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1. Introduction

To ensure food safety of products, efficient cleaning procedures
are needed. However, the costs of these procedures are important
(productivity losses, energy cost, cleaning chemicals and their
environmental impact (Sandu and Singh, 1991)). It is therefore per-
tinent to optimise the cleaning cycles in order to obtain both envi-
ronmental and economic improvements. On the other hand, it was
shown that the key parameter in cleaning enhancement is the wall
shear stress components imposed by the flow at the equipment
surface (Blel et al., 2007; Grasshoff, 1992; Lelièvre et al., 2002a).
The contribution of the fluctuating component of the shear rate
in addition to the mean value on bacterial removal is put forward
in the literature (Blel et al., 2007; Lelièvre et al., 2002a).

High values of wall shear stress can be achieved using larger
flow velocities and are used in some commercial cleaning in place
(CIP) systems to reduce cleaning time (Celnik et al., 2006). How-
ever, wall shear stress components can be increased using tran-
sient flow. Indeed, Pérez-Herranz et al. (1999) showed that
pulsating flows allow to enhance mass transfer due to the increase
of the local velocity gradient at the wall.

Different works have been carried out on the use of pulsating
flow during cleaning. The term pulsating covers a wide range of
applications which differ according to the pulsations frequency.
x: +33 3 20 43 54 26.
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Ultrasonic cleaning, especially with high frequency and low ampli-
tude waves, is a recent cleaning technique. It was tested by Mott
et al. (1997) for biofilm removal and by Grasshoff (1997) for the
cleaning of cheese moulds, but its application to dairy equipment
is limited by the penetration depth of ultrasound waves, especially
for heat exchangers (Grasshoff, 1997). Niemczewski (2007)
showed that water cavitation phenomenon, induced by the ultra-
sonic cleaning, allows a high cleaning rate of organic deposition.
The application of compressible waves, in cleaning process, was
also studied by Brizzolara et al. (1999) using acoustic pulsating
waves for controlling and preventing biological fouling at equip-
ment surfaces. Experimental works of Hankinson and Carver
(1986) on the removal of dried milk deposits using a pulsation sys-
tem inducing a water hammer phenomenon showed no effect on
the deposit removal. They deduced that the generated shear forces
were lower than the adhesion ones of the deposit.

Dynamics and applications of pulsed flow in cylindrical pipes
were studied by Edwards and Wilkinson (1971). The pulsed flow
was generated by imposing a harmonic pressure gradient to a
steady flow, thus increasing local shear rate and pressure at the
interface deposit/liquid (Gillham et al., 2000). Ziskind et al.
(2000) studied the effect of mean and fluctuating shear stress com-
ponents on the particles removal from the wall. They have shown
the interest of oscillating flows in particles removal when the mean
shear stress is not high enough. Flow oscillations can induce the
weakening and the breaking of the bonds between particles and
the adhesion support. Studies of protein deposits cleanability



Nomenclature

D pipe diameter (m)
k effective removal rate constant (min�1)
k0 effective deposition rate constant (min�1)
N(t) instantaneous number of adhered spores (CFU/cm2)
NR residual number of adhered spores (CFU/cm2)
N0 initial number of adhered spores (CFU/cm2)
Remax maximum Reynolds number: Dmmax/t (dimensionless)
Re average Reynolds number: Dm/t (dimensionless)
Rep pulsating Reynolds number: Dmp/t (dimensionless)

Xfactor dimensionless form of the tested factor level
X0 mean of extreme factor levels (factor unit)
X1 factor level (factor unit)
X2 half-interval of the experimental domain of the factor

(factor unit)
v, vmax average and maximum velocities (m/s)
vp amplitude of the pulsations (m/s)
t kinematic viscosity (m2/s)
under pulsating flow were carried out by Farries and Patel (1993).
These authors showed that the low frequencies (0.1–2 Hz) and the
large amplitude pulsations increase the removal rate of the protein
deposits. Gillham et al. (2000) works were conducted on the
detachment of protein deposits by laminar pulsating flow at low
frequencies (62 Hz) and high amplitude of pulsations. They
showed an enhancement of cleaning rates under this flow condi-
tions. In addition, these authors found that the cleaning rate peaks
coincide with the thermal conductivity decrease of the deposited
layer. This result proves that pulsations can induce the breaking
of the deposition matrix.

