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Notation

Latin Letters

Symbol  SI Unit Meaning

ay, - Langmuir parameter

A m? area

A; m? interfacial area

B m minor axis

Cq - drag coefficient

D; m rotor diameter

D - deformation

e - number of rotor and stator pairs

f st frequency

F N force

5, N buoyancy force

F, N centrifugal force

K, N pressure force

Fpa N pressure force in axial flow direction
Fog N pressure force of gas

Fom N pressure force of mix

Foy N pressure force in rotational flow direction
F, N drag force

F. N drag force in axial flow direction

F; N drag force in rotational flow direction

—
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Notation

Symbol  SI Unit Meaning
(cont.)  (cont.) (cont.)
F, N surface tension force
g m-s2 gravity constant
G st rate of deformation
G’ Pa-s storage modulus
G" Pa-s loss modulus
m height
Ji mol-m~2.g7! molar diffusion flux
K m Kolmogorov length
[ m length
lg m free radial distance
L m major axis
m kg mass
n st rotational speed
OR % overrun
P Pa pressure
Pca Pa Capillary pressure
P J.s7! power
Py Jos7t.m™3 volumetric power input
Qm J kg™t mass specific heat quantity
r m radius
TB,orbit m radius of bubble orbit
T mol - 571 molar production rate vector of species i
R - gas constant
R; m radius of inner cylinder
R, m radius of outer cylinder
s m gap size
S m thickness
t s time
ty s residence time
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Symbol  SI Unit Meaning

(cont.)  (cont.) (cont.)

T °C temperature

v m-s™! velocity

Ver m-s~! creaming velocity

Vst m-s! Stokes velocity

v m-s™! velocity vector

1% m? volume

VB m? bubble volume

1% m?.s7! volume flow rate

W J work

x m diameter

TB m bubble diameter

Tp m pore diameter

50,0 pm mean bubble diameter of the cumulative number

distribution
50,3 nm mean bubble diameter of the cumulative volume
distribution

T32 nm Sauter diameter

z - number of pores

Yy m distance between pins of rotor and stator blades
Greek Letters

Symbol  SI Unit Meaning

A - difference

¥ - deformation

A st shear rate

0% - rate of strain tensor

I mol - m~2 surface-excess molar density

[ oo mol - m~2 surface concentration limit of species i

n Pa-s viscosity
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Notation

Symbol  SI Unit Meaning
(cont.)  (cont.) (cont.)
Mo Pa-s zero shear viscosity
Tcont Pa-s continuous phase viscosity
Tdisp Pa-s disperse phase viscosity
n* Pa-s complex viscosity
O ° rotation angle, contact angle
A - viscosity ratio
v m?.s7! kinematic viscosity
ov - gas volume fraction
p kg -m™® density
o N.m™! interfacial tension
Olg N-m™! interfacial tension between liquid and gas
Os,e N.m™! interfacial tension between solid and gas
05 N.m™! interfacial tension between solid and liquid
T Pa shear stress
w st angular velocity
¢ - number of resistance
Indices
Symbol  Meaning
0 initial value
b buoyancy
B bubble
c critical number
char characteristic
cont continuous phase
Ca Capillary
cr creaming
d drag
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Symbol  Meaning
(cont.)  (cont.)

dyn dynamic

disp disperse phase
gap gap

g gas

7 interfacial

[ liquid

m mix

P pore

x,Y, 2 X-, y- and z-direction

Dimensionless Numbers

Symbol  Meaning

Ca Capillary number

Cac critical Capillary number

Fr Froude number

Ne Newton number

Re Reynolds number

Regap gap Reynolds number

Ta Taylor number

Ta. critical Taylor number

We Weber number

We critical Weber number
Abbreviations

Abbrevation Meaning

DEMF Dynamically enhanced membrane foaming

DESM Dynamically enhanced static membrane (foaming)
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Abbrevation Meaning

(cont.) (cont.)

ROME Rotating membrane (foaming)

LMVT Laboratory of Food Process Engineering (Lebensmittelver-
fahrenstechnik)

SEM Scanning Electron Microscopy

R/S Rotor-stator
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Abstract

Foamed food products like ice cream, chocolate mousse, fresh cheese or bakery
products are increasingly popular due to their soft and creamy sensory properties.
The perception, stability and flow behavior of food foams strongly depend on
gas fraction and bubble size distribution. Ideally, foams contain smallest possible
gas bubbles of equal size. If the gas bubbles are small enough, they can not
be distinguished from fat particles in the mouth. Hence, fat can be replaced by
gas, leading to a fat-free yet creamy product. A narrow size distribution slows
destabilization mechanisms, and thus, the amount of stabilizers can be reduced or
the shelf life prolonged. In numerous life science related application areas foams
are manufactured using rotor-stator gas dispersing devices where gas is added to
the fluid mix and dispersed by the flow forces (shear, elongation, inertia) acting
in the whipping head. Improvements with regards to foam characteristics are
often achieved by altering the ingredients composition but maintaining the same
processing conditions. Contrary to this approach, the focus of this work was to
understand and develop a new foaming process in which smaller and more narrowly
distributed bubbles can be achieved without changing the recipe.

Fundamental insight into the mechanisms of bubble breakup in simple shear was
sought. Experiments in a parallel band apparatus and a transparent concentric
cylinder setup allowed the observation of bubble deformation and breakup, respec-
tively. To date, no data regarding bubble breakup are found in literature. It was
shown that no clear distinction between tip breakup and fracture can be made for
bubbles. Critical Capillary numbers for bubble breakup between about 29 and 45
were found for viscosity ratios between 3.1-10~7 and 6.7 - 1078, respectively.

Another aim of this study was to determine the impact of reduced static pressure
acting during the foaming process on the resulting foam microstructure. Since the
gaseous disperse phase is compressible, static pressure plays a major role in foam
production. Commonly, industrial foam production takes place in a pressure range
of 2 - 4 bar absolute in order to reduce the effective gas volume fraction in the
whipping device. However, the bubbles expand as soon as they are exposed to
atmospheric pressure. To investigate the inverse effect, namely a bubble shrink-
age during adaptation to atmospheric pressure, the static pressure in the whipping
head was reduced to partial vacuum of 0.6 bar. The comparison of pressures be-
tween 0.6 and 4.0 bar, however, showed that best foaming results are achieved
at atmospheric pressure compared to both increased and reduced static pressure.
For foams whipped at increased pressure, the bubbles grew during expansion to
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Abstract

atmospheric condition while at reduced pressure coalescence probability was in-
creased in the rotor-stator whipping device as a consequence of the enlarged gas
volume fraction.

Furthermore, new types of foaming devices using either (i) a rotating membrane
(ROME) or (ii) dynamically enhanced static membrane (DESM) were developed
and characterized. The devices consist of two concentric cylinders, one forming the
membrane: (i) rotor = membrane, (ii) membrane attached to housing. In (i) and
(i), the inner cylinder rotates with circumferential velocities up to 30 m/s. Air
is pressed through the membrane into the narrow annular gap through which the
continuous fluid phase passes. Bubbles are detached from the rotating membrane
surface and further dispersed in the narrow annular gap due to the high acting shear
stresses. Contrary to aeration with conventional non-rotating membrane devices,
the shear stress is controlled by the circumferential velocity of the inner cylinder
and is, thus, de-coupled from the volume throughput rate of the continuous fluid
phase. The impact of shear rate, gas volume fraction, gap size, type of membrane,
residence time and volumetric energy input was quantified for membranes of various
types and pore sizes.

Foams produced with the newly developed devices were systematically compared
to those whipped with an industrially commonly used rotor-stator device. The new
ROME and DESM devices were shown to produce bubbles of about half the mean
size for gas volume fractions > 0.5 and with significantly narrower size distribution.
The volumetric energy input Ey of the new devices is about one order of magnitude
lower for the dynamically enhanced membrane device as a consequence of the
reduced residence time necessary to disperse the gas bubbles. The DESM device
was scaled up to pilot scale, built and tested. The results of laboratory and pilot
scale DESM devices were comparable with respect to foam microstructure.

In order to get detailed information on the bubble formation mechanism in the
dynamically enhanced membrane foaming device, bubble detachment from a single
pore of a rotating membrane was visualized and systematically observed through a
transparent housing construction. Based on a balance of forces valid for a bubble at
the membrane surface, a simplified model was derived which allows the estimation
of the mean size of the detached bubbles as a function of the acting shear rate.
Experiments and model were in good agreement.

The combination of results on bubble breakup in simple shear, on detachment of
bubbles from the pore of a rotating membrane and rheological and microstructural
analysis of foams showed that the detachment of small bubbles from the membrane
is the dominating bubble formation process in the dynamically enhanced membrane
foaming process. An additional dispersing in the narrow annular gap is of minor
importance.
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Zusammenfassung

Geschdumte Lebensmittelprodukte werden aufgrund ihrer angenehmen Textur im-
mer beliebter. Dabei gibt es neben Desserprodukten wie Schokoladenmousse oder
Eiskrem auch eine grosse Vielfalt an salzigen Produkten wie Frischkdse oder Lachs-
mousse. In geschdumten Produkten beeinflussen der Gasanteil und die Blasengros-
senverteilung das Texturempfinden im Mund massgeblich. Idealerweise enthalten
Schaume moglichst kleine Blasen, da sich diese im Mundraum nicht von Fett-
partikeln unterscheiden lassen. Ein génzlich fettfreies Produkt wird so trotzdem
als kremig wahrgenommen. Eine enge Blasengrossenverteilung hingegen erhoht die
Stabilitat des Produktes, was dazu fiihrt, dass dieses entweder langer haltbar ist
oder Zusatzstoffe wie Verdickungsmittel und Stabilisatoren reduziert werden kon-
nen. Vielfach werden Schédume industriell mit Rotor-Stator Aufschlagmaschinen
hergestellt. Gas wird im Aufschlagkopf in vielen Schritten durch die wirkenden
Fliesskrafte (Scher-, Dehn- und Tragheitskrifte) in kleinere Blasen zerteilt. Pro-
duktverbesserungen werden oft durch eine Verdnderung der Rezeptur bewirkt,
wahrend der Aufschlagprozess selten genauer betrachtet wird. Der Fokus der vor-
liegenden Arbeit war es hingegen, die Blasenentstehung besser zu untersuchen und
einen neuen Aufschdumprozess zu entwickeln, mit dem kleinere und enger verteilte
Gasblasen erzielt werden konnen.

In einem fundamentaleren Teil dieser Arbeit wurden Erkenntnisse zu Blasenauf-
bruchsmechanismen in einfacher Scherstromung gesucht. Dazu wurden Versuche
in einer durchsichtigen konzentrischen Zylinder-Konstruktion durchgefiihrt. Es ge-
lang, bei tiefen Viskositdtsverhdltnissen Blasenaufbruch zu erzielen, wozu bislang
keine Veroffentlichungen existieren. Fiir Viskositéatsverhiltnisse zwischen 3.1 - 1077
und 6.7-107% wurden kritische Kapillarzahlen zwischen 29 und 45 ermittelt. Es
konnte zudem gezeigt werden, dass es fiir Blasen keinen klar erkennbaren Unter-
schied zwischen gesamthaftem Aufbruch und Abscheren der Blasenspitze gibt, so
wie das fiir Emulsionstropfen bekannt ist.

Weiterhin wurde der Einfluss des statischen Druckes auf die resultierende Schaum-
struktur untersucht. Da die gasférmige disperse Phase in Schiumen kompressibel
ist, spielt der statische Druck wihrend des Aufschiumprozesses eine bedeutende
Rolle. In industriellen Herstellungsprozessen wird herkdmmlicherweise bei absolu-
ten Driicken zwischen 2 und 4 bar gearbeitet, um das Gasvolumen zu verkleinern.
Sobald der Schaum aus der Anlage austritt und Atmospharendruck ausgesetzt ist,
wachsen die Blasen wiederum an, was fiir die Schaumstruktur unvorteilhaft ist.
Innerhalb dieser Arbeit wurden deshalb Driicke bis hinunter zu 0.6 bar absolut un-
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Zusammenfassung

tersucht, um den gegenteiligen Einfluss eines Blasenschrumpfens bei Beliiftung zu
beobachten und analysieren. Der Vergleich dieser Schdume zeigte, dass sowohl ein
erhohter als auch ein reduzierter statischer Druck zu negativen Verdnderungen der
Schaumstruktur fiithrt und dass die Schaumproduktion bei Atmosphérendruck zu
den eindeutig kleinsten mittleren Blasengrossen fiihrt. Es konnte weiterhin gezeigt
werden, dass das Blasenvolumen sich entsprechend dem idealen Gasgesetz mit dem
statischen Druck dndert.

In einem weiteren Teil dieser Arbeit wurde ein neuer Aufschdumprozess ent-
wickelt, das sogenannte dynamische Membranschiumen. Die zugehorige Maschine
besteht aus zwei konzentrischen Zylindern, von denen jeweils der eine aus kompak-
tem Metall besteht, wahrend der andere die Membran ist. Der innere Zylinder kann
mit Umfangsgeschwindigkeiten bis zu 30 m/s rotiert werden. Die disperse Gaspha-
se wird durch die Membran in den engen Ringspalt gedriickt, durch den der Mix
hindurchfliesst. Die an den Poren der Membran gebildeten Blasen werden dank der
hohen Schubspannung friihzeitig von der Membran abgelost und erfahren im en-
gen Ringspalt eine weitere Dispergierung. Anders als bei einer Schaumherstellung
mittels einem statischen Membranaufbau ist die wirkende Spannung vom Durch-
satz entkoppelt. Der Einfluss der Scherrate, des Gasanteiles, der Spaltweite, des
Membrantyps, der Verweilzeit und des volumenspezifischen Energieeintrages wur-
den flir Membranen mit verschiedenen Porengrdssen quantitativ analysiert. Die so
hergestellten Schiume wurden mit Schdumen verglichen, die mit einer herkémmli-
chen Rotor-Stator Anlage hergestellt wurden. Es konnte gezeigt werden, dass das
dynamische Membranschdumen es ermdoglicht, bei einem Gasanteil >0.5 halb so
grosse mittlere Blasengrossen mit engeren Blasengrossenverteilungen herzustellen.
Der volumetrische Energieeintrag ins Produkt ist aufgrund der gleichermassen ver-
kiirzten Verweilzeit etwa eine Zehnerpotenz kleiner fiir Membrananlage. Die neue
Membrananlage wurde in grosserem Massstab ausgelegt und gebaut. Vergleichende
Versuche von Labor- und Pilotanlage zeigten, dass die resultierenden Blasengrossen
praktisch identisch sind.

Ausserdem wurde der Blasenablosungsvorgang von den Poren der rotierenden
Membran ndher untersucht. Dazu wurde ein durchsichtiger Aussenmantel konstru-
iert und es wurden bei verschiedenen Drehzahlen mit einer Hochgeschwindigkeits-
kamera Filme aufgenommen. Die resultierenden Blasengrossen wurden analysiert
und mit einem auf dem Kriftegleichgewicht basierenden Modell verglichen. Dabei
wurde eine gute Ubereinstimmung zwischen Modell und Visualisierungsexperiment
gefunden.

Die Kombination der Resultate zu (i) Blasenaufbruch in einfacher Scherstro-
mung, zu (ii) Blasenablésung von der Pore einer rotierenden Membran und zur
rheologischen und mikrostrukturellen Analyse von Schdumen (iii) hat gezeigt, dass
die Blasenablosung der dominierende Blasenbildungsvorgang im dynamischen Mem-
branschdumprozess ist. Die weitere Dispergierung im engen Ringspalt ist von un-
tergeordneter Bedeutung.
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1. Introduction

1.1. Foamed food products

Foamed products are of interest in many industrial fields such as those dealing
with food, cosmetics, pharmaceutical and chemical products. In food applications,
the interest in foamed products has been strongly growing for years since most
consumers appreciate the soft and creamy mouth sensations triggered by the small
gas bubbles. Beside the wide variety of traditionally aerated food systems like ice
cream, whipped cream and mousse products, there is an ever-growing number of
new aerated foods like spreads, cheese, butter, confectionery and bakery products.
Some of the results of food aeration are |26]:

e a reduction in product density,

a change in product texture and rheology resulting in a different mouthfeel
and appearance,

e enhanced ability to take up sauces, due to the increased surface area,
e modification of digestibility,

e the possibility of a reduced shelf-life, as the finely dispersed air bubbles may
enhance oxidation reactions and affect fat and flavor ingredients,

e a change in flavor intensity and delivery.

The effects of whipping can be of nutritional benefit since small enough gas
bubbles can not be distinguished from fat globules in the mouth, thus, fat can be
replaced by air bubbles [109] and a creamy, yet fat-free product created. Carbon-
ation of soft drinks produces the tingling mouthfeel central to the appeal of these
beverages, as well as contributing acidic preservative action. In some sparkling
products like champagne, bubbles represent pure luxury, a trait much appreciated
by the consumers. Historically, foamed food like souffles, mousses, champagne
and cappuccino represent culinary art. This is the appeal of aerated foods to con-
sumers and manufacturers. All in all, the positive benefits of aerated food products
are primarily to do with texture. Fluid products such as whipped cream obtain
smoothness and novelty, while solid products such as breakfast cereals and snacks
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become light and crisp. Product rheology is altered by the air bubbles, allow-
ing originally fluid ingredients to be molded into more attractive shapes such as
meringue nests.

The instability of foamed systems is an issue for industrial foam production.
Stability is largely correlated with the rheology of the system, the stabilization
mechanisms can however vary. Bubbles are stabilized by surface active agents like
proteins and emulsifiers (e.g in mousse products) or solid crystals of fat in a liquid
matrix phase (e.g. in whipped cream). Bubbles can as well be fixed by a semi-
solid or solidified continuous matrix (e.g. fruit jellies). Often, a combination of
stabilization mechanisms act together or consecutively (e.g. in ice-cream). The
difficulty in describing foam formation in food products is that most of them are
composed of different types of molecules like fats, proteins, emulsifiers, hydrocol-
loids and colloidal particles that interact in ways that are only partly understood
to date [103].

Foam processing can be divided into three main categories:

e Processes in which the gas is actively dispersed in liquid, like whipping or
shaking. Such methods are commonly used to produce cream and mousse
products, frozen desserts and marshmallows.

e Sparging, where gas is injected into liquid. This type of aeration is commonly
used in the chemical industry but is less known in food industry.

e In situ generation of gas, e.g. biological or chemical leavening, carbon dioxide
release on pressure release. Typical examples found in food industry are
fermentation, in which aeration is achieved due to carbon dioxide production
by yeast or expansion extrusion, in which hot, pressurized product emerges
suddenly from an extruder, such that moisture immediately vaporizes.

1.2. Aim of the presented work

This work deals with sparging and whipping of gas with the aim to generate foam
products with a lifetime in the order of weeks. Foam structure and stability can
always be improved by varying the surfactant or stabilizer composition. Within
this thesis, foam stability was however addressed from the processing side, only.
The focus was to understand and develop a new approach to foaming where smaller
and more narrowly distributed bubbles can be achieved since foam microstructure
determines its production behavior, stability, shelf life and mouthfeel.

In numerous life-science related application areas foams are manufactured using
rotor-stator gas dispersing devices where gas is added to the fluid mix and dis-
persed by the acting flow forces (shear, elongation, inertia) in the whipping head.
In comparison to rotor-stator whipping, the usage of static membranes for foam
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production has been shown to allow dispersing at comparatively low energy input
[10]. Gas is pressed through pores and resulting bubbles are detached from the
membrane surface by the acting shear stresses. In non-rotating membrane set-ups,
the shear stress is directly coupled with the volume flow rate of the continuous
liquid phase. The resulting mean bubble sizes are large, up to one thousand times
the pore size [11]. A new dynamically enhanced membrane foaming device was
developed in this work where the shear stress no longer depends on the continuous
phase throughput, but can be controlled by the circumferential speed of the inner
cylinder which can be adjusted to values up to 30 m/s. The inner cylinder is either
a cylindrical membrane (ROME device) or made of compact metal (DESM de-
vice). In the DESM device, the membrane is attached to the inner cylinder wall of
the housing. The ROME type of dynamically enhanced membrane foaming device
was also shown to be effective in the field of emulsification where it led to very
small droplets and narrow drop size distributions, i.e. smallest mean droplet size
equivalent to pore size [146]. For a better understanding of the dynamically en-
hanced membrane foaming process, bubble detachment from the pore of a rotating
membrane was visually observed. Additionally, fundamental insight with respect
to bubble breakup in simple shear was obtained using a transparent concentric
cylinder construction.
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2. Background

Food foams such as ice cream, protein-sugar foams like meringue, whipped cream,
fresh cheese, fruit and chocolate mousse have become more and more popular in
recent years. A number of fundamental investigations on complex foam structures
can be found in literature, e.g. [2, 181, 145, 51, 177], and many publications con-
cerning foam production and foam properties depending on ingredients like surface
active molecules exist [18, 41, 175, 42|. In this chapter, the theoretical background
is discussed which is mandatory to understand the performed experiments and find
possible explanations of observed phenomena. The six main sections are: (i) foam
properties, (i) foam generation, (iii) deformation and breakup of single bubbles
in laminar flow, (iv) bubble formation at pores, (v) flow characteristics, and, (vi)
rheology.

2.1. Foam properties

Foams consist of gas (disperse phase) dispersed in a liquid (continuous phase). De-
pending on the volume ratio of gas to liquid, a distinction between spherical and
polyhedral foam can be made. For gas volume fractions below 0.74, a monodisperse
foam contains spherical bubbles between thick lamellae. Foams containing more
than 74 % gas form polyhedral bubbles, their thin lamellae meet at an angle of
120° (Fig. 2.1). Pure liquids can not be foamed because soluble surfactants are
required to stabilize the surfaces between air and liquid [182]. Foams are thermo-
dynamically unstable due to their high free interfacial energy. The system is driven
to minimize the interface by surface forces and to phase separate by gravitation
forces. These effects can be reduced and even stopped by reducing the surface
tension at the gas/liquid interface and by increasing the viscosity of the continuous
liquid phase. For convenience, the instability has been classified into two extreme
types according to the kinetics [133, 148]: (i) unstable or transient foams with life-
times of seconds and (ii) metastable or so-called permanent foams with lifetimes
which may be measured in days. There are several types of instabilities which will
be discussed in more detail in the first part of this section [173, 131], i.e. Ostwald
ripening, creaming, drainage and coalescence. The impact of surface tension on
foam stability will then be discussed in a second part of the section.
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2.1.1. Foam stability
Ostwald ripening

The growth of larger bubbles at the expense of smaller ones by diffusion is called
Ostwald ripening. Gas diffuses from one bubble to another across the interfaces and
through the continuous liquid phase. The driving force is the higher solubility of
gas under higher pressure. According to Henry’s Law, gas solubility is proportional
to pressure and temperature. The Laplace pressure (see Eq. 2.3) is inversely
proportional to the bubble radius. Thus, gas solubility is higher near small bubbles
than near large ones and consequently gas is transported from smaller to bigger
bubbles. This leads to disproportionation of the bubbles, i.e. small bubbles shrink,
large ones grow.

In addition to the pressure difference, the extent of Ostwald ripening depends
on gas solubility, temperature, lamella thickness and surface properties of the film.
Shrinkage is rapid since the surface tension and the solubility of most gases in
water-based solutions is high. Cooney [34] obtained highest foam stability and gas
volume fractions with nitrogen, followed by oxygen, hydrogen and carbon dioxide.
The higher foam stability with nitrogen can be explained by the fifty times lower
solubility of nitrogen compared to carbon dioxide. Prins [131] discussed solubility,
diffusion coefficient of nitrogen and carbon dioxide and the relation to foam stability
in more detail.

Creaming

Creaming causes bubbles to rise to the product surface where bubbles build a
close-packed layer. For dilute dispersions of spherical bubbles with diameter xg,
creaming velocity v, of single bubbles can be estimated by the Stoke’s equation:
1 g -DNp-a?
Vo = — - L 2P T8 (2.1)
18 77cont
where ¢ denotes gravity acceleration, Ap density difference between gas bubble
and surrounding continuous phase and 7., continuous phase viscosity.

Drainage

Drainage can be considered as the flow of liquid in a foam due to gravitational
forces. The lamellae get thinner and a spherical foam turns into a polyhedral one.
As a consequence of the pressure difference between plateau borders and lamellae
an additional sucking of liquid from the lamellae to the plateau borders occurs in
polyhedral foams.

The drainage rate of foams may be decreased either by increasing bulk liquid vis-
cosity or by increasing the interfacial viscosity and elasticity. Comparison of pure
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viscous liquids showed that the lifetime of foams was the same when the viscosi-
ties were made equal even though their surface tension differed [101]. Generally,
the interfacial viscosity and elasticity can be increased by packing high surfactant
or particle concentration in the interfacial film causing high adhesive or cohesive
bonding. While surface viscosity reflects the speed of relaxation processes after
imposing stress and, thus, is a measure of the energy dissipation in the surface
layer, the surface elasticity is a measure of the energy stored in the surface layer as
a result of an external stress [83]. Whereas bulk viscosity influences the thinning
of thick films by fluid drainage, the interfacial viscosity has a stronger impact on
thin film stability [133].

Plateau
border

¢, <0.74: spherical bubbles ¢, > 0.74: polyhedral bubbles foam lamella

Figure 2.1.: Schematic drawing of spherical and polyhedral foam bubbles with
lamellae and plateau border.

Coalescence

Coalescence is the fusion of two bubbles into one due to the rupture of a lamella.
If moving bubbles collide, they can either be repelled or they can coalesce. While
bubbles converge, the continuous phase between them forms the lamella. The
behavior of the lamella influences bubble coalescence. As soon as a critical film
thickness is reached, the film gets unstable and ruptures. As a consequence, the
number of bubbles decreases, their mean size increases, and the foam coarsens.
Coalescence is a limiting factor in gas dispersing/whipping processes.

2.1.2. Interfacial tension

Interfacial tension plays a major role in bubble formation and deformation. It
manifests itself as a normal stress jump at the interface between fluid and gaseous
phase. The simple case described in Sec. 2.1.2 is a constant interfacial tension
along the interface between e.g. air and pure water. Gas bubbles can not be
stabilized in such a system.
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The situation gets more complex if the liquid phase contains surfactant or interfa-
cially active impurities: the adsorption kinetics of the surfactant molecules have to
be taken into account and the interfacial tension exhibits a typical time-dependent
behavior (see Sec. 2.1.2). Foam formation is possible using such a system. How-
ever, the interfacial area significantly grows during dispersion/foam formation. To
create a stable foam, two time-scales have to be considered: time ¢4;, in which new
bubbles are formed and time ¢, needed for interface stabilization by surfactants.
If totan < taisp, the conditions for the generation of finely dispersed foams is fulfilled.
If {stab > taisp, the surfactant does not stabilize the interface fast enough leading
to direct coalescence of newly formed bubbles.

Interfacial tension of pure liquids

Molecules in a pure liquid are generally surrounded by similar neighbors. As a con-
sequence, the molecules are not subject to any resulting force caused by molecular
interactions. At air/liquid or liquid/liquid interfaces, respectively, this balance is
no longer valid. As a consequence there is a net force acting normal to the interface
causing the interfacial tension. The molecules at the interface have higher energy
and, thus, the generation of interface requires work. The smaller the free surface
energy per unit of area, the more surface can be generated for given energy input
[78, 163]. The amount of work dW is directly proportional to the enlargement of
the interfacial area dA;:

dW =o- dAI, (2.2)

where o denotes the interfacial tension. Interfacial tension represents a two-
dimensional counterpart to the three-dimensional pressure. Young [190] and Laplace
[100] derived the basic equation of capillarity describing the pressure difference be-
tween two fluids separated by a curved interface:

1 1

Apca=o- <—+—>, (2.3)
™ T

where Apc, is the Capillary pressure difference and r; and r, represent the radii of

the curved interface. For spherical bubbles with diameter xp, the Laplace pressure

is:

4.0
Ap(ja -, (24)
B
As a consequence of Eqs. 2.2 to 2.4, fluids tend to create smallest possible
interfaces and a spherical shape is consequently preferred.
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Dynamic interfacial tension

Surface active compounds drastically reduce the interfacial tension. Due to their
amphiphilic character, they are able to adsorb at gas-liquid interfaces and even
tend to accumulate at the interface leading to higher surfactant concentration at
the interface compared to the bulk liquid phase.

surface-near
layers

RN

interface

Figure 2.2.: Schematic of air/water interface and adsorption mechanism.

The adsorption process of surfactant ¢ at the interface includes two mechanisms
(see Fig. 2.2): (i) the bulk diffusion process where molecules are exchanged be-
tween bulk solution and surface-near layer, and (ii) the adsorption process, where
surfactant is transferred between surface-near layer and surface layer. The interfa-
cial tension is, thus, a function of bulk surfactant concentration ¢; and the surface
age. Ageing starts as soon as new interface is generated, e.g. by whipping. The
molar transport equation (species i) for an incompressible fluid is given as (see
[49)):

0 C;
ot

where ¢; is the species concentration, ¢ represents the mass-average velocity,
j:' the molar diffusion flux and 7; the molar production rate vector arising from
internal processes. Eq. 2.5 states that a change in the concentration of species 7
may only be caused by convection flux, diffusive flux and by internal production
processes.

Ignoring interactions of surfactant molecules and assuming monolayer adsorption
and thermodynamically ideal bulk solutions, Langmuir [99] describes the relation-

+(@V)e + v+ ji = 74 (2:5)
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ship between surface-excess concentration, ['{, and bulk concentration, ¢;, according
to equation 2.6:

B
where ay, is the Langmuir parameter and I';  a theoretical surface concentration
limit which is restricted in real systems due to coverage restraints such as critical
micelle concentration and solubility.

In contrast to theories derived from a kinetic point of view, e.g. [99, 55|, Gibbs
equation [58] is derived from a purely thermodynamic basis and is given for a two-
component system with the ideal dilute solution assumption (solute and solvent)
as:

(2.6)

s 1 do
L=—gr <dlnci>T’ (2.7)

where R is the gas constant and 7" the temperature. The surface-excess concen-
tration is not given as a direct function of the bulk concentration but in terms of
the effect of the solute on the interfacial tension. By combining Eqs. 2.6 and 2.7, a
correlation of the interfacial tension as a function of the bulk concentration is ob-
tained (Langmuir-Szysykowski isothermal equation) which is indicated as surface
equation of state [48]:

&
o=oo—R-T -1 -ln{1+—). (2.8)
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Figure 2.3.: Interfacial tension and surface-excess concentration of species i as func-
tion of bulk surfactant concentration according to Eq. 2.7 and 2.8 [4].
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s
Iﬂieq

interfacial tension G

. S
surface-excess concentration I

surface age

Figure 2.4.: Qualitative illustration of the dynamic surface tension and surface-
excess concentration as function of surface age. [4]

The Gibbs adsorption isotherm is plotted qualitatively in Fig. 2.3. From the
slopes of the tangents to the curve ¢ = o(Ing;) the equilibrium surfactant concen-
tration at the interface, I'{ at different interfacial tensions can be calculated (see Eq.
2.7). I'{ increases monotonically until the entire interface is covered with surfactant
molecules. Corresponding to the increase in surface coverage, the interfacial tension
declines with increasing bulk concentration until the critical micelle concentration
is reached from where interfacial tension adopts a constant minimum value. At
this so-called critical micelle concentration (CMC), the surfactant molecules form
micelles in the bulk phase and the desorption flux equals the adsorption flux of
surfactant (see Fig. 2.2). In non-equilibrium conditions where the surfactant cov-
erage of the interface has not reached the equilibrium state, the interfacial tension
o may differ significantly from its equilibrium value. In this case, the surface-excess
concentration and the interfacial tension are a function of the surface age since the
adsorption process is still in progress and the adsorption dynamics play an im-
portant role. A non-equilibrium state is generated for example through a change
in interfacial area when new bubbles are formed. As illustrated in Fig. 2.4, the
equilibrium is again reached after a certain time, {., and both the surface-excess
concentration and the interfacial tension once again reach a constant value. The
interfacial coverage in non-equilibrium is a complex dynamic process. No formula
exists for non-equilibrium conditions. A quantitative description is obtained by
assuming pseudo-equilibrium conditions. This will not be further discussed here.
Detailed reviews on interfacial transport phenomena covering measuring methods,
theoretical and experimental investigations are provided by Edwards et al. [49],
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Israelachvili [79], Chang and Franses [32], Dukhin et al. [48] and Ravera et al.
[141].

Surfactants

In foamed food products, emulsifiers (low-molecular weight), proteins (high-molecular
weight) or a mixture of both are used as surfactants. Detailed information on mole-
cular structure of surface active ingredients is given by Stache and Kosswig [161]
and by Stauffer [163]. Synthetic emulsifiers and biopolymers used in the food
industry are described by Hasenhuettl [75], Schuster [152] and Krog [95].

Using emulsifiers for foaming, it is important to chose such with high adsorp-
tion affinity at the air-water interface. A common way of predicting the solubility
from the molecular composition of a surfactant is the use of the HLB-concept
(hydrophilic-lipophilic balance). An HLB value <6 indicates a more hydrophobic
surfactant, an HLB value >8 a more hydrophilic behavior. The concept was de-
rived for emulsions, it can however be also applied to foams where hydrophobic
surfactants should be chosen. Depending on the behavior of the hydrophilic part,
surface active substances (emulsifiers) are divided into anionic, cationic, non-ionic
and amphoteric molecules [118].

If foams contain both proteins and emulsifiers or other amphiphilic molecules,
a competitive adsorption at the interface is observed leading to both synergistic
and antagonistic effects [115, 43, 163, 108, 96, 126]. This is currently an important
topic in research because many systems involve protein-surfactant interactions |52,
115, 116].

For both low- and high-molecular surfactants, the interfacial stabilization is di-
vided into diffusion and adsorption steps. Since proteins are much larger than
surfactants, their diffusion velocity is lower. Low molecular weight surfactants and
proteins stabilize interfaces by different mechanisms [180]: surfactants generally
stabilize an interface by the Gibbs-Marangoni mechanism that relies on the sur-
factant having a high degree of lateral mobility involving minimal interactions of
surface absorbed molecules. Conversely, proteins stabilize an interface by form-
ing a strong visco-elastic network in which the protein molecules are essentially
immobile and interacting with each other [103]. Proteins are dipolar ions and,
thus, amphoteric emulsifiers. Their macromolecular composition with positively
and negatively charged groups and hydrophilic and hydrophobic parts allows pro-
teins to have several points of contact between molecule and interface. Compared
to low-molecular weight surfactants, the interfacial occupancy by macromolecular
proteins is high already at lower concentrations and the critical micelle concen-
tration is consequently reached at lower concentrations. However, the equilibrium
interfacial occupancy of proteins is lower. Proteins often change their conforma-
tion at the interface making the adsorption process irreversible. Then, the Gibb’s
isotherm (Eq. 2.7) is not valid. The equilibrium interfacial tension is higher for
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proteins than for emulsifiers and proteins build multilayered surface films leading
to very stable foams. Proteins can be divided into globular which are rather stiff
and flexible ones. Globular proteins build thick interfacial layers which are more
resistant to shear. Flexible proteins unfold easily at the interface and build double-
to multilayers of relatively low film viscosity. Tab. 2.1 summarizes the interfacial
properties of proteins and emulsifiers according to Prins et al. [132]. The diffusion
of proteins to the interface is influenced by the degree of denaturation, temper-
ature, pH-value and ionic strength [92, 104, 37]. These parameters will not be
further discussed.

Table 2.1.: Interfacial properties of proteins and emulsifiers according to Prins et

al. [132].

Parameter Proteins  Emulsifiers
Interfacial tension [mN-m™!] ~ 50 ~ 20-30
Interfacial occupancy [mol - m~2| low high
Equilibrium film thickness [nm| 40 4
Adsorption irreversible  reversible
Conformational change yes no

Wettability and contact angle

The interfacial tension between two liquids or between liquid and gaseous phase
can be measured directly, e.g. using the drop volume method [70]. Contrarily,
the surface tension of solids can only be determined indirectly via contact angle
measurements.

gas

o droplU T

non-wetting: 90° <6 < 180° wetting: 0° <6 < 90°

Figure 2.5.: A liquid droplet in equilibrium with a horizontal surface surrounded
by gas [190].

