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Université de Nantes, CNRS, GEPEA, UMR 6144, CRTT, Boulevard de l’Université, BP 406,
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INRA, UR638, 369 rue Jules Guesde, BP 20039, F-59651 Villeneuve d’Ascq Cedex, France

DOI 10.1002/aic.11559
Published online July 28, 2008 in Wiley InterScience (www.interscience.wiley.com).

Hydrodynamic effect on the numbers of adhering Bacillus cereus spores before and
after cleaning in place of part of a dairy processing line was investigated using nonin-
trusive flow characterization (local wall shear stresses and velocity profiles measure-
ments). Geometrical changes, like gradual asymmetric pipe contractions and pipe
expansions and bends, induce nonhomogeneous distribution of the initial and the resid-
ual soiling levels. Moreover, the recirculation zone resulting from the flow detachment
after the expansion, allowed to explain the high level of adhered spores downstream of
this geometrical change due to the generated shear stresses. The resistance to cleaning
processes in the same zones is mainly governed by the adhesion strength of spores
induced by the applied flow rate in the contamination step. Welding and gasket areas,
located at different positions in the loop, constituted deposit spots for spores and
remained difficult to clean despite high-shear stress forces involved. � 2008 American

Institute of Chemical Engineers AIChE J, 54: 2553–2566, 2008
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Introduction

Recently, work on cleaning in place (CIP) processes has
been done extensively, especially on food related fouling
and biofilm in dairy processing lines.1–3 In present, consid-
erable progress is made in the reduction of fouling. How-
ever, few studies investigate hydrodynamic effects on adhe-
sion and detachment of microbial cells or spores on equip-
ment surfaces, even though deposition and attachment of
bacterial cells are the first steps in microbial colonization of
surfaces in the food industry. Thereafter, biofilm is formed

and develops.4,5 The increase of bacteria levels in the prod-

uct during processing is partly the result of the release of

adhered bacteria that have grown on the equipment walls, in

addition to the bacteria grown in the processed product

itself.6,7

Among the pathogen spore-forming bacteria, Bacillus cer-
eus is a public health hazard widespread in nature and fre-

quently isolated from dairy products and equipment. More-

over, Bacillus cereus spores are surrounded by an exospo-

rium and long appendages, both inducing a strong adhesion

to stainless steel materials.5,8 Moreover, these spores are

known to firmly adhere to a wide variety of materials used

in food production equipment,9 and exhibit a high resistance

to heat treatment and standard CIP procedures.10,11

Hydrodynamic effect is a major parameter in cleaning

processes due to fluid shear forces near the wall.12,13 In addi-
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tion, heat and mass transfer to the wall also contribute in the
generated wall shear forces according to the applied flow
rate (the momentum transfer). Thus, the efficiency of clean-
ing rate and microbial removal from the surface is a result
of these factors combination.14 Food processing equipment
should be designed and built to ensure hygiene of the pro-
duction line and then of the products. Furthermore, the
hydrodynamic forces (i.e., flow patterns) that affect soil re-
moval from the walls are strongly connected to, especially,
the geometrical design of the equipment.14–16 In various
industrial applications, sudden or gradual contraction or
expansion pipes and bends are the most widely used geo-
metries. These diameter changes are needed for the installa-
tion of various transducers (manometers and flowmeters).
Vujičić and Crnojević17 showed that the flow arrangement
after an axis-symmetrical diffuser is widely influenced by
the opening angle and the length of this geometry. In addi-
tion, it was shown that the stream cross-section changes,
resulting from this type of geometry, induce a flow disturb-
ance throughout the downstream production line.18 Due to
the link between cleanability and flow arrangement inside
pipes, several studies were made in order to explain the
cleanability level upstream and downstream of this type of
geometry.13–15 It was shown that the flow arrangement is
less disturbed after a gradual expansion than a sudden one.
In both cases, the section change creates a recirculation
zone induced by the streamline separation from the wall.19

However, a good level of cleanability was found in
gradual axis-symmetric expansions at low-opening angle,
due to the contribution of the fluctuating shear rate in addi-
tion to the mean value of wall shear stress to the removal
of bacteria.14,15

The aim of this study is to investigate the effects of flow
characteristics on deposition and detachment of Bacillus
cereus spores on surface of pieces of equipment represent-
ing a section of a dairy production line. In the first part,
flow arrangement was investigated by instantaneous veloc-
ity profiles (the ultrasonic Doppler velocimetry method)
and wall shear stress components (the electrochemical
method) at different positions of the loop. The first part
makes it possible to explain differences in initial and resid-
ual levels of contamination throughout the test loop, based
on the flow characteristics. In order to obtain the same
Reynolds numbers as during contamination and cleaning
experiments, the flow rate was recalculated by considering
physical characteristics for the used solutions (Table 1). In
the second part, the measured numbers of adhering spores
before and after cleaning (initial and residual) are explained
using the wall shear stress distributions explained in the
first part.

Materials and Methods

Setups

Measurements were carried out in different geometrical
configurations (Figure 1) made of 304L stainless steel (2B
bright annealed finish; Ra 5 0.3 6 0.05 lm). The test loop
was built by an equipment supplier to be close to conditions
occurring in dairy processing lines, like the arrangement
and the dimension of different pieces of equipment, the
position and the type of welding zones. Welding type TIG
(Tungsten Inert Gas), 3 mm in width, was made under a
mixture of Argon and Nitrogen gas. This mixture is often
applied in food industry and allows to obtain a flat welding.
Passivation treatment was then applied and ensures the cor-
rosion resistance of the welding. The test loop is formed by
a horizontal and a vertical line connected by a bend with
coil curvature equal to 56 mm. The diameter changes
throughout the test loop were made by gradual asymmetric
contraction or expansion pipes located upstream and down-
stream of an electromagnetic flowmeter (Krohne, OPTI-
FLUX 6000) with a circular cross-section corresponding to
2.30 3 1022m in inner diameter. Two pipe diameters were
used (3.55 3 1022m and 2.30 3 1022m). The parameter H,
commonly used as the axial dimensionless coordinate for
loops with diametrical change, was defined as the difference
between the two diameters. In this work, the value of H is
1.25 3 1022m.