However, pulsating flows are often difficult to use due to the
complexity of the pulsation generation systems and also by the
high number of variables governing this type of flow (Gillham
et al., 2000). It can also be related to the drawback of possible
equipment damaging that could induce some pulsation generators
due to eventual water hammer. Pulsating flows can be produced by
reciprocating pumps or by steady flow pumps together with puls-
ing generator like bellows or piston apparatus (Gillham et al.,
2000). The advantage of these pulsation systems in cleaning pro-
cesses, in comparison with the application of compressible waves
(as acoustic pulsation or ultrasonic system), consists in the facility
to fit them in a CIP system.

Given that the application of harmonic pulsations in turbulent
flow plays a relevant role in mass and heat transfers enhancement
(Pérez-Herranz et al., 1999), the present study investigates the
effect of this flow arrangement on the detachment of adhered
Bacillus cereus spores from a series of stainless steel pipes under
pulsating flow conditions produced by the system described in
Fig. 1. Schematic diagram of the pulsation ge
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the first part of this paper (Experimental analysis of wall shear
stress in a cylindrical pipe). Different pulsation conditions were
compared to the steady flow at high Reynolds number and influ-
ences of both amplitude and frequency of pulsations, in addition
to the mean fluid velocity, on the amount of spore removal are dis-
cussed. Finally, removal kinetics of spores are carried out, under
steady and pulsating flow conditions, in order to determine the
influence of pulsations in the control of cleaning duration.

2. Materials and methods

2.1. Pulsations generator system

The generation of pulsations was carried out with a new system
which allows producing high amplitudes of pulsations for a turbu-
lent flow rate at high Reynolds numbers and ensuring a perfect sta-
bility of the whole installation. Details on the pulsations generator
system are given in the first part of this paper (Blel et al., submitted
for publication).

The pulsations generator consists of two-way flow (Fig. 1). The
first way, containing a solenoid valve (ASCO/JOUCOMATIC autho-
rized for food applications) allows the generation of a jet fluid flow
at high velocity. The second way induces a steady flow component
which allows a net flow different from zero at the exit of the pul-
sation unit when the solenoid valve is closed. In comparison with
the interrupter flow method described in the literature (Lemlich,
1961) which can induce water hammer phenomenon, the second
way, used in this system, allows the attenuation of the interruption
flow effects generated by the solenoid valve on the equipment. A
neration system and the tested section.



Table 1
Pulsations parameters determined for each condition at 20 �C

No. Pulsation condition Mean velocity (m/s) Amplitude of the pulsations (m/s) Frequency of the pulsations (Hz) Remax Rep Re

(a) 500–500 ms (1600–2600 L/h)a 1.54 0.48 1 48210 11525 36690
(b) 100–300 ms (1600–2600 L/h) 1.47 0.40 2.5 44430 9530 35000
(c) 100–500 ms (1600–2600 L/h) 1.27 0.61 1.66 44790 14540 30250
(d) 50–300 ms (1600–2600 L/h) 1.27 0.40 2.86 39730 9500 30250
(e) 100–300 (1200–2600 L/h) 1.21 0.73 2.5 46170 17390 28770
(f) 50–300 ms (1200–2600 L/h) 1.03 0.60 2.86 38970 14450 24520
(g) 100–500 ms (1200–2600 L/h) 1.02 0.81 1.66 43550 19270 24280
(h) 100–300 ms (600–2200 L/h) 0.78 0.73 2.5 35850 17320 18530
(i) 100–300 ms (300–1500 L/h) 0.59 0.69 2.5 30510 16500 14020
(j) Steady (2200 L/h) 1.47 0 0 0 0 35000

a Opening time – closing time (minimum flow rate – maximum flow rate)
detailed study of the hydrodynamics of the flow induced by this
pulsation generator in a straight pipe is given in the first part of
this paper (Blel et al., submitted for publication).

Table 1 gathers pulsations parameters corresponding to each
condition, with Reynolds numbers Remax, Rep and Re, respectively,
calculated for the maximum velocity, the amplitude pulsation
and the average velocity. Each pulsating condition is defined by:
opening time – closing time (minimum flow rate – maximum flow
rate).

2.2. Set-up

A schematic drawing of the installation is shown in Fig. 1. Mea-
surements of the amount of residual contamination after CIP pro-
cedures under the different flow conditions were carried out in
four straight pipes (2.30 � 10�2 m in inner diameter and
25 � 10�2 m in length) made of stainless steel (316 Bright An-
nealed Finish; average absolute roughness 0.3 ± 0.05 lm).

The tested pipes were placed downstream the pulsations gener-
ator (tested section in Fig. 1) after a flow establishment length of
70 � 10�2 m (30 times the inner diameter of the pipe). Before each
experiment, pipes were cleaned by sodium hydroxide (2% w/w) at
80 �C during 30 min and under a flow rate of 4500 L/h.

