Hydrodynamic systems for assessing surface fouling, soil adherence and cleaning in la... Page 1 of 14

BASE
—- volume 13 (2009) numéro 3 : 427-439 ---

URL de cet article : http://popups.ulg.ac.be/Base/document.php?id=4433

Jean G. DETRY, Claude DEROANNE et Marianne SINDIC

Hydrodynamic systems for assessing surface fouling, soil adherence and
cleaning in laboratory installations

Notes de la rédaction

Received on October 28, 2008, accepted on March 4, 2009

Résumé

Systémes hydrodynamiques permettant {’évaluation de Pencrassement des surfaces, de
adhérence des souillures et de leur nettoyage en laboratoire. Cing systémes hydrodynamiques
sont présentés dans cette synthése bibliographique : la cellule a plaques paraliéles, le jet impactant, Ia
cellule & flux radial, le disque rotatif et le jaugeage dynamique. Ces systémes sont particuliérement
intéressants pour I'étude de I'encrassement, du nettoyage ou de I'adhésion sur les surfaces solides.
Leurs principales propriétés sont données et les principaux avantages et inconvénients pouvant étre
rencontrés lors de leur mise en ceuvre sont présentés. Des exemples de domaines ol ces systémes
sont utilisés sont également fournis.

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

Five hydrodynamic systems are presented in this short review: the parallel plate flow cell, the impinging
jet, the radial flow cell, the rotating disk and fluid dynamic gauging. These systems are of particular
relevance to study surface fouling, surface cleaning or adhesion 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.

Keywords : adhesion strength, cleaning, fouling, surfaces, wall shear stress
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1. INTRODUCTION

The ability of a surface to reduce the adhesion of microorganisms (or other contaminants), to inhibit
the formation of deposits or to release the adherent deposits and microorganisms is something
essential for a wide field of applications like ship hulls, medical 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, the modification of surfaces or
the elaboration of new coatings has been shown to reduce the attachment of bacteria (Zhao et al.,
2005a), the formation of scales (Zhao et al., 2005b; Rosmaninho et al., 2006) or the adherence of
food deposits (Saikhwan et al., 2006). Furthermore, the modification of surfaces is attracting
considerable attention thanks to the advent of affordable tailored coatings and the capability for
applying new surface modification technologies to the scale of equipment parts.

Assessing the ability of a surface to reduce adhesion or to release contaminants easily is critical to
improve the understanding of adhesion mechanisms, to identify the critical surface features
influencing it or to compare different 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 the 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 (Gomez Suarez et al.,
2001a), presence of chemicals or surfactants (Joscelyne et al., 1997, Morison et al., 2002; Chateau
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 consideration while allowing easy observation, easy
set-up as well as standardization and comparisons between laboratories. Their simple geometry
allows the generation of well-controlled, reproducible flow conditions for which the analytical
solutions of the Navier-Stokes equations and the convective diffusion equation are often available
(Elimelech, 1994). Most of them are also easy to design and can be used as modules to constitute
fest 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 the representativeness
of the studied surfaces and on cost or technological limitations.

2. THE PARALLEL PLATE FLOW CELL

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

Figure 1. Scheme of the How channel in the parallel plate
flow cell — Schéma de I'espace réservé an flux dans la
cellude & plagues paralléles.

The direction of the flow is represented by the thick arrow

and the sample generally constitutes the lower surface of the
parallclepiped — La direction de I écoutement est représentée par
la fléche en gras. L' échantitlon constitue généralement la fuce
inférienre du parallélépipéde, w: channel width — largewr de la
chambre;, h: channel height — hawuicur de ln chumbre; ) chonnel
length — longuenr de tu chambre: Q: flow rate — débit.

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

p-Q

Re= T twh)

(Equation 1)

where p is the density of the fluid (kgm?), Q is the volumetric flow rate (m*s™), n the dynamic

viscosity (kgm™*s™), w the width of the flow channel (m), h the separating distance between the
upper and the lower plate (m).

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

L’ = constant X h X Re {Equation 2)

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

e {Equation 3)
2w (hf2)°

G =

This expression defines the velocity gradient perpendicular to the wall. For Newtonian fluids like
water, multiplying the wall shear rate by the dynamic viscosity of the fluid gives the wall shear stress
which is the hydrodynamic force per unit surface area exposed to the flow. The wall shear stress (T,

in Nm3) is parallel to the wall and is expressed by:
T=ny {Equation 4)

The multiplication of the shear stress by the area of the adhering soil, microorganism or particle
exposed to the flow would give the 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 the determination of a “critical wall shear stress” with the 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 siress is the wall shear stress at which
bacterial attachment and detachment balance each other or, in other words, when the change in
number of adhering bacteria was stabilized to zero after application of the higher shear stress. A
critical force reflecting the adhesion strength of the bacteria can then be deduced from this shear
stress values (Nejadnik et al., 2008).

