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Summary

In ice cream three disperse phases, air cells, ice crystals and fat globules, are

embedded in a continuous matrix phase. All of these phases develop during the

manufacturing processes, which involves homogenisation, whipping and freezing
as the major steps. The quality of the resulting ice cream depends strongly on

the microstructure of the disperse phases and therefore a deeper understanding on

how it is influenced by recipe and process is crucial in order to improve ice cream

products further. Especially a well formed network of fat agglomerates stabilises

the air cells in ice cream and results in a creamy and slow melting product.

Within this work the fat phase development in ice cream is systematically in¬

vestigated. It involves the breakup of initially large droplets during homogenisa¬
tion while preparing the ice cream mix, partial crystallisation and rearrangements

of the fat globule membrane during ageing and shear induced partial coalescence

during the combined whipping and freezing step.

By lowering the ice cream mix temperature during homogenisation to a range

where already part of the fat is crystalline, fat agglomerates are already formed

during this early process step and preserved throughout freezing, resulting in

enhanced creaminess.

A modified freezing step, the LTE of ice cream, imposes higher shear stresses

on the ice cream by cooling down the product to below — 12°C and thereby results

in decreased air cell and ice crystal sizes. Additional shear induced fat agglomera¬
tion is further promoted, while keeping the agglomerates small enough to prevent

butteriness. The development of these fat agglomerates is investigated along the

extruder screws and in the final product as a function on several process parame¬

ters like overrun or wall temperature within the extruder barrel. It is shown that

agglomerates are only formed up to critical shear stress, above which they are

again disrupted. When exchanging the milk fat commonly used in ice cream with

hardened coconut fat, this critical shear stress is lower, due to the harder and

more brittle structure of the coconut fat at the relevant temperatures. The outlet

die of the LTE is investigated separately, as it has an additional effect on the final

ice cream structure.

The effect of different emulsifiers, mono-/diglycerides varying in their satura¬

tion and polysorbates and sorbitan esters varying in their HLB, on the degree of

fat agglomeration is investigated within the conventional and new freezing pro¬

cess. In general further improvements of the fat structure by LTE are found even

in those cases where high levels of fat déstabilisation are already caused by the
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Summary

emulsifiers during conventional freezing. Additionally, the influence of those emul¬

sifiers on the foamability and foam stability of ice cream mix and model systems

is investigated in a foam column, which eliminates the additional influences of fat

agglomeration and freezing.
In order to calculate local temperatures and shear stresses within the LTE pro¬

cess and to facilitate a flow simulation of this process a model for the physical

properties model of ice cream is developed and verified based on measured and

published data. Measurement techniques for the major consumer relevant quality
characteristics: scoopability, creaminess and meltdown resistance, are further de¬

veloped throughout this work with special respect to standardised methods and

reproducible results.
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Zusammenfassung

Die Struktur von Eiscreme wird durch drei disperse Phasen bestimmt, Eiskristalle,
Luftblasen und Fettglobule, die in einer kontinuierlichen Matrixphase eingebettet
sind. Sie entwickeln sich während des HerStellungsprozesses, der aus den Haupt¬
schritten Homogenisierung, Aufschlagen und Gefrieren besteht. Die Qualität der

erzeugten Eiscreme hängt wesentlich von der Mikrostruktur dieser dispersen Pha¬

sen ab. Daher ist exakte Kenntnis, wie diese durch Rezeptur und Prozess beein-

flusst werden können, notwendig, um die Qualität von Eiscremeprodukten weiter

zu steigern. Insbesondere stabilisiert ein Netzwerk aus Fettglobulen die Luftblasen

in Eiscreme, was zu erhöhter Cremigkeit und langsamerem Abschmelzen führt.

In dieser Arbeit wird die Entwicklung der Fettphase in Eiscreme systematisch
untersucht. Diese schließt den Aufbruch anfänglich großer Tropfen durch die Ho¬

mogenisation während der Eiscrememix Herstellung, teilweise Kristallisation und

Umordnung der Fettglobulmembranen während der Mixreifung und partielle Ko-

aleszenz während des kombinierten Aufschlag- und Gefrierschrittes ein.

Durch Absenken der Mixtemperatur während der Homogenisation in einen

Bereich, in dem bereits ein Teil des Fettes auskristallisiert ist, können bereits

in diesem frühen Prozessschritt Fettagglomerate gebildet werden, die zu einem

gewissen Teil durch den Gefrierprozess hindurch erhalten bleiben.

Mittels eines modifizierten Gefrierprozesses, der Tieftemperaturextrusion, wird

Eiscreme auf unter —12 °C abgekühlt, wodurch auch höhere Scherkräfte auf die Eis¬

creme übertragen werden. Dies hat feinere Eiskristalle und Luftblasen zur Folge,

trägt aber auch wesentlich zur scherinduzierten Agglomeration von Fettglobulen

bei, ohne jedoch zu große Agglomerate oder ein Ausbuttern hervorzurufen. Es wird

untersucht, wie sich der Aufbau dieser Agglomerate entlang der Extruderschnecken

und ihre Struktur im Endprodukt durch unterschiedliche Prozessparameter, wie

Aufschlag (overrun) oder die Wandtemperatur des Schneckenkanals, beeinflussen

lässt. Es wird gezeigt, dass Fettagglomerate nur bis zu einer kritischen Scherbe¬

anspruchung aufgebaut werden, bei höheren Scherkräften tritt dagegen Agglome-
rataufbruch auf. Wird das üblicherweise verwendete Milchfett durch gehärtetes
Kokosnussfett ersetzt, sinkt diese kritische Grenze ab, da das Kokosfett selbst bei

den relevanten Temperaturen wesentlich härter und brüchiger ist. Zusätzlich wird

auch die Austrittsdüse des Extruders betrachtet, da sie einen weiteren Einfluss

auf die Produktstruktur hat.

Der Einfluss verschiedener Emulgatoren, Mono-/Diglyceride unterschiedlicher

Sättigung und Polysorbate und Sorbitan Ester mit unterschiedlichen HLB Werten
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Zusammenfassung

auf das Ausmaß der Fettdestabilisierung in Eiscreme wird für den konventionel¬

len und modifizierten Gefrierprozess untersucht. Selbst in den Fällen, in denen

der Emulgator bereits beim konventionellen Gefieren zu hohen Fettagglomeratan-
teilen führt, kann ein weiterer Anstieg durch die Tieftemperaturextrusion her¬

vorgerufen werden. Zusätzlich wird der direkte Einfluß dieser Emulgatoren auf die

Aufschäumbarkeit und Schaumstabilität von Eiscrememix und Modellsystemen in

einer Blasensäule untersucht, mit der zusätzliche Effekte durch Fettagglomeration
und Eiskristallbildung vermieden werden können.

Um lokale Temperaturen und Scherkräfte im Tieftemperaturextrusionsprozess
berechnen zu können und eine Strömungssimulation zu ermöglichen, wird ein Mo¬

dell der physikalischen Eigenschaften von Eiscreme entwickelt und an Hand von

gemessenen und publizierten Daten verifiziert. Die zur Bestimmungen der wesent¬

lichen für den Konsumenten relevanten Qualitätscharakteristika - Löffelbarkeit,

Cremigkeit und Abschmelzverhalten - verwendeten Analysentechniken werden in

dieser Arbeit in Hinblick auf Standardisierung und Reproduzierbarkeit der Ergeb¬
nisse weiterentwickelt.

xxvin



1 Introduction

A systematic investigation of the influence of process parameters and ingredients
on the fat structure development in ice cream is the main objective of this work.

The ice cream premix is formed at high temperatures, when the fat is completely

molten, by mixing of all ingredients and homogenisation, in order to obtain a

fine and stable emulsion. These emulsion droplets are initially mainly covered by

proteins originating from milk products in the mix. During a subsequent ageing

step the fat crystallises to a certain degree and the membranes around the fat

globules rearrange. This changes the affinity between the surface active molecules

in the mix and the fat surface and with time the part of the proteins are replaced

by small molecule emulsifiers. Those lower the interfacial tension further than the

proteins and are therefore preferably adsorbed.

During freezing of the mix to around —5 °C in a scraped surface heat exchanger,
the so called freezer, ice crystals are formed and air is whipped into the mix the ice

cream mix. The fat globules are thereby exposed to increasing shear forces, which

can detach small molecule surfactants from their surface rendering part of the fat

globule surface free of any membrane material. Those free surfaces attract each

other by hydrophobic interactions and due to the partly crystalline structure of

the fat globules partial coalescence occurs, resulting in a fat agglomerates. These

cover parts of the air cell surfaces and thereby contribute to the stabilisation of

the ice cream foam structure. Many quality characteristics depend on the fat

structures and their effect on the air phase in ice cream. Especially creaminess

and resistance to meltdown are investigated throughout this work.

The degree of fat agglomeration and also size and morphology of the agglom¬
erates can be influenced at different stages throughout the process. Emulsifiers

added to the mix induce fat agglomeration by detaching proteins. Therefore the

influence of mono-/diglycerides, differing in their degree of saturation, and vari¬

ous polysorbates and sorbitan esters, differing in their HLB, on the fat structures

and quality characteristics of ice cream is systematically investigated. In general
emulsifiers with higher HLB or less saturation lead to more and larger fat agglom¬
erates. Since emulsifiers can alter foam stability also directly by adsorbing to

the air/matrix interface or changing the fat coverage of the air cells, their influ¬

ence on foam stability in ice cream mixes and model suspensions and emulsions is

studied as well using foam column. This setup allows to eliminate the additional

effects caused by the ice crystal formation and shear induced (orthokinetic) fat

agglomeration.
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1 Introduction

During homogenisation of the ice cream mix the shear intensity and the content

of crystalline fat within the globules has an influence on fat flocculation already
before freezing. By systematic variation of the homogenisation temperature and

pressure the amount of fat agglomerates in the mix and finally in the frozen ice

cream can be adjusted. Since the morphology of those agglomerates changes as

well, finally a product with optimised stability and creaminess results.

The main part of the present work is to investigate the influence of a novel

freezing process, the LTE of ice cream. Here a twin screw extruder is coupled with

a conventional freezer as a second stage, which further cools down the ice cream

to typically below — 12°C. The lower product temperature results in higher shear

stresses due to a higher viscosity. Thereby a refined ice cream microstructure with

significantly smaller air cells and ice crystals results. Since fat agglomeration in ice

cream is mostly shear induced (orthokinetic), the LTE process also results in more

and larger fat agglomerates. The combination of all three effects results in a less

icy and creamier product with enhanced stability during storage and meltdown.

The mechanical treatment of the ice cream within the process is characterised

by local shear stresses acting along the extruder screws channel. These can be cal¬

culated by first measuring the temperature profile between the inlet and the outlet

with a specially developed technique and then feeding them to a viscosity model

for ice cream. The volume fraction of fat agglomerates and their size increase with

increasing shear stresses up to a limit, above which only small additional effects

are observed. If the shear stresses exceed a critical limit fracture of fat agglom¬
erates is observed. The lowest temperatures within the extruder screw channel

and thereby also the viscosity and shear stresses are limited by the equilibrium
between viscous energy dissipation and heat withdrawal through the cooled barrel

wall. The extruder's outlet die causes additional mechanical stresses, which in¬

crease the product temperature again and also partially disrupt fat agglomerates,
but in turn disperse the air cells further.

By combining the emulsifier influence and the modified freezing process, the

amount and size of the fat agglomerates in ice cream can be adjusted to result in

the desired product properties, as for nearly all emulsifiers additional fat structur¬

ing by the LTE occurs in addition to the benefits on air cell and ice crystal side.

By knowing the critical shear stress ranges for fat agglomeration, the LTE process

parameters can be further optimised.
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2 Background

2.1 Ice Cream

Ice cream is a complex, partly frozen, four-phase system consisting of ice crystals,
air cells, emulsified fat and a continuous serum phase containing dissolved and/or
colloidal sugars, salts, proteins and stabilisers50.

In Figure 2.1 microscopic images of freeze fractured ice cream samples are

shown along with a schematic sketch of its structure (a). Air cells appear spherical
and smooth, while ice crystals are more polygon like with a network like surface

structure caused by the etching process (b). Thin serum lamellae separate these

two disperse phases from each other (c), (d). Partially coalesced fat globules coat

part of the air bubble surfaces (e), but are also present in the serum phase (f).
Ice crystals grow from nuclei during manufacture and can also form networked

structures by accretion (g).

Many properties of ice cream are related to agglomerated and partially coa¬

lesced fat, like dryness of extrusion, slow meltdown, good shape retention, and

resistance to shrinkage, but also undesired properties like poor whipping proper¬

ties, a watery serum or a buttery structure22. Fat structures can be controlled by

ingredients and process parameters. To investigate the interaction with respect to

both factors is one of the main aspects of this work.

Instabilities of the fat phase in ice cream can be broadly classified in creaming,
coalescence and flocculation/agglomeration122'132. Creaming plays only a minor

role in homogenised ice cream mixes and is not relevant for the frozen product.
Coalescence involves the complete merging liquid of fat droplets and results in the

irreversible loss of the dispersed state, as does creaming. If fusing of the droplets
is obstructed the identity of the individual entity is preserved. Such aggregation

can be triggered by a perikinetic or orthokinetic mechanism, the former is based

on the Brownian motion, while the latter is shear induced and up to six orders

of magnitude faster298. It results either in flocculates or agglomerates. The first

are held together reversibly (with minor energy input) either by surfactants (e. g.

proteins) shared between two droplets214 or by hydrophobic interactions while

the fat globule membrane prevents coalescence. If the fat droplets contain fat

crystals and liquid fat total coalescence is obstructed even without protecting

layer. Fat droplets bound together by partially solid fat bridges are referred to as

fat agglomerates or partially coalesced fat. In ice cream commonly the emulsified

3



2 Background

Fat globules,
partially crystalline

Casein micelles

Ice crystals

Mixed membrane around

fat globules of caseins

micelles, non-micellar

casein, whey proteins
and emulsifier

Partially-coalesced
fat globule net work

Freeze -concentrated

unfrozen phase of

sugars, salts and

unadsorbed proteins

Air bubbles, surrounded

by protein membrane and

adsorbed fat globules

(a) ice cream structure0

(b) overview (c) lamella between two air bub¬

bles

Figure 2.1: The structure of ice cream drawn schematically (a) and depicted

by LT-SEM micrographs (b) to (f) at 500 x to 20 000 x magnification.

"(with kind permission from Prof. H. D. Goff, University of Guelph, Canada)
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2.1 Ice Cream

(d) serum lamellae between ice

crystals and an air cell

(f ) fat agglomerates at an air bub¬

ble surface

(e) air bubbles partially covered

with fat globules

(g) partially accreted ice crystals
with visible growth patterns

Figure 2.1: The structure of ice cream drawn schematically (a) and depicted by
LT-SEM micrographs (b) to (f) at 500 x to 20 000 x magnification (continued).
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2 Background

fat droplets contain liquid and crystallised fat during processing, and are denoted

as fat globules297.

2.1.1 Manufacturing Process and Structure Development

The manufacturing process of ice cream can be divided into the major unit oper¬

ations shown schematically in Figure 2.2. Within this work only the continuous

process conduct is of relevance.

liquid ingredients

Blending

dry ingredients

_£
Batch Pasteurisation

Homogenisation

z
Cooling

Continuous

Pasteurisation

Homogenisation

Cooling

Ageing

flavour / colour addition

I
Batch Freezing /Whipping

air incorporation

Continuous Freezing

particulate addition

Packaging

z
Hardening

Storage / Distribution

Figure 2.2: Flow sheet of the manufacturing process of ice cream with the major
unit operations and ingredient inputs (adapted from Goff121).

