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Résumé

Systèmes hydrodynamiques permettant l'évaluation de l'encrassement des surfaces, de
l'adhérence des souillures et de leur nettoyage en laboratoire. Cinq systèmes hydrodynamiques
sont présentés dans cette synthèse bibliographique : la cellule à plaques parallèles, le jet impactant, la
cellule à flux radial, le disque rotatif et le jaugeage dynamique. Ces systèmes sont particulièrement
intéressants pour l'étude de l'encrassement, du nettoyage ou de l'adhésion sur les surfaces solides.
Leurs principales propriétés sont données et les principaux avantages et inconvénients pouvant être
rencontrés lors de leur mise en œuvre sont présentés. Des exemples de domaines où ces systèmes
sont utilisés sont également fournis.

Mots-clés : contrainte à la paroi, encrassement, force d'adhésion, nettoyage, surfaces.

Abstract

Five hydrodynamic Systems are presented in this short review: thé parallel plate flow cell, thé impinging
jet, thé radial flow cell, thé rotating disk and fluid dynamic gauging. Thèse Systems are of particular
relevance to study surface fouling, surface cleaning or adhésion onto solid surfaces in laboratory
environment. The key features of their hydrodynamics are given as well as their practical advantages
and drawbacks. Examples of applications fields are also listed.
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1. INTRODUCTION

The ability of a surface to reduce thé adhésion of microorganisms (or other contaminants), to inhibit
thé formation of deposits or to release thé adhèrent deposits and microorganisms is something
essential for a wide fieid of applications like shlp hulls, médical implants, dental enamel, pipelines,
surgical instruments, buildings, food and pharmaceutical processing, etc. (Changani et al., 1997;
Bakker et al., 2003b; Bansal et al., 2006; Liu et al., 2006). Recently, thé modification of surfaces or
thé élaboration of new coatings has been shown to reduce thé attachment of bacteria (Zhao et al.,
2005a), thé formation of scales (Zhao et al., 2005b; Rosmaninho et al., 2006) or thé adhérence of
food deposits (Saikhwan et al., 2006). Furthermore, thé modification of surfaces is attracting
considérable attention thanks to thé advent of affordable tailored coatings and thé capability for
applying new surface modification technologies to thé scale of equipment parts.

Assessing thé ability of a surface to reduce adhésion or to release contaminants easily is critical to
improve thé understanding of adhésion mechanisms, to identify thé critical surface features
influencing it or to compare différent surfaces in well-controlled conditions. Furthermore, attempts to
relate surface engineering to a given application do not always allow real time and in situ observation
in spite of thé need to consider environmental variables such as flow (Jensen et al., 2004), heat and
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mass transfer (Rosmaninho et al., 2007a), passage of an air-liquid interface (Gômez Suerez et al.,
2001a), présence of chemicals or surfactants (Joscelyne et al., 1997; Morison et al., 2002; Château
et al., 2004) etc.

Flow chambers and other similar hydrodynamics devices reviewed in this work proved to be valuable
tools to take those environmental variables into considération while allowing easy observation, easy
set-up as well as standardization and comparisons between laboratoires. Their simple geometry
allows thé génération of well-controlled, reproducible flow conditions for which thé analytical
solutions of thé Navier-Stokes équations and thé convective diffusion équation are often available
(Elimelech, 1994). Most of them are also easy to design and can be used as modules to constitute
test rigs together with a pump, a heating device, measuring devices, etc. They can also be adapted
to various sizes of samples as long as similarity is preserved, depending on thé representativeness
of thé studied surfaces and on cost ortechnological limitations.

2. THE PARALLEL PLATE FLOW CELL

The test part of thé parallel plate flow cell or parallel plate flow chamber is constituted of a bottom
plate and an upper plate (one of thé two or both being thé sample surface) separated by a distance h
and forming a rectangular flow channel of width w (Figure 1). It is generally used to générale a
laminar shearing Poiseuille flow parallel to thé sample surface though ils adaptation to générale fully
-developed turbulent flow conditions was also reported to expose Ihe samples lo thé hydrodynamic
conditions encountered at thé surface of ship hulls (Schultz et al., 2000; 2003).