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

Fp= 6CymtR?=10.26atR?  (Equation 5)
M = 4C, wiR? = -3.8wR? (Equation 6}

F = 9.2571R’Rep (Equation 7)

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

rUp
Re = _Pﬂ_ << 1 {Equation 8)

where Rep is the particle Reynolds number, U is the average flow velocity around the particle (ms")
and rp is the particle radius (m). Equations 5 and 6 are valid as long as Equation 8 is satisfied and
the relation between the hydrodynamic drag force and the wall shear stress can be assumed
independent of the flow rate in these conditions and computing the balance of forces on the particle
at the moment of detachment will give the strength of adhesion (Cardot et al., 2001; Lorthois et al.,
2001; Detry et al., 20089b).

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

The main advantage of the parallel plate flow cell is the ability to generate a simple flow of constant
wall shear stress along a sample surface. Its geometry and the nature of the flow make it easy to
place as a “module” into a closed circuit. Furthermore, the use of a transparent material for the upper
wall of the channel allows in situ observation. One of the main drawbacks of the system is its design
which lacks of flexibility. Indeed, once the geometry of the system built, it is impossible to change it
afterwards. Care should thus be taken to think about the wall shear stress range that it will be
possible to generate, about the required Reynolds number and flow rates (pump) and about the
dimensions of the samples. As shown by Equations 2, 3 and 4, if high wall shear stresses are
required for an application (like the removal of strongly adhering contaminants), the channel height
will generally have to be <200 ym 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 reduction of the flow channel height will also have an
influence on the size of the contaminants. At low flow rates for instance, an adherent particle should
have a diameter < 1/15 h and should be separated from its neighbors by more than five times the
particle radius to avoid disturbing the flow and satisfy Equation 8 (Brooks et al., 1996). Another
disadvantage of the parallel plate flow cell is that the flow arrives parallel to the sample surface,
meaning that, if the sample is placed in a recess, there should be no misalignment between the
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sample and the flow cell (Schultz et al., 2000). An alternative would be to replace the whole lower
plate of the parallel plate flow cell by the sample (Mercier-Bonin et al., 2004) but this would result in
bigger sample sizes, which is not always feasible. To conclude, the parallel plate flow cell seems to
be more suitable for weak-adherence systems with small and well-separated adhering soils (oil
droplets, particles or microorganisms). Some examples of studies realized with the parallel plate flow

cell are given in table 1.

Table 1. Some examples of applic xiwa of the hydmdynamic systems presented o this tady — Qarlyues exenpdes o applcation des sypténtes Spdrod yiamsiques

préseniés disns vetse étuide.

Syutemm Sy Contarsinumy Surfaces Reference
Parallet Bacterial adhesivn Marinobaciet hydocarbosockagaus, Glass Badkes e al, 2002
plase Poychrotarcter sp & Halomsonas pucifco
(kow cell Chass oc palyurethane coalings Bakker et al_ X003
Yeust detichment Sacchm omyces cerevisior Glaxs Mercies-Bonia ctal, 2004
Stinfexs steet GuiBomiot of al., 200
Manmmakn cell detachmmt Endathelinl cdbs Collagen-codted of Bouafsaum o al, X006
fibronectin-coate d polysiyrene
Pacticle emovalt fuarescein particl Ghus Phares et al., 2006z
Glaws boatk Glass Cardot et s, 2000
Fibrin-coaed laex pasicles Fibrin-coatad glass Lorhois of ol , 2001
Efcctof an nisAiquid inerfae  Sarepfocovcss praliz, Sareptococaus Quariz or hydrophobic anicd glsss Gémer Sudnezetal., N01a
on detachment sobrinus, Psesdomonts aernginasa,
Actinomyces noestundri of
Bactervides fragila
Polyityrene pattchex Quarty o hydeophobic coaied glass Gimer Sedreretal., 201b
01 drap removal Sunloaer od Several polymeric conting Beulsngs -Petérsmnn o o, XHB
Suainless sec] of varous fnishes, Beubaigd Peiermmnn o ol | 2006
tydrophobac or hydrophilic coaled
stainlexs steel
Stainless stee] or palysdasane .oated  Thorews et al., 2006
stainless steel
Antifouling pareriind of marine Ulu Lasa zoospares Micropatierred PDMS Heipke meier-Wilson et al , 2004
coxings Uha Bz 2ootposes Aicmpatierned PRMS Caman et %, X006
Ispging  Pareclo semonal Polystymoe patwles Glais Smedley of ol 199
it Polysyrens o smmonium fuorsean Glasy Phares et al.. 20008

