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Abstract i

ABSTRACT

Title: Numerical and experimental investigations of the rheological behavior of foam flow: Application
to the cleaning of surfaces contaminated by microorganisms in the food industries

Keywords: Foam flow; Rheological behavior; Conductimetry; Polarography; PIV; bubble size; shear
stress; CFD; Cleaning-in-place; Spores; Biofilms; LCA

Abstract: In this research, experimental and numerical characterization of the rheological behavior of an
aqueous foam flowing inside a horizontal pipe with and without singularities (presence of half-sudden expansion,
and a fence) were investigated. Different conditions of foam flow were studied by varying the foam qualities (from
55% to 85%), and three Reynolds numbers (32, 65, and 97). Measurements of the pressure measurements, and at
the wall the local velocity repartition and the thickness of the liquid films using respectively pressure sensors,
Particle Image Velocimetry, and a conductimetry technique shown a reorganization of the foam downstream the
geometry change, with a thicker liquid film at the duct bottom, larger bubble sizes at the top, as well as a larger
foam void fraction increased from the bottom to the top part of the duct section. In addition, foam would present
a visco-elastic character comparable to a non-Newtonian monophasic liquid. Computational Fluid Dynamics
simulations were undertaken to predict this rheological behavior of the foam, the two models Herschel-Bulkley
and Bingham were tested taken into account the presence of an underlying liquid film at the bottom of the channel.
Comparison between experimental and numerical results showed that regardless of the foam quality, Herschel-
Bulkley model could accurately describe the rheological behaviour of the aqueous foam under the different flow
conditions analysed.

The second target was to investigate the ability of a wet foam flow (quality of 50%) to clean stainless-steel surfaces
contaminated by microorganisms. For this purpose, two different contamination patterns were studied, droplets
containing Bacillus subtilis spores (either hydrophilic B. subtilis PY79 or hydrophobic B. subtilis PY79 spsA), and
biofilms produced by three bacteria strains encountered in food industry production plants (Escherichia coli SS2,
Bacillus cereus 98/4, and Pseudomonas fluorescens Pf1). Different flow conditions were performed by varying the
wall shear stresses (2.2 - 13.2 Pa), and bubble sizes (0.18-0.34 mm) in a straight duct with no geometrical changes,
in order to identify the mechanisms of contamination release and thus better control and optimize the foam
cleaning process. Results show that compared to conventional cleaning-in-place, foam flow effectively removed
B. subtilis spores as well as Bc-98/4, Ec-SS2, and Pf1 biofilms. Moreover, the combination of high shear stress at
the wall and small bubble sizes (<0.2 mm) showed promise for improving the cleaning efficiency of spores. On the
other hand, a clear improvement of the biofilm removal was observed when increasing the mean wall shear stress.
The characterization of the foam and the interface phenomenons (using polarography, conductimetry, and bubble
size analysis methods) indicated that mechanisms such as fluctuation in local wall shear stresses, or in the liquid
film thickness between the bubbles and the steel wall induced by bubble passage, foam imbibition, and sweeping
of the contamination within the liquid film could participate largely to the removal mechanisms. Finally, the life
cycle assessment study demonstrated that foam flow cleaning could be a suitable technique to reduce water and
energy consumption (7 and 8 times less, respectively) presenting less environmental impacts than CIP processes,
with about 70%. Lastly, foam flow cleaning can be an alternative method, which can improve efficiency and reduce
environmental impact.

Additional activities conducted during the PhD period related to hygienic design are presented highlighting the
role of the contaminants (spores and biofilms), the material (other than stainless steel) and the geometry (ducts or
more complex design) in hygiene monitoring.
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RESUME

Titre: Investigations numériques et expérimentales du comportement rhéologique de mousses en
écoulement: Application au nettoyage des surfaces contaminées par des micro-organismes dans les
industries agro-alimentaires

Mots clés: Mousse en écoulement; Comportement rhéologique; Conductimétrie; Polarographie; PIV;
Taille des bulles; contrainte de cisaillements; CFD; Nettoyage en place; Spores; Biofilms; ACV

Résumé: La caractérisation expérimentale et numérique du comportement rhéologique d'une mousse aqueuse
s'écoulant a l'intérieur d'un tuyau horizontal avec et sans singularités (présence d'une demi-expansion soudaine,
et d'une cloture) a été étudiée. Différentes conditions d'écoulement de la mousse ont été étudiées en faisant varier
les qualités de mousse (de 55% a 85%), et trois nombres de Reynolds (32, 65, et 97). Les mesures de la pression,
de la répartition de la vitesse locale et de I'épaisseur des films liquides au niveau de la paroi & l'aide
respectivement de capteurs de pression, de la vélocimétrie par image de particules et d'une technique de
conductimétrie ont montré une réorganisation de la mousse en aval du changement de géométrie, avec un film
liquide plus épais au fond du conduit, des bulles de plus grande taille au sommet, ainsi qu'une plus grande fraction
de vide de la mousse augmentant de la partie inférieure a la partie supérieure de la section du conduit. En outre,
la mousse présenterait un caractere visco-élastique comparable a celui d'un liquide monophasique non newtonien.
Des simulations de dynamique des fluides par ordinateur ont été entreprises pour prédire ce comportement
rhéologique de la mousse, les deux modeles Herschel-Bulkley et Bingham ont été testés en tenant compte de la
présence d'un film liquide sous-jacent au fond du canal. La comparaison entre les résultats expérimentaux et
numériques a montré que, quelle que soit la qualité de la mousse, le modele de Herschel-Bulkley pouvait décrire
avec précision le comportement rhéologique de la mousse aqueuse dans les différentes conditions d'écoulement
analysées.

Le deuxiéme objectif était d'étudier la capacité d'un écoulement de mousse humide (qualité de 50%) & nettoyer
des surfaces en acier inoxydable contaminées par des micro-organismes. Pour cela, deux types de contamination
ont été étudies, des gouttelettes contenant des spores de Bacillus subtilis (soit hydrophiles B. subtilis PY79 ou
hydrophobes B. subtilis PY79 spsA), et des biofilms produits par trois souches de bactéries rencontrées dans les
usines de production de I'industrie alimentaire (Escherichia coli SS2, Bacillus cereus 98/4, et Pseudomonas
fluorescens Pfl). Différentes conditions d'écoulement ont été réalisées en faisant varier les contraintes de
cisaillement de la paroi (2.2 - 13.2 Pa), et la taille des bulles (0.18-0.34 mm) dans un conduit droit sans
changement géométrique, afin d'identifier les mécanismes de libération de la contamination et ainsi mieux
controler et optimiser le processus de nettoyage par mousse. Les résultats montrent que, par rapport au nettoyage
en place conventionnel, le flux de mousse a éliminé efficacement les spores B. subtilis ainsi que les biofilms Bc-
98/4, Ec-SS2 et Pf1. De plus, la combinaison d'une contrainte de cisaillement élevée au niveau de la paroi et de
bulles de petite taille (<0,2 mm) s'est avérée prometteuse pour améliorer I'efficacité du nettoyage des spores.
D'autre part, une nette amélioration de I'élimination des biofilms a été observée en augmentant la contrainte de
cisaillement moyenne sur la paroi. La caractérisation de la mousse et des phénoménes d'interface (a l'aide de
méthodes de polarographie, de conductimétrie et d'analyse de la taille des bulles) a indiqué que des mécanismes
tels que la fluctuation des contraintes de cisaillement locales de la paroi, ou de I'épaisseur du film liquide entre
les bulles et la paroi en acier induite par le passage des bulles, I'imbibition de la mousse et le balayage de la
contamination dans le film liquide, pourraient participer largement aux mécanismes d'élimination. Enfin, I'étude
d'analyse du cycle de vie a démontré que le nettoyage a la mousse peut étre une technique appropriée pour réduire
la consommation d'eau et d'énergie (7 et 8 fois moins, respectivement) présentant moins d'impacts
environnementaux que les procédés CIP, avec environ 70%. Enfin, le nettoyage a la mousse peut étre une méthode
alternative, qui peut améliorer I'efficacité et réduire I'impact environnemental.

D'autres activités menées au cours de la période de doctorat liées a la conception hygiénique sont présentées en
soulignant le role des contaminants (spores et biofilms), du matériau (autre que I'acier inoxydable) et de la
géomeétrie (conduits ou conception plus complexe) dans le contrdle de I'hygiene.
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General introduction

The term "foam™ comes from the old German "viem" and designates a complex system
consisting of a liquid or semi-solid medium called continuous phase, intimately mixed with gas.
The gas is therefore dispersed in many bubbles (Darling and Birkett, 2005). Foams show an
unexpected and non-linear rheological behavior since it is influenced simultaneously by liquid
and gas properties. This difficulty has not prevented foams from being a major subject of active
research given their intensive use in many industrial sectors, such as food industries, cosmetics,
nuclear engineering, petroleum engineering, and firefight.

In the oil industry, foams are involved in oil extraction (Abiven et al., 2009), refining, flotation
of minerals (Schramm, 2000), and even in lubricating oils (Binks et al., 2010). In the textile
(Lehmonen et al., 2013) and paper (Tanaka et al., 2012) industries, they are used to increase
the uniformity of the fibers while decreasing their density. Foams also play a fundamental role
in the fire extinguishing technology (Cantat et al., 2013). Often fire needs three conditions to
spread: fuel, oxygen, and heat. Foams can address these three factors by excluding oxygen from
the combustion zone, by cooling the fuel and even by trapping the fuel stream on the liquid
surface (Branch and Ltd, 1989; Ratzer, 1956; Vinogradov et al., 2016). Finally, in the food
industry, foams play a prominent role in manufacturing processes. Examples of food foam
include chocolate foam, fruit, yogurt, whipped cream... (Brodkorb et al., 2019; Dickinson et
al., 2004). Alternatively, carbonated beverages such as soda or alcoholic beverages such as beer
or champagne can form a foam that contributes to the quality of the product. In addition,
detergents used in the food industry are often in the form of foams, mainly for cleaning open
surfaces (workshops, conveyors, floors, and walls). Compared to liquid detergents, the use of a
foam cleaner has several advantages. For example, the cleaning foam is more adhesive than
liquid detergents, which lengthens the application time and therefore the effectiveness of the
treatments, especially for vertical surfaces. In addition, the use of foam results in the formation
of fewer aerosols, which limits the recontamination of equipment surfaces and even food
products. This foam often contains biocides intended to destroy the microbial flora of surfaces.

This study is part of the European Interreg programme V France-Wallonie-Vlaanderen Veg-I-
Tec project and of the FEFS project (ANR-18-CE21-0010), supported by the ANR (French
National Research Agency). VEG-I-TEC focuses on innovations and technological
developments at an industrial scale to reduce energy and potable water consumption by
improving hygiene and the organoleptic quality of processed foods. Part of the Fluid
Engineering for Food Security (FEFS) project is the characterization of optimal two-phase flow
patterns capable of effectively removing bacterial spores. At PIHM, we investigated whether
the use of flowing foam could represent an interesting alternative to conventional cleaning-in-
place procedures for the cleaning of surfaces of equipment contaminated by bacterial deposits
since the hygiene of materials remains a major concern for the food and other industries. In this
context, cleaning with foam was proposed as an innovative method for cleaning closed
equipment that can improve the mechanical action at the equipment surface and perhaps
improve the removal efficacy of the contamination. Recent works on flowing foam has shown
promising results in contamination removal and inactivation (case of foam containing biocides)
(Al Saabi et al., 2021; Le Toquin et al., 2020). During the first months of my thesis, | was
involved in a preliminary study on the physical characterization of foams in flow. | was in
charge of the set-up and development of the pilot test rig as well as in the installation of the

2



General introduction

necessary sensors to monitor and characterize the different flow conditions of the foam. The
results of the physical characterization of the foam flow have been integrated in Ahmad al-
Saabi's thesis and in a recently published paper (Al Saabi et al., 2021). Further research
activities were still required to investigate the foam properties that play a major role in the
removal of adherent soils, as well as the efficiency of flowing foam to clean various kinds of
bacterial surface contamination encountered in the food industry.

Chapter 1 devoted to the state of the art is mainly focused on foam flow and on cleaning
operations (closed equipment) in the food industry leading to possible applications of foam
flow cleaning. The first objective of this chapter is to deepen the understanding of the physical
phenomena governing the structure, stability, hydrodynamics, and rheological behavior of
foams. Thus, the analysis of the literature makes it possible to identify some key parameters to
be taken into account and to define the experimental and numerical metrology required to carry
out this study. The second point was to highlight the different cleaning strategies in the food
industry, giving a better knowledge of surface contamination, cleaning mechanisms, parameters
affecting the cleaning efficiency, and the environmental impacts of these strategies.

Chapter 2 aims to define a rheological model that can better predict the behavior of foam in
flow under different flow conditions modified by the velocity and/or by the geometry of the
ducts as the presence of singularities such as a half-sudden expansion or a fence. For this
purpose, a detailed characterization of the foam was performed as the bubble size distribution,
the static pressure evolution, velocity profiles, thickness of the liquid films at the duct walls,
and the wall shear stress (mean and local values). These measurements constituted a database
for the validation of the rheological models proposed by a direct comparison between
experimentation and the numerical simulation (Computational Fluid Dynamics (CFD) using
ANSYS-CFX® software). This CFD work would help to predict the flow behavior of the foam
in complex geometrical conditions that could be related to food industry equipment. This will
provide the foundation to design in the future some strategies to clean such complex systems
by foam flow.

Chapter 3 reports experimental results on the efficiency of wet foam flow to remove Bacillus
spores and biofilms of three different bacteria species as Escherichia coli SS2, Bacillus cereus
98/4, and Pseudomonas fluorescens Pfl from stainless steel surfaces under different flow
conditions (by velocity and structure of the foam). In parallel, a physical characterization of the
chosen foam flow conditions was presented in order to understand and explain the underlying
mechanisms involved. Comparison between foam flow cleaning and standard cleaning-in-place
(at the same shear stress and using the same surfactant) was performed to test the potential of
this novel approach to improve the cleaning efficiency.

Then using SimaPro software we attempted to evaluate the environmental impact of three
cleaning processes, foam flow cleaning, CIP using SDS - no heat and CIP using NaOH at 60°C
(closer conditions to what could be seen in food industries) by a Life Cycle Assessment study.

Chapter 4 presents my contribution in related topics held through again the two research
projects mentioned above, VEG-I-TEC and FEFS. Presented works investigate the role of some
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parameters that could affect surface contamination and the subsequent resistance to a cleaning
procedure such as (i) to the equipment geometry, materials, and the bacteria species and (ii) the
air-liquid-wall interfaces and (iii) the formation of deposits by evaporation of droplets and in
all cases. My contribution was mainly devoted to all the cleaning aspects and to modeling
activities e.g. the drying phenomenon of droplets.

Finally, we end this work by summarizing the main outcomes of this research. We also propose
several avenues to improve the knowledge on the flow of aqueous foams for their use in
cleaning-in-place procedures.
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l. Foam structure

1.1 Foam production

The foam is generated when a large number of bubbles are formed in the continuous phase.
Two distinct methods allow the creation of foam: dispersal and aggregation. In the dispersal
method, the dispersed phase is directly introduced as bubbles into the solution containing
surface-active agents. The gas is dispersed by agitation, insulation, or through a static contactor
(porous medium, allowing the mixture of liquid and gas) (Boissonnet, 1998). Foams appear
when a foaming solution, such as dishwashing liquid or shampoo, is vigorously stirred (Shafi
et al., 1997). In the aggregation method, bubbles form by gathering gas molecules previously
dissolved in the pressurized surfactant solution (Niranjan and Silva, 2008). When the dissolved
gas becomes insoluble, due to a pressure drop for example, it condenses, and foam is created.
Shaving foam, beer, and champagne foam or foam formed by a boiling liquid are part of this
type of formation (Shafi et al., 1997).

1.2 Morphology of foam

Foams are fluids characterized by the dispersion of a discontinuous gas phase in a water phase
whose continuity is ensured by the presence of liquid films that can be partially thick (wet
foams) or thin (dry foams). The intersection of liquid films between bubbles forms a network
of channels called lamella that intersect at the Plateau borders (Plateau, 1873; Princen, 1983).
According to (Plateau, 1873) the formed liquid films tend to create a minimal surface area due
to interfacial tension, which causes a reduction in Gibbs energy. He cited two rules that drive
the morphology of foam and their conditions of balance (Figure 1):

- Three liquid films meet in an edge, making angles of 120 degrees

- The peaks are formed by the intersection of four edges, which form equal angles (6)

such as cos(0) = _§ = 109 degrees (Maraldi angles).

continuous
phase

constant
curvature
film (Laplace)

three-fold
Plateau border

Figure 1. Plateau’s law and the Young — Laplace law, govern the topology and geometry of
foams in the dry limit. (The images are results of Surface Evolver simulations (Brakke, 1992)).
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For the assessment of the fraction of gas in the dispersed phase, the concept of void fraction
(@) expressed by the following relationship is used:

Vg

® = 1)

- VgtV
Where Vg and VL represent the volume of gas and liquid in the foam, respectively.

The quality of the foam (B) is a parameter indicating the volume of gas contained in a foam
that can be expressed through the following relationship:

p=" )

QGtAQL
Where Qg and Qv represent the flow rate in the foam of gas and liquid, respectively.

Depending on the relative amount of liquid and air in the foams, they are classified as bubbly
liquid, wet foam or dry foam. When the liquid fraction is greater than 0.36, the bubbles are not
in contact which each other and are perfectly spherical (Weaire and Hutzler, 1999). This
condition is called bubbly liquid (Figure 2). When the liquid fraction decreases, the bubbles
come into contact and are eventually only separated by a thin liquid film. Under these
conditions, bubbles deform to reduce their surface energy. The foam is then said wet foam.
The critical value for which foam switches from a bully liquid to a wet foam is a unique to each
foam.

If the volume liquid fraction (¢v.) is further reduced to ¢. < 0.1, the foam becomes dry. The
bubbles are completely deformed because of the small amount of liquid and organize
themselves geometrically into polyhedral to ensure stacking with minimal surface energy.

.é,“?g"?‘ Dry foam 5
A

| Wet foam
01 <¢, <036 |
PRIk Rad-4nix

¢, > 0,36

Figure 2. lllustration of foam with a fraction gradient of liquid volume (Mouquet, 2018).

For the transition from wet foam to dry foam, it is difficult based on the literature to define a
universal criterion, e.g. gas fractions of 90% (Bhakta and Ruckenstein, 1995) or 95% (Hutzler
et al., 1998) were proposed as a transition criterion. Other authors show that this transitional
boundary would evolve due to the forces of gravity, and capillary forces, and the relative
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movement of the fluids that make up it, which depend on several variables such as the size of
the bubbles, temperature, pressure or the nature of fluids (Hohler and Cohen-Addad, 2005;
Saint-Jalmes and Durian, 1999).

1.3 Surfactants

Surfactants are molecules composed of a hydrophilic head that can be formed by one or more
ion or non-ionic polar groups (which leak water) and of a lipophilic tail made up of hydrocarbon
chains (which have a strong affinity to water) (Figure 3).

a) Surfactant structure b) Nanoparticle coating  ¢) Classification of
surfactants

Hydrophilic
re{;nonp J% Non-ionic
JJ/

|

Ll

Cationic
Hydrophobic
region

Anionic

_Q'p.
\ b/
%

T Amphoteric

/}“I\$'
Figure 3. Diagram of the structure of surfactant molecule.

For a bubble formed from a liquid without surfactants, Van Der Waals interactions and surface
tension allow the connection between the two water-to-air interfaces that will burst the bubble.
It is therefore necessary to introduce a repulsive force between the two interfaces and to reduce
the surface tension of the liquid to make it more deformable. This is the role of surfactant
(Narchi, 2008). The reduction in surface tension can be expressed by surface pressure (//) as
follows:

II=yo—v 3)

where o is the surface tension of pure water at 20°C. Surfactants have been used as foaming
and stabilizing agents for decades (AlQuaimi and Rossen, 2019). In foams stabilized with a
surface-active agent, gas bubbles are prevented from coalescing by adsorption of surfactant
molecules at the gas-liquid interface (Bournival et al., 2014). However, they cannot maintain
their stability for long due to e.g. high salinity, or variable temperatures (Singh and Mohanty,
2016). These authors have shown that hydrophilic nanoparticles have infinite potential to
increase the robustness of surfactant-stabilized foams in various applications.

Since the molecules of surfactant are constituted of a hydrophilic part and a lipophilic part, they
can position themselves at the interfaces, so that the hydrophilic part orients itself towards the
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water and the lipophilic part towards in our case the air phase. Stretching the latter generates a
gradient of surface tension responsible for a movement of water from areas that are not stretched
in the stretched area. This phenomenon, called adsorption, appears at liquid-liquid, liquid-solid,
and liquid-gas interfaces, and causes a decrease in surface tension between the two phases.
According to Gibbs' law, surface tension decreases when the concentration of surfactants sits
at the interface increases, and when this interface is saturated, the surface tension is minimal
and constant (Figure 4). From this concentration, called Critical Micellar Concentration (CMC),
the surplus molecules self-assemble into a solution in the form of aggregates called micelles
(Nitschke and Costa, 2007).

Hydrophobic portion
Surfactant molecule é)} Hgdroghllic pgrtion

Surfactant in

E & water at 20 °C
2
£
c =0 3
e’ Critical micelle
é ) concentration
. (CMQ)
v
‘fg 45
3

0 v

‘ Surfactant Surface
Air Salkis at surface saturated

X

; 01 1 10 100 1000 10 000
Concentration (mg/L)

Figure 4. Evolution of surface tension based on surfactant concentration.

1.4 Size distribution of bubbles

The study of the bubble size distribution is essential to characterize the foam structure and
understand its stability and flow. Several methods are used for determining the shape and size
of the foam: the optical method, the sonic method, the photographic method, and the optical
tomography (Hanselmann and Windhab, 1998; Sarma and Khilar, 1988).

The bubble size distribution depends on different parameters, such as the foam quality
(exponential increase with this parameter (Pang et al., 2018)), surfactant type (Evgenidis et al.,
2010; Gupta et al., 2007), concentration of the surfactant (Petkova et al., 2020), temperature
(Thakore et al., 2021) and pressure (Rand and Kraynik, 1983). Osmotic pressure is described
as the average force per unit zone needed to counter the increasing bubble-bubble repulsion, as

they are squeezed together.
OF

m=-(3),, @

where E is the total surface energy as E = yS, and V is the total foam volume.

11
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If we have a look in works considering bubble column (Besagni and Inzoli, 2017), it could be
of help in understanding the effect of the coalescence phenomena. Indeed, when the prevailing
bubble size distribution shifts to larger bubbles, due to the promoted coalescence (i.e., high
viscous liquid phases), the lift force pushes the larger bubbles to the center of the bubble
column, and induce “coalescence-induced bubbles” and, consequently, destabilize the
homogeneous flow regime. However, when the prevailing bubble size distribution shifts
towards smaller bubbles, because of the reduced coalescence (i.e., organic and inorganic active
compounds, and low viscous liquid phases), the lift force pushes the small bubbles to the wall,
inducing cluster of bubbles and, therefore, stabilizing the homogeneous flow regime.
However, there are very few results on foam behavior under high static pressure. The stability
of a static foam under high pressure has been studied by (Rand and Kraynik, 1983). They
measured the drainage velocity of an aqueous foam formed under pressure (1 to 20 bar) in an
autoclave. Their results showed that drainage time did increase a lot with pressure; the
explication for this enhanced stability is a diminution of the bubble size, measured with
microphotography (Figure 5).

100 microns —| |=

Figure 5. Effect of pressure on drainage time and bubbles size (from (Rand and Kraynik,
1983)).

The concentration of surfactants plays a significant role in the stability and foaming ability of
the system (Petkova et al., 2020). The higher the concentration, the more stable is the foam
(Egea, 2014; Xu et al., 2020). With the increase in the concentration of surfactants the bubbles
are more uniform with a higher degree of contact with each other without obvious coalescence
(Argillier et al., 2009; Eftekhari and Farajzadeh, 2017). In the same time, the average diameter
of the bubbles decreases, and the maximum frequency of distribution of the bubbles is constant
(Figure 6).

12
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Figure 6. Role of surfactants concentration (from (Li et al., 2019)).

A high viscosity of a surfactant may also influence its stability by slowing down liquid drainage
of the Plateau's borders and, therefore, causing a strong resistance while thinning or thickening
of the liquid films. The slats and Plateau boundaries created by this combination of surfactants
were supposed to be thicker than other surfactants with lower viscosity (Osei-Bonsu et al.,
2015).

1.5 Stability of foam

Foam can be easily established and disappear in a few moments. It is well known that it is
intrinsically unstable because it constitutes a mixture of two non-miscible phases whose density
masses and viscosities are very different and which are thermodynamically unstable
(Dickinson, 1992).

For example, the elements defining its structure may increase over time, such as the thickness
of the liquid film accentuating the drainage and leading to a rupture, causing the bubbles to
coalescence (Bhakta and Ruckenstein, 1997). Gravity may promote fluid drainage (Carrier and
Colin, 2003) and even the gas can also diffuse from smaller to larger bubbles thanks to the
ripening of Ostwald (Louvet et al., 2009) (Figure 7). Controlling the stability of foams at an
industrial level is therefore a crucial point (Kapetas et al., 2016; Pal, 1996).

13
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Drainage Ripening Coalescence

Figure 7. Schema of the three foam destabilization mechanisms (Bikerman, 1973).

To be more precise, drainage is the flow under the effect of capillarity and the gravity of the
liquid present in the films, it tends to dry the foams upwards by decreasing the volume fraction
of the liquid as one rise considering a foam column (Figure 8). Foams made up of the larger
bubbles drain more, they have larger cross-sectional areas at the Plateau borders (for the same
humidity of the foam); therefore, under gravity, it empties more quickly (Bikerman, 1973;
Guillerme et al., 1993). The amount of liquid draining through the channel is influenced by the
cross-distribution of the velocity of foam bubbles (Zdankus et al., 2018).

In order to limit the foam drainage, it is possible to:

- increase the viscosity of the solution by using liquids such as glycerin or by significantly
lowering the temperature of the solution,

- create as thin foam as possible to reduce the size of the edges of the Plateau borders
where the flow takes place,

- limit or cancel gravity. This can be done by applying a force opposite to gravity, such
as a magnetic field directed upwards to the foaming solution.

4
S ) 4
Film thickness increase

Drained liquid

Figure 8. Foam drainage is caused by gravity and capillary forces, which results in a polyhedral
shape of the bubbles (dry foam (Saint-Jalmes and Durian, 1999)).
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1.6 Foam flow and wall sliding

Experimental measurements by Particle Image Velocimetry as numerical simulation (CFD)
highlighted the behavior of foam flowing in a horizontal linear pipe of square section (Blondin
and Doubliez, 2002; Tisné et al., 2003). They revealed that depending on the Reynolds number
or the foam velocity (for a pipe section of 21 mm?), the foam could flow in three different
regimes (Figure 9):

- A one-dimensional regime corresponding to an average velocity (Umean = 2 cm s2),
whose velocity vectors have only one uniform axial component in the flow direction:
Uu=ue, =cte e, (5)

- A two-dimensional regime corresponding to an intermediate velocity (Umean =4 cm s),
whose velocity vector has an axial component that depends only on the vertical coordinate (y):

i=u®)e, (6)

- A three-dimensional regime corresponding to an average velocity (Umean = 6 cm s?),
whose axial component depends on the horizontal (x), and vertical coordinates (y):

= _ — 7
u=u(xy)e, (7
1Ly Flow A Flow ¥ A Flow
1 '-’1 .
: "i’ e ]
[ =y
—————— —* y
|: f—l_"(J — l‘x
I S ) X
I e ¥
= —
e _,-'_|_r .
,L}__'“.,AI»_-.- e — — "
! 1 5:—’:__'-‘:':-___ ------
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Figure 9. Foam flow regimes.

In 1922, Bingham found that when a suspension flows over a smooth surface, there is "a lack
of adhesion between the material and the shearing surface. This causes a layer of liquid to
develop between the shear surface and the main body of the suspension™ (Bingham, 1924). The
rheological studies of foams are based on the existence of a sliding layer near the wall. Indeed,
near a smooth solid wall, the migration of bubbles generates a layer rich in liquid, which gives
the effect of a slip between the foam and the wall (Figure 10). The rheological studies of foams
are based on the existence of a sliding layer near the wall. Indeed, near a smooth solid wall, the
migration of bubbles generates a liquid layer, which enables the sliding of the foam and the
wall (Figure 10). This layer performs the role of a lubricating layer of pure liquid separating
the foam and the surface. It is therefore called the slip layer: it is a few micrometers in thickness
at the top side and up to millimeters at the bottom side of the duct. This wall sliding is a surface
phenomenon and is therefore sensitive to the roughness, the pipe diameter, the surfactant
concentration, the concentration of the dispersed phase, the bubble size distribution, and the
viscosity of the liquid phase (Marchand et al., 2020).
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This slip layer was first observed in foam flow by (Miller and Wenzel, 1985) using a rotary
rheometer. The authors considered the flow of foam as a combination of two phenomena: the
shear in the middle of the foam and the slip of the foam on a liquid film flowing at the wall. For
the most commonly used forms, different methods have been developed to determine the
average flow velocity (Enzendorfer et al., 1995; Jastrzebski, 1967). The latter showed that the
slip velocity not only depends on the wall shear stress but also on the pipe diameter. According
to these authors, the slip velocity can be described as:

bc
Uslip = D_h Tw (8)

where Dy, is the equivalent or hydraulic diameter of the pipe and b, is the modified slip
coefficient. The slip velocity can be directly related to the layer thickness §. As the layer
thickness increases, so does the velocity.

§=37-10"* Uy, " (9)

lip
Thin film

Lateral film

Underlying film

Figure 10. Liquid films.

Foam rheology

Foams exhibit unpredicted and non-linear rheological behavior as it is influenced by both liquid
and gas properties. The complexity of the interactions and processes that are involved have
positioned foam as a major subject of current research (Singh and Mohanty, 2016; Tanaka et
al., 2012). Rheology is the science that focuses on the deformations of matter and looks for
links between the stresses imposed and the deformations induced (Oswald et al., 2005). The
most common techniques used in the experimental study of foam rheology are based on the use
of rotary rheometers. They allow highlighting parameters such as the yield stress and the
viscosity of the foam.

1.1  Dynamic behavior

The rheological properties of foams, such as elasticity, plasticity, and viscosity, have a major
impact on the production, transport, and applications of foam. They are complex, not only
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because the elastic and viscous responses are nonlinear functions with the applied stress, but
also because of the variation in the local shear stress generated during a deformation.
Eventually, foam can be viscous, elastic, or plastic, depending on the perturbation that is being
imposed on it. Certainly, from one foam to another, the specific properties change. One type of
foam is rigid, another tolerates greater deformation, and another foam will break if we try to
deform it too quickly. These differences come from the proportion of liquid, or the distribution
of bubble sizes. Fundamentally, its behavior is related to its structure, more precisely to its
nature as a cellular material (Cheddadi et al., 2015).

It has been shown (Princen, 1985) that the continuous shearing of a two dimensional (2D) foam
leads to its flow according to a local process of rearrangement of neighboring bubbles that is
called T1. The bubbles deform appropriately, overlap to change places, and then fall into a new
configuration where some bubbles are moving apart while others are moving together. This is
illustrated by the following figure (Figure 11):

(@) (b) (c) (d)

§2al 77 _ O
| em— - | m— l,l ’,’

Figure 11. Topological rearrangement T1: Foam yielding and plastic deformation, under
applied shear stress, increasing from (a) to (c). This structure can relax either elastically, by
returning to structure (a), or by a bubble rearrangement, leading to structure (d) (inspired from
(Princen, 1985)).

These images illustrate a change of neighboring bubbles. The two bubbles 2 and 4, which were
in contact, move apart, while the two other bubbles 1 and 3 get closer and become neighbors.
This change of neighbors is called topological rearrangement T1, passing through an
intermediate step (in the center) where the four bubbles share a common vertex. These images
were obtained with a 2D foam, located between two glass plates separated by 2 mm (Princen,
1985).

A foam can deform only when it is subjected to stress. However, before flowing, several
structural changes can be observed:

e At low strains, the interfaces are slightly stressed, the deformation are reversible, and
the stress required to deform the interfaces is proportional to the deformation applied.
The foam is then characterized by the response of a solid. In this regime, foams behave
like shear-thinning fluids, with their effective viscosity decreasing as a function of shear
rate (Weaire, 2008).
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e When the deformation increases, without generalizing to the whole foam, T1
reorganizations start to occur. The energy in the interfaces is partially relaxed and
dissipated, this is the irreversible plastic deformation. The macroscopic stress necessary
for the deformation of the foam continues to increase.

e When the foam deformation is large enough to separate neighboring bubbles, and
reaches the yield stress Ty, a steady shear flow occurs, and the bubbles slide along each
other. The T1 process generalizes throughout the foam leading to a local shear flow of
liquid within the foam films, resulting in energy dissipation. The foam flows like a non-
Newtonian viscous fluid (Héhler and Cohen-Addad, 2005).

The stress reaches its maximum at the start of macroscopic flow and then it eventually decreases
before becoming constant (Figure 11). This maximum stress is called the yield stress 7, (Kroger
and Vermant, 2000). Indeed, for a given shear rate, the stress required to get the material to
flow is greater than this yield stress value. Simulations on 2D aqueous foams have put forward
two hypotheses to explain this phenomenon: the initial orientation of the films in a direction
other than that of the flow (Raufaste et al., 2010), which is not sufficient to explain the
importance of overshoots (peak of the stress), and the effects of interfacial dissipation which
can retard the beginning of T1 rearrangements (Rouyer et al., 2003).

LIQUID

| Yield Stress ______ __ _

Stress !

VISCO-ELASTIC

Strain
Y

Figure 12. Schematic representation of the relationship between the shear and the strain for
aqueous foam.

Thanks to experiments on emulsions, whose rheological properties are the same as for foams,
the following semi-empirical equation of the threshold stress has been proposed (Mason et al.,
1996):

Ty =B 1 (P—)° (10)
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Where g is the foam quality, vy is the surface tension, @ is the volume fraction and R is the
average bubble radius. This correlation attests to the importance of the interfaces, by their
proportionality with y/R and its dependence on the volume fraction @ as illustrated in Figure
13 below. This yield stress is maximal for dry foams and zeroes at the blocking transition for
the volume fraction of gas ®¢ (=0.64).

Applied stress

1 Viscous fluid

Non-newtonian

;/,/
Yieldstress 7
/" Solid
viscoelastic
0 e 1 Volume fraction

of gas

Figure 13. Schematic representation of the liquid and solid mechanical behavior of foam
(Hohler and Cohen-Addad, 2005).

1.2  Linear Viscoelasticity

Foam is considered as a viscoelastic fluid with an intrinsic elasticity and viscosity. Its response
to deformation is not entirely elastic but involves a dissipation phenomenon of multiple origins.
The energy dissipation can be due to the viscosity of the interstitial fluid or to the properties of
the surfactants (viscosity and diffusivity) (Buzza et al., 1995; Cantat, 2011). Moreover, it has
been shown that dissipation during foam sliding probably has three different origins (Huerre et
al., 2014) : the viscosity of the interstitial fluid in liquid foams, friction at the liquid-air interface,
and the friction of the Plateau borders in the case of dry foams. The aqueous foam, therefore,
exhibits many relaxation times specific to the dissipation mechanisms, which can be observed
by changing the degree of deformation applied. Viscosity influences the strength of the foam
structure at the Plateau edges and inter-bubble films. Also, a high viscosity limits the thinning
of the liquid films allowing them to be stabilized in the long term. Moreover, it plays a role in
the drainage speed which decreases when the viscosity increases (Bricefio et al., 2001).