Mix Preparation

Typical ice cream formulations include, by weight, 6 % to 14 % fat, 7.5 % to 11.5 %

milk solids non fat (MSNF), 13 % to 18 % sugars and around 64 % water along with

minor amounts of emulsifiers, stabilisers, colours and flavours. These ingredients
are blended and form the premix, which is pasteurised, homogenised and cooled

before an ageing period of several hours. During subsequent partial freezing ad¬

ditionally 40 % to 50 % by volume air are whipped into the ice cream, to form the

intermediate structure before hardening.20'24
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2.1 Ice Cream

The first step in ice cream mix preparation involves blending of all non heat

sensitive ingredients including dissolution of any dry components. To destroy

pathogenic microorganisms the mix is pasteurised typically at 80 °C for 30 s, which

also comprises further dissolving of most solids and melting of the fat70'195. Usually

dispersing is also performed in order to obtain a homogeneous premix for further

processing.

The fat phase is comprised of milk fat in traditional milk ice cream and milk

and/or cream are the basis for these recipes. However more and more fat from non

dairy sources like coconut or palm kernel oil are also used. A higher fat content

in general increases creaminess and mouthcoating characteristics in ice cream,

while the perception of iciness is reduced73'139'241'270 and improves the products
resistance to melting52 and heat shock232.

A network of partially coalesced fat globules in the final product is essential to

stabilise air bubbles and thus foam structure121'295. Partial coalescence has been

shown to require the presence of fat crystals and liquid fat32-34 as the fat crystals
obstruct the complete merging of two globules into a spherical shape297. This

underlines the importance of the solid fat content (SFC) at processing conditions.

Melting temperatures of the various milk fat components are within the —40 °C

to 40 °C range148'307. The solid fat content of milk fat at 0°C ranges from 45%

to 90 % depending on composition and treatment307. When replacing milk fat by
fractionated milk fat or non dairy sources this has to be taken into account to

retain a preferable texture1'240 and usually the fat blend is adapted to the melting
curve of milk fat.

The so called milk solids non fat (MSNF) include mainly whey protein,
micellar casein, lactose and minerals (ash) beside vitamins and acids121. They
are added either directly as milk or as milk derived products such as cream, milk

powders, milk protein concentrates or whey protein concentrates5'295. Proteins

play an important role during ice cream processing, as they are surface active

and can adsorb to both the fat globule surface and the air interface formed later

on during whipping. The source of MSNF and their treatment during processing
both influence the properties of the final ice cream product127'184'295. They also

have inherent water-holding capacities and enhance the viscosity of the mix and

later of the unfrozen matrix phase295. When preparing the premix on the basis

of a dairy source casein micelles cover the surface of the fat forming part of the

primary milk fat membrane. During pasteurisation they are replaced by whey

proteins with exception of K-casein, which resists displacement, probably due to

a complex formation with /3-lactoglobulin92. While casein is known to be effi¬

cient in preventing flocculation during heat treatment, Corredig and Dalgleish
74

observed only little changes in the emulsifying properties during the loss of mem¬

brane constituent material from the milk fat membranes in cream. Oortwijn and

Walstra 217
reported increased protein loads on the fat globules in skimmed milk

after treatment at higher temperatures indicating improved emulsification activ-
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2 Background

ity of partially denaturated proteins as also shown by Darling and Butcher 84.

The loss of casein is compensated by the adsorption of other milk proteins which

prevent instability of the mix by coagulation or flocculation.

Sugars serve many functions in ice cream, mainly they impart a sweet taste,

enhance flavour, improve shelf live, reduce firmness and enable the combined whip¬

ping and freezing of the ice cream mix by depressing the freezing point73'139'155'295.

Additionally sugars have an effect on the mix viscosity263 and also alter the energy

required for freezing264. Mostly sucrose and hydrolysed corn starch, are used be¬

side many others. These are blended in order to adjust relative sweetness, freezing

point depression and their contribution to the total solids content of the mix. De¬

pending on the water content this results in typical levels of 10 % to 12 % sucrose

and 3% to 5% corn syrup by weight195. Intense sweeteners like Aspartame or

Cyclamate are used to round off the sweetness profile, especially when sucrose is

replaced by other sugars155.
Stabilisers for ice cream, typically hydrocolloids, are added in order to in¬

crease mix viscosity for improved whippability and reduced ice crystal growth56'295.
Beside this they can improve smoothness of body, structure uniformity, melt resis¬

tance and handling properties75'237. The most common stabilisers in ice cream are

the galactomannans guar gum and locust bean gum, but others like carrageenan,

carboxymethyl cellulose, xanthan gum or starch are also used.

In emulsification processes emulsifiers are used to lower the interfacial tension

between the fat phase and the aqueous phase of emulsion systems and thus permit

a finer dispersion. In ice cream mix, emulsifiers are added to destabilise the protein

membranes around the fat globules in order to allow for partial coalescence124.

Nevertheless they have no influence on the particle sizes after homogenisation126.
Additionally fat crystallisation temperatures and kinetics are influenced by the

used emulsifier85'179'309.

Common emulsifiers for ice cream are mono-/diglycerides (MDGs) and sorbitan

esters at concentrations of 0.1 % to 0.2% and 0.02% to 0.04% respectively. The

MDGs are derived from natural fats by partial hydrolysis and differ in their mono-

glyceride content of usually more than 40 % and the degree of saturation of the

fatty acids195. Sorbitan esters are synthesised from fatty acids with sorbitol and

therefore comparable to MDGs with respect to the ester bridge and the hydropho¬
bic chains. In ice cream polysorbate 80, POE 20 sorbitan monooleate, is mostly
used since it is very efficient in promoting both fat déstabilisation, by replacing

proteins at the interface119'126'212, and dryness. Polysorbates can be discriminated

by their hydrophile-lipophile-balance (HLB) and their molecular weights. The HLB

describes the weight percentage of the hydrophilic portion of the emulsifier divided

by five. The scale ranges from 0 to 20133.

Additionally colourings and flavours are added to the ice cream mix, but

since they have negligible influence on the structure they will not be discussed

here in detail.
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2.1 Ice Cream

Homogenisation

The fat structure development in ice cream starts with the homogenisation of the

premix. In Figure 2.3 the changes occurring in the fat phase are schematically
shown as an overview as a guideline for the following. In the case shown in the

sketch, the mix is prepared on a dairy basis and initially the fat globules are

covered by the primary fat globule membrane.

The main purpose of homogenisation is to reduce the fat globule sizes from

initially up to 15 pm in the premix to below 2 pm in order to obtain an emulsion

stable during the long ageing period20. Typically homogenisation is performed in

high pressure homogenisers directly after pasteurisation at mix temperatures of

60 °C to 85 °C with the fat being liquid. The homogenisation temperature also has

an impact on the fat globule membranes, as Oortwijn and Walstra 217 have shown

higher protein coverage after homogenisation at 40 °C as compared to 60 °C.

Figure 2.3: Development of the fat structure in ice cream starting from a dairy
basis during homogenisation, ageing and freezing in the presence of a water

soluble emulsifier.

The reduction in droplet size is coupled to an increase in surface area and

the new surface is practically devoid of any membrane material121. Surface ac¬

tive molecules present in the continuous phase and originating from the disrupted
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2 Background

membrane immediately start to adsorb to these interfaces84'226. In ice cream mix

these are mainly casein, casein micelles, whey proteins, phospholipids, lipopro¬

teins, components of the original milk fat membrane and any added chemical emul¬

sifiers121. The immediate membrane formed mainly depends on the micro environ¬

ment around the fat globule with a probability of casein micelles spreading out to

subunits on the surface23'217'308. Due to the high amount of protein, the fat droplet
sizes are independent of protein concentration changes in the range relevant for ice

cream40'292. Resulting average protein surface concentrations after homogenisa¬
tion are around lOmg-m-2 to 15mg-m-2 for typical ice cream mixes127'217'226'292.

Additional emulsifiers are not necessary to stabilise the emulsion133'189'291 and

also have no impact on the particle sizes of the homogenised mix126. Emulsifiers

like MDGs or polysorbates lower the interfacial tension between fat and aqueous

phase further than the proteins16'77'124 and are preferably adsorbed at the fat in¬

terface15'78'126'291. As residence times in homogenisation valves are very shorta

the immediate membrane is formed of fast adsorbing molecules which are in close

vicinity to the new surface20.

One or two stage high pressure homogenisers are used in ice cream produc¬
tion. While the first stage of the homogeniser breaks up the fat globules, the

second stage should break up fat clusters which might form due to hydrophobic
interactions of free fat surfaces310, partially caused by surfactant depletion91, or

by the sharing of surfactants (e.g. casein micelles) between two droplets214 after

the first homogenisation stage. Typical operating pressures of the high pressure

homogenisers for ice cream mixes are around 10 MPa to 20 MPa for the first and

3.5 MPa for the second stage if present195. Resulting volume specific energy inputs

are in the order of 107 J-m-3 for both stages271. By increasing the homogenisation

pressure from 5 MPa to 30 MPa, the fat droplet size is reduced by two thirds175.

The pressure ratio between first and second stage is characterised by the Thoma

number (Th = pifpï)- An optimum pressure ratio of 10 to 20 is reported by Pan-

dolfe 221. Nevertheless, Koxholt et al. 175 found no significant differences between

two-stage and single-stage homogenisation indicating a fast enough coverage of

the fat globules by available amphiphilic molecules. Energy dissipation in the

mix only causes a temperature increase of less than 3.5 °C while passing the ho¬

mogeniser206. Smaller fat droplets with a narrowed size distribution can also be

achieved by multipass homogenisation188 which was shown by Ruger et al. 244 and

Ranjan and Baer 235
to reduce ice crystal sizes in ice cream.

Since homogenisation pressures in the stated common range already have an

impact on the whipping behaviour of cream213, the application of very high pres¬

sures has also been investigated. Morgan et al. 209 have shown quality improve¬

ments in ice cream at homogenisation pressures as high as 120 MPa. Similarly
Microfluidizer®technology has been evaluated for ice cream mixes, as this tech¬

nique allows the production of uniform emulsions containing very small particles81

aPandolfe 220)221 reports residence times in the order of 10 us.
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2.1 Ice Cream

and reduces fat clustering after homogenisation198. Ice cream samples produced

using this process, with pressures up to 200 MPa, melt slower but no significant

sensory differences are reported by Olson et al. 216. Stable premixes and refined

air cells are further benefits209. In contrast Campbell and Pelan52 observed an

increased melt resistance with decreasing homogenisation pressure and attributed

this to larger fat droplets, which are less stable against coalescence. Further,
Thomsen and Holstborg

290 did not observe significant changes in the meltdown

when changing the homogenisation pressure. These contradictory findings may

be explained by the different recipes and, especially, fats and emulsifiers used by
the authors. In all these high pressure homogenisation processes the temperature

increase of the mix can reach up to 40 °C and has to be taken into account as

well104.

Ageing

After homogenisation the mix is cooled to 4°C and gently stirred during a 4 h to

16 h ageing period. During this time fat crystallises, hydrocolloids and proteins are

hydrated and the fat globule membranes rearrange in order to form the final mem¬

brane. Rearrangements in the membrane are directed towards the lowest possible

energy state with a high competition of the different surface active molecules23.

While protein adsorption after homogenisation is very fast, unrolling of proteins

on the fat surfaces happens within the order of minutes23. Hydration of skimmed

milk proteins can take up to 1.5 h, whereas most stabilisers are already fully hy¬
drated during heatinga16. The fat globules crystallise during cooling43, but in the

emulsified state a higher subcooling is required to initiate crystallisation167 and

crystallisation is significantly slower, because fewer impurities, acting as nuclei for

the crystallisation, are present in each droplet. In turn emulsifiers such as MDG

speed up fat crystallisation259'309. Fat crystals grow parallel and perpendicular to

the globules surface and meanwhile enough proof exists to confirm that no solid

shell around a liquid core is formed32'122.

Fat crystallisation changes the affinity of emulsifiers and proteins to the fat

globule interface. Hydrophobic parts of proteins have a much lower affinity to

crystallised lipids as compared to liquid fat180. In contrast, MDG added as an

emulsifier, form solid condensed mono-layers on the fat globules180 and also speed

up fat crystallisation16. Saturated emulsifiers and monoglycerides can even act as

nuclei for crystallisation of high melting triglycerides20'63.
Gelin et al. 117 observed the amount of unadsorbed proteins to increase steadily

during ageing. Brooker 42 has shown crystallisation of the fat phase to also lower

the surface concentration of proteins. Higher unsaturated mono-glycerides dis¬

place more proteins with the major changes occurring during the first 4 h of age¬

ing16. Further reduction of the protein coverage of the fat globules can be reached

^Carageenan can take several hours to fully hydrate
195
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by polysorbate 20 (POE (20) sorbitan monolaurate)94, polysorbate 60 (POE (20)
sorbitan monostearate)226 or polysorbate 80 (POE (20) sorbitan monooleate) 118>126)
whereas Brooker 42 has shown oil soluble surfactants to increase the protein load

on the surface. Small molecule surfactants like polysorbate 80 efficiently induce

fat déstabilisation even when added post homogenisation119. Dalgleish et al.80

have shown that the changes can be explained not only by the displacement of

proteins by polysorbate, but rather a complex interaction between proteins and

surfactant is changing the properties of the interfacial layers. Denaturation of the

casein film on the fat globule surface by mono-glycerides is also observed20.

Whipping and Freezing

Aged ice cream mix is commonly processed in batch or continuous freezers (scraped
surface heat exchangers), which combine dynamic freezing and whipping. Vapor¬

ising refrigerant cools the barrel from the outside, while it is either charged with

mix or the mix is continuously pumped through. Near the barrel wall the mix

is sub-cooled below its freezing temperature by 20 K to 25 K, which causes rapid
and massive heterogenous ice nucleation on the barrel wall144'252. Growth of ice

crystals under conditions similar to a freezer wall has been observed to be ei¬

ther dentritic vertical to the surface252 or planar on the surface267. Such nuclei

are scraped off and dispersed towards the centre of the freezer barrel by scraper

blades mounted on a rotating shaft, the dasher144. The dasher rotates at typical

speeds of 150r-min_1 to 200r-min_1. Because the temperatures in the centre are

higher than at the wall, but still below the freezing point of the ice cream mix, ice

nuclei grow and ripen to block-shaped crystals. Additionally secondary nucleation

is caused by crystal-crystal or crystal-dasher collisions144'146.

Typical ice cream compositions195 have initial freezing points between —1.4 °C

and —3°C. The formation of rather pure ice crystals removes water from the

mix and increases the concentration of sugars and other solutes present in the

serum105. The concentration increase depresses the freezing point further and

lower temperatures are needed to form more ice crystals4. Temperatures below

the freezing point are already reached close to the barrel inlet144'176'246, while the

temperature drop towards the outlet is in the order of 2K independent of the

coolant temperature176. At the freezer outlet ice cream is drawn with ice crystals
of 35pm mean diameter100 at draw temperatures of —5°C to —6°C typically195
corresponding to about 35% to 50% water frozen depending on the recipe4'140.
Russell et al. 246 have shown the final crystal size to be determined by recrystalli-
sation mechanisms, accretion and dissolution/growth, rather than by nucleation.

Reducing the residence time in the freezer will lead to smaller crystals since recrys-

tallisation is reduced, while the higher energy dissipation caused by higher dasher

speeds melts small crystals and favours accretion which leads to larger ice crystals
at the outlet246. Higher sugar, fat and MSNF contents in the ice cream mix can
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reduce the ice crystal sizes139'195 as well as addition of stabilisers50'51. The outlet

temperature depends strongly on the operating conditions. Hartel144 estimated

the energy input by the dasher as high as 50 % of the total heat withdrawn by the

refrigerant. The mechanical energy dissipation is significantly increased by the

dasher speed and lowered coolant temperatures246. The viscosity increase264 due

to lower temperatures, higher ice contents130 and the higher wall friction at lower

temperatures236 are the reasons.