Table 1. Flow Parameters of the Used Solutions

Pipe diameter 5 3.55 3 1022m Pipe diameter 5 2.30 3 1022m

Flow rate
Density

(103 kg.m23) g (1023 Pa.s) Re
Vaverage*
(m.s21)

Blasius
value (Pa) Re

Vaverage*
(m.s21)

Blasius
value (Pa)

300 L.h21 at 20 8C 1.028 0.985 3100 0.08 0.039 5000 0.2 0.19
2200 L.h21 at 60 8C 1.028 0.514 39000 1.05 3.26 60000 2.5 16.6

*Mean velocity calculated for the same Reynolds numbers of cleaning experiment and for a temperature of 208C (corresponding flow rate 3740 L.h21).

Figure 1. Test loop (W 5 welding zone; G 5 gasket).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Local wall shear stress measurements

Local wall shear stress measurements were done using
the electrochemical technique, which consists in measuring
the limiting diffusional current given by a redox reaction
occurring at the surface of microelectrodes flush-mounted
inside the different sections of the test loop (Figure 1). The
limiting diffusional current is obtained in a potential range
for which the current at the electrode is only controlled by
diffusion-convection flux of the reacting species toward the
wall. This method allows the instantaneous local mass-
transfer coefficient between the electrochemical solution
and the microelectrodes to be calculated. Due to the exist-
ing analogy between mass and momentum transfers, Reiss
and Hanratty20 proposed a relation between the instantane-
ous limiting current I(t), given in the dimensionless form of
the instantaneous Sherwood number Sh(t), and the shear
rate at the surface of the electrode Slev(t), which is known
as the ‘‘Levêque solution’’

SlevðtÞ ¼ D

l2e

ShðtÞ
0:807

� �3

(1)

where le is the equivalent length of the working electrode,
and D the diffusion coefficient of the active species. How-
ever, for high-frequency fluctuating flows, the Levêque solu-
tion cannot predict the real wall shear rate. The concentration
boundary layer inertia cannot be neglected, and the quasi-
steady state assumption is not valid.21 An attenuation of the
signal fluctuation and a phase shift are observed.22 Sobolik
et al.23 have introduced another technique, based on the cor-
rection of the wall shear rate obtained by the Levêque solu-
tion by adding a term deduced from the transient response of
a probe multiplied by the time derivative of the mass-transfer
rate. This method correctly predicts the wall shear rate for
high-average Péclet numbers Pe, when the sampling rate is
sufficient. These conditions are respected, thus, the wall
shear rate method of Sobolik et al.23 is used in this study
and described by the following equation

SsobðtÞ ¼ SlevðtÞ þ 1:204
@ShðtÞ
@t

(2)

The instantaneous value of the wall shear stress Ssob(t), is
represented as the sum of an average value S, and a fluctuat-
ing value s(t)

SsobðtÞ ¼ Sþ sðtÞwith sðtÞ ¼ 0 (3)

The wall shear rate multiplied by the fluid viscosity g,
gives the average local wall shear stress

sw ¼ gS (4)

The shear rate fluctuation FRS, was calculated owing to an
integration of the power spectral density psd, of the wall ve-
locity gradient, and is defined as follows

FRS ¼
ffiffiffiffi
s2

p
S

(5)

Although the fluctuations of the velocity gradient are fil-
tered by the diffusional boundary layer at the active surface,

the onset of the velocity gradient and fluctuations of the lim-
iting current is qualitatively analogous.24 According to
Deslouis et al.25 when the electrode length increases, the psd
decreases, especially in the low-frequencies domain. There-
fore, the FRS decreases too. Moreover, the used microelectr-
odes consisted of cross-sectioned platinum wire 1 mm in
dia., the FRS obtained with these probes were, thus, cor-
rected via Deslouis et al.25 correction factor obtained accord-
ing to Eq. 6, which presents the ratio between the measured
fluctuating shear rate and the actual one

s2 measured

s2 true
¼ Kþ

fz

Lþ
erf

Lþ
ffiffiffi
p

p
2Kþ

fz

 !
(6)

Kþ
fz is the integral correlation length obtained by the integra-

tion of the correlation function

f ðzþÞ : Kþ
fz ¼

Z zþ

0

f ðzþÞdzþ (7)

z1 corresponding to the value where f(z1) becomes negative.
The FRS correction method is derived from Uberoi and

Kovasznay26 equation, used to treat the data given by a hot
wire anemometer having a length larger than the size of the
smallest investigated eddies in a given flow, and validated
for electrochemical wall shear rate measurements for an
upper limit of Kþ

fz equal to 35.25 This condition is verified in
this work.

In this study, microelectrodes are spaced too far apart,
thus, the spatial correlation which allows to calculate the in-
tegral correlation length cannot be performed. According to
the Taylor hypothesis, the time and spatial correlations can
be similar. Therefore, the integral length is deduced from the
integral time obtained by the integration of the autocorrela-
tion function, and by using the mean velocity of the fluid.

The electrolytic solution was a mixture of potassium ferri-
cyanide (1023mol.L21), potassium ferrocyanide (5 3
1022mol.L21), and sodium hydroxide (0.5 mol.L21). The
density of this solution is 1.028 3 103 kg.m23, and its
dynamic viscosity is 0.985 3 1023 Pa.s at 228C. The diffu-
sion coefficient of ferricyanide ions was measured with a
rotating disk electrode, the value obtained at 228C is 3.23 3
10210m2.s21. The involved electrochemical reaction at the
microelectrodes surface is the reduction of the ferricyanide
ions

FeðCNÞ3�6 þ e� ! FeðCNÞ4�6
Experimental values have been compared to the theoretical

wall shear stress in a fully-developed turbulent flow, deduced
from Blasius’ equation (Table 1).27 In addition, according to
Deslouis et al.25 the fluctuating shear rate at the wall for
fully developed turbulent flow is equal to 30% 6 0.02,
obtained by different measurement techniques. Thus, the
fluctuating shear component was discussed compared to this
value.

Velocity profile measurements

The ultrasonic Doppler velocimetry measuring method has
been developed for nonintrusive local measurements of fluid
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velocities through nontransparent channels of different mate-
rials.28 Instantaneous velocity profiles were, thus, determined
at specific positions of the test loop.

The flow measurement system is composed of the DOP
1000 multigate ultrasonic velocimeter, and an ultrasonic
transducer (the basic frequency of ultrasound is equal to 4
MHz) both from Signal Processing S.A. (Lausanne, Switzer-
land). The average diameter of the microparticles suspended
in the liquid used as tracer is approximately 80 lm (micro-
capsules of oil having a density close to that of water).