1.3 Linear Elasticity

Linear elasticity is a change in stress proportional to the strain applied to the foam. In the linear
regime, the bubbles are deformed, but the applied strain is too small to change their collapsing
topologies. The specific surface of the foam increases with the applied stress, as does the
volume density of the surface energy of the bubbles. The elastic response of the foams comes
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from the elasticity of the liquid films and the elasticity of the interfaces with bubbles. Indeed,
the liquid films in the foam are characterized by their ability to withstand mechanical stresses
lower than the twice value of their surface tensions. Consequently, for low shear stresses (below
the yield stress) the films at the Plateau borders remain in static mechanical equilibrium, and
the bubbles become trapped in their initial structures which retards the beginning of T1
rearrangement. The Gibbs elasticity Eginbs Of the interface of the bubbles corresponds to the
response of the interfacial tension y to a relative increase of a surface A (Guignot, 2008;
Langevin, 2014).

Egibps = % (11)
The Gibbs elasticity is measurable for deformations far below the yield stress z,,. The elastic
modulus depends on the number of interfaces stressed during deformation and thus depends on
¢ and yR (Princen, 1983). Kraynik simulations proposed an expression for the elastic modulus
when ® — 1: G = 0.5 yR; an expression that is confirmed by extrapolations of experimental
data by (Princen, 1983)) and (Mason et al., 1996), on aqueous foams and emulsions,
respectively. The proposed semi-empirical expression for the elastic modulus is :

G=ua % D(d — B, (12)

With o = 1.4 when the foams are monodispersed and o = 1.6 when the foams are polydisperse.

1.4 Foam rheology models

Newtonian fluid is defined as a fluid whose viscosity depends neither on its shear rate nor on
the time during which the liquid is sheared. The characteristic relationship that depends on the
properties and nature of the material:

Tij = (Vi) (13)
where y;; is the strain rate tensor.

However, For the non-Newtonian fluids, the viscosity is not constant but depends on the shear
rate. It can define as:

Tij = Happ }"ij (14)

The foam flow can behave like a non-Newtonian fluid. It can be characterized by a viscoelastic
behavior law (Ostwald type fluid) or by the possible existence of a yield stress (Herschel-
Bulkley or Bingham type fluid). These models consider the foam as a continuous fluid by
assuming a shear in the middle of the fluid. They are expressed by the following relations:

Ostwald de Weale: Power-law model
T = ky™ (15)
n=k@y)"! (16)
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1= + (20)
A+@N? 2

With
-Ho is the viscosity for a zero-shear rate
-M IS the asymptotic viscosity for a very high shear rate

Model parameters for a Newtonian fluid are p = po, n=1, or A=0.
Three variables are involved in these models, the yield stress ty, the consistency index k, and
the fluid behavior index n.

1.5 Yield stress ty

It was found that the complex structure of the foam gives it a higher shear strength than that of
a homogeneous fluid, which is interpretable by the existence of a yield stress z,,, beyond which
the flow starts (Camp, 1998) Indeed, when foam is subjected to an increasing shear
deformation, it presents a transition between a solid type behavior and a fluid type behavior,
called "yielding" which is characterized by the threshold stress (Kréger and Vermant, 2000).
Therefore, the foams require a minimum amount of energy to be able to flow. This energy is
represented by a threshold stress z,, which depends mainly on the mean diameter, void fraction

@, and surface tension y. The value of the threshold stress becomes zero for a critical void
fraction @, and is further affected by the viscosity of the liquid. In contrast, dry foams are
characterized by ¢ > 0.64, and in this case, the values of the yield stress and the elastic modulus
are in the same range (Hohler and Cohen-Addad, 2005) showed that dry foams are characterized
by ¢ > 0.64, and in this case, the values of the yield stress and the elastic modulus are in the
same range. Other authors have studied the influence of this void fraction on the texture and
morphology of flowing foams in pipes. They have shown that the yield stress increases with
the volume fraction of the dispersed phase (Princen, 1983). For this reason, some laws appear
necessary to relate the rheological parameters to the volume fraction of injected gas
(Reidenbach et al., 1986).

7, =7-10"2¢ if $ <06 1)
7, = 2-10"*exp(9¢) if ¢ > 0.6 (22)
k=2-10"%exp(3.6¢ + 0.75¢) (23)
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Other studies have related this parameter to the bubble diameter. Using a rotary rheometer, it
has been shown that the yield stress increases as the bubble diameter decreases. The relationship
established is due to the following (Miller and Wenzel, 1985):

—0.648

11.6  Fluid behavior index n

This index represents the viscous non-perfection of the fluid compared to a Newtonian fluid
(Latifi et al., 1989). Generally, depending on the value of n, three main cases can occur (Figure.
14):

- if n =1, papp = p and the fluid behaves like a Newtonian fluid.

- if n > 1, the apparent viscosity increases as the velocity gradient increases. The fluid is
dilatant or shear-thickening.

- if n < 1, the fluid has a pseudo-plastic behavior, the apparent (effective) viscosity
decreases when the velocity gradient (the stress) increases. The fluid is said to be shear-
thinning.

Plastic

Bingham plastic

Shear-thinning
(pseudo-plastic)

Newtonian

Shear stress (Pa)

Shear-thickening
(dilatant)

Shear rate (s}

Figure 14. Shear in non-Newtonian fluids.

Aqueous foams could be considered as shear-thinning fluids since the index n is lower than 1.
The origin of this behavior of foam is attributed to the viscous dissipation in the films. The
liquid is sheared into the films with a local shear rate. As the macroscopic shear rate increases,
the thickness of the films increases (Denkov et al., 2005), which leads to a reduction in the
dissipative phenomena with the shear rate. Experiments using sheared foams have shown that
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the viscous friction within the foam also depends strongly on the surface mobility of the
bubbles. The rheology behavior of dry foam (air volume fraction of 0.90) was very well
described by the Herschel-Bulkley model with power-law index n ranged from 0.24 to 0.02 and
from 0.42 to 0.02 for tangentially immobile and tangentially mobile bubble surfaces,
respectively (Princen, 1985, 1983; Princen and Kiss, 1989). The reasons behind the different
values of the index n are not clear at this time, and further experimental and numerical studies
are needed to better understand the viscous friction within these systems and define a
rheological model that predicts the behavior of foams.

1.7 Viscous dissipation in regularly sheared foams

Experimental studies and theoretical modeling of foams or emulsions considering two main
mechanisms describing the viscous energy dissipation in sheared foams can be performed: (i)
in the foam films, formed between two neighboring bubbles, and (ii) in the adsorption of the
surfactant layer on the surfaces of the bubbles (Denkov et al., 2008; Tcholakova et al., 2008).

11.7.1 Predominant viscous friction in foam films
The theoretical modeling (Tcholakova et al., 2008) demonstrated that the movement of liquid
within sheared foam films could be decomposed into two coexisting fundamental processes:

e The sliding movement of the opposite surfaces of the film, resulting from the relative
movement of the neighboring bubbles in the sheared foam (Figure 15a).

e Thinning of the foam film, which is due to the high dynamic pressure within the film
(imposed by the capillary pressure of the bubbles), as compared to the pressure in the
surrounding channels of the Plateau borders (Figure 15b).

By applying a hydrodynamic approach with reasonable assumptions, the energy dissipation rate
within the liquid film was calculated and used to derive an approximate equation for the viscous
stress in the sheared foams (Denkov et al., 2008; Tcholakova et al., 2008).

)0.1

Tyr =~ 1.16 Ca®*7 ®>/6 (2-0.74)°1

(1_¢,)0.5 (25)

Where Ca is the capillary number Ca = %v w; and v is the dynamic viscosity of the liquid

solution and the foam velocity, respectively.
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(a) (b)
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Figure 15. (a): Schematic presentation of the sliding process: the opposing surfaces of the film
move at velocities which are driven by the relative motion of the neighboring bubbles in the
flowing foam. The film thickness h determines the local shear rate of the liquid in the film. (b):

Schematic presentation of the thinning of the film. This process is driven by the excess pressure
Pg in the bubbles compared to the pressure Po in the liquid outside the film.
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11.7.2 Predominant viscous friction in the surfactant adsorption layer

Theoretical studies show that bubble collisions in sheared foams lead to bubble surface
oscillations. This fluctuation leads to viscous energy dissipation in the surfactant adsorption
layer, due to the surface expansion viscosity. The following expression was derived
theoretically for this contribution (noted as 7, to the total viscous stress (Tcholakova et al.,
2008):

Tys = 9.8 (E%) ® a,0! (26)

ELp is the viscous surface modulus and ao is the relative amplitude of bubble oscillations. In
general, the viscous stress in sheared foams includes the contributions of energy dissipation in
both the foam films and adsorption layers:

Ty = Tys + Tyr (27)
and
T=T,+ 1Ty (28)

Several experimental works have studied flowing foam in a horizontal square pipe (Blondin
and Doubliez, 2002; Tisné et al., 2003). It was shown that that the flow arrangement, depending
on the Reynolds number and foam quality, can vary from a plug-flow up to a complex regime
affecting the liquid films along the surfaces and the foam itself, both in terms of velocity and
of structure (bubble arrangement). These observations were confirmed by other studies with the
same experimental device (Aloui and Madani, 2008).

The most common flow models proposed for foam were mainly those of Power-law, Bingham,
and Herschel-Bulkley (Akhtar et al., 2018). Under low-stress conditions, foam behaved like a
soft solid and can show some sort of elasticity. Over a threshold value of the shear stress (yield
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stress), foam behaved as a viscoelastic fluid exhibiting a Newtonian-like behaviour with
constant viscosity, as in the case of the Bingham law (n = 1), or a shear rate-dependent viscosity
as in the case of Herschel-Bulkley law. Additionally, many authors have proposed correlations
between the viscosity and the foam structure (Du et al., 2018; Khan and Armstrong, 1987; Wu
etal., 1984). In regards to the complexity of the rheological behaviour of foam, Computational
Fluid Dynamics (CFD) could be proposed to quite accurately describe the flow behaviour of
such a complex system at least macroscopically, some experimental data being of need to
validate the CFD calculations. However, quite a few numerical studies have been performed.
Some authors proposed a simulation of a bubble’s movement in a capillary tube prior to relating
these results to a foam system (Chen et al., 2009; Dalmon et al., 2018), or being more elaborate
using the Lattice Boltzman (LB) approach which solves the flow at the microscopic scale as
well as the interface scale (case of CFD simulation of bubble columns) (Bhole et al., 2008;
Mihlbauer et al., 2019). Others have attempted to simulate the liquid film between the bubbles
(Plateau border) by highlighting the drainage phenomenon in foams (Koehler et al., 2004; Wang
and Narsimhan, 2006). (Chovet et al., 2014) simulated the horizontal foam flow inside the duct
using the non-Newtonian Bingham model. The comparison of the pressure drop and the
velocity profiles obtained experimentally with those obtained numerically showed a good
description of the foam flow for low Reynolds numbers (plug flow) however it was found to be
challenging to expand toward other flow regimes. In this study, a robust rheological model will
be defined able to predict the rheological behaviours of the foam for different qualities, different
flow regimes (Reynolds Numbers), and in the case of a simple linear pipe as well as in the
presence of singularities that are complex geometries found in the industrial plants.

I11.  Cleaning in food industries

I11.1 Food surfaces contamination

Food hygiene procedures are implemented to ensure the safety and quality of food products
from the production phase to the consumption phase (Raposo et al., 2021). Indeed, due to the
complex nature of the food supply chain, contamination of food can occur at any stage from
primary production to use by the final consumer (Schlegelova et al., 2010), that is, during
harvesting, processing, storage, distribution, transportation, and preparation. The contamination
of food with pathogenic microorganisms, leading to foodborne diseases, is a major security
threat for the food production and processing industry. Foodborne illnesses have been
associated with improper storage and reheating (50%), inadequately odd storage (45%), and
cross-contamination (39%) (Bean and Griffin, 1990). In 2018, 1,630 foodborne illnesses
outbreaks (FIO) were reported in France, affecting 14,742 people, of which 5% were
hospitalized and 2 died. Compared to 2017, the number of notified FIO is increasing (+24%).
The most commonly suspected pathogens were Staphylococcus aureus, Clostridium
perfringens, and Bacillus cereus corresponding to 70% of the FIO (Fournet et al., 2019).

Contact surfaces found in the food industry play a significant role in affecting the safety of
foods. For example, according to Bennett (2013), the most common errors causing Cross-
contamination would be inadequate cleaning of processing equipment or utensils (67%) and
storage in a contaminated environment (39%). In France, equipment surfaces contaminated
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with microorganisms are thought to have contributed to more than half of all foodborne
ilinesses reported between 2006 and 2008 (Delmas et al., 2010). Bacteria responsible for large-
scale outbreaks from contaminated equipment surfaces include Staphylococcus aureus (Asao
et al., 2003), Vibrio parahaemolyticus (Chen et al., 2017), Listeria monocytogenes (Gaulin et
al., 2012; Schmitz-Esser et al., 2015), and Salmonella tiphymurium (Finn et al., 2013). Non-
pathogenic bacteria are also often isolated from surfaces in food environments. Pseudomonas
fluorescens is among the more dominant species on food contact surfaces that are highly
resistant to cleaning and disinfection operations (Fagerlund et al., 2017; Maes et al., 2019). It
has a marked occurrence in food processing plants since it is able to form biofilms in different
environmental conditions (Jara et al., 2021; Meliani and Bensoltane, 2015; Stellato et al., 2017).
Even if these bacteria are not responsible for food poisoning, they might behave as a "helper"
for further pathogenic bacteria to persist in food facilities, mainly using its matrix as cover
and/or as an anchoring surface (Puga et al., 2018).

When equipment surfaces are contaminated, the surface properties of the materials may affect
either the interaction strength between microorganisms and surfaces or shear stress release
efficiency thus affecting the effectiveness of cleaning procedures (Faille et al., 2018; Puga et
al., 2018; Whitehead et al., 2015). Among the different materials encountered in the food
processing industry, stainless steel is by far the most used, for example in the fabrication of
pipes, tanks, conveyor belts, worktops, or complex pieces of equipment such as valves or
pumps.

Bacterial contamination is usually observed in the form of biofilm (Bénézech and Faille, 2018;
Gibson et al., 1999; Jha et al., 2020; Weber et al., 2019), one of the most widely distributed
modes of life on Earth (Stoodley et al., 2002). A biofilm (Figure 16) consists of consortia of
microorganisms in which cells are frequently embedded in a self-produced matrix of
extracellular polymeric substances (EPS) that are adherent to each other and/or a surface
(Flemming et al., 2016). One of the specificities of these biofilms is that the way of life of cells
within biofilms is clearly distinct from that of free bacterial cells, which gives them properties
that are sometimes distant from those of their free-living counterpart. This is particularly the
case for their resistance to environmental conditions, and in the case of undesirable biofilms in
the food industry, their resistance to conditions implemented to limit their establishment or their
expansion (for example: low temperatures, disinfection procedures...). Furthermore, the EPS,
mainly composed of polysaccharides, proteins, nucleic acids, and lipids, acts as a protective
layer preventing cell dehydration, providing resistance to UV light radiation as well as to
disinfectants (Crouzet et al., 2014). Another reason for the remarkable persistence of these
biofilms in the processing lines is their very high resistance to detachment, both during rinsing
and cleaning procedures as previously shown (Al Saabi et al., 2021; Al Saabi, 2020; Bénézech
and Faille, 2018; Bouvier et al., 2021; Jha et al., 2020).
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Figure 16. Different steps of biofilm formation, inspired by (Cappitelli et al., 2014). A dynamic
process involves attachment A, maturation B, and dispersal C.

I11.2  Cleaning of contamination / Cleaning In Place

Cleaning is the action of removing all the residues and the soiling from surfaces, making them
clean and able to be disinfected efficiently (Avila-Sierraetal., 2019; Goode et al., 2010; Wilson,
2005). It allows the elimination of both organic dirt (grease, blood, sugar, starch, proteins) and
inorganic dirt (mineral salts, rust, carbonization residues). It also allows the removal of foreign
objects (Héry et al., 2003).

Nowadays, Cleaning-In-Place (CIP) is a common method in the food and pharmaceutical
industries. It is an automated process that consists of the cleaning of equipment, without having
to remove or disassemble pipes and equipment, by circulating a turbulent fluid flow or by high-
pressure spray impingement. This saves time between productions and can therefore increase
revenues (Avila-Sierra et al., 2019; Bremer et al., 2006). The method usually involves stages
such as pre-washing, caustic solution cleaning usually between 1-3% of NaOH, immediate
rinse, acid solution descaling, and the final rinse.

CIP is operated according to the different TACT principles according to the Sinner’s circle
(Figure 17) (Basso, 2017):

- Temperature: The setting defines an optimum temperature of the liquids (water or
detergents). A minimum / maximum temperature level is expected depending on various factors
such as the equipment materials or the type of soil.

- Action: The mechanical action of the washing depends on the flow, characterized by the
flow rate inducing ranges of wall shear stress directly in relation to pressure variations along
the lines. The internal parts of the tanks are usually cleaned using spray balls to enhance the
effectiveness of mechanical cleaning by impacting the surfaces with liquid jets.

- Chemistry: The use of cleaning agents such as alkaline (NaOH) or acidic (HNO3)
products is necessary to remove organic matter or dissolve mineral matter.

- Time: The minimum expected duration for the previous criteria is quantified in advance
according to the washing phase. This is an important parameter in determining the necessary
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level of efficiency to be achieved and to avoid excessive cleaning resulting in over-consumption
of chemicals, water, and energy.

&

&

S

.

ime

Chemical
Action

Mechanical
Action ‘

Temperature

Figure 17. Representation of Sinner’s circle (Basso et al., 2017).

The accurate combination of the influencing factors of time, temperature, chemistry, and
mechanical action generated by the fluid flow tends to make cleaning a reliable and optimized
process to save time, water, and energy consumption (Grandillo and Tatianchenko, 2020). To
optimize the overall CIP systems process, several works were performed to study the effect of
the hydrodynamics of the cleaning fluid on CIP efficiency. In particular, the importance of the
flow parameters such as the generated shear stress at the wall of equipment (Blel et al., 2007),
fluid velocity (Bénézech and Faille, 2018), flow regimes (Brugnoni et al., 2012), and the
formation of recirculation areas and local turbulence (Blel et al., 2007).

In the literature, many studies have focused on the removal of biocontamination (bacterial
biofilms or spores). One of the aims of this research was to identify the mechanisms by which
these micro-organisms detach from surfaces by varying the shear forces applied to the wall. For
some studies, the wall shear forces allow detachment or at least disruption of the
contaminations. Others have defined yield stress, below which the detachment of a biofilm can
be achieved. However, exceeding this stress value, a compression of biofilms could occur.

On the other hand, turbulence has a significant effect on the cleaning process. Indeed, the
increase in the presence of turbulent structures generated at the walls improves the cleaning
efficiency. (Blel et al., 2009a) shows a relationship between the size distribution of the turbulent
structures at the walls and the deposition of spore contamination in the circulating flow, a trend
as an increase in flow rate (turbulence) reduces the cleaning time required to remove the spore’s
contamination. The use of non-stationary flows, such as pulsed flows and jet flows, would
increase CIP efficiency (Absi and Azouani, 2018; Blel et al., 2013, 2007; Silva et al., 2021).
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These flows affect both the mean and fluctuating components of the wall shear stress and
consequently reduce the residual contamination. Indeed, pulsed flows demonstrated the
beneficial effect of increasing the wall shear stress and its fluctuations on the enhancement of
bacterial removal from stainless steel surfaces. As an example, pulsed flow in turbulent regime
allows an increase of mean and fluctuating shear rates and a consequent enhancement of
Bacillus cereus spores removal rates from surfaces (Blel et al., 2009a, 2009b), which
corresponds to twice that obtained for the steady condition at high Reynolds number (Re of
35000). The increase in turbulent level and thus in velocity of the fluid (a velocity of 3 m.s™)
has also shown a relevant role to remove a backed tomato deposit (Absi and Azouani, 2018).
In both cases, the authors explained that this increase in the local velocity gradient at the surface
plays a relevant role in convective mass and heat transfer inducing a weakening and breaking
of the bonds between the contaminations and the solid surface. It should be noted that such a
velocity of 3 m.s is far to be realistic in CIP of processing lines.

Gas-liquid two-phase flows, which are also non-stationary flows, are likely to be of similar
interest to pulsed flows. It can be as foam flow or just an air bubbles flow (Al Saabi et al., 2021;
Le Toquin et al., 2020; Thobie, 2018). In (Thobie, 2018), different bubbles sequences (where
the size, shape, and frequency of bubble passage were varied) were used to try to limit the
biofilm development or elimination once formed. They studied the elimination of biofilms of
Chlorella Vulgaris fouled on the surfaces of a photobioreactor. Their results show that the
surface layers of the biofilm considered as the least adhered are periodically detached, but the
first layers of the biofilm do not detach and provide a bonding medium for new cells.
Fluctuation of the shear stress was the mean response for the increase of the detachments rates
which depend mainly on the bullet sizes. Indeed, flow with an injection of big bubbles seems
to be less effective at removing the superficial layers of the biofilm. Additionally, CIP with
microbubbles can be a new method to increase cleaning efficiency (Lee et al., 2016). It was
found that CIP with microbubbles can control irreversible fouling more successfully than
conventional CIP. Moreover, the cleaning mechanism of microbubbles has improved the
cleaning efficiency of adhering foulants from 32.6% to 81.9%.

It was shown that the best option of cleaning was concluded when both chemical and
mechanical actions were studied. Indeed, several works have examined the role of chemicals
and hydrodynamics to control biocontamination. A conclusion as a synergy of both effects
improves the efficiency of the cleaning process. Recently, (Gomes et al., 2021) investigated
the effect and the efficiency of combined treatment of chemical and mechanical on B. cereus
and P. fluorescence biofilms formed on high-density polythene HDPE. Results showed that a
combination of the surfactant solution of BDMDAC (benzyl dimethyl dodecyl ammonium
chloride, 300 pg/MI) with the increase of the shear stress enhanced the removal of B. cereus
and dual-species biofilms from 25% and 40% to 17% and 19% respectively. These results were
in line with (Pechaud et al., 2012). In fact, different scenarios of treatment were performed:
hydrodynamic (shear stress applied from 0.01 to 2.5 Pa using white water), chemical (NaClO,
150mg/L), enzymatic (Savinas, 6UP/mL), and combination treatments of chemical or
enzymatic treatment with hydrodynamic treatments. As shown in Figure 18, compared to the
single effect of hydrodynamic (65% of biomass removal), chemical (35% of biomass removal),
and enzymatic (less than 5% of biomass removal) the combination of treatments improved the
biofilm removal up to 90%. Another example concern the evaluation of the effects of
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mechanical vs. chemical action (using NaOH 0.5% at 60°C) on the removal of Bacillus spores
(Faille et al., 2013) and Pseudomonas fluorescens (Bénézech and Faille, 2018) from stainless
steel surfaces. For the model of spores, the rinsing step with water at 500 Pa removed between
53% and 89% of the Bacillus spores. However, when a solution of NaOH was used at 4 Pa the
cleaning efficiency was improved up to 80% and 99% for Bacillus cereus and Bacillus subtilis
respectively. The improvement in spore detachment is related to the surface properties of the
spores and the strength of the interaction between them and the solid, which weakens over time
in the presence of these chemicals and then becomes susceptible to easy removal by shear stress.
In the same way, after 30 min of cleaning with NaOH in static condition removed about 4 log,
while cleaning with water at 0.14 Pa removed less than 3 log. Combination of both aspects, CIP
using NaOH at 0.14 Pa improves the cleaning efficiency with about 5 log reduction. When the
detachment kinetics of biofilms were studied, the synergistic action of chemical and mechanical
treatment (CIP using NaOH at 0.14 Pa) mostly affected the first detachment phase (less than 1
minute of cleaning). In addition, the chemical agents weakened the cohesive forces of the
biofilm, causing the destabilization of its structure, as hypothesized by the authors.

% COD mass detached
-
cc383888833888

% Reduction in coverage

(I): after 40 day of growth and before any treatment ~ (C_H): after chemical treatment followed by hydrodynamie treatment
(H): after hydrodynamic treatment (E_H): after enzymatic treatment followed by hydrodynamic treatment
(0.01 Pa—2.5Pa; 1h) (H_C_H): after hydrodynamic treatment followed by chemical

(C): after chemical treatment (INaClO 1oomM, 2 h)  treatment, itself followed by another hydrodynamic treatment

(E): after enzymatic treatment (Savinase 6 UP, 2o h) (H_E_H): after hydrodynamic treatment followed by enzymatic

treatment, itself followed by another hydrodynamic treatment

Figure 18. Effect of single and combined treatment on the percentage of the biofilm detachment
(Pechaud et al., 2012).
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The cleaning performance and treatment parameters are directly dependent on the hygienic
design. The design of the installation must limit the presence of singularities, cavities, gaps,
corners, and more generally dead zones, as these structures are particularly delicate to clean or
disinfect because fluids do not circulate, or very little, in these places. It is essential to study the
cleaning of pipes in order to optimize cleaning operations and improve the reuse of cleaning
solutions and rinsing water. (Yang et al., 2019) compared the cleaning efficiency of several
piping geometries using CFD tools. This type of comparison helps to understand the
determinants of the cleaning efficiency of an installation. For example, dead zones occur
primarily in areas where flow recirculation is very high. They found that the size of dead zones
can be reduced by using a smooth connection or a high flow velocity. However, the dead zones
do not disappear completely. The modeled pressure drops are consistent with the analytical
results obtained in the literature. CFD can provide sufficient information to calculate the
equivalent lengths of various geometries. Many researchers apply the CFD code to improve the
hygienic design. CFD simulation has been used to study good cleaning practices for a spherical
shaped valve (Jensen and Friis, 2004) and to predict the local shear stress distribution at the
pipe walls (Jensen et al., 2005). The cleaning of membranes fouled by proteins (Delaunay et
al., 2008), and the cleaning of stainless-steel surfaces of a CIP plant and its accessories (case of
a pump) contaminated by P. fluorescens biofilms and spores (Bénézech et al., 2002), were
estimated by CFD simulations and approved using fluid dynamics mechanisms.

Other works have included surface modifications in CIP facilities, intending to understand the
effects of surface topography (micro and nano), hydrophobicity, and wettability on biofouling
formation and removal (Evans et al., 2021; Saubade et al., 2021; Whitehead et al., 2015;
Whitehead and Verran, 2007). This could potentially help in the development of innovative
food processing and cleaning technologies targeted at industrial applications to minimize
energy and product waste (Avila-Sierraetal., 2019; Jha et al., 2022, 2020; Richard et al., 2020).
When the impact of surface properties on CIP cleaning efficiencies in the food industry was
studied, researchers showed that surface properties play a significant role in the interaction
strength of the contamination and therefore the ease of cleaning (Evans et al., 2021; Saubade et
al., 2021; Schnoing et al., 2020; Wilson-Nieuwenhuis et al., 2017). Several studies tried to
define a correlation between the surface hydrophobicity, electron donor/acceptor properties,
and bacterial attachment with a trend as the highest interaction strength for materials with
relatively lower y" and y" values (Hamadi et al., 2014; Silva et al., 2008). As an example, Listeria
monocytogenes and Staphylococcus aureus strains were found to prefer hydrophilic material
like stainless steel and glass for biofilm formation rather than hydrophobic one (polystyrene)
(Di Bonaventura et al., 2008; Lee et al., 2015) while hydrophobic materials were difficult to
clean following adhesion of Bacillus cereus and Bacillus subtilis spores onto the surface (Faille
et al., 2002). Concerning the surface topography, the roughness parameters such as the
arithmetical mean deviation of the profile (Ra) and the point height of irregularities (R;) were
found to significantly affect the soling of hydrophobic B. cereus spores, while no impact of
these parameters was observed for E. coli cells adhesion. On the other hand, Ruk (reduced valley
depth within the evaluation length) affected strongly the adhesion of both B. cereus, B. subtilis
spores and E. coli cells, however, this parameter could not be related to the strength of adhesion.
By testing different types of stainless still surfaces (Ra ranged between 0.03 and 0.89 um),
(Akhidime et al., 2020) have demonstrated that bacterial adhesion on stainless steel surface
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decreases with Ra until a threshold. The minimal attachment was found at a R, of 0.16 um. The
fact that smoother and rougher surfaces resulted in greater adhesion could be explained by the
orientation of the cells adhering to the surface and the nature of the scratches in the materials.
(Faille et al., 2018) have hypothesized that surfaces with microbial size characteristics can hold
the bacteria in greater numbers than the rougher or smoother surfaces by increasing the
exchange surface with the attached bacteria providing them better protection against shear
stress. One of the widely used technologies to modify the energy of surfaces is coating. As an
example, compared to titanium, stainless steel, or silver surfaces coated stainless steel surfaces
with Ag-PTFE were found to reduce the attachment of Escherichia coli biofilms by 94% to
98% (Verran et al., 2010; Whitehead and Verran, 2007; Zhao et al., 2005a). Other composite
coatings based on phosphorus, nickel, copper, or PTFE have also been used to provide surfaces
with specific free energies that can reduce biofouling (Gu et al., 2021; Li et al., 2021; Zhao et
al., 2005b; Zhao and Liu, 2006). Furthermore, silver nanoparticle technology as an
antimicrobial material is an interesting research topic. Indeed, these nanoparticles have been
shown to prevent the development and attachment of biofilms (Palanisamy et al., 2014). This
would in principle be an effective prevention strategy against the proliferation of unwanted
microorganisms.

111.3  Water/Energy consumption

The CIP hygiene procedure requires many resources such as water, chemical agents, energy,
and time (Peng et al., 2002; Speranza and Corbo, 2017; Wilson, 2005). In addition, cleaning-
in-place causes huge quantities of wastewater with an additional economic burden for the
industry and environmental burden for the general public (Lyndgaard et al., 2014). Not only
does it use a high amount of water, but recent studies have also shown that standard Cleaning
in Place practices does always ensure a safe cleaning practice and this resulted in residual
microorganisms left in the CIP parts or the production sector in the industries (Schlegelova et
al., 2010).

The highest water consumption in the food industry concerns the cleaning of processing
equipment and food products. This can be as much as 70% of total water consumption.
Procedures such as dry cleaning, cleaning in place, and pipe pigging can contribute to reducing
this high consumption (Bhagwat, 2019). However, cleaning optimization and effluent
concentration control can easily reduce this level without investing in new and complex
strategies (Mancosu et al., 2015). For example, the dairy industry consumes significant amounts
of water in food processing (Figure 19). Depending on the final products, water consumption
ranges from 0.6 to 6 L per liter of raw milk processed. As estimated by (Li et al., 2019), the
dairy industry consumes about 28% of the total water in hygiene procedures. In addition, from
an energy perspective, this operation requires up to 13.5-14% of the total energy consumption
of the process (Khan et al., 2010; Piepiorka-Stepuk et al., 2017).
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Figure 19. Percentages of water consumption and energy cost in dairy manufacturing (Dairy
Australia and Dairy Manufacturers Sustainability Council (Australia), 2006).

Energy is the main component of all cleaning processes. It is usually a combination of several
factors. The interaction of these factors determines the efficiency of the method. The objective
is to achieve a consistent balance between cost, efficiency, and food safety. Optimization of
CIP processes, maintenance, and redesign lead to a potential reduction in water/energy
consumption and improved product quality. The modification of the CIP system with detergent
and rinse aid recovery systems has reduced the chemicals used by up to 15%, water
consumption in the CIP process by 35%, and energy consumption by 15%. At the same time,
effluent discharges were significantly reduced (Pinguli et al., 2017)

Some industries are equipped with technology to re-use or recycle their wastewater. This does
not only give a second life to water but also makes this cleaning method sustainable. However,
most industries are not capable of recycling used water. This poses a big problem for the
continuation of the usage of this method of cleaning (Blel et al., 2015; Dif et al., 2013). Recent
proposals could be however mentioned (Garnier et al., 2020) by a significant reduction of
wastewater using membrane technology.

I11.4 Foam cleaning

The importance of foam in the food and pharmaceutics industries can be summed up in the
cleaning of equipment’s surfaces fouled with food and/or microorganisms. This technique is
mainly used to clean open surfaces, such as workshops, walls, floors, doors, and external parts
of equipment and machines (Holah and Saunders, 2019; HP Concept, 2020; Mierzejewska et
al., 2015; Mierzejewska and Piepidrka-Stepuk, 2016). It is often used due to many advantages
such as the ease of use and the flexibility of the processing system (foam generated by pushing
water, detergent, and air through a nozzle) (BOONS FIS, 2017), the generation of significant
drag forces at walls (up to 1000 times higher than single-phase flow) (Blondin and Doubliez,
2002; Tisné et al., 2003), and the chemical properties of the surfactant as cleaned agents (Naim
etal., 2012; Sar et al., 2019). Static foam often contains cleaning agents intended to destroy the
liaison of impurities to surfaces. The foam is deposited on the surfaces and after a variable
contact time depending on the detergents and the temperature of the factory, then the surfaces
are rinsed with potable water. In this way, using a foaming product generates fewer aerosols
and reduces the risk of spreading pathogens and spoilage organisms leading to positive hygienic
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results. Good examples of the use of this method to clean processing lines and membrane-new
filters were described in (Gahleitner et al., 2014, 2013). In fact, the foam was distributed into
the filter module for 2 min and then kept in contact with the inner surfaces for some time (from
5 min to 3 h). Compared to standard CIP procedures, foam cleaning has proven to be of high
potential. Better efficiency was demonstrated by reducing the reaction time from 2 h to 30 min,
reducing the amount of cleaning agents required per filling volume up to 4-10 times, and a full
recovering of the performance of the membrane after multiple filtration and cleaning
experiments. Recently, foamed surfactant solution was successfully tested to clean glass
surfaces contaminated with florescent oil, showing a better efficiency than a non-foamed
solution due to the presence of air-liquid interface, foam drainage, and imbibition (Schad et al.,
2021). Indeed, the air-liquid interface was founded to play a significant role in cleaning silicon
wafers, as demonstrated in (Jones et al., 2016). It was found that the air/liquid interface has the
highest concentration of surfactant, and thus locations where impurities were more easily
embedded in micelles. Authors suggest also that the contact line (air-liquid interface and
impurities) can be distorted by the wettability (solid or liquid) and can help in removing dust,
oil, and bacteria (Andreev et al., 2010; Kriegel and Ducker, 2019; Mierzejewska et al., 2014).
This parameter is favored at low liquid fractions. Imbibition effect was known as the absorption
of the impurities into the foam Plateau borders by capillary forces. This effect is stronger for
foams with smaller bubble sizes and low liquid fractions.

Nerveless, very little works have been carried out on the elimination of bacterial contamination
using foam. Foam in a dynamic state has been used for the removal of suspended substances
and bacteria from coastal seawater (Brambilla et al., 2008; Suzuki et al., 2008). Indeed, the
foam fractionation process was efficient to remove heterotrophic bacteria from a recirculating
seabass system. However, this efficiency depends on operation times. The removal was ranged
between 54, and 88% for 5’on/5’off and 30’on/30’off respectively (Brambilla et al., 2008).
When viable bacteria, enterococci, Salmonella-like, and Vibrio bacteria were analyzed using a
foam separator, the removal efficiency exceeds 80%, highlighting the absorption effect of the
bacteria onto the bubble surface (Suzuki et al., 2008).