The wettability is defined as the contact angle between a droplet in thermal
equilibrium on a horizontal surface. Depending on the type of surface and liquid,
the droplet may take a variety of shapes as illustrated in Fig. 2.5. The contact
angle 0 is given by the angle between the interface of the droplet and the horizontal
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surface. The liquid is wetting when 0<<0<90° and non-wetting when 90<0<180°.
0=0° corresponds to perfect wetting, the drop spreads and forms a film on the
membrane surface. The wetting angle is a thermodynamic variable that depends
on the interfacial tension of the surfaces. Let o7, denote the interfacial tension
at the liquid-gas interface, o,; refer to the interfacial tension at the solid-liquid
interface and o, indicate the interfacial tension between solid and gaseous phase.
In thermodynamic equilibrium, the wetting angle is given by Young’s law (see Fig.
2.5, [190]):

Os] = Osg — 014C080. (2.9)

In membrane foaming it is important that bubbles and membrane do not wet
since this is advantageous with respect to bubble detachment. If bubble and mem-
brane were wettable, the bubble would instead form a film on the membrane (Fig.
2.6). Since the gas bubble is hydrophobic compared to a water-based continuous
phase, it is best to use hydrophilic membranes.

p—

continuous
gas
phase WWMWWME
£ membrane _ﬁﬁ -
poe pore
hydrophilic membrane hydrophobic membrane

Figure 2.6.: A gas bubble at the pore of a membrane. Wetting angle between
bubble and membrane.

2.2. Foam generation

Foam generation can be considered as the process where big air bubbles are split
into smaller ones by viscous friction forces (shear, elongation) or inertia forces
acting on the interface and causing deformation and breakup. Bubble dispersing
and its reverse effect, coalescence, are in dynamic equilibrium for constant power
and energy input resulting in an equilibrium structure with certain mean bubble
size.

An upper limit in achievable gas volume fraction exists. Beyond this limit, so-
called blow-by occurs in a continuous whipping process. Blow-by is the inability
of a system to disperse all the added gas into the mix. As a result, the foam is
no longer homogeneous and the measured gas volume fraction differs from the set
one. In a rotor-stator device, blow-by can be explained according to Hanselmann
[72]. In a first step of whipping, gas and liquid tend to separate due to centrifugal
forces as a consequence of the density difference. A gas cone is built up around the
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rotor. Blow-by occurs if gas from such a cone can not be dispersed in the liquid
during its passage through the whipping head. Fig. 2.7 shows a picture of blow-by
in a high-viscous foam matrix where it manifests as an irregular surface with holes.
Blow-by can as well occur in any other continuous foaming process and has to be
avoided.

Figure 2.7.: Illustration of blow-by.

In the food industry, foam is mostly produced following two different principles
[174]:

e By supersaturating a liquid with gas, either by dissolving the gas under
pressure and releasing the pressure, e.g. in beer, or by generating gas in
situ, e.g. by fermentation.

e By mechanical means, either injection of gas through narrow openings and /or
breaking big bubbles up into smaller ones. This method is used widely
in industrial foam production since the amount of gas and the mechanical
power/energy input can be controlled.

Whipping apparatus of the second class can be further subdivided into static
mixers and dynamic mixers.

e Static mixers consist of a tube or channel with static mixing elements. The
gas and liquid phase are dispersed in the flow regime in the vicinity of the
mixing elements. The shape of the mixing elements, the overall length of the
tube and the volume flow rate influence the mixing and dispersing character-
istics. Static mixers are simple to operate and cheap with the disadvantage
that the energy input and consequently the dispersing intensity can only be
varied by changing the volume flow rate or the geometry of the mixer [187].
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e Typically, dynamic mixers consist of a rotor-stator system with whipping
blades, which disperse the gas bubbles in a flow field controlled by the cir-
cumferential velocity of the rotor and the residence time given by the volume
throughput rate.

Another distinction between foaming principles of particular interest in this work
is between i) processes where big bubbles are broken up into smaller ones by the
shear field, and, ii) processes where the gas is directly introduced into the mix
as small bubbles, thus creating a foam. The typical examples for i), rotor-stator
devices, and for ii), membrane devices, will be described in further detail.

2.2.1. Rotor-stator whipping device (R/S)

Continuous rotor-stator mixers are a common whipping equipment used in indus-
trial applications. They consist of a rotor and a stator each having a series of
blades with pins. Stator pins are welded onto the mixing head housing, rotor pins
onto the shaft. By spinning the rotor, a complex dispersing flow field between
the partially intermeshing rotor and stator pins is generated. Rotor-stator mix-
ers produce foam continuously. A large variety of empirically designed continuous
R/S-mixers are available differing in size, pin geometry, gap size, number of pins
and/or blades [72|. Depending on circumferential rotor velocity, rotor and stator
geometry and viscosity of the two phases/foam systems, laminar or turbulent flow
fields are generated in R/S-whipping heads. The bubble size decreases until the
equilibrium between shear forces and surface forces is reached if the residence time
is long enough. Since in general a residence time and dispersing spectrum exist,
the resulting bubble size is not uniform.

2.2.2. Static membrane setup

Membrane foaming using static membranes enables the direct incorporation of
small gas bubbles into the product. There is no need to break bubbles up in a flow
field. The disperse phase is pressed through a membrane into the cross-flowing
continuous phase. Bubbles are formed at the pores and wiped off by the flow of
the continuous fluid phase. The main advantage of such membrane foaming devices
are the small energy input into the product which is important for mechanically
sensitive foam products. Most important disadvantages are the coupling of shear
force and throughput rate and relatively large resulting bubbles. Fig. 2.8 shows a
schematic drawing of bubble and foam generation using a static membrane.

Bals [10] showed that for foams produced with a static membrane containing
high gas volume fractions, coalescence leads to bubble sizes significantly larger
than pore size up to a factor of 1000. Furthermore, the emulsifier properties are
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continuous phase continuous phase

gas phase gas phase gas phase gas phase

Figure 2.8.: Model of bubble and foam generation when using a static membrane.

of major importance since the energy input is low and a high surface activity is
needed to stabilize bubbles via surface forces only [176, 12, 71|. The quantity needs
to be above the critical micelle concentration to make sure that at least a monolayer
covers the built interface. If proteins are used as the surfactant, a concentration
above 5 weight % is needed. Viscosities up to 0.1 Pa -s were found to stabilize
the product due to a delay in coalescence and drainage while higher viscosities
hindered bubble incorporation. The dominating factors for resulting bubble size
were coalescence at the pore and in the subsequent flow, the factor of coalescence
depended on the pore size.

2.2.3. Dynamically enhanced membrane foaming

Similar to the foaming principle valid for static membranes (see Sec. 2.2.2, gas
is pressed through membrane pores and resulting bubbles are detached from the
membrane surface by the acting shear stresses. In the new dynamically enhanced
membrane foaming device developed during this work, the shear stress no longer
depends on the throughput rate of the continuous phase only but can be controlled
by the circumferential velocity of the inner cylinder. Circumferential velocities up
to 30 m/s can be reached. The inner cylinder is either a cylindrical membrane
(ROME) or made of compact metal (DESM). In the latter case the membrane
is attached to the inner wall of the outer cylinder housing. The ROME type of
dynamically enhanced membrane device was also shown to be effective in the field
of emulsification (Patent: DE 10 2004 040 735.5) where it led to very small droplets
and narrow drop size distributions, i.e. smallest mean droplet size about equivalent
to pore size.
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Detailed information about the dynamically enhanced membrane foaming device
will be given in Sec. 3.3.4.

2.3. Bubble deformation and breakup in
laminar flow

Foaming processes make use of the breakup of bubbles caused by viscous friction
(shear and elongational) or inertia stresses. Such stresses are generated in dis-
persing flow fields acting in foaming devices. When bubbles are subjected to flow
stresses, they deform and break up into smaller bubbles if the stresses are suffi-
ciently high. Investigations concerned with the breakup behavior of single bubbles
would allow predictions of bubble dispersing in foams. While a wide range of stud-
ies has investigated the correlation of deformation and breakup of single liquid
drops to the external flow conditions, only few studies about bubble deformation
exist. Bubble breakup is not reported in any publication to date. Detailed review
articles on deformation and breakup of droplets are provided by Grace [60], Acrivos
[1], Rallison [139] and Stone [164], on deformation of bubbles by Rust and Manga
[144] and Canedo et al [27]. Parameters describing deformation and breakup in
simple shear and elongational flow will be discussed in this section.

2.3.1. Parameters describing bubble deformation
and flow stresses

A spherical bubble placed in steady simple shear flow with low Reynolds number
deforms with a time-dependent shape and orientation until it reaches a steady
deformation or breaks up into smaller bubbles. The steady bubble shape and
orientation depend on (i) the ratio of the viscosity of the bubble relative to the
surrounding fluid, (ii) the concentration and behavior of surfactant, and (iii) the
Capillary number Ca. Ca is the ratio of shear stresses generated in the flow
that deform the bubble and interfacial tension related stresses represented by the
Laplace pressure that tend to keep the bubble spherical.

_ Tcont 'G’xB

C
“ 2.0

(2.10)

In equation 2.10, G defines the rate of deformation. For quantitative evaluation
of flow problems, G has to be attributed to the flow field. G may represent any
linear combination of shear and elongation flow components. For simple shear, the
velocity ¢/ is given as

18



2.3. Bubble deformation and breakup in laminar flow

vy
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Accordingly, the rate-of-strain tensor results as:

L (0 A0
J=5( 700 (2.12)
00 0

As a consequence, GG in Eq. 2.10 is represented by the shear rate < in the
case of simple shear flow. Feigl et al. [53] presented modifications of G for more
complex flow fields like uni-axial and planar elongational flows as well as mixed
elongational-shear flow.

Figure 2.9.: Parameters describing bubble deformation: a) initial, undeformed bub-
ble shape and b) deformed bubble.

At low deformations, the deformed bubble has an ellipsoidal shape. In a two-
dimensional approach assuming an axisymmetric bubble shape, its major axis L
and its minor axis B as well as the rotation angle versus the principal axis of
flow 6 define the bubble shape in flow. Fig. 2.9 shows a schematic drawing of
an initial, spherical bubble and a deformed, ellipsoidal bubble. The deformation
parameter D first introduced by Taylor [170] can be used to characterize the degree
of deformation for modest shape changes:

L—-B

L+ B

D is 0 for a sphere and asymptotically approaches unity for higher deformed,
long and slender bubbles. For small deformations, the steady-state geometry of a

(2.13)
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bubble can be described using Taylor theory [170]:

19X + 16

e 2.14
16X+ 16’ ( )

=Ca
where ) is the ratio of the disperse phase viscosity to the continuous phase viscosity.
For Ca << 1 and X\ << 1, the bubble is nearly spherical with

Ca= D, (2.15)

see [169, 170, 35]. Experimental data [16, 60, 66, 170, 172, 69, 67] and numerical
calculations [138, 129] confirm this relationship.

For highly deformed bubbles, where the shape deviates strongly from an ideal
ellipsoid, the dimensionless length L /xg, obtained by dividing the longer axis of
the deformed bubble L by the original bubble radius xp is an appropriate measure
of deformation [16]. At high deformations (L >> xg), bubbles are elongated with
pointed ends. Using slender body theory and assuming bubbles to be circular in
cross section, Hinch and Acrivos 77| predict:

L
— =~ 3.45.Ca”® (2.16)
B

for Ca >> 1, A << 1 and Re << 1. Canedo et al [27] measured experimentally
the deformation of air bubbles suspended in polybutene oil in a concentric cylinder
device which approximates simple shear. They found that bubble cross-sections
are elliptical and suggested that deformations as a function of C'a are slightly less
than predicted by Eq. 2.16. Their data for 3 < Ca < 50 were well described by

L g1 g0, (2.17)
B

The basic assumptions of most theoretical calculations that should be closely
followed in experimental studies are [27]:

e Steady creeping flow with negligible inertia effects

e Incompressible Newtonian fluids

e No buoyancy effects, negligible net body forces on the bubble
e No wall effects, effectively unbounded suspending flow-field

e No heat or mass transfer, isothermal conditions, constant physical properties

For bubbles, the boundary conditions of "incompressibility" and "no buoyancy"
can not be fulfilled.
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All above mentioned theories (Eqs. 2.13 to 2.17) have been widely, but not always
successfully explored. In early experiments, Taylor [170] found values that were
scattered by more than 50 % from his model predictions because his materials were
not pure enough and, thus, the viscosity ratio and interfacial tension not constant.
Rumscheidt and Mason [143] tested Eq. 2.14 and found a number of systems giving
good agreement. However, there were also a number of systems showing significant
deviations from the model. More recently, very good agreement was found between
the Taylor equation and experimental data [172, 69|, even at values of Capillary
number considered beyond the range of validity of the Taylor analysis.
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Figure 2.10.: Deformation parameter D (left side) and dimensionless extension ra-
tio L/xp (right side) versus Capillary number Ca for bubbles in
steady simple shear flow with A << 1 and Re << 1. Circle size
proportional to undeformed bubble (0.88 < xp < 2.55 mm). Data
and graphs by Rust and Manga [144].

The only fairly recent investigation of bubble behavior under simple shear was
published by Rust and Manga [144]. Their experiments comprised shape data for
bubbles for 0.02 < Ca < 7.1 reaching both spheroidal and slender body model
regimes described by Eq. 2.15 and Eq. 2.16, respectively, as well as the transition
between small and large deformation limits. Rust and Manga reached bubble
deformations D of 0.94 corresponding to L/xg = 32 but did not reach bubble
breakup neither during shearing nor during relaxation. Their data agreed well
with Eq. 2.15 for values of A — 0 and Re << 1 up to Ca < 0.5 and with Eq.
2.16 for C'a > 1 and values of A << 1 and Re << 1 whereas Eq. 2.17 slightly
underestimates the data (see Fig. 2.10).

Associated with the deformation of a bubble under shear, there is an orientation
process which makes the deformed bubble reach an angle # with respect to the
flow direction. This angle is by definition 45 ° at rest and decreases with increasing
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applied shear-rate as the bubble becomes aligned with the flow direction more
and more. This flow-induced orientation depends on the Capillary number and
has first been expressed as a linear relationship |28, 29, 137|. From experimental
observation, it has however become clear that ¢ does not depend linearly on Ca
when the shear-rate increases. Hence, a non-linear description (transcendental
function) must be used. Cox [35] published his theoretical analysis which follows
as:

1
0 = % — 5 arctan (1 fce ) (2.18)

for bubble orientation under shear flow. In this case, the viscosity ratio between
bubble and continuous phase is taken into account. Hinch and Acrivos [77] pro-
posed a model for high Capillary numbers in systems in which the disperse phase
has a low viscosity compared to that of the suspending liquid:

0 = arctan (0.359 - Ca“ﬁ). (2.19)

The phenomenological model of Maffetone and Minale [107] assumes ellipsoidal
particle form and describes the orientation as:

1
0= 5 arctan (Lt ), (2.20)
where f; is given by:
40(A + 1
fi= ( ) (2.21)

(2A+3)- (19X + 16)”

Experimental work using Eqs. 2.18 and 2.19 showed reasonably good agreement
between theory and experiments for relatively large deformations [27, 144]. How-
ever, the Cox equation (Eq. 2.18) fails to predict experimental trends of 6 for A <1.
The most appropriate range of applicability of the Cox theory is for A >> 1, where
good agreement has been found with experimental data for any value of Ca [68].

2.3.2. Breakup of single bubbles in 2-dimensional
shear and elongational flow

Since no data exist on the breakup of bubbles, the following relationships will in-
stead be discussed for droplets. Stresses generated in a flow field deform a droplet
while interfacial tension stresses resist the deformation. A droplet is unable to
maintain a steady shape as soon as flow-induced stresses exceed the interfacial ten-
sion stress. Consequently, the droplet undergoes a transient, continuous stretching
which eventually results in droplet breakup. The burst of a droplet depends not
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only on flow type and Capillary number, but on the entire time history of the veloc-
ity gradient experienced by the droplet [172, 77|. Transient effects are discussed in
Stone et al. [165]. In the following, only steady state investigations are considered.
The critical Capillary number
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Figure 2.11.: Influence of viscosity ratio A on critical Capillary number for simple
shear («=0) and planar elongation (a=1), experimental results of
several authors (according to [89]).

is defined as the point where no stable droplet/bubble shape exists because a
critical stress leads to breakup. The critical Capillary number depends on the
type of flow, i.e. simple shear flow (o = 0), mixed shear-elongational flow (0 <
a < 1) or pure extensional flow (o = 1). The viscosity ratio A of disperse to
continuous phase strongly influences the critical Capillary number for simple shear
flow and slightly for extensional flow [89]. Ca is, thus, commonly plotted as a
function of A (Fig. 2.11). Critical deformations were investigated for droplets by
Rumscheidt and Mason [143], Karam and Bellinger [84], Tavgac [168|, Torza et al.
[172], Stroeve and Varanasi [166], Armbruster [6] and Bentley and Leal [16]. The
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most extensive results were published by Grace [60] for viscosity ratios between
107¢ < X < 10? for low viscous droplets in high viscous continuous phases. Fig.
2.11 shows experimental results of several authors. The variations can be explained
by the difficulty of such experiments. The curve of Karam and Bellinger [84] is
qualitatively correct, it is however shifted due to measuring errors of the interfacial
tension [60].

The effect of vorticity of the external flow plays a critical role in determining
whether breakup occurs or not. In contrast to pure extensional flow where the
vorticity is zero, simple shear flow has equal parts of vorticity and strain rate. In
simple shear flow, deformation and breakup are promoted by the straining motion
in the external shear and are inhibited by the vorticity in the outer flow. At a
viscosity ratio of A &~ 1, a minimum in critical Capillary number is reached. For A
>1, the critical Capillary number rises strongly. Taylor [170] showed that breakup
in simple shear flow is impossible for A >~ 3.6. Instead, with further increasing
applied shear rate, a slightly deformed droplet remains with an orientation angle
of 0 ~ 0. Higher shear induces a faster circulation of fluid within the drop only.
Drops in the low viscosity ratio regime typical for bubbles were shown to require
high Capillary numbers for burst and to attain steady slender shapes at very large,
under-critical deformations. The lower the viscosity ratio, the greater the sustain-
able deformation and consequently the higher the critical Capillary number. For
such deformations, droplets and bubbles deviate from ellipsoidal shape consider-
ably and develop pointed ends. A special breakup mechanism was observed at such
low viscosity ratios for droplets: This so-called tip streaming in simple shear flows
is a mode of droplet breakup in which the droplet develops a sigmoidal shape and
a stream of tiny droplets is ruptured off the pointed ends/tips of the drop. Tip
streaming is observed at under-critical Capillary number for drops [170, 60].

De Brujin [40] closely investigated tipstreaming by testing suggested causes ex-
perimentally, namely the viscosity ratio, the rate of increase of the shear rate and
the presence of surfactants. Tip breakup behavior is potentially very important
since the shear rates required for this type of breakup have in some circumstances
been observed to be two orders of magnitude lower than for the normal type of
fracture breakup where a droplet is broken into two or three almost equally sized
droplets with a few tiny satellite droplets in between (see Fig. 2.12). Additionally,
the resulting particles can be much smaller for tip streaming than for fracture. De
Brujin found that the occurrence of tip streaming depends on the type of liquid
and on the deformation history while the viscosity ratio is not important provided
it is smaller than unity. Most importantly, de Brujin found that tip streaming only
occurs if interfacial tension gradients can develop, i.e. in the presence of surfac-
tants or impurities in the fluid. The surfactant molecules are swept towards the
pointed ends which results in low interfacial tension at the tips and higher tension
elsewhere. At high enough surfactant concentrations, the interface gets less mobile
and the ends become rigid allowing the shear stresses exerted by the continuous
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2.4. Bubble formation at pores

phase to pull out a stream of droplets. Tip streaming does not occur at extremely
low surface active material levels, when the interfacial tension cannot even be low-
ered locally, nor at high levels where there is so much surface active material present
that the interfacial tension is low all over the droplet. Further investigations on
the effect of surfactants on drop breakup were performed by Janssen et al. |80, 81|
and by Briscoe et al. [24].

tipstreaming Q z j f
@ ﬁ
fracture ap ° °

Figure 2.12.: Types of breakup observed in simple shear flow: fracture and tip-
streaming [40].

In pure extensional flow, the critical Capillary number decreases with increasing
viscosity ratio and remains constant for A > 3 (e.g. [16, 53|). Contrarily to simple
shear flow, breakup can be achieved for arbitrary values of A since no vorticity
exists in pure extensional flow. When the applied elongational stresses exceed the
critical stresses for breakup, the drops become highly extended to a long filament
which breaks up due to capillary waves (e.g. [171, 114]).

For mixed flows containing both shear and elongation, the curve describing the
critical Capillary number lies in-between the curves for the pure stress components.

As a consequence of all these studies, shear is less effective in drop breakup than
elongation.

2.4. Bubble formation at pores

The concept of membrane foaming (Sec. 2.2.3 and 2.4.4) is the simultaneous in-
troduction of many small bubbles using a membrane as the dispersing tool. It
is essential to understand the formation and detachment of bubbles from pores in
order to optimize the process. Both bubble formation and detachment are complex
events since bubbles are compressible and transient in size and form.

In this section, the difference between dripping and jetting will be explained.
Then bubble formation and detachment into stagnant and flowing continuous
phases will be described. In addition, the significant impact of the relative motion
of one wall against the other will be discussed to understand the advantages of the
dynamically enhanced membrane device compared to a static membrane setup.
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Forces acting on the bubbles will be discussed and factors influencing bubble for-
mation and detachment derived.

2.4.1. Dripping and jetting

bubble cluster
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Figure 2.13.: Schematic drawing of bubble formation at capillary tip or pore: drip-
ping and jetting (22).

When talking about bubble formation, a distinction between two mechanisms,
i.e. dripping and jetting, is made. Bubble formation in the dripping domain can be
described as a periodical formation of single bubbles [22, 135, 97, 140, 38|. Earlier
publications [22| state a jetting domain for bubble formation where the air leaves
a pore or capillary tip as a jet, hence the name jetting (see Fig. 2.13). Modern
measuring techniques showed that no such jet formation happens for bubbles | 136]
while it does for droplets where liquid drops break up from an extended filament due
to capillary waves (see Fig. 2.14). However, with increasing gas throughput rates,
a change in bubble formation mechanism was observed: bubbles were observed to
be formed as single bubbles or in pairs (see Fig. 2.15, [136]), the latter of which
might lead to direct coalescence at the capillary tip or membrane pore.

The transition point between the dripping and jetting domain has been analyzed
in detail for droplets while few information is available for bubbles. The dynamics
of droplet formation change significantly at the transition point (e.g. [147, 191, 33,
36]). Important parameters affecting the droplet breakup mechanism include the
viscosity and density of the disperse phase, nqisp and paisp, the mean velocity of the

26



2.4. Bubble formation at pores

b) Qdisp

| Ndisp
[[{{ s

Figure 2.14.: Drop formation mechanism at a capillary tip: a) dripping and b)
jetting (according to [36]).

sorsd

Figure 2.15.: Schematic drawing of bubble formation at capillary tip [136].
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disperse phase at the capillary tip vqisp the viscosity and density of the continuous
phase, Neont and peons, the velocity of the continuous phase veont, and the capillary
diameter Dc,.

Since many publications dealing with models on bubble formation and resulting
bubble size still distinguish the dripping and jetting domain, the domains will be
discussed separately.

2.4.2. Bubble formation into stagnant continuous
phase

Dripping: low disperse phase velocity

At low disperse phase flow rates and corresponding low disperse phase velocities,
single bubbles are formed and detached from pores as soon as the detaching forces
outweigh the retaining forces. This type of bubble formation is called dripping [ 10],
the relevant forces acting in the case of dripping into a stagnant continuous phase
are shown in Fig. 2.16 and summarized in Eq. 2.23.

Figure 2.16.: Forces acting on a bubble for dripping at low gas throughputs into
stagnant fluid (according to [10]). F, is the buoyancy force, F),, the
pressure force of gas, F, the pressure force of mix, Fi, the surface
tension force, I the drag force, xg the bubble diameter and xp the
pore diameter.

Fo+ Fr+ Fpm + F + Fg = 0, (2.23)

An important retaining force is the surface tension force, Fy:
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2.4. Bubble formation at pores

Fo=map-o (2.24)

By approximation, the pore diameter xp and the equilibrium surface tension
o are used to compute the surface tension force. For exact calculation, the pore
diameter can only be used in an early phase of bubble formation. In a later phase
nearing bubble detachment the narrowest diameter of the bubble neck should be
used. This neck diameter is, however, hard to estimate. The time dependent
surface tension grows linearly with growing bubble diameter.

One of the detaching forces is the buoyancy force Fj, given by the density differ-
ence Ap between inner and outer phase:

Fy = Dp- Vi g, (2.25)

where Vg is the bubble volume and ¢ the gravity constant.
Following the capillary theory, the resulting bubble size x g can then be computed
via the equilibrium of these forces for very low gas throughputs [156]:

6'$p'0
g = ¢ ——. 2.26
Vo (2.26)

It is assumed that the surrounding fluid is not accelerated by the bubble forma-
tion and thus only inertia, static pressure and surface tension forces play a role.
From the entire balance of forces for bubble detachment into a stagnant continuous
phase (Eq. 2.23), the drag force F. and the pressure forces of mix and gas, Fym
and £, respectively, were neglected in Eq. 2.26.

In Mersmann’s model [113], the bubble retaining drag force F; is additionally
considered. F; results from the resistance of the surrounding fluid against bubble
growth and includes a drag coefficient cq, the relative velocity of bubble versus
fluid v, and the bubble cross section xpg. It is assumed that the drag coefficient
does not change.

2 2
Urel * Pecont X T
2 4

The force balance of this simplified model by Mersmann [113] considering bubble
dripping into a stagnant fluid and low gas velocities results as:

Fy = cq (2.27)

Fo+ F-+F =0 (2.28)

Mersmann’s model can be modified to include the ratio of Weber (We) and
Froude (Fr) number. This dimensionless notation simplifies the comparison of
measured values of different systems. In this case, the We-number (We = 2-Ca)
which is the ratio of inertia and surface tension force is defined in such a way that
the gas velocity is dependent on the number of pores z:
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We = (2.29)

where v, p is the gas velocity through the pores. High We-numbers are equivalent
to high amounts of stabilizing forces. The Fr-number is derived from the inertia
force generated by the difference in buoyancy and gravitational force:

2.30
g-xp ( )
When the Fr-number is divided by the We-number, the inertia force cancels if
quasi-static conditions are assumed. Eq. 2.31

1 1
Fr\2 3.0 3

= 1817 — = 126 ——— 2.31

o . <W6> o <pc0nt’g‘x%> ( )

gives good agreement with measured values of Siemes [156] for different systems
and nozzles [22].

Mersmann’s model was adapted in many ways, e.g. by including the kinetic
force of the flowing disperse phase as detaching force [140], iteratively (e.g. [97,
142, 136, 134]), or by depending on the viscosity of the continuous phase |56].

Transition from dripping to jetting for bubbles

The relationships described above are only valid for low gas flow rates. With
increasing gas flow rate, the frequency of bubble formation first increases while
the bubble diameter stays the same and remains approximately monodisperse.
When the gas flow rate is further increased, the bubbles grow and start touching
each other. From some point on, the frequency of bubble formation does not
change anymore [156]. Instead, bubbles start to deform each other resulting in
a heterodisperse size distribution. A preceding bubble creates a vacuum which
sucks out the subsequent bubble. This second bubble is accelerated when the tube
linking bubble and pore snaps and the bubble bumps into the first bubble leading to
flattened ellipsoidal bubble geometries. The sucking force additionally influences
the force balance in this transition region from dripping to jetting. Depending
on the acting forces and surface characteristics, colliding bubbles coalesce or are
dispersed by flow forces. The resulting bubble size is dependent on three factors
[154]: i) dispersion at dispersing tool, ii) system tendency to coalescence and iii)
secondary dispersing in continuous phase.

We > 2 is defined as the point of transition to jetting in some publications [113,
20, 125]. The boundary between dripping and jetting is shifted to higher Weber-
numbers for higher continuous phase viscosities. Experiments showed that the
mean bubble diameter decreases and the size distribution widens at the transition
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2.4. Bubble formation at pores

point from dripping to jetting since secondary dispersion in the continuous phase
takes place. Some theoretical approaches to calculate the secondary bubble size
have been published. However, these theories contain many modulation parameters
in addition to system and process parameters (e.g. [93, 134]).

Jetting

In the lower jetting domain the mean bubble size is smaller than in the dripping
domain due to secondary bubble breakup in the continuous phase [22]. At the same
time, the width of the size distribution increases. In the higher jetting domain, the
mean bubble size again increases due to coalescence [140, 21, 8, 134|. The impact
of coalescence is determined by the system’s viscosity and surface tension. The
coalescence rate is proportional to the collision frequency f.on which is determined
by the disperse phase fraction ¢y, the gas velocity vg, the volumetric power input
Py, the bubble size xp, the temperature 7', and the continuous phase viscosity

ncont:

¢y -vg-Py-axg-T

ncont

fcoll -

(2.32)

The influence of surface tension on the bubble diameter decreases with increas-
ing gas flow rate and is negligible in the jetting region. Inertia forces dominate
the bubble formation. Klug [93| found that for We > 6, the bubble diameter
is independent of the gas flow rate and is only dependent on the flow, the shear
field created by neighbor bubbles and the momentum resulting from the rupture
of bubble necks connecting bubble and pore.

Difference between bubble formation at nozzles and porous
systems

Contrary to the conditions found for nozzles, the surrounding fluid is limited for
porous systems like multipore membranes. The pressure drop is lower for porous
systems than for nozzles and the resulting bubble volume linearly dependent on
the pressure difference [91]. The plate thickness and the gas filled cavity in front
of the membrane are important. Since the complex pore network of a porous plate
is difficult to characterize, real porous system are often theoretically treated as
multi-nozzle systems.

When using porous plates, interactions between neighboring pores play an im-
portant role. If the pore distance is too small, bubbles can coalesce. Flow fields
generated by bubble detachment influence detachment of succeeding bubbles. To
guarantee defined bubble formation and detachment, the distance between pores
should at least equal the bubble size.
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2.4.3. Bubble formation into flowing continuous
phase

In a continuously flowed through membrane, bubbles are not pressed into a stag-
nant but a flowing continuous phase. The bubble detachment is significantly in-
fluenced by the flow forces of the continuous phase. Bikerman [18| found that the
resulting bubble size is four to ten times smaller in this case compared to bubbling
into a stagnant continuous phase.

Fig. 2.17 shows the forces acting on a bubble in a continuously moved outer
phase [9]. Besides the forces acting on a bubble in stagnant fluid (Fig. 2.16), three
forces appear if the bubble is pressed into a flowing continuous phase (Fig. 2.17 and
Eq. 2.33): (i) the axial drag force F;,, evoked by the flow rate of the continuous
liquid phase, (ii) the dynamic pressure force in the axial flow direction F,, and (iii)
a dynamic lifting force Fj, qyn. The direction of Fj, 4yn is hard to predict since it
strongly depends on the flow conditions near the bubble which are governed by the
flow profile in the gap but also by the flow lines passing the bubble.

FEmFb:dyn

Figure 2.17.: Forces acting on a bubble during its formation and detachment from
a pore into a flowing continuous phase.

The resulting balance of forces for bubble detachment in the case of continuous
bubble formation into a flowing continuous phase can be stated as:

Fot Fr+ Epm + Foayn + Fpg + Fpa + Fra = 0 (2.33)

The absolute value of the axial drag force now depends on the velocity of the
continuous phase and the bubble size. The higher the velocity of the continuous
phase, the earlier bubbles are detached.

Uc20nt * Peont $2B "

[ 2.34
“ 2 A (2:34)
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2.4. Bubble formation at pores

Several coherences were published for the drag coefficient ¢y, e.g. the simplified
Stokes-approach published by Brauer [22| valid up to a Reynolds-number of 10°:

24

== (2.35)

Cd

This equation leads to errors up to 40 %. The Reynolds-number is calculated
according to Eqs. 2.40 or 2.41, depending on the device used. Much more exact
(maximal error 4 %) is the approximation by Kaskar and Brauer (185):

24 4
4= 5 + 05 +0.4. (2.36)

No tangible models are published for the calculation of the resulting bubble size
for detachment into a flowing continuous phase. Important influencing parameters
are the velocity of the continuous phase, the viscosity of the continuous phase,
the wall shear stress and the geometry of the flow channel. The onset of jetting
is known to be shifted to higher values when the bubbles are introduced into a
flowing medium since the detaching forces are higher [93]. The rupturing of the
tube linking bubble and pore can be neglected.

Bals [10] compared several models valid for bubble formation into a stagnant
phase to experiments results which were obtained for bubble detachment into a
flowing continuous phase. The dominating factors in the experiment were the pore
size, surface tension, flow rate of continuous phase, velocity of disperse phase and
viscosity of continuous phase. The calculated values were significantly lower than
the measured ones, i.e. 2 to 3000 times lower. This is astonishing since the flow
forces present in the experiments were not even considered. Bals showed that four
models of different complexity [156, 113, 22, 56] resulted in the same value of
68 pm (half the measured bubble size) because the surface tension force was the
dominating factor in all four models. Additional terms dealt with the lifting force
and the drag force. Three other models [38, 157, 18] led to still smaller bubbles
sizes since important factors like the pore size and surface tension were not even
considered in the equations.

Bals [11] found a relationship between pore size and bubble size in experiments.
For small pore sizes, the bubble diameter was shown to increase linearly with
the pore diameter. This is in agreement with the results reported for membrane
emulsification [88, 82, 127, 7, 155|. For bigger pore sizes, the bubble size was
found to increase less than proportionally with increasing pore size. This means
that the pore size influences the resulting bubble size less for larger pore sizes. The
qualitative influences leading to this result are that: (i) the interfacial tension force
increases with increasing pore size but decreases with increasing bubble diameter
and (ii) the gas velocity in the pore decreases as the pore size increases.
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2.4.4. Bubble detachment from pores of a
dynamically enhanced membrane into a
flowing continuous phase

rotation

Figure 2.18.: Forces acting on a bubble during its formation and detachment from
a pore of the rotating membrane.

Early bubble detachment from the pores is crucial in membrane dispersing
processes. Thus, a dynamically enhanced membrane foaming (DEMF) device was
developed to be able to define, vary and significantly increase the detaching forces.
In this DEMF device, the inner cylinder rotates with circumferential velocities up
to 30 m/s. This inner, rotating cylinder can either hold the membrane (rotat-
ing membrane type, ROME) or be made of compact metal (no pores) while the
membrane is attached to the inner wall of the outer, static cylinder (dynamically
enhanced static membrane type, DESM). In both device types, the shear rate is
proportional to the velocity difference between inner and outer cylinder, the rotor
diameter and reverse proportional to the gap size (Eq. 2.47). If these three para-
meters are constant and if wall slip is negligible, the acting dispersing forces should
be identical for the two set-ups. Fig. 2.18 exemplarily shows the forces acting on
the bubbles at a rotating membrane (ROME type). The gas is pressed into a flow-
ing continuous phase. Compared to a non-rotating system, the drag force created
by the membrane rotation has to be taken into account and the buoyancy force
is replaced by the centrifugal force. Detaching forces are (i) the rotational drag
force F., (ii) the axial drag force F;, evoked by the flow rate of the continuous
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liquid phase, (iii) the pressure force F,, resulting from the trans-membrane gas
pressure difference and leading to bubble growth, (iv) the dynamic pressure force
in rotational flow direction F),, and (v) the dynamic pressure force in the axial
flow direction F,,. Compared to /., the influence of F., on bubble detachment is
small to negligible. Both forces depend on bubble size and acting shear stresses.
Retaining forces are (vi) the pressure force of the mix F,,, (vii) the surface tension
force I, depending on surface tension and pore size (for bubbles attached to the
pore by a neck, the pore perimeter is replaced by the smallest perimeter of the
tube linking bubble and pore), and (viii) the centrifugal force F, resulting from
centrifugal acceleration and density difference of the two phases. Additionally to
the forces mentioned above, there is a dynamic buoyancy force Fy, qyn. Its direction
is not clear since it strongly depends on the flow conditions near the bubble which
are governed by the flow profile in the gap but also by the flow lines passing the
bubble.
The resulting balance of forces acting at a rotating membrane is:

Fot Fom+Fo+ Fy+ Frp+ Fpg + Fpa + Fra = 0 (2.37)

The parameters influencing bubble formation and detachment can be deduced
from the acting forces. A distinction between process parameters (i.e. circumferen-
tial velocity, gas volume fraction, temperature, pressure), construction parameters
(i.e. pore size, pore distance, number of pores, membrane diameter, gap size, hy-
drophilicity of membrane) and product parameters (i.e. viscosity, density, surface
tension) can be made. These parameters partly influence each other, too.

