel which collapses on drying. The 

deposit/cleaning solution interface is illustrated in figure 6.4; this image is similar to some 

of the images by Bird (1993). 

A cross sectional view of the deposit after 30 seconds contact time, illustrated in figure 6.5, 

shows the thin adherent layer to the right of the picture; underneath this layer the deposit 

structure appears little different from figure 6.2(a). In some pictures, however, regions of 

the deposit underneath this layer were observed which had a more fused structure without 

the primary aggregates being visible. Difficulties in studying the deposit cross section, 

rather than the cleaning solution/deposit interface, arose due to: 

(i) Problems with removing the water from the internal structure of the specimens. 

If the freezing was not fast enough large water crystals formed which disrupted the 

structure. The desiccator pressure also had to be sufficiently low (0.4 mbar) to ensure 

sublimation took place, thus reducing the damaging surface tension effects of drawing a 
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liquid from a biological specimen. Assistance from the staff of Unilever, Col worth House 

was invaluable in ensuring that the images were not artefacts. 

(ii) Problems associated with the mechanism of fracture of the deposit. Deposit 

cross sections were viewed at the fracture point; fractures occurred either during the drying 

or during the mounting of the deposit onto the SEM stubs. These fractures were assumed 

to occur at representative points within the deposit cross section. 

An SEM image of the underside of the deposit, after breaking away from the SS, is 

illustrated in figure 6.6. The deposit structure, in contact with the SS surface, is composed 

of strands circa 5 !lm thick, very different to the deposit structure in the cross section. 

Reasons for this may be either due to the way in which the deposit breaks away from the 

SS surface or the deposit structure ageing while in contact with the hot surface during 

fouling . 

From the SEM images, the thickness of the dried deposit can be estimated and plotted 

against the NaOH contact time (figure 6.7). The error bars were calculated by averaging all 

the deposit thicknesses which could be measured for a particular contact time. The large 

scatter in this plot illustrates both the uneven deposit thickness and the difficulty in 

estimating thickness using the SEM. The plot shows a decline in the deposit thickness 

from about 200 !lm to about 50 /lm after 10 minutes as the deposit is removed into the bulk 

flow . The data suggests that the rate of change of thickness is zero order with respect to 

deposit quantity . This figure can be compared to experiment #7, figure 4.8, which shows 

the cleaning rate profile for the same experimental conditions. The time scale for cleaning 

in the two plots is different; figure 6.7 suggests that the dried deposit is removed in 

approximately 10 minutes, rather than the 17 minutes for the whole process shown in 

figure 4.8. This suggests that the rate of change of deposit thickness underneath the 

collapsed swollen layer is not a direct measure of the mass removal or heat recovery 

curves presented in chapter 4. This effect is expected as the observations from Bird (1993) 

suggest that it is the swollen deposit (the collapsed layer) which is removed; figure 6.7 

shows the reduction in the unswollen deposit. 

6.3.2 Penetration of Hydroxide into the Deposit 
As discussed in chapter 2, penetration of NaOH into the deposit has been used as the basis 

of a number of quantitative models. Experiments were thus set up to measure the time of 

penetration of sodium ions into the deposit cross section, using X-ray elemental maps. 

The wet deposit was contacted with NaOH for different times under the same experimental 

conditions as used in section 6.2.1. The samples were dried and analysed using X-ray 
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elemental mapping, as described in section 6.2.2. A test was first carried out to check that 

no sodium ions existed in unreacted deposit. The results from the cleaning experiments 

showed, for NaOH contact times as low as 3 seconds followed by· 10 seconds water 

rinsing, it was not possible to identify any concentration difference across a deposit cross 

section of initial protein coverage of 280 g/m2. A typical elemental map, illustrating the 

location of sodium ions across the deposit cross section (by small white dots) after 60 

seconds NaOH contact, is shown in figure 6.8. 

This unexpected result suggests that cleaning does not take place as a result of NaOH 

diffusing to a reaction front as suggested by Gallot-Lavallee & Lalande (1985) and 

modelled by Bird (1993); rather the cleaning solution appears to diffuse into the deposit 

very quickly and then takes time to either react or for the reaction products to diffuse away 

from the cleaning solution/deposit interface. Using a diffusivity of 5 x 10-9 m2/s (taken 

from Bird, 1993) and assuming a swollen deposit thickness of 560 ,..m, the total time for 

the sodium ions to diffuse into the deposit structure was estimated by Fick's second law to 

be circa. 7 seconds (Cussler, 1984). More work is needed to confirm these experiments; it 

is conceivable that this is an artefact of the preparation technique but this is an important 

topic for further experiments. 

6.3.3 Cryogenic Scanning Electron Microscopy 
The cryogenic scanning electron microscope (CSEM) was primarily used to study the 

features of the swollen layer, it was also used to support observations made using 

conventional SEM. This technique allows the specimen to be observed without removing 

all of the deposit water content and excessively disrupting the structure. Initial tests 

compared the observations of the unreacted deposit structure using the CSEM (figure 

6.2(b)) and using the conventional SEM (figure 6.2(a)), at the same magnification. The 

tests showed no difference in observations between the two techniques, confirming that the 

observations from freeze dried samples and conventional SEM are accurate. 

After contact with NaOH all cleaning solution/deposit interfaces were covered by a thin 

film of liquid which, when observed using CSEM, showed large hexagonal ice crystal 

formation and a disrupted deposit structure. The amount of liquid on the cleaning 

solution/deposit interface was minimised by placing the deposit on an absorbent material 

before immersing the sample in slush nitrogen at -210°C. The cleaning solution/deposit 

interface was observed again but still showed ice crystal formation. A final attempt was 

made to view the deposit by creating a fractured surface and observing the deposit cross 

section. This was achieved by 'cracking' the frozen deposit in the cryo-prep chamber, 

using a scalpel. The images of these surfaces seemed unaffected by ice crystal formation as 
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there were no hexagonal crystals present; these images are discussed in the rest of this 

section. 

Figure 6.9 shows a CSEM image taken from the cross section of a deposit structure at a 

magnification of 2500, after (i) contact with NaOH for 3 seconds and (ii) rinsing in 

deionised water for 20 seconds. An image, using CSEM, of an unreacted deposit structure, 

taken from a similar point in the deposit cross section as figure 6.9, is displayed in figure 

6.2(b) . Comparing figures 6.9 and 6.2(b) shows a dramatic change in the deposit structure 

after just 3 seconds; the tightly packed protein aggregate structure has been broken down 

by the NaOH to a different, less dense aggregate structure and connectivity. 

Figure 6.10 shows a CSEM image taken from the cross section of a deposit structure after 

(i) contact with NaOH for 4 minutes and (ii) rinsing in deionised water for 20 seconds. The 

deposit structure has changed to show a regular network of thin strands (0.2 to 0.5 /lm), 

enclosing narrow pores (0.5 to 1 /lm). This structure resembles a fine-stranded gel 

structure. Appendix E discusses how protein will react in high pH environments. 

6.3.4 Sample Preparation using a Chemical Fixative 
As discussed in section 6.3.1, images of the cleaning solution/deposit interface were 

observed using conventional SEM after freeze drying of the sample. This technique 

showed a thin, smooth layer which was assumed to be a collapsed swollen gel. Using 

CSEM, as discussed in section 6.3.3, it was not possible to resolve the structure without 
"-

disruption by ice crystal formation. The structure of this surface is particularly interesting 

as (i) it is in direct contact with the cleaning solution and is therefore critical to the 

cleaning process and (ii) little information concerning the structure of this region has been 

published, as discussed in section 2.3. It was therefore necessary to use chemical fixation, 

which was capable of preparing biological structures, with high water contents, for 

observation under conventional SEM. 

This technique could only be used to view the cleaning solution/deposit interface rather 

than the deposit cross section as the chemical fixative was formulated for fast reaction, as 

opposed to deep penetration, as described in section 6.2.4. This section describes the 

images obtained using this technique. A sample of an unreacted deposit was prepared by 

chemical fixation and the observed image of the cleaning solution/deposit interface, using 

a conventional SEM is shown in figure 6.2(c). This was compared, at the same 

magnification, to an unreacted freeze dried deposit, taken at the same point as figure 

6.2( c), and is illustrated in figure 6.2(a). There were no significant differences between 

these two observed images, illustrating the chemical fixative as a valid sample preparation 

technique. 
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Figure 6.11(a) shows a cleaning solution/deposit interface, prepared by chemical fixative 

and then observed using conventional SEM, after contact with NaOH for 3 seconds. 

Comparison between this figure and an unreacted deposit, such as figure 6.2(c), shows a 

slight change in the deposit structure to a more fused structure. This change however, is 

not as great as that observed by CSEM of the deposit cross section after contact with 

NaOH for the same time, as illustrated in figure 6.9. The chemical fixative allows the 

structure of the cleaning solution/deposit interface of the swollen deposit to be studied, 

whereas the CSEM cannot resolve this material. 

After 30 seconds contact, the deposit structure, illustrated in figure 6.11 (b), has fused 

further and the first signs of a gel, similar to figure 6.10, appear. After 3 minutes (figure 

6.11 (c)) the gel structure exists over the entire deposit surface. The pores in figure 6.11 (c) 

are estimated to be similar in size (0.5 to 1 /lm) to the gel displayed in figure 6.1 O. These 

SEM pictures suggest the deposit structure at the cleaning solution/deposit interface makes 

a slow transition from an unreacted deposit to a structure resembling a gel over a period of 

3 minutes. This effect is new and has not been reported before. 

6.3.5 Deposit Structure Imaging: Conclusions 
During cleaning experiments, the whey protein deposit swells on contact with NaOH. On 

the basis of this observation, surface analysis techniques were used to view the deposit 

microstructure changes during cleaning. It was hoped the observations from these 

techniques would helP to understand the mechanisms involved in cleaning. 

Conventional SEM showed that two layers in the deposit structure form after contact with 

NaOH. The top layer is extremely thin and smooth in appearance, suggesting that the 

swollen film collapses during preparation. Underneath this layer the deposit structure was 

similar to the native unreacted deposit. It is assumed the swollen film, which can be seen, 

does not survive the microscope preparation process; the thin layer seems to be the residue 

of this film. X-ray elemental mapping has suggested the existence of sodium ions 

throughout the deposit cross section, after just 3 seconds of NaOH contact and 10 seconds 

of rinsing in RO water. This result is unexpected as a number of previous models have 

been based on a concentration gradient across the deposit; elemental maps show a uniform 

concentration distribution. 

Images of the deposit cross section, obtained from CSEM, support the findings of the X

ray elemental maps. After the cleaning solution/deposit interface had been in contact with 

NaOH for 3 seconds, the structure of the deposit, within the deposit cross section, had 

significantly changed. The deposit structure, at the same point in the deposit cross section, 
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changes further after 4 minutes to a structure resembling a gel. It was not possible using 

this technique to study the morphological changes of the cleaning solution/deposit 

interface as the formation of ice crystals disrupted the deposit structure. 

As a result of not being able to study the cleaning solution/deposit interface using CSEM, 

a chemical fixative of the deposit was employed which meant the cleaning solution/deposit 

interface of the deposit, containing a high water content ( > 85%), could be examined 

using conventional SEM. These results suggest the structure of the cleaning 

solution/deposit interface changes after only 3 seconds but this structure appears different 

to the structure of the deposit cross section, observed by CSEM. However, after NaOH 

contact for a further 3 minutes, both surface structures are similar. 

These results are used further to determine the mechanisms involved in cleaning and to 

help formulate quantitative cleaning models, which are discussed in the following sections. 

6.4 A Possible Model for Mass Removal and Heat 
Recovery During Cleaning 

The development of a cleaning model, that can predict cleaning rates and the overall 

cleaning time, is useful both to help optimise the cleaning process and understand the 

cleaning mechanisms. The cleaning process is extremely complex and involves many 

interrelated factors. Previous attempts at modelling (section 2.4) have been based on mass 
-.... 

transfer and reaction processes . These models correlate cleaning rates well, but have little 

predictive power. In addition they may not be based on real events during cleaning; a 

model based on actual cleaning mechanisms is likely to be more effective in predicting 

cleaning behaviour. 