The principle of Doppler ultrasonic technique consists in
the emission of an ultrasound beam from a transducer; the
ultrasound wave is scattered by the moving particles and par-
tial backscattered ultrasound is then received by the same
sensor probe.

The particle location is obtained from the time duration
between the pulse emission and the echo detection. At the
same time, the velocity information V, is derived from the
Doppler shift frequency28

V ¼ CfD
2f cosðhÞ (8)

where C is the ultrasound velocity, fD the Doppler frequency,
f the ultrasound frequency, and y the Doppler angle.

The axial velocity profile is obtained at each axial mea-
surement position. However, even for a fully-developed tur-
bulent flow, the instantaneous velocity is three-dimensional
(3-D), and the particles present a fluctuating velocity in the
radial and the tangential directions in addition to the mean
and the fluctuating axial velocity. This problem can be
solved by averaging enough velocity profiles.29 In this work,
512 velocity profiles have been averaged at each position.
Thus, instantaneous velocity profiles can be denoted by

vð~x; tÞ ¼ Vð~xÞ þ v0ð~x; tÞ (9)

Vð~xÞ is the average velocity, V0ð~x; tÞ is the fluctuating veloc-
ity, and t is the acquisition time.

The turbulence intensity in the axial direction is defined as

Tu ¼
ffiffiffiffiffi
v02

p
V

(10)

Amount of adhering spores before and after
cleaning process

The level of adhering spores was investigated before and
after cleaning. In the first case, the processing line was soiled
and rinsed, contamination levels are then determined. In the
second case, the hygienic status of the test configuration was
investigated by means of the number of residual adhering
spores, after a complete run of soiling and cleaning.

The soiling step of the test loop was performed under
dynamic conditions by 1 h at 300 L.h21, and at room-temper-
ature, of Bacillus cereus CUETM 98/4 spores (Collection
Unité Ecotoxicologie, Villeneuve d’Ascq, France) suspended
at 103 CFU.mL21 in water. This concentration allows good
observation of soiling levels. This strain was isolated from an
industrial dairy processing line. It was chosen for its ability to
adhere firmly to stainless steel, and its high resistance to CIP

procedures.9 The test loop was then rinsed in place for 5 min
at 300 L.h21 with softened water at room-temperature.

To determine residual contamination after CIP (hygienic
status) a similar soiling step at 105 CFU.mL21 suspended
spores in water and the same rinsing step was performed.
Then, cleaning was performed with sodium hydroxide (0.5%
w/w) at 608C for 10 min at 2,200 L.h21. Finally, the test
loop was rinsed for 5 min with softened water at 600 L.h21.

Evaluation of the initial and the residual soiling levels was
carried out separately for the two types of experiments using
a tetrazolium chloride (TTC) agar overlay technique.30 Each
section was half-filled vertically with TTC agar and incu-
bated horizontally for 4 h at room-temperature. Then, the
molded agar was gently detached from the steel surfaces,
extracted from the pipe, and then further incubated for 20 h
at 308C. Bacillus colonies, appearing in red, were distin-
guishable at the mold surface and distributed according to
the position of the adhered spores at the inner wall of pipes.
Three trials were carried out for the initial contamination
experiment, and four for the residual one. For each type of
experiments (initial or residual contamination), different
zones of equipment were determined according to the density
of colonies present at the surface. In order to improve the
contamination levels characterization of equipment, a high
number of zones with small surfaces area are defined for
each geometry. A statistical analysis was then performed to
map the contamination level observed on the walls of the
test equipment.31 This statistical treatment was carried out
separately to evaluate the initial and the residual levels of
contamination. For each geometry, the contamination level
was given at the upper and the lower sections of the horizon-
tal part, and the left and the right sections of the vertical one
(hemi-cylindrical molding). Physical properties of the fluid
used in this study are shown in Table 1.

Surface topography and roughness measurements

In order to correlate the surface properties to spores adhe-
sion levels, as well as the local flow disturbance, surface to-
pography and roughness measurements were made in some
critical zones (especially welding zones located at the end of
the test pipes and before and after diameter changes). The
surface characterizations system used is composed of a
roughness and waviness measuring instrument (Perthometer
S2) controlled by the software MarSurf XR 20, both from
Mahr GmbH (Goettingen, Germany).

Surface roughness characterization was made via two pa-
rameters. The first is the average roughness Ra (lm) which
corresponds to the arithmetic average of the absolute values
of the roughness profile ordinates Z(x), deduced from the
traced profile of the real surface32

Ra ¼ 1

ls

Zls
0

jZðxÞjdx (11)

The second parameter is the profile depth Pt(lm), which is
the sum of the largest profile peak height, and the largest
profile valley depth of the P-profile computed from the traced
profile.32
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Experimental results and analyses

To study the hydrodynamic effects on the initial and resid-
ual levels of adhering spores, soiling and cleaning experi-
ments, and flow characterization were carried out at different
positions of the test configuration (Figure 1).

Geometry effect on the flow arrangement

Flow behavior inside pipes is a determining element in the
wall shear stress distribution, which constitutes a key factor
in the bacterial removal. For this reason, flow analysis in this
part was performed for only the same flow rate used in the
cleaning tests.

Figure 2A illustrates the evolution of velocity profiles after
the expansion. Negative velocities are recorded at the top of
the geometry and cover the entire zone after the expansion
until x/H close to 36.5 (Figure 2A).

According to Vujičić and Crnojević,17 the position of the
separation point of the boundary layer near the wall depends

on the angle of the diffuser and on the Reynolds number.
The increase of the flow section due to the high-opening
angle of the expansion (35.98), in addition to the highest
Reynolds number tested (60,000 for 2.30 3 1022m pipe
dia.), induces a fluid jet separated from the wall, and, thus,
creates a recirculation zone, which rotates in the opposite
direction of the flow (Figure 2A). In addition, Figure 2B
showed high-turbulence intensities at the same zone. This
result can be explained by the high vorticity of rotating fluid
downstream of the expansion. Flow direction is shown in
this zone. Dashed lines for each position correspond to the
recirculation zone border. Downstream the expansion (32.4 \
x/H \ 33.2), recirculation zone bound can be estimated at
y/2r0 5 0.32 (Figure 2B), and decreases throughout the pipe
until the reattachment point of the new boundary layer.