Current researches have investigated for the first time the removal kinetics of Bacillus spores
and Pseudomonas biofilms under different conditions of foam flowing (containing Sodium
dodecyl sulfate surfactant: SDS) in a horizontal pipe (Al Saabi et al., 2021; Al Saabi, 2020).
The efficiency of foam cleaning to remove Bacillus amylolichefaciens from stainless steel
surfaces was dependent on foam quality, foam velocity, and cleaning time. The wet foam was
found to be more efficient than a dry one. As an example, the detachment after 1 min of wet
foam cleaning (quality of 50%) was 1.8 log reduction, while it was 0.5 log reduction for the
case of foam at a quality of 70%. However, after 20 min of cleaning the spore detachment
achieved 2, and 1 log reduction for the 50% and 70% foam respectively. When the authors have
compared the best option of foam (50% at the lower velocity) to the standard cleaning in place
at a shear stress of 5 Pa, the removal of spores using foam was 0.3 and 0.5 log higher than that
using CIP. The effect of foam flow cleaning was then tested with hydrophobic spores (Bacillus
cereus). Results showed a similar trend of kinetics’ removal with about 1 log less than the case
of hydrophilic spores. The authors hypothesized that the efficiency of foam cleaning is related
to the bubbles' sizes, capillary forces, and the variation of the wall liquid film at the walls (Al
Saabi et al., 2021). It should be noted that the flow rate of water used in the case of CIP was
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650 L/h, whereas only 4.5 L/h was used with the foam cleaning process which shows the
potential role of foam to reduce the consumption of water and energy (Al Saabi, 2020).
Surfactants also can affect foam cleaning efficiency. As an example, after 20 min of cleaning
with foam was the removal of B. amylolichefaciens was decreased from 2 log reduction (using
SDS surfactant) to 1 log and 0.4 log reduction when the foam was produced from Ammonyx®
LO and Capstone® FS respectively. These two surfactants differ by their chemical proprieties,
thus producing different foam structures in terms of bubble size, thickness of liquid film, and
stability. The unstable foam was less efficient than the stable foam. In addition, foam flow
through singularities harms the removal efficiency of bacteria since after singularities the flow
IS subject to mechanical perturbations, leading to changes in the foam structure which becomes
less stable (reorganization of the bubble and drainage) (Dallagi et al., 2019). Cleaning of B.
amylolichefaciens spores with foam flow in a straight pipe was better (0.8 log reduction more,
after 20 min) than that with foam after sudden expansion/gradual reduction and 90° bending
(Al Saabi, 2020). Therefore, foam flows would constitute an alternative method in surface
hygiene permitting a promising efficient cleaning and can easily be combined with
decontamination ( e.g. the use of wet foam containing hydrogen peroxide to clean Bacillus
thurengiensis spores (Le Toquin et al., 2020).

This PhD work provides a detailed study of the experimental characterization of the foam which
will give a better understanding of the flow behavior of the foam and in particular its stability
while submitted to differing hydrodynamic conditions and its rheology. Through this
experimental characterization, we will investigate the ability of the foam to clean surfaces
contaminated by microorganisms (case of spores and biofilm) and explain the underlying
mechanisms that allow the best optimization of the cleaning efficiency. At the same time, the
numerical modeling of this complex fluid in different flow situations, especially in the presence
of singularities, was studied. An LCA analysis was carried out to compare the environmental
impacts of foam cleaning with other common cleaning conditions such as CIP.
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Obijectives, main approaches, and progress

The rheological properties of foams are very complex and they play a significant role in
defining the foam behavior and its related industrial applications. Accessing this complexity
becomes a major challenge. Computational fluid dynamics is an appropriate approach to obtain
an adequate estimation of the flow behavior of fluids in various conditions where experimental
approaches are too challenging. This chapter presents experimental and numerical results on
foam flow behavior for different foam qualities under various Reynolds numbers. A flow in a
straight pipe then a flow with perturbation features (half expansion and fence) which could
mimic what could be observed in complex food equipment were studied. In this chapter, three
sections will be presented in the form of three publications. The first and second parts are two
conference papers that consisted of a brief comparison of numerical simulation and existing
experimental results in the literature, whereas the third part is a research paper presenting an
improvement of the previous simulations with detailed experimental data in case of the foam

flow under a fence.

The first publication is part of research on the rheological behavior of liquid foams that studies
foam flow in a horizontal straight square channel. It is devoted particularly to defining a robust
model for describing this fluid by an inversed approach of a numerical simulation using the
Herschel- Bulkley model: foam could be considered as a non-Newtonian fluids. This inversed
method is based on the idea of starting from experimental results (already existing in the
literature) such as pressure losses, velocity fields, velocity profiles, and wall shear stress
variations in case of flow foam and identify the different parameters of this model allowing the
best fit with the experimental data. Different parameters were studied such as the foam quality
(varies from 55 to 85%) and the velocity (2 and 6 cm/s), affecting the nature of the flow, the
rheological behavior, and the foam flow regime evolution along the channels’ length. Whatever
the foam quality, the velocity profiles for the condition of foam flow at 2 cm/s were constant
and exhibited a plug flow behavior (moving like a block). However, at 6 cm/s a three-
dimensional regime appeared with a stretch of the foam at the pipe’s bottom presenting there a
pic value of the velocity. The liquid film thickness evolution being thin at the top part of the
channel while it is thick at the bottom due to the drainage phenomenon was assumed
theoretically from the velocity and the pressure loss. Comparison between numerical results
and experimental work deduced from Particle Imaging Velocimetry (P1V) technique shown a

good agreement. Finally, this numerical study shown that the Herschel-Bulkley rheological
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model can correctly suit the experimental behavior of such a complex fluid and for different

foam qualities.

The second publication aimed to expand the previous research work to verify the ability of the
Herschel-Bulkley model to describe a foam flowing in a half-sudden expansion (under various
regimes, and for differing foam qualities) and to predict the modifications brought by such a
diameter change. The numerical results of the CFD simulation obtained were compared with
an experimental database available in the literature. The CFD results highlighted the fact that
the sudden expansion of the pipe cross-section resulted in energy degradation with a reduction
in total pressure loss in the immediate vicinity of the singularity accompanied by a larger
pressure gradient in the expansion than downstream. Regardless of the foam quality, the
Herschel-Bulkley model modeled well the behavior of foam through the sudden half-expansion
in a one-dimensional regime (plug-type flow) which is consistent with the experimental results.
While in the case of higher velocity, a slight difference could be clearly related to the intrinsic
rheological properties of the foam apparently not completely taken into account.

In the third paper, experimental and numerical investigations were carried out to identify the
flow of a wet foam (quality of 65%: 35/100 water-SDS surfactant volume) through a fence
placed in the middle of the pipe. The aim was to characterize the foam flow behavior in a more
complex situation relevant again to geometries encountered in industrial systems. The fence
effects on the foam structure, foam reorganization, and foam flow dynamics were characterized
for three different flow rate conditions involving three flow regimes: 1D plug flow, 2D sheared
flow and 3D sheared flow. Measurements using pressure sensors, Particle Image Velocimetry
(PIV) and a conductimetry technique allowed the entire reorganization of the foam flow to be
described, both in terms of pressure distribution and dynamics upstream and downstream of the
fence. Results show a reorganization of the foam downstream, with a thicker liquid film at the
bottom, larger bubble sizes at the top, and a larger void fraction increasing from the bottom up
to the top of the cross-section.

These results confirmed the importance of foam properties in its rheology and physics,
demonstrating how sensitive and complex foams are. This information will facilitate our
simulation, which aims to predict the viscoelastic character of foam, as for a non-Newtonian
fluid, when passing through the fence. For this purpose and based on the previous publication,
Herschel-Bulkley and/or Bingham laws relating to the presence of an underlying liquid film at

the bottom of the channel were selected. In these rheological models, the parameters such as
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yield stress, foam consistency, and flow index were adjusted from the experimental data
obtained. Thus, these models were applied to simulate the foam flow dynamics using CFD
simulations. The results obtained showed a close agreement with experiments for all flow
regimes using the Herschel-Bulkley model but presenting more deviation at higher velocity.

Despite the complexity of the properties involved in the physics of foams (border stability
plateau, effect of surface tension, drainage of liquid, bubble movements, coarsening, ripening,
coalescence, etc.), the non-Newtonian fluid model with a yield stress gives an approximation
of the foam’s flow behavior and its deformation on encountering singularities. In the current
state of research, experimental efforts must focus primarily on the adjustment of the rheological
parameters, which depend on the geometry and the flow conditions dependant on the foam
quality, on the dynamics of the surfactant used and on the Reynolds number / flow regime,
foam being prone to internal movements (turbulences). Knowing all these aspects will help us
to understand the mechanisms when foam flow will be used to clean contaminated surfaces
related to the food industry. CFD simulation is a relevant helpful tool to improve the cleaning
efficiency when modeling and designing industrial equipment and installing its accessories,
thereby ensuring high foam stability and fast recovery of the flow regime due to a better flow

organization.

Highlights

CFD was used to describe the flow of wet foam by comparing the results obtained from
experimental studies for both a simple pipe and more complex geometrical situations such as

sudden expansion or the presence of obstacles within the pipe

Reorganization and structural changes of the foam are clearly observed downstream of the

singularities

There is a significant effect of the liquid films at the wall on the pressure drop and on the parietal

stress organization

A simple non-Newtonian 3-parameters’ model allows for accurate rheological behavior of foam

flow for both simple and complex pipe geometries
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ABSTRACT

In some industrial processes, aqueous foams flow presents an important phase of the process, whereas, they cause
pressure drop when designing and dimensioning systems. Identifying the different rheological parameters of foam
flow is an interesting key to understanding the interfacial phenomena. Actually, the difficulty to model the
rheological parameters of foam flow is a major challenge.

In this study, we present a robust model to describe the foam fluid inside horizontal channels by the reverse
approach of a numerical simulation (Computational Fluid Dynamics: CFD), based on the behavior laws of the
Herschel-Bulkley type, for the non-Newtonian fluids. This reverse method starts from experimental (deduced from
Particle Image Velocimetry (PIV) technique) results of the previous experimental work of Chovet (2015). The
pressure losses measurements near-wall velocity fields, velocity profiles, and the wall shear stress evolution
including the void fraction from 55% to 85%, are considered in order to identify the different parameters of the
developed model to determine the nature of the flow, the foams rheological behavior and the foam flow regime
along the length of the channel.

The numerical study (CFD) is applied for two conditions: the first one for a wet foam flow with a void fraction of
70% and a foam flow velocity of 2cm/s (one-dimensional regime) and the second one, for a foam quality of 55%
and a flow rate of 6cm/s. The numerical evolutions are identical to experimental ones for these same conditions.
Therefore, we can conclude that the Herschel-Bulkley rheological model can correctly describe the aqueous foam
flow behavior.

KEYWORDS
Aqueous foam flow, Rheology, Herschel-Bulkley model, Particle Image Velocimetry (PIV), Wall shear stress,
Pressure losses, CFD simulations, Liquid-slipping layer, Void fraction.
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I.  INTRODUCTION

Foams admit unforeseen and nonlinear rheological behavior since it is influenced by the
properties of both liquids and gases. This difficulty did not prevent foam to be a major subject
of active research, due to its intensive presence in the industry field. The presence of foams is
essential in cosmetics, nuclear engineering, petroleum engineering, fire extinguishers, and in
the food industry. In contact with the pipe walls, foam presents an important friction coefficient,
which explains its use for cleaning hydraulic circuits in various industrial fields [1-2].
Rheology is the science treating the deformation and the material flow that seeks links between
the imposed stresses and the strains produced [3]. The foam is considered as an elasto-visco-
plastic fluid. It can be elastic, viscous, or plastic, according to the disruption that we apply [4-
5-6-7]. Certainly, from one foam to another, special properties will change. Foam can be more
rigid, can tolerate larger deformations, or can break if we try to distort it quickly. These
differences come from the liquid proportion, or from the distribution of the bubbles' sizes. But
basically, its behavior is related to its structure, more exactly to the nature of cellular materials
[8].

It appears that the foam complex structure gives it a higher shear resistance, which is
interpretable according to Camp (1988) by the existence of yield stress. Indeed, foams require
a minimum amount of energy to be in flow, when foam flows, the stress is greater or equal to
the yield stress, to which is added a viscous contribution, which depends on applied shear rate
whose rheological behavior, can be described as a non-Newtonian. In a general approach, the
most common models are those that consider a shear at the middle of the foam [9-10-11]. The
continuum non-Newtonian models are:

Bingham: 7 =7, +K.y (1)
Ostwald de Weale: 7 =k.p" (2)
Herschel-Bulkley: 7 =17, +K.p" 3)

However, some previous studies show that a Bingham fluid can predict the behavior of a foam
flow, only for low velocity and most of its results present a deviation of 25% and 50%. Then,
we consider a power law of Herschel-Bulkley model and test its efficiency to describe such
flow situations [9-12].

In addition, the experimental measurements of axial velocity profiles at the lateral wall of the
foam flowing inside horizontal channels, made by Blondin (1999), Tisné (2003) and Aloui and
Madani (2008) helped to highlight three flow regimes whose scope depends on both the velocity
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of gas and liquid, on the average velocity inside the pipe’s measurement and its geometry [13-
14-15-16].

These three flow regimes are:
¢ One-dimensional regime, the velocity vector has only one uniform axial component in the
flow direction.
e Two-dimensional regime corresponding to a vertically sheared flow.
e Three-dimensional regime corresponding to a completely sheared foam flow.

NUMERICAL PARAMETERS

In order to simulate the foams flow inside horizontal straight channels, the Computational Fluid
Dynamics (CFD) geometry dimensions, must be the same as the experimental facility.
Therefore, was 3D geometry formed of a tube of a square cross-section of 21x21mm? and a
length L of 3.2m, is considered (Figure 20). From experimental results (Aloui and Madani,
2008), we consider velocity values, static pressure, and velocity gradients corresponding to
each flow regime along the channel’s length. Several profiles are matched and those, which are
validated, will be pulled.

&Y

21 mm

0 X

™
/Jl mm

F4

Figure 20. 3D geometry of test-section.

X

For constraints greater than the yield stress, and in order to simplify the study, we assumed:

e the foam behaves as a pseudo-fluid (an air-water mixture that proportions are fixed by
foam quality f),

e non-Newtonian rheo-fluidifying behavior (Power Law index values lower than 1)

e flow with a nonlinear behavior’s law which is modeled by an equation of Herschel-
Bulkley that related the shear stress, with the shear strain rate, such as:

% =nk.y"* (4)
/4
’Z'O BN g T
= + k(. 5
= (A7) (5)
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where 7 is known as the flow index, k the consistency index, and y’ the shear rate. In this case,
the stress does not surpass the yield stress, =0.
The consistency index k is given by the following relationship:

k=2.10—4,¢"%% (6)
The constant flow index n, was set equal to 0.8, after calibrating the model with the
experimental data.

Concerning the yield stress, the foam density, the molar mass, the specific heat capacity, and

the quality, they are respectively defined as follow:

Yield stress: 7, =3.1Pa

Density: p, =(1-8).p. + .6 (7)
Molar mass: M, =(1-8).M_+ Mg (8)
My =(1-8)M_ + Mg 9)
Com :(1_ﬂ)'CPL +BCps (10)
Qs
_ 11
/ QL +Qs b

The setting of these parameters was not done randomly, but it was chosen after several
simulations. Indeed, the power-law index n was varied from 0 to 1 and the yield stress 1o
changed for each value.

Also, it is necessary to specify in the creation of the involved complex fluid model, the reference
pressure, the reference temperatures, and the flow nature for this problem:

- Isotherm complex fluid flow,

- Considering the effect of gravity that can improve the drainage of liquids,

- Permanent regime: the characteristics of the fluid do not change with time,

- Laminar pseudo-complex fluid flow.

The following Table 1 illustrates all properties of liquid and air for each foam quality (3

Table 1. Properties of the used fluids for foam

Foam Yield Stress | Consistency | Flow Index | Density  p | Molar mass Mwm | Specific heat capacity
quality B [%] | To [Pa] k [Pa.s] n [kg.m™] [kg.kmol ] Cpy [J. kg!. K]
55 3.10 0.0013 0.80 449.30 24.04 2434.18

60 3.10 0.0014 0.80 399.51 24.58 2275.32

65 3.10 0.0015 0.80 349.72 25.13 2116.45

70 3.10 0.0016 0.80 299.93 25.68 1952.59

75 3.10 0.0017 0.80 250.14 26.22 1798.72

80 3.10 0.0018 0.80 222.56 26.77 1639.86

85 3.10 0.0019 0.80 150.56 27.32 1430.67

Air 1117 11117 11 1.18 28.96 1004.40

Water 11 11 11117 997 18.02 4181.70
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I11.  RESULTS AND DISCUSSIONS

The results obtained from the CFD simulations are presented in terms of pressure gradients,
pressure losses, and velocity profiles of a foam flowing with an averaged velocity of 2cm/s and
6cm/s. These results will be compared to the experimental ones obtained by P1V method (Aloui
and Madani, 2008) of an aqueous foam flow under the same conditions.

I11.1 Case of One-dimensional regime (V=2cm/s)

111.1.1 Pressure losses and pressure gradient

Pressure losses are considered to be the most interesting of these complex fluid characteristics.
Indeed, Aloui and Madani [9] have studied the effect of the singularity on the behavior of the
foam by the determination of frictional pressure losses, upstream and downstream of the
singularities. Thus, they noticed that the thickness of the film has reduced regularly under the
dead zone to reach a minimum value at the entrance (below the singularity). Exceeding this
section, the flow of foam comes out gradualy This relaxation is accompanied by a gradual
increase in the thickness of the liquid film to reach a limit value that remains stable after
establishing the regime away from the recirculation zone. The increase in this thickness of the
film is at the origin of gravitational drainage, which becomes more important with the
acceleration of the flow going from the passage section.

Therefore, it is important to check if the calculation of the pressure distribution generated by
foam flow along a horizontal channel confirms the experimental result [9]. Figure 21 shows the
static pressure losses (P-Po) inside the channel.

It is clear that the variation of static pressure for all foam qualities 3, generated by foam flowing
throughout the channel, is linear (Figure 21). A slight difference of pressure loss between the
different foam qualities of a few Pascal are observed. From this measure, we can see the
longitudinal pressure gradient curve based on the foam quality.

[y

Figure 21. Evolution of the static pressure losses of the foam flowing along the square channel
for different foam quality.
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We note that regardless of the change in the foam quality, the longitudinal pressure gradient is
also linear and it remains almost constant in the range of 440 Pa.m™ (Figure 22), which is in
good agreement with the static pressure gradient obtained experimentally by Aloui and Madani
(2008).
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Figure 22. Static pressure gradient for a foam flow inside a straight channel for different foam
qualities.

111.1.2 Velocity profiles

For all the foam qualities, the axial velocity profiles are presented as average velocity values in
Figure 23. For different foam qualities P, the obtained velocity profiles, present an
agglomerated foam flow that behaves like a block where the regime is one-dimensional of a
piston’s type, defined by Blondin [1] in 1997. Indeed, foam’s velocity is constant on the whole
channel’s section in agreement with the experimentation with a single generator (2cm/s).
However, there is a deviation of the averaged velocity profiles as a function of the fixed quality
B. It presents a maximum for the dry foam (B=85%) where the foam averaged velocity value is
V=2.9cm/s. In the case of a wet foam (f=55%) it is about 1.65cm/s. This is due to the fact that
the foam’s displacement is fast when the imposed gas flow rate is higher.

It is important to note that the thin liquid film between the foam and walls gives rise to a wall
slip layer. This film’s friction on the wall explains the slight foam’s velocity reduction in
contact with the film, addressed to y range, which is between 1.8mm and 20.5mm (the total
height of the cross-section is 21mm).
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Figure 24. Averaged axial velocity profiles for an aqueous foam with a quality of 70% and a
velocity of 2 cm/s.

Figures 24 above Show the axial velocity profiles evolution for a wet foam flowing with a foam
quality of 70% and mean foam flow velocity of 2cm/s for their respectively Herschel-Bulkley
behavior.

There, the CFD simulations match the experimental data found in the literature. They are almost
similar. These results allow validation, on the one hand, the chosen boundary conditions
adopted (different input and output pressure). Parameters used in this simulation, validate the
chosen model, which can accurately predict and represent the one-directional regime, for foams
flow behavior for a quality of 70%.
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111.1.3 Liquid film thickness

Based on the model of Thondavadi and Lemlich [17], we estimated the wall liquid film
thickness evolution in rheology rating on the lateral wall, to determine the influence of drainage
(the passage of fluid through the bubbles’ contours) for all imposed qualities () [18-19].

5= M Uy _ 16.44, L, Qy
T zD*AP

p

(11)

According to Figure 25 at the right column, we note a rising thickening of liquid film
approaching to the liquid/foam interface (wall’s bottom of the pipe).
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Figure 25. Estimation of the liquid film thickness the evolution on the lateral wall for all studied
foam qualities f.

Also, it should be noted that it varies significantly with the foam’s quality: less than 50 um for
the B of 85% and 80%, and in the order of 70 um for the B of 65% and 70%. Therefore, for the
wettest foams, the wall slip layer is thicker than for dry layers. This is due especially to the fact
that wet foams drain more liquid than dry foams.

Indeed, due to the complexity of aqueous foam flow (mixture of water and air), under the effect
of gravitational force, the liquid inside the foam tends toward the pipe bottom and the gas
bubbles are moved to the top of the channel. The liquid film becomes thicker in this region and
gives rise to a change in the structure according to the height of the foam.

I11.2 Case of three-dimensional regime (mean foam velocity flow is V=6 cm/s)

In this case, is of interest in the foam’s velocity profile. So, the profiles calculated out of the
channel and near the lateral wall are presented in Figure 26.

It is so clear that velocity profiles are not more uniform and a new flow regime appears with a
completely sheared foam flow at the bottom of the channel, where the axial velocity will be
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also moved on the x-direction. It is the three-dimensional regime defined in the previous works
by analyzing the results obtained from PIV technique by Aloui and Madani (2008).

Due to thinner plateau borders, and weaker internal forces, dryer foams tend to shear more
easily than wet foams. However, when an elevation of mean foam flow velocity 2cm/s to 6
cm/s, averaged axial velocity profiles of the foam flowing through a straight channel with
different qualities increases and particularly the slip layer thickness at the bottom of the channel
increases.

Therefore, for this case, the foam is characterized by the higher velocity at the bottom of the
duct where the shear occurs and foam deforms more easily. As the average velocity is high,
more the influence of the liquid film is important and the foam is subject to the stretching effect
of a liquid film flowing down with a high velocity.
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Figure 26. Averaged axial velocity profiles’ component of the foam flowing through a straight

channel with different qualities .

This approach seems to give values that are relevant to the experimental reality with a stretch
of foam at the bottom of the duct in contact with a liquid film.

In this case (Figure 27), the agreement between the CFD numerical simulations and
experimental results is still so remarkable. Comparison between both results shows good
similarity with a slight deviation. In addition, these results demonstrate the ability of the
Herschel-Bulkley model to represent the three-dimensional behavior for a foam quality of 55%
and a velocity of 6cm/s.
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Figure 27. Averaged axial velocity profiles for an aqueous foam with a quality of 55% and a
mean foam velocity of 6¢cm/s.

IV. CONCLUSIONS

The presented work summarized a numerical study of aqueous non-Newtonian foam flow in a
horizontal channel of a square cross-section. Its goal was to extend the previous work of Chovet
[9-12] in an interesting numerical model of the rheological behavior of foam flow.

The first case presents a linear static pressure gradient and a one-dimensional regime that foam
at the top of the channel behaves as a piston. However, for the case of three foam generators,
the foam flow becomes three-dimensional that velocity profile is a function of the x-coordinate,
presenting a pic at the bottom of the channel where the liquid film is thicker.

The CFD results for this numerical study of Herschel-Bulkey behavior obtained either for a
foam flow regime as piston type (characteristic velocity profiles), whether for three-
dimensional regime (particular deviation of velocity profiles in channel’s output) are very close
to the actual behavior and in relevance to the previous experimental work for these same
conditions. Therefore, the Power Law rheological model can accurately describe foam
behaviors and their different flow regimes.

Future trials should be conducted in order to track the foam behavior in the channel’s middle
and check if the Herschel-Bulkley model can be used properly to see its evolution throughout
the duct. Finally, studies in regular geometry may be extended to different singularities cases
to be able to model the foam flow in complex situations in relevance with the geometries
encountered in industrial equipment.

NOMENCLATURE

Cpm: Specific heat capacity (J.kg'.K™)
D: Hydraulic diameter (m)

K: Consistency index (Pa.s)

L: Length (m)

Mwm: Molar mass (kg/kmol)

N: Power Law index
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Q: Volumetric flowrate (m>/s)

Po: Static pressure at the exit of the duct (Pa)
P: Static pressure (Pa)

x, y, z: Cartesian coordinates (m)
f: Foam quality (%)

A: Time constant (s)

w: Dynamic viscosity (Pa.s)

p: Density (kg/m?)

T: Stress (Pa)

To: Yield stress (Pa)

y: Shear rate (1/s)

&: Slip layer thickness (m)

dc: Gas fraction (m?/s)
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ABSTRACT

Aqueous foam is a non-Newtonian complex fluid. Its flow through the singularities presents many fundamental
aspects. The rheological character of the foams flowing in this kind of geometry can create an important
disturbance on its behavior, according to the flow rate set and therefore a modification in its texture and in the
nature of its established regime. During this study, numerical simulation for the case of a half-sudden expansion
was developed using the Herschel-Bulkley rheological model. The model is used to describe the response of foams
under flowing conditions through this type of singularity. Obtained CFD results are focused on the pressure losses,
velocity fields of the foam flow in various positions of the channel using different qualities (variation of void
fraction) for lower velocities’ case (one-dimensional regime) and for the three-dimensional regime. Firstly, we
validated the use of this type of non-Newtonian foam flow fluid to describe the flow reorganization through a half-
sudden. In a second step, we used an experimental database to validate our CFD pressure losses and velocity
fields. The comparison of these results with those obtained experimentally by Chovet shows a good agreement for
lower speed foam flow, but with some uncertainty for higher foam flow velocities.
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Foam flow, Non-Newtonian fluid, Half-sudden expansion, Herschel-Bulkley model, CFD, PIV.
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I.  INTRODUCTION

Foam admits an unexpected and non-linear rheological behavior since it has original
mechanical properties giving rise to many industrial applications (agriculture, cosmetics,
nuclear engineering, petroleum engineering, etc.) [1,2]. One of our renovating projects is to
study certain procedures for cleaning solid surfaces (metallic materials and polymers)
contaminated by microorganisms, using foam flows. These can be proven only by a better
knowledge of the foam structure, the understanding of its behavior in contact with a wall, and
the modeling of the phenomena induced by its intrinsic rheological properties when it is
flowing. Consequently, our later numerical work [3] was spread out to the case of different
singularities in order to be able to model the flow of foam in complex situations relevant to the
geometries encountered in industrial equipment.

The behavior of foam flowing differs completely according to diverse parameters such as the
ratio of the gas flow rate and the liquid flow rate injected, the initiate velocity, the relative
importance of the viscous strengths, and the inertia force as well as pressure losses
involvements [4,5]. All these parameters can influence directly the nature and the regime of
established foam flow, in fact its flow results from the combination of two phenomena:

- Assliding of the foam on an underlying liquid film and the flow of this liquid film.
- A cutting at the center of the foam.

In the literature, the works of Tisne [6,7], Madani [8] and Chovet [9], concern the experimental
determination of the liquid film thickness, some parietal shear stress, and the regimes of foam
flowing in a horizontal linear pipe of square section. Where their measurements by Particle
Image Velocimetry (PIV) revealed that the foam can flow in three different regimes:

- Aone-dimensional regime corresponding to an average velocity (Umean= 2 cm/s), whose
velocity vectors have only one uniform axial component in the flow direction:
U=1ue, =cte e, Q)

- A two-dimensional regime corresponding to an intermediate velocity (Umean = 4 cm/s),
whose velocity vector has an axial component that depends only on the vertical
coordinate (y):

i=u(ye, @)

- A three-dimensional regime corresponding to an average velocity (Umean = 6 cm/s),
whose velocity vector has an axial component that depends on the horizontal (x) and
vertical coordinates (y):

u=u(xye, (©)

Also, they conclude that the transition velocity of the regime depends at the same time on the
structure of the foam, the function of the flow rate of the gas and the liquid in the foam
generator, and the alteration of the rheological properties of foam with the geometry given that
the foam behaves as a non-Newtonian fluid.
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Previous CFD numerical work concerns essentially the definition of a rheological model which
allows describing exactly the complex behavior of foam flowing along a horizontal square
channel. In a study using a non-Newtonian model with a yield shear stress, Chovet [9] proposed
the Bingham model to model the foam flow in low speed in a straight channel with and without
singularities. However, this proposed model limits itself with the low velocity, then we
suggested in a former subject using the Herschel-Bulkley model which gave us a good
concordance between the numerical forecasts and the available experimental results in the
description of the foam flow in various velocities [3].

The flow in a half-sudden expansion causes important variations in the foam flow. Their
influences on the flow, can lead, for example, to the shear stress, or still to the increase of local
transfer of mass quantities and even still on the nature of the established regime [10—12]. In this
setting, the aim of this present study is to expand our previous research work to verify the ability
of the Herschel-Bulkley model to describe a foam flowing in the half-sudden expansion with
various regimes, various foam qualities and to predict the modifications brought by this kind of
singularity. The numerical results of the CFD simulation obtained are compared with an
experimental database available in the literature [9], which are the results coming from the
Particale Image Velocimetry technique.

Il.  Numerical Parameters

This numerical work examines the modifications in the flow structure of foams through a plane
sudden expansion by using a geometry that has been studied experimentally. Accordingly, our
physical domain is a horizontal channel (Figure 28) of length 3.87m, undergoing a sudden
widening at x = Om with a positive variation of section (dS > 0) and a ratio of section h/H =0.5
where the left half has the section of 21x 21 mm? and the right half has the section of 21x 42

mm?2.
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Figure 28. Lateral view of the of the half-sudden expansion.

The ANSYS CFX calculation code has been dedicated to carrying out this study. The Solver
uses finite-volume modeling, which means that the equations governing the fluid are integrated
into a control volume defined by the spatial discretization of the field of study. The set of
equations solved by this code is the unsteady Navier-Stokes equations in their conservation
form. The following instantaneous equation of momentum and mass conservation are presented
as:
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Balance mass:
0 = —
Z+V(pU) (4)

Balance momentum:

68 = == -
pa—f=—\7p+\7(r)+pg ()
where:
T=7To+ k(" (6)

We defined the foam as being a non-Newtonian pseudo-fluid with the yield shear stress
described by the law of Herschel-Bulkley as:

{‘[STO ; T=1, becausek — oo 7
T 21Ty ; T=T19+ky" ()
Furthermore:

w= ;—; + k(Ay)nt (8)
where:

pm = A =p).p,+ B-pc )

_ Qg
B = QL+Q6 (10)

Therefore, the flow is assumed laminar incompressible and unsteady. Table 2 shows the
rheological parameters that describe the used fluids:

Table 2. Properties of the used fluids.

B [%] 10 [Pa] k [Pa.s] n p [Kg.m3]
65 3.10 0.0015 0.80 349.72

85 3.10 0.002 0.80 150.56
Water i i i 997

These values were obtained by fixing the known velocities from the experimental results and
varying the rheological parameters until we get good concordance results.

For the grid construction, a 3D mesh of high quality is adopted in the geometry where it is twice
as refined at the level of the singularity, then tetrahedral elements are generated (6878385
elements).

The boundary conditions are defined according to the flow regime. In the case of a one-
dimensional regime (low-velocity), a uniform average velocity was imposed at the inlet
(velocity of 2 cm/s), an atmospheric pressure field at the outlet of the pipe, and a non-slip
condition imposed on the lateral solid walls.

As for the case of high velocities (three-dimensional regime), we considered that the foam is
subjected to the stretching effect of the liquid film flowing at the bottom of the pipe at a higher
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speed, which is essentially a way of considering two fluids, the foam (a shear-thinning non-
Newtonian fluid at a velocity of 6 cm/s) and the liquid film (a Newtonian fluid: water at a
velocity of 10 cm/s) in the lower part of the pipe (to a thickness of 2 mm). At the outlet and the
atmospheric pressure is defined with a zero velocity for walls.

In order to rediscover numerically the changes due to abrupt enlargement as an obstacle in the
flow on one hand, and its effect on the nature of the flow regime established, on the other hand,
the profiles of the pressure losses were plotted throughout the channel, as a result of the pressure
gradient upstream and downstream of the half-sudden for different qualities of foams.

Results and Discussions

The results obtained from this numerical work are presented in terms of pressure gradients,
head losses and velocity profiles of a foam flowing with two averaged velocities (2cm/s and
6cm/s) through a half-sudden expansion. These results will be compared to the literature results
[9] based on PIV method of an agueous foam flow under the same conditions.

I11.1 Case of Foam Flowing with Velocity of 2cm/s

I11.1.1 Pressure losses and pressure gradient
In order to estimate the accuracy of our numerical CFD simulations, the boundary conditions
should represent the real physics of the problem. To validate these boundary conditions, the
similarity of pressure gradients was verified. Figures 29-30 represent the static pressure losses
and pressure gradients for different foams qualities to illustrate the effect of the expansion on
the flow.
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Figure 29. Evolution of the static pressure losses of the foam flowing along the test channel.
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Figure 30. Static pressure gradient for a foam flow inside the singularity for the different
qualities.

Figure 29 shows that the static pressure falls linearly upstream and downstream of the
expansion, presenting a crossing point at the fed level where the slope of the curve is two-
currency (at z = 0m) and causes a disturbance by giving rise to a new linear pressure evolution
that allows setting a second regime recovery length. This disturbance in the pressure losses is
due to the sudden change of the section of the geometry. It can be more remarkable by
visualizing the profiles of the gradients of pressure. Both the CFD's numerical results and
experimental pressure gradient (Figure 30) show the same behavior along the channel. These
results allow validation of the chosen boundary conditions adopted, the rheology model used
and its parameters fixed in this simulation. As a result, they accurately describe the transition
from one side to the other when the foam is approaching the obstacle and enters its surrounding.
Even they describe the degradation of the energy obtained at the half-sudden expansion, the
surface ratio of the channel lowers the value of the pressure gradient up to half. The rate of this
degradation coincides with the ratio (1/2) of two sections of the pipe (upstream and
downstream). It is mainly due to the reduction of the total head loss (major and minor head
losses) influenced by the increase in the diameter of the duct. There is no significant difference
between the different qualities of the foams where they all behave in the same way to the HSE.

111.1.2 Local averaged velocity fields

With the aim of having a better description of foam flow on the lateral section of the pipe, we
analyzed the axial and vertical velocities of two studied fluids (the Herschel — Bulkley fluid for
numerical simulation and the aqueous foam for experimentation)

Figure 31 below represents the average axial and vertical velocity fields for the numerical
simulations compared to the experimental results of Chovet [9].
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Figure 31. Averaged axial and vertical velocity field of an (a) experimental foam and the CFD
Herschel-Bulkley fluid (b) flowing through a half-sudden expansion.

These results (Figure 31) show a higher velocity upstream of the expansion than in downstream.
Indeed, these images highlight the existence of three different zones of flow, first an upstream
characterized by a plug flow where the velocity vectors have the same average value of 2 cm/s
over the whole section of the pipe. The second downstream is characterized by a slow plug
regime establishment with half flow rates (velocity of 1 cm/s) in which the axial velocity field
is no longer zero and is placed at the middle of the pipe. While this section changes, the
disturbance generates a third zone called stagnation void zones (on the pipe top at z = Om).

It should be noted also that there was some similarity between the experimental results and the
CFD, of which in these two cases the foam is constant throughout the pipe but with an
attenuated velocity after the singularity. The creation of the dead zones coincides with a
remarkable increase of the vertical velocities after the regime recovery returns to its values 0.
The wet foam appears faster than the driest under the density effect. The velocity profiles allow
a better comparison between the foam flow and the numerical simulations. The curves below
(Figure 32) show overall similarities and, differences. The profiles below allow their
quantification.
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Figure 32. Lateral averaged axial and vertical mean velocity profiles for different qualities and
distances over the singularity.

It is noted that the one-dimensional flow regime of the foam maintains its plug character
throughout the section until the singularity (-15 mm < z < 0 mm), in which it has been
undergoing an immediate perturbation: a pre-slowing of the change of the section with the
creations of a dead zone at the top of channel, where the average velocity is zero. Once the flow
regime is established, the foam reaches the dynamic equilibrium and resumes its stability. By
recharging the entire height of the pipe section, it becomes homogeneous again and flows once
in a plug-type (15 mm < z), it is the recovery of the initial state but with a velocity attenuation.
This modification proves that the enlargement disturbs the texture of the foam, so it modifies
its properties.

Vertical velocity profiles (Figure 32) show an important value in the immediate proximity of
the half-sudden expansion (at x = 0 mm). This is related to the upward circulation of foams that
is given to fill out the other pipe areas. Regarding the upstream of the half-sudden, zero vertical
velocities are obtained where the flow of foam is under the effect of its axial motion. While,
downstream of the expansion, the foam stream reaches the equilibrium at a well determined
distance (we can call this distance as a second length of regime establishments), the axial
movement settles, and the vertical velocity component will return to its initial zero value (25
mm < z).

