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ABSTRACT

In the present work, the flow in the radial-flowllceras
analyzed for an aspect ratio of 1 with inlet pipeyRolds
numbers of 950, 2 000 and 4 100. Two models wepdieap
to compute the wall shear stress distribution at Ittwer
surface, at any distance from the center. Stairdtess and
polystyrene surfaces were soiled with oil and $tamed the
detachment of these soils was assessed by meagheng
detachment radius in a radial-flow cell. The exmental
radii were introduced in the models and converted wall
shear stress. Comparisons of the various setstafsdggest
that soil removal was not controlled by wall shetress
alone. Satisfactory estimations of the wall shéass could
be obtained at low radial positions for laminaff|gointing
out the usefulness of CFD for the computation efdfitical
wall shear stress when soil removal occurs inrégon.

INTRODUCTION

The removal of soils from solid surfaces is a dailgblem
in the food industry, in medical applications amd the
catering industry where hygiene is a constant aonde the
case of open surfaces like wall-panels in coldagfelrooms,
splashing can occur during food products handlieading
to surface soiling. Such soiled surfaces constaup@tential
source of contamination and a favorable environnient
microbial proliferation. Their cleaning is thus essal to
ensure the quality of the products.

Wall shear stress is known to play an importang iial the
removal of soils from solid surfaces exposed tigaid flow

parallel to the surface (Jensen, 2003). The apiteof

systems generating this kind of flow is frequeméported in
microbial adhesion studies (Boonaert et al., 20@%)e of
those systems, the radial-flow cell (RFC), has basad
very recently to assess the removal of variouss siodm

solid surfaces, showing the influence of wall shetagss on
soil removal (Jensen and Friis, 2004; Detry et241Q7).

The principle of the RFC is illustrated in Figure it

consists of two parallel disks with a narrow spgcin-

between. The cleaning fluid exits the center of dis& at a
constant volumetric flow rate and flows radiallytward
between the disks. As the cross-sectional areaeeegitvhe
disks increases with the radial position, the lindaid
velocity and hence the shear stress near the sutfearease
radially across the disk, submitting the adheraniisgo a
continuous range of shear forces in one experin¥ns is
advantageous with respect to applying a sequenchezr
rates using a parallel plate flow chamber becausdiaws
kinetic runs to be performed in a shorter time (Raket al.,
2002).
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Fig. 1: Principle of the radial flow cell

However, the hydrodynamics of the system are coxnple
to the geometry of the inlet. The exact relatiotween the
detachment radius and the surface shear stresstigen
totally clarified (Goldstein and DiMilla, 1997; Kianes et
al., 2002; Jensen and Friis, 2004). At larger fguiigitions,
analytical and empirical models for ideal laminar o
turbulent flow diverging between two parallel diszn be
applied (fully developed velocity profile originagj from
the symmetry axis of the RFC) because the inletgty
no longer affects the flow (Fryer et al., 1985; skam and
Friis, 2004). At low radii, these models cannotused and
numerical solutions must be applied (Goldstein Biidilla,
1997).
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In previous work, the detachment of oil dropletsirmodel  darkness at room temperature before use. Pictireaah
substrates was studied in the RFC (Detry et alQ7R0 starch-soiled surface were taken with a ZX9
However, oil removal occurred in the zone were flbev  stereomicroscope (Olympus — Belgium) in epifluoesse
conditions are not well defined, preventing thelmation equipped with a CCD camera, a mercury vapor UV lamp
of the analytical models available to convert teéadhment (100 W, emission range 100 — 800 nm) and UV filters
radius measured at the sample surface into wadlrsdieess. (passing bands: excitation 460 — 490 nm, emission
This reduces the potential of the RFC to provideide > 520 nm).