The mechanical treatment the freezer combined with ice crystal formation,
the coupled concentration of the matrix phase and whipping causes fat agglomer¬
ation34'122'124'268 by partial coalescence and few total coalescence of fat globules132.
Replacement of the pure protein monolayer by a mixed protein/surfactant mono¬

layer during ageing facilitates shear induced (orthokinetic) agglomeration93 be¬

cause emulsifiers provide less steric hinderance and especially those with high HLB

are only loosely anchored to the fat globules and are more easily detached upon

agitation124. Migration of emulsifier from the fat interface through the bulk to

the newly formed air interface might additionally result in fat globules partly un¬

protected against partial coalescence. Also partially crystalline fat seems to be

necessary for this clumping to occur34'126'298 and protrusion of fat crystals into

the aqueous phase has been proposed as a mechanism32'83'298. The degree of fat

déstabilisation and partial coalescence depends on the duration66'93'124'127'253'288

and intensity
171~173 of the mechanical treatment, with longer times and higher

shear forces causing more déstabilisation. Additionally the emulsifier used has an

impact226, higher unsaturated MDG cause more fat agglomeration16, as do polysor¬
bates with higher HLB values124'133'134'189 and higher emulsifier concentrations20.

Simultaneous to ice nucleation and fat agglomeration typically 50 % by volume

air - corresponding to 100 % overrun, the relative increase of volume by the inclu¬

sion of air - are injected into the ice cream mix and dispersed by the freezer121 in

order to obtain a smooth and soft product195. Foam generation by whipping is a

dynamic process between bubble breakup and coalescence56. Bubble deformation

and break-up in a laminar flow field is controlled by the ratio of the shear forces

acting on the surface of the drop and the Laplace pressure inside the bubble. The

capillary number Ca proposed by Taylor describes the balance of these forces

Ca = ^P^ (2.1)
2 a

by the viscosity of the continuous (liquid) phase rjc, the shear rate 7, the size of

the air bubble diameter x\> and a as the interfacial tensiona. Bubbles will break

up, when a critical capillary number Cacnt in the order of unity297 is exceeded.

Djelveh and Gros 95
give a theoretical value of Cacnt ~ 0.5. Kroezen 177' Kroezen

and Wassink 178 found values of Cacnt ~ 0.26 to 0.3 for rotor stator foam mixers in

^Often also the Weber number We is reported, which is directly derived from the acting shear

stresses t and the shape preserving capillary pressure pc inside a bubble with the diameter

13



2 Background

the laminar flow regime. In a stirred column Djelveh and Gros 95' Djelveh et al. 96

found a value of 0.18. For LTE of ice cream Wildmoser 312
reports values of 0.06

to 1.1 depending on the viscosity of the continuous phase. During freezing of ice

cream the relevant physical properties (mainly viscosity r]c and interfacial tension

a) are not easily measured and may also change during the process56. Mechanical

energy input is the most influencing process parameter for foam dispersion141.
In the beginning of the whipping process a mainly protein stabilised foam is

formed, afterwards the bubbles are covered by the fat globules, which obstruct

recoalescence of the dispersed bubbles297. A certain degree of fat agglomeration
and partially crystalline fat seems to be necessary for whipping15'83'288. Partially
coalesced fat stabilised by crystal bridges forms a semi continuous network which

surrounds and stabilises the air cells122 and also extends into the matrix phase132.
Total coverage of air cells by fat globules is not observed in ice cream systems132
as it would require above 30 % fat at typical size ratios between fat globules and

air cells297. The addition of emulsifiers increases the amount of fat adsorbed to the

air interface28. Typical air cell sizes in ice cream are between 20 pm to 50pm21.
The different phases in ice cream do not develop independent during freezing.

Several authors107'173'268'321 have shown a higher overrun resulting in smaller ice

crystals. Again higher overrun and also lower outlet temperatures lead to larger
fat agglomerates170'174. Higher freezing rates have been shown by Caldwell et al. 51

to reduce air cell sizes. Certain emulsifiers seem to refine their size distribution as

well9'14'18, although the mechanism of growth inhibition is not clear. A lower total

solids content leads to larger ice crystals97, probably by less water being bound.

Hardening and Storage

Subsequent to freezing ice cream is filled and cooled down to below —18 °C, usually
between — 25 °C and — 30 °C, which is denoted as hardening. No new ice nucleation

occurs anymore211'276 and ice crystals grow by propagation to a mean size of 45 pm

to 50 pm as a total of 70% to 80% of the water freezes100'144. The speed of

hardening is dependent on the package size276 and the environment, especially
forced convection of the cold air around the packaging speeds up hardening57.
Faster hardening leads to smaller crystals due to less recrystallisation72'276, but

on the other hand side very fast hardening by quench freezing does not allow ice

crystal formation and results in a not acceptable texture49 suggesting an optimum

freezing rate.

Xb given by the Laplace equation

JIr
T

. ,
4cr

We = — with pc =

Pc xh

The relationship between both is given by Ca = 2 We. A different definition, We = ^^^
is also Used95'96'177'178. In all cases the reported values have been converted to Capillary
numbers.
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2.1 Ice Cream

The size of the ice crystals controls smoothness and cooling sensation during

consumption144 as well as ice cream hardness while scooping316. Berger et al. 24

and Marshall et al. 195
give a critical size around 50 pm to 55 pm above which the

ice crystals can be felt and thus induce an coarse and icy mouthfeel which makes

it crucial to create small ice crystals initially and retain them until it is consumed

throughout the whole process and product distribution along the cold chain.

Ice cream storage ideally occurs under static conditions and at constant tem¬

perature resulting in a nearly constant ice content246. In reality temperature

fluctuations, so called heat shocks, during storage and especially distribution can¬

not be prevented163. With time recrystallisation occurs, a term encompassing any

changes in number, size, shape, orientation or perfection (grains) of the ice crys¬

tals105. As a result, fewer and larger crystals with a wider size distribution are

found in a given volume of ice cream. Recrystallisation phenomena involve four

main mechanisms97'106'145:

• Ostwald ripening
• Rounding (iso-mass recrystallisation)
• Accretion (crystals fusing together)
• Melt-refreeze

All of these mechanisms are driven by free energy minimisation towards a

state of equilibrium, meaning a theoretical perfect crystalline structure with in¬

finite size and no boundaries105. Migratory recrystallisation or Ostwald ripening

occurs in two phase systems of polydisperse precipitates, like ice crystals, where

the large interfacial area is a source of free energy and further stabilisation may

be reached by decreasing this area161. The thermodynamic basis is the Kelvin

equation (also Gibbs-Thomson equation), which shows that small crystals have

a higher equilibrium melting point than large crystals. For a sphere is may be

written as

"-im — -L
m,oo J-m\%i) — A TT V^-^J

P; • i\Hf xx

where ATm is the temperature difference between the melting point for a crystal
of infinite size (Tm>00) and a crystal of size xl} a is the interfacial tension between

crystal and solution, pY is the density of the crystal and AHf is its latent heat

of fusion. The real water concentration lies between the equilibrium water con¬

centrations of large and small crystals. Therefore the solution is subsaturated for

small crystals and they will dissolve, while it is supersaturated for large crystals
which will in turn grow by a sublimation-diffusion-condensation mechanism105'262.

The subcooling due to radius of curvature effects at —5°C, a typical freezer outlet

temperature, can be calculated as145

AT -

-

where A is between 0.030 K-pm and 0.094 K-pm.
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By rounding or isomass recrystallisation high curvatures on the crystal surfaces

are reduced in order to obtain a more compact shapes as the surface energy of

flat surfaces is lower. The driving force again is the Kelvin equation (2.2) where

xj2 may be thought of being the local radius of a protrusion from the crystal
surface145. The total volume of the crystal does not change by isomass rounding
and the number of crystals does not change, but crystals become more spherical
due to surface diffusion of water105.

Accretion describes the tendency of two crystals in close proximity to fuse

together. Because of the high concentration gradients in the area between the

crystals, material is transported to the point of contact and a neck is formed

followed by further rounding off106. Wagner303 demonstrated volume diffusion

within the particles to be the governing mechanism during this sintering process

rather than sublimation/desublimation or surface diffusion if water solubility in

the continuous phase is reduced. Donhowe 97 and Hartel145 indicate accretion as

a major mechanism in ice cream recrystallisation and Sutton et al. 280 concluded

that accretion dominates in the first phase of storage, when many small crystals
are present close together, while Ostwald ripening becomes more and more relevant

with fewer and larger crystals.

Rounding of crystals was specially observed at constant temperatures97,
whereas temperature fluctuations promote ice crystal growth by the melt-refreeze

mechanism, which can cause small crystals to disappear completely during a high

temperature period while during recooling water is only frozen to the surfaces of

the existing larger ice crystals106. Melt-refreeze is often also resulting in accretion

because of the small distances between the crystals97. Higher amplitudes of the

temperature oscillations causing this mechanism lead to higher recrystallisation
rates98.

The initial size of ice crystal and their growth during ripening can be influenced

by the freezing process as outlined above, by storage conditions and by changes
in the recipe140'212. Whether stabilisers affect the initial ice crystal sizes signif¬

icantly51 or not9'237 is not clear up to now, as the effect of different processing
conditions seems to be much larger. To quantify the changes by recrystallisation

during storage at constant temperature the growth rate can be estimated by the

theory of Ostwald ripening:

Xi,o(t) = x1>0(t0) • V'i • tn (2.3)

where x~ is the number-based mean ice crystal size, x"(to) is the mean size at zero

time, ip1 is the recrystallisation rate and n is a power-law index. Equation 2.3

has been shown to be also applicable if crystal accretion is included into the

theory98'282. A power law index of n = | was found for ice cream stored in bulk

containers97'99'140 and on microscopic slides with oscillating temperature98, which
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clearly shows the adverse effect of long storage times on the product's quality.
Lower values for n were found by Bolliger31 as the overrun increasesa.

Regarding the influence of ice cream storage temperature there seems to

be agreement on higher recrystallisation rates at elevated storage tempera¬

tures20'37'113'115'195 and lower fractions of water frozen140'204'280. Two common

theories are proposed for the kinetics, the first being Arrhenius kinetics7

/ / <
Ea

Wi
= "01,0 • exp

R-T

in which the growth rate ip1 is dependent on the temperature T, the activation

energy Ea and a constant ^o. Donhowe and Hartel " calculated apparent acti¬

vation energies in the range of 112kJ-mol_1 to 126kJ-mol_1 for ice cream in the

temperature range of —15 °C to —5°C.

A second kinetic theory is based on the glass transition occurring at a certain

temperature - the glass transition temperature Tg. It represents the change from

a rubbery, viscous fluid to a glassy state involving a change of slope in volume ex¬

pansion and a discontinuity in heat capacity99 as well as the loss of the rotational

and translational movement of molecules in frozen foods330. Ice crystal growth
at storage temperatures of ice cream is controlled by water diffusion. Diffusion

coefficients are quite low because of the high viscosity of the unfrozen matrix. Ice

crystal growth rates are thereby inversely related to viscosity44 and recrystallisa¬
tion practically stops in the glassy state2'99'145. The viscosity of polymers above

but close to the glass transition temperature (T — Tg < 100 °C) was described for

polymers by the Williams-Landel-Ferry (WLF) equation260'318'319

, ( V/PT \ ci (T - Tg

in which rj is the viscosity, p is the density, T is the temperature, c\ and c2

are constants. Values corresponding to the glassy state are marked with the

index g. The glass transition temperature of the maximally freeze concentrated

amorphous matrix T1 is used as suggested by Slade and Levine 260

,
because of the

concentration dependency of the glass transition temperature Tg. One application
of this approach to food systems was suggested by Slade and Levine 260

to describe

recrystallisation in ice cream measured by sensory coarseness. Typical values of

the glass transition temperature at the point of maximum freeze concentration T1

for ice cream mixes are around — 30 °C128'260 and can be adjusted in the range of

— 23°C to —42°C by the sweetener used140, whereas stabilisers have no influence

on it49'51.

JThe calculated power law index n decreases from 0.12 to 0.07 as the overrun increases from

10% to 90% at a storage temperature of 10 °C.
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Although Simatos et al. 257
pointed out the possibly limited validity of WLF

kinetics because of the dilution of the serum phase by melting ice crystals, ex¬

perimental data are successfully fitted by this equation94'279'280, since close to the

glass transition temperature T1 the increasing mobility in the rubbery state dom¬

inates the melt dilution260. Nevertheless the narrow temperature range between

the glass transition and freezing point makes it difficult to distinguish between

Arrhenius and WLF kinetics in ice cream97.

Recrystallisation by the melt-refreeze mechanism is caused by exposure of the

ice cream to cyclic temperature conditions. As the temperature increases all crys¬

tals decrease in size and the smallest may even disappear, whereas during the

cooling cycle the small subcooling does not favour new nucleation and the un¬

frozen water is deposited on existing crystals. As a result, the number of crystals

decreases, while their average size increases. The milk proteins and other solids

in the milk may even lose their water binding ability during several temperature

cycles, rendering more water available for the growth of existing ice crystals163.
In order to slow down the growth of ice crystals during storage by recrys¬

tallisation and thereby increase shelf life and quality of the ice cream in general,
stabilisers are added4>128>140>144>208>237>278. They seem to have no direct influence

on phase equilibria and no consistent mechanism of their ability to slow down

recrystallisation was found up to now128. Sensory measurements of these effects

are difficult as other textural changes are also caused by stabilisers51, but they
are more relevant to the consumer perception than crystal size measurements24.

The mechanisms proposed for stabiliser action in ice cream focus either on the

viscosity increase of the matrix phase or local gel formation. Both will slow down

water diffusion and thereby hinder recrystallisation. A generalised relationship
between the viscosity increase of ice cream mix by addition of stabilisers and ice

crystal growth rates could not be proven up to now44'45'140'143'204'237. Different

hydrocoUoids are not equally effective at the same concentrations or viscosities of

the hydrocolloid suspension44. The water bound by the stabiliser seems to be one

factor affecting its effectiveness in retarding ice crystal growth237. Bolliger et al. 30

took the freeze concentration of the matrix phase by ice formation into account

and found a breakpoint of the viscosity/concentration curves at different levels of

guar gum. The breakpoint viscosity correlated very well with the recrystallisation
rates of the ice crystals suggesting the increased mix viscoelasticity resulting from

freeze concentration of the polysaccharide in the matrix phase contributing to the

stabiliser action. This would limit the rate at which water can diffuse to the surface

of a growing crystal and the rate at which solutes and macromolecules can diffuse

away from the surface of a growing ice crystal51'128'168. Additional microviscosity
effects of the freeze concentrated matrix around the ice crystals were suggested by

Miller-Livney and Hartel 204
.

A formation of cryo-gels or entangled networks has been proposed by Muhr

and Blanshard 210' Muhr et al. 2n who related gel firmness and fragility to growth
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inhibition. Weak adsorption of locust bean gum (LBG) and enzymatically modified

guar gum molecules to the ice crystal surfaces are proposed to be the reason for the

enhanced growth inhibition caused by these two stabilisers as compared to other

biopolymers277-279'281. Goff et al. 131 attributes reduced recrystallisation to a gel¬
like network of LBG after freezing, which retards the water within its pores and

thus limits water diffusion to larger crystals. In contrast, gelling was not found

to be required for stabiliser action196'277 and Regand and Goff238 have proven

proteins to be present at the ice crystal surfaces rather than the polysaccharides.

