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Abstract:

This doctoral research was realized within the #anf the SMARTNET Project which aimed at
developing coatings to improve the cleanability stdinless steel, targeting open surface application
Throughout this thesis, the radial-flow cell wasested to study the removal of different soils daets
ability to generate well-controlled wall shear stedistributions on the investigated surfaces. Mode
surfaces were selected for their different physioemical and mechanical properties to study the
interactions between the soils and the surfacdstail.

A thin layer chromatography sprayer giving a nagownd more reproducible droplet sizes distribution
was preferred to mimic splashing and produce cdattospatters. The first experimental campaign
involving oil droplets showed that the analyticabdels available to relate the detachment radius thi¢
critical wall shear stress (minimal wall shear streequired for soil detachment) and the soil adhes
strength in the radial flow cell could only be applfor weakly adherent soils for which removal wsc
below 3 Pa, due to the complex hydrodynamics rreamiet.

Consequently, the flow inside the radial-flow célhs been characterized using computational fluid
dynamics over the whole inlet laminar regime antdesed experimentally. Studying the adherence of
starch granule aggregates in the radial-flow eslbaled that the conversion of critical radius iatitical
wall shear stress may be biased when the adheggigegate height is not negligible with respecthe t
channel height and when the adherence is suclilthatates above creeping flow conditions are respli

for soil detachment.

The influence of several environmental factors anbstrate properties was then examined to impioee t
understanding of the mechanisms affecting soiling eleanability. By influencing droplet spreadinmga
competition between capillary forces at the grassuibstrate and granule-granule interfaces, substrat
wettability affects the shape and compactness efatithering aggregates, the efficiency of sheareforc
upon cleaning, and finally the adherence of soilpagticles. Macromolecules originating from therctia
granules suspension are adsorbed on the substatetfe liquid phase or carried by the retractiirg &ind
accumulated at the granule-substrate interfacey rflience granule adherence by acting as an aghes
joint, the properties of which seem to be influehd®y the detailed history of drying and exposure to
humidity.

On compliant substrates, the aggregate-substraégaations induce stresses at the granule-substrate
interface which may lead to substrate deformatiod promote a more intimate contact between the

granules and their substrate, thereby appreciabhgasing adherence.
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Résumé :

Cette recherche doctorale s’inscrit dans le cadrprdjet SMARTNET, visant a produire des revéteraent
pour améliorer I'aptitude au nettoyage de surfamegertes en acier inoxydable. Dans ce contexte, la
cellule a flux radial a été retenue pour étudietdeachement de différentes souillures grace agacité a
générer des gammes de contraintes a la paroi lmetrétées sur les surfaces étudiées. Des surfaces
modéles ont été choisies pour leurs propriétésipbnehimiques et mécaniques afin d’étudier en téai
interactions entre les souillures et leur substrat.

Un asperseur pour chromatographie sur couche menéé retenu pour produire des éclaboussures
contrélées car il fournissait des distributionstdiies de gouttes plus reproductibles et plusitétso La
premiére campagne d’expériences réalisées avegalates d’huile a montré que, suite aux conditions
hydrodynamiques complexes pres de l'orifice d’emtdél fluide dans la cellule, les modéles analysque
disponibles pour lier le rayon de détachementolatrainte critique a la paroi (contrainte minimaleur
provoquer le détachement des souillures) et laefdfadhésion des souillures dans la cellule a fagial
n'étaient applicables que pour les souillures &aiidnts adhérentes qui se détachent a des seuils de
cisaillement inférieurs & 3 Pa.

Par conséquent, I'’écoulement a l'intérieur de |Hule a flux radial a été caractérisé au moyen ale |
mécanique des fluides numérique sur I'ensemble&dine laminaire et validé expérimentalement. L'étud
de l'adhérence d’agrégats de granules d’amidon Eacsllule a flux radial a montré que la convensitu
rayon critique de détachement en contrainte cetida cisaillement a la paroi peut étre biaisée duan
hauteur des agrégats n'est plus négligeable parorg@ la hauteur du canal d’écoulement et quand
'adhérence est telle que des débits supérieurscangitions de I'’écoulement rampant sont requisr pou
détacher la souillure.

L'influence de plusieurs facteurs environnementatixdes propriétés des substrats a ensuite étééétudi
pour améliorer la compréhension des mécanismesnfiuencent I'encrassement et le nettoyage. En
influengant I'étalement des gouttes et la compmgtitentre les forces capillaires agissant aux iated
granule-substrat et granule-granule, la mouillebitlu substrat va affecter la forme et le compacties
agrégats formés, l'efficacité des forces de cisai#nt lors du nettoyage et, enfin, I'adhérence des
particules. Des macromolécules originaires de Epension de granules sont adsorbées sur les gabstra
depuis la phase liquide ou charriées par le filns lde sa rétraction et accumulées a l'interfacaldea
subtrat. Ces macromolécules influencent 'adhéreteseagrégats de granules en agissant comme un join
adhésif dont les propriétés semblent étre influesqgar I'histoire détaillée du séchage des gowteate
I'exposition des agrégats a I'humidité. Sur lessitdis souples, les interactions granule-substcatisent

des contraintes a linterface qui peuvent conddiraine déformation du substrat, augmentant ainsi

appréciablement I'adhérence en favorisant un coptas intime entre les granules et le substrat.
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“Muad'Dib tells us in "A Time of Reflection” thaidfirst collisions with Arrakeen necessities

were the true beginnings of his education. He kedithen how to pole the sand for its weather,

learned the language of the wind's needles stingmgkin, learned how the nose can buzz with
sand-itch and how to gather his body's precioustua around him to guard it and preserve it. As

his eyes assumed the blue of the Ibad, he leahee@Ghakobsa way.”

Frank Herbert, Dune, 1965.
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SECTION 2 — HYDRODYNAMIC SYSTEMS USED TO ASSESS
SURFACE FOULING, SOIL ADHERENCE AND CLEANING
IN LABORATORY INSTALLATIONS

ABSTRACT

Five hydrodynamic systems are presented in thist slewiew: the parallel plate flow cell, the
impinging jet, the radial flow cell, the rotatingsd and fluid dynamic gauging. These systems are
of particular relevance to study surface foulingface cleaning or adhesion onto solid surfaces in
laboratory environment. The key features of theidrbdynamics are given as well as their
practical advantages and drawbacks. Examples ditappns fields are also listed.

Keywords:
Cleaning, adhesion strength, fouling, wall shegsst, surfaces

2.1INTRODUCTION

The ability of a surface to reduce the adhesiomafroorganisms (or other contaminants), to
inhibit the formation of deposits or to release t#mherent deposits and microorganisms is
something essential for a wide field of applicasidrke ship hulls, medical implants, dental
enamel, pipelines, surgical instruments, buildinggpd and pharmaceutical processing...
(Changani et al., 1997; Bakker et al., 2003b; Blaesal., 2006; Liu et al., 2006). Recently, the
modification of surfaces or the elaboration of newatings has been shown to reduce the
attachment of bacteria (Zhao et al., 2005a), thendtion of scales (Zhao et al., 2005b;
Rosmaninho et al., 2006) or the adherence of fambsits (Saikhwan et al., 2006). Furthermore,
the modification of surfaces is attracting consatde attention thanks to the advent of affordable
tailored coatings and the capability for applyireywsurface modification technologies to the scale
of equipment parts.

Assessing the ability of a surface to reduce adinesr to easily release contaminants is critical to
improve the understanding of adhesion mechanismsdentify the critical surface features
influencing it or to compare different surfacesnall-controlled conditions. Furthermore, attempts
to relate surface engineering to a given applicatio not always allow real time and situ
observation in spite of the need to consider envrental variables such as flow (Jensen et al.,
2004), heat and mass transfer (Rosmaninho et @07d&), passage of an air-liquid interface
(Gomez Suarez et al., 2001a), presence of chenucalsrfactants (Joscelyne et al., 1997; Morison
et al., 2002; Chateau et al., 2004) etc.
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Flow chambers and other similar hydrodynamics deviceviewed in this work proved to be
valuable tools to take those environmental vargmhlgo consideration while allowing easy
observation, easy set-up as well as standardizatimhcomparisons between laboratories. Their
simple geometry allows the generation of well-colted, reproducible flow conditions for which
the analytical solutions of the Navier-Stokes emut and the convective diffusion equation are
often available (Elimelech, 1994). Most of them also easy to design and can be used as
modules to constitute test rigs together with a puanheating device, measuring devices... They
can also be adapted to various sizes of samplesigas similarity is preserved, depending on the

representativeness of the studied surfaces andstroctechnological limitations.

