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ABSTRACT 

Developn1ent of Fluid Dynarnic Gauging for Cleaning Studies 
By John CHEW Y.Jvi. 

This dissertation describes the extension and application of a recently introduced technique, 

fluid dynamic gauging (FDG), to studying the removal (cleaning) of layers of foulants de

posited on rigid surfaces in situ, in real time and in a liquid environment. The working 

principle is that the surface of deposit is exposed to suction flow through a nozzle located 

normal to, and close to, the surface. The suction flow is driven by a fixed hydrostatic suc

tion head by means of a siphon. The measured pressure/flow rate relationship yields the 

clearance distance from the nozzle tip to the deposit surface, whence the !iliickness of the 

deposit, and now the stresses imposed on it , are deduced. 

Computational fluid dynamics (CFD) has been used to analyze the flow fields generated 

by FDG in the quasi-stagnant configuration to allow that technology to give simultaneous 

measurements of deposit thickness and strength. Stress field predictions were generated 

by solving the governing equations using the numerical solver Fastflom, and validated by 

comparison with experimental hydrostatic pressure measurements. Moreover , analytical ap

proximations for the stresses imposed during the gauging experiments has been shown to 

yield reasonably good agreement with the CFD predictions. Particular predictions of note 

were that the surface shear stress is largest in the area directly underneath the rim of the 

gauging nozzle, and that shear stresses characteristic of industrial cleaning-in-place systems 

could be generated in these quasi-stagnant systems by suitable selection of the hydrostatic 

suction head and th~ clearance between the gauging nozzle and the surface. 

This enhanced FDG tool was employed to study the removal characteristics of tomato paste 

soils and weak calcium sulphate scale deposits. The critical shearing yield stress for the 

tomato paste was found to be strongly dependent on the extent of baking (ageing) , ap

proaching an asymptote as the material was transformed from a soft , malleable paste into 

a hard , brittle semi-solid. It was also found that after extended deposition and ageing, 

calcium sulphate layers could not be removed by these gauging flows, implying that liquid 

velocities customarily used in industry would not be able to dislodge such deposits . 

Polystyrene co-polymer fouling layers were fabricated in the laboratory. The kinetics and 

mechanisms of cleaning them from stainless steel surfaces using NaOH, MEK and TPU sol

vents were successfully investigated using FDG. NaOH was found to be a non-solvent across 

the range of experimental conditions, in the sense that the polymer films simply swelled to 

constant thickness after an induction period, without dissolving. In contrast, the polymer 

films were removed completely in MEK and TPU, more rapidly in the former case , in terms 

of swelling and dissolution rates , and overall cleaning time. The removal characteristics of 

different polymer films in MEK and TPU were shown to differ fundamentally, and an im

proved 'campaign' strategy for polymerization reactors is thereby identified. Experiments 

on pilot plant samples immersed in MEK and TPU indicated that the results from the 

laboratory samples are applicable to pilot plant scale. 
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CHAPTER 1 

GENERAL ASPECTS OF 

FOULING AND CLEANING 

1.1 Introduction and Background 

Fouling is generally defined as the unwanted deposition (or growth) of suspended, dissolved, 

or chemically generated species from process fluids on to heat transfer surfaces. The de-

posit normally exhibits a low thermal conductivity, which increases the resistance to heat 

transfer and therefore decreases the thermal operating efficiency of heat transfer equipment. 

Ivlacro-layers of deposit can also cause a reduction in the cross-sectional flow area and an in-

crease in surface friction , resulting in increased pressure drop across the device, necessitating 

over-sizing and/or causing under-performance of equipment. Furthermore, deposit growth 

frequently requires processes to be shut down for cleaning, incurring both production losses 

and cleaning costs. 

Fouling that results in frequent and costly cleaning is common to many industrial sectors , 

in particular the food industry, where product safety as well as plant performance is impor-

tant. Fouling in the food industry not only affects pressure drops and heat transfer rates 

but can also threaten process or product viability e.g. by violating hygiene requirements 

by contamination, or by promoting microbial activity. Selection of effective fouling mitiga-

tion methods and enhancement of cleaning protocols requires knowledge of the underlying 

deposition and cleaning mechanisms. 
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Chapter 1: General Aspects of Fouling and Cleaning 

1.2 Fouling 

Unwanted deposit growth is a leading cause of diminished plant productivity while simul

taneously increasing annual production costs. The restoration of plant performance and 

reduction of production costs must begin with an understanding of the various types of 

fouling , which have been classified as (Epstein [1981]; Miiller-Steinhagen [2000]): 

1. Precipitation/Crystallization - deposition of dissolved salts on heat transfer surfaces 

due to supersaturated ion concentration in the liquid immediately adjacent to the 

surfaces. Examples are milk scaling (Burton [1968]) and scaling by inorganic crystals 

(Helalizadeh et al. [2000]) . 

ii. ?articulate/Sedimentation - deposition of suspended solids, insoluble corrosion prod

ucts , sand or silt present in particulate form , on heat transfer surfaces. It is often 

referred to as sedimentation, which is the gravitational settling of large particles onto 

horizontal surfaces. This type of fouling is common in separation processes using 

membranes (Bo ..... erlage [2001]). 

iii. Chemical Reaction - generation of foulants on heat transfer surfaces by chemical re

action is common in petroleum refining (Yeap [2004]) and polymer production (Van

derhoff [1981]) . 

iv. Corrosion - the substrate reacts with species in the fluid to form corrosion products , 

e.g. oxides , on the heat transfer surface. This is often observed in cooling/heating 

water systems (Somerscales [1999]). Corrosion products may detach and cause pm·tic

ulate fouling elsewhere. 

v. Biological - development and deposition of fouling of organic layers consisting of 

micro-organisms such as bacteria (micro-fouling) and their metabolism products or 

the attachment and growth of macro-fouling layers such as .algae or mussels. 
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v1. Solidification - caused by solidification of some constituent in the process fluid at the 

heat transfer surface due to temperature there driving this phase change. Examples 

include ice formation in water cooling processes and paraffin wax deposition in the 

petrochemical sector. 

The various types of fouling mechanisms mentioned above occur in a sequence of events 

usually referred to as fouling stages. The consecutive steps of fouling are (Epstein [1983]; 

Burton [1988]): 

1. Initiation period (delay period) - the most critical period i.e. when temperature, 

concentration and velocity gradients, oxygen depletion zones and crystal nucleation 

sites are established. This ranges from a few minutes to a number of weeks. 

11. Migration (mass transport) - the most widely studied phenomenon - involving trans

port of foulants from the bulk process fluid to the surface and various transport mech

anisms. 

m. Attachment - the formation or growth of deposit on the heat transfer surfaces. 

iv . Transformation (ageing) - another critical period when physical and/or chemical 

changes can increase deposit strength and tenacity, for example by polymerization, 

recrystallization or dehydration. 

v. Removal or re-entrainment -dependent upon deposit adhesion or cohesion - removal 

of fouling layers by dissolution, erosive spalling or by random turbulent bursts. 

Fouling is a complex process and it is often found that several fouling mechanisms occur 

simultaneously, nearly always being mutually reinforcing (Miiller-Steinhagen [2000]). More

over, fouling is affected by various operating parameters such as process fluid velocity, bulk 

flow and surface temperatures , and fluid properties which include suspended and dissolved 

solid fractions, pH of bulk fluid and ageing. The influence of surface material properties 

and topography is also an important consideration . 
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1.3 Cleaning 

The aim of a cleaning process is to remove the unwanted deposits and , where necessary, 

decontaminate the surfaces. Its importance lies in the fact that cleaning can restore oper

ability, ensure hygiene or avoid cross-contamination in a multi-product environment . Any 

failure to clean effectively may have adverse consequences for product safety as well as 

production efficiency. Proper or efficient cleaning depends on the 'degrees of cleanliness' 

desired , including (GraJ3hoff [1997]) 

i. Atomically clean - cleanliness at nano-scale or above. 

11. Biologically clean (sterile) - no microorganism or biological debris. 

iii. Chemically clean - no foreign materials that will affect chemical reactions. 

iv. Hydraulically clean - does not affect transport processes (at micron-scale or above). 

v. Physically clean - no physically measurable or optically detectable materials. 

In general, it is hard' to define a 'clean' surface because a surface that is clean from the phys

ical viewpoint is not necessarily bacteria-free, while a sterile surface may not be adequately 

clean from a physical angle. The same holds for chemically clean surfaces with respect to 

physical or biological criteria. The degree of cleanliness also depends on the sensitivity of 

the evaluation method. In the dairy context , GraJ3hoff [1997] stated that a clean surface 

should be in a condition which excludes any possibility that the quality of a product to be 

processed will undergo undesirable changes , neither immediately nor at a later stage. 

There are several cleaning techniques available. Miiller-Steinhagen [2000] classified these 

into two main categories: 

1. Chemical cleaning - soaking treatments using cleaning agents such as acid (for hard 

crystalline material, Burton [1968]) , alkali (for proteinaceous material, Bird and Fryer 
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[1991]) or organic solvent (for polymer coatings, Kemmere [1999]). Chemical action 

transforms the deposit into anot her form which can then be removed by diffusive or 

shear-assisted transport. 

ii. Mechanical cleaning - uses methods such as steam-blasting, hydro-blasting, sprayballs 

and lancing. Mechanical cleaning is usually performed off-line. 

Many procedures are used in chemical cleaning, for instance soaking, temperature treat

ments, and recirculation. Soaking is adequate in most cases but it requires large volumes of 

chemical and is slow, incurring added downtime. It is usual to combine soaking and recir

culation to promote mixing and enhance mass transfer to the fouled surface. Recirculation 

also increases shear on the deposit , and promotes mechanical scouring. As chemical reaction 

rates increase with temperature, the cleaning agent is often heated. 

Lancing, sprayballs and brushing are among the most popular mechanical cleaning methods 

in the food sector, while steam-blasting and hydro-blasting are most widely used in cleaning 

of heat exchangers. Sometimes these techniques may not completely eliminate tenacious de

posits, so particles such as sand are often added to liquids to increase cleaning effectiveness 

(Garrett-Price et al. [1985]). With mechanical methods, cleaning must be performed care

fully to avoid or minimize damage of heat transfer surfaces: in heat exchangers , intensive 

and forceful cleaning may remove a protective oxide layer on t he tube surfaces, leading to 

corrosion problems. 

Chemical cleaning often offers advantages over mechanical methods , including: ( i) speed; 

( ii) the ability to reach physically inaccessible areas; ( iii) avoidance of mechanical damage 

to surfaces; ( iv) reduced labour demand; and ( v) being performable in situ. The choice of 

cleaning methods depends strongly on the design and construction of the equipment and 

the nature of the fouling . It may be necessary to combine chemical and mechanical methods 

to achieve the desired level of cleanliness such as that in cleaning-in-place (CIP) . 
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As mentioned in Section 1.2, fouling deposits are usually complex and heterogeneous. The 

different components of fouling deposits usually respond differently to cleaning condit ions 

(either chemical or mechanical) , thus resulting in a range of sensitivity to the cleaning stages 

identified by Plett [1985] as: 

i. Bulk reaction - the active components of cleaning agents may react in the bulk fluid , 

e. g. with hard water ions, thus not contributing to cleaning. 

ii. Transport to interface (molecular mode) - once in contact , the active components 

penetrate through the deposit/solvent interface of the fouling deposit. The transport 

rates are usually influenced by the temperature, flow and concentration conditions. 

iii. Transport into deposit layer - cleaning agent components penetrate into the deposit ; 

the rates of transport are dependent on the structure of the deposit layer. 

IV. R eaction between cleaning agent and deposit layer - among the many possible reactions 

are plasticization , emulsification, mechanical break-up, swelling and wetting. The 

behaviour depends on the nature of the fouling deposit and the solvent. 

v. Transport back to interface (molecular mode) - the reacted foulant diffuses through 

the deposit/solvent interface into the bulk phase, driven by concentration gradients . 

VI. Transport to bulk fluid (bulk material) - the bulk materials remove from the fouling 

substrate and migrate into the bulk phase. The removal mode can be failure of deposit

deposit bonds (cohesive) or deposit-substrate bonds (adhesive). 

Generally, the cleaning process is complex and one or more of the stages above may be 

irrelevant or rapid. For example, in the cleaning of polymer films using organic solvents 

(chemical cleaning) , all the above stages occur (Vanderhoff [1981]) . In contrast , for mechan

ical cleaning of fouled pipes by ' ice pigging' ( Quarini et al. [2002]) , only the final stage is 

present as t he process involves simple scouring. 
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1.4 Aims of the Dissertation 

This work describes the development of a novel technique , fluid dynamic gauging (FDG) 

from its pre-existing status as a method for measuring the thickness of films deposited on 

rigid surfaces in situ, in real time and in a liquid environment, to a new level where the 

stresses imposed on the surface of the film during gauging are predicted and the technique 

can thus be used to measure or characterize the rheology of such surface layers. Compu

tational fluid dynamics ( CFD) simulations are used to calculate the flow and stress fields. 

The power of the technique is then demonstrated by testing the deformation behaviour of a 

range of food soils and crystal scales. The technique is then employed to study the cleaning 

mechanisms of fouling layers that mimic deposits in polymerization reactors to permit the 

optimization of cleaning strategies. 

1.5 Structure of the Dissertation 

Chapter 2 reviews the invention and principles of fluid dynamic gauging, including the dif

ferent configurations i.e. quasi-stagnant and duct-flow conditions . 

Chapter 3 describes the application of computational fluid dynamics ( CFD) to FDG in the 

quasi-stagnant condition. The governing equations are discussed and verification of the CFD 

code is demonstrated. The predicted flow patterns and shear and normal stresses involved 

in FDG are discussed. Experimental verification of simulation results by comparison with 

experimental results is also included . Comparison of predicted shear and normal stresses 

with approximate analytical solutions are also shown. This chapter concludes with a brief 

description of other possible applications of CFD such as the design of nozzles and extension 

of FDG to power-law fluids. 
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Chapter 4 demonstrates the application of the enhanced FDG technique, i.e. augmented by 

CFD studies, to study the adhesive strength of soft deposits such as tomato paste and weak 

calcium sulphate scales in situ. Further experimental verifications of CFD simulations by 

comparisons with local variables, with the emphasis being on accuracy in calculating local 

stress fields in order to support characterization of deformation , is included. The chapter 

also describes the comparison of results obtained from FDG and micro-manipulation, a di

rect strength measurement technique developed by Liu et al. [2002] at the University of 

Birmingham. 

Chapter 5 reports a systematic study of chemical cleaning of polymerization reactor foulants 

using FDG in the quasi-stagnant condition. Removal of polymer layers under various clean

ing conditions including temperature, concentration and solvent type is discussed , as well 

as tests on pilot plant samples. The data demonstrate a range of mechanisms arises in these 

systems. 

Chapter 6 presents conclusions and recommendations for further work. 
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CHAPTER 2 

INTRODUCTION TO 

FLUID DYNAMIC GAUGING 

Fluid dynamic gauging (FDG) is a non-contact technique for measuring the thickness of 

layers on solid surfaces immersed in a liquid (Thladhar [2001]). It is effectively a fluid 

mechanical analogue of atomic force microscopy, which allows surfaces to be probed in situ 

and in real time. FDG employs a siphon effect, thereby avoiding pressure measurement, 

replacing it by a measurement of the mass flow rate of the discharged process fluid. This 

chapter describes the principles and previous applications of the technique. 

2.1 Introduction and Background 

The removal of unwanted fouling layers from surfaces is essential in many processes to 

restore operability, ensure hygiene or avoid cross-contamination in a multi-product envi

ronment. The degree of cleanliness required from any cleaning process will vary from one 

sector to another, and will largely dictate the technologies chosen. A common problem 

across all sectors, and particularly those featuring multi-product lines, is that variations in 

the materials being processed result in different fouling and cleaning behaviours. 

Fouling in the food industry is receiving more attention in today's world because modern 

technology is capable of unmasking processing difficulties and food adulteration problems 

due to fouling . Food fouling not only will impair the hydraulic and mechanical properties of 
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the equipment but also may contaminate the final food products , violating food and safety 

regulations. Consequently various fouling remedies are commonly proposed to ameliorate 

matters. 

One of the fundamental needs for fouling and cleaning studies is the development of methods 

for measuring the deposit thickness, and its 'profile' i.e. its variation with time. Deposit 

thickness, or its consequences, is usually an indicator for operation shutdown and cleaning 

periods. Thus, a. satisfactory thickness measurement device would be welcomed in foul

ing, cleaning and scheduling investigations. Existing techniques include the pressure drop 

method, the heat transfer coefficient method and the ultrasound method. T\1la.dha.r et al. 

[2000] presented an extensive summary of the advantages and disadvantages of these tech

niques and identified their main limitations as: distortion of deposit due to contact, the 

need for prior knowledge of deposit properties , the limitations of measurements providing 

only averaged values, and the need for expensive and sophisticated devices. 

The limitations of these existing techniques demand a. novel non-contact method capable 

of providing measurements in situ, in real time and requiring no physical contact with 

the materials being studied. FDG is such a. technique, developed in the Department of 

Chemical Engineering at Cambridge University. It allows one to measure thickness profiles 

non-destructively, at different points on a surface, and to minimize the use of complex 

sensors. In subsequent sections in this chapter, the principles of FDG in the quasi-stagnant 

system, i.e. with fluid motion apart from the gauging flow, will be reviewed. 

2.2 Principles of Fluid Dynamic Gauging 

The inspiration for FDG came from pneumatic gauging, which is an earlier example of a 

non-contact gauging technique. This features a jet of air moving outwards from a nozzle 

mounted perpendicular to the surface to be gauged. The pressure profile within the nozzle 
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will be affected by the proximity of the deposit surface, whence the thickness of a deposit on 

a substrate can be determined from the pressure profile. Recently, Bridge et al. [2001] used 

the pneumatic gauging technique to measure the thickness of food films and Gale [1995] 

employed pneumatic gauging to measure the thickness of leaf tissues . Other applications of 

pneumatic gauging are also reported in aerospace and heat transfer measurements (Macleod 

and Todd [1973]). 

Bridge et al. [2001] showed that pneumatic gauging was unsuitable for measuring fragile 

deposits , especially for deposits that might shrink or slump if they are removed from their 

liquid environment. Consequently, substantial modifications were made to the pneumatic 

gauging technique in order to cope with soft deposits immersed in liquids. Tuladhar et al. 

[2000] revised the method by having the process fluid sucked into the nozzle, thereby also 

overcoming potential problems of compromising sterility and avoiding shrinkage and slump. 

Instead of imposing a flow rate and measuring the pressure profile in the nozzle, they im

posed a fixed pressure drop and measured the mass flow rate of the fluid being withdrawn. 

Figure 2.1 shows the principles involved in FDG. A fully submerged gauging nozzle is posi

tioned close to, and normal to, a deposit surface. The nozzle, with a throat diameter dt, is 

connected to a siphon tube of diameter d. The clearance between the nozzle and the gauged 

surface, h, can be altered using a micrometer. During gauging, process fluid is sucked from 

the quasi-stagnant surroundings (1) into the nozzle and thence through the tube (4) to a 

flow-rate measuring device. The siphon effect imposes a suction pressure, ~p14 , maintained 

by a constant hydrostatic head, s (Figure 2.2). The clearance value, h, at any instant can 

then be determined from the registered mass flow rate, m. 

The following account is intended to outline the principle of FDG. For a detailed theoretical 

development see Tuladhar et al. [2000] . Initially, if the locatioh of the nozzle is fixed , the 
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clearance value from the clean surface, h0 , can be measured. Then , when the deposit grows 

or shrinks on the surface, the clearance value will change to h. The thickness of the deposit , 

8, can be calculated from 

8 = ho- h (2.1) 

The total pressure drop across the nozzle and the tube can be written as 

(2.2) 

where ~Pii is the pressure drop from station i to station j , s is the hydrostatic head , p is 

the density of the process fluid and g is the local acceleration due to gravity. 

Assuming that the flow through the siphon tube is fully developed, the pressure drop in the 

tube is governed by the familiar Hagen-Poiseuille result , 

(2.3) 

where Vc is the mixing-cup mean fluid velocity in the tube, 11 is the dynamic viscosity of 

the fluid and leff is the effective length of the siphon tube, defined as the length of the 

hypothetical straight tube that would support the same resistance to flow as does the real 

tube at the same flow rate, measured from station 3 of Figure 2.1 to the discharge end of 

the tube. The value of let f is determined by separate experiments , for which the nozzle had 

been removed from the tube, performed at high values of h. The total pressure drop due 

to the hydrostatic head, s , is then equal to the pressure drop over the real tube, including 

losses due to the bends. Hence, for fully developed laminar flow 

128lefJ/1ffi 
pgs = d4 p7r 

(2.4) 
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and so these separate experiments yield 

(2.5) 

Returning to the gauging experiments: at large h » dt, i.e. when the gauged surface is far 

from the nozzle , the pressure drop 6.p12 is negligible. Equation (2.2) becomes 

(2.6) 

As the nozzle approaches the surface (h < dt) , however, the presence of the gauged surface 

starts to have an effect on the flow pattern and the radial component of flow becomes 

important. Tuladhar et al. [2000] grouped the clearance (6.p12 ) and nozzle (6.p23 ) pressure 

drops together as a single term, 6.p13 (separate treatment of the clearance and the nozzle 

resistances to flow proved unsuccessful). Rearranging equation (2.2) gives 

whence 

(2 .7) 

For a small clearance, the flow pattern through the nozzle is expected to be complex and to 

be affected by the proximity of the gauging surface. The resistances to flows in and about 

the nozzle are described by a discharge coefficient , cd, defined by 

(2.8) 

In general , Cd depends on the Reynolds number at the nozzle the throat (Ret) and the 

geometry of the nozzle , specified by dt, h , A, w, and the divergence angle, a, of the nozzle. 
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For a given nozzle, \ w and a are constant ; hence Cd is a function only of Ret and h/dt . 

By defining 

(2.9) 

and by plotting graphs of Cd vs. h/dt and Cd vs . Ret , it was found that Cd was a strong func

tion of h/dt and Ret, when these variables are small i.e. when h/dt < 0.25 and Ret < 1000. 

At large values of h/dt and Ret, Cd was almost constant (Tuladhar et al. [2000]; Chew et al. 

[2004a]). 

Experimental work by Tuladhar et al. [2000], using water as the gauging fluid , established 

an implicit relationship for Cd (calculated from m) and h over a useful range (equation 

(2.10)) . 

lOOOCd = ( 0.3571 exp ( -5.0613/f;.)) Ret+ 

( - 70.3 + 3721.2~ - 2238.3 ( ~) 
2

) 

(2.10) 

1000 < Ret < 4000 and 0.05 < h/ dt < 0.20 

The following list summarizes the steps for calculating the deposit thickness from experi-

mental measurement of s and m using the theory and formulations above. 

1. at known distance h0 , measure the discharge flow rate, m , 

n. calculate Ret from equation (2 .9) , 

111. determine ~.p34 from equation (2 .3) , 

IV. solve for .6.p13 by substituting .6.p34 and s into equation (2 .7) , 

V . calculate Cd from equation (2.8) , 

v1. solve equation (2.10) iteratively to yield h/dt , 
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vii. calculate the deposit thickness from equation (2.1). 

This gauging technique is believed to be superior to existing techniques for the following 

reasons. It works in situ and in real t ime; it avoids introduction of foreign matter into the 

process fluid , thus avoiding contamination; it does not involve complex or costly sensors 

which require expensive maintenance; deposit thickness is determined from the discharge 

flow rate, which can be measured with high accuracy and , lastly, no prior knowledge of 

the physical properties of the deposit is required . The main disadvantage of this gauging 

technique is that it may be capable of damaging or distorting the deposit , if it is fragile. 

2.3 Systems of Fluid Dynamic Gauging 

2.3.1 Quasi-stagnant FDG 

Figure 2.2 shows a schematic diagram of a FDG apparatus in the quasi-stagnant condition 

designed by Tuladhar et al. [2000]. The only substantial fluid movement is the gauging flow 

maintained by a siphon effect. It consists of a nozzle, detailed in Figure 2.1 , with a known 

throat diameter , positioned close to the gauged surface, contained in a large Perspex t ank. 

A U-shaped tube draws the process fluid through the nozzle by a siphon effect and the 

discharge mass flow rate is measured by a balance. The mass increments are then recorded 

using a computer. During an experiment , the hydrostatic head , s , of the tank is kept con

stant by the fluid inlet and a weir. 

Typical calibration data, taken by the present author , are shown in Figure 2.3, which is a plot 

of mass flow rate, m, as a function of clearance value, h/dt, obtained by nozzle-advancing 

and nozzle retreating patterns for the same experimental conditions. The process fluids were 

tap water and 35 wt% sucrose at 18°C (f..L = 0.00478 kg/m s). For a given hydrostatic head, 

s, the mass flow rate is strongly dependent on the type of fluid : the more viscous liquid , 

the sucrose solution, gives lower mass flow rates , as expected for these laminar systems. 
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Tuladhar et al. [2000] classified the mass flow rate profile into two zones: an incremental 

zone for h/ dt < 0.25, where the flmv rate is very sensitive to clearance, followed by an 

asymptotic zone for h/dt > 0.25, where the flow rate is almost independent of clearance. 

Tuladhar also reported that the mass flow rate profile in the incremental zone is insensitive 

to fluid temperature (for water from 20° C - 5TC) and surface materials (stainless steel , 

butter and whey protein deposits) . Application of FDG in the quasi-stagnant configuration 

will be described in more detail in Chapters 4 and 5. 

2.3.2 Duct flow FDG 

Tuladhar [2001] also described the design and construction of a FDG device in a duct flow 

system. He used the apparatus to study the cleaning of whey protein deposits when treated 

with aqueous sodium hydroxide (NaOH), simulating a common method for cleaning-in-place 

(CIP) in the dairy industry. A gauging nozzle and a commercial heat flux sensor were incor

porated into the cleaning rig to simultaneously monitor the deposit thickness and thermal 

resistance profile, allowing the physical behaviour of the deposit to be monitored reliably 

during cleaning. The gauging sensor was calibrated in the presence of NaOH bulk flow. 

The mass flow rate profile obtained in the system was similar to that of the quasi-stagnant 

configurations: an incremental zone at low h/ dt where m increases with an increase in h/ dt, 

followed by an asymptotic zone where m is relatively insensitive to h/dt. A distinguishing 

feature of the mass flow rate profile for a duct flow system is that for given clearance, m 

increases with bulk flow rate because of the associated increase in static pressure in the 

fluid. The influence of bulk flow rate, however, was not investigated in great detail. 

In the cleaning cell , the whey protein deposits were placed between the bulk NaOH and hot 

deionized water. The temperature difference between the fluids resulted in heat transfer and 

changes in the thermal resistance of the deposits due to the variations in deposit thickness 

and structure could be measured. 
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The amount of protein removed from the surface during cleaning was also monitored using 

a protein dye-binding technique where the absorbance of the solution samples was cam-

pared with a standard absorbance curve obtained using a modified Bradford micro-assay 

with Coomassie Plus Protein Assay Reagent (Pierce and Warriner, Chester). The protocols 

employed were similar to those used by Bird [1992] and Gillham [1997] . 

The findings from the duct flow configurations afforded better understanding of the cleaning 

mechanism and indicated how altered conditions- such as temperature, concentration and 

flow rate of the cleaning solution - affect cleaning efficiency. 

2.4 Summary 

Of central importance in fouling and cleaning studies is establishing the thickness of fouling 

layers , preferably in situ and in real time. FDG is a novel technique capable of measuring 

the thickness of deposit layers on solid surfaces immersed in liquid, in situ and in real time. 

The technique employs a siphon effect; the pressure drop/flow rate relationship yields the 

thickness of the deposit. It offers the advantages of not introducing foreign matter into the 

system (that may result in contamination), ease of installation and operation, and avoidance 

of sophisticated, costly or delicate sensors. The technique is also usefully insensitive to the 

composition of the deposit. 

This dissertation will demonstrate the application of this technique , when coupled with 

computational fluid dynamics , to measure the stresses required to remove soft or weak 

deposits from their substrates. 
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Figure 2.2: Apparatus of fluid dynamic gauging for quasi-stagnant system. 

18 



Chapter 2: Introduction to Fluid Dynamic Gauging 

fluid inlet 

tube 

~---d---~ 
:! 

a 11 
nozzle 

:; 
substrate 

f 

Figure 2.1: Principle of fluid dynamic gauging. 

" 

siphon 
tube 

~----------------- ---------~-++---..-

! 