2.3. Determination of the residual contamination after a CIP

2.3.1. Soiling procedure
The tested pipes were soiled by spores of B. cereus CUETM 98/4

(Collection Unité Ecotoxicologie, Villeneuve d’Ascq, France). This
strain was isolated from a dairy production line. B. cereus spores
are a public health hazard widespread in nature and frequently iso-
lated from dairy products and from surfaces of equipment. Pipes
soiling were done under static flow conditions, by a suspension
of spores in water at 105 CFU/mL during 1 h at room temperature.
Static conditions were chosen in order to obtain homogeneous le-
vel of contamination on the pipes surface in order to focus on the
effects of hydrodynamics during bacterial removal. Pipes were ver-
tically filled with the soiling suspension and turned upside down
every 15 min.

2.3.2. CIP procedure
After the soiling step, pipes were drained and placed down-

stream of the pulsations generator which is connected to a CIP pilot
plant. Pipes were then rinsed, with softened water at room temper-
ature using steady flow condition, for 3 min at 300 L/h (Re = 5000
for 2.30 � 10�2 m inner pipe diameter). Cleaning under pulsating
or steady conditions was then performed with sodium hydroxide
(0.5% w/w) at 60 �C for 10 min under flow characteristics presented
in Table 1. The density of the detergent solution was 985 kg/m3

and its dynamic viscosity was 0.583 � 10�3 Pa s at 60 �C. Pipes
were finally rinsed for 5 min with softened water at steady flow
3

rate equal to 600 L/h (Re = 10000 for 2.30 � 10�2 m inner pipe
diameter). For each flow condition, trial was performed in
triplicate.

2.3.3. Kinetics study procedure
The soiling step was the same as described above for five series

of four pipes. They were then rinsed with softened water at room
temperature and under steady flow condition, for 3 min at 300 L/
h (Re = 5000 for 2.30 � 10�2 m inner pipe diameter). Each series
of pipes was cleaned during a limited time (0, 5, 10, 15 and
30 min) (Lelièvre et al., 2002b). These times correspond to the per-
iod during which the contaminated pipes are exposed to the action
of sodium hydroxide (0.5% w/w) at 60 �C. At 0 min, four soiled con-
trol pipes were removed from the installation (initial point of the
kinetics) to be replaced by four unsoiled pipes. Flow pulsations
are applied during sodium hydroxide circulation. At each time
range (5, 10, 15 and 30 min), four pipes were removed from the
installation and replaced by an equivalent length of pipe. The re-
moved pipes were soaked in softened water in order to eliminate
sodium hydroxide. This procedure allows the determination of
the residual contamination after 0, 5, 10, 15 and 30 min of cleaning.
The obtained results are used to determine the cleaning kinetics.
Experiments were carried out with two flow conditions: a steady
flow at 2200 L/h and the pulsating condition (h) (Table 1). Each
trial was performed in triplicate.

2.3.4. Spore detection
The adhering bacteria remaining after the CIP procedure were

counted using the tetrazolium chloride (TTC) agar overly tech-
nique (Hüsmark et al., 1999). After the cleaning step, pipes were
dissociated and half-filled vertically with TTC agar and incubated
horizontally for 4 h at room temperature. Then, the moulded agar
was gently detached from the steel surfaces, extracted from the
pipes and further incubated for 20 h at 30 �C. Bacillus colonies,
appearing in red, were distinguishable at the mould surface and
distributed according to the position of the adhered spores at
the inner wall of pipes. Thus, for each series of pipes, the number
of colonies forming units per square centimeter (CFU/cm2) was
determined. In order to limit experimental variability between
the compared conditions (steady and pulsating flows), the pre-
sented results correspond to experiments made the same day in
the same experimental conditions and using the same soiling
solution.