Efficiency of some hydrocoUoids as stabilisers is only observed in combination

with sugar47'204 as well as enhanced effectiveness was in found conjunction with

proteins237. Local separation of a protein phase by stabiliser addition as observed

by Loewenstein and Patel191 has also been attributed as a reason for slowed down

recrystallisation by Goff et al. 131
as well as for the increase of recrystallisation

rates at higher levels of certain stabilisers by Sutton and Wilcox 277. Based on

microscopic studies Regand and Goff238 concluded stabilisers to be efficient in

retarding ice crystal growth by a combination of gelation and water holding re¬

sulting in a sufficient microviscosity and possibly steric hinderance based on a

gel like stabiliser network. This network has to resist collapse on crystal melting

during temperature fluctuations to remain functional. In addition to their role re¬

garding growth of the ice crystals, stabilisers also influence fat déstabilisation125.

Beside stabilisers fat globules rendered hydrophilic by special emulsifiers can

also adsorb to fat ice crystal surfaces and prevent further growth and especially
accretion17'82. Although only recently used, this approach was already proposed

by Trgo et al. 293
.

Air cells are also unstable during hardening and storage mainly by three mech¬

anisms (disproportionation, coalescence and drainage) and often shrinkage, caused

by the loss of moisture and air, is observed after prolonged storage. During hard¬

ening faster cooling results in less air cell growth57. The addition of emulsifiers

and stabilisers helps to slow down air cell ripening18'57. Drainage has been shown

to be the relevant mechanism if no stabilisers are added as coalescence occurs only

rarely at typical storage temperatures. Disproportionation driven by the differ¬

ence in Laplace pressure between air cells is the main mechanism during storage

and the mean air cell diameter was found by Chang and Hartel 57
to grow with

i

£3.

Low Temperature Extrusion

Low temperature techniques in ice cream processing focus on freezing the product
as low as possible while still retaining a product liquid enough to be handled112.

The main aim is to obtain small ice crystals by freezing a higher amount of water

under dynamic conditions. Draw temperature is one of the most significant factors

influencing body and texture114. Resulting from this, but also other effects, low
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temperature frozen ice cream shows a beneficial body and texture which resists

storage and heat shocks much better than products frozen at higher tempera¬

tures113'115. Lower freezer outlet temperatures additionally give the opportunity
of new product shapes while retaining a high structural quality142.

At temperatures of —12°C to —18°C already 70% to 85% of the water are

frozen resulting in reduced ice crystal growth and significantly shorter hardening
time Smith 266. Freezing ice cream to lower temperatures usually implies a sep¬

arate apparatus following the classical freezer utilising efficient cooling combined

with a low power input. Intermixing of the product is desired in order to obtain

a homogeneous ice cream at the outlet and mass rotation with the rotor in the

apparatus should therefore be prevented266.
One approach utilising these considerations is investigated within this work.

The LTE of ice cream is based on research of Windhab et al. in the late 80s. It has

been continuously further developed, mainly by Windhab325'326'328, Bolliger29'31
and Wildmoser312-314'316 and made available on industrial scale327. This process

couples a twin screw extruder as the second stage to a conventional freezer to cool

down the ice cream further while slowly shearing it to prevent ice crystal growth.

Bolliger
31 has shown this process to induce additional secondary ice crystal nu¬

cleation which results in a reduction of the ice crystal sizes after hardening of one

half to two thirds as compared to the conventional process326.
While already in conventional freezers 40 % to 50 % of the heat removed from

the product is contributed to the energy input by the dasher252, the ratio between

energy dissipation and heat withdrawal becomes a limiting factor in LTE. At a

given shear rate 7 the minimum temperature and therefore maximum viscosity

Vmax is reached, when the viscous energy dissipation (oc ??max72) is in equilibrium
with the energy transferred to the cooling medium314. The screw channel of the

twin screw extruder can be divided into four distinct shear zones also depicted in

Figure 2.4:

• screw channel gap
- the gap between a screw root and the barrel wall

• clearance gap
- the gap between the top of a screw flight and the wall

• screw root gap
- the gap between the two screw roots

• and mixing zone - the zone in which the flights of the two screws intermesh

According to Wildmoser 312
nearly all energy is dissipated in the screw channel

and clearance gaps and also the mayor structuring effects are expected here.

As ice cream is frozen from —5°C to —15 °C its viscosity increases by two

to three orders of magnitude314 and higher shear stresses can be applied at lower

shear rates compared to a conventional freezer312. This results in additional struc¬

turing effects, especially fat agglomeration is promoted independent of the used

emulsifier29, air cells are finer dispersed along the screw channel312'314 and smaller

ice crystals are retained31'328. The resulting product has a refined microstructure

resulting in improved product quality316.
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Figure 2.4: Shear zones in a corotating twin screw extruder: screw channel gap (1),
clearance gap (2), screw root gap (3) and mixing zone (4).

Other reported approaches to produce ice cream at lower outlet temperatures

and thereby obtain an improved quality include single screw extruders with knead¬

ing elements142'231'286 or slower running scraped surface heat exchangers266 with

improved heat transfer and optionally pre-aeration of the mix182 as second stage.

A modified freezer with product re-circulation to the inlet in order to seed ice

crystallisation is also available227.

The use of a single screw extruder as compared to the twin screw system is

extensively investigated by Wildmoser 312. The residence time and shear stress

distributions of the twin screw system are narrower resulting in smaller air cells

and ice crystals and slower serum drainage of the product317 as compared to the

single screw extruder. Additionally the superior mixing in the twin screw system

results in a more homogenous product.

2.1.2 Ice Cream Rheology

Rheological properties of ice cream are important since they govern the quality

development throughout the manufacturing process. Rheology of ice cream sys¬

tems can be divided into ice cream mix and the frozen product and covers the

range from a low viscous fluid (ice cream mix) to a nearly solid body (hardened
ice cream)322. Most existing models of ice cream flow properties focus on unfrozen

mix or molten ice cream302.

Both, mix and frozen product, show a shear thinning behaviour. In the mix

this is mainly caused by macromolecular stabilisers and emulsifiers76'129'322 rather

than by the dispersed fat phase in the concentration range relevant91 as long as no

flocculation of the fat occurs255. Frozen ice cream contains high volume fractions
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of air (about 50 %) and ice crystals (about 25 %) which cause pronounced shear

thinning flow characteristics comparable to those observed in foams297 and ice

slurries275.

Ice Cream Mix

The viscosity of ice cream mix can be described by a power law model

r = K 7 (2.5)

which reduces to Newtonian behaviour if the flow index n equals unity. For mix

at 5 °C with varying stabilisers and sweeteners Wittinger and Smith 329 found the

consistency coefficient K to be 0.8 Pa-s and the flow index n as 0.8 on average.

With increasing temperature the viscosity decreases and at pasteurisation condi¬

tions an average consistency coefficient of 0.14 Pa-s [n fixed to 0.7) for different

fat, sweetener and MSNF contents is found by Goff et al.129. The consistency
coefficient strongly depends upon the kind and amount of stabiliser added to the

mix129 (0.015 Pa-s" to 0.25 Pa-s") as does the flow index76 (0.38 to 0.98). Often

the apparent viscosity at a given shear rate is used as characteristic value329.

Frozen Ice Cream

Shear rheology of structures fluids like ice cream can be difficult to measure due

to a variety of reasons, including the manifestation of slip between the sample
and measuring geometry used in a rheometer or thermal damage on loading the

material into the measurement system. Such problems result in incorrect viscosity

or rheology measurements and subsequently misinterpretation of the results274.

Additionally, shear forces can alter the inner structure of ice cream and therefore

rheological characterisations have to be divided into those performed at low and

high shear rates324.

At low shear rates the internal structure is mostly preserved because the forces

between the individual elements of the disperse phases, fat globules, ice crystals
and air cells, dominate the comparable low hydrodynamic forces. For example

creep behaviour and yield stress are performed in this region, as well as oscillatory
tests.

Shama and Sherman 254
propose a six element model of three elastic and three

viscous components to describe the creep response of frozen ice cream. They
attribute ice crystals, a weak stabiliser gel and protein covered air cells to the

elasticity, while the viscosity is influenced by ice and fat crystals and again a weak

stabiliser gel. The yield stress of ice cream, the minimum stress required to cause

flow, may be related to body, texture, and scoopability39.
Oscillatory tests are often preferred for foods with high consistencies because

they apply very small, non-destructive deformations and are especially suitable for
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ice cream322. They are commonly carried out in rotational rheometers using cone-

plate or plate-plate geometries. The material behaviour is then characterised by
the rheological moduli. The storage modulus G1 describes the elastic or solid body

properties, while the loss modulus G" represents the viscous material response.

Not many researchers have investigated flow rheology of frozen ice cream at

higher deformation rates up to now, and many investigations are restricted to

measuring yield valuesa by penetration tests rather than by characterising the flow

behaviour245. The dynamic viscosity 77 of ice cream measured as steady shear can

be modelled by a Herschel-Bulkley model324 which takes both, the shear thinning
behaviour and the yield stress, into account.

r = r0 + K • f* (2.6)

V =
^
+ K-in-1

1

with the yield stress To, the consistency coefficient K and the flow index n. Tem¬

perature dependency is modelled by an Arrhenius approach

K = Ko exp (f^f) (2.7)

ro = r0)o exp (|^) (2.8)

where E& is the activation energy and R the universal gas constant. Viscosity
measurements relevant for ice cream flows can be performed by e. g. rotational or

capillary rheometry for this purpose312.

2.1.3 Ice Cream Quality Aspects

Main structure based quality aspects of ice cream, which are of direct relevance

for the consumer experience, are hardness upon scooping, meltdown resistance,

especially if eaten from a cone or stick, and the perception of creaminess in the

mouth.

Scoopability

Scooping characteristics are widely used as a quality characteristic of ice cream,

since they describe a major point of interaction between the product and its con¬

sumer. Also for workers in retail shops the strain necessary to create uniform ice

cream scoops is of ergonomie importance90. During scooping of the frozen product

JThe yield value is an extrapolated quantity based on penetration tests283 with different pene¬

tration depths and speeds and is not to be confused with the rheological property known as

yield stress39.
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the hardness is the most relevant factor, which is closely related to the ice crystal
structures and the amount of air whipped into the ice cream. Up to now this

characteristic is evaluated either in sensory panels or by penetration force mea¬

surements. No direct relation between penetration depth or force measurements

and scoop forces is to be expected since the scooping process is more complex
and involves deformation, cutting and slip phenomena. A loss of overrun during

scooping is reported by Keeney
163 and Bower and Baxter 35

,
which is in the order

of 3/4 for 40 % to 70 % overrun ice cream.

Good relations between hardness measured by penetration tests and the sen¬

sory impressions of coldness/ice crystals are found by Guinard et al. 139
.
A higher

overrun leads to lower penetration forCes130'212'248'268'311. Hardness increases with

increasing ice content212 and increasing ice crystal sizes139'212. In contrast Abd

El-Rahman et al. : detected decreasing hardness with increasing storage time,

although ice crystal recrystallisation occurs145 and larger crystals increase hard¬

ness248. Prindiville et al. 232
as well found ice cream to be less firm but more icy

after storage or heat shock treatment. In a different approach to access hardness

Briggs et al. 39 measured the yield stress of ice cream by a vane method and cor¬

relates it to the scoopability. In this case as well as during OTR measurements

direct relations are not obvious as the deformation of the sample is kept at an

minimum and different rheological behaviour is expected during scooping caused

by the shear thinning flow characteristics of ice cream. Summarised no consistent

correlations between simple structure attributes and the quality characteristics of

hardness and scoopability are found up to now.

Direct measurements of the forces acting during ice cream scooping are up to

now only published rarely, although similar approaches exist in other fields89'199'200.

In all published cases special devices were developed to measure the bending force

during manual scooping by a panellist. Dempsey et al. 90 recorded also the grip
force since the main interest of their work were the ergonomie aspects regarding

shop employees. The maximum scooping force is reported by Pearson et al. 225

to decrease with increasing overrun, sugar content and temperature, which is

in agreement with most penetration results. Individual scooping characteristics

of panellists were investigated by Bolliger 31, who made out three mayor groups

between the extremes of purely force controlled and purely speed controlled action.

While the penetration tests have the advantage of standardised conditions, direct

scooping force measurements are more closely related to the consumer experience.

A combination of the advantages of both procedures seems to be promising.

Meltdown

Meltdown is a critical ice cream quality parameter in most parts of the world111.

It involves mainly thawing, drainage and air bubble coalescence. During the first

stage of thawing the temperature of the sample rises fast until below the freezing
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point, where it remains for quite a long time105. As the ice crystals melt the matrix

phase is locally diluted and its viscosity lowered, which allows serum to drain. It

flows through the fat network in the lamellae between the air cells and finally drips

through a sieve on which the ice cream sample is placed. Usually the resulting
loss in weight is recorded over time. A network of fat agglomerates forms a steric

hinderance for serum drainage147'175. Therefore the degree of fat déstabilisation

has an impact on the meltdown resistance of ice cream85>125>133>212>289. Since the

larger fat agglomerates are bound within a network the drained serum contains

only the small primary fat globules. If the fat agglomerates exceed a critical size (in
the range of the foam lamellae) they block the lamellae and fat agglomerate bridges

prop the air cells against each other175 and thereby improve the foam stability,
which is beside drainage also of importance123'226. A higher Overrun130>175>268 anc[

smaller dispersed air cells141 result in thinner matrix lamellae and therefore slowed

down drainage. Higher matrix phase viscosities caused by stabilisers slow down

drainage as well75. Larger ice crystals are expected to speed up drainage as they
obstruct the draining serum less147.

After longer times drainage rates slow down because once all the ice is molten

and the locally diluted matrix phase has already drained, the rest is not diluted

any more. Additionally, the surface starts drying and thus prevents further serum

loss by forming a skin if the humidity in the test environment ist not controlled

appropriately. The long term result is a relatively dry, viscous and quite stable

foam more comparable to a mousse than to the initial ice cream.

In addition to recording the weight loss the shape retention during meltdown

can be observed1'28'29. It provides information on the hold up of the fat agglomer¬
ate network surrounding the air cells and also can give indications on the stability
of the air cells against interfacial coalescence.

Meltdown resistance can be efficiently influenced by process parameters, which

in turn affect the underlying structure. The resistance of ice cream to meltdown

can be improved by the process type29 (LTE as compared to conventional freezer),
lower draw temperature and higher dasher speed in the freezer170'248. Microfluidi-

sation of ice cream mix slows down melting of nonfat ice cream9.

Creaminess

The term creaminess is used interchangeably to describe flavour and textural per¬

ceptions in dairy products frequently without distinguishing between them166 and

often as a complex perception that encompasses both and may even include fat-

tiness and sweetness332. As flavour descriptor creamy is related to the flavour

of high-fat fresh cream270. Textural creaminess is caused by a smooth but vis¬

cous fluid layer between the tongue and palate151 which can be achieved by the

combination of small fat droplets with a small inter-globule distance and an ade¬

quately high serum viscosity239. Factors such as viscosity, smoothness, aroma and
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taste comprise creaminess if thought of as a complex composite of both aspects194.
Within this work the terms creamy and creaminess will be used to describe the

textural aspect only.
Textural creaminess can be improved by higher fat contents139'151, sugars

139

higher viscosity, smaller fat droplets and, especially, smaller air cells '. Still

a balance between sugar and fat content has to be maintained138 to obtain an

appealing product. It is found by Gelin et al. 118
to be inversely related to the

coldness perception. A higher fat content also increases the creamy flavour241

underlining the close relationship of both descriptors.