The models of chapter 2 assume that all removal processes act equally across the deposit 

surface. The experiments of chapters 4 and 5 suggest that cleaning is not uniform and the 

final stages result in the removal of 'patches' of deposit. This section describes the 

development of an alternative model to predict mass removal and simultaneous heat 

recovery during uniform flow cleaning, incorporating the effects seen experimentally. The 

model is based on observations, particularly of chapter 4 and the first section of this 

chapter. 

6.4.1 Proposed Model 
Figure 3.5 shows a typical cleaning curve for the removal of a whey protein deposit from a 

SS surface. The three regions which are shown in the figure were described in section 

3.3.4, and the possible reasons for the observed effects are discussed here: 
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Region I (0 to 3 mins): Increase in the cleaning rate from zero. During this region swelling 

takes place; this has been seen in the visualisation experiments of Bird (1993). 

Here, the microstructure of the deposit, when viewed by the surface characterisation 

techniques, of section 6.2, show that swelling involves the formation of an open gel 

structure, of greater voidage than the untreated deposit. 

Region Il (3 to 11 mins) During this period, experiments of chapter 4 show the cleaning 

rate does not change substantially (± 5%) with time. This suggests uniform removal 

of deposit, perhaps due either to a constant rate of mass transfer of the deposit into 

the solution or reaction of the cleaning solution with the deposit. 

Region III (11 to 24 mins) A slow decay in the cleaning rate to zero is seen in many of the 

plots in chapter 5. This may be due to incomplete cleaning, where some areas of the 

tube surface are covered in deposit whilst other areas are not. 

These three regions were all seen in the experiments of Bird (1993). Chapter 4 of this work 

has shown, however, that heat recovery does not occur at the same rate as mass removal; 

almost all the heat recovery occurs in the last 20% of the time for total heat recovery. This 

is an unexpected result, as the conductive heat transfer resistance can be written as x/Ar, 

where Xr is the thickness of the deposit and Ar is the thermal conductivity. A reduction in Xr 

would be expected to reduce the thermal resistance by a similar amount. These data 

suggest that mass removal is not uniform; this is supported by the experimental evidence 

of GraBhoff (1996). 

Any satisfactory model for the processes underpinning cleaning must take account of, and 

ideally incorporate, these experimental facts. Here, the removal of protein from the surface 

is modelled in terms of three distinct processes seen in chapter 2 by others and in cases 

during the experiments done here: 

(i) uniform surface removal, this occurs during region Il of figure 3.5, 

(ii) random particle removal, has been observed by workers such as GraBhoff 

(1996), Kaye (1994) and Bird (1993) who have observed cleaning to occur by 

discrete aggregates being displaced from the surface into the bulk flow, 

(iii) 'protuberance' removal; Kaye (1994) and Gillham (1994) have both seen that 

the effect of erosion at the edge of deposit significantly enhanced the local 
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cleaning rate. This effect was also used here to simulate the removal of 

projecting protuberances from the uneven surface of the deposit. 

The aim of this model is to develop an understanding of the importance of these factors 

and to attempt to represent the processes of cleaning in a way which reflects and 

reproduces experimental observation. The next section describes the mathematical 

development of the model. 

6.4.2 Mathematical Formulation 
At time t=O the surface is assumed covered with a uniform layer of deposit, as illustrated in 

figure 6.I2(a). This deposit layer is represented as a I-dimensional set of n nodes; node, i 
has a height OUj (identical at t = 0, with height O~l=O»). The overall HTC, Uj, between the 

bulk fluid and the heat transfer surface is assumed to be due to one-dimensional 

conduction through the deposit. At node i, the overall HTC, Uj can then be related to the 

thermal conductivity of the deposit, Au, the thickness, oUj, and the HTC for a clean surface, 

hL which is assumed to be the same for each node and unaffected by the presence of 

deposit: 

(6.1) 

The heat flux, qj, through the deposit at each node is then: 

(6.2) 

where T is the temperature difference between the surface and the bulk liquid. The 

overall heat transferred, QH, across the total surface area, A, is: 

(6.3) 

which can be expressed as the sum of the heat fluxes through the individual nodes, qj, each 

of surface area, dA: 

n n 

QH = LqjdA=ALqj (6.4) 
j=O j=O 

By substituting equation (6.2) and (6.3) into equation (6.4), an expression for the total 

HTC, U, in terms of the individual nodal HTC, Uj, is obtained: 
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(6.5) 

Using this relationship the system can be modelled as the sum of the parts, ie. of each 

node. 

The individual node heights, OU;, are calculated by assuming that two processes take place: 

swelling (which increases the height of the deposit) and removal. Both these processes 

have been observed during the experiments . The incorporation of this swelling and 

removal, discussed qualitatively in section 6.4.1, are described in the following sections. 

6.4.2.1 Conversion into a Removable Form and Swelling 

Section 6.3 discusses the microstructural changes of the deposit, using SEM and CSEM, 

during contact with NaOH. The aggregated structure of the unreacted protein changes to a 

more fused structure (after circa. 30 seconds) and forms a structure resembling a gel (after 

circa. 3 minutes) . These structural changes suggest that a reaction is taking place. The 

effects of reaction are modelled as zero order, with respect to the deposit thickness, ou;, and 

with a rate constant kr: 

dOu; = - k 
dt r 

(6.6) 

In the absence of other effects, the unreacted thickness, Ou; at each node, after a time 

interval of t thus becomes: 

(6.7) 

This process will continue until the thickness of the unswollen layer becomes zero. The 

unswelled deposit is transformed into a swollen form. It is assumed that only this form can 

be removed by the chemical and fluid shear action of the cleaning solution. A swelling 

factor, <1>, defined as the ratio of the thickness of un swollen to swollen deposit was 

described by both Bird (1993) and GraBhoff (1996) as being circa. 2.5. This is used here: 

the deposit kr t is transformed into swollen material of thickness <l>kr t. 

The resulting structure of the deposit is shown in figure 6.12(b); the material consists of an 

un swollen layer underneath a swollen film in which all of the nodes are of different 

thicknesses. The swollen deposit is subject to a set of different removal processes, 

described below. 
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6.4.2.2 Uniform Surface Removal 

Section 4.3.1 described experiments to study the temperature dependence of the cleaning 

process. Data was fitted to a kinetic model. The low activation energy (30 kJ/mol), 

calculated from this data, suggests this system is mass transfer controlled. As a first 

approximation, the system can thus be modelled as being external mass transfer controlled. 

This would result in a uniform cleaning rate, providing that the concentrations remain 

uniform. This is consistent with the experimentally measured cleaning rate plots (section 

6.4.1), which have uniform cleaning rates in region 11. This process, in the absence of any 

data on mass transfer coefficients (or the species being removed), can also be modelled as 

a zero order reaction with rate constant, ku' The swollen deposit thickness, 8sj ' as a result of 

uniform removal, over a time interval of t, and in the absence of other processes, is thus: 

8' +~' = 8'. - k .M 
SI SI U (6.8) 

6.4.2.3 Random Aggregate Removal 

The random nature of cleaning has already been mentioned in section 6.4.1. Random 

aggregate removal is modelled here in terms of S random events per time step, in each of 

which a random amount, '1'<1> is removed, where 'I' is a maximum amount and <1> a fraction 

picked randomly. If node, i, is hit by an 'event', in the absence of other processes, then the 

thickness will change by: 

8'+~' = 8', - llrm 
SI SI 't' 't' (6.9) 

6.4.2.4 Protuberance Removal 

This simulates two experimentally seen effects (Kaye, 1994; Gillham, 1994), which are 

illustrated in figure 6.13: 

(1) erosion from a leading or trailing edge (figure 6.13(a)), which results in 

enhanced removal from the edges of 'holes' in the deposit, 

(2) protuberance removal from a node whose height is greater than the 

surroundings (figure 6.13(b)) . 

For both conditions a factor, f.J is assumed: the minimum height in relation to the 

surrounding surface to activate the mechanism of removal. The criteria for removal is 

expressed mathematically as: 

(6.10) 
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6.4.2.2 Uniform Surface Removal 

Section 4.3 .1 described experiments to study the temperature dependence of the cleaning 

process. Data was fitted to a kinetic model. The low activation energy (30 kJ/mol), 

calculated from this data, suggests this system is mass transfer controlled. As a first 

approximation, the system can thus be modelled as being external mass transfer controlled. 

This would result in a uniform cleaning rate, providing that the concentrations remain 

uniform. This is consistent with the experimentally measured cleaning rate plots (section 

6.4.1), which have uniform cleaning rates in region n. This process, in the absence of any 

data on mass transfer coefficients (or the species being removed), can also be modelled as 

a zero order reaction with rate constant, ku' The swollen deposit thickness, 8s;, as a result of 

uniform removal, over a time interval of t, and in the absence of other processes, is thus: 

(6.8) 

6.4.2.3 Random Aggregate Removal 

The random nature of cleaning has already been mentioned in section 6.4.1 . Random 

aggregate removal is modelled here in terms of ~ random events per time step, in each of 

which a random amount, \j1<P is removed, where \j1 is a maximum amount and <p a fraction 

picked randomly. If node, i, is hit by an 'event', in the absence of other processes, then the 

thickness will change by: 

(6.9) 

6.4.2.4 Protuberance Removal 

This simulates two experimentally seen effects (Kaye, 1994; Gillham, 1994), which are 

illustrated in figure 6.13 : 

(1) erosion from a leading or trailing edge (figure 6.13(a», which results in 

enhanced removal from the edges of 'holes' in the deposit, 

(2) protuberance removal from a node whose height is greater than the 

surroundings (figure 6.13(b». 

For both conditions a factor, f.J is assumed: the minimum height in relation to the 

surrounding surface to activate the mechanism of removal. The criteria for removal is 

expressed mathematically as: 

(6 .10) 
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The rate of enhanced removal is not easy to predict or measure. Simulations have assumed 

that for condition (1), the thickness of node, i becomes the mean of the two on either side: 

(8
t + 8t 

) 8t+t.t = s(i-I) s(i+I) 
SI 2 (6.11) 

For condition (2) the peak is assumed to be removed: i.e. in figure 6.13(b), node i is 

brought down to the level of upstream node (i-I): 

~t+t.t 8t 
U si - s(i-I) (6.12) 

The conditions at the ends of the surface are such that the imaginary node (n+ 1) is 

assumed to be a reflection of node (n-l). Similarly, the imaginary node (0) is assumed to 

be a reflection of node (-1). 

6.4.3 Overall Model 
The model includes the following steps: unreacted deposit (figure 6.12(a)) is transformed 

into swollen deposit by a zero order reaction Three removal processes then occur to 

remove the swollen deposit: 

• uniform (mass-transfer controlled) removal, 

• random removal, modelling breakage of some section of the deposit, 
"-

• enhanced removal at the edge of steps in the deposit. 

The mass balance of the whole process is therefore: 

8:tt.t = 8:i + (kr~t) - (ku~t) - (\jI<1» - (protuberance) (6.13) 

swelling uniform random 

The net result is to produce a deposit surface similar to that indicated in figure 6.12(b). 

After a time, tswelh all the deposit has been converted into a removable form, illustrated in 

figure 6.12(c). The removal processes first act on uniform deposit, then on surfaces which 

contain both clean regions and 'patches' of deposit, as illustrated in figure 6.12(d). The 

removal of the 'patches' of deposit correspond to the final stages of the cleaning process. 

Unlike most previous models which are based on mass removal, this model is based on 

volume removal. This approach is used as random removal and protuberance removal 
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terms are more realistic if based on volume rather than mass. It is assumed that the deposit 

is incompressible. 

The model mechanisms were coded in FORTRAN. The flowsheet, illustrating the iterative 

loops in the model is displayed in figure 6.14. A subprogram was used to generate the 

random numbers (Press et al., 1986). Many random number generator programs exist, 

however, particular care must be taken to ensure the numbers generated are truly random. 

This can be achieved by using statistical tests to find any correlations within the numbers 

generated. The subprogram used in this work has passed these tests and further information 

concerning random number generators is described in Press et al. (1986). 