Cell md bacteria detachment

Bacteria detachment

8 ton cell detackm

partides
3T3 fibroblax 1, LI2O fibroblists o

Staphylococcu s marus

Preudomenias stutzen

Esdothelial cells

Erosion of endotheium

Thacwen, suandesy steel of polyethylem
terephtaline

(lass or indiumm tinaride cozled ghss

Colligencoted or fibrooectin- aoated
polystyrme

Crnine endotix lium

Bundy ¢t al, 2001

Bayoudh ctal, 2008
Bounfvoun et al, 2006

Vaishory o ol., 1983

‘labte 1. Some examples of appikation of the hydrodyrondc syste e presenled i this wexk — Quelgues exmples d applicafoy dex syatéones hypdrodyemiques

pid e atdt dins o¢ travall (confingaioa).

Svitets Study Contaminanty Surfaces References
Rodiab-flow  Bacterial sdbesdon Marinebacter hyphocarhorodations, Glass Bakker etal., 2042
ol Fyyerrobacier . o« Halomows pacifica
Baoe iy detachaenl Coctddl and rod shape d cells Pyrex ishasi, plate glass, dHconized  Fowler etal, 1930
glassoF statnless steel
Pscudomonas flUoRCSCRS Stalnless el Fryes ctal, 1988
Receplar- U gand nteractions Rece plox coated iex beadx Ligand-cooted ghiss Coxeme-Robests of al, 1990
Mammalian oo lis detachneet 3T3 surine Burobhds Self amsembled menclayers of Gokdstein etal, 1998
dodadins thiokd e
Bactertsl spores dels chineot BAciIlus Cer oS Spoees: Stuiniess steel of pOLYPrOpYlene Kbavenss et al 2002
Yeéast and bacteri def schsmend Savckaromyces cerevicise of Jlass Décaw et al, 2005
Dicryasteliam dicodde
Pasticie deposition Peiysyrene latea posticles Mice feets Adsmeyk ol al., 301
Surfactant-mediated partick Bare or g-lactoglobwin-ccat of Bare or B-hictoglobulincosted Jorelyne et ad, 1997
atachment and pelexse potystyrenc latex particles Indazr tin oxide
Ol drepremorval Saiflowet ol Gl dablets steel PTFE of Delsy o al., 2007
peol ystyre ne
Szarch particles removal Waxy corn stageh granules Qlass, gadnless sseel, FITE of Detry o ak, 20090
polysgTens
Dalry soll dzantng EHEDG sall Stainkess mecl Jensen vt al,, 2004
Ruid Thkkness of wofi Sepoats Whey protem comentrate Suinkcss steed Tukaahias of al., X0
dyrumic Butter
gmging
Deponit strengit Tomato pasw Sudintess steel Chew' &t 4., 20040
Filo development 1 duk flow  Kefim Stalnkeds stect Tulsdkar & al., 2003
Potymer swelling and ckaning  Paysiyrese co-potymens S1ainkss steel Chew et 1), 2005 2006
Ueporit adhesioa trengin Tomuso pas ke Hydraphilic or hydrophobic coaled  Sakbwanel d., 2004
sabless Seal
Rotating Cleming Skmme dmllk or whey prokein concentrdie  Stainkess steel Morison ¢t ul, 2002
ik deposis
Mixiore of oils wih parmicies Polyureshans Chareses & a1, 2004
Fouling Cakium phosphoae Modifled st nless steel surfaces Roseantnhe of ol | 2006, 2007
Titanlam nitride costings Resmaninho o Al 2007
Cakclum phosphase and prteing AModified st ndess steel surfaces Rosmuininha ot al, 7003

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 metal and plastic sheets, tempering of glass plates, drying of various materials,
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 the 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 r;, perpendicular to the
surface and situated at a distance h from it. A stagnation point is present on the surface where the
nozzle axis crosses it. The flow domain of an impinging jet can be divided in three regions for both
laminar and turbulent regimes (Deshpande et al., 1982; Yapici et al., 1999):

~ the free jet region where the fluid is not influenced by the surface and where the dominant velocity
component is axial;

— the impingement region where the fluid impacts 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 taken from the
center of the inlet nozzle increases, the radial velocity and thus the wall shear stress both decrease
(Figure 2).