2.2 Foams

Foams are dispersions of gas bubbles in a continuous liquid, semi-solid or solid

phase. The stability of foams is important to food, beverage, fermentation, phar¬

maceutical, paper production, crude oil and chemical industries. Food foams,
which are relatively stable, are marketed in large quantities in the form of me¬

ringues, soufflés, angel food cakes, whipped cream, ice cream and dessert toppings.

Dairy foams like ice cream121, whipped creams187'297, aerosol creams and other

frozen desserts contain fat particles, carbohydrates and emulsifiers in addition to

proteins, which also determine the stability of air bubbles41'223.

Foams can be broadly classified into two types: spherical foams in which bub¬

bles are nearly spherical in shape and are usually encountered when the diameter

of bubbles is small, the interfacial tension is high and gas volume fraction is low.

If the bubbles in a foam are large, the interfacial tension is low and the volume

fraction of gas is high, bubbles deform to form polyhedral entities with thin liquid
films. These are called polyhedral foams, examples being beer foams26'197, which

have, typically, bubbles with diameter and gas volume larger than about 500 pm

and 75 % respectively. Ice cream is an example of a spherical foam, which has

about 50 % air, typically with a mean bubble diameter between 20 pm and 60 pm

depending on composition and manufacturing process24'58.
Foams are thermodynamically unstable resulting in changes in the distribution

of gas and liquid within the foam. Foams become unstable due to three physical

processes namely drainage of liquid in films, coalescence and disproportionation
of bubbles27'116. Drainage of liquid in the intervening films between bubbles due

to gravity and Laplacian capillary pressure difference results in thinning of films.

When the film thickness attains a critical value such that van der Waals forces

of attraction are large, the film ruptures and the two bubbles coalesce (known as

binary coalescence) to form a single bigger bubble. Similarly, a bubble can coalesce

with its bulk gas at the top interface which is called interfacial coalescence. Thus

both, binary and interfacial coalescence of bubbles, results in reduction of number

of bubbles, the latter reducing the volume of the foam. Since the Laplacian excess
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pressure in a smaller bubble is greater than that in a larger bubble, gas from

the smaller bubble diffuses through the liquid film into the larger bubble. This

results in increase in size of the larger bubble as the smaller bubble shrinks and

finally disappears completely. For the top layer of bubbles shrinkage occurs as

the gas diffuses to the surrounding. These disproportionation processes affect

the size distribution of the bubbles. Gas diffusion process is usually slow and

depends on the pressure difference between the bubbles, liquid film thickness and

the diffusivity and solubility of the gas in the liquid film. Large bubbles deform,
due the smaller Laplacian excess pressure, resulting in the formation of deformed

or polyhedral bubbles in the foam. The drainage of the aqueous film between

bubbles is usually slowed down by the addition of stabilisers like polysaccharides

(for instance guar gum and LBG), which increase the viscosity of the aqueous

phase272. This is invariably the case with food foams like ice creams and whipped
creams12'13'203'301.

Stability of such foams in a frozen state, as well as during and after melting,
was investigated by many authors29'57'147'175'248'268'313'317. However, only limited

studies on foaming properties of the unfrozen emulsion exist8>56>176>287>288. Several

authors state ice crystal formation and the coupled viscosity increase to be neces¬

sary to obtain small air cells in an ice cream freezer56'195 or a stirred column287.

In contrast, Thakur et al. 288
produced stable foams at temperatures just above

the freezing point of the ice cream mix used and showed the type of emulsifier

played the major role during foaming and foam stability of ice cream mixes when

whipping in a narrow annular gap reactor. All mentioned investigations included

the action of rather high shear forces facilitating bubble break up on the one hand,
but which also leads to déstabilisation of the emulsion and partial coalescence of

the fat121 if both fat crystals and liquid fat are present32. Hydrophobic particles

are known to stabilise bubbles very well101, but in food systems the air/water
interface has to be stabilised first and the fat is only adsorbed afterwards41. In ice

cream, fat agglomerates adhere to the air/liquid interface and contribute to the

stability of the air bubbles121. Total surface coverage of air cells by fat globules
is not observed in ice cream systems132 as it would require above 12% to 30%

fat297'321 at typical size ratios between fat globules and air cells. The strong influ¬

ence of emulsifiers on the resulting bubble sizes in the liquid foam288 and frozen

foams14'287 can be attributed to the networked fat globule structures rather than

the direct emulsifier action at the serum-air interface, although addition of emul¬

sifiers increases the amount of fat adsorbed to the air interface28. Chavez-Montes

et al. 59
reported significant differences caused by emulsifiers in the foaming be¬

haviour of ice cream mixes just above the freezing point, indicating an additional

role of the emulsifier at the serum-air interface. Increased emulsification levels also

lead to increased adsorption of fat on the air bubble surfaces28'132. In order to

eliminate the influence of shear forces on the bubble breakup and agglomeration of

fat particles, the foam can be formed in a column in which air is continuously bub-
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bled through the foaming solution. Such a method was used by Patino et al. 223

,

who investigated the effect of egg white and milk proteins on the stability of foam.

Foaminess of an aqueous liquid is characterised by the volume of foam that can

be formed either by bubbling air through liquid or using any mixing method. It is

difficult to form a foam using pure water as its interfacial tension is large resulting
in large bubbles. Consequently, surfactants are invariably added to aqueous liquids
to reduce their interfacial tension leading to the formation of small bubbles in

the foam. The foaming properties of the surfactants depend on their chemical

structures, concentrations in the liquid and, at the interface between liquid and

bubble, ionic strength, temperature and the method of foam formation. The

surfactant concentration and its distribution at the air-water interface depends on

its diffusion and adsorption characteristics, and the time of contact between the

liquid and the air during and after dispersing. Dairy foams like whipped creams

are usually formed using rotor-stator whipping devices141'177'207'323 in which the

aqueous phase containing milk proteins and air are whipped in the annular gap

between an inner rotating cylinder and a concentric outer stationary cylinder
due to high shear stresses. Foam generation by whipping is a dynamic process

between bubble breakup and coalescence and mechanical energy input is the most

influential process parameter for foam dispersion by such techniques141.
An important requirement of dairy foams is that the inter-bubble (usually

binary) coalescence and coalescence of bubbles with the bulk air at the top inter¬

face should be minimum. This is because inter-bubble coalescence results in an

increase in bubble diameter, which consequently increases creaming of bubbles.

The interfacial coalescence leads to collapse of the foam resulting in reduction in

volume of air. Both types of coalescence result in inhomogeneous foam and change
in structure of the foam in terms of distribution of milk proteins, fat particles and

emulsifiers in addition to other ingredients such as polysaccharides and sugars.

Viscosity and elasticity of the interfacial layers at the air/liquid interface play an

important role in foam stabilisation183'192'234.

2.3 Flow Modelling

Fluid mechanics deals with the motion of liquids and gases, which is relevant for

e. g. flight vehicles, turbines or internal-combustion engines. The Navier-Stokes

equations are commonly assumed to describe all significant aspects of a flow if

used in an appropriate form. They are based on the conservation of mass, energy

and momentum, where the latter has to be formulated for each dimension. In

the case of compressible flows the fluid density changes with temperature and the

continuity and momentum equations have to be coupled to the energy equation.

As they are partial differential equations, direct analytical solutions are only pos¬

sible in few and very simplified cases and numerical solutions are sought in cases
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of more complex problems. Exact numerical solutions for e. g. complicated and

time dependent configurations mostly require far more computational effort than

may be legitimate for engineering purposes.

Computational Fluid Dynamics (CFD) is based on the discretisation of the flow

problem to smaller units in which not so far simplified formulations of the Navier-

Stokes equations can be solved with less complex boundary conditions. Among
the common formulations used in CFD the finite volume method (FVM) is used

within this work. It is derived from the Godunov method and uses a discretisation

of the integral form of the conservation equations. The physical space in which

the flow takes place is divided into a network of cells, the so called mesh. Struc¬

tured meshes, in which all mesh points lie on the intersection of two (or three)
families of lines, and unstructured meshes formed by combinations of triangular
and quadrilateral cells (or tetrahedra and other pyramids if in three dimensions)
are discriminated. While structured meshes require less computer memory and

computing time unstructured meshes are more suitable for complex geometries.
Fluxes across the surfaces are evaluated and because the flux entering a given
volume is identical to the one leaving the neighbouring volume FVM formulations

are conservative.

The solution process starts from initially guessed values for the relevant vari¬

ables such as velocity, pressure or temperature and predefined boundary condi¬

tions. The solver divides the domain into discrete control volumes based on the

mesh. The governing equations are integrated on the individual volumes in order

to construct algebraic equations for the discrete dependent variables (unknowns).
Those equations are then linearised and the solution for each linearised equation

system yields updated values for each of the variables. This process is repeated

(iterated) until convergence is reached.55'108
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3 Materials and Methods

3.1 Ice Cream Mix Preparation

Within this work the influence of recipe and process parameters on the final prod¬
uct is systematically investigated. This requires different ice mix recipes, prepara¬

tion procedures and process parameters depending on the purpose of the individual

experiments. While the influence of freezing conditions can best be investigated
when starting from a standardised mix produced at industry scale, recipe vari¬

ation, like diverse emulsifiers or fats and altered homogenisation parameters, is

only possible in custom prepared ice cream mixes. Depending on the focus of the

trials the whole manufacturing process and plants used are adjusted.

3.1.1 Variation of Emulsifiers and Fat

The base recipes for the evaluation of different emulsifiers, fats and their concen¬

trations are given in Table 3.1.

Table 3.1: Ingredients of the ice cream mixes for the investigation of different fat

types, fat concentrations and emulsifiers.

Ingredient content by weight in %

8 % butter fat 8 % veg. fat 4 % veg. fat

butter/coconut fat 9.75 8.0 4.0

skim milk powder (SMP) 11.3 11.5 11.85

sucrose 12 12 12

glucose syrup 4 4 6

locust bean gum (LBG) 0.1 0.1 0.12

guar gum 0.1 0.1 0.12

emulsifier 0.1 to 0.3 MDG or

0.03 sorbitan ester/polysorbate
vanilla flavour 0.1 0.1 0.1

water up to 100 up to 100 up to 100

As fat source either butter with a fat content of 82% (Die Butter, Emmi,

Lucerne, CH) or hardened coconut fat with a drip point between 27°C and
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31°C (Kokos27°, Florin AG, Muttenz, CH) is used. The SMP is low heat spray

dried (Ledor MMP, Hochdorf Nutritec AG, Hochdorf, CH). A dry glucose syrup

(C^Dry GL 01924, Cerestar, Krefeld, D) and crystalline sugar (Zuckerfabriken
Aarberg + Frauenfeld AG, Frauenfeld, CH) are used as sweeteners. Two galac-
tomannan stabilisers are added (Grindsted Guar® 178 and Grinsted® LBG 146)
as well as one of three MDG emulsifiers differing in their degree of saturation.

The SMDG (Cremodan® Super) contains > 58 % mono-glycerides and has an io¬

dine value below 2 indicating nearly full saturation. The partially unsaturated

mono-/diglyerice (PUMDG) (Grindsted® PS 217/B) has a mono-glyceride con¬

tent above 72 % and an iodine value between 26 and 34. The third, UMDG

(Dimodan® MO 90/D), contains more than 90% mono-glycerides with a high
content of glycerol monooleate and has an iodine value around 75. The MDGs are

used at levels of 0.1 %, 0.2 % and 0.3 %. All emulsifiers and stabilisers are obtained

from Danisco A/S, Arhus, DK.

Alternatively ice cream mixes are prepared with 0.03 % sorbitan ester or 0.03 %

polysorbate as emulsifier (Fluka, Buchs, CH). The characteristics of these surfac¬

tants are listed in Table 3.2. The emulsifiers were mainly selected by their HLB

values, which cover the range from 1.8 to 16.7.

Mix preparation is carried out at pilot plant scale in batches of 40 kg after the

following scheme

• Melting of fat in water at 40 °C

• Addition of all ingredients (premixed) except flavouring at 40 °C

• Heating of the mixture to 65 °C and mixing for 10 min

• Pasteurisation for 15 min at 75 °C

• Double stage homogenisation at 20 MPa and 2.5 MPa

• Cooling to 4°C and ageing for at least 10 h

Mixing, heating and pasteurisation is carried out in a vacuum batch homogeniser

(Frymix VME-50/C, Fryma Maschinen AG, Rheinfelden, CH) with a vacuum of

750 hPa applied to prevent foam formation. Afterwards the mix is homogenised

continuously in a two stage homogeniser (R. 12.38, APV, Albertslund, DK) and

cooled in a counter flow plate heat exchanger (VT 4, GEA Ahlborn, Sarstedt, D)
to below 15°C before filling into milk cans. The mix is aged for at least 12 h at

4°C. Flavouring was added just before freezing.

3.1.2 Variation of Homogenisation Parameters

Mechanical treatment of the ice cream mix before freezing is expected to promote

detachment of protein layers from the fat globule membranes and result in higher
levels of fat agglomeration. This approach is chosen to address lower creaminess

in ice cream free of ingredients which have to be declared by E-numbers. In the

chosen recipe the MDG emulsifiers are replaced by egg yolk, which is less effective
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Table 3.2: Characteristics of the polysorbates and sorbitan esters used.

Emulsifier0 HLB mol wt. cmc cone.

±1 g-mol-1 pM pM

Tween 20

POE (20) Sorbitan monolaurate 16.7 1227.7 34.46 244

Tween 80

POE (20) Sorbitan monooleate 15.0 1309.7 11.3C 229

Tween 85

POE (20) Sorbitan trioleate 11.0 1838.6
d

163

Span 20

sorbitan monolaurate 8.6 346.5 0.866

Span 40

Sorbitan monopalmitate 6.7 402.57 0.745

Span 80

Sorbitan monooleate 4.3 428.6 0.700

Span 85

Sorbitan trioleate 1.8 957.5 0.313

aFor simplicity the trade names of the emulsifiers - Tween® and Span® - are used throughout
this work.

5
Averaged value from Chen and Dickinson 65

' Hsu and Nacu 150
' Patino et al. 224 and Tomas

et al. 291
.

cAveraged value from Tomas et al. 291 and Glenn et al. 120
.

dThe critical micelle concentration (cmc) values found in literature 53,284,285,291,331
cover more

than four orders of magnitude (0.029 uM to 464 uM) and are therefore not consistent.

in promoting fat déstabilisation resulting in reduced creaminess (see Table 3.3). A
skim milk derived dry product is used as additional protein source. As stabiliser,
a mixture of rice starch and inulin is included.

Ice cream mixes are prepared in batches of 81 by mixing the sugars with

milk and egg yolk for 10 min. Afterwards it is heated to 20 °C before adding the

remaining powdered ingredients (SMP, protein, stabiliser). Cream is added after

heating the mix to 40 °C. Pasteurisation is performed by heating the batch to

85 °C and removing it from the heating plate upon reaching this temperature.

Mix density was determined to be 1100kg-m-3. For subsequent homogenisation
a single stage high pressure homogeniser (LAB 12.50, APV/Rannie, K0benhaven,

DK) is operated at a flow rate of 1001-h-1.

A reference mix is produced using the standard procedure by homogenising
it directly after pasteurisation at a temperature of 75 °C applying a pressure of

25 MPa. Post-homogenisation the mix was cooled down to below 10 °C and aged

overnight at 4°C. To investigate the influence of different homogenisation condi-
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Table 3.3: Ice cream mix recipe containing 8% milkfat used for the variation of

homogenisation parameters.