The fouling resistance at each node was calculated by dividing the deposit thickness by the 

thermal conductivity of the deposit, which was estimated in section 4.2.2. The thermal 

conductivity of the reacted swollen layer was assumed to be the same as water (0.66 

W/mK at 60°C). The fouling resistance, (read to a file every 30 seconds) was taken as the 

average over all the nodes. The cleaning rate, which fluctuated significantly with time, was 

calculated by averaging the total cleaning rate over 30 seconds. The time step was 1 

second, so that data were logged every 30 time steps. This is consistent with the 

experimental measurement of the cleaning rate which were also calculated every 30 

seconds, as described in section 3.3.4. 

To generalise the model, suitable dimensionless parameters were sought. Time, t was 

expressed as: 

t 
't=--

tswell 
(6.14) 

where tswell is the time for the deposit to swell (tswell = ()~t=O) /k,) i.e. the ratio of elapsed 

time to that required for the whole deposit to expand and expresses cleaning as a multiple 

of the time required to develop a fully removable deposit. tswell was assumed to be the same 

as the time to reach Rfmax. Dimensionless cleaning rate and fouling resistance were also 

defined according to the following relationships: 

Dimensionless cleaning rate, e 

Biot number, Bi ~u A 0 
f 

C 
(6.15) 

(6.16) 
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where mr is the experimentally measured cleaning rate (g/m2s), C is the protein coverage 

(g/m2), measured using protein assays, as described in section 3.3 .2 and Uo is the clean 

HTC (kW Im2K). 

6.4.4 Experimental Results Plotted in Dimensionless Form 
The model was primarily used to produce data which can be compared with the heat 

recovery and mass removal results from chapter 4. Using the dimensionless parameters , 

defined in the previous section, it was possible to plot the experimental results in 

dimensionless form. Three sets of experimental data, previously discussed in section 4.4.2, 

have been plotted here in dimensionless form: 

(i) experiment #14 was used as the reference case, flowrate = 800 ml/min, block 

temperature = 70°C, (figure 6.15(a», 

(ii) experiment #16 with the same flowrate but a reduced block temperature of 

30°C, (figure 6.15(b» and 

(iii) experiment #6 with the same temperature but a reduced flowrate of 260 ml/min 

(figure 6.15(c». 

By reducing the block temperature of experiment #14 from 70°C to 30°C, but maintaining 

the same flowrate (e~periment #16): 

(i) the maximum Biot number increases from 0.92 to 1.17, 

(ii) the mean plateau cleaning rate, e increases from 0.25 to 0.47, 

(iii) the dimensionless time for total heat recovery decreases from 3.8 to 2.8 and the 

dimensionles time for total mass removal decreases from 5.4 to 4.0, 

(iv) the dimensionless time for the cleaning rate to decrease from the mean plateau 

cleaning rate to zero remains the same, within experimental error (2.4 for 

experiment #14 and 2.6 for experiment #16). 

Similarly, by reducing the flowrate of experiment #14 from 800 mllmin to 260 ml/min but 

maintaining the same block temperature (experiment #6): 

(i) the maximum Biot number increases from 0.92 to 1.18, 

(ii) the mean plateau cleaning rate, e increases from 0.25 to 0.48, 

(iii) the dimensionless time for total heat recovery decreases from 3.8 to 2 and the 

dimensionless time for total mass removal decreases from 5.4 to 2.9, 
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(iv) the dimensionless time for the cleaning rate to decrease from the mean plateau 

cleaning rate to zero decreases from 2.4 to 1.1 . 

The results predicted from the model, using different parameters, will be compared with 

these experimental plots. 

6.5 Fit of the Model to the Experiments 

Due to the complexity of cleaning and the lack of information on the physical properties of 

the deposit, it was impossible to assign precise values to the model constants. Instead, 

sensitivity analyses were carried out to identify the effect of varying the constants on the 

shape of the curves. The physical significance of the constants generated by this technique 

are also discussed. The shape of these predicted curves were compared with the 

experimental curves of figure 6.15 and section 6.4.4. 

6.5.1 Constants Independent of Cleaning Conditions 
Before the model could be set up, it was necessary to define some constants which were 

assumed fixed by the deposit reaction chemistry. The following values are assigned here: 

kr = 1 Ilmfs, n = 200; the reasons are explained below. 

The 'plateau' cleaning rate forms the basis of the estimate to the constant values used in 

the model to predict, P. The theoretical values of this region are calculated by a sum of the 

three removal effects: uniform, random and protuberance. Experimentally, P ranges from 

0.08 g/m2s for a wall temperature of 30°C to 0.29 g/m2s for a wall temperature of 80°C, as 

listed in table 4.1 . All cleaning experiments described in chapter 4 had protein coverages 

of circa 100 g/m2. This model was set up assuming the same protein coverage. The 

thickness of this layer, calculated by the method described in section 5.2, was 230 Ilm. 

6.5.1.1 Zero Order Reaction Rate Constant, kr 

As discussed in section 2.3.2, Bird (1993) developed a simple analytical model to describe 

temperature effects on cleaning proteinaceous deposits. The model assumed a zero order 

reaction, with respect to deposit quantity, between the unreacted deposit and the cleaning 

solution. He described the effect of temperature on the zero order rate constant, by an 

empirical Arrhenius type correlation: 

(6.17) 

This predicts values from 0.14 Ilmfs for 30°C to 1.52 Ilmfs for 80°C. 
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The rate constant, kr was estimated here using the maximum fouling resistance, Rrmax, 

measured from the fouling resistance against time profiles, i.e. the data of figures 4.12, 

4.13 and 4.14. Equation (4.7) can be used to calculate the deposit thickness at the 

maximum fouling resistance, by assuming (i) the time to reach the maximum fouling 

resistance is the time for the deposit to swell, tswell> and (ii) that only a small quantity of 

deposit has been removed up to tswell ' Using this method, a range of rate constants from 

0.87 /lm!s for 30°C to 6.0 /lm!s for 80°C was calculated. A value of 1 /lm!s was used for kr 

here, as it was in the broad range of these calculated values. 

6.5.1.2 Number of Nodes, n 

The more nodes or iterations in the stochastic model the more reproducible the results will 

be. However, as the number of nodes, n increases the time to compute the results increases 

significantly. The computational results were therefore tested by using a range of n (lOO < 

n > 500). It was found a value of n = 200 achieved reproducible results in a reasonable 

time. Changing the number of nodes may change the shape of the surface, as n represents 

the number of segments into which the surface is divided. The chosen node size is much 

bigger than the 1 to 10 /lm for the protein aggregates that constitute the deposit. Similarly, 

the node size is much smaller than the 1 mm particles which were the largest particles seen 

lifting from the surface during visualisation experiments. We have chosen n = 200 which 

represents nodes of size, 500 /lm. 

6.5.2 Balance Between Uniform and Random Removal 
As discussed in section 6.4.1, the model incorporates three distinct removal processes. 

This section examines the effect of changing the balance between uniform and random 

. removal whilst maintaining the same total amount of deposit removed. This was achieved 

by altering the constants: ku and 'V<I> but maintaining ~ at a constant value of 10. f.J, the 

protuberance factor, was set to a constant value of 500 /lm, which effectively eliminated 

all protuberance removal. The physical significance of the chosen uniform and random 

removal terms are justified at the end of this section. 

A ratio, <l>ur between the amount of uniform and random removal per second was defined 

as: 

<l>ur 
Uniform removal 

Random removal 
(6.18) 

where ku is the uniform removal constant, n the number of nodes, (0.5'V) represents the 

mean random amount removed at an 'event' (i.e. <I> = 0.5) and ~ is the number of 'events' 

per second. The total amount of deposit removed per second was held constant at 0.09 
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g/m2s; this produced dimensionless cleaning rates, 8 similar to those seen experimentally 

in figure 6.15(a), while the ratio, <Pur was changed. 

The effect of changing, <Pur was investigated by plotting dimensionless cleaning rate and 

Biot number versus dimensionless time on figure 6.16(a) to (c). Figure 6.16(a) shows the 

results of <Pur = 98.6 (i.e. 99% of the deposit removed by uniform removal). This cleaning 

rate curve is unlike typical experimental data; region III is much shorter than seen in 

practice and region II too long at 0.2 and 4.2 respectively. 

Figure 6.16(b) shows results for <Pur = 2 (i.e. 67% of the deposit removed by uniform 

removal). This cleaning rate curve is closer than figure 6.16(a) to the experimental curves. 

The length of region II is reduced to 4.0 whilst the length of region III is increased to 0.8. 

The total dimensionless cleaning time increases from 4.6 to 5. 

The effect of decreasing <Pur to 0.01 (i.e. 99% of the total deposit is removed by random 

removal) is seen in figure 6.16( c). The random removal makes an irregular deposit surface. 

Region II becomes slightly shorter (14%) than in figure 6.16(b) but region III becomes 

200% longer. The slow cleaning rate decline is due to the surface containing 'patches' of 

deposit at a much earlier time than in the other simulations. The total dimension less 

cleaning time is 6 compared to 5 for figure 6.16(b). This curve is the closest to those seen 

experimentally, particularly the curve of figure 6.15(a). 

The change in Biot number for the three curves is similar; the Biot number increases from 

circa. 0.6 to a peak of circa. 0.9, at a time, 't of 1, then a slow decrease to a total heat 

recovery time, 't of 4.5,4.6 and 5.5 for figures 6.16(a) to (c) respectively. All Biot numbers 

peak at 't = 1 as this defines the time, t:.well. By comparison, the experimental heat recovery 

curve of figure 6.15(a) shows (i) a less pronounced Biot number peak of 0.91 and (ii) heat 

recovery steeper than that predicted by the model, with a total dimensionless heat recovery 

time of 3.8. 

An interesting result is that the total dimension less time for heat recovery for all the model 

plots occurs approximately 15% faster than the total dimensionless time for mass removal, 

similar to the experimental data. The reason for the difference on the theoretical plots is 

that the Biot number is calculated by taking an average of all the heights of the 'patches' of 

deposit. At the end of the cleaning only a small proportion of the surface is covered with 

deposit, the majority of the surface is clean and so the thermal recovery is nearly complete. 

This results in the Biot number becoming very small in relation to the cleaning rate. 
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The model suggests that the higher the amount of 'random' removal, the closer the data is 

to experiment. If the majority of the deposit is removed by random events, as suggested by 

the model, it is necessary to know the points within the deposit at which fracture can 

occur. Little information concerning proteinaceous deposit structure and strength is 

available. Bird (1993) observed random particle removal from the deposit surface; their 

sizes ranged according to the bulk liquid temperature: - 0.2 mm diameter at 40°C to < 0.1 

mm diameter at 70°C. More systematic experiments are needed to define the balance 

between random and uniform removal. A further analysis of the effect of changing the 

number of events but maintaining the size of the total amount removed by random removal 

is described in section 6.5.4. 

6.5.3 The Effect of Protuberance Removal 
The previous section showed that it was possible to predict the shape of the experimental 

curve of figure 6.15(a) by changing the balance between uniform and random removal; the 

best fit curve was found by using 99% random removal. The experimental curves of figure 

6.15(b) and (c) were harder to fit. The effect of adding the removal of 'edges', via the 

protuberance factor, f.J must thus be examined. This section discusses the effect of 

changing this factor on the dimensionless cleaning rate and Biot number. 

Figure 6.17 shows the effect of reducing the protuberance factor, f.J from 500 /lm (plot #3 

as figure 6.16(c)) to 5 /lm (plot #4) but maintaining all the other constants the same. This 

increases the overall rate of removal and the shapes of the curves also change; adding the 

protuberance factor aecreases Bi and increases S. This results in: (i) the total time to 

remove protein from the pipe is reduced from 6 to 2.5, (ii) the mean plateau cleaning rate 

is increased from circa. 0.23 to circa. 0.53 and (iii) the period of the decrease in the 

cleaning rate is reduced from 2.4 to 0.8. Here, as <Pur = 0.01, the change in protuberance 

removal has a large effect on cleaning rate; 99% of the deposit is removed randomly, 

giving an irregular deposit surface which is susceptible to protuberance removal. 

The heat recovery also changes significantly: (i) the maximum Biot number changes from 

a 'peak' of 0.9 to a 'plateau' of 0.6 and (ii) the total dimensionless time for heat recovery 

also decreases from 5.5 to 2.2. The Biot number stays constant for some time, due to the 

balance between swell and removal; noted in section 6.5.2. The higher the Biot number 

reached, the smaller the rate of removal. 