The foams in flow (either dry or wet), have the same response character in relation to the half-
sudden singularity whose behaviors are identical for the different qualities chosen, but with a
certain difference in their speed values. This difference is related to the specificity of the
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gravitational forces and the internal forces of each vacuum rate of the foam behavior. The
analysis of all these results shows a similarity between CFD and the experimental results with
a slight deviation from the proximity of the singularity. This small difference can be explained
by the influence of the viscous-plastic reaction of the latter, in other words, the ability of the
Herschel-Bulkley model to describe the intrinsic rheological properties of the foam.

Despite the reliability of the photographic method (PIV) to record the velocity profiles of the
aqueous foam, it is not able to characterize its foam flow only to the side walls of the pipe.
Therefore, it is important to visualize the axial velocity profiles and the response of the foam
on the transverse wall in several planes (Figure 33) : the liquid-foam interface (channel bottom,
y = 3mm) and at the top (y = 20mm for upstream case and y = 41mm for downstream).

I Bottom To
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- TR Z=-25mm el Z = -25mm
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Figure 33. Span wise (top side) averaged axial velocity profiles for different distances over the
singularity.

Before the singularity (-15 mm < z < 0 mm) and at the bottom of the channel, figure 11 shows
a plug flow regime which was recorded on the cross section at the same velocity (2 cm/s).
However, at the top of the channel the foam flows less quickly (1.8 cm/s) and the flow is almost
like a block. This is due to the fact of taking a non-slip condition (zero-wall velocity) during
the numerical calculation.

In the immediate proximity of the abrupt enlargement (z = 0 mm), the velocity at the top
becomes zero and the foam becomes faster at the bottom under the effect of the creation of the
stagnation zones. To a recovery languor (z = 25 mm) the velocity at the bottom of the channel
is no longer zero and gradually increases until the total recovery of the flow regime.

I11.2 Case of Foam Flowing with Velocity of 6¢cm/s

It is important to check if the rheological model of Herschel-Bulkley can also describe the foam
flow into the three-dimensional regime for a half-sudden expansion. For this purpose, we
present below the profiles of the velocities of the foam flowing at a high flow rate (Figure 34)
in order to visualize the behavior adopted by the foam near the singularity.
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Figure 34. Lateral averaged axial (a) and vertical (b) mean velocity profiles’ component of the
foam flowing for different qualities and different distances over the singularity.

Lateral averaged axial (a) and vertical (b) mean velocity profiles’ component of the foam flowing for
different qualities and different distances over the singularity.

At all the z position, a clear appearance of the three-dimensional regime is when the foam has
a deformation at its velocity profiles. The foam flow is completely sheared throughout the
section, while at the bottom of the channel the foam is faster where it is under the effect of
stretching of the formed liquid film whose slip layer is more important. This approach seems
to give values close to the experimental reality.

The influence of the section changes results in the modification of the induced foam behavior.
First, the foam keeps its behavior until the expansion where it reaches an important axial
velocity presented by a peak at the top of the channel in the enlargement plan (z = 0 mm). At
the same time a creation of a dead zone characterized by mean zeroes velocities below it, the
foam flow gradually comes out with a steady acceleration near the lower slip layer located at
the bottom of the pipe. When the flow regime is established and achieves an equilibrium (25
mm < z), the stagnation zone disappears, the axial velocity profiles are no longer null and no
longer uniform and they reach its maximums in the middle of the right section.

In contrast to the case of one-dimensional flow the CFD shows a difference between the
selected qualities of foam in the average velocity values, but with the same behavior, in addition
the rheological model of Herschel-Bulkley defined in this study shows a presence of a
secondary flow opposite to the main flow accompanied of vortices, near and downstream of
this singularity. However, this turbulence is indicated by the presence of a negative axial
velocities, it is not presented in previous experimental work.

78



x[m]

2 Bottom L Z=-25mm el 7 = -25mm
0.02 [*¢ - 7=.15 0.02
[ - =-15mm . --9-- Z=-15mm
I —A—-Z=-5mm — A—-Z=-5mm
[ —®— Z=0mm —e— Z=0mm
0.015 [ X Z=5mm 0.015
r X---- Z= 15mm T Z=15mm
B —
F -H#---Z=25mm x - #---Z=25mm
0.01 r 0.01 '
3 n
0.005 0.005
., SEESSOY P =
0 0.02 0.04 0.06 0.08 0.1 -0.02 0.08

Chapter 2: Foam rheology Publication Il

Although the numerical results obtained show an agreement with the experimental results [9],
but they mostly show some deviations. This difference essentially derives from the choice of a
pseudo-fluid, and the limitation of this rheological model to describe certain phenomena such
as the reorganization of the bubbles and its sliding conditions between them, as well as the
resistances mechanically induced in the bubble-bubble and bubble-liquid film interfaces of the
half-sudden singularity. So, it's hard for Herschel Buckley's CFD to give good compliance with
experimental reality.

The Figure 35 show the axial velocity profiles on the transverse wall at the bottom of the canal
(y =3mm), and at the top (y = 20mm for upstream case and y = 41mm for downstream). These
profiles are the results of the CFD, the absence of the experimental results is because of the
inability of the PIV to visualize the flow inside the pipe.

Figure 35. Span wise (top side) axial mean velocity profiles for different qualities and distances
over the singularity.

These profiles in figure 8 shows a deformation in the flow regime that is three-dimensional
where the foam flows faster in the middle than at the extremities. On the other hand, the slower
flow is always recorded at the top of the channel.

Unlike the one-dimensional regime, at z = 25 mm upstream of the singularity the speed at the
top remains zero. Therefore, the empty areas persist at this distance and therefore for a three-
dimensional system the foam requires a longer recovery distance (also a longer recovery time)
than a one-dimensional regime.

IV. CONCLUSIONS

In this work the effect of the half-sudden expansion on the characteristics of the flowing foams
as well as on the different phenomena appearing has been studied, considering two different
flow rates (velocity of 2 cm /s and 6 cm/s) and in different chosen foam qualities.

The CFD results highlight the fact that the sudden widening of the pipe section leads to a
degradation of energy, and a reduction of the total head loss in the immediate vicinity of the
singularity, accompanied by a more important pressure gradient in the expansion than in the
downstream. The rheological model of Herschel-Bulkley models well the behavior of foam
through the half-sudden in a one-dimensional regime (plug-type flow) while it is consistent
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with the experimental results. Whereas in the case of higher speed, some slight difference is
neatly related to the intrinsic rheological properties of the foam, the sliding bubbles between
them and to the phenomena present at the bubble-bubble and bubble-liquid film interface.
Despite the ability of the Herschel-Bulkley model to model the rheological parameters of this
kind of complex fluid and to predict its flow behavior in different complicated situations, there
remain uncertainties fundamentally due to the phenomena of which it is difficult for this
rheological law to take them into account. Finally, this numerical study may be extended to
different singularity cases which can be used to study the foam rheology and behavior, like a
fence, circle, half-sudden narrowing etc. Also, the thin film liquid (water) adjacent to the top
wall of the channel may be considered in future works.
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Highlights
e Flow behaviour of a wet foam flow under a fence is described numerically.
o Downstream of the fence, foam undergoes reorganization and structural changes.
e Significant role of the liquid films surrounding the foam on the wall shear stress.
o Herschel-Bulkley model accurately described the rheological behaviour of the wet foam flow.

Abstract

In this study, experimental and numerical investigations were carried out to describe the flow of a wet foam under
a fence placed in the middle of a horizontal duct with a square cross-section. The aim was to characterize the
foam's flow behaviour and model it using CFD in complex geometrical situations such as those encountered in
industrial systems as for the cleaning of food equipment. As fences affect foam structure, organization and flow
dynamics, these were characterized for three different flow rate conditions. Measurements using pressure sensors,
PIV and a conductimetry technique show a reorganization of the foam downstream, with a thicker liquid film at
the bottom, larger bubble sizes at the top, as well as a larger void fraction increasing from the bottom to the top.
The foam revealed a viscoelastic character as would be the case for a non-Newtonian fluid when passing through
the fence. Herschel-Bulkley and/or Bingham laws relating to the presence of an underlying liquid film at the
bottom of the channel were selected as being appropriate for this description. After adjusting these parameters
from experimental data, CFD simulations were carried out. Results shown a close agreement with experiments
using the Herschel-Bulkley model for two very different flow regimes.

Keywords
Wet foam flow, fence, rheology, Bingham, Herschel-Bulkley, CFD.
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I.  Introduction

Foam is a two-phase gas-liquid fluid. It consists of gas dispersion in a continuous liquid phase
containing surfactants. It presents, when considered from a physical process aspect relating to
the mechanical evolution of its behaviour (Chen et al., 2020, 2019), various organizational
scales (liquid-gas interfaces, wall liquid films, bubbles, plateau borders, capillarity
phenomenon, etc.). However, the behaviour of this material varies far more than the fluids that
compose it. It possesses both the mechanical properties of a solid and those of a liquid
(AlQuaimi and Rossen, 2019; Blondin and Doubliez, 2002). The mechanical properties of foam
(low density, high specific surface, disjoining pressure, foam-wall viscous friction) are sought
in many industrial applications, from cosmetics to oil extraction, firefighting, mineral flotation
and the cleaning of industrial equipment especially in agro-food industries (Al Saabi et al.,
2021; Cappello et al., 2015; Schramm, 2000).

Static foam cleaning is widely used for open surfaces in food industries due to its interesting
mechanical properties e.g. its generation of significant drag forces and the chemical properties
of the surfactant as a cleaning agent (Mierzejewska et al., 2014). Recently it has been tested in
closed system cleaning. When compared to the cleaning-in-place procedure in a linear pipe,
foam flow cleaning showed higher efficiency for the removal of Bacillus spores from stainless
steel surfaces (Al Saabi et al., 2021). However, preliminary data on the use of foam flow
cleaning in complex situations such as cleaning over long distances or in the presence of
singularities showed a decrease in the removal effectiveness (Al Saabi et al., 2020). The latter
suggest that the change in foam proprieties after singularities was responsible for reducing the
contamination removal efficiency. These can only be proven by a better knowledge of the foam
structure, the understanding of its behavior in contact with a wall and also the modeling of the
phenomena induced by its intrinsic rheological properties when flowing.

Most theoretical studies concerning foam properties are restricted to microscopic system
analysis, such as the temporal evolution of its texture (bubble sizes and shapes) (Cantat, 2013;
Farahmandfar et al., 2019) and its macroscopic properties, including its mechanical behaviour
and its structure (bubbles trapped by different slipping films) (Panckow et al., 2021; Parikh et
al., 2019). Foam under strong mechanical stresses behaves as a viscous liquid, while under low
stresses it behaves like an elastic solid whose structure is deformed and returns to its initial state
when constraint ceases. The common description of foam rheology suggests that for shear
stresses lower than a yield stress of 1o, the foam behaves as a solid, whereas for stresses
exceeding the yield stress, the foam flows. Foam rheology has been studied to date between

these two physical characters (the linear elasticity as a solid and fluid behaviour) (Benzenine et
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al., 2010; Marchand et al., 2020). Given this complexity, several rheological studies have
proposed a rheological model using a Power law (Firoze Akhtar et al., 2018), a Bingham model
(Calvert and Nezhati, 1986), or a Hershel-Bulkley law (Marchand et al., 2020).

Flow around objects is a phenomenon that occurs frequently in practical life. Indeed, most
transport systems in industrial facilities have various peculiarities, which cause major changes
in the flow behaviour (Calvert, 1988; Deshpande and Barigou, 2001). Besides, flow under a
fence has been studied in the contexts of loading on civil structures (Fang et al., 1999), solar
collectors, the cooling of industrial machines and electronic components (Benzenine et al.,
2010), particle transport (Dong et al., 2010), windbreak aerodynamics (Coskun et al., 2017),
the design of nuclear reactors (Endres and Méller, 2001) and in that of heat exchangers (Cukurel
etal., 2015; Tandiroglu, 2006). The optimization of industrial processes is closely related to the
control of the systems’ hydrodynamics. It should be noted that most studies carried out on the
flow of a yield-stress fluid around obstacles propose experimental results interpreted on the
basis of empirical or semi-empirical models (Badve and Barigou, 2020).

Foam flow through singularities has yet to be studied in depth, particularly in the case of fences.
There is not enough information on the reorganization of a foam flow downstream of these
singularities to fully understand the degradation of energy (Farahmandfar et al., 2019;
Stevenson, 2012). A non-Newtonian rheological model had been proposed to model foam flow.
As one might expect, the intensity of the effects induced by the presence of a fence, depends
on the behaviour of the foam flow, the Reynolds number and the consequent flow regime
conditions, the stress field and the flow morphology (Chovet et al., 2014; Dallagi et al., 2019,
2018).

Several experimental works have studied flowing foam in a horizontal square pipe with a built-
in cross-section (Blondin and Doubliez, 2002; Tisné et al., 2003). These have shown that the
flow arrangement, depending on the Reynolds number and foam quality, can vary from a plug-
flow up to a complex regime affecting the liquid films along the surfaces and the foam itself,
both in terms of velocity and of structure (bubble arrangement). This identification was
confirmed by other studies (Aloui and Madani, 2008).

Given our current knowledge of foam flow behaviour, it would appear relevant to use CFD
tools to describe this type of flow. Consequently, in a 2D simulation, using a non-Newtonian
model with a yield shear stress 1o, the Bingham law was used to model the plug foam flow at
low velocities in a straight channel with and without singularities (Chovet et al., 2014).

However, this model only seemed to be adapted to plug flow regimes. However, in our previous
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numerical studies (Dallagi et al., 2019, 2018), CFD was successfully carried out using the
Herschel-Bulkley law to describe the flow in a straight pipe or through half-sudden expansion.
This research investigates the flow characteristics of aqueous wet foam in a horizontal channel
containing a fence, a relatively simple geometrical situation compared to the complexity
encountered in agro-industrial equipment. The experimental part concerns the measurements
of the pressure distribution, liquid film thicknesses, as well as the foam flow dynamics using
PIV. The objective was to identify and model the foam structures and reorganization
consequences both upstream and downstream of a fence, by selecting an adequate rheological
model. Based on these models, 3D CFD numerical simulations were performed using the
ANSYS CFX commercial code.

Materials and methods

1.1 Experimental device

Figure 36 (a) shows the experimental setup of the foam flow used in this study. This setup was
designed to study horizontal foam flows in varying flow conditions both with and without a
fence. The test pipe was 3.41 m long, with a 21 mm square cross-section. The fence was located
1.43 m downstream of the pipe inlet and was 10.5 mm high, and 5 mm wide, with a 45° angle
evacuation. The coordinate system (Cartesian X, y, z) was located at the fence site at the channel
bottom. The foam flow followed the x-axis as shown in Figure 36 (b). The flat surfaces of the
duct allowed the easy implementation of the different measurement techniques for pressure
outlets, particle image velocimetry (P1V), and conductometry.

The foams were generated by the injection of pressurized air through a permeable media
(DURAN, pores size: 1 - 1.6 um) into the generator container’s water-surfactant solution. The
role of the surfactant was to reduce the interfacial tension between gas and liquid in order to
allow the formation of bubbles. The surfactant used in this experiment was sodium dodecyl
sulfate (SDS) dissolved in osmosis water for 0.15% (w/w). The surface tension and the viscosity

of this aqueous solution were respectively, 26.2 mN.m™ and 0.94 mPa.s.
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Figure 36. Experimental set-up. (a): Design of the device. (b): Dimension of the pipe zone
studied.

Three different foam flow cases were generated (Case 1: foam at average velocity of 2 cm.s™,
Case 2: foam at average velocity of 4 cm.s™, and Case 3: foam at average velocity of 6 cm.s™).
These three flow regimes were obtained based on recommendations in previous works (Blondin
and Doubliez, 2002; Tisné et al., 2003). At Re of 32 (average velocity u of 2 cm.s™), the foam

behaved as a plug flow, called a one-dimensional regime. In this regime, the velocity vectors
(l_f ) have a single uniform axial component in the flow direction (17 = constant e, ). At Re
of 65 (mean velocity of 4 cm.s™), the foam flow becomes faster at the bottom of the duct than
at the top. The velocity vectors, in this case, have an axial component that depends solely on
the vertical (y) coordinate (l_f = U (y) e,). The third, a three-dimensional regime (Re = 97; i =

6 cm.s ™) was a completely sheared foam flow, where the velocity vector has an axial component
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depending on both horizontal (z) and vertical (y) coordinates (L7 = U (y,z) e,). These three

conditions are summarized in Table 3.

A foam quality g = % = 65% was chosen as corresponding to an aqueous wet foam,
L G

where Q. and Qg are designated as the volumetric flow rates (L.s) of water and gas,
respectively.

The Reynolds number of foam flow was calculated as:

Re = pru.dp (1)
i

where u is the average velocity, dn is the hydraulic diameter (21 mm in this geometry cross-
section). ps is the foam density, based on the foam quality £ (65%), liquid density p., and gas

density pgG as:
pr=Q—=B).p,+B-pc (2)

M is the apparent viscosity of foam. This is determined from the viscosity of the liquid phase
ML and the foam quality (Hatsehek, 1907). It should be noted that this calculated viscosity was

used only to estimate the Reynolds number and does not imply a shear independent viscosity.

U
Hy = 1_;1/3 3)

Table 3. Foam flow conditions at temperature of 20°C.
Flow Regime Density (kg.m3)  Viscosity (mPa.s) Mean velocity (cm.s®)  Reynolds number

Case 1: 1D 349.7 4.6 2 32
Case 2: 2D 4 65
Case 3: 3D 6 97

1.2 Measurement techniques
To measure the static pressure along the channel, different pressure taps were used along the
bottom wall and in the vertical symmetry plane of the channel. 23 pressure outlets were installed

near the fence, eight of them being located upstream of the flow restriction mechanism and the
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other 15 downstream of it. The underlying liquid film located at the bottom of the channel
ensured no bubbles flowed through the pressure measuring lines.

The velocity was measured using the Particle Image Velocimetry (PIV) technique and the
method adopted for the foam flow was that described previously (Chovet et al., 2015). The PIV
method is a non-intrusive optical technique, capable of measuring the displacement of particles
in a laser light sheet. In foam flow, the gas/liquid interphase is darker than the rest of the flow
(Chovet et al., 2015) and the contour of the bubble describes the whole flow movement (not the
movement of each bubble), which obviates the use of particles in tracking the flow. The flow
is illuminated by a double-pulsed laser ND-YAG with 15 Hz of the "NEW WAVE" type,
marketed by DANTEC. A synchronized CCD KODAK camera was installed with FLOWMAN
software for the acquisition and processing. There is a 5% maximum error for the velocity
measurements.

To determine the thickness of the liquid films at the pipe wall, the conductimetry method was
used. This is an experimental technique based on the measurement of the impedance Z of the
volume of liquid between the liquid-foam interface and two outcropping electrodes (powered
by a generator that provides an alternative sinusoidal voltage) on the pipe wall as described
previously (Tisné et al., 2004). In a square cross-section duct, the thickness of the liquid film
between the foam and the walls increased from the top wall (few microns) to 2 mm at the bottom
wall. The estimated error for the film thickness was of 8%.

1.3  Rheological model and numerical parameters

Simulations with the Eulerian-Eulerian multiphase models were made using ANSYS-CFX®
software. To simplify physical problems such as the interactions between bubbles and their
slides over liquid films at the walls, the foam was defined as a pseudo-fluid, where its properties
depend on those of the air and the water in laminar and isothermal conditions, as shown in the
equations below. The underlying liquid film at the bottom of the channel was considered
separately.

The ability of the proposed model to predict a wet foam behaviour in different cases of Reynolds
numbers was ascertained by comparing the CFD results to the experimental data. Only the two
extreme regimes observed in Case 1 and Case 3 were considered in this work.

Since the velocity conditions were quite low, the foam flow in this study can be considered as
an instant laminar flux in isothermal conditions.

The following instantaneous equation of mass and momentum balances are presented as:

Mass balance:
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2 +7(pl)=0 (4)

where U is the velocity vector, p is the density and t is the time.

Momentum balance:

o =-Tp+7D+pg ©
with zis the total static pressure, T the stress tensor and p g the source term (volume forces).
where:

T=7T+k@)"

(6)
The foam is considered as a non-Newtonian pseudo-fluid with the yield shear stress (zo)
described by the Herschel-Bulkley law as:

{ T <19 ; T=719 becausep(y)—> o
T =Ty ; T=T9+ky"

(7)
Where vy is the shear rate, 7o is the yield stress, k, the consistency parameter, and n is the index
of flow which depends on the specific mechanism of viscous dissipation through the flow.
When n = 1, the Bingham law was applied. These parameters were identified experimentally
and were adjusted numerically after validation by comparison of the results.

A consideration of the compressibility of the foam would not improve the precision of our
numerical calculation. Indeed, according to Wood's law (equation 8, where the sound constant
ks = 10) (Pierre and Leroy, 2016), the sound velocity (vg) in an aqueous foam is equal to 21
m.s. Therefore, the Mach number (Ma) for all foam flow conditions is less than 0.3
(Ma=0.026, 0.055, and 0.058 for cases 1, 2, and 3 respectively).

ks

V(BA-B) ®

Vg =

Unlike our previous simulations (Chovet et al., 2014; Dallagi et al., 2019, 2018), we considered
the presence of the underlying liquid film developed at the bottom of the pipe for the two cases
chosen. The thickness of this liquid film was around dgottom=1.7 mm (Figure 36 (b)) (Aloui and
Madani, 2007). Hence, two average foam velocity conditions were chosen: 2 and 6 cm.s*
respectively inducing experimental 1D and 3D flow regimes. The other initial parameters
relating to the water velocity Usim (Newtonian fluid) depend on the underlying film thickness,
which can be defined as resembling a falling film with maximum velocity Umax. For the 1D

flow regime Usim = 2 cm.s™®. As for the case of high-velocity Umax=10 cm.s%, the foam was
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subjected to the stretching effect of the liquid film flowing at the bottom of the pipe at a higher
velocity (Blondin and Doubliez, 2002; Tisné et al., 2004). The non-slipping conditions imposed
zero velocities at the internal walls. The atmospheric pressure was defined as the output

condition.

I11. Results and discussions

1.1 Description of the foam flow

The evolution of the static pressure and the velocity profiles are the most important parameters
when describing the rheological behaviour of the foam flow under the fence.

Figure 37 shows the longitudinal pressure gradient that was obtained from the static

measurements of a series of pressure outlets along the channel (over 80 and 150 cm of length

upstream and downstream of the fence respectively).

1200
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Figure 37. Longitudinal pressure gradient upstream and downstream the fence.

For both sides of the fence, both the pressure gradient and the velocity increased, so that the
viscous dissipation close to the wall was greater in Case 3 than in Cases 1 and 2. Moreover, this
gradient was higher upstream than downstream of the fence for the slowest foam (Cases 1 and
2). This could be directly related to the change in the foam’s texture and structure, as a product
of the bubble’s reorganization and phase separation (forced gravitational drainage and

coalescence). The same behaviour has been observed in other studies of foam flow under half-

sudden expansion (Dallagi et al., 2019).
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To better understand these observations, a study was carried of the velocity field over the lateral
wall using the PIV system (Figure 38).

Case 2 Case 1

Case 3
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U/Umax U/ Umax
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Figure 38. Averaged axial (u), and vertical (v) mean velocity components’ fields for all cases
under the fence. Velocity measurements were obtained using the PIV technique. umax was 4.3,
9, and 14 cm.s™t and vmax Was 1.3, 2.2, and 2.4 cm.s™ for cases 1,2 respectively.

Plug flow was observed for Case 1. As the bubbles’ velocities increased for Cases 2 and 3, the
influence of the underlying liquid film was noted, as it seemed to pull the foam and deform it
along the lateral and spanwise sides. Therefore, when approaching the fence, the foam flow
became highly disturbed. First, under the contraction of the section, created by the fence, the
static pressure increased, the foam slowed down and formed an aggregate of reduced-sized
bubbles. Simultaneously, the fence created the first obstacle for bubbles, thereby generating a
“stagnant” cover, altering the velocity of other bubbles passing through the fence. Then, when
passing under the fence (x = 0 mm), the foam opposed the compression of the bubbles and
accelerated brusquely and reached its maximum axial velocity (4.3, 9, and 14 cm.s™ for Cases
1, 2, and 3 respectively). Downstream, when the foam came out of this acceleration forced by
the obstacle, a second smaller stagnant area was generated at the top of the duct near the
obstacle.

In addition, an asymmetry was observed between the vertical velocity fields upstream and

downstream of the fence (maximum 47, 38, and 29% for Cases 1, 2, and 3 respectively). At
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greater distances from the fence, whether upstream or downstream (for x > -25 mm and x > 25
mm), the vertical velocities fell to zero and the foam flow only reacted axially. Therefore, three
transition states of behaviour were observed; deceleration, acceleration, and stabilization. At a
distance of x > -25 mm, the foam began to resist the section reduction. The deceleration was
greatest at x = -5 mm (-0.8, -1.8, -3.6 cm.s* for Cases 1,2 and 3 respectively). However, the
foam passing under the fence (at 0 < x <5 mm) and therefore subjected to compression shown
just after the fence a clear acceleration. The vertical velocity profile became parabolic and
attained its highest speed (1.5, 2.6, and 3.8 cm.s™ for Cases 1, 2, and 3 respectively). Then, at
x = 25 mm the foam flow developed fully and gradually slowed down to return to its initial
state for the rest of the channel.

The flow behaviour of the foam is thus clearly described here. When passing through a fence,
an increase in stress occurs, where the foam vyield passes the threshold and flows as a
viscoelastic fluid. Visibly, even though the velocity field seems to be identical to that upstream
side when distant from the fence, a reorganization of the foam ensues whereby the foam texture
and granulometry change to present a coalescence phenomenon (shown in the Supplementary
Data 1, for Case 1- Figure 39).

Supplementary data- Figure 39. Example of a PIV image obtained on the lateral wall for the
case A.

The change of the pipe section leads to a change in the foam structure and texture. Indeed, under
the decrease of the pressure induced by the section reduction, foam bubbles are distorted, and
the inter-bubble liquid film varies. This deformation induces an increase in the surface energy
of the bubbles that consequently store elastic energy in proportion to the surface tension (Dollet
and Raufaste, 2014; Hohler and Cohen-Addad, 2005). The foam reveals its elastic character
(Gorlier et al., 2017) as the low density and the high active surface push the bubbles up into the
channel to fill the entire height of the duct's cross-section, to return to its initial equilibrium.

The elastic modulus ¢ = 0.5 %for the three cases is 13, 29, and 29.5 Pa for the 1D, 2D, and
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3D regimes respectively. y and R are the surface tension and the bubble radius, respectively
(Gorlier et al., 2017).

In this case, the foam became wetter at the bottom of the duct due to gravitational drainage
followed by an increase in the size of the bubbles in the upper part, ensuing from various
phenomena such as the coalescence and expansion of the bubbles. The consequence of this
phenomenon is the non-uniformity of both heat and mass transfers along the duct and of the
wall shear stress.

The analysis of the bubble size shows a change in the foam structure after the fence. Figure 40
(a) presents an example of the bubble size distribution for a section of 2 cm? just upstream and
downstream of the fence for Case 1, fitted by a lognormal model. PIV images were taken and
treated with Piximétre 1.5 software. These results confirmed the change in the foam texture
after the fence previously observed (Aloui and Madani, 2007). As seen in cumulative
probability, the bubbles downstream of the fence were 20% larger than upstream, as a
consequence of the various factors associated with the fence and the coalescence of the bubbles.
The evolution of the global and local void fraction can be deduced, with the global fraction
remaining almost unchanged the same and the local void increasing as it approaches the top of
the duct, where the largest bubbles are located after the fence. Such phenomena would be
related both to the variation of the pressure, gas density and the temperature, the two later which

in turn are governed by the heat exchange between the gas and the liquid phases.

T T T T T T
3l —Upstream _
= Lognormal Fit (Upstream)
S —Downslream'

Vs N = Lognormal Fit (Downstream)
= 25F ! \ 1 ‘ P -
& s \ R o f
£ PR - s

S 5 7
& 2 ! EAN e BN 2 0.6 s 4
2 o I . ™~ : iy
@ ] \ N 2 dF
7 2 #
© \ \ F 0.4 A
> ! ! S F
- \ \ E i
= - v / 3 L or .
B 1.5 %\ N o 0.2 i
© L - L1y . £
-g ! / A A 0 = = : . . . "
n‘: 1 1 \ N 0.2 0.4 0.6 0.8 1 1.2
- x| N Bubble sizes (mm) .
1 I / A \
I { r o1 S
— 7 J ~ N
0.5 e s ~
5 ~ ~| -
1 ! ~ i
A - ~~
J L = *ﬂﬂ!ﬂ! L]
gl == = e
0.2 04 0.6 0.8 1 1.2

Bubble size (mm)

Figure 40. Experimental example of the bubble size distribution for the case of foam at Re =
32. Density and cumulative probability of the bubble size upstream and downstream of the
fence.
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111.2  Rheological model

Foam flow presents complex properties that make it difficult to define the wall shear rate and
the velocity gradient (opacity, reflections, small scales, etc.). One way to obtain this is to assume
that the velocity gradient is equal to the bubble’s velocity over the wall of the channel, in
relation to the thickness of the liquid slip layer (e) at the top side of the duct (Blondin and

Doubliez, 2002):

. ad
Vw = £ (9)

The average slip layer thickness was measured by the conductometry method at the top of the
channel (30, 26, and 33 um for Cases 1, 2, and 3 respectively). Supplementary Data 2- Figure
41 (conductometry signal over the top wall for Cases 1, 2, and 3) represents a typical signal

delivered at the top of the wall for the three cases).
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Supplementary data- Figure 41. Conductimetry signal over the top wall for Cases 1, 2 and 3.

The mean wall shear stress can be computed as:

_ _APdh
W Ax 4

(10)
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where 2—2 is the pressure gradient and d;, (= 21mm) is the hydraulic diameter.

Several methods exist for measuring the yield stress developed for non-Newtonian fluids such
as stress relaxation, stress ramping, frequency sweeping and viscometry. These techniques are
applied for static foam conditions and present a great uncertainty due to foam instability issues,
such as degradation, expansion, and the absence of wall slip (Khan and Armstrong, 1987;
Sullivan and Yee, 1984).

Determining the flow curve of the foam can be the most appropriate way to identify the
rheological behaviour of this fluid complex under dynamic conditions (Sherif et al., 2015).
Figure 42 describes the change in the shear stress as a function of the shear rate for the three

cases studied.
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Figure 42. Experimental flow curve of the wet foam studied.

The flow curve of the foam obtained exhibits a strong non-Newtonian fluid behaviour, with a
threshold stress (7(y = 0) # 0), whose apparent viscosity is highly sensitive to the shear rate
change. This can be attributed to the development of the foam structure discussed above. This
behaviour best matches the Herschel-Bulkley rheological model.

The flow behaviour index n can be determined from the slope of Log (t,, — T,, ) versus
Yw—0

Log (74») plot (Equation 11). For our case, the foam presented as a shear-thinning fluid.

’ (“‘(TW};%O))

d (In (fw))

n= (11)
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The method used is based on the Rabinowitsch-Mooney equation, which provides the wall
shear rate for non-Newtonian flow (Firoze Akhtar et al., 2018). This is presented elsewhere
(Khan and Armstrong, 1987).

Modeling foam flows experimentally is a challenge, given the complexity of the foam structure,
the experimental artefacts, and the possibility of error presented by the different measurement
methods used.

A numerical simulation can be a solution to adjust the parameters of the rheological model
identified experimentally.

Table 4 shows the rheological parameters identified that describe the Hershel-Bulkley model
and the Bingham model proposed in previous work (Chovet et al., 2014). The density of air and
water fluids are respectively taken as being 1.21 and 1003 kg.m.

However, this rheological model also has its limits, as it is sensitive to the choice of parameters
which change with the geometry and the foam quality (Dallagi et al., 2018; Marchand et al.,
2020). The numerical identification of these parameters was chosen after the experimental
identification discussed before. It then was adjusted based on the inverse simulation: starting
with known experimental results, setting the parameters, and checking the velocity and pressure
profiles obtained, then comparing these to the experimental ones. Validations of these results
are always mandatory to ensure their relevance to experiments (results will be discussed below
and display close agreement). The second instrument for adjusting this parameter is the CFD
convergence, which minimizes the residue calculation. Indeed, this model presents a severe
discontinuity in its rheological behaviour due to the threshold yield stress and the index number.
It also induces some numerical difficulties in the convergence if the parameters imposed are
not coherent with the boundary conditions (Messelmi, 2019). This problem has been the subject
of other studies aiming to regularize the discontinuity of the exact visco-plastic behaviour, in
order to allow its implementation in standard numerical solvers (Liu et al., 2002; Moreno et al.,
2016).

Accepting these limits of experimental uncertainty, a lack of wall slip and numerical
convergence, the Herschel-Bulkley model seems to fit the experimental observations more
closely at low shear stress, with a slight deviation under higher conditions. In contrast, the
Bingham model proposed previously by (Chovet et al., 2014) fails to support the experimental
data shown in Table 4. The numerical results for the two rheological models (Bingham and
Hershel-Bulkley) presented in Table 4, will be compared below with experimental ones for
Cases 1 and 3.
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Table 4. Parameters of the two rheological models used. The parameters of the Herschel-

Bulkley (CFD) model derived from the experimental flow curve (experimental, 20°C) were

thus refined to obtain the best match between the CFD results and the experimental data.
Model Yield Stress 1o (Pa)  Consistency k (Pa.s) index n Density p (kg.m™®)

Hershel-Bulkley 2.7 0.005 0.85 350
(experimental; 20°C)
Bingham (CFD) 6.4 0.001 1 350

Hershel-Bulkley (CFD) 3.9 0.0015 0.80 350

I11.3 Case of Foam Flow (plug flow) at low velocity (Re=32)

111.3.1 Longitudinal pressure distribution

To validate the CFD numerical calculations, it is necessary to examine whether the pressure
distribution generated by the Herschel-Bulkley model confirms the experimental results. Figure
43 shows the longitudinal static pressure losses AP inside each cross-section of the horizontal
duct including the fence at its centre.

As illustrated in Figure 43 (a), when distant from the fence, whether upstream or downstream,
we respectively have an establishment and a re-establishment of the foam flow regime. Results
show a linear decrease in the static pressure upstream and downstream of the fence. The
transition through the fence is followed by a slight disturbance in the pressure drop with the
same energy degradation on both sides of the fence. This similarity can result in a similar
pressure gradient value upstream and downstream of the fence, where both curves have almost
the same slope (-615 Pa.m for the upstream and -745 Pa.m™ for the downstream). The presence
of the fence in the pipe represents a disruption for the foam flow. Its influence extends upstream
as well as downstream of the fence. Indeed, according to the magnification in Figure 43, the
change in the flow starts approximately from the x = -260 mm (=-12.4ds) until x = 220 mm
(=10.5dh).

CFD simulations and experimental measurements present the same evolution with a maximum
deviation close to 5% near the fence. This comparison allows a validation of the chosen
boundary conditions adopted i.e. the rheology model used, and the parameters fixed for the

simulation.
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Figure 43. Longitudinal static pressure drop of the foam flow at Re = 32. (a): Evolution of the
longitudinal static pressure drop along the test channel. (b): Zoom on the area influenced by the
fence.

111.3.2 Singular pressure drop
According to (Aloui and Madani, 2008, 2007), the singular pressure drop caused by the fence

and the global wall friction against the wall in the vicinity of the fence can be written as:
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APSingular =P,(x = 0+)d0wnstream —Pi(x= 0_)upstream (18)

APfriction = APyt — APsingular (19)

where AP gyiar = %.f.pf. U? can be considered as the singular pressure due to the kinetic

effects of the fence. The singular pressure drop coefficient (¢) is equal to 8.52 (Aloui and
Madani, 2008), and P1 and P> are the pressure in the upstream and downstream of the fence
respectively.