Perspex 
tank 

fluid in 
tank 

__ _J 

nozzle 

electronic 
balance -

computer 

~o: 

Figure 2.2: Apparatus of fluid dynamic gauging for quasi-st agnant system. 

18 



,......... 
~ 
C'l ,_.. 

E 

Chapter 2: Introduction to Fluid Dynamic Gauging 

1.20 .-----------~-------------------------------------. 

J 

0.80 

0.40 

~ incremental 
zone 

0.00 0.20 0.40 

hldt [-] 

asymptotic 

~ 

zone 

e • 0 • ~ 0 

~ ' 
• Water - Advancing 

o Water - Retreating 

8 

!:J. 

• Sucrose 35 wt% - Advancing 

D. Sucrose 35 wt% - Retreating 

( 

0.60 0.80 1.00 

Figure 2.3: Typical mass flow rate profile for quasi-stagnant system (s = 120 mm). 

19 



CHAPTER 3 

CFD STUDIES OF 

FLUID DYNAMIC GAUGING 

Experimental studies using pneumatic gauging (Bridge et al. [2001]) and fluid dynamic 

gauging (FDG) (Thladhar et al. [2002]) indicated that the forces imposed by gauging flows 

on weak deposit layers could cause significant deformation of the surface layer. This is un

desirable for gauging, but the onset of deformation - which could be recorded by gauging -

is related to film strength. Knowledge of the stresses imposed by the gauging flows on the 

surface would therefore afford a method for measuring film strength in situ. This chapter 

reports a study of the fluid dynamics of gauging flows, in particular the flow patterns near, 

and the stresses acting on, the surface. 

Section 3.1 reviews the simulations of impinging jet flows by other workers. Section 3.2 

describes the equations and boundary conditions involved in modelling FDG and presents 

a series of the verifications of the simulation code. Experimental validation of simulation 

results are discussed in Section 3.3. Section 3.4 reports the main outputs from simulations 

and Section 3.5 describes potential application of the results to gauge design. 
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3.1 Introduction and Background 

Computational fluid dynamics ( CFD) involves the generation of a solution that satisfies a 

group of conservation equations (here , mass and momentum) over a computational space 

that represents a real physical domain. The flow pattern involved in FDG shows similarities 

with those of Homann flows and impinging jet flows. In Homann flow , fluid approaches 

a plane (a stagnation boundary) symmetrically about the axis normal to the plane (Mid

dleman [1995]). Impinging jets and confined Homann flows have been studied extensively 

as a result of their wide range of engineering applications. Axisymmetric impinging jets 

were first studied numerically by Glauert [1956], the velocity components and shear stresses 

at the surface being calculated using the boundary layer equations for the laminar regime. 

For flows confined between parallel plates, van Heiningen et al. [1976] and Saad et al. 

[1977] obtained numerical solutions for the flow field and heat transfer characteristics for 

two-dimensional and axisymmetric laminar impinging jets, respectively. For a submerged 

laminar jet impinging on a plane, Deshpande and Vaishnav [1982, 1983] used a finite dif

ference technique to solve the steady state Navier-Stokes (N-S) and continuity equations . 
. , 

They reported the velocity fields and the shear stress and pressure distributions on the im-

pingement plate. Their work was coordinated with a study of canine endothelium tissue by 

Vaishnav et al. [1983], where shear stress predictions were linked to evidence of deformation 

from microscopy images. Numerical modelling of impinging jet flow and heat transfer was 

reviewed by Polat et al. [1989] , including cases of unconfined jets and jets confined by a plane 

wall, for both the laminar and turbulent regimes. Miranda and Campos [1999] reported a 

study of a laminar impinging jet confined by a conical wall; the N-S equations were solved 

using finite differences and the results compared with measurements made by laser Doppler 

anemometry. Their measurements are simulated here as part of code verification. 
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i\!Iost of the literature involving flow through nozzles is concerned with fluid directed out

wards from confined and unconfined nozzles , impinging on a plate. There appears to be 

little work reported on flows directed inwards, i.e. into a nozzle, such as arise in FDG. 

This chapter presents a numerical investigation of such flows , with all flows being treated as 

axisymmetric, steady, laminar , incompressible and either N ewtonian or quasi-N ewtonian. 

The N-S and continuity equations are solved numerically, using a finite element method, 

to predict the velocity and pressure fields , the streamlines and the stresses acting on the 

gauged surface. Numerical results are compared with results from the literature and with 

experimental data from our laboratory. CFD has been widely used for decades to test 

designs before they are built ; here , this approach is introduced to FDG. This study also 

considers briefly the applicability of this technique to a non-Newtonian (power-law) liquid. 

3.2 Modelling of Fluid Dynamic Gauging 

3.2.1 Overview of Fastflom 

Fastfiom is a computing environment for solving partial differential equations (PDEs). It 

uses the finite element method (FEM) to solve one- , two- and three-dimensional problems 

and is flexible, because the finite element methodology employed can solve PDE up to sec

ond order , in domains with complex geometries. Users are free to specify the PDEs, the 

boundary conditions (BCs) and the geometry. They also have the flexibility to choose the 

algorithms used. 

Despite not being a specialist CFD package, Fastfiom's adaptability as a general PDE solver 

has enhanced its employment in application areas in CFD. Programmers are able to write 

brief CFD programs in Fastfiom. In addition to academic use for teaching and research 

in mathematics, physics and engineering, it is also used by researchers and consultants in 

industry sectors such as engineering (civil, mechanical , aerona\1tical, chemical, nuclear), 
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mineral processing and metal production, manufacturing, environmental applications and 

food processing. Past experience sho·ws FastfiorN is capable of producing results compara-

ble to solutions obtained from the most specialized commercial packages (Fastfiom Manual 

[2002]). 

Fastfio rN is especially powerful in solving well-known PDEs such as the N-S or the linear 

elasticity equations and also non-standard equations encountered in scientific or industrial 

applications. Moreover , it can also solve heat diffusion , electrical , laminar or turbulent and 

non-Newtonian flow problems (more examples can be found in the Fastfiom Manual [2002]). 

Nevertheless, it is unable to solve problems that cannot be expressed by a PDE. 

3.2.2 Governing equations 

The N-S and continuity equations, written in dimensional form, are: 

N avier-Stokes: 
dv 2 

p(dt +v·'V*v) = -'V*p+J-L\7* v+pg (3.1) 

Continuity: div V = \7* · V = 0 (3.2) 

where v is the velocity vector, t time, p the pressure, g the gravitational acceleration vector 

and the superscript '*' on 'V and \7 2 implies that the operators are dimensional \7. 

In the physical situation, FDG, the pressure difference driving the flow is generated by a 

gravitational head. In the simulation, however, it proves convenient to neglect gravity within 

the flow field and instead simply to impose a chosen pressure difference to drive the flow 

(Tritton [1988]; Pnueli and Gutfinger [1997]). Thus for steady flow, the non-dimensional 

N-S and continuity equations are equations (3.3) and (3.4) respectively, where V is the 

dimensionless velocity vector and P is the dimensionless pressure. 
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Navier-Stokes: 

Continuity: 

where 

1 
V=-v 

2vc 

p = _!!__ 
4pv~ 

Re= 2pvclc 

f.-L 

1 2 V·'VV = -'VP + -\7 V 
R e 

div V = \7 · V = 0 

and the subscript c implies a characteristic value. 

(3.3) 

(3.4) 

(3.5) 

(3 .6) 

(3.7) 

(3.8) 

In two-dimensional or axisymmetric problems, it is usually useful to determine the stream-

lines of the flow. For the gauging problem, the cylindrical co-ordinate system (r , () , z) is 

employed, the flow being assumed to be axisymmetric, with no swirl component of velocity; 

all the terms involving () vanish. The stream functions and vorticity are then represented 

by equations (3.9) to (3.12) (Middleman [1995]) , 

Vz = _ __!__ a'lj; 
RaR 

v. - __!__ a'lfJ 
R- Raz 

* aVR 8Vz 
w =-----

aZ oR 

* 82
'1/J 1 8'1/J 82

'1/J 
w R = 8Z2 - RaR + 8R2 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

where Z and R are, respectively, the dimensionless z and r coordinate, Vz and VR are the 

dimensionless velocity components in the z and r directions , w* the dimensionless vorticity 
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and 'ljJ the stream function. The vorticity is made dimensionless by normalizing against 

vc/lc· The values of the characteristic length , le, and characteristic velocity, Vc , are defined 

later. 

The dimensionless wall shear stress, T:Vall, is calculated from equation (3.13), which replicates 

the notation of Deshpande and Vaishnav [1982] 

* T wall w* wall 

Twall = 4pv~ = ~ (3.13) 

where Twall and w* wall are the shear stress and the vorticity at the surface being studied 

respectively. 

The CFD code used to solve the above N-S and continuity equations was written in Fast-

flom. Spatial discretization was performed using finite element method (FEM) and solutions 

were generated using the Augmented Lagrangian Method (ALM). The grids used in the 

simulation were generated using the internal mesh generator in Fastflom. The domain was 

" represented using unstructured triangular elements and the governing equations were solved 

using a quadratic approximation. Further information concerning ALivi and FEM is given in 

the Fastflom Manual [2002], FastfloTN Help [2002], Zienkiewicz and Taylor [1991], Connor 

and Brebbia [1976], Gallagher et al. [1976] and the references therein. 

3.2.3 Verification of CFD code 

The code was first used to solve two test cases involving flows directed outwards through 

different nozzles , these cases having previously been solved by other workers using finite 

difference methods . 

The first case is the impingement of a laminar jet confined by a conical wall described by 

Miranda and Campos [1999] . Figure 3.1 shows the essentials of .the conical cell. A fully 
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developed , laminar pipe flow impinges on a flat, circular disc positioned normal to the axis 

of the nozzle, and is confined by a conical upper wall. The flow leaves the conical cell radi

ally, through the gap at the periphery. The flow was treated as axisymmetric and steady. 

Figure 3.2 shows a comparison of the predicted streamlines (for Re= 685, defined at Jet) 

obtained using the FastfioTN code, with those predicted by Miranda and Campos [1999], 

who discretized the flow equations using a finite difference technique and represented the 

non-rectangular domain (area under the conical wall) with non-uniform grids. The pre

dicted streamlines in Figure 3.2 show very good agreement and indicated that the code was 

suitable for simulating confined nozzle flows. Note that R ( dimensionless r-coordinate) in 

this simulation is equivalent to r in their study. As further comparison, the dimensionless 

radial velocities at four locations are plotted alongside the Miranda and Campos [1999] 

experimental data and numerical predictions in Figure 3.3. The figure indicates that the 

predictions of the current CFD code are in excellent agreement with the experimental data 

and, in some cases, provide better predictions than the finite difference method used by the 

original workers. Convergence criteria for this case were set by requiring the discrepancies 

of V i and P (dimensionless) from successive iterations to be less than 5 x 10-4 and 5 x 10-3
, 

respectively. The CPU-time on a 1.2 GHz PC and the number of iterations required for 

convergence varied from 0.5 to 1 hour and 50 to 200, respectively, depending on the value 

of Re and the size of the grid. 

The second test case considered was the impingement of a cylindrically symmetrical, sub

merged fully developed laminar jet on a horizontal plane, described by Deshpande and 

Vaishnav [1982]. The predicted flow patterns (Figure 3.4 - Reynolds number defined at the 

jet exit i.e. Z = 4) and the maximum shear stresses on the impingement plane (Figure 3.5) 

agree well with the previously reported numerical predictions. Both case studies indicate 

that the ALM/FEM approach is a reliable method for simulating laminar flows through 

nozzles. 
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The coordinates are normalized by the nozzle diameter , Dj , the velocity components are 

normalized by the average velocity at the nozzle exit. 

Fastfio rN shows the streamlines using contour levels that are relative to the minimum and 

maximum values. Note that the contour lines shown in the two halves of Figure 3.2 used 

slightly different levels for plotting. The flows are equivalent: the emphasis is on the position 

of the recirculation zone. 
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3.2.4 Computational model and boundary conditions 

Three computational models were considered to describe the fluid dynamics of FDG in t he 

quasi-stagnant configuration. The purpose of the different models vvas to test the sensitivity 

of the solutions to the approximations made in describing the geometry of the flow distant 

from the nozzle. Figures 3.6(a) - 3.6(c) show the configuration of the models, which differ 

in the specification of the input boundary. In Model 1, a purely radial feed is assumed, i.e. 

fluid flows normally across the inlet surface (Ill) , positioned concentric with , and remote 

from , the axis of symmetry. The top surface is parallel to, and far from , the plane wall (i.e. 

IV) : flows beyond this surface are assumed to be negligible. In Model 2, it is instead the 

inlet surface that is parallel to , and far from , the plane wall; the inlet flow , being purely 

axial, crosses this surface normally. The pseudo-surface is now the surface beyond which 

all flows are treated as negligible. Model 3 assumes that the feed crosses both of the feed 

surfaces defined above, i.e. Ill and IV, comprising a combination of simple radial and 

simple axial flows . 

-.._ 

Figure 3.7 shows Model 1, with coordinates normalized against the radius of t he siphon 

tube, i.e. Rtube= 1. 

The dimensionless dependent variables follow immediately from substitution into equations 

(3.5) - (3.8) and (3.13), where le is the radius of the tube, Vc is the mixing-cup mean fluid 

velocity in that section and Retube represents the Reynolds number of the flow in that sec-

tion . The Reynolds number at the nozzle throat, Ret, and R etube differ by a constant factor , 

which depends only on the ratio of the tube and nozzle diameters. 

Boundary conditions (BCs) for this problem are specified by assigning boundary tags (I to 

VI) to the different boundaries in the computation domain, as shown in Figure 3.6(a) . The 

physical justifications of the boundaries are as follows: 
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Boundary I - the axis of symmei1y 

I.i No radial flow across the cell axis i.e. VR= 0 

Boundary II - the plane wall/gauged wrface: 

Il.i No-slip condition i.e. VR = 0 

II.ii Impermeability condition i.e . Vz = 0 

Boundary Ill - the inlet: 

The inlet flow enters far from the axis of symmetry. The distance of the boundary 

from the axis of symmetry (Rplane) is taken to be eight times the radius of the tube. It is 

shown later that this distance is sufficiently large to ensure that the streamlines at boundary 

Ill are parallel and normal to the inlet surface i.e. 87j;j8R = 0. 

Boundary IV - the top surface: 

Boundary IV is the boundary beyond which the flows are assumed not to contribute 

to the overall flow through the gauge. This boundary's distance from the plane wall (L2 ) is 

taken to be four times the radius of the tube. It will be shown later that this is a sufficiently 

large distance. At the boundary, the flow is purely radial. 

IV.i Radial flow only i.e . Vz = 0 

Boundary V - the tube and nozzle outer wall: 

Here we impose non-slip and impermeability along the solid boundaries. Both are 

imposed throughout the length of boundary V by requiring 

V.i VR = 0 

V.ii Vz = 0 
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Boundary VI - the outlet: 

Boundary VI is an approximation of the discharge outlet of the physical apparatus. 

The outlet position in the simulation, however , is not the entire length of the siphon tube, 

but instead just the length (L1) required for the flow to become fully developed (Chew et al. 

[2004a]) , so that essentially 

(3.14) 

The values of stream function at the axis of symmetry (I) and the plane wall (II) are set to 

zero. The value of stream function at the top surface (IV), tube inner wall and the nozzle 

inner and outer walls (V) is determined by integrating equation (3.9) from points C to D 

(Figure 3.7), yielding '1/J = -0.25. 

3.2.5 Modelling procedure and convergence tests 

Simulations were performed by specifying Retube (thus determining Ret) and h/ dt: the 

streamlines, shear and normal stresses were then calculated from the predicted velocity 

and pressure fields. The parameter range investigated convered 0 < Ret < 2200 and 

0 < h/ dt < 0.65; experimental studies indicated that the flow was relatively insensitive 

to h/ dt at larger values of h/ dt. Physical properties used are those of water at 20°C. The 

solutions presented were obtained using Model 1 unless otherwise stated. The standard 

nozzle geometry, as detailed in Figure 3.8, was: d = 4.0 mm, dt = 1.0 mm , w = 0.5 mm, 

A = 0.1 mm and a = 45°. This geometry yields the relationship Ret = 4 x Retube for the 

simulations described here. 

Fastfiom allows single and double precision modes for calculations. Init ial studies indicated 

that the solutions obtained using these two modes were indistinguishable , so simulations 

were performed using the single precision mode to reduce computation time and memory 

requirements. Convergence was tested by comparing the values of VR, Vz and P ( dimen-
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sionless) from successive iterations: dimensionless tolerances were set at loVil < 5 x 10- 4 

and loPI < 5 x 10- 3
, respectively. The CPU-time on a 1.2 GHz PC and the number of iter

ations required for convergence varied from 12 to 48 hours and 4000 to 12000, respectively, 

depending on Re and the size of the grid. 

Several diagnostic tests were performed to ensure the accuracy of the solutions. In one, the 

number of iterations for one of the simulation runs was increased by 50%: the solution did 

not drift away from the converged result. In a second, the number of grid points used in 

the simulation was varied using different degrees of mesh refinement to determine when grid 

dependency had been eliminated. In general, more grid points were required for the higher 

end of the Reynolds number range , with associated increases in computing time. It is worth 

noting that grid points were concentrated (smaller elements) around the nozzle to ensure 

accuracy there, since flow separations and larger velocity gradients are expected to occur in 

this region. 

Simulation tests were also performed to check on the boundary conditions at boundaries 

Ill and IV (Figure 3.6(a)). Sensitivity tests on the choice of Rplane (BC for boundary Ill) 

were performed by repeating the calculations, using larger values of Rplane while keeping all 

other parameters constant. The flow fields predicted for Rptane = 8 and 16 were numerically 

identical. Further simulations showed, moreover, that the stream function gradients (in the 

r - direction) were negligible at R = 6. Therefore , Rplane = 5 was used for all subsequent 

simulations. A similar sensitivity test on the value L2 = 4 indicated that the flow fields were 

insensitive to L 2 . The flow patterns obtained with L 2 = 4 and 8 were numerically identical, 

so the former value was employed in these simulations. 
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3.3 Experimental Verifications 

3.3.1 Hydrostatic head 

Experimental data. for FDG in the quasi-stagnant configuration were available from Tuladha.r 

[2001], or generated by the present author , using water and aqueous sucrose solutions. In the 

experimental system, the hydrostatic head driving the flow , s, is set, the clearance, h, fixed, 

a.nd the mass flow rate, m, measured to give Ret. The experimental values of Ret provide 

the abscissae of the symbols plotted in Figure 3.9; the lines show the experimental values 

of s. In the simulations, the clearance and mass flow are fixed at the experimental values. 

The values of the hydrostatic head, ss, are calculated from the computational output, via 

the pressure differences , and supply the ordinates of the symbols plotted in Figure 3.9: 

the comparison of s a.nd Ss thereby effected corresponds to the range 0.07 < h/dt < 0.26 

likely to be used in practice. The simulations and measurements show excellent agreement 

and suggest that the assumptions made in the model , particularly that of laminar flow 

throughout the entire field, a.re satisfactory. 

3.3.2 Discharge coefficient 

In practice, there are irreversible energy losses due to the complexity of the flow near the 

constrictions (nozzle tip and clearance region); it is these that are accounted for by the 

discharge coefficient, Cd , as shown in equation (2.8). Figure 3.10(a) shows a plot of the 

variation of Cd with Ret. The solid and dotted lines show respectively the current CFD 

predictions and Tuladhar et al. [2000] 's empirical model (equation (2.10) for dt = 1.0 mm, 

d = 4.0 mm, w = 0.5 mm, ). = 0.1 mm and a = 45°), extrapolated as needed, while the 

dark a.nd light symbols are respectively the current and T\.lladha.r 's measurements. 

To confirm the CFD predictions a.t low Ret (Ret < 500) , experiments were performed using 

aqueous sucrose solutions of 15, 25 and 35 wt%. Sucrose solution. was used instead of water 
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to achieve the desired lower values of Ret. The fluid properties of the sucrose solutions, 

namely the density and viscosity, are well documented. For cross-checking, an Ostwald 

viscometer was used to measure the viscosity of the sucrose solutions; it was found that 

the measured values for all three concentrations agreed with the literature (I\!Iathlouthi and 

Genotelle [1995]) to within 4%, as in Table 3.1. 

Table 3.1: Summary of the viscosities of sucrose solutions at 25°C. 

Sucrose 

[wt%] 

15% 

25% 

35% 

Experimental 

[kg/m s] 

0.00145 

0.00224 

0.00373 

Mathlouthi and Genotelle [1995] 

[kg/m s] 

0.00140 

0.00215 

0.00374 

Figure 3.10( a) shows reasonable agreement between the CFD predictions and the experi

mental Cd values . At lower Ret, the extrapolations of equation (2.10) show a significant 

mismatch between the simulations and measurements, revealing the inadvisability of ex-
..... 

trapolating Tuladhar's high-Ret model to low Ret· It is also noteworthy that the value of 

Ret at which the simulation and the extrapolation of Tuladhar's empirical model start to 

differ appreciably increases with increasing hjd,.. For instance, at h/dt = 0.10 and 0.20, the 

critical values are approximately Ret = 320 and 600 respectively (Figure 3.10(b)). 

It is interesting to note that Cd decreases with a decrease in Ret. According to equation 

(2.8) , there is a balance between pressure forces and the inertia of the fluid , ~p13 '"" pU2
. 

Here U is a scale for the velocity between stations 1 and 3 (see Figure 2.1) . Such a balance 

is realistic for high Ret flows, and hence Cd is close to 1 in such cases. At smaller Ret, 

however, visco.us effects balance the pressure forces and , we expect , Cd2 
rv [(!!:!!.) Ret ] 

dt f).P13 ' 

i.e. Cd'"" Re; . For example, a log-log plot of curve C in Figure 3.10(a) in the range of 
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4 ::; R et ::; 80 gives a slope of 0.55. We also note that, for a given Reynolds number , Cd 

decreases as h/dt decreases. This implies that the total pressure loss in the complex flow 

near the constriction is significant. Therefore it -vvill be fruitful to divide the total pressure 

drop ( dimensionless) across the gauge (i.e. 6.Pratal) into components. 

Figure 3.8 shows the different sections analyzed (6.PpQ , 6.PQR , l:lPRs, 6.Psr ) and Fig

ures 3.11(a) - 3.11(c) show the breakdowns of the total pressure drop for h/dt = 0.10 , 0.20 

and 0.65 at R et = 4, 20 and 400 , respectively. Note that the pressure drop values are the 

average values over the surface concerned. Figure 3.11(a) shows that the pressure loss under 

the rim of the nozzle is a significant portion of 6.Pratal (6.PQR > 70%) for 4 ::; Ret :::;: 400 

when h/dt = 0.10. This is because the flow into the nozzle is substantially affected by the 

friction with the gauged surface and the rim. Also from Figure 3.11(a) it may be inferred 

that the pressure drop contributions from the tube section (6.Psr < 15%) are small. There

fore, it is concluded that the low Cd values in Figure 3.10(a) are mainly due to the large 

pressure drop under the rim of the nozzle. When h/dt is increased to 0.20 , the decreased 

contributions of 6.PQR to 6.Pratal for all the values of R et are compensated by l:lPRs , as seen 

in Figure 3.11 (b). This is because the effect of the gauged surface starts to moderate: thus 

h/dt = 0.20 is the recommended upper working limit for the gauge, advice consistent with 

Tuladhar [2001]. When the nozzle is far from the plane surface, at h/dt > 0.25, the presence 

of the surface has little effect on Cd. The dominating pressure drops are l:lPRs and 6.Psr , as 

shown in Figure 3.11 (c). The discharge coefficient then tends towards an asymptotic value 

of rv 0.9 (Figure 3.10(b)). The experimental data and simulation results in Figure 3.10(b) 

show excellent agreement; both data sets indicate that Cd is insensitive to Ret in the range 

considered. It can also be seen from Figures 3.11 (a) - 3.11(c) that l:lPRs increases with 

Ret. This is because the extent of the recirculation in the divergent section of the nozzle 

for higher R et is larger , corresponding to greater pressure losses. Finally, it should be noted 

that at low Ret ( < 40) , there is a significant discrepancy between the numerical predictions 
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and the experimental data for Cd. It is believed this is a result of the way in ·which flp13 

was calculated using equation (2.7), where an average l e ff value was used at both high and 

low Ret. The average value of leff may not adequately represent the low Ret case because 

the effect of bends in the tube is dependent on Ret. 

3.4 Results and Discussion 

3.4.1 Flow patterns 

Figure 3.12 shows the streamlines obtained using Niodel1 , where the inlet flows remote from 

the nozzle are assumed to be purely radial, for the cases where Ret = 8 and 40, h/ dt = 0.20. 

The figure suggests that for larger Ret (> 8) the flow field can be divided into three distinct 

regions, namely ( i) the undisturbed-flow region , far from the nozzle; ( ii) the suction region, 

around the nozzle mouth; and ( iii) the recirculation region, within the nozzle. The present 

writer (Chew et al. [2004a]) showed that the flow patterns in regions ( ii) and ( iii) simu

lated from Models 1 - 3 are essentially identical, being insensitive to differences in region 

( i). This result indica~es the unimportance of the flow approximations made far from the 

nozzle. The shear and normal stress distributions on the plane wall for all three models (in 

Section 3.4.2) also showed negligible differences in the positions of interest. 

Figure 3.12 shows that the flows are predominantly radial in the undisturbed-flow region 

due to the BC imposed at boundary Ill i.e. 8'1/J/oR = 0. Also, at the inlet surface i.e. 

boundary Ill (R = 8) , the r- wise gradients of the stream functions , '1/J, approach zero. The 

flow converges as it approaches the suction region, in which the flow is predominantly radial 

and is sensitive to Ret, h and w . For higher Ret , downstream from the suction region, the 

flow diverges in the nozzle throat , generating recirculation. The flow separates downstream 

of the nozzle entry and then re-attaches to the inner wall of the tube further downstream. 

For lower Ret , the recirculation region is smaller and flow reattacP,ment occurs earlier. At 
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low Ret - here, for h/dt = 0.20 - the recirculation region vanished at R et = 8, suggesting 

that the flow has entered the creeping flow regime. The flow transition was found to occur 

in the range Ret = 8 - 20. (This transition may explain the difference in the dependence of 

Cd on R et evident in Figure 3.10. The range of critical Ret numbers when flow t ransitions 

occur was found by simulation to be insensitive to h/ dt-) 

3.4.2 Wall shear stress distributions 

The stresses acting on the gauged surface/plane wall can be readily calculated from the 

numerical solutions. Figure 3.13 shows the wall shear stress distributions calculated for the 

case R et = 260 and h/dt = 0.125 using Model 1. Also plotted are the residuals for Models 

2 and 3, being defined as 

Error [%] = 
Twallj4 21 - Twall/4 21 

pv c tvlodel 1 pv c Model i X 100 

Twallj4 21 
PVc Modell 

(3 .15) 

where i is 2 for Model 2 and 3 for Model 3. The magnitudes of the residuals in the region 

of interest (i.e. 0.0 <._ R < 0.65) are small ( < 5%) compared to the actual shear stresses. 

This shows that the predictions from the three models were practically indistinguishable, 

indicating that the undisturbed-flow region is unimportant to the working of the gauge and 

that the choice of the model is secondary. The shear stress imposed on the surface is zero 

at the centreline, i.e. R = 0, and approaches zero asymptotically for large R. A maximum 

is observed closed to R rv 0.25 (inner radius of nozzle) and there is a shoulder located 

outside the nozzle outer radius (R rv 0.62) . Figure 3.14 shows the shear stress distribu

tions at R et = 4 and 904, both at h/ dt = 0.10. There is a pronounced shoulder near the 

radial position of the outer rim of the nozzle for the Ret = 904 case. This could be due 

to inertial effects at higher R et because when R et is decreased to 4, the shoulder vanishes. 

For all cases considered , the peak shear stress values occur at R rv 0.25 , i.e. close to the 

inner radius of the rim of the nozzle. This is consistent with Tuladhar [2001] 's experimental 



The overlay shows the dimension of the nozzle (not to scale) and illustrates the area below 

the rim of the nozzle. 
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observation; he recorded that deposit distortions were sometimes seen, most often located 

under the rim of the nozzle. The peak value of the wall shear stress, Tmax, is plotted as a 

function of h/dt and sin Figure 3.15. At constants, Tmax decreases with an increase in h/dt. 

This is expected since the gauge is located further from the surface, resulting in lower shear 

stress. The decrease is moderate when h/dt < 0.20 (depending on s); at higher values , the 

maximum shear stress decreases rapidly (most evident for s = 340 mm). This is consistent 

with experimental observations, which indicate that the presence of the gauged surface is 

unimportant when h/dt > 0.25. 