Plot #4 on figure 6.17 is similar to the experimental curve of figure 6.15(c): the mean 

plateau cleaning rate of the experimental plot is 0.45 compared to 0.53 for plot #4 and the 

overall dimensionless cleaning time is 2.9 compared to 2.5. Although the heat recovery 

prediction is similar in shape, values of Bi are different by a factor of 2. The combination 
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of the three removal mechanisms that gives the best fit is thus to minimise uniform 

removal; the process is essentially random. 

It is difficult to estimate a realistic value for f.J. It might be assumed that the physical 

significance of f.J is linked to the thickness of the viscous sublayer; i.e. that deposit, 

projecting out of the viscous sublayer, would be removed faster. If the flow was fully 

turbulent, then the sublayer thickness, ()b can be calculated by (Coulson & Richardson, 

1977): 

~= 62(Ret/8 

d 
(6.19) 

For the experimental conditions of the curve in figure 6.15(a), the viscous sublayer is 230 

!lm thick. As the total thickness of the deposit, before the action of the NaOH, was only 

230 !lm, it seems unlikely that differences in deposit heights will be of this size. The effect 

of the deposit within the sublayer is not known. 

6.5.4 The Effect of the Number of Removal Events, s 
The effect of changing the balance between uniform and random removal was investigated 

in section 6.5.2. This section studies the effect of changing the balance between size, ",<1> 

and number of events, S, per second used in the random removal term. 

The phenomenon of turbulent bursts, discussed in section 2.2, can be used to estimate to 

the number of events occuring on the deposit surface. Experimental evidence of turbulent 

bursts in the viscous sublayer have been reported by a number of authors. Cleaver & Yates 

(1973) proposed that these turbulent bursts may cause lift forces sufficient to detach 

particles from surfaces. Using the analysis of section 2.2, it was possible to calculate the 

number of bursts occurring in a second, over the whole pipe surface area (0.00188 m2); this 

was estimated to be approximately 1400. The strength of each burst varies significantly 

and not all bursts will be able to remove particles from the surface. 

1400 bursts was considered to be much greater than the actual number of events which 

result in removal. The effect of increasing the number of random events on the cleaning 

rate and heat recovery was investigated by changing S from 10 to 50 but maintaining all 

other variables constant. The effect of increasing S on the cleaning rate is shown in figure 

6.18. The following changes in the cleaning curve result: (i) a reduction in the mean 

plateau cleaning rate from 0.53 to 0.38, (ii) increase in the total time to remove protein 

from the walls of the tube from 2.5 to 2.9 and (iii) reduction in the time for the cleaning 

rate to decrease from the maximum cleaning rate to zero from 0.8 to 0.4. This change 
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occurs because by increasing S, the surface becomes smoother, so the protuberance factor 

has less effect, and the overall cleaning rate decreases. This again demonstrates the 

importance of the balance between protuberance and random removal. 

The change in Biot number shows an increase from a plateau of circa. 0.60 for plot #4 to a 

peak of circa. 0.73 for plot #5 , at a time, 't of 1. The time for total heat recovery is 

increased from 2.2 to 2.7 for plots #4 and #5 respectively. 

Comparison with the experimental data suggests that increasing S makes the general shape 

of the cleaning curve less similar to the experimental cleaning curves in figure 6.15. This is 

principally because the length of the decrease from the plateau cleaning rate to zero is 

reduced. For this reason the number of events most suited to these experiments was 10 

rather than 50. This is significantly smaller than that predicted by fluid mechanics. 

6.5.5 The Effect of Changing the Swelling Factor, <I> 
A swelling factor, <I> of 2.5 was used here (GraBhoff, 1996; Bird, 1993), as discussed in 

section 6.4.2.1. This value has been studied using the heat flux sensor, as described in 

section 4.4.2. A range of <I> were calculated from 3.5 for Re = 585 to 2.4 for Re = 4680. 

The effect of a change in the swelling factor on the cleaning characteristics is investigated 

here. This section examines the effect of increasing <1>, from 2.5 to 3.0, on the model 

conditions of plot #4; the results are plotted as plot #6 in figure 6.19. 

Increasing the swelling factor from 2.5 to 3.0, results in the following changes : (i) the 

mean plateau cleaning rate decreases from 0.53 to 0.45 and (ii) the total time to remove 

protein from the walls of the tube increases from 2.5 to 2.9. The most noticeable difference 

is the change in the heat recovery; all the heat recovery values increase to a peak at a Biot 

number of 0.85 and a total heat recovery time of 2.7. 

These changes arise because the same volume of material is being removed from the 

surface but the deposit density is less as the voidage is greater (0.87 for a swelling factor of 

3 compared to 0.84 for a swelling factor of 2.5) . As the density of the particles removed 

from the surface is less, a lower cleaning rate results. This also causes a greater deposit 

thickness, and therefore an increase in the thermal resistance. The effect of <I> is thus to 

enhance Bi and to decrease the removal rate. 

6.5.6 Initial Model: Conclusions 
Cleaning is a complex process. It would be too much to expect for the predictions from 

this initial model to give precise values to the cleaning rate and the fouling resistance, with 

changing cleaning solution temperature, flowrate and concentration. Instead, the model 
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was aimed to try to reproduce the same trends as the experimental results, to give some 

idea of the possible balance between the different cleaning mechanisms proposed. 

The following conclusions can be derived from the modelling: 

(i) the physical basis of the model reflects the observed reality, 

(ii) the results suggest very little of the removal is due to 'uniform' removal, 

(iii) the predicted Biot numbers are significantly lower than the experimental Biot 

numbers; however, the general shape of the predicted curve is consistent with 

the experimental curve, 

(iv) more work needs to be done to develop this model to further verify these 

points. 

6.6 Modifications to the Model 

The model succesfully predicts the general trends of mass removal and heat recovery. The 

mass removal absolute values are realistic, but the major difference is that the Biot 

numbers are noticeably smaller than those in the experimental results. Possible reasons for 

these differences are: 

(i) The thermal conductivity of the deposit may be lower than the value used in the 

model (0.28 W/mK, as calculated in section 4.2.2). This is extremely unlikely since the 

deposit contains 60% water, the thermal conductivity of the protein would have to be very 

low (similar to those for gases!) to give the required effective conductivity. 

(ii) All the heat recovery calculations are based on the fact that the clean HTC, Uo, 

as described in equation (6.1), does not change significantly during cleaning. In fact, as the 

tube is so small (6.35 mm) the deposit swell can increase the velocity in the annulus by a 

factor of 1.5, as described in section 5.2. This will cause Uo to rise by 1.4; in practice Rr is 

calculated assuming U 0 is constant, calculated Rr will be greater than that suggested here. 

(iii) More realistically: the deposit thickness may remain the same while removal 

takes place from inside the structure, effectively increasing the voidage, but maintaining 

the same thermal resistance. This is discussed below in a modified model. 

6.6.1 Development of the Idea of Deposit 'Shrinkage' 
The results, described in section 6.3, suggest that: 
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(i) the cleaning solution diffused and reacted with the deposit structure after a short 

time (approximately 3 seconds), 

(ii) after 3 minutes contact, the deposit structure resembled a gel containing a series 

of thin strands surrounding narrow pores of diameter 0.5 to 1 Ilm. 

The structure of the deposit changes on swelling into a form with a large liquid fraction 

surrounded by thin strands of material. The observed swelling affects the amount of the 

liquid between the strands not the size of the strands. The liquid volume fraction is referred 

to as the 'voidage' in section 4.2.2. These results and the disparity between thermal 

recovery and mass removal, suggest that the limiting factor of the cleaning process may be 

the diffusion of the products of the deposit/NaOH reaction out of the structure, whilst the 

deposit thickness stays the same. 

This can be modelled using a similar approach to the 'shrinking core' model for 

combustion based on the assumption that cleaning involves reaction products diffusing out 

of the pores within the deposit structure. The effect of the constant cleaning rate, here, is 

not to change the deposit thickness, but its protein fraction. This approach is analogous to 

processes within catalysts in which simultaneous diffusion and reaction occur within the 

structure of the pellet. Here, the model is derived for a 1-D slab. A mass balance for the 

flux of protein, Nz diffusing from a deposit of thickness Ld , can be carried out over a thin 

horizontal film of thickness, dz and surface area, A, shown in figure 6.20: 

IN + MADE = OUT 

A( Nz + d~z dZ) (6.20) 

assuming no accumulation and the voidage of the deposit, £ is constant. It is assumed that 

some process which dissolves the structure of the gel takes place at the surface of the 

deposit strands. Here s, is the area of strand per unit volume gel, Km, a factor which 

incorporates the dissolution of protein and the mass transfer coefficient between the 

deposit strand and the pore, cg , the interfacial concentration of protein and c, the interstitial 

concentration of protein in the liquid within the deposit pores. If Pick's first law applies, 

the protein mass flux, Nz can be expressed as: 

dC 
Nz = -Deff dZ (6.21) 
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where Deff is the effective diffusivity (DabC/r*) and 'to is the tortuosity of the deposit, 

which is a geometric factor to account for the nature of the deposit pores (Coulson & 

Richardson, 1971). By rearranging equation (6.20), differentiating equation (6.21) and 

substituting, the following can be derived: 

(6.22) 

This can be rearranged to: 

(6 .23) 

where ~2 = [(1- c)SKm't*]. By making the substitution, Y = (cg - c), equation (6.23) can be 
Dabc 

solved analytically: 

l- cosh~z 
Y surf cosh ~Ld 

(6.24) 

where Ysurf = (cg - Csurf)· The rate of protein removal from the surface, Nlz= Ld can be found 

by assuming Fickian diffusion and using equation (6.24): 

(6.25) 

(6.26) 

as ~Ld increases, tanh(~Ld) approaches unity; the model thus predicts a cleaning rate 

independent of thickness for thick deposits. Some approximate estimate of this constant 

rate period has been made using the following 'shrinkage' model constants: Dab = 1 X 10.9 

m2/s (taken from Bird, 1993), s = 100 m2/m3, Km = DaJO' (Coulson & Richardson, 1977) 

where 20' is the pore diameter = 1 !lm (measured from the SEM images, of section 6.2), 'C* 

= 2, cg = 50 kg/m3 and C surf = 0 kg/m3. Of these constants, few are known to any accuracy. 

Figure 6.21 shows a plot of equation (6.25) for different Ld. Two different deposit 

voidages, 0.6 for an unreacted deposit and 0.84 for a swollen, reacted deposit (<1> = 2.5) are 

assumed. The data suggests, from the curves of figure 6.21, that a 'constant cleaning rate' 

period exists where the rate of removal is essentially constant for deposits> 150 !lm. It 
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thus seems reasonable to suppose that this model might explain the data seen, given that 

real deposit can be as thick as 600 /lm. 

6.6.2 Incorporation of Deposit 'Shrinkage' into the Existing Model 
The above analysis suggests that the idea of uniform removal rate, from the deposit 

surface, described in section 6.4.2.2, can be replaced by uniform removal from the deposit 

core. The protein mass removal rate, (dm) dt), assumed constant, as discussed in section 

6.6.2, can be related to the increase in voidage. The following relationship can be derived: 

(6.27) 

differentiating mr with respect to t gives: 

dmr = _ L dE 1000 = k 
dt dPp dt s 

(6.28) 

where ks is a constant mass removal rate. The deposit thickness, Ld was assumed to remain 

constant while removal took place from the deposit core. Rearranging equation (6.28) 

gives the change in voidage as: 

dE 

dt 
(6.29) 

A change in voidage with time was incorporated into the model described in section 6.4. 

The voidage at time t = 0, E, was assumed to be 0.6. Figure 6.22 shows a flowsheet of the 

modified FORTRAN programme. For computational simplicity, all the deposit was 

assumed to react into the swollen form before removal by shrinkage commences. This is 

justified as a first approximation; providing the reaction time of the deposit is fast the 

cleaning curve is not changed substantially. To account for this, the reaction rate constant 

was increased from 1 to 3 /lmls. 

During removal, the deposit voidage increases and the thin strands within the gel structure 

decrease. This will affect the strength of the deposit and its ability to resist removal. 