range of wall shear stress values associated to the

detachment radius in one experimental setup. Coestly, Cleanability Assessment

the ability of commercial CFD codes to give a gitative

distribution of the wall shear stress at any rag@dition of  Radial-flow cell: The radial-flow cell is made of stainless
the sample surface can be of particular interesbdth  steel. It consisted of an upper disk with a 2 muliameter
materials and equipment manufacturers. It allows thcentral inlet and a lower disk in which the soilsguare
determination of high critical wall shear stresssguired for  sample was put. A trench was made along the pezmudt
soil removal on different substrates as well asolkibs the square recess in the lower disk to avoid amg®tion
comparisons between them in terms of cleanability. generated by deformations of the sample near thedges.
The aim of the present work is the determinationttef  The distanceh) between the upper disk and both the sample
critical wall shear stress required for soil remasmad of its  and the lower disk was set by three adjustableamietric
dependency toward the flow rate. If soil removal isscrews and controlled to be 1.00 + 0.02 mm wittibcaled
controlled by wall shear stress alone, then thicatiwall ~ steel spacers. The fluid entering the cell was mdrfpom a

shear stress should be independent from the fltav ra 10 liter tank by a peristaltic pump (Watson Marlow
323SciQ, pumphead 314, 4 rollers). Before entettiegeell,
MATERIAL AND METHODS the fluid passed through a surge tank to reduceptiges

from the pump.
Surfaces Pretreatment

Sunflower oil: The cleaning fluid was a solution of
Before soiling, the polystyrene (50 x 50 x 0.25 mm commercial detergent (Monsieur Propre — Procter &
Goodfellow, United-Kingdom) and stainless steelGamble, France) at a concentration of 1.2 % (v/tjctv
(50 x 50 x 1 mm — Arcelor, France) samples wereans®md was higher than the critical micellar concentratigpt =
in 200 ml ethanol 96 % for 10 min. The samples when  8.2). The surface tension of the solution was 2MLm*
dried with Kimtech Science paper (Kimberly—Clarkjitéd
Kingdom) and immersed for 10 min at 50 °C in arafiie
detergent solution (RBS 50 from Chemical Produetsia
concentration of 2 % (v/v) (pH = 11.9). The surfaeeere
then rinsed five times in 200 ml water (MilliQ-5@ssem —
Millipore, France) at 50 °C, five times in 200 mhtgr at
room temperature and dried with a gentle flow dfagien.
An additional UV treatment (40 min at 254 nm) wa
performed on stainless steel plates to improverémeoval
of organic contamination; the plates were then yeabin
aluminum foil until soiling.

Soiling Procedure

The surfaces were soiled with commercial ediblefleurer
oil from Carrefour (Belgium) or with an aqueousseission
of waxy corn starch granules (20 % w/v) from Sigmhe
oil was stained witlf8-carotene (0.01 % w/w) and the starch

with sodium fluoresceinate (0.02 % w/v). Soiling sva |
performed by manual aspersion using a thin layer

chromatography (TLC) sprayer located at 40 cm ftb® g >. Central cleaned zone on a starch-soilegispgiene

surface. Oil-soiled surfaces were used directlyhie flow ¢ rface submitted 5 min to a flow rate of 390 mifnin the
cell whereas starch-soiled surfaces were drie@®@min in RFC (Scale bar: 3 mm).
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Fig. 3: Wall shear stress distribution at the lowatl of the RFC for inlet flow rates of 90 ml.ri¢d O ), 190 ml.min'
) and 390 ml.niG- — — -). The small graph in the upper right eopresents an enlargement of the distribution

for radial positions > 5 mm.

(TVT1 — LAUDA, Germany). The cleaning sequencesaver WALL SHEAR STRESS

performed at 20 °C and at two flow rates (190 mi-hand

390 ml.min") for different periods of time (30's; 1, 2, 3, 5, Analytical M odels

7, 10 and 15 min). After cleaning, the sample vwamaved

and the diameter of the circle exempt of oil wasasueed The local Reynolds number between the disks and the
Reynolds number in the inlet pipe are given by @¢.and

using a caliper or the ZX9 stereomicroscope. Th€IAJG
image analysis software was coupled to the CCD amke (2), respectively (Moller, 1963):
the stereomicroscope to determine the detachmeiuisr§).