The above predictions of wall shear stress can now be compared with results from approx-

imate analytical solutions derived from the N-S and continuity equations. Details of the 

derivations are outlined in Appendix A. At small clearance (h/dt < 0.25), the flow under 

the rim of the gauging nozzle approaches that of a horizontal, radially converging laminar 

flow between parallel discs. The wall shear stresses can be calculated from either equation 

(A.6) or (A.8) depending on the criteria describing the creeping flow threshold , n (equation 

A.7) , discussed in Appendix A. 

(A.6) 

[ 
3Q gap ] 1 ( 4 + 7]) 

Twall = f.J, 47f (h/2)2 -:;. X 4 
where (A.8) 

n = I pQ gaph I < < 1 
247rr2 f.J, 

(A.7) 

Here, Q gap is the volumetric flow rate between the discs, r the radial distance from the axis 

of symmetry, h the distance between the discs , p the density and f.J, the dynamic viscosity. 

Figure 3.16 shows the shear stress distributions on the gauged surface for 35 wt% sucrose 

solution at s = 120 mm for the cases h/dt = 0.10 , 0.14 and 0.20 : The dashed lines in the 
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figure show the analytical solut ions for the corresponding flow rates. The local Reynolds 

number , Re,. , and D are shown in Figure 3.17. For these cases, the gauging flows are in the 

laminar regime since R e,. is less than 2000. For h/dt = 0.10 and 0.14, D is less than 0.25 in 

the region of interest thus satisfy the creeping flow criterion presented by Fryer et al. [1985] 

so equation (A.6) is used. In contrast , equation (A.8) is used for the h/dt = 0.20 case since 

n is larger than 0.25 below the rim of the nozzle. 

The CFD predictions of the shear stress caused by the flow below the rim of this nozzle 

design are approximated well by the analytical results for steady radial flow between parallel 

discs. This agreement provides support for the accuracy for the CFD predictions. Moreover , 

it has a useful practical implication , in that it allows workers to estimate the surface shear 

stress distributions without having to expend effort on CFD simulat ions. The flow rate can 

be measured in FDG experiments or estimated using the discharge coefficient correlation 

(equation (2.10)). 

In Tuladhar [2001]'s experiments on the cleaning of whey protein , the FDG technique was 

operated in a duct flow; visual inspection revealed that the whey protein deposit was some

times distorted during gauging. The deposit distortions were probably due to the wall shear 

stress exerted by the gauge suction and/or by the bulk flow of cleaning solution. Tuladhar 

[2001] employed mean bulk velocities of 0.03 - 0.30 mjs, which the present writer calculates 

to correspond to wall shear stresses due to bulk flow of c. 0.016 Pa- 0.44 Pa respectively. 

The shear stresses exerted by FDG in quasi-stagnant liquid under similar conditions would 

be significantly larger , suggesting that the gauging flow was the chief cause of disruption . 

More detailed calculation of stresses imposed by dynamic gauging in duct flow would require 

solution of the 3-dimensional N-S equation. 
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3.4.3 Wall normal stress distributions 

Figure 3.18 shows the wall normal stress distributions calculated for the case Ret = 260 and 

h/dt = 0.125 using Modell. The residua.ls for l\!Iodels 2 and 3 are calculated from equations 

(3.15). It is once again clear that the magnitudes of the residua.ls in the region of interest 

(i.e. 0.0 < R < 0.65) are small(< 5%) compared to the actual normal stresses. 

Figure 3.19 shows the calculated normal stress distribution on the gauged surface at Ret = 4 

and 904. The largest values of the suction pressure again occur near the inside radius of 

the nozzle, i.e. for R "' 0.25. The difference in pressure distributions for the two Ret values 

is very evident. At low Ret, the high pressure region is fiat, whereas at high Ret , there 

is a peak at the inner radius location , accompanied by a compression zone between 0.45 

< R < 0.55, generated by the inertial effect of the fluid in the convergent area. in the suction 

region. The existence of such a peak is a characteristic of high Ret flows. The red line in 

Figure 3.19 represents the approximate analytical solution calculated using equation (A.5) , 

as discussed in Appendix A, and the agreement is excellent . Experimental validation of the 
' 

normal stress distribution is deferred to Chapter 4. 

3.5 Further Applications of CFD 

3.5.1 Design of nozzles 

CFD was used to predict the effects of varying nozzle shape on the gauging system. This is 

very useful in avoiding time-consuming fabrication of apparatus and possibly costly mistakes , 

while still permitting testing of a. variety of alternative designs. Three design aspects are 

covered in this section , being the nozzle angle, a, the width of the nozzle rim, w, and 

tube diameter , d. Each aspect was varied individually while keeping all the other design 

parameters constant. The following dimensions were unaltered throughout this design study 

(refer to labels in Figure 3.8). 
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1. dt = 1.0 mm 

u. h/dt = 0.2 mm 

iii . .A = 0.1 mm 

Figures 3.20(a) and 3.20(b) show the shear a.nd normal stress distributions on the gauged 

surface for different nozzle angles, namely a= 30°, 45° and 60° at Ret = 20 a.nd 400 respec

tively. Figure 3.20 shows, once more, pronounced shoulders near the outer rim of the nozzle 

for higher Ret , but not for lower Ret. Also , it is clearly shown that the effect of the nozzle 

angle on the stresses acting on the surface is insignificant for both high- and low Ret flows. 

This implies an advantage for fabrication of the nozzle because a slight uncertainty in the 

machining of the angle of the nozzle can be tolerated since the effect on the stresses acting 

on the gauged surface is negligible. Pressure drop analysis indicates that, at low Ret, the 

fractional pressure drops are also very similar for all three angles. On the other hand, for 

the high Ret case, the pressure drop in the divergent section of the nozzle increases slightly 

with the nozzle angle. This observation is supported by the flow patterns which show that 

the size of the recircul~tion region increases with nozzle angle thus increasing the pressure 

drop in the divergent section. This increase in pressure drop becomes more prominent as 

Ret is further increased. Consequently, it is concluded that for high Ret flows, the value of 

Cd decreases as the nozzle angle is increased whereas for low Ret the effect of the nozzle 

angle is negligible. 

The rim widths investigated in this study were w = 0.25 mm , 0.5 mm and 1.0 mm. Fig

ures 3.21(a)- 3.21(d) show the shear and normal stress distributions at different rim widths 

at Ret = 20 and 400. These distributions are dissimilar for both high and low Ret flows. 

Nevertheless, Figures 3.21(a) and 3.21(b) show that the peak shear stresses are negligibly 

different at the same Ret. The shear stresses start to decrease rapidly at the outer rim 

of the nozzle, as expected. Therefore , among the three different widths, it is the largest, 
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w = 1.0 mm , that subjects the total area of the gauged surface to the greatest shear force. 

In other words, the total shear force acting on the gauged surface increase with rim width. 

The normal stress distributions in Figures 3.21( c) and 3.21( d) show that the magnitudes of 

the peak normal stresses differ significantly, being greatest for w = 1.0 mm. The total nor

mal force acting on the gauged surface is also greatest for w = 1.0 mm. The flow patterns, 

however, for both high and low Ret are insensitive to rim width. It can readily be proved 

by pressure drop analysis that the total pressure drop due to the constriction , especially 

under the rim of the nozzle, increases with increasing rim width. Therefore, Cd decreases 

with increasing rim width , at constant h/dt. 

The effect of tube diameter on the stresses is shown in Figures 3.22(a) and 3.22(b) . A larger 

diameter would be expected to promote a larger recirculation region. The pressure loss due 

to the nozzle expansion (divergent section) would therefore increase accordingly. This would 

cause the value of Cd to decrease as the tube diameter is increased. Figure 3.22 also shows 

that the peak shear stresses decrease slightly and shift towards the centreline of the gauge 

when the tube diameter is increased from 4.0 mm to 8. 0 mm. In contrast, the peak normal 

stresses increase as the tube diameter is increased. 

The success of this study shows that designing for both larger rim width and larger tube 

diameter will be preferable for low R et flows, because such designs will increase the pressure 

drop around the nozzle at the expense of the pressure drop in the tube. In other words, the 

gauge will be more sensitive to the location of the nozzle relative to the gauged surface. 

3.5.2 Extension to power-law fluids 

Several of the fluid environments in potential applications of FDG involve non-Newtonian 

liquid rheologies. The power-law model (defined by equation (3.16)) is one of the simplest 

constitutive equations used to describe the behaviour of non-Newtonian fluids (Pnueli and 
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G u tfinger [ 1997]). 

shear stress = k X (shear rate r (3.16) 

where n and k are two rheological parameters. 

Colombo and Steynor [2002] performed a feasibility study of FDG using aqueous carboxy

methyl-cellulose (CMC) solutions, which exhibited power-law behaviour. The CMC powders 

available were in two forms i.e. 'high viscosity' and 'low viscosity ' types (BDH Laboratory 

Supplies). They observed m/h profiles similar to those observed for Newtonian liquids, and 

found that they could be mapped to Newtonian behaviour by characterizing the flow in 

terms of discharge coefficient, Cd, and the Metzner-Reed Reynolds number (Chhabra and 

Richardson [1999]), defined as 

2 I I 

Pv - n dn 
ll t t 

et,MR = 8n~ - 1 k' 
PVt dt 

f.-Lef f 

where Vt is the velocity at the nozzle throat and the rheological parameters, 
--... 

n'=n 

and the effective viscosity, 

1 Vt 

(
8 

)

n 1 - 1 

/-Leff = k d; 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

Table 3.2 summarizes the rheological parameters measured for the CMC solutions using 

parallel plate and concentric cylinder rheometers. The high viscosity CMC had longer 

mean chain length than the low viscosity material. In general, at low CMC concentration, 

the solution is less viscous (higher llet ,MR for given s) and n approaches 1 (Newtonian 
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behaviour). Colombo and Steynor [2002] used a large nozzle (with dt = 2.0 mm, d = 4.0 

mm, w = 0.2 mm , /\ = 0.1 mm and a = 30°) because the CMC solutions vvere significantly 

more viscous than water. The modified Reynolds numbers obtained were in the lower range , 

i.e. Ret,NIR < 100. 

Table 3.2: Summary of the rheological parameters for CMC solution 
at 25oC (Colombo and Steynor [2002]). 

CMC solution [wt%] n k 

0.8% high viscosity 0.59 0.60 

0.5% high viscosity 0.61 0.40 

0.3% high viscosity 0.67 0.18 

0.8% low viscosity 0.85 0.033 

0.5% low viscosity 0.93 0.0106 

0.3% low viscosity 0.98 0.0044 

The corresponding simulations were performed for gauging with a quasi-Newtonian fluid 

in Colombo and Steynor [2002] 's nozzle configuration over the range of Ret ,M R observed 

in their experiments. The aim of this work was to verify the Cd versus Ret,MR mapping 

observed by Colombo and Steynor at these low Ret,MR values, and thereby test the appli-

cability of dynamic gauging to power-law fluids. 

Figure 3. 23 shows the experimental Cd values plotted against Ret,M R· The error bars indicate 

the considerable uncertainty in the determination of the rheological properties of the CMC 

solutions. The uncertainties in the experiments are also evident from the Cd calculations 

because Colombo and Steynor [2002] 's experimentally-derived equivalent length of tube 

(determined by substituting equation (3.20) into equation (2.5)) was found to be less than 

the actual length of the tube (average l eff ~ 0.665 m cf. actual length= 0.695 m) , which is 

aberrant. The experimental Cd values in Figure 3.23 were therefore recalculated using the 
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actual length of the tube instead of the average leff· Although the CFD predictions (using 

the quasi-Newtonian fluid formulation) do not agree perfectly with the experimental values, 

the trends are notably similar. This encourages further investigation, using different power-

law fluids and/or improved rheological characterization. There was significant mismatch 

between the extrapolation of the Tuladhar [2001] empirical model for this nozzle and the 

simulations and experimental data, as was also observed for the Newtonian fluid case for 

low Ret· Equation (3.21) is Tuladhar [2001]'s empirical model portraying the Cd versus Ret 

relationship for a nozzle with dt = 2.0 mm, d = 4.0 mm, w = 0.2 mm, A = 0.1 mm and 

lOOOCd = (o .18 - 2.49 ~ + 12.10 (~/- 20.43 (~r) Ret+ 

( -180.5 + 6424.9 ~- 10076 ( ~) 
2

) 

(3 .21) 

It can also be inferred from Figure 3.23 that the asymptotic discharge coefficients (at large 

h/dt > 0.34) are strongly dependent on Ret,MR· This is partly due to the high viscosity of 

the liquids, as the values of s used (s = 300 mm) are not large enough to generate large 

flow rates. The trend is, however , similar to the trends for Newtonian fluids, as shown in 

Figure 3.10( a) for Ret < 100, albeit for a different nozzle configuration i.e. the discharge 

coefficient is strongly dependent on Ret. 

Calculation of the stress distributions on the gauged surface, requiring implementation of 

fully non-Newtonian viscous terms , was not performed, so that comparison with analytical 

approximations such as those described in Section 3.4.2 was not undertaken. Moreover, 

suitably accurate rheological properties were not readily available at this stage. 
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Figure 3.10( a) for R et < 100, albeit for a different nozzle configuration i.e. the discharge 

coefficient is strongly dependent on R et. 

Calculation of the stress distributions on the gauged surface, requiring implementation of 

fully non-Newtonian viscous terms, was not performed, so that comparison with analytical 

approximations such as those described in Section 3.4.2 was not undertaken. Moreover, 

suitably accurate rheological properties were not readily available at this stage. 
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3.6 Conclusions 

This chapter demonstrates the application of CFD as a quantitative tool to describe the 

fluid mechanics of FDG. The potential po·wer of combining CFD with gauging experiments 

to measure the strength of deposits has been established. CFD has been used for optimiza

tion of nozzle shape . CFD calculations have supported the practicality of using some simple 

non-Newtonian fluids as gauging fluids . 

To verify the CFD code , two test cases involving flow outwards from confined and uncon

fined nozzles were modelled . These validations showed that the code was able to model flows 

through nozzles. For FDG, simulations were compared with experimental results in both 

dimensional and dimensionless forms. Hydrostatic heads were compared for the parameter 

range 0 < R et < 2200 and 0.07 < h/dt < 0.65: agreement was good, as it was for discharge 

coefficients, thus increasing confidence both in the simulations and the experimental results . 

From the pressure drop analysis, it was shown that the pressure drop under the rim of the 

nozzle dominates whep h/dt is low ( < 0.10) whereas when h/dt is high( > 0.20) , the pressure 

drop in the divergent section and the tube section dominate. 

Simulations suggest that the flow field of the gauge can be divided into three distinct flow 

regions, namely the undisturbed-flow region, the suction region, and the recirculation region. 

Comparisons of models showed that the choice between different approximate representa

tions of the flows far from the nozzle is unimportant and suggests that only the suction 

region and the recirculation region are important to the working of the gauge. The recircu

lation disappeared for R et < 8. 

CFD simulations showed that the maximum wall shear stresses were located under the rim 

of the nozzle, close to its inner radius , i.e. at R ,......, 0.25 . The peak suction pressures, 

however , occurred within the inside radius of the rim of the nozzle, i.e. within 0 < R < 
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0.25 . An analytical approximation for laminar, creeping flow between parallel discs has been 

shown to yield reasonably good estimates of the shear and normal stresses imposed during 

the gauging experiments. The analytical solutions also provide a more convenient way of 

calculating shear stresses. 

This work also shows the convenience of CFD for studying various designs of the nozzle 

without their being built. The design studies show the effects of different nozzle angles, rim 

widths and tube diameters on the shear and normal stresses acting on the gauged surface. 

It is concluded that larger rim width and/ or tube diameter can increase the sensitivity of 

the gauge to the clearance between the nozzle and the gauged surface. 

Based on the Cd versus Ret,MR profiles for viscous power-law fluids, the applicability of 

FDG in simple non-Newtonian environments has been demonstrated. 
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Figure 3.1: Schematic of a conical cell showing the ratios of dimensions. 
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Figure 3.2: Comparison of predicted streamlines for a conical cell at Re (jet exit) = 685. 
Left - this work; Right - Miranda and Campos [1999]. 
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Figure 3.3: Comparison of predicted radial velocities at one point within the conical cell , 
R = 2.65 , Z = 0.034. 
Solid line - this work; triangles - experimental data (Mi.randa and Campos [1999]) ; 
dotted line- numerical predictions (finite difference, Miranda and Campos [1999] . 
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Figure 3.4: Comparison of predicted streamlines for an impinging jet at Re (jet exit) = 25. 
Left- this work; Right- Deshpande and Vaishnav [1982]. 
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Figure 3.5: Comparison of predicted maximum wall shear stress for an impinging jet . 
Solid line- this, work; dotted line- numerical predictions (finite difference, Deshpande 
and Vaishnav [1982]). 
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Figure 3.6: Computational models for different inlet boundary conditions. (a) Model 1 (Bound
ary tags I- IV are shown within parentheses; (b) Niodel 2; and (c) Model 3. 
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Nozzle: dt = 1.0 mm, d = 4.0 mm, w = 0.5 mm, A= 0.1 mm and a= 45°. 
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Figure 3.11: Pressure drop analysis of regions within nozzle. 

(a) h/% = 0.10; (b) h/dt; = 0.20; and (c) h/dt = 0.65. 

Nozzle: dt; = 1.0 mm, d = 4.0 mm, w = 0.5 mm, A= 0.1 mm and a= 45°. 

400 

(PQ - convergent section, QR- area under the rim, RS- divergent section, ST- tube section) 

52 



\\'V ''\lll '""'-'' ~} 

----r-
suction region 

undisturbed
flow region 

______ l _____ _ 

-- -------

Chapter 3: CFD Studies of Fluid Dynamic Gauging 

Axis of 
symmetry 

recirculation 
region 

I 
! 

___ T ____ _ 
suction region 

undisturbed
flow region 

_______ j ______ _ 

' ' \ 
-.~--
' ~~--

' I 
I 

Figure 3.12: Streamlines predicted from Model 1 at hjdt = 0.2. 
Left - Ret = 40; Right- Ret = 8. 
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Figure 3.14: Shear stress distributions on the gauged surface h/dt = 0.10. 
Solid line, Ret = 904; dotted line, R et = 4. Overlay shows nozzle dimensions. 

Nozzle: dt = 1.0 mm, d = 4.0 mm, w = 0.5 mm, ), = 0.1 ·mm and a= 45° . 
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Figure 3.15: Mapping of maximum surface shear stress. 
Nozzle: dt = 1.0 mm, d = 4.0 mm, w = 0.5 mm, A = 0.1 mm and a: =45°. 

55 



....., 
cu 
a. ........ 

7ii 
3: 
~ 

Chapter 3: CFD Studies of Fluid Dynamic Gauging 

75 

50 

25 

0 ~~~~~-+~~~----+-~~~~-+~~--~~ 

0.00 0.50 1.00 
R [-] 

1.50 2.00 

Figure 3.16: Shear stress distributions on the gauged surface. 
Solid lines- CFD predictions: green - h/dt = 0.20, blue- h/dt = 0.14, red- h/dt 
= 0.10; dotted lines- analytical solutions: green- h/dt = 0.20, blue- h/dt = 0.14, 
red- h/dt = 0.10. Overlay shows nozzle dimensions. 
Nozzle: dt = 1.0 mm, d = 4.0 mm, w = 0.5 mm, A= 0.1 mm and a= 45°. 
Conditions: 35 wt% sucrose, s = 120 mm. 
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Figure 3.17: Local Reynolds number and n as a function of radial distance. 
Solid lines- Local Reynolds number (equation (A.3)): green- h/dt = 0.20, blue
h/dt = 0.14, red- h/dt = 0.10; dotted lines- n (equation (A.7)): green- h/dt = 
0.20, blue- h/dt = 0.14, red- h/dt = 0.10. Overlay shows nozzle dimensions. 
Nozzle: dt = 1.0 mm, d = 4.0 mm, w = 0.5 mm, A= 0.1 mm and a= 45°. 
Conditions: 35 wt% sucrose, s = 120 mm. 
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Figure 3.19: Normal stress <iistributions on the gauged surface for h/d£ = 0.10. 
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Figure 3.21: Shear stress distributions on the gauged surface for (a) R et = 20, h/dt = 0.20; and 

(b) Ret = 400, h/dt = 0.20. 
Normal stress distributions on the gauged surface for (c) Ret = 20, h/dt = 0.20; 

and (d) Ret = 400, h/dt = 0.20 . 
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Nozzle: dt = 1.0 mm, d = 4.0 mm, >..= 0.1 mm and a= 45°. 
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Figure 3.23: Discharge coefficient versus Ret,MR for CMC solutions. 
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CHAPTER 4 

MEASUREMENT OF THE STRENGTH 

OF FOULING DEPOSITS 

Chapter 3 described the use of CFD to quantify the stresses acting on a surface being gauged 

and showed that the predicted shear stresses imposed on the gauged surface agreed well with 

simple approximations . In this chapter , the results from CFD simulations are used to study 

the deformation behaviour , in particular the thickness and adhesive strength, of soft and 

weak deposits, namely tomato paste and weak calcium sulphate (CaS04 ) scales in situ. 

The background and existing techniques for strength measurement are outlined in Sec

tions 4.1 and 4.2. Modifications made to Tuladhar et al. [2000] 's fluid dynamic gauging 

(FDG) apparatus in the quasi-stagnant configuration for the purpose of strength studies are 

described in Section 4.3. Section 4.4 shows the validity of FDG principles for the modified 

apparatus. Strength studies on tomato paste and crystal scales are discussed in 4.5. 

4.1 Introduction and Background 

Fouling is endemic in many process industries such as the dairy sector (Visser and Jeurnink 

[1997]) and results in regular cleaning, often by cleaning-in-place (CIP) systems that chem

ically convert deposit layers into softer materials which can then be removed by dissolution 

and/or erosion. For example, in the dairy sector, proteinaceous deposits are treated with 

alkali which causes the foulant to swell and then disperse as the result of dissolution and 

62 



Chapter 4: Measurement of the Strength of Fouling Deposits 

erosion mechanisms (Visser et al. [1997]; Xin et al. [2002]). The strength of the deposit , 

which is also one of the key parameters in cleaning and removal , changes over time and is 

also often is difficult to quantify. Furthermore, the deposit strength is usually a function 

of the degree of ageing in the layer; Mi.iller-Steinhagen [2000] described ageing as the most 

poorly understood aspect of fouling. Ageing usually results in stronger deposits as a result 

of extended reaction between organic components, diffusion to reduce deposit voidage or 

generation of adhesive extracellular material. 

Quantitative links between ageing of foulants and cleaning performance parameters such as 

shear strength are rarely reported in the literature. Measurement of the strength properties 

in situ and in real time is not straightforward, yet this information would allow one to tailor 

the cleaning procedure to the foulant , via specification of surface shear stresses, and hence 

flow velocities, to be imposed during the cleaning cycle. Alternatively, one could employ 

flow conditions during processing to generate surface shear stresses that would mitigate foul

ing by preventing attachment and growth of deposits . For instance, Augustin and Bohnet 

[2001] demonstrated that regular imposition of flow pulses on aqueous solutions prone to 

crystallization fouling by calcium sulphate passing through a heat exchanger could suppress 

such fouling: the extra shear stress imposed by the fluid transients exceeded the adhesive 

strength of any nascent fouling layer. In that work, small spots of crystal growth were 

observed to appear and then disappear, confirming that flow pulsing was mitigating fouling 

both by impairing initial growth and by enhancing removal of localized 'young' and weak 

deposits. 

The next section gives a brief overview of various equipment and techniques used for strength 

measurement. 
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4. 2 Techniques for Strength Measurement 

4.2.1 Radial flow cell 

Powell and Slater [1982, 1983] studied the deposition and removal of bacteria using flows 

between parallel plates. In their study, only one shear stress could be measured in each 

experiment. Fowler and McKay [1980] introduced a more versatile device, the radial flow 

cell (RFC), which allowed one to impose a range of shear stresses on fouled plates in a single 

experiment. Figure 4.1 shows a schematic of a RFC. Fluid was passed through the system 

at constant volumetric flow rate radially outwards from the inlet between parallel, narrowly 

spaced, circular plates. As the flow decelerated toward the periphery, lower shear stresses 

were exerted on the fouled circular plates. The shear stresses in the laminar regime could 

be calculated using the analytical expressions discussed in Appendix A. 

Law and Masliyah [1984a,b] studied the impinging jet flows of viscous fluids into the space 

between parallel discs experimentally and numerically. They reported that the confining 

discs gave rise to complex flow i.e . toroidal eddy, near the fluid inlet. Fryer [1986] con

ducted experiments on the fouling of milk in the laminar regime in a RFC and reported a 

number: troblems during experiments; ( i) the shear stress distribution between the plates 

was highly complex (Fryer et al. [1985]) due to flow separation at the fluid inlet ; and ( ii) the 

flow patterns , and thus the shear stresses between the plates, were distorted due to severe 

irregularities in the fouling layers. 

The work by Klavenes et al. [2002] on deposition of Bacillus cereus spores onto stainless 

steel surfaces demonstrated the use of a RFC, where the shear stress imposed on the sample 

surface were varied by controlling the volumetric flow rate of water through the cell. They 

presented the results in terms of spore density, which was determined using epi-fluorescence 

microscopy. They also reported that the experiments were subject to significant errors due 

to highly unpredictable entrance effects. 
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4.2.2 Tapered tube device 

Fryer and Slater [1987] designed a tapered tube device to investigate the influence of a range 

of shear stresses , generated in the turbulent regime, on the formation of milk foulants. The 

device was constructed from stainless steel tube and tapered uniformly from inlet to outlet, 

using converging rather than diverging flows, thereby enabling the shear stress distributions 

to be determined with greater accuracy. This method could avoid the complex shear stress 

distribution such as those observed in RFC. They expressed the adhesive strength of milk 

foulants in terms of surface shear stress values estimated from pressure drop measurements . 

This method has the advantage of obtaining dat a rapidly and could readily be installed 

in an industrial system. Furthermore, surface properties and fluid temperatures could be 

altered with little effort. 

4.2.3 Atomic force microscopy 

Atomic force microscopy (AFM) produces topographical images to nano-metre resolution 

by scanning a small tip, situated at the end of a microscopic cantilever, over a surface. It is 
..... 

widely used for studies of phenomena such as abrasion, adhesion , elasticity, cleaning, corro-

sion, etching, friction, lubrication, plating, and polishing. The materials being investigated 

include thin and thick film coatings , ceramics, composites, glasses , synthetic and biological 

membranes, metals, polymers, and semiconductors. 

AFM operates by measuring the attractive or repulsive forces between a tip and the sample 

(Binnig et al. [1986]) . In its repulsive or contact mode, the instrument lightly touches a 

tip at the end of a cantilever to the sample. As a raster-scan drags the tip over the sam-

ple, the vertical deflection of the cantilever is detected, which indicates the local sample 

height or force. In attractiye or non-contact mode, the AFM derives topographic images 

from measurements of attractive forces; the tip does not touch the sample (Albrecht et al. 

[1991]) . Tapping mode is another scanning method where the probe touches the sample 
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momentarily to avoid friction and adhesion problems. The contact mode is most common 

in strength measurements . 

An important advantage of AFM in the study of surface properties is the ability to quantify 

both surface morphology and surface interactions with a single instrument. In addition to 

these topographic measurements , the AFIVI can also record the amount of deflection of the 

cantilever as the probe tip is brought close to (and away from) - and even indented into 

a sample surface. Forces are then inferred from the deflection readings. For example, when 

the tip is in contact with the surface, cantilever deflection will increase as the fixed end 

of the cantilever is brought closer to the sample. If the cantilever is sufficiently stiff, the 

probe tip may indent into the surface at this point. After loading the cantilever to a desired 

force value, the process is reversed. As the cantilever is withdrawn, adhesive contacts or 

bonds (between probe and sample) formed during contact with the surface may cause the 

cantilever to adhere to the sample some distance past the initial contact point. The point 

at which the adhesion is broken and the cantilever comes free from the surface can be used 

to measure the rupture force required to break the bond or adhesion. 

Bowen and Doneva [2000] employed AFM techniques to study the effect of surface roughness 

on membrane fouling. They determined the interaction forces between the probe and the 

surface by measuring the deflection of the cantilever. To convert deflections to forces, they 

used Hooke's Law, 

Force= Deflection x Spring constant 

where the spring constant of the cantilever was calibrated independently. By interpreting the 

force profiles, the influence of different surfaces on initial stages of fouling can be determined. 