The slope of the mean velocity profiles at the upper pipe
wall ðð@v=@yÞy¼0Þ from the position x/H 5 36.48 (Figure
2A) reveals smooth gradient, which corresponds to low-fric-
tion velocity (V*), according to the following equation

V�2 ¼ g
q
ð@v=@yÞy¼0 (12)

Thus, low-theoretical mean wall shear stresses exist at this
position, corresponding to the reattachment point of the new
boundary layer, and increase through the geometry. Figure 3
illustrates the effect of the boundary layer development on
the velocity profiles shape near and far from the expansion,
and allows to suppose an important shear stress variation
throughout this geometry.

After the expansion, the flow evolves toward the fully-
developed state and the length to obtain fully-developed flow
can be obtained using the velocity profile measurements. Fig-
ure 4 illustrates the evolution of normalized velocity profiles
at different positions x/H throughout part ‘‘d’’ and followingFigure 2. Velocity profiles at the upper section (A), and

turbulence intensity (B) measured at different
positions x/H of part ‘‘c’’ after the expansion
(Re 5 60,000 for 2.30 3 1022m pipe dia.).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 3. Nondimensional velocity profiles evolution
measured at different positions x/H of part
‘‘c’’ after the expansion (Re 5 60,000 for
2.30 3 1022m pipe dia.).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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the half longitudinal coordinate (y), normalized by the pipe
radius (r0). Comparison was made with the 1/7 power law,
which constitutes a good approximation for the turbulent
core region.27 The velocity profile at the position x/H 5
68.32 is very close to the 1/7 law (maximum difference of
0.6%), and shows that the mean flow can be considered as
fully-developed at this position.

The velocity profiles close to the gasket and the welding
zones exhibit an important disturbance and a significant
attenuation of the velocity values along the axial flow direc-
tion (Figure 5). The direction change induced by the curved
edge of the bend can also explain this flow deceleration.
However, the attenuation along the axial direction is compen-
sated by the radial and the tangential components in order to
keep the same flow rate. Positive values of the mean velocity
at these surface irregularities reveal a nonboundary layer
detachment from the wall, but only a flow disturbance
occurs, which explains high-turbulence intensities observed
at these zones (Figure 5).

Throughout the vertical line, 1-D velocity profiles evolu-
tion after the bend (Figure 6A) shows that maximum values
no longer occur at the tube centerline, but nearer the wall at
the convex wall of the bend. The pressure increase in the vi-
cinity of the external wall and decrease close to the inner
wall33 could explain these observations.

A high Dean number value for the two flow rates of con-
tamination and cleaning experiments (Dn 5 1,750 and
21,760, respectively) indicates the presence of secondary
flow patterns in which fluid flows outward from the center of

Figure 4. Evolution of experimental and theoretical ve-
locity profiles in part ‘‘d’’ (Re 5 60,000 for
2.30 3 1022m pipe dia.).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5. Velocity profiles (filled symbols) and turbu-
lence intensity (empty symbols) measured at
the end of part ‘‘d’’ (Re 5 60,000 for 2.30 3
1022m pipe dia.).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 6. Nondimensional velocity profiles (A), and tur-
bulence intensity (B) evolution measured at
different positions x/H of the vertical line
(Re 5 60,000 for 2.30 3 1022m pipe dia.).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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the pipe to the convex wall of the bend (right section in Fig-
ure 1), and then around this area in a pair of cells often
called contrarotating Dean roll cells. Centrifugal forces
induced by these Dean cells generate high-turbulence inten-
sities (Figure 6B) observed near the left wall.

The non-established flow persists at the beginning of the
straight pipe ‘‘g’’, and can be confirmed by the turbulence
intensities (Figure 7), which present nonconstant values at
the core of the pipe, and lower than 30% at the wall.

The length to obtain fully developed flow after the bend
was examined via velocity profiles when the boundary layer
is entirely developed. Indeed, at the position x/H 5 54, ex-
perimental nondimensional velocity is very close to the 1/7
power law profile throughout the nondimensional radius
(Figure 8).

Analyses of the bacterial contamination before and after
cleaning: role of the flow arrangement

In this part, soiling and cleaning experiments and electro-
chemical measurements were carried out separately on two
sides of the test configuration, the top or the bottom of the
horizontal line and the left or the right part of the vertical
one (Figure 1).

Analysis of the Initial Level of Adhering Spores Before
Cleaning. The soiling levels of adhering spores were classi-
fied in four groups varying from the poorly soiled zones to
the highly soiled ones (Figures 9 and 10).

l Gradual contraction (noted ‘‘b’’ in Figure 9)
The flow rate used in soiling experiments was selected to

mimic the circulation of food products during production
process (Re 5 5,000). Wall shear stress variations at the
upper and the lower parts of the zone 2 showed the effect of
the interaction between the bend and the gradual contraction

Figure 7. Turbulence intensity measured at different
positions x/H along the straight pipe ‘‘g’’ (Re
5 60,000 for 2.30 3 1022m pipe dia.).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 8. Evolution of experimental and theoretical ve-
locity profiles in the straight pipe ‘‘g’’ (Re 5
60,000 for 2.30 3 1022m pipe dia.).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 9. Wall shear stress and mapping of adhering
spores measured at the upper and the lower
sections of the horizontal line (Re 5 5,000 for
2.30 3 1022m pipe dia.), with FRS (h) and
sw(n).

In green, the poorly soiled zones, in yellow, the moderately
soiled zones, in orange, the soiled zones and in red, the
highly soiled zones. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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on the flow pattern at the beginning of the horizontal portion
of the loop (Figure 9). Consequently, soiling levels are not
homogeneous, and varied from highly soiled zones to poorly
soiled ones (the upper and the lower sections of zones 2 and
3, respectively).

Flow disturbance induced by the gradual contraction
located at the top of this geometry (zone 2) could explain the
high level of contamination at the upper section in compari-
son with the lower one.

The curved edge of bend ‘‘a’’ located upstream induces a
flow disturbance. Indeed, a high Dean number value is
observed with the contamination flow rate (Dn 5 1,750).
Thus, low values of local wall shear stress were observed at
the wall, especially for probes P1 and P21 located on the
same vertical line (respectively, 0.10 Pa and 0.02 Pa for x/H
5 2.72). The increase of the shear stress observed at P23
(0.44 Pa) can be explained by the plugging effect caused by
the gradual contraction (35.98) on the flow ejection after the
bend curvature.27 As a result of this plugging effect, an
increase of wall shear stress is observed at the middle of the
lower part (0.15 Pa at P2 against 0.10 Pa at P1 and P3) due
to the pressure increase at the wall.