In the case of Re = 32, and for a foam quality of 65%, the singular pressure drop was estimated
as APsinguiar = 58 Pa (determined by extrapolating the regular pressure evolution downstream
and upstream of the fence as shown in Figure 43 (b)). This numerical result has a slightly larger
value than the experimental one (=40 Pa). This means that the foam flow adapts faster than the
Herschel-Bulkley fluid to the section change and its behaviour is less affected by the fence.
Besides, the results obtained show that foam flow under a fence is the exact opposite of the
flow of a Newtonian liquid single-phase. The contribution of the pressure loss by friction in the
global singular pressure drop is about 98%. This means that the energy loss in this condition of
foam flow under the fence is not dominated by any kinetic effects of the fence (APsinguiar=1.15
Pa), but by the friction near the fence (4Prriction = 57 Pa).

111.3.3 Local averaged velocity fields
To determine the behaviour of Herschel-Bulkley fluid under the fence, it appears necessary to

visualize the velocity fields and the deformation of their profiles, by giving a comparison of the
numerical simulation results with the experimental ones. Figure 44 represents an example of a
velocity field for the numerical simulations of the CFD Herschel-Bulkley fluid.

The presence of the fence disrupts the flow by forcing the foam to bypass it, inducing the
creation of stagnant areas around the fence (absence of velocity vectors on both sides in the
vicinity of the fence as shown in Figure 44 (a)). The visualization of the velocity field through
the horizontal plane at y =19 mm (Figure 44 (b)), confirms the direction of the flow. Thus, the
upstream dead zone is longer than that one downstream (I > I, where |1 (=0.47dn) and I
(==0.23dn) are respectively the lengths of the appearance of dead zones immediately upstream
and downstream of the fence).
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Figure 44. Example of velocity field obtained under the fence at the middle axis of the duct by
CFD simulation using the Herschel-Bulkley model (foam at Re = 32). (a): Lateral view. (b):
Top view at y =19 mm.

The comparison between these numerical and experimental results shows a close concordance
(Supplementary data 3- Figure 45 (Averaged u-axial component (a) and v-vertical component

velocity field (b) of experimental foam flow and the Herschel-Bulkley model under the fence).
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Supplementary data 3- Figure 45. Averaged u-axial component (a) and v-vertical component
velocity field (b) of experimental foam flow and the Herschel-Bulkley model under the fence.

The effect of the fence can be quantified by plotting the evolution of the axial and vertical
components’ velocity profiles along the x-coordinate near the fence for different positions

upstream and downstream of the fence (Figure 46). These velocity profiles allow a better
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comparison between the foam flow, the Bingham model proposed by (Chovet et al., 2014) and
our proposed model, namely the Herschel-Bulkley law.

A close similarity between the experimental and the CFD results were thus observed with the
Herschel-Bulkley CFD model results showing less deviation than the Bingham model ones.
As mentioned above, simulating a complex fluid such as foam is a challenge because of the
presence of several phenomena. For instance, it is difficult for the software code to reproduce
incidents such as the slip and deformation of bubbles, coalescence, and foam drainage
(Golemanov et al., 2008). The Herschel-Bulkley model, based on the hypothesis of a pseudo-
fluid, can describe the behaviour of the foam flow more reasonably than the Bingham model.
Hence, Axial velocity component results by the Bingham model show a discrepancy of between
21% and 37% between the foam flow experiments and the CFD simulations, while Herschel-
Bulkley only shows a difference of 8% to 21%. For both models, vertical velocity component
profiles show the greatest deviation, where the foam deformation increases near the fence (at
x=-5mm), entailing its maximum deviation of 50%. It should be noted that contrary to CFD
results, the experimental data indicate a slip at the walls. While accepting its limits, this study
has shown that the rheological Herschel-Bulkley fluid model is capable of satisfactorily

describing the behaviour of flowing foams under a fence.
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Figure 46. Lateral averaged axial (u) and vertical (v) mean component velocity profiles for
different positions near the singularity, for the case of foam at Re of 32.

Supplementary Data 4- Figure 47 illustrates the velocity profiles on the upper part in three
planes along x-z axes: at the top of the channel (y = 19 mm), in the middle (y = 10.5 mm), and
at the bottom (contact with the underlying liquid film, for y = 2mm). This was achieved by
numerical simulations to define and to present the evolution in foam flow’s behaviour along
the x-coordinate near the fence at different locations. It should be noted that the experimental
results did not investigate the velocity fields inside the foam and far from walls, as the opacity
of the foam limited the PIV technique’s capacity to visualize the flow. In such cases, CFD
studies are of distinct benefit.

It is clear, that the foam flow behaves like plug flow, hence as a unidirectional regime.
Therefore, these results confirm the presence of dead areas at the top of the channel (at y = 19
mm and -15 mm < x < 15 mm), where the velocity is nil and that the maximum acceleration

occurs at the location of the fence when x =0 mm and y = 10.5 mm.
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Supplementary data 4- Figure 47. CFD spanwise (top side) axial velocity at different
locations in the vicinity of the singularity for case 1. (a): averaged axial velocity component
profiles. (b): Axial velocity component distribution for three horizontal planes located at: y =

2,10.5, and 19 mm.

111.3.4 Underlying film thickness in the vicinity of the fence
Wet foam flows also create liquid films along the bottom surface of the duct. This thickness

can affect the dynamic behaviour of the flow. Previous works have also shown that the thickest

liquid film is formed at the bottom of a channel arranged horizontally under the gravitational
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force effects and more specifically under the foam drainage (drainage of the liquid through the
plateau borders or bubbles’ contours) (Tisné et al., 2004).

Despite the experimental data available, the model was not able to accurately reproduce this
phenomenon. This is the reason why a liquid (water) film was imposed at the bottom channel
as a second inlet condition, unlike previous attempts to model the foam flow using CFD tools
(Chovet et al., 2014). Figure 48 (a) presents the velocity evolution of the underlying liquid film.
We noted that the velocity of the liquid film increased when approaching the fence to reach a
maximum value caused by the narrowing of the section (velocity of 3.3 cm.s™* at x = 0 mm).
After the fence, the velocity of the film liquid increased gradually to recover its initial value of

2.1cm.st.
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Figure 48. Underlying liquid film located at the bottom of the horizontal duct. (a): Averaged
axial velocity field. (b): Comparison of experimental (blue diamonds) and numerical simulation
(red squares) underlying liquid film thickness. The foam in this simulation was defined by
Hershel-Bulkley model.
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To better understand the deviations and the disturbance caused by the fence, Figure 48 (b)
represents the thickness evolution of the underlying liquid layer. The underlying liquid film
thickness remained constant and had no pronounced fluctuations upstream or downstream of
the fence. It was stable and its thickness was about 1.9 mm. However, this thickness gradually
decreased below the fence and reached its minimum value, which was about 0.9 mm. This
modification was mainly due to the abrupt acceleration of the outgoing flow through the
reduced cross-section passage, which then exerted compression on the underlying liquid film.
This evolution studied by CFD is only an approximation of the underlying liquid film thickness.
However, it does present a discrepancy of about 45% from the experimental results given by
the conductimetric method. These show the same evolution except that the liquid film is 20%
thicker downstream than upstream of the fence. This thickness difference is mainly due to the
foam drainage phenomenon, which increased with the acceleration of the foam flow and after
the reorganization of the bubbles (Golemanov et al., 2008; Marchand et al., 2020). The
experimental results again indicate that the fence induced some changes in the foam flow

structure.

I11.4 Case of foam flow at higher velocity (Re = 97)

The main goal was to test the ability of the rheological model proposed to reproduce the
physical phenomena response of high Reynolds numbers, where the yield shear stress is
exceeded. Figure 49 illustrates the evolution of axial and vertical velocity components along
the x and y coordinates at different distances from the fence.

The validation of the CFD results is based on the experimental measurements provided by the
PIV technique, in order to investigate the foam flow velocity components’ profiles under the
same conditions.

The comparison between experimental and numerical results shows an agreement, despite the
observed deviations for the Herschel-Bulkley model (from 19% to 47% for the axial velocity
component and from 30% to 74% for the vertical velocity component). On the other hand, it
shows to what extent the Bingham model describes the sheared condition of the foam flow
(from 30% to 100% difference for the axial and vertical velocity components). The greatest
deviation that occurred for the vertical velocity component profiles is at x=-5mm. This
difference is partly due to the use of a laminar regime instead of the turbulent regime, causing
the underlying liquid layer to slide and secondly, due to the compressibility of the foam gas
phase (experimental fluid) and to its resistance to the narrowing of the duct cross-section,

thereby generating a viscoelastic response by the foam.
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The Herschel-Bulkley model proposed is written as the sum of a yield stress to and a viscous
stress zv. First, as discussed above, the experimental identification of the threshold stress under
dynamic conditions is a challenge due to experimental artefacts. On the other hand, the capillary
pressure of the bubbles, the adsorption of the surfactant layer on the surfaces of the bubbles and
the viscous friction between the bubbles and the wetting walls provide a scale for the viscous
stress (Borkowski et al., 2020; Denkov et al., 2005). As the foam in this work is identified as a
pseudo-fluid which does not reflect the real identity of the foams i.e. a dispersion of gas bubbles
in liquids containing surfactants according to (Langevin, 2017), it is difficult for Herschel-
Bulkley to represent these phenomena and accurately reproduce the experimental behaviour of
high-velocity foam flow. Thus, according to several previous studies (Messelmi, 2019; Moreno
et al., 2016), some limitations of this model should be studied and experiments performed in
future works using a slip wall condition, in order to focus on a simulation of the shape,

trajectory, and interaction of bubbles on the walls (Ge and Liu, 2021).
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Figure 49. Lateral averaged axial (u) and vertical (v) mean component velocity profiles for
different positions near the singularity, for the case of foam at Re = 97 and different rheological

models.
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Concerning the foam flow behaviour on the spanwise plane, the velocity fields are not
accessible experimentally using the PIV technique because of the opacity of the foam, as
already mentioned. Figure 50 shows the evolution of the velocity profiles thanks to CFD, along
the z-coordinate near the fence, plotted in three horizontal planes: at the bottom of the channel
(X, y =2 mm, z), in the middle (x, y = 10.5 mm, z), and at the top (x, y = 19 mm, z).

In contrast to the first case (Re = 32), the shear stress in the channel far exceeds the yield stress
inducing velocity profiles with parabolic shapes of the as shown in Figures 50 (a), and 50 (b).
In addition, there is a great contrast comparing the foam velocities at the top (low velocities)

and at the bottom (high velocities) of the channel.
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Figure 50. CFD spanwise (top side) axial velocity at different locations in the vicinity of the
singularity for case of foam at Re = 97. (a): averaged axial velocity component profiles. (b):
Axial velocity component distribution for three horizontal planes locate at: y = 2, 10.5, and 19
mm.

IV. Conclusions

In this work, the effect of the fence both on the characteristics of the foam flow, as well as on
the different phenomena observed, has been studied using both experimental and CFD
simulation approaches, giving original results.

Different measurements were made including liquid film thickness, foam structure and its flow
behaviour. This allowed us to clearly understand the deformation of the foam in the vicinity of
the fence, where it displays marked elasticity. CFD results were directly compared to those
obtained experimentally under the same flow conditions. Attention was focused on the velocity
component profile evolution upstream and downstream of the fence. The CFD simulations and
the experimental results showed the same trends. The Herschel-Bulkley rheological model can
better describe the foam flow for all regimes (3 cases studied), than the Bingham rheological
model. As for the lower Reynolds number, the two fluids behave like a plug-type flow
presenting a mean deviation of 15%. In contrast, in the case of higher Reynolds number (Case
3), some greater deviations appear near to the fence, which can reach more than 50% with
Hershel-Bulkley and be completely different for Bingham. This considerable discrepancy
reflects the higher sensitivity of the chosen model (pseudo-fluid flow) and its limits in
presenting this type of foam flow deformation and the bubbles’ reorganization. This is probably
related to the actual rheological properties of the foam modelled here by a quite simple

Herschel-Bulkley pseudo-fluid model. However, some likely important phenomena should be
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taken into account in the future such as the compressibility of the foam gas phase and the
slipping of the foam bubbles on the channel walls (phenomena existing at the bubble-bubble
and bubble-liquid film interfaces) highlighted by the different experimental methods.

Despite the complexity of the proprieties involved in the physics of foams (border stability
plateau, effect of surface tension, drainage of liquid, bubble movements, coarsening, ripening,
coalescence, compressibility), the non-Newtonian fluid model with threshold stress gives a
quite good approximation of the foam’s flow behaviour and its deformation on encountering a
fence.

In a previous work, we have demonstrated that compared to the standard cleaning-in-place, the
use of foam flow to remove bacterial contamination (spores and biofilms) can improve the
cleaning efficiency and dramatically reduce the consumption of water and energy (Al Saabi et
al., 2021). However, this enhancement of cleaning was closely related to the foam proprieties
such as void fraction, shear stress, liquid film thickness, bubble size, and its stabilities (Schad
et al., 2021). Modification of the ducts geometries and the presence of specific equipment
(valves, fences in heat exchangers, corners or other obstacles) in agro-food processing
industries would thus significantly change the foam structure and the flow organization and
eventually, reduce the efficiency of foam cleaning (Al Saabi et al., 2020). Computational Fluid
Dynamic approaches in a first step assist in identifying the temporal evolution of the flow
parameters in complicated situations where experimental definition is difficult. Consequently,
their use helps to improve cleaning efficiency when modeling and designing industrial
equipment and installing its accessories, thereby ensuring high foam stability and a fast
recovery of the flow regime due to a better flow organization. Further studies could investigate
the impact of such singularities on the removal kinetics of static bacterial biofilms under foam

flow cleaning regimes.
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Obijectives, main approaches, and progress

The previous chapter consisted of experimental and numerical studies to identify the rheological
behaviour of the foam under different velocity conditions in different duct geometries. This
study revealed that changes in geometry could lead to significant changes in the structure of the
foam, sometimes resulting in the generation of high parietal shear stress despite rather low
values of the mean flow velocities. Thus, it seemed interesting to study how this type of fluid
could be an interesting alternative for cleaning in the food industry.

Before the official start of my thesis, | was recruited on a short-term contract in the PIHM team.
During this period and during the first months of my thesis, | was involved in a preliminary
study on the physical characterization of flowing foams. More concretely, | was in charge of
the implementation and development of the pilot rig as well as the installation of the required
sensors to control and characterize the different flow conditions of the foam. The results were
integrated in Ahmad al-Saabi's dissertation thesis and in a recently published article (Al Saabi
etal., 2021).

This study (Publication 1) investigated the removal kinetics of B. amyloliquefaciens 98/7 and
B. cereus 98/4 spores from stainless steel surfaces using foam flow. The respective roles of the
foam quality (air/water balance), and of the flow rate were analyzed by modeling removal
kinetics.

As for the results reported in the literature for the cleaning of adherent spores in CIP, a rapid
removal of adherent spores during the first phase (1 min) was followed by a second phase of
slow spore removal. The removal of the contamination was dependent on the foam quality
(50%, 60%, and 70% of air), the foam velocity (2 to 6 cm/s), and the cleaning time (up to 20
min). The wetter the foam, the better the efficiency during the first detachment phase lasting
less than 1 min. However, this trend was not clearly observed during the second phase possibly
more effective with a dryer foam. As an example, the detachment after 1 min of wet foam
cleaning (qualities of 50%) was 1.8 log reduction, while it was 0.5 log reduction for the case of
foam at a quality of 70%. However, after 20 min of cleaning the spore detachment achieved 2,
and 1 log reduction for the 50% and 70% foam respectively. When the authors have compared
the best option of foam (50% at the lower velocity) to the standard cleaning in place at a shear
stress of 5 Pa, the removal of spores using foam was 0.3 and 0.5 log higher than that using CIP.
The effect of foam flow cleaning was then tested with hydrophobic spores (B. cereus 98/4)
showing a strong reduction in the cleaning efficiency considering the same foam flow
conditions. Based on studies reported in the literature mainly on flows bubbles in capillaries, it
has been hypothesized that the efficiency of foam cleaning could be related to the bubbles' sizes,
capillary forces, and the variation of the wall liquid film at the walls.

My work then concerned the investigation of the potential role of the foam properties on the
effectiveness to clean surfaces contaminated with B. subtilis spores (hydrophilic Bs PY79 or
hydrophobic Bs PY79 spsA), and by more complex structures, the biofilms (Escherichia coli
SS2, B. cereus 98/4, and Pseudomonas fluorescens Pfl). These studies were performed in
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straight pipes, with 50% foam at different velocities, (shear stresses ranging from 2.2 to 13.2
Pa).

The first part of the publication Il presents a detailed characterization of the foam in different
flow conditions and the efficiency of spore cleaning in the different tested conditions. Different
methods were first performed such as polarography to measure the local shear stress,
conductimetry to measure the liquid film thickness at the walls, and image analysis for the
bubble size distributions. These various analyses revealed that the variation of the foam velocity
and bubble size (0.18-0.4 mm) resulted in variations in the magnitude and frequency of
fluctuations in wall shear stress and in the liquid film thickness. The consequences in terms of
cleaning efficiency of adherent hydrophilic and hydrophobic spores were then investigated. The
results first showed differences in cleaning efficiency directly related to the hydrophobicity of
the spores, with increased resistance to detachment for the hydrophobic one. More interesting,
the size of the bubbles and the mean velocity of the foam flow played a major role in the removal
of both spores. Indeed, smaller bubbles have higher wall shear stress and remove impurities
when it swept the surface. The flow rate can improve this process, but it can also cause an
unfavorable growth of the air bubbles, thus weakening the cleaning effect. In other words, the
synergy of high shear stress and small bubbles size was needed for enhancement of the cleaning
efficiency. This increase in efficiency appeared to be due to a conjunction of different
mechanisms such as fluctuating shear stress and capillary forces for the detachment and/or
wiping and imbibition in the foam of the detached contaminants. Lastly, for both strains, foam
flow cleaning showed a better removal efficiency than conventional cleaning in place
considering the same average shear stress conditions

Publication 111 aimed to test the ability of the foam flow to remove more complex contamination
patterns, i.e. biofilms developed on stainless steel surfaces. Coupons were immersed
horizontally for 24 h in a nutrient media containing suspensions of three bacteria previously
demonstrated at PIHM to be able to grow in biofilms: E. coli SS2, B. cereus 98/4, and P.
fluorescens Pf1 and held at 30°C for 24 h. Then they were subjected to the different cleaning
procedures described in publication 1l. Results of the enumeration of the cultivable cells showed
that the growth of the biofilm and its resistance to detachment depended strongly on the strains.
The largest amount of biofilm was produced by Pf1, then E. coli SS2 and Bc 98/4. However, a
complete detachment of E. coli was observed even under the mildest cleaning conditions (wall
shear stress of 2.2 Pa), while the maximum detachment rate was of 2.2 log CFU cm for Pf1
and Bc 98/4 at 13.2 Pa. These results were confirmed by the observation of the biofilm structure
using epifluorescence and confocal laser microscopes. After cleaning of Bc 98/4 biofilm with
foam, the number of small clusters and isolated cells was highly reduced while the larger
clusters seemed to have resisted more to the detachment. Concerning Pf1 biofilms, microscopic
observations suggest that the clusters are disaggregated, while only very few cells of E. coli
were observed on the coupons after the cleaning procedure. Unlike the case of spores’ removal
in the publication II, the statistical analysis showed that only the shear stress has a significant
role in the improvement of the efficiency of the biofilm removal. Increasing the shear stress
improved the cleaning efficiency. However, it was interesting to observe that foam is still more
effective than the CIP process regardless of the contamination pattern. Then, a life cycle
assessment (LCA) of the cleaning procedures, SDS surfactant-containing foam, SDS
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surfactant-containing CIP, and NaOH-containing CIP more in line with industrial CIP
conditions, using SimaPro software, was performed in order to investigate the environmental
impacts. It was found that the CIP steps containing NaOH contribute the most to the
environmental impacts, with the highest water and electricity consumption while the foam flow
impacts on energy consumption and wastewater emissions showed significant benefits.

Highlights

Compared to conventional cleaning-in-place, foam flow effectively removed Bacillus subtilis

spores as well as Bc-98/4, Ec-SS2, and Pf1 biofilms from stainless steel surfaces.

The synergy between high wall shear stress and reduced bubble size leads to efficient cleaning
of stainless steel surfaces contaminated with bacterial spores.

Biofilms were less affected by the bubbles’ size and the consequences in terms of fluctuation
of the mechanical action in our experimental conditions but a clear improvement was observed

when increasing the mean wall shear stress.

Mechanisms such as capillary imbibition, foam drainage, and fluctuation of wall shear stress

induced by bubbles’ passage were investigated and were related to the removal mechanisms.

Foam flow cleaning is a suitable technique to reduce water and energy consumption presenting

less environmental impacts than CIP processes.
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Publication I: Removal of Bacillus spores by flowing foam from stainless steel pipes: effect
of the foam quality and velocity

https://doi.org/10.1016/j.jfoodeng.2020.110273
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Highlights

» Foam flow: a promising new technology for cleaning surfaces contaminated by
microorganisms.

» Foam flow allows efficient removal of bacterial contaminants at low velocities inducing
high wall shear stress and fluctuations.

» Foam flow allows efficient cleaning with low energy and water consumption.

Abstract

Effective cleaning operations in food industries are considered mandatory to mitigate the risk
of remaining unwanted contamination without jeopardizing any further disinfection steps.
However, such operations consumed large amount of water, chemicals and energy. In this work
an attempt was made to study the cleaning potencies of flowing foams to eliminate Bacillus
spores from stainless steel surfaces. An original set-up was designed to allow the formation of
wet foams to be flown under three flow regime conditions without modifying the foam
structure. However, a bubbles’ size rearrangement was observed while increasing the velocity
affecting the cleaning efficiency visible with the driest foams. The best option was observed
with foam at 50% air/water and low velocities to remove 2 log of the initial contamination of
B. amyloliquefaciens spores being comparable to similar CIP conditions. Removal Kinetics
were modelled with a simple exponential two-phase kinetics showing in the most favorable
cases very high constant rates during the first phase. Hence, comparing with the literature, it
was possible to highlight roles on such efficient cleaning to the local high wall shear stress
fluctuations and to the presence of capillary forces (low velocities, favorable bubbles size
repartition and for the hydrophilicity of bacteria spores).

Keywords:

Flowing foam; wall shear stress; Cleaning; Bacillus spores; hygiene
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l. Introduction

In agro-food industrial environments, surfaces have been reported to be contaminated by a
range of microorganisms, including pathogenic and spoilage bacteria (Srey et al., 2013). Once
introduced, if environmental conditions are suitable, many bacteria are able to persist on the
contaminated surfaces or even to form biofilms. Indeed, despite cleaning and disinfection
procedures, some bacteria are still commonly found on the surfaces of food processing lines,
mostly in the form of adherent spores, e.g. Bacillus spores in closed equipment (Peng et al.,
2002) or in the form of biofilms, e.g. Pseudomonas spp (Dogan and Boor, 2003).

Cleaning in place (CIP) leading to residue removal from inner surfaces of processing lines
without disassembling, has been a crucial factor in guaranteeing the safety and quality of food.
If not done properly, consequences can be devastating, especially in the case of pathogen
surface contamination (Pietrysiak et al., 2019; Ribeiro et al., 2019). In order to clean rapidly,
CIP aims to combine the advantages of the high temperature, detergent and the mechanical
action generated by the turbulent flow (or the impact of the spray) (Moerman et al., 2014). The
mechanical effect is created by the flow rate and it is generally admitted that high flow rates
result in high removal rates because of the high shear forces on the deposit layer. However
some works have detailed the role of hydrodynamics and in particular of the mean wall shear
stress and the major role played by its fluctuations (Blel et al., 2013, 2010). This was very
recently judged to be mandatory for any CIP improvement (Li et al., 2019).

The addition of foaming surfactants or even gas-stabilized foam means the cleaning solution
can be applied as a foam, which can increase the retention time, e.g. on vertical surfaces. Foam
is widely used in static conditions throughout the food industry for the cleaning of large open
surfaces (floor, conveyors, workshops and equipment). To clean open surfaces, foam requires
specific qualities, namely density, foamability, stability and void fraction-based quality.
However, foam cleaning agents could also be used for cleaning some closed equipment such as
filtration modules (Gahleitner et al., 2013). Despite its widespread use, very little work has been
carried out on the elimination of surface deposits using flowing foam, essentially gas-liquid
two-phase flows in capillaries (Kondjoyan et al., 2009) and to our knowledge none have dealt
with the elimination of microorganisms.

Almost nothing is known about the potential of foam flow to conduct cleaning operations using
much less energy (very low velocity) and much less water. Aqueous foams are non-Newtonian
complex fluids consisting of concentrated dispersions of gas bubbles in a soapy liquid.
Depending on the amount of water they contain, they can be either wet or dry. The air fraction
defines the so-called foam B quality (Tisné et al., 2004). Foams have original mechanical
properties which rely on their low density and high surface area combined with their ability to
elastically respond to low stresses and to flow like a viscous liquid with large distortions.
Foams admit an unexpected and nonlinear rheological behavior (shear thinning and yielding),
where the properties of the liquid and gas, that compose it, have an influence on it. Their
rheological behavior can be compared with some non-Newtonian models such as, power law,
Bingham, and Herschel-Bulkley. Recently it was demonstrated that the foam rheological
behavior can be better described by Herschel-Bulkley model (Dallagi et al., 2019, 2018).
Among the consequences of foam flow, the mechanical action exerted on the contact-surface
depends on the velocity, foam composition (air/liquid) and the ability of the system (foam,
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geometry and surface properties of the equipment to be cleaned) to maintain a thin liquid film
between the solid surface (wall) and the foam flow.

Wall shear stress, especially due to this thin liquid film located between the wall and the foam
flow, plays an important role in the characterization of the rheological properties of this foam,
depending mainly on the bubble size and particularly on the volume fraction of the liquid
(Chovet, 2015; Chovet et al., 2014). These properties can be used to understand the
microorganism detachment phenomena, such as spores from solid surfaces. Therefore, foam
flows would constitute a true novelty in surface hygiene, as low water load and high mechanical
actions under moderate temperatures would permit highly cleaning, which can easily be
combined with disinfection.

This study investigates the removal kinetics of B. amyloliquefaciens 98/7 and B. cereus 98/4
spores using foam flow. The respective roles of the foam quality (importance of air/water
balance), and of the flow rate were analyzed by means removal kinetics modeling. Results were
then compared to spore removal under mild cleaning in place conditions. We then investigated
some foam properties (the flow regime and the mean foam flow velocity, bubble-size
distribution, bubble-passage frequency, foam quality and mean wall shear stress).

Il. Materials and Methods

I1.1 Bacterial strains and solid surfaces

In this study, two bacterial strains isolated from dairy processing lines forming spores of very
different surface energies one hydrophobic and the second hydrophilic (Faille et al., 2019, 2016,
2010) were used: B. cereus CUETM 98/4 (BC-98/4) and B. amyloliquefaciens CUETM 98/7
(formerly known as B. subtilis 98/7). Bacillus spores were produced as previously described
(Faille et al., 2019). Before any experiment, two further washes were performed and spores
were subjected to a 2.5-min ultra-sonication step in an ultrasonic cleaner (Bransonic 2510E-
MT, 42 kHz, 100 W, Branson Ultrasonics Corpo-ration, USA) to limit the presence of
aggregates. In order to evaluate the hydrophobic character of spores, Microbial Affinity to
Hydrocarbons tests (MATH) were performed as previously described (Faille et al., 2019b).
The material, used in the form of rectangular coupons (45 mm x 15 mm), was AISI 316 stainless
steel with pickled (2B) finish (kindly provided by APERAM, Isbergues, France). Prior to each
experiment, coupons were cleaned and disinfected using a standard protocol used at UMET.
Coupons was first cleaned using pure alkaline detergent (RBS T105, Traitements Chimiques
des Surfaces, France). They were then subjected to a 10 min immersion in a 5% RBS T105 at
60 °C, followed by thorough rinsing with tap water, then with softened (reverse osmosis) water
for 5 min each. 24 h before the experiments, stainless steel coupons were treated in a dry heat
oven at 180°C for 1 h.

1.2 Surface soiling and cleaning

The soiling suspensions were prepared with ultra-purified sterilized water and a concentration
of spore suspension of around 10° CFU/mL. The coupons were vertically immersed in a Beaker
containing 250 ml of the soiling solution, then kept at room temperature for 4 hrs.

Coupons were then inserted into a 23 102 m long stainless steel test duct with a 1.5 x 1 102 m
rectangular cross-section. The geometry of the rectangular test ducts used for the experiments
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was previously described (Cunault et al., 2015). The three central coupons out of the five
installed in the ducts were soiled and further analyzed after cleaning.

The production foam prototype was built according to previous work (Chovet and Aloui, 2016;
Tisné et al., 2003a). The experimental set-up, with an open foam flow circuit, was designed to
allow the foam flow to develop within horizontally-placed square ducts, with the coupons to be
cleaned at the top. The test ducts were situated after a transparent Plexiglas rectangular duct, of
identical inner size, to visualize the foam flow. To allow steady state flow conditions, the test
ducts were placed at intervals exceeding 80 times the hydraulic diameter of the vein inlet (i.e.
1.5m).

The prototype is presented in Figure 51. The rig includes a mother tank (capacity: 100 L) filled
with Sodium Dodecyl Sulfate (Sigma-Aldrich ReagentPlus®, over 98.5% purity) dissolved in
osmosed water (0.15% ww). The SDS solution is pumped into the feeding tank (50 L) located
at a height of 3 m using a positive displacement pump (VARMECA 21TL055, Leroy-Somer).
This set-up creates a constant flow rate in the foam generators due to gravity.

Feeding
tank
() Air pressure
! . measurement
O —M‘-'I 1
= Liquid Air |
flowmeter flowmeter |
A | Pressure
/IE | 1 measurement
Y Foam U !
enerators | Test duct
SDS 9 J] | _ ;
solution L |
tank Plexiglas
: pipe
TT * - * ~ N -~ . i ,‘
pump D * " " + .
A Y ~ ~

Figure 51. Scheme of foam cleaning in place prototype

Three foam generators were designed as previously described (Tisné et al., 2003a). The foam
is generated by injection of pressurized air through a porous medium (DURAN®, pore sizes
ranging from 1 to 1.6 um, Dislab, Lens, France), inside cylindrical containers filled with the
SDS solution. The foam quality describing the air/water content of the foam was calculated as
follows (Equation 1) according to (Chovet and Aloui, 2016) where Qg and Q; are respectively
the gas and liquid flow rates:

__Q
B= o (1)
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The three independent parallel generators allowed us to increase the bulk velocity without
affecting the foam structure. Three foam qualities were chosen for the cleaning experiments
50%, 60% and 70%. The mean velocity was calculated taking into account the global flow rate
(Qi+Qg) divided by the cross-section area S of the test duct. The Reynolds number was
calculated according to Equations (2) and (3), taking into account the density of both gas and
liquid phases. Foam viscosity was calculated using the relationship based on a heuristic model
of concentrated emulsions (Equation 4).

__ prvdp
Re = S 2)
pr=0—=B).pi+B-pg 3)
:uf = I_le]_/3 (4)

Three liquid/air flowmeters enabled the adjustment of the flow rate from 0 to 35 I h* and 0 to
70 | h'! respectively.

Flowing from the generators, the foam passes through a transparent Plexiglas pipe of 1.1 m
length. The transparent pipe enables the visualization of the foam texture, bubble size and foam
velocity measurement. Two pressure outlets allow the connection of 2 manifold tubes placed
over a scaled plate that measures on a length L of 1m the pressure drop AP to calculate the mean
wall shear stress 7 (dn AP / 4 L). For each cleaning experiment, only one test duct containing
the soiled coupons was clamped to the transparent pipe.

The different test ducts were thus cleaned with three foam qualities at 20°C, at foam mean
velocities ranging from 2.1 to 6.7 m s-1, for 15 and 35 s, 1, 3, 5, 10 and 20 min and other
experiments were carried out to mimic CIP conditions. The test ducts were connected to a CIP
pilot rig (Jullien et al., 2008) and a simple CIP procedure was then carried out under the same
conditions as those used for the foam tests, i.e. SDS concentration, temperature, cleaning times.
The flow rate was selected to generate a mean wall shear stress of 5 Pa, falling within the range
of the mean wall shear stress conditions induced by the flowing foam as described in the Results
Section. After the cleaning process, the coupons were removed from the test tubes and rinsed
by dipping in a beaker containing one liter of sterile ultrapure water. The residual spore
contamination was then analyzed as follows.

To determine the number of adhering spores before (NO) or after the (Nresid) cleaning
procedure, coupons were subjected to an ultrasonication step in 10 ml of 2% Tween 80 (v/v) in
peptone water without indole 0.015 g/L (Biokar), diluted to 1L with ultra-purified sterilized
water (5 min, Ultrasonic bath, Branson 2510, 40 Hz). This treatment has been previously
shown, in our laboratory, to remove more than 99% of the adherent spores (Tauveron et al.,
2006). The detached spores were enumerated on nutrient agar composed of 1.3% w/v nutrient
broth (Biorad, France) and 1.5% w/v bacteriological agar type E (Biokar Diagnostics, France)
after 48 h at 30°C. The percentage of residual spores after cleaning was then calculated
[(Nresid/NO) * 100].
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For microstructure examination, some rinsed coupons were first dried at 20 °C for at least 1
hour to prevent spore detachment during the staining procedure. The coupons were then stained
with orange acridine (0.01%) for 15 min at 20°C, gently rinsed with softened water and allowed
to dry before observation. Finally, the surface contamination organization was observed using
an epifluorescence microscope (Zeiss Axioskop 2 Plus, Oberkochen, Germany) at
magnification 1000X.

1.3 Foam flow visualisation

The method is based on the observation of the displacement of moving bubbles at the walls of
the pipe, for a given interval. Measurements were carried out at the last part of the pipe where
the foam flow could be considered as established. The velocity of the bubbles was measured by
marking the Plexiglas pipe wall by two thin marks spaced at a known distance. For both the
lateral and the top walls of the pipe, three locations were chosen: two at 1 mm from the edges
and one in the middle of the observed wall. The time taken for a bubble to pass between the
two marks was recorded to calculate the its velocity. The smallest easily-visible bubbles (0.3
mm) were considered for tracking and 10 successive measurements were carried out. Mean
values were then calculated. These could be considered as representative of the local velocity
at the wall whatever the bubble size (Tisné et al., 2003). This method gives an approximation
of'the bubbles’ speed. A selection of photos of the foam flow (camera Panasonic LUMIX DMC-
FZ62, High speed video [HS], at a speed of up to 200 frames / second) were analyzed using
Piximeétre 5.1 R1540 image analysis software. The clearest two images in terms for each flow
condition induced by the generators and for the three foam qualities were filtered to better
observe the borders of the bubbles. It was thus possible to evaluate the bubble size distribution
in all the cases studied.

An optical probe (© RBI instrumentation, Meylan, France) based on the discrete variation of
the refractive indicator optics between the two-phase flow (air/liquid) was used to evaluate the
void fraction and the air bubbles' passage frequency at the wall top (at 0.5 mm from the top).
Data were analysed using the 1SO software provided by RBI.

1.4 Kinetics modelling

A two-phase kinetics model was used to fit the data as previously proposed for the detachment
kinetics of biofilms during CIP (Benezech and Faille, 2018). The fitting was performed using
GInaFIT (Geeraerd et al., 2005) using a biphasic model composed of two first order kinetics
(Dallagi et al., 2018b, 2019).

1.5 Statistical analysis

At least 3 repetitions were carried out for the quantitative analysis of the residual contamination
after foam cleaning. Data were analysed by general linear model procedures using SAS V8.0
software (SAS Institute, Gary, NC, USA). Variance analysis was performed to determine how
the bacteria removal described by the kinetic parameters (residual contamination at different
cleaning times and model parameters were affected by the cleaning conditions tested.
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I1l. Results

1.1 Foam flow organization and mechanical action induced by the foam

Three foam qualities were prepared with a concentration of SDS of 0.15 % w/w in order to
exceed the Critical Micelle Concentration (CMC). The SDS as an anionic surfactant is a good
representative of the “sulphate” surfactants largely used in formulated detergents. The SDS is
known to be highly soluble and easy to rinse and is largely used in academic studies (Mai et al.,
2016). Anionic surfactants are recognized for their cleaning, foaming and emulsifying
properties. The foam generated was found to be very stable (no changes were observed in terms
of foam drainage and bubble size over one hour — data not shown).