Weis et al. [2002] also used similar methods to measure the forces required to separate the 

probe from foulants on membrane surfaces. Force curves were recorded over the membrane 

66 



Chapter 4: Measurement of the Strength of Fouling Deposits 

surface to enable the influence of surfaces properties to be studied. 

4.2.4 Micro-manipulation 

A more direct , micro-mechanical determination of deposit strength at the micron to mil-

limetre scale by micro-manipulation has recently been developed by Zhang and eo-workers 

(biofilms - Chen et al. [1998]; food layers - Liu et al. [2002]). This approach, shown in 

Figure 4.2, involves the use of small blades which are pulled across the surface, through the 

fouling deposit. The force recorded was expressed as an apparent adhesive strength of the 

fouling layer , defined by 

Total work done Apparent adhesive strength = ------------------
Disc sur face area x fraction covered by sample 

Liu et al. [2002] reported the effect of drying time, hydration and metal surface roughness 

on the adhesive characteristics of an exemplar food layer , namely tomato paste. They 

also reported that the relationship between the apparent adhesive strength and the actual 

adhesive strength between the deposit and substrate is unclear since the measured forces not 

only removed the deposit from the surface (adhesive bonds) but also deformed the material 

layer significantly. Their strength measurements on tomato paste are employed here as a 

comparison to FDG testing. 

4.2.5 CFD and jet impingement 

Another approach is to employ the shearing action of a fluid jet impinging on a surface to 

characterize the shear response of the surface material. For example, Vaishnav et al. [1983] 

used the stress field predictions for laminar impinging jets generated by Deshpande and 

Vaishnav [1982, 1983] to study the deformation of canine endothelium tissue. (The CFD 

simulations in Deshpande and Vaishnav [1982] were repeated in Chapter 3 as part of code 
I 

verification). 
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This chapter describes a related approach to strength measurement , applied to tomato paste 

and thin crystalline layers . As mentioned in Chapter 2, FDG has successfully been used 

to study the swelling and removal of soft layers of denatured whey protein gels from steel 

surfaces exposed to solutions of aqueous sodium hydroxide, simulating CIP of dairy soils (Tu

ladhar [2001]). A particular feature observed by Tuladhar was the onset of rapid decreases 

in local protein layer thickness at points late in the cleaning process, which were not evi

dent in parallel measures of cleaning. Visual observation indicated that this was due to the 

forces imposed by the gauging flow becoming strong enough to hydro-mechanically remove 

the weakening layer , i.e. switching from a transport-controlled process to a mechanically

controlled one. Quantifying the stresses generated using CFD affords a method for measur

ing the shearing yield strength of the deposit , as well as the deposit thickness, in situ and 

in real time. 

4.3 Experimental 

4.3.1 Apparatus 

Figure 4.3 is a schematic diagram of the apparatus designed and constructed for this inves

tigation. The apparatus consists of a Perspex tank ( 450 x 450 x 250 mm) and a nozzle 

connected to one end of a straight section of siphon tube of diameter d1 (true length of the 

straight tube is 0.42 m). The other end of the straight section (section 1) is connected to a 

curved section (section 2) with a smaller diameter , d2 (true length of the curved tube is rv 

1.30 m). The nozzle used is detailed in Figure 4.4 with dimensions dt = 5 mm, d1 = 20 mm 

(not shown in the figure) , d2 = 10 mm, w = 2.5 mm, A= 0.5 mm and a = 45°. 

The spindle of micrometer M1 (Mitutoyo, J apan) controls the vertical movements of the 

gauge, i.e. advancement or retraction of the siphon and the nozzle relative to the gauged 

surface. This arrangement allows the clearance to be set at a known distance. The apparatus 

also allows the gauge to traverse across the gauged surface to known locations using a screw 
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fitted with vernier scale V1 (Mitutoyo, J apan) . Measurement of the normal stress on the 

gauged surface is effected by a U-tube manometer filled with the process fluid . The right 

arm of the manometer is connected to a pressure tapping of diameter 0.5 mm, shown in 

Figure 4.4 as G . The left arm of the manometer is open to atmosphere . The movements of 

the liquid level in the left arm of the U-tube manometer indicate the normal stress (pressure) 

acting on the gauged surface. 

The gauging fluids used in the calibration experiments were water (reverse osmosis purity) 

and aqueous sucrose solution (35 wt%). The discharge flow rate as a function of suction 

head was measured by weighing the fluid collected from the discharge end of the siphon 

tube on an electronic balance (Sartorius 1 2200 P, UK). For all strength-testing experiments, 

reverse osmosis water was used. The error in measuring the mass of discharge flow was less 

than± 0.005 g and the measurements obtained from the micrometer and vernier scale had 

accuracies of ± 5 J-Lm and ± 50 J-Lm respectively. The uncertainty in the manometer reading 

was less than ± 1.0 mm. 

4.3.2 Sample preparation 

Tomato pastes were generated using the method reported by Liu et al. [2002] . The compo

sition of tomato paste was (in wt%): 4.7 protein , 14.9 carbohydrate , 14.4 sugar, 0.4 fat, 2.0 

fibre and 63.6 water. The paste was spread evenly (thickness rv 2.0 mm) onto SS 316 discs 

(diameter 55 mm) to give soil patches of diameter rv 30 mm , as shown in Figure 4.5. Coated 

discs were then heated/dried in a vacuum oven (Gallenkamp, UK) at 100oC over times rang

ing from 0.5 to 4.0 hr. The structures of the tomato pastes, after drying, were characterized 

by scanning electron microscopy (SEM , Philips XL 30 Series FEG , Department of Anatomy, 

Cambridge) after gold/palladium sputtering. The 0.5 hr samples were freeze-dried before 

imaging to reduce their moisture content to a level acceptable for SE~11 analysis ( < 10% 

moisture). The dried samples were hydrated by immersion in reverse osmosis water at 18°C 
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for more than 1.0 hr prior to any gauging flovv experiments. This period was selected as 

Liu et al. [2002] reported negligible effects of hydration time on the adhesive strength of 

their dried tomato paste soils after 1.0 hr. Tomato paste samples aged for 0.5 and 1.0 hr 

were also prepared on SS 316 discs roughened using graded sandpapers (80, 180 and 240) 

with grade 80 being the roughest. The roughness was measured separately using a Mahr 

Perthometer PGK. The purpose of this set of experiments was to investigate the effect of 

surface roughness on the adhesive strength of samples . 

Sample calcium sulphate deposits were generated in a simple laboratory scale heat ex

changer, as shown in Figure 4.6, including a SS 316 plate (exposed section 150 mm long, 15 

mm wide, 1 mm thick) separating square ducts (15 x 15 mm) carrying hot water (as heating 

medium) and colder aqueous solutions of model scaling solution, flowing eo-currently. The 

latter solution consisted of 0.035 mol/1 calcium sulphate prepared from a solution of 0.035 

mol/1 calcium chloride (Fisher, UK) and 0.035 mol/1 sodium sulphate (Fisher , UK), and 

operated at a pH value of approximately 7. Under these conditions the bulk solution is 

supersaturated with respect to CaS04 , but not sufficiently to cause precipitation , so that 

deposition is surface reaction controlled (Augustin [2003-04]; Hi::ifling [2003-04]). A detailed 

description of this test cell is available in Tuladhar [2001]. The heating circuit was operated 

at a Reynolds number of c. 10,000 and at 75°C, while the scaling solution was circulated 

at a mean velocity of 0.05 m/s and 42°C (Reynolds number of 1300), giving an estimated 

surface temperature of 70°C. The fouling surface could be viewed through the Perspex cell 

walls and deposition was observed after a noticeable induction period. Deposits were gener

ated after runs lasting 7.0 and 14.0 hr which gave thicknesses of approximately 320 f.-lm and 

480 f.-Lm (measured using a micrometer), respectively. Fouled plates were rinsed and stored 

in reverse-osmosis water until tested. This work was performed as part of a collaborative 

project with the Institute for Chemical and Thermal Process Engineering at the Technical 

University of Braunschweig, Germany. 
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4.3.3 Protocols 

During a calibration experiment , the hydrostatic head , s , was kept constant by a weir ar-

rangement and the clearance, h, was varied using the micrometer M1. For each experiment 

the micrometer reading corresponding to the nozzle tip touching the gauged surface (i.e. 

h = 0) was determined by visual inspection using a magnifying glass. For calibration, the 

hydrostatic heads was varied between 20 and 120 mm. The discharge flow rate were calcu-

lated over a period of 30 s for each clearance value. For the more viscous sucrose solutions , 

however, the discharge flow rates were measured over periods ranging from 30 - 180 s. Rep-

etitions were performed using water and sucrose solutions at a constant head of 20 mm to 

test the reproducibility of the apparatus. 

For normal stresses, the first measurements were made with the centreline of the nozzle coin-

cident with the centreline of the measurement hole (G). The gauge was then moved laterally 

relative to that axis of symmetry. The manometer level was recorded at lateral intervals 

of 0.25 mm. When the nozzle centreline reached R = 3 (where R is the radial coordinate 

" scaled against the radius of section 1 of the siphon tube) , beyond which the manometer 

reading did not change further, the nozzle was moved back towards the hole centreline at 

intervals of 0.25 mm. The above procedure was then repeated on the other side of the hole 

centreline, thus giving a total of four measurements for each radial co-ordinate. The time re-

quired to reach a steady manometer reading at each lateral position was less than 10 minutes. 

During deposit deformation experiments , the aged tomato paste sample was hydrated in 

the apparatus before being subject to gauging. For each sample, the initial thickness of 

the tomato paste, 80 , was determined using low values of s (typically less than 20 mm) in 

order to minimize any defor,mation. The vertical movement of the gauging nozzle towards 

the surface was operated in advancing mode i.e. starting from h/ dt > 1.0. The gauging 

nozzle was then brought closer to the deposit (implying smaller hand larger maximum shear 
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stress, Tmax) and the thickness, 6, measured again , with s kept constant. The procedure 

was repeated , bringing the gauge closer to the gauged surface and increasing Tmax, until 

no deposit remained on the surface, i.e. the fluid action had sheared all material off. The 

time required for the deposit to reach its equilibrium thickness, 6, at each value of h/dt was 

found to be less than 120 s. At least two repetitions were performed for each tomato paste 

sample. 

For crystal scales, the initial thicknesses were measured using s = 30 mm. For each sample 

plate, average thickness values were calculated from measurements obtained from at least 

two different positions: these values were confirmed by ex-situ micrometer measurements. 

During deformation , the gauging nozzle was brought closer to the crystal scales until no 

deposit remained on the surface, this being judged by visual inspection. 

The behaviour of the sample subject to FDG testing could also be observed through a magni

fying glass; photographs of the deposits before and after deformation were also recorded. All 

calibration and FDG testing experiments were performed at ambient temperature (18°C) . 

4.4 Experimental Verifications 

4.4.1 Calibration 

Experimental data for FDG in a quasi-static liquid were generated using water and aqueous 

sucrose solutions in the apparatus shown in Figure 4.3. Figure 4. 7 shows typical plots of 

mass flow rate, m, as a function of h/dt , obtained for operating in both nozzle-advancing and 

nozzle-retreating modes at s = 25 mm. The mass flow rates obtained from both modes show 

excellent agreement (± 2%) , confirming that the experimental procedures are reproducible. 

The shapes of the curves for 1::\oth water and sucrose solution are similar, although the more 

viscous sucrose solution shows a lower mass flow rate when all th~ conditions (s , dt, d1 , 
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d2 , w, A, a) , other than the liquid properties , are identical. This is expected as the flow 

is dominated by viscous terms. Classification of the discharge behaviour into two regimes 

is self-evident: an 'incremental zone' at low h/ dt, where the flow increases with increasing 

clearance, followed by an 'asymptotic zone' , where the mass flow rate is insensitive to h/ dt. 

The transition occurs at approximately h/ dt = 0.20 to 0.25, as reported previously by 

Tuladhar et al. [2000]. 

4.4.2 Hydrostatic head 

Figure 4.8 shows the comparison of experimental and simulated hydrostatic heads for two 

values of s (30 mm and 55 mm), over the range 0.10 < h/dt < 0.20 that is likely to be used 

in practice. This comparison is analogous to that presented in Section 3.3.1 except that 

the nozzle used in this study is five times larger , while maintaining geometric similarity. 

The data sets again show excellent agreement and indicate that the assumptions made 

in the CFD model, particularly that of laminar flow throughout the entire flow field , are 

satisfactory. 

4.4.3 Discharge coefficient 

Figure 4.9 shows a plot of the variation of Cd with Ret, similar to those shown in Section 

3.3.2. The CFD predictions are shown as solid lines while the symbols represent the exper

imental results: the symbol size indicates the experimental error. The figure shows good 

agreement between the CFD predictions and the experimental Cd values , confirming the 

validity of the simulations. Cd increases with Ret until it reaches an asymptotic value; as 

mentioned in Section 3.3.2, this increasing trend is clue to the nozzle operating in the lam

inar regime at low Ret, where viscous losses dominate, whereas the definition in equation 

(2.8) is based on an inertial analysis, which becomes more valid at larger Ret. 
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4.4.4 Normal stresses: Experimental vs. CFD 

The stresses acting on the gauged surface can be readily calculated from the simulation out-

puts (refer Section 3.4.3). Figure 4.10 sho·ws the simulated normal stress distributions on the 

gauged surface plotted with experimental results for sucrose solution 35 wt% at s = 20 mm. 

The plots show good agreement. Separate simulation work indicated that the presence of 

G (Figure 4.4) on the gauged surface does not interfere with the flow in the gauge. The 

CFD predictions, once again , show that the sharp peaks of the suction pressure occur within 

the inside radius of the nozzle, i.e. for 0 < R < 0.25. The experimental measurements , 

on the other hand , show flatter peaks at the higher pressure region. One explanation for 

this is that the normal stress measurements recorded by the manometer were averaged over 

the area of the measuring hole (hole diameter is 0.5 mm , giving a ratio of hole diameter to 

nozzle diameter of 0.1). 

The above findings show that the CFD results are supported by local experimental measure-

ments (normal stress), and provide the first experimental proof that the gauging character-
..... 

istics are conserved across a five-fold increase in dimension. The predicted hydrodynamic 

losses (Figure 4.8), which include the effect of the shear stresses (Section 3.4.2) on the sur-

face, are supported by experimental measurements of s and m. This also increases confidence 

in the predictions of local shear stresses. 

4.5 Results and Discussion 

4.5.1 Deformation studies of tomato paste 

To investigate the forces required to deform and remove the deposits from a surface, one 

needs the shear stress distribution for the values of h/ dt and R et of the flow that generated 

the deformation. The reliability of the stress predictions by CFD shown in Chapters 3 enable 

the shearing yield strength of the paste soils to be determined . The prime assumptions in 
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this approach are that any changes in the structure and irregularities of the gauged surface 

do not distort the flo-vv patterns and the stress distributions on the surface. 

Figure 4.11 (a) shows the extent of deposit removal as a function of maximum shear stress 

acting on tomato paste deposits. The data plotted are the averages from four samples, 

and the error bars represent the range in values. The different data sets represent samples 

prepared under different extents of ageing, i.e. drying time. The degree of removal is 

expressed by the normalized deposit thickness, o*, calculated with respect to the initial 

deposit thickness, 00 , by: 

( 4.1) 

A sample calculation of deposit thickness is given in Appendix B. Figure 4.11(a) indicates 

that the stress required to remove the paste, denoted by the decrease of o* from 1.0, increases 

with the extent of ageing, as does the shear stress required to cause complete removal. More

over, the transition fro~ negligible deformation to complete removal ( o* = 0) is very sensitive 

to the extent of drying - and hence to the structure of the paste. For example, the samples 

dried for 4.0 hr exhibit a dramatic decrease in o* at Tmax rv 12 Pa, suggesting brittle break-

age at a critical value. The critical shearing yield strength, Ty , is the shear stress required to 

remove 100% of the sample from the steel discs. In contrast, the least aged deposits, those 

dried for 0.5 hr , show a reproducibly linear decay in thickness over the Tmax range 3 - 6 Pa, 

possibly indicating more ductile behaviour. The reader is reminded that each o* value rep-

resents an equilibrium thickness. Tmax was increased , by moving the gauging nozzle closer 

to the deposit surface, only when the flow rate (and thickness) had reached a constant value. 

The above discussion has explained the removal characteristics in terms of the shear stress 

acting on the surface. However , there is an alternative interpretation, in that the gauging 
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flow gives rise also to a suction force acting normally on the deposit surface, so that the 

removal characteristics might instead be determined by the corresponding normal stress. 

Consequently, normal suction forces, determined from the normal stress distributions such 

as those in Sections 3.4.3 and 4.4.4, are presented in Figure 4.11(b). The suction force values 

were averaged over the area where the normal stress deviated from the zero (hydrostatic) 

value (0 < R < 0.6). The removal characteristics plotted in Figure 4.11(b) are slightly 

different from those in Figure 4.11(a), indicating that the two modes are not equivalent. 

Under this representation, the removal behaviour of the least aged sample (0.5 hr) exhibits 

no threshold to removal and is almost linear over the range 0 - 20 mN, with almost 90% 

of the material removed by a force of 20 mN. This value - corresponding to an average 

normal stress of 200 Pa - is interestingly the same as the common threshold force that 

would remove 10% of the other samples. Imposing larger normal forces on the aged samples 

results in removal of most of the soil layer, and the force required to remove the last fraction 

is dependent on drying time. This result indicates significant heterogeneity in the deposits. 

Visual monitoring indicated that the aged paste samples failed by breakage away from the 

stainless steel disc, with lumps of material being detached by the gauging flow, suggesting 

adhesive failure. In contrast, the least aged (0 .5 hr drying) samples were eroded away in a 

more gradual manner , indicating that for these layers gauging flows were effecting cohesive 

failure until the last fraction of deposit remained. Figure 4.12 shows images of the samples 

recorded before and after deformation testing. The difference in colour before deformation 

is also notable. For samples dried for 2.0 hr , the removal zone is non-circular , indicating 

that the deposit was detached in larger pieces. On the other hand, the 0.5 hr sample was 

eroded away more gradually, generating a circular crater, supporting the above hypothesis 

of removal shifting from a cohesive and more fluid/even soft-solid structure to an adhesive 

mechanism with extended ageing. 
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The difference in removal behavior due to ageing can also be correlated with paste mi-

crostructure, as indicated by the SE"t\!I images in Figure 4.13 (Note that the 0.5 hr sample 

was freeze-dried before imaging). The structure of the tomato paste after drying for 0.5 hr 

is amorphous, with a relatively smooth surface. Further drying reaction causes presents a 

rougher film structure. The irregular surface morphology is consistent with lower moisture 

content and a brittle material. 

The effect of ageing (drying time) on shearing yield strength, Ty, is plotted in Figure 4.14. 

The shearing yield strength increases with drying time up to 3 hours, after which the 

strength exhibits a plateau value of about 13 Pa. Very similar behaviour, presented in 

terms of apparent adhesive strength measured by micromanipulation, was reported for this 

material by Liu et al. [2002]. The physics underlying ageing is known; during heating, the 

different components of the paste undergo chemical reactions - caramelization of sugar, 

polymerization of fats and denaturation of proteins - which generate solid interactions and 

mechanical strength. The existence of an asymptote over long drying times indicates that 

the shearing yield stJ;_ength remains constant when the reaction is complete (Cheow and 

Jackson [1982]) . Also shown on the figure are the estimates of the mean velocity, urn, for 

turbulent flows of water in a pipe that would produce the corresponding critical shear stress. 

These values were estimated using equation ( 4.2), with a typical value of the Fanning friction 

factor , C1 , of 0.005. 

(4.2) 

It is noteworthy that the shear stresses imposed on the surface by these gauging flows in a 

semi-stagnant laboratory test are similar to those imposed by a turbulent flow in a process 

unit where the bulk veloc,ity is of the order 1 m/s (Timperley [1989]) . Information on 

the fouling layer's response to industrial CIP conditions can therefore be obtained at the 

laboratory scale using relatively simple measurements. 
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The removal behaviour of tomato paste samples deposited on SS 316 discs with different 

surface characteristics were also investigated. This parameter should affect adhesive inter

actions , with a small affect on soil cohesion. The arithmetic mean of the absolute departure 

of the roughness profile from the mean line, Rz, for the stainless steel surfaces treated with 

sandpaper 80, 180 and 240 were 4.4 p,m, 3.1 p,m and 2.7 p,m respectively (stainless steel 

with normal surface finish had a Rz value of 2.4 p,m). The tomato pastes in this case 

were dried for 0.5 and 1.0 hr and the averages from repeated tests are plotted in Figures 

4.15(a) and 4.15(b) . For the 0.5 hr samples, the degree of deformation is almost similar 

when Tmax lies between 3 and 4 Pa, but the Ty values of the samples clearly increased with 

surface roughness. One possible explanation for this is that the surface roughness did not 

affect the cohesive bonding of the samples but instead only affects the adhesive interactions. 

This observation also indicates that Ty is a measure of the adhesive interaction between the 

samples and the steel surface. For the 1.0 hr samples, the effect of surface roughness on 

adhesive interactions is also evident . The sample material was more brittle and was removed 

from the surface in large pieces. The Ty values increased with surface roughness as expected. 

The degree of deformation versus average normal force plots are shown in Figures 4.16(a) 

and 4.16(b) . Figure 4.16(a) once again shows that the surface roughness did not affect 

the removal behaviours for all 0.5 hr samples when the average normal force was less than 

10 mN. Imposing large forces on the samples removed most of the material. Figures 4.16(a) 

and 4.16(b) show that the force required to remove the last fraction is a strong function of 

drying time and surface finish. 

The above results show that FDG offers an affordable and simple method for testing adhesion 

of hydrated deposits to surfaces. However , precise interpretation of the removal and yield 

mechanism, i.e . shear vs. suction for the materials , requires further work. 
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4.5.2 Comparison of FDG and micro-manipulation 

Liu et al. [2002] reported the use of a micromanipulation technique for assessing the forces 

required to disrupt and remove fouling deposits. Their technique, sho·wn in Figure 4.2 , fea

tured the use of a fiat blade (30 x 6 x 1 mm) which was pulled through a fouling deposit 

located on a fiat SS 316 discs (diameter 26 mm). They recorded the force required to move 

the blade and reported this work in terms of an apparent adhesive strength. 

The results for shearing yield strength and average normal (suction) yield stress are com

pared with the results obtained by micro-manipulation. Figure 4.17 shows that the shearing 

yield strengths and average normal stresses (from FDG) -vertical axes - correlate very well 

with the apparent adhesive strengths reported by Liu et al. [2002] - horizontal axis - for 

the same drying times. The correlation coefficients (R2 ) are 0.998 and 0.920 respectively. 

It is interesting to note that the linear trends obtained from least squares regression do not 

pass through the origin for either parameter , suggesting that different physical processes 

are involved in the techniques of the two groups or that there is a systematic source of 

mismatch. For example, the micromanipulation technique involves moving material away 

from the plate and blade, and if the material is cohesive or highly viscous , this would require 

additional work which would be manifested in the measured force. The maximum measured 

force reported for the micromanipulation technique, where a 30 mm wide probe of 1 mm 

thickness was pulled across stainless steel discs of diameter 26 mm coated with deposit , 

was of order 200 mN when the probe was half-way across the sample. If the work done is 

localized to simple shear in the region under the probe edge, and assuming a critical yield 

stress of 10 Pa, an estimate of the force required would be 

Force =critical stress x area (i.e. diameter of disc x thickness of probe) 

= 10 X 0.026 X 0.001 

= 260 ~-LN 
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which is three orders of magnitude less than the 200 mN reported. Direct numerical com

parison of the apparent adhesive strength measured by micromanipulation and the critical 

shearing yield strength obtained from FDG is not straightforward because the deposit re

mova1 behaviour and force profiles for these techniques are different. However, the strong 

correlation already demonstrated indicates that either method could be used to survey and 

compare materials and coatings. 

Both the extended dynamic gauging and the micromanipulation techniques offer quantita

tive methods for investigating the effect of ageing on deposit behaviour and cleaning without 

the considerable expense of performing pilot plant or field trials. Replacing the gauging fluid 

in these experiments by an aqueous cleaning solution or detergent is a simple step, which 

can be combined with knowledge of the CIP cycle dynamics to estimate the efficacy of a 

particular cleaning regime. The link between deposit ageing and cleaning is a key factor 

in determining the effectiveness of cleaning protocols (Wilson [2004]) , and these techniques 

now offer quantitative methods for understanding these links and their effects. 

4.5.3 Deformation studies of crystal scales 

Figure 4. 18( a) shows that the deposition of calcium sulphate scale after 7.0 hr was relatively 

even over the stainless steel plates. Layers formed after 14.0 hr appeared more dense to the 

naked eye and were less easily sheared off either by finger or spatula. The image of the 

plate in Figure 4.18(b) after strength testing shows that the area of the gauge footprint 

was almost clean to the naked eye, indicating that the fluid shear was able to overcome the 

adhesive interactions between deposit and steel surface. 

The results for the deformation tests are presented in Figure 4. 19. The deposits formed after 

14. 0 hr were universally too strong to be removed by the FDG action in these tests, indi

cating that the adhesive interaction between t he mineral scale and the steel had developed 
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significant strength after this period. This is consistent with the previous study of ageing 

in crystallization fouling reported by Hirsch et al. [1996], where it was demonstrated that 

ageing included filling of the interstices between the original crystals by secondary crystal

lization. 

The results obtained for the 7.0 hr sample tests show good reproducibility. The data indi

cate a brittle adhesive failure mechanism, whereby the deposit fails at the deposit-substrate 

surface. It is removed as a lump when the shear stress reaches a characteristic value of 

approximately 17 Pa. It is useful to compare this value with an estimate of shear stress 

imposed by a steady turbulent pipe flow using equation (4.2). The value of Um obtained 

""3.7 m/s , lies above the usual velocity range employed in shell and tube heat exchangers. 

If these initial layers were allowed to form, fluid action would not be able to remove the 

deposit. Fouling would then continue at a rate determined by the temperature conditions 

and the liquid composition (Chew et al. [2004c]). 

These results again indicate that FDG is not only capable of measuring the thickness of 

soft deposits in situ, but is also, when coupled with CFD simulation, potentially capable of 

determining the mechanical properties of soft and weak materials . 

4.6 Conclusions 

CFD results for a larger nozzle were validated by comparing predicted hydrostatic heads , 

nozzle discharge coefficients and local normal stresses acting on the gauged surface with 

their corresponding experimental values. All comparisons showed good agreement over the 

range of viscosities studied, thus increasing confidence both in the simulations and the ex

perimental results . The experimental measurements also demonstrated that the gauging 

characteristics are conserved across a five-fold increase in dimension. 
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Application of the technique of FDG has been significantly augmented by CFD studies of 

the quasi-stagnant gauging flows to allow the stress field imposed on the surface under in

vestigation, by Newtonian liquids , to be quantified with a reasonable degree of accuracy. 

Particular features of note were that the surface shear stress is largest in the area directly 

underneath the gauging nozzle rim, and that shear stresses characteristic of turbulent CIP 

systems could be generated in these quasi-stagnant systems by judicious selection of suction 

head and clearance between the gauging nozzle and the surface. 

Application of the extended gauging technique has been demonstrated using tomato paste 

soils, baked on to stainless steel discs and then hydrated , simulating the micro-manipulation 

studies by Liu et al. [2002]. The extent of removal was deduced from the thickness calcu

lations , and the shearing yield strength from CFD simulations. The critical shearing yield 

stress of the tomato paste was found to increase with the extent of ageing, approaching an 

asymptote of 13 Pa after 3.0 hr as the material was transformed from a soft, malleable paste 

into a hard, brittle semi-solid. These changes were consistent with SEM images and pre

vious work on these materials using a range of techniques . The strong correlation between 

the results with those reported for a similar material by Liu et al. [2002] has been noted 

and discussed. 

Strength tests of tomato paste on different surface roughness showed that the critical shear

ing yield stress increases with surface roughness . These results give a strong indication that 

the removal mode in these FDG tests is adhesive failure. However, the interpretation of 

the yield mechanism, i.e. shear vs. suction, requires further work. Two possibilities are 

postulated: exploiting different designs of nozzle, and reversing the gauging flow. It would 

be interesting to apply the technique using different materials and other factors, such as 

temperature of the medium and thickness of the deposit. 
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The technique has also been used to assess the adhesion characteristics of thin crystalline 

calcium sulphate layers. Extended deposition periods and ageing yielded layers which could 

not be deformed by this technique, and indicated that fluid velocities customarily used in 

industry would not be able to dislodge such deposits. 
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Figure 4.1: Schematic arrangement of radial flow cell. 

direction of 
probe motion 

tomato 
paste 

T-shaped 
probe ss 316 

disc 

medium 

support 

Figure 4.2: Schematic of micro-manipulation apparatus. 
All dimensions are in mm. 
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Figure 4.3: Schematic ~f fluid dynamic gauging apparatus for normal stress measurements . 
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Figure 4.4: Schematic arrangement of nozzle for normal stress measurements . 