The diameter change induces high-shear stresses at the be-
ginning of the straight section (zone 3), resulting in a low
level of contamination.

The combination of successive effects of the bend and of
the gradual contraction on the flow arrangement induces a

significant variation of the wall shear stress values at the end
of part ‘‘b’’. Alternating maximum and minimum values on
probes placed symmetrically along the loop axis emphasize
the oscillating behavior of the flow (0.094 Pa for P4, against
0.403 Pa for P24 and 0.131 Pa for P5, against 0.055 Pa for
P25). This alternation of maximum and minimum values was
previously observed downstream of other geometrical
changes, which induce flow disturbance like the annular
swirling decaying flow.34 However, the mean value of the
wall shear stress for these four probes is close to the theoreti-
cal value calculated according to Blasius’ equation (respec-
tively, 0.17 Pa and 0.19 Pa), which emphasizes the momen-
tum-transfer conservation.

l Gradual expansion (noted ‘‘c’’ in Figure 9).
For part ‘‘c’’, a moderate level of contamination was

observed in the upstream section of the expansion (zone 5).
This result is mainly due to the high-wall shear stress values
throughout this zone (0.097 Pa for P6 and 0.076 Pa pour
P26), in comparison to the average wall shear stress in the
entire loop for the applied flow rate (� 0.07 Pa), but remains
under the theoretical Blasius value (0.19 Pa). Under these
flow conditions, the generated shear stress forces appeared to
reduce the bacterial adhesion phenomenon. The homogene-
ous contamination of the surface of this zone could be
explained by a combination of the adhesion and the release
of loosely bounded spores. Several studies have already
shown that the adherence of bacteria can be defined as the
sum of the deposition and the parts released as a result of
shear.4,35–37

The gradual expansion of this geometry (zone 6) was
found to be moderately soiled at the upper section and
poorly soiled at the lower one. However, low values of
local wall shear stress were observed (0.018 Pa for P27 and
0.056 Pa for P8) in comparison to the theoretical fully-
developed flow value for a pipe diameter of 2.30 3 1022m
(0.19 Pa), but the fluctuation shear rates were high enough,
at both lower and higher sections (40% for P8, between 30
and 78% for probes P26, P27 and P28), to significantly con-
tribute to the removal of spores after adhesion. The expan-
sion angle close to 35.98 is high enough to induce stream-
lines separation from the wall, and, thus, recirculation zone
theoretically characterized by mean wall friction forces
close to zero and high-fluctuation rate.17 This zone extends
beyond the expansion, which explains the moderate contam-
ination level (yellow zone) recorded at both top and bottom
behind the expansion (zone 7). Indeed, a homogeneous
spores transport from the solution to the wall occurs, but
this uniform soiling level of the zone 7 does not mean that
spores adhesion force is similar throughout this area. It was
proven that adhesion forces depend on the wall shear stress
induced by the flow rate.38–40 At low-shear forces, mass
transport to the wall occurs by sedimentation and lower ad-
hesion forces are considered.39

Experimental works of De Jong et al.41 carried out with a
rotating disk, have shown the existence of a critical value of
the shear stress under which a significant bacteria adhesion
phenomenon at the wall occurs, and above which adhesion
decreases monotonically with the applied shear stress. In
addition, a release of less adhered bacteria occurs, too. Soil-
ing levels (yellow zone in Figure 9), as well as the recircula-
tion zone located after the expansion show that wall shear

Figure 10. Wall shear stress and mapping of adhering
spores measured at both right and left sec-
tions of the vertical line (Re 5 5,000 for 2.30 3
1022m pipe dia.), with FRS (h) and sw(n).

In green, the poorly soiled zones, in yellow, the moder-
ately soiled zones, in orange, the soiled zones and in red,
the highly soiled zones. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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stresses induced by the flow pattern at this section of part
‘‘c’’ are not high enough to generate strong adhesion forces
of spores at the wall.

The end of part ‘‘c’’ presents a high-soiling level at the
upper and the lower sections (zone 8). The apparent differ-
ence of local wall shear stress values between the two sec-
tions could not explain this homogeneous repartition of con-
tamination (around 0.099 Pa for P29, P30 and P31 against
0.018 Pa, 0.03 Pa and 0.047 Pa for P9, P10 and P11). How-
ever, the effect of the gasket and the welding zones can
explain this result. Indeed, this effect can be emphasized by
surface characteristics, especially the topography which is
modified by the existence of the welding zone. This irregu-
larity at the surface presents high Pt values (388 lm at the
upper section, and 182 lm at the lower one for W6), which
could induce the creation of an unsteady flow due to the
local perturbation of the boundary layer (see Table 2). This
result is confirmed by a mean wall shear stress at this zone
higher than the theoretical value for a fully-developed flow
(0.063 Pa against 0.039 Pa). Moreover, the high-soiling level
observed in this zone could be due to the high-surface rough-
ness (4.57 lm and 2.40 lm at the upper, and the lower sec-
tions of W6 against 0.26 lm far from the welding), which
constitutes a base for spores adhesion. Indeed, according to
Jullien et al.11 the number of adhering B. cereus spores rises
with the increase of the average roughness from the standard
value of 0.8 lm.

l Straight pipe (noted ‘‘d’’ in Figure 9).
Part ‘‘d’’ showed a high-contamination level up to x/H 5

55 (zone 9); the beginning of this geometry also contains a
welding zone (W7) at x/H 5 52.9, with high-surface rough-
ness (respectively, 3.44 lm, and 3.64 lm at the upper and
the lower sections) in comparison with the standard value of
0.8 lm recommended by the standard,32 which confirms the
effect of these irregularities on adhesion of spores. Local
wall shear stresses measured at the upper section are even
higher than at the lower one, as a result of the important mo-
mentum-transfer rate due to a not-fully-developed flow at the
upper section of this nonaxisymmetric expansion, whereas
the boundary layer at the lower section is weakly disturbed.
The comparison between wall shear stresses close to welding
zones of the different geometries and Pt values (Table 2),
used to explain the flow disturbance induced by the surface

topography change at the welding area, confirms this obser-
vation. Results observed upstream and downstream of the
gasket located between geometries ‘‘c’’ and ‘‘d’’ showed that
the level of contamination in this zone is independent of
shear stresses and that it is mainly related to surface charac-
teristics.