R (1)

The experiments were performed in triplicate. Re =
=

TTUY

Starch granules: The cleaning fluid was water and the
cleaning sequences were performed at 20 °C at floee _ )
rates (90 ml.mif, 190 ml.mir* and 390 ml.mifl) for 5 min. R« =

After cleaning, the sample was removed. The detachm
radius was not as sharp as for oil and picturgbetircular wherepis the density of the fluidD is the volumetric flow

zone containing a lower density of deposits wekertavith rate. is the dviamic viscosity: the radius of the inlet pipe
the ZX9 stereomicroscope in epifluorescence (Figaye H dynamic Y X PP
andr the radial position from the inlet.

The pictures were then processed with a specifiiGaion
of the Matlab (The Mathworks Inc.) software whiclvey The wall shear stress (Pa) for the creeping flowanof

the ratio of the number of aggregates before ardr af . . : . i
cleaning according to the radial position. A graplld then nggrgpres&ble Newtonian fluid was defined by Molle
be plotted to determine the radial positions cqoesling to ( ):

residual densities of deposits of 5%, 10 %, 2031 %,

40 % and 50 %. To ensure repeatability, at least 1G = 3.4Q (3)
repetitions of each experiment were performed ireeh n.r.h?

independent series.

200
TTULT,
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\L Inlet Primary recirculation zone Secondary recirculation zone
Quaternary recirculation zone

Tertiary recirculation zone

Radial position (mm)

Fig. 4: Morphology of the flow in the radial flovelt at 190 ml.mift (Jensen et al., submitted)

This equation is valid as long as the inertial ésrare small primary one due to the detachment of the flow frima
with respect to the viscous forces: the influent¢he inlet  upper wall at the inlet corner (between 1.0 andnéind) and
geometry is no longer present and the flow is dyful the secondary one (between 5.6 and 8.1 mm). At
developed decelerating flow. This conditon can bel90 ml.min' (Rey« = 2 016), three major recirculation
expressed using a local modified Reynolds numbmee(rFet  zones were identified (the primary one between dnd
al., 1985): 7.8 mm; the secondary between 7.2 and 10.4 mm lzend t
quaternary between 10.1 and 11.3 mm) and one snoaiée
~_ pQ h located within the primary one between 5.8 and 1&rb
Réodie= 24171 ,u'?s 0.25 @) (Figure 4). This complex flow pattern is in goodegment
with previous experimental studies performed inilsim
geometries (Armaly et al., 1983; Hsieh and Lin, 200
For turbulent flow in the inlet pipe, mesh indepence was
verified but mesh refinement according fo<y1 induced an
unavoidable sudden discontinuity in thé gurve at the
considered flow rate (390 ml.min Reg = 4 138). This
CED Models discontinuity was _situate_d at a rz_;u_jial _positiorﬂ(ﬂ‘ mm and
led to the apparition of irregularities in the walflear stress

Meshes were created in GAMBIT ver 2.2.30 (Fluemt)ln dist_ributio_n (Figure 3). The model predicted onlyleo
Simulations were performed using Fluent ver 6.ZHGent reC|_r<_:uIat|0n zone at the upper wall of the RFC riadial
Inc.). All meshing was done using quadratic hexadlecklls posmons between 1.0 and 7.5 mm as expected from
in a regular structured mesh. The Navier-Stokesatopus literature (Armaly et al., 1983).

were solved by the finite volume method. The sirtiotes
used the 2D axis symmetric solver and the SIMPLE
algorithm was used to couple pressure and velodity.
detailed description of the CFD simulation andrédevancy

of their solutions are given in Jensen et al. (Sttbd).