Eventually the cohesion of the deposit collapses, leading to failure . For the purposes of this 

work, a critical voidage of 0.99 was used; when the deposit reached this voidage all the 

deposit was removed. The critical voidage, Ec' necessary for deposit break-up might be 

estimated by analysis of the gel structure. Ashby & Jones (1986) suggest that the relative 

density of the deposit, a function of the voidage, E, determines the strength of the deposit. 

The relative density is defined as: 
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thus seems reasonable to suppose that this model might explain the data seen, given that 

real deposit can be as thick as 600 flm. 

6.6.2 Incorporation of Deposit 'Shrinkage' into the Existing Model 
The above analysis suggests that the idea of uniform removal rate, from the deposit 

surface, described in section 6.4.2.2, can be replaced by uniform removal from the deposit 

core. The protein mass removal rate, (dmJ dt), assumed constant, as discussed in section 

6.6.2, can be related to the increase in voidage. The following relationship can be derived: 

(6.27) 

differentiating mr with respect to t gives: 

dmr = _ L dE 1000 = k 
dt dP p dt S 

(6 .28) 

where ks is a constant mass removal rate. The deposit thickness, Ld was assumed to remain 

constant while removal took place from the deposit core. Rearranging equation (6.28) 

gives the change in voidage as: 

dE 

dt 
(6.29) 

A change in voidage with time was incorporated into the model described in section 6.4. 

The voidage at time t = 0, E, was assumed to be 0.6. Figure 6.22 shows a flowsheet of the 

modified FORTRAN programme. For computational simplicity, all the deposit was 

assumed to react into the swollen form before removal by shrinkage commences. This is 

justified as a first approximation; providing the reaction time of the deposit is fast the 

cleaning curve is not changed substantially. To account for this, the reaction rate constant 

was increased from 1 to 3 flmlS. 

During removal, the deposit voidage increases and the thin strands within the gel structure 

decrease. This will affect the strength of the deposit and its ability to resist removal. 

Eventually the cohesion of the deposit collapses, leading to failure. For the purposes of this 

work, a critical voidage of 0.99 was used; when the deposit reached this voidage all the 

deposit was removed. The critical voidage, Ec, necessary for deposit break-up might be 

estimated by analysis of the gel structure. Ashby & lones (1986) suggest that the relative 

density of the deposit, a function of the voidage, E, determines the strength of the deposit. 

The relative density is defined as: 
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P (l-E)+Pw(E) P 
relative density = p = (1- E) + ~(E) 

Pp Pp 
(6.30) 

where Pp is the protein density and Pw is the water density. The plastic collapse stress, crc 

can then be related to the yield stress of the gel strands, cry and the critical voidage, Ec: 

(6.31) 

Further work is required to calculate the physical properties of the deposit before the 

critical voidage can be estimated. 

6.6.3 Results from the Deposit 'Shrinkage' Model 
The values of the constants, used in section 6.5 to produce the most realistic results, were 

used here to see how the shrinkage model works. These values were: g;J = 5 !lm, <I> = 2.5, S 
= 10. As justified in section 6.6.2, the reaction rate constant, k, was increased to 3 !lm/s. 

The modified model was first run with: 'l' = 6 !lm and ks = 0.1 g/m2s, which results in 75% 

of the deposit removal by 'shrinkage' and the remainder by random and protuberance 

removal. These values gave cleaning times similar to those found by experiment. Plot #6 

in figure 6.23 shows results from the simulation. Comparing this to experiment #14 (figure 
" 

6.15(a)) shows the Biot number is similar in magnitude and shape; a rise from circa. 0.75 

to a peak of Biot number of 1.15 at 't = 1, a slow decline in Biot number to 0.6 at 't = 10, 

then a sharp decline in Biot number to zero at't = 11. However, the predicted cleaning rate 

curve of plot #6 is substantially different to that of experiment #14. The predicted plot 

shows a slow increase from a cleaning rate of zero to a plateau of 0.1 at't = 1.5. There is a 

slight peak in the cleaning rate, at the end of the plateau ('t = 10.8) before the cleaning rate 

drops sharply to zero at a total cleaning time of 't = 11. This peak in the cleaning rate is 

caused by the deposit voidage reaching the critical voidage, Ec at which point all the 

deposit remaining on the tube surface is removed at once. A peak has been seen before 

during cleaning experiments, such as in figure 6.15(c); suggesting that this effect may be 

seen in practice, but it is clearly not reproducing experimental results. 

Plot #7 shows the effect of reducing the percentage of deposit removed by shrinkage from 

75% to 25% and thus increasing the percentage of deposit removed by random and 

protuberance removal from 25% to 75% The constants used to produce these conditions 

were 'l' = 18 !lm and ks = 0.05 g/m2s, all other constants were maintained the same as plot 
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#6. This causes the Biot number to increase to a peak of circa. 1.03 and then drop to a heat 

recovery time of 7.5. This shape is unlike those seen in the experiments. The cleaning rate 

plot #7, also disimilar to those seen in experiments, has a plateau of length 4.1 and a 

cleaning rate decrease of length 2.9. 

Although the 'shrinkage' model is able to predict realistic Biot values, it is not able to 

represent the cleaning curve shapes found in practice. 

6.7 Model Development: Conclusions 

Previous models of cleaning have considered it to be a process which occurs uniformly 

across all of the surface. Here a different approach has been attempted, in which the 

removal of the deposit is studied as a set of nodes. Cleaning has been modelled in terms of 

the deposit physical strength and the mass transfer effects. The results exhibit the general 

trends observed in cleaning experiments; however, it seems that different effects dominate 

the cleaning process at different times. The best cleaning rate predictions were found using 

a model which incorporates both uniform removal and random events. A sensitivity 

analysis of the balance between uniform and random removal, carried out in section 6.5 .2, 

suggest that random removal is more significant than uniform removal. This suggests that 

the plateau period seen in experiments may result from a large number of removal events 

occuring randomly over the surface rather than a truly uniform process. 

The rates of heat recovery predicted by the model were not similar to those seen 

experimentally. The model was further developed, to account for this difference, by 

introducing a uniform deposit mass 'shrinkage' term as opposed to uniform surface 

thickness removal. This modified model predicted heat recoveries better but mass 

removals less successfully. 

The two types of approach are complementary but the work shown here is incomplete. 

There is considerable scope for development of the model, particularly in the area of 

changing deposit strength with NaOH contact time. This model has also not attempted to 

consider the effects of pulsed cleaning; this could be done, for example, by increasing rates 

of removal due to shear, but requires more information on the mechanism of pulsed 

cleaning. 
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Figure 6.2(a) SEM of a freeze dried whey 

protein deposit formed at a wall 

temperature of 97 °C, bulk inlet 

temperature of 74°C, Reynolds number of 

4600 and run duration of 1 hour. 

Figure 6.2(b) CSEM of a whey protein 

deposit formed at a wall temperature of 

97°C, bulk inlet temperature of 74°C, 

Reynolds number of 4600 and run 

duration of 1 hour. 

Figure 6.2(c) SEM of a glutaraldehyde 

fixed whey protein deposit formed at a 

wall temperature of 9TC, bulk inlet 

temperature of 74°C, Reynolds number of 

4600 and run duration of 1 hour. 
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Figure 6.4 SEM of a whey protein 

deposit/cleaning solution interface after 

contact with O.S wt% NaOH at SO°C for 

10 seconds. (The scale bar refers to 10 

~m) 

Figure 6.5 SEM of a cross section of a 

whey protein deposit after surface had 

been in contact with O.S wt% NaOH at 

SO°C for 30 seconds. 

Figure 6.6 SEM of the whey protein 

deposit surface in contact with 316 

stainless steel pipe. O.S wt% NaOH at 

SO°C had been in contact with the 

cleaning solution/deposit interface for 10 

seconds. 
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Figure 6.7 Change in the deposit thickness with sodium hydroxide contact time: NaOH 

temperature = 50°C, flowrate = 250 ml/min, average protein coverage 260 g/m2 . 
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Figure 6.8 X-ray elemental map for 

sodium of a whey protein deposit cross

section after the surface had been in 

contact with 0.5 wt% NaOH at 50°C for 

30 seconds. (The white dots refer to the 

Na+ ions) 

Figure 6.9 CSEM of a cross section of 

whey protein deposit after the surface had 

been in contact with 0.5 wt% NaOH for 3 

seconds followed by 10 seconds water 

rinse. 

Figure 6.10 CSEM of a cross section of 

whey protein deposit after the surface had 

been in contact with 0.5 wt% NaOH for 4 

minutes followed by 10 seconds water 

rinse. 
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Figure 6.11(a) SEM of glutaraldehyde 

fixed whey protein deposit surface after 

contact with 0.5 wt% NaOH at 200 e for 3 

seconds followed by 20 seconds water 

rinse at 20°e. 

Figure 6.11 (b) SEM of glutaraldehyde 

fixed whey protein deposit surface after 

contact with 0.5 wt% NaOH at 200 e for 

30 seconds followed by 20 seconds water 

rinse at 20°e. 

Figure 6.11(c) SEM of glutaraldehyde 

fixed whey protein deposit surface after 

contact with 0.5 wt% NaOH at 200 e for 3 

minutes followed by 20 seconds water 

rinse. 
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Figure 6.12(a) Uniform layer of unreacted deposit at time, t = 0, with initial thickness, 
s;:(t = O) 
U u • 
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deposit 
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deposit 
r+~~~r+~~~r+~~~r+~~~r+~~~ 
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TIME, 
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Figure 6.12(b) Deposit at time t=t,: uniform layer of unreacted deposit with thickness, ou . 
together with uneven layer of reacted, swollen deposit with thickness at node, i of, 0si ' 

Reacted 
deposit 

Wall 

-- Fluid ~ 

i-I 1 i+1 

TIME, 
t = ~well 

Figure 6.12(c) At time, t = tswe11> all the unreacted deposit has been converted into the 

reacted, swollen form with deposit thickness at node, i of, 0si' 

Figure 6.12(d) Only 'patches' of the reacted deposit remain. 
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-- Fluid ... 

Enhanced removal 

I \~,...------, 

Removal at i will occur if the following criteria is met: 

Figure 6. 13(a) Diagram illustrating erosion from the leading edge, corresponding to node 

(i+2), and the trailing edge, corresponding to node (i). 

--Fluid .. 

Enhanced removal 

Removal at i will occur if the following criteria is met: 

Figure 6.13(b) Diagram illustrating 'protuberance' removal of node, i, which projects 

above nodes (i-I) and nodes (i+I). 
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Repeat 
for every 

node 

Repeat 
S 

times 

Repeat 
for every 

node 

START 

REACTION to swollen deposit 
(equation 6.7) 

UNIFORM REMOVAL 
of swollen material from each node 

(equation 6.8) 

RANDOM REMOVAL 

(i) Select a random node (l to n) 

(ii) Remove a random amount (\jf<!» 
(equation 6.9) 

PROTUBERANCE REMOVAL 

(i) Remove any node projections 
above .f.Jllm (equation 6.12) 

(ii) Erode leading and trailing 
edges as illustrated in fig. 6.13(a) 
(equation 6.11) 

OUTPUT EVERY 30 TIME CYCLES 

(i) Fouling resistance 
(ii) Average cleaning rate over 30 time cycles 
(iii) Total deposit removed 

Is surface clean or has 
program run for longer 

than 20 minutes? 

YES 

STOP 

NO 

Figure 6.14 Flowsheet of the FORTRAN model, illustrating the principal steps. 

206 



Chapter 6: Deposit Microstructure and Modelling of the Cleaning Process 

1.0 

CD 

~ 
E- 0. 8 ;;2 . 
o 

~ 
u 
U) 
U) 

U.l 
.....l 
Z o en z 
~ 
Ci 

0.6 

0.4 

0 .2 

0 .0 

o 

. ..,.,.,.;~"""""~--"v~.:....".; ...... ,.,.....y,,,~ 
. ",,-", 
. ~v~ 

<p~ 

"'. 