2.2 THE PARALLEL PLATE FLOW CELL

The test part of the parallel plate flow cell orgdkel plate flow chamber is constituted of a botto
plate and an upper plate (one of the two or bothgohe sample surface) separated by a distance
and forming a rectangular flow channel of width(Figure 2.1). It is generally used to generate a
laminar shearing Poiseuille flow parallel to thenpée surface though its adaptation to generate
fully-developed turbulent flow conditions was alseported to expose the samples to the
hydrodynamic conditions encountered at the surédchip hulls (Schultz et al., 2000; Schultz et
al., 2003).

Figure 2.1: Scheme of the flow channel in the parallel pl&tevfcell. The direction of the flow is
represented by the thick arrow and the sample g#peronstitutes the lower surface of the
parallelepiped. Symbolsv is the channel width) the channel height,the channel length ar@
the flow rate.

The flow regime in the test section can be deddicad the Reynolds number, which depends on
the properties on the fluid, the flow rate anddimaensions of the flow cell. The Reynolds number

in this flow channel is given by (Bakker et al. 030):
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Re:—p[Q
ntw+h)

where Q is the volumetric flow rate (m?)sh the separating distance between the upper and the

2.1)

lower plate (m)w the width of the flow channel (m) amgthe dynamic viscosity (kg.ths?).
Two-dimensional steady and laminar flow can be @meslfor Re< 2000 (Bos et al.,, 1999).
However, whatever the design of the system, fubtlyaloped laminar unidirectional Poiseuille
flow will only be established at a certain distafren the inlet of the rectangular test sectionisTh
distance is called the establishment lengthiin m). To reduce the establishment length, thet in
should be followed by a gradual expansion (diffusefore the flow channel and in line with it.
The outlet should be preceded by a similar gradoakraction in line with the flow channel
(Bakker et al., 2003b). In addition, the dimensiohthe flow channel, the flow rate and the nature
of the fluid will influence the value oke (Lorthois et al., 2001; Mercier-Bonin et al., 2004
Busscher et al., 2006):

Le = constantxh xRe (2.2)
The value of the constant varies from 0.013 (Busssehal., 2006) to 0.273 (Lorthois et al., 2001)
depending on the flow cell design. After this ldnghe flow can be considered as fully developed
and the shear rate at the surface of the samlen(s*) can be considered constant throughout the

whole test section. This shear rate is given bkkBeet al., 2003b):

. 3IQ
{2y

This expression defines the velocity gradient pedprular to the wall. For Newtonian fluids like

(2.3)

water, multiplying the wall shear rate by the dymawiscosity of the fluid gives the wall shear
stress which is the hydrodynamic force per unifasig area exposed to the flow. The wall shear
stress ¢, in N.m?) is parallel to the wall and is expressed by:
r=ny (2.4)

The multiplication of the shear stress by the arethe adhering soil, microorganism or particle
exposed to the flow would give the hydrodynamigydi@ce exerted on it (Busscher et al., 2006).
For bacteria, application of successive perioddoaf and high shear stress was also recently
performed for the determination of a “critical walear stress” with the parallel plate flow cell. A
bacterial suspension is circulated at low wall stsd@ess for 30 min followed by removal periods
of 30 min at increasing wall shear stress. Thecatitwall shear stress is the wall shear stress at

which bacterial attachment and detachment balaacle ether or, in other words, when the change
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in number of adhering bacteria was stabilized to adter application of the higher shear stress. A
critical force can then be deduced from this sk&ass value (Nejadnik et al., 2008).

In the case of a single spherical particle, thevflaround the particle is purely viscous when
Re, << 1. In the case of a rigid spherical particle imtest with a wall and exposed to slow linear
shear flow, the particle will be exposed to hydnoaiyic drag (E), torque (M) and lift (E) which
can be related to the wall shear stress accordin@@tooks et al., 1996; Mercier-Bonin et al.,
2004):

F, = 6C,mR* =1026/mR? (2.5)
M =4C,, mR® = 38R (2.6)
F, =9.257/R? Re, 2.7)

whereR is the particle radiusCp the drag coefficient an@y the moment coefficient. Lift is
generally assumed as negligible in the theory tdaenent of particles as long as the flow around
the particle is purely viscous. This can be exméss/ (Hubbe, 1984):

r U
Re:pp
n

p
whereRg, is the particle Reynolds numbélr,s the average flow velocity around the particiés)

<<1 (2.8)

andr, is the particle radius (m). Equations (2.5) and)2re valid as long as Equation (2.8) is
satisfied and the relation between the hydrodynairag force and the wall shear stress can be
assumed independent of the flow rate in these tiondi(Cardot et al., 2001; Lorthois et al., 2001;
Detry et al., 2009b).

However, if Rg, becomes larger than 0.05, inertial effects arsgnein the flow close to the
particle and cannot be further neglected. This vaflult in a decrease of the drag and moment
coefficients which becomes increasingly significaag Reg, increases and in a decreasing
proportionality between the wall shear stress &edarce exerted on the particle (Hubbe, 1984).
The main advantage of the parallel plate flow ¢elthe ability to generate a simple flow of
constant wall shear stress along a sample suitscgeometry and the nature of the flow make it
easy to place as a “module” into a closed cird¢uirthermore, the use of a transparent material for
the upper wall of the channel allowssitu observation. One of the main drawbacks of theesyst

is its design which lacks of flexibility. Indeednae the geometry of the system built, it is
impossible to change it afterwards. Care should theitaken to think about the wall shear stress
range that it will be possible to generate, abdwet tequired Reynolds number and flow rates
(pump) and about the dimensions of the system.h&svs by Equations 2.2, 2.3 and 2.4, if high

wall shear stresses are required for an applicafike the removal of strongly adhering
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contaminants), the channel height will generallyéh@o be< 200 um in order to keep with
reasonable flow rates and sample sizes (Guillemalt,e2006). A width-to-height ratio larger than
five should be kept in order to exclude side-wékets (Bos et al., 1999). The reduction of the
flow channel height will also have an influencetba size of the contaminants. At low flow rates
for instance, an adherent particle should haveamelier< 1/15h and should be separated from its
neighbors by more than five times the particle wadn order to avoid disturbing the flow and
satisfy Equation (2.8) (Brooks et al., 1996). Arestdisadvantage of the parallel plate flow cell is
that the flow arrives parallel to the sample swfameaning that, if the sample is placed in a
recess, there should be no misalignment betweersgh®le and the flow cell (Schultz et al.,
2000). An alternative would be to replace the wHolger plate of the parallel plate flow cell by
the sample (Mercier-Bonin et al., 2004) but thisuldoresult in bigger sample sizes, which is not
always feasible. To conclude, the parallel platavficell seems to be more suitable for weak-
adherence systems with small and well-separatecerimgh soils (oil droplets, particles or
microorganisms). Some examples of studies reali@ddthe parallel plate flow cell are given in
Table 2.1.

2.3IMPINGING FLOW SYSTEMS

2.3.1 The impinging jet

The impinging jet is a system widely used to sthdgt and mass transfer for various applications
like annealing of metal and plastic sheets, temmgeof glass plates, drying of various materials,
cooling of heated components in engines, deicingirafaft systems... (Tu et al., 1996; Yapici et
al., 1999) Examples of applications in relationhaibe detachment of contaminants from solid
surfaces are listed in Table 2.1.

The system consists in a jet flow of liquid exitittgough a nozzle of radiug perpendicular to
the surface and situated at a distaméem it. A stagnation point is present on the scef where
the nozzle axis crosses it. The flow domain ofrapinging jet can be divided in three regions for
both laminar and turbulent regimes (Deshpande.etl@82; Yapici et al., 1999): (i) the free jet
region where the fluid is not influenced by theface and where the dominant velocity component
is axial; (i) the impingement region where theidlimpacts the surface and where the dominant
velocity component changes from axial to radial) the wall jet region in which the dominant
velocity is radial. As the radial position takemrfr the center of the inlet nozzle increases, the
radial velocity and thus the wall shear stress leitrease (Figure 2.2).
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Table 2.1:Some examples of application of the hydrodynamstesys presented in this work.