2.5. Flow characteristics

Gas bubbles in a flow field deform and break up due to viscous friction (shear,
elongational) and/or inertia forces exceeding critical limits. In a whipping head of
e.g. a rotor-stator device, dispersion and coalescence are in a dynamic equilibrium.
The equilibrium does not only depend on material parameters like surface ten-
sion and viscosity ratio but correlates with the mechanical power or energy input
generated in the whipping flow field. This is why further information on the flow
characteristics in a whipping device is needed.

2.5.1. Power characteristics

To describe the whipping process, it is necessary to characterize the flow conditions
in the mixing head under a given mechanical power input. The flow conditions in a
whipping device are characterized by the power characteristics Ne = f(Re) which
can be experimentally determined. The power characteristics depend on geometry
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and power input. The power consumption of a mixer depends on geometrical
dimensions like gap or pin size, product properties like density and viscosity and
process parameters like the rotor speed. The power input P can be calculated from
the measured torque (P = 2-7-n-T where n is the rotational speed and T the
torque) or measured via the net electrical power consumption of the motor. The
Newton number Ne is defined as the ratio between mechanical driving force and
inertia force and can be expressed as:

P
where D is the rotor diameter. Hanselmann and Windhab [73] introduced a
Newton number adapted to the geometry of a rotor-stator mixer (see Fig. 2.19)
taking into account the distance between two pins y, the free radial distance [,
the number of rotor and stator blade pairs e, the axial width of the pins ¢, and the

axial gap between rotor and stator s:

Figure 2.19.: Rotor and stator blades with pins. D rotor diameter, /¢, free radial
distance, ¢ axial width of rotor/stator blades, e number of rotor-stator
pairs, s axial gap between rotor and stator, y distance between two
pins (according to [72]).

Py

Ne = .
p'nS'DS'lf7r'6'q.S

(2.39)

The ratio between inertia force and viscous force is defined as the Reynolds
number Re and describes the flow conditions in a mixer or a pipe:
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Re — Uchar * lchar * p) (240)
n
where p denotes the density, n the viscosity, venar @ characteristic velocity and
lchar & characteristic length.
Eq. 2.40 gives a typical Re-number definition for rotating mixing/stirring tools.
However, for rotor-stator whipping devices, a gap Reynolds number Reg,, is sug-
gested, where the gap s between rotor and stator is taken into account as the

characteristic length and the characteristic velocity is the tip speed of the rotor
(D -n) |73]:

(2.41)

The relation Ne = f(Re) describes the specific flow condition in a mixer geom-
etry at a certain power input. Three different flow domains can be distinguished:
laminar, transition and turbulent flow domain.

In the laminar flow domain, the Newton number depends linearly on the inverse
Reynolds number [123]:

~ Re’
where ('] is a mixer specific constant. From Eqs. 2.38 and 2.42 it follows that the
power input grows proportional to n? in the laminar flow domain. It is approxi-
mately proportional to the number of rotor-stator blades and number of pins per
blade. The power moreover depends on the length and width of the pins and the
gap between rotor and stator [182].

In a turbulent flow field, the Newton number is constant:

Ne (2.42)

(5 is another mixer specific constant.

From Eqgs. 2.38 and 2.43 the proportionality P ~ n3 can be deduced. The power
dissipated in a turbulent flow field is proportional to the number of rotor-stator
units, the number of pins per row and the facial area of a rotor pin. The power is
however independent of the gap between rotor and stator due to negligible viscous
forces [94].

The transition region between the laminar and turbulent flow domains can be
approximated by Ne ~ Re~s. It is a blend of laminar and turbulent flow and,
thus, hard to describe analytically.

For various mixer geometries, Kroezen and Wassink [94] found a dependency of
foamability on rotational speed and ascribed this to the influence of the rotational
speed on the mixing regime which is dependent on the Re-number. For laminar
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mixing, foamability was found to be moderate, for turbulent good and in the
transition region poor.

2.5.2. Laminar flow

In a laminar flow field, it can be assumed that only shear stresses contribute to
bubble deformation and breakup [72]. The dimensionless Capillary number Ca
denotes the ratio between disrupting shear stress and stabilizing Laplace pressure
(see Eq. 2.22). A critical Capillary number Ca. can be derived above which bubbles
break up. Accordingly, a maximum bubble size can be derived depending on the
acting shear force:

2'0‘00/0
- .

Tmax —

(2.44)

The shear stress depends on the volumetric mechanical power input Py which
is a function of rotor speed, geometrical mixer properties and the foam viscosity.
The laminar flow region is dominated by viscous forces. The acting viscous shear
stress, 7, can be calculated from the viscosity function 7n(%) of the whipping fluid
and the first derivative of the local velocity vector defined as the shear rate :

n(y) -y (2.45)

The local maximum shear rate in the most efficient axial dispersing gaps between
rotor and stator blades for rotor-stator whipping devices can be approximated as:

n-D
Ly (2.46)
S

For the annular gap between the concentric cylinders of the rotating membrane
device, the shear rate is calculated according to DIN 53018 [44] for Newtonian
systems:

1 2.-R?. R?

Y(r) = . . 2.47
f)/(r) T]%),orbit (R(Q) - R12> “ ( )

where R, is the inner radius of the outer cylinder, R; the outer radius of the inner
cylinder, rp orhit the radius of the bubble orbit, i.e. the length from the center of
inner cylinder to the center of the bubble (see Fig. 3.3), and w the angular rate
[44]. For narrow gaps, the error is small when Eq. 2.47 is applied to non-Newtonian
systems.

The angular velocity can be determined as:

w=2-7-n. (2.48)
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From Eqs. 2.39, 2.41, 2.42, 2.44, 2.45 and 2.46, the maximum bubble size in the
laminar flow field considering geometrical, process and recipe parameters can be
derived according to Hanselmann and Windhab |73]:

. 2-Cac-0-Crn-D-elgy-q-s
max — 7T2'P'y :

(2.49)

2.5.3. Turbulent flow

In turbulent flows the deformation and breakup of bubbles depends on the size ratio
of the bubbles and the interacting eddies. Depending on the eddy size, regions of
macro- and microturbulence can be defined. Microturbulence is most important in
dispersing devices since it generates a finely dispersed, homogeneous structure. In
microturbulent dispersing flows, the mean velocity difference v acting at the bub-
ble interface will induce the so-called Reynolds shear stress 7y, leading to bubble
deformation and breakup.

TRe — Pcont * 772 (250)

It can be assumed that the turbulent dispersing flow regime in a whipping appa-
ratus is mainly of so-called inertial convection type, due to the large gas portions
which are dosed into the whipping head as large bubbles and due to the low viscos-
ity ratio of disperse to continuous phase 7qisp/Mcont- Under the assumption that the
relevant length scale of the turbulent eddies is equal to the largest bubble diameter
and about equal to the Kolmogorov characteristic length of the microturbulence
K, the mean square fluctuation velocity v can be written as:

RORO

where the constant ¢ is ~ 2 according to Batchelor [13]. Hanselmann and Wind-
hab [73] showed that Eq. 2.51 is a good basis for the pre-calculation of maximum
bubble sizes for a continuous whipping process including whipping head geometry
parameters. Identical to Eq. 2.49 valid for the laminar flow field, the maximum
bubble size in the turbulent flow field can be derived considering recipe parameters
such as surface tension and critical Capillary number as well as geometry parame-
ters like pin length or gap size and flow condition parameters [73].
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2.5.4. Taylor vortex flow

In the narrow annular gap of a rotating membrane device, a special flow field
might appear, so-called Taylor vortices. Taylor vortices can occur in the flow field
between two coaxial cylinders when the inner cylinder rotates faster than the outer
cylinder. A centrifugal instability related to the curved streamlines of the flow
results in toroidal Taylor vortices in the annular gap. These vortices manifest
themselves as small axisymmetric secondary motions (see Fig. 2.20).

K H O

static rotating
outer inner
cylinder cylinder

Figure 2.20.: Schematic drawing of taylor vortices appearing in the gap between a
rotating and a static cylinder.

The occurrence of Taylor vortices depends on the rotational speed, the radii of
the cylinders and the fluid properties viscosity and density. The flow condition and
appearance of Taylor vortices in the gap between the cylinders can be characterized
by the dimensionless Taylor number T'a [23]:

2.8 Di-n-s-p 2.8
Ta = Regap - —= . , 2.93
¢ e\ R R 7 VR, T R (2.53)

where D; is the diameter of the inner, rotating cylinder, n the rotor speed, s the
gap between inner and outer cylinder (= R, — R;), p the density, n the viscosity
and R, and R; the radii of outer and inner cylinder, respectively. This equation
does not consider any cross flow perpendicular to the rotation.

For a small gap and infinitely long coaxial cylinders, the instabilities occur at a
critical Taylor number T'a. of 41.3 [149]:
e T'a < 41.3: flow with laminar layers
e 41.3 < Ta < 400: laminar flow with Taylor vortices
e T'a > 400: completely developed turbulent flow

Andereck et al. [5] revealed a surprisingly large variety of different flow states
in flow-visualization and spectral studies of flow between concentric independently
rotating cylinders. Different states were distinguished by their symmetry under
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Figure 2.21.: Regimes observed in flow between independently rotating concentric
cylinders. Re; and Re, represent the Reynolds numbers of the inner-
and outer-cylinder, respectively. Dashed lines indicate the transi-
tion boundaries that are difficult to establish from visual observation
alone since there is no abrupt change in the appearance. Dotted lines
indicate the expected, but not yet observed, continuation of several
boundaries. [5]

rotation and reflection, by their azimuthal and axial wavenumbers, and by the
rotation frequencies of the azimuthal travelling waves. Transitions between states
were determined as functions of the inner- and outer-cylinder Reynolds numbers,
Re; and Re,, respectively (see Fig. 2.21). Observed states included Taylor vortices,
wavy vortices, modulated wavy vortices, vortices with wavy outflow boundaries,
vortices with wavy inflow boundaries, vortices with flat boundaries and internal
waves (twists), laminar spirals, interpenetrating spirals, waves on interpenetrating
spirals, spiral turbulence, a flow with intermittent turbulent spots, turbulent Taylor
vortices, a turbulent flow with no large-scale features, and various combinations of
these flows. These flow states were all found to be stable to small perturbations,
and the transition boundaries between the states were reproducible.

Taylor’s linear stability analysis for cylindrical Couette flow [169] can be extended
to include an axial flow in the annulus for axisymmetric disturbances in a narrow
annular gap [30, 45, 31| or an arbitrarily wide annular gap [76, 46]. The axial
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Figure 2.22.:
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flow stabilizes the cylindrical Couette flow such that transition to Taylor vortex
flow occurs at higher Taylor number than with no axial flow [159, 153, 47, 62,
160]. The research described above focuses on the first instability transition from
stable Couette-Poiseuille flow to translating toroidal or helical vortex flow [167,
159, 153, 59|. Higher order instability transitions have been mapped out in the
Taylor number-Reynolds number plane (see Fig. 2.22, [179]) where a differentiation
between nonvortical Couette-Poiseuille flow, nonwavy laminar vortex flow, wavy
vortex flow, nonwavy helical vortex flow, helical wavy vortex flow and random
wavy vortex flow is made [90, 14, 17, 87, 63, 64, 65, 25, 105]. The ratio of the
Taylor number to the axial Reynolds number, representing the ratio of centrifugal
to advective accelerations, has been used to characterize the flow [158, 117, 106].
When the ratio is large, the vortices are strong and their effect is readily apparent in
the velocity field. When this ratio is small, the dominant axial velocity overwhelms
the supercritical vortices resulting in fluid winding around small vortices that are
alternatively close to the inner and outer walls.

Murai et al. [122] showed that the structure of Taylor vortices was altered by
the presence of bubbles, including an elongation of the vortex arrangement.

In emulsification using a rotating membrane, Taylor vortices were found to lead
to significantly smaller resulting droplets. This can be seen from Fig. 2.23 where
the ratio of drop to pore size drops as soon as the critical Taylor number is exceeded.

2.5.5. Power and energy input

For given geometrical mixer dimensions and given recipe, the volumetric energy
input can be influenced by changing the residence time in the shear effective zone
via a modification in fluid flow rate or gas volume fraction, or by changing the acting
shear stresses via the rotational speed. The volumetric power P and energy input
Ey directly influence the resulting mean bubble size and, thus, the structure and
related foam properties. The net volumetric mechanical power input Py gis 15

P Pdiss
V. diss —

de, (2.54)

where V' is the free volume of the dispersing head and Py the net power input
defined as the measured power during foaming minus the measured idling drive
power. Instead of calculating the net volumetric mechanical power input from the
measured net power input, it can also be calculated from product viscosity 5 and
shear rate 7 as:

Pyaiss = 17" (2.55)

The volumetric energy input £y includes the residence time ¢y
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P 14
Ev = PV'tV = V'tv with tv = = s (256)

foam

where Viam is the volume flow of foam. The residence time of a foam LV foam 18 1n-
fluenced by the acting static pressure p since the gas volume is pressure-dependent:

v

% + Vmix

tV,foam -

Bubble sizes are expected to decrease with increasing stresses [(72)]. The proba-
bility of bubble break-up also increases with increasing residence time in the shear
effective zone, especially in the turbulent flow field. With increasing residence time
and/or acting stresses, the volumetric energy input increases as well.

Dispersing characteristics and energy dissipation rate
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Figure 2.24.: Energy density plot for O/W emulsions produced with different emul-
sification devices [151].

The bubble size is commonly plotted as a function of the volumetric energy in-
put in dispersing characteristics while it is plotted as a function of the volumetric
power input to show the energy dissipation rate. To compare different dispersing
methods and/or dispersing parameters with respect to their energetic efficiency
for production of small bubbles, the energy density concept xso,=f(Fy) can be
applied. In contrast to emulsion processing where energy plots are commonly used
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to directly compare measured volumetric energy inputs or energy dissipation rates
and resulting mean droplet sizes (e.g. |39, 86, 150, 128, 98]), no corresponding pub-
lications were found for foams. If the product damage mechanism depends on the
acting stresses, the energy dissipation rate (=volumetric power input) should be
chosen which focuses on the acting stresses only and disregards time dependency.
If the mean residence times are known, one can easily shift the curve xzo,=f(Ey)
to x50, =f(Py). Fig. 2.24 shows experimental results for different devices used in
continuous mechanical emulsification [151]. The results come from work by Arm-
bruster [6], Karbstein [85], Stang [162], Schréder [150] and Behrend [15] for O/W
emulsions with disperse and continuous phase viscosities of 60 mPas and 30 mPas,
respectively, using fast emulsifiers. The energy density plots for O/W emulsions
show a constant decrease in mean bubble size for increasing volumetric energy input
in the investigated range. Membrane emulsification using static membranes allow
to produce finely dispersed emulsions at low energy densities. The required energy
input rises with increasing disperse phase fraction. Likewise, laminar rotor-stator
devices require moderate energy inputs, only. It was shown that the decrease in
droplet size with increasing energy input is lower for turbulent rotor-stator systems
than for laminar ones. However, the turbulent flow field is advantageous for higher
viscous emulsions with high disperse fractions since the droplet stabilization was
shown to be more efficient [85, 162]. To reach smaller droplet diameters, high pres-
sure homogenizers and ultrasound emulsifying are recommended. The influence of
coalescence on the mean droplet size can not be derived from such energy density
plots.

2.6. Rheology

Rheology is the study of the deformation and flow of materials under well-defined
conditions. Factors such as the moving force and the surface of pipes, influence the
material flow, whereas pressure and temperature affect the deformation behavior.
Rheology uses laboratory measurements to predict and explain some of the flow,
deformation and textural changes which take place during processing. This involves
steady, changing and unstable flow conditions.

Rheometric flow is normally classified into two types, i.e. shear and elongation.
Shear flow can be visualized by placing the material between two parallel plates
with gap s (see Fig. 2.25) which are moving at a constant velocity relative to
each other (vy — v3). The velocity gradient (vy — v3)/s is known as the shear
rate 7. The material will move according to its internal frictional resistance to
motion, a parameter called shear viscosity ns. Particles will rotate in shear flow.
In elongational flow (Fig. 2.26), the material is stretched and the particles will not
rotate. The measured material parameter is the elongational viscosity 7.

The simplest measurements are normally one-directional (uniaxial) shear tests,
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particles

at rest under shear

Figure 2.25.: Representation of simple shear flow.

Figure 2.26.: Representation of elongational flow.
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although two-dimensional tests are possible, as are one- and two-directional elonga-
tional techniques. In food processing, the flow is often very complex, but generally,
the uniaxial measurements can satisfactorily estimate or predict actual process
conditions.

It is the ratio of shear stress to shear rate (7/%) which enables the rheologist
to learn something about the viscous behavior of a liquid. This is known as the
"apparent viscosity"which Newton suggested was constant for all shear rates. This
is approximately true for some fluids like water. However, most food substances
are non-Newtonian in behavior. Figs. 2.27 and 2.28 (right side) show some of
the different types of flow behavior which can occur when the apparent viscosity
is determined at different shear rates. If the viscosity/shear stress increases with
the shear rate, the material is called shear-thickening, the opposite behavior, i.e.
decreasing viscosity /shear stress with increasing shear rate is called shear-thinning.
Some materials remain virtually solid when a stress is applied until a critical stress,
the so-called yield value 7y, is reached.

A ’ _ %
. _ =~ Bingham
T

¥

Figure 2.27.: Comparison of Newtonian and non-Newtonian plots [124].

2.6.1. Rheological tests

Flow behavior of e.g. foam in the foaming device, in further processing steps and
during consumption can be determined in rheological measurements. Foam viscos-
ity depends on the viscosity of the mix as well as on the gas volume fraction and
mean bubble size [72]. In principal, foam behaves like a viscoelastic, compressible,
non-Newtonian fluid.

Foam rheology can be done off-line using a laboratory rheometer or in-line in
the pipes. In this work, rheology was performed off-line. Such measurements yield
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significant results only if the foam structure is not changed during sampling and
measurement. In the following, typical off-line rheological tests are presented in
more detail.

Shear rate tests

In shear rate tests, the sample is usually measured at a series of defined shear rate
steps with given duration. Rate tests probe the Newtonian and non-Newtonian
flow behavior of the sample as a function of the increasing shear rate. Fig. 2.28
shows, on the left, the different stress steps. On the right side the linear and non-
linear material functions are shown. Since this rate test is an addition of single step
experiments, one has to make sure that each single shear rate + or shear stress 7
lasts long enough to allow the sample to equilibrate [54]. The resulting dependency
of viscosity and shear rate is also called flow curve.

A A shear thickening

7 n
Newtonian fluid

My
M

Figure 2.28.: Applied shear rate (left side) and the linear and non-linear behavior
of the viscosity (right side).

Neo

Y
Y

Oscillation tests

The measurement of the storage modulus G’ (describing the dynamic elastic prop-
erties), the loss modulus G” (describing the dynamic viscous properties) and the
complex viscosity n* (describing the viscosity in dynamic experiments) is per-
formed in shear oscillation tests. If the deformation amplitude of oscillation is
small enough, the measurements are carried out in the linear viscoelastic regime.
Oscillation tests are the preferred experiment when the sample should not be dam-
aged in the measurement or for samples with weak structures (e.g. foams). To
obtain the linear viscoelastic regime of the probed sample, dynamic stress or strain
test are performed (see Fig. 2.29). Keeping the oscillatory frequency constant, the
amplitude of the oscillation is increased either by increasing the stress or the strain,
i.e. the deformation. As long as the linear viscoelastic regime is present, there will
be no change of the viscoelastic properties when they are plotted as a function of
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Figure 2.29.:
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stress or strain as shown in Fig. 2.29. Once the stress or strain reaches the non-
linear regime one observes very complex flow behavior that cannot be described
yet. Therefore, it is crucial to perform all other dynamic experiments strictly in
the linear viscoelastic plateau [54].

Once the linear viscoelastic regime is known, the dynamic frequency experiment
(see Fig. 2.30) can be used to investigate the time-dependent properties of viscous
and elastic components of the sample. In this experiment, the oscillatory frequency
is performed under a constant stress or strain from low to high frequency, that
means, from long to short time periods of deformation. The stress/strain is chosen
according to the linear viscoelastic plateau found in the dynamic stress/strain test.
A typical frequency sweep experiment is shown in Fig. 2.30 [54]. A box marks the
domain common for foam.

2.6.2. Empirical modeling of non-Newtonian flow
functions

Fitting experimental data to empirical mathematical expressions provides the most
economical way of describing any particular physical behavior. In the case of
rheology, it also gives the possibility of predicting how a particular liquid will
behave in new and more complex situations. Also, in some situations, curve-fitting
yields parameters that can be compared to theoretical models that can provide
some kind of description of the liquid microstructure. The typical non-linear flow
models seek to describe parts of flow curves or entire flow curves of non-Newtonian
liquids, as shown in Fig. 2.31. Some of the models that can be used to fit these
kinds of flow-curves are described using the following equations. The simplest
descriptions of non-Newtonian liquid behavior are the Bingham and "power law"
models.

Bingham model : 1 = % +np (2.58)

Power — law model : 5= K .4 (2.59)

Herschel — Bulkley model : n = % + KAt (2.60)
Mo — Moo

Cross model : n = 1y + (2.61)

L+ (K-A)m
K, n and m are fitting parameters, np the plastic viscosity. For simple flow

curves that do not flatten out at high shear rates (no 7), although showing the
usual behavior at low shear rate, a simplified Cross model is suitable:
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Mo

- & L K.AML 2.62
1t (K-4)m 7 (2.62)

modified Cross model : 7

This model simplifies to the Herschel-Bulkley model when m is unity and K -+
is very large.

A
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Bingham / Casson
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Figure 2.31.: Schematic diagram of the range of the various flow models for viscosity
functions [54].

2.6.3. Structure - Rheology Relationships

The rheological behavior of fluids is closely related to their inner structure. Macro-
molecules and disperse particles (solid particles, droplets, gas bubbles) are the
major structure components in food systems. For each material there are interact-
ing forces of the specific components (chemical bondings or physical interactions
like van der Waals forces, electrostatic forces, fluid-solid interactions) that dom-
inate the structural behavior of the material in the state of rest or under weak
deformation /shear conditions. Higher deformations and shear rates increase the
"hydrodynamic" forces generated by the viscous and elastic properties of the fluid
under the specific flow conditions. It can be assumed that for each shear rate in
stationary shear experiments an equilibrium structure exists. The related viscosity
is an equilibrium viscosity that leads to the (equilibrium) viscosity function 7(¥)
which is generally measured [186].
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Equilibrium viscosity function

e % < Ay In this shear rate domain the hydrodynamic forces can be neglected.
Only the Brownian motion is acting against the structural binding forces.

If the concentration of the disperse phase or of macromolecules in the contin-
uous phase is high their strong interaction generates a yield value. This can
by controlled by rotational rheometers which are preferably stress controlled.
According to the Newtonian law the shear viscosity for ¥+ — 0 approaches
infinity if a yield value 7y exists.

For low disperse and macromolecular concentrations the Brownian motion
dominates and isotropic structure is preserved in which the interactions of the
components are negligible. As a result, the system behaves like a Newtonian
fluid (lower Newtonian viscosity, 7).

The deformation dependency (i.e. shear rate dependency) of the viscosity
function can be divided into three domains which are fixed by the two "crit-
ical" shear rates 4, and 4, as shown in Fig. 2.32.
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Figure 2.32.: Qualitative structure-rheology relationship in "structured" multi-
phase fluids like mayonnaise, chocolate or foam [183].

e 7 <4 < 4 In this domain the hydrodynamic forces reach the same order
of magnitude as the structural forces. This induces the formation of new
structures which are different according to the flow shape as well as the
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shearing time. If sheared long enough, a specific "equilibrium structure" is
reached.

In most cases this equilibrium structure has a reduced "inner" flow resis-
tance and a reduced viscosity at increased shear rate (i.e. shear stress). This
behavior is called shear thinning or, in combination with a yield value, also
pseudoplastic. The induced structure can be completely or partly reversible
if the shear rate is again reduced or altogether stopped. For disperse particle
structures, specific changes of the structure can be observed (e.g. via mi-
croscopy) in shear thinning. Deformable particles like droplets and bubbles
get deformed to an ellipsoidal shape, coarse particles and their agglomerates
are oriented. At the upper Newtonian plateau with minimum viscosity 7.
for ¥ — 9o the maximum "orientation" in flow is reached. If this struc-
ture/viscosity is required for the product or for further processing, this state
of orientation must be fixed by physical and/or chemical means [188].

e 5 > “y: If the second critical shear rate, 7, , is exceeded, the state of maximum
orientation state may be disturbed (e.g. by flow instabilities, sterical particle
interactions or changes in the particle structure like bubble breakup). The
typical flow behavior of samples containing disperse solid particles is no longer
the same as for macromolecular solutions. If macromolecules have reached
the maximum orientation and shear rate is further increased, degradation of
the phase is possible if the molecules are "weak enough", leading to a further
decrease in viscosity. For samples with high particle interactions, the flow
resistance, and, consequentely, the viscosity will increase again (dilatant).

This classification of three shear rate ranges is experimentally seen for many food
systems (e.g. mayonnaise, chocolates, foam).
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Experimental devices, specific parts thereof and the exact set-ups are listed and
described in Sec. 3.1. Exact knowledge of, both, properties of raw material and
final product is mandatory for the interpretation of results. The methods section
is, thus, divided into (i) the analytical methods to characterize the fluid and foam
properties (Sec. 3.2) and (ii) the experimental methods (Sec. 3.3). The latter
contains methods for fundamental investigation of bubble formation and breakup
and methods used for foam processing. Subsequently, a description of all materials
(Sec. 3.4) is given.

3.1. Devices

3.1.1. Overview of the used devices

e TECC (Transparent Enlarged Concentric Cylinder) device
Manufacturer: Built in-house
with Agitator
Type: IKA RE162/P
Manufacturer: IKA Labortechnik (Germany)

e Band apparatus
Manufacturer: Built in-house

¢ CCD-camera
Type: DFW-V500
Manufacturer: Sony Electronics

e Water quench
Type: Bohlin FP50
Manufacturer: Bohlin Rheologi (Sweden)

e Coldlight source

Type: Intralux de-1100
Manufacturer: Volpi AG (Switzerland)
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96

Stroboscope
Type: Digistrob RDS 30
Manufacturer: Reglomat AG (Switzerland)

Lab-scale ROME (rotating membrane) device
Type: Megatron FM 1-56 SO
Manufacturer: Kinematica AG (Switzerland)

Head of lab-scale DESM (dynamically enhanced static membrane)
foaming device
Manufacturer: built in-house

Pilot scale DESM (dynamically enhanced static membrane) foam-
ing device
Manufacturer: built in-house

Rotor-stator device

Type: Megatron FM 8-50/6HR
Manufacturer: Kinematica AG (Switzerland)
with Eccentric worm pump: type EDS 2.2.

Eccentric worm pump
Type: NM008BY03512B (rotors and stator sizes: NM005, NM008, NM011)
Manufacturer: Hiny AG (Switzerland)

Vacuum pump
Type: Vane pump, DUO 1.5 A
Manufacturer: Arthur Pfeiffer Vakuumtechnik Wetzlar GmBH (Germany)

Exsiccator
Type: Mobilex 300 mm, 8.2072.47
Manufacturer: Schott (Germany)

Gas mass flow controller
Type: Red-y type GSC-BO9HA-BB24
Manufacturer: Vogtlin Instruments AG (Switzerland)

Gas mass flow controller
Type: Bronkhorst F 201C-FDC-33-V
Manufacturer: Bronkhorst HI-Tec

Gas mass flow controller
Type: Bronkhorst F 20 1C-FA-2
Manufacturer: Bronkhorst HI-Tec
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Centrifugal pump for cooling circuit
Type: GM-2A/115
Manufacturer: Alfa-Laval

Digital power meter
Type: Yokogawa WT230
Manufacturer: Yokogawa

Digital power meter
Type: Yokogawa 2533
Manufacturer: Yokogawa

High-speed digital camera
Type: NAC MEMRECAM fxr6
Manufacturer: NAC Image Technology

Objective
Type: AF Micro Nikkor, 105 mm, 1:2.8D
Manufacturer: Nikon

Scale
Type: Mettler P1 210
Manufacturer: Mettler Instrumente AG (Switzerland)

Density meter
Type: DM 138
Manufacturer: Anton Paar AG (Austria)

Rheometer

Type: Physica MCR 300

Manufacturer: Anton Paar AG (Austria)

Geometries: Concentric cylinder CC27 and cone-plate CP50-1

Inverse light-optical microscope (with CCD-camera)
Type: NIKON Diaphot TMD
Manufacturer: Nikon AG

Mixing device
Type: Polytron PT 6000
Manufacturer: Kinematika AG (Switzerland)

Mixing device
Type: Fryma
Manufacturer: APV homogenizers (Denmark)
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3.1.2. Parallel band apparatus

The set-up consisted of a parallel band apparatus (see Fig. 3.1), built in-house,
similar to a Taylor band apparatus [170]. The apparatus consists of two metal
bands that run around several rolls inside a container of 30 cm in length, 18 cm in
width and 6 cm in depth. Metallic ribbons of 3.3 cm width were used, tautened
with springs to avoid bending effects. Their motion was computer-controlled inde-
pendently by two motors. The time sequence of the bubble behavior was recorded
with a CCD digital camera (Sony DEW-V500, Japan) placed in azimuthal position.
The container was filled with glucose syrups of different viscosities. The disperse
phase was air. No emulsifier was added. All experiments were carried out at 18
°C, temperature was controlled via the double-walled base plate of the container
cooled via a water-circulating bath. A cold light source plus two halide lamps were
placed beneath the container to illuminate the bubbles through a window built
into the bottom of the band apparatus. The bubbles were deformed under the
action of several shear rates (1.8-17.4 s~!) set by controlling the relative speed of
the bands. A gap width of 9.76 mm between the two ribbons was chosen. The
radius of the undeformed bubbles was adjusted in order to avoid edge effects. A
schematic drawing of the shear cell is shown in Fig. 3.2.

shear cell
CCD camera
halide lamp
coldlight source
ventilator

water circulation
7 motor controller =
8 D/A converter

(SN I e O R S

Figure 3.1.: Parallel band apparatus

One of the main difficulties in using a device such as the parallel band apparatus
is keeping the bubble in the observation window, because generally it moves while
being sheared. As a consequence, high resolution imaging over a long period of
time at a defined shear rate is difficult to achieve. Several solutions are possible:
(i) Controlling the rotation speed of the motors manually. (ii) Increasing the area
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Shearing Zone
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Figure 3.2.: Diagramm of the shear cell (top view) [19].

recorded leading to a smaller image resolution and less accuracy. (iii) Using sliding
plate setups (e.g. [189, 67, 66]) where the image capturing device moves along with
the bubble, resulting in a limited experimental time (observation time) and limited
shear-rate regime. (iv) In this work, a recently developed computer-controlled flow
cell based on direct image analysis of the bubble and a PID-controlled motor adjust-
ment [50, 19] was able to continuously adapt the flow parameters in order to keep
the observed bubble in the requested position for indefinite times. Steady-state de-
formation of sheared bubbles could, thus, be observed accurately. The logic of the
PID-controller consists of three parts: the proportional control reacts immediately
to any displacement of the bubble from the selected position, the integral control
suppresses the oscillation introduced by the proportional and the third differential
control stabilizes the system. The software detects the position and movement of
the bubble in real time and controls the two motors that independently power both
ribbons. A bubble tending to escape from the selected position in the observation
window is countered by the control software which modifies the output voltage for
the two motors. One of the ribbons then moves faster and the other slower, always
keeping the relative speed between both bands constant, in order to maintain a
constant shear rate. Once the bubble recovers its initial position, the software
stabilizes the voltage applied to the motors outputting the same value to them,
i.e. both bands are then moved at the same speed. This set-up has been shown to
work perfectly in various recent works [111, 110, 112].
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3.1.3. TECC device

The reason for designing the Transparent Enlarged Concentric Cylinder (TECC)
device was the limitation of bubble deformation in the band apparatus where no
bubble breakup could be achieved. The advantages of the TECC device compared
to the band apparatus are:

e Much higher shear rates possible
e Less fluctuation of the gap width
e Easy cleaning, thus silicone o0il can be used instead of glucose syrup

e Higher capillary numbers achievable even though gap width is larger and
fixed (higher shear rate, four times lower surface tension of silicone oil)

1 inner cylinder
2 outer cylinder
3 slide-bearing

4 ball-bearing

5 injection port
6 syringe

cross-section

ww 0sT
wuw 00¢

rB, orbit - Rl + (RO _Rl)/z

Figure 3.3.: Illustration of the TECC (Transparent Enlarged Concentric Cylinder)
device: side view and cross-section.

The TECC device was composed of the following parts (see Fig. 3.3 and Fig.
3.4, numbering corresponds to Fig. 3.4): (1) agitator for low speed with convoluted
rubber gaiter for deflection compensation, (2) frequency inverter, (3) inner cylinder:
grey Polyvinylchlorid (PVC), diameter 117.5 mm, height 250.0 mm, (4) plexiglass
container with inner diameter 141.0 mm and height 300.0 mm, (5) injection port
with a silicone-sealing allowing the introduction of gas bubbles into the gap, (6)
two CCD cameras and (7) halide lamps. The device was placed on a rubber-coated
metal-stand for fixation of the outer container, a metal-stand with rails was used
for fixation and movement of the camera, a PC with software Fire-i (Unibrain,
version: 3.01.0.60) for image capturing.
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. 1 agitator
2 frequency inverter
3 inner cylinder

4 outer cylinder

5 lead-through

6 CCD camera 1 +2
7 halide lamps

Figure 3.4.: Picture of the TECC (Transparent Enlarged Concentric Cylinder) de-
vice.

3.1.4. Rotor-stator foaming device

A continuously working rotor-stator mixer (FM 8-50/6HR, Kinematica AG, Switzer-
land) with two types of rotor-stator geometry (Radax and 12-HR) was used. The
Radax geometry was developed at ETH Zurich in the Laboratory of Food Process
Engineering [184]. Compared to traditional foaming geometries, the Radax (see
Fig. 3.5) offers the advantage that the double-T-shaped pins hinder centrifugal
demixing effects [102]. As every single mixing element (stator and rotor blade) can
be assembled independently, the configuration and the number of mixing elements
can easily be changed. This allows to choose the mixing geometry as a function
of the desired shear stresses or energy input to disperse the gas fraction into the
liquid. Thus, the mixer can be adapted to the requirements of different products.
Other advantages of this pilot scale device are the adjustable gaps between rotor
and stator and the small mixing head volume ideal for research and development
applications where many systematical trials are needed.
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) b (0

Figure 3.5.: Rotor-stator geometries (a) Radax rotor, (b) Radax stator, (¢) 12-HR
rotor, (d) 12-HR stator.

3.1.5. Dynamically enhanced membrane foaming
(DEMF) devices

In the present work, two foaming set-ups were used (see Fig. 3.6): (1) the rotating
membrane (ROME) device (FM 1-56/SO, Kinematica AG, Switzerland) where the
inner, rotating part consists of a membrane while the housing is made of compact
metal and (2) the dynamically enhanced static membrane (DESM) device (built
in-house) where the inner, rotating cylinder is made of compact metal and the
membrane is fixed to the housing. In both devices (1 and 2), the bubble detachment
is dynamically enhanced by the rotation of the inner cylinder, hence, the thesis title
"dynamically enhanced membrane foaming". Set-up (1) was originally constructed
since a similar device had been shown to be very effective for emulsification (patent
DE 10 2004 040 735.5). However, set-up (2) is much easier construction-wise
since no hollow shaft and no complicated seals are necessary. Additionally, the
centrifugal forces enhance bubble detachment from the membrane in setup (2).
The acting shear rate is proportional to the velocity difference between inner and
outer cylinder, the rotor diameter and reverse proportional to the gap size. If these
three parameters are constant and if wall slip is negligible, the acting dispersing
forces and resulting bubble sizes should ideally be identical for the two setups.
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1 ROME/DESM device
mix vessel
fluid force pump
mix inlet
gas mass flow
controller
6 air inlet
7 foam outlet
8 frequency inverter
9 power meter
10 cooling bath inlet
11 pressure meters

D =W o

Figure 3.7.: Picture of the dynamically enhanced membrane foaming device (lab-

scale) and associated elements used for foaming (exemplarily shown
for ROME device).