Wall shear stress distributions given by two CFDdeis
were used in the present work (Figure 3). Wherflthe in

the inlet was laminarRgn < 2 000), the laminar model of
Fluent was used with the power law discretizatiohesne
and a uniform mesh of 88 000 cells. For turbuldmivfin

the inlet pipe Ren e = 4 000), the shear stress transport
(SST) ke» model for transitional flows was applied (with an
inlet turbulent intensity of 10 % and a turbulesdth scale
equal to the hydraulic diameter of the RFC). The =2 ‘ ‘ ‘ ‘ ‘ ‘ ‘
discretization scheme was the same as for lamioer ut 0 2 4 6 8 10 12 14
additional mesh refinement of the near wall cellasw Time (min)

performed by Fluent according tb ¥ 1.

In the case of the laminar model, mesh independéaade Fig. 5: Evolution of the detachment radius at flmes of
been checked as well as the evolution of the flattepn 190 ml.miri* (—, ¢) and 390 mlmii (-, A) for
with the volumetric flow rate. At a flow rate of 98l.min*  polystyrene (open symbols) and stainless steelsédo
(Reqe = 955), two recirculation zones were observed: thesymbols) (Detry et al., 2007).

An inertial correction can be introduced in Eq. I8} its use
seems also limited to low Reynolds number, whereffect
of the inlet geometry is not too important (Goldstand
DiMilla, 1997; Klavenes et al., 2002).

7

Detachment radius (mm)
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RESULTS time evolution of the wall shear stress requiredétach the
oil drops, providing a detachment shear stressutabd’a)
Sunflower Oil that varies according to the flow rate. Wall shetess

values at the polystyrene and stainless steel crsfavere
The influence of the two cleaning flow rates onéwelution  also deduced from CFD for the measured detachnaetit r
of the detachment radius was studied on stainkess and as shown in Figure 7 and plotted as a functionlediring
polystyrene substrates. The results are showngur&is. time in Figure 6b.
In the case of polystyrene, no difference in detsmti radii  The wall shear stress values given by the CFD nsoded
was measured according to the flow rate. After alsm more than 10 times those computed with Eqg. (3). For
initial increase, the detachment radius stabilizzdund polystyrene, the wall shear stresses varied byctorfaf 2
about 4 mm. For stainless steel surfaces, the profvthe between the flow rates whatever the cleaning time,
detachment radius was more discernible and theisadas observed in Figure 6a using Eq. (3). For stainlgs®l,
larger at the higher flow rate. The differencesweein the during the first minutes of cleaning, the wall shetress
two flow rates were more visible on this substrate. values predicted by CFD at 390 ml.mirdrop from the
Eq. (3) was applied for converting the detachmewtius values computed for polystyrene at the same flow® ta
measured on both substrates into wall shear stasss those obtained at 190 ml.rifinAfter 3 min of cleaning, the
illustrated by Figure 6a. The figure presents,ringiple, the  wall shear stress values were the same indepepdenth

w
o
I

Wall Shear Stress (Pa)
-
N
o

Wall shear stress (Pa)

=
o
I

0 2 4 6 8 10 12 14 3 35 2 45 5 55 6

Time (min) Radial position (mm)

Wall shear stress (Pa)
Wall shear stress (Pa)

3 35 4 45 5 55 6

Time (min) Radial position (mm)

Fig. 6: Evolution of the wall shear stress corregfing to
the detachment radii of Figure 5 for polystyrengei
symbols) and stainless steel (closed symbolspat ffhtes of
190 mlmint (—, ®) and 390 mlmift (-, A4).
Computations using (a) Eqg. (3) and (b) CFD.

Fig. 7: Detachment radii measured (a) on oil-soiled
polystyrene (open symbols) and, (b) on stainlegsl st
(closed symbols) at 190 ml.mir(#) and 390 ml.miit (4)
fitted to CFD-computed wall shear stress at 19@nini* (—

) and 390 ml.mit (---).
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the flow rate. The zone of good agreement corredpdo

detachment radii > 3.5 mm at 190 ml.thiand > 4.5 mm at 35

390 ml.mirt".