System Study

Contaminants

Surfaces Reference

Parallel plate Bacterial adhesion

flow cell

Marinobacter hydrocarbonoclasticus,

Psychrobacter spor Halomonas pacifica

Glass Bakker et al., 2002

Glass or polyurethane coatings Bakker et al., 2003a

Yeast detachment

Saccharomyces cerevisiae

Mercier-Bonin et al., 2004
Guillemot et al., 2006

Glass

Stainless steel

Mammalian cell detachment

Endothelial cells

Coltageated or

fibronectin-coated polystyrene

Bouafsoun et al., 2006

Particle removal

Ammonium fluorescein particles
Glass beads

Fibrin-coated latex particles

$la Phares et al., 2000a

Glass Cardot et al., 2001

Fibrin-coated glass Lorthois et al., 2001

Effect of an air/liquid

interface on detachment

Streptococcus oralis, Streptococcus
sobrinus, Pseudomonas aeruginosa,
Actinomyces naeslundir Bacteroides
fragilis

Polystyrene particles

Quartz or hydrophobic coated Gomez Suarez et al., 2001a

glass

Quartz or hydrophobic coated Gomez Suarez et al., 2001b

glass

Qil drop removal

Sunflower oil

-78 -

Several polymericatiogs
Stainless steel of various
finishes, hydrophobic or
hydrophilic coated stainless

steel

Boulangé-Petermann et al., 2003

Boulangé-Petermann et al., 2006



Stainless steel or polysiloxane-

coated stainless steel

Thoreau et al., 2006

Antifouling potential of

marine coatings

Ulva linzazoospores

Ulva linzazoospores

Micropatterned PDMS

Micropatterned PDMS

Hoipkemeier-Wilsbal ¢ 2004

Carman et al., 2006

Impinging jet Particle removal

Polystyrene particles
Polystyrene or ammonium fluorescein

particles

Glass

Glass

Snyeetial., 1999
Phares et al., 2000a

Cell and bacteria

detachment

3T3 fibroblasts, L929 fibroblasts or

Staphylococcus aureus

Titanium, stainless steel or

polyethylene terephtalate

Bundy et al., 2001

Bacteria detachment

Pseudomonas stutzeri

Glass or indium tin oxide

coated glass

Bayoudh et al., 2005

Mammalian cell detachment

Endothelial cells

Coltageated or

fibronectin-coated polystyrene

Bouafsoun et al., 2006

Erosion of endothelium

/

Canine endothelium

Vaishnav et al., 1983

Radial-flow cell Bacterial adhesion

Marinobacter hydrocarbonoclasticus,

Psychrobacter spor Halomonas pacifica

Glass

Bakker et al., 2002

Bacteria detachment

Coccoid and rod shaped cells

Pseudomonas fluorescens

rexRyass, plate glass,
siliconized glass or stainless
steel

Stainless steel

Fowler et al., 1980

Fryer et al., 1985

Receptor-ligand interactions

Receptor coated laads

Ligand-coated glass

Cozens-Roberts et 80, 19

Mammalian cells

3T3 murine fibroblasts

Self assadrhonolayers of

Goldstein et al. 1998
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detachment

dodecane thiolate

Bacterial spores detachmenBacillus cereus spores

Stainless steel or

Klavenes et al., 2002

polypropylene
Yeast and bacteria Saccharomyces cerevisiae Glass Décavé et al., 2005
detachment Dictyostelium discoideum
Particle deposition Polystyrene latex particles aBbeets Adamczyk et al., 2001

Surfactant-mediated particleBare ors-lactoglobulin-coated

attachment and release polystyrene latex particles

Bare orflactoglobulin-coated

indium tin oxide

Joscelyne et al., 1997

Qil drop removal Sunflower oil

Glass, stainles®EtPTFE or

polystyrene

Detry et al., 2007

Starch particles removal Waxy corn starch granules

Glass, stainless steel, PTFE or

polystyrene

Detry et al., 2009b

Dairy soil cleaning EHEDG soil

Stainless steel

éenst al., 2004

Fluid dynamic Thickness of soft deposits ~ Whey protein concentrate

gauging Butter

Stainless steel

Tuladhar et al., 2000

Deposit strength Tomato paste

Stainless steel

Ghelv, 2004

Film development in duct Ice film

flow

Stainless steel

Tuladhar et al., 2003

Polymer swelling and Polstyrene co-polymers

cleaning

Stainless steel

Chew e2605
Chew et al., 2006

Deposit adhesion strength ~ Tomato paste

Hydroptilizydrophobic

coated stainless steel

Saikhwan et al., 2006
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Rotating disk

Cleaning Skimmed milk or whey protein
concentrate deposits

Mixture of oils with particles

Stainless steel

Polyurethane

Morison et al., 2002

Chates al., 2004

Fouling Calcium phosphate

Calcium phosphate and proteins

Modified stainless steel
surfaces
Titanium nitride coatings
Modified staingss|

surfaces

Rosmaninho et al., 2006
Rosmaninho et al., 2007b
Rosmaninho et al., 2007a

Rosmaninho et al., 2008
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Jet nozzle

Sample
3 3
< -

Figure 2.2: Representation of the impinging jet. The main floath and velocity directions are
represented by the thick arrows. (1) Free jet ieg{®) impingement region, (3) wall jet region.
Symbols:r; is the radius of the jet nozzle,s the jet-to-sample separation distance @rid the
flow rate.

A radial gradient of decreasing wall shear stresthiuis generated at the impinged surface. The
magnitude of the wall shear stress distributionetiels on the nozzle-surface distamgehe
nozzle diameter and the Reynolds number of the fluid in the nozikiemerical solutions of the
wall shear stress distribution are available fonitear flow (Deshpande et al., 1982; Deshpande
et al., 1983) and turbulent flow (Tu et al., 19%@pici et al., 1999; Phares et al., 2000b). In the
case of liquid jets, both the studied surface &mednozzle must be immersed. This is obviously
not the case when the impinging fluid is air.

Soiled surfaces can thus be placed perpendicufaniyn the nozzle at a distande The
impinging fluid will exert a hydrodynamic force dine adherent soils which will be submitted to
a continuous range of shear forces in one expetintfethe hydrodynamic force exerted by the
flow exceeds the adhesion force, detachment oftlils will occur near the inlet up to radial
positions where the hydrodynamic drag force willtbe weak to induce detachment. Then, the
nozzle is removed and the radial position up toctwhiemoval occurs is measured. This radial
position can be converted in wall shear stress téhnumerically computed wall shear stress
distributions. The wall shear stress associatet w@moval can then be related to the adhesion
force of the soil (Phares et al., 2000b; Phares. e2000a).

The main advantage of the impinging jet is thatlbws the adherent soils to be submitted to a
continuous range of shear forces in a single empe1 with respect to applying a sequence of
shear rates using the parallel plate flow chambeis also very flexible as the nozzle can
normally be adapted to a wide range of sample s&gdong as this size largely exceeds the

nozzle diameter (Bitziou et al.,, 2006). Howevar,situ observations are impossible if the
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substrate is not transparent and if a reverse wen setup (allowing observation from under
the jet) cannot be mounted. Another inconvenienthefsystem may be the need of numerical
computations to find the wall shear stress whicly stdl be unaffordable for small laboratories.

Lastly, the system cannot be easily adapted asdulmon a test rig. This inconvenience can

however be overcome by confining the jet flow.

B

Upper disk

—

Sample

r

Figure 2.3: Schematic of the radial-flow cell. The flow (thiekrows) impinges on the sample
and exits radially outwards, confined between @n@@e and the upper disk. Symbaisis the
inlet radius h is the disk spacing,is the radial position an@ is the flow rate.

2.3.2 The radial-flow cell

The radial-flow cell is also known as confined imging jet, radial-flow chamber or stagnation-
point flow chamber. Its use to study biofilm rembwaas first reported by Fowler and McKay
(1980). The device consists of two parallel disk# & narrow spacing in-between (typically, the
ratio between the disc spacihgand the inlet radius is << 1). A fluid is pumped through the
center of one disk, impinges on the surface ofr@stie(a stagnation point is present on the
surface at the intersection with the inlet axisyl dlows radially outward between the disks
(Figure 2.3). As the flow duct cross-sectional ameaeases with the radius, the linear fluid
velocity and hence the shear stress near the sudiacrease radially across the disk. As in the
case of free impinging jets, the soils adherinth®surface are submitted to a continuous range
of shear forces in one experiment. When the styfsidally cells or particles) are submitted to
the shear flow and if the mechanical action offtbel is sufficient, detachment will occur near
the inlet (higher shear stress) up to radial pmsstiwhere only 50 % of the soils are detached. If
the size distribution of the soils is symmetrictijs radial position is called the critical
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detachment radius and can be associated to aatntall shear stress, which is related to the
mean adhesion force of the soils (Cozens-Robe#s, €t990; Lorthois et al., 2001).

The confinement of the flow allows an easier fltedovery and eases the close recirculation of
the shearing fluid by comparison to conventionalijgingement (Fowler et al., 1980; Jensen et
al., 2004). Howevelin situ observations are again not possible if the sansptet transparent.
The system will also be less flexible with respedhe sample size and disc spacing adjustments
when included in a closed circuit. Similarly to tparallel plate flow cell, the radial-flow cell
seems restricted to small, weakly adherent and-seglarated adhering soils (oil droplets,
particles or microorganisms) to ensure well cha@ed hydrodynamics (Brooks et al., 1996).
Analytical solutions are available to compute thallvehear stress at the sample surface for
creeping flow and fully turbulent flow. The flowgine in the radial-flow cell is characterized
by the local Reynolds number across the disk aadRiBynolds number in the inlet pipe. Both

are respectively given by:

Re = PR (2.9)
nr
Re|nlet = ZpQ (210)
.,

wherer is the radial position angthe inlet radius, both expressed in meter.