The dispersing principle of the dynamically enhanced membrane foaming device
is described in Sec. 2.2.3 and Sec. 2.4.4. The foaming device basically consisted of
a foaming head, a motor and a frequency inverter. Various elements were added to
the actual foaming device: (i) an eccentric worm pump to bring continuous phase
from a reserve vessel via connecting pipes to the dispersing head, (ii) a power
meter detecting the consumed power was connected to the motor of the machine
and linked to a computer for recording, (iii) two thermocouples, one measuring the
fluid /mix temperature before the dispersing zone (but after the pump), the other
measuring the temperature of the fluid/foam after the dispersing zone, (iv) the
air supply, warranted by a high pressure air line and dosed by an air mass flow
controller and (v) two pressure meters to measure the pressure directly before and
after the membrane in order to regognize deleteriously high pressure differences.
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The ROME device had a cooling jacket, the DESM did not. Fig. 3.7 illustrates
the described assembly of the membrane foaming process (exemplarily shown for
ROME device).

Rotating membrane (ROME)

+ hole for hollow
"“shaft and air
supply

. outer cylinder
inner cylinder

(= membrane) gap

Figure 3.8.: Foaming head of ROME device with rotating inner cylinder ( R;), static
outer cylinder made of compact metal (R,) and gap in-between.

Figure 3.9.: Assembly of the ROME foaming head. (a) hollow shaft, (b) ROME
head with membrane and stator screws, (c) completely assembled
ROME head.

The foaming head basically consisted of two concentric hollow cylinders, both
60 mm long. The inner cylinder was the membrane. Different types of membranes
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were used which are all characterized in Tab. 3.1. The outer cylinder was made
of compact metal with varying inner diameter to adjust the gap size. Both phases
were supplied to the foaming head separately. Thereby the gaseous phase was
led through the hollow shaft to the inside of the membrane and from there forced
through the membrane by the pressure of the succeeding air. The continuous phase
flowed through the cylindric gap between rotating membrane and outer cylinder.
The dispersing head was surrounded by a cooling jacked that could be tempered
with ice-water. In Figs. 3.8 and 3.9 the construction of the dispersing head is elu-
cidated for the example of CPDN membranes. Woven open-mesh fabrics (Sefar
Nitex), sintered steel membranes and controlled pore distance nano (CPDN) mem-
branes were used in combination with the ROME device (specifications see Sec.
3.1.6).

Transparent outer cylinder for rotating membrane

Figure 3.10.: Picture of the transparent outer cylinder by itself (left side) and
mounted to the foaming head (right side).

To allow observation of bubble formation, observe bubble geometry (round or
flattened) and bubble detachment from the pore of a rotating membrane the outer
cylinder and housing of the ROME device were made of transparent plexiglass.
Observation was done with a high speed digital camera (NAC MEMRECAM fxr6,
NAC Image Technology, frame rates between 10 000 and 120 000) through the white
box placed perpendicular to the axis of the rotating membrane. Lighting was
done with 9 spots. In principle the operating mode of the membrane device was
the same as for the non-transparent device with rotating membrane, however, the
continuous phase was circulated in a closed loop. Figs. 3.10, 3.24 and 3.11 illustrate
the described assembly of the transparent rotating membrane device.
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1 white box

2 zoom lens of
high speed camera

3 observation
perpendicular

to ROME axis

4 lighting

Figure 3.11.: Camera and lighting for the transparent ROME setup.

The foaming head basically consisted of two concentric hollow cylinders. The
inner, rotating cylinder was the membrane. The outer cylinder made of Plexiglas
with a built-in a whitebox which avoids optical deformation caused by the bend of
the outer cylinder. Via a screw top the same fluid used as the continuous phase,
i.e. with the same refractive index, could be filled in to avoid the generation of a
distorted image.

Dynamically enhanced static membrane (DESM)

In this construction, the membrane is fixed to the housing while the inner, rotating
cylinder is made of compact metal. This set-up is much simpler construction-wise
and advantageous process-wise:

e No hollow shaft is needed, the air can be directly pressed into the foaming
head, more exactly into the space between membrane and housing.

e Sealing is much simpler.
e The membrane is static/non-rotating.

e Due to the much higher density of the mix compared to air, the centrifugal
forces support bubble detachment from the membrane and mixing of the two
phases when the air comes from the outside.

Fig. 3.12 shows a CAD-drawing of the foaming head while Fig. 3.13 shows a pic-
ture of the housing of the foaming device holding the membrane, both exemplarily
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Figure 3.12.: CAD-drawing of the membrane device with membrane mounted to
housing and inner, rotating cylinder made of compact metal.

Figure 3.13.: Picture of the housing containing the Sefar Nitex membrane.
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for the Sefar Nitex membrane. Woven membranes (Sefar Nitex) and a sintered
steel membrane were used in combination with the DESM device (specifications
see Sec. 3.1.6).

Scaled-up DESM device

The DESM device was scaled from lab- to pilot-scale and built in-house. The pilot
scale DESM device is depicted in Fig. 3.14, its setup is the same as for the lab-scale
DESM device described above. Fig. A.1 in App. A.1 shows the technical drawing
of the device head.

1 DESM device (pilot scale)
2 mix vessel

3 fluid force pump

4 mix inlet

5 gas mass flow controller

6 air inlet

7 foam outlet

8 frequency inverter

9 cooling of sealings (outlet)

Figure 3.14.: Picture of the pilot-scale DESM device.
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3.1.6. Membranes

The membranes are most important for the dynamically enhanced membrane foam-
ing process. Within this work, three types of membranes were mainly used. An
overview of their specifications is given in Tab. 3.1, the membrane hydrophilicity
was not quantified in this work.

Table 3.1.: Membrane specifications. (': CPDN=controlled pore distance nano,
German patent, application number 13848399; 2: derived from known
pore size and pore distance; *: derived from known pore size and open
area, 1: porosity).

Type Pore size Pore size:distance Open area Material
] H %)

CPDN! uncoated 5.0 1:11.0 0.552 Nickel

CPDN! coated 1.5 1:39.0 0.052 Carbon coating

Sefar Nitex 03-6/5 6.0 1:4.6% 5.00 PA 6.6

Sefar Nitex 03-1/1 1.0 1:11.23 0.80 PA 6.6

SIKA-R 0.5 IS 2.0 unknown 17.00% 1.4306

Sinter membrane

Figure 3.15.: Technical drawing of sinter membrane. The two end pieces allowed
easy adaptation of the membrane to the foaming head of the rotating
membrane device.
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A highly porous stainless sinter membrane (Type: SIKA R-IS, producer: GKN
Sinter metals, D-42477 Radevormwald) with effective mean pore diameter of 2
pm was used. The sinter membrane was lathed to ensure a precise outer diameter.
Advantages of this membrane were its shape-stability, i.e. self-supporting structure,
which allowed easy adaptation to the device head with two end pieces, and its high
permeability. Fig. 3.15 shows sinter membrane and end pieces as used for the
ROME device.

Open mesh fabrics

The precision woven synthetic monofilament fabrics produced by Sefar Inc. (CH-
8830 Riischlikon) are highly specialized monofilament fabrics. They are character-
ized by precisely defined and controlled, consistent and repeatable material prop-
erties such as pore size, thickness, tensile strength, dimensional stability and clean-
liness. Two polyamide fabrics (SF03-6/5 and SF03-1/1) differing in pore size and
open area were used to investigate the influence of pore size on resulting mean
bubble size for otherwise identical membranes (see Tab. 3.1). Fig. 3.16 shows a
schematic drawing of the woven structure of such membranes. To adapt the flexi-
ble fabrics to the foaming head, special constructions had to be made, i.e. it was
attached to clamping fixtures for both the ROME and the DESM device. Detailed
information on the assembly is given in App. A.2.

Figure 3.16.: Woven structure of Sefar Nitex membranes.

Fig. 3.17 shows the technical drawing of the clamping fixture exemplarily for
the ROME device. The indentations created by the gridlike cage are 0.50 mm deep
while the gap between cage and outer cylinder is 0.22 mm thick. The construction
for the DESM device is inverted, the dimensions of gap, indentations and windows
are identical.
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0.5 mm

window

hole for
air supply

Figure 3.17.: Technical drawing of clamping fixture including dimensions of win-
dows.

CPDN membranes

Theoretically an ideal membrane has uniform and small pore diameters as well as
consistent and large spaces between the pores. Such conditions should allow the
generation of foams with identical and small bubbles as well as low coalescence
rates at the membrane. In order to meet this demands, a special process has
been developed within the PhD thesis of Verena Eisner on rotating membrane
emulsification to manufacture so-called CPDN-membranes!. As a base for the
membranes, nickel sheets are used. Then the locations of the pores are etched and
shot through with laser. The pores are arranged in squares of about 1.2mm side
length. Between these squares there are pore-less bands. This CPDN membrane
was used without further changes (="uncoated"). Additionally this membrane
coated by a pure carbon layer using the PECVD (plasma enhanced chemical vapor
deposition) method was used (="coated"). The carbon layer led to smaller pore
diameters. Both membranes have defined pore diameters and consistent, large
distances between the single pores. In Fig. 3.18 SEM pictures of the two membranes
can be seen.

To use the membranes in the rotating membrane foaming device, they were
fixed to a cylindrical frame. Fig. 3.19 shows the construction of the metallic frame
without and with the membrane.

LCPDN = Controlled Pore Distance Nano. Patent: DE 103 07 568.2-33
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Ol (b)

Figure 3.18.: Scanning electron microscope pictures of the membrane pores (cour-
tesy of V. Eisner). (a) uncoated membrane (pore diameter 5.0 pm),
(b) coated membrane (pore diameter 1.5 pm). For both membranes
the distance from pore center to pore center was 60 pm.

(a) (b)

Figure 3.19.: Construction of the cylindrical membrane module: (a) metallic frame
on which the membrane was fixed in order to give it a firm cylindrical
shape, (b) metallic frame plus membrane.
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3.2. Analytical characterization of fluid
and foam

3.2.1. Density measurements

The density of all liquids was measured using the oscillating U-tube method (Anton
Paar, DMA-38). The temperature was adjustable by a Peltier element from 15 °C
to 40 °C with an accuracy of £0.3 °C. The accuracy of the density measurement
is specified as 1 kg-m~2 by the manufacturer.

Foam density was determined gravimetrically by filling a container of known
volume with foam and weighing it.

3.2.2. Rheological measurements

All rheological investigations were done using a Paar Physica MCR 300 rheometer
(Austria) allowing strain-controlled measurements. Applied stresses and resulting
strains were evaluated with Orchestrator Software. The rheological properties were
measured using the Searle-type concentric cylinder geometry CC27 with rotating
inner cylinder (bob radius 13.33 mm, cup radius, 14.46 mm, gap length 40.00 mm,
cone angle 120 °) for all experiments except for the ones comparing mix A with
foam A where a cone-plate geometry CP50-1 was used (diameter 50 mm, gap: 0.05
mm, angle 1 °). Sample temperature was controlled by a Peltier element with
attached water bath.

Newtonian fluids

To verify the Newtonian flow behavior of the glucose syrups, glucose syrup solutions
and silicone oils, rheometrical flow curves were obtained in shear rate tests. The
ranges of investigated shear rates and the measuring temperature are given in Tab.
3.2. The measurements were done once for each fluid.

Table 3.2.: Parameters used for flow curve measurements of Newtonian fluids.

Newtonian fluid Purpose of use Shear rate range Temperature
[s™] °C]
Glucose syrup solutions Power characteristics 1071 - 108 20
Glucose syrups Band apparatus 1071 - 108 18
Silicone oils TECC device 1071 - 102 25

Viscosity as a function of temperature was measured in temperature ramps. The
chosen temperature ranges and shear rates are given in Tab. 3.3. The measure-
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ments were done once for each fluid. The functional relationship between viscosity
and temperature was plotted as Inn versus T-! since the then resulting curve is
close to a straight line and can be linearly approximated.

Table 3.3.: Parameters used for temperature ramps of Newtonian fluids.

Newtonian fluid Purpose of use Temperature range Shear rate
°C] [s™]
Glucose syrup solutions Power characteristics 20 - 40 100
Glucose syrups Band apparatus 10 - 40 10
Silicone oils TECC device 18 - 28 10

Model mixes and foams

Rheological flow curve measurements were done for model mix A, B, C, D and
E and for foam E (gas volume fractions 0.20, 0.33, 0.43, 0.50, 0.56, 0.60). The
parameters of the measurements are given in Tab. 3.4. Flow curve measurements
of foam E at gas volume fraction 0.56 was done twice with the same, already
sheared sample to determine whether the sample undergoes any change during the
analysis. Since this was not the case, all other experiments using mix E and foam E
at various gas volume fractions were done once, only. Foam E of various gas volume
fractions was produced in the dynamically enhanced static membrane device using
a Sefar Nitex SF03-6/5 membrane, a gap size of 0.22 mm, a residence time of 0.75
s and a circumferential velocity of 18.51 m-s~L.

Table 3.4.: Parameters used for flow curve measurements of model mixes A to E
and foam with different gas volume fractions obtained with mix E.

Sample Shear rate range Temperature
[s7] °C]

Mix A 1071 - 108 18

Mix B 1073 - 108 18

Mix C 1072 - 10? 18

Mix D 1071 - 108 18

Mix E 1072 -10° 18

Foam E (various ¢y) 1072 - 10° 18

Mix A was compared to foam A containing different gas volume fractions (0.33,
0.50, 0.67, 0.85). The analyzed foams were produced with mix A on the rotor-stator
device using the Radax geometry at 8.04 m/s circumferential velocity and 11.0 s
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residence time. To determine foam stability during rheological measurements, the
same sample of foam A with gas volume fraction 0.70 was used for measurements
twice. Since this foam was shown to be shear-sensitive, frequency sweeps were
chosen for analysis since the oscillatory measurement is much gentler (chosen pa-
rameters listed in Tab. 3.5). A cone-plate geometry CP50-1 was used. Comparable
oscillatory measurements using the concentric cylinder geometry CC27 were done
for foam E with gas volume fractions 0.33 and 0.56. These foams were produced
in the dynamically enhanced static membrane device using a Sefar Nitex SF03-6/5
membrane, a gap size of 0.22 mm, a residence time of 0.75 s and a circumferential
velocity of 18.51 m-s~!. For both foam A and E, the linear viscoelastic regimes
were first determined in dynamic strain experiments and appropriate deformations
for the subsequent frequency sweeps defined.

Table 3.5.: Parameters used for oscillatory measurements of mix A, foam A and
foam E containing different gas volume fractions.

Sample Deformation Frequency range Temperature

%] [s~] °C]
Mix A 0.54 107" - 102 18
Foam A 0.54 107" - 102 18
Foam E 1.00 107" - 102 18

3.2.3. Surface tension measurements

Surface tension was measured using the drop volume method for preselected drop
formation times |[70]. This method is based on measuring the volume of a detaching
pendant drop at a vertical capillary tip. The disperse phase volume is increased
by slow injection through a capillary. As soon as a critical volume is reached, the
drop detaches. The drop formation time (DFT) plays an important role, especially
when performing experiments in the presence of surface active compounds where
the interfacial tension is a function of the surface age. The drop detachment time
depends on the injection velocity, the capillary diameter and well-defined waiting
times during the injection. For an appropriate choice of these parameters, steady
surface tension measurements are possible for preselected drop formation times
(DFT). After drop detachment, a residue of disperse fluid remains attached to the
capillary. To determine this fluid volume, an empirical correction according to
measurements of Harkins and Brown [74] was used.
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3.2.4. Determination of gas volume fraction

The gas volume fraction ¢y and overrun OR were calculated according to Eqgs. 3.2
and 3.3, respectively.
The gas volume fraction is the amount of gas in the foam:

by = % (3.1)
and the overrun given by the amount of gas per mix:
OR = VL -100% = pﬂ‘“dpf_& - 100%. (3.2)
The overrun can easily be converted to the gas volume fraction:
0o
oy = % 1 (3.3)

3.2.5. Foam microstructure

The foam microstructure was analyzed using inverse light microscopy (transmission
mode, magnification 100x, 200x or 400x). Depending on the set parameters and
chosen recipe, each microscope picture contained between 50 and 1000 bubbles. For
each foam, five to ten micrographs of different samples were recorded to increase
the total bubble count. Computational image analysis was used to quantify the
bubble size distribution. The pictures were imported into our in-house software
BubbleDetect© 2 that automatically computes bubble size distribution functions
and their parameters via several specific algorithms. A bubble size distribution
is characterized either by cumulative sum distribution functions @, (x;) or incre-
mental density distribution functions ¢.(x;). To facilitate comparison of bubble
size distributions, specific distribution parameters are taken into account. The
mean diameter x5, denotes the bubble size where 50 % of the respective amount
(e.g. number (r=0), surface (r=2), volume (r=3)) relates to smaller bubbles. Cu-
mulative number distribution functions Qg(x) and their corresponding number
density functions ¢o(z) weight all bubble sizes equally while the respective cumu-
lative volume distribution functions (3(z) and volume density functions gs(x)
weight the bubbles proportional to their volume (~ %) and, thus, focus on large
outliers. Within this thesis, the mean diameters of the cumulative number distri-
bution functions x5 o were mainly considered. Where coalescence effects played a
major role, x5 3 was considered.

In the literature, the Sauter mean diameter is often used as well. It is defined
as the equivalent spherical diameter by surface area per unit volume to the full

2Copyright 2003 Lab of Food Process Engineering (LMVT), ETH Zurich, Switzerland.
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distribution, i.e. the particle diameter that has the same specific surface as that of
the full distribution. The Sauter diameter lies in-between the mean diameters of
cumulative number and volume distribution function (see examples Tab. 3.6).

Table 3.6.: Comparison of distribution parameters: mean diameters of the cumu-
lative number and volume distribution x50 and x50 3, respectively and
Sauter diameter xs .

Example 500 32 50,3
[pm]  [pm] [
Foam A 57.695 74.502 79.207

Foam C  47.181 60.792 64.860
Foam E  7.614 11.510 14.429

The evaluation of the bubble size distribution using BubbleDetect© proceeds
as follows (see also Fig.3.20). After importing a microscopic picture (Fig. 3.20a)
into BubbleDetect©, the image is scaled in order to enable the software to convert
pixels into micrometers. The corresponding scaling factor is obtained by measuring
a defined distance on a micrometer under the microscope. The picture is then
thresholded to get a black-and-white picture of the bubble perimeters (Fig. 3.20b).
In a next step BubbleDetect© automatically searches for the bubble perimeters by
a least squares fitting of circles to the bubble perimeters. All detected perimeters
are visually marked by showing the fitted circles (Fig. 3.20¢). The correct automatic
interpretation of incomplete bubble perimeters can be difficult for the program if
the picture quality is poor. Thus, incorrectly fitted circles are corrected by using a
second algorithm (Fig. 3.20d). To do so, an inadequate circle is manually deleted
and the second algorithm is started by a mouse click within the respective bubble.
When the best possible matches are reached, the final bubble diameters are added
to the bubble size distribution (Fig. 3.20e). All five to ten pictures corresponding
to one foam are evaluated the same way and all bubble diameters added to one
collective distribution.
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Figure 3.20.: From microscope picture to bubble size distribution: computational
image analysis using the software BubbleDetect©. (a) Original micro-
graph. (b) Thresholded black and white picture. (c) Automatically
found perimeters marked in light grey. (d) Well analyzed image, in-
correctly fitted circles were corrected via a second algorithm. (e) and
(f) Cumulative number and volume distribution, respectively, with
corresponding distribution parameters.
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3.3. Processing methods

3.3.1. Mix production

Glucose solutions

Differently concentrated solutions of dried glucose syrup were used as Newtonian
fluids of different viscosities needed to obtain the power characteristics (see Tab. 3.7).

Table 3.7.: Newtonian fluids used to obtain power characteristics. The concen-
tration refers to the amount of dried glucose syrup in weight percent.
Viscosity and density are indicated at 20 °C.

fluid concentration viscosity  density
[weight %] [Pa-s| |kg -m3]
tap water - 0.00102 998.3
glucose syrup solution 12 0.00204  1045.9
glucose syrup solution 30 0.00534  1124.7
glucose syrup solution 40 0.01191 1173.1
glucose syrup solution 58 0.10459  1269.2
glucose syrup solution 69 0.89315  1335.0

Water and dried glucose syrup were stirred manually until glucose powder was
dissolved. Fluids were used at room temperature for the experiments. For low
concentrations (12 to 40 weight%) the solubility of glucose syrup was good, thus,
water of about 22°C was used and the solution prepared an hour before usage
only. For high concentrations (58 and 69 weight%) circa 40 °C warm water was
used and the solution prepared one day before usage to allow complete solution of
the glucose powder.

The Newtonian behavior of the glucose syrup solutions was verified in rheomet-
rical flow curve measurements and temperature-viscosity relationships obtained in
temperature ramps (see Sec. 3.2.2). The temperature-density dependency of all
solutions was determined with a density meter (see Sec. 3.2.1).

Model mixes A to D

Model Mix A, B, C and D contained Ame-HV and Guar Meyprodor in different
concentrations (see Tab. 3.8). Ame-HV and Guar Meyprodor 400 were added to 40
°C warm demineralized water. This mixture was stirred with the Polytron stirring
staff (Polytron PT 6000, Kinematica AG, Switzerland) until no clumps were left.
The temperature of the mix never exceeded 45 °C to avoid protein denaturation.
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The mix was prepared one day before foaming it and was cooled down to 4 °C
overnight.

Table 3.8.: Concentrations of Ame-HV and Guar in model mixes A to D.

Ame-HV  Guar Gum
[weight %]  [weight %)

model mix A 3.00 1.50
model mix B 5.00 1.00
model mix C 5.00 0.50
model mix D 5.00 0.25

Model mix E

Model mix E contained 0.60 % emulsifier, 0.25 % stabilizers, 30.00 % sugars and
citric acid to adjust pH. The stabilizers and sugars were dissolved in distilled water
at 65 °C. Subsequently, the emulsifier was added. The mix was then pasteurized,
homogenized and cooled to 5 °C (Fryma, APV Homogenizers, Denmark).

3.3.2. Bubble deformation and break-up in simple
shear

Band apparatus

To investigate high deformation and try to achieve bubble break-up in simple shear,
experiments using a parallel band apparatus were performed.

The diameter of the undeformed bubble was determined by evaluating a picture
taken with the CCD-camera (DFW-V500, Sony). For this purpose the Java based
image processing software imageJ (Version 1.35n, National Institutes of Health,
USA) was used. The pixel-millimeter conversion factor was determined via the
known band distance.

Newtonian flow behavior of the glucose syrup was verified in rheological flow
curve measurements, the temperature dependent viscosities measured and the func-
tional relationship derived. All surface tension measurements were carried out in-
house at 18° C using the drop detachment method. The density of the glucose
syrup needed for the surface tension measurements was determined with a density
meter.

The velocity gradient developed in the parallel band apparatus is linear. The
shear-rate was obtained as the ratio between the relative speed at which the bands
move and the distance between them.
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The major and minor axis of the sheared bubble were determined using the
software ¢mageJ. First, a black and white threshold was set on every frame of the
movie. Afterwards an ellipse was fitted to the deformed bubble and the major and
the minor axes of the fitted ellipse measured for every frame. Because the movies
were captured with 10 frames per second over several seconds, the time depen-
dent development of the semi-major and semi-minor axes and the corresponding
deformation value could be plotted as a function of time. The average D-value at
equilibrium was acquired by averaging the values at constant deformation.

TECC device

To place a bubble into the gap, a syringe was inserted into the gap through a
lead-through at the bottom of the gap. One CCD-camera (DFW-V500, Sony)
looked sidewards onto the plexiglass-cylinder and captured movies of bubble size
and break-up. The second camera (DFW-V500, Sony) was placed below the TECC
to assess the position of the bubble. The software Fire-i was used to operate the
cameras. Bubbles were illuminated from top and bottom to create reflections at
the bubble surface to increase the contrast between the bubble and the continuous
phase. A stroboscope was used to increase reflections at the thin break-up point
of the deformed bubble. Because the bubble moved with the sheared continuous
phase, a mirror was placed behind the TECC. Thus the moving bubble could be
observed during its entire way around the container. The dimensions of the inner
cylinder and the outer cylinder were chosen such that the ratio between diameter
of inner cylinder and gap width is 10:1.

Pictures of the undeformed bubble plus a ruler were taken to determine the
bubble size using image J. Because of the bend of the outer Plexiglas cylinder the
diameter of the bubble could only be measured vertically. The rotational speed of
the inner cylinder was step-wise increased with long waiting periods until break-
up occurred. If the actual break-up event was missed because it occurred on the
side turned away from the viewer, a small, broken-away bubble following the main
bubble proved that breakup had happened.

Rheometrical flow curves were obtained to ensure the Newtonian flow behavior
of the silicone oils, their temperature dependent viscosities were measured in tem-
perature ramps. The shear rate (4) was determined according to DIN 53018 [44]
using Eq.2.47. The values for the surface tension from the manufacturer were as-
sumed to be correct. Such values were approved in former measurements in-house
for other silicone oils bought from the same manufacturer.

It is not possible to observe bubble deformation in the current setup because
the cylindrical plexiglass wall leads to distortions in rotational direction. These
optical distortions could be avoided with the addition of a so-called white-box
which consists of a square transparent container placed around the acrylic glass
cylinder. Optical distortions can then be eliminated if the space between the two
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transparent containers and the gap between the two concentric cylinders is filled
with the same fluid. Such a construction can be seen in Fig. 3.21.

Figure 3.21.: TEC device with white box.

3.3.3. Rotor-stator foaming

Foaming experiments were performed varying the gas volume fraction, pressure,
volumetric energy input, rotational speed and residence time/product throughput.
In Tab. 3.9 the most important parameter combinations analyzed for rotor-stator
whipped foams are summarized. Details are given subsequently. Due to the large
number of parameter combinations tested, not all experiments could be repeated.
Standard deviations are included in the figures whenever results were reproduced.

Table 3.9.: Rotor-stator whipping: analyzed process parameter combinations.

Pressure Geometry Rotational speed Gas volume fraction

[bar] [rpm] -

0.60 Radax 3011, 4048 0.33 to 0.80, plus @v.max
0.75 Radax 3011, 4048 0.33 to 0.80, plus ¢y max
atm Radax, 12-HR 1978, 3011, 4048 0.33 to 0.80, plus ¢y max
2.00 Radax 3011, 4048 0.33 to 0.80, plus ¢v max
3.00 Radax 3011, 4048 0.33 to 0.80, plus @v max
4.00 Radax 3011, 4048 0.33 to 0.80, plus @v max
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Standard foaming experiments

In Fig. 3.22 the flow sheet of the standard foaming process is shown as well as
foaming at partial vacuum and increased pressure conditions.
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Figure 3.22.: Flow sheet of the pilot plant for experiments conducted at either
increased pressure (A), atmospheric pressure (B) or partial vacuum
conditions (C).

An eccentric worm pump pumped mix from a vessel through connecting pipes
into the rotor-stator head of the Kinematica Megatron. A defined amount of air
was injected into the connecting pipes with a gas mass flow controller (either Red-y
or Bronkhorst) right before the whipping head. The dispersing head had a cooling
jacket, which was cooled with ice-water to minimize a heating up of the mix/foam
due to energy dissipation. The foam was gathered in a container from which
samples were taken for analysis. Gas volume fraction and bubble size distribution
were analyzed within five minutes after foam production.

Most of the pilot batches were duplicated to guarantee the reproducibility of
the results. Since the foam temperature strongly influenced foam stability during
analysis, the foam outlet temperature was adjusted to 18 & 2°C by adapting both
mix inlet temperature and temperature of cooling bath. It was impossible to keep
foam temperature in the desired range for rotational speeds higher than 4048 rpm.
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Foaming at reduced pressure

A vane pump (DUO 1.5 A, Arthur Pfeiffer Vakuumtechnik, Germany) was used
to set a vacuum of either 0.50 bar absolute or 0.25 bar absolute before starting
the experiment to achieve pressures of 0.60 bar and 0.75 bar, respectively, during
foaming. This reduction in applied partial vacuum is a consequence of the pressure
generated by the product flow. When the chosen partial vacuum was reached, the
exsiccator was closed with a valve. Then the standard foaming process began.
As soon as the foaming was finished, i.e. when enough foam was gathered, the
exsiccator was aerated to atmospheric pressure over a duration of approximately
20 seconds using a valve. Foam samples were then taken from the exsiccator for
analysis. Foaming at reduced pressure was thus only possible batch-wise although
the rotor-stator device works continuously.

Foaming at increased pressure

The process itself was similar to the standard foaming process. In addition, a
back-pressure valve was installed at the outlet of the rotor-stator head to create
product pressures of 2, 3 and 4 bar in the whipping head during the foaming
process. Between the dispersing head and this valve a pressure sensor was installed
to measure the exact product pressure. The foam expanded as soon as it passed
the back pressure valve, because it was then subjected to atmospheric pressure.
Foam was gathered in a container from where samples were taken. Foaming at
increased pressure was possible in a continuous way.

Number of rotor-stator pairs

mix and air
mlet

alignment of rotor and stator blades
1 2 3 45 6 7 8

foam
) outlet
f1ow flirgetign

\§ J
g

whipping head

Figure 3.23.: Schematic drawing of the rotor-stator head: alignment of the rotor-
stator pairs and flow direction.
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The number of rotor-stator pairs added to the whipping head was changed from
one to eight using the Radax geometry. The successive increase in rotor-stator
pairs mounted to the whipping head was paired with different residence times in
the dispersing flow field from e.g. 1.4 s (1 RS-pair) to 11.0 s (8 RS-pairs) for a
fluid flow rate of 18.22 1/h and a gas volume fraction of 0.50. This corresponds to
an identical residence time per rotor-stator pair of 1.4. s. The rotor-stator pairs
were added at the inlet of the head (see Fig. 3.23). The gas volume fraction was
increased as far as it was possible without getting blow-by. Rotational velocity was
3011 rpm (= 8.04 m-s~! circumferential velocity).

Radax versus 12-HR geometry

To compare the whipping efficiency of the Radax and the 12-HR geometry (see
Fig. 3.5), four experimental set-ups were compared:

e 8 pairs of the Radax geometry with a total residence time of 11.0 s (equivalent
to 1.4 s per rotor-stator pair)

e 8 pairs of the 12-HR geometry with a total residence time of 11.0 s (equivalent
to 1.4 s per rotor-stator pair)

e 12 pairs of the 12-HR geometry with a total residence time of 11.0 s (resulting
in a shorter residence time of 0.9 s per rotor-stator pair)

e 12 pairs of the 12-HR geometry with a residence time of 1.4 s per rotor-stator
pair (equivalent to a total residence time of 16.8 s)

To use the set-up with 8 rotor-stator pairs of the 12-HR geometry, the remaining
length of the whipping head was filled with spacers (rotors and stators without
pins). All experiments were done at rotational speeds of 1978 (=5.28 m-s~!
circumferential velocity), 3011 (=8.04 m-s™') and 4048 rpm (=10.81 m-s™').
Foams with identical gas volume fractions were produced for all set-ups (0.20, 0.33,
0.50, 0.60, 0.66, 0.75, 0.80, ¢vmax). The air and mix flow rate were adapted to vary
the gas volume fraction while keeping the residence time constant. By definition,
the free volume began with the first rotor and ended with the last stator. It is
different for the two geometries and is listed in Tab. 3.10.

Power measurements

The total real power input in the dispersing machine was measured (Yokogawa
2533, Yokogawa Electronics, Japan). The obtained values were used to calculate
the volume specific energy Fy and power input FP,. The dispersing power was
calculated by substracting the idling drive power from the total real power. The
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Table 3.10.: Specifications and free volume of the Radax and 12-HR geometry.

Geometry Maximum number of RS-pairs Free head volume
[ [ml]
Radax 8 112.705
12-HR 12 62.387

idling drive power is the measured real power used at a set rotational speed with
empty rotor-stator head.

3.3.4. Dynamically enhanced membrane foaming
device
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Figure 3.24.: Schematic drawings of the dynamically enhanced membrane foaming
device used for the foaming experiments.

The two setups, the rotating membrane foaming device ROME and the dynam-

ically enhanced static membrane foaming device DESM were used for foaming ex-
periments. The experiments were performed varying the gas volume fraction, gap
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size, mix recipe, velocity field, pore size, pore distance, membrane type, residence
time and membrane area. Due to the large number of tested parameter combina-
tions, it was not possible to repeat every experiment. The standard deviations are
included in the figures whenever the results were reproduced.

Fig. 3.24 shows the flow sheet of the standard membrane foaming process. An
eccentric worm pump (Nemo NMO008BY03512b, Hény AG, Switzerland) brought
mix from a vessel through connecting pipes into the head of the dynamically en-
hanced membrane foaming device. A defined amount of air (red-y GSC-B9HA-
BB24, Vigtlin AG, Switzerland) was pressed through a membrane into the narrow
annular gap between rotating inner cylinder and static outer cylinder. The result-
ing foam was gathered in a container. Samples were taken, the gas volume fraction
determined and microscope images captured.

Foaming using the rotating membrane

The systematically varied parameters are listed in Tab. 3.11.

Table 3.11.: Systematically varied parameters for foaming with ROME device.

Membranes and pore sizes: Sefar Nitex, 6 and 1 pm
Sinter membrane, 2 pm
CPDN membrane, 5.0 and 1.5 pm

Gap width 0.22 mm, 0.50 mm, 0.72 mm, 1.0 mm, 1.5 mm
Circumferential speed 2.9-235m-s7!

Residence times 0.97s,0.75 s, 0.50 s

Model mixes E,C A

Gas volume fraction 0.20, 0.33, 0.43, 0.50, 0.56, ..., Ovinax
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Foaming with the dynamically enhanced static membrane
device

Systematical experiments were performed using the DESM device, the parameters
are listed in Tab. 3.12.

Table 3.12.: Parameters used for foaming with DESM device

Membranes and pore sizes: Sefar Nitex, 6 and 1 pm
Sinter membrane, 2 pm

Gap width 0.22 mm, 0.50 mm (and 2.0 mm)
Circumferential speed 3.0-23.7m-s7!

Residence times 0.50 s, 0.75 s (and 2.00, 3.00 s)
Model mixes E, C

(Gas volume fraction 0.20, 0.33, 0.43, 0.50, 0.56, ..., ®vimax

Experiments used for scale-up calculations of DESM device

Table 3.13.: Parameters for scale-up experiments with small device.

Residence times [s|:  0.75, 0.50, 0.40, 0.30, 0.25, 0.20, 0.15, 0.10
Membrane area [-] 5 units, 3 units, 1 unit

For scale-up calculations of the DESM device, it was necessary to determine
the impact of membrane area on the resulting foam microstructure and to test the
maximum flow rate/minimum residence time. The experiments were done using the
Sefar Nitex membrane with 6 pm pore size, a gap of 0.22 mm and a circumferential
velocity of 18.51 m-s~!. The clamping fixture for the Sefar membrane had 50
membrane filled windows arranged in five axially rows (see Fig. 3.17). To determine
the maximum flow rate/minimum residence time, the residence time was stepwise
decreased. Foams of gas volume fraction 0.50 were produced and ¢y stepwise
increased until blow-by occurred. To analyze the impact of the membrane area,
some of the window rows containing the membrane were closed with plastic film.
The impact of the 5 maximally possible membrane rows (=5 units) was compared
to 3 units (out of 5) and 1 unit (out of five). To ensure comparable shearing per
membrane area, membrane filled rows were arranged at the head outlet while the
foil covered windows were at the head inlet. Criteria for resulting foam quality
compared to optimum foaming parameters were that no blow-by occurred, that
drainage did not increase and that bubble sizes were maximally increased by 50 %.
It was mandatory that a minimum gas volume fraction of 0.56 was achievable. All
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experiments were repeated and the data used for the scale-up calculations. Tab.
3.13 summarizes the experimental set-up.

Scale-up calculations from lab- to pilot-scale DESM

Scale-up calculations were done using the formulas referred to in Tab. 3.14.

Table 3.14.: References to the formulas used for scale-up calculations.