2.3.5. Statistical analysis
Comparisons between the tested conditions were performed

using statistical analysis with S-plus software (Seattle, USA). The
Friedman multiple comparisons test (Bénézech et al., 2002) was
then used to confirm the difference between the condition flow ef-
fects on the spores removal. Flow conditions are considered signif-
icantly different for P-value lower than 5%.
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Fig. 2. Residual contamination after the CIP procedure for the steady flow (2200 L/
h) (condition (j)) and pulsating conditions (a) (500–500 ms (1600–2600 L/h)) and
(c) (100–500 ms (1600–2600 L/h)).
In order to determine the most effective parameter between
amplitude and frequency of pulsations on B. cereus removal, design
of experiments (DOE) method, with factorial experiment at two
factors was carried out. The interaction between the two pulsa-
tions parameters (see Part 1) justifies the use of this experimental
methodology. In this approach, analysis is purely experimental and
the studied system is considered as a black box. If experimental de-
sign is carried out properly, a mathematical model can be defined
which describes the behaviour of the investigated parameter. Pre-
diction equations of this model can be used for plotting response
surfaces. These response surfaces can then be used in the process
of optimisation (Goupy, 1999). The system responses are evaluated
according to the setting of the input parameters (factors). Four pul-
sating flow conditions were analysed (conditions (b), (d), (e) and
(f)) and three repetitions were done for each condition. The first
factor corresponds to the frequency of pulsations; two levels were
used (2.5 Hz and 2.86 Hz). Levels codification allows to affect ‘‘�1”
for the low value and ‘‘1” for the high one. The second factor cor-
responds to the amplitude of pulsations. The low and high levels
of amplitude correspond, respectively, to 0.40 m/s (codified by
‘‘�1”) and 0.73 m/s (codified by ‘‘1”).

As explained in the first part of this paper (Blel et al., submitted
for publication), the amplitude of pulsations depends on both the
difference between the flow rates of automatic valves 1 and 2,
and the opening time of the solenoid valve. Consequently, it is dif-
ficult to obtain the same amplitude for two different pulsating con-
ditions. Condition (f), which describes the analysed factors at high
levels, presents amplitude of pulsations different from 0.73 m/s
(the highest level of amplitude in these experiments). The passage
to central reduced coordinates according to Eq. (1) (Goupy, 1999)
allows to obtain the level codification of the amplitude of pulsa-
tions to be ‘‘0.21” for this condition

Xfactor ¼ ðX1 � X0Þ=X2; ð1Þ

where Xfactor is the dimensionless form of the tested factor level, X0

is the mean of extreme factor levels, X1 is the factor level and X2 is
the half-interval of the experimental domain of the factor.
3. Experimental results and analysis

3.1. Pulsating flows effects on the removal of B. cereus: comparison
with the steady flow condition

3.1.1. Pulsating conditions at high mean velocity and low pulsations
parameters

Pulsation conditions (a) and (c) are compared to the steady flow
(j) in order to explain the effect of the harmonic velocity variation
on the spores removal, given that the mean velocity for these con-
ditions is close to that corresponding to the steady flow (�1.47 m/
s). However, they present a low frequency and amplitude of pulsa-
tions in comparison with the whole range analysed in this study
(Table 1).

Fig. 2 illustrates the residual contamination (CFU/cm2) after the
CIP procedure for the steady flow and the pulsating conditions (a)
and (c). Three repetitions are carried out for each flow condition.
Analysis of variance between flow conditions was carried out in or-
der to observe the residual contamination differences. The Fried-
man multiple comparison test P-value was found to be of 0.0186.
This emphasized a significant difference between the steady flow
and the two pulsating conditions. The residual soiling level is less
important in pulsed flow and the improvement of the cleaning effi-
ciency of the tested tubes, in comparison with the steady flow, was
found to be 47% and 76.5%, respectively, for conditions (a) and (c).
This result can be explained by the effect of flow pulsations on the
mean and the fluctuating components of the wall shear stress, con-
4

sidered in many studies as the major parameters which affect
cleaning rate and microbial removal from the wall equipment (Blel
et al., 2007; Grasshoff, 1992; Lelièvre et al., 2002a). Hydrodynamic
analysis made in the first part of this paper (Blel et al., submitted
for publication) emphasized the increase of the two wall shear
stress components under pulsating condition (a) in comparison
with the steady flow and support the observed cleaning results.

The reduction of the opening time of the solenoid valve induces
the increase of the amplitude and the frequency of the pulsations
for condition (c) in comparison with condition (a). In addition,
for a fixed time of cleaning under pulsating flow, condition (c) pre-
sents more pulsating cycles than condition (a). In this context,
experimental measurements of Ziskind et al. (1995) showed that
particle removal from a surface exposed to turbulent flow is not
instantaneous and takes place over a period of mechanical forces
application which corresponds to the turbulent energy transfer
from the flow to the particle. Thus, detachment from the surface
occurs when the particle accumulates enough energy, considered
to be more important than the adhesion forces (Ziskind et al.,
1995). This effect can explain the increase of the removal level of
spores with condition (c) which corresponds to 56% in the
improvement of the cleaning rate compared to condition (a). The
enhancement of the cleaning rate with the increase of the ampli-
tude and the frequency of pulsations allows to confirm the ob-
tained results of Gillham et al. (2000) on the cleaning of whey
protein soils, despite the difference in the Reynolds number and
the range of pulsation parameters. The contribution of both param-
eters on the enhancement of other industrial applications is also
proven by Finnigan and Howell (1989) on the ultrafiltration in a
tubular membrane.