Jet nozzle

Sample
3 3
———| ==

Figure 2. Representation of the impinging jet — Représen-
tation du jet impactani.

The main flow path and velocily directions are represented by the
thick arrows: (1) free jet region, (2) impingement region. (3) wall
jet region — Le trajet principal de I éconfement et les directions
principales des veeteurs vitesse sont schématisés par les Sfreches
en pras : (1} région du jet libre, (2} région de Fimpact, (3} région
d écoufement. t; radivs of the jet nozzle — rayoa de la buse; hy
jet-lo-sample scparation distance — distance de séparation entre
I échantiltan et I extrémité de la buse, Q: flow mie — débit.

A radial gradient of decreasing wall shear stress is thus generated at the impinged surface. The
magnitude of the wall shear stress distribution depends on the nozzle-surface distance h, the nozzle
diameter r and the Reynolds number of the fluid in the nozzle. Numerical solutions of the 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 the case of liquid jets, both the studied
surface and the nozzle must be immersed. This is obviously not the case when the impinging fluid is
air.

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

The main advantage of the impinging jet is that it allows the adherent soils to be submitted to a
continuous range of shear forces in a single experiment with respect to applying a sequence of
shear rates using the parallel plate flow chamber. It is also very flexible as the nozzle can normally
be adapted to a wide range of sample sizes, as long as this size largely exceeds the nozzle diameter
(Bitziou et al., 2008). However, in situ observations are impossible if the substrate is not transparent
and if a reverse observation setup (allowing observation from under the jet) cannot be mounted.
Another inconvenient of the system may be the need of numerical computation tools to find the wall
shear stress which may still be unaffordable for small laboratories. Lastly, the system cannot be
easily adapted as a module in a test rig. This inconvenience can however be overcome by confining
the 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. Its use to study biofilm removal was first reported by Fowler et al. (1980). The device
consists of two paraliel disks with a narrow spacing in-between (typically, the ratio between the disc
spacing h and the inlet radius r is << 1). A fluid is pumped through the center of one disk, impinges
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on the surface of interest (a stagnation point is present on the surface at the intersection with the
inlet axis) and flows radially outward between the disks (Figure 3). As the flow duct cross-sectional
area increases with the radius, the linear fluid velocity and hence the shear stress near the surface
decrease radially across the disk. As in the case of free impinging jets, the soils adhering to the
surface are submitted to a continuous range of shear forces in one experiment. When the soils
{typically cells or particles) are submitted to the shear flow and if the mechanical action of the fluid is
sufficient, detachment will occur near the inlet (higher shear stress) up to radial positions where only
50% of the soils are detached. If the size distribution of the soils is symmetrical, this radial position is
called the critical detachment radius and can be associated to a critical wall shear stress, which is
related to the mean adhesion force of the soils (Cozens-Roberts et al., 1990; Lorthois et al., 2001).

‘m

Upper disk

T

—————
r

Sample

Figure 3. Schematic of the radial-flow cell -— Schéma de la
cellude & flux radial.

The flow {thick arrows) impinges on the sample and exits

rudially outwards, confincd between the sumple and the upper
disk — Ly flux (fléches en gras) impacte sur I échanrillon

ot sort radialentent. confiné entre I échaniflon et le disque
supérietr. 12 inlel radius — rayon de I orifice o entrée du

Jluide; b: disk spacing — écartentent entre fes disques; 1 dial
position — pesition radiale mesurée & partiv du centre de I'orifice
o entrée dit fluide, Q: flow rute — débif.

The confinement of the flow allows an easier fluid recovery and eases the close recirculation of the
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 the sample is not transparent. The
system will also be less flexible with respect to the sample size and disc spacing adjustments when
included in a closed circuit. Similarly to the parallel plate flow cell, the radial-flow celi seems
restricted to small, weakly adherent 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 the wall shear stress at the sample surface for creeping
flow and fully turbulent flow. The flow regime in the radial-flow cell is characterized by the local
Reynolds number across the disk and the Reynolds number in the inlet pipe. Both are respectively

given by:
Re = ggr (Equanion 9)
s
Re,, = ;?{? {Equation 10)

where r is the radial.position (m) and rithe inlet radius (m).