Figure I. Scheme of thé flow channel in llie parallel plate
flow cell-—Schéma de l'espace réservé au flux dans la
cellule à plaques parallèles.

Thc direction of Ihe flo»' ts reprckcntcd by Ihe Ihkk IUTOW
ami thc samplc gcncraliy con&tilutcs thc lowcr surface of thc
panillelepiped •— La direction de /' écoulement ext représentée par
la flèche en gras. L'etitartrillcsn constitue çeiiertiteftienl la face
inférieure du parallélépipède, w: channel width — largeur de la
chtvnhre\: channel height —hauteur tie ta cliambre; I: channel
length — longueur de la chambre: Q: flow rate — dfbil.

The flow régime in thé test section can be deduced from thé Reynolds number, which dépends on
thé properties of thé fluid, thé flow rate and thé dimensions of thé flow cell. The Reynolds number in
this flow channel is given by (Bakker et al., 2003b):

P -O
Re = — . (Equation 1)r\- w + h

where p is thé density of thé fluid (kgm"3), Q is thé volumetric flow rate (m's"1), r) thé dynamic
viscosity (kgrrf1 s"1), w thé wi<
upper and thé lower plate (m).
viscosity (kgrrf1 s"1), w thé width of thé flow channel (m), h thé separating distance between thé

Two-dimensional steady and laminar flow can be assumed for Re<2000 (Bos et al., 1999).
However, whatever thé design of thé System, fully developed laminar unidirectional Poiseuille flow
will only be established at a certain distance from thé inlet of thé rectangular test section. This
distance is called thé establishment length, U (in m). To reduce thé establishment length, thé inlet
should be followed by a graduai expansion (diffuser) before thé flow channel and in line with it. The
outlet should be preceded by a similar graduai contraction in line with thé flow channel (Bakker et al.,
2003b). In addition, thé dimensions of thé flow channel, thé flow rate and thé nature of thé fluid will
influence thé value of U (Lorthois et al., 2001; Mercier-Bonin et al., 2004; Busscher et al., 2006):

Le = constant x h x Re (Equation 2)

The value of thé constant varies from 0.013 (Busscher et al., 2006) to 0.273 (Lorthois et al., 2001)
depending on thé flow cell design. After this length, thé flow can be considered as fully developed
and thé shear rate at thé surface of thé sample (, in s"1) can be considered constant throughout thé
whole test section. This shear rate is given by (Bakker et al., 2003b):
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(Equation 3)
2w (h/2)2

This expression defines thé velocity gradient perpendicular to thé wall. For Newtonian fluids like
water, multiplying thé wall shear rate by thé dynamic viscosity of thé fluid gives thé wall shear stress
which is thé hydrodynamic force per unit surface area exposed to thé flow. The wall shear stress (T,
in N rrf2) is parallel to thé wall and is expressed by:

T = TIY (Equation 4)

The multiplication of thé shear stress by thé area of thé adhering soil, microorganism or particle
exposed to thé flow would give thé hydrodynamic drag force exerted on it (Busscher et al., 2006).

For bacteria, application of successive periods of low and high shear stress was also recently
performed for thé détermination of a "critical wall shear stress" with thé parallel plate flow cell. A
bacterial suspension is circulated at low wall shear stress for 30 min followed by removal periods of
30 min at increasing wall shear stress. The critical wall shear stress is thé wall shear stress at which
bacterial attachment and detachment balance each other or, in other words, when thé change in
number of adhering bacteria was stabilized to zéro after application of thé higher shear stress. A
critical force reflecting thé adhésion strength of thé bacteria can then be deduced from this shear
stress values (Nejadnik et al., 2008).