When the disc spacing is narrow and the Reynoladsbeu low enough, the flow between the
discs is laminar. This is generally considered R&pe: < 2000 (Moller, 1963), even if time
periodic or transient unsteady flow structures r@orted for inlet Reynolds number varying
between 460 and 4000 at aspect ragas 2 (e = h / ) (Nakabayashi et al., 2002). These
instabilities result from inertial effects. Theypaar above a certain Reynolds number and can
lead to the appearance of local 3D flow structned to the rotation of the global flow pattern
around the inlet axis. They tend to disappear wihenaspect ratio is reduced (Hsieh et al.,
2006). For Rget > 4000, the flow can be considered turbulent & régions between the discs
where the inlet geometry influences the flow (Nagshi et al.,, 2002). At flow rates high
enough to produce chaotic flow or even turbulenckw radius, the deceleration of the flow
with an increasing distance from the inlet giveslexreasing local Reynolds number and a
possible transition to laminar flow (Kreith, 1965).

Forty years ago, Moller developed analytical solusi to predict the wall shear stress between
two parallel disks for both laminar and turbuledeal diverging flow at any radial position
(Moller, 1963):
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37Q
T, . = 2.11
lamin ar 7r .h2 ( )

r = 0.02880U 2 Re®? (2.12)

turbulent
whereU is the mean velocity (m’.
Fryer et al. (1985) showed that the equation feaidadial laminar diverging flow (Equation
2.11) gives a good approximation of wall shearsstrenly if the inertial forces are small with
respect to the viscous forces or, in other wordsyddial positions where the effect of the inlet
geometry is no longer present. This correspondadial positions satisfying (Fryer et al., 1985;
Detry et al., 2009a):

ﬁ.? <0.145 (2.13)
For the other radial positions, Equation 2.11 id mocurate as a result of the complex
hydrodynamics induced by the inlet geometry (Detryl., 2007) and a number of recirculation
zones can be present near the inlet (Goldsteih,e1997; Chatterjee, 2000; Hsieh et al., 2005;
Hsieh et al., 2006). Then, a numerical solutiondeded to compute the critical wall shear stress
from the critical detachment radius (Goldsteinlet ¥997; Goldstein et al., 1998; Jensen et al.,
2004; Detry et al., 2009a). Examples of application the radial-flow cell are given in Table
2.1.
An interesting alternative to the diverging flowtlse use of converging flow, the fluid being
sucked into the inlet (Goldstein et al., 1998)tHis case, the recirculation zones are present in
the inlet pipe and not in the channel where thesmieaments are performed. Inertial corrections
are still needed but the range of shear stresa¢sain accurately be estimated by Equation 2.12
for laminar converging flow at an aspect ratndrj of 0.2 was reported to be more than twice

that estimated with diverging flow (Goldstein et 4998).

2.4FLUID DYNAMIC GAUGING

Basically, fluid dynamic gauging can be comparedh® application of converging flow to the
free impinging jet system. The technique consistanducing a flow through a nozzle of
diameterd; close and normal to the surface of a deposit (Eigu4). The fluid is sucked from the
quasi-stagnant surroundings through a siphon t&b@icrometer controls the vertical position
of the nozzle and the distankcdetween the nozzle and the deposit. If that distas small K/ck
[10.25), the flow rate passing through the nozzlk vé very sensitive to the spacing between

the deposit and the nozzle and the measure of #s flow rate will allow the computation of
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the nozzle-deposit distance and hence of the dgisiness (Tuladhar et al., 2000; Chew et al.,
2004a).

Nozzle

N

Figure 2.4: The fluid dynamic gauging. Symbold; is the nozzle diameteq is the flow rate
andh is the distance between the sample or the depogdithe nozzle.

Fluid dynamic gauging thus enables the on-line mmegsent of the thickness of soft deposit
layers (e.g.: whey proteins, tomato paste) adheédngmmersed solid surfaces. The build-up of a
deposit under defined bulk conditions or the swgllof a deposit during the cleaning process
can be measured with this technique. When the dtesss distribution exerted by the flow on
the deposit is known, the shearing yield strengthtlee deposit and its deformation
characteristics can be measured as well (Chew.eR@04b). Several applications of fluid
dynamic gauging are presented in Table 2.1.

This ability to measure on-line the thickness afitamious deposits as well as their mechanical
properties is the main advantage of fluid dynanaiaging. Indeed, the technique is very flexible
in terms of sample sizes and it can be appliedefmosits of any thicknesses. Furthermore, the
technique can also be mounted in closed test Tigledhar et al., 2003; Gu et al., 200N situ
observation is not easy with this technique big @dompensated by the ability of performing on-
line monitoring. When the adherence of tomato pastemodified surfaces was studied,
significantly different behaviors were observedwesn the surfaces depending on the deposit-
substrate interactions. The adhesive strengthroto paste deposits was better characterized by
the hydrodynamic suction stress normal to the sarthan by the wall shear stress (Saikhwan et
al., 2006). Though this suction stress is partitylénteresting to characterize the deposit
properties, it is generally not encountered in eggdipment in opposition to wall shear stress,
which makes it more difficult to transfer the datatained with fluid dynamic gauging to real

equipment if the soil adhesion strength has tostienated.
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2.5 THE ROTATING DISK

The rotating disk or spinning disk is a disk thattes in a fluid at controlled speed. The sample
surface is placed on the disk, can be heated omndtplaced in a fouling or in a cleaning

solution. In this system, the fluid acquires a tiotzal motion when it approaches the disk

surface. This rotational motion forces it to exdtially (Figure 2.5). For steady laminar regime,

the thicknesses of the hydrodynamic and diffusioariglary layers are constant over the whole
surface investigated for a given rotational spédomglech, 1994). Again, the flow regime at the

disk surface is given by the Reynolds number (LUevi®62; Schlichting et al., 2000):

= m (2.14)

wherery is the disk radius (m) angthe rotational speed of the disk (ral.sThe regime at the

surface of the disk will remain laminar as longRas< 3 x 18,

¢

Drive rod
Sample disk
r »
— r

| d

Figure 2.5: Schematic of a rotating disk apparatus. Symbalss the rotation speed,is the
radial position, andy is the diameter of the sample. The rod inducirggrtitation movement is
placed in the center of the sample disk, on theospp side of the studied surface.

The steadiness of the hydrodynamic and diffusioumdary layers in the laminar regime allows
the determination of a well-defined analytical $mn to compute the mass transfer to the

sample surface (Levich, 1962; Morison et al., 2002)

J= 0.62%(Re)}/2 (s } fdc, -¢,)= 0.62DA(%j w'?(c, -C,) (2.15)
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whereJ is the mass transfer flux through the boundareidkg.m®.s?), D is the bulk diffusion

coefficient,Rethe Reynolds numbeSc:q/(pD) the Schmidt number; the dynamic viscosity

of the solution (kg.m.s), p the density of the solution (kg¥) C, the bulk concentration
(kg.m*) and C; the interfacial concentration (kg1 Methodologies and explanation for the
determination of the interfacial concentration dasm found in Hunek and Cussler (2002),
Morison and Thorpe (2002) and Rosmaninho et aD7an

Under these conditions, the wall shear stresseasdimple surface varies linearly with the radial

position according to (Garcia et al., 1997):

r=08r (,c)/7cu‘°’)y2 (2.16)

where 7 is the wall shear stress (N3nandr is the radial position (m). In this case, the wall
shear stress increases linearly with the radiatipasconversely to impinging jet flows.

The major advantage of the rotating disk is thditglidb produce a linear range of shear stress at
the surface of a sample in a single experiment wtifiorm chemical conditions over the whole
sample surface (Garcia et al., 1997). This charatite makes of the rotating disk a very
interesting tool to study fouling and cleaning aligh it is not frequently considered for such
applications. The system is also flexible with \xgpto the size of the samples and the height of
the deposits but is however difficult to includemagdule in a test rig. Examples of applications

of the rotating disk to surface fouling and clegnare given in Table 2.1.

2.6 APPLICATION TO REAL EQUIPMENT

All above mentioned laboratory systems can be usedenerate very useful information
required to study cleaning and fouling in contrélieonditions. Such information may be the
mechanisms of action of a chemical in the breakdafna soil, the surface parameters
influencing the cleaning process, the adhesiomgtheof a soil to various substrates, the effect
of soil ageing on its adherence or the determinaticthe adequate surface modification that will
mitigate fouling, reduce soil adhesion or faciktabil removal.