Total flow rate see Eq. 2.57
Shear rate see Eq. 2.47
Foam viscosity  see Iig. 4.46
gap Re-number see. Eq. 2.41

Ne-number see Eq. 2.38
C-value see Eq. 3.6
Usink see Eq. 2.1
tseparation see Eq 3.4
Py giss see Eq. 2.55
Fliss see Eq. 2.54
FEaiss see BEq. 2.56
Te, — Ty
tseparation — ZUTkO’ (34)

where 7, is the outer diameter of the rotor, rq, is the inner diameter of the stator,
Usink 10 the centrifugal field is

1 Np-22-C-g

sink — 75 3.5
Usink 18 i (3:5)
and the dimensionless centrifugal acceleration (C-value) is defined as
e (2.m-n)?
C = w (3.6)

g

Experiments with pilot-scale DESM device

For direct comparison, the same parameter settings were used for experiments
with the pilot-scale DESM device and the lab-scale DESM and ROME device. All
experiments were done with mix E, the sinter membrane and a gap width of 0.22
mm. The impact of circumferential velocity, gas volume fraction and residence time
on the mean bubble size was investigated, exact parameters are given in Tab. 3.15.
The gap sizes of the three devices were not exactly the same due to variations in
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raw membrane quality leading to deviations of the membrane diameter (gap sizes:
small ROME device 0.230 mm, small DESM device 0.235 mm, large DESM device
0.250 mm).

Table 3.15.: Parameters for experiments with scaled-up device: circumferential ve-
locity veire, residence time ¢y and gas volume fraction ¢y. Experiments
done with mix E and sinter membrane, gap width: 0.230 mm for lab-
scale ROME device, 0.235 mm for lab-scale DESM device and 0.250
mm for pilot-scale DESM device.

Ucire QZSV tv

m-s™!] -] [s]

2.961 0.20, 0.43, 0.56 0.75

8.144 0.20, 0.43, 0.56 0.75

13.327  0.20, 0.43, 0.56 0.50, 0.75, 1.00

18.509  0.20, 0.33, 0.43, 0.50, 0.56, ..., ¢ymax  0.50, 0.75, 1.00
23.692  0.20, 0.33, 0.43, 0.55, 0.56, ..., dymax 0.50, 0.75, 1.00

The setup of the large DESM device is depicted in Fig. 3.14.

Transparent outer cylinder for ROME device and single
pore membrane

A single pore membrane was used for these investigations on bubble formation
and detachment. It was made of compact brass in which one single pore with a
diameter of 100 pm was drilled. To simplify observation, the pore size was chosen
much larger than what is common for foaming experiments. The gap size was
accordingly increased (4 mm) to avoid wall effects. The gas velocity was chosen in
a similar range as used in foaming experiments to get comparable conditions and
to determine whether dripping or jetting occurs at such gas velocities. To adapt
this, the open area A, of the membrane SF03-6/5 was calculated (2.25-107* m?:
50 windows with an membrane area per window of 9.0- 10~ m? and open area per
membrane area of 5 %). At a typical gas flow rate, Vy;, of 151.0 ml- min™" (used to
obtain gas volume fraction ¢y = 0.56 at residence time ty = 0.5 8), the gas velocity
Vair 18 1.12-1072 m-5™" (var = Vair/Ao). For the single pore membrane with
A, = 7.85-107% m?, this corresponds to a gas flow rate of 5.28-10~% ml.-min~'.
First experiments were done with the gas mass flow controller red-y (type GSC-
BOHA-BB24) at a gas flow rate of 30.00 ml-min™" (=minimum), further trials
were done with a Bronkhorst gas mass flow controller (type: ' 201C-FDC-33-V)
at a flow rate of 1.365 ml- min~' (=minimum). For the single pore membrane and
a gap of 4 mm, only pure water allowed capturing of sharp images and was, thus,
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chosen as the continuous phase. The circumferential velocity used for experiments
and modelling were chosen identical to those used for foaming experiments as 3.0,
8.1, 13.3 and 18.5 m-s~!. It was not possible to generate sharp enough pictures
at a circumferential velocity of 23.7 m-s~!. The bubble sizes resulting from the
use of the single pore membrane were analyzed using the software image J. Scaling
was possible via markers on the membrane. Tab. 3.16 lists the parameters of the
single-pore system used for experiments, Tab. 3.17 the processing parameters used
in the experiments.

Table 3.16.: Parameters used for experiments with single-pore membrane and for
model calculations. The continuous phase was water, the disperse
phase air, all values are given for a temperature of 18°C.

Surface tension o [mN-m™!] 72.75
Continuous phase viscosity peont |kg-m™] 998
Disperse phase viscosity paisp [kg-m™| 1.20

Rotor radius R; |m] 0.0245
Gap size s [m] 0.004
Pore size xp [pm)] 100

Table 3.17.: Parameters used in experiments performed with ROME device, single
pore membrane and transparent outer cylinder. (D; rotor diameter,
D, inner diameter of outer cylinder, s gap size.)

D; D, S Circumferential velocity
m]  [m|] |m] (s~

49.00 57.00 4.00 3.0, 8.1, 13.3, 18.5

Transparent outer cylinder for ROME device and sinter
membrane

Additionally, a sinter membrane with 2 pm mean pore size made of stainless steel
was used. The gap size was 1 mm. This membrane was chosen in the transparent
set-up because the contrast between bubble and membrane was best and the least
light reflections occurred. The aim was to observe bubble detachment from a multi-
pore system, to get insight into the foaming process and to investigate bubble break-
up and/or coalescence in the gap. For these experiments using the sinter membrane,
it was no problem to keep the air velocity identical to foaming experiments using
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the red-y gas mass flow controller. For observation of bubble behavior in the gap
using the sinter membrane, a solution of 0.6 weight % emulsifier E in water was
chosen as the continuous phase. Since bubbles are not at all stabilized in pure
water, it could not be used as the continuous phase.

The processing parameters used in experiments are summarized in Tab. 3.18:

Table 3.18.: Parameters used in experiments using the ROME device, sinter mem-
brane and transparent outer cylinder. (D; rotor diameter, D, inner
diameter of outer cylinder, s gap size.)

Dy D, s Circumferential velocity
m]  [m]  [m] m -7
55.00 57.00 1.00 2.96, 8.14, 13.33

Power characteristics

To investigate a wide range in Reynolds numbers, Newtonian fluids of different
viscosities were used and a wide range in rotational speed tested. Water and
differently concentrated solutions of dried glucose syrup in water were used as
Newtonian fluids. Their production is described in Sec. 3.3.1. Tab.3.7 gives
an overview of the used fluids. The Newtonian flow behavior of the fluids was
checked, its viscosity and density were measured as a function of the temperature
(see Sec. 3.3). The flow rate of the fluid was chosen high (5.5ml-s™!) to avoid a
heating of the fluid. The experimental set up can be seen in Fig. 3.25. The fluid
was poured into a vessel. From there it was pumped through connecting pipes
and through the dispersing gap of the dynamically enhanced membrane foaming
device. Neither of the concentric cylinders was a membrane, both were made of
compact metal and no air was added. The dispersing zone and the seals were
not cooled to reduce a deflection of heat energy. The temperature was measured
with a thermocouple directly before and after the dispersing zone. The power
consumption was measured with a power meter (Yokogawa WT 230, Yokogawa,
Japan): one minute after a rotational speed was set, the power was measured for
one minute. The minimum and the maximum power were then averaged. All
measurements were repeated. The idling drive power was determined the same
way, however no fluid was pumped through the gap.

For a rotor diameter of 56.00 mm and a gap width of 0.5 mm, the following
parameters were combined systematically:
Fluid: tap water / glucose syrup solutions: 12, 30, 40, 58 and 69 weight %
Rotational speed: 100, 200, ..., 1000, 1500, 2000, 3000, ..., 10000 rpm

93



3. Materials and Methods

L]

(SR
N\ 1'000 - 10'000 rpm

Legend MSR
1 Vessel F.. Flow rate
2 Eccentric worm pump S.. Rotational speed, frequency
3 Power meter P.. Pressure
4 Rotating membrane device E.. Power )
5 Catchment tank I.. Indicator, display
M Motor R.. Controller
T Transmission
f Frequency converter
RI _ Schema . M Signed: 13072005 7. Muetier-Fische
Rotating Membrane Device -- Drarnby:
Set up for power characteristic
Nadina Mueller-Fischer A3
ETH Uiy o ot racemEngnent Draviog e
Sr.\-xrns\#:;gmaxxs?, 2092 Zarich File: VIKDINRRMD

Figure 3.25.: Schematic drawings of the rotating membrane foaming device used
to obtain power characteristics.

The Newton- and gap Reynolds number were calculated according to Eq. 2.38
and 2.41 for each rotational speed and fluid. The following values had to be known:
rotor diameter (D), gap between inner and outer cylinder (s), net power input
(P), rotational speed (n), fluid viscosity (1) and fluid density (p). Knowing the
averaged temperature in the dispersing zone at a certain rotational speed, the
actual viscosities and densities could be calculated for each fluid. The net power
input was obtained by subtracting the idling drive power from the measured total
power consumption. The calculated Newton- and gap Reynolds numbers were
plotted in a logarithmic graph. The constants €, C; and the critical Reynolds
number Re. were determined according to Sec. 2.5.1.

3.4. Materials

Several material systems were used within this work ranging from edible model
systems for foaming experiments to silicone oils for break-up of single bubbles in
simple shear. The relevant material parameters include fluid density p, dynamic
fluid viscosity n and surface tension ¢. The materials used for single-bubble de-
formation and break-up are listed in Sec. 3.4.1, the ones used to obtain the power
characteristics in Sec. 3.4.2 and the materials used for foaming in Sec. 3.4.3.
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3.4.1. Materials used for single-bubble deformation
and break-up

Glucose syrups

Glucose syrup is a liquid starch hydrolysate of mono-, di- and higher saccharides.
The degradation of the starch takes either place by acid hydrolysation or enzymatic
reactions. The extent of starch degradation is usually given in dextrose equivalents
(DE) which is defined as the ratio between cleaved glycosidic bonds and initial
number of glycosidic bonds. Pure glucose has a DE of 100 %, pure starch has a DE
of about 0%. The glucose syrup used in this work had a DE between 36 % and
39 %.

All glucose syrups were manufactured by Blattmann Cerestar AG (CH-8820 Wi-
denswil):

eC*Bio-Sweet 11160: Cleaned and concentrated high-maltose-syrup made of
wheat starch via conversion with enzymes.

Sugar-spectrum: dextrose (31.0 % TS), maltose (39.0 % TS), higher molecular frac-
tions (30.0 % TS).

eBC*Sweet 01175: Viscous, transparent syrup made of wheat starch via aci-
dolysis.

Sugar-spectrum: dextrose (14.0-20.0 % T'S), maltose (11.5-16.0 % T'S), maltotriose
(9.5-14.0% TS), polysaccharides (50.0-65.0% TS).

¢C*Bio-Sweet 11144: Cleaned and concentrated high-maltose-syrup with low
dextrose content made of wheat starch via conversion with enzymes.
Sugar-spectrum: dextrose (3.0% TS), maltose (49.0% TS), maltotriose (22.0%
TS), higher molecular fractions (26.0 % TS).

Fig. 3.26 shows the Haworth projection formula of the monosaccharide Glucose

and the disaccharide Maltose (O-a-D-Glucopyranosyl-(1—4)-3-D-glucopyranose).
Maltotriose (O-a-D-Glucopyranosyl-(1—4)-O-a-D-Glucopyranosyl-(1—4)-D-Glucopyranose)
is not shown but can easily be derived. Tab. 3.19 shows the viscosity, density and

surface tension of the used glucose syrups.

Silicone fluids

Silicone Fluids are dimethylpolysiloxanes whose unbranched chains are made up of
alternate silicone and oxygen atoms, the free valencies of the silicone being satu-
rated by methyl groups. While the carbon chains of organic compounds show little
resistance to certain external influences, the stability of inorganic Si-O linkages
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Figure 3.26.: Haworth projection formulas of glucose and maltose.

Table 3.19.: Viscosity, density and surface tension of glucose syrups.

Glucose syrup Viscosity at 18° C  Density at 18° C  Surface tension at 18° C

[Pa- s [kg - m™? [mN - m™!|
11160 28.587 1409 80.74
01175 97.282 1412 80.64
11144 141.389 1423 80.69

is, in many ways, like the chemical inertness of silicate mineral. The structure of
silicone fluids is shown by the following general formula in Fig. 3.27.

T T
H,C Si o Si o Si CH,
CH, CH, CH,

n

Figure 3.27.: General formula for silicone oil.

All silicone oils were bought from Wacker-Chemie GmbH (D-81737 Miinchen):
e Silicone Fluid AK 60000
e Silicone Fluid AK 100000
e Silicone Fluid AK 300000

For the silicone oils, Tab. 3.20 gives the viscosity (as a function of temperature)
and the surface tension (surface tension as given by the manufacturer).
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Table 3.20.: Viscosity and surface tension of silicone oil (surface tension as given
by manufacturer).

Silicone oil  Viscosity n = f(1')  Surface tension at 25 ° C

[Pa -5 [mN - m™!|
AK 60000 7 — ¢4 wig — 1538 215
AK 100000 5 — 0410 7l =097 91.5
AK 300000 5 — !5 wiry +0:5242 215

3.4.2. Materials used to obtain power
characteristics

Glucose syrup

Product name: C*Dry GL 01934
Manufacturer: Blattmann Cerestar AG (CH-8820 Wadenswil)
Product description by manufacturer: Dried glucose syrup

In order to get Newtonian fluids of different viscosities, various glucose-water
solutions were prepared (see Sec. 3.3.1). Glucose concentration varied between 0
and 69 weight %. The Newtonian behavior was verified in rate sweep tests (not
shown), the exact correlation between temperature and viscosity then determined
in temperature sweeps (results shown in Fig. 3.28 (left side) and Tab. 3.21) and
the density measured with a density meter at different temperatures (results shown
in Fig. 3.28 (left side) and Tab. 3.22).

As expected, both viscosity and density were lower at higher temperatures. From
the gradient of the curves it can be seen that the temperature dependency of the vis-
cosity was small for water and the 12 weight % glucose syrup solution and became
higher with increasing glucose concentration. The values for water were assumed
from literature [178]. Analogous to the viscosity, the temperature dependency of
the density was stronger at higher glucose syrup concentrations.

3.4.3. Materials used for foaming

Air was always used as the disperse phase, while several continuous phases were
tested. The two ingredients of mix A to D, AmeHV and Meyprodor ™ 400, are
further described.
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Figure 3.28.: Viscosity and density of water and glucose syrup solutions as a func-

tion of the temperature.

Table 3.21.: Viscosity of water and glucose syrup solutions as a function of the

temperature.
Liquid Viscosity n = f(T)
[Pa - s]
water __ ,2086.09° Ty —13.85
12 weight % glucose syrup 7 =e" % Ty~ 12:68
1
30 weight % glucose syrup g = e>*%** 7~ 137!
1
40 weight % glucose syrup n = e**°>% T~ 148
o1
58 weight % glucose syrup 7 = '***** TR TIE1E
CoL
69 weight % glucose syrup n = e***%% TR 2283

Table 3.22.: Density of water and glucose syrup solutions as a function of the tem-
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perature.
Liquid Density p = f(T)
kg - m~]
water p = —0.00025- T [°C] + 1.00330
12 weight % glucose syrup p = —0.00030- T [°C] + 1.05196
30 weight % glucose syrup p = —0.00038-T [°C]| + 1.13251
40 weight % glucose syrup p = —0.00043-T [°C| + 1.18171
58 weight % glucose syrup p = —0.00049- T [°C| + 1.27882
69 weight % glucose syrup p = —0.00053- T [°C]| + 1.34550
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Total milk protein

Product name: AME-HV
Manufacturer: Emmi AG (CH-6252 Dagmersellen)
Emmi-Protein AME-HV is a total milk protein (caseins, globulins, albumins) which
was solubilized in a special process. It is highly viscous in applications. The
protein is produced from fresh skim milk and is carefully spray dried to prevent
denaturation.

Milk proteins in soluble and dispersed form are widely valued as food ingredients
with excellent surface-active and colloid-stabilizing properties [119]. The two main
classes of milk proteins are the caseins (80 %) and the whey proteins (20 %).

Guar gum

Product name: Meyprodor™ 400

Manufacturer: Rhodia Food (Meypro, NL-1500 AC Zaandam)

Meyprodor™ 400 is a food and pharmaceutical guar gum, with a neutral taste, a
low microbiological count and a well defined medium viscosity.

Guar gum belongs to the family of seed reserve polysaccharides known as galac-
tomannans. It is the ground endosperm of the seeds of Cyamopsis tetragonoloba.
The chemical structure consists of a long linear chain of (1 — 4)— D—mannopyranosyl
units with single-membered a1 — 6)—D—galactopyranosyl units as side branches.
The ratio of side branched units to backbone units is 1.55. Guar gum - when sold
as commercial food-grade gum - contains small concentrations of proteinaceous
material. Its chemical structure is shown in Fig. 3.29. Guar gum is an important
thickener and produces the highest viscosity of any natural, commercial gum. Be-
cause of its non-ionic nature, the viscosity of guar gum remains unchanged for 3.5
< pH < 9.0. Guar gum does not produce gels under typical food system conditions.
Gelation can however be induced by the addition of sucrose which promotes the
interchain binding when highly hydrated.

Fig. 3.30 shows the flow curves of mix A, B, C and D with cross fittings, Tab.
3.23 lists the fitting parameters of the cross model. The viscosities of mix E and
foam E are shown in Fig. 4.46 and the density and surface tension of mixes A to
E in Tab. 3.24.
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Figure 3.29.: Chemical structure of the basic unit of Guar Gum.
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Figure 3.30.: Viscosity of model mixes A, B, C and D: measurements and fitting
with cross model. Fitting parameters are listed in Tab. 3.23.
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Table 3.23.: Viscosity of mixes A to D as a function of the shear rate fitted with

the cross model: 17 = 1o + %
Model mix AmeHV/Guar i Moo K m
[weight %] [Pa-s|] [Pa-s|] [] -]
A 3.00/1.50 110.00 0.015 4.55 0.80
B 5.00/1.00 77.00 0.020 2.60 0.83
C 5.00/0.50 4.50 0.019 0.57 0.75
D 5.00/0.25 0.27  0.018 0.06 0.70

Table 3.24.: Density and surface tension of mixes A to E.

Model mix Density Surface tension at 18 © C
g ) N - -

A 966 (18 °C) 47.1 (300 s)

B 970 (18 °C) not measured

C 1024 (18 °C 19.8 (300 s)

D 1018 (18 °C) not measured

E 1125 (25 °C) 59.0 (7 s)
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4. Results and Discussion

The results were divided into six main parts, of which (i) and (ii) are of fundamental
value: single bubble deformation/breakup and static pressure impact on foaming.
The knowledge gained in these two sections can be applied to any foaming process.
Part (iii) on rotor-stator whipping characterizes the R/S device which serves as
the reference foaming process in this work. Results section (iv) focuses on bubble
detachment from one single pore of a rotating membrane. The basic knowledge
obtained in this section is then applied to the dynamically enhanced membrane
foaming in part (v). Last but not least, in section (vi), the two types of dynamically
enhanced membrane devices, the rotating membrane ROME and the dynamically
enhanced static membrane DESM, are compared to the rotor-stator foaming device
characterized in part (iii).

4.1. Single bubble deformation and
breakup

It is important to gain further knowledge on fundamental mechanisms like bubble
formation and breakup to design new foaming processes which allow to taylor-
make the structure of the foam product. Deformation and breakup of bubbles
was, hence, investigated in simple shear flow. Extrapolation of data by Grace [60]
for droplet breakup suggests that the critical Capillary number increases strongly
with decreasing viscosity ratio for A < 1. However, only at high viscosities of the
continuous fluid phase and correspondingly low viscosity ratios is the velocity of
rising bubbles sufficiently low for steady state experiments (see Eq. 2.1), due to
the large density difference between gas bubble and continuous fluid phase (see
Tab. 4.1). In contrast to experiments with liquid droplets, it is impossible to
achieve negligible buoyancy for bubbles. High viscous continuous phases leading
to viscosity ratios A between between 107 and 10~7 were, thus, chosen for all
bubble deformation and breakup experiments to slow down the rising velocity of
the bubbles. Bubble deformation and breakup are further discussed in sections
4.1.1 and 4.1.2.
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Table 4.1.: Rising velocity of bubbles calculated using Stoke’s law (see Eq. 2.1) for
Re < 0.25: exemplary values for glucose syrup of different viscosities at
18 °C as the continuous phase and bubble diameter of 2.0 mm.

Glucose syrup Viscosity  Density  Rising velocity

[Pa-s] kg -m™] [mm - 571
11160 28.587 1409 0.11
01175 97.282 1412 0.06
11144 141.389 1423 0.02

4.1.1. Parallel band apparatus

Fig. 4.1 shows the typical development of bubble deformation in simple shear in
the parallel band apparatus. As soon as shearing is started, the spherical bubble
undergoes a transient shear deformation. The bubble form changes from spherical
via ellipsoidal to sigmoidal with pointed ends. At the same time, the major bubble
axis aligns more and more with the flow direction (0° < ¢ < 45°). Maximum
deformation and alignment represent the steady shear state. Upon stopping the
shear bands, bubbles relaxed from the sigmoidal shape with pointed ends back to
ellipsoids and spheres again. During relaxation, the bubble angle again approaches
45°. The relaxation process is approximately inverse to the deformation process.
Different to what is common for droplets [165], no bubble breakup was observed
during bubble relaxation.

Steady-state bubble shapes and orientation angles under different deformations
in simple shear are shown in Fig. 4.2. The steady state orientation angle approaches
0° for very high deformations while the sigmoidal form and pointed ends get more
pronounced.

Data from experiments with 52 bubbles (0.86 mm < xp < 2.75 mm) subjected to
shear rates between 3.51 and 17.43 s~! obtained with three glucose syrups (viscosi-
ties from 28.59 to 141.34 Pa -s) and resulting in viscosity ratios between 6.09- 1077
and 1.23-1077 was combined to examine relationships between bubble geometry
and Capillary number. These results, obtained in the parallel band apparatus,
were compared to data from literature and to models. The steady deformations
D of the bubbles as a function of C'a are plotted in Fig. 4.3. In Fig. 4.4 the
part of the results relevant for direct comparison to data from Rust and Manga
[144] is shown including modeling data for deformation parameter D while Fig. 4.5
compares own results to modeling for the deformation parameter L/xp.

The deformation parameter D scales proportionally to Ca for Ca < 1 (Fig.
4.3) and then asymptotically approaches a value of 0.89 for increasing Capillary
number. The curve progression in own experiments for bubbles differs from results
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4.1. Single bubble deformation and breakup

Figure 4.1.: Development of bubble deformation (1-5) and relaxation (5-9) in sim-
ple shear flow in the parallel band apparatus.

for droplets found in literature: Experiments by Torza et al. [172]| for drops in
simple shear flow with A > 0.8 or greater showed an increasing slope d D /dCa with
increasing Ca, representing breakup. An explanation for these differing trends is
the significantly lower viscosity ratio in the presented experiments for bubbles. In
this case, the Capillary numbers do not get to critical values yet.

Rust and Manga [144] investigated bubble deformation at very low viscosity ra-
tios of A = O(10™7) up to Ca=7.1. No breakup was achieved. In our experiments
a five times higher Capillary number was achieved using the computer-controlled
parallel band flow cell. Even at Capillary numbers of 38.9 still no bubble breakup
occurred, higher Capillary number could not be achieved. The Ca-range was lim-
ited due to:

e Limitation in upper shear rate: wake and channel formation.

e Limitation in control software: difficulties to keep bubbles in place (observa-
tion window) via camera-/computer-controlled adaptation in shear rate for
relative band velocities above 0.17 m - s7.

Results for bubble breakup achieved later in a transparent concentric cylinder
device (see Sec. 4.1.2 and Fig. 4.10) indicate that Ca.=38.9 was just in the
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D=0.00

D=0.11 flow direction
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D =037
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D=0.76

D=0.80

D=0.89

Figure 4.2.: Steady-state bubble shape and orientation at different deformations
(D = (L— B)/(L + B))in simple shear. Deformations range from 0.00
(=undeformed bubble) to 0.89.
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Figure 4.3.: Deformation parameter D as a function of the Capillary number Ca
for bubbles in simple shear flow obtained with glucose syrup of varying
viscosity as the continuous phase leading to different viscosity ratios.
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critical domain for breakup. Extrapolation of the data shown in Fig. 4.10 suggests
that breakup should have occurred at C'a,=37.8 for the glucose syrup 11144 in the
band apparatus. Naturally, such an extrapolation can only provide an approximate
value.

For direct comparison of own experiments to results by Rust and Manga, ex-
periments up to C'a = 10 are plotted in Fig. 4.4. Qualitatively, the D=f(Ca)
functions are alike, but absolute values show clear differences. In contrast to Rust
and Manga’s findings, the slope of our curve is lower at low Capillary numbers and
the curve deviates from Taylor theory (Ca = D) already for very low C'a number.
In addition, Rust and Manga reached bubble deformations up to values of 0.94
while the highest D-value in own work was 0.89 even though Capillary number
up to 38.9 were reached (see Fig. 4.3) compared to Ca=7.1 in the work of Rust
and Manga. However, comparison of own experiments done with several different
bubbles at identical Capillary number led to near-identical deformation. Hence,
reproducibility is good. The deviation of own results from results by Rust and
Manga (Fig. 4.4) and from models must result from some systematic error (see
Fig. 4.5). Possible reasons for systematic errors are:

e Wrong determination of viscosity, density, surface tension or temperature.
e Software error resulting in wrong fitting of ellipse to deformed bubble.
e Limitation in image analysis.

Errors 1 and 2 were eliminated by double-checking all results. This leaves expla-
nation three. Fitting of an ellipsoid to highly deformed bubbles might be difficult.
The contrast between bubble and continuous phase is not very strong (see bubble
at high deformations in Fig. 4.2). At low image resolutions, very thin and pointed
ends might not be captured entirely. This leads to an incorrect determination of
the major axis and to wrong deformation values.

Fig. 4.5 shows the deformation parameter parameter L/xp valid for high de-
formations as a function of the Capillary number. Own results were compared to
theoretical relationships. Both the models by Hinch and Acrivos (|77], Eq. 2.16)
and Canedo et al. (|27], Eq. 2.17) clearly overestimate our measured data. How-
ever, it is assumed that the resolution of the used CCD camera was limited in
capturing the very thin, pointed ends of highly deformed bubbles. This may par-
tially count for the deviations between experimental and model data. On the other
hand, the assumption of Hinch and Acrivos that the bubble cross-section is circu-
lar is most probably not fulfilled at large bubble deformations. Canedo et al. [27]
demonstrated the cross-section to be ellipsoidal. They found similar deviations of
model predictions by Hinch and Acrivos from their experiments on bubble defor-
mation in simple shear obtained in a Couette shear gap. In our experiments with
the parallel band apparatus, the cross-section was not observed.
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Figure 4.5.:

Figure 4.6.:
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Deformation parameter L /xp as a function of the Capillary number
Ca for bubbles in simple shear. Symbols represent measured values,
the solid line represents the model prediction by Hinch and Acrivos
[77], the dashed line the model for Canedo et al. [27].
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Steady orientation of bubbles in simple shear flow as a function of the
Capillary number C'a. The line is the theoretical relationship by Hinch
and Acrivos ([77], Eq. 2.19), the dashed line the model by Maffetone
and Minale ([107], Eq. 2.20) the symbols represent our experimentally
obtained values.
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Fig. 4.6 shows the orientation angle # as a function of the Capillary number Cla.
Own data are again compared to the slender body theory by Hinch and Acrivos
(|77], Eq. 2.19) and the phenomenological non-Equilibrium thermodynamics based
model of Maffetone and Minale ([107], Eq. 2.20). The trends of the curve progres-
sion of experimentally found data and of the two models are again similar. Bubble
orientation received from experiments in the parallel band apparatus shows less
alignment into flow direction. This tendency was to be expected for the compar-
ison of experimental data to the model by Maffetone and Minale model since it
assumes the droplets to be of ellipsoidal, prolate form. Oplate bubbles are excluded
by this model.

4.1.2. Transparent Enlarged Concentric Cylinder
(TECC) device

Simple shear flow can be applied approximately in a narrow gap between coaxially
rotating cylinders. The TECC device was built with the aim of achieving bubble
breakup. It is a simplified version where only the inner cylinder rotates. This
results in the bubbles revolving around the cylinder axis. To determine the critical
Capillary numbers for bubble breakup this device was demonstrated to work satis-
fyingly. To measure bubble deformation, it is advantageous to use counter-rotating
cylinders. This enables to locate a circumferential, stationary layer at some radius
in the gap where the bubble do not move relative to the observer [60, 27].

Figure 4.7.: Bubble shapes before and during tip breakup in simple shear obtained
in the TECC device. Air bubble in silicone oil AK 100 000, viscosity
ratio A=1.96-107", Ca,—33.7.
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Figure 4.8.: Tip breakup in simple shear obtained in the TECC device. In each
picture, the upper object is the shadow of the bubble, the lower one
the bubble itself. Breakup can be observed more easily by looking at
the shadow due to its 2-D projection nature. Air bubble in silicone oil
AK 60000, viscosity ratio A=3.09- 1077, Ca,—32.0.

It was possible to achieve bubble breakup in the TECC device in three silicone
oils of different viscosities. Figs. 4.7 and 4.8 show pictures of the entire bubble and
of the bubble tip during breakup in the TECC device, respectively. These pictures
are screen shots of a movie captured with a CCD camera. The deformed bubble,
depicted in the first picture in Fig. 4.7, is close to ellipsoidally shaped with thin,
pointed ends. Its axis nearly aligns with the flow direction. The second picture
shows pronounced beginning of tip breakup and points out the limitations in image
capturing: it gives the impression of an open bubble tip. This is most probably
an "optical illusion"and originates from too low contrast between the very thin,
elongated bubble tip and the surrounding fluid. Additionally, an earlier broken-off
small bubble can be seen on the right hand side of picture 2. Image 3 shows the
actual tip break-off: a small, ellipsoidal bubble has separated from the mother
bubble. Since the camera was fixed in place and the bubble revolved around the
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cylinder axis, the bubble changes its location from one picture to the next, moving
from right to left.

For Fig. 4.8, the tip was particularly focused and the contour of the bubble was
sharpened by use of a a stroboscope. In each picture, the upper, darker object
is the respective shadow. Breakup can more easily be observed by looking at the
shadow due to its 2-D projection nature rather than at the bubble itself. The
major axis of the deformed bubble orients into the flow direction of the sheared
continuous phase (Fig. 4.8 - 1). A thin filament is torn off (Fig. 4.8 - 2) which
partially relaxes to an ellipsoid after breakup (Fig. 4.8 - 3).

The observed type of breakup is obviously a tip breakup, not total fracture.
Fracture, the other type of breakup, separates a bubble into two or three almost
equally sized bubbles with a few tiny satellite drops in between. These two breakup
mechanisms were shown to be clearly distinguishable for droplets (e.g. [60, 40]).
It was, thus, tried to also achieve fracture of the bubble by further increasing the
Capillary number in the TECC device. However, no clear distinction between
tip breakup and fracture could be experimentally found for bubbles. Instead a
gradual increase in size of the bubbles broken off the tips was found with increasing
Capillary number. Hence, it was decided to define bubble breakup as the first
separation of a small bubble from the mother bubble at its tips.

De Bruijn [40] closely investigated potential reasons for tip breakup in the case
of emulsions, namely the viscosity ratio (i) and the presence of surfactants (ii). He
found that tip breakup only occurs for viscosity ratios much smaller than unity
and if interfacial tension gradients could develop, resulting in reduced interfacial
tension at the tips. Tip breakup did neither occur at extremely low surfactant
concentration, nor at high levels where drop coverage by surfactant was guaranteed.
In our case, the condition A << 1 is fulfilled, but there is no surfactant contained
which could cause an interfacial tension gradient. Bubble breakup has not been
investigated before, in particular not at such low viscosity ratios. From our findings
we conclude that tip breakup occurs preferably for bubbles even if there is no
surface tension gradient.

Identical to the findings in the parallel band apparatus, bubble breakup was never
observed during bubble relaxation in the TECC device either, neither for subcritical
nor critical Capillary numbers. Upon stopping shear flow, bubbles slowly relaxed
to their original spherical shapes. Rayleigh instabilities were not observed either.

Figs. 4.9 and 4.10 show the experimentally found relation between viscosity ratio
A and critical Capillary number Ca.. Bubble breakup was reached for three dif-
ferent viscosity ratios between 3.09-10~7 and 6.67 - 10~%, corresponding to critical
Capillary numbers between 29.1 and 44.7. The critical C'a-number was found to
be higher at lower viscosity ratios as expected. Comparison of own results with
literature data can only be made with publications dealing with droplets since, to
the best of our knowledge, no results on bubble breakup have ever been published.
Data by Grace [60] in a similar viscosity ratio domain (down to 107°) were achieved
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Figure 4.9.: Bubble breakup in simple shear obtained in the TECC device. Own
data for bubbles (marked with dashed frame) compared to data from
Grace for droplets [60].
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using low viscous drops in a high viscous surrounding fluid. These data for droplets
are depicted in Fig. 4.9, in addition to our bubble data. Grace found two different
breakup mechanisms for low viscous droplets: total fracture and tip streaming. No
such distinction was found in this work dealing with bubbles. Instead a gradual
change from small to larger broken-off bubbles was observed. The critical Capil-
lary numbers found for bubble breakup are lower than an extrapolation of Grace’s
for droplet fracture would indicate but higher than an extrapolation of Grace’s for
droplet tip breakup.

It is of further interest to investigate bubble breakup for higher viscosity ratios
(A = 107% to 1071). For now, data in this domain relevant for many real foam
systems can only be extrapolated from our data (see Fig. 4.10) as:

Cae = 2.465- \~01T0 with ) — e, (4.1)

Ucont

This trend is valid in a limited range of viscosity ratio and for single-bubble
breakup, only. Inserting Ca. according to Eq. 2.22, the equilibrium bubble size
can be derived as a function of the disperse and continuous phase viscosity, the
surface tension and the shear rate:

—0.829 —0.171
cont " ldisp (42)

rp = 4.930-0-47 .

Vice versa, Eq. 4.2 allows to determine the shear rate needed to obtain a certain
bubble size for a given fluid system.

4.2. Impact of static pressure on foam
microstructure

Compared to dispersion processing in liquid /liquid multiphase systems (emulsions),
gas/liquid systems behave very differently. This is due to the large density and
viscosity differences between the disperse and continuous phase and due to com-
pressibility of the gas phase. As one expects, gas compression has a strong impact
on the gas bubble volume, thus, influencing bubble deformation and breakup also.
Generally, a pressure range of 2 to 4 bar absolute is used in industrial foam pro-
duction to reduce the effective gas volume fraction and, thus, the probability of
bubble coalescence. When the foam passes the backpressure valve at the apparatus
outlet, the pressure drops to atmospheric conditions and the bubbles expand. This
growth in bubble diameter is mostly unfavorable since larger bubbles lead to non-
desirable foam properties like reduced stability, increased drainage and Ostwald
ripening based disproportionation, and as a result of such structural "coarsening"
e.g. to a loss of creaminess [109]. In view of these disadvantageous effects, it
was decided to investigate the application of partial vacuum conditions to get an
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4.2. Impact of static pressure on foam microstructure

inverse effect and shrink the bubbles when applying atmospheric pressure at the
apparatus outlet. The static pressure was, hence, modified down to partial vac-
uum conditions of 0.60 bar absolute. This allowed to expand the working pressure
range compared to conventional whipping technology and to investigate a "reverse"
pressure induced compression behavior and its relevance for applications in foam
manufacture. For comparison, foams either whipped at reduced, atmospheric or
increased static pressure were analyzed. Since coalescence effects play a major role
for these investigations, the mean diameter of the cumulative volume distribution
Zs50,3, weighing larger bubbles more strongly, was considered in the graphs of this
section while the mean diameter of the cumulative number distribution x50 was
used to analyze all other results.

Contrarily to own work which focuses on the impact of pressure during the
whipping process [121, 120], work by Garcia-Moreno et al. [57|, Hanselmann [72]
and Granger-Guilmin and Barey [61] dealt with the impact of pressure on already
formed bubbles and showed that bubble volume changes corresponding to the ap-
plied pressure.

4.2.1. Ambient pressure
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Figure 4.11.: Influence of gas volume fraction on mean bubble size x5, 3 for ambient
pressure whipped foams. Rotor-stator device, geometry Radax, mix
A, residence time 11.0 s (for the entire range of gas volume fractions),
circumferential velocity 8.04 m -s™!, resulting shear rate 8011 s~ 1.