Nozzle: dt = 5.0 mm, d1 = 20.0 mm, w = 2.5 mm, ), = 0.5 mm and a:= 45°. 
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Figure 4.5: Schematic of tomato paste preparation. 
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Figure 4.6: Cross-section of fouling a;pparatus for calcium sulphate deposits. 
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Figure 4. 7: Mass flow rate profile for s = 20 mm. 
Nozzle: dt = 5.0 mm, d1 = 20.0 mm, d2 = 10.0 mm, w = 2.5 mm, A= 0.5 mm and a= 45°. 
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Figure 4.8: Comparison of hydrostatic head (35 wt% sucrose) . 
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Figure 4.9: Discharge coefficient versus Ret. 
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Figure 4.10: Normal stress distributions on the gauged surface. 
Lines - CFD predictions: D - h/df. = 0.20, E - h/dt. = 0.14, F - h/dt = 0.10; 
symbols- experimental data: circles - h/dt = 0.20 , squares- h/dt = 0.14, triangles 
- h/dt. = 0.10. 
Conditions: 35 wt% sucrose, s = 20 mm. 
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Figure 4.11: Degree of deformation of tomato paste versus (a) maximum shear stress; and (b) 
average normal force. Filled symbols represent the critical shear stresses and average 
normal force for lOO% removal. 
Conditions: 60 "' 2.0 mm and hydration t ime > 1.0 hr. 
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(a) 0.5 hr - Before (b) 2. 0 hr - Before 

(c) 0.5 hr- After (d) 2.0 hr- After 

Figure 4.12: Images of samples before and after deformation. 

The values of Tmax and average normal force plotted in Figures 4.11, 4.15, 4.16 and 4.19 are 

calculated by assuming the material surface is fiat. It is important to be aware that the 

fluid mechanics (flow patterns , shear and normal stresses) in the region below the nozzle 

may not be identical to those modelled in Chapter 3 when the samples are being removed 

because the ta assumption may no longer hold. 
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(a) (b) 

Figure 4.13: SEM images (magnification: 313x) of tomato pastes after drying for (a) 0.5 hr; and 
(b) 2.0 hr. 
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Figure 4.14: Shearing yield stress of tomato pastes versus drying time. 
Values in parentheses are estimates of corresponding um calculated using equation ( 4.2). 
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Figure 4.15: Effect of surface finish on deformation characteristics of tomato paste dried for (a) 
0.5 hr; and (b) 1.0 hr. · 
Filled symbols represent the critical shear stresses for 100% removal. 
Condition: 80 rv 2.0 mm. 
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Figure 4.16: Effect of surface finish on deformati.on characteristics of tomato paste dried for (a) 
0.5 hr; and (b) 1.0 hr. 
Filled symbols represent the average normal force for 100% removaL 
Condition: 80 rv 2.0 mm. 
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data obtained from micromanipulation technique by Liu et al. [2002], for the same 
drying times. 
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(a) 

(b) 

Figure 4.18: Stainless steel plates (a) fouled with calcium sulphate; and (b) after deformation. 
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Figure 4.19: Degree of deformation versus maximum shear stress for calcium sulphate scale. 
Conditions: Fouling time = 7.0 and 14.0 hr. 
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CHAPTER 5 

MODEL STUDIES OF 

POLYMERIZATION REACTOR CLEANING 

This chapter describes the application of fluid dynamic gauging (FDG) to investigate the 

cleaning behaviour of polymer films deposited on stainless steel surfaces. This work was 

performed in collaboration with NeoResins1(Waalwijk , The Netherlands). The main ob-

jective was to investigate the chemical cleaning characteristics of polymer foulant films on 

exposure to a range of solvents so that better cleaning protocols could be identified. 

Section 5.1. 1 reviews the -emulsion polymerization process. Sections 5.1.2 and 5.1.3 give an 

introduction to polymer fouling and cleaning respectively. Existing techniques for studying 

polymer dissolution are summarized in Section 5. 1.4. The experimental setup and procedure 

are detailed in Section 5.2. Sections 5.3 and 5.4 discuss the main results of this study. Section 

5.6 describes gauging tests on pilot plant samples. 

5.1 Introduction and Background 

5.1.1 Emulsion polymerization 

Emulsion polymerization is widely used commercially for the production of latex, paints , 

coatings, rubbers and adhesives. In genera.! , emulsion polymerization is a free radical poly-
1 NeoResins b.v. manufactures waterborne products such as acrylic emulsions and polyurethane disper-

sions for application in water-based coatings and water- based print ing inks. · 
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merization process in a multiphase environment , yielding submicron polymer particles dis

persed in an aqueous medium. This process uses the following ingredients: monomer(s) , 

dispersing medium (usually water) , surfactant (also referred to as emulsifier) , water-soluble 

initiator , and possibly a chain transfer agent (El-Aasser and Sudol [1997]; Ebewele [2000]). 

Examples of monomers are styrene, acrylates, methacrylates , vinyl chloride and butadiene. 

Water serves as the dispersing medium and it also acts to maintain low viscosity and pro

vide good heat transfer. The use of surfactants is a key characteristic of many emulsion 

polymerization processes. The surfactant , usually sodium or potassium salts of organic 

acids , forms micelles , which are required for particle nucleation and provide colloidal sta

bility for monomer droplets and polymer particles. The most commonly used water-soluble 

initiators are inorganic salts of persulphuric acid such as potassium persulphate; this disso

ciates into two sulphate radical anions that can initiate the polymerization process. Chain 

transfer agents , such as mercaptans, are used to control the molecular weight of the polymer. 

The emulsion polymerization process begins with emulsification and nucleation (Ebewele 

[2000]). When a surfactant (e.g . [R- coo- Na+]) is added to water, it ionizes and the 

ions move around freely. The surfactant anions consist of a long hydrophobic portion [R-] 

and a hydrophilic group [-coo-]. Above the critical micelle concentration , the bulk of 

the surfactant anions arrange themselves into colloidal particles called micelles ( dimen

sion in the range 50 to 100 A). The presence of surfactant also considerably enhances the 

solubility of water-insoluble or sparingly-soluble monomer. In water containing partially 

soluble monomer molecules, the surfactant anions orient themselves at the water-monomer 

interfaces with the hydrophilic ends facing the water, while the hydrophobic ends face the 

monomer phase, as shown schematically in Figure 5.1 (a). The sizes of these mono mer

swollen micelles are larger than the unoccupied micelles. The bulk of the monomer is 

thereby dispersed as droplets (usually spherical with diameter of at least 10,000 A) and 

each droplet has a protective coat of negative charge, and is t herefore stabilized by the 

97 



Chapter 5: Model Studies of Polymerization ReactOl' Cleaning 

repulsive forces between the negative charges on its surface. Prior to initiation, three phases 

are then present: the aqueous phase containing small amounts of dissolved monomer and 

surfactant , the emulsified monomer droplets , and the monomer-swollen micelles. The con

centration of the micelles and monomer droplets would typically be in the range of 1018 

micelles per mL and 1010 to 1011 droplets per mL, respectively. 

Upon addition of an initiator (e.g. potassium persulphate; [K+ 8208]), radicals are formed 

in the aqueous phase, as shown in Figure 5.1 (b). Little polymerization occurs in the aque

ous phase because of the low solubility of the monomer in water. The emulsified monomer 

droplets also do not provide loci for polymerization because the negatively charged pro

tective coatings are difficult to penetrate and the sulphate radicals are oil insoluble. The 

absence of polymerization in the monomer droplets has been verified experimentally (Ebe

wele [2000]). Therefore, polymerization occurs almost exclusively in the micelles , especially 

when the concentration of the micelles is higher than that of the monomer droplets (1018 

micelles per mL vs. 1010 droplets per mL). Furthermore, the surface/volume ratio (i .e. 

3/radius for a sphere) of, a micelle is much greater than that for a monomer droplet. Ini

tially, the monomer within the active micelles is consumed. As polymerization proceeds , 

the supply of monomer is derived from surrounding emulsified monomer droplets and the 

partially dissolved monomer in the aqueous phase. The active micelles grow with polymer 

formation, resulting in a new phase: monomer-polymer particles . To preserve stability, 

these growing particles absorb the surfactant anions from existing inactive micelles (those 

without growing polymer) and emulsified monomer droplets. Between a conversion of 12 

- 20%, the concentration of surfactant decreases so that the concentration falls below the 

critical micelle concentration. The monomer droplets become unstable, causing coagulation. 

This instability of the monomer droplets will impair the quality of products and heat trans

fer efficiency. Coagulation usually can be avoided by adding more surfactant or by using 

adequate mechanical agitation. 
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Between a conversion of 25 - 50% (Figure 5.1(c)), the locus for further polymerization shifts 

from the micelles to the monomer-polymer particles since all available micelles have been 

consumed. The monomer droplets serve as monomer reservoirs. As the polymer particles 

increase in size, the size of monomer droplets decreases. In this regime, there will be no new 

particle nucleation so the number of monomer-polymer particles remains constant. 

Finally, the supply of monomer diminishes due to exhaustion of the monomer droplets. 

At the end of polymerization (i.e. 100% conversion), the system contains only polymer 

particles, as in Figure 5.1(d). A more complete description of emulsion polymerization can 

be found in Blackley [1975], Vanderhoff [1993], El-Aasser and Sudol [1997], Fitch [1997] and 

Ebewele [2000]. 

5.1.2 Polymer reactor fouling 

Industrial emulsion polymerization is often performed as a batch, semi-batch (or semi

continuous) or continuous process (Ebewele [2000]). In a batch polymerization, all ingre

dients are added at the beginning of the cycle. Polymerization begins when the initiator 

is added and the temperature is increased, with the simultaneous formation and growth of 

latex particles. In the semi-batch process, one or more of the ingredients is added contin

uously or in increments. The various modes of addition of the ingredients usually lead to 

different profiles of particle nucleation and growth throughout the polymerization process. 

The advantage of this process is the ability to control various aspects of the polymerization, 

including colloidal stability, heat transfer, and particle number and size. For the continuous 

process, ingredients are fed continuously into the reactor , while the products are removed 

simultaneously at the same rate. This process offers the advantage of high production rate, 

steady heat removal and uniform product quality. 

The choice of process strongly determines the type and quality of the ·product . The average 
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particle size and associated size distribution are two of the most important characteristics of 

the product, because they affect the polymerization process, and the product's rheology and 

film-forming properties. Loss of control of these characteristics may result in reactor fouling, 

especially in industry, where the demand for high solid content emulsion polymerization is 

increasing. Severe reactor fouling often causes costly reactor shutdowns (Vanderhoff [1981]; 

Kemmere [1999]). 

Polymer fouling in reactors is caused by the formation of coagulum, i.e . polymer recovered 

in a form other than that of a stable product, during polymerization (Vanderhoff [1981]). 

The formation of coagulum is observed in all types of emulsion polymers including coating 

latexes , synthetic rubbers and specialty latexes. Coagulum may take several forms and is 

referred to by names such as fouling, reactor fouling, filterable solids, sediment, grit and 

waste. In this dissertation, the term fouling will be used. 

Polymer reactor fouling can be characterized into three main types: ( i) fouling deposited 

on reactor walls, roof, bottom, agitator , baffles and cooling coil; ( ii) fouling formed during 

polymerization and recovered from the product afterwards by filtration or sedimentation; 

and ( iii) fouling occurring after polymerization during storage or transportation. Fouling 

arises in all sizes of polymerization reactors , ranging from the smallest laboratory reactor 

to the largest production reactor. It may be a mere nuisance at the laboratory scale, but in 

large-scale production it may increase reactor down-time, thereby lengthening cycle times 

unpredictably, and reducing yields. 

Vanderhoff [1981] outlined the main reasons for polymer fouling to occur: 

1. Failure of colloidal stability of the latex. during or after polymerization, which may 

cause flocculation of particles. 

11. Polymerization of the monomer by other mechanisms. 
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Coagulation is caused by a loss of colloidal stability of the polymer particles. The colloidal 

stability is mainly governed by electrostatic repulsion when ionic surfactants are used. Co

agulum is relatively easy to form when the fractional surface coverage by surfactant anions 

is low (Chern and Kuo [1996]). Coagulation vvill also occur when the kinetic energy of the 

particles is sufficiently high to overcome the potential energy barrier, being the sum of the 

Van der Waals ' attraction and the electrostatic repulsion energies. Sometimes steric sta

bilization may also be involved in coagulation, for example in the polymerization of vinyl 

acetate (Ottewill [1997]; Kemmere [1999]). Steric stabilization results from the adsorption of 

an uncharged hydrated species on the particle surface, which hinders the approach of other 

particles and thus acts as a mechanical barrier to coagulation (Vanderhoff [1981]). Floccu

lation of polymer particles affects the average particle size and size distributions during the 

growth and may thus result in complications in polymerization and off-spec product. It is 

therefore important to maintain colloidal stability during polymerization, which is usually 

determined by the extent of adsorption of surfactant anions on the surface of the polymer 

particles (Ahmed et al. [1980]). 

Other factors that affect the stability of latexes during polymerization are the water to 

monomer ratio (Chern et al. [1996]), solubility of monomer and initiator type, the type and 

intensity of agitation during and after polymerization, and the temperature of polymeriza

tion and storage (Vanderhoff [1981]). Polymer build-up on the reactor wall, roof and baffles 

also depends on the material of the vessel surface. For example, glass-lined reactors are less 

sensitive to polymer deposition than stainless steel units (Vanderhoff [1981] ; Ebewele [2000]). 

Polymerization of monomer by a different mechanism may occur , for example, within the 

monomer droplets , resulting in larger particle size than desired (El-Aasser and Sudol [1997]). 

These larger particles are usually less stable and thus easier to coagulate especially in large 

reactors when agitation during polymerization is often insufficient to mix all parts of the 
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system well. These coagula may deposit on the walls and roof of the reactor and serve as 

nuclei for further polymerization and coagulation (Vanderhoff [1981]; van de Ven [1998]) . 

Polymerization on the reactor walls can be related to the smoothness of the wall surface; 

surface roughness promotes surface polymerization and coagulation. In this respect , highly 

polished stainless steel surfaces are often preferred (Vanderhoff [1981]; Ebevvele [2000]). 

5.1.3 Polymer reactor cleaning 

In general, several methods or approaches have been adopted to eliminate or reduce polymer 

fouling (Vanderhoff [1981]) such as: addition of emulsifier/stabilizer, variation of agitation 

rate , alteration of recipe and reactor operating conditions, and use of polished surfaces. 

Remedies developed for one system may not directly be applicable to another system, so 

each case must be considered separately. 

As mentioned in Chapter 1, foulants can be cleaned by chemical or mechanical methods or 

a combination of both. Cleaning of polymer foulants often requires both methods, where 

chemical cleaning is employed to convert the deposit to a more removable form (e.g. a 

swollen gel) and a mechanical method (e.g. high pressure jetting or lancing) is required to 

remove any remaining residues (NeoResins [2003-04a]; NeoResins [2003-04b]; Transol Pro

duction Unit [2003]) . 

The related topic of polymer dissolution has received attention because of its importance 

in applications such as cleaning of polymer foulants , microlithography, controlled drug re

lease and recycling of polymers (Devotta et al. [1994] ; Narasimhan and Peppas [1997]; Cao 

et al. [1998]) . Dissolution of polymer is very different from, and more complicated than, 

dissolution of non-polymeric materials: the latter can be explained by simple diffusion laws 

and a unique diffusion rate (Crank [1975]). In contrast, the diffusion of solvent molecules 

into a polymer often does not proceed via Fickian diffusion (Enscore et al. [1977]; Thomas 
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and Windle [1980] ; Pekcan et al. [1997]) but follows a Case II transport mechanism whereas 

Fickian diffusion is an example of Case I (Stamatialis et al. [2002]). 

The penetration of solvent molecules from the bulk liquid phase into an initially glassy 

polymer matrix , driven by a chemical potential gradient, can be divided into two main 

types (Stamatialis et al. [2002]) . The penetrant may be a solvent or a non-solvent, depend

ing on its polarity, chemical characteristics and the solubility properties of the polymer

penetrant pair. In the case of solvents , the polymer-solvent interactions are stronger than 

the polymer-polymer attraction forces, so that the chain segments start to absorb solvent 

molecules, increasing the volume of the polymer matrix as the segments unwind from their 

entangled structure. Pekcan and eo-workers (Pekcan et al. [1996, 1997]; Pekcan and Ugur 

[2002]) described the dissolution of glassy polymers via three steps , shown schematically in 

Figures 5.2(a) - 5.2(c). The first is the ingress of solvent molecules into the glassy matrix 

by diffusion. The solvent molecules fill the empty spaces, which are present in the poly

mer in the glassy state as free volume in the form of a number of channels and holes of 

solvent molecule dimensions. In the second step, the solvent inside the polymer matrix 

induces morphological and structural changes within the polymer so that the glassy region 

becomes rubbery. This phenomenon has been explained in more detail by Astarita and 

eo-workers (Astarita and Joshi [1978]; Astarita and Sarti [1978]; Astarita et al. [1989]). The 

glassy regions (where the solvent concentration is almost negligible) and rubbery regions 

(a swollen gel where the solvent concentration is high) are separated by a sharp penetrant 

front. The presence of this advancing front is one of the main characteristics of Case II 

diffusion. Ueberreiter [1968] summarized the structure of the surface layers from the pure 

polymer to the pure solvent. In the third step, the polymer chains in the rubbery region 

adjacent to the polymer-solvent interface have high internal mobility and these chains will 

tend to disengage from the interface and migrate into the bulk solvent . In the case of a 

non-solvent , Stamatialis et al. [2002] reported that only the penetration and swelling occur 
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and a uniform swollen layer is reached at the final equilibrium. 

5.1.3 .1 Effect of temperature 

Ueberreiter [1968] was one of the first researchers to study the behaviour of polymer dis

solution. Several aspects were investigated, one of which was the structure of the surface 

layer of glassy polymers during dissolution. He outlined the surface layer formation process , 

recognizing 

1. a liquid boundary layer, surrounding the solid polymer; 

ii. a gel layer; 

iii. a solid swollen layer; and 

1v. an infiltration layer, adjacent to the pure polymer. 

The existence of the layers depends strongly on various aspects such as the type of polymer

penetrant pair, temperature and molecular weight of the polymer. If the polymer supported 

the existence of all four layers , the dissolution was termed normal dissolution. For exam

ple, Ueberreiter and Asmussen [1962] studied the effect of temperature on dissolution and 

observed that polystyrene (PS) undergoes normal dissolution in toluene over a wide range 

of temperatures. Ouano and Carothers [1980] used a critical illumination microscopy tech

nique to study in situ dissolution of PS in methyl ethyl ketone (1VIEK) and also observed 

that PS developed a thick swollen layer. 

The second type of dissolution occurs when no gel layer is formed, resulting in cracks on 

the polymer-solvent interface. In the study by Ueberreiter [1968], poly methyl methacrylate 

(PMMA) was dissolved in several solvents and exhibited the normal dissolution process for 

temperatures above the glass transition temperature , T9 . By decreasing the experimental 

temperature (i.e. T < T9 ) , a steady decrease in the gel layer thickness was seen until finally 

a temperature was reached where the gel layer was so thin that it vvas no longer visible. 
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This was called the gel temperature, Tgel· Below this temperature (i.e. T < Tgel) , cracks 

were observed running into the polymer matrix , and these cracks caused small blocks of 

the polymer to leave the surface in pieces. Ueberreiter [1968] proposed that the reason for 

the cracking mechanism was because large amounts of stress energy were built up in the 

polymer during dissolution . Ouano and Carothers [1980] also studied the dissolution of 

PMMA and observed that PM:tviA dissolved in MEK by stress cracking forT < Tgel· They 

concluded that if the 'internal pressure ' builds up faster than the glassy matrix can relax 

through gradual swelling, cracking occurs. 

5.1.3.2 Effect of molecular weight 

Asmussen and Ueberreiter [1962] studied the effect of polymer molecular weight on the rate 

of dissolution and gel layer thickness. They found that the rate of dissolution decreased with 

increase in polymer molecular weight. Cooper et al. [1985] and Manjkow et al. [1987a,b] also 

reported that the rate of dissolution is a function of polymer molecular weight. Papanu and 

eo-workers (Papanu et al. [1989a,b,c, 1990]) investigated the dissolution of PMMA in methyl 

isobutyl ketone (MIBK) and alcohols. They observed that below a critical molecular weight 

( < 72 kDa), dissolution occurred by stress cracking. They also concluded that although 

cracking was observed only for low molecular weight samples, the dissolution process is also 

dependent on temperature and solvent type. 

Parsonage et al. [1987] and Devotta et al. [1994] reported that the dissolution process is a 

function of polymer molecular weight since it involves disentanglement of polymer chains . 

They also concluded that larger molecular weights yielded higher levels of disentanglement , 

thus giving greater degrees of swelling before dissolution occurs. More recently, Pekcan and 

Ugur [2002] studied the effect of molecular weight on PMMA dissolution in chloroform and 

concluded that the rate of polymer chain disentanglement decreases with an increase in 

polymer molecular weight. 
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5.1.3.3 Effects of different solvents 

The molecular and chemical structure of a solvent plays an important role in determining 

the solubility of a polymer. Solubility parameters are often used to predict the solubility of 

the solvent-polymer system (Grulke [1999]; Niichael and Ralph [2003]). In general, polymers 

will dissolve in solvents whose solubility parameters are not too different from their own and 

this principle is known as 'like dissolves like' . The information from solvent-polymer solu

bility determines the solvent's thermodynamic suitability. 

Solubility parameters of some pure polymers and organic solvents are tabulated in Bran

drup and Immergut [1995]. Theoretical and experimental techniques used to estimate the 

solubility parameters of polymer and solvent mixtures were also reviewed by Miller-Chou 

and Koenig [2003]. 

In industry, solubility parameters are often used to predict polymer compatibility and chem

ical resistance (Grulke [1999]; Hansen [2000]). Moreover, the theory of solubility parameters 

is also useful in many te~hnological applications, such as removal of by-products or unre

acted monomers in health-related applications and predicting polymer-solvent interactions 

and performance in the production of contact lenses and surgical implants (Bicerano [1993]). 

Therefore, the ability to estimate solubility parameters can be a useful tool for predicting a 

system's physical properties and performance. 

Asmussen and Ueberreiter [1962] showed that a thermodynamically good solvent entered 

into the polymer slowly, while another, thermodynamically poor, solvent penetrated the 

polymer structure faster. They explained this observation in terms of molecule size related 

to a kinetic suitability of the solvent . The kinetic influence is reflected in the speed of 

solvent penetration. In general , a kinetically good solvent penetrates the polymer with 

great velocity. Ouano and Cm·others [1980] reported that PJviMA cracked in several solvents 
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including tetrahydrofuran, methyl acetate, and MIBK, but at different rates due to the 

difference in solvent molecule size. Papanu et al. [1989b] studied the dissolution of P I'viMA in 

acetone, f\/IEK and IviiBK and found that acetone and I'viEK penetrated PiviiviA more readily 

since their molecules are smaller than MIBK. More recently, Stamatialis et al. [2002]looked 

at the dissolution of PMMA in MEK , methanol and MEK/methanol mixtures and reported 

that that PMMA dissolved in IviEK (thermodynamically good) by stress cracking but only 

swelled in pure methanol. They observed that swelling is faster in pure methanol because of 

its smaller size (kinetically good). In MEK/metha.nol (50%:50%) mixtures, PMMA dissolved 

without any cracking. They proposed that the onset of fragmentation was delayed by 

the plasticization effect of methanol in the polymer matrix. To ensure quick and efficient 

dissolution, Stamatialis et al. [2002] recommended a mixture of thermodynamically and 

kinetically good solvents. 

5.1.4 Techniques for characterizing polymer dissolution 

Fundamental studies of the kinetics of polymer swelling and/or dissolution are motivated 

by the importance of such phenomena in many applications , especially for recycling materi

als, cleaning of polymerization reactors and drug delivery systems (Miller-Chou and Koenig 

[2003]). For this reason , various experimental techniques have been employed to character

ize polymer dissolution behaviour including gravimetry, differential refractometry, optical 

microscopy, laser interferometry, ellipsometry, fluorescence, Nuclear Magnetic Resonance 

(NMR) and Fourier Transform Infrared (FTIR) spectroscopy. 

5.1.4.1 Gravimetric method 

The most traditional method for studying polymer dissolution is the gravimetric technique 

(weight measurement) which measures the variation of solvent or polymer mass during 

swelling and dissolution as a function of t ime. Blackadder and Le Poidevin [1976 , 1978] 

employed this technique to study the dissolution of polypropylene in organic solvents. They 
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measured the mass of dissolved polypropylene in the bulk solvent as a function of time. 

Berens [1977, 1978] also used this technique to look at diffusion and relaxation in glassy 

poly vinyl chloride. They recorded the solvent mass uptake as a function of time using an 

electrobalance. More recent work on gravimetric methods was published by Auras et al. 

[2003], who investigated the diffusion of ethyl acetate vapour through poly(lactide) films. 

The weight gain of the polymer film was continuously recorded using an electrobalance until 

steady state was reached. This technique has the advantage of being simple and easy to 

operate. The main drawback is the experimental time required to achieve meaningful and 

conclusive results. For example, Auras et al. [2003] required months for the mass of the 

polymer film to reach steady state. 

5.1.4.2 Differential refractometry 

Differential refractometry is one of the earliest techniques used to study polymer dissolution 

(Ueberreiter [1968]). The basis of this technique is that a refractometer is used to record 

the concentration of polymer in the bulk solvent as a function of time by measuring the 

refractive index. The main drawback is that no information on the surface layer of the 

polymer, i.e. penetration front and polymer/solvent interface during dissolution, can be 

obtained. Also, this technique is less accurate when a relatively small amount of polymer 

is being dissolved in very large quantities of bulk solvent due to the limited precision of the 

refractometer. 

5.1.4.3 Optical microscopy 

To obtain information about the structures of the different layers formed in the polymer, 

Ueberreiter and eo-workers (Ueberreiter and Asmussen [1962]; Asmussen and Ueberreiter 

[1962]; Ueberreiter [1968]) employed optical microscopy. With this technique the structure 

of the polymer matrix (i.e. movement of penetration front) during dissolution was studied 

as a function of temperature and molecular weight. The velocity of solvent penetration 

could be deduced by observing the position of the penetration front of the polymer at 
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successive times. Ueberreiter [1968] reported that it was necessary to use a dye in the 

solvent or carbon black in the polymer to track both the penetration of the solvent into 

the polymer and the dissolution of swollen polymer in the solvent, when the solvent and 

polymer were transparent. This technique was then improved by designing a critical angle 

illumination microscope (Ouano and Cm·others [1980]) where the use of dye or carbon black 

could be totally eliminated. Good contrast between the solvent and polymer could be 

achieved by manipulating the angle of illumination. The use of microscopy techniques has 

provided valuable insights into the structure of polymer but no chemical information could 

be obtained. 

5.1.4.4 Laser interferometry 

In laser interferometry, the polymer being studied is placed between two mirror slides. A 

beam of monochromatic light is then passed through the polymer. The number of interfer

ence lines detected by a photocell is used to determine the concentration profile of solvent 

in the polymer and the velocity of penetration deduced by observing the position of the 

penetration front at successive times. Rodriguez et al. [1985] and Krasicky et al. [1988] 

employed this technique to study the dissolution of PMMA films by varying the molecular 

weight and solvent quality for microlithography applications. The main disadvantages are 

that only transparent films can be monitored and any that irregularities on the films will 

cause the light to be scattered, resulting in noisy data. 

5.1.4.5 Ellipsometry 

Ellipsometry is another optical tool used to study polymer dissolution. A light beam passing 

through a coated substrate undergoes reflection and refraction at the interface. The thick

ness and refractive index of the films being studied can be determined from the intensity of 

the reflected and refracted lights. Papanu and co:..workers (Papanu et al. [1989a,b,c, 1990]) 

have used this technique successfully to study the dissolution of PMMA in solvents such as 

MIBK, ketones and binary mixtures of ketones and alcohols. Some disadvantages of this 
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technique are that an a priori knowledge of the refractive index of the material is necessary 

and the accuracy is greatly affected by the light detector instability and uncertainties in the 

angle of incident light. 