However, the experimental data are generally obthiior planar sample surfaces and, except
maybe for wall panels, they cannot be easily apples generated” (raw data) to equipment of
complex geometry in order to predict how the eqwpmwill be cleaned. This was well
illustrated by Jensen and Friis (2004; 2005) whedtto relate the critical wall shear stress
obtained in a radial-flow cell assay with CFD-congzli (computed using computational fluid
dynamics) wall shear stresses to predict the clabtiyaof a mix-proof valve as a function of
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wall shear stress only. The study revealed thafptexphenomena such as fluid exchange at the
vicinity of the surface were influencing soil renabwo a non negligible extent and that the
critical wall shear stress given by the radial floall assay was certainly very useful but not
totally satisfactory to predict the cleanabilityexfuipment parts though both cleaning procedures
were performed under turbulent flow regime. Indesber phenomena associated with flow like
wall shear stress oscillations (Lelievre et al.02)) pulsating flow (Gillham et al., 2000) and
fluid exchange (Jensen, 2003) have been suggestedyt a non negligible role in cleaning.
Furthermore, several problems arise when CFD cadespplied to model cleaning processes.
Adequate meshes and turbulence models must bdaeskleecause the equipment geometry can
be very complex and cleaning is normally perfornnedhe turbulent regime. In this regime,
modeling the fluid flow to predict the cleanabilitgf equipment parts requires precise
information on the conditions at the walls whicfffeti significantly from the conditions in the
bulk (Schlitling, 2000) and wall functions are usedbridge the turbulent flow with the thin
viscous layer near the surface. The mesh near #ilemust thus be conceived carefully and
significant errors may occur depending on the ahat the turbulent model and of the wall
function (ERCOFTAC, 2000; Jensen, 2003). Thereftire,numerical results should always be
validated with experimental data, which acquisitioan be time consuming, difficult to
implement or subject to imprecision depending oa thchnique used (Lelievre et al., 2002;
Jensen et al., 2005; Kipp et al., 2008).

For these reasons and because modeling can s¥ilgore trends on how an equipment will be
cleaned (Jensen et al., 2007), the cleanabiligiaged-equipment conceived to be used on food-
processing lines has to be assessed on indusital ngs (Bénézech et al., 2002) with
standardized procedures such as the ones develppdde European Hygienic Equipment

Design Group (EHEDGwww.ehedg.orjjto assess the in-place cleanability of food pseney

equipment. Several methods already exist and cars&e as a basis to compare the cleanability
of existing equipment or to assess the hygieniggdesf new equipment (Hofmann et al., 2006;
EHEDG, 2007). The coupling of CFD to the resultshef EHEDG test can definitely be used to
better understand why certain areas are more wliffic clean and how future equipment should

be designed in order to avoid the presence ofcditfito-clean areas (Jensen et al., 2007).

2.7 CONCLUSIONS
Five different hydrodynamic systems have been wesie Each presents advantages and

disadvantages. It is impossible to recommend tkeoti®nly one of them as their suitability will
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depend on the application under consideration.ifgiance, the parallel plate flow cell is well
suited for weakly adherent cells, oil drops or ijgées,in situ observation and for the application
of a defined wall shear stress; the radial-flow oelthe impinging jet are more suited for the
application of a range of shear forces and for shely of adhesion and adherence in more
dynamic conditions (like to study the effect offagtants on the reduction of the adhesion force
of soils); fluid dynamic gauging is particularly aggted to study the formation of continuous
deposits, their mechanical properties and theillswgeunder the action of cleaning chemicals;
the rotating disk allows the generation of well4tohed mass transfer conditions to study
fouling and cleaning.

However, as useful as these devices are to bettirstand the soil-substrate-bulk interactions,
their use remains limited to the first phases skagch and development. Other tools such as
mechanical testingn situ experiments or modeling are still subsequentlydeddgo complete the
information gained with these simple hydrodynamawides, in order to reach the commercial

application of new surfaces or materials.
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3.1 OBJECTIVES

As introduced by the literature review, this doataresearch is in line with the concerns of
adhering soils and soil removal which draw the grewing attention of engineers and scientists
from many industrial sectors. The work presenteck hveas realized within the frame of the
SMARTNET Project which aimed at developing coatitmsmprove the cleanability of stainless
steel, targeting open surface applications.

For the development of such surfaces, the use @levant (and sometimes very specific)
methodology to the targeted application coupledhwdt good and representative soiling
procedure is essential and provides reliable coisgas with pre-existent reference surfaces.
The first objective of this work was thus the deypshent of a methodology to assess the ability
of various solid surfaces to be cleaned (cleartgpidifter a standardized soiling procedure. At
the same time, the effects of experimental comtiand of the surface physico-chemical
properties on soil adherence were investigated dtteb understand the dynamic and the
mechanisms of soil/substrate interactions. Thisitjastrategy provided relevant scientific
knowledge and cleanability assessment techniqussengal for the development of easy-to-

clean surfaces.

The main lines of the present work were therefore:
- to transfer the knowledge developed on the parplée flow cell at the Research Center
of Isbergues to the radial-flow cell,
- to characterize the flow inside the radial-flowlcel
- to better understand
= the relation between critical wall shear stress asoill adherence in the
radial-flow cell,
» the mechanisms related to soil spreading and arghon on a surface
after spraying,
» the mechanisms of soil adherence, soil-substrageaictions and how the
properties of a substrate condition its cleanahilit
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3.2 XOoPE

Throughout this thesis, the radial-flow cell wasested to study the adherence and removal
mechanisms of different soils due to its ability generate well-controlled wall shear stress
distributions on the investigated surfaces. Foudehsurfaces were initially selected for their
different physico-chemical properties which wer@exted to influence the ease of soil removal.
Glass was chosen for its hydrophilic characteinkss steel for its ubiquity in food industries,
polystyrene as hydrophobic polymer and polytetatbethylene for its very hydrophobic
properties. In order to better understand the abgamechanisms associated to different surfaces
in contact with different soils, the interactionstween the soils and the surfaces as well as the
relevant flow parameters affecting those interaxtiovere studied in detail in the next 5 sections.
Section 4 (Cleanability assessment of model solid surfaceb witadial-flow cell”) presents
trials performed with a known soil-cleaning fluidrabination (refined sunflower oil — Mr.
Propef) initially used at the Research Center of Isbesguih the parallel plate flow cell. A
soiling procedure was developed to produce coetlofipatters and mimic the spatters which
occur during food product handling. The use ofal#ht substrates revealed different behaviors
and cleaning kinetics.

Issues related to the high adherence of the sgiilighted the poor characterization of the flow
in the radial-flow cell and the absence of relewaatl shear stress distributions available in the
zone where removal occurred. Consequently, in &2di (‘Laminar flow in radial-flow cell
with small aspect ratios: numerical and experiméstady”), the flow inside the radial-flow cell
has been characterized using computational flurththics over the whole laminar regime. The
computations were followed by an experimental \al@h of the numerical results.

After this study of radial-flow hydrodynamics, thencept of critical wall shear stress (minimal
wall shear stress required for soil detachment) wasstigated with new surface contaminants
in Section 6(“Flow rate dependency of critical wall shear stsem a radial-flow cell’). These
contaminants consisted in a size distribution @ircdt granule aggregates, constituted of a
unimodal size distribution of polyhedral particle&t this point of the research, a robust
methodology enabling the study of soil adherenak sail removal from solid surfaces with the
radial-flow cell had been developed.

The limitations of the systems being known, a thgfo investigation on the effects of
experimental factors and physico-chemical proceesethe formation and on the adherence of
the particle aggregates can be found in SecticihiAdherence of starch granule aggregates on
different materials: experimental factors and phlgscthemical mechanisms” Experimental

factors such as water contact time, spatters drying and surrounding relative humidity were
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investigated. The evolution of soil adherence vilik experimental conditions (macroscopic
observations) coupled to microscopic observatiohghe aggregates present on the model
substrates allowed a better understanding of tlysiphrchemical mechanisms responsible for
the aggregate formation and their adherence. Dynaomtact angle measurements and X-ray
photoelectron spectroscopy suggested the preseineeater-soluble macromolecules at the
granule-substrate and granule-granule interfadasir Tole in soil adherence has been studied.
Lastly, in Section 8 (Adherence of starch granules aggregates to sulestratomparison
between soft and hard hydrophobic substratesfie use of very hydrophobic substrates with
different mechanical properties (rigidity) showerhtt the hydrophobic nature of a surface was
not a sufficient condition to ensure the facilithtemoval of aggregated particles coming from
dried droplets of an aqueous suspension. Sectghro®s that additional surface parameters than

surface hydrophobicity alone must be consideratierconception of easy-to-clean surfaces.
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This thesis mainly evaluates the radial-flow csllaatool to study and compare the cleanability of
surfaces. The importance of the scientific conduasidrawn from this work is discussed below
under fundamental and practical considerationgtteg with the limitations of this system and the

reasons for which it has been chosen.

9.1 METHODS

9.1.1 Soiling

Developing a soiling procedure is always the prymstep before considering any assessment of
surface cleanability. Making this step as contbléend as reproducible as possible is often very
challenging. Moreover, the soiling conditions matsto be as close and as relevant as possible of
the ones in which the investigated surface willbed.