From Figure 7, independently of the flow rate, Wadl shear 30 1

stress varies inversely with the detachment radisssould &

have been expected. For stainless steel, the Stesss 525'

values are the same for long cleaning times ancespond £ 5g |

to different detachment radii between the two flates. For < °

polystyrene, the shear stress values computed eatwhb Els-

flow rates are however very different for similatachment £ t . ’ ¢ , . i .‘ ¢
radii. At 390 ml.mirt, these wall shear stress values §10 | * } ‘
correspond to radial positions where tHevglues predicted .’ A s . ’
before mesh refinement were higher than 2 and wtiere

wall shear stress curve presents irregularities tu¢he 0

discontinuity in the Y distribution after mesh refinement.

Radial position (mm)
w

5% 10% 20 % 30 % 40 % 50 %

Residual density of deposits

Fig. 8: Radial positions corresponding to differeasidual
densities of starch deposits on starch-soiled polyse

samples at 90°(, 190 ¢) or 390 () ml.min™.

Starch granule aggr egates

The radial positions measured on polystyrene sesfare
presented in Figure 8 as a function of the resideakity of
deposits (from 5 % to 50 % deposits remaining) tfoee
flow rates. The corresponding wall shear stresses
presented in Figure 9.

10% 20 % 30 % 40 % 50 %

Residual density of deposits

5%

Fig. 9: Wall shear stresses computed by CFD forr#lakal
positions of Figure 8 at 9@Y, 190 ¢) or 390 () ml.min™.

always about 3 Pa higher than the ones correspgdithe
same residual deposits densities at 90 mi'min
Based on Figures 8 and 9, if the experimental tadia
positions are plotted on the wall shear stress esurv
computed by CFD like it was presented for oil igue 7,
two zones of consistency between the numericaltisok
can be defined depending on the flow rate. Thé dinge for
radial positions comprised between about 3.1 afidrn
and between 4.8 and 5.7 mm for the flow rates @& 48d
390 ml.min', respectively. The second one for radial
positions comprised between about 2.0 and 3.0 mth an
between 5.4 and 5.9 mm for the flow rates of 90 and
390 ml.min', respectively. The two zones of agreement
correspond to wall shear stress values comprisédekla
approximately 17.0 and 7.0 Pa (190 — 390 mlhand 9.0
and 5.0 Pa (90 — 390 ml.nfin
At 390 ml.min', the wall shear stresses are high at radial
positions smaller than 4.8 mm (18 — 22 Pa). Furthery
become consistent with those computed at 190 mif.mivd
athen consistent with the ones computed at 90 mf:nain
even lower.

As shown in Figure 8, the radial positions are wellOn stainless steel substrates, no starch depdsithdeent

differentiated between the flow rates. At 90 ml.Hirthe
residual density of deposits was always higher qurak to

was observed at 90 and 190 ml.thirAt 390 ml.mirt, a
first detachment radius was measured at£@4 mm for

10 %. When removal occurred, the variability of theresidual densities of deposits of 50 %, followedabsecond

measured radial positions was similar for all fiates.

From Figure 9, it can be seen that the wall shaasses

computed by CFD are close and converging for alvesi
density of deposits of 50 %.

distribution was covering a much higher range

390 ml.min* than at 90 and 190 ml.min The mean wall

shear stress values computed by CFD at 190 mi.rane

cleaned zone, characterized by a lesser densitepdsits
and spreading from 4.% 0.4 mm to 7.0 0.8 mm
(Figure 10).

The wall shear stress

at

http://services.bepress.com/eci/heatexchanger2007/41
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Fig. 10: Starch-soiled stainless steel surface #tduhb min
to a flow rate of 390 ml.mihin the RFC (Scale bar: 3 mm).

DISCUSSION
Evaluation of CFD computations from oil removal
As shown by the curves presented in Figure 6aydhbelts

obtained by applying Eq. (3) give a wall shear ssre
decreasing with cleaning time and increasing

from the substrates is too high to be computed Hyy t
analytical model proposed in the literature.

In agreement with this, Figure 6b shows that thé steear
stress values computed at 190 ml.miby CFD for the
experimental data are more than 10 times the vajien
by Eqg. (3). Indeed, according to the computed flmitern,
all the experimental radial positions are situateder the
primary recirculation zone of the RFC (Figure 4)endthe
flow lines are compressed at the vicinity of thevdo wall
(vena contracta). Higher wall shear stress values than the
solution of Eq. (3) can thus be expected in theREL.