5.1.4.6 Fluorescence method 

Limm et al. [1988] modified the interferometry technique and studied the dissolution of fluo

rescence labelled PMMA by monitoring the intensity of the fluorescence. In this technique, 

the fluorescence in the polymer decreases with time due to polymer dissolution and pene

tration of solvent molecules into the film, resulting in fluorescence quenching. The solvent 

penetration rate and polymer dissolution rate are deduced from the intensity measurements. 

Steady state fluorescence studies on the dissolution of PMMA in toluene, chloroform, binary 

mixtures of toluene/heptane and chloroform/heptane using real-time monitoring of fluOl·es

cence were reported by Pekcan and eo-workers (Pekcan et al. [1996, 1997]; Ugur and Pekcan 

[1997, 2000], Pekcan and Ugur [2002]). This method has the advantage of being able to 

measure the fluorescence)ntensity in situ and in real time. 

5.1.4.7 Nuclear Magnetic Resonance 

Devotta et al. [1995] showed that NMR was capable of describing the motion of polymer 

chains at a molecular level during swelling and dissolution. Molecular variations in the 

polymer/solvent system yield changes in NNIR spectral and relaxation behaviour. Mao and 

Feng [1998] studied the dissolution of PS in concentrated cyclohexane solutions at different 

temperatures and showed that NMR readily gives information on the motion of polymer 

chain segments at various positions. NMR has several advantages such as it is non-invasive, 

chemical selective, and is not limited by sample geometry (Hyde et al. [1995]). 
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5.1.4.8 Fourier Transform Infrared Spectroscopy 

FTIR imaging is a convenient way of characterizing dissolution in complex polymer/multi

solvent systems (Koenig [2002]). By coupling a step-scan interferometer with an FTIR and a 

focal plane array detector , spatial and spectral information can be collected simultaneously. 

An important advantage of this technique is its capability tracking several components 

diffusing into a polymer matrix in a single experiment, allowing for both real time analysis 

of both the dissolution process and the behaviour of each component within the system. 

Ribar et al. [2000 , 2001]; Miller-Chou and Koenig [2002]; Gonzalez-Benito and Koenig 

[2002] reported dissolution studies of PMMA in solvent/non-solvent mixtures using FTIR. 

5.2 Experimental 

5.2.1 Introduction of FDG to polymer studies 

This chapter reports the novel application of FDG to study the dissolution of polymer 

foulants. Specifically, two PS co-polymers are treated with three potential solvents in situ 

and in real time , simulating the cleaning process of polymerization reactors. With FDG, 

the thickness of the polymer films can be monitored swiftly, reliably and cheaply. The 

information will provide better understanding of the cleaning mechanism and may result in 

improved predictions of how process alterations - such as temperature, concentration and 

solvent type - affect the cleaning behaviour and efficiency. 

5.2.2 Apparatus 

Quantitative data, i.e. thickness profiles describing the removal behaviour of polymer coat

ings from stainless steel plates during contact with cleaning agents , were generated using 

FDG in the quasi-stagnant configuration. Three potential solvents were studied: aqueous 

caustic soda (NaOH) , MEK and TPU, a commercial cleaning agent. The apparatus used 

for NaOH gauging is shown in Figure 5.3(a). The main parts of the apparatus are the mi-
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crometer, Perspex tank ( 450 x 450 x 250 mm) and stainless steel siphon tube a.nd gauging 

nozzle (detailed in Figure 2.1 with dimensions: d = 4.0 mm, dt = 1.0 mm, w = 0.5 mm, 

/\ = 0.1 mm a.nd a= 45°). The Na.OH temperature, controlled by a. heater (Tempette , UK), 

was recorded using a. K-type thermocouple. 

All MEK and TPU cleaning experiments were performed using a new enclosed FDG appa

ratus shown in Figure 5.4(a). The unit is a jacketed vessel constructed from borosilicate 

glass and is covered with a brass lid . The heating fluid used was water. The tempera

ture of the process fluid at two different positions within the vessel was recorded using two 

K-type thermocouples. The micrometer and gauging nozzle were similar to those used in 

the NaOH apparatus. The hooks fitted onto the brass support , as shown in Figure 5.4(a), 

were designed so that the coated sample plates could be moved in/ out of the vessel eas

ily. At the end of each experiment, the process fluid was drained through the discharge valve. 

The error in measuring the mass of the discharge flow was approximately ± 0.005 g and the 

measurements obtained from the micrometer had accuracies of ± 5 J-Lm. The uncertainty 

in the temperature reading was less than ± 0.5°C. From calibration experiments, such as 

those in Figure 2.3, it was observed that the discharge flow rate was almost the same for 

h/dt = 0.0 and 0.01. This will lead to an error of 10 J-Lm in measuring clearance. Hence it 

was concluded that error in deposit thickness measurement is most likely to be 10 J-Lm. 

5.2.3 Sample preparation 

Two types of PS co-polymers, termed polymer X (PX) and polymer A (PA), were supplied 

by NeoResins. Table 5.1 summarizes some properties of the polymers. The glass transition 

temperature, Tg, values were measured using a Perkin-Elmer Pyris 1 differential scanning 

calorimeter (DSC) at 100oC/min. 
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Table 5.1: Properties of PX and PA supplied by NeoResins 

Average molecular weight 

Acid in polymer 

Hansen solubility parameter 

Glass transition temperature, T9 , by DSC 

PX 

30 kDa 

7% 

18.42 NIPa0·5 

39°C 

PA 

125 kDa 

5% 

19.81 NIPa0·5 

46°C 

Polymer films were deposited by this author on stainless steel plates, as shown in Fig

ures 5.3(b) and 5.4(b), using 0.20 and 0.08 mm wet film rollers, providing dried film thick

nesses of 0.10 and 0.04 mm, respectively. Once the film had been applied, it was left to 

settle at room temperature for approximately 4 hours , and then dried in a vacuum oven 

(Gallenkamp, UK) for 12 hours at 50°C. Further coatings could be applied to the dried film 

to build up the initial film thickness as required. 

Aqueous NaOH solutions were prepared using NaOH pellets (Fisher, UK) in reverse osmosis 

water at concentrations CNaOH (wt) of 1%, 2% and 5%, corresponding to a pH range of 

13.2 - 13.4. 

The MEK used in this study was 2- butanone (99+%, Fisher, UK). TPU is a commercial 

cleaning agent supplied by Transol Production Unit b.v. (The Netherlands). TPU is a com

bination of Green Stripm and WS-3 Latex Skin Cuttern1 (Transol Production Unit [2003]). 

The main ingredient of TPU is sodium metasilicate , a strong base; the pH of these solutions 

was measured to be approximately 12.8. 

5.2.4 Protocols 

Cleaning studies were performed to identify the-effect of temperature, initial dry film thick

ness and solvent concentration on cleaning behaviour. Table 5.2 summarizes the range of 

113 

I -



Chapter 5: Model Studies of Polymerization Reactor Cleaning 

experimental conditions. 

Table 5.2: Experimental conditions for cleaning studies. 

Temperature [oC] 

Initial thickness [mm] 

Concentration [wt%] 

NaOH 

30 - 90 

0.10- 0.30 

1 - 5 

:tviEK 

18- 60 

0.10- 0.24 

TPU 

30- 90 

0.10- 0.20 

Cleaning tests were performed on both polymers to relate the effects of their nature - char

acterized, for example by molecular weight and/ or T9 - on cleaning behaviour. For each 

gauging experiment there was an initial adjustment period while the siphon effect was es

tablished at the start of the test, so no data were available near time zero. These adjustment 

periods usually lasted for around 120 s. 

The maximum temperature selected for MEK cleaning, i.e. 60°C, was less than that used 

industrially because of the limitations of the existing fume hood. Some experiments were 

performed to test the suction effect of the gauging flows on the dissolution process by ma

nipulating the gauge position. These tests were performed on PX at 40oC and PA at 60°C, 

both temperatures lying above the respective T9 . 

Experiments were also conducted using aqueous sodium metasilicate (Fisher, UK) solution 

( 4 wt% giving a pH of 12.8 i.e . equivalent to TPU) at 90oC to elucidate the role of this 

component in TPU cleaning. Scanning electron microscopy (SEM, Philips XL 30 Series 

FEG , Department of Anatomy, Cambridge) images of dry and swollen (in TPU at 90oC) 

PX and PA films were taken. The swollen films were dried in atmosphere for 12 hours 

before imaging, to reduce their moisture content to a level acceptable for SEM analysis 

( < 10% moisture). 
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Additionally, two types of pilot plant samples, supplied by NeoResins , were tested using 

NIEK and TPU at 60°C and 90°C respectively. The samples were PPX (PS co-polymer) 

and PPM (PNIMA co-polymer) , both deposited on SS 316 plates such as those shown in 

Figure 5.3(b). These samples were generated by NeoResins from semi-batch polymerization 

runs. The properties of PPX are identical to those for PX, listed in Table 5.1, while those 

for PPM are shown in Table 5.3. 

Table 5.3: Properties of PPM supplied by NeoResins 

Average molecular weight 

Acid in polymer 

Hansen solubility parameter 

Glass transition temperature , T9 , by DSC 

PPM 

150 kDa 

2% 

18.81 NIPa0 ·5 

4°C 

The pilot plant samples were immersed in biocide water and were tested as received. 

5.3 Results and Discussion 

5.3.1 Sodium hydroxide (NaOH) 

5.3.1.1 Swelling profiles 

Polymer swelling profiles (plots of thickness, 6, as a function of time , t) for both PX and 

PA at different temperatures are shown in Figures 5.5(a) and 5.5(b), respectively. The 

concentration, CNaOH , used was 2 wt% (pH value of 13.3). The figures indicate that there 

exists a threshold temperature below which the polymer films do not exhibit any noticeable 

swelling. The threshold temperature for each of the polymer lies between 30°C and 40°C, 

which is close to the glass transition temperatures shown in Table 5.1. Figures 5.5(a), 5.5(b) 

and 5.6 show three characteristic stages during swelling, namely: 

1. Stage I - a noticeable induction period; 

11. Stage 11 - an initially uniform svvelling characteristic; leading to 
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iii. Stage Ill - a plateau stage. 

Swelling involves diffusion of the solvent molecules into the glassy polymer , inducing tran

sition of the glass into a rubber-like swollen layer. It is noticeable that the polymer films 

require a minimum length of time to start swelling, which is termed tNaOH,ind· This minimum 

time essentially depends on the structure and molecular weight of the polymer. For high 

molecular weight polymers , i.e. polymer chains being long and mutually entangled , more 

time is generally needed for the solvent to penetrate into the polymer (Devotta et al. [1994]). 

This generalization is supported by the swelling profiles of PX (30 kDa) and PA (125 kDa). 

Figure 5.6 shows how quantitative parameters such as tNaOH ,ind have been generated from 

individual swelling profiles. A second characteristic, tNaOH,swell, indicates how long it takes 

the film to swell completely after being exposed to the solvent. The swelling profiles are 

almost linear , indicating that this stage is not diffusion limited. Figure 5.6 also shows how 

the initial swelling rate is calculated from the data. 

Experiments were normally performed as duplicates: Figure 5.7 shows that the reproducibil

ity was very good. 

5.3.1.2 Effect of temperature 

The effects of temperature for both polymers are shown in Figure 5.8(a) - rate of swelling, 

5.8(b) - maximum extent of swelling, and 5.8( c) - induction and completion times. For the 

remaining sections, solid lines and arrows are data for PX whereas dashed lines and arrows 

are for PA. The T9 's shown in the figures are those shown in Table 5.1. The initial dry 

film thickness, 60 , and NaOH concentration , CNaDH, were 0.10 mm and 2 wt% respectively. 

Figure 5.8(a) shows the initial rate of swelling, _flNaOH,swell, of the polymer as a function of 

temperature , where the rate has been calculated from the slopes of the quasi-linear swelling 

profiles in Figure 5.5. R NaOH,swell increases with temperature in an Ari·henius fashion: these 
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data were fitted to an Arrhenius model (Appendix C) to yield an apparent activation energy, 

Em,swell ' viz. 

R A 
( 

Em,swell ) 
NaOH,swell = m,swell exp - RgT (5.1) 

where R9 is the universal gas constant and Am,swell is the pre-exponential factor. This ac

tivation energy quantifies the temperature sensitivity of RNaOH,swell (rather than being an 

explicit calculation of the free energy step required for the process to proceed). The analysis 

yielded apparent activation energies of 

PX 

PA 

Em,swell = 35 ± 3 kJ /mol 

Em,swell = 21 ± 2 kJ I mol 

Am,swell = 1300 ± 100 p,m/min 

Am,swell = 9 ± 2 p,m/min 

The values show that the two materials exhibit different temperature dependencies: the 

swelling rate of PX overtakes that of PA at the higher temperature. This suggests that a 

higher temperature (> 70oC) would give an even larger difference in swelling rate. 

-.... 
The data in Figure 5.8(b) show the maximum extent of swelling, which is reported in 

dimensionless form, calculated thus: 

maximum thickness - initial thickness 
Emax = 

initial thickness 
(5.2) 

It should be noted that the original, hydrated film exhibited an Emax value of rv 2 as this 

parameter is calculated on the dry film thickness. Both films swelled to give Emax > 2, 

PA swelling noticeably more than PX. The figure also shows that the maximum extent of 

swelling increases with temperature . This can be attributed to the continuous enhancement 

of the polymer chain mobility as the solvent temperature is increased. The polymer chains 

loosen up and therefore more solvent molecules can penetrate into and swell the polymer 

layer. 
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The induction step is noticeably slow (Figure 5.8(c)) , requiring at least 20 minutes for this 

film thickness (0.10 mm) at 70°C and up to an hour at 40°C. No swelling occurred at 30°C, 

so the induction time, tNaOH,ind, for this case would be infinite. Figure 6(c) also shows 

that tNaOH,ind and the total time required for complete svvelling, tNaOH,swell, decrease with 

increasing solvent temperature. This result is expected because the transport processes are 

faster at higher temperature, and an apparent activation energy vvas extracted from a second 

Arrhenius model, namely 

---- = A ind exp ---1 ( Eind) 

tNaOH,ind R9 T 

which yielded: 

PX 

PA 

Eind = 25 ± 3 kJ /mol 

Eind = 12 ± 1 kJ /mol 

(5.3) 

Aind = 330 ± 30 min- 1 

Aind = 2 ± 0.2 min- 1 

Again there are evident differences in the induction times for the two materials. It is 

also clear that the lower molecular weight PX features consistently shorter induction and 

swelling times than PA. For each polymer the two activation energies (Em, swell and Eind) 

differ by approximately 10 kJ /mol. 

5.3.1.3 Effect of solvent concentration 

For the investigation of the effect of NaOH concentration, TNaOH and 80 were set to 70°C 

and 0.10 mm respectively. Figure 5.9(a) shows that the initial rate of swelling increases 

with the concentration of NaOH. It should be noted that the polymer films did not exhibit 

any swelling in a polymer/water system (i.e. zero rehydration at 0 wt% NaOH) over the 

test periods used in this study. The increase in swelling rate moderates between 2 and 5 

wt%, indicating that higher concentrations of hydroxide will not enhance the swelling rate. 

It is not known whether further increases in concentration could actually inhibit swelling 

and cleaning , as observed for whey protein gels , via pH- induced changes in microstructure 
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(Bird and Fryer [1991]). 

The data in Figure 5.9(b) show that the extent of swelling is insensitive to solvent concen-

tration. This is expected because the extent of swelling is related to the structure, and thus 

the mobility of the entangled polymer chains. 

The induction periods in Figure 5.9(c) show similar trends to the swelling rate data in 

Figure 5.9(a) , in that there is an increase in the speed of the process between 1 and 2 wt% 

NaOH, and little change thereafter. The similarity of dependency between induction time 

and swelling rate - in that they both reach a plateau around 2 wt% - suggests that these 

two processes are linked. 

5.3.1.4 Effect of initial film thickness 

The effect of film thickness was studied by varying the initial thickness of the polymer films , 

while fixing TNaOH and CNaOH to 70oC and 2 wt% respectively. For example, films at 0.20 

mm are composed of two 0.10 mm layers. Figure 5.10(a) indicates that the initial rate 

of swelling is insensitive to the initial dry film thickness of the polymer: tNaOH,ind is also 

insensitive to the initial dry film thickness, as plotted in Figure 5.10(c). This , once again, 

indicates that RNaOH swell and tNaOH ind are linked. , , 

Figure 5.10(b) shows that the extent of swelling is insensitive to the initial dry film thickness. 

This result is expected since the extent of swelling is not likely to be an extensive property 

but will depend on the polymer 's molecular weight and structure, and solvent temperature. 

Figure 5.10(c) shows that the time taken for the films to swell completely, t NaOH,swell , is 

strongly dependent on the amount of film deposited because thicker films will take more time 

to swell (and potentially to clean). The effect of thickness was common to both materials. 
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5.3.1.5 Summary 

The swelling behaviour of the polymers in NaOH exhibits three characteristic stages , namely 

( i) a prolonged induction period, before swelling starts; ( ii) uniform swelling, in an approx

imately linear fashion, to an approximately steady thickness; and ( iii) a plateau stage. In 

all cases with NaOH, the polymer films were not removed from the stainless steel plates 

even after a period of time (up to 14 hours) following complete swelling. NaOH alone is , 

therefore , a non-solvent and is , by itself, of no use as a cleaning agent. 

RNaOH,swell increases with an increase in TN aOH and CNaOH (up to rv 2 wt%). In contrast , 

it is independent of the initial dry film thickness . Emax increases with TN aOH , but is inde

pendent of CNaOH and initial dry film thickness. tNaOH,ind and tNaOH,swell showed similar 

patterns: both these parameters decreased with increase in TNaOH and CNaOH· However , 

tNaOH,ind is insensitive to the initial film thickness whereas tNaOH,swell increased strongly 

with initial film thickness . 

5.3.2 Methyl ethyl ketone (MEK) 

5.3.2.1 Swelling/Dissolution profiles 

Figures 5.11(a) and 5.11(b) show plots of polymer film thickness as a function of time for 

both PX and PA at different temperatures . Figures 5.11 and 5.12 show three characteristic 

stages during swelling and dissolution , namely: 

1. Stage I - swelling to an approximately steady thickness; 

n . Stage II - a plateau stage, leading to 

iii. Stage Ill - a rapid decay/ dissolution stage. 

These three stages are similar to those described by Pekcan and eo-workers (Pekcan et al. 

[1996, 1997]; Pekcan and Ugur [2002] and Devotta et al. [1994]) for PS , Pl\II~IIA and other 
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polymers, treated with various organic solvents at various temperatures. The process of 

swelling begins ·with the ingress of the solvent molecules into the glassy polymer by dif

fusion, inducing transition of the glass into a rubber-like swollen layer which resembles a 

swollen gel. This gel is held together by the physical crosslinks provided by the entangled 

polymer structure. The continuous swelling of the polymer network is followed by the relax

ation of the polymer chains. The steady film thickness in the plateau stage indicates either 

that the swelling and dissolution processes are occurring simultaneously at comparable rates 

or that the swelling has stopped and dissolution has yet to begin. In the third stage, the 

molecules in the rubbery layer adjacent to the polymer-solvent interface have high internal 

mobility and dissolve into the solvent and dissolution is the dominant process. 

The overall cleaning time essentially depends on the structure and molecular weight of the 

polymer (Devotta et al. [1994]; Stamatialis et al. [2002]). For low molecular weight species, 

the dissolution process involves detachment of molecules from the polymer surface followed 

by diffusion into the solvent. For high molecular weight polymers , where polymer chains 

are long and mutually entangled, more time is needed for the solvent to penetrate into the 

glassy polymer and the polymer molecules will also be inhibited from moving into the liquid 

phase due to dynamic friction between chains. This can be seen by comparing the overall 

profiles of PX and PA. For instance in the case of PX dissolution at 60°C in Figure 5.11(a) , 

the swelling (Stage I) and the plateau stage (Stage II) lasted less than 120 s, hence only 

the dissolution stage (Stage Ill) was recorded during the gauging experiment whereas for 

PA all the three stages could be observed. Moreover, for all temperatures the total cleaning 

time for PX is less than for P A. 

Figure 5.12 shows how quantitative parameters such as the swelling time, tMEK,swell , the 

plateau time, tM EK,plateau , and the decay time, tM EK,decay , have been generated from individ

ual swelling profiles. The total time, t M EK,tatal , is the overall time required for the polymer 
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to dissolve completely. Figure 5.12 also shows how the swelling and dissolution rates are ex

tracted from the data . Some experiments were performed as duplicates: Figure 5.13 shows 

that the reproducibility of the gauging experiments was again very good. 

5.3.2.2 Effect of temperature 

The effects of temperature for the two polymers are illustrated in Figure 5.14( a) - mean rate 

of swelling, 5.14(b)- rate of dissolution, 5.14(c) - maximum extent of swelling, and 5.14(d) 

- swelling and decay times. Figure 5.14(a) shows the mean rate of swelling, RMEK,swell , 

as a function of temperature, where the rate has been calculated from the swelling time, 

tMEJ(,swell · R MEK ,swell increases with temperature in an Arrhenius fashion. The swelling 

rate for each polymer also show a sharp step, more evident than that in NaOH, at temper

ature close to their respective T9 . The apparent activation energies are 

PX (T < T9 ) E m,swell = 16 ± 3 kJ /mol Am,swell = 2.0 X 105 ± 0.5 X 105 J.Lm/min 

PX (T > T9 ) Em,swell = 24 ± 4 kJ /mol Am,swell = 2.0 X 105 ± 0.5 x 105 J.Lm/min 

PA (T < T9 ) Em,swell = 10 ± 3 kJ / mol Am,swell = 6.0 X 102 ± 0.5 X 102 J.Lm/min 

PA (T > T9 ) Em,swell = 23 ± 4 kJ / mol Am, swell = 3 · 0 X 105 ± 0.5 X 105 J.Lm/min 

It is notable that the swelling rate of the two materials exhibit different temperature de

pendencies when the temperature lies below their respective T9 : the swelling rate of PX 

increases more rapidly than that of PA. For temperatures above their T9 , however , the 

temperature sensitivities are similar. 

The plot of rate of dissolution in Figure 5.14(b) shows that RM E K ,diss increases with tem

perature for both materials. There is again a sharp step near the T9 of each polymer. It 

is important to be aware that T9 will alter (most probably decrease) once the polymer has 

swelled. The Arrhenius plot for RMEK,diss, (equation (5.4)) yielded the following parameters 

122 



Chapter 5: Model Studies of Polymerization Reactor Cleaning 

R A 
( 

Ediss) 
M EK,diss = diss exp - Rg T (5.4) 

PX (T < T9 ) Ediss = 15 ± 3 kJ /mol Adiss = 5.0 X 103 ± 0.5 X 103 ;.nn/min 

PX (T > T9 ) Ediss = 22 ± 4 kJ /mol Adiss = 1.0 X 105 ± 0.5 X 105 ;.nn/min 

PA (T < T9 ) Ediss = 14 ± 3 kJ /mol Adiss = 2.0 X 103 ± 0.5 X 103 p,m/min 

PA (T > T9 ) Ediss = 16 ± 3 kJ /mol Adiss = 6.0 X 103 ± 0.5 X 103 p,m/min 

The rates of dissolution of PX and PA show similar temperature dependencies when the 

temperature is below their T9 . The temperature sensitivity is , however , higher for PX above 

The data in Figure 5.14(c) show the maximum extent of swelling, Emax, calculated using 

equation (5.2). It is obvious that Emax < 2 (the original fully hydrated value) and that 

the higher molecular weight polymer, PA, swells noticeably more than PX. The figure also 

shows that the extent of swelling decreases with increasing temperature. This can be at-

tributed to the rapid dissolution of the polymer molecules as the solvent temperature is 

increased, i.e. the polymer is not allowed to reach complete swelling. Figure 5.14( c) in

dicates the significance of the threshold temperatures , which lie between 40oC and 50°C, 

where the extent of swelling changes distinctly. It is also clear that at temperatures lower or 

higher than this threshold temperature, the extent of swelling is independent of temperature. 

The swelling times, tMEK,swell, and decay times, tMEK,decay, plotted in Figure 5.14(d) show 

a decreasing relationship with temperature. For both materials tMEK,decay is greater than 

it.IEK,swell which means that the polymer dissolution stage occupies a larger fraction of the 

total cleaning time. Again there are evident diffe~·ences in the swelling and decay times for 

the two materials: the lower molecular weight PX features consistently shorter swelling and 

decay times than PA. This is due to the lower mobility of the polymei' chains in PA. 
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5.3.2.3 Effect of initial film thickness 

In this set of experiments , multi-layered films were prepared . Films 0.14 mm thick were 

composed of two layers, with 0.10 mm at the bottom and 0.04 mm on the top, while films 

of 0.20 mm were composed of two 0.10 mm layers. The solvent temperatures used in this 

investigation were 18oC and 60°C, allowing a comparison of cleaning behaviour below and 

above T9 . Figures 5.15(a) and 5.15(b) show that the effect of thickness was common to both 

materials: the mean rate of swelling and the rate of dissolution are insensitive to the initial 

thickness of the film regardless ofT. This indicates that the processes are not limited by 

diffusion of solvent molecules through the film (i.e. Case I) but instead affected by chain 

relaxation during swelling and chain disentanglement during dissolution. Note that for PX 

at 60oC, the swelling of the films was rapid i.e. swelling terminates within the adjustment 

period, thus the tMEK,swell values for PX at 60oC were not recorded, and are absent from 

Figure 5.15( a). 

Similarly to the NaOH observations, Figure 5.15( c) shows that the maximum extent of 

swelling is insensitive to the initial dry film thickness. 

The plots in Figures 5.15(d) and 5.15(e) show that the swelling time and decay time for 

both materials at 18oC and 60oC increase linearly with the initial thickness of the polymer 

films. This also confirms the independence of the mean rate of swelling and the mean rate 

of dissolution in Figures 5.15( a) and 5.15(b) from the initial film thickness. Furthermore, it 

is clear that the lines in Figures 5.15(d) and 5.15(e) extrapolate to pass through, or close to, 

the origin , implying that no extra resistance to swelling and dissolution has been introduced 

by constructing the films from multiple layers. 
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5.3.2.4 Effect of stresses imposed by gauging flows 

Past experiments showed that the shear stress exerted on the gauged surface (Tuladhar 

[2001] - whey protein , and Chapter 4 - tomato paste and soft calcium sulphate deposit) can 

be sufficient to disrupt the surface, whereby the materials were sheared off from the stainless 

steel plates. It will be fruitful to quantify the stresses acting on the polymer films especially 

during the plateau and decay stage (Stages II and Ill) , when the polymer films were softer 

and more susceptible to deformation by the gauging flows. Also, at higher temperature the 

polymer films were expected to be softer due to greater chain mobility. The shear stresses 

exerted by gauging flows in the experiments in this study were calculated to lie between 6 

and 35 Pa, which corresponds to the distance between the nozzle tip and the film of 0.25 

mm and 0.08 mm respectively (at the hydrostatic head used , s = 120 mm). These stress 

values were obtained from the computational simulations discussed in Chapter 3. 

Figure 5.16( a) shows two cleaning profiles of PX polymer film performed at 40°C. During 

Run 2, the gauge was moved away from the film (the distance between the nozzle tip and 

the film is > 15 mm) at two intervals so that the shear stress exerted by the gauging flows 

was negligible. No readings were recorded during these two intervals. When the gauge was 

brought back into operation, the thickness measurements were recorded again and one can 

see the good agreement with Run 1. This indicates that during normal operation at 40°C, the 

shear stress exerted by the gauge did not affect polymer dissolution , so that the dissolution 

process is purely an internal mechanism. Figure 5.16(b) shows similar observations for PA 

at 60°C. 

5.3.2.5 Summary 

In all cases with NIEK , the polymer films formed ~wollen layers and after a certain amount 

of time these dissolved completely into the solvent phase. NIEK is therefore a solvent 

with removal characteristics of ( i) swelling stage: diffusion of solvent molecules into the 
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polymer matrix to form a svvollen gel ; ( ii) plateau stage: solvent molecules initiate the 

relaxation of polymer chains and the polymer starts to dissolve into the solvent; and ( iii) 

decay/ dissolution stage: transport of the polymer chains from the gel into the bulk liquid 

phase (consistent with Ueberreiter [1968]). 