Table 5. Flow conditions for the foam flow and the CIP

Liquid flow rate Air flow rate =~ Foam quality Mean velocity  Tw (Pa) Re
(Lh1) (Lh1) B (cm.s1)

6 6 2.0 2.2 43

9 9 50% 4.0 4.2 87

13.5 13.5 6.1 5.9 130

4.2 6.3 2.4 2.2 51

8.4 12.6 60% 4.9 4.4 101

12.6 18.9 7.3 6.0 151

4.2 9.8 2.9 2.4 67

8.4 19.6 70% 5.7 5.1 135

12.6 29.4 8.6 6.4 202
650 - 0 (no foam) 120 5.1 14500

Top wall Lateral wall
10 15 ¢
HE ¢ A ¥ A O ¢ 9 A ?I 4
10 F
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Figure 52. Bubbles velocities measured at the top and lateral walls of the transparent duct
measured at three positions (in red) in relation with the number of generators (one: square, two:
diamond, three: triangle) and with the foam qualities (white: 50%, grey: 60% and black: 70%).

We also checked that the use of one, two or three generators in parallel failed to modify the
foam structure significantly, despite the differences in the foam velocity. Thanks to the
transparent Plexiglas tube, placed upstream of the test duct with the soiled coupons subjected
to the cleaning procedure, it was possible to visualise the foam flow through the rig and to take
images or videos. Observations were made from one side and from through the top.

The bubble velocity was first measured as shown in Figure 52 in three locations on each selected
duct wall (top and lateral). As shown in Figure 52, depending on the experimental conditions
(number of generators, foam quality), the velocity profiles were quite different. As the mean
velocity increased, a difference in the flow velocity of the bubbles appeared depending on their
position in the duct. Indeed, when a single generator was used, bubble velocity was generally
constant and the foam flow therefore behaved like a plug flow. The increase induced by two
generators showed no change at the top of the duct, except for the foam quality of 70%.
Conversely, the bubble velocities increased from the top to the bottom of the duct as shown in
Figure 52 B. This is due especially to the underlying liquid film, which pulls the foam in contact
because its velocity increases. At the top wall, bubble velocities were highest at the centre of
the side, and thus decreased as the flow approached the duct edges. All conditions used are
summarized in Table 5.

The foams' flow conditions varied from 2.0 to 8.6 cm s, whilst for the CIP conditions the
velocity was significantly higher at 120 cm s and the flow regime was turbulent (Re > 14500).
The mean wall shear stress (WSS) condition for the CIP was chosen to fall within those induced
by the foam, i.e. ranging from 2.2 to 6.4 Pa, allowing comparison between the CIP mechanical
action and the use of foam flow. One can note that the plug flow regime with constant foam
velocity profile corresponding to 1 generator flow (all foam qualities) related to a Reynolds
number maximum of 67. At over 100, the foam flow velocity profile at the top wall could not
be considered as constant (Figure 52A).

In Figure 53, an example of photos of the foam flow arrangement at the top surface of the
transparent duct is shown.
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Figure 53. Foam visualization at the top wall of the Plexiglas duct just before the test ducts for
the three foam qualities and the foam flow conditions.

In order to identify the distribution of bubble size within the foam under different conditions,
photos were taken at the top wall of the Plexiglas duct (Figure 53). The size distribution
appeared to be affected by both velocity and foam quality. For example, the greater the velocity
at the top wall, the smaller the bubbles.

The bubble sizes were then measured and the data are given in Figure 45. When only one
generator was used, the bubble sizes were more heterogeneous than those obtained with two or
three generators, whatever the foam quality. Moreover, a significant number of big bubbles
(between 1 mm and 10 mm in size) was also observed. The increase in the velocity was thus
more conducive to smaller bubbles. In accordance with Figure 53, some larger bubbles (size >
Imm) could still be measured with 2 and 3 generators for the foam flow where = 50% and
with 2 generators for the foam flow where 3 = 60%.
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Figure 54. Bubble size (mm) repartition; A: one generator, B: 2 generators & C: 3 generators
and frequency of passage of bubbles in front of the optical probe (D) at the top wall for the three
foam qualities: 0.5 (dark blue), 0.6 (light blue), 0.7 (yellow).

The mean frequencies of the bubbles' passage observed by the optical probe (Figure 54, D) near
the top wall increased with the number of generators. However, this increase could not be
explained solely by the mean velocity, but is apparently also linked to the reduction in the
bubble sizes e.g. for the foam 50%, the doubling or the tripling of the mean velocity induced an
increase in the frequency by factors of respectively 2.9 and 7.1.

I11.2  Spores’ detachment under the different flowing conditions

Spore adhesion to the stainless-steel coupons (Ra: 0.08 um) was 5.6 + 0.4 log CFU.cm for B.
amyloliquefaciens and 5.4 = 0.3 log CFU.cm?2 for B. cereus. Before any detachment
experiments, we checked that spore incubation in SDS 0.15% did not result in any significant
viability loss (data not shown). The detachment of B. amyloliquefaciens spores was investigated
under all the flow conditions with each of the three foam qualities. In Figure 55, only the mean
values of the remaining contamination at the different kinetic times were presented. In all cases,
the detachment curves clearly showed two distinct phases.

Both phases appeared to be exponential and therefore were quite accurately described by the
biphasic model, with R2 ranging from 0.62 to 0.98 and mostly over 0.80.

During the first detachment phase (less than 1 min), the spore detachment was very fast, with a
0.6 to 1.8 log decrease in the population of surface-attached spores. Large differences were
observed according to the number of generators used with the 50%, foam quality whereas the
number of generators had little effect on the detachment of the other two foams (60% and 70%).
Taking into account all the conditions used, it appears that spore detachment during this first

132



Chapter 3: Foam flow cleaning process Publication |

phase was much more efficient with the 50% foam quality when 1 or 2 generators were used.
After this first step, the detachment continued for at least 20 minutes, i.e. the duration of the
cleaning procedure, though more slowly. Here again, the spore detachment rate seemed
dependent on the experimental conditions (number of generators, foam quality). The cleaning
kinetics with foam were compared to a CIP using the SDS 0.15% and a mean wall shear stress
of 5 Pa (Figure 55D). The first detachment step was close to the most efficient one with foam,
i.e. allowing the detachment of over 1.5 log CFU, close to the one observed when 1 or 2
generators were used with the [1 = 50% foam. Conversely, no further detachment occurred after
this first phase, indicating that a plateau value had been reached.
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Figure 55. Removal kinetics of B. amyloliquefaciens 98/7 spores under different flowing
conditions: 1 generator (square), 2 generators (diamond), 3 generators (triangle) for the foam
qualities of 50% (A), 60% (B) and 70% (C); Removal kinetics with the foam 50%, one
generator compared to CIP (D).

The decimal reduction at 20 min, i.e. the end of the second phase of the cleaning kinetics, was
statistically analysed to compare the role of the flow rates conditions induced by the generators,
the different foam qualities and by the CIP conditions. At 20 min, cleaning efficiencies observed
were comparable between CIP and the flow rates induced by one and two generators (letter A,
Tukey’s grouping) as shown in Figure 56. In addition, the cleaning efficiency induced by the
50% and 60% foam qualities appeared significantly better than the 70% foam (different letters
according to the Tukey’s grouping).
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Figure 56. Decimal reduction of the B. amyloliquefaciens spores induced by different flowing
conditions at 20 min cleaning time: comparison of the combined effects of the flow conditions
and the foam quality including CIP conditions (“foam quality” being equal to zero in that case).

Focusing on the cleaning conditions with foam, the variance analysis confirmed that the
variability observed on the three kinetics parameters (f, kmax1, and kmax2), was significantly
related to the flow rate induced by the foam generators. However, some discrepancies should
be noted (see Figure 57). Considering the potential combined effects of the foam quality and
the flow rate (one, two and three generators) on the parameter f (f is the poorly adherent fraction
of the population and/or less resistant to detachment), the variance analysis gave a p value of
0.027. The Tukey’s grouping as shown in Figure 57, highlighted a slight effect of the flow rate:
f being higher under the lowest flow rate conditions and higher with the foam where 3=50%,
compared to the foam with 3=70% (no common letters, Tukey’s grouping). More visible was
the role of the flow rate on the constant rate Kmax1 (p=0.001), the lowest flow rate clearly
being the most efficient condition for spore removal under this first phase: Kmax1l was
multiplied by a factor up to 300. Foam quality appeared to play a role as the Tukey’s grouping
highlighted that Kmax1 values for the =70% foam were very low compared to 50% and 60%
foams. While taking into account data obtained with the CIP conditions, as also shown in Figure
57, flow conditions were still highly significant (P=0.0012) and three classes were defined by
Tukey’s grouping (A, AB and B). In this case, CIP conditions gave an intermediate mean value
of 55 for Kmax1 compared to 87 with one generator and 6.7 or 1.3 respectively for two or three
generators.
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Figure 57. Variations induced by the combination of the foam quality (including CIP conditions
for the two last graphs) and the flow rate induced by one, two or three generators on the kinetics
parameters f, Kmax1 and Kmax2. According to the Tukey’s grouping letters were indicated

with potentially three classes A, AB and B.

The effect of cleaning using foam flow, was tested with another Bacillus species. In Figure 58
the two kinetics appeared very similar with a quick detachment in less than one minutes
followed by a second phase, with about 0.5 log removal in both cases. Such a cleaning condition
was chosen as the most efficient, according to the results described above. The main difference
lied in the Kmax1l values, B. cereus spores being more difficult to remove than B.
amyloliquefaciens ones at the initial phase of the kinetics. Conversely, the removal during the
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second phase of the kinetics appeared very similar and this was confirmed by close values of
the detachment rate Kmax2 for the two bacteria.

0 5 10 15 20
Time (min)

Figure 58. Comparison between the removal of Bacillus amyloliquefaciens and Bacillus cereus
spores: cleaning with foam of B=50% and one generator.

The microscopic observations showed the spores distribution on the coupons before and at
different cleaning times. Only times O (fouling), 15 s, 3 minutes and 20 minutes were considered
for comparison between foam cleanings (0.5 and 1 generator), one of the most effective foam
cleanings observed and CIP. Microscopic observation showed that B. amyloliquefaciens 98/7
spores formed some clusters as shown in Figure 58, but these spores were mainly evenly
distributed on the steel surface after the 4 hours soiling. Clusters were limited by the sonication
of the spore suspensions prior to the soiling step and these were rapidly removed after only 15
s by both CIP and foam flow. Yet, according to Figure 59, removal was visibly greater with
foam flow than CIP. The difference observed here (almost one log) is less than the one given
by the removal kinetics (Figure 55B; 0.5 log difference), which considers viable and cultivable
bacteria. However, the variability (up to 0.5 log) between trials could easily explain this
discrepancy.
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Figure 59. Observations of the stainless-steel coupons before cleaning and after 15 s, 3 min
and 20 min with a foam flow where B=50% and using one generator and with CIP.

IVV. Discussion

Foam is a two-phase gas-liquid fluid, in which gas is the dispersed phase and liquid is the
continuous phase, where the volume of gas greater than that of liquid. In this work, only wet
foam was used, meaning that foam is formed only of spherical bubbles, as observed at the top
wall as previously described (Chovet and Aloui, 2016; Tisné et al., 2004) . Each mean velocity
induced by one, two or three generators engendered a different flow regime. Indeed, for the
lowest mean velocity, the axial component was uniform over the entire cross-section, thereby
corresponding to the mono-dimensional flow regime or plug foam flow regime. For the mean
velocity of 4 cm s, the flow appeared partially sheared with a sliding at the walls, the axial
velocity component no longer being uniform, depending on the ordinate and corresponding to
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the two-dimensional (2D) foam flow regime. One can notice that the top wall velocity remained
constant (foam at 3=50% and 3=60%) or was only slightly modified at the center of the top
wall (foam at 3=70%) under our experimental conditions. For the highest mean velocities, the
foam flow was completely sheared with a sliding at the walls and could therefore be considered
as three-dimensional (3D), with the underlying liquid film at the bottom of the duct flowing at
a higher velocity, pulling the foam flow above and therefore inducing a significant increase in
the bubbles’ velocity directly in contact with this thick liquid film. This phenomenon is
accompanied by a rearrangement of bubble sizes, with the largest bubbles being mostly moved
up the pipe. Such a phenomenon was already described by (Tisné et al., 2003). In this work, the
cleaning of surfaces by the foam was evaluated at the top wall as a first evaluation of the role
of flowing foam in the removal of surface contaminations (bacteria spores). In parallel, even if
the experimental conditions were supposed to maintain the foam structure with the increase in
the mean velocity, it appeared that the bubble size repartition at the top wall varied with the
foam quality tested, meaning that bubble rearrangement had occurred: the increase in the mean
velocity induced a reduction in the bubble size at the top wall.

Furthermore, it has been demonstrated that the variation at the top wall of the the thin liquid
film between the bubbles and the wall is directly affected by the bubbles passage and depends
on their size (Tisné et al., 2004), which could have an effect on the effectiveness of adherent
bacteria removal. The thickness fluctuations thus induced under their experimental 1D flow
conditions varied between 5 um and 35 um with a foam quality of 70%. Under 1D flow
conditions for a foam quality of 55%, conditions close to our experimental conditions Chovet
and Aloui, 2016 , observed fluctuations at the top of the channel liquid film varying from 2 um
to 40 um. In addition, this amplitude decreased with the increase in the foam quality, probably
due to a change in the bubble size arrangement at the wall.

Microscopic scale studies (Tisné et al., 2004), reveal that it is possible to rely on studies of
bubble flows inside circular capillaries, which will help in understanding the underlying
phenomena (Bretherton, 1961). Assuming that there was no tangential shear stress at the fluid—
fluid interface, he predicted that the film thickness was dependent on four parameters: the tube
radius r, the liquid viscosity pi, the surface tension y and the bubbles’ velocity Vb. The film
thickness is as follows:

e=1.337r Ca?® ®)
where Ca represents the capillary number defined as:
Ca=pm Vo/y (6)

In relation to Bretherton's approach, r was assimilated to the radius of the bubble. Tisné et al.,
2004 representing the evolution of the measured contact film thickness versus Ca? observed a
close agreement with the Bretherton law (Bretherton, 1961), the bubble size considered being
0.5 mm. Our experiments are in a capillary number range of 11 10™* < Ca < 44 10 (0.011 <
Ca?”® < 0.026) falling within the range proposed by these authors, 3.10* < Ca < 28.10* (0.005<
Ca?® < 0.02). Given the agreement observed with the Bretherton law, the contact liquid film
thickness in our experimental conditions would have ranged from 7 to 18 um given a mean
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bubble radius of 0.5 mm, the thinnest liquid films being observed at the lowest velocities. Such
a range of variation is in agreement with previous works (Chovet and Aloui, 2016; Tisné et al.,
2004).

In parallel, it was shown (Tisné et al., 2003) that the wall shear stress was lower in the liquid
film between each bubble and the wall. The wall friction was especially concentrated at the two
ends of the bubbles; the wall shear stress fluctuations' amplitude being linked to the bubble size.
When compared with the spore detachment kinetics, the greatest detachment efficiency
appeared to be obtained with larger bubble size, notably when their diameter exceeded 0.1 mm,
as clearly observed with the foam qualities of 0.5 (1D and 2D foam flow conditions) and 60%
(1D foam flow condition) during the first step. Under CIP conditions, the detachment rate
appeared to be comparable to the best foam cleaning conditions tested for comparable mean
WSS conditions. In both cases the cleaning agent was the SDS under cold conditions (20°C).
Previous work (Faille et al., 2018), highlighted the significant role of the fluctuation in the local
wall shear stress on the cleaning efficiency under CIP conditions. One can draw a parallel here
with these previous observations (Chovet and Aloui, 2016; Tisné et al., 2003), as the presence
of the WSS fluctuations induced by the foam at the top wall appeared to play a role in the
detachment mechanism and was clearly visibly under the 1D flow regime. However, for the
70%, foam quality, larger sized bubbles were observed at the top wall, which failed to ensure
cleaning efficiency. Conversely, the increase in foam velocity meant a re-arrangement of the
bubble sizes at the top wall (smaller bubbles). This phenomenon appeared to be unfavorable for
efficient cleaning, as despite an increase in mean WSS, fluctuation amplitude decreased. Local
wall shear stress decreases dramatically while bubble passes and increases to a maximum
between bubbles (Tisné et al., 2003). Therefore, the frequency of fluctuation of the local wall
shear stress with large bubbles is less than the fluctuation with small bubbles but the amplitude
is higher and would explain the differences in the spores’ removal.

The kinetics of bacteria spore detachment in the different flow and foam quality conditions
were investigated and modelled according to previous work (Benezech and Faille, 2018) on
biofilm removal under CIP conditions. An identical simple two-phase model was found to be
suitable for describing biofilm removal kinetics. The first bacterial removal phase corresponded
to a quick removal of biofilm matrix with embedded cells, while the second phase accounted
for the removal of cells directly attached to the steel surface. For bacterial spores removed by
foam flow, the mechanisms appeared to be totally different, as the bacteria were evenly
distributed on the stainless steel surfaces with very few clusters. This is unlikely to explain the
quick and strong removal at the very beginning of the cleaning (less than 1 min). The parameter
f corresponding to the part of the spore’s population easily affected by the foam flow appeared
to be significantly higher at the lowest velocities and for the wettest foam (f=50%). This also
corresponded to the highest values of the Kmax1 constant rate, i.e. the first phase of the removal
kinetics. However, the second kinetic phase did not significantly improve the cleaning
efficiency as a whole, whatever the conditions. For biofilms, it was observed that the chemical
action contrarily to the mechanical action induced by the foam flow, was only involved in the
first removal kinetic phase. The addition of chemicals such as NaOH during CIP conditions
would largely improve this initial kinetics removal phase (Benezech and Faille, 2018). The
difficulty in removing the remaining spores during the second phase of the kinetics was
probably due to the stainless steel surface finish 2B used, which was proven to be less hygienic
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than other finishes, such as bright annealed 2R, as it presents boundary grains where spores can
accumulate. The fluctuations in the liquid film thickness and/or of the wall shear stress appeared
to impact the detachment phenomenon to a lesser extent.

A comparison with previous work on particles detachment by bubbles moving in a capillary
duct, will allow the potential role of the capillary forces in the bacterial detachment to be taken
into account. Two types of particles in terms of surface energy (hydrophobic and hydrophilic)
of a size comparable to the Bacillus spores were used (Kondjoyan et al., 2009b), the entire air—
liquid interface was modelled and the time-variation of the capillary force during transit of the
bubble at the surface was determined. The particle detachment curve was thus predicted from
near zero velocity to the highest velocity value, at which capillary force was supposed to vanish.
The approach was validated using latex particles 2um in diameter. The bell-shaped detachment
curves experimentally obtained showed a width dependent on the value of the contact angle of
the particles, the curve being narrower for hydrophilic particles than for hydrophobic ones. The
effective contact angle values of the particles could thus be deduced directly from the width of
the detachment curves. B. amyloliquefaciens 98/7 spores according to previous work were
highly hydrophilic (Faille et al., 2010) with a contact angle to water of 20.5° (data not shown).
For hydrophilic particles (Kondjoyan et al., 2009b), the detachment occurred at bubble
velocities of around 3 cm s and dramatically decreased at 5 cm s*. As far as a direct
comparison is conceivable, such a velocity range corresponded to the variation range (2.2 — 5
cm.st), where the greatest detachment rate was observed, as illustrated by high Kmax1 constant
rate values under 1D flow conditions. For hydrophobic particles, the bell-shaped detachment
rate was wider and detachment started at greater bubble velocities, starting at 3 cm.s™ and
peaking at around 7 cm s™. This could partly explain the very low cleaning efficiency of
surfaces soiled by the Bacillus cereus 98/4 spores by the best foam cleaning conditions observed
for B. amyloliquefaciens. B. cereus spores presented a high contact angle value (111.1°) as
described recently (Faille et al., 2019a), largely over the value of 59° for the hydrophobic
particles deduced from the bell-shaped curve (Kondjoyan et al., 2009b). With B. cereus spores,
greater foam velocities should be tested, while conserving the bubble pattern obtained in this
work under 1D flow conditions.

Time-variations relating to the capillary forces as an inlet condition in a modified adhesion and
dynamic model were suggested as a way of predict the nano- and micro-movements of particles
during their detachment from a surface (Kondjoyan et al., 2009). These movements are
probably emphasized by the shear force fluctuations in our experimental conditions, which
differ greatly to capillary flow conditions.

V.  Conclusions and perspectives

This work constitutes a cornerstone for future work on the implementation of foam flow
cleaning. This requires further activities on foam flow characterisation in order to be able to
design a new efficient cleaning foam structure (less drainage phenomenon, increase of the wall
shear stress at the bottom of the ducts), which would take into account both the surfactant used
(more profitable and usable industrially) than the SDS and the temperature of the foam. The
decrease of the temperatures seemed to play a significant role in its cohesion strengths (data not
shown) potentially corresponding to food processing sectors working under positive cold
conditions e.g. fresh-cut or frozen vegetable and fruit industries. The novelty of this concept is
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to clean complex equipment while using far less potable water, at a lower energy consumption
level.
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Highlights

Foam flow cleaning would be enhanced by small bubble sizes at high shear stress.
Hydrophobic spores are more resistant than hydrophilic spores against foam flow.
Foam flow being more effective than the corresponding CIP conditions for spores.
Foam cleaning could be an interesting option for environmental friendliness.

YV VYV

ABSTRACT

In the food industry, the cleaning of contaminated surfaces requires new strategies to be adopted
which can provide greater cleaning efficiency with minimal energy and water consumption.
The use of wet foams was proposed to clean stainless steel surfaces contaminated by droplets
containing Bacillus spores. Methods such as polarography, conductimetry and foam structure
identification were used. Foam flow conditions with varying wall shear stresses and bubble
sizes were observed to measure their impacts on surface contaminant removal Kinetics.
Compared to conventional cleaning-in-place method, foam flow more effectively removed both
hydrophilic and hydrophobic spores. The combination of high shear stress and small bubble
sizes (<0.2 mm) showed promise for improving the cleaning efficiency of the foam.
Mechanisms such as fluctuation in local stresses, or in the liquid film thickness between the
bubbles and the steel wall induced by bubble passage, foam imbibition, and liquid film drainage
were then investigated.

Keywords
Flow foam cleaning; Bacillus spores; conductimetry; polarography; bubble size; shear stress
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l. Introduction

In the agro-food industrial environment, avoiding surface contamination by unwanted
microorganisms is of crucial importance (Alvarez-Ordonez et al., 2019; Farag et al., 2021).
Indeed, contaminated surfaces can recontaminate food in contact (cross-contamination), with
sometimes disastrous consequences in terms of food spoilage, but also in terms of transmission
of pathogens that can be the cause of large-scale epidemics. For example, surface contamination
with microorganisms would have accounted for more than 50% of the collective foodborne
illnesses (CFTI) in France between 2006 and 2008 (Delmas et al., 2010). Nowadays, cleaning-
in-place (CIP) is a routine method in the food and pharmaceutical industries to ensure the
equipment hygiene and the quality of product. The effect of the hydrodynamics of the cleaning
fluid on CIP efficiency has been the subject of numerous studies (Li et al., 2019; Piepidrka-
Stepuk et al., 2021). Particular interest has been shown in parameters such as the mechanical
action exerted by the flow in creating wall shear stress (Bénézech and Faille, 2018) or the
impact of Reynolds number (Fan et al., 2018). Their results showed that turbulence affects the
cleaning process, as an increase in the presence of turbulent structures generated at the walls
could improve the cleaning efficiency, but up to a certain limit. The use of non-stationary flows,
such as pulsed flows and intermittent jet flows, would appear to increase CIP efficiency. Indeed,
these kinds of flows affect both the mean and fluctuating components of the wall shear stress
and consequently reduce the residual contamination (Absi and Azouani, 2018; Blel et al., 2013).
Gas-liquid two-phase flows (air bubbles in liquid or foam), which are also non-stationary flows,
are likely to be of similar interest to pulsed flows. Indeed, liquid containing gas bubbles (non-
foaming solution) had been shown to efficiently remove from surfaces both particles
(Kondjoyan et al., 2009) and bacteria (Kriegel and Ducker, 2019). Recently, the efficiency of
foam flow to remove Bacillus spores from stainless steel surfaces has been investigated by (Al
Saabi et al., 2021) and the use of aqueous unstable foams has also been proposed for cleaning
the sensitive surfaces of artistic and cultural assets (Schad et al., 2021). It should also be noted
that foam in static conditions, is widely used in the food industry for cleaning open surfaces
(floors, conveyor belts, worktops and equipment) (Mierzejewska et al., 2014).

Aqueous foam could be considered as a non-Newtonian fluid consisting of gas dispersion in
liquid containing surfactants. Depending mainly on the liquid fraction, the foam could be
ranked as wet (small and spherical bubbles) or dry (large and polyhedral bubbles). A liquid-
rich layer may be formed near a solid surface due to the bubble migration, thereby giving a slip
effect between the foam and the wall (Tisné et al., 2003). Given this complexity, the rheological
behavior of foam can follow the shear-thinning Herschel-Bulkley model, which states that
under strong mechanical stresses, foam behaves as a viscous liquid, while under low stresses it
behaves as a solid whose structure can be deformed and return to its initial state (Dallagi et al.,
2019). Moreover, very wet foam flow (liquid fraction = 0.5) was found to clean hydrophilic
spores better than dryer foam (liquid fraction between 0.3 to 0.4) (Al Saabi et al., 2021).
However, the maximum of the shear stress that they used was 6 Pa, and the work lacks the
explanation of the cleaning process.

The aim of this study was to investigate the potential role of the foam velocity and their structure
(described by air/water content of the foam and size of air bubbles) in efficiently removing
Bacillus subtilis spores. In this respect, different flow conditions of wet foam (liquid fraction
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=0.5), by varying the shear stress (from 2 up to 13.2 Pa) and the foam structure, were carried
out to test its efficiency. All cleaning conditions were tested on two Bacillus spore strains which
differ only in their hydrophilic/hydrophobic character. Another originality of this present work
is the detailed physical analysis of the dynamic behavior of foam and its structure and
consequences at the wall to identify the underlying mechanisms of the bacterial spores’ removal
and choose the foam flow condition leading to optimal cleaning. The foam cleaning
effectiveness was then compared to a standard CIP procedure.

Il. Materials and Methods

1.1  Foam preparation

The foam production prototype was built according to a previous work (Al Saabi et al., 2021).
The prototype is presented in Figure 60. Briefly, foam was produced by pressurized air injection
through a porous medium (pore sizes ranging from 1 to 1.6 um) into an SDS surfactant (Sodium
Dodecyl Sulfate (over 98.5% purity) dissolved in osmosed water (0.15% w/w) to avoid any
unwanted interactions with ions contained in the standard tap water.

The physical properties of the foaming solutions used were a 1 Bar atmospheric pressure and
20°C standard temperature, a 997.9 kg.m density (p;), a 0.94 103 Pa.s dynamic viscosity (1)
and a 26.2 10 N.m! surface tension (c). The foam quality (8) describing the air/water content
of the foam was calculated as follows (Equation 1) where Qg and Q) are respectively the gas
and liquid flow rates.

p=-"s 1)

Ql+Qg

A foam quality of 0.5 was chosen in this work by varying the shear stress and the capillary
forces. The capillary force of the bubble F. = ¢2mnr is defined as the force due to surface
tension that acts between the two halves of the bubble (Al-Qararah et al., 2013) with respect to

the capillary pressure (P, = %) (Schad et al., 2021), where r is the bubble radius. The balance
between the viscous drag forces versus surface tension forces of the foam can be represented
by the non-dimensional capillary number Ca = “iT" ; and v are the dynamic viscosity of the
liquid solution and the foam velocity, respectively.

Therefore, the first part presents a detailed characterization of these foam flow conditions in
order to understand the mechanism by which the foam detached the spores, to identify the key
parameters and then to test these new foam conditions on cleaning of stainless-steel coupons
contaminated by Bacillus spores. Table 6 (in Result section) summarizes all the FFC conditions

(quality of 0.5) and CIP. The foam mean velocity (¥) and the Reynolds number (Re) are determined
from the following equations:

prv.dp

Re = e dp being the hydraulic diameter 2
f

_ QitQq

p= )
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pr=A=pB).p +B.pg p, being the liquid density 4)

Uy = 1_le1/3 (5)
The foam flow velocity varied from 1.5 to 13.5 cm/s. The three first cases correspond to the
conditions used in a previous work (Al Saabi et al., 2021). Cases 4 and 5 have the highest
velocities, which were generated using three parallel generators. CIP has the highest velocity,
while the mean shear stress was similar to that in case 4.

Constant level
tank
Liquid flowmeter
ofofc
g
Pressure measurement
Test duct
Flexiglas pipe

Foam gencrators
Waste tank
Air compressor @ @ @ @ Air flowmeter
A S N
I—— Air pressure
measurement

Figure 60. Experimental set-up for studying the foam cleaning in place process.

11.2  Foam characterization

11.2.1 Foam morphology

Foam flow was visualized in order to observe the bubble's displacement at the channel walls,
for a given interval. A Nikon D850camera, equipped with an AF-S Micro NIKKOR 60 mm
/2.8 G ED with a resolution of 8256 x 5504 pixels, was used to record foam microtexture and
its associated bubble size distribution. For each foam flow condition, three images were
captured then analyzed using Piximétre 5.1 R1540 software. First, the chosen images were
calibrated, then were subjected to different image processing features (local threshold, filters...)
to reduce the noise in order to better observe its contours. The bubble size distribution was then
calculated according to wusual granulometric distributions. To evaluate the
heterogeneity/uniformity of this distribution, different parameters were identified such as
F0.05, and F0.2 corresponding to the percentage of the bubbles with a diameter of less than
0.05 and 0.2 mm respectively.
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11.2.2 Thin film thickness

The conductimetry technique was used to measure the thickness of the thin film. This is based
on the measurement of the impedance of the liquid volume located between the liquid-foam
interface and two outcropping electrodes at the duct wall. A generator provided an alternating
sinusoidal voltage to power these electrodes. The frequency was 50 kHz to avoid any
polarization phenomena. The calibration of the conductimetric probe was carried on using the
calibrated Mylar sheets. The estimated error was 8%.

11.2.3 Wall shear stress

When foam flowed, mean shear stress was calculated based on the measurement of the static
pressure along the channel. The power loss measurements were carried out using a differential
pressure sensor Shlumberger, type 8D. Two pressure outlets allow the connection of 2 manifold
tubes placed over a scaled plate that measures on a length L of 1m the pressure drop placed
after 1.5 m from the entry of the foam in the duct. Indeed, to allow steady state flow conditions,
the test ducts were placed at intervals exceeding 80 times the hydraulic diameter of the vein
inlet (i.e. 1.5 m). The mean wall shear stress can thus be computed as:

— _APdh

T T Ax 4 (6)

AP . .
where 1S the pressure gradient.

The local shear stress at the top wall where coupons were placed, was measured using the
polarography method. This technique allows the determination of the local velocity gradient at
the walls by measuring the mass transfer coefficient of the electrodes. Briefly, based on the
simplified assumptions for the resolution of the convection-diffusion equation proposed by
(Mitchell, 1965), the wall shear stress calculation was obtained from the velocity gradient
(Lévéque solution and Sobolic correction). Details of the method used here were given
previously (Tisné et al., 2003).

From a theoretical point of view, the polarographic signal is related to the slip layer thickness
and foam velocities. The diffusion limit current can be represented as the Sherwood number
form (Sh) or directly as the wall shear stress (z,). Spectral analysis of the time signals appears
necessary in order to understand the underlying mechanisms and to trace back to the flow
characteristics near the wall duct. The method used for spectral representation is based on the
processing of the signal acquired by the Fourier transform (FT) with Matlab software. This was
proposed by (loana et al., 2007). It expresses the frequency distribution of the amplitude, the
power spectral density, as well as the fluctuation rate of the considered signals. These specters
revealed peaks obtained at characteristic frequencies corresponding to the passage frequencies
of bubbles respective to each foam condition and their harmonics.

It was found that the SDS did not support the addition of electrochemical products (Ferri-
ferrocyanide potassium) for the use of the polarography method. In fact, a reaction other than
oxidation-reduction was produced, destabilizing the foam. For this reason, we replaced the SDS
with a non-anionic surfactant: Lauramine oxides (Ammonyx® LO (Stephan) = 0.8 ml/L). To
ensure the presence of the same phenomena for the same flow conditions, the thickness of the
liquid film and of the conductivity signals produced with that of the SDS solution was verified.
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The same behavior and signal variation with SDS or Ammonyx® surfactant was observed,
which is in line with previous works (Tisné et al., 2003), where another surfactant (Amonyl®)
replaced the SDS for the same reason.

11.3 Bacterial strains and materials

Two Bacillus subtilis strains were used throughout this study. Bacillus subtilis PY79
(subsequently named Bs PY79) is a laboratory strain producing hydrophilic spores surrounded
by a mucous layer called crust. A Bs PY79 recombinant strain deleted in spsA (Dubois et al.,
2020), subsequently named Bs PY79 spsA, which produces hydrophobic spores modified in
their crust properties, was also used throughout this study. Both Bacillus strains were tagged
with green fluorescent proteins to make the spores more fluorescent. Spores were produced as
previously described (Faille et al., 2019) on Spo8-agar at 30°C. When over 95% of spores were
obtained, they were harvested by scraping the surface, washed five times in sterile water, and
stored in sterile water at 4°C until use. In order to limit the presence of spore aggregates, the
spore suspensions were subjected to an ultrasonication step (Bransonic 2510E-MT, Branson
Ultrasonics Corporation, USA) before each experiment.

All experiments were carried out on AISI 316 stainless steel with pickled (2B) finish coupons
(provided by APERAM, Isbergues, France) in the form of rectangular coupons (45 mm x 15
mm). In order to have surface properties similar to those used in the dairy industry, the stainless-
steel coupons were subjected to a conditioning procedure consisting of 15 runs of soiling and
cleaning both to mimic what might occur in food processing lines and to stabilize their surface
properties. The soiling step was achieved by immersing the coupons in milk in semi-skimmed
reconstituted milk (150 g/L milk powder) for 30 min at room temperature. After a quick rinse,
soiled coupons were cleaned by immersion in sodium hydroxide at 0.5% w/w for 30 min at
70°C. Before each experiment, coupons were cleaned using an alkaline detergent (RBS T105,
Traitements Chimiques des Surfaces, France). Each coupon was first rubbed vigorously with
pure RBS and then immersed for 10 minutes in 5% RBS at 60°C. Coupons are thoroughly
rinsed for 5 min with tap water, and then with softened (reverse osmosis) water for another 5
min. One day before experiments, coupons were sterilized in a dry heat oven at 180°C for 1h.
The hydrophilic character of the cleaned and disinfected coupons was estimated using a
goniometer (Digidrop, GBX, France). A water contact angle (GQuatr) of 66° was measured,
which reflects the relatively hydrophilic character of this material.

1.4 Surface soiling and cleaning

For both strains, the concentration of the spore suspensions was set at 108 CFU ml*. Five 1 pL
droplets of the spore suspension were placed on each coupon and evaporated for 1h at 30°C.
The procedure was schematically illustrated Figure 61. Some coupons were analyzed to control
the initial contamination level (5 10° spores per coupon) and to observe the droplet architecture
under the microscope (Supplementary- Figure 61 in the Supporting Information). Then, sets of
4 coupons were placed inside a rectangular stainless-steel duct (1.5 102m high x 1 107°m
width), subjected to a cleaning procedure and analyzed again for residual contamination (three
coupons) for enumeration and deposit architecture (one coupon).
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In this work, as previously (Al Saabi et al., 2021), the foam cleaning phenomenon was
evaluated at the top wall because the wall shear stress and the thin liquid film thickness would
be considered to show constant variations in this zone according to previous work (Tisné et al.,
2004, 2003). This position was selected in order to facilitate the interpretation of the role of
foam flow in the cleaning process.