In Fig. 4.11 the mean bubble size x50 3 is plotted as a function of the gas volume
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4. Results and Discussion

fraction for constant residence time (11.0 s). Two different approximately linear
curve domains can be distinguished for air volume fractions below or above 0.65.
Within the lower air fraction domain, the resulting mean bubble size is about
constant with a slight tendency to increase with increasing ¢y. For air fractions
¢v > 0.65, the mean bubble size increases strongly and linearly with increasing air
volume fraction. These curve progressions are needed to extract pressure impact
from coalescence influences (Sec. 4.2.2). Possible reasons for the different slopes
in the curve domains below and above a gas volume fraction of ¢y = 0.65 will be
discussed in Sec. 4.3.2.

4.2.2. Whipping at increased pressure or partial
vacuum conditions

I [
_____ o AFRe 0 AR
: whipping head  final product : whipping head  final product
CASE A | pi Patm | pi patm
b ¢ B ¢
gas | —V_ pl - | - patm _V_
volume | ¥
fraction | b, v V [ :
(I)V I —E 172 — | (I)V (I)V
leed il’l | . | T [72 I
whipping | ’ ¥ [ y
head | b, b, | b, b,
_____ - - - - - - - - - - ______
! whipping head  final product ! whipping head ~ final product
CASE B: | p P | p p
| 1 atm | 1 atm
gas : 9, p, P, : 9, P, ¢,
volume : | Sm
. \ .
fraction L0, ¢, | : :
! ¢V. - 2 | b, (I)V
fixed 1n | . . | — 5 —
final v : | o y
product b, b, | v b,
| I N patm I | g pl I

Figure 4.12.: Schematic drawing demonstrating the two cases of pressure impact
investigation, namely the pressure impact at fixed gas volume frac-
tion in the whipping head (case A) or in the final product (case B),
for whipping pressures above (p; > patm) and below (p; < pagm) at-
mospheric conditions. ¢y is the gas volume fraction.
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4.2. Impact of static pressure on foam microstructure

Investigations regarding pressure related phenomena need to consider the res-
idence time in the whipping head to eliminate cross-influence. For the results
presented here, the mix and air flow rates were adjusted such that the residence
time of the two phase system in the whipping head was kept the same at different
static pressures. Under these conditions, the impact of static pressure on resulting
mean bubble size was extracted [120]. Two cases of pressure impact were investi-
gated separately and are schematically shown in Fig. 4.12. Case A: the air volume
fraction was kept constant in the whipping head under different pressures (results
shown in Fig. 4.13), and, case B: the gas flow rate was adjusted to generate con-
stant air volume fraction after expansion to atmospheric pressure (results shown
in Fig. 4.14). While case A is primarily of scientific interest, case B is of applied
importance.
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- x50,3 [pm] 0.72
200 7,39
150 - gas volume fraction ¢V [-1:
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during 0.39 0.39

1 whipping

mean bubble size x5, ; [um]
3
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absolute pressure during whipping [bar]

Figure 4.13.: Impact of static pressure applied during whipping on mean bubble
sizes in final product at atmospheric pressure. ¢y in whipping head
0.39, ¢y in final product pressure change dependent. Foams produced
in rotor-stator device using Radax geometry, mix A, residence time
22.4 s, circumferential velocity 8.04 m -s~!, corresponding shear rate
8011 s L.

For the function x5p3 = f(p) shown in Fig. 4.13 the air volume fraction in the
whipping head was constant at 0.39 under the different pressures applied (case
A). As a consequence, the residence time is constant as well (here 22.4 s). As
can be seen, the resulting gas volume fraction in the final product is a function of
the set pressure. Fig. 4.13 shows clearly that the mean bubble size in the final
product is the smaller the lower the pressure in the whipping head. For constant
air volume fraction in the dispersing head, an identical maximum bubble size is
expected under the pressurized conditions in the whipping head independent of the
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4. Results and Discussion

acting static pressure since the critical Capillary number is assumed to be pressure
independent. Whipping under partial vacuum conditions and subsequent pressure
increase to atmospheric conditions led to bubble shrinkage. In contrast, pressure
release from higher pressure to atmospheric condition caused bubble expansion.
Simultaneously, the gas volume fraction in the aerated product under atmospheric
pressure was the higher the higher the pressure acting in the whipping head.

180
170_‘+z,,22.4s,¢V0.33 —k-1,1585,¢,052  --#--1,1225¢,,0.63 ‘

—_
(o)
(=)
1 1

av”
.

— =
W B W
o O O

=
~

e —
¥

110 S
.’ 7
100 { L

904 1, \““-—x
80 1
70
60

mean bubble size x5, ; [pm]
=
\
\
’_*_‘

00 05 10 15 20 25 30 35 40 45
absolute pressure during whipping [bar]

Figure 4.14.: Influence of pressure on mean bubble size for different gas volume
fractions. Five corresponding data points connected with line. ¢y
in final product and ¢y in the whipping head kept constant, ¢y in
whipping head depending on static pressure during foaming. Foams
produced with rotor-stator device, Radax geometry, circumferential
velocity 8.04 m-s~1, mix A.

Fig. 4.14 represents case B for which the gas flow rate was adjusted to generate
foams of constant gas volume fraction after aeration /under atmospheric conditions.
This means that different gas volume fractions in the whipping head had to be set
according to respectively different set static pressures. Fig. 4.14 clearly shows that
foaming at atmospheric pressure led to the smallest mean bubble size.

At pressures below atmospheric pressure acting in the whipping head the air
volume fraction in the head is increased compared to the air fraction in the final
product at atmospheric conditions. According to Eq. 2.32 the possibility of coa-
lescence is increased for higher gas volume fractions. In addition, worse dispersing
results at higher gas volume fractions can be explained with respect to Eqs. 2.50
and 2.51: lower density leads to lower Reynolds stress in the turbulent flow field
resulting in larger resulting gas bubbles. It is evident from Fig. 4.14 that the
advantage of getting smaller bubbles due to shrinkage after whipping under partial
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4.3. Rotor-stator whipping

vacuum conditions (see Fig. 4.13) is more than compensated by the negative effect
of increased bubble coalescence at increased gas volume fraction (Fig. 4.11) in the
whipping head during the "vacuum whipping" process.

Foams whipped at pressures above atmospheric pressure also led to larger bubble
sizes than foams whipped at atmospheric pressure. According to the ideal gas
law, the gas volume fraction in the whipping head is smaller at increased static
pressure. The results presented in Fig. 4.11 showed that smaller gas volume
fractions lead to smaller mean bubble sizes. This effect was attributed to a decrease
in coalescence probability and/or a better dispersing effect at lower gas volume
fractions. Obviously, the positive influence of lower air volume fraction at increased
static pressure is smaller than the negative effect of bubble growth caused by foam
lamella elongation and breakage during aeration to atmospheric pressure. These
trends, exemplary shown for gas volume fractions of 0.33, 0.52 and 0.63 in Fig.
4.14, were also confirmed for gas volume fractions of 0.44, 0.58 and 0.67.

4.3. Rotor-stator whipping

The rotor-stator device was characterized in detail for later comparison to the
new dynamically enhanced membrane foaming process. Processing parameters and
product quality were mainly analyzed with respect to foam microstructure since the
aim of this work was the design of a new foaming process with which smaller bubbles
sizes and narrower size distributions can be achieved. The process parameters
gas volume fraction, circumferential velocity, volumetric energy input, mix recipe,
rotor-stator geometry and number of rotor-stator pairs were investigated in detail.

4.3.1. Power characteristics

Power characteristics describe the flow field ( Re-number) in the gap between rotors
and stators of e.g. a whipping device as a function of the dimensionless specific
power input (Ne-number). In Fig. 4.15, the power characteristics of the rotor-
stator whipping device for 2, 4, 6 and 8 rotor-stator pairs of the Radax geometry
(see Fig. 3.5) is depicted. The power characteristics were obtained using several
Newtonian fluids of different viscosities to allow measuring in a wider range of
Reynolds numbers [3]. As expected, a higher number of rotor-stator pairs means
a higher power input into the product which should result in smaller bubbles (see
Sec. 4.3.2). A distinction of different flow domains can be seen from Fig. 4.15.
Based on Eqs. 2.42 and 2.43, a laminar and turbulent region can be defined from
the Newton/Reynolds dependencies. For eight rotor-stator pairs, the constants C
and C and the critical Reynolds number Re. were determined from Fig. 4.15. For
the laminar flow field, C'; was estimated as 204.23, for the turbulent flow field 5
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4. Results and Discussion

as 4.76. A critical Reynolds number of about 42.91 was derived which describes
the approximated threshold between laminar and turbulent flow domain.
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Figure 4.15.: Power characteristics for Kinematica rotor-stator device with 2, 4, 6,
and 8 rotor-stator pairs of the Radax geometry [3]. Gap Reynolds
number computed including 7.

Exemplary dispersing conditions, calculated from the measured net dispersing
power at known device dimensions and parameters (3011 rpm, rotor diameter
5.1-107% m, mix A, ¢y 0.56, net power consumption 223 W) showed that whipping
using the rotor-stator device with 8 Radax rotor-stator pairs takes place in the
turbulent flow domain. The resulting gap Reynolds number is > 1000, there is
some imponderability due to the flat curve progression in the relevant domain,

thus a Re-number range is given.

4.3.2. Process parameter impact

In the following, the impact of different process parameters on the mean bubble
size will be discussed, namely the gas volume fraction in the dispersing flow field,
the circumferential velocity and corresponding shear rate, the volumetric energy
input, the gap geometry characteristics and the number of rotor-stator pairs.

Gas volume fraction

In Fig. 4.16 the mean bubble size x50 is plotted as a function of the gas volume
fraction for a constant residence time of 11.0 s and a circumferential velocity of
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Figure 4.16.: Influence of gas volume fraction on mean bubble size x5, for ambi-
ent pressure whipped foams. The rotor-stator device with geometry
Radax was used, circumferential velocity 8.04 m - s, resulting shear
rate 8011 s~!, residence time 11.0 s.

8.04 m-s!. Asin Fig. 4.11, showing the same dependency for x5 3, two different
approximately linear curve domains can be distinguished for air volume fractions
below or above 0.65. Within both gas fraction domains, the resulting mean bubble
size increases linearly with increasing gas volume fraction (slope 16 in the lower
¢v-domain, slope 41 in the higher ¢y-domain). The difference between the two
domains in gas volume fraction are more distinct for the mean diameter of the
cumulative volume distribution w53 which weights large bubbles more strongly
(see Fig. 4.11). Four possible explanations for the different slopes in the two
curve domains for gas volume fractions below and above ¢y = 0.65 are: i. The
density influences the Reynolds shear stress in the turbulent flow region according
to Eq. 2.50 and 2.51. Thus, resulting bubble sizes are larger at higher gas volume
fractions. ii. The residence time of 11.0 s is only sufficient to properly disperse
gas up to ¢y = 0.65 under the fixed circumferential velocity conditions. This
can be proved by repeating similar experiments at different residence times. iii.
The foam stability decreases continuously for ¢y > 0.65 meaning that coalescence
may progress within the time needed for sampling and foam analysis. This can
also be checked by analyzing foams of different gas volume fractions directly after
production and at some time steps after production. iv. Increase of coalescence
in the whipping head due to increased collision frequency of bubbles (see Eq. 2.32
according to (10)).
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4. Results and Discussion

Circumferential velocity

Whipping experiments at rotational velocities of 1978, 3011 and 4 048 rpm, corre-
sponding to circumferential velocities of 5.28, 8.04 and 10.81 m -s~! and to shear
rates of 5282, 8040 and 10810 s~!, were conducted using the Radax geometry and
mix A. The energy dissipation increases approximately with the second order of
the shear rate, thus, leading to increased foam outlet temperatures. To avoid this,
the feeding temperature was adapted to generate foam outlet temperatures of 18
£ 2 °C for all experiments. In addition to x50, 50,3 is shown in Fig. 4.17 since
only the results of the cumulative volume distribution show differences. At low
gas volume fractions, higher circumferential velocities lead to smaller mean bub-
ble sizes of the cumulative volume distribution while this tendency is only slight
for the cumulative number distribution. With increasing gas volume fraction, the
effect is even more diminished. Possible explanations are: i. On the one hand,
the faster rotation improves the dispersing efficiency. On the other hand, higher
circumferential velocities cause a more frequent contact of bubbles with one an-
other (see e.g. Eq. 2.32 according to [10]). Thus the coalescence rate is more
rapidly enhanced with increasing gas volume fractions for 10.81 m/s than for 5.28
or 8.04 m-s~!. These two effects counteract and probably compensate at higher
gas volume fractions. ii. Even though the foam temperature at the device outlet
was 18 4+ 2° C for all experiments, the temperature might be increased locally in
some places at circumferential velocities of 10.81 m -s~! compared to 8.04 m-s~1.
iii. The equilibrium between dispersion and coalescence is shifted towards coales-
cence in the whipping head at increased circumferential speed due to limitation of
interfacial structure formation time.

The results also showed that for the higher viscous mix A, a circumferential
velocity of 8.04 m-s~! is advantageous since heating up was difficult to control at
higher circumferential speeds.

Volumetric energy input

For given geometrical mixer dimensions and given recipe, the volumetric energy
input can be influenced by changing the residence time in the shear effective zone
via a modification in fluid flow rate and/or gas volume fraction or by changing
the acting shear stresses via the rotational speed. The volumetric power P, and
energy input F'y directly influence the resulting bubble size and, thus, the structure
and related foam properties. Bubble sizes are expected to decrease with increasing
stresses [72]. The probability of bubble break-up also increases with increasing
residence time in the shear effective zone, especially in the turbulent flow field.
With increasing residence time and/or acting stresses, the volumetric energy input
increases as well. In Figs. 4.18 and 4.19, the influence of the net volumetric
energy input, residence time and gas volume fraction on the resulting mean bubble
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Figure 4.17.:
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size is demonstrated [120] for a constant circumferential velocity of 8.04 m-s™!.

The residence time was varied by a factor of ~ 12 by selecting different mix flow
rates and adapting the gas flow rate in order to achieve comparable gas volume
fractions. Tab. 4.2 shows the comparison of the impact of decreased fluid flow rate
on residence time and volumetric energy input. The fact that the coefficients are
approximately the same indicates that the increase in volumetric energy input is a
direct consequence of the increased residence time.
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Figure 4.19.: Schematic graph showing the influence of volumetric energy input
Ly, residence time ¢y and gas volume fraction ¢, on mean bubble
size x500. Data shown in Fig. 4.18 were extrapolated and lines rep-
resenting equal ¢y and ¢y were drawn.

By changing the gas volume fraction, the residence time was also affected, how-
ever much less (~ 2). The exact numerical values are listed in Fig. 4.19. To obtain
the graph shown in Fig. 4.19, the data points and curves from Fig. 4.18 were
schematized and extrapolated. Lines were drawn representing identical gas volume
fractions and comparable residence times.

Figs. 4.18 and 4.19 show that when comparing high to low throughput rates
and, thus, low to high residence times in the whipping head, the bubble size does
not decrease for a specific gas volume fraction even though the volumetric energy
input is increased. With increase in gas volume fraction, two different patterns
are seen: i. Beyond a gas volume fraction of 0.65, the mean bubble size increases
according to a power law equation. ii. for 0.65 > ¢y > 0 the mean bubble diameter
approaches a minimum value of about 60 micrometers. This means that the main
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Table 4.2.: Comparison of effect of decreased fluid flow rate on residence time ty
(calculated values) and volumetric energy input Ey (measured values).

Decrease of pump flow rate Calc. coefficient of Meas. coefficient of
from ..[l-h~™!| to ... [[-h™']  change in ¢y || change in Fy [-]

30.72 to 24.47 1.2 1.4
24.47 to 18.22 1.5 1.5
18.22 to 11.97 2.1 1.7
11.97 to 5.72 2.1 24
5.72 to 2.59 2.2 2.1

factor influencing the resulting bubble size at constant acting stresses is the gas
volume fraction in the whipping head. The impact of the gas volume fraction on the
resulting foam microstructure was discussed in detail in Sec. 4.3.2 for a constant
residence time of 11.0 seconds. It can also be seen from Figs. 4.18 and 4.19 that
the slope of the different power law curves (¢y > 0.65) differ from one another.
Obviously the residence time has some influence on the impact of increasing gas
volume fraction on mean bubble size. Fig. 4.20 shows exemplarily for a constant
mix flow rate of 24.47 1-h~! that an increase of the acting flow stresses achieved
via a higher rotational speed, leads to a remarkable increase in energy input but
only a slight decrease in mean or minimum bubble size. This trend was the same
for all tested fluid flow rates (18.22 1-h™', 24.47 1-h~! and 30.72 1-h™!). Possible
reasons for the very small decrease in bubble size with increasing rotational speed
have been discussed in Sec. 4.3.2.

Mix

Three mix recipes were compared for rotor-stator whipping, two containing the
same ingredients in different quantities and mixing ratios to vary the viscosity (mix
A containing 3.0 % AmeHV and 1.5 % Guar; mix C containing 5.0 % AmeHV and
0.5 % Guar), one containing different ingredients (mix E containing 0.6 % of a
fast emulsifier). The results are shown in Fig. 4.21 where the mean bubble size is
depicted as a function of the gas volume fraction for the three different continuous
phases. Differing to the data representation in Fig. 4.16, no distinction between
the slopes in a lower and upper gas volume fraction range was made here for mix
A since it is not visible in this compacted graph.

The mean bubble sizes increase linearly with increasing gas volume fraction for
all three mixes. However, the slope is four- to three-fold steeper for mix A and C
(slope 27 and 22, respectively) than for mix E (slope 7). Mix E also led to much
smaller mean bubble sizes than mix A and C (one fourth to one fifth). The slopes
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Figure 4.20.: Influence of circumferential velocity /shear stresses on energy density
and bubble size for gas volume fractions 0.33, 0.52, 0.63, 0.70 and
0.74 (from right to left) and corresponding residence times from 11.1
s, 79 s, 6.1 s, 5.0 s, 4.3 s (again from right to left). Rotor-stator
device, Radax geometry, mix A, mix flow rate 24.47 1 -h=L.

and absolute mean bubble sizes may be an indicator for the efficiency of interfacial
coverage and stabilization. Clearly, mix E is the most favorable of the three mixes
if small bubble sizes are desired. Mix C results in smaller mean bubble sizes than
mix A. This is most probably a consequence of the higher protein content leading
to more efficient interfacial stabilization. The lower viscosity of mix C can not be
the reason since viscosity has no impact on dispersion efficiency under turbulent
flow conditions.

However both, mix A and C allow to reach much higher gas volume fractions
(~ 0.9) than mix E (~ 0.7). It is possible that the lower emulsifier content of
mix E (0.6 weight %) compared to 3 and 5 weight % of protein in mix A and C,
respectively, is only able to sufficiently cover bubble interfaces up to gas volume
fractions of 0.7. Since the smaller bubble sizes of foam E lead to a strongly increased
surface/volume ratio, the interfacial properties of mix E can however be judged to
be even more efficient compared to the protein system used in mix A and C.

Rheological analysis of foam A and E showed that foam A is partly destroyed in
gentle oscillatory tests at a deformation which is in the linear viscoelastic regime
(0.54 %), while foam E is not changed under much less gentle flow curve measure-
ment conditions up to shear rates of 1000 s~ (see Figs. 4.22 and 4.45). This
was confirmed by measuring the same foam samples twice. It is suspected that
part of the bubbles of foam A ruptured during the measurement leading to lower
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Figure 4.21.: Mean bubble size as function of gas volume fraction for different con-
tinuous fluid phases. Mix A (3.0 % AmeHV and 1.5 % Guar), mix C
(5.0 % AmeHV and 0.5 % Guar), mix E (0.6 % of a fast emulsifier
and stabilizers). Rotor-stator device, Radax geometry, mix A and C:
ty 11.0'S, Veire 8.04 m .57, mix E: ty 14.0 s, Ueire 10.81 m s~ 1.

viscosities in a second trial with the already once sheared foam. This fact could
be observed by eye (less and bigger bubbles after measurement) but could unfor-
tunately not be measured via a gas volume fraction determination since the foam
was totally destroyed as soon as the cone was moved apart from the plate and since
the amount of foam was anyway too small for such a measurement.

Fig. 4.23 shows frequency sweeps of mix A and foam A in a wide range in gas
volume fraction between 0.33 and 0.85. Foam A was produced on the rotor-stator
device at a circumferential velocity of 8.04 m-s~! and a residence time of 11.0
s. The storage G’ and loss moduli G” and the complex viscosity n* are shown
as a function of the frequency. The absolute values can only partly be trusted
since it was shown (see Fig. 4.22) that foams obtained with model system A are
partly destroyed in such rheological investigations as described before. The trend
in viscosity change is however trustworthy (see Fig. 4.23). It shows a distinct
increase in G’, G” and complex viscosity with increasing gas volume fraction.
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Figure 4.22.: Storage modulus G’, loss modulus G” and complex viscosity n* of
foam A (¢y = 0.70) in first and second trial as function of the fre-
quency at deformation ~y of 0.54 % (deformation corresponding to the
linear viscoelastic regime) at 18 °C.
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Figure 4.23.: Storage modulus G’, loss modulus G” and complex viscosity n* as
function of frequency of mix and foam A for a gas volume fractions
between 0.33 and 0.85. The deformation ~ of 0.54 % corresponds to
the linear viscoelastic regime determined in dynamic strain test.
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4. Results and Discussion

Furthermore, frequency sweeps of both foam A and E were compared (Fig. 4.24)
for two exemplarily chosen gas volume fractions. Foam A was again produced on
the rotor-stator device at a circumferential velocity of 8.04 m -s~! and a residence
time of 11.0 s while foam E was produced using the dynamically enhanced mem-
brane foaming device with membrane SF03-6/5 at a circumferential velocity of
18.51 m-s~!, a gap size of 0.22 mm and a residence time of 0.75 s. An increase
in complex viscosity with increasing gas volume fraction was found for both foam
A and E, however much more distinct for foam E. The frequency sweeps of foam
A (Fig. 4.24, left side) show typical viscoelastic behavior. The system is largely
independent of the gas volume fraction. Contrarily, foam E (Fig. 4.24, right side)
shows viscous behavior at a gas volume fraction of 0.33 while it shows viscoelastic
behavior at ¢y 0.56. The fluid is not yet immobilized in the lamella at ¢y 0.33, the
system is still capable of flowing. At a gas volume fraction of 0.56, the mobility of
the matrix phase is more constricted to the lamellae, thus, the elastic behavior of
the lamellae dominates the rheological behavior.

Rotor-stator geometry

The two geometries Radax and 12-HR were compared at circumferential velocities
of 5.28, 8.04 and 10.81 m - s~! over a wide range of gas volume fractions (Fig. 4.25)
using mix A. For the Radax geometry, one fixed set-up was used, i.e. the total
possible 8 rotor-stator pairs and a total residence time of 11.0 s corresponding to
a residence time of 1.4 s per rotor-stator pair. For the 12-HR geometry, either 8
or 12 rotor-stator pairs were used. For 8 pairs of the 12-HR geometry, the same
total residence time of 11.0 s was used resulting in the same residence time per
rotor-stator pair as well. For 12 rotor-stator pairs of the 12-HR geometry, either
the total residence time (11.0 s) or the residence time per rotor-stator pair (1.4
s) could be kept identical to the residence time chosen for the Radax geometry.
Details on the geometries and the process parameters is given in Sec. 3.3.3.

Fig. 4.25 shows that no consistent and significant difference in resulting mean
bubble size could be found between the two geometries Radax and 12-HR. For
all geometries, number of rotor-stator pairs and residence times, the bubble sizes
are smallest at low gas volume fraction. Comparing circumferential speeds of 5.28
and 10.81 m-s~!, higher velocities tend to result in slightly smaller bubble size
in the entire investigated gas volume fraction domain. The curves obtained at
8.04 m-s~! do not properly fit into this scheme, the mean bubble sizes are not
between the mean bubble sizes obtained at lower or higher rotational speed. The
most probable reason is that those results were obtained at a much higher room
temperature of around 30° C (AT = 10° C) than the experiments at 5.28 and
10.81 m-s~!. This might have resulted in accelerated destabilization mechanisms
(Ostwald ripening and coalescence) between foam production and analysis. The
impact of such destabilization mechanisms is more pronounced at higher gas volume
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4.3. Rotor-stator whipping

fractions. Another possible explanation can be derived from the counteracting
impacts of increased Reynolds stress (i) and increased centrifugal forces (ii) with
increasing rotational velocity. (i) enhances dispersing, (ii) enhances centrifugal
demixing and, thus, may lead to reduced dispersing efficiency. At a circumferential
velocity of ~ m-s™! the combination of (i) and (ii) may cause maximum bubble
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Figure 4.25.: Impact of rotor-stator geometry on resulting bubble size at 5.28, 8.04
and 10.81 m - s~! circumferential velocity. Geometries compared were:
8 pairs of the Radax geometry at total residence time 11.0 s (8*Radax,
11.0 ), 8 pairs of 12-HR geometry at residence time 11.0 s (8*12-HR,
11.0 s), 12 pairs of 12-HR geometry at residence time 11.0 s (12*12-
HR, 11.0 s) and 12 pairs of 12-HR geometry at residence time 16.5 s
(12*12-HR, 16.5 s).

Tab. 4.3 shows the highest possible gas volume fractions achievable without
blow-by for the four different geometrical set-ups and three circumferential veloci-
ties investigated for mix A. Higher rotational velocities might enhance centrifugal
separation mechanisms in the whipping head. Highest gas volume fractions with-
out blow-by could be reached with the Radax geometry at all tested circumferential
velocities, most significantly at 10.81 m-s~!. This is probably due to the Radax’
double-T-shaped geometry which hinders centrifugal de-mixing effects.

Number of rotor-stator pairs

The number of rotor-stator pairs mounted to the whipping head was successively
increased from one to eight. The residence time was accordingly increased from e.g.

131



4. Results and Discussion

Table 4.3.: Maximally achievable gas volume fractions for the four different geo-
metrical set-ups, the three chosen circumferential velocities vy and

mix A.
Veire S*Radax, 11.0 s 8*12—HR, 11.0s 12*12—HR, 11.0s 12*12—HR, 16.5 s
528 m-s~! 0.89 0.85 0.88 0.85
804 m-s! 0.88 0.85 0.86 0.85
10.81 m-s~! 0.88 0.83 0.82 0.83

1.4 to 11.2 s for a fluid flow rate of 18.22 1-h~! and a gas volume fraction of 0.50.
The rotor-stator pairs were mounted onto the shaft (see Fig. 3.23). At a constant
circumferential velocity of 8.04 m - s~!, corresponding to a representative shear rate
of 8011 s™1, the gas volume fraction was increased as far as it was possible before
occurrence of blow-by. For clarity reasons, only the resulting bubble sizes for 2, 4,
and 8 rotor-stator pairs are shown in Fig. 4.26.
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Figure 4.26.: Mean bubble size x50 as a function of the number of Radax rotor-
stator pairs for vere 8.04 m-s~! and mix A. Exemplarily shown are
2, 4, and 8 pairs.

The tendency is that resulting mean bubble sizes were smaller when more rotor-
stator pairs were mounted to the shaft. Additionally, higher gas volume fractions
were reached with more rotor-stator pairs. Obviously, a prolonged passage through
the dispersing gaps between rotors and stators prevents blow-by effects more effec-
tively. Fig. 4.15 shows that at given Re-number the power input rises when increas-
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4.3. Rotor-stator whipping

ing the number of rotor-stator pairs. This is another explanation for the smaller
resulting x50 at higher number of rotor-stator pairs used. The reproducibility of
the foam microstructure got better with an increasing number of rotor-stator pairs
and correspondingly increased residence time.

4.3.3. Dispersing characteristics

To compare different dispersing methods and /or dispersing parameters with respect
to their energetic efficiency for production of small bubbles/droplets, the energy
density concept xz0=f(F,) can be applied. In contrast to emulsion processing
where energy plots are commonly used to directly compare measured volumetric
energy inputs or energy dissipation rates to resulting mean bubble size (e.g. |39,
86, 150, 128, 98]), no such publications were found for foams. In Fig. 4.27 all
results obtained for model mix A and the turbulent rotor-stator device (various
gas volume fractions, circumferential velocities 8.04 and 10.81 m -s~!, absolute
pressures between 0.6 and 4.0 bar) are summarized in an energy density plot.
Complementary information on comparable emulsification processes was obtained
from literature [151] and added to the graph.
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Figure 4.27.: Energy density plot: own data for foam produced with model recipe
A in the turbulent rotor-stator device (displayed in black) were com-
pared to data for emulsions published by Schubert [151] (displayed in

grey).

The absolute values of both particle size and volumetric energy input can not
directly be compared with each other since the properties of the dispersions are
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4. Results and Discussion

not alike. Own foaming experiments with mix E containing a fast emulsifier led
to five times smaller mean bubble sizes compared to the results shown in this
chart which were obtained with mix A. Model mix A was not optimized with
respect to foam microstructure since only the relative change in bubble size for
varying processing parameters was of interest. The difference in volumetric energy
input needed for rotor-stator foaming and emulsification can be explained with the
critical Capillary number. Compared to emulsions, the critical Capillary number is
known to be much higher for the very small viscosity ratios typical for foams (one
to two orders of magnitude, depending on the type of flow). Consequently, the
stresses leading to bubble/drop break-up are higher for foams than for emulsions.
The shift in volumetric energy input (factor 30 to 50, see Fig. 4.27) is in the same
order of magnitude as the difference in critical Capillary number. The trends of
the curves are of special interest for the comparison. For model foam A whipped
in the turbulent rotor-stator device, a plateau in minimum mean bubble diameter
of about 60 pm was found. Possible explanations for this limitation in bubble size
are that (i) the equilibrium between dispersion and coalescence is shifted towards
coalescence at higher circumferential velocities, (ii) a higher residence time leads
to local temperature increase or (iii) the emulsifier/protein is damaged at higher
circumferential velocity and/or residence time. In contrast, energy density plots
for emulsions found in literature show a constant decrease in mean bubble size for
increasing volumetric energy input in the investigated range.

4.4. Bubble detachment from single pore
membrane

To understand and optimize the dynamically enhanced membrane foaming process,
insight into the foaming head was obtained using a transparent housing. The
results helped to understand the bubble detachment mechanism from the pores of
the dynamically enhanced membrane and solved some of the remaining questions.

For this purpose, a plexiglass jacket and a single pore membrane with pore
diameter 100 pm were built. A large gap size was chosen to avoid wall effects and
bubble detachment at different circumferential velocities was observed with a high
speed camera. This setup works for the rotating membrane (ROME) type of device
where bubbles are detached from the outer surface of the cylindrical membrane.
For the reverse construction (DESM device), there is no access for visualization of
the bubble detachment from the inner surface of the cylindrical membrane. The
following issues were evaluated:

e Breakup mechanism: Does the air build a film at the membrane surface as
a consequence of resulting centrifugal forces due to the density difference

134



4.4. Bubble detachment from single pore membrane
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Figure 4.28.: Possible types of bubble formation at rotating membrane and in shear
field between concentric cylinders: film formation with subsequent
tip breakup (I), dripping of single bubbles (II), jet formation and
subsequent tip breakup (III), shooting to outer wall with subsequent

tip breakup (IV).
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4. Results and Discussion

between the disperse and continuous phase from which filaments are ripped
off and broken up into small bubbles by the shear stresses acting in the gap
(Fig. 4.28, case I)? Does the air drip into the gap leading to the most desirable
detachment of single bubbles (Fig. 4.28, case II)? Does the air jet into the
gap leading to Rayleigh wave based filament breakup (Fig. 4.28, case III)?
Or does the air shoot right through the gap reaching the opposite wall (Fig.
4.28, case IV)?

The last mechanism can most probably be excluded since the centrifugal
forces counteract such behavior in the ROME device. Jetting is possible.
However, differing from emulsions, the results obtained on single bubble
breakup in Sec. 4.1 never showed filament breakup. Rayleigh wave breakup
seems to be an exclusive feature of liquid droplets. Gas filaments either
relaxed to a spherical bubble or tip breakup occurred.

e Bubble shape: is the bubble after detachment round or is it flattened towards
the wall due to the acting centrifugal forces?

e Behavior in the gap: is there any re-coalescence and/or secondary dispersion
in the gap?

4.4.1. Visualization of bubble detachment

Investigating bubble detachment from a membrane, a distinction between dripping
and jetting domain is made. The transition from dripping to jetting is, among
other influencing factors (e.g. surfactants) mainly determined by the gas velocity
through the pore (see Sec. 2.4.1). It is, thus, important to adapt the gas velocity
used for single pore experiments as far as possible to the ones used in real foaming
experiments. It was not possible to achieve identical gas velocities due to technical
limitations. Constant gas flow rates could only be achieved when using a gas
mass flow controller that can manage to compensate for pressure fluctuations.
However, at very low gas flow rates the pressure drop within the membrane after
detachment of a bubble can not be fully compensated instantaneously. Instead,
sufficient pressure for further bubble production is only reached again after long
waiting times at such low gas flow rates. This behavior had to be avoided as far as
possible because the resulting pressure drop leads to a wide variation in detached
bubble size. Two gas flow rates, i.e. 30.00 ml-min~' and 1.37 ml - min™' were
tested resulting in gas velocities of 63.69 and 2.90 m - s, respectively. The pore
velocity of the gas in typical foaming experiments is in the range of 1072 m-s~!
(1.2-1072 m-s~! at gas volume fraction 0.56, residence time 0.50 s and Sefar Nitex
SF03-6/5 membrane (see Tab. 3.1).

Figs. 4.29 and 4.30 show pictures of bubble detachment at a gas velocity of 63.69
m-s~! and two different circumferential velocities, i.e. 1.00 and 4.16 m -s~!. Fig.
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4.4. Bubble detachment from single pore membrane

4.31 and Fig. 4.32 show pictures of bubble detachment using a gas velocity of 2.90
m-s~! at circumferential velocities of 2.97 and 8.14 m - s~ 1.

v, = 63.69 m/s

v =1.00m/s

circ

bubble

shadow

Figure 4.29.: Bubble detachment for single pore experiments for air velocity 63.69
m-s~! and circumferential velocity 1.00 m-s~!. Pore size was 100
pm, gap size 4.0 mm, water the continuous phase, camera frame rate

10000 s—!. Image sequence A to C corresponds to time period of
3.2:107% s.

For a gas velocity of 63.69 m - s~!, bubbles were not always detached individually
at low circumferential velocities (Fig. 4.29). Some of the bubbles were intercon-
nected when leaving the pore and coalesced immediately (see Fig. 4.29). The
resulting bubbles were near-spherical, rather large and with a wobbly contour.
This is a consequence of the large interface and the gas compressibility. At high
circumferential velocities (Fig. 4.30), it is evident that experiments at gas velocity
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4. Results and Discussion

63.69 m-s~! correspond to the jetting domain. Often, bubbles are not detached
separately but build a chain of connected bubbles. Sometimes the gas even leaves
the pore as a jet. This is in contradiction to results by Rébiger and Vogelpohl
[136] who found that bubbles are detached as single bubbles or in pairs even in
the jetting domain. It is possible that such jets only occur at high circumferential
velocities of the membrane as used here.

v =63.69 m/s
air

Y gire = 4.16 m/s

Figure 4.30.: Bubble detachment in single pore experiments at air velocity 63.69
m-s~! and circumferential velocity 4.16 m-s~!. Pore size was 100
nm, gap size 4.0 mm, water the continuous phase, camera frame rate
20000 s~!. Image sequence A to C corresponds to time period of

1.4-1073 s.

At low gas flow rates, bubbles are detached as single bubbles independent of the
circumferential velocity. The chosen gas velocity of 2.90 m -s~! clearly corresponds
to the dripping regime. Looking at the bubble sizes in Figs. 4.31 and 4.32, a
significant decrease in mean diameter of the detached bubbles can be seen with
increasing circumferential velocity. Even though the gas volume flow rate per pore
area is still 244 times higher than during an average foaming experiment, the results
are judged to be comparable since both the single pore under the conditions given
before and multipore experiments took place in the dripping regime.