In thé case of a single spherical particle, thé flow around thé particle is purely viscous when
Rep « 1. In thé case of a rigid spherical particle in contact with a wall and exposed to slow linear
shear flow, thé particle will be exposed to hydrodynamic drag (Fo), torque (M) and lift (FL) which can
be related to thé wall shear stress according to (Brooks et al., 1996; Mercier-Bonin et al., 2004):

FD= ôCtfTiR^ 10.26nrR2 (Equation 5)

M = ̂ CjjXtR* = -3.8xcR3 (Equation 6)

FL= 9.257-cR!Rep (Equation 7)

where R is thé particle radius, CD thé drag coefficient and CM thé moment coefficient. Lift is generally
assumed as negligible in thé theory of detachment of particles as long as thé flow around thé particle
is purely viscous. This can be expressed by (Hubbe, 1984):

« 1 (Equation 8)

where Rep is thé particle Reynolds number, U is thé average flow velocity around thé particle (m s"1)
and rp is thé particle radius (m). Equations 5 and 6 are valid as long as Equation 8 is satisfied and
thé relation between thé hydrodynamic drag force and thé wall shear stress can be assumed
independent of thé flow rate in thèse conditions and Computing thé balance of forces on thé particle
at thé moment of detachment will give thé strength of adhésion (Cardot et al., 2001; Lorthois et al.,
2001;Detryetal.,2009b).

However, if Rep becomes larger than 0.05, inertial effects are présent in thé flow close to thé particle
and cannot be further neglected. This will resuit in a decrease of thé drag and moment coefficients
which becomes increasingly significant as Rep increases and in a decreasing proportionality
between thé wall shear stress and thé force exerted on thé particle (Hubbe, 1984).

The main advantage of thé parallel plate flow cell is thé ability to générale a simple flow of constant
wall shear stress along a sample surface. Its geometry and thé nature of thé flow make it easy to
place as a "module" into a closed circuit. Furthermore, thé use of a transparent material for thé upper
wall of thé channel allows in situ observation. One of thé main drawbacks of thé System is its design
which lacks of flexibility. Indeed, once thé geometry of thé System built, it is impossible to change it
afterwards. Care should thus be taken to think about thé wall shear stress range that it will be
possible to générale, about thé required Reynolds number and flow rates (pump) and about thé
dimensions of thé samples. As shown by Equations 2, 3 and 4, if high wall shear stresses are
required for an application (like thé removal of strongly adhering contaminants), thé channel height
will generally hâve to be < 200 pm in order to keep with reasonable flow rates and sample sizes
(Guillemot et al., 2006). A width-to-height ratio larger than five should be kept in order to exclude
side-wall effects (Bos et al., 1999). The réduction of thé flow channel height will also hâve an
influence on thé size of thé contaminants. At low flow rates for instance, an adhèrent particle should
hâve a diameter ^ 1/15 h and should be separated from its neighbors by more than five times thé
particle radius to avoid disturbing thé flow and satisfy Equation 8 (Brooks et al., 1996). Another
disadvantage of thé parallel plate flow cell is that thé flow arrives parallel to thé sample surface,
meaning that, if thé sample is placed in a recess, there should be no misalignment between thé
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sample and thé flow cell (Schultz et al., 2000). An alternative would be to replace thé whole lower
plate of thé parallel plate flow cell by thé sample (Mercier-Bonin et al., 2004) but this would resuit in
bigger sample sizes, which is not always feasible. To conclude, thé parallel plate flow cell seems to
be more suitable for weak-adherence Systems with small and well-separated adhering soils (oit
droplets, particles or microorganisms). Some examples of studies realized with thé parallel plate flow
cell are given in table 1.
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3. IMPINGING FLOW SYSTEMS
3.1. The impinging jet

The impinging jet is a System widely used to study heat and mass transfer for various applications
like annealing of métal and plastic sheets, tempering of glass plates, drying of various matériels,
cooling of heated components in engines, deicing of aircraft Systems, etc. (Tu et al., 1996; Yapici et
al., 1999). Examples of applications in relation with thé detachment of contaminants from solid
surfaces are listed in table 1.
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The system consists in a jet flow of liquid exiting through a nozzle of radius n, perpendicular to thé
surface and situated at a distance h from it. A stagnation point is présent on thé surface where thé
nozzle axis crosses it. The flow domain of an impinging jet can be divided in three régions for both
laminar and turbulent régimes (Deshpande et al., 1982; Yapici et al., 1999):