3.1.2. Pulsating conditions at moderate mean velocity and high
pulsations parameters

In order to reduce the cleaning cost by the decrease of the
pumping energy and the consumption of cleaning solution, pulsat-
ing conditions with high pulsations parameters and less important
mean velocity than that of the standard procedure are analysed to-
gether and compared to the steady flow. Fig. 3 showed the residual
contamination after the CIP procedure using the pulsating condi-
tions (e, g and h) and the steady flow. Statistical analysis showed
a significant reduction in the residual level of adhering spores after
cleaning with pulsating flow compared to the steady flow condi-
tion (P-value = 0.0263).

Comparison between condition (g) and the two conditions (e)
and (h) showed that, despite the reduction of the amplitude of pul-
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Fig. 4. Residual contamination after the CIP procedure for the steady flow (2200 L/
h) and the pulsating condition (i) (100–300 ms (300–1500 L/h)).
sation (from 0.81 m/s to 0.73 m/s, respectively, for conditions (g)
and both (e) and (h)), an increase of the frequency (from 1.66 Hz
to 2.5 Hz) induces an increase of the spore removal (38% and
20%, respectively, for pulsating conditions (e) and (h)).

The cleaning enhancement observed for condition (e) can be ex-
plained by the effect of the mean wall shear stress, which is higher
than for condition (g). This observation is confirmed by the mean
wall shear stress measured in the first part of this paper, which
presents high values for the three analysed positions with condi-
tion (e) for a room temperature equal to 20 �C (Blel et al., submit-
ted for publication). The increase of the mean wall shear stress
together with the frequency parameter is also observed by Pérez-
Herranz et al. (1999) in an annular pulsating electrodialysis cell
due to the pulsations effect on the near-wall region.

However, the cleaning improvement observed for the condition
(h) cannot only be explained by the effect of the mean wall shear
stress, because lower values are obtained with condition (h) than
(e) (Blel et al., submitted for publication). Nevertheless, the pulsa-
tions amplitude of this condition (0.73 m/s) is very close to the
mean velocity (0.78 m/s). Thus, the flow can be considered more
disturbed due to the nearer phenomenon of recirculation at the
center core. This result induces fluctuating wall shear stress in-
crease, which contributes significantly to spores removal. Indeed,
spectral analyses made in the first part (Blel et al., submitted for
publication) have shown that the fluctuating energy of the shear
rate is more important with the condition (h). This observation al-
lows to explain the difference in the cleaning level emphasized
with the condition (g).

On the other hand, conditions (e) and (h) are characterized by
the same pulsation amplitude and frequency and a significant dif-
ference in the mean velocity value (1.21 m/s against 0.78 m/s,
respectively, for the conditions (e) and (h)). Thus, the increase of
the cleaning level of condition (e) (23% in comparison with condi-
tion (h)) confirms the role of the flow rate on the spores removal
despite the imposed pressure variation. This result is also proven
by electrochemical measurements (Blel et al., submitted for publi-
cation) which showed more important wall shear stress at the
three circumferential positions with condition (e) than condition
(h) and corresponds to the theoretical principle of the increase of
the shear stress value with the flow rate.

3.1.3. Pulsating condition with recirculation
Pulsating flow with recirculation at the center core of the pipe is

considered as a good mean to enhance heat and mass transfer
(Paek et al., 1999; Pérez-Herranz et al., 1999). This flow regime, ob-
5

tained when the amplitude of the pulsations is higher than the
average velocity, corresponds to condition (i) (see Table 1). Resid-
ual contamination after the CIP procedure under this pulsating
condition was compared to that obtained for the steady flow
(Fig. 4). Statistical analysis applied for the two conditions and for
different trials repetitions showed a significant reduction of the
residual contamination under this pulsating condition (P-va-
lue = 0.0047). The improvement rate of the cleanability level in
comparison to the steady flow was found to be 32%, and showed
the effect of this particular flow on the spores removal from the
wall equipment despite the low average velocity (0.59 m/s) com-
pared with the steady condition (1.47 m/s). Indeed, hydrodynamic
analysis showed that the obtained low mean wall shear stresses in
this flow regime in comparison with the steady flow (Blel et al.,
submitted for publication) cannot explain the observed cleanabil-
ity level. However, the recirculation occurring at the center core
of the pipe induces high fluctuating shear rate at the wall for the
three circumferential positions and power spectral density (PSD)
of the shear rate fluctuations is more energetic at low frequencies
than for the steady flow condition (Blel et al., submitted for publi-
cation). In this context, the theoretical work of Ziskind et al. (2000)
has shown the effect of the fluctuation shear rate on the wall-par-
ticles links weaken, which allows to render them easier to remove
and can explain the observed cleaning result with the flow condi-
tion (i).