We started this work (Section 4Cfeanability assessment of model solid surfacel witadial-
flow cell”) by assessing a well-documented soiling methodrteg as adequate for the parallel
plate flow cell, which consisted in the gentle $dnmg near the substrate of a tooth brush first
soaked in refined sunflower oil. The method hadialy been developed to mimic the random
splashing occuring during food product handling fBogé-Petermann et al., 2003; Boulangé-
Petermann et al., 2004a; Boulangé-Petermann &08i4b; Boulangé-Petermann et al., 2006).

The reproducibility of the method has been assessedcompared with the aspersion of the
surface with the same oil using a thin layer chrmg@phy (TLC) sprayer. Both methods
considered here offer a reasonable compromise batwémicking splashing encountered “on the
field” and providing a repeatable laboratory praoed

As presented in Section 4, the TLC sprayer gavareower and more reproducible oil droplet size
distribution. It was preferred since its use wasieza more reproducible and gave a higher drop
density which facilitated the measurement of theaclement radius in the cleaning experiments.
The experiments presented in Section 4 also shdatwedmportance of well-controlled soiling
method since the interesting kinetic effects obsgrafter soiling the substrates with the TLC
sprayer were masked when the toothbrush was used.

Refined sunflower oil was the soil used in thetfpart of the experimental work. It had been
selected for comparison purposes with preexistiata.dHowever, the scope of applications
targeted by this soil seemed too narrow for SMARTNIRd its removal was mainly related to the

polarity of the surface and to oil spreading.
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Therefore, we looked for a soil that could embrdmmecomplexity of the situations faced by open-
surfaces when exposed to a real environment wigpfdiGable in a well-controlled laboratory
environment. We considered working with an aquesuspension of particles and opted for starch
granules. Waxy corn starch granules are polyhedrainly composed of amylopectin and have a
unimodal distribution of sizes ranging over sevatakens of micrometers. Depending on the
substrate, they formed aggregates of different haggies and size distributions. As shown in
Sections 6 to 8, this solil is very complex comparethe systems generally found in the literature
which are almost exclusively single microorganisarsparticles of the same size, eventually
interacting with well defined macromolecules.

Besides aerial contamination, the contact with agaecontaminating fluids and their evaporation
is a common source of contamination for open-sedaEurthermore, starch particles may be seen
as a model for dusts, process powders or even angaaisms, since their surface is a more or less
(de)hydrated gel layer mainly composed of polysaddes. The presence of soluble
polysaccharides and proteins in the granule susperad their role in adhesion mechanisms
brings the system closer to the real phenomenarmegu for instance, during the microbial
contamination of open surfaces from spatters.

The intention of this thesis was not to study esiesly all the situations corresponding to real
environments but rather to select a model in orterunderstand how alterations of the
environmental conditions and of the physico-chehypcaperties of the substrates influenced the

formation of the aggregates and their adherence.

9.1.2 Cleaning tests

9.1.2.1 The traditional rectangular flow cell (pdie plate flow cell)

The parallel plate flow cell is presented in detailSection 2.2. Its two main advantages are its
ability to generate a simple flow of constant wsitlear stress along a sample surface and its
geometry that facilitates its modular insertionoird closed circuit. The use of a transparent
material for the upper wall of the flow channebalkin situ observation.

The system was discarded because of two main tionta jeopardizing SMARTNET. The first
was the unknowing of the wall shear stress valgaired for soil removal. The second was the
geometry of the system required to provide allfteribility needed in terms of wall shear stress
range. Indeed, the size of the samples to be peadwathin SMARTNET was limited at

50 X 50 mm in the initial phase of the project, knowthgt A4 format samples would come later
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and that their cleanability would also have to lssessed. However, the minimal sample
dimensions required were 12020 mm in order to ensure a uniform flow at theramte of the
observation zone for wall shear stresses varyimngdsn 0 and 100 Pa. These dimensions are valid
for a flow channel height of 200 um, which was t@orow for individual granules; any increase
of the flow channel height resulting in increasagnple sizes to keep equivalent shear stresses
(Lorthois et al., 2001).

9.1.2.2 The radial-flow cell

Advantages and limitations of literature data
The radial-flow cell was conceived according to ttesign of Décavé (2002). The system was
very appealing compared to its parallel plate cexp#rt for four reasons:

1. the same sample can be submitted to a range obhedlr stress in a single experiment;

2. sample exposure to an air/liquid interface can\maded during the experiment and flow

cell assembly or disassembly is fast and easy;

3. the size of the samples is not limited to the gatéal dimensions of the flow cell;

4. rapidity of system assembly and dismantling (appgdb study responsive surfaces).
However, on basis of the theory developed in therdiure (Moller, 1963) and of the first
experiments performed with the radial-flow cell ¢8en 4), it appeared that the latter provides an
evaluation of the wall shear stress required fearing in a range below 3 Pa on base of existing
analytical models, seriously limiting its use toakl adhering soils (Jensen and Friis, 2005;
Guillemot et al., 2006). Owing to the complex hydlypamics near the inlet, a single observation
only allows a range of wall shear stress to be mlavithin a factor of 2. This range can be
extended on the same sample by changing the detirgpand the flow rate, provided a direct

observation is possible.

Comprehension of the flow within the radial-flowi ce

Since the complex flow induced by the inlet geometf the radial-flow cell prevented a
guantitative estimation of the force required tmoge the adhering soils, modern computing tools
were used to study the characteristics of the fitow pattern, velocities and wall shear stresses)
inside the radial-flow cell for flow rates at whitfe inlet flow regime was laminar and for several
values of aspect ratio mentioned in the literature.

The numerical study of the flow made by computatidituid dynamics (CFD) is presented in

Section 5 (Laminar flow in radial-flow cell with small aspexdtios: numerical and experimental
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study”). The CFD simulations were performed in 2D but tifaeer experiments performed in the
real radial-flow cell suggest that the discrepam@risting between the numerical wall shear stress
values and the real ones should be small at theplsasurface, since the radial and axial
components of the velocity vectors prevailed on dlzenuthal velocity component where soil
removal occurred. The use of other experimentdirtiegies such as particle image velocimetry
was considered to validate the velocity field iestte flow cell but the experimental results were
inaccurate in the zone where removal occurred dube specific nature of the flow at low flow

rates yena contractpor to the presence of 3D flow structures at hidgloev rates.

Complications arising from the nature of the flovthm the radial-flow cell

The presence of the azimuthal component of thecitglgectors inside the real radial flow cell did
not significantly alter the 2D radial profile ofdlilow but it is nevertheless delicate to say that
additional velocity component will not have a sigrant effect on the CFD-computed value of
wall shear stress associated to the real resuiydgodynamic drag force required for soil removal.
This aspect was investigated in SectiofiFdow rate dependency of critical wall shear stseis a
radial-flow cell”) where a non-dimensional parameter, the aggrdgeyaolds number, was used
to characterize the structure of the flow aroumdcst aggregates adhering to samples placed in the
radial-flow cell. This Reynolds number value iscalsseful to provide qualitative information on
the drag coefficient relating the wall shear sttesthe drag force exerted on the aggregates in the

radial-flow cell.

Several conclusions were drawn from the complexreatf the flow (Sections 5 and 6):

1. For an aspect ratio of 1 and for Reynolds numbéunegaabove 1500, the presence of
inertial 3D flow structures in the radial-flow celill likely be responsible for a decrease of
the drag coefficient (Hubbe, 1984; Cardotl, 2001; Lorthoiset al, 2001).

2. The axial extension of the primary recirculatiomef the radial-flow cell (presented in
Section 5) influences the shape of the axial floslowity profile perpendicular to the
sample surface. As explained in Section 6, if agate removal occurs in this zone and if
these aggregates are too high, their top will aiseve the linear part of the velocity profile.
The drag coefficient will consequently be reduced a higher wall shear stress will be
required to exert the same hydrodynamic drag fancethe aggregate (O'Neill, 1968;
Hubbe, 1984; Brooks and Tozeren, 1996). In additiontheir height, the distance
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separating adjacent aggregates placed in a stwarsfiould be superior to 5 times their
diameter to avoid any shielding effects of the sHedd by the neighboring aggregates
(Brooks and Tozeren, 1996).

However, this last consideration may not be as mapo for the radial-flow cell as for the
parallel plate flow cell since the wall shear stresrelated to the radius of the zone where
the aggregates are removed in the radial-flow d@hce the system stabilized (after
approximately 3 min at a defined flow rate), thg@ragates still present at the outer rim of
the cleaned zone should thus be directly exposeletshear flow with reduced shielding

effects.