The resistance of the spore deposits to a cleaning procedure was performed as follows. The test
ducts were connected to the pilot rig and then were subjected to the cleaning process.
Experiments were carried out on foam flow cleaning (FFC) under different conditions (by
varying the foam shear stress and the foam/bubble structure) for 15and 35, 1, 3, 5, 10, and 20
min. Other experiments were carried out on cleaning in place (CIP) under the same conditions
to compare the relative effectiveness of FFC and CIP. Details are provided in the Results
section. After the cleaning process, the coupons were removed from the test duct, then rinsed
by immersion in sterile ultrapure water to remove the rest of the foam. In order to investigate
the possible role of the presence of SDS surfactant on spore detachment, further experiments
were performed in static conditions by dipping a set of coupons in pure water or in SDS 0.15%
(w/w) for 20 min (data not shown). It should be noted that B. subtilis spore incubation in SDS
did not result in any significant viability loss.

To determine the quantity of spores on the coupons before and after cleaning, each coupon
surface was sampled using a dry cotton swab (Copan, Brescia, Italy). The swabs were placed
in a tube containing 5 ml of sterile ultrapure water and vortexed for 1 min at 2400 rpm. The
suspensions containing the detached spores were enumerated on TSA (Tryptone Soy Agar,
Biokar, France) after 48h at 30°C. For microstructure examination, the observation of some
deposits was performed before and after cleaning, using an epifluorescence microscope (Zeiss
Axioskop 2 Plus, Oberkochen, Germany). The observations were first made at low
magnification (x50) in order to observe the whole deposit resulting from the drying of a droplet.
Further observations were carried out at higher magnification (x400) to determine the fine
structure of the densest parts of these deposits (clusters, peripheral rings...), including any 3D
organization.

After cleaning, the deposits were mostly weakly fluorescent, which made them difficult to
observe. It was therefore necessary to stain them before observation. For that purpose, dried
coupons were stained with orange acridine (0.01%) for 15 min. In order to ensure that the
deposits were not removed during this staining step, some deposits were observed before and
after the staining step. No significant difference was observed.
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Supplementary- Figure 61. Schematic drawing of technique of the surface soiling and
cleaning with foam flow.

1.5 Kinetics modeling

The removal kinetic profiles of the percentage of residual spores were fitted according to
previous work (Bénézech and Faille, 2018), using GInaFIT. A two-phase model was selected
(Equation 4), which presents the existence of two subpopulations characterized by different
removal behaviors.

N - —
N_O = f e( kmax1t) + (1 _f)e( kmax2t) (4)

Where No is the initial bacteria count, f is the poorly adherent fraction of the population (less
resistant to detachment), (1—#) is the more adherent fraction, and Kmax and Kmaxe [S}] are the
specific detachment rates of the two sub-populations.

11.6  Statistical analysis

All the experiments were carried out in triplicate. Statistical analyses were performed by
general linear model procedures using SAS V8.0 software (SAS Institute, Gary, NC, USA). For
each cleaning condition, variance analyses were performed to determine the possible role of the
shear stress and the foam structure on the removal kinetics of spores (f, kmax1, and kmaxz) and the
effectiveness of the cleaning by foam flow compared to the CIP process.

Results

I11.1 Foam flow characterization

111.1.1 Bubbiles size distributions
Figure 62 shows top views of the foam at the top wall for the different flow conditions. For all
foam flow conditions, the bubbles had a roughly spherical shape and were separated by thick
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liquid films (lamellae). Different foam granulometries were observed. Indeed, when the
velocity increased from 1.5 to 9 cm/s, a clear decrease in the bubble size was observed.
However, no additional decrease could be observed between 9 and 13.5 cm. s,

Figure 62. Top view of foam visualization at the wall of the transparent pipe (the entire width,
1 cm) upstream the test ducts for the different foam flow conditions.

Bubble sizes were then measured for these different conditions and the curves of the cumulative
fraction of the bubble size distributions are presented in Figure 63. First, the distribution of the
bubble size in all conditions was fitted by a lognormal function (R? ranging from 0.89 to 0.97)
to better visualize the differences between the conditions tested. Variation of velocity causes a
change in foam structure and bubble size distribution. As the foam velocity increased (Table
6), the mean diameter of bubbles decreased (from 0.34 down to 0.18 mm, for foam at 1.5 and
9 cm/s respectively) and the distribution became more homogeneous, except for foam at 13.5
cm/s where the mean diameter was 0.21 mm. While the number of small bubbles (less than 0.05
mm in diameter) was very close at 9 and 13.5 cm. s%, intermediate-sized bubbles (between 0.2
and 0.6 mm in diameter) were more abundant at 9 cm/s than at 13.5 cm/s. Therefore, the
cumulative bubble size number at 0.2 mm (F02) was 0.68 and 0.60 respectively for 9 and 13.5
cm/s, as indicated in Table 6 and were found to be statistically different (Pr < 0.0001). These
differences were much greater when comparing the highest velocities to the lowest ones.
Indeed, considering bubbles with a diameter < 0.05 mm (see fraction FO05, Table 6), at 13.5
cm/s the cumulative fraction was more than 20 times higher than that for the lowest foam
velocities, at 1.5 cm/s.
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Table 6. Description of the different flow conditions carried out. The FFC and CIP represent
the foam flow conditions and the cleaning-in-place that has been processed for removal of
Bacillus spores from stainless steel surfaces, respectively.

Flow u(cm/s) Ca[l10°] =t (Pa) Dmean F005 F02 RFS f
conditions (mm) (%) (H2)
FFC 1.5 0.5 2.2 0.34 0.002 0.29 957 20
3 1.1 4.2 0.30 0.006 0.36 688 39
4.5 1.6 5.9 0.28 0.013 0.44 491 45
9 3.3 9.8 0.18 0.022 0.68 130 70
13.5 4.8 13.2 0.21 0.043 0.60 193 76
CIP 180 10 e
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Figure 63. Cumulative fraction of the bubble size distribution for all the foam flow conditions.
The markers present the brut data and the lines represent the Lognormal model fitted to each
condition.

111.1.2 Upper liquid film thickness

Foam is not in direct contact with the wall surface, but bubbles are slipping over a thin liquid
film layer (a few micrometers width). Variations of the liquid film thickness (from 11 up to 13
pm) measured at the top wall are shown in Figure 64 (left) for three foam mean velocities of
1.5, 3, and 4.5 cm/s, bearing in mind the limitations of our experimental set-up up essentially
due to the inability to access sufficiently high foam flow rates as it was possible for the cleaning
experiments.
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Figure 64. Example of the evolution of wall film thickness (left) and wall shear stress (right)
given by the temporal signals of conductimetry and polarography over the top wall for the three
cases, respectively. The values indicated in the images show the mean thickness and the mean
wall shear stress during 40 seconds of acquisition.

The film thickness was affected by the bubble passage as shown in Figure 64 (left) with an
example of the observed temporal evolution of the signal at the middle of the test section. It
should be noted that whatever the position of the probe the signal was observed as similar either
on the sides or in the middle of the duct. In the three cases, conductimetry signals presented
high fluctuations reflecting the non-uniformity of this liquid film. Indeed the signals showed an
instantaneous variation of 72 and 54% relative to the mean thickness value which varied from
510 21 pm, and from 8 to 22 um for foam at 1.5 and 4.5 cm/s, respectively. In addition, the
profiles obtained appeared to be very different within the three cases. The higher is the velocity
the higher is the frequency of the signal (variation from 45 to 72.5 Hz for cases of foam at 1.5
and 4.5 cm/s, respectively), and the lower is the amplitude (variation from 9.8 up to 6,
respectively). These variations were directly linked to the frequency of passage of the bubbles
and to the size variations leading to the shape of the signal. Indeed, the maximum thickness of
the liquid film (peaks of the signal) corresponds to the film thickness between two following
bubbles passage, minimum thickness (signal hollows) corresponding to the presence of the
bubble, the bigger bubble the lower film thickness could be stated from Figure 62. It should be
noted that conductimetry results, for both tested surfactants SDS and Ammonyx, have shown
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the same instantaneous evolution and presented the same phenomena at the walls. A variation
of 61 and 42% relative to the mean thickness and an increasing of frequency from 37.5to 77.5
Hz for cases of foam at 1.5 and 4.5 cm/s respectively, are shown in Supplementary- Figure 65
in the Supporting Information.

Foam at 1.5 cm/s Foam at 3 cm/s

¢ [um]

¢ [um]

0 0.1 0.2 0.3 0.4

13 um

0 0.1 0.2 0.3 0.4
ts]

Supplementary- Figure 65. Example of the evolution of wall film thickness given by the
temporal signals of conductimetry over the top wall for the three cases, using Ammonyx
surfactant. The values indicated in the images show the mean thickness during 40 seconds of
acquisition.

111.1.3 Wall shear stress

To highlight the effect of the passage of a bubble on the shear rate at the wall, temporal signals
from the frequency response of the polarography probe located in the middle of the channel
have been plotted (Figure 64, right).

The wall shear stresses on the upper region of the pipe appeared larger and approximately
double the value of the average stress measured on the section (data not shown). This is in
relation to the low thickness of the liquid film at this location. The average shear stress increases
slower than the foam flow velocity but increases from 4.3 Pa at 1.5 cm/s to 7.2 and 8.1 Pa for
velocities of 3 and 4.5 cm/s, respectively. More interesting were the temporal variations of the
wall shear stress at the top wall as shown in Figure 64 (right), the signal varies periodically with
a more homogeneous pattern with velocity increase but a clear decrease in amplitude but a
decrease in amplitude is clearly visible at 4.5 cm/s. The rate of fluctuation of the wall shear
(RFS) related to the signal amplitude decreases as the foam velocity increases reaching 957,
688, and 491% for the three foam velocities tested, 1.5, 3, and 4.5 cm/s respectively. The
passage of bubbles, as seen in the film thickness variations, causes these variations in local
shear stress. These fluctuations are therefore characterized by a frequency that corresponds
directly to the frequency of bubble sliding on the upper wall.
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Observing the spectral densities of the wall velocity gradient, all the curves had almost the same
shape of which spectrums obtained with the probes gave a low energy level (Figure 66 in the
Supporting Information). The frequencies of bubbles are 20, 39, and 45 Hz for the first three
cases respectively. For the other foam conditions, the frequency and the RFS were determined
by the extrapolation of these experimental results and the theoretical correlations between the

v

frequency and foam parameters (where f,; = 5—' , Ap = fi and dni are the frequency,
bi bi

amplitude, and diameter of i bubble). As was expected, foam at higher velocities (9 and 13.5
cm/s) had the highest frequency (76 Hz) with a strong decrease in the wall shear fluctuation
rate (130% for foam at 9 cm/s). All results are reported in Table 6.
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Supplementary- Figure 66. Example of spectral densities of the velocity gradient measured
using polarography method for the three cases. This spectrum presentation provides for the
identification of the characteristic frequencies corresponding to the passage frequencies of
bubbles using Py. (1990) method.

111.2  Spores’ detachment

111.2.1 Resistance to cleaning procedures

The cleaning kinetics for the two bacterial spores are presented in Figure 67 based on the
evolution of the mean values of the logarithmic reduction of adherent spores with the cleaning
time. In all cases, the detachment curves clearly showed two distinct phases. Both phases
appeared to be exponential and therefore were quite accurately described by the biphasic model,
with R2 ranging from 0.84 to 0.97. Whatever the flow conditions, the first detachment phase
lasted less than 1 min, and the duration of this phase depended on the flow conditions of the
foam (shorter at low velocity, for the two spores), but especially on the strain. At 1 min, the
resulting log reduction of the adherent spores during this first phase ranged between 1.94 and
2.6, and between 0.95 and 1.33 for B. subtilis PY79 and B. subtilis PY79 spsA, respectively.
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The second phase was much longer and would probably continue over 20 min. The detachment
rate of the hydrophilic spores (B. subtilis PYY79) during this second phase was quite low at 1.5,
4.5, and 13.5 cm/s resulting in an additional 0.15-0.28 log reduction of the adherent spores,
whereas at 9 cm/s the reduction reached around 1.15 log. A similar trend was observed for the
hydrophobic spores with 0.2-0.3 log reduction at 1.5, 4.5, and 13.5 cm/s and 0.45-0.57 log
reduction at 9, and 13.5 cm/s.
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Figure 67. Removal kinetics of B. subtilis PY79 (left) and B. subtilis PY79 spsA spores under
the different flow conditions. Markers showed the data of three repetitions, and the line
represents the biphasic fitted model fit to each condition: 1.5 cm/s (yellow square), 4.5 cm/s
(green circle), 9 cm/s (red triangle), 13.5 cm/s (purple diamond), and CIP (black triangle).

The role of the flow parameters and strains on the three kinetics parameters (f, kmaxt, and Kmaxz)
was then investigated. When comparing the two strains, the influence of the strains on the
removal efficiency during the first phase represented by the two parameters f (poorly adherent
fraction of the population) and kmax: (first kinetics constant rate) was highly significant as
confirmed by the variance analysis (Pr < 0.0001 for both parameters). According to Tukey’s
groupings, f was significantly affected by the strain, with mean values of 0.92 and 0.998 for B.
subtilis PY79 spsA and B. subtilis PY79 respectively as shown in Figure 68. The initial
detachment rate (kmax1) also was largely dependent on the strain (from 1.7 up to 3.4 times higher
for hydrophilic spores), while the second detachment rate (kmax2) Was not affected and was quite
similar for the two strains (Figure 68, no significant differences).
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Figure 68. Kinetics parameters f, Kmax1, and Kmax2 for B. subtilis PY79 (black color) and B.
subtilis PY79 spsA (red color) spores under different flow conditions.

The role of the flow parameters as the shear stress (mean value, frequency, and RFS) and/or to
the distribution of bubbles (mean diameter and F02) on the three kinetics parameters (f, Kmax,
and kmax2) was then investigated (Table 7 and Figure 69 in the Supporting Information).
Whatever the parameter in relation to the flow and the bubble size arrangement the Tukey’s
grouping tests gave the same ranking between the 4 velocities tested (Table 7) and can be
visualized clearly in Figure 69, the two groups of parameters as the ones related to the wall
shear stress and the ones related to the bubbles’ size influencing, in the same way, the removal
kinetics. However, differences between the two strains could be stated. For B. subtilis PY79,
the first kinetics phase rate constant kmax1 was similar for all the studied cases (no difference
according to the Tukey’ test) but an effect was observed on f with a significant difference
between the lowest and the highest velocities (1.5 and 4.5 compared to 9 and 13.5 cm/s) leading
however to an improvement while increasing the velocity (Figure 69, black dots in the
Supporting Information). Conversely, kmaxe Was significantly higher in the case of foam at 9
cm/s comparatively to the other cases whatever the strains. Some differences could be seen with
the hydrophilic spores, according to Tukey’s grouping in Table 7 and Figure 69 red dots in the
Supporting Information. Indeed, the maximum foam velocity tested induced a significantly
higher value of f (Pr < 0.0001), a phenomenon more marked than with hydrophilic spores, as
for kmaxt, it was significantly higher at this velocity than at the lowest velocity tested (Pr >
0.013). However, kmaxz Variation trend with the velocity was similar to those of the hydrophilic
strain and also highly significant (Pr > 0.0007), the velocity of 9 cm/s being the best option. It
should be noted that it was not the highest mean shear stress tested (13.2 Pa), but it has the
lowest bubble sizes (mean diameter of 0.18 mm and F02 of 0.68).

Cleaning with foam was then compared to a CIP procedure (pink and black curves in Figure
67) using the SDS solution at a shear stress of 9.8 Pa, shown to be the most efficient condition

158



Chapter 3: Foam flow cleaning process Publication Il

with foam. Concerning hydrophilic spores, the first detachment’s phase in the case of CIP was
shorter than for foam cleaning and the removal was 0.5 log CFU less efficient. In addition, very
few spores were detached in the second phase, resulting in about 2 log CFU reduction after 20
min cleaning compared to around 4 log CFU with foam. The same trend was observed with
hydrophobic spores but at a lesser extent, the use of foam allowing an improvement in
detachment efficiency of only 0.5 log in 20 min compared to CIP. The variance analysis
confirmed that whatever the strains significant differences could be observed between CIP and
FFC considering the two Kinetics parameters f and Kmaxe (Pr > 0.034 and less than 0.001
respectively), kmaxt being apparently not significantly modified (Figure 69 in the Supporting
Information).

Table 7. Tuckey grouping for PY79 and spsA spores.

Mean Velocity of FFC conditions | f Kmax1 Kmax2
(cm/s) PY79 |spsA | PY79 |[spsA | PY79 | spsA
15 C C A A B B
4.5 B D A AB B B

9 A B A AB A A
13.5 A A A B B B
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Figure 69. Variations induced on the kinetics parameters f, Kmax1 and Kmax2 for B. subtilis
PY79 (black color) and B. subtilis PY79 spsA (red color) spores under different flow conditions:
1.5 cm/s (square), 4.5 cm/s (circle), 9 cm/s (triangle), 13.5 cm/s (diamond), and CIP.

111.2.2 Deposition patterns before and after cleaning
In order to observe whether the different areas of the dried drops were more or less easily
removed during the cleaning procedures, the dried deposits were observed before cleaning and
after 15 seconds and 20 minutes of cleaning. Two different deposition patterns were observed
in epifluorescence microscopy (Supplementary- Figure 70 in the Supporting Information).

Bs PY79
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Bs PY79 spsA

Supplementary- Figure 70. Deposition patterns of Bacillus spores before the cleaning
procedures, examined by epifluorescence with a Zeiss Axioskop 2 plus microscope (x50).

Whatever the spores, a regular round peripheral ring, often referred to as the “coffee ring” was
clearly observed. For B. subtilis PY79 spores, this external coffee ring shape was thick with
relatively few adhered spores within the ring. Depending on the trial, the internal deposition
was more or less regular, as if the contact line remained fixed or detached and then reattached,
resulting in one or more small contaminated areas. Conversely, with the hydrophobic spores B.
subtilis PY79 spsA, a diffuse peripheral deposit was often observed, within which single spores
but also spore clusters are present over the whole surface.

After cleaning, the observation of the residual patterns shown a good agreement with the
enumeration results (Figure 71). First, B. subtilis PY79 spores seemed to be removed in a higher
extent compared to B. subtilis PY79 spsA spores. In the case of B. subtilis PY79 spores after 15
s, the peripheral ring was partially removed by the cleaning procedure and this was particularly
noticeable at 13.5 cm/s, but especially at 9 cm/s. After 20 min of cleaning, the ring had
completely disappeared at 9 and 13.5 cm/s and to a lesser extent at 4.5 cm/s. However, spores
were still visible on the inner area of the deposits except for foam after 20 min at 9 cm/s.
Regarding the cleaning of B. subtilis PY79 spsA spores, spores, and small clusters seemed to
be greatly removed while the larger clusters seemed to have better resisted the detachment, and
the peripheral ring was partially removed only after 20 min. For both strains, removal was
visibly greater with foam flow at 9 cm/s than CIP. At 15 seconds, the cleaning of the deposits
of hydrophobic spores B. subtilis PY79 spsA seemed to induce a slid of the contamination along
the surface in the direction of the flow showing a quite scattered pattern visible with foam flow
cleaning and CIP (blue arrows on Figure 71). This sliding phenomenon was absent in the case
of hydrophilic spores B. subtilis PY79.
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Figure 71. Residual deposition patterns of droplet contaminated with B. subtilis spores after
complete evaporation and further subjected to 5 seconds and 20 minutes of FFC and CIP
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procedures, examined by epifluorescence with a Zeiss Axioskop 2 plus microscope (x50). Blue
arrows indicated the sliding of the spores observed at 15 s for B. subtilis PY79 spsA.

1\VV.  Discussion

Foam has been considered as a non-Newtonian fluid and the Herschel-Bulkley model can
predict its flow behavior as previously described (Dallagi et al., 2019). At low shear stress (2.2
Pa) the foam flow behaved as a plug flow in one direction, the velocity of the foam being
uniform over the entire section (1 Dimensional regime). When the wall shear stress exceeded
4.2 Pa the plug behavior remained only at the top side of the duct (2D regime), and at shear
stresses greater or equal to 5.9 Pa, the foam became completely sheared (3D regime) (Al Saabi
etal., 2021). The rheological behavior of foams is controlled by processes that occur within the
microstructures such as the rearrangement of bubble size, liquid film, and Plateau borders. A
slight modification on the pressure or the shear stress applied could lead to deformation on the
foam state. In previous studies on the rheology of emulsion and foam, authors have
demonstrated the deformation of the bubble as a function of the capillary number (Llewellin
and Manga, 2005). Their results show that as the capillary number increases, bubbles start to
deform and the film separating bubbles either thicken or shrink trends to maintain the minimal
surface energy. However, this deformation can result in developing anisotropy in foams
properties if the capillary number exceeds a critical value which is not the case here: for all
studied cases Ca was lower than 0.1 and the bubbles remained almost spherical with isotropy
of the foam nearly preserved.

It should be noted that except for the three foam conditions at 1.5, 3, and 4.5 cm/s obtained
using 1, 2, or 3 generators with the same surfactant, flow rate, and air pressure content, the
increase of the foam velocity up to 9 and 13.5 cm/s was obtained by increasing the surfactant
flow rate and air pressure and content in the foam generators. It was demonstrated that the
pressure significantly affects the foam texture, and its stability with a potential change in bubble
size distributions, liquid drainage, and bubble coalescence (Al-Qararah et al., 2013), a reduction
in the average radius of bubbles was observed with the increase of the pressure. These authors
reported that the bubble size decreases with the increasing of the rotation speed up to a certain
limit under axial mixing in a Becher. At a rotation lower than 5500 RPM (revolution per
minute), the foam remains stable since the air is well homogenized in the surfactant solution.
Conversely, above 5500 RPM, because of the saturation of air content, the interactions between
bubbles were more numerous which favored their coalescence. Thus, their size increases,
resulting in a decrease in interfacial stability. The observation of the foam at the highest velocity
(13.5 cm/s) allowed to suggest that the large bubbles are more likely the consequence of a
movement inside the foam (3D flow regime) allowing the larger bubbles indeed less dense to
rise towards the upper wall rather than a coalescence of the bubbles explained by the high speed
of the foam. This behavior was probably enhanced by the fact that the foam is quite wet with a
quality of 0.5.

Furthermore, the conductimetry and polarography results (Figure 64) demonstrated a
significant impact of the velocity of the bubbles and their sizes on the fluctuation of the liquid
film thickness between bubbles and the top wall and on the local wall shear stress increases
significantly between two consecutive bubbles (Plateau borders). These variations would
directly affect bacteria present at the surface influencing the removal phenomenon. The
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displacement of the bubbles leads to sudden increases in the Sherwood number due to shear
stress peaks, appearing in a harmonic manner directly related to the bubble passage frequency.
Comparing foams at 1.5, 3, and 4.5 cm/s, as the velocity increased, the bubbles became smaller
with an FO2 of 0.29, 0.36, and 0.44. The frequency of the shear stress increased in parallel from
20 up to 45 Hz while amplitude decreased in agreement with previous works (Tisné et al.,
2003). Hence, foam at 9 cm/s having a higher amount of small bubble sizes presented the lowest
RFS (RFS of 130 %) with the high frequency (f of 70 Hz) related to the thin liquid film height
variation measurements. The peaks of the shear stress were clearly observed at the two ends of
the bubbles, the bubble front, and the back. As an example, the wall shear stress value between
the bubbles is about 15 Pa while it remains lower than 2 Pa under the bubbles, for foam at 4.5
cm/s. These values corresponded therefore to the maximum and minimum film thickness
observed, respectively. In the literature, CFD simulations, as well as experimental studies in
two-phase gas-liquid slug flow, e.g. in capillary membranes (Kumari et al., 2018), suggested
that the major contribution to the wall shear stress came from the bubbles ends and could be
attributed to the Laplace pressure difference caused by the surface tension. (Tisné et al., 2004)
revealed that it was possible to relate foam flow study to studies of a long bubble moving in
capillaries, and they observed that the bubbles moved as flattened bubbles in a Hele-Shaw cell
confirming the localization of the shear stress on the Plateau borders.

When compared with spore removal kinetics, parameters in relation to the shear stress and
bubble size variations seemed to play a significant role in the cleaning efficiency of foam flow.
For both B. subtilis strains, the increase of the mean shear stress roughly leads to an
improvement in the cleaning efficiency. However, it was not true for the foam at 13.5 cm/s?,
which showed a reduction in cleaning efficiency, compared to 9 cm/s. This result suggests that
other parameters than the mean shear stress were involved in the FFC efficiency and therefore
the variation of the local wall shear stress as discussed above in relation to the size and the
velocity of the bubbles could play a major role. These results are consistent with previous works
in literature. Silva et al. highlighted the significant role of the wall shear stress fluctuation on
the cleaning efficiency using pulsed flow (Silva et al., 2021). Results showed that shorter
periods promoted higher removal of raw milk cells due to the occurrence of the annular effect
and its important frequency. A higher frequency of peaks wall shear stress was needed to make
turbulent pulse flow effective to remove tomato deposits (Absi and Azouani, 2018). The authors
explained obtained results by the fact that at higher frequency the surfaces are submitted more
often to the phenomenon caused by peaks. Hence, as the foam has a higher amount of small
bubbles, the contamination will be more subjected to the pick of wall shear stress and perhaps
also to the viscous dissipation in the narrow Plateau borders between consecutive bubbles since
smaller bubbles possess a higher Laplace pressure.

Whatever the FFC conditions, the removal kinetics showed a strong detachment rate at the
beginning of the cleaning process (less than 1 min), followed by a second kinetic phase
described by a slow detachment rate. Previous works on biofilm removal under CIP (Bénézech
and Faille, 2018) and bacteria spores under different foam qualities (Al Saabi et al., 2021) have
reported similar observations. Neither the shear stress nor the bubble size has affected the first
kinetic phase rate of removal with B. subtilis PY79 spores, while high shear stress induced low
kmax1 With B. subtilis PY79 spsA. For both strains, as the shear stress increased, the f parameter
increased (the spore population detached more easily). The synergy between high shear stress
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and small bubbles (foam at 9 cm/s) would explain the highest kmaxz and a better cleaning
efficiency. To prove or disprove this suggestion, a new foam flow condition was produced at 9
cm/s, using a single generator. The air pressure in the generator in this condition was 3 times
more than that for the 9 cm/s foam, produced by three parallel generators. As was expected, the
mean shear stress was 9.8 Pa, while the bubble size increased (mean diameter of 0.19 mm with
a presence of large bubbles (Supplementary- Figure 72 in the Supporting Information). When
comparing the second detachment phases, foam with the smallest bubbles was more efficient
for PY79 spores, by 1 log CFU over 20 min. kmaxz Was 1.5 times higher (with 9.8 Pa foam and
small bubble size) than that in the alternative condition tested. For B. subtilis spsA spores, Kmaxz
seems to be similar in these two conditions.

Supplementary- Figure 72. Top view of foam visualization at the wall of the transparent pipe
upstream the test ducts for foam flow at 9 cm/s, using simultaneously 3 generators (left) or a
single generator (right).

According to (Kondjoyan et al., 2009), the role of capillary forces is not negligible and depends
on the size of the bubbles and their speed. In (Al Saabi et al., 2021), the detachment of the
hydrophilic spores of Bacillus amyloliquefaciens 98/7 occurred at bubble velocities of around
3 cm/s and dramatically decreased at 5 cm/s in line with the work of (Kondjoyan et al., 2009),
where the greatest detachment rate was observed, as illustrated by high kmax constant rate
values. In this work, no visible changes could be seen for the first kinetic phase with the increase
in the foam velocity from 9.5 up to 13.5 cm/s, but the second kinetic phase showed a significant
decrease in the removal efficiency. For hydrophobic particles, according to (Kondjoyan et al.,
2009), the detachment rate would start at higher bubble velocities. In this work, the increase in
the foam velocity indeed was accompanied by an increase in the detachment efficiency during
the first minutes of the foam cleaning, which corresponds to an increase in the f parameter,
resulting in a more rapid and efficient spore removal.

Other phenomena would occur under the combination of the drainage and the imbibition effects
(Figure 73). It is known that under gravity and capillarity, the liquid flows through drainage
networks called Plateau borders. This phenomenon has been demonstrated in previous works
(Maestro et al., 2013). Thus, as discussed before, the spores present in the thin liquid film
between the bubble and the solid surface are prone to be absorbed within the Plateau borders
under the imbibition effect. This mechanism is driven by the capillary forces. Indeed, these
Plateau borders have a curvature that creates a capillary under-pressure in the liquid phase.
Owing to this pressure difference, the foam was able to absorb the spores (which were in small
size,1 um), just as a sponge would. It has been proven in the literature that the imbibition
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mechanism was highly dependent on the bubble size, which is the strongest for foam with a
smaller bubble size (Maestro et al., 2013; Mensire et al., 2015). On the other hand, such a
mechanism could help in understanding the difference in the results obtained by the two strains
of spores. Unlike hydrophilic spores which can be easily trapped by the liquid film, absorbed
into the Plateau border and then flushed out of the pipe, the hydrophobic character of B. subtilis
PY79 spsA gives spores a strength to oppose the imbibition effect. They mostly remain in the
liquid film and then due to bubble fluctuations, some of them are able to re-adhere to the solid
surface. To highlight this phenomenon, the ability of hydrophobic spores to adhere to sterile
coupons was tested at a distance of around 10 cm downstream of the contaminated area.
Whatever the flow conditions, results showed that 1.3% of the detached hydrophobic spores
after 20 min of cleaning were able to re-adhere to the surface. Comparatively, the re-adhesion
of hydrophilic spores was found to be negligible, at less than 0.1% of the detached spores after
20 min. Otherwise, due to the continuous fluctuations of the shear stress and the liquid film
thickness induced by the bubble passage, some spores that were strongly attached to the surface
were pushed to other locations, thereby causing a sliding phenomenon. This phenomenon was
more visible in the case of hydrophobic spores than for hydrophilic ones. This could be
explained by the strongly hydrophobic character of B. subtilis PY79 spsA. Recently, Schad et
al. have shown that foams with small bubble sizes are more efficient in cleaning glass surfaces
contaminated with fluorescent oil (Schad et al., 2021). The authors explained the cleaning by
an interplay of imbibition, drainage, and wiping mechanisms. Imbibition and drainage of oil
into the Plateau borders of foams were found to be the strongest with small bubbles, which is
in concordance with our results. However, the wiping mechanism, i.e., shifting of the contact
line between foam, oil and glass was found to be more efficient with unstable foam than with a
stable one. This is not surprising since they used static foam. Given similar conditions, unstable
foams clearly clean better than stable foams, being continuously in motion and accelerating the
re-arrangements of their bubbles with time which leads, as they explained, to violent wiping
motions between the foams and the interface. Consequently, these are not completely irrelevant
with our work since in our study foams were used in a dynamic form and the movement/flow
was imposed, leading to forceful wiping. However, the instability of foam can reduce the
cleaning efficiency through the generation of large bubbles (as observed in the case of foam at
9 cm/s).
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Conclusion

In this study, we analysed the ability of wet foam flow to remove Bacillus subtilis spores from
dried droplets on stainless steel surfaces. Two strains, B. subtilis PY79 and B. subtilis PY79
spsA, of different hydrophobicities were used. Regardless of the strain, the foam flow showed
a better removal capacity than conventional cleaning in place at the same average shear stress.
Optimisation and improvement of cleaning efficiency using foam flow requires a quantification
of the key parameters, such as bubble size, liquid film thickness and wall shear stress. Analyses
obtained from polarography, conductimetry and bubble size quantification have shown that the
magnitude and frequency of fluctuations in wall shear stress and liquid film thickness are
related to bubble size and flow velocity. These phenomena are most likely to be the cause of
spore removal, as described in the literature, although to a lesser extent, for cleaning with liquid
solutions. In contrast, with foam, the particularity of fluctuations at the wall (liquid film
thickness and shear stress) in relation to the bubble sizes and their velocities, combined with
other probable phenomena such as imbibition and drainage of the liquid film within the foam,
favours not only the release of contaminants, but also their entrapment. This leads to the
conclusion that a combination of high wall shear stress, and the presence of small bubbles (<0.2
mm) indeed improves surface biocontamination cleaning efficiency. Further studies would be
interesting to test the ability of this process to clean actual industrial equipment, which is
frequently of complex design. Further research could also be carried out into the removal of
other types of microbial fouling by these flowing foams, such as into biofilm contaminations
developed on the surfaces of materials other than steel, such as polymers, which are sometimes
rougher and often more hydrophobic. The implementation of such a foam cleaning technology
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for CIP cleaning would request an effective foam removal during the rinsing step. Future work
could be envisaged to solve this problem using stimuli-responsive surfactants allowing at
request a complete disappearance of the foam.

ACKNOWLEDGMENTS
The authors are grateful to Christelle Lemy and Laurent Wauquier from UMET, for their
valuable technical assistance.

FUNDING

This work was supported by the region Hauts-de-France through their funding of the Interreg
Veg-1-Tec project (Programme Interreg V France-Wallonia-Flanders, GoToS3) and the ANR
(Agence Nationale de la Recherche) for funding of the FEFS project (contract number ANR-
18-CE21-0010).

References

Absi, R., Azouani, R., 2018. Toward automatic cleaning of industrial equipment: pulsed
flow-induced wall shear stress. Procedia CIRP 78, 359-363.
https://doi.org/10.1016/j.procir.2018.10.001

Al Saabi, A., Dallagi, H., Aloui, F., Faille, C., Rauwel, G., Wauquier, L., Bouvier, L.,
Bénézech, T., 2021. Removal of Bacillus spores from stainless steel pipes by flow foam: Effect
of the foam quality and velocity. Journal of Food Engineering 289, 110273.
https://doi.org/10.1016/j.jfoodeng.2020.110273

Al-Qararah, A.M., Hjelt, T., Koponen, A., Harlin, A., Ketoja, J.A., 2013. Bubble size and
air content of wet fibre foams in axial mixing with macro-instabilities. Colloids and Surfaces
A: Physicochemical and Engineering Aspects 436, 1130-1139.
https://doi.org/10.1016/j.colsurfa.2013.08.051

Alvarez-Ordonez, A., Coughlan, L.M., Briandet, R., Cotter, P.D., 2019. Biofilms in Food
Processing Environments: Challenges and Opportunities. Annu. Rev. Food Sci. Technol. 10,
173-195. https://doi.org/10.1146/annurev-food-032818-121805

Bénézech, T., Faille, C., 2018. Two-phase kinetics of biofilm removal during CIP.
Respective roles of mechanical and chemical effects on the detachment of single cells vs cell
clusters from a Pseudomonas fluorescens biofilm. Journal of Food Engineering 219, 121-128.
https://doi.org/10.1016/j.jfoodeng.2017.09.013

Blel, W., Legentilhomme, P., Bénézech, T., Fayolle, F., 2013. Cleanabilty study of a
Scraped Surface Heat Exchanger. Food and Bioproducts Processing 91, 95-102.
https://doi.org/10.1016/j.fbp.2012.10.002

Dallagi, H., Al Saabi, A., Faille, C., Benezech, T., Augustin, W., Aloui, F., 2019. CFD
Simulations of the Rheological Behavior of Aqueous Foam Flow Through a Half-Sudden
Expansion, in: Volume 1: Fluid Mechanics. Presented at the ASME-JSME-KSME 2019 8th
Joint Fluids Engineering Conference, American Society of Mechanical Engineers, San
Francisco, California, USA, p. VOO1T01A030. https://doi.org/10.1115/AJKFluids2019-4650

Deleplace, M., Dallagi, H., Dubois, T., Richard, E., Ipatova, A., Bénézech, T., Faille, C.,
2021. Structure of deposits formed by drying of droplets contaminated with Bacillus spores

168



Chapter 3: Foam flow cleaning process Publication Il

determines their resistance to rinsing and cleaning. Journal of Food Engineering 110873.
https://doi.org/10.1016/j.jfoodeng.2021.110873

Delmas, G., Jourdan da Silva, N., Pihier, N., Weil, F.-X., Vaillant, V., De Valk, H., 2010.
Les toxi-infections alimentaires collectives en France entre 2006 et 2008 6.