For 55� x/H �70.5 (zone 10), the same soiling level at
the upper and the lower sections is observed. Close values of
wall shear stress were recorded for the two sections, espe-
cially at the end of this zone (0.055 Pa and 0.057 Pa, respec-
tively, for P15 and P35). This result shows that the flow
becomes symmetrical after an establishment distance
upstream of the expansion. However, the boundary layer can-
not be considered as fully-developed, given that the mean
shear stress at this position, from which the flow becomes
axis-symmetric, is higher than the theoretical value (0.056 Pa
against 0.039 Pa).

The end of the geometry (zone 11) is highly soiled at both
the upper and the lower sections. Gasket and welding effects
allow to explain this result in addition to the role of the
curved edge of the bend localized upstream of this zone,
which induces the deceleration of the flow owing to the
direction change.

l Bend (noted ‘‘e’’ in Figure 9).
The low-soiling level observed at the bend is due to the

high values of wall shear stress recorded at the external wall
of this geometry (0.082 Pa at P18), and which increases
throughout the geometry (0.143 Pa at P19 and 0.253 Pa at
P20). These values can be considered very high in compari-
son with the supposed spores adhesion forces.42

l Straight pipes located downstream of the bend (noted
‘‘f’’ and ‘‘g’’ in Figure 10).

For the vertical line, zones 12, 14 and 17 present a high-
soiling level (Figure 10). Welding and gasket located
upstream or downstream of these zones induce flow distur-
bances characterized by high-fluctuation shear rates (96%, 35
and 105%, respectively, for P16, P20 and P26).

Zone 13 is moderately soiled. Flow pattern in this section
is largely influenced by the bend which induces a local flow
disturbance verified by the high Dean number (Dn 5 1,750).
This flow disturbance disappears after an establishment
length. Indeed, a homogeneous contamination level is
observed throughout zone 16, and could be explained by the
high level of shear stresses generated by this flow pattern.
The flow establishment can also explain the moderate soiling
level of the zone 15 in comparison with the other extrem-
ities of pipe ‘‘f’’ and ‘‘g’’ (zones 12, 14 and 17). The
decrease of contamination levels throughout these two pipes,
following the flow direction, can confirm this observation
(zones 12 and 13 for the pipe ‘‘f’’ and zones 15 and 16 for
the pipe ‘‘g’’).

To summarize, soiling experiments showed that adhesion
of Bacillus cereus spores on the surface seems to be gov-
erned mainly by the intensity of mean and fluctuating shear
stress which determine the contribution of sedimentation,
convection and diffusion in transport processes of spores.
The flow rate is a determining parameter in this transport
phenomenon from the solution to the surface. Moreover, ad-
hesion forces at the wall depend on this parameter. The same
observations have been done by Faille et al.43 for various
flow conditions.

Table 2. Surface Characterization Measured on Welding
Zones of the Tested Geometries

Geometry Welding Side Ra (lm) Pt (lm)

b W2 top 4.56 249.6
bottom 1.84 92.5

c W6 top 4.57 387.9
bottom 2.40 182.0

d W7 top 3.44 229.7
bottom 3.64 352.9

W8 top 4.40 326.2
bottom 4.37 255.1

f W12 left 3.08 218.4
right 1.87 137.8

g W14 left 3.88 297.4
right 3.13 183.7

Far from the welding 0.26 5.0
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In addition, after the gradual expansion, transport and ad-
hesion of spores to the wall depend on the swirling intensity
in the recirculation zone which is tributary of the opening
angle of the expansion and the Reynolds number. Finally, a
high amount of adhering spores is observed at gasket and
welding zones, which constitute deposit spots for spores,
and, therefore, in that case could govern the soiling levels
observed.

Analysis of the Residual Level of Adhering Spores after
Cleaning. The cleaning step was performed with sodium
hydroxide at 608C for 10 min at 2,200 L.h21. The residual
soiling levels of adhering spores after cleaning were classi-
fied in four different groups varying from the correctly clean-
able zones to the poorly cleanable ones (Figures 11 and 12).
Global observation emphasizes that the horizontal line is
poorly cleanable in comparison with the vertical portion.

l Gradual contraction (noted ‘‘b’’ in Figure 11)

The flow arrangement in part ‘‘b’’ is largely influenced by
the interaction between the bend ‘‘a’’ and the gradual asym-
metric contraction. This effect induces a nonhomogeneous
repartition of wall shear stresses at the upper and the lower
sections (13.95 Pa, 2.51 Pa and 0.27 Pa, respectively, at P3,
P21 and P22). However, the homogeneous residual contamina-
tion observed at zones 1 and 2 can be explained by the high-
residence time of the cleaning solution in this section of the
geometry, due to the recirculation zone induced by the bend
curvature and the contraction. A beneficial effect of this con-
traction is observed in the straight portion (zones 3 and 4),
which presents a good level of cleanability due to the high-
shear stresses.

Shear stress values at the end of this geometry drop signif-
icantly at both sides (13.09 Pa at P25 against 29.93 Pa at P24,
and 6.72 Pa at P5 against 17.13 Pa at P4). The flowmeter
mounted between two couplings can explain the wall shear
stress drop at P5 and P25, and, thereafter, the observed mod-
erate level of cleanability at the end of this geometry. How-
ever, the mean value of wall shear stress for these four
probes is similar to that calculated according to Blasius’
equation (respectively, 16.7 Pa against 16.6 Pa).

l Gradual expansion (noted ‘‘c’’ in Figure 11).
For part ‘‘c’’, the straight pipe before the expansion (zone

5) exhibits a high-cleanability level due to the high-shear
stress forces measured at the end of this section (P6), and
which can be considered very close to the theoretical value
for this pipe diameter (respectively 15.4 Pa at P6 against
16.6 Pa). This high-cleanability level can also be explained
by the low initial soiling level. In this context, theoretical
works of Ziskind et al.44,45 have shown that particle release
should be based on two main factors, namely the interaction
between the surface and the particle, and the effect of the
flow field on particles, which creates high-shear stresses in
the viscous sublayer of the turbulent boundary layer.45

Despite the high value of the fluctuation shear rate meas-
ured at the probe P27 (147%), which be considered more im-
portant than the theoretical value for a fully developed turbu-
lent flow (30% 6 0.02),25 the upper section of the expansion
(zone 6) is moderately cleanable, but the mean shear stress is
very low (1.16 Pa at P27). Thus, the fluctuating component of
the shear stress does not have significant effect on spores
detachment if the mean value is too low. Indeed, the positive
effect of the mechanical factor on cleanability is the result of
the combination of the two wall shear stress compo-
nents.15,37,45