- thé free jet région where thé fluid is not influenced by thé surface and where thé dominant velocity
component is axial;

- thé impingement région where thé fluid impacts thé surface and where thé dominant velocity
component changes from axial to radial;

- thé wall jet région in which thé dominant velocity is radial. As thé radial position taken from thé
center of thé inlet nozzle increases, thé radial velocity and thus thé wall shear stress both decrease
(Figure 2).

Jet nozzle

2

JL Sample

Figure 2. Représentation of thé impingmg jet — Représen-
tation du jet impactam.

The main flow palh and vclocily directions arc rcprcscntcd by thé
Ihick arrows: (I) frce jet région. (2) inipingcmcnl région.0) wall
jet région — Le trajet principal tic l'écoulement et tes directions
principales des vecteurs vitesse sonr schématises par les flèches
en jfras ; fUrfRion du jet libre, 121 région de T impact, (3) région
if écoulement, r,: radius of thc jet nozzlc — rayon de la buseï h:
jct-lo-samplc séparation distance — distance tic séparation entre
l'échantillon et r extrémité de ta base; Q: flow raie— débit.

A radial gradient of decreasing wall shear stress is thus generated at thé impinged surface. The
magnitude of thé wall shear stress distribution dépends on thé nozzle-surface distance h, thé nozzle
diameter r and thé Reynolds number of thé fluid in thé nozzle. Numerical solutions of thé wall shear
stress distribution are available for laminar flow (Deshpande et al., 1982; 1983) and turbulent flow
(Tu et al., 1996; Yapici et al., 1999; Phares et al., 2000b). In thé case of liquid jets, both thé studied
surface and thé nozzle must be immersed. This is obviously not thé case when thé impinging fluid is
air.

Soiled surfaces can thus be placed perpendicularly from thé nozzle at a distance h. The impinging
fluid will exert a hydrodynamic force on thé adhèrent soils which will be submitted to a continuous
range of shear forces in one experiment. If thé hydrodynamic force exerted by thé flow exceeds thé
adhésion force, detachment of thé soils will occur near thé inlet up to radial positions where thé
hydrodynamic drag force will be too weak to induce detachment. Then, thé nozzle is removed and
thé radial position up to which removal occurs is measured. This radial position can be converted in
wall shear stress with thé numerically computed wall shear stress distributions. The wall shear stress
associated with removal can then be related to thé adhésion force of thé soil (Phares et al., 2000a;
2000b).

The main advantage of thé impinging jet is that it allows thé adhèrent soils to be submitted to a
continuous range of shear forces in a single experiment with respect to applying a séquence of
shear rates using thé parallel plate flow chamber. It is also very flexible as thé nozzle can normally
be adapted to a wide range of sample sizes, as long as this size largely exceeds thé nozzle diameter
(Bitziou et al., 2006). However, in situ observations are impossible if thé substrate is not transparent
and if a reverse observation setup (allowing observation from under thé jet) cannot be mounted.
Another inconvénient of thé System may be thé need of numerical computation tools to fmd thé wall
shear stress which may still be unaffordable for small laboratories. Lastly, thé System cannot be
easily adapted as a module in a test rig. This inconvenience can however be overcome by confining
thé jet flow.