Dubois, T., Krzewinski, F., Yamakawa, N., Lemy, C., Hamiot, A., Brunet, L., Lacoste,
A.-S., Knirel, Y., Guerardel, Y., Faille, C., 2020. The sps Genes Encode an Original
Legionaminic Acid Pathway Required for Crust Assembly in Bacillus subtilis. mBio 11,
e01153-20, /mbio/11/4/mBi0.01153-20.atom. https://doi.org/10.1128/mBi0.01153-20

Faille, C., Lemy, C., Allion-Maurer, A., Zoueshtiagh, F., 2019. Evaluation of the
hydrophobic properties of latex microspheres and Bacillus spores. Influence of the particle size
on the data obtained by the MATH method (microbial adhesion to hydrocarbons). Colloids and
Surfaces B: Biointerfaces 182, 110398. https://doi.org/10.1016/j.colsurfb.2019.110398

Farag, M.A., Mesak, M.A., Saied, D.B., Ezzelarab, N.M., 2021. Uncovering the dormant
food hazards, a review of foodborne microbial spores’ detection and inactivation methods with
emphasis on their application in the food industry. Trends in Food Science & Technology 107,
252-267. https://doi.org/10.1016/j.tifs.2020.10.037

loana, C., Mansour, A., Quinquis, A., Radoi, E., 2007. Le traitement du signal sous
Matlab: Pratique et applications, Hermes Science.

Kondjoyan, A., Dessaigne, S., Herry, J.-M., Bellon-Fontaine, M.-N., 2009. Capillary
force required to detach micron-sized particles from solid surfaces—Validation with bubbles
circulating in water and 2um-diameter latex spheres. Colloids and Surfaces B: Biointerfaces
73, 276-283. https://doi.org/10.1016/j.colsurfb.2009.05.022

Kriegel, A.T., Ducker, W.A., 2019. Removal of Bacteria from Solids by Bubbles: Effect
of Solid Wettability, Interaction Geometry, and Liquid-Vapor Interface Velocity. Langmuir
35, 12817-12830. https://doi.org/10.1021/acs.langmuir.9b01941

Kumari, S., Kumar, N., Gupta, R., 2018. Effect of gas—liquid ratio on the wall shear stress
in slug flow 1in capillary membranes. Asia-Pac J Chem Eng 13, e2258.
https://doi.org/10.1002/apj.2258

Llewellin, E.W., Manga, M., 2005. Bubble suspension rheology and implications for
conduit flow. Journal of Volcanology and Geothermal Research 143, 205-217.
https://doi.org/10.1016/j.jvolgeores.2004.09.018

Maestro, A., Drenckhan, W., Rio, E., Hohler, R., 2013. Liquid dispersions under gravity:
volume  fraction profile and osmotic  pressure. Soft Matter 9, 2531.
https://doi.org/10.1039/c2sm27668b

Mensire, R., Piroird, K., Lorenceau, E., 2015. Capillary imbibition of aqueous foams by
miscible and nonmiscible liquids. Phys. Rev. E 92, 053014.
https://doi.org/10.1103/PhysReVvE.92.053014

Mierzejewska, S., Mastowska, S., Piepiorka-Stepuk, J., 2014. Evaluation of the efficiency
of removing protein deposits from various surfaces by foam cleaning. Agricultural Engineering
131-137. https://doi.org/10.14654/ir.2014.149.014

Mitchell, J.E., 1965. Investigation of wall turbulence using a diffusion-controlled
electrode. University of Illinois.

169



Chapter 3: Foam flow cleaning process Publication Il

Schad, T., Preisig, N., Blunk, D., Piening, H., Drenckhan, W., Stubenrauch, C., 2021.
Less is more: Unstable foams clean better than stable foams. Journal of Colloid and Interface
Science 590, 311-320. https://doi.org/10.1016/j.jcis.2021.01.048

Silva, L.D., Filho, U.C., Naves, E.A.A., Gedraite, R., 2021. Pulsed flow in clean-in-place
sanitization to improve hygiene and energy savings in dairy industry. J Food Process Eng 44.
https://doi.org/10.1111/jfpe.13590

Tisne, P., Aloui, F., Doubliez, L., 2003. Analysis of wall shear stress in wet foam flows
using the electrochemical method. International Journal of Multiphase Flow 29, 841-854.
https://doi.org/10.1016/S0301-9322(03)00038-7

Tisné, P., Doubliez, L., Aloui, F., 2004. Determination of the slip layer thickness for a
wet foam flow. Colloids and Surfaces A: Physicochemical and Engineering Aspects 246, 21—
29. https://doi.org/10.1016/j.colsurfa.2004.07.014

170



Chapter 3: Foam flow cleaning process Publication 11

Publication I11: Is foam flow cleaning effective and environmentally friendly in controlling
the hygiene of surfaces contaminated with biofilms?

Heni DALLAGI?, Christine FAILLE?, Cosmin GRUESCU?, Fethi ALOUI®, Thierry
BENEZECH*

& Univ. Lille, CNRS, INRAE, Centrale Lille, UMET, F-59000 Lille, France
b Polytechnic University Hauts-de-France, LAMIH CNRS UMR 8201, Campus Mont-Houy,
F-59313 Valenciennes, France

*Corresponding Author: Thierry BENEZECH, INRAE, UMET, 369 rue Jules Guesde, F-59650
Villeneuve d’Ascq, France. thierry.benezech@inrae.fr

Highlights

» Wall shear stress increase improved the cleaning efficiency of foam flow likely
explained by the increase in the local wall shear stress frequency and amplitude at the
same time.

» According to the biofilm structure, the action of the foam flow could differ but the
largest biofilms’ clusters remained difficult to be removed

» Foam flow being more effective than the corresponding CIP conditions for biofilm
removal.

» Foam cleaning could decrease water/energy consumption with less environmental
impacts.

Abstract

The aim of this work was to investigate the capacity of foam flow of the detachment kinetics
of biofilms from stainless steel surfaces. Three bacterial strains (Escherichia coli SS2, Bacillus
cereus 98/4, and Pseudomonas fluorescens Pfl) were grown 24h in a horizontal position.
Different foam flow conditions were performed, by varying the shear stress and the bubble size
of a wet foam (liquid fraction of 0.5). Whatever the bacterial strain, foam flow cleaning was
more efficient on biofilm detachment than the conventional cleaning in place. The increase of
the wall shear stress has improved the cleaning efficiency. Then, a Life Cycle Assessment study
was performed to investigate the environmental impacts of the foam flow cleaning process.
Compared to CIP processes (using NaOH, or SDS surfactant) foam flow cleaning showed
significant benefits on the environmental impacts with a drastic reduction of water and energy
consumptions.

Keywords

Flow foam cleaning; cleaning-in-place; Biofilm; detachment kinetics; Life Cycle Assessment;
environmental impacts; shear stress
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l. Introduction

Biofilms are a major challenge for the food industry due to their ability to attach to surfaces.
Their formation is affected mainly by the surface properties of the materials (such as
physiochemistry and roughness) and bacterial strains, as well as by the flow arrangements, and
position of surfaces (Bouvier et al., 2021; Jha et al., 2020a, 2022). These biofilms are often
resistant to the hygiene procedures implemented in the food industries, and can therefore be
responsible for cross-contamination of food in contact with insufficiently cleaned or disinfected
surfaces (Brooks and Flint, 2008). The consequences of these cross-contaminations can be
disastrous for the industry as they can lead to food spoilage, but also to gastroenteritis epidemics
since these biofilms can harbor pathogenic bacteria such as Listeria monocytogenes, Salmonella
spp., Vibrio spp. Indeed, a 1995 WHO survey in Europe (Reij et al., 2004) indicated that nearly
25% of foodborne outbreaks could be attributed to recontamination. A recent example
concerned an outbreak of L. monocytogenes in South Africa between 2017 and 2018 (1060
confirmed cases, 216 deaths). The origin of the contamination was shown to be a delicatessen
factory of the Enterprise Group, where poor hygiene conditions were found. The possibility of
such contamination in the food industry imposes strict prevention and removal/disinfection
measures to be taken. Nowadays, cleaning-in-place (CIP) is a routine method in the food and
pharmaceutical industries. It is an automated process that consists of cleaning, without having
to remove or disassemble pipe works and equipment in processing lines, by circulating either
water or detergents including the use of high-pressure spray impingement specifically for tanks.
According to Sinner’s Circle, the accurate combination of the influencing factors such as time,
temperature, chemistry, as well as the mechanical action generated by the fluid flow, tends to
make cleaning a reliable and optimized process (Grandillo and Tatianchenko, 2020; Holah,
2014).

In particular, several works were performed to study the effect of the hydrodynamics of the
cleaning fluid on the efficiency of biofilm removal. The objective was to identify the
detachment behavior of bacterial contamination from surfaces by varying the shear forces
applied to the wall. For some studies, the wall shear forces allow detachment or at least
disruption of the biofilms. Others have defined threshold stress, below which the detachment
of a biofilm can be achieved. However, exceeding this shear stress value, a compression of
biofilms could occur. The use of pulsed or jet flows demonstrated the beneficial effect of
increasing the wall shear stress and its fluctuations on the enhancement of bacterial removal
(Blel et al., 2013, 2007; Silva et al., 2021). Diphasic flow, as foam or air bubbles in a liquid,
were found to improve the removal efficiency of bio-contamination (Al Saabi et al., 2021a;
Charlene, 2018; Toquin et al., 2020).

For example, a recent study on the removal of Chlorella Vulgaris biofilms from the surfaces of
a photobioreactor using bubbles showed that the surface layers of the biofilm are considered to
be the least adherent were periodically detached. The first layers of the biofilm were more
resistant to detachment and the soiled surfaces were suitable for the recruitment of new cells.
Increasing the fluctuation of shear stress at the wall was a means of increasing detachment rates
and this phenomenon was mainly related to bubble size (Charlene, 2018). In addition, wet foam
flow showed promising results in removing Bacillus spores from stainless steel surfaces.
Compared to a related CIP process, foam flow cleaning was found to be more effective due to
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fluctuating wall shear stress, liquid drainage, and capillary imbibition. However, no information
is still available regarding the removal of biofilms by foam flows, and biofilms are considered
as complex structures e.g. extracellular polymeric substances (EPS) act as a binder between
cells (Crouzet et al., 2014).

It is widely recognised that these CIP procedures are very energy, potable water and detergent
intensive. For example, in the dairy industry, hygiene procedures are responsible for about 28%
of total water consumption (van Buuren and Prasad, 2005) and almost 14% of energy
consumption (Piepiorka-Stepuk et al., 2017). Additionally, this sector accounts for around 10,
5, and 4% of the potential for eutrophication, global warming, and photochemical ozone
creation of the total European, respectively (Bohringer et al., 2009).

Today, many efforts are needed to better control and properly optimize the sustainability of
food processing, whether by increasing the productivity of each unit process, or by reducing its
demands for water and energy, and hence less environmental impacts. There have been a few
publications assessing the environmental impacts of the manufacturing process in food
industries with a detailed assessment of the contributions of individual unit processes (Gésan-
Guiziou et al., 2019; Tsai et al., 2021). This type of assessment at the unit process level could
clarify the critical phases that require an appropriate intervention. To this end, Life cycle
assessment (LCA) is a mandatory approach for any new proposed processes.

Foam flow cleaning has therefore been proposed as an alternative method to improve the
hygiene in food industry and to save the energy used in cleaning phases. To this end, we have
recently initiated a new line of research to identify the effectiveness of foam flow cleaning in
place, as this procedure would result in significant savings in energy, water and detergents
(Dallagi et al., 2022).

This work aimed to evaluate the capacity of foam flow to remove biofilm contaminations from
stainless-steel surfaces. The removal kinetics of three biofilm strains (Escherichia coli SS2,
Bacillus cereus 98/4, and Pseudomonas fluorescens Pf1) were investigated under different flow
conditions (foam at 2.2, 5.9, 9.8, 13.2 Pa, and CIP at 10 Pa). Then an LCA was presented to
compare the environmental impact of different cleaning methods, foam flow and CIP (using
SDS surfactants) and conventional CIP (using NaOH).

Materials and methods

1.1 Bacterial strain

In this study, three bacterial strains previously shown to form biofilms (Jha et al., 2022) were
used as model microorganisms. Pseudomonas fluorescens 1 (subsequently named Pf1) isolated
by ANSES from cleaning-in-place wastewater, Escherichia coli SS2 (Ec-SS2) expressing a
green fluorescent protein (Gomes et al., 2017), and lastly Bacillus cereus 98/4 (Bc-98/4)
isolated from a dairy processing line.

I1.2  Soiled material and Biofilm formation

Biofilms were produced on AISI 316 stainless steel coupons (45 mm x 15 mm) with a pickled
(2B) finish (kindly provided by APERAM, Isbergues, France). In order to have surface
properties relevant to those found in food processing lines, the stainless-steel coupons were
subjected to a conditioning procedure using milk and sodium hydroxide, as was previously
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described (Dallagi et al., 2022). Then, before each experiment, they were cleaned using alkaline
detergent (RBS T105, Traitements Chimiques des Surfaces, France). 24 h before the
experiments, coupons were disinfected in a dry heat oven at 180 °C for 1 h.

In this study, the biofilm formation was performed as follows. The cleaned and disinfected
coupons were immersed horizontally in Petri-dishes of 14 cm diameter containing 50 mL of the
bacterial suspensions consisting of 1/10 TSB inoculated with 24 h-cultures of each strain
(concentration of about + 10" CFU.mL™). After a 24 h incubation at 30 °C, soiled coupons were
gently rinsed with ultra-purified water to remove loosely attached cells. The coupons were left
at room temperature to dry for 1 hour.

1.3  Resistance to cleaning

In order to determine the foam cleaning efficiency on the bacterial biofilm, the dried coupons
were placed into rectangular stainless-steel ducts (1.5 x 1 1072 m), connected to the pilot rigs
(Dallagi et al., 2022). Then, they were subjected to cleaning processes involving wet foam (50%
of air and 50% of SDS surfactant (Sodium dodecyl sulfate, over 98.5% purity, 0.15% w/w)), at
foam mean velocities ranging from 1.5 to 13.5 cm.s™, Table 8. The time of the cleaning kinetics
were 15and 35, 1, 3, 5, 10, and 20 min. Other cleaning experiments were carried out in a CIP
rig using a fluid made of 0.15% SDS at 10 Pa and the residual biofilms were analyzed after the
same cleaning times. The residual biofilms were analyzed as described below. All the
conditions are presented briefly in Table 8. Further tests were performed in static conditions by
immersing the soiled coupons in water or SDS 0.15% w/w for 20 min at room temperature to
investigate the possible detachment in presence of the SDS solution (chemical action alone).

Table 8. The different conditions of the foam flow and the cleaning-in-place carried out for
removal of biofilms from stainless steel surfaces.
Flow conditions  Velocity (cm.s?) Shear stress (Pa)  Mean diameter (mm)

FFC 1.5 2.2 0.34
4.5 5.9 0.28
9 9.8 0.18
13.5 13.2 0.21
CIP 180 (10 T ——

1.4 Biofilm analyses

To quantify the number of cultivable cells within biofilms, half of the soiled coupons were
subjected two times to a 2.5 min of ultra-sonication step in 10 ml of 0.5% Tween 80 (Bransonic
2510E-MT, 100 W, Branson Ultrasonics Corpo-ration, USA) and vortexed for 25 seconds
between each sonication step (at maximal speed, 2400 rpm). This treatment has been validated
previously and it can remove more than 99% of the adherent contaminations (Tauveron et al.,
2006). The detached bacteria were plated on TSA (Tryptone Soy Agar, Biokar, France) and the
colony-forming units (CFU) were enumerated after 48 h at 30°C.

The organization of the biofilms was observed under a microscope. For this purpose, coupons
were dried at room temperature, covered with acridine orange (0.01%), and kept in the dark for
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15 minutes, then gently rinsed with softened water and allowed to dry before any observation.
Observation of biofilm microstructure was first performed with an epifluorescence microscope
(Zeiss Axioskop 2 Plus, Oberkochen, Germany, x50 and 1000 magnification) to investigate the
spatial organization of the biofilms. The 3-D organization was then analyzed by confocal laser
scanning microscope (CSLM, Zeiss, LSM780, Oberkochen, Germany, x400 magnification).

1.5 Kinetics modeling and Statistical analysis

A two-phase kinetics model was used to fit the data. The fitting was performed using GInaFIT
(Geeraerd et al., 2005) using a biphasic model composed of two first order Kinetics two
subpopulations characterized by different removal behavior (Bénézech and Faille, 2018).
Ni — f e(_kmax1t) + (1 — f)e(_kmaxzt) (1)

0
where;

f poorly adherent fraction,

kmax1 [s™'] detachment rates of the first population

kmax2 [s7!] detachment rates of the second population.

At least three repetitions were carried on (with three coupons for each one) for all the
experiments. Statistical analyses of Data were performed using SAS V8.0 software (SAS
Institute, Gary, NC, USA). For each cleaning condition, variance analyses were made to
determine the impact of the biofilm strains, the mean shear stress, and the foam structures on
the efficiency of the cleaning by foam flow compared to the CIP process. Further analyses were
performed as multiple comparison tests using Tukey's test (Alpha level = 0.05).

1.6 Environmental impact

Life cycle assessment (LCA) is a standardized quantitative method ((ISO 14040, 2006), and
(ISO 14044, 2006)) to assess the environmental impacts associated with an industrial process
and to quantify the contribution of each step in the process in order to identify eco-design
approaches or to improve the environmental performance of the process. Four points were
examined: definition of purpose and scope, inventory analysis, impact assessment, and analysis.

11.6.1 Goal and scope definition

The LCA study was carried out by considering only one unit of the manufacturing process
addressing the food industry sector, using the LCA software SimaPro 8.3 and the ecoinvent
v3.0 database. For this purpose, the production and transport phases have not been considered
here, while the attention was only focused on the cleaning operations. The objective was to
analyze the environmental impacts of the proposed foam cleaning method, by comparing this
alternative process to two CIP conditions, one using the same foaming surfactant and one using
a commonly used alkaline chemical (NaOH). The results illustrate how such a technological
proposal leads to improved cleaning with water and energy savings and more generally
favorable environmental impacts.

The functional unit (FU) of this work was defined as monthly cleaning of 27 cm? of stainless-
steel surfaces. The amount of resources and chemical products required to clean these
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contaminated surfaces w summarized in Table 9. It should be noted that these data are related
to pilot-scale experiments, as was explained in the section of biofilm removal section.

Table 9. Life cycle inventory of the cleaning processes.

PARAMETERS PROCESS A PROCESSB PROCESSC Unite
Soft water 19000 7000 1040 kg
Compressed air 0 0 9.27 m3
Electricity 45 15 1.98 kWh
Natural gas (heat treatment) 440 0 0 kwh
Sodium Dodecyl Sulfate (SDS) 0 4.5 0.36 kg
Sodium Hydroxide (NaOH) 15 0 0 kg
Sulfite (heat treatment) 10 0 0 kg

11.6.2 Inventory analysis

Figure 74 outlines respectively the different phases included in this analysis. The process (A)
corresponding to a 5 min of rinsing with softened water at 300 L/h flow rate at room
temperature, followed by 20 min of cleaning with 0.5% NaOH water at 650 L/h at 60°C, and
lastly a second rinsing stage for 5 min with softened water at 300 L/h flow rate at room
temperature. The two processes (B and C) are the CIP and foam cleaning conditions used in
this paper (first section), for 20 min at 10 Pa at room temperature. A 5 min of two rinsing steps
with softened water at room temperature were performed before and after each cleaning
process. It should be noted that for the rinsing stage after foam cleaning, given our experimental
system of using the osmosis water supply directly, there is no need for a specific pumping
system. However, in the case of both CIP conditions, the centrifugal pump used for cleaning is
obviously also used for rinsing. The consumption of energy (pumps, compressor, and boiler for
the heating of fluids), water, and chemical substances (SDS, NaOH, and sulfite (used for the
boiler during heating process)) during one month of cleaning is summarized in Table 9. All
input data were extracted from the ecoinvent database v3.0. can be considered the most up-to-
date, comprehensive, reliable and accessible source of CMI data, and a data are considered of
an outstanding quality (Kapur et al., 2012). However, the SDS surfactant was not included in
the database. Therefore, it was defined as 40% sodium carbonate and 60% fatty alcohol sulfate
as reported in a recent LCA study (Van Lieshout et al., 2015).
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Figure 74. Flow diagram of the cleaning processes involved in this study.

11.6.3 Impact assessment

In this study, environmental impacts were quantified using two different endpoint indicators,
ReCiPe Endoint (E) v1.09 and IMPACT 2002+ v2.11 which represent different approaches to
determining the categorical environmental impacts, and the global warming potential and
respectively. These approaches represent a recent and comprehensive method for impact
assessment and have been widely used for this type of analysis (Gésan-Guiziou et al., 2019;
Tsai et al., 2021). Secondly, various indicators have been reported in this study as they have
been identified by previous LCA studies as the most important environmental impacts
associated with food processing in which CIP processes have neen considered (Gésan-Guiziou
et al.,, 2019; Zouaghi et al., 2019). The modeling of the processes was presented in
Supplementary- Figure 75.
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Supplementary- Figure 75. Modeling of the cleaning processes using SimaPro software.

Results

111.1 Biofilm formation

The numbers of the cultivable cells within the biofilms are given in Figure 76. As expected,
great differences were observed between strains. The highest amount was observed for Pfl
with around 8 log CFU cm, the two other strains Ec-SS2 and Bc-98/4 being at around 10°
CFU cm™ (3 and 8 10° respectively). However, some variations could be seen within the
stainless-steel coupons with one log variation at the highest for Pf1 (between 3 107 and 3 108
CFU cm?). After staining the contaminated coupons with orange acridine, the distribution and
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structure of the 24h biofilms were observed by epifluorescence microscopy at x50
magnification. (Figure 76). The surface coverage levels were consistent with the enumeration
results. The Pf1 biofilm was tightly packed in large and dense clusters on the overall surface of
the coupons, while the biofilms formed by the two other strains were composed of medium-
sized clusters separated by less contaminated areas with many single cells and small clusters.
The observation by confocal microscopy shows that the clusters of Bc-98/4 and Ec-SS2 have a
3D structure whereas the large Pf1 clusters are relatively flat, although they appear to be formed
of several layers. Furthermore, observations by epifluorescence microcopy at x1000
magnification (Supplementary- Figure 82) clearly demonstrated the presence of spores (stained
green) within the biofilms of Bc-98/4 (10-30 %).

Bc-98/4

Ec-SS2

Pfl

Surface
contamination

3.10% CFU cm
(from 9 10° to 6 10°)

8.10% CFU cm?
(from 4 108 to 1 107)

1.108 CFU cm
(from 3 107 to 3 109)

Epifluorescence microscope at x50
magnification

microscope at x400
magnification

Confocal scanning laser

P B -

gt -‘,—.A:‘_ Y

Figure 76. Biofilm formed on stainless steel surfaces stained with orange acridine, exanimated
with Epifluorescence and confocal laser microscopes. White bar = 50 and 5 pm, for
Epifluorescence and confocal images respectively.

I11.2 Resistance to cleaning

111.2.1 Detachment Kinetics of biofilm
We first investigated the possible detachment of biofilms when coupons were dipped in water
and SDS in static conditions for 20 min (Supplementary- Figure 77).
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Supplementary- Figure 77. Reduction of the number of log CFU/cm2 under static conditions
(20 min of dipping in water or SDS 0.15) of Bc-98/4, Ec-SS2, and Pf1 Biofilms.

Whatever the strain, no significant difference could be demonstrated between water and SDS.
Conversely, great differences were observed between strains. Almost no effect was observed
on Pf1 biofilm with only 0.2 log reduction, less than 0.5 log reduction for Bc-98/4, while Ec-
SS2 was particularly sensitive with more than 3 log reduction. Furthermore, the Ec-SS2
biofilms were poorly resistant to foam flow cleaning. Indeed, at 2.2 Pa, a 4 to 5 log decrease in
the number of adherent bacteria was detected after 15 seconds of cleaning, and no residual
bacteria could be detected after 3 minutes of cleaning. This strain was therefore not retained for
the remainder of this study on the effectiveness of foam flow cleaning procedures. The removal
kinetics of the two other strains in terms of the percentage of residual cultivable cells are
presented in Figure 78. In all cleaning conditions, the detachment curves clearly showed two
distinct phases. Both phases appeared to be exponential and therefore were nicely described by
the biphasic model, with R? ranging from 0.88 to 0.99. Whatever the flow condition and the
strain, the curves showed a first very short phase (less than 1 min), characterized by a rapid
detachment of the biofilms, followed by a far less efficient second phase observed during the
remaining 20 min of the cleaning time. The first phase was shorter for Bc-98/4 than for Pfl
biofilms (less than 35 sec and around 1 min, respectively). Moreover, for Bc-98/4 biofilms, the
duration of this phase was similar regardless of the cleaning condition, while the detachment
rate after 30 s cleaning increased with the shear stress (between 1.1 and 1.7 log reduction).
During the second phase, an additional decrease close to 0.3 log was observed, whatever the
cleaning condition. For Pf1, the initial detachment rate was fastest at 13.2 Pa, slowest at 2.2 Pa,
and the duration of the first phase was longer at 2.2 Pa than in other cleaning conditions. The
amount of residual biofilm continues to decrease during the second phase, but much less at 2.2
Pa than under the other cleaning conditions.
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Figure 78. Detachment Kinetics of Bc-98/4 (a) and Pf1 (b) under the different flow conditions.
Markers showed the data of three repetitions, and the line represents the biphasic fitted model
fit to each condition: 2.2 Pa (yellow square), 5.9 Pa (blue diamond), 9.8 Pa (green triangle),
13.2 Pa (red circle), and CIP 10 Pa (black triangle).

The role of the foam shear stress and the bacterial strain on the kinetics parameters (fraction of
the biofilm released during the first phase f, first kinetics constant rate kmax1, and the second
Kinetics constant rate kmax2) was then investigated. As clearly observed in Figure 79, the
kinetics parameters were strongly affected by the strain and to a lesser extent by the cleaning
conditions. First, the role of the strain was very pronounced on the parameters f and Kmax1
(Pr<0.0001 for both parameters). Indeed, f was systematically higher than 0.96 for Bc-98/4
biofilms, and lower than 0.82 for Pf1 biofilms. As for Kmaxl, it was clearly higher for Bc-98/4
biofilms in all cleaning conditions (between 1.6 and 5 times higher). On the other hand, the
results were more nuanced with respect to Kmax2. While the values of this parameter were
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close to 0.04 s in all cleaning conditions for the Bc-98/4 biofilms, they clearly increased
overall with shear stress for the Pfl biofilms. Consequently, at 2.2 Pa, Kmax2 of Bc-98/4
biofilms was 3.8 times lower than that of Pf1 biofilms and almost 2 times higher at 13.2 Pa.
Comparing the role of shear stress on the kinetics parameters for Bc-98/4 biofilms, the increase
in shear stress leads to an increase in the two parameters f and Kmax1, which results in a
cleaning efficiency of this phase that increases with the shear stress. Conversely, no significant
influence of the shear stress on the parameter Kmax2 could be identified according to the Tukey
test. For Pf1 biofilms, the values of the parameters f and Kmax1, but also of Kmax2, increased
overall with the shear stress, except for f at 2.2 Pa, which had an intermediate value.

We then investigated the efficiency of a CIP procedure with SDS at 10 Pa (Figures 78 and 79).
After 20 min cleaning, this procedure was much less effective than all the procedures involving
foam on Bc-98-4, but similar to cleaning at 2.2 Pa (the least effective procedure with foam) on
Pf1 biofilms. Moreover, the detachment of the two biofilms occurs mainly during the first
phase, which was confirmed by the Kmax2 values (0.011 and 0.005 for Bc-98/4 and Pfl
biofilms, respectively).

1 AB A W Bc-98/4 OPf1 25 WBc-98/4 OPfl
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0.95 C 20

0.9 B

= 15 B g a B
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Figure 79. Kinetics parameters f, Kmax1, and Kmax2 for Bc-98/4 and Pfl biofilms under
different flow conditions. Following Tukey’s grouping, conditions with no common letter are
significantly different.

111.2.2 Structure of the residual biofilm after the cleaning process

As in the case of biofilms before cleaning, the coupons were viewed by epifluorescence (Figure
80) and confocal microscopy (Supplementary- Figure 81) after 1 min and 20 min of cleaning
under the different conditions tested.
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Figure 80. Microscopic images of residual biofilm under different flow conditions. Exanimated
with epifluorescence microscopy at x50 magnification. White bar = 50 pum.
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Supplementary- Figure 81. 3D structure of residual biofilm under different foam flow
conditions. Exanimated with confocal laser microscopes at x400 magnification. White bar = 50
pm.

First of all, no clear differences between cleaning procedures (foam cleaning and CIP) could be
observed. After cleaning of Bc-98/4 biofilm with foam, the number of small clusters and
isolated cells was highly reduced, even after a one-minute cleaning, while the larger clusters
seemed to have better resisted to the detachment. The structure of the residual Bc-98/4 biofilms
did not appear to be more affected by longer cleaning times. Whatever the cleaning conditions,
residual spores were still observed within biofilms after 20 min cleaning (Supplementary-
Figure 82).

Concerning Pfl biofilms, the first cleaning phase also resulted in the detachment of many
isolated cells, but also in the disintegration of part of the large clusters. Indeed, the residual
clusters were often smaller than before cleaning, and the whole surface covered by the biofilms
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was significantly reduced. An additional reduction of the covered surface was also observed
after 20 min cleaning.

Before cleaning Foam at 2.2 Pa

Foam at 9.8 Pa CIP at 10 Pa

Supplementary- Figure 82. Observation of spores within Bc-98/4 biofilms, exanimated with
epifluorescence microscopy at x1000 magnification. White bar = 2 um.

I11.3 Life Cycle Assessment

All inputs considered were summarized in Table 9. The water and energy consumption of the
cleaning processes were significantly different. For example, the CIP process using NaOH at
60°C required the largest amount of water and electricity by 1.9 10% kg and 45 kWh respectively.
However, more than 63% of these consumptions came from the heating step not including the
use of 440 kWh of natural gas. On the other hand, foam flow cleaning required respectively 6.7
and 7.6 times less water and electricity respectively than the SDS-containing CIP while in the
latter conditions it consumed about 18.3 and 22.7 times less than NaOH-containing CIP. It
should be noted that the two rinsing steps in all the processes (A, B, and C respectively) account
for about 21, 57, and 77% of the total water used in each process. The consumption of SDS
surfactant was very high (12.5 times more) in CIP than foam cleaning.

When comparing the environmental impact of these processes, CIP using NaOH (A) was the
most harmful process, followed by CIP using SDS (B) and then the foam cleaning process (C).
Indeed, the damage to human health and ecosystem quality caused by foam cleaning method,
mainly due to the emission of the surfactant and compressed air production, does not exceed
6.6%, and 14.2% of that caused by process B. However, the damage caused by Process B was
18.6% and 41.7% of that caused by process A. The high human toxicity score for process A is
related to SOx and NOyx emissions during the combustion step (heating of the solution).

The results of the IMPACT 2002+ characterization are presented in Figure 83 (a) and Table 10.
Process A appears to be significantly less favorable on all indicators, except the one
corresponding to land use. This was mainly due to the heat treatment and the use of NaOH. In
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almost all aspects reflecting the total environmental impact, both process B, and C did not
exceed 20% of the environmental impact of process A. A specific comparison between
processes B and C is presented in Supplementary- Figure 84. Compared to CIP using the same
surfactant (SDS), foam cleaning reduced the environmental impacts in all aspects by about
70%, with the lowest effect on the impact for terrestrial ecotoxicity (by 20%, 244 kg TEG soil).
The largest reduction was in land occupation (reduction by 90%), ionizing radiation, respiratory
organics (C2Hs eq), and global warming (CO: eq). However, due to the production of
compressed air, foam cleaning was less favorable than CIP on aquatic eutrophication and
mineral extraction by an increase of 20% and 45% respectively.

Table 10. Contribution of the unit process to the total environmental impact of the cleaning
processes per impact category according to the impact assessment methods IMPACT 2002+.

Impact category Unit Process A Process B Process C
Carcinogens kg C2HsCl eq 3.31E+00 6.81E-01 2.00E-01
Non-carcinogens kg C2HsCl eq 1.47E+00 3.30E-01 3.30E-01
Respiratory inorganics kg PM2.5 eq 1.30E-01 2.35E-02 7.81E-03
lonizing radiation Bq C-14 eq 5.80E+03 1.53E+03 2.78E+02
Ozone layer depletion kg CFC-11eq 4.03E-05 5.07E-06 1.24E-06
Respiratory organics kg C2Hs eq 4.63E-02 1.21E-02 2.06E-03
Aguatic ecotoxicity kg TEG water 1.05E+05 3.78E+04 1.04E+04
Terrestrial ecotoxicity kg TEG soil 1.54E+03 3.07E+02 2.44E+02
Terrestrial acid/nutri kg SO2 eq 1.85E+00 3.76E-01 1.10E-01
Land occupation m2org.arable 1.26E+00 3.62E+00 3.58E-01
Aquatic acidification kg SO2eq 8.14E-01 1.22E-01 4.50E-02
Agquatic eutrophication kg PO4 P-lim 1.92E-02 4.22E-03 5.13E-03
Global warming kg CO2 eq 1.47E+02 1.91E+01 5.05E+00
Non-renewable energy MJ primary 3.00E+03 4.90E+02 1.01E+02
Mineral extraction MJ surplus 5.62E+00 1.21E+00 2.40E+00
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Figure 83. Environmental impact profiles of cleaning processes according to the impact
assessment methods IMPACT 2002+ (a) and ReCiPe (b) midpoints. Process A (red color),
Process B (blue color), and Process C (green color).

100

Supplementary- Figure 84. Comparison of the environmental impact profiles of cleaning
processes B (blue) and C (green) according to the impact assessment methods IMPACT 2002+.
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For more details, Figure 85 highlights the main substances contributors to the three impact
aspects as global warming, non-renewable energy, and aquatic eutrophication for all the
cleaning processes. Carbon dioxide (CO>) and other greenhouse gas emissions such as methane
(CHa4), sulfur hexafluoride (SFg), and dinitrogen monoxide (N20O) were found to be the main
contributors to climate changes in this study. CO2 contributes to more than 90% of the total
emission for all the cleaning processes, followed by CH4 and SFe with about 5 and 1%
respectively. The use of natural gas in process A (57% of the total kg CO, eq emitted), deionized
water, and SDS surfactant in process B (respectively 50% and 42% of the total kg CO: eq
emitted) and the production of deionized water and compressed air in process C (respectively
50% and 34% of the total kg CO2 eq emitted) were found to be the potential source to global
warming. In addition, the excessive use of natural gas, deionized water, SDS, and electricity
was the main source of non-renewable energy depletion in all cleaning processes, while the
production of compressed air contributes to 86% of the aquatic eutrophication for process C
(equivalent to the amount of phosphate and phosphorus to imbalances the aquatic system).
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Figure 85. Contributors for three impact categories of the cleaning processes according to the
impact assessment methods IMPACT 2002+. (a) global warming, (b) non-renewable energy,
and (c) aquatic eutrophication.
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On the other hand, the results obtained by ReCiPe (Figure 85 (b), Table 11) suggest a larger
contribution of process B to the total environmental impact compared to that obtained by
IMPAC T2002+. As shown in Table 11, the score of process B for marine eutrophication and
terrestrial ecotoxicity was 65% and 85% of that of process A respectively. In addition, process
B contributed the most to agricultural land occupation (3.8 m?a) and natural land transformation
(0.0456 m?). The SDS surfactant, especially fatty alcohol sulfate component, contributed 89-
96%. The foam cleaning process resulted in a 90% reduction in score (0.412 m?a for agricultural
land occupa