Ingredient content by weight in %

milk (3.8 % fat) 40.80

cream (35 % fat) 29.95

glucose syrup (DE 43-48) 8.05

SMP 3.09

sucrose 9.90

dextrose 3.09

milk protein 1.55

egg yolk (liquid) 0.99

stabiliser 1.98

vanilla flavour 0.60

tions mixes were systematically cooled after pasteurisation and homogenised at

temperatures between 5°C and 75 °C increasing in 10 °C steps at a pressure of

12 MPa or 25 MPa.

3.1.3 Variation of Freezing Process, Process Parameters

and Fat Content

A standard 8 % milk fat ice cream mix kindly provided by Midor AG (Meilen,
CH) is used for most experiments focusing on process manipulation. Its ingre¬
dients are shown in Table 3.4. The used stabiliser/emulsifier system consists of

approximately 60 % MDGs as emulsifier, with a monoester content of around 60 %

and about 40 % LBG and carageenan as stabiliser. The composition of the final

mix is listed in Table 3.5.

Table 3.4: Ingredients of standard 8% milk fat vanilla ice cream mix.

Ingredient content by weight in %

Milk 61.31

SMP 3.96

Cream 16.33

Sucrose 13.86

Glucose syrup (DE 43-38) 3.96

Stabiliser/Emulsifier 0.50

Vanilla flavour 0.07

Colour (Riboflavin) 0.01
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Table 3.5: Composition of the standard vanilla ice cream mix as analysed by
Kantonales Labor and Midor AG (MSNF).

Component content by weight in %

total fat 8.77

MSNF 9.84

protein 3.78

lactose0 4.59

ash 0.87

water 65.0

total solids 35.0

aThe measured lactose content is less than 54.5 % of the MSNF as given by Van Slyke
and Bosworth 2" and commonly used185,195 for freezing point calculations.

This standard vanilla ice cream mix is produced in industry scale according to

the following scheme

• Mixing of all ingredients except flavour (see Table 3.4)
• Heating of the mixture to 60 °C

• Single stage homogenisation at 20.5 MPa

• Pasteurisation for 18 s to 20 s at 85 °C

• Cooling to 4°C, addition of flavour and ageing for at least 10h

The aged ice cream mix can be stored frozen at — 25 °C. It is thawed completely
and mixed before pilot scale production, which has been proven before to have no

adverse effects.

For the variation of the milk fat content 4% or 8 % butter fat (Emmi, Luzern,

CH) are added to the mix. To do so the mix is heated to 65 °C and the butter fat

is mixed in in a batch homogeniser. Pasteurisation, homogenisation, cooling and

ageing are performed as described in section 3.1.1.

3.2 Freezing

All ice cream mixes, except the ones produced with varying homogenisation tem¬

peratures, are frozen in a continuous two stage plant consisting of a conventional

freezer (MF-100, Technohoy/alfa-laval group, Arhus, DK) and a specially con¬

structed twin screw extruder (VKBX 65-1000-F, Schröder GmbH & Co. KG,

Lübeck, D) in series (see Figures 3.1 and 3.2).
The freezer is fed with ice cream mix from a cooled vessel (0°C) by an ad¬

justable displacement pump, the mix pump. Just before entering the cooling
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Figure 3.1: Pilot plant setup of the conventional freezer on the right coupled to

the LTE (left).

cylinder, air is introduced into the mix by a mass flow controller (Rosemount-
Brooks, 5856E/5876); the amount of air can be adjusted relative to the mix flow

rate to obtain the desired overrun. As air supply a gas cylinder is used. A solid

dasher (diameter 78 mm) with two scraper blades rotates at 500r-min_1 inside the

freezer's barrel (100mm diameter, 600mm length). This is cooled by evaporating

cooling agent (R404a). The cooling temperature corresponds to the evaporation

pressure and can be controlled by adjusting a pressure valve. By the fast rotation

of the dasher, small ice crystals are scraped off the wall and air is whipped into

the ice cream.

Frozen ice cream with a typical temperature around —5°C is pumped by a

second displacement pump, the ice cream pump, into a short transfer pipe to the

LTE. By the energy dissipation of the ice cream pump and the warming in the

transfer pipe, the product temperature is increased by about 1 K.

The LTE is comprised of two co-rotating screws inserted in a cooled barrel of

1027mm length and 2 x 65mm diameter, resulting in a cooling area of 3590 cm2.

The total volume of the extrusion system (5250 cm3) is comprised of the barrel

charge volume (3890cm3), the inlet (210cm3) and outlet (1150cm3) zones. Inside

the barrel two partially intermeshing screws are rotating, driven by a 11.5 kW drive

(rated at 960r-min_1, transmission ratio of gear 32.13:1). The rotational speed
of the motor/screws was varied by means of a frequency converter. The electrical
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3 Materials and Methods

power input to the drive is measured by a digital power meter (YEW Model 2533,

Yokogawa Electric Corporation, Tokyo, J). The barrel is cooled by fully immersing
it into the liquid cooling agent (R507, flooded evaporator) in order to optimise heat

transfer. The evaporator pressure, corresponding to the cooling temperature, can

be adjusted by a pressure valve. The level of the cooling fluid in the evaporator was

maintained by a fill level controller (Multicap DC11, Endress+Hauser, Reinach,

CH). The theoretical suction flow rate of the compressor can be switched between

20.2m3-h_1 and 40.5m3-h_1 corresponding to compressor speeds of 725r-min_1

and 1450r-min_1. A bypass-line between the hot gas line after the compressor and

the evaporator was set in the cooling circuit. By means of this line, an automatic

shut down of the compressor in case of low load (< 50% of maximum load) can

be avoided. The volume flow rate of the liquid cooling agent was measured after

the condenser using a flow rate meter (HM3 E/4, 0.51-h-1 to 41-h-1, Küppers
Elektromechanik GmbH, Karlsfeld, D).

If not indicated otherwise, samples are produced at a mix flow rate of 451-h-1,
a cooling temperature of — 28 °C and with a target overrun setting of 100% for

the conventional freezer. For the LTE a screw rotational speed of 15r-min_1 and a

cooling temperature of —29.5°C is set. For nearly all experiments screws with

a channel height of 14 mm are chosen. Samples are drawn after the conven¬

tional freezer and the low temperature extruder, hardened in a cabinet (HT 4010,

Heraeus-Vötsch, Balingen, D) at — 30°C for at least 2h and stored at below —24°C

afterwards.

The ice cream mix produced with different homogenisation parameters (see
section 3.1.2) is frozen in a continuous ice cream freezer (Hoyer 80 XC, Tetra Pak

Hoyer, H0ejbjerg, DK) operated at a flow rate of 301-h-1. The outlet temperature

is adjusted to —6°C and an overrun of 100% is reached. Samples are hardened in

a cabinet at —28 °C for at least 2 h and stored at —24 °C afterwards.

3.2.1 Temperature Measurement and Sampling Along
Extruder Screws

In order to obtain information on the structure development along the extrusion

channel a method has been developed to pull the screws out of the extruder

within a short time since temperature measurement and sampling is not possible
inside the apparatus. Starting from a steady state of the process, the process

was shut down at t = 0, the extrusion die and attached pipeline are removed

and a hook is attached to the screw ends. They are pulled out by a chain hoist

(maximum traction 5 kN) starting 60 s after process shutdown within 10 s. Local

temperatures are measured immediately alongside the screw length by 10 Pt-

100 sensors (precision ±0.15°C, 4mm distance from screw core, 100mm distance

between sensors, see Figure 3.3). Parallel small amounts of ice cream can be
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3.3 Ice Cream Mix Characterisation

sampled from positions along the second screw without disturbing the temperature

measurement.

Tl T2 T3 T4 T5 T6 T7 T8 T9 T10

Figure 3.3: Position along low temperature extruder twin screws at which tem¬

peratures are measured (T) and samples are taken (S). Flow direction is left

to right.

Because removal of the screws and cannot be instantaneous, further cooling
inside the screw channel occurs without superimposed viscous energy dissipation.

Assuming a linear pressure drop along the screw length and calculating the local

physical thermal properties of ice cream (see section 3.6 below), the temperature

profile can be corrected towards the time of process shutdown t0 by

T,(to) = —T^^r + Tc

exp I =^± t.
c

with the temperature Ti(t) measured at time t after shutdown at a given position

/ along the screw. Tc is the cooling temperature, A\ = 0.3592 m2 is the local

cooling area, A the local heat conductivity, mi the local mass, cpj the local heat

capacity, tc the post-cooling time before removal of the screws from the barrel and

s = 0.010 m the thickness of the ice cream layer between the sensor position and

the barrel wall.

3.3 Ice Cream Mix Characterisation

3.3.1 Density

The density of ice cream mix is measured using a handheld digital density meter

(DMA 35N, Anton Paar, Graz, A). The period of oscillation of a hollow U-shaped
tube depends on the density of the fluid inside the tube when the tube is forced into

harmonic oscillation electromechanically. From the period of oscillation, density
is calculated automatically with an accuracy of ±1.0kg-m-3.

3.3.2 Bulk and Interfacial Rheology of Ice Cream Mix

The bulk rheological properties of ice cream mix are measured with a rotational

rheometer (MCR 300, Paar Physica, Graz, A) in a concentric cylinder geometry
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(CC 27, bob radius 13.33 mm, cup radius 14.46 mm, gap length 40 mm and cone

angle 120°). The temperature is adjusted to 4°C by peltier elements. Flow curves

are measured with Controlled Shear Rate (CSD) in a range from 0.01 s_1 to 100 s_1.

For an oscillation frequency test ice cream mixes are first pre-sheared for 60s of

rotation at 7 = 10s_1 and afterwards measured within the linear viscoelastic

range by applying stress controlled oscillation after a waiting time of 30 s at a

deformation 7=1% and frequencies of u = 0.5 s_1 to 2s_1.

Interfacial shear rheology of the gas-liquid interface is measured as described

by Erni et al. 102
using the same rotational rheometer. This technique is based on

placing a biconical disc at the liquid-air interface. The edge of the disc is located

at the liquid-air interface. During the measurement the cup holding the liquid
remains stationary, while the biconical disc is attached to a low friction, elec¬

tronically commutated motor. With this setup both stress and strain controlled

experiments can be performed in both rotation or oscillation modes by means of

a standard rotational rheometer. The entire cell is covered by an insulation jacket
and mounted on an anti-vibration table.

The used biconical disc (radius 34.14 mm and cone angle 5°) and measuring

cup (radius 40 mm and height 45 mm) are made from strainless steel. To minimize

meniscus formation, the liquid is filled up to a small recess machined in the inner

wall of the cup at half height. Peltier elements are used to control the temperature

at 4°C, one at the bottom cools the cup while a second cools an air flow in an insu¬

lated hut which flushes the lid of the cup from the outside and thus also prevents

moisture condensation. Liquid samples are filled in the cup just below the recess

and the rim of the biconical disc is positioned at the interface using the normal

force transducer of the rheometer as described by Erni et al. 102 with a precision

of few micrometers. A strain controlled oscillatory time test was performed with

a deformation amplitude of 7 = 1 % and a frequency of u = 1 s_1. Pretests have

shown that these parameters induce no rupture of the interfacial layers.
The rheological properties of the liquid-air interface are calculated with a sub-

phase drag correction in order to account for flow coupling of the subphase stresses

to the measured interfacial stresses. For this calculation the bulk viscosity values

1771 corresponding to u = Is-1 gained from the frequency tests are chosen. Flow

curves of the ice cream mix emulsions are measured as well, using the setup for

the bulk phase rheology.

3.3.3 Thermal Properties of Ice Cream Mix and Fats

DSC is applied to characterise the melting range of the fats used and to measure the

apparent glass transition temperature T1 and the specific isobaric heat capacity

cp of ice cream mix.

Two pans, one empty as a reference and one filled with the sample, are heated

or cooled at a constant rate in an oven. From the temperature difference between
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3.3 Ice Cream Mix Characterisation

both the specific heat flux required to equilibrate them is derived. For all mea¬

surements covered 40 pi aluminium pans are used and the sample chamber of the

instrument (DSC 822e, Mettler Toledo, Greifensee, CH) is flushed with nitrogen
to prevent condensation.

To measure the melting range, fat samples of œ 5mg are first molten com¬

pletely at 50°C for the butter fat and 45°C for the coconut fat, then cooled

at 10K-min_1 to —30°C (butter fat) and —10°C (coconut fat) and reheated at

4K-min_1 to the initial temperature.

The apparent glass transition temperature is measured by first cooling samples
of approximately 15 mg down to —60 °C at 10K-min_1, holding this temperature

for 3 min and heating to 25 °C at a rate of 10K-min_1. The onset temperature of

the glass transition is determined in the software (STAR6 8.01).
By the so called direct method6 the specific isobaric heat capacity cp is mea¬

sured. The temperature is increased from —60 °C to 30 °C at a rate of 10K-min_1.

First three runs with an empty pan are necessary to condition the measuring
cell and obtain the blank curve of the pan from the third run. Ice cream mix

(m = 20 mg to 25 mg) is filled in the same pan and analysed under the same

conditions. The average of three runs is used. From the measured heat flow (HF)
the cp can be calculated by

HF

for the temperature range of 10 °C to 20 °C.

For the standard vanilla ice cream mix (Table 3.4) a value of T1 = 31.8±0.4°C

results from four runs. The specific isobaric heat capacity is obtained as

3.58kJ-kg_1-K_1 from three repetitions not taking into account the melt enthalpy
of the fat.

3.3.4 Foam Stability

For the foam column experiments besides ice cream mixes also two model systems
and ice cream mixes are used in order to investigate the influence of different

emulsifiers on the foamability and foam stability.

Foaming Solutions

The first model system is based on 4% sunflower oil emulsions. The continuous

phase contains 2.5% or 5% SMP dissolved in water. The emulsifier is dissolved

for 15 h in sunflower oil, which is used as disperse phase. One of the three MDGs

(SMDG, PUMDG or UMDG, see section 3.1.1) or PGPR (Grindsted® PGPR 90,
Danisco A/S, Arhus, DK; iodine value 72 to 100) is added at a concentration

of 0.05%. All concentrations are given by weight relative to the final emulsion.
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The emulsions are homogenised for 10 min with a rotor-stator mixer (Polytron
PT 35 00, Kinematica GmbH, Luzern, CH) and cooled to 20°C before use.

A coconut fat suspension is chosen as the second model system for ice cream

mix. It is comprised of 8% coconut fat, 5% SMP, 0.1% emulsifier (Span 85,

Span 40, Span 20, Tween 20 or Tween 80) and water (up to 100%). The coconut

fat is allowed to melt completely at 70 °C and the emulsifier is dissolved in the

phase in which it is more soluble as determined by the HLB value. All ingredients
are mixed and homogenised for 10 min using the same rotor-stator mixer. The

emulsions are cooled to 4°C during gentle stirring to prevent creaming while the

fat crystallises.
Ice cream mixes based on butter fat (see Table 3.1) are prepared either with

no additional emulsifier or with 0.03% of either Tween 20, Tween 80, Tween 85,

Span 20, Span 80 or Span 85 (see Table 3.2). After blending the ingredients the

mixes are heated to 75 °C for 15 min and premixed simultaneously by the rotor-

stator system, afterwards homogenised using a high pressure homogeniser operated
at 30 MPa (Microfluidizer® M-110 EH with ceramic interaction chamber F20Y

and auxiliary processing module H30Z with 75 pm and 200 pm minimum dimension

respectively, Microfluidics, Newton MA, USA) and finally cooled down to 4°C.

Each emulsion was stored at least 12 h at this temperature before further use, in

order to allow the fat to crystallise and equilibrate the fat globule membranes215.

Foam Column

Foam formation and decay experiments are carried out in a double walled glass
column with 100mm diameter and 1 m height (see Figure 3.4). For the trials with

the model emulsions the column is operated at 20 °C, in all other cases at 4°C.