The lower section of the expansion is a cleanable zone. A
sudden increase of the mean shear stress is observed between
probes P6 and P7 (respectively, 15.4 Pa and 33.23 Pa), and
can explain the observed cleanability. This result could be
induced by the bursting phenomenon of turbulence structures
in the near-wall region, probably due to the boundary layer
detachment after the expansion.46 On the other hand, nega-
tive velocities are recorded at the top of the geometry, and
cover the entire zone 7 up to x/H 5 35.7 (Figure 2A). In this
same zone, high-turbulence intensities are observed (Figure
2b). Thus, centrifugal forces induced by this flow pattern
allow the release of the adhered spores and could explain the
cleanability level. This positive effect of velocity fluctuation
was already proven theoretically for particles resuspension
from several surface roughnesses.45

Figure 11. Wall shear stress and mapping of the resid-
ual adhering spores measured at the upper
and the lower sections of the horizontal line
(Re 5 60,000 for 2.30 3 1022m pipe dia.),
with FRS (h) and sw (n).

In green, the correctly cleanable zones, in yellow, the
cleanable zones and in orange, the moderately cleanable
zones. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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The upper section of zones 8 and 9 (geometry ‘‘c’’) exhib-
its a moderate level of cleanability. Turbulence intensities
near the wall in zone 8 are less important than in zone 7,
and monotonically decrease due to the weak recirculation
zone activity far from the expansion. Moreover, the flow
arrangement at this zone induces low-mean wall shear
stresses. These wall shear stresses increases through the ge-
ometry, but remain lower than adhesion spores forces.

The lower part of the zone 8 is a cleanable region. Veloc-
ity profiles near the lower pipe wall of this zone (x/H 5
37.28, and 40.32 in Figure 3) showed maximum values
which correspond to a high- friction velocity, according to
the Eq. 12, and allow to explain the observed cleanability
level.

The variation in the cleanability level between zone 7, and
the upper section of zone 8, could be explained by the differ-
ence in adhesion forces of spores during the initial step of
contamination of the two zones. Indeed, the recirculation
zone induced by the gradual expansion occurring during con-
tamination experiment covers the entire zone 7 and ensures
spores transport to the wall. However, the resulting shear
stresses are low and induce weak adhesion forces. Spores are
then easily detached during the cleaning experiment. On the
other hand, the upper section of zone 8, localized after the

recirculation zone, is theoretically characterized by more im-
portant shear stresses than for zone 7, given that the flow is
more developed. Thus, spore adhesion forces generated by
the contamination flow are higher than those at zone 7,
which explains the moderate cleanability level of zone 8.
The end of geometry ‘‘c’’ presents high values of wall shear
stress at the upper section, in comparison with the theoretical
value (6.77 Pa, 9.13 Pa and 7.80 Pa, respectively, at x/H 5
48, 48.8 and 49.6 against 3.26 Pa from Blasius’ equation).
This result is in accordance with velocity profiles at x/H 5
48.16 and 46.56, which show maximum fluid velocity at the
upper section of part ‘‘c’’ (Figure 3), due to the thinness of
the boundary layer formed after the flow disturbances. How-
ever, this zone is moderately cleanable at both upper and
lower sections. The gasket and the welding present in this
zone constitute deposit spots for B. cereus spores. The pres-
ence of exosporia and appendages together with high rough-
ness of the surface, make bacterial removal difficult. Thus,
despite the high-shear stress forces, cleaning is difficult in
this zone.

l Straight pipe (noted ‘‘d’’ in Figure 11).
Geometry ‘‘d’’ presents two levels of cleanability. The

first section, which extends up to x/H 5 68.24, is a clean-
able zone. The homogeneous repartition of the residual
adhered spores at both upper and lower sections can be
explained by the very close values of mean and fluctuating
shear stresses recorded at axis-symmetric probes (4.53 Pa
and 45.5% against 4.32 Pa and 40.85%, respectively, at
P14 and P34). Thus, the flow behavior after the expansion
tends to become fully-developed, and the establishment
length is obtained in the first part. The last section of part
‘‘d’’ is moderately cleanable. In addition to the perturba-
tion due to the gasket and the welding with high roughness
(Table 2), direction change of the flow induced by the
bend has an effect on the observed cleanability level. A
blocking phenomenon caused by the curved edge generates
a distorted flow, especially at the lower section, confirmed
by high-wall shear stresses measured at P17 (9.25 Pa), and
which corresponds to a maximum at the convex wall of
the bend. However, shear stresses close to the theoretical
value were observed at the upper section (3.60 Pa at P37
against 3.26 Pa).

l Bend (noted ‘‘e’’ in Figure 11).
The good cleanability level observed at the bend can be

explained by the low-initial contamination and the high-wall
shear stress values recorded at the external wall (21.32 Pa at
x/H 5 2.88). Throughout the vertical line, higher values of
the shear stress are observed at the right side than at the left
side (Figure 12A). In addition, very high fluctuating shear
rates are recorded downstream of the curved edge (49%,
54% and 46.1% at P16, P17 and P18 against 34.4%, 29.8%
and 43.8% at P4, P5 and P6), confirming the asymmetric
behavior of the flow after the bend analyzed in the first part
(Figure 12B).

l Straight pipes located downstream of the bend (noted
‘‘f’’ and ‘‘g’’ in Figure 12).

The straight pipe ‘‘f’’ is correctly cleanable at both left
and right sides of zones 12 and 13, due to centrifugal forces
induced by the direction change of the flow (described in the
first section). The decrease of the contra rotating Dean roll
cells activity in addition to the existence of a welding zone,

Figure 12. Wall shear stress components (s w (A), and
FRS (B)), and mapping of the residual adher-
ing spores measured at both right and left
sections of the vertical line (Re 5 60,000 for
2.30 3 1022m pipe dia.).

In green, the correctly cleanable zones, in yellow, the
cleanable zones, in orange, the moderately cleanable
zones and in red, the poorly cleanable zones. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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and a gasket at the end of the pipe ‘‘f’’ induce a low clean
ability level at the left section of zone 14, and for the entire
zone 15. Asymmetric behavior of the flow appears clearly in
zone 14 in cleanability experiments. Influence of the gasket
zone on the cleanability is more important upstream, as
shown by the comparison between zones 15 and 16. This is
also clearly observed on the entire loop (both on horizontal
and vertical lines). High disturbances induced by these sur-
face irregularities is confirmed by high-fluctuating shear rates
measured at P19 and P20 (60.9 and 71%).