Thus, the obtained results showed the beneficial effects of this
pulsating condition, which presents an economic interest by the
reduction of the pumping energy and the quantity of cleaning solu-
tion, and allow to obtain a good hygienic state of the equipment.

3.1.4. Experimental correlation of the two pulsations parameters
The determination of the most important parameter between

amplitude and frequency of pulsations was made using design of
experiment method. Table 2 describes trials repartitions and the
obtained response for each condition, presented as the residual
contamination after the CIP procedure (CFU/cm2). The obtained re-
sults showed that the studied response varied between 0.86 and
3.19 CFU/cm2, which emphasizes the influence of at least one fac-
tor on the residual contamination.

Statistical analyses were made by multiple linear regression,
which allows to determine explanatory variable coefficients
(amplitude and frequency of pulsations) and their interaction. Var-
iance analysis showed that the linear predictive model is a good
description of the residual amount of adhering spores as a function
of explanatory variables (P-value = 0.004).



Table 2
Presentation of the different trials analysed by the experimental design

Experiment
number

Run
order

Amplitude
level

Frequency
level

Residual contamination
(CFU/cm2)

N1 1 �1 �1 2.87
N2 9 1 �1 1.38
N3 3 �1 1 1.40
N4 2 0.21 1 1.46
N5 6 �1 �1 3.19
N6 4 1 �1 1.39
N7 12 �1 1 2.09
N8 8 0.21 1 2.39
N9 11 �1 �1 2.59
N10 5 1 �1 0.86
N11 10 �1 1 1.19
N12 7 0.21 1 1.90
Results are presented in Table 3. Coefficients variables allow
discerning the effect of each factor on the removal of adhered
spores, thus allowing the calculation of the residual contamination
(RC) according to the following equation:

RC ¼ constantþ
X

variables

coefficient� Xfactor: ð2Þ

With Xfactor 2 ½�1;1�.
For the amplitude and the frequency ranges fixed in this part,

the single effect of the tested factors present no influence on the
residual contamination response (P-values > 5%). However, inter-
action between the two factors was found to be the significant
variable (P-value = 0.0066). Fig. 5, which shows the combined
influence of the two factors, is deduced from the statistical model
obtained after experimental design analysis. The mean of the
experimental results for each tested condition is plotted in this fig-
Table 3
Model coefficients and statistical parameters of the linear model

Residual
contamination

Coefficient Standard
deviation

P-value Confidence
interval

Constant 1.949 0.125 2.92E�07 0.29
AMP �0.271 0.155 0.1192 0.36
Fr �0.097 0.125 0.4607 0.29
AMP � Fr 0.565 0.155 0.0066 0.36
Confidence level 0.95

AMP: amplitude and Fr: frequency.
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Fig. 5. Predictive residual contamination (CFU/cm2) and experimental results
obtained as a function of the two explanatory variables.
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ure and showed the accuracy of the predictive model. This figure
puts forward an optimal of the cleaning level obtained by the com-
bination of the high amplitude (1) and the low frequency (�1) of
pulsations. For this configuration, the model predicts the lowest
residual contamination (�1.21 CFU/cm2). This result supports con-
clusions made in Section 3.1.2 on the high cleanability level with
conditions (e) and (h) which present the amplitude and the fre-
quency of pulsations equal to, respectively, 0.73 m/s and 2.5 Hz. In-
deed, as explained in Part 1 (Blel et al., submitted for publication),
for pulsation frequency higher than 2.5 Hz under turbulent flow,
the fluid inertia dominates over most part of the flow-field and
the harmonic variations are excluded. Thus, for flow conditions
used in this study, the frequency of 2.5 Hz can be considered as
optimal in the bacterial removal. On the other hand, the beneficial
effect of large amplitude of pulsations is already demonstrated in
many transfer processes (Keil and Baird, 1971; Paek et al., 1999;
Wang and Zhang, 2005). However, it seems difficult, with this pul-
sations generator system, to go beyond the maximum value of
amplitude fixed in this part (0.73 m/s), due to the stability prob-
lems of the installation.