• • • 

2 

... 
'\~ 

... 
'. ---- ., 
• 

3 

• .. 
, 
~ 

....... ~ 

4 

DIMENSIONLESS TIME. "t 

• • 

1.5 

1.0 

0 .5 

• • 
0 .0 

5 6 

Figure 6.1S(a) Plot of dimensionless cleaning rate and Biot number versus dimensionless 

time for experiment #14: cleaning solution flowrate = 800 ml/min, Re = 4680, TB = 70°C, 

TL = SO°C 

1.0 1.5 

CD 

~ 
E- 0. 8 

!~ ;;2 
0 
~ 1.0 o:l z :/ \. (5 ...:: 0 .6 U.l ' ~ -l 
.....l '\ z u . . \ ~ U) • 
U) 

U.l o:l 
.....l • • \ tT1 
Z 0.4 • • • \ ?' 
0 

~ 
\ ~ en \ 0 .5 

Z \ 
U.l \ 
~ • 

~ Ci 0.2 • , 
\ • • \ 

~ • • 
0.0 0 .0 

0 2 3 4 5 6 

DIMENSIONLESS TIME. "t 

Figure 6.1S(b) Plot of dimensionless cleaning rate and Biot number versus dimensionless 

time for experiment # 16: cleaning solution flowrate = 800 ml/min, Re = 4680, TB = 30°C, 

TL = 50°C 

207 



Chapter 6: Deposit Microstructure and Modelling of the Cleaning Process 

1.0 1.5 

Cl? 
~ 
E- 0.8 
~ 

" ~ 
...:: 0.6 ~ 
....l 
U 

.:~f6/~~4~ 
1:'! ":~ 1.0 

.' . .. 
':, 

Cl) 
Cl) 

~ 

~ 0.4 • • ' .. 
0 
Vi z • • 0.5 
~ 
~ ..... 
CS 0.2 • 

'.::~ . 
0.0 0.0 

\~.- . 
\;:;,~\~:..; . 

o 2 3 4 5 6 

DIMENSIONLESS TIME. 't 

Figure 6.1S(c) Plot of dimensionless cleaning rate and Biot number versus dimensionless 

time for experiment #6: cleaning solution fIowrate = 260 ml/min, Re = 4680, TB = 70°C, 

TL = SO°C 

208 



Chapter 6: Deposit Microstructure and Modelling a/the Cleaning Process 

1.0 

CD 

uS 0.8 

~ 
l? 
Z ...... 
Z 0.6 « 
~ 
.....l 
U 
tIl 
tIl 
~ 

;i 0.4 
0 
u:; 
Z 
~ 

2§ 0.2 Cl 

0.0 

0-°0 
0,0 o~o 

0' o~ 

d "x;---
P ~o 

o 0 
0'0 

0.
0 

'Cl 

........................ e-• •• ~ ...... e-••••• -. 
. a.' 

:' o 'Cl ------:. 

: ~o : 
. u • 

: 0'00, .... 

o 2 3 4 

DIMENSIONLESS TIME, 't 

1.5 

1.0 

0.5 

0 .0 

5 6 

Figure 6.16(a) to (c) Effect of the balance between the amount of uniform and random 

removal on the model predictions of mass removal and heat recovery. Constants used in 

the model: tJ = 500 /lm, kr = 1 /lrn/s, <I> = 2.5, S = 10 Hz 

(a) Plot #1: <1>ur = 98 .6, 'I' = 0.23 /lm, ku = 0.56 /lrn/s (99% uniform) 

1.0 

CD 

uS 0 .8 E-« 
0:: 
l? 

~ 0 .6 « 
~ 
.....l 
U 
tIl 
tIl 
~ 
.....l 0.4 
Z 
0 
u:; 
z 
~ 
:::E 0.2 5 

0 .0 

0·0 
P 0. 0 

o 'a 
o· 0" 

d "x;---
P Q o o 0 

0'0 

0.
0 

a. 
o .............. -............................ .. 

. Q • 

: 0'Cl ----..:.. 

" 0'0 .. 
.' 0. 0 e. 

'00,0. • .•• 

o 2 3 4 

DIMENSIONLESS TIME, 't 

5 

1.5 

1.0 tl:l 
0 
-l 
Z 
c:: 
3:: 
tl:l 
tT1 
?' 

0.5 
~ 

0 .0 

6 

Figure 6.16(b) Plot #2: <1>ur = 2, 'I' = 7.5 /lm, ku = 0.375 /lrn/s (67% unifrom removal) 

209 



Chapter 6: Deposit Microstructure and Modelling of the Cleaning Process 

1.0 

0 .8 

0 .6 

0.4 

0 .2 

0 .0 

o 

0.0 
d 0. 0 o '0 

,0' o~~ 

p'o "Q o 
'0 

o o~o 
"Q 

0'0 

If: ............................... i--el!:' ..... , ~. 
0'00. ' ...... 

0-0 •• 
0'0 00-0'.' ". 

2 3 4 5 

DIMENSIONLESS TlME. 't 

1.5 

1.0 

0.5 

0 .0 

6 

Figure 6.16(c) Plot #3: <Pur = 0.01, \jf = 22.3 /lm, ku = 0.006 /lrnls (1 % uniform removal) 

1.0 1.5 
to Plot number 

. - .•... Cleaning rate. e 5Jlffi #4 

0 .8 ...•. - . Cleaning rate. e 500~m #3 

.. · 0 · _. Biot number. Bi 5 ~m #4 

.. ·0·· · Biot number. Bi 500 ~m #3 
1.0 

0 .6 

0.4 

0 .5 

0.2 

0 .0 0.0 

o 2 3 4 5 6 

DIMENSIONLESS TIME. 't 
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Figure 6.18 Effect of the number of 'events', S on the model predictions of mass removal 

and heat recovery. Constants used in the model: kr = 1 flmls, <I> = 2.5, <Pur = 0.01, \jf = 4.45 

flm, g;J = 5, ku = 0.006 flmls 
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Figure 6.19 Effect of the swelling factor, <I> on the model predictions of mass removal and 

heat recovery. Constants used in the model: kr = 1 flmls, <Pur = 0.01, \jf = 4.45 flm, S = 10 

Hz, g;J = 5 flm, ku = 0.006 flmls 
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Figure 6.20 Diagram illustrating a thin film within the deposit, of overall thickness, Ld 

across which a mass balance can be carried out to calculate the concentration of protein 

within the deposit for the shrinkage model. 
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Figure 6.21 The effect of voidage on the removal rate against the deposit thickness, 

calculated from the 'shrinkage' model, (equation 6.27). 
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(equation 6.9) 
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Figure 6.22 Flowsheet of modified FORTRAN programme, taking into account 

'shrinkage' model. 
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Chapter 7 

Conclusions and Recommendations for 
Further Work 

7.1 Conclusions 

The process of cleaning is extremely complex and is dominated by many interrelated 

factors. The aim of this work was to investigate these factors and to understand the 

controlling mechanisms. 

The stages involved in proteinaceous deposit cleaning are: mass transfer of the cleaning 

solution into the deposit, reaction with the deposit causing swelling, mass transfer of the 

reaction products away from the deposit and shear forces acting on the deposit surface 

which remove loosely attached particles (previously seen by such as GraBhoff, 1996; Bird, 

1993). Previous modelling has been based on mass transfer and reaction effects but no 

attempt has been made to model the observed effects of non-uniform removal. Non

uniform removal results in 'patches' of deposit covering the process plant surface. 

A cleaning monitor based on a micro-foil heat flux sensor (MHFS) has been developed to 

investigate the deposit thermal changes during cleaning. A novel approach to cleaning was 

studied using pulsed flow to enhance cleaning rates with the aim of making a step change 

in the efficiency of conventional eIP systems. A study of the deposit microstructure during 

cleaning was made using SEM and X-ray elemental mapping. The results suggested that 

the cleaning solution diffused into the deposit structure extremely quickly (3 seconds) and 

a complete change in the deposit morphology from a protein aggregate structure to a fine 

stranded gel occurred after 4 minutes. 

The results from these experiments were used to develop a quantitative model to study the 

mechanisms of the cleaning process. The model, based on physical changes to the deposit 

surface, predicted the shape of the cleaning rate and fouling resistance experimental 

curves, but requires more work before it can be used. 
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7.1.1 Cleaning: Mass Removal and Heat Recovery 
Using the protein assays and cleaning monitor, it was possible to measure heat recovery 

and mass removal simultaneously. The stages and proposed mechanisms of mass removal 

are illustrated schematically in figure 7.1 : 

Plateau region: 

Decay region: 

A period during which the cleaning rate does not change 

substantially with time. This region is a function of temperature. 

A slow exponential type decay to zero: 'patches' of deposit are 

removed during this region. This is a function of velocity 

suggesting that removal is dependent on effects such as surface 

shear forces. 

Increasing the protein loading increases the length of the plateau regIOn. Similarly, 

introducing pulses to the system shortens the cleaning time by reducing the length of the 

decay region. Arrhenius plots of the plateau cleaning rate showed the activation energy to 

be in the range 44 to 51 kJ/mol. These values are lower than the values associated with 

purely reaction controlled systems suggesting that the system is diffusion controlled. 

Simultaneous mass removal and heat recovery experiments showed that the two processes 

featured different sequences. This can be explained further by the stages of heat recovery , 

described in section 4.4.1: 

Constant region: A period during which the HTC does not change substantially with 

time. This is explained by the balance between deposit swell and 

removal. 

Heat recovery region: A sharp rise in the HTC to that of a clean surface. The deposit 

voidage increases to a critical level at which point stmctural failure 

occurs and heat recovery occurs quickly. 

The changes in heat recovery and mass removal during cleaning can be explained by the 

deposit thickness not changing, whilst mass removal still takes place from within the 

deposit stmcture. The effect is a deposit layer with increasing voidage but no change in the 

thermal resistance. The voidage then increases until the structure cannot be sustained at 

which point stmctural failure occurs and the surface becomes clean. During pulsed flow 

cleaning the overall cleaning time is reduced by shortening the heat recovery region. 
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Tests using the MHFS were carried out on the deposit to measure the thermal conductivity ; 

a value of 0.28 W ImK was calculated. 

7.1.2 Enhancement of the Cleaning Rate using Pulsed Flows 
Two different pulse generation techniques were employed. The first incorporated a bellows 

unit and showed an enhancement ratio, RPulse as high as 250% by passing low frequency (2 

Hz) and high amplitude (2 ml) pulses over the deposit surface. The enhancement ratio 

decreased with both decreasing pulse frequency and decreasing pulse amplitude. The 

second pulse generation technique incorporated a piston powered by a pneumatic actuator. 

This system showed that pulses incorporating a reverse flow had a strong effect on the 

enhancement. 

There were two major differences in cleaning curves between uniform flow and pulsed 

flow: (i) the mean plateau cleaning rate was higher with a pronounced 'peak' and (ii) the 

duration of region Ill, where the cleaning rate decreased to zero, was considerably shorter. 

Cleaning rate enhancement was partly due to mass transfer enhancement but mainly due to 

the increased shear forces on the surface. These high shear forces, as a result of pulsing, 

were caused by a rapid change in momentum of the cleaning solution and more 

importantly by the high mean pulse velocities (up to 15 times greater than the uniform 

superficial velocity). Significantly greater enhancements were achieved by reverse flow 

pulses as opposed to non-reverse flow pulses. 

7.1.3 Changes to the Deposit Microstructure 
The change of deposit structure after contact with NaOH was investigated for different 

contact times. X-ray elemental maps showed that sodium ions were present across the 

whole deposit cross section after only 3 seconds. Evidence of a fast reaction time was 

shown by structural changes in the deposit morphology; after a NaOH contact time of 4 

minutes, the deposit structure had totally changed from a protein aggregate structure to a 

structure resembling a fine stranded gel. 

7.1 .4 Development of a Model 
A mathematical model for uniform cleaning was developed, on the basis of these 

experimental observations. The model used a discrete element approach and assumed the 

deposit consisted of a series of nodes, initially of uniform height. The height of these nodes 

was altered by the following processes: (i) swelling as a result of a zero order reaction with 

respect to deposit quantity, (ii) removal by: 

• a uniform thickness from all nodes; assumed to be a mass transfer limited 

process, 
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• a random thickness from some random nodes, 

• a protuberance factor from some nodes dependent on the heights of the 

surrounding nodes; this explained erosion at edges and projecting peaks. 

These removal processes eventually produced a surface which was covered in 'patches' of 

deposit. The decline in the cleaning rate from the plateau to zero was explained by the 

removal of these patches. The initial model predicted the shape of cleaning rates well but 

failed to predict the absolute values of the heat recovery. A modification to the model was 

used which assumed that mass removal occurred from the internal deposit structure 

resulting in an increase in the deposit voidage. This meant that there was no heat recovery, 

whilst there was mass removal, until the voidage became too big to sustain the deposit 

structure. At this point there was catastrophic failure of the deposit structure and a sharp 

heat recovery , which has been observed in the experiments. 