Use of the radial-flow cell: Suitable hydrodynamanditions
Concerning weakly adhering soils, analytical equredi are available in the literature and their
validity domain has been refined in Section 5 as:

PR N

— <0145
24070 ' r

Re@nodified=

The radial positiom fulfilling this condition will thus typically refeto soils for which a wall shear
stress below 3 Pa is sufficient for detachment. déalis adhering more strongly to their substrate,
the maps giving the axial and radial extensiorhefrecirculation zones inside the radial-flow cell
(Section 5) should be used to design an adequatedéll and to ensure the best hydrodynamic
conditions possible around the adhering soils. H@nea compromise will most probably have to
be found between the available equipments, the maxi sample size allowed and the flow rate
range deliverable by the pump. Ideally, the heafhtthe soil should be small enough to remain in
the linear part of the axial velocity profile ditBcadjacent to the wall (which was defined as
< 1/15 of the available flow channel for the paidapéate flow cell) and to ensure a Reynolds
number << 1 around the soil (O'Neill, 1968; Bro@ksl Tozeren, 1996). This should be the case
for detachment radii measured at inlet Reynoldshersibelow 200 for substrates soiled with the

starch granule aggregates and placed in the riidvaleell with an aspect ratio of 1.

Empirical use of the radial-flow cell

Owing to the limitations imposed by both the hydnoaimic regime and soil thickness, the results
of the last part of this work are expressed in geohcritical radius without any attempt to relate

the detachment radius to the corresponding wakirskeess or to adhesion force values; keeping

in mind that for a defined flow rate, the highee tritical radius, the lower the adherence.
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It is furthermore delicate to estimate and antii@ghe magnitude of soil adherence, especially for
substrates with very different physico-chemicalpamties or after exposing the samples to various
environmental conditions. Therefore working withsaquence of flow rates ensures a good
contrast between different samples or experimectalditions as presented in this work. The

method developed to study the adherence of staestulgs aggregates is detailed in the Appendix
1 of this thesis.

9.2 PROCESSES

The sequence of events following the moment of aminbetween a drop of starch granules
suspension and the substrate is described in 8sdido 8. The factors influencing starch granule
adherence, the mechanisms leading to the formatiostarch aggregates and the mechanisms
responsible for their adherence are identified. 3éguence of events, the mechanisms at play and

the different factors influencing adherence arersanized below.

9.2.1 Physico-chemical mechanisms responsible folné¢ adherence of starch

granules aggregates to substrates

9.2.1.1 Droplet spreading (Sections 6 and 7)

Immediately after impact, the liquid drops spreadnot) on the substrate and take an equilibrium
shape depending on the wetting behavior of theidigon the considered substrate. The

morphology of the starch aggregates results fromh lloop spreading, which decreases as the
substrate contact angle increases, and capilkaffiézts which develop upon drying.

9.2.1.2 Capillary forces (Sections 6 and 7)

After spreading, the sprayed suspension dropletgressively evaporate, which leads to drop
volume reduction, to partial immersion of the grasuand to the appearance of lateral capillary
forces which tend to gather the granules in theéeresf the drop. Further drop volume reduction
leads to formation of water meniscuses, and thetelryyeation of granules-granule and granule-
substrate capillary forces. These processes aomghyr dependent on substrate and granule
wettabilities. Droplet spreading and the compatitioetween capillary forces at the granule-

substrate and granule-granule interfaces affect dh@pe and compactness of the adhering
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aggregates, and finally the adherence of soilintjg@s. The influence of the rate of drying isals
important and is explained by the duration lefcampillary forces for acting, slower drying rates

resulting in higher adherence.

9.2.1.3 Macromolecules (Section 7)

Macromolecules present at the interface may hydeaté play a role in granule-substrate
adherence. Their origin may be due twofold: a tel-layer present at the surface of starch
granules or macromolecules dissolved in the aqupbase which adsorb on the substrate and/or
are carried to the granule-granule and granuletsatbsnterfaces as water evaporates.

The possibility that the granule surface has da-lproperties is suggested by the high water
uptake of starch in a humid atmosphere and byatitlee (Saibene and Seetharaman, 2006). The
presence of macromolecules (mainly polysacchamndds a small proportion of proteins) in the
aqueous phase of starch suspensions was demondtyats low surface tension and by XPS data
(Section 7).

Therefore, it can be concluded that drying doesleate two solids in contact but maintains
hydratable macromolecules at the interface whi¢haaan adhesive joint. Its organization seems
to be influenced by the detailed history of dryimgmd/or exposure to humidity. These
macromolecules are believed to act similarly tadbis used in powder granulation (Mewtkal,
2001; Saitoet al, 2002): under their dehydrated state they forngia joint which breaks easily
when exposed to mechanical forces while they dratm in humid atmosphere and transform the
joint in a flexible and sticky adhesive, increassignificantly the adherence of the starch granules

9.2.1.4 Substrate and soil particle deformationc(®as 7 and 8)

Starch granule adherence increases with time amddity. A slow drying process, ensured by a
high relative humidity (RH), allows the starch guds to reach more intimate contact with the
substrate thanks to a longer action of capillargde (Tang and Busnaina, 2000) and longer time
for the reorganization of the macromolecules atinkerface. In contrast, a low RH provokes a fast
dehydration which freezes quickly the granule pagkand reduces the starch-substrate contact
(Section 7).

The increasing adherence with RH can also be exgdaby the fact that capillary forces are
known to be responsible for time dependent adherphenomena as a consequence of substrate
or particle deformation (Tang and Busnaina, 2008g extent of which depends on total
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interaction forces and on the plastic propertiethefinteracting bodies (Sharma et al., 1992; Das
et al., 1994; Krishnan et al., 1994).

The increase of the water content of starch with (Bektion 7) leads to a higher plasticity which
permits deformation of the starch granules and mateanate contact with the substrate.
Deformation of the substrate also leads to morgnate granule-substrate contact and partial
engulfment of the granules may even be observea e substrate is sufficiently soft (Section
8).

9.2.2 Factors influencing adherence of starch granes aggregates to

substrates

9.2.2.1 Influence of the substrate (Sections 6078

Substrate wettability affects the spreading of tatgpof the aqueous suspension of starch granules
sprayed on the surface. Spreading is reduced whencdéntact angle increases. Due to the
competition between capillary forces at the grarsulestrate and granule-granule interfaces, the
compactness of the aggregates is also influencedsubstrate wettability. On hydrophilic
substrates, the water drops spread and the grabelssme faster partially immersed. If the
substrate is more hydrophilic than the granuleangie-granule capillary forces are lower than
granule-substrate capillary forces, which lead e formation of flatter, larger and looser
aggregates. In contrast, granule-granule capilfarges are stronger than the granule-substrate
forces on hydrophobic substrates; leading to thedtion of higher and more compact aggregates
(Sections 6 and 7).

In shear flow, the higher aggregates formed on dpfaobic substrates offer a larger section to the
flow than those adhering to hydrophilic substrateglaining their easier removal. The latter is
also facilitated by the lower granule-substrateiltzay forces. Different removal modes were also
observed depending on the intensity of such foreggiregates tended to detach as individual
bodies from hydrophobic substrates while only srokisters of granules were detached from the
aggregates adhering to hydrophilic surfaces (Sesttoand 7).

Substrate wettability also influences dewettingrugoying, affecting the possible accumulation of
macromolecules between the granules and the stébsind the final amount of macromolecules
present at the interface. Whether macromolecutes the supernatant are adsorbed or carried by

the retracting liquid film, it is clear that theténface between the starch granules and the stéstra
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contains macromolecules and that both the amoumtaafomolecules present at the interface and
their affinity to remain on the substrate will iméince granule adherence. Indeed, preconditioning
the substrates with a supernatant of the starghessgon increased the amount of macromolecules
on the surface and decreased granule adherenceodtiee formation of a weak adlayer.
Additionally to their quantity, the tendency of mamolecules to remain fixed on the substrate
also influences adherence since the lowest adherevas observed for very hydrophobic
substrates on which the amount of macromoleculesaireng after preconditioning was
appreciably lower due to their poor affinity foetBubstrate (Section 7).

Deformability is another substrate property infloeig adherence and can be assessed by
measuring the Young’s modulus of the material. Bs$tate softer than the granules adhering on it
may deform and bring the granule in more intimatetact with the surface, thereby significantly
increasing starch adherence and eventually reguhimpartial granule engulfment, independently
of the very hydrophobic character of a surfacefatsdow affinity for the macromolecules present

in the starch suspension supernatant (Section 8).

9.2.2.2 Influence of drying duration and humid®e¢tions 7 and 8)

The influence of drying duration and humidity orhatence is twofold. Both influence the contact
between the adhering granules and the substratdathdinfluence the mechanical properties of
the adhesive joint present at the granule-substrtggace.