3.2. The radial-flow cell

The radial-flow cell is also known as radial-flow chamber, stagnation-point flow chamber or confined
impinging jet. Ils use to study biofilm removal was first reported by Fowler et al. (1980). The device
consists of two parallel disks with a narrow spacing in-between (typically, thé ratio between thé dise
spacing h and thé inlet radius n is « 1). A fluid is pumped through thé center of one disk, impinges
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on thé surface of interest (a stagnation point is présent on thé surface at thé intersection with thé
inlet axis) and flows radially outward between thé disks (Figure 3). As thé flow duct cross-sectional
area increases with thé radius, thé linear fluid velocity and hence thé shear stress near thé surface
decrease radially across thé disk. As in thé case of free impinging jets, thé soils adhering to thé
surface are submitted to a continuous range of shear forces in one experiment. When thé soils
(typically cells or particles) are submitted to thé shear flow and if thé mechanical action of thé fluid is
sufficient, detachment will occur near thé inlet (higher shear stress) up to radial positions where only
50% of thé soils are detached. If thé size distribution of thé soils is symmetrical, this radial position is
called thé critical detachment radius and can be associated to a critical wall shear stress, which is
related to thé mean adhésion force of thé soils (Cozens-Roberts et al., 1990; Lorthois et al., 2001).

Q •

Upper disk

Sampte

Figure 3. Schematic of ihe radial-flow cell — Schéma de la
cellule à flux radial.

The flow (thick nrrows) impingcs on ihc samplc and exits
rudially outwardi. contîncd bctwecn thc sumple and Ihe- uppcr
disk — Le flux tjtèches en gras) impat'tt' sur f éclianlill0n
et svrt nulîuleincnt. a'iifiné entre t' fchaniilton tt te disque
aipf rieur, r^ inlel radius — rayon tte l'orifice d'entrée du
jluUlt~ h: disk spacîng — ecurtement entre les disques; r: radial
position — position radiait mesurée à partir du centre de l'orifice
d'entrée du fluide: Q: flow rutr — dfbit.

The confinement of thé flow allows an easier fluid recovery and eases thé close recirculation of thé
shearing fluid by comparison to conventional jet impingement (Fowler et al., 1980; Jensen et al.,
2004). However, in situ observations are again not possible if thé sample is not transparent. The
System will also be less flexible with respect to thé sample size and dise spacing adjustments when
included in a closed circuit. Similarly to thé parallel plate flow cell, thé radial-flow cell seems
restricted to small, weakly adhèrent and well-separated adhering soils (oil droplets, particles or
microorganisms) to ensure well-characterized hydrodynamics (Brooks et al., 1996).

Analytical solutions are available to compute thé wall shear stress at thé sample surface for creeping
flow and fully turbulent flow. The flow régime in thé radial-flow cell is characterized by thé local
Reynolds number across thé disk and thé Reynolds number in thé inlet pipe. Both are respectively
given by:

(Equation 9)

(Equation 10)

where r is thé radial position (m) and nthe inlet radius (m).

When thé dise spacing is narrow and thé Reynolds number low enough, thé flow between thé dises
is laminar. This is generally considered for Reiniet<2000 (Moller, 1963), even if time periodic or
transient unsteady flow structures are reported for inlet Reynolds number varying between 460 and
4,000 at aspect ratios e £ 2 (e = h/n) (Nakabayashi et al., 2002). Thèse instabilities resuit from
inertial effects. They appear above a certain Reynolds number and can lead to thé apparition of local
3D flow structures and to thé rotation of thé global flow pattern around thé inlet axis. They tend to
disappear when thé aspect ratio is reduced (Hsieh et al., 2006). For Reiniet > 4,000, thé flow can be
considered turbulent in thé régions between thé dises where thé inlet geometry influences thé flow
(Nakabayashi et al., 2002). At flow rates high enough to produce chaotic flow or even turbulence at
low radius, thé décélération of thé flow with an increasing distance from thé inlet gives a decreasing
local Reynolds number and a possible transition to laminar flow (Kreith, 1965).

Forty years ago, Moller developed analytical solutions to predict thé wall shear stress between two
parallel disks for both laminar and turbulent idéal diverging flow at any radial position (Moller, 1963):
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(Equation 1 1)

0.0288pU2 Re« (Equation 12)

where U is thé mean velocity (m s"1).