The cleaning profiles show that the polymer films started swelling instantaneously upon 

contact with MEK, even at a low solvent temperature, TMEK , of 18°C. RMEK,swell shows 

an increase with increasing TMEK, and tMEK,swell consequently decreased with increasing 

temperature. For the lower molecular weight PX at 60oC, the swelling stage had terminated 

before the gauge made the first measurement i.e . tMEK,swell < 120 s. The results for both 

polymers show that RMEK,swell is insensitive to an increase in the initial dry film thickness , 

while tMEK,swell is proportional to initial dry film thickness . 

RMEK,diss was almost always uniform and strongly dependent on TMEK · RMEK,diss in

creases rapidly in the temperature range between 40oC and 50°C. This can be attributed 

to the change in the micros~ructure of the polymers with the glass transition temperature, 

T 9 . tMEK,decay showed similar patterns to tMEK,swelZ: tMEK,decay decreased with increase in 

TMEK· RMEK,diss was independent of the initial dry film thickness whereas tMEK,decay was 

proportional to the initial dry film thickness. 

E:max decreases with TMEK· The decrease is due to the rapid diffusion of polymer molecules 

into the bulk solvent phase at higher temperature. However, E:max is independent of the 

initial dry film thickness. 

The results show that MEK dissolves these polymer films and is therefore a more effective 

cleaning agent than NaOH since the latter does ·not promote the dissolution or swelling

and-erosion of the polymer layers even under maximum shear stress conditions imposed by 

the gauge. 
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5.3.3 TPU cleaning mix (TPU) 

5.3.3.1 Swelling/Dissolution profiles 

As with MEK cleaning, Figure 5.17(a) shows that PX profiles exhibit three characteristic 

stages , namely ( i) Stage I - swelling stage; ( ii) Stage 11 - plateau stage; and ( iii) Stage Ill 

- decay stage. 

In Figure 5.17(b) , only the swelling stage is observed for PA films because the films spon

taneously and suddenly disengaged from the stainless steel surface without passing through 

any plateau or dissolution stage. Clearly a failure of the adhesive bonds between the poly

mer and stainless steel surface had occurred during the swelling stage. This behaviour 

was observed in all PA cleaning experiments in TPU, whether the films were deposited 

on stainless steel , copper (Figure 5.17(b)) , PX layer (composite layers) or a similar PA 

layer. This behaviour is in sharp contrast with the behaviour of PA films exposed to MEK 

and TPU. In those cases , cleaning occurs by severance of cohesive bonds within the polymer. 

The formulation aspects of TPU were investigated by performing cleaning experiments using 

aqueous sodium metasilicate solution. Figure 5.18 shows the swelling profiles of PX and 

PA in aqueous sodium metasilicate solution ( 4 wt% and pH value of 12.8 i.e. similar to that 

of TPU) at 90°C. The profiles are similar to those in NaOH, but without the induction pe

riod. The experiment terminated with a swollen layer of constant thickness. The maximum 

extent of swelling for both polymers was slightly larger than those in TPU because there was 

no dissolution with sodium metasilicate. The rate of swelling in sodium metasilicate agreed 

to within 5% with that in TPU under the same conditions. From this observation, one can 

conclude that the swelling of the polymer films :was due to the alkaline nature of TPU while 

the dissolution (PX) and the detachment (PA} were caused by surfactants and/ or other 

additives. 
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The quantitative parameters for TPU such as the swelling time , trPU,swell , the plateau time, 

trPU,plateau, and the decay time, trPU,decay , were generated from individual removal profiles 

according to Figure 5.12. The total time , trPU,total , is the overall time required for the 

polymer to be removed completely. The swelling and dissolution rates are also calculated 

from the data accordingly. 

5.3.3.2 Effect of temperature 

The effects of temperature for both polymers are shown in Figure 5.19(a) -mean rate of 

swelling, 5.19(b)- rate of dissolution, 5.19(c) - maximum extent of swelling, and 5.19(d)

swelling and decay times. As mentioned in the previous section, the PA films disengaged 

from the stainless steel discs after swelling, so a rate of dissolution and decay time cannot be 

quantified, and are thus not shown in Figure 5.19(b) and 5.19(d) respectively. Figure 5.19(a) 

shows that the mean rate of swelling, RrPU,swell , for both polymers, increases with temper

ature. The rate of increase for PX is greater than that for PA, especially at temperatures 

between 60oC and 90°C. This is reflected in the apparent activation energies. 

PX 

PA 

Em,swell = 29 ± 4 kJ /mol 

Em,swell = 24 ± 4 kJ /mol 

Am,swell = 1.0 X 105 ± 0.5 X 105 f.Lm/min 

Am,swell = 2.0 X 104 ± 0.5 X 104 f.Lm/min 

These values are larger than those with MEK, indicating that both polymers are more 

sensitive to changes in temperature when dissolved in TPU. 

The rate of dissolution , RrPU,diss, for PX is shown in Figure 5.19(b) and the Arrhenius 

parameters were found to be 

PX Ediss = 27 ± 4 kJ /mol Adiss = 7.0 X 104 ± 0.5 X 104 J1m/min 

From the apparent activation energies one can say that RrPU,diss increases with tempera

ture at a similar rate to RrPU,swell· Compared to cases with IVIEK, the larger value again 

indicates that PX is more temperature dependent when dissolved in TPU. 
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Figure 5.19(c) shows the maximum extent of s-vvelling for both polymers at different temper-

ature. It is again obvious that the higher molecular weight polymer, PA, swells more than 

PX. There is a slight decrease in the extent of swelling with temperature . For PX, this can 

be attributed to the rapid dissolution of the polymer molecules as the solvent temperature is 

increased whereas for PA this may be because at high temperature the film has disengaged 

itself before maximum swelling can be achieved . The decrease in extent of swelling is more 

noticeable for PA between 50°C and 60°C, i.e . near to its Tg , while the decrease for PX is 

less obvious. 

The swelling times, trPU,swell, and decay times, trPU,decay , plotted in Figure 5.19(d) show a 

decreasing relationship with temperature: trPU,decay is greater than trPU,swell which means 

that the polymer dissolution stage occupies a larger fraction of the total cleaning time. 

Again we can see that the swelling time for the higher molecular weight polymer, P A , is 

slightly longer than for PX, indicating greater chain entanglements in the former. This 

figure also shows that trPU,swell values for both polymers are similar. 

5.3.3.3 Effect of initial film thickness 

The effect of initial film thickness experiments were performed at fixed solvent temperature 

with initial film thicknesses of 0.10, 0.14 and 0.20 mm. The solvent temperature used in 

this investigation was 90°C, which is closest to the temperature used in commercial cleaning 

protocols . Figure 5. 20 (a) shows the removal profile of P A at different initial film thickness. 

It is obvious that each film behaved as separate layers, with each layer detaching itself from 

its substrate as soon as the layer had swelled substantially, starting from the layer closest 

to the solvent. For example, the data for the 0.20 mm layer shows that after "' 7.5 min , the 

upper 0.10 mm layer detaches- removing it from the apparatus takes about 2.5 min (the 
-, 

gap in the profile) , and then the lower 0.10 mrh layer survives for a further 5 min. This 

could be due to the complex changes in the structure of the polymer due to swelling; optical 
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observations will be needed to investigate further. 

Figure 5.20(b) shows that the effect of thickness for both materials exhibits similar be

haviour: the mean rate of swelling is insensitive to the initial thickness of the film regardless 

of T9 . Recall that for PA, the rate of dissolution and the decay times do not exist. 

Figure 5.20(c) shows that the maximum extent of swelling is insensitive to the initial dry 

film thickness. This latter result is expected since the extent of swelling is not likely to be 

an extensive property as mentioned previously. 

The plot in Figure 5.20( d) shows that the swelling time and decay time for both materials 

at 90oC increase linearly with the initial thickness of the polymer films at similar rate. 

This also reflects the independence of the mean rate of swelling and the mean rate of 

dissolution in Figures 5.20(b) from the initial film thickness. It is also clear that the lines 

in Figure 5.20(d) extrapolate to pass through or close to, the origin. This again implies 

that no extra resistance to swelling and dissolution has been introduced by constructing the 

films from multiple layers. 

5.3.3.4 Morphology of polymer films 

Figures 5.21(a) and 5.21(b) show SENI images of PX and PA film surfaces for dry film 

thickness of 0.10 mm. The SEl'-/Is do not show many discernible features ; both films show 

similar surface morphology. 

Figures 5.21(c) and 5.21(cl) show SEl'-/Is of the film surfaces after swelling in TPU at 90°C. 

The swelling times chosen for PX and PA films were 5.2 and 7.0 min respectively (i.e. the 

time required for PX to achieve maximum swelling and PA to detach from the stainless 

steel plate). The figures show cracks at the surface of both films , how~ver these could be 

130 



Chapter 5: Model Studies of Polymerization Reactor Cleaning 

preparation artifacts caused by dehydration before imaging. It is hmvever worth noting that 

the extent of cracking in PX film is more severe than P A . This could be attributed to the 

thinner swollen layer of PX film (Figure 5.19(c)) and its shorter polymer chains. Other 

methods such as environmental scanning electron microscopy, laser scanning profilometers 

and FTIR will be needed to provide quantitative information. 

5.3.3.5 Summary 

The protocols used for TPU were similar to those for MEK cleaning experiments unless oth

erwise stated. Results show that the removal characteristics of PX can be divided into three 

stages, namely the swelling stage (Stage I), plateau stage (Stage II) and dissolution/decay 

stage (Stage Ill) whereas only the swelling stage was observed for PA. 

For both polymers , the removal profiles show that the films started swelling instantaneously 

upon contact with TPU, even at a low Trpu of 30°C. RrPU,swell shows an increase with 

increasing Trpu ; trPU,swell consequently decreased with an increase in temperature. The 

results for both polymers also show that RrPU,swell is insensitive to an increase in the initial 

dry film thickness while the trPU,swell is proportional to initial dry film thickness. 

For PX, RrPU,diss is almost always uniform and increases with increasing Trpu. trPU,decay 

showed similar patterns to trPU,swelt: trPU,decay decreased with increase in Trpu . RrPU,diss 

is independent of initial dry film thickness whereas trPU,decay is proportional to the initial 

dry film thickness. 

For PA cleaning between 30oC and 90°C, the removal profiles terminated before the on-set 

of the plateau stage. The alkaline nature of TPU swelled the films while the other additives 

weakened the adhesive bond to the substrate. This behaviour was observed in all cases in 

TPU regardless of the various substrates (stainless steel, copper, PX film and PA film) 

used . Therefore , RrPU,diss and trPU,decay for PA do not exist. 
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Emax decreases with Trpu. The decrease could be due to the rapid removal of polymer 

molecules into the bulk solvent phase at higher temperature. Again , Emax is independent of 

the initial dry film thickness. 

5.3.4 Films consisting of layers of different polymers 

Experiments have been carried out on films composed of different layers, e.g. [SS 316:PX:PA, 

0.10 mm] and [SS 316:PA:PX, 0.10 mm], as reactor deposits frequently involve films formed 

following semi-batch reactions of different monomers. This will also test the removal be

haviour of PX and PA on different surfaces. Figures 5.22(a) and 5.22(b) show the removal 

profiles for composite films in TPU at go·c and 6o·c, respectively. 

In Figure 5.22(a), with PX on top (squares) , the solvent molecules initially penetrated 

through PX, and a swollen PX layer was formed. After about 5.3 min, the solvent molecules 

started to diffuse into the P A layer. This can be detected from the sudden change in the 

slope of the swelling curve (at "' 5.3 min). Once the PA layer has swelled substantially 

("' 11.8 min) , it detached itself from the stainless steel disc carrying the PX layer with it. 

Calculation shows that the rates of swelling of PX and PA are essentially identical to those 

for a single layer (0 .10 mm) of PX or PA on stainless steel discs (Figure 5.19(a)). The 

time elapsed between the P A layer starting to swell and detaching also corresponds to the 

detachment time for a. single layer (0.10 mm) of PA on stainless steel discs (Figure 5.17(b) 

and Figure 5.20(a.)). 

With a PA top layer (triangles) , it was observed that PA disengaged itself after substantial 

swelling ("' 6.5 min). The detachment time is again essentially identical to that for a single 

layer (0.10 mm) of PA on stainless steel discs. This shows that the detachment time of PA 

is independent of the material of its substrate. After the disengagement , the bottom PX 

layer underwent normal swelling and dissolution. The total removal time for both layers 
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was rv 41.7 min. Subtracting the detachment time of PA from the total removal gives 35.2 

min , which corresponds to the total removal time of a single layer (0.10 mm) of PX on 

stainless steel discs (Figure 5.17( a)) . 

In other words , composite films behave as follows. The lower starts to swell only after com

pletion of the swelling of the upper layer. (This observation is consistent with advancing

front, Case II diffusion , behaviour). Each layer separately exhibits the kinetics of a. pure 

layer of the same material exposed to the same solvent a.t the same temperature. 

To test this interpretation, the experiments were repeated a.t a. substantially lower tempera

ture , viz. 60°C. Here the behaviour is predicted in advance. Consider first [SS 316:PA:PX, 

0.10 mm], the initial swelling is predicted to be that of PX a.t 60°C viz. the rate should be 

2.8 p,m/min and it should take 14.0 min. Then, when the TPU has penetrated that layer, 

the swelling behaviour is predicted to mimic that for PA alone, until detachment viz. the 

rate should be 2.3 p,m/min and it should take 15.5 min. Figure 5.22(b) shows that the total 

swelling time is 30.5 min , which is closely comparable to the sum of the swelling times of 

the pure PX and PA films. Also the rates of swelling of the two layers in the composite 

film (top PX: 2.7 p,m/min; bottom PA: 2.3 p,m/min) are essentially identical to those for 

the pure films ; the interpretation is supported. 

Consider next [SS 316:PX:PA, 0.10 mm], the rate of swelling and swelling time (or time 

to detach) of the top PA layer are 2.4 p,m/ min and 15.2 min respectively, i.e. closely 

comparable to the properties of the pure PA film . Then the the bottom PX layer swelled 

for 16.0 min a.t a rate of 2.8 p,m/min and dissolved a.t a. rate of 3. 7 p,m/ min i .e. essentially 

identical to the properties of a. single PX film. These results show that the behaviour of 

each layer in the composite films is quantitatively predictable from the properties of the 

individual films. 
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5.4 Comparison of NaOH, MEK and TPU 

The three potential solvents , paired with the two co-polymers, showed three different types 

of behaviour. The penetration of molecules from the bulk liquid phase into an initially dry 

polymer film , driven by a chemical potential gradient, can be divided into two main types 

(Stamatialis et al. [2002]). The penetrant may be a solvent or a non-solvent, depending on 

the thermodynamic properties of the polymer-penetrant pair. In the case of non-solvents, 

only penetration and swelling occur. In NaOH the polymer films were not removed from the 

stainless steel plates following complete swelling and this shows that NaOH is a non-solvent. 

This non-dissolving behaviour is the first of the three types of behaviour observed. 

In the case of solvents, the polymer matrix forms a swollen layer and the gel-like layer will 

eventually dissolve in the liquid solvent phase. The results above show that MEK is a sol

vent in which the swollen polymer films dissolve in the bulk liquid phase, for both PX and 

PA. TPU behaves in the same manner albeit more slowly, for PX. This is the second type 

of behaviour. 

Application of TPU to PA results in the third behaviour. A swelling stage was detected 

followed by the breakage of its adhesive bonding to its substrates. The similarity of the 

swelling profiles of both PX and PAin aqueous NaOH (Figure 5.5) and sodium metasili

cate (Figure 5.18) give strong indications that swelling in TPU is caused by its alkalinity. 

The base opens the structure of the polymer matrix, thus allowing the surfactant to pene

trate through. For PA, the surfactant then breaks the adhesive bonds to the substrate (SS 

316, copper , PA film and PX film); for PX, the surfactant breaks cohesive bonds within 

the polymer. 

Tables 5.4 and 5.5 summarize the rate of swelling, rate of dissolution and maximum extent 

of swelling of PX and PA for the three solvents at selected temperatures. It should be 
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noted that the range of shear stresses, i.e. 6 - 35 Pa, exerted by the gauging flows did not 

interfere with the swelling and dissolution processes (refer Section 5.3 .2.4) . NaOH cleaning 

shows a rate and extent of swelling that increases with temperature. The maximum extent 

of swelling in NaOH is also greater than in MEK and TPU. Note also that no svvelling was 

observed for NaOH cleaning at temperatures below 40°C ( < T9 of both polymers). MEK 

and TPU exhibit similar behaviour where the rate of swelling increase with temperature 

but the maximum extent of swelling decreases at temperatures close to T9 . The decrease in 

swelling is because of the rapid disentanglement of the polymer molecules from the polymer 

matrix at temperatures above T9 . Under the same conditions TPU is a better solvent ther

modynamically than NaOH since NaOH alone did not dissolve the polymer films. MEK is 

however , the best solvent kinetically and thermodynamically since the rate of swelling and 

dissolution are greater than those in NaOH and TPU. This might be related to the solubility 

parameters of the solvents . This aspect was not investigated since the solubility parameters 

for NaOH and TPU were not readily available. In terms of total cleaning time, JviEK is the 

best for PX while TPU acts faster for PA over the range of conditions studied here. 

For PX removal in MEK and TPU, the rates of swelling are smaller than the rates of 

dissolution . On the other hand for PA in MEK, the rates of swelling are greater than 

the rates of dissolution. This is because of the polymer chains are longer and more entan

gled, and thereby less mobile , in the higher molecular weight PA. The maximum extent of 

swelling of both polymers in MEK is greater than that in TPU at the same temperature 

and this suggests that MEK is more capable of loosening the polymer structure and is thus 

a thermodynamically better solvent. 
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Table 5.4: Summary values of the rates of swelling and dissolution, total cleaning time and 
maximum extent of swelling at different temperatures for PX. 
Conditions: 80 = 0.10 mm. 

Polymer - PX 30°C 40°C 

Parameters NaOH MEK TPU NaOH MEK TPU 

Rate of swelling, [J-Im/min] 12 1.1 2.1 20 

Rate of dissolution, [J-Im/min] 14 1.3 21 

Total cleaning time, [min] 28 154.0 18 

Maximum extent of swelling, [- ] 1.1 0.41 2.0 1.0 

Polymer - PX 50°C 60°C 

Parameters NaOH MEK TPU NaOH MEK TPU 

Rate of swelling, [J-Im/min] 2.9 27 1.8 4.3 2.8 

Rate of dissolution, [J-Im/min] 32 2.6 34 3.7 

Total cleaning time, [min] 9.3 86 6.7 62 

Maximum extent of swelling, [- ] 2.2 0.80 0.40 2.4 0.80 0.39 

Polymer - PX 70°C 90°C 

Parameters NaOH MEK TPU NaOH MEK TPU 

Rate of swelling, [J-Im/min] 6.8 7.2 

Rate of dissolution, [J-Im/min] 7.7 

Total cleaning time, [min] 31 

Maximum extent of swelling, [- ] 2.6 0.39 
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Table 5.5: Summary values of the rates of swelling and dissolution, total cleaning time and 
maximum extent of swelling at different temperatures for PA. 
Conditions: 80 = 0.10 mm. 

Polymer - PA 30°C 40°C 

Parameters NaOH MEK TPU NaOH MEK TPU 

Rate of swelling, [p,m/min] 14 1.2 2.8 16 

Rate of dissolution, [p,m/min] 7.3 9.8 

Total cleaning time, [min] 46 37 37 

Maximum extent of swelling, [-] 1.4 0.47 2.5 1.4 

Polymer - PA 50°C 60°C 

Parameters NaOH MEK TPU NaOH MEK TPU 

Rate of swelling, [p,m/min] 3.2 18 1.7 4.1 24 2.3 

Rate of dissolution, [p,m/min] 17 20 

Total cleaning time, [min] 22 25 17 16 

Maximum extent of swelling, [-] 2.7 1. 2 0.45 2.9 1.2 0.42 

Polymer - PA 70°C 90°C 

Parameters NaOH MEK TPU NaOH MEK TPU 

Rate of swelling, [p,m/min] 6.0 5.7 

Rate of dissolution, [p,m/min] 

Total cleaning time , [min] 7.0 

Maximum extent of swelling, [-] 3.1 0.40 
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The apparent activation energies show that the rates of S\.velling of both polymers are most 

sensitive to temperature in NaOH while the rates of dissolution are most temperature de

pendent in TPU. The glass transition temperature, T9 , of a polymer is also important in 

the swelling and dissolution processes. For example, in NaOH, swelling was not observed 

for temperatures below T9 . In MEK , there is a notable step change in the rates of swelling 

and dissolution at temperature close to T9 and this is reflected in the parameters of the 

Arrhenius model. 

Overall , MEK acts fastest among the three solvents in terms of swelling and dissolution. 

However , it is also important to consider its environment impact safety risk since MEK 

is highly flammable and explosive (flash point = - go C) . In contrast , TPU is much less 

hazardous, thereby becoming more attractive for industrial cleaning. 

5. 5 A proposal for plant scheduling 

The above results give useful insights for scheduling production and cleaning. Suppose that 

it is required to manufacture a batch of PA and one of PX, and that the choice of sequence 

is open. Figure 5.22(a) suggests that PA should be made first since, when cleaning a fouled 

reactor using TPU at 90°C, with a PA film as the bottom layer will save rv 70% of the 

cleaning time compared with PX as the bottom layer. 

5.6 Cleaning of pilot plant samples 

FDG was used to study the cleaning behaviour of aged pilot plant samples , namely PPX 

and PPM , supplied by NeoResins. These samples were generated during batch reactions 

and were deposited on SS 316 plates attached to reactor baffies and wall . The reader should 

note that PPX samples are those similar to PX whereas PPM samples are mainly PNIMA. 

Figures 5.23(a) and 5.23(b) show the removal profiles of PPX and PPM , respectively, using 
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MEK (60oC) and TPU (90°C). From the figures , it is clear that the initial film thicknesses are 

different indicating that fouling in polymerization reactors is non-uniform. Figure 5.23(a) 

shows that the removal profiles for PPX in MEK and TPU are similar to those observed 

for PX (Figures 5.11(a) and 5.17(a)): both solvents remove the layers completely. 

The values of the rates of swelling, dissolution , maximum extent of swelling and depth 

of residue are summarized in Table 5.6. The rates of dissolution for PX and PPX in 

both solvents are reasonable close, agreeing to within 3%. This suggests that the results 

obtained with FDG are directly applicable to the pilot plant scale. The rates of swelling 

and maximum extents of swelling differ appreciably. One possible contributing factor is that 

these two parameters were calculated based on their initial wet film thicknesses since they 

were immersed in biocide water; there were not many samples so drying these to determine 

the dry film thickness was not viewed as priority. The initial wet film thicknesses were 

estimated by extrapolating the removal profiles to t = 0 min. Once again TPU proved to 

act more slowly than MEK both at swelling and dissolving the films. 

Table 5.6: Summary values of the rates of swelling and dissolution, maximum extent of swelling 
and thickness of residue for PX, PPX and PPM in MEK and TPU. 

Solvents MEK at 60°C TPU at gooc 

Parameters PX PPX PPM PX PPX PPM 

Rate of swelling, [J-Lm/min] 24 7.2 6.3 6.2 

Rate of dissolution, [J-Lm/min] 34 35 27 7.7 7.5 6.3 

:Maximum extent of swelling, [- ] 0.80 0.57 0.71 0.39 0.25 0.42 

Depth of residual , [mm] 0.04 0.05 

The removal profiles for PPM, plotted in Figm:~ 5.23(b), show the three characteristic 

stages mentioned previously, but now with a fourth type of outcome i.e. neither solvent 

dissolved these fouling films completely. About 0.04 - 0.05 mm of swollen film remained on 
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the stainless steel plates. These residues could be readily scraped off with a fingernail or 

spatula and this shows that soaking/swelling weakens the adhesive bonds of the fouling lay

ers. The different cleaning behaviours of PPX and PPM show that the cleaning processes 

of polymers are not only dependent on solvent type but also on the materials of the polymer. 

Figures 5.24(a.) and 5.24(b) show the removal profiles of pilot plant composites composed 

of [SS 316:PPM:PPX] and [SS 316:PPX:PPX] respectively. Table 5.7 shows the data for 

these composites . These composite films were formed by successive batch reactions with the 

different monomers. It is worth noting that the fraction , and hence the initial thickness , of 

each polymer present in the composites is unknown. Also, a change in the slope, like those 

in Figures 5.22(a) and 5.22(b), was not discernible because the rates of swelling of PPX 

and PPM in TPU are similar. Thus the position of the interface of the two different layers 

was not obvious. More sophisticated techniques such as optical microscopy (Ueberreiter 

[1968]), laser interferometry (Rodriguez et al. [1985]) and FTIR (Koenig [2002]) would be 

required to distinguish these layers. 

Table 5. 7: Summary values of the rates of swelling and dissolution , maximum extent of swelling 

and thickness of residue for composite layers in MEK and TPU. 

Layer arrangements: TOP /BOTTOM . 

Solvents MEK at 60°C TPU at 90°C 

Parameters PPM/PPX PPX/PPM PPM/PPX PPX/PPM 

Rate of swelling, [1-Lm/min] 29 27 6.1 5.8 

Rate of dissolution , [f..Lm/ min] 31 29 7.1 7.1 

Maximum extent of swelling, [-] 0.65 0.64 0.32 0.33 

Depth of residual, [mm] 0.12 0.05 0.13 0.04 

In Figure 5.24(a) , the thicknesses of the residuals were similar to those in Figure 5.23(b). It 

is reasonable to speculate that the residues were only PPM since PPX alone dissolved 

completely in TPU and MEK. This speculation was tested using a simple analysis on 
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the stainless steel plates. These residues could be readily scraped off vvith a fingernail or 

spatula and this shows that soaking/swelling weakens the adhesive bonds of the fouling lay

ers. The different cleaning behaviours of PPX and PPM show that the cleaning processes 

of polymers are not only dependent on solvent type but also on the materials of the polymer. 

Figures 5.24(a) and 5.24(b) show the removal profiles of pilot plant composites composed 

of [SS 316:PPM:PPX] and [SS 316:PPX:PPX] respectively. Table 5.7 shows the data for 

these composites. These composite films were formed by successive batch reactions with the 

different monomers. It is worth noting that the fraction , and hence the initial thickness, of 

each polymer present in the composites is unknown. Also , a change in the slope, like those 

in Figures 5.22(a) and 5.22(b), was not discernible because the rates of swelling of PPX 

and PPM in TPU are similar. Thus the position of the interface of the two different layers 

was not obvious. More sophisticated techniques such as optical microscopy (Ueberreiter 

[1968]) , laser interferometry (Rodriguez et al. [1985]) and FTIR (Koenig [2002]) would be 

required to distinguish these layers. 

Table 5. 7: Summary values of the rates of swelling and dissolution, maximum extent of swelling 
and thickness of residue for composite layers in MEK and TPU. 
Layer arrangements: TOP /BOTTOM. 

Solvents NIEK at 60°C TPU at 90°C 

Parameters PPM/PPX PPX/PPM PPM/PPX PPX/PPM 

Rate of swelling, [f.Lm/min] 29 27 6.1 5.8 

Rate of dissolution, [f.Lm/min] 31 29 7.1 7.1 
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Depth of residual, [mm] 0.12 0.05 0.13 0.04 

In Figure 5. 24 (a) , the thicknesses of the res id uals we1'e similar to those in Figure 5. 23 (b). It 

is reasonable to speculate that the residues were only PPM since PPX alone dissolved 

completely in TPU and MEK. This speculation was tested using a simple analysis on 
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[SS 316:PPM:PPX] in TPU, as outlined in Appendix D. It is assumed that the bot

tom only started to swell to maximum thickness after the top layer had swelled completely. 

The consistency of the predicted and experimental values of the thickness of the residue 

confirms that the remaining layer is composed only of PPM. 

An interesting feature of the profiles shown in Figure 5.24(b) is the depth of the residues 

when PPX was the bottom layer; these were thicker than those left when PPM was 

the bottom layer (Figure 5.24(a)) or when PPM was the only film (Figure 5.23(b)). A 

simple model was also applied to the case for [SS 316:PPX:PPM] in TPU (Appendix D). 

The analysis suggests that the remaining layer was composed of both a residue of PPM 

and, beneath it , a swollen PPX. The undissolved top PPM layer formed a protective 

'varnish' and prevented PPX from dissolving. The results from this model may not be 

conclusive because of its simplicity and it contains large uncertainties in the estimation of 

the maximum extents of swelling. Precise interpretation would require knowledge of the 

initial compositions of the film. For this case, the observed behaviour and the behaviour 

that one might expect is counter-intuitive. After all, if the PPX layer is swollen - as 

argued in Appendix D - then one might expect that layer to dissolve and the PPM layer 

accordingly washed away. But it doesn 't. Further investigations will be required to elucidate 

this behaviour. 