When the disc spacing is narrow and the Reynolds number low enough, the flow between the discs
is laminar. This is generally considered for Reinet< 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 22 (e = h/ri) (Nakabayashi et al., 2002). These instabilities result from
inertial effects. They appear above a certain Reynolds number and can lead to the apparition of local
3D flow structures and to the rotation of the global flow pattern around the inlet axis. They tend to
disappear when the aspect ratio is reduced (Hsieh et al., 2006). For Reiniet > 4,000, the flow can be
considered turbulent in the regions between the discs where the inlet geometry influences the flow
(Nakabayashi et al., 2002). At flow rates high enough to produce chaotic flow or even turbulence at
low radius, the deceleration of the flow with an increasing distance from the inlet gives a decreasing
focal Reynolds number and a possible transition to laminar flow (Kreith, 1965).

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

e = 71(:3 tEquation 11)
xoh?

Tppuey = 0.0288pU2 Re ®?  (Equation 12)

where U is the mean velocity (m's™).

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

2009a):
PQ b _gas (Equation 13)
24y T

For the other radial positions, Equation 11 is not accurate as a result of the complex hydrodynamics
induced by the inlet geometry (Detry et al., 2007) and a number of recirculation zones can be
present near the inlet (Goldstein et al., 1997; Chatterjee, 2000; Hsieh et al., 2005; 2006). Then, a
numerical solution is needed to compute the critical wall shear stress from the critical detachment
radius (Goldstein et al., 1997; 1998; Jensen et al., 2004; Detry et al., 2009a). Examples of
applications of the radial-flow cell are given in table 1.

An interesting alternative to the diverging flow is the use of converging flow, the fluid being sucked
into the inlet (Goldstein et al., 1998). In this case, the recirculation zones are present in the inlet pipe
and not in the channel where the measurements are performed. Inertial corrections are still needed
but the range of shear stresses that can be accurately estimated by Equation 11 for laminar
converging flow at an aspect ratio (h/r) 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 the application of converging flow to the free
impinging jet system. The technique consists in inducing a flow through a nozzle of diameter d; close
and normal to the surface of a deposit (Figure 4). The fluid is sucked from the quasi-stagnant
surroundings through a siphon tube. A micrometer controls the vertical position of the nozzle and the
distance h between the nozzle and the deposit. If that distance is small (h/d; O 0.25), the flow rate
passing through the nozzle will be very sensitive to the spacing between the deposit and the nozzle
and the measure of the mass flow rate will allow the computation of the nozzle-deposit distance and
hence of the deposit thickness (Tuladhar et al., 2000; Chew et al., 2004a).

Q

Nozzle

Fipure 4. The Ruid dynamic gauging — Le jangeage
dynamique.

d: nozzle dinmeter — diaméire de fa buses Q: flow aate — débrr,
h: distance between the sample or the deposit and the nozzle —
distance entre la buse et I échantiflun ou le dépét frudié.

w Fluid dynamic gauging thus enables the on-line measurement of the 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 the swelling of a deposit during the cleaning process can be
measured with this technique. When the shear stress distribution exerted by the flow on the deposit
is known, the shearing yield strength of the deposit and its deformation characteristics can be
measured as well (Chew et al., 2004b). Several applications of fluid dynamic gauging are presented
in table 1.
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This ability to measure on-line the thickness of continuous deposits as well as their mechanical
properties is the main advantage of fluid dynamic gauging. Indeed, the technique is very flexible in
terms of sample sizes and it can be applied to deposits of any thicknesses. Furthermore, the
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 the ability of performing on-line
monitoring. When the adherence of tomato paste on modified surfaces was studied, significantly
different behaviors were observed between the surfaces depending on the deposit-substrate
interactions. The adhesive strength of tomato paste deposits was better characterized by the
hydrodynamic suction stress normal to the surface than by the wall shear stress (Saikhwan et al.,
20086). Though this suction stress is particularly interesting to characterize the deposit properties, it is
generally not encountered in real equipment in opposition to wall shear stress, which makes it more
difficult to estimate soil adhesion strength and to transfer the data obtained with fluid dynamic
gauging to real equipment.

5. THE ROTATING DISK

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

r2o.p .
Re= o (Equation 14)
1
Drive rod

Sample disk

r »>
—
1 rd

Figure 5, Schematic of a rotating disk apparatus — Schéma
due disque rotaiif.

w: relation speed — vitesse de rotations . radial

position — position radiale; vz sample radins — rayon de

I échantition, the rod inducing the rotation movement is placed in
the center of the sample disk, on the opposite sidc of the studied
surface — I'axe qui induit le mouvement de rotation doit éire situé
an centre de Féchantillon, & opposé de ta sucface éudiée.

where rq is the disk radius (m) and w the rotational speed of the disk (rad's'1). The regime at the
surface of the disk will remain laminar as long as Re <3 x 10°.