Fryer et al. (1985) showed that thé équation for idéal radial laminar diverging flow (Equation 11)
gives a good approximation of wall shear stress only if thé inertial forces are small with respect to thé
viscous forces or, in other words, for radial positions where thé effect of thé inlet geometry is no
longer présent. This corresponds to radial positions satisfying (Fryer et al., 1985; Detry et al.,
2009a):

. 0 . 1 4 5
r

(Equation 13)

For thé other radial positions, Equation 1 1 is not accurate as a resuit of thé complex hydrodynamics
induced by thé inlet geometry (Detry et al., 2007) and a number of recirculation zones can be
présent near thé inlet (Goldstein et al., 1997; Chatterjee, 2000; Hsieh et al., 2005; 2006). Then, a
numerical solution is needed to compute thé critical wall shear stress from thé critical detachment
radius (Goldstein et al., 1997; 1998; Jensen et al., 2004; Detry et al., 2009a). Examples of
applications of thé radial-flow cell are given in table 1.

An interesting alternative to thé diverging flow is thé use of converging flow, thé fluid being sucked
into thé inlet (Goldstein et al., 1998). In this case, thé recirculation zones are présent in thé inlet pipe
and not in thé channel where thé measurements are performed. Inertial corrections are still needed
but thé range of shear stresses that can be accurately estimated by Equation 11 for laminar
converging flow at an aspect ratio (h/n) of 0.2 was reported to be more than twice that estimated with
diverging flow (Goldstein et al., 1998).

4. FLUID DYNAMIC GAUGING

Basically, fluid dynamic gauging can be compared to thé application of converging flow to thé free
impinging jet System. The technique consists in inducing a flow through a nozzle of diameter dt close
and normal to thé surface of a deposit (Figure 4). The fluid is sucked from thé quasi-stagnant
surroundings through a siphon tube. A micrometer controls thé vertical position of thé nozzle and thé
distance h between thé nozzle and thé deposit. If that distance is small (h/dt 0 0.25), thé flow rate
passing through thé nozzle will be very sensitive to thé spacing between thé deposit and thé nozzle
and thé measure of thé mass flow rate will allow thé computation of thé nozzle-deposit distance and
hence of thé deposit thickness (Tuladhar et al., 2000; Chew et al., 2004a).

Q

Nozzle

Sarnple

Figurt'4. The Huid dynaniic gauging — Le jaugeage
dynamique.

d : nozzle diiimclcr — diamètre de la trust-': Q: flow rate — cU'htr,
h: distance between ihc snniple or thé deposit and thé nozzlc —
distance filtre ta buse et rtchantillim au le dépôt étudié.

Fluid dynamic gauging thus enables thé on-line measurement of thé thickness of soft deposit layers
(e.g.: whey proteins, tomato paste) adhering to immersed solid surfaces. The build-up of a deposit
under defined bulk conditions or thé swelling of a deposit during thé cleaning process can be
measured with this technique. When thé shear stress distribution exerted by thé flow on thé deposit
is known, thé shearing yield strength of thé deposit and its déformation characteristics can be
measured as well (Chew et al., 2004b). Several applications of fluid dynamic gauging are presented
in table 1.

http://popups.ulg.ac.be/Base/document.php?id=4433&format=print 24/06/2010



Hydrodynamic Systems for assessing surface fouling, soil adhérence and cleaning in la... Page 8 of 14

This ability lo measure on-line thé thickness of continuous deposits as well as their mechanical
properties is thé main advantage of fluid dynamic gauging. Indeed, thé technique is very flexible in
terms of sample sizes and it can be applied to deposits of any thicknesses. Furthermore, thé
technique can also be mounted in closed test rigs (Tuladhar et al., 2003; Gu et al., 2007). In situ
observation is not easy with this technique but is compensated by thé ability of performing on-line
monitoring. When thé adhérence of tomato paste on modified surfaces was studied, significantly
différent behaviors were observed between thé surfaces depending on thé deposit-substrate
interactions. The adhesive strength of tomato paste deposits was better characterized by thé
hydrodynamic suction stress normal to thé surface than by thé wall shear stress (Saikhwan et al.,
2006). Though this suction stress is particularly interesting to characterize thé deposit properties, it is
generally not encountered in real equipment in opposition to wall shear stress, which makes it more
difficult to estimate soil adhésion strength and to transfer thé data obtained with fluid dynamic
gauging to real equipment.