The shadows of the bubbles visible on the membrane (Figs. 4.29 to 4.32, best
visible in Fig. 4.29) supports the freely moving bubble without wall adhesion.
Due to the large density difference between mix and air, it had been suspected
that centrifugal forces would move the mix outwards and the gas inwards, thus,
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4.4. Bubble detachment from single pore membrane

v . =297m/s

cire

Figure 4.31.: Bubble detachment in single pore experiments at air velocity 2.90
m-s~! and circumferential velocity 2.97 m-s~!. Pore size 100 pm,
gap size 4.0 mm, water as continuous phase, camera frame rate 30 000

s~!. Image sequence A to C corresponds to time period of 1.0-1073
S.

v_.=290m/s
air

v. =814m/s

circ

Figure 4.32.: Bubble detachment in single pore experiments at air velocity 2.90
m - s~ ! and circumferential velocity 8.14 m -s~!. Pore size 100 pm, gap
size 4.0 mm, water the continuous phase, camera frame rate 70000

s~!. Image sequence A to C corresponds to time period of 5.6-107%
s.
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separating the two phases. Since the air is pressed through the membrane from
the inside, the air could have accumulated at the membrane surface and built
a film around the membrane. Contrarily to this scenario, bubbles float between
membrane and outer cylinder even though the bubbles are very large compared to
the size achieved in real foaming experiments. It could be observed by eye that
the bubbles never touched the outer cylinder either. It can be concluded that
bubbles are with high probability detached from the membrane as single bubbles
during foaming and that there is neither a film formation around the membrane
nor jetting for gas pore velocities < 2.90 m-s~!. Since the gas pore velocity is
even 244 times lower in real foaming experiments compared to the single pore
experiments, hence, it is ensured that bubbles are detached individually in the
standard foaming experiments. The question whether there is any re-coalescence
or further bubble dispersing in the gap can however not be definitively answered
from these visualization results. To get more certainty, detailed insight into the
gap is needed when a multi-pore membrane is used. Foaming results using both
the rotating membrane (ROME) and the dynamically enhanced static membrane
(DESM) suggest that there may exist a dynamic equilibrium between dispersion
and coalescence in the gap. This is based on the findings that it did not play a
role whether the air is injected from inside (ROME) or outside (DESM) nor did
the pore size influence the resulting mean bubble size for the range in pore size
investigated (1 - 6 pm). These issues will be further discussed in Sec. 4.5.

4.4.2. Model describing bubble detachment

A model was derived with which the mean size of the detached bubbles can be
computed as a function of the shear rate. The model was based on the forces
acting on a bubble at a continuously flowed through pore of a rotating membrane
(see Sec. 2.4.4). Compared to Eq. 2.37, the forces in axial direction, i.e. the axial
drag force F-, and the axial pressure force F),, were neglected since the flow in
axial direction (mean velocity 0.1 m -s~!, see Tab. 4.7) is negligible compared to
the velocity in rotational direction (mean velocity 2.9 - 28.6 m -s71; 18.5 m-s~! at
optimal foaming conditions, see Tab. 4.7). The pressure force in rotational flow
direction £, was also neglected since the sum of static and dynamic pressure is
assumed to be the same on both sides (upstream and downstream) of the bubble.
Fig. 4.33 shows the remaining acting forces, divided into detaching forces (pressure
force of gas I}, 4 and rotational drag force F;,) and retaining forces (surface force
F, and centrifugal force F.). To facilitate the model description, all forces were
connected in the bubble center (see Fig. 4.33).

The forces I}, 4, and F; act in radial (y-) direction while F., acts in rotational
(x-) direction. The surface tension force is inclined to the horizontal axis by an
angle of a and is, thus, divided into one part acting in x- and one acting in y-
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4.4. Bubble detachment from single pore membrane

rotation |

y

axis

membrane
F

Figure 4.33.: Most important forces acting on bubble at pore. Fj i, is the trans-
membrane pressure force (difference between the pressure force of gas
F,e and mix F,y,), Fyr the rotational drag force, I, the centrifugal
force, F,,, and F,, are the surface tension force in rotational (x-) and
radial (y-) direction, respectively.

direction. The resulting equations valid for the rotational [, and radial direction
F}, contain the two unknowns, bubble size xp and angle a:

Fip: Frot Fpp =0 (4.3)

Fiy : Fp’tm‘I“Fg-’y‘l“Fc — 0 (44)

The solution of this model leading to a polynomial of degree 8 is further discussed
in Sec. 4.4.4. The model will be named model XY from here on.

A gas mass flow controller was used in all foaming experiments as well as in the
single pore experiments. This device adapts the pressure such that an adequate
transmembrane pressure difference results controlling the gas flow rate required.
The resulting force in radial direction is, thus, small. This is why in a second,
further simplified model (model X) only the forces in rotational/x- direction (ro-
tational drag force and surface tension force) were taken into account. The angle
a (see Fig. 4.33) then is 180° meaning that bubbles are detached in rotational
direction. This result agrees well with observations obtained and described in Sec.
4.4.1. To calculate the resulting, detached bubble diameter as a function of the
circumferential velocity/shear rate, Eq. 4.3 has to be solved (see Eq. 4.8). De-
tachment takes place as soon as the rotational drag forces gets larger than the the
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surface tension force.

For simplicity reasons, the bubble was assumed to be spherical in both model X
and model XY. Since the used single-pore membrane is made of metal and is, thus,
hydrophilic while the gas bubble is hydrophobic when compared to the surrounding
water-based continuous phase, a spherical bubble shape can be expected. In addi-
tion, the bubble was assumed to be placed entirely outside the membrane. Thus,
the diameter of the entire sphere was taken into account instead of subtracting a
small part inside the pore. This simplification is justifiable when looking at the
visualization shown in Figs. 4.29 to 4.32 and has also been used in Mersmann’s
model describing bubble detachment from pores into a stagnant outer fluid [113].
The inner and outer wall of the gap can be assumed to be flat because the gap size
is much smaller than the rotor diameter (gap : rotor ~ 1 : 14) and because the
area of interest is point-like.

4.4.3. Results of experiments and model X

Fig. 4.34 depicts the remaining acting forces determining bubble detachment in
model X. The corresponding force balance is given in Eq. 4.3. The visualization
experiments described in Sec. 4.4.1 were evaluated, the absolute values of the
bubbles which were detached from the single pore membrane determined and the
experimental results compared to the results of modeling.

rotation

Figure 4.34.: Acting forces of model X. Simplifications: bubble placed entirely out-
side the membrane, forces in rotational (x-) direction taken into ac-
count only.

The surface tension force can be calculated as:

Fop=0-pp-cosa, (4.5)
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4.4. Bubble detachment from single pore membrane

where o is the surface tension and pp is the pore perimeter (pp = 7-xp). The
angle « in this simplified model is 180° and, thus, cosa = 1. The rotational drag
force is defined as (185):

2
v * Fcon
Fro = ca( Regap) - relTpt . Ag, (4.6)

where cq is the drag coefficient calculated as a function of the gap Reynolds
number Reg,p,, poont the continuous phase density, Ap the cross-sectional area of
the bubble perpendicular to the flow (Ag = 7/4-xp?) and v, the velocity of the
bubble relative to the medium. The drag coefficient was calculated following the
approximation of Kaskar and Brauer (see Eq. 2.36, [185]) which leads to an error
of maximally 4 % and is valid for spheres in a flowing liquid phase. The relative
velocity v, between bubble and surrounding continuous phase depends on the
location in the gap. It is highest at the wall of the outer cylinder, zero on the
membrane surface because the bubble moves along with the membrane as long as
it is linked to the pore. The relative velocity approximately relevant for the entire
bubble cross section, thus, depends on the bubble size. The center of the bubble
was chosen for the calculation of the representative relative velocity:

. w  2:men-R; B

Urelffy'?*f' 5

where v is the shear rate, n the rotational speed, R; the rotor radius and s the
gap size. To compute ¥, Eq. 2.46 was used and a linear shear profile assumed.

Detachment from the pore results as soon as the surface tension force acting in

rotational direction is exceeded by the rotational drag force. Combining Eqs. 4.5,

4.6 and 4.7, the bubble size xp consequently results as:

e e S O
Cd(Regap) * Peont * (77 ‘nc Rz) Cd(Regap) * Peont 72

This means that - for a given mix recipe - the resulting bubble size is smaller for
smaller pore size and higher shear rate.

Fig. 4.35 compares the visualization results on bubble detachment achieved
by using the single pore membrane with water as the continuous phase to the
results obtained from model X (see Eq. 4.8). The fluid characteristics used for the
calculations are summarized in Tab. 3.16, the experimental setup including device
dimensions is described in detail in Sec. 3.3.4.

Comparing measured and modeled data (see Fig. 4.35) it is obvious that bubble
sizes obtained from modeling are too large at low shear rates, but are in good
agreement with measured bubble diameters at high shear rates. Both modeling
and experimental results show that a minimum bubble size is approached for in-
creasing shear rate. This finding confirms the impact of shear rate on mean bubble

(4.7)
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Figure 4.35.: Single pore membrane: comparison between bubble sizes resulting
from modeling (model X) and visualization experiments.

size found in foaming trials (see Sec. 4.5.6). Since the model described in Eq. 4.8 is
a simplified model disregarding several minor forces, the fitting for higher circum-
ferential velocities is really satisfying. The deviation of measured and calculated
bubble sizes at shear rates below 2000 s~! are probably due to neglected acting
axial forces. These were neglected in the model since they are very low compared
to the rotational flow forces under typical foaming conditions. They are however
not completely negligible at low circumferential velocities/shear rates like used in
the single pore experiments. For the exemplary shear rate of 794 1/s referred to in
Fig. 4.35, the circumferential velocity is only 30 times higher than the axial flow
velocity while it is 180 times higher under typical foaming conditions. It can also
be derived from Fig. 4.35 that the resulting bubble diameter is always larger than
the pore size. It will be interesting to experimentally test whether a decreased
surface tension (e.g. by usage of mix E instead of water) would cut the size of
the detached bubbles down to the pore size. For the modeling, decreased surface
tension does not lead to significantly smaller bubble sizes. It was tried to observe
bubble detachment from the single pore membrane using a 0.6 weight % solution
of emulsifier E in water. However, the resulting turbid system made it impossible
to capture sufficiently sharp movies. It might be possible for narrower gap size, but
then the pore size should be chosen much smaller as well to avoid wall interaction
of the bubbles. This would certainly result in smaller bubble sizes, thus, higher im-
age resolution would be necessary as well. Another remaining question is whether
the experimentally obtained bubble sizes would have been smaller if a lower gas
flow rate and thus lower gas velocity through the pore were possible. However,
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4.4. Bubble detachment from single pore membrane

Bals [10] found for multi-pore membranes that bubble sizes did not increase sig-
nificantly with increasing gas flow rate. It would be interesting and advisable for
future work to check if and how the viscosity influences bubble detachment by
repeating the single-pore experiments with continuous fluid phases of different vis-
cosity. An impact of continuous phase viscosity on bubble detachment is expected
since the results using multipore membranes (e.g. Fig. 4.62) showed smaller mean
bubble sizes in the higher gas volume fraction range at corresponding higher foam

viscosity.

Table 4.4.: Parameters used for model calculations applied to real foaming system
where a multi-pore sintermembrane and mix E were used. All values
given at 18 °C. For density and viscosity, average values between mix

and foam used in model calculations.

Surface tension o [mN-m™!| 59.00

Mix density peont [kg-m™? 1125

Foam density proam [kg-m™2| 495

Gas volume fraction of foam ¢y [-] 0.56

Mix ViSCosity Neont |[Pa - s n=0.07.4791
Foam viscosity Ngam [Pa - s] n = 0.99.57926
Rotor radius R; [m| 25.50- 1073
Gap size s [m| 0.235-107
Mean pore size zp [pm)| 2.0

Table 4.5.: Multi pore membrane (sinter membrane): comparison between experi-
mental results (mean bubble sizes of foam E with gas volume fraction
0.56 obtained with the sinter membrane) and model X using Eq. 4.8.

Circumferential velocity Shear rate 50,0, experimental

Tmodel X Tactor

[m - s7] [s7'] (1] wm| [
3.0 12716 39.764 42,055 1.1
8.2 34964 15.153 32.457 2.1
13.4 57224 11.019 28.155 2.6
18.6 79460 10.476 25.429 2.4
23.8 101720 8.351 23.460 2.8

The model was also applied to the typical pore size, gap size and continuous
phase used in foaming experiments (sinter membrane, DESM device). Since the
model addresses a single pore system while the experiments were done using multi-
pore systems, this gave an estimate of the impact of bubble interaction and shearing
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in the narrow annular gap on mean size (see Tab. 4.5). The used sinter membrane,
continuous phase and foam had the dimensions and characteristics listed in Tab.
4.4. From Fig. 4.5 it is evident that the model overestimates the resulting bubble
sizes at all shear rates except the lowest one. The model fails to predict the change
in mean bubble size with increasing shear rate: the deviation between model and
experimental results increases with increasing shear rate. Assuming the model
to give correct results when applied to bubble detachment from the single pore
membrane, this result means that further bubble dispersion takes place in the
narrow annular gap between rotating membrane and static outer cylinder and that
the impact of gap dispersion on the mean bubble size grows with increasing shear
rate. This conclusion could explain why e.g. the pore size did not have an impact
on the resulting mean bubble size in experiments obtained with the dynamically
enhanced membrane foaming device (see Sec. 4.5).

4.4.4. Results of refined model XY

rotation

ch/
‘\ZV |

F, porg xp
I

Figure 4.36.: Forces acting on bubble in model XY. Simplifications: bubble placed
entirely outside membrane.

Ty -
L

The simplified model X is only valid for gas bubbles in the ROME device for
which the centrifugal force acts as a retaining force and is directed towards the
rotation axis. This is true for all foams. However, for emulsions where droplets
may have higher density than the continuous phase, the centrifugal force will be
directed opposite and will act as a detaching force. Then, the absolute value and
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4.4. Bubble detachment from single pore membrane

angle of the resulting askew force have to be computed. Doing this, the vector sum
of the forces shown in Fig. 4.36 has to be solved:

th+Fc2+F2 :F2, 4.9
D, Tr o
where

3 2
T Cd* Peont " T -1

8 82
The centrifugal force, F; and the pressure force acting in the gas phase, Fj,; are
defined as (185):

2

FO— Th = fre TB. (4.10)

2
Fe=Vo:Op Ryow® = gomeron®s Dp-ag = fo-a, (4.11)
h
Fp,tm - Aptramsmembrame ) AP - Aptransmembrame ’ Z " (412)

where Vg is the bubble volume, R; is the rotor radius, w the angular velocity,
n the rotational speed, Ap the density difference between disperse and continuous
phase and Apiransmembrane the transmembrane pressure difference. The transmem-
brane pressure difference was measured in all experiments, the mean pressure dif-
ferences (at respective circumferential velocity) used in model XY were 0.20-10°
bar (at veipe 3.0 m-s71), 0.25-10° bar (vere 8.1 m-s71), 0.39-10° bar (veire 13.3
m-s71), 0.40- 10° bar (veire 18.5 m-s71).

Inserting Eq. 2.24 and Eqs. 4.10 to 4.12 into Eq. 4.9 leads to a polynomial of
degree 8 which can be solved with Newton’s method (130).

froab+ f2oah 42 for Fpom g + Fron — F2 = 0. (4.13)

This model approach XY including, both, rotationally and radially acting forces,
was applied to the system used in the single pore visualization experiments (Fig.
4.35). Tab. 4.6 compares the experimentally obtained bubble diameters to both
the simplified model X (Eq. 4.8) and the more refined model XY (Eq. 4.13).

The two models led to comparable results. This proves that the simplification
from model XY to model X can be justified. Obviously, the rotational drag force is
the main force leading to bubble detachment from the pore of a rotating membrane.

4.4.5. Sinter membrane

The possible occurrence of bubble breakup and /or coalescence was observed through
the transparent housing. Using the sinter membrane, a gap width of 1.00 mm, a
circumferential velocity of 1.87 m-s™!, a solution of 0.60 weight % emulsifier E
in water and a gas velocity typically used in foaming experiments, a high-speed
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4. Results and Discussion

Table 4.6.: Comparison of measured bubble sizes to results of both the simplified
model X (Eq. 4.8) and the refined model XY (Eq. 4.13).

Circ. velocity Shear rate Texperimental ZTmodelX TmodelXY

m-s™! [s71] [pm] [pm] [pm]
3.0 794 659 973 958
8.1 2177 495 597 533
13.3 3564 464 470 439
18.5 4951 363 400 357

movie was captured. The contrast of the original movie (see Fig. 4.37, left side)
was enhanced to get more distinct bubble contours (Fig. 4.37, right side).

il
ncreased contrast

Figure 4.37.: Bubbles produced with sinter membrane at circumferential velocity
1.87 m-s~! in ROME using a 0.60 weight % solution of emulsifier E
in water at gap size 1.0 mm, captured with CCD camera at frame
rate 20000 s~!. Original image (left side) and image where contrast
was enhanced (right side).

In Fig. 4.38, two pictures are shown, captured in quick succession. It is possible
to follow the path of certain bubbles (marked with circles). This might enable to
observe bubble detachment and possibly coalescence and dispersing in the gap in
future experiments. At the relatively large gap size and low rotational velocity
used here, resulting shear rates are however low and there is no significant bubble
deformation or dispersion visible. A smaller gap would certainly contribute to
improve picture quality, approach realistic shear rates and most probably also
show up bubble deformation and dispersion in the gap. By changing rotational
velocity and, thus, shear rate, such results might in a further work be compared to
the modeling results obtained with the single pore membrane (see Sec. 4.4.2) and
the model adapted to multipore systems.
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4.4. Bubble detachment from single pore membrane

v. =187m/s

cire

Figure 4.38.: Bubbles produced with sinter membrane at circumferential velocity
1.87 m-s~! in ROME using a 0.60 weight % solution of emulsifier E in
water at gap size 1.0 mm, captured with CCD camera at frame rate
20 000 s~!. Two pictures are shown which were captured in quick suc-
cession. The path and change of some bubbles (marked with circles)
can be observed.

4.4.6. Taylor vortices

Using the sinter membrane with a diameter of 55.0 mm, a gap width of 1.0 mm
and water as the continuous phase, the occurrence of Taylor vortices was observed.
For this setup, circumferential velocities of 0.2 m -s~! corresponding to a rotational
speed of 76 rpm were high enough to obtain Taylor vortices (see Eq. 2.53). Hence,
Taylor vortices can be observed from the minimum to the maximum rotational
speed of the applied device. A picture of such Taylor vortices is depicted in Fig.
4.39. However, no Taylor vortices can be achieved in typical foaming experiments
(see Sec. 4.5). At a gap size of 0.22 mm and the - compared to water - higher
viscosity of the mix/foam, rotational velocities of 20800 rpm are needed to reach
the critical Taylor number T'a, of 41.3 whereas the device is limited to 10000 rpm.
To investigate the effect of Taylor vortices on the mean bubble size a gap size of
1.5 mm was used. The results are discussed in Sec. 4.5.4.
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Figure 4.39.: Taylor vortices observed through the transparent housing of the
ROME device.

4.5. Dynamically enhanced membrane
foaming

Two types of dynamically enhanced membrane foaming device were tested in this
work: the rotating membrane device (ROME) and the dynamically enhanced static
membrane (DESM), both described in Sec. 3.3.4. In the ROME device, the inner
cylinder holds the membrane. In the DESM device, the inner cylinder is compact
(no pores), the membrane is attached to the inner housing wall (=outer cylinder).
For both devices, a similarly defined shear field can be created in the narrow an-
nular gap by rotating the inner cylinder. The shear forces detach the bubbles from
the membrane in an early formation stage. Additionally, the shear field may fur-
ther break bubbles up on their passage through the narrow annular gap depending
on the system and processing parameters used. First, the foam microstructure ob-
tained with the two types of device, ROME and DESM, was compared. Then, the
devices were characterized with respect to their power and dispersing characteris-
tics. Furthermore, detailed investigations were performed varying the processing
parameters gap size (i), mix recipe (ii), velocity field (iii), pore size (iv), pore
distance (v), membrane type (vi), residence time (vii) and membrane area (viii).
Subsequently, scale-up calculations from lab- to pilot-scale were done, a respec-
tive pilot-scale device built, and received experimental results again compared to
respective data for the two lab-scale devices (ROME, DESM) using identical mem-
branes, gap sizes and shear rates in order to reevaluate/reconfirm the scaling laws
derived.
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4.5. Dynamically enhanced membrane foaming

4.5.1. Power characteristics
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Figure 4.40.: Power characteristics for dynamically enhanced membrane foaming
device (gap size 0.50 mm) obtained with water and glucose solutions
of different viscosities. The constants C; and C, the critical gap Re-
number, Re. and the gap Re-numbers at Taylor-numbers of 41.3 and
400 are depicted. Gap Reynolds number was computed including .

The power characteristics (Fig. 4.40) were obtained using a gap width of 0.50
mm. Chart 4.40 shows that the laminar flow region is predominant for the dy-
namically enhanced membrane devices. The slope of minus one, corresponding to
laminar flow, extends up to a gap Re-number of approximately 250. The transi-
tion region between laminar and fully developed turbulent flow domain is located
between Reg,p 250 and 10000. To obtain a turbulent flow field, gap Re-numbers
of 10000 and higher need to be achieved. This was only possible with water. For
all tested foam systems, viscosity was clearly higher than for water (e.g factor 52
for foam E with ¢y 0.56 at shear rate 84468 s~1). It can be deduced that foaming
within ROME/DESM devices is performed under laminar flow conditions. Exem-
plary dispersing conditions, calculated from the measured net dispersing power at
known device dimensions and preferred processing parameters (6 250 rpm, 0.50 mm
gap, mix C, ¢y 0.50, net power consumption 230 W) confirmed that whipping in
the investigated ROME/DESM apparatus takes place in the laminar flow domain.
The exact resulting gap Reynolds number for these distinct conditions was 41. The
finally preferred use of gap size 0.22 mm instead of 0.50 mm further shifts to lower
Re-numbers and, thus, even more into the laminar flow domain. The character-
istic constants of the power characteristics € and C, characterizing laminar and
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4. Results and Discussion

turbulent flow conditions, respectively, and the critical Reynolds number Re,. de-
noting the transition "point"between laminar and turbulent flow, were explicitely
determined and are depicted in Fig. 4.40. Additionally, the flow conditions in the
gap with regard to Taylor vortex flow patterns was analyzed. The critical Taylor
number T'a. of 41.3 characterizes the onset of Taylor vortices. Taylor numbers
of ~ 400 indicate fully developed turbulent flow [149]. For these two character-
istic Taylor-numbers, the corresponding gap Re-numbers were computed and are
also depicted in Fig. 4.40. This shows that the transition region in the rotating
membrane device is affected by the occurrence of Taylor vortices. For emulsions
(see Fig. 2.23 [146]), the appearance of such Taylor vortices was shown to lead to
smaller mean droplet sizes down to the range of the mean pore size.

4.5.2. Dispersing characteristics

In Fig. 4.41 all results obtained for model mix C in the ROME device under laminar
dispersing flow conditions (various gas volume fractions, circumferential velocities
of 2.93 - 23.46 m -s™!) are summarized in an energy density plot. Complementary
information for comparable emulsification processes was obtained from literature
[151] and inserted into Fig. 4.41. As discussed in Sec. 4.3.3, the different properties
of foams and emulsions (density, viscosity ratio, compressibility) and the type of
system (e.g. emulsifier) play a major role with respect to the dispersing efficiency
of the applied device. This is why the absolute values of bubble and droplet sizes
can not be directly compared. The difference in volumetric energy input between
membrane emulsification and dynamically enhanced membrane foaming can be
explained with the magnitude of the critical Capillary number (see Sec. 4.3.3). The
trends of the curves shown in Fig. 4.41 are of interest for comparison. For model
system C, foamed in the laminar ROME device, a plateau in minimum mean bubble
diameter of about 35 pm was found. In addition to the early detachment of bubbles
from the membrane, further dispersion takes place in the gap. It is thus possible,
that the minimum mean bubble size of 35 pm is given by the device and mix
characteristics, i.e. equilibrium of dispersion and coalescence in the gap, depending
on the acting shear forces, for the chosen protein-based recipe. In contrast, the
energy density plots for emulsions show a constant decrease in mean bubble size
with increasing volumetric energy input in the investigated range. The data points
given for the ROME device, valid for the two gas volume fractions 0.09 and 0.52
and the curves for gas volume fractions 0.01, 0.10 and 0.50 given for membrane
emulsification, highlight the different trends nicely.
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Figure 4.41.: Energy density plot: own data for foams produced with model recipe
C in the laminar ROME device within this work (displayed in black)
compared to data for emulsions published by Schubert [151] (dis-
played in grey).

4.5.3. ROME versus DESM

With respect to construction, the DESM device is more simple than the ROME
device, offering distinct advantages: 1. the air enters the foaming head from the
outside and does not have to be injected via a hollow rotating shaft into the inner
cylinder. Hence, complicated seals can be avoided. 2. The rotating part consists
of a compact metal cylinder instead of a membrane while the membrane is fixed
to the housing. Bubble detachment from the membrane is dependent on the forces
acting on the bubble which are related to the shear field between rotating and
static concentric cylinders. The shear rate is proportional to the velocity difference
between inner and outer cylinder, the rotor diameter and reverse proportional
to the gap size (Eq. 2.47). If these three parameters are constant and if wall
slip is negligible, the acting dispersing forces and resulting bubble sizes should
ideally be identical for the two set-ups where either the membrane is rotating or
the membrane is fixed but an inner cylinder rotates. To confirm this assumption,
the ROME/DESM foaming devices were systematically compared with respect to
foamability and foam microstructure. Fig. 4.42 shows the resulting mean bubble
size x50 as a function of the gas volume fraction. The two devices were compared
for mix C at a mean residence time of 0.50 s and for mix E at a mean residence
time of 0.75 s. The circumferential velocity was 18.51 m -s~! for all experiments
corrsponding to a shear rate of 84468, the gap width was fixed to 0.22 mm.
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Figure 4.42.: Comparison of the two types of membrane foaming device, ROME
and DESM, for mix C at 0.50 s and for mix E at 0.75 s mean residence
time. Circumferential velocity 18.51 m - s~ for all experiments (shear
rate 84468 s~!), gap size 0.22 mm, membrane SF 03-6/5.

No significant difference between the two devices was found for mix E. Both
mean bubble size and maximally achievable set gas volume fraction were nearly
identical. However, set and measured gas volume fraction always deviated for
the ROME device (average deviation -10.7 %), while it was identical to slightly
higher for the DESM device (average deviation +2.8 %). It was suspected that
the density difference between continuous and disperse phase combined with the
ROME air supply from inside to outside may lead to air pockets at the membrane
surface. This however never manifested as blow-by in the evaluated trials. No valid
explanation for the slight deviation of set and measured gas volume fractions was
found. When the air was pressed from the outer cylinder surface into the continuous
phase (DESM device), the centrifugal forces enhanced the homogeneous dispersion
of mix and air in the gap. This seemed to improve foam homogeneity. At a
rotational speed of 6479 rpm, a rotor diameter of 54.56 mm and a gap size of 0.22
mm, the separation time in the gap (calculated for a single bubble of mean diameter
of 10 pm according to Eqs. 3.4 to 3.6), is still much shorter than the residence time
for mix E (0.0001 s compared to 0.75 s). This means that centrifugal separation
of mix and air could in principle also take place within the DESM device.

For mix C, the DESM device leads to slightly larger mean bubble sizes than
the ROME device, the curve progression is however very similar (Fig. 4.42). The
DESM device had no cooling jacket and consequently foam outlet temperatures
were about 10 °C higher than for the ROME device. Experiments with mix C and
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E showed that mix C is temperature sensitive with regard to foam destabilization
mechanisms while mix E is not influenced by temperature as long as it does not
exceed 45 °C. This explains why no difference between the two types of dynamically
enhanced membrane device was found for mix E while some shift in mean bubble
size was found for mix C.

Since the results obtained with the two types of dynamically enhanced foaming
device, ROME and DESM, were found to be very much alike, the impact of process
parameters (see Sec. 4.5.4 to 4.5.13) was not analyzed for both devices for all
experimental variations carried out.

4.5.4. Gap size

The impact of gap size was evaluated and found to be important with respect to
foam homogeneity and mean bubble size. Gap sizes of 1.50, 1.00, 0.72, 0.50 and
0.22 mm were tested for the ROME device and mix C, gap sizes of 0.50 and 0.22
mm for mix E. It was shown that within the tested range in gap size, the maximum
gap size allowing the production of optimally homogeneous foam is 0.50 mm for
fluid system C while it is 0.22 mm for the less viscous fluid system E.
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Figure 4.43.: Impact of gap size on resulting mean bubble size for the DESM device.
The circumferential velocity was 18.51 m - s~! for all experiments, the
membrane Sefar Nitex 03-6/5 was used, mixes C and E were tested.

The gap sizes 0.50 and 0.22 mm were also tested for the DESM device (see

Fig. 4.43). The impact of gap size on mean bubble size was not strong for mix C
whereas a reduction in gap size from 0.50 mm to 0.22 mm cut the mean bubble
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sizes roughly in half for mix E. This reduction in x5, found for mix E was to be
expected since the shear rate was 2.3 times higher at gap size 0.22 mm compared to
0.50 mm at identical circumferential velocity (84468 s~! compared to 37351 s71).
Why the microstructure of mix C did not change with the same decrease in gap
size could be a consequence of locally increased temperature leading to impaired
functional properties of the protein. For mix E, optimally homogeneous foams were
achieved at gap size 0.22 mm while gap size 0.50 mm led to a slight separation of
the foam into higher and lower dense areas. The zigzagging curve received for mix
C at gap size 0.50 mm also indicates the reduced reproducibility at this larger gap
size compared to a gap size of 0.22 mm.

Additionally, the impact of Taylor vortices on the mean bubble size was tested
for both the ROME and DESM devices with mixes C and E using either the
sinter membrane or the Sefar Nitex membrane and gap widths of 1.5 and 2.0 mm.
The critical Taylor number was determined using Eq. 2.53 based on the following
procedure and assumptions:

e Shear rate for concentric cylinders was calculated according to Eq. 2.47.

e Viscosity functions of mix and foam were extrapolated to shear rates acting
in the gap (see Fig. 4.46). The mean value between mix and foam was
used since at the inlet there is pure mix while at the outlet there is the fully
developed foam.

e An average value between mix and foam density was used to represent the
foam product over the entire membrane length.

e Foam was considered a continuum and Eq. 2.53 used to compute the Taylor
number.

Taylor vortices were found not suitable for reducing foam bubble sizes since it was
not possible to generate foams without massive blow-by at gap 1.5 or 2.0 mm. It is
suspected that demixing effects superimposed the desired flow effects due the large
density difference between continuous and disperse phase. A flow perpendicular to
the rotation is known to shift T'a, to higher values [159, 153, 47, 62, 160]. However,
Taylor numbers up to 7-Ta. were tested here. Also, emulsification results in a
similar setup using an axial flow (see Fig. 2.23) showed no shift in critical Taylor
number.

4.5.5. Mix

The impact of the fluid system on the mean bubble size is demonstrated in Fig.
4.44 for different gas volume fractions. The two fluid systems compared were
model system C containing protein (surfactant) and guar gum (thickeners) and
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Figure 4.44.: Influence of continuous fluid phase (mix C versus mix E) on resulting
mean bubble size. ROME or DESM, circumferential velocity 18.51
m-s~!, gap size 0.22 mm, membrane Sefar Nitex 03-6/5.

model system E containing a specific fast surfactant and thickeners. In the case
of model system C, the mean bubble size decreases up to gas volume fractions of
about 0.3 and tends to increase for higher gas volume fractions. The latter effect
is probably caused by bubble coalescence at the membrane due to the smaller
pore distance of the Sefar Nitex membrane compared to CPDN membranes (see
Sec. 4.5.7) and due to the slow bubble interface coverage by the protein. For
model system E, the mean bubble size decreases up to ¢y of 0.60 which is the
maximum achievable gas volume fraction without blow-by. System E leads to
clearly smaller mean bubble sizes (about factor 4). However, higher gas volume
fractions were obtained with system C. The reason is that system C contains a
significantly higher amount of surfactant (factor 8.3) and additionally, less interface
is generated per volume gas due to larger mean bubble sizes. All these observations
indicate the advantage of improved interfacial activity (interfacial tension reduction
and interface stabilization) of the surfactant used in model mix E compared to the
protein used in model system C.

The decrease in mean bubble size with increasing gas volume fraction for foam
E is significant (Fig. 4.44, slope better visible in less compacted graph shown in
Fig. 4.63) and was suspected to be a consequence of the foam viscosity. Foam
viscosity was, thus, measured as a function of the shear rate for mix E and foam
E of varying gas volume fraction. The (%) curves were approximated using the
power law. The flow curves are shifted to higher values of viscosity with increasing
gas volume fraction ¢y. A higher foam viscosity in the dynamically enhanced
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foaming device leads to detachment of smaller bubbles from the membrane and/or
probably to enhanced dispersion in the narrow annular gap since the shear stress is
linearly dependent on the viscosity in the laminar flow domain (Eq. 2.45). Hence,
this dependency of viscosity on gas volume fraction explains the smaller resulting
mean bubble size at higher gas volume fraction.
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Figure 4.45.: Viscosity as function of shear rate for foam E (¢y = 0.56). Two runs
with identical foam.

When plotting mean bubble size of the foams used for the viscosity measurements
versus measured viscosity at production shear rate of 84468 s~! (see Fig. 4.47),
the relationship between viscosity and mean bubble size can be approximated as:

Ts00 = 2.933 - 03 (4.14)

foam

This experimentally found relationship between foam viscosity and resulting
mean bubble size may be used to taylormake foam microstructure in a further
step by adjusting the continuous phase viscosity such that the smallest achieved
mean bubble sizes of ~ 8 pm (for mix E achieved at ¢,=0.56) could already be
reached at lower gas volume fractions. Assuming that the trend of decreasing x50
with increasing ¢y persists, even smaller mean bubble size could then be achieved
at ¢y —=0.56.

In addition, the data shown in Fig. 4.47 can be used to evaluate whether bubbles
are detached from the pores of the dynamically enhanced membrane foaming device
in their final size or are further dispersed in the narrow annular gap flow to the
outlet. To test this, two models were applied: (i) model X describing bubble
detachment from the membrane derived in Sec. 4.4.2 and (ii) the model Ca,
derived in Sec. 4.1.2 dealing with breakup of bubbles in simple shear.
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In a first step, model X (Eq. 4.3) for bubble detachment is adapted to the system.
Model X computes the mean bubble size detached from a pore as a function of the
foam viscosity. Using the Stokes approach to compute the drag coefficient (Eq.
2.35) and v as defined in Eq. 4.7, the dependency of the size of the detached
bubble on the foam viscosity follows as:

4.0-xp-s2
S'W'nfoam‘;y

(4.15)

Tmodel X —

yielding the relationship:

Tmodel X ™ nf?)gff) (416)

In a second step, model Cla. describing possible secondary dispersion in the
narrow annular gap is applied to the system. It is based on the calculation of
the functional dependency of the critical Capillary number on the viscosity ratio
Neont/Naisp discussed in Sec. 4.1.2. Assuming the foam to act as a continuum
surrounding each bubble, the relation between mean bubble size and foam viscosity
(Eq. 4.2) can be derived as:

—0.829
Tmodel Cac ™ Tloam (417)

The experimentally found relation between mean bubble size x50 and foam
viscosity (Fig. 4.47, Eq. 4.14) consequently lies between the relations found for
bubble detachment (Eq. 4.16) and for secondary dispersion in the narrow annular
gap (Eq. 4.17), but clearly closer to the first. This suggests that the dominat-
ing bubble formation process determining the resulting mean bubble size in the
dynamically enhanced membrane foaming device is the detachment of small bub-
bles from the membrane. There is some additional, but less pronounced dispersing
effect in the gap.

For the flow curves depicted in Fig. 4.46, a master curve n(¢y, %) was derived
for the shift factors a,(¢yv) at shear rate 10> s™'. The master curve shown in Fig.
4.48 led to the approximation

y = 0.117. 432279V (4.18)

where the value a,, = 1 corresponds to the gas volume fraction 0.50. Eq. 4.18
can be used to predetermine the foam viscosity at any gas volume fraction for the
measured system. Additionally, it may in future experiments suffice to measure
foam viscosity for ¢y = 0.50, only, if the mix recipe is the same. The viscosity of
foams with different gas volume fractions can then be derived as a function of the
shear rate via the equation:

n(ov,v) = nlov = 0.5,%) - ay(ov) (4.19)
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Figure 4.48.: Master curve for flow curves shown in Fig. 4.46 derived at shear rate
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Up to here, mix C and E were compared which contain totally different in-
gredients. This resulted in distinct deviations with respect to the resulting foam
microstructure. Now, mix B, C and D will be compared which all contained the
same two ingredients but differed in their guar content and, thus, zero shear vis-
cosity. Model mix B, C and D contained 5.00 weight % protein and 1.00, 0.50 and
0.25 weight % guar, respectively. The resulting mix viscosities are summarized in
Tab. 3.23. Foams were produced with the ROME device, the uncoated CPDN
membrane, a gap size of 0.50 mm and a circumferential velocity of 18.33 m -s7!
(Fig. 4.49). No consistent and considerable difference between the results obtained
with the three model mixes were found. Identical experiments at circumferential
velocities of 2.93, 8.06, 13.19 and 23.46 m -s~! led to qualitatively identical result,
however, the absolute values of the mean bubble diameters were shifted. Theo-
retically, a viscosity increase can have positive or negative impact on the mean
bubble size: a decrease in coalescence and drainage in the final product and an
increase in acting shear stresses on the positive side, hindering of the milk proteins
to reach and stabilize the interfaces efficiently on the other side. Here, the negative
consequences obviously cancelled the positive ones out. In addition, the difference
in viscosity of the three compared, strongly shear-thinning mixes was found to be
low at high shear rates like used in the foaming experiments.
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Figure 4.49.: Influence of mix viscosity on mean bubble size. ROME device, un-
coated CPDN membrane, gap size 0.50 mm, circumferential velocity
18.33 m - s~!, model mixes B, C and D with 1.00, 0.50 and 0.25 weight
% guar content, respectively.