3.1.5. Summary
This section deals with the flow effect on the residual contam-

ination after CIP procedure on stainless steel surfaces. Pulsating
flows for various pulsations parameters and mean velocities are
compared to the steady flow. Analysis is also made using wall
shear stress characterization investigated in the first part of this
paper (Blel et al., submitted for publication). Fig. 6a and b summa-
rize all these parameters. Mean wall shear stresses and fluctuating
energies of the velocity gradient given in Fig. 6a correspond, for
each condition, to the integration of the three circumferential data
analysed in Part 1.

As explained in experimental procedure of cleaning analysis,
pulsating conditions are divided in many series given that the
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Fig. 6. Summary diagram of the pulsations effect on wall shear stress components
(a) and residual contamination (RC) (b) after the CIP procedure.
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Fig. 7. Experimental and theoretical evolution of the residual adhering spores after
the CIP procedure under the steady flow and the pulsating condition (h).
impossibility to compare the different conditions at the same day.
Each series of experiments, containing the steady flow, was made
the same day in the same experimental condition and using the
same soiling solution. Thus, comparison between the residual con-
tamination of the all pulsating conditions is not possible due to the
variability of experimental conditions from one day to another.
However, given that the steady flow is analysed at each series, it
is possible to report the residual contamination of pulsating
conditions to that of the steady flow. Thus, the variability of the
experimental condition can be excluded by the use of the dimen-
sionless residual contamination (RC). Fig. 6b showed that, excepted
for condition (a) which presents low pulsation parameters, the in-
crease of the mean velocity under pulsating flow induces residual
contamination reduction. This result emphasizes the necessity of
the turbulent flow implementation together with pulsations in
CIP procedure, especially when the contamination is induced by
micro-organisms like B. cereus spores characterized by their ability
to adhere firmly to stainless steel and its high resistance to clean-
ing procedures. This result is also verified by mean wall shear
stresses more important with high mean velocity of the flow
(Fig. 6a). Pulsation parameters analysis showed that for a moderate
mean flow velocity, the low residual contamination is obtained
with conditions (h) and (e), which combine both amplitude and
frequency of pulsation of 0.73 m/s and 2.5 Hz. However, the reduc-
tion of one of these two pulsation parameters induces the increase
of the residual contamination. Indeed, condition (g) is character-
ized by the most important amplitude of pulsation (0.81 m/s)
and low frequency than condition (h) (respectively, 1.66 Hz and
2.5 Hz). These facts induce more important residual contamination
despite the slight difference in the mean velocity (respectively,
1.02 m/s and 0.78 m/s). The combined effect of these two values
of pulsation parameters confirms the obtained result using design
of experiment method. On the other hand, it was showed that de-
spite the high value of mean shear stress and fluctuating energy
with the pulsating condition (a), the dimensionless residual con-
tamination (RC) is more important than for the other conditions
(g, h and e). This result put forward the role of the high number
of pulsation cycles with sufficient amplitude value during a fixed
cleaning period in the removal of adhered spores and confirms
the observation of Ziskind et al. (2000) on the role of successive
excitation at high frequency in the weakening and the breaking
of the bonds between particles and the adhesion support. In addi-
tion, the mean velocity reduction with condition (i) slightly affects
the amount of residual contamination compared with condition (a)
(0.59 m/s against 1.54 m/s and 0.86 against 0.53, respectively, for
the mean velocity and the RC of conditions (i) and (a)). This result
emphasizes the beneficial role of pulsating flow with recirculation
in the cleaning procedure. Thus, a compromise between cleaning
duration and mean velocity of the flow should be found in order
to ensure at once good hygienic state of equipment with minimum
energetic cost.

3.1.6. Comparative study of the spores removal kinetic under pulsating
and steady flows

Lelièvre et al. (2002b) have proposed a model for the removal
kinetics of B. cereus spores under steady flow conditions in stain-
less steel pipes during a CIP procedure. In the present study, exper-
imental conditions studied by Lelièvre et al. (2002b) were chosen
to compare the effect of pulsating flow on the removal kinetics of
B. cereus spores. The process of cleaning with sodium hydroxide
can be described as follows:

– sodium hydroxide transport to the spore-surface interface,
– reaction of the sodium hydroxide with the binding material at

the interface spore-surface,
– spores removal due to the action of wall shear forces.
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Lelièvre et al. (2002b) have proposed a simple mathematical
model describing the kinetic removal of bacterial spores. The mod-
el is based on the combination between the detachment and the
deposition of spores suspended in the cleaning solution, on the
pipe wall (Eq. (3)).

dNðtÞ
dt

¼ k0 N0 � NðtÞ½ � � k NðtÞ � NR½ � ð3Þ

Where k and k0 are, respectively, the effective removal and deposi-
tion rate constants, N(t) is the instantaneous number of spores
remaining adhered at the surface after a CIP procedure, NR is the
number of residual adhering spores after an infinite time of cleaning
and N0 is the initial number of adhered spores. According to Lelièvre
et al. (2002b), NR is considered equal to zero.