7.2 Recommendations for Further Work 

As the food industry develops, there is a greater need to minimise the costs associated with 

cleaning. This requires a greater understanding of the underlying mechanisms of cleaning. 

A step change in the overall cleaning times could then be attempted, which may 

significantly increase cleaning rates and consequently reduce downtime and the overall 

costs of cleaning. 

7.2.1 Modifications to the Cleaning Monitor 
Before further experiments are carried out using the MHFS, modifications are required to 

reduce some operating difficulties. Three changes to the present set up are proposed: 

(i) ensure a layer of insulation is placed between the block and the tube, such that 

the layer has the same thermal resistance as the MHFS. This will ensure that 

the same temperature at all points on the tube surface in contact with the 

block is maintained, 

(ii) use a wider diameter test piece so that swelling of the deposit does not affect 

the fluid dynamics; although it may be possible later, when more information 

on the dynamics of swelling is available, to interpret the data shown here. It 

would also be useful to obtain other data sets. 

(iii) incorporate a system of valves so that the test piece does not come into 

contact with the cleaning solution until the experiment commences. 

These changes would eliminate the present difficulties in operating this rig. 
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7.2.2 Further Work to Incorporate Pulsing into the Food Industry 
Pulsing with simple tubular geometries has successfully shown that cleaning rates are 

enhanced. Further work is required to investigate the effects of pulsing on cleaning rates in 

complex but realistic geometries, such as plate heat exchangers. The pulses used in this 

work have high accelerations and might severely damage rubber seals and diaphragms. It 

would be possible to put low acceleration flow reversal pulses into heat exchangers, 

providing that the optimum frequency is known. A study of the minimum pulse 

acceleration that still produces high cleaning rate enhancement is necessary. These low 

acceleration pulses are more likely to work than ultrasonics, because they will be easier to 

apply throughout the exchanger. A cost analysis must then be carried out for economic 

feasibility before pulsing can be introduced within the food industry. 

7.2.3 Effect of Deposit Structure on Cleaning Rates 
An area of cleaning research which has received little attention is the role of the physical 

structure of the deposit. The work of this thesis has highlighted that an understanding of 

the physical properties of the deposit is crucial in developing a comprehensive explanation 

to cleaning. This section describes some experiments which could be carried out to 

investigate the effect of the structure on cleaning rates. 

7.2.3.1 Effect of fouling conditions 

As described in section 3.2, all fouling experiments carried out in this work were 

performed at the same conditions. By changing the fouling process conditions, different 

deposit consistencies can be formed. At Re = 1800 deposits with a higher water content 

can be formed than at Re = 4600 (Gillham, 1994). It would be interesting to investigate 

whether changing the water content of the deposit had any effect on the cleaning rate. 

Another way of altering the strength of deposits is to foul the tube in the conventional 

manner, and then heat treat the deposit by maintaining the wall temperature at 100
D

C. 

Water at the same temperature as the process fluid could be passed through the tube side to 

minimise 'burning' of the deposit. Conventional cleaning experiments could then be 

carried out to study the effect on cleaning rates. 

7.2.3.2 Measuring the change of the deposit physical properties during cleaning 

The change in the microstructure of the whey protein deposit after contact with NaOH has 

been investigated using SEM images, as described in section 6.3. Two techniques are 

proposed to measure the change in the shear stress during cleaning. The first technique 

utilises the established micro-manipulation method to measure the stress/strain relationship 
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of cells. This method would give some idea of the forces required to deform and break a 

whey protein deposit. 

The second technique also measures the stress/strain relationship of the deposit which has 

formed onthe walls of the pipe. Figure 7.2 shows the experimental set up, consisting of a 

uniform diameter 'plug' designed to fit inside a 6 mm tube, which is connected to a 

penetrometer. The advantage of this technique is that the deposit does not have to be 

removed from the pipe to carry out experiments, which means that representative deposits 

are used. 

Both techniques could be applied to deposits after the addition of a cleaning solution to 

investigate the physical changes in the deposit strength. 

7.2.4 Alternative Approaches to Enhancing Cleaning Rates 
This work has only investigated one approach to enhancing cleaning rates. Many other 

techniques exist such as: introducing air to the cleaning line to promote turbulence and 

alternating the flow with water and cleaning solution to minimise the quantity of cleaning 

solution used. Both these techniques may prove useful as, unlike pulsed flow, they do not 

require additional energy sources. 
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CLEANING 
RATE 

PLATEAU 
REGION 

Function of temperature 

Function of 
protein loading 

DECAY 
REGION 

Function of velocity 
and pulsing 

TIME 

Function of protein loading and flowrate 

Figure 7.1 Schematic diagram of cleaning rate versus time illustrating the proposed 

cleaning mechanisms. 

Test piece 
containing .............. 

deposit 

To 
Penetrometer 

6mm 

'Plug' forming close 
fit with the inside of the 

tube to measure the 
force required to 
shear the deposit. 

Figure 7.2 Diagram illustrating the equipment to test the shear stress required to remove 

deposit from the test piece surface. 
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Appendix A 

Estimating the Mean Pulse Velocity from the Pressure 
Profile 

The hydrostatic pressure was measured upstream of the cleaning test piece, as illustrated in 

figure 3.3(b). Figure 3.7 shows the effect of pulse frequency and pulse amplitude on the 

pulse pressure profile. A force balance, described below, can be used to relate the 

measured pressure with the mean pulse velocity. A pulse was generated by applying a 

pressure over the cleaning test piece which caused the fluid to accelerate. 

Accelerating force = mass acceleration 

= m (~~) (A.1) 

where m is the total mass of liquid displaced by the pulse (kg). The total mass of liquid 

displaced was the sum of the displaced mass of liquid from the bellows, 0.00159 kg as 

measured in section 3.4.2, and the mass of liquid in the tube, downstream of the pulser, 

calculated to be 0.0126 kg. This gave m as 0.0142 kg. v, is the mean superficial velocity 

(m/s) and t, is time (s). A force balance over the the fluid in the test piece gives: 

d(m.v) 
= 

dt 
(A.2) 

where Pa is hydrostatic gauge pressure measured by the pressure transducer, Ph' is 

atmospheric gauge pressure (ie zero) and Ax is the cross sectional area for flow (m2), 

calculated to be 2.87 x 10-5 m2. 

The friction force includes both the pressure drop due to a back pressure valve (an open 

needle valve) and a 90° elbow bend. The friction as a result of the pipe walls was 

negligible compared to the other effects . The following section estimates the resisting 

force: 

(i) Hake needle valve 

Using the pipe fittings manufacturer's catalogue (Hoke Int., Middlesex) a relationship for 

the pressure drop of the needle valve, P v' (reference number: 3752G4Y) can be 

calculated: 
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(A3) 

(ii) 90° standard radius elbow 

The pressure drop resulting from the 90° standard radius elbow, Pb , was estimated by 

assuming 0.7 velocity heads (Perry & Green, 1984): 

(A.4) 

Substituting equation A3 and A.4 (the total frictional effects) into equation A2 gives a 

relationship for the mean superficial velocity with time: 

(A5) 

This can be solved analytically to give: 

(A6) 

where a = Ax (Pa - Pb ), b = Ax (8295) , Vss is the superficial velocity under steady state 
m m 

conditions of 100 ml/min (0.0581 m!s), vp is the mean pulse velocity and tp is the time the 

pressure is applied for. This is estimated at 0.0084 seconds by approximating the measured 

pressure/time profile to a square pulse with the same area under the curve as seen in figure 

3.7. This gives a pressure of 320 mbar for 'half' pulse amplitude and 550 mbar for 'full' 

pulse amplitude over the pulse length, as described in section 3.4.2. The following sample 

calculation calculates vp for ' full' amplitude pulses at 550 mbar: 

Rearranging equation A6 gives: 

(-Jaib + vp J = exp[.Jab.2t +(In -Jaib + vss J] 
~a/b - vp p ~a/b - vss 

(A7) 

where ~a/b = ~ Pa = 2.57, .Jab = 43.2, tp=0.0084 and vss=0.0581. Substituting these 
8295 

values into equation A7 gives: 
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Vp = 0.94 m/s 

A similar calculation for half amplitude pulses (Pa=320 mbar) gives vp=0.58 mls. 



Appendix B 

Calculation of Thermal Conductivity of Deposit 

As discussed in section 3.2.3, the whey protein deposit typically contained between 58% 

and 66% water. The distribution of the water and the protein, within the deposit matrix, are 

likely to affect the overall effective thermal conductivity of the deposit, Af. Two models for 

the effective thermal conductivity are presented in this appendix. 

(iJ. Deposit modelled as layers in series. 

Figure B.l illustrates the distribution of protein, p and water, w in the deposit matrix. 

T'1 
PROTEIN xp 

T' m 

WATER Xw 

T'2 

Figure B.l Diagram illustrating the distribution of horizontal layers of protein and water in 

the deposit matrix 

Assuming one-dimensional conduction of heat with heat flux, q from temperature, T'I CC) 

to a temperature, T' 2 Cc). Fourier's law gives: 

(B. 1) 

where T' m CC) is the temperature at the protein/water interface, A is a thermal conductivity 

and x is a thickness of a layer. This model also assumes Ap does not change with time. 

Eliminating T'm and rearranging gives: 

(B.2) 

An average heat flux across the whole deposit composite can be calculated by assuming an 

effective thermal conductivity, Af: 
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(B.3) 

Thus: 

(B.4) 

The voidage, E, is a ratio of the volume of the water to the total volume of the deposit, 

which can be represented by: 

(B.S) 

(B.6) 

Substituting equations (B.S) and (B.6) into equation (B.4) gives an expression for the 

effective thermal conductivity in terms of the voidage and the thermal conductivity of 

protein and water: 

(B.7) 

Rearranging equation (B.7) gives a relationship for A/Aw: 

(B .8) 

The ratio of the effective thermal conductivity, Af, to the thermal conductivity of water, J......v, 

(0.615 W/mK at 30°C, Perry & Green (1984)) is plotted as a function of voidage in figure 

B.3. The plot shows a range of values for the protein thermal conductivity. 
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(ii). Deposit modelled as parallel channels. 

Figure B.2 illustrates the distribution of protein, p and water, w in the deposit matrix. 

Area Area 
=A p =Aw 

T't 

~ Q::; ~ Q::; 

~ g ~ xp= xw= xf 
0 

~ <t: 
&: &: ~ 

T'2 
~ 

Figure B.2 Diagram illustrating the distribution of vertical channels of protein and water in 

the deposit matrix . 

Analysis of steady-state one-dimensional heat conduction, QH gives: 

where, A is a channel area, A is a thermal conductivity, xp or Xw are the thicknesses of the 

layer and n is the total number of channels. By definition, q the heat flux is: 

(B. 10) 

An average heat flux across the whole deposit composite can be calculated by assuming an 

effective thermal conductivity, Af • Substituting equation (B.9) into equation (B.1O) gives: 

(B.1I) 

Since (Ap).xp is the volume of a protein channel, V' p (m3). Similarly, (AJ.xw is the volume 

of a water channel, V' w (m3) and by assuming xp = xw, equation (B.II) can be rearranged: 

(
AV' '1v'l A - p p + I'vw w 

f - V' +V' V' +V' 
p w p w / 

(B.12) 



Substituting V' j(V' p+ V' w) for the voidage, E, gives an expression for the effective thermal 

conductivity: 

(B .13) 

Rearranging equation (B.13) to form a relationship for AlAw: 

(B .14) 

The ratio of the effective thermal conductivity, Af, to the thermal conductivity of water, /......v, 

(0.615 W/mK at 30°C, Perry & Green (1984)) is plotted as a function of voidage in figure 

BA. The plot shows a range of values for the protein thermal conductivity. 