On stainless steel, the overlay of computed wadbslstress
values at 190 and 390 ml.rifor cleaning periods longer
than 3 min (Figure 6b) corresponds to detachmedi ra
>3.5 mm at 190 ml.mihand > 4.5 mm at 390 ml.min
(Figure 5). This suggests that the numerical wadlas stress
is relevant at these radial positions and thatoitile also be
the only factor influencing oil removal at such aréng
times. The growth of the detachment radius (Detrale
2007) and the decrease of the wall shear strediseitfirst
minutes of cleaning on stainless steel at 390 mi'mi
suggests that the mechanical action of the fluithésmain
factor of the detachment process for short cleatimgs.
This is an interpretation supported by the factttha
surfactants molecules generally need several nsntbe
saturate solid surfaces by adsorption (Brinck afioker,
1996; Brinck et al., 1998; Geoffroy et al., 2000).

radial

positions, as expected from an ideal fully devetbpe on polystyrene substrates, the wall shear stredsesa

decelerating radial flow. Considering that the dktaent
radii were measured for the same soil on the sastrste,
the wall shear stress values are not expectedffer diy
nearly a factor of 2 between the two flow rates.

When using the detachment radii from Figure 5 in @&,
the experimental values dRe.fieq are then comprised
between 1.1 and 4.5 (190 ml.m)rand between 2.4 and 9.6

computed at 390 ml.mihare twice those at 190 ml.rifin
during the whole cleaning process. It can be seem f
Figures 5 and 6b that those high differences inpdged
shear stresses correspond to small differenceseasuned
radial positions. The spreading of oil drops is argnt on
this substrated,;, = 15°) and both the substrate and the soil
are hydrophobic: the wall shear stress differeradeserved
should thus be small and the mechanical actiomeffluid

. _1 .
(390 ml.min’) which are well above 0.25. Moreover, Jensengy, 4 pe the principal actor in the removal ofdsdplets at

et al. (submitted) showed that the laminar CFD rhoded
in the present study was only in good agreemeifit &df. (3)
for radial positions satisfying Eq. (4) over theolhrange
of Re investigated, suggesting that Eq. (4) is relevant
the present RFC. The curves presented in Figuares¢hus
not representative of experimental reality becakge (3)
can only be used for an ideal fully developed daeding
radial flow, i.e. the radial positions satisfy tbenditions of
Eq. (4) (Fryer et al., 1985).

To fulfill the conditions of this last equation, ethradial
position should be at least 13 mm at 190 miiithis
value is higher than the detachment radii repoirteligure
5, implying that the wall shear stress requiredetmove oil

both flow rates, as a consequence to the hindrahdbe
action of the surfactant (Boulangé-Petermann et28I06).
If wall shear stress was the only factor contrgllinoil
removal, the oil droplets should be removed by shee
critical wall shear stress independently of thenfiate, as
observed on stainless steel for long cleaning deridhe
small change in detachment radius with the incredgbe
flow rate indicates, however, that oil is removey the
mechanical action of the fluid at higher shearssties for
higher flow rates, meaning that either the companadf the
wall shear stress by CFD is wrong or, perhaps rikety,
that other factors than wall shear stress influetioe
removal of the soil. This assumption is supportgdtte
complexity of the flow close to the inlet and byeth

322
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observation of similar behavior with starch-soilgafaces,
as discussed further.

Concerning the cleanability of the oil-soiled sods, it is
possible to conclude, based on both the detachraeiis
(Figure 5) and the wall shear stress curves (Figbiethat
stainless steel is more cleanable than polystyrene.