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

10622 (Re)““(Sc]V’]-(Ch-Ci]=O.62D1”(%)Mwm(Cb-C)
“d

{Equation 15)

where J is the mass transfer flux through the boundary layer (kgm?s™"), D is the bulk diffusion
coefficient, Re the Reynolds number, Sc the Schmidt number, n the dynamic viscosity of the solution

(kgm™.s™), p the density of the solution (kgm™), Co the bulk concentration (kgm™) and Ci the

interfacial concentration (kgm™). Methodologies and explanation for the determination of the
interfacial concentration can be found in Hunek et al. (2002), Morison et al. (2002) and Rosmaninho
et al. (2007a).
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Under these conditions, the wall shear stress at the sample surface varies linearly with the radial
position according to (Garcia et al., 1997):

t=0. 8r(pr|m3) d (Equation 16)

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

The major advantage of the rotating disk is the ability to produce a linear range of shear stress at the
surface of a sample in a single experiment with uniform chemical conditions over the whole sample
surface (Garcia et al,, 1997). This characteristic makes of the 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 the size of the samples and the height of the deposits but is however
difficult to include as module in a test rig. Examples of applications of the rotating disk to surface
fouling and cleaning are given in table 1.

6. APPLICATION TO REAL EQUIPMENT

All above mentioned laboratory systems can be used to generate very useful information required to
study cleaning and fouling in controlled conditions. Such information may be the mechanisms of
action of a chemical in the breakdown of a soil, the surface parameters influencing the cleaning
process, the adhesion strength of a soil to various substrates, the effect of soil ageing on its
adherence or the determination of the adequate surface modification that will mitigate fouling, reduce
soil adhesion or facilitate soil removal.

However, the experimental 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 the equipment will be cleaned. This was well illustrated by
Jensen et al. (2004; 2005) who tried to relate the critical wall shear stress obtained in a radial-flow
cell assay with CFD-computed wall shear stresses to predict the 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 the vicinity of the surface were influencing soil removal to a non negligible extent and
that the critical wall shear stress given by the radial flow cell assay was certainly very useful but not
fotally satisfactory to predict the cleanability of equipment parts though both cleaning procedures
were performed under turbulent flow regime. Indeed, other phenomena associated with flow like wall
shear stress oscillations (Leliévre et al, 2002), pulsating flow (Gillham et al., 2000) and fluid
exchange (Jensen, 2003) have been suggested to play a non negligible role in cleaning.

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

For these reasons and because modeling can still only give trends on how an equipment will be
cleaned (Jensen et al., 2007), the cleanability of closed-equipment conceived to be used on food-
processing lines has to be assessed on industrial pilot rigs (Bénézech et al., 2002) with standardized
procedures such as the ones developed by the European Hygienic Equipment Design Group
(EHEDG, www.ehedg.org) to assess the in-place cleanability of food processing equipment. Several
methods already exist and can be used as a basis to compare the cleanability of existing equipment
or to assess the hygienic design of new equipment (Hofmann et al., 2006; EHEDG, 2007). The
coupling of CFD to the results of the 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 the presence of difficult-to-clean areas (Jensen et al., 2007).

7. CONCLUSION

Five different hydrodynamic systems have been reviewed. Each presents advantages and
disadvantages. It is impossible to recommend the use of only one of them as their suitability will
depend on the application under consideration. For instance, the parallel plate flow cell is well suited
for weakly adherent cells, oil drops or particles, in situ observation and for the application of a
defined wall shear stress; the radial-flow cell or the impinging jet are more suited for the application
of a range of shear forces and for the study of adhesion and adherence in more dynamic conditions
(like to study the effect of surfactants on the reduction of the adhesion force of soils); fluid dynamic
gauging is particularly adapted to study the formation of continuous deposits, their mechanical
properties and their swelling under the action of cleaning chemicals; the rotating disk allows the
generation of well-controlled mass transfer conditions to study fouling and cleaning.
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However, as useful as these devices are to better understand the soil-substrate-bulk interactions,
their use remains limited to the first phases of research and development. Other tools such as
mechanical testing, in situ experiments or modeling are still subsequently needed to complete the
information gained with these simple hydrodynamic devices, in order to reach the commercial
application of new surfaces or materials.
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