5. THE ROTATING DISK

The rotating disk or spinning disk is a disk that rotâtes in a fluid at controlled speed. The sample
surface is placed on thé disk, can be heated or not and is placed in a fouling or in a cleaning
solution. In this System, thé fluid acquires a rotational motion when it approaches thé disk surface.
This rotational motion forces it to exit radially (Figure 5). For steady laminar régime, thé thicknesses
of thé hydrodynamic and diffusion boundary layers are constant over thé whole surface investigated
for a given rotational speed (Elimelech, 1994). Again, thé flow régime at thé disk surface is given by
thé Reynolds number (Levich, 1962; Schlichting et al., 2000):

. .
Re = -i— - (Equation 1 4)

Drtva rod •

Sample disk

Figure î. Sclictmitic of a rotaling disk apparaltis — Schéma
lin disque rotatif.

to: rotation speed — vitfsuc (te rotation; r, radial
position —position radialr, rd: sample radius — rayon île
r ttltaniilloui llK rod iiiducing thé relation movemenl is placed in
thc center of thé sjmpk divL, on thé opposite side of ihe studied
surface — l'axe qui induit le tnfiuventent df mtativn dwt être, situé
an centre de l'échantillon, à t'o^fosé (ff la surface- cluditc.

where ra is thé disk radius (m) and w thé rotational speed of thé disk (rads"1). The régime at thé
surface of thé disk will remain laminar as long as Re < 3 « 105.

The steadiness of thé hydrodynamic and diffusion boundary layers in thé laminar régime allows thé
détermination of a well-defined analytical solution to compute thé mass transfer to thé sample
surface (Levich, 1962; Morison et al., 2002):

J =[0.62^ (Re)w(Sc)W].(Cli-C.M).62D:fl(21)4*cûlc(q-C)

(Equation 15)

where J is thé mass transfer flux through thé boundary layer (kgm~2s~1), D is thé bulk diffusion
coefficient, Re thé Reynolds number, Se thé Schmidt number, r) thé dynamic viscosity of thé solution
(kgm"1.s~1), p thé density of thé solution (kgm"3), Cu thé bulk concentration (kgm"3) and Ci thé
interfacial concentration (kgm"3). Méthodologies and explanation for thé détermination of thé
interfacial concentration can be found in Hunek et al. (2002), Morison et al. (2002) and Rosmaninho
et al. (2007a).
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Under thèse conditions, thé wall shear stress at thé sample surface varies linearly with thé radial
position according to (Garcia et al., 1997):

T = 0.8r(piico3)1'1 (Equation 16)

where T is thé wall shear stress (N m"2) and r is thé radial position (m). In this case, thé wall shear
stress increases linearly with thé radial position conversely to impinging jet flows.

The major advantage of thé rotating disk is thé ability to produce a linear range of shear stress at thé
surface of a sample in a single experiment with uniform chemical conditions over thé whole sample
surface (Garcia et al., 1997). This characteristic makes of thé rotating disk a very interesting tool to
study fouling and cleaning although it is not frequently considered for such applications. The System
is also flexible with respect to thé size of thé samples and thé height of thé deposits but is however
difficult to include as module in a test rig. Examples of applications of thé rotating disk to surface
fouling and cleaning are given in table 1.

6. APPLICATION TO REAL EQUIPMENT

Ail above mentioned laboratory Systems can be used to générale very useful information required to
study cleaning and fouling in controlled conditions. Such information may be thé mechanisms of
action of a chemical in thé breakdown of a soil, thé surface parameters influencing thé cleaning
process, thé adhésion strength of a soil to various substrates, thé effect of soil ageing on its
adhérence or thé détermination of thé adéquate surface modification that will mitigate fouling, reduce
soil adhésion or facilitate soil removal.