Evaluation of CFD computations from starch removal

The conversion of the radial positions from Fig@rento
wall shear stress (Figure 9) points out a zone addg

[2007], Vol. RP5, Article 41

The appearance of the annular pattern on startddsoi
stainless steel at 390 ml.iin(Figure 10) is difficult to
interpret. The presence of the first cleaned zateldw
radial positions) and its absence at lower inlgivftates can
be explained by the higher shear stresses reqtoredoil
removal that could not be reached at lower flovesafl he
reason for the presence of the outer ring is howeve
unknown. Nothing indicates any specific flow sturet near
the surface at these radial positions in the coatpdiow
pattern. As the flow starts to expand afterviéa contracta
under the first recirculation zone at radial pasi§ higher

agreement between the laminar and the turbulent-CFDhan 4.8 mm, the annular detachment of starch dspos

model for flow rates of 190 ml.miand 390 ml.mif. This
zone, obtained for starch granules deposits remagal
identical to the one determined by oil removal ekpents.
Figure 9 shows that, for starch, the CFD modelspded
wall shear stress values converging for residuatities of

might be the result of increased local wall sheimess
fluctuations or of a boundary layer separation thaty
improve soil removal. The absence of more relevant
experimental data prevents however the confirmation
undermining of any of these assumptions.

deposits of 50 %. This is a major improvement by

comparison to the wall shear stress values giveRdy(3)
as shown for oil in Figure 6a. While the measuradial
positions vary in a similar way for all flow ratethe
variability of the wall shear stress values is canaple at 90
and 190 ml.mit and much higher at 390 ml.rfinAt this
flow rate, the wall shear stress values vary omoad range
for small radial position variations, due to thgher slope
of the CFD-computed wall shear stress curve (Figjre
This apparent deviating behavior with experimerdata
may be the sign of a weakness of the numericatisalat
390 ml.min* due to the use of the SSTukmodel for
transitional flows with ¥ values > 2 close to the inlet before
mesh refinement and to the presence of irregudariti the
wall shear stress distribution induced by refinemaithe
near wall cells following < 1 (Figure 7). Indeed, even if
the kwymodel has proven itself superior to the krodel for
the prediction of complex turbulent flows and queféective
in the recirculation regions of impinging jets (Raat al.
2003), it is also known to overestimate the wa#ahstress
while giving more realistic velocity profiles at ehwall
(Simpson, 1996). The SST dxmodel should be more
accurate in terms of wall shear stress computdiignit is
nevertheless still possible that inaccuracies naytesent
in the solution in a simple geometry like the RE€pecially
due to the particular nature of the flow in the ipment. In
fact, a turbulent model was used but, accordingdo (1),
the flow undergoes a transition from turbulentdminar as
its direction changes from axial to radial in timéet turn.
The model may thus be more error-prone in comptitieg
wall shear stress associated to the transitiomgginein such
geometry. It is also worthwhile to mention that tdwenputed
wall shear stresses were also varying more in égton
close to the inlet during mesh refinement (Jenseal.e
submitted).

On starch-soiled polystyrene, the granules weres les
adhering and the annular pattern was not obseried.
nevertheless important to highlight that the deteeft was
always occurring in the zone corresponding to theukar
pattern on stainless steel. This also shows tHgstyoene is
more cleanable than stainless steel toward starahulps
(Figures 2 and 10).

In the case of starch deposits removal, the higialiity of
the computed wall shear stress values obtained for
390 ml.min', can be the main explanation for the similarity
between the values presented for that flow rate fan®0
and 190 ml.mift. At these last two flow rates, however, the
distribution of the wall shear stress values wasoweer and
comparable to the repartition of the experimentadius
measurements. This fact coupled with previous stidif
the flow pattern in similar geometries (Armaly &t 4983;
Hsieh and Lin, 2005) seems to confirm the relevasfcthe
wall shear stress computations for the CFD laminadel.