Drying duration influences the completeness of myyand the intimacy of the granule-substrate
contact. While substrate hydrophobicity mainly urgihces granule adherence during the first
minutes of drying (30 minutes), drying performedlonger intervals (one week) enables all the
mechanisms involved in granule adherence to talieeplcapillary forces, macromolecules and
substrate or granule deformation.

Humidity influences mainly the rate of drying artdrsh plasticity. High humidity slows down the
rate of drying, leaving more time to capillary fescfor acting; and increases granule plasticity,
thereby facilitating eventual granule deformatibligh humidity also increases the flexibility and
the stickiness of the macromolecules constituting adhesive joint at the granule-substrate
interface. Therefore higher adherence will be olesirfor starch granule aggregates previously
exposed to high humidity for long drying periodgpftally one week).

In contrast, a low humidity provokes a fast dehtidra leading to reduced granule-substrate

contact and to a more brittle macromolecules jatrthe granule-substrate interface. Exposing the

267/292



SECTION 9 — GENERAL DISCUSSION

starch granules in contact with the substrate limng stay in dry atmosphere will thus generally
result in lower adherence.

Adherence is dependent on the detailed historyrging and exposure to humidity, possibly

through the reorganization of the macromoleculethatinterface. Nevertheless, the last step of
drying has a prominent effect.

On very hydrophobic substrates for which the afyinof the macromolecules present in the
supernatant is low, adherence is not influenced lbyohumidity nor by the history of drying;

provided these substrates are sufficiently rigid.

9.3 PERSPECTIVES

9.3.1 Methods

Intensive efforts are deployed to develop the idraface that would remain clean under any
circumstances and several trails are nowadays teghomodification of the surface roughness,
photocatalytic coatings or stimuli responsive aogdi However, these technologies are limited to
very specific applications in specific conditiorsfjowing the importance of understanding the
physico-chemical mechanisms responsible for theeraite of soils when developing easy-to-
clean surfaces.

Indeed, attempts to relate surface engineeringgiwen application do not always allow real time
andin situ observation in spite of the need to consider emvirental variables such as flow, heat
and mass transfer, passage of an air-liquid interéa presence of chemicals and surfactants. Flow
chambers and other similar hydrodynamics device®wed in Section 2 proved to be valuable
tools to take those environmental variables intosateration while allowing standardization and

comparisons between laboratories.

9.3.1.1 Soiling methods

The spraying of surfaces with a suspension of lstgranules allowed the identification of the
mechanisms influencing granule adherence by inyatstig a range of model substrates in various
environmental conditions. The soiling procedurerapid and convenient and gave robust
tendencies when studying adherence despite itsramppeandom character. The results of the
present work suggest that this method is relevantimic and study soil adherence resulting from
splashing as it occurs in real conditions and may$ed for various liquid soils. In contrast with
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dipping the sample in a soiling solutions, dewettproblems can be limited with spraying but a
uniform coverage of the surface by the soil isiclifit to achieve.

The soiling method developed in this work is suiftedapplications targeting open-surfaces but is
not relevant to other applications where foulinguws for instance through scaling or through
colonization of the substrate by living organisimsthe last case, soiling should be performed by
letting the organisms settle on the immersed satestin a flow cell before assessing their
adherence to the substrate. Scaling can be assesiedthe rotating disk to generate constant
mass transfer condition on the samples. Howeverenomplex deposits like dairy fouling
(Changani et al., 1997; Bansal and Chen, 2006Jjlro® (Janknecht and Melo, 2003) or even
scale deposits (Brahim et al., 2003; Augustin £t28l106) should be formed by placing the samples
in a test rig where exposure to real processinglitions can be simulated.

9.3.1.2 Cleaning tests

The abundant literature available on the paraligepflow cell show its efficiency for exposing a
sample to a simple shear flow of controlled wakahstress. The hydrodynamic conditions inside
the flow channel are well characterized and fat#ditthe fine interpretation of the results.
However, complying with the criteria required fdret proper use of the system may limit its
application field because the soiling particlescells must be well-separated and because the
combination of a particle/cell/drop height, with @dherence strength and the maximum affordable
sample surface are key factors for the conceptidheoflow cell.

The radial-flow cell presented in this work exhsbrmore flexibility but the fine interpretation of
the results becomes much more delicate in the @fasteongly adhering droplets/particles/cells, as
presented in this work. However, the system caidyiebust and valuable information on the
mechanisms of soil-substrate adherence as welllastrate ranking despite its very complex
hydrodynamics. The shear stress range resulting fiee system geometry is a very interesting
feature of the radial-flow cell that permits thadst of dynamic interactions on the same sample, as
presented at the beginning of this work. The pad#silof realizingin situ observation of dynamic
systems such as responsive surfaces would incteasstractiveness of the radial-flow cell but it
remains difficult to implement for non-transparesamples. Repeated cleaning-soiling cycles are
also impossible to perform with the system sin@déntral zone is the only part of the sample to
be cleaned. Furthermore, the radial-flow cell sodimited to relatively isolated soil entities aisd

not suited for thick continuous deposit layers.
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For such deposits, the best way to assess suréafmmpances upon cleaning remains their fitting
in a test rig where cleaning-in-place (CIP) comaif are reproduced since these deposits are
generally formed in pipes and closed equipmentschvlare normally cleaned by CIP. The
degradation and the removal of such deposits bynidas or detergents can be investigated using
the rotating disk (Morison and Thorpe, 2002; Chatetal., 2004). The effect of these chemicals
on the deposit structure (swelling or deposit bréakn) can be measured by fluid dynamic
gauging. This way of assessing cleaning is maylss leseful to equipments and materials
manufacturers but is relevant to cleaning produtasiufacturers since the nature of the deposit
and thus the ease at which it can be removed byniché agents may be influenced by the
substrate.

Finally, the use of the parallel plate flow celf,tbe radial-flow cell, of the rotating disk or tfe

fluid dynamic gauging is relatively heavy to implemt and relies on acute methodologies such as
the one presented in the Appendix 1 of this thédwugh allowing a deep understanding of the
processes involved in soil adherence and cleatiregdevelopment of such cleaning tests is too
long and too costly for most of private companiBserefore, the development of more empirical
tests giving similar tendencies and results buiee&s adapt to a daily routine should be validated

on base of methods such as the one presenteddnéhe fradial-flow cell.

9.3.2 Process

The Sections 7 and 8 of this work showed that s¢vesarameters must be considered when
developing easy-to-clean surface for open-surfapdiaations: the wetting of the substrate by the
soiling liquids, the ambient humidity level, sulaser deformability, short and long-time soll
adherence and the possible influence of biologimalecules, other minor constituents and
impurities that may concentrate at the soil-substiaterface. In the case of particulate aqueous
suspensions of starch granules, the best surfactwe soil adherence would be a hydrophobic
substrate (minimized droplet spreading and low Izapi forces) where the affinity of the
biological molecules present in the suspensiortfersubstrate would be minimal to provide low
granule adherence, independently of humidity. Tindase should also be sufficiently rigid to
avoid deformation when in contact with starch gtasu

Sections 7 and 8 also stress the need of assdhsimtpanability of substrates not only on a short
term basis (30 min), for which case the resultsnaaily influenced by substrate hydrophobicity

but also on a longer term horizon (1 week), whestahle state is reached and where the influence
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of eventually present macromolecules, of enviroriaderonditions or of other substrate properties
on soil adherence can be assessed.

The mechanisms influencing granule adherence haea mentified by investigating a range of
model substrates sprayed with a suspension of hstgranules and exposed to various
environmental conditions. However, performing expents with responsive surfaces such as the
ones targeted by SMARTNET would have been partibulanteresting to see how the
macromolecules present in the system would affeamhide adherence upon exposure to dry or
humid conditions. Whether proteins or polysacchesidre the main responsibles for the increased
granule adherence attributed to macromoleculeslse aot clear. Therefore, studying the
adherence of starch granules or other model pasticl agueous suspension containing a model
protein or polysaccharide and sprayed on the seirfaay also be of interest to acquire deeper
knowledge on the processes described in Section 9.2

It should be noted that the mechanisms and faatditeencing adherence which were identified
here are valid for a few layers of granules formuhgimited aggregates. If a paste mainly
composed of particles was spread on the substrdtesinfluence of the capillary forces and
mechanical stresses appearing in the bulk of thaigon drying could not be further ignored and
may possibly influence the adherence of the deplsivever, the first layers in contact with the
substrate would be expected to exhibit a simildwaleur to the starch granules of this work.
Finally, it should be stressed that the processggonsible for granule adherence described here
may be considered for the fixation of a single mdzganisms on a substrate upon the drying of
spatters but they cannot be applied to biofilmgesithe latter are constituted of a gel matrix of
macromolecules containing dispersed microorganisrstead of particles adhering through the
adhesive action of macromolecules present in loantties. However, the matrix of a dried
biofilm is expected to behave like the adhesivatjaif macromolecules described in this work

upon exposure to ambient humidity.
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