The column is filled with 750 ml of the foaming emulsion and the model emulsions

are foamed by sparkling air through a porous glass frit with 16 pm to 20 pm pores

at the bottom of the column at a flow rate of 70 1n-1i_1. For the suspension system
and ice cream mixes a flow rate of IIOIn-Ii-1 is set and sintered high density

polyethylene (HDPE) frits (newair, Pfleiderer water systems, Neumarkt, D) are

used, which have an average pore diameter of 350 pm at the top side, on which

the foam is formed. Further details on the foam column are described elsewhere160.

For the foam growth, air is bubbles continuously through the frit and the time

dependent heights of the foam and liquid pool are recorded until a steady state

is reached. In order to investigate foam decay in the emulsion model system the

foam is allowed to collapse from the steady state by cutting off the air supply.
For the suspension model system and ice cream mixes, first foam is formed by the

same procedure for 60s, then the air supply is cut off and the foam is allowed to

collapse. The variations in the heights of the foam and liquid pool with time are

once again recorded.
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3.3 Ice Cream Mix Characterisation

HDPE porous Frit

Air Inlet

Figure 3.4: Schematic diagram of the foam column. A defined air flow is injected
to the inlet funnel and dispersed into the foaming liquid by the frit as small

bubbles which rise and form the foam.

Bubble Size Distribution

During both, foam growth and decay experiments with ice cream mix, images of

the foam are taken at different height levels using a digital still camera. Bubble

sizes are measured in the vertical direction to circumvent the image horizontal

distortion by the curvature of the column (ImageJ, National Institute of Health,
Bethesda MD, USA) and bubble size distributions are calculated. If bubbles are

observed next to a transparent plane, deviations between the real and measured

bubble size cause systematic errors as summarised by Kroezen and Wassink 178.

De Vries 87
provides a correction to account for the fact that larger bubbles are

detected more frequently

// n Qo(x) [ x0(x)
% (x) = ' dx

x

(3.1)
x

with q'0(x) being the corrected and qo(x) the uncorrected number based bubble

size distribution. The deviations caused by bubble distortion and segregation as

described by Cheng and Lemlich 67
were not taken into account in agreement

with Kroezen and Wassink 178. As the air volume fraction is high in the present
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experiments, the effect of the distance from the transparent plane169 does not

need to be considered. All measured bubble size distributions are corrected ac¬

cording to Equation 3.1 and the arithmetic mean of the bubble sizes is used for

characterisation.

Additionally, the thickness of the plateau borders ö\s adhering to the glass wall

is measured in the foam close to the top interface at steady state, as it is related

to the thickness of the foam lamellae.

Fat Particle Size Distribution

Fat particle size distributions are measured by laser diffraction using the method

for ice cream mix described detailed in section 3.4.3. Samples of the emulsion

are taken prior to foaming, from the liquid pool of the column after a steady
state foam height is reached and after complete collapse of the foam in the decay

experiments. The foam is analysed close to the top and bottom interfaces.

Foam Growth Model

Initially the foam column shown in Figure 3.4 is filled to the initial height Iq

with ice cream mix, an aqueous solution of protein, fat particles and nonionic

surfactant. As air flows at a constant volume rate qa per unit area through a

porous glass frit in the form of bubbles with an average diameter of x^o, a foam of

height h forms above the liquid pool of height / at any given instant of time t. The

foam height h increases with time t while the height of the liquid pool / decreases

since the liquid appears as the plateau borders and lamella films between the

bubbles. Bubbles undergo inter-bubble coalescence so that the average diameter

of the bubbles increases along the height of the foam. Thus x^o and x^i are the

average diameters of the bubbles at the bottom and top interface of the foam

respectively at any time. The top layer of bubbles in the foam coalesces with air

at the bulk air-interface with a volume rate ipi per unit area. Thus ipi increases

with time t during the growth of the foam, becoming equal to the air flow rate

per unit area qa entering the column when steady-state is reached. The rate of

increase dVa/dt in the total volume Va of air per unit area in the foam and liquid

pool is shown by Joshi et al. 160
to be given as

dK

Since the volume of air in the liquid pool is negligible compared with that in the

foam, so that Va = ë h and

ë
777

= ^-^1 (3-2)
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in which e denotes the average volume fraction of air. The interfacial coalescence

rate ip\ is shown26 to be given by

in =
-3^-

(3.3)

in which ê\ is the interfacial coalescence time of bubbles of diameter x^i with the

bulk air at the top interface where the volume fraction of air is e\.

When the specific volume rate of interfacial coalescence of bubbles ^is equals
the specific volume rate of flow of air qa entering the column, steady-state (indi¬
cated by the index S) is attained so that the corresponding interfacial coalescence

time is given by

êis

2 £\ • a^bis

3 Ça

Foam Decay Model

May et al. 197
presented a model for the decay of batch foams applicable to both

spherical and polyhedral bubbles. This is used in the present analysis to determine

the parameters controlling the stability of foams. However, for the sake of better

understanding, the Equations for the polyhedral bubbles relevant to the present

experimental results, are summarised here. Consider a batch foam of initial height

ho containing air bubbles of average diameter x^o and volume fraction e0- Bubbles

coalesce at the top air interface so that the height h of the foam decreases as time

t increases. Simultaneously, bubbles in the foam undergo inter-bubble coalescence

so that their average diameter x\> increases with time. The rate of increase in x\>

due to binary coalescence is shown by Bhandola et al. 26
to be given by

dt 6$b

When two bubbles approach each other, or a bubble approaches the top air-

interface, the liquid film between them thins due to viscous drainage until a criti¬

cal film thickness is attained when van der Waals forces of attraction predominate

resulting in the film rupture and bubble coalescence. The drainage time158 in¬

creases with increase in the area of the liquid film, and decreases with increase in

the force pressing on the film. Both the area of the liquid film and the force press¬

ing on it159 increase with increase in the diameter of the bubble. Consequently,
Bhandola et al. 26 assumed the binary coalescence time $b of bubbles of average

diameter x\> to be given by

tfR = tfBo (— I (3.4)
a^bo
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they obtained the increase of the bubble diameter x\> with time t as

%h = xb0 ( 1 + — J (3.5)

in which $bo is the binary coalescence time of bubbles of average diameter x^o,

b the growth rate index and to = 6$Bo/b being the incubation time taken for

bubbles to grow in size from zero to x^o- The rate of increase in average bubble

diameter can then be obtained as

dxh xh0 f
-.

,
t\ b

dt 6#bo V to

As bubbles coalesce at the top air interface (interfacial coalescence), the rate

of decrease in the volume of air in the foam is equal to the rate of interfacial

coalescence ip\ per unit area so that

-ëft=^i (3-6)

in which s is the average volume fraction of air. This can also be deduced from

Equation 3.2 by setting qa = 0, which corresponds to cutting off the air supply to

the foam column. The interfacial coalescence rate ipi is given by Equation 3.3 in

which ê\ is the coalescence time of bubbles of diameter x^i at the air interface.

For polyhedral bubbles with high volume fractions of air (e\ = 1 in Equa¬
tion 3.3), May et al. 197 have shown that

0i = 0io(—V (3.7)
\Xb0j

in which i)\o is the interfacial coalescence time of bubbles of average diameter x^o-

The physical explanation for justification of this equation is similar to that given
above (Equation 3.4). These authors integrated Equation 3.2 using Equations 3.3,
3.5 and 3.7 to obtain the decrease in the height h of the foam with time t as

ho
'-'1 +

5
(3.8)

in which C = V>io • to/ë h0 c, c = (1 + b — i)/b and -0IO = 2xbo/3î?io is the initial

interfacial coalescence rate. The interfacial coalescence rate ipi during the decay
of the foam can then be obtained from Equations 3.3 and 3.7 as

ipi = ipio [ 1 +
t ^ {c~l)
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3.4 Ice Cream Microstructure

3.4 Ice Cream Microstructure

3.4.1 Low Temperature Scanning Electron Microscopy

Investigation of ice cream microstructure is possible by quench freezing of a sam¬

ple and imaging a freeze fractured plane using Low temperature scanning electron

microscopy (LT-SEM)25'50'58'261. Samples are filled in aluminium tubes (inner di¬

ameter 1.16mm, wall thickness 0.13mm, length 20mm). Very rapid cooling in

liquid nitrogen to —196 °C prevents ice crystal growth or nucleation. The matrix

phase freezes amorphous and facilitates the differentiation of ice crystals and the

surrounding matrix in the images. The following cryo preparation technique and

its optimisation are described in detail by Bolliger31 and Wildmoser312. The

sample tubes are broken and part of the crystalline water is vacuum sublimed

from the fracture surface. A platinum sputter coating (thickness < 20 nm) is ap¬

plied. Images are taken in a scanning electron microscope (S-900 FEG, Hitachi

Inc., Tokyo, J) at magnifications of 250 x to 40 000 x.

3.4.2 Air Bubbles

Using an inverse light microscope (DM-IRB with DFC 320 3.3 MPix CCD-Camera,
Leica Microsystems GmbH, Wetzlar, D) the size distribution of the air cells is

measured using a method similar to the one evaluated and described by Chang
and Hartel58. Samples of ice cream are melted and distributed as a thin film

on a petri dish without cover-glass. Images of the molten ice cream foam are

taken at a magnification of 100 x applying a high contrast and a slight off-focus

to obtain sharp outlines of the air bubbles and thereby facilitate semi-automatic

image processing (ImageJ, National Institutes of Health, Bethesda MD, USA).
Air bubble size distributions are calculated from at least 500 measured bubbles

per sample.

The maximum deviation of the air cell diameter introduced by the temperature

increase upon melting of ice cream can be estimated by the ideal gas law7. Air cell

sizes analysed by this techniques are < 6.4% larger because of thermal expansion

from — 30 °C to 20 °C. Expansion of ice cream due to pressure release, as observed

by Turan et al. 294, should not be relevant above the freezing point, but, because

of the Laplacian pressure inside the bubbles, they grow only to a smaller size than

predicted by the ideal gas law and thereby the error is reduced. No coalescence

should occur during melting, which can be prevented by careful treatment of the

samples during distribution on the petri dish and simultaneous observation.
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3.4.3 Fat Agglomeration

Several techniques are used to characterise the degree of fat déstabilisation in ice

cream195. Centrifugation analysis is performed by Berger and White25. The Fat

Agglomeration Index (FAl) is determined by turbidity124'222'304. Extraction with

a mild solvent, as performed by Bolliger et al.28, yields the solvent extractable

fat (SEF) as a measure for déstabilisation of fat globule membranes. Palanuwech

et al. 219
use a dye dilution technique which correlates well with FAI and SEF. Melt¬

down resistance is a rather unsuitable measure for this purpose as it is influenced

by many other recipe and structural changes, but the fat content of the drained

serum correlates well with fat déstabilisation195. Fat particle size distributions

measured by laser diffraction deliver probably the most precise information beside

direct observation using transmission electron microscopy (TEM), which is very

time consuming and therefore not suitable for regular use132. A centrifugation

technique is used by Berger and White 25
.

The results gained from laser diffraction correlate well with the FAI28'132 and

SEF16'226. Nevertheless knowledge of the size distribution provides more detailed

information on the fat structures than just one parameter and is therefore pre¬

ferred.

Laser diffraction is based on the phenomenon that particles scatter light in all

directions with a particle size dependent intensity pattern. At low concentrations

the scattering pattern of a particle collective equals the sum of the individual

scattering patterns of the particles present. With an optical model and a math¬

ematical deconvolution procedure a particle size distribution is calculated, the

scattering pattern of which fits best with the measured pattern.153

For the most fat particle size measurements samples of both, mix and ice cream,

tempered to —5°C are molten if necessary and diluted 1 : 10 in demineralised wa¬

ter, added to the measurement module of the instrument (LS 13320 with Universal

Liquid Module and Software Version 5.04.28, Beckman Coulter, Inc., Miami FL,

USA) where an additional dilution of approximately 1:100 is occurring, circulated

at a rate of 121-min-1 for 180 s to degas and break loose aggregates and mea¬

sured afterwards. The instrument uses a laser source (A = 780 nm) and reverse

Fourier optics to measure the diffraction angles caused by the particles. From

the intensity pattern particle size distributions in the range from 375 nm to 2 mm

are calculated using the Fraunhofer and Mie theories using the refractive indices

given in Table 3.6. Polarised Intensity Differential Scattering (PIDS) sizing of the

instrument is enabled to extend the range down to 40 nm below the A/2 limit of

the Mie theory251. The measurements are carried out at obscuration values of 6 %

to 9 % and 65 % to 95 % for the laser and the PIDS lamp respectively. Each sam¬

ple is diluted and measured at thrice and the resulting particle size distributions

averaged and normalised. For semi-logarithmic plots, recalculation according to

Sommer 269 is performed to comply with ISO 9276-1 154
.
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3.4 Ice Cream Microstructure

Table 3.6: Refractive indices used to calculate particle size distributions from laser

diffraction measurements of the fat globules in ice cream mix and ice cream.

water0 milk fat globules6
Real Real Imaginary

780 nm 1.3290 1.4501 10"4

450 nm 1.3396 1.4643 10"4

600 nm 1.3330 1.4549 10"4

900 nm 1.3270 1.4483 10"4

aThe values for water are calculated from IAPWS 152 with the density of water cal¬

culated from VDI 300 (based on Sato 250 ) at 20°C.

bThe refractive index n of milk fat can be calculated as a function of the wave¬

length307.

2 /(6 + 2)A2+a
n

~Y(6-l)A2+a

with a = —0.03um~2 and b = 3.725 from Walstra and Jenness 307 and Michal-

ski et al. 202
respectively. The resulting values are in between those by Wal¬

stra
305 (average 1.4543), Krukovsky

181 (average 1.45389) and Walstra and Jen¬

ness307 (1.462) measured for the deuterium line (589 nm) at 40 °C. Walstra and

Borggrev
306 estimate the standard deviation of the refractive index of individ¬

ual milk fat globules resulting mainly from different solid fat content (SFC) to be

within 11 -10~4 • The Imaginary part corresponding to the absorbance was chosen

for partially crystallised globules in accordance with Michalski et al. 202.

The volume fraction of fat agglomerates can be received from

•E limit

$A = Kst°merateS = 1 " QsOiw) = 1 " / Qs(*)dx
notai J

The limiting particle size can be determined from the maximum size of the

primary globules gained by a measurement of ice cream mix as Xiimit = 2.4 pm

(see figure 3.5), but other values in the range from 2 pm to 3 pm are also used in

literature125'132'135'137'256'296.

The fat particle size distributions of the trials with different MDG emulsifiers

are measured using a different instrument (Malvern Mastersizer X, Malvern In¬

struments Ltd., Worcestershire, UK). In these cases, ice cream samples adjusted
to —5°C or ice cream mix are dissolved in demineralised water until an obscuration

between 20 % and 25 % is reached and stirred at a rate of 1900 r-min-1 for 5 min to

degas and break loose flocculates. The lens focus of 45 mm with a reverse Fourier

optics results in a measurement range of 50 nm to 80 pm. The beam length in the
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G--Ö Ice Cream Mix

Ice Cream

fat particle size x / |jm

Figure 3.5: Fat particle size distributions of ice cream mix containing no agglom¬
erated fat and a typical ice cream sample. The size limit of 2.4 pm used to

calculate the fat volume fraction $a is indicated.

measuring cell equals 2.4mm. The refractive index for butter fat was set to 1.46,
the absorption value to 0.01 (presentation mode 0505 of the software).