The experimental analysis showed that the amount of deposited
spores during the cleaning process is negligible (<1 CFU for
50 cm2). Thus, the deposition phenomenon can be ignored and k0

is considered equal to zero. The kinetic model of cleanability can
thus be written as follow:

NðtÞ ¼ N0 expð�ktÞ ð4Þ

The aim of this part is to compare kinetics between a steady
condition (2200 L/h) and a periodically varying flow for which
the peak values correspond to a flow rate of 2200 L/h. In addition,
pulsation parameters correspond to the optimal obtained in the
experimental design of the previous section (low frequency
(2.5 Hz) and high amplitude of pulsations (0.73 m/s)). Three repe-
titions were carried out for each configuration of flow and compar-
isons were made for results obtained in the same experimental
conditions.

The model parameters were identified and non-linear regres-
sion was performed using S-plus software in order to verify the
validity of the experimental procedures. Statistical analysis
showed that the first-order model gives acceptable agreement
with the experimental data. Fig. 7 gives an example of the experi-
mental and the theoretical evolution of the residual adhering
spores after the CIP procedure, obtained from the first trial of the
two flow conditions. Thus, the removal efficiency of bacterial
spores as a function of flow conditions is characterised by the
effective removal rate constant. Table 4 summarizes the effective
removal rate constants (k) obtained for three trials and under the
two tested flow conditions. For the same steady flow rate
(2200 L/h), a close mean effective removal rate constant to that
of Lelièvre et al. (2002b) was observed (respectively, 0.075 min�1

and 0.073 min�1 for the literature and the present work).



Table 4
Effective removal rate constants obtained for three trials with the steady flow and the
pulsating condition (h)

k (min�1)

Trial 1 Trial 2 Trial 3

Steady flow (2200 L/h) 0.065 0.082 0.071
Pulsating flow (condition (h)) 0.125 0.131 0.167
Variance analysis applied on the effective removal rate con-
stants emphasizes a significant difference between the two condi-
tions (P-value = 0.007). The pulsating condition (h) showed a more
important spores removal kinetic, illustrated by a high mean effec-
tive removal rate constant which corresponds to twice that
obtained for the steady condition (respectively, 0.143 min�1 against
0.073 min�1). Thus, in addition to the beneficial effect of the pulsat-
ing flow, demonstrated above, on the amount of removal spores
adhering a stainless steel wall, this flow condition allows an impor-
tant spores removal kinetic, which can induce the reduction of the
cleaning duration.
4. Conclusion

Pulsating turbulent flow effects on the removal of B. cereus
spores during a CIP procedure were analysed using a new pulsa-
tions generation system at high amplitude of pulsations. Experi-
ments carried out for various amplitudes and frequencies
showed a net improvement in the removal rate of bacterial spores
from stainless steel surface, in comparison with the steady turbu-
lent flow at high Reynolds number. Comparison with a steady flow
also emphasized the contribution of each pulsation parameter in
the removal of adhered B. cereus spores. The obtained results reveal
that cleanability enhancements are obtained with low mean veloc-
ity of the flow, in comparison with the steady condition, which put
forward the economical interest of this flow. Statistical analysis
exhibits the significant effects of the interaction between the two
pulsations parameters (0.73 m/s and 2.5 Hz, respectively, for the
amplitude and the frequency of pulsation) in the cleaning rate
and thus on the increase of the mean and the fluctuating shear
stress components. In addition, the high amplitude of pulsations
is considered as an important factor on spores removal and con-
firms the previous published results on the beneficial incidence
of this parameter on wall transfer phenomena. The study of the
cleaning kinetics has shown the increase of the effective removal
rate constant of spores using pulsed flow, which allows controlling
the cleaning duration and also the amount of cleaning solution.

In future works, the cleanability study, under pulsating flows,
will be carried out with loops containing pieces of equipment used
in food processing lines, like valves and diametrical changes, in or-
der to investigate the effect of this flow on cleaning in place of real
industrial equipment.
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