Figure 8 shows that the flow establishment position after
the bend corresponds to x/H 5 54. In addition, wall shear
stress values become nearer to the theoretical value for a
fully developed flow (3.26 Pa) at the end of part ‘‘g’’. On the
other hand, according to Rizk et al.47 boundary layer growth,
due to the flow establishment, induces the decrease of wall
shear forces. Thus, zone 17 located under x/H 5 54, exhibits
high-shear stress, which explains the observed correctly
cleanable level. Finally, same effects of the bend and surface
irregularities as for the horizontal line are observed at zone
18 and explain the same cleanability level.

To summarize, the resistance to cleaning processes in the
test loop is mainly governed by the adhesion strength of
spores induced by the applied flow rate in the soiling step
(e.g., the upper section of zone 8). Moreover, in some
zones, the high-surface roughness parameters constitute de-
posit spots for spores (zones 9, 11 and 15). Thus, despite
the high-wall shear stress values, spores removal is very
difficult. Table 3 summarizes the shear stress forces effect
on the cleanability levels for different geometries and sur-
face properties.

Conclusions

Wall shear stress and velocity profile measurements
allowed to explain the levels of adhering spores before and
after cleaning of a section of a dairy production line consist-
ing of geometrical changes like gradual asymmetric expan-
sion or contraction pipes and bends.

The confined zone observed near the gradual expansion is

characterized by low-mean and fluctuating shear stress values

that explain their poor cleanability. Soiling experiments

emphasize the role of recirculation zones in the potential ad-

hesion of spores due to low-shear stress components. Indeed,

the number of adhered spores at the surface depends on the

wall shear stress which determines the adhesion forces mag-

nitude. Moreover, transport of spores from the solution to the

wall is a major parameter in the surface contamination

depending on the flow rate. The beneficial effect of the recir-

culation zone on cleanability is very localized and decreases

along with a weaker activity of the vortex. Experiments also

showed that a homogeneous contamination or cleanability

level could be obtained depending on the applied turbulence

intensity at the straight section far from geometrical changes.

Cleanability experiments emphasized that the gradual expan-

sion presents low-cleanability level due to the fluid separa-

tion, which leads to flow disturbance. This result depends

essentially on equipment design, in particular the opening

angle of the gradual expansion and the bend coil curvature.

These parameters must be selected in order not to disturb the

flow and to induce streamline separation.
Electrochemical measurements showed that the limited

flow disturbance with a nonboundary layer detachment from

Table 3. Shear Stress Components Effect on the Cleanability Levels for Different Geometries and Under the Same Flow Rate

Shear stress forces magnitude
Cleanability

levels Geometries Surface properties

- High mean shear stress High - Diametrical changes (gradual expansion
at opening angle lower than78)17

High surface quality

- High FRS - Straight pipes presenting little
disturbances of the boundary layer
without separation from the wall

- Bends with high coil curvature
- High mean shear stress Low - Welding and gasket zones Low surface quality (high average

roughness) for welding and different
surface properties and adhesion ability for
gasket

- High FRS
- High mean shear stress High Straight pipes downstream flow

disturbances (thinness boundary layer)27
High surface quality

- Average FRS
- Average mean shear stress High Diametrical changes with average opening

angle (7 2 88)17
High surface quality

- High FRS
- Average mean shear stress Moderate Straight pipe after a long establishment

length (up to D 3 20)
High surface quality

- Average FRS
- Low mean shear stress Low - Diametrical changes with high opening

angle inducing streamline separation
High surface quality

- High FRS - Downstream the curved edge of bends at
low coil curvature14

- Low mean shear stress Low Confined zones (sudden contraction or
expansion)14

High surface quality

- Low FRS
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the wall observed at gasket and welding zones induces the
increase of the mean wall shear stress. However, cleanability
analyses at different positions in the horizontal and the verti-
cal lines showed that these zones constitute deposit spots for
spores due to the high surface roughness. Despite the high-
shear stress values generated by the applied flow, low-clean-
ability level is observed at these zones. In this case, clean-
ability is likely to be controlled by the surface roughness
parameters, especially when the average roughness exceeds
the standard value of 0.8 lm.11 As a result, it is necessary to
promote little disturbances of the boundary layer through
straight pipes of important length. The use of progressive ge-
ometrical changes with small opening angle and high-surface
quality could be proposed.

In future works, the determination of adhesion forces of
Bacillus cereus spores is necessary to identify the critical
force values controlling the alternation between the adhe-
sion and the detachment of spores at the stainless steel
surfaces.
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Notation

C5ultrasound velocity, m.s21

D5diffusion coefficient of the reacting species, m2.s21

Dn5Dean number, Re(r0/rc)
f5 emitted ultrasounds frequency, s21

fD5Doppler frequency, s21

f(z1)5 correlation function
FRS5fluctuation shear rate, dimensionless

G5gasket zone
H5 difference between the highest diameter and the lowest one in

a loop, m
I(t)5 instantaneous limiting current, A
le5 equivalent probe length, m

L15dimensionless electrode length, leV*/t
le5 sampling length, mm
Pe5Péclet number, dimensionless
Pt5profile depth, lm
Ra5 average roughness, lm
rc5bend coil radius, m
Re5Reynolds number, 2r0V/t
r05pipe radius, m

Sh(t)5Sherwood number, dimensionless
Slev(t)5wall shear stress using the ‘‘Levêque solution’’, (s21)
Ssob(t)5wall shear stress using Sobolik et al.23 method, (s21)
S, s(t)5 average value and fluctuating velocity gradients, s21

s2 5fluctuating energy of shear rate (s22)
Tu5 turbulence intensity, dimensionless
V*5 friction velocity, m.s21

V, v, v0 5 average, instantaneous and fluctuating velocities, m.s21

Vmax5maximum velocity for each profile, m.s21

x5 axial coordinate, m
x/H5dimensionless axial length
y5 radial coordinate of pipes, m

y/2 r05dimensionless radial length
Z(x)5 roughness profile

Z15dimensionless length, xV*/t
W5welding zone

Greek letters

Kþ
fz 5 integral correlation length, dimensionless

t5kinematic viscosity, m2.s21

g5dynamic viscosity of the fluid, Pa.s
y5Doppler angle, rad
t5 acquisition time, s

sw5mean wall shear stress, Pa
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