4.5.6. Velocity field

Fig. 4.50 shows the impact of the circumferential velocity and corresponding shear
rate on the mean bubble size for the two gas volume fractions 0.43 and 0.56. Mix
E was foamed using the DESM device, the sinter membrane, a gap size of 0.22 mm
and a residence time of 0.75 s. The mean bubble sizes decreases with increasing
circumferential velocity and asymptotically approaches a minimum in mean bub-
ble size of about 8 pm. This means that smaller bubbles are detached from the
membrane at higher circumferential velocities (i) and/or are further dispersed after
detachment in the narrow annular gap flow (ii). Experiments using a single pore
membrane and a high speed camera for bubble detachment visualization (see Sec.
4.4) proved (i), while (ii) was shown to be less important in Sec. 4.5.5.

The impact of the shear rate on the mean bubble size was as well systematically
investigated for the ROME device, a gap size of 0.50 mm and mix C by varying the
circumferential velocity (see Fig. 4.51). The same trends were found as shown in
Fig. 4.50 for mix E, the mean bubble sizes were however significantly larger since
the gap size of 0.50 mm leads to lower shear rates than 0.22 mm gap and since mix
C was shown to result in larger bubbles than mix E.
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Figure 4.50.: Impact of shear rate on mean bubble size. DESM device, mix E,
sinter membrane, gap size 0.22 mm, residence time 0.75 s.

4.5.7. Pore size and pore distance

Fig. 4.51 shows mean bubble sizes as a function of the gas volume fraction for
the ROME device and two CPDN membranes differing in pore size by a factor of
3.33 at circumferential velocities ranging from 2.93 to 23.46 m -s~!. Trends and
absolute values are very similar for both pore sizes: higher circumferential velocity
reduces bubble size as expected. For low gas volume fractions, the mean bubble
size shrinks with increasing ¢yv. The slope dxsoo/d¢y is more pronounced for
lower circumferential velocities. Above a certain threshold in gas volume fraction,
the bubble size is about constant with slight growth tendency. The change from
negative to zero or slightly positive slope is observed at low gas volume fraction and
high circumferential velocity. The reason for bubble size reduction with increasing
gas volume fraction (limit depends on circumferential velocity) is related to the
corresponding increase in foam viscosity as described in detail in Sec. 4.5.5. The
existence of a dynamic equilibrium between bubble breakup and recoalescence in
the gap is supported by: i. The limited bubble size of about 35 pm approached
asymptotically with increase in circumferential velocity, and ii. The resulting mean
bubble size being significantly larger than the pore size (factor 10 to 33).

Fig. 4.52 depicts the impact of pore size on the mean bubble size at different gas
volume fractions for membranes with less defined pore form, size and distance than
the CPDN membranes. Two membranes of the same type but differing mean pore
size were used and compared for model mixes C and E: SF 03-6/5 with a mean
pore size of 6 pm and SF 03-1/1 with a mean pore size of 1 pm. All experiments
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Figure 4.51.:
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were conducted using a gap size of 0.22 mm, a circumferential velocity of 18.51
m-s~! and a residence time of 0.75 s. The bubble size is in the size range of the
pore size for mix E and the membrane SF 03-6/5. However, since the resulting
bubble sizes are the same for the membrane SF 03-1/1 and, thus, five times larger
than the pore size, it can be deduced that the resulting bubble size is independent
of the pore size. For mix C, the pore size plays no role either. The difference
in mean bubble size between the two mixes has been discussed before (see Sec.
4.5.5). Two reasons for the independency of bubble on pore size are suggested: i)
the pore velocity of the gas which increases at constant residence time of the foam
but smaller pore size and smaller open area of the membrane (e.g. 5 % open area
for SF 03-6/5, 1 % open area for SF 03-1/1), impacts bubble detachment, and ii)
dispersion and/or coalescence in the gap after detachment. i) can be eliminated
because residence time was shown to have no impact on the mean bubble size (see
Sec. 4.5.9) even though the air velocity is then changed as well. Bals [10] showed
a slight change in bubble size with air velocity. Possibility (ii) is supported by the
combination of results on single bubble breakup in simple shear (Sec. 4.1.2), on
bubble detachment from a rotating single-pore membrane (Sec. 4.4) and on the
impact of foam viscosity on the resulting mean bubble size (Sec. 4.5.5) which all
together showed that bubble formation in the DEMF device is primarily dependent
on the detachment of small bubbles from the membrane with an additional, however
less important, effect of bubble breakup in the narrow annular gap.

4.5.8. Type of membrane

The impact of the type of membrane on the mean bubble size should be analyzed
for an identical gap size and pore distance. These conditions could not be fully
satisfied. The sinter membrane was compared to the uncoated CPDN membrane
for mix C at a gap size of 0.50 mm. Fig. 4.53 demonstrates that the two compared
membranes had no significantly different impact on the mean bubble size. The
sinter membrane tends to lead to slightly smaller mean bubble sizes.

For model mix E and a gap size of 0.22 mm, the sinter membrane and the
Sefar Nitex membrane SF 03-6/5 were compared. The clamping fixture of the
latter caused cavities of 0.50 mm depth. It is of interest for future experiments
and follow-up constructions to prove whether these microcavities have a positive or
negative impact on the foaming result with respect to product microstructure. The
comparison of these two membrane modules (Fig. 4.54) shows clear differences in
mean bubble size which are shifted to significantly smaller values for the SF03-6/5
membrane. This suggests a positive impact of the cage construction used to fix the
Sefar Nitex membrane to a cylinder. The microcavities formed by the membrane
fixing grid are suspected to create microturbulences (see schematic drawing in
Fig. 4.55 and technical drawing in Fig. 3.17). The results suggest that such
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Figure 4.52.:

Figure 4.53.:
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Figure 4.54.:

Figure 4.55.:
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microturbulences cause an either improved detachment of the bubbles from the
membrane or an improved dispersion of the bubbles in the narrow annular gap.

First selective measurements of mix and foam temperatures at 18.51 m -s~! cir-
cumferential velocity and a gap size of 0.22 mm showed that the temperature
difference AT between in- and outlet is ~ 7° C higher when the clamping fixture
for Sefar Nitex membranes is used. This could be an indicator for the existence
of microturbulences since the relationship "power P is proportional to the mass
specific heat quantity @), which is again proportional to AT" is assumed to be
valid. Microturbulences should cause an increase of AT with n® due to the pro-
portionality P ~ n? in turbulent flow fields explained in Sec. 2.5.1. Meanwhile
AT should be proportional to n? in the laminar flow field since P ~ n?. To prove
the occurrence of microturbulences, systematic temperature measurements at dif-
ferent circumferential velocities have to be carried out using mix E which is not
susceptible to changes in foam microstructure up to 7" = 45 ° C.

4.5.9. Residence time

The minimal residence time and maximum foam volume flow rate, respectively,

were determined using the DESM device, the Sefar Nitex SF 03-6/5 membrane, a

circumferential velocity of 18.51 m-s~!, a gap size of 0.22 mm and model mix E.

The results are shown in Fig. 4.56. The residence time was stepwise decreased and

gas volume fractions from 0.50 up to the highest possible one were tested.
Evaluation criteria for still satisfactory results were:

e Gas volume fractions up to at least 0.56 without blow-by obtainable.

e Mean bubble size in the range of mean bubble diameter + 50 % at the
optimum residence time of 0.75 s.

e Reproducible results.

Independent of the residence time, the mean bubble size decreases with increasing
gas volume fraction. The maximum achievable gas volume fraction decreases with
decreasing residence time, it was however always possible to produce foams up
to gas volume fraction 0.56. The data could only be reproduced down to 0.4 s
residence time, lower residence times worked one day but not the next and should
consequently not be taken for granted. The maximum foam flow rate in the DESM
device with a gap volume of 2.272 - 1073 1 is, thus, 20.45 1-h~!, corresponding to a
residence time of 0.40 s in the gap. Compared to a rotor-stator device, the residence
time is less important by far in the dynamically enhanced membrane foaming device
and can be as low as 0.40 s since the bubble formation is not dominated by bubble
breakup but is instead dependent on the detachment of small bubbles from the
membrane.
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Figure 4.56.: Impact of residence time on mean bubble size. DESM device, mix E,

gap width 0.22 mm, circumferential velocity 18.51 m -s 1.

4.5.10. Membrane area

The relationship between membrane area and foaming result, i.e. maximum gas
volume fraction and mean bubble size, was determined using the membrane Sefar
Nitex SF 03-6/5 since the clamping fixture allowed the desired adaptation of mem-
brane area. The clamping fixture for woven fabrics has fifty membrane windows
arranged in 5 axial rows of 10 windows (one window row = one unit). To deter-
mine the impact of the membrane area, the foaming results obtained with the total
five units was compared to three and one units. The unused window rows were
stringed with a plastic film and were placed at the head inlet to avoid a, relative
to the membrane area, prolonged shearing of the bubbles in the narrow annular
gap. Fig. 4.57 shows the received impact of membrane area (5 units versus 3)
on mean bubble size and maximum gas volume fraction for the DESM device, the
membrane SF 03-6/5, circumferential velocity 18.51 m -s~!, gap size 0.22 mm and
mix E. Gas volume fractions between 0.50 and the highest value possible without
blow-by were tested. It was not possible to produce foam with one unit only, blow-
by could not be avoided at any parameter setting. Comparing three and five units,
no significant impact of membrane area on mean bubble size, maximum gas volume
fraction or minimum residence time was found. Three units allowed shorter resi-
dence time than five units on one experimental day, this result could however not
be reproduced. Already formed bubbles are obviously not influenced by increased
coalescence or dispersion during a longer passage through the narrow annular gap
of the foaming head. This agrees well with the results discussed in Sec. 4.5.5 which
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suggest that bubble detachment is the primarily important bubble formation step
in the DEMF device while bubble dispersion in the narrow annular gap is of minor
impact.
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Figure 4.57.: Impact of membrane area on mean bubble size for different residence
times. DESM device, mix E, gap width 0.22 mm, circumferential

velocity 18.51 m s~ 1.

4.5.11. Scale-up calculations from lab- to
pilot-scale DESM

For scale-up calculations, both fluid-dynamics and the structuring-dynamics simi-
larities had to be considered. The fluid dynamics conditions are determined by the
shear rate and the shear stress. The shear rate was adapted to ~ 84468 s~! for lab-
and pilot-scale device via the rotational speed since the gap size was kept identical
at 0.22 mm. The shear stress was not explicitly taken into account because it is di-
rectly correlated to the shear rate (Eq. 2.45). For structuring-dynamics similarity,
the shear rate, shear stress and residence time are crucial. Although the results
shown in Sec. 4.5.9 showed no impact of the residence time on the resulting mean
bubble size in the investigated range when using the clamping fixture with the SF
03-6/5 membrane, it was decided to keep the residence time for lab-scale and pilot-
scale device identical at 0.75 s. It was further decided to use the sinter membrane
for the pilot-scale device even though it was shown in Sec. 4.5.8 that the clamping
fixture leads to smaller mean bubble sizes due to microturbulences caused by the
indentations. The reasons for this decision were that the sinter membrane is (i)
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robust, (ii) CIP-cleanable, (iii) self-supporting and (iv) commercially available in
its final cylindrical form.

The length to diameter ratio of lab- and pilot-scale device was chosen similar
instead of keeping the length constant. This decision was based on (i) results shown
in Sec. 4.5.10 which showed that a prolonged passage through the narrow annular
gap did not affect the resulting foam microstructure and on (ii) the fact that larger
device dimensions are of advantage with respect to product flow rate. Details of
all used equations for scaling calculations are shown in Sec. 3.3.4. Tab. 4.7 gives
an overview of the results of the scale-up calculations for both the lab-scale and
pilot-scale device.

Table 4.7.: Results of scale-up calculations of DESM device from lab- to pilot-scale.

Unit Lab-scale device Pilot-scale device
Length [mm] 60 195
Rotor radius [mm| 27.28 97.78
Stator radius [mm| 27.50 98.00
Gap size |mm)] 0.22 0.22
Head volume 1] 2.272-107* 26.386- 107
Gas volume fraction -] 0.56 0.56
Residence time [s] 0.75 0.75
Total flow rate [1-h=] 10.90 126.70
Optimum rotational speed [rpm] 6479 1813
Shear rate [s71] 84 468 84477
Foam viscosity [Pa - s] 0.052 0.052
Mix density [kg - m™?] 1125.0 1125.0
Air density [kg - m™?] 1.2 1.2
Foam density [kg - m™?] 495.0 495.0
Mean bubble size [nm] 10 10
Re -] 88.361 88.628
Ne N 1.828 1.824
C-value N 1290 435 360 088
Vsink [m - s71 1.525 0.425
Separation time [s] 0.0001 0.0005
Py diss kW - m~?| 369 895 369 968
Piss kW] 0.840 9.762
Flaiss [kJ| 0.630 7.319

It is possible to reach the desired values in shear rate and residence time in the
up-scaled device and at the same time keep the optimum gap size of 0.22 mm and
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ratio of head length to diameter. Due to the lower circumferential velocity needed
to reach the desired shear rate in the pilot-scale device, the C-value is lower. This
is advantageous because centrifugal de-mixing effects will, thus, be reduced.

4.5.12. Results obtained with pilot-scale DESM
device

Fig. 4.58 shows the resulting mean bubble sizes obtained with the scaled-up DESM
device (pilot scale). The relation between gas volume fraction and resulting foam
microstructure is depicted for two residence times and two shear rates.

The results (Fig. 4.58) show that the mean bubble size decreases with increasing
gas volume fraction for all investigated settings. Blow-by free foam production was
possible within a gas volume fraction range of (i) 0.5 and (ii) 0.7: (i) For ¢y smaller
than 0.5, the relatively low foam viscosity enhances a separation of mix and air since
the bubble mobility is high. (ii) At gas volume fractions above 0.7, the lamellae are
very thin and rupture happens more easily, enhancing foam destruction in the gap.
Gas volume fractions between 0.5 and 0.7 seem to be ideal with respect to foam
viscosity and lamellae thickness, thus resulting in homogeneous, stable, blow-by
free foams.

The residence time influences the microstructure in so far that the slope of the
curves is steeper at longer residence time, the mean bubble size decreases more
strongly with increasing gas volume fraction for 1.00 s residence time compared to
0.75 s residence time. This means that a residence time of 1.00 s allows to reach
a further optimized dispersion quality when using the sinter membrane, possibly
due to an enhanced dispersion in the narrow annular gap. Additionally, slightly
higher gas volume fractions can be obtained without blow-by at 1.00 s residence
time compared to 0.75 s residence time. It can not be said whether this improved
dispersion quality at 1.00 s residence time differs for pilot- and lab-scaled device
since this residence time was never tested for the lab-scale device at gap size 0.22
mm. A residence time of 0.50 s was tested for the pilot-scale DESM device as
well, the results are not shown since it was only possible to get blow-by free foams
at shear rate 94868 s=! for the residence time 0.50 s and since the window of
achievable gas volume fraction was considerably narrower (0.60< ¢y <0.67). An
increased shear rate (94868 s~' compared to 74124 s7') leads to a curve shift to
smaller mean bubble sizes (Fig. 4.58). This means that the higher shear rate
leads to earlier detachment from the membrane and/or better dispersion in the
narrow annular gap. Additionally, the mean size decreases faster with increasing
gas volume fraction at higher shear rate. This trend can be expected since the shear
stress equals the product of viscosity and shear rate in laminar flow conditions (see
Eq. 2.45). The combination of higher viscosity at higher gas volume fraction and
higher shear rates is obviously best with respect to the resulting mean bubble sizes.
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4. Results and Discussion

4.5.13. Comparison of lab- and pilot-scale device

The lab-scale ROME, lab-scale DESM and pilot-scale DESM device were compared
at different gas volume fractions with respect to resulting foam microstructure in
Fig. 4.59. All foams were produced using the sinter membrane, mix E and a resi-
dence time of 0.75 s. The gap size of the pilot-scale DESM device was slightly larger
(0.250 mm instead of 0.230 (lab-scale ROME) or 0.235 mm (lab-scale DESM)) due
to differences in raw membrane quality. Hence, the circumferential velocity of 18.51
m-s~! led to shear rates of 74124 s=! only for the pilot-scale DESM device while
for both the lab-scale ROME and the lab-scale DESM device, the shear rate was
~ 80000 s~!. Thus, a higher circumferential velocity of 23.69 m -s~! was tested
for the pilot-scale DESM device as well, leading to a shear rate of 94868 s 1.

The curves for the lab-scale ROME, the lab-scale DESM and the pilot-scale
DESM device are close together with some differences in slope. No consistent
trend can be found for the deviation in bubble size and curve slope between the
different device types. While a shear rate of 74124 s~ led to larger mean bubble
sizes for the pilot-scale DESM device, a shear rate of 94868 s~! led to values very
similar to the lab-scale device. This was to be expected since the shear rate does
have a significant impact on the mean bubble size. A clear distinction between
ROME and DESM device can be made with respect to the achievable gas volume
fraction. No gas volume fractions below 0.4 and 0.5, respectively, could be achieved
with the lab- and pilot-scale DESM device, while this was possible when using the
ROME device. No explanation was found for this difference.

The three devices were furthermore compared in Fig. 4.60 with respect to the
impact of shear rate on resulting foam microstructure. The impact of the shear rate
on the resulting mean bubble sizes in the dynamically enhanced membrane foaming
process was discussed in detail in Sec. 4.5.6 for the lab-scale DESM device and
the sinter membrane. It was shown that resulting mean bubble sizes are smaller at
higher shear rates due to an earlier bubble detachment from the membrane and/or
an additional bubble dispersion in the narrow annular gap. Values obtained for
the lab-scale ROME and the pilot-scale DESM device were additionally included in
Fig. 4.60. The results show that the dependency of mean bubble size on the shear
rate is similar for both the lab-scale ROME device, the lab-scale DESM device and
the pilot-scale DESM device.

The comparison between lab- and pilot-scale DESM device verifies that appro-
priate scale-up criteria were chosen.
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Figure 4.59.: Mean bubble sizes as function of gas volume fraction for lab-scale
ROME, lab-scale DESM and pilot-scale DESM device. Sinter mem-
brane, mix E, residence time 0.75 s. Small ROME: gap size 0.230
mm, shear rate 81153 s~ small DESM: gap size 0.235 mm, shear
rate 79460 s~!, large DESM device: gap size 0.250 mm, shear rates
74124 and 94868 s~1.
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Figure 4.60.: Impact of shear rate on mean bubble size for lab-scale ROME and
DESM and pilot-scale DESM device. Sinter membrane, ¢y 0.75 s, gas
volume fraction 0.56, mix E.
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4. Results and Discussion

4.6. Comparison of R/S, ROME and
DESM device

In the following, the most important results for the rotor-stator device (R/S) and
the two types of dynamically enhanced membrane foaming device (ROME and
DESM) are summarized for direct comparison.

4.6.1. Power characteristics

The power characteristics shown in Fig. 4.61 show that the laminar flow domain
is predominant for the dynamically enhanced membrane foaming device (DEMF)
while the turbulent flow region dominates for the rotor-stator device. The critical
Re-number representing the transition between laminar and turbulent flow is 1095
for the DEMF device while it is 43 for the R/S device. The laminar flow region is
advantageous with respect to power consumption and mechanical gentleness while
the turbulent flow region is known to be most effective for bubble break-up if
the process depends on dispersion efficiency. However, since the bubble formation
mechanism in the DEMF device is dominated by the detachment of small bubbles
from the pores of the membrane instead of bubble breakup as in the R/S device,
it is even an advantage with respect to the resulting microstructure to foam in
the laminar flow domain. The reason for the different onset of the turbulent flow
domain is the aeration head geometry: the surface of the membrane is flat, no
obstacles disturb the well defined laminar flow. Contrarily, the dispersing zone of
the rotor-stator device is built of intermeshing pins. Typical dispersing conditions
(Retyp) for the two devices show that foaming takes place in the laminar flow
domain for the DEMF device and in the turbulent flow domain for the R/S device
(for calculation see Sections 4.3.1 and 4.5.1).

4.6.2. Impact of gas volume fraction on mean
bubble size

Fig. 4.62 shows the mean bubble size as a function of the gas volume fraction for
mix C and the ROME and R/S device at nearly identical circumferential velocities
of 8.06 and 8.04 m-s~!, respectively. Since the gap size of the ROME device was
half as large for the ROME device (0.5 mm compared to 1.0 mm) and the rotor
diameters similar (0.056 m compared to 0.051 m), the corresponding shear rate is
about twice as large (16 268 s~! for ROME (Eq. 2.47), 8040 s~! for R/S (Eq. 2.46).
Optimum foaming conditions were chosen for each fluid system in the comparison
of foams produced with mix E and either the R/S, ROME and DESM device in
Fig. 4.63.
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Figure 4.61.: Power characteristics of DEMF and R/S device. Constants C and Cy
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Figure 4.62.: Comparison between foams produced with ROME (gap size 0.5 mm,
residence time 0.97 s) and R/S device (gap size 1.0 mm, residence
time 10.86 s). Model system C, circumferential velocity, 8.06 and
8.04 m-s~!, respectively.
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4. Results and Discussion

Both Figs. 4.62 and 4.63 highlight the clearly different curve trends of the rotor-
stator device on one side and the two types of dynamically enhanced membrane
foaming device (ROME and DESM) on the other side. For the R/S device, the
mean bubble size increases with increasing gas volume fraction while it decreases
with ¢y for the ROME and the DESM device. For the turbulent flow field present
in the rotor-stator device, viscosity does not play a role with regard to the foaming
result. However, density influences the Reynolds shear stress in the turbulent flow
field according to Eqs. 2.50 and 2.51. Since the foam density decreases with
increasing gas volume fraction ¢y, the increase in bubble size with increasing ¢y
could be expected for the rotor-stator device. In the laminar flow domain acting
in the gap of the dynamically enhanced membrane foaming device, the opposite
tendency, i.e. smaller bubbles with increased gas volume fractions, is expected:
the increased viscosity at increased gas volume fraction (shown in Fig. 4.46) leads
to correspondingly increased shear stresses and consequently to earlier detachment
of the bubbles from the membrane and to a possibly enhanced dispersion in the
narrow annular gap.
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Figure 4.63.: Impact of gas volume fraction on mean bubble size for foams produced
with ROME (gap size 0.22 mm, residence time 0.75 s), DESM (gap
size 0.22 mm, residence time 0.75 s) and R/S device (gap size 1.0
mm, residence time 14.00 s) with mix E at optimized circumferential
velocities for each device (ROME and DESM: 18.51 m -s™!, R/S:
10.81 m-s™!)

The distribution width xgg /%10, is smaller for the membrane devices compared
to the R/S device (see Fig. 4.64). This effect is more pronounced at higher gas vol-
ume fractions. Since bubble dispersion between rotor and stator is the predominant
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bubble formation mechanism in the rotor-stator device, but of little importance in
the dynamically enhanced membrane foaming device, this difference in distribution
width was to be expected.
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Figure 4.64.: Distribution widths of foams produced with ROME (gap size 0.22
mm, residence time 0.75 s), DESM (gap size 0.22 mm, residence time
0.75 s) and R/S device (gap size 1.0 mm, residence time 14.00 s) with
mix E, circumferential velocities optimized for each device (ROME
and DESM: 18.51 m-s™!, R/S: 10.81 m-s™)

4.6.3. Dispersing characteristics

Depending on circumferential velocity and gap size, the real shear rates in the
laminar DEME' device flow are roughly one- to ten-fold the values of the appar-
ent/representative shear rates in the turbulent R/S flow. However, such different
shear rates should in principle not be compared. The attribute "gentle" is used for
the membrane device since bubbles are already formed at the membrane surface
and detached by the acting shear stresses close to their final size if the bubble
interface gets stabilized fast enough by surfactants. Supposably, only few breakup
events occur in the gap. In the R/S device, large gas portions/bubbles have to be
cut down to the final equilibrium mean bubble size by a series of break-up steps.
As a consequence, layers of adsorbed surfactants are repeatedly torn apart. This
leads to increased mechanical treatment, in particular of surfactant molecules, and
may cause a loss of microstructuring efficiency of such molecules.

Fig. 4.65 shows the mean bubble size as a function of the volumetric energy in-
put (dispersing characteristics or energy density plot) and volumetric power input
(energy dissipation rate) for the two devices. The measurements were obtained
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Figure 4.65.: Dispersing characteristics (x50 = f(Fy)) and energy dissipation
rates (xs00 = f(Py)) of the DEMF and R/S device.

at various gas volume fractions and circumferential velocities using mix A (R/S
device) and C (DEMF device). The volumetric energy input couples power in-
put and mean residence time. The energy dissipation rate (=volumetric power
input) focuses on the acting stresses only and disregards time dependency. If the
mean residence times are known, one can easily shift the curve xs00=/(Ev) to
x500=J (Pv). Since the residence time of the two devices are very different (about
factor 10 longer in the R/S device), the energy density plot allows for good dif-
ferentiation with respect to the specific dispersing apparatus characteristics. If
the product damage mechanism however depends on the acting stresses (mainly
viscous friction based in the laminar membrane device, inertia force based in the
R/S device), the power dissipation rate allows for better differentiation. The plot
depicting the mean bubble size as a function of the energy dissipation rate shows
that the power input required to reduce the mean bubble diameter seems to be ap-
proximately independent from the device used. An exemplary bubble diameter of
60 pm is reached at approximately identical volumetric power input but about ten
times lower volumetric energy input for the membrane device than for the rotor-
stator device. The energy and power density plot show minima in mean bubble
size 50,0 for both devices: approximately 35 pm for the DEMFE device and 60 pm
for the R/S device. The minimum is lower for the membrane device since the effect
of centrifugal de-mixing is less pronounced in its laminar flow field compared to
the turbulent flow field acting in the R/S device. Additionally, mix C was shown
to lead to about 10 % smaller mean bubble size than mix A (see Fig. 4.21).
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The new dynamically enhanced membrane gas dispersion/whipping processes for
foam production are described and compared to results obtained with a commonly
used rotor-stator device. It is shown that the foam microstructure can be signifi-
cantly improved, i.e. smaller mean bubble sizes and narrower size distributions can
be achieved. In the following, the main findings are summarized and possibilities
for further optimization given. The chapter is divided into five sections: single bub-
ble deformation and breakup (i), impact of static pressure on foam microstructure
(ii), bubble detachment from the pore of a rotating membrane (iii), dynamically
enhanced membrane foaming (iv) and scale-up of DESM device (v).

5.1. Single bubble deformation and
breakup

Experiments in a parallel band apparatus and a transparent concentric cylinder
construction allowed the observation of bubble deformation and breakup, respec-
tively. It was shown in parallel band experiments that bubbles can be deformed
strongly without achieving breakup, that breakup does not happen during relax-
ation and that the deformed bubbles have very thin, pointed ends. It was possible
to achieve bubble breakup in experiments using the transparent concentric cylin-
der construction at critical Capillary numbers Ca, in the range of 29 to 45. The
corresponding viscosity ratios were between 3.1-1077 and 6.7- 1078, respectively.
Such high critical Capillary numbers explain why very small bubbles can only be
achieved at high shear rates. Bubble breakup was found to be different from drop
breakup in two distinct ways: i. Even though a surfactant free system was used, tip
breakup occured. ii. No clear distinction between tip breakup and total breakup
was found for bubbles. Instead the size of the detached tip grew with increasing
shear rate. From the fact that tip breakup occurs instead of total breakup, it can
also be derived that the residence time has a governing impact on bubble size if
the foaming process is dispersion-controlled: it takes time to split up one bubble
into several smaller ones via tip breakup. If the residence time is not long enough,
wide size distributions will result.

It is certainly of interest to go one step further in such investigations by intro-
ducing surfactants into the system. This is expected to either accelerate the tip
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breakup process dramatically or may directly lead to total bubble fracture.

With respect to foam production, it is advantageous to use foaming processes
like the rotating membrane (ROME) or dynamically enhanced static membrane
(DESM) devices where small bubbles are introduced into the system by flow en-
hanced detachment from a membrane surface. Compared to this, many breakup
steps are necessary for the same result in conventional rotor-stator foaming where
the air is introduced as big bubbles to be dispersed stepwise.

5.2. Impact of static pressure on foam
microstructure

The pressure applied to the whipping head during foaming has shown a strong
impact on the resulting foam microstructure. Static pressures acting in the rotor-
stator whipping head during foaming between 0.6 bar absolute and 4.0 bar absolute
were used. It was demonstrated that bubble size changes with pressure according
to the ideal gas law. Coalescence effects counteracted the impact of pressure. For
rotor-stator whipping, foaming at atmospheric pressure led to the smallest bubble
sizes in the final product compared to foaming under increased pressure or partial
vacuum conditions.

It is up to date common in industrial foam production to incorporate the gas
at increased pressure since the gas volume is accordingly smaller in the whipping
head and blow-by can be prevented more easily. The results of this work however
show that it is preferable to foam at atmospheric pressure when using a rotor-stator
whipping device. Foam recipes and foaming devices should be developed such that
the desired gas volume fraction can be achieved at atmospheric pressure.

If the combination of dynamically enhanced membrane foaming device and recipe
allowed to reach e.g. double of the gas volume fraction desired in the final prod-
uct, the application of partial vacuum conditions (e.g. 0.50 bar absolute) would
theoretically lead to even smaller bubbles because the resulting mean bubble size
was found to be smaller at larger gas volume fractions in the DESM device.

5.3. Bubble detachment from single pore of
rotating membrane

In order to obtain insight into the dynamically enhanced membrane foaming process,
a transparent jacket was built which allowed to observe bubble detachment from
the pore of a single-pore membrane. At higher shear rates achieved through faster
rotation of the membrane, bubbles were detached in an earlier stage of formation,
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thus, leading to smaller resulting bubbles. A balance of forces based model con-
sidering the most important forces acting in the rotating membrane device was
derived and showed good agreement with experiments using a single-pore mem-
brane. It was further demonstrated that bubbles do not adhere to the membrane
but float freely and have an approximately spherical shape until detachment. The
same model computations however resulted in an overestimation of the mean bub-
ble diameter up to a factor of 2.8 when compared to foaming experiments using
multi-pore membranes and in an underestimation of the decrease in mean bubble
size with increasing shear rate.

Future experiments on bubble detachment should be done using continuous
phases of different viscosity to verify its impact on the size of the detached bub-
bles. The model suggests that a higher viscosity of the continuous phase leads to
the detachment of smaller bubbles. Similar conclusions were drawn from foaming
experiments where the mean bubble size is lower at higher gas volume fraction
due to corresponding higher foam viscosity. In addition, membranes of differ-
ent hydrophilicity should be tested to determine the impact of wettability and
corresponding contact angle on bubble detachment from a pore of the rotating
membrane.

5.4. Dynamically enhanced membrane
foaming

Contrary to rotor-stator whipping, the dynamically enhanced membrane foaming
processes leads to a decrease in mean bubble size with increasing gas volume frac-
tion resulting in about half the mean bubble size at a gas volume fraction of 0.56.
Rheological tests showed that foams containing higher gas volume fractions are
higher viscous. The increased viscosity leads to higher shear stresses in the gap
and, as a consequence, to earlier detachment of bubbles from the membrane and
possibly improved dispersion in the narrow annular gap. The volumetric energy
input Ey is about one order of magnitude lower for the dynamically enhanced mem-
brane device. The two types of dynamically enhanced membrane foaming device,
i.e. the rotating membrane device (ROME) and the dynamically enhanced static
membrane device (DESM), showed strong impacts of circumferential velocity and
gap size on the resulting mean bubble size. The type of the membrane was of im-
portance in that the clamping fixture used for woven fabrics had cavities (0.5 mm)
which were shown to result in foams containing smaller bubbles, most probably due
to microturbulences. Contrarily, within the investigated ranges, both the residence
time and pore size did not influence the resulting mean bubble sizes significantly.
Foaming results are nearly identical for the two types of dynamically enhanced
membrane foaming devices, i.e. ROME and DESM. However, the dynamically en-
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hanced static membrane DESM is simpler in design. The combination of results on
single bubble breakup in simple shear, of visualization of bubble detachment from
the single pore of a rotating membrane and of foam viscosity measurements showed
that the dominating bubble formation process is the detachment of small bubbles
from the membrane in an early detachment state (i). There is some additional,
subordinated dispersing effect in the gap (ii). (i) and (ii) explain why a narrow gap
size and high shear rates are advantageous with respect to refined foam microstruc-
ture. Furthermore, (i) agrees well with the results that the foam microstructure
does not depend on residence time or membrane area while (ii) explains why no
impact of pore size on the mean bubble size was observed.

It will be interesting to adapt the continuous phase viscosity used to obtain
different gas volume fractions such that the resulting foam viscosity is the same for
all gas volume fractions. If the results support the theory that a higher continuous
phase viscosity leads to smaller mean bubble sizes, it would be possible to control
and taylormake the resulting foam microstructure via the mix viscosity.

5.5. Scale-up of DESM device

The scaling of the DESM device was successfully carried out within the framework
of the project reported here. The application of lab scale ROME and DESM as well
as scaled-up pilot DESM devices resulted in approximately similar mean bubble
sizes, dependencies on gas volume fraction and shear rate.

For future large scale devices, it is advisable to stay with a narrow gap (<0.25
mm) since its governing impact on resulting mean bubble size and foam homo-
geneity was clearly shown for the small DESM device. Further optimization with
respect to the type of membrane is suggested: the structured surface of the clamp-
ing fixture for woven fabrics has been shown to lead to significantly smaller bubble
sizes than the smooth sinter membrane. The indentations are suspected to cause
microturbulences, leading to an earlier bubble detachment and/or improved dis-
persing efficiency in the narrow annular gap. However, the production of such a
cage construction is cost-intensive and not ideal for industrial usage due to reasons
of both delicacy and microbiology. Another as yet untested possibility to create
microturbulence might be the corrugating of the sinter membrane itself.
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A. Tllustrations of devices and
membranes

A.1. Technical drawing of pilot-scale
DESM device

gas inlet
sealings
/1 W
‘ “\ A Q
| [ \
! \
" | ‘ QU
i o Ny
\KII | ﬁ
X oam outlet
SRR
=] i N
b AN 7 W
SNEERN ;7 A ey
N ] K
bearlngs rotor I,’l "
gap ./
mix inlet membrane

Figure A.1.: Technical drawing of large DESM device.
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A. Ilustrations of devices and membranes

A.2. Fitting of open mesh fabrics to
clamping fixture

A.2.1. Open mesh fabrics and rotating membrane

To assemble the rotating membrane, a fitting piece of open mesh fabric is put
inside the outer cylinder and clamped with the aid of 10 inner elements and two
tension rings. Fig. A.2 shows the fixation of the membrane to the clamping fixture:
1) End piece and tension ring, 2) outer cylinder with 50 windows, 3) insertion of
membrane, 4-6) exact placing and centering of 10 inner elements, 7-8) clamping
with second tension ring, 9) end piece.

A.2.2. Open mesh fabrics and DESM device

The fixation of an open mesh fabric to the head of the DESM device is shown in
Fig. A.3: 1) inner cylinder of cage (again 50 windows), 2) membrane, 3-5) addition
of the two halves of outer cylinder of cage, 6-8) fixation of cage construction to
housing.
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A.2. Fitting of open mesh fabrics to clamping fixture

Figure A.2.: Assembling of open mesh fabric to clamping fixture for ROME device.
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A. Ilustrations of devices and membranes

Figure A.3.: Assembling of open mesh fabric to head of DESM device.
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