Substituting V' w/(V' p+ V' w) for the voidage, £, gives an expression for the effective thermal 

conductivity: 

(B.13) 

Rearranging equation (B.13) to form a relationship for A/Aw: 

(B.14) 

The ratio of the effective thermal conductivity, Ar, to the thermal conductivity of water, A..v, 

(0.615 W/mK at 30°C, Perry & Green (1984)) is plotted as a function of voidage in figure 

B.4. The plot shows a range of values for the protein thermal conductivity. 
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Figure B.3 Ratio of A f / Aw against voidage at different values of Ap for the deposit 

modelled as layers in series, from equation (B.8). The numbers on the graph refer to the 

thermal conductivity of protein. 

0.9 

0.8 

0.7 

0.2 W/mK 
0.6 

0.1 W/mK 
~ I ~ « « 

0.5 0.06 W/mK 

0.4 

0.3 

0.2 

0.1 

0.4 0.5 0.6 0.7 0.8 0.9 

10 

Figure B.4 Ratio of Af / Aw against voidage at different values of Ap for the deposit 

modelled as parallel channels, from equation (B.14). The numbers on the graph refer to the 

thermal conductivity of protein. 
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Appendix C 

Sample Calculation for Temperatures Across the 
Sensor and Deposit 

As discussed in section 4.3, three temperature conditions exist at the surface of the deposit 

in contact with the cleaning solution. These temperature conditions arise as a result of the 

brass block, a conductor, and the MHFS, an insulator, not being in contact with all the 

cleaning test piece. Figure C.1 illustrates the length of test piece in contact with: 

(i) the surrounding air, no block and no MHFS (40 mm) (10 mm of this length will 

be taken up with the pipe fittings), 

(ii) the brass block and no MHFS (47 mm), 

(iii) the MHFS (13 mm). 

The figure also shows a diagram of the three temperature cases, marked (i), (ii) and (iii), 

and illustrates the temperatures at the interfaces between the layers. The nomenclature for 

the temperatures are defined in figure 4.1. This appendix presents (i) a sample calculation 

for these temperatures and (ii) a calculation for the true mean plateau cleaning rate, PT at 

the block temperature, TB' 

The experimental conditions under which the sample calculation for the temperatures has 

been carried out are: block temperature, TB = 70°C, bulk liquid temperature, T L = 50°C and 

flowrate, Q = 800 ml/min, corresponding to a Reynolds number of 4680 and a fluid

surface HTC, hL = 3.77 kW/m2K, calculated using the correlations for heat transfer, as 

described in section 4.2.1.1. A deposit protein coverage of 100 g/m2 was assumed, giving a 

deposit thickness, Xf = 0.225 mm and an effective deposit thermal conductivity, Ac = 0.28 

W/mK, calculated by the method described in section 4.2.2. The sensor thermal 

characteristics were: sensor thermal conductivity, As = 0.144 W/mK, sensor thickness, Xs = 
0.076 mm. 

For all calculations, the overall HTC, U, was calculated using equation (4.3). The heat flux 

can then be calculated using equation (4.1). Temperatures at the interfaces between layers 

are calculated using equation (4.2). The thermal resistance of the stainless steel pipe wall 

was assumed to be negligible, as discussed in section 4.2.1. 
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Figure C.l Schematic illustrating the length of test piece in contact with the block and the 

sensor. Three diagrams also show the temperatures at different points along the tube for 

the conditions used in the sample calculation. 

231 



(i) Test piece exposed to air 

The overall HTC, U, was calculated by: 

(C.1) 

where ho' the average fluid-surface external heat transfer coefficient = 0.010 kW /m2K, 

calculated using a relationship for free convection around a tube, described in Incropera & 

DeWitt (1990). 

Using a flowrate of 800 ml/min, U = 0.010 kW/m2K. The heat flux, q can be calculated by: 

q = U(TB - TL) = 0.010(20 - 50) = -0.3 kW / m2K (C.2) 

The temperature at the depositlfluid interface, T3, was calculated by: 

q -0.3 50 50°C T3 =-+TL=--+ z 

hL 3.77 

Similarly, the temperature at the surface of the pipe, T 1> was calculated by: 

(ii) Test piece mounted on block only 

The overall HTC, U, was calculated by: 

1 1 x f 1 1 
-=-+-=--+--
U hL Af 3.77 1.24 

U = 0.933 kW/m2K. The heat flux, q can be calculated by: 

(C.3) 

(C.4) 

(C.5) 

q = U(TB - TL) = 0.933(70- 50) = 18.7 kW /m2K (C.6) 

The temperature at the deposit/fluid interface, T3, was calculated by: 

(C.7) 
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(iii) Test piece mounted on sensor and block 

The overall HTC, U, was calculated by: 

1 1 xr Xs 1 1 1 -=-+-+-=--+--+-
U hL Ar As 3.77 1.24 1.89 

U = 0.625 kW/m2K. The heat flux, q can be calculated by: 

(C.8) 

q = U(TB - TL) = 0.625(70 - 50) = 12.5 kW / m2K (C.9) 

The temperature at the depositlfluid interface, T3, was calculated by: 

T = -.5L + T = 12.5 + 50 = 53°C 
3 hL L 3.77 

(C.10) 

Similarly, the temperature at the deposit/sensor interface, Tb was calculated by: 

(C.ll) 

Table C.1 lists the temperatures at the deposit/liquid interface, using the above sample 

calculation, for the experimental conditions with the liquid temperature maintained at 

50°C. For the length of tube exposed to the air, the temperature at the depositlliquid 

interface was assumed to be the same as the bulk liquid temperature, as calculated in 

section (i) of this appendix. 

Flowrate hL Block only CC) Block and sensor CC) 

ml/min kW/m2.K 80 70 50 30 80 70 50 30 

100 0.79 68 62 50 38 65 60 50 40 

260 1.53 63 59 50 41 60 57 50 43 

400 2.17 61 57 50 43 58 55 50 45 

800 3.77 57 55 50 45 55 53 50 37 

Table C.l The temperature at the depositlliquid interface (T3) as a function of liquid 

flowrate and block temperature, for the system containing the block only and the system 

containing the block and sensor. The numbers in italics refer to the block temperatures. 
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As defined in section 3.3.4, the mean plateau cleaning rate, P is calculated by taking an 

average of all the maximum cleaning rate points from region II of a cleaning curve. During 

MHFS cleaning experiments, the value of P is an average over the three temperature 

regions illustrated in figure C.l. P is made up of PT, the true mean plateau cleaning rate at 

the block temperature, TB and Pso the mean plateau cleaning rate at the liquid temperature 

of 50°C (the 'isothermal' experiment). This can be described by: 

(C.12) 

where ATotal is the surface area of the whole tube and ABlock is the surface area of the tube in 

contact with the block. This can be rearranged in terms of PT: 

(C.13) 

The length of the tube is 100 mm and the length of the block is 60 mm, resulting in a value 

for ATota/ABlock of 1.67. Equation (C.l3) can be used to calculate PT for all values of P listed 

in table 4.1 where T L = 50°C; for example, for Re = 4680 Pso is 0.22 g/m2s, from 

experiment #15, table 4.1. 



Appendix D 

Method for Chemical Fixation of Whey Protein Deposit 

The following method, discussed by Hayat (1981), was used to chemically fix the whey 

protein deposit with 2.5 wt% glutaraldehyde in a 0.1 mol cacodylate buffer. All the 

fixation work was carried out in a fume cupboard as the cacodylate buffer contains arsenic. 

The sample was also critically point dried using carbon dioxide. 

1. One hour in 2.5 wt% glutaraldehyde made up in 0.1 mol cacodylate buffer at pH 7.2. 

2. Wash in 0.1 mol cacodylate buffer. Three changes of buffer for a minimum duration of 

one hour or over night at 4°C. 

3. Wash in three changes of distilled water 1 to 11/2 hours 

4. Dehydrate in an ethanol gradient: 

70% 1 hour 

90% 1 hour 

100% 1 hour 

100% 1 hour 

100% 1 hour 

5. Critical point drying: 

This technique is carried out by raising the pressure and temperature of the sample above 

the critical point. Carbon dioxide is used as the critical pressure (72.9 atm) and the critical 

temperature (31.1 °C) are considerably lower than water. By using carbon dioxide the 

sample is not over heated. 
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Appendix E 

Protein Structure and Interactions: Relevance to 
Fouling and Cleaning 

Proteins are the most abundant organic molecules within biological cells (Bailey and Ollis, 

1986). They are also present in large quantities in milk and whey. Proteins are constructed 

from a covalently bonded chain of amino acids. The 3D structure of proteins is complex 

and can be viewed as a result of four levels of interactions: 

(i) the primary structure of the protein is the sequence of amino acid residues within 

the covalently bonded protein chain. Every protein has not only a definitive amino 

acid content but also a unique sequence of residues. 

(ii) the secondary structure is the short scale arrangement of the amino acid residues 

into which the primary structure first folds. There are two primary forms of primary 

structure; helices and sheets. In some systems the structure is maintained primarily 

by hydrogen bonding between different protein residues - covalency is not involved. 

(iii) the tertiary structure describes the complete three-dimensional structure of an 

individual protein molecule, i.e. how the chain and its secondary structure fold up. 

Non covalent interactions such as hydrogen bonding and dipole interaction 

determine this level of structure. 

(iv) the quaternary structure of the protein describes the interaction between 

separate proteins, i.e. more than one amino acid chain. In many protein systems, the 

natural state is for dimers or higher levels of association to occur. The bonding is of a 

similar kind to that found in the tertiary structure. 

All bar the primary level of structure are maintained solely by weak bonds: hydrogen 

bonding, van der Waals and hydrophilic interactions. They can thus be readily disrupted as 

a result of changes in the local environment of the protein, such as changes in pH, 

temperature and ionic strength. Individual acid residues have different acidlbase behaviour, 

so that proteins are amphiphilic and their charged state will change with pH: each protein 

has an isoelectric point, a pH at which it is neutrally charged and has minimum solubility 

in water. At pH well away from the natural region of the protein, the different charged 

states will change the shape of the protein as well as increasing its solubility. 



Any disruption of the conformation of the protein will affect its overall biological activity, 

which is strongly shape-dependent. The primary structure need not be affected: it is only 

necessary to change the shape of the molecule. Protein activity is thus highly susceptible to 

environmental change. Any loss of biochemical activity is commonly referred to as 

denaturation, although the word can be used to describe more severe changes. In structural 

terms, denaturation results from two types of change: 

(i) structural denaturation in which the protein chain is disrupted from its natural 

conformation into a different structure, usually more unfolded, and 

(ii) resulting aggregation in which individual proteins interact to form a polymerised 

system: association between proteins can be covalent (as in ~-lactoglobulin) or more 

commonly by hydrogen bonding and other weak interactions. The resulting 

aggregates can be tightly bound and more stable to heat than the original biologically 

active proteins. 

Denaturation is reversible but aggregation is generally not as it involves bonding between 

different protein monomers: aggregates may be less soluble in water and can thus 

precipitate from solution. 

The behaviour of the milk system during fouling below 100 C is governed by the thermal 

behaviour of the most labile protein, ~-lactoglobulin, which undergoes consecutive 

denaturation and aggregation steps (most of this discussion is taken from Jelen and Rattray 

(1994) and Fryer et al. (1994)). Denaturation is the controlling step at this stage, with 

activation energies in the region of 300 kJ/mol: above ca. 95 C aggregation reactions 

increasingly control, with activation energies in the region of 80 kJ/mol. The deposit 

formed from milk proteins consists of a set of precipitated aggregates of protein, involving 

some intermolecular covalency via S-S bonding. Fouling is considered to result from the 

adhesion to the surface of proteins which have aggregated within the bulk fluid. The 

aggregate particles will not be fully solid - water will be associated with some of the 

protein - but their moisture content is not known. 

In cleaning it is necessary to disrupt this structure. The detailed chemistry of the cleaning 

process is not clear: however, the action of high concentrations of sodium hydroxide will 

raise the pH to such a point that significant unravelling of the protein will take place, with 

resulting changes to the structure of the overall deposit. At high pH the protein chain will 

be highly unfolded. Relating the change in individual protein behaviour to the whole 

structure (as seen in the micrographs here) is not possible - but it is clear that the unfolding 
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of the protein is accompanied by the formation of a more open deposit structure with large 

channels between protein strands. This higher observed voidage will have two effects: (i) 

to lower the mechanical strength of the deposits, and (ii) to make mass transport processes 

within the deposit more rapid. 
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