Soil removal dependency on wall shear stress

The wall shear stress values required for starotoval at
190 ml.min® are about 3 Pa higher than the ones
corresponding to similar residual deposits derssita
90 ml.min®. This indicates that the application of a higher
flow rate results in a higher shear stress requicedsoil
removal. It may seem difficult to understand phaBicbut
similar behaviors have already been reported inirigipg
jets studies (Bundy et al., 2001; Bayoudh et aQQ=
Bouafsoun et al., 2006) where cells submitted tansinar
impinging flow during a short period (10 s or 30v&re
removed by higher wall shear stresses at higher flies.
Bundy et al(2001) assumed that the dependency of the wall

http://services.bepress.com/eci/heatexchanger2007/41
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shear stress required for cell detachment on the flate

substrates suggest that the computations still

was a consequence of the presence of differenssstreimprovement.

gradients at the radial positions having the saaleevof
wall shear stress for different flow rates. Othargmeters
could also constitute part of the explanation ligell
morphology, since the authors observed that round#s
were more sensitive to the influence of the flowera
viscoelastic effects related to the nature of tel and
normal pressure effects (Bundy et al., 2001). Theve-
mentioned studies concerned isolated mammalias cell
bacteria on various materials and for time inteswahere
the system could not reach equilibrium (Goldsteimd a
DiMilla, 1997). Nevertheless, in the present studye

The assessment of the quality of CFD predictiorthatvall

in flow systems like the RFC can also be important
determine the most adequate model before trangpdsim

equipments of complex geometries or to model the #ind

heat transfer conditions in part of equipments plete and
frame heat exchangers or welded plate heat exchange

Removal experiments performed with starch granules
deposits suggested that the value of the wall skeass
required to remove a soil from a solid substrate rery

removal of the agglomerated starch granules may bwith the flow rate depending on the nature of thi¢and on

influenced by similar factors as well.

In a flow system like the RFC or the impinging jehere a
sample can be submitted to various ranges of wadhis
stress by simply modifying the disc spacing orftbe rate,

soil removal from a solid surface is related to wadl shear
stress. The present study, assuming that
computations fit reality, suggests that the wakahstress
value required for soil removal may vary with thewf rate

the spatial variation of other flow parameterst&wicinity.

Even if uncertainties exist about the relevancearhputed
wall shear stress values in parts of the flow domgie use
of CFD has been shown to be useful for the estonaif the
flow pattern and of the wall shear stress distidyuiat the

the CFBurface of a sample placed in a RFC under lamilway f

regime. To improve the reliability of the computes, the
effect of a possible azimuthal component of theowigy

depending on the nature of the soil and on theiapat around the inlet axis (swirl) must be investigatadd

variation of other flow parameters in its vicinitAs a
consequence, the value of the wall shear stressreelgfor

soil removal on a defined substrate may not belyeasi

compared between different experimental setups.

CONCLUSIONS

The present study shows that the RFC can be used ®athogenCombat'

characterize different materials concerning thisacability
and to generate useful
mechanisms of different soils.

Two CFD models were developed in order to estaltiligh
connection between experimental measurements peatbr
in the RFC and wall shear stress values. The casgraof

validation of the computations should be perforrtiedugh
flow visualization and/or velocimetry techniques.
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NOMENCLATURE

h disk spacing, m

need
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the numerical wall shear stresses correspondinghéeo Q
experimental detachment radii measured at 90, 18D ar
390 ml.min* suggests that the laminar CFD model may giver,

inlet flow rate, ms?
radial position, m
inlet radius, m

a reasonable estimation of the wall shear streseepart of Repe
the flow domain situated under the primary recatoh Re
zone and at radial positions where the flow is Hyfu Reyqdified

Reynolds number in the inlet pipe, dimensionless
local Reynolds number, dimensionless
modified expression of Redimensionless

developed decelerating flow. This was already stepiooy  y*

comparison of the laminar flow pattern with exigtin
literature. At 390 ml.mitl, good agreement with the laminar u
model was obtained for oil-soiled stainless stegfases. p
Nevertheless, the high variability of the compubedl shear 1
stresses with the radial position and the unexpthin
presence of an annular pattern on starch-soilédesta steel

normalized distance of the first node point to the
wall, dimensionless

viscosity, Pa s

density, kg i

wall shear stress, Pa (N%n
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