However, thé expérimental data are generally obtained for planar sample surfaces and, except
maybe for wall panels, they cannot be easily applied "as generated" (raw data) to equipment of
complex geometry in order to predict how thé equipment will be cleaned. This was well illustrated by
Jensen et al. (2004; 2005) who tried to relate thé critical wall shear stress obtained in a radial-flow
cell assay with CFD-computed wall shear stresses to predict thé cleanability of a mix-proof valve as
a function of wall shear stress only. The study revealed that complex phenomena such as fluid
exchange at thé vicinity of thé surface were influencing soil removal to a non negligible extent and
that thé critical wall shear stress given by thé radial flow cell assay was certainly very useful but not
totally satisfactory to predict thé cleanability of equipment parts though both cleaning procédures
were performed under turbulent flow régime. Indeed, other phenomena associated with flow like wall
shear stress oscillations (Lelièvre et al., 2002), pulsating flow (Gillham et al., 2000) and fluid
exchange (Jensen, 2003) hâve been suggested to play a non negligible rôle in cleaning.

Furthermore, several problems arise when CFD codes are applied to model cleaning processes.
Adéquate meshes and turbulence models must be selected because thé equipment geometry can
be very complex and cleaning is normally performed in thé turbulent régime. In this régime, modeling
thé fluid flow to predict thé cleanability of equipment parts requires précise information on thé
conditions at thé walls which differ significantly from thé conditions in thé bulk (Schlitling, 2000) and
wall functions are used to bridge thé turbulent flow with thé thin viscous layer near thé surface. The
mesh near thé wall must thus be conceived carefully and significant errors may occur depending on
thé choice of thé turbulent model and of thé wall function (Casey et al., 2000; Jensen, 2003).
Therefore, thé numerical results should always be validated with expérimental data, which
acquisition can be time consuming, difficult to implement or subject to imprécision depending on thé
technique used (Lelièvre et al., 2002; Jensen et al., 2005; Kipp et al., 2008).

For thèse reasons and because modeling can still only give trends on how an equipment will be
cleaned (Jensen et al., 2007), thé cleanability of closed-equipment conceived to be used on food-
processing Unes bas to be assessed on industriel pilot rigs (Bénézech et al., 2002) with standardized
procédures such as thé ones developed by thé European Hygienic Equipment Design Group
(EHEDG, www.ehedg.org) to assess thé in-place cleanability of food processing equipment. Several
methods already exist and can be used as a basis to compare thé cleanability of existing equipment
or to assess thé hygienic design of new equipment (Hofmann et al., 2006; EHEDG, 2007). The
coupling of CFD to thé results of thé EHEDG test can definitely be used to better understand why
certain areas are more difficult to clean and how future equipment should be designed in order to
avoid thé présence of difficult-to-clean areas (Jensen et al., 2007).

7. CONCLUSION

Five différent hydrodynamic Systems hâve been reviewed. Each présents advantages and
disadvantages. It is impossible to recommend thé use of only one of them as their suitability will
dépend on thé application under considération. For instance, thé parallel plate flow cell is well suited
for weakly adhèrent cells, oil drops or particles, in situ observation and for thé application of a
defined wall shear stress; thé radial-flow cell or thé impinging jet are more suited for thé application
of a range of shear forces and for thé study of adhésion and adhérence in more dynamic conditions
(like to study thé effect of surfactants on thé réduction of thé adhésion force of soils); fluid dynamic
gauging is particularly adapted to study thé formation of continuous deposits, their mechanical
properties and their swelling under thé action of cleaning chemicals; thé rotating disk allows thé
génération of well-controlled mass transfer conditions to study fouling and cleaning.
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However, as useful as thèse devices are to better understand thé soil-substrate-bulk interactions,
their use remains limited to thé first phases of research and development. Other tools such as
mechanical testing, in situ expérimenta or modeling are still subsequently needed to complète thé
information gained with thèse simple hydrodynamic devices, in order to reach thé commercial
application of new surfaces or matériels.
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