5. 7 Conclusions 

This chapter demonstrates the usefulness of FDG in studying the fouling and cleaning ldnet

ics and mechanisms that would arise in polymerization reactors. The thickness of polymer 

films can be monitored in situ and in real time. The thickness profiles generated allow one 

to extract information such as rates of swelling and dissolution, extent of swelling, swelling 

and decay times from a single experiment . The effects of temperature, concentration and 

initial film thickness can be readily investigated and the results may be useful in improv-
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ing cleaning strategies operating conditions and solvent type. The findings , in particular 

those from cleaning of composite layers, also provide useful guidance for plant operation 

and cleaning scheduling. 

For the cases of PX and PAin NaOH, MEK and TPU, the rates of swelling are indepen

dent of the initial dry film thickness and thereby implying the presence of an advancing 

front, consistent with Case II diffusion. Cleaning experiments on PX, PA and the pilot 

plant samples showed four types of outcomes. First, no removal was observed in NaOH. 

PX and PA swelled only after an induction period. Stamatialis et al. [2002] classified this 

type of potential solvent as a non-solvent. Second, PX and PA swelled immediately when 

in contact with IviEK, followed by complete dissolution. This behaviour was also observed 

for PX in TPU but at a slower rate. The third outcome is the self-detachment of PA in 

TPU after substantial swelling. Lastly, MEK and TPU partially dissolved the pilot plant 

sample, PPM (mainly PPiviA), leaving an undissolved residue. All the results also showed 

that MEK worked fastest among the three potential solvents. 

Experiments on composite films ([SS 316:PX:PA] and [SS 316:PA:PX]) showed that the 

removal behaviour of each film is predictable from the rates of swelling and dissolution of 

their individual layers. The time required for each layer to swell completely is calculable 

from its thickness and the rate of swelling measured for that material alone. The removal 

profiles also show that the bottom layer started to swell only when the top layer had fully 

swelled, indicating Case II diffusion. The results from composite films also provide guid

ance for scheduling of batch reaction and cleaning of reactors. For example, with PA as the 

bottom layer , the total cleaning time can be reduced to rv 30% of the total cleaning time 

compared to when PX is at the bottom. 



Chaptel' 5: Model Studies of PolymeTization Reactol' Cleaning 

Cleaning of pilot plant PX films i.e. PPX, in rviEK and TPU showed that the rates of 

swelling and dissolution were closely comparable to those for PX films fabricated in the 

laboratory. PPM cleaning showed that neither cleaning in NIEK nor TPU was capable 

of removing the layers completely: a residue remained. In composite film experiments [SS 

316:PPM:PPX], again a residual layer remained. Approximate calculations suggest that 

layer probably consists only of PPM. By contrast, in composite film experiments on [SS 

316:PPX:PPM], the calculations suggest that a PPM residue formed a protective coating 

over a swollen PPX layer , preventing that bottom layer from dissolving. 
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Figure 5.1: Schematic of emulsion polymerization. (a) prior to initiation; (b) polymerization 
shortly after addition of initiator; (c) all micelles consumed; and (d) completion of 
polymerization. 
( - 0): surfactant molecule; (M): monomer molecule; (P): polymer molecule; (R•): 
free radical. 
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Figure 5.5: Swelling profiles of (a) PX; and (b) PA films in NaOH. 
Conditions: CNaOH = 2 wt%, pH= 13.3 , 60 = 0.1 mm. 
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Figure 5.6: Swelling profile of PX in NaOH, showing constructions giving key parameters. 
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Figure 5.11: Removal profiles of (a) PX; and (b) PA films in MEK. 
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Conditions: 150 = 0.1 mm, pH = 12.8. 
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Figure 5.20: Effect of initial dry film thickness on (a) removal profile of PA; (b) mean rate of 
swelling and dissolution; (c) maximum extent of swelling; and (d) swelling time and 
decay time in TPU. 
Conditions: c50 = 0.1 mm, pH = 12.8. 
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(a) dry PX film (b) dry PA film 

(c) swollen PX film in TPU (d) swollen PA film in TPU 

Figure 5.21: SEM images (magnification 20000x) of PX and PA films before and after swelling 

in TPU. 
Conditions: Trpu = 90°C, 60 = 0.1 mm. 
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Figure 5.22: Removal profiles of composite films of PX and PA in TPU at (a) 90oC; and (b) 
60°C. 
Squares - [SS 316:PA:PX, 0.10 mm]; Triangles - [SS 316:PX:PA, 0.10 mm]. 
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Figure 5.23: Removal profiles of pilot plant samples (a) PPX; and (b) PPM films in NIEK and 
TPU. 
Conditions: TMEI< = 60°C, Trpu = 90°C. 
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Figure 5.24: Removal profiles of composite films of pilot plant samples (a) [SS 316:PPM:PPX]; 

and (b) [SS 316:PPX:PPM] in NIEK and TPU. 
Conditions: TMEI< = 60°C, Trpu = 90°C. 

165 



CHAPTER 6 

CONCLUSIONS AND 

RECOMMENDATIONS 

6.1 Conclusions 

This dissertation has reported the continuation of the development of a novel gauging tech

nique, fluid dynamic gauging (FDG), for cleaning studies. It describes the design , construc

tion and CFD simulation of FDG in the quasi-stagnant configuration, for studying films 

deposited on rigid surfaces in situ, in real t ime and in a liquid environment. The technique 

exploited a siphon effect and the gauge shows sensitivity to the clearance distance between 

the nozzle tip and a surface up to a clearances of one-fifth of the nozzle throat diameter. 

The application of this gauging technique has been demonstrated by studying the cohe

sion/ adhesion characteristics of food layers and soft crystal scales and by investigating the 

cleaning mechanisms of polymer films. 

6.1.1 CFD Studies of Fluid Dynamic Gauging 

CFD simulations were employed as a quantitative tool to describe the fluid dynamics of 

FDG, in particular the flow patterns and the shear and normal stresses exerted on the 

gauged surface. To validate the simulation code, two test cases involving flow outwards 

from confined and unconfined impinging jets vvere modelled; (the results were in excellent 

agreement with those reported by the original workers). 
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The flow patterns predicted by CFD showed three distinct flow regions, namely the undisturbed

flow region , the suction region , and the recirculation region. The recirculation region , how

ever, disappeared for low Reynolds number , Ret; the critical Ret lay between 8 and 20 . 

CFD showed that the maximum wall shear stresses were located under the rim of the noz

zle, close to its inner radius. The simulated shear and normal stresses for low Ret flows ·were 

compared to analytical approximations and the comparison was excellent. The predicted 

normal stress distributions indicated that the peak suction pressures occurred within the 

inside radius of the rim of the nozzle. 

Preliminary studies showed that CFD is a convenient tool for exploring the optimization of 

nozzle design and the applicability of FDG in simple non-Newtonian liquids. 

6.1.2 Measurement of the Strength of Fouling Deposits 

A gauging nozzle, five-fold larger than Tuladhar [2001]'s nozzle, yet maintaining geometric 

similarity, was constructed to study the cohesion/ adhesion characteristics of baked tomato 

pastes and weak calcium sulphate layers deposited on SS 316 plates. Experimental mea

surements showed that the gauging characteristics are conserved over this five-fold scale-up. 

Experimental values of normal stresses imposed on the gauged surface were measured using 

a simple U-tube manometer arrangement; these values compared well with the normal stress 

predictions from CFD studies. 

The CFD simulations of the shear and normal stresses were exploited to determine the 

critical stresses required to remove the deposits from their substrates . The results from 

tomato paste showed that the critical stresses were a function of baking time up to about 

3.0 hr , which agreed with the findings by Liu et al. [2002]. The calcium sulphate testings 

showed that extended deposition periods , and ageing, yielded layers which could not be 

removed by this technique. By judicious selection of suction head and clearance between 
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the gauging nozzle and the surface the maximum surface shear stress imposed by these 

laminar gauging flows in the quasi-stagnant configuration may be made of the same order 

of magnitude as those generated in typical turbulent cleaning-in-place systems. Precise 

interpretation of the removal mechanism, i.e. shear vs . suction , requires further work. 

Possibilities include exploiting different designs of nozzle, and reversing the gauging flow. 

6.1.3 Model Studies of Polymerization Reactor Cleaning 

In polymer cleaning, FDG was successfully used to track the thickness profiles of films of 

two different polystyrene (PS) co-polymers , labelled PX and PA, deposited in the labora

tory on SS 316 plates , during swelling and/or dissolution in NaOH , MEK and TPU in sit1t 

and in real time. These studies showed that MEK and TPU were solvents and the former 

worked faster in swelling and dissolving the polymer films . In NaOH, swelling was observed 

after an induction period but no dissolution was detected , hence it is classed as a non-solvent. 

The removal of PX in MEK and TPU exhibited three characteristic stages (as described 

Ueberreiter [1968]) , namely (i) the swelling stage; (ii) the plateau stage; and (iii) the de

cay/ dissolution stage, in the selected range of temperatures. P A in MEK showed these 

three-stages of behaviour but only the swelling stage was observed in TPU i.e. the swollen 

PA detached itself from its substrate without dissolving. 

In general , the rates of swelling and dissolution increase with an increase in temperature. 

They are insensitive to the initial dry film thickness , implying Case II diffusion behaviour. 

Comparing PX - lower molecular weight and lower glass transition temperature - with PA 

under the same conditions showed that the PX had the lower maximum extent of swelling 

and higher rates of swelling and dissolution. . 
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Experiments on films composed of layers of different materials in TPU showed that the 

sequence of deposition plays an important role in removal. For instance, the self-detaching 

behaviour of PA in TPU caused the time required to remove the film with P A as the bot

tom layer to "' 30% of the total cleaning time when PX is at the bottom. Moreover, the 

cleaning behaviour of each layer in the composite films is consistent with the properties of 

pure films. 

NeoResins b.v. supplied pilot plant samples of PPX (properties similar to PX) and PPM 

(PMMA copolymer) fouled on SS 316 plates; they were tested in IVIEK (60° C) and TPU 

(90° C) . The removal characteristics and the rates of swelling and dissolution of PX and 

PPX were consistent, indicating that the results from FDG are applicable to the pilot plant 

and reactor samples. Neither MEK nor TPU were able to remove PPM completely. In 

both solvents, a residue layer of about 0.04 - 0.05 mm remained on the plates. The initial 

wet film thicknesses of these samples were estimated by extrapolating their removal profiles 

to time zero and were found to be greater than the residuals. MEK was again proved to act 

faster than TPU in all pilot plant cases. 

Experiments on composite films of PPX and PPM again showed that the sequence of 

fouling is important. For example, the undissolved top PPM layer prevented the swollen 

PPX bottom layer from dissolving into the solvents, thus leaving a thicker residue layer as 

compared to the film when the order of deposition is vice versa. 

6.2 Recommendations for Future Work 

Future investigation of this gauging technique can look mainly into ( i) development; and 

( ii) applications of the gauge. ·, 
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6.2.1 Development of the gauge 

6.2.1.1 Gauge accuracy 

The accuracies of the c4 = 1 mm and c4 = 5 mm gauges -vvere ± 10 f.J,m and ± 50 f.J,m 

respectively. This could be improved by better mechanical designs , including the carriage 

and guide of the micrometer and the alignment of the nozzle with the surface. An improved 

accuracy may be useful in the food and biotechnology sectors where the films , such as 

bacterial films and cells, are often thin. 

6.2.1.2 Coupling FDG and optical imaging 

The current FDG technique does not provide information on the structure of the materials 

being investigated. Integrating FDG with a confocallaser scanning microscope will improve 

the system; where the former yields information on the thickness and mechanics of the soft 

solid layers, the latter provides information of the microstructure and chemical nature of 

such layers in situ and in real time. This work is under investigation and its operability has 

yet to be confirmed. 

6.2.1.3 FDG in scanning mode 

The technique of FDG has been implemented successfully in a quasi-stagnant system to 

measure the localized thickness of films. The robustness and versatility of this gauging 

technique in measuring various fouling materials at different positions will be of significant 

interest. This scanning version of FDG would enable surfaces to be mapped, thereby yield

ing much more information than at present , with reduced experimental work and time. 

The first attempt for this scanning mode was demonstrated by the apparatus used to mea

sure normal stresses exerted by the gauge in Chapter 4 where the gauge was allowed to 

move vertically and laterally. Another possibility is to design the unit such that the gauged 

surface can be rotated while keeping the gauge at a fixed location . 

170 



Chapter 6: Conclusions and Recommendations 

6.2.1.4 Flow visualization 

It will be instructive to visualize the fluid flow patterns in the gauging nozzle experimentally. 

This can be performed using particle image velocimetry where two- or three-dimensional 

instantaneous velocity vector measurements can be generated across sections being studied, 

thus identifying flow characteristics such as recirculation. These velocity vectors can then 

be directly compared with CFD simulations. 

6.2.1.5 Optimization of nozzle shape 

Further modelling can be performed for different gauging nozzle geometries. The current 

nozzle design is producing significant deformation of soft deposits by the gauging flows 

especially at low h/dt. Using CFD, the flow patterns, shear and normal stress distributions 

of the gauging sensor can be quantified, permitting 'numerical experiments ' to be performed 

in the search for better nozzle designs. 

6.2.1.6 Two-phase modelling 

The present modelling deals with quasi-stagnant flow in the nozzle surroundings i.e. no flow 

is imposed other than the gauging flow , and the surface is assumed rigid. In deformation 

studies , the stresses imposed by the gauge cause variations in deposit thickness and thus 

affecting the fluid mechanics of the gauge. It will be fruitful to perform two-phase modelling 

i.e. interactions of deposit thickness and gauging flows , to investigate the significance of 

this effect on the present CFD results. 

6.2.2 Applications of the gauge 

The usefulness of FDG in studying the adhesive strength of soft deposits and in polymer 

cleaning has been demonstrated. The application of the technique can be extended further 

in the investigations of various other materials s"uch as biofilms and food gels. The gauging 

technology can also be applied in other areas of considerable industrial importance such as 
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the growth of solids films on sub-cooled surfaces (e.g. wax deposition in pipelines). 

6.2.2.1 Strength studies 

The strength studies in Chapter 4 showed that further work is required to confirm the main 

stresses i.e. stress or suction or a combination of those two , causing the deformation. One 

possible approach is to reverse the gauging flow, generating broadly equivalent shear stresses 

but different , compressive normal stresses. Another method might be to study the different 

designs of the nozzle (e.g. by varying the width of the nozzle rim) , to generate equivalent 

shear stress but different normal stress. 

6.2.2.2 Polymer cleaning 

The combination of FDG with a. confoca.l microscope allows for the ima.ging of the polymer 

films during swelling and dissolution processes in situ and in real time. For example, more 

experiments are required to elucidate the disengagement behaviour of PA in TPU. The 

improved technique will be able to detect the changes in the microstructure of the polymer 

films at various removal stages thus may explain the self-detachment behaviour. Moreover, 

the counter-intuitive behaviour of a. composite film comprising of a layer of PPM on a layer 

of PPX demands further investigation. 

6.2.2.3 Biofilms and gels 

Fouling of biofilms such as Bacillus cereus spores in food processing industries can cause 

severe food contamination (Klavenes et al. [2002]) , so an effective cleaning procedure is im

portant to avoid food poisoning. With the combination of FDG and CFD simulations , the 

adhesive strength of such biofilms on stainless steel surfaces can be investigated in situ. The 

results may provide information such as solvent temperature , concentration and velocity to 

improve cleaning protocols. 
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The usefulness of FDG in the cleaning of whey protein deposits was demonstrated by Tu

ladhar [2001]. The technique can also be applied to clean whey protein gels. The kinetics 

and mechanisms involved in both systems can be compared. 

6.2.2.4 Films on cooled surface 

The formation of solid films of high melting point components on cooled surfaces is unde

sirable in various sectors such as the oil industry, where the deposition of wax in sub-sea 

pipelines can incur significant operating costs. The gauging sensor can be employed to study 

this phenomena where the thickness and the strength of the deposits can be measured di

rectly and simultaneously. 
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APPENDIX A 

DERIVATION OF 

ANALYTICAL EXPRESSIONS FOR Twall 

radial __ _.. 
flow • 

parallel discs L 
L ! .r 

axis of 
symmetry 

z=h 

z=O 

Figure A.l: Schematic of horizontal , radially converging laminar flow between parallel discs. 

A schematic of steady, radial flow between rigid , parallel discs is shown in Figure A.l. The 

continuity and N-S equations for the system are: 

Navier-Stokes: [ 
8v,.] __ 8p {!___ [~ 8 (rv,.) ] 8

2v,.} 
p v,. ~ - ~ + p, ~ 8 + ~ 2 ur ur ur r r u z 

(A.1) 

Continuity: 
18 (rv,.) 
- = 0 
r or 

(A.2) 

where z is the vertical distance from the plane. of symmetry, r the radial distance from the 

axis of symmetry, v,. the inward radial velocity, p the pressure, p the density and p, the 

dynamic viscosity. 
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Appendix A: Derivation of Analytical Expressions for Twall 

Assumptions apart from those of steady and purely radial flow are: 

1. The discs are impermeable; 

u. There is no slip at the wall : v,. = 0 at z = 0 and h; 

lll. The flow is symmetrical about the z axis: all terms involving (} vanish. 

1v. The fluid is Newtonian and incompressible, and the flow regime is laminar; 

v. There is a ' line sink' at r = 0. 

Moller [1963] defined the local Reynolds number between the discs as 

Re,. = pQgap 
7fT f-L 

(A.3) 

where Qgap is the volumetric flow rate between the discs. The flow is considered laminar 

when Re,.< 2000. 

By adapting an analysis of Middleman [1998], the velocity profile and the pressure drop of 

the axisymmetric, centripetal, radial, creeping flow of a Newtonian fluid between parallel 

discs can be shown to be: 

(A.4) 

(A.5) 

where ri is the inner radius of the rim of the nozzle. 

Middleman 's solution (equation (A.4)) may now be exploited as follows: 

The shear stress imposed on each disc is calculated from the constitutive equation: 
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Appendix A: Derivation of Analytical Expressions for Twall 

T wall = T z,. = - fJ, [ ~:] at z = 0 and h 

whence 

(A.6) 

This equation assumed laminar creeping flow i.e. the inertial forces are small compared 

with the viscous forces. Fryer et al. [1985] expressed this criterion mathematically as 

(A.7) 

and found that for practical situations it suffices if D is less than 0.25. Otherwise the shear 

stresses are calculated from equation (A.8), a modified formula (first-order correction) to 

the creeping flow solution, offered by Moller [1963] 

(A.8) 

where 

(A.9) 

Equation (A.6) is an approximate analytical result for the flow below the rim of the gauging 

nozzle; it is compared with the CFD shear stress predictions in Chapter 3. It is important 

to note that this analytical expression is valid only for low Reynolds numbers , where the 

inertial term (i.e. the L.H.S. of equation (A.1)) can be neglected. When the inertial term 

is significant , equation (A.8) gives a better estimate. The infinite value of Twall predicted by 

equations (A.6) and (A.8) at r = 0 is unimportant , since these equations are applied only 

to the surface below the rim of the gauging nozzle. 
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APPENDIX B 

SAMPLE CALCULATION OF 

DEPOSIT THICKNESS, c5 

Calculation of tomato paste thickness on SS 316 plate. 

Data: 

Diameter of nozzle throat , dt 

Diameter of siphon tube 1, d1 

Diameter of siphon tube 2, d2 

Effective length of the tube 1, l et / ,1 

Effective length of the tube 2, lef / ,2 

Experimental values: 

Niicrometer reading when nozzle tip touches metal surface 

Micrometer reading at clearance h from deposit surface 

Hydrostatic head , s 

Drying time 

Hydration time 

Water temperature 

Mass of discharge water collected, m 

Time taken to collect sample, t 

177 

= 5.0 mm 

= 20.0 mm 

= 10.0 mm 

= 420 mm 

= 2500 mm 

= 10.00 mm 

= 12.80 mm 

= 20 mm 

= 1.0 hr 

= 1.0 hr 

= 18°C 

= 53.29 g 

= 10.35 s 



Appendix B: Sample Calculation of Deposit Thickness, 6 

Mass flow rate 
m 

t 

5.16 g/s 

Ret for water at 18°C (equation (2 .9)) 

1217 

Pressure drop across siphon tube 1 (equation 2.3)) 

Pressure drop across siphon tube 2 (equation (2 .3)) 

Total pressure drop across siphon tubes 1 and 2 

.6.p13 (equation ( 2. 7)) pgs- 57.47 

138.51 Pa 

cd (equation (2 .8)) 
m 

0.50 

128lej j ,l M m 

p7rdf 

0.60 Pa 

128 lef ! ,2 M m 
p7rd~ 

56.87 Pa 

0.60 + 56.87 

57.47 Pa 

Solve equation (2.10) iteratively using Cd and Ret values to find the numerical solution for 

lOOOCd = ( 0.3571 exp ( -5.0613-ji; )) Ret+ 

( -70.3 + 3721.2~ - 2238.3 ( ~) 
2

) 
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Appendix B: Sample Calculation of Deposit Thickness, fJ 

0.15 (real root) 

0.75 mm 

Measured deposit thickness (equation (2.1)) (12.80 + 10.00) - h 

2.05 mm 

From the calibration measurements, it was observed that the discharge flow rate, m, was 

almost the same for h/dt = 0.0 and 0.01, which might be due to imperfect alignment of 

the nozzle to the surface and/ or irregularities on the surface and rim of the nozzle. This 

will lead to an error of 50 p,m in measuring clearance. Hence it was concluded that error in 

deposit thickness measurement is most likely to be ± 50 p,m. 
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APPENDIX C 

ARRHENIUS PLOTS OF 

DATA FROM POLYMER CLEANING 

C .l 
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F igu re C .l: Arrhenius plots for (a) initial rate of swelling, RNaOH,swell; and (b) reciprocal of 

induction time , 1 / t NaOH,ind· 
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C.2 Methyl ethyl ketone 
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Figure C.2: Arrhenius plots for (a) rate of swelling rate , RMEK,swell; and (b) rate of dissolution , 

RMEK,diss· 
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Appendix C: Arrhenius Plots of Data from Polymer Cleaning 

C.3 TPU cleaning mix 
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Figure C.3: Arrhenius plots for (a) rate of swelling rate, RrPU,swell; and (b) rate of dissolution, 

RrPU,diss · 
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APPENDIX D 

ANALYSIS OF 

PILOT PLANT SAMPLES 

Below is a simple analysis for the composite films of pilot plant samples as discussed in 

Section 5.6. Table D.l shows relevant data required for the analysis. Note that the values 

for each case are extracted from only one sample. 

Table D.l: Cleaning data for pure PPX, pure PPM and composite films in TPU at 90°C. 
Layer arrangements: TOP /BOTTOM. 

Solvents 

Parameters 

TPU at 90°C 

Rate of swelling, [mm/min] 

Rate of dissolution, [mm/min] 

Maximum extent of swelling, [-] 

Maximum thickness, [mm] 

Depth of residual, [mm] 

Estimate of init ial wet film thickness , [mm] 

Rate of swelling, [mm/min] 

Rate of dissolution , [mm/min] 

Maximum extent of swelling, [-] 

Maximum thickness , [mm] 

Depth of residual , [mm] 

Estimate of initial wet film thickness, [mm] 

183 

PPM/PPX 

6.1 

7.1 

0.32 

0.19 

0.13 

0.14 

PPX 

6.3 

7.5 

0.25 

0.10 

0.08 

PPXjPPM 

5.9 

7.0 

0.33 

0.04 

0.04 

0.20 

PPM 

6.2 

6.3 

0.42 

0.14 

0.05 

0.10 



Appendix D: Analysis of Pilot Plant Samples 

D.l Case: [SS 316:PPM/PPX] 

Consider the case for PPX/ PPM in T PU at 90°C , as shown in Figure 5.24(a). It is rea-

sonable to assume that PPM starts to swell only after completion of the swelling of PPX 

(this observation is consistent with Case II diffusion i.e. the presence of an advancing front) 

and that both layers swelled completely to reach equilibrium thickness. 

The residual layer in Figure 5.24(a) is expected to be only PPM since the top PPX layer 

would have dissolved completely after "'44 min. This postulation can be tested by a simple 

analysis as follows. 

For the swollen composite film , let x be the volume fraction of swollen PPX so that 1 - x 

is the fraction of PPM. Therefore, 

Emax,composite = X Emax ,PPX + (1- x) Emax ,PPM (D.1) 

==? 0.33 = x 0.25 + (1- x) 0.43 

Solving equation (D .1) gives 

x = 0.56 and 1 - x = 0.44 

The maximum thickness of swollen PPM in the composite film is therefore, 

swollen PPM = (1- x) x swollen composite film (D.2) 

Omax,PPM = (1- x) X Omax ,composite 

==? Omax PPM = 0.44 X 0.27 = 0.12 mm . , 

For pure PPM in TPU (Figure 5.23(b)), the depth of the residue, O,·esidue,purePPM, and the 

maximum thickness, Omax ,pure PPM , are respectively 0.05 mm and 0.14 mm. The ratio of 
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these is , 

b"residue,pure PPM rv 0.05 = 0. 35 
b"max,pure PPM 0.14 

(D.3) 

The depth of the residue of PPM, 8residue ,PPM , in the composite film is predicted using the 

ratio calculated from equation (D.3), 

8,·esidue,PPM = 8max,PPM X 0.35 

::::} 8,·esidue ,PPM = 0.12 X 0.35 = 0.04 mm 

The predicted value of 8residue,PPM rv 0.04 mm is the same as that observed for PPX/PPM 

in TPU at 90°C (Figure 5.24(a)). This is consistent with the assumptions that both layers 

swelled completely and that the residue was composed only of swollen PPM. 

D.2 Case: [SS 316:PPX/PPM] 

The same analysis, with the assumption that both layers swelled completely, is applied to 

the case for PPM/PPX (Figure 5.24(b)). Here, the depth of the residue is significantly 

greater than that for PPX/PPM. The speculation is that the residue is composed of both 

PPM and PPX because the undissolved PPM layer prevents PPX from dissolving. 

Solving equation (D .1) yields, 

x = 0.60 and 1 - x = 0.40 
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The max imum thickness of swollen PPM in the composite film is (equation D.2) , 

Omax,PPM = (1 - x) X Omax,composite 

::::} Omax ,PPM = 0.40 X 0.19 = 0.08 mm 

The depth of the residue composed of swollen PPM, Oresidue,PPM , in the composite film is 

predicted using the ratio calculated from equation (D.3), 

Oresidue,PPM = Omax,PPM X 0.35 

::::} Oresidue ,PPM = 0.08 X 0.35 = 0.03 mm 

This value is significantly less than the observed residue thickness in PPM/ PPX i.e. 0.13 

mm (5 .24(b) ). It is then clear that the residue is also composed of PPX either fully or 

partially swelled. 

The predicted depth of the residue composed of PPX, Oresidue,PPX , in the composite film 

is , 

Oresidue,PPX = o,.esidue,composite - o,.esidue,PPM 

::::} Oresidue ,PPX = 0.13 - 0.03 = 0.10 mm 

The maximum thickness attainable assuming PPX swelled completely in the composite 

film is , 

swollen PPX = (x) x swollen composite film (D.4) 

=? Omax,PPX = 0.60 X 0.19 = 0.10 mm 
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This predicted value of b,.esidue,PPX rv 0.10 mm is marginally less than that calculated when 

PPX was assumed to svvell completely i.e. 0.11 mm (equation (D .4)). This inconsistency 

might suggest that the top PPM prevented the lower PPX layer from swelling fully, thereby 

preventing it from dissolving. The discrepancy in b,.esidue,PPX , however , is marginal and may 

be due to the uncertainties in the estimation of the maximum extent of swelling when cal

culating the fractions of PPX and PPM in the composite film. A conclusive interpretation 

would require the knowledge of the initial compositions of the composite films. However, 

it seems reasonable to state that these calculations show that the PPX is not unswollen . 

It follows that the TPU must have penetrated the PPM layer , so that the PPM residue 

itself must presumable be fully swollen . 

Note that the above analysis is not applied to pilot plant samples cleaned in MEK because 

the transport processes in MEK were rapid and the sharp peaks in the removal profiles 

(Figures 5.24(a) and 5.24(b)) suggest that equilibrium swelling was not reached. 
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