Fat agglomerates in ice cream can be discriminated by their size. As already

pointed out particles with diameters below 2.4 pm can be attributed to the pri¬

mary globules. Often two fractions of agglomerates are observed in volume dis¬

tributions16'173'175'314 with the transition between micro and macro agglomerates

being between 10 pm and 20 pm. Large, churned lumps of fat result in a buttery
ice cream165 and should therefore be avoided.

3.5 Ice Cream Bulk Structure

3.5.1 Overrun

Cups with a standardised volume (253 ml) are completely filled and weighed to

determine the density of ice cream. The overrun is calculated by coupling with

the mix density195.
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3.5 Ice Cream Bulk Structure

3.5.2 Heat Shock Resistance

The term heat shock describes temperature fluctuations ice cream is exposed to

on its way along the distribution chain from the factory to the consumer. It causes

partial melting and refreezing of the product and in turn promotes growth of ice

crystals163.
To simulate heat shocks, a temperature test cabinet (HT 4010, Vötsch In¬

dustrietechnik GmbH, Balingen, D) with external PC-control (programmed with

Labview 8, (National Instruments Corporation, Austin TX, USA) is used. The

air temperature in the cabinet can be changed within minutes and ventilation is

applied in order to improve heat transfer. Due to the broad variety of parame¬

ters used in research and industry, local temperatures in a 500 ml sample cup are

measured while temperature alterations are applied by placing 10 temperature

sensors (Pt-100) at different positions inside the sample, on its surface and in the

circumventing air. During the simulated heat shock cycles the core of the sam¬

ple should be adjusted close to the outside temperature, since very short (5 min
to 15 min) heat shocks at high temperature (25 °C) have been shown to have no

significant effect on the sample114. When changing from a typical storage temper¬

ature Tjow = —18°C to e.g. Thlgh = —5°C the centre of the sample cups reaches

Thigh only after 5h, whereas cooling is nearly twice as fast. Freezing involves the

transfer of heat through a growing layer with a high ice content. During thawing
heat has to be transferred through the nonflowable matrix phase with only few

ice crystals left. The higher thermal resistance (low diffusivity) in the latter case

slows down the thawing cycle as compared to freezing19'105'147.
The core temperature stays at Thlgh for approximately one hour after starting

with the cooling interval. This results in a 12 h cycle with an interval time of

6 h, which is sufficient to keep the centre at least at Thlgh — 1 °C for about 3 h and

slightly longer times at Tjow, which should be long enough to allow nearly full crys¬

tallisation of the freezable water. The relatively high upper temperature of —5°C

was chosen in order to obtain pronounced effects. To characterise the severity of

heat shocks independent of the recipe the heat shock index HSI corresponding to

the amount of water frozen between Tjow = 0 °F and Thlgh = 10 °F was introduced

by Bradley 37. Extended to other temperatures the following equation results.

^/ = e1(Tiow)-e1(Thlgh) (3.9)

For the used standard vanilla ice cream (Table 3.4) and the temperatures adjusted
to the used heat shock cycle a HSI of 38.5 % results.

3.5.3 Meltdown

Meltdown of ice cream is commonly investigated by placing a defined amount of

sample on a sieve at ambient temperature allowing the ice to thaw. The weight
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loss over time is recorded as serum drains and drips through the sieve. Initially

during a certain lag phase no drip is recorded. After onset of drainage its speed
accelerates to a state with quasi constant melting rate. At longer times melt¬

down slows down again and finally stops totally or the sample has completely

dripped through the sieve. As main parameters, molten percentage after a certain

time69'75'125'162, (maximum) melting rate233 or half-life time241'242 are often ex¬

tracted. Despite the relatively simple setup of the meltdown test, great variations

regarding sample preparation, sieves used, applied temperatures and extracted

sample characteristics exist.

Within this work an apparatus has been developed in order to provide a stan¬

dardised procedure for ice cream meltdown testing (see Figure 3.6). It allows the

automated testing of up to four ice cream samples of around 150 ml each placed on

a perforated stainless steel plate (5mm holes, 8mm distance, 60° shifteda). The

weight of the sample remaining on the sieve is measured by force cells every 40 s

with 0.3 g accuracy while the serum drains into separate bowls. With this setup

parts of the serum can be sampled without disturbing the weight recording. The

whole apparatus is compact enough to be placed in a climate cabinet adjusted to

20 ± 0.5 °C. Temperature and relative humidity (typically 80 % to 95 %) inside the

cabinet are recorded along with the weight at a precision of ±0.5 °C and ±3.5%

for temperature and relative humidity respectively.

Additionally, images of each melting sample are taken every 4 min by a digital
camera to monitor the changes in shape while the samples are illuminated by
two dimable LEDs. A rotating setup was chosen which allows the use of only
one camera for all samples and also assures comparable ambient conditions for

all samples in cases inhomogeneity. Angular positioning is accurate enough to

reproduce each setting without any visual differences.

The device is controlled by a microcontroller and a PC application (developed
with Labview 8, National Instruments Corporation, Austin TX, USA) which also

records all measured data online. Coupled to this is an automated image pro¬

cessing routine (developed with Matlab V7.2, The Mathworks, Inc., Natick MA,

USA) which, immediately after the image acquisition, computes the height, diam¬

eter and projected area of the ice cream sample. To do so the photo is binarised by

adaptive thresholding and the projected area of the ice cream sample is extracted.

From this the area, maximum height h and maximum diameter d can be obtained

directly. The applied scaling respects the non unity aspect ratio of the camera.

Cottrell et al. 75 introduced a shape factor SF relative to the starting conditions

in order to characterise spreading of the sample on the sieve.

SF=^.^ = %- (3.10)
d ho d*

aThe possible problems as described by Koxholt 176, like serum spreading on the sieve or too

thin mesh wires cutting the ice cream are not observed with these plates.
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3.5 Ice Cream Bulk Structure

Figure 3.6: Apparatus for automated meltdown test and shape analysis of four

ice cream samples.

Samples with a shape factor SF greater than 0.65 after 2 h of meltdown are con¬

sidered acceptable75.

Additionally, the volume of the sample is calculated by the sum of hollow

half cylinders with one pixel wall thickness towards the right and left from the

symmetry axis derived from the area half. By coupling weight and volume, the

time dependent overrun can be calculated based on the known density of the ice

cream mix. To verify this technique the overrun of 48 ice cream samples was

measured upon draw from the conventional freezer or LTE (see section 3.5.1) and

compared with the values obtained at the beginning of a meltdown test. In the

overrun range of 31 % to 100 % the mean difference is below 5 % (see Figure 3.7).
The errors are mainly due to a deviation from a rotational symmetric shape,
which can be caused by inaccurate filling or removal from the cup and results in

an incorrect volume calculation. Asymmetric samples can easily be detected by

comparing the volumes of the two calculated halves.
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Figure 3.7: Comparison of the overrun of 48 different ice cream samples measured

by weighing of a constant volume and by image processing of their shapes.

3.5.4 Oscillating Thermo Rheology

A method developed by Wildmoser et al.316, Oscillating Thermo Rheometry

(OTR) of ice cream, is performed using a rotational rheometer with profiled plate-

plate geometry (MCR 300, Physica Meßtechnik GmbH, Ostfildern, D). The tem¬

perature of both plates can be adjusted by Peltier elements and a movable hood

and low temperature gradients between upper and lower plate can be achieved.

Using a special punching tool, samples of 30 mm diameter and a thickness just
above 2 mm are cut from the core of the ice cream cups at an ambient temperature

of — 20 °C. They are analysed within 6 h after preparation. Upon insertion in

the rheometer slight compression is applied and profiled plates are used in order

to prevent wall slip. Because the structure of ice cream is shear sensitive324,
compression has to be kept at a minimum, which can be inspected by the measured

normal force. Samples are trimmed to the plate diameter of 25 mm after setting
of the measurement gap width of 2 ± 0.001 mm. The gap width influences the

absolute measurement result and the quoted sample thickness is chosen because

the gradients are small around this setting. Measurements are taken out with

Controlled Shear Deformation (CSD) at a frequency u of 10s_1 and a constant

deformation 7 of 0.02 % which has been shown to be in the linear viscoelastic range

(up to 0.04%). The Direct Strain Oscillation (DSO) option of the rheometer193 is

enabled as it increases accuracy significantly. During the test, a linear temperature

sweep from —20°C to 10°C is applied at a heating rate of 0.5K-min_1.
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3.5 Ice Cream Bulk Structure

The results of the coupled thermal and mechanical analysis available through
OTR can be correlated to microstructural and sensorial information. Figure 3.8

shows the storage and loss moduli (G' and 67") measured in an oscillation test

with an increase of the temperature from — 20 °C to 10°C. According to Wild-

moser313'315'316 the graph can be divided into three zones:

Zone 1

At low temperature (—20 °C to —10 °C) the microstructure of ice crystals is dom¬

inating. The storage modulus G', which describes the solid body like behaviour,
decreases with the ice fraction. Whereas the loss modulus G" shows a plateau,
which describes the viscous or flow behaviour. It can be correlated to the rigidity
of the ice cream.

Zone 2

In the range from — 10°C to 0°C the ice fraction is decreasing steeply. The steep¬

ness of the slope is an indicator for the melting rate of ice crystals and can thus

be correlated to the sensory impression of coldness in the mouth.

Zone 3

At temperatures above 0°C both, G' and 67", show a lower plateau. Since there

are no ice crystals left at these temperatures the foam structure formed by the

air and fat phases is dominant. The level of the plateau can be correlated to the

sensory descriptor of textural creaminess.

The correlation between higher values in the low temperature regime (zone 1)
is in good agreement with Goff et al. 130, who measured higher moduli for sta¬

biliser free ice cream as compared with stabilised samples, which also correlated

to penetration tests. Increased levels of fat and more pronounced fat déstabilisa¬

tion lead to higher values of 6" and 67" at — 8°C3. At high temperatures (zone 3)
Granger et al. 136

reported a well structured stiff product indicated by high values

of 6", which follows 67" at these temperatures. Meltdown resistance correlates

well (R2 = 0.91) with the plateau of 6" in the molten regime as well as with the

fraction of agglomerated fat135'137.

The desired product characteristics of good scoopability and creaminess cor¬

respond to low values of 67" in the low temperature regime and high values for

the molten ice cream. Windhab 324 found the combination of both to result in

higher creaminess. The ratio of the two logarithmic plateau levels can be used to

quantify product quality with respect to these characteristics

r-
logG5

(3ii)

where 67"
15

is the averaged value of the loss modulus at —15 ± 1°C and G$ the

one at 5 ± 1°C. High values of Y correspond to a soft and creamy ice cream and

the (practical) extreme of Y = 1 would indicate equal plateau levels.
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Figure 3.8: Storage (6") and loss (67") moduli of an ice cream sample during

thawing measured by OTR as a function of temperature. The levels of the

plateaux in the frozen and molten regime can be correlated to the consumer

quality characteristics of scoopability and creaminess.

3.5.5 Scooping

An automated ice cream scooper has been developed to provide a measurement

technique which leads to reproducible results, is ready for standardisation and is

close to the consumers perception of ice cream hardness. The main part is a scoop

with a force cell to measure the bending momentum acting on the head. The device

can be operated by hand to allow measurement series by a sensory panel as already
shown by Bolliger 31. A further improvement includes the possibility to attach it

to an apparatus with defined feed of an ice cream sample to the scooper (see
Figure 3.9). Thereby the scooping processes can be repeated on multiple samples
at defined and reproducible penetration depths and scooping speeds. The bending
force is measured over time and the data is collected by a PC, which also sets the

feed speed. The application software is developed using Labview 8 (National
Instruments Corporation, Austin TX, USA). Because a bending momentum is

measured and the point of force transfer to the scoopers head changes during the
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3.5 Ice Cream Bulk Structure

measurement caused by the formation of an ice cream sphere, defined forces at the

tip of the scoop were used for calibration and force data are used for calculations

rather than momenta.

Figure 3.9: Test stand for automated ice cream scooping at defined feed speed
and penetration depth. The scooping force is recorded via a force cell. In

the picture the sledge to hold an block shaped ice cream sample is at the end

position.

The scoop has the shape of a hollow hemisphere sphere with a diameter of

42 mm and penetrates the samples 8 mm measured from the tip to the surface

of the ice cream block. Scooping tests are performed at temperatures of — 13°C

to — 21 °C with feed speeds vs of 5mm-s_1 to 40mm-s_1. The selected maximum

speed of 40mm-s_1 cannot be reached at the lowest temperature of — 21 °C, be¬

cause the drive does not provide enough momentum to scoop the quite hard ice

cream at this speed. Before each measurement the scoop was dry and adjusted to

room temperature (about 20 °C) to obtain conditions which are both, reproducible
and consumer relevant. Commercially available block shaped ice cream samples

(16.5 cm x 5 cm x 8 cm) are used for the scooping tests. The recipe includes 8%

vegetable fat, 10% MSNF and 35% total dry matter, the freezing point is —2°C

and an overrun of 100 % is whipped in during manufacture. Samples are stored

at —24°C and adjusted to the test temperature for at least 5h.

The influence of heat shocks on the scooping characteristics is evaluated after

5 and 15 cycles (T\ow = — 17°C, T^gh = —4°C, 6h intervals).
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3.5.6 Sensory Evaluation of Creaminess

The ice cream samples produced by varying homogenisation conditions are also

analysed by a sensory panel of 30 persons experienced in ice cream tasting. The

samples are filled in 50ml cups at the freezer outlet, hardened, stored at —24°C

for one week and tempered to — 18°C before dégustation. The panellists are asked

to rank six samples objective regarding their textural creaminess with sample 1

being the most and 6 the least creamy one. Individual subjective comments on

the liking are also accepted.

Analysis is done in two steps247. In the first step, a Friedmann ranking, the

X2 distribution is calculated and compared to a reference value %2ef to check if at

least 2 samples differ significantly.

The number of samples is k = 6, the number of panellists n = 30 and Rt is the

weighted sum of ranks for each sample. In the second step the Wilcoxon-Wilcox

test analyses which samples differ significantly by comparing all samples one to

one with respect to the sum of their ranks.

3.6 Ice Cream Physical Properties

A model for the physical properties of the standard 8 % vanilla ice cream mix

(see table 3.4) is developed including the freezing point depression, rheological

properties, density, heat capacity and thermal conductivity. Suitable models for

these parameters are required to facilitate flow simulations of the LTE.

3.6.1 Freezing Point Depression and Temperature

Dependent Ice Fraction

In order to estimate the amount of water frozen in ice cream at a given temperature

a composition specific freezing curve has to be known205. For the standard 8%

milk fat ice cream mixa (Table 3.4) Wildmoser312 measured the freezing curve

using 1H NMR (see Figure 3.10). The initial freezing point Tf is about —2°C and

the ice content relative to the total water content increases to 0.83 at — 21 °C.

Direct empirical curve fitting with a third order polynomial as proposed by Chen

and Nagy
64 does not yield suitable results and therefore a physics based model

to calculate freezing curves is preferred.

aIn case of the 8% coconut fat ice cream mix (Table 3.1) the freezing point is nearly iden¬

tical while the ice content at a given temperature is slightly higher by 0.03 on average as

determined with 1H NMR by Wildmoser 312
.
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Figure 3.10: Freezing curve of 8 % milk fat ice cream as measured with 1H NMR

by Wildmoser312 (). The lines indicate different models tested, described in

detail in the text. The model by Chen 61 based on fitted parameters, Chen

(fit), is used to describe the freezecurve.

The initial freezing point of an ice cream mix depends on the concentration

of the soluble constituents. Generally the solid-liquid phase transition can be

described by the Clausius-Clapeyron equation7

dp ASm

dT
_

AVm

with the molar entropy and molar volume changes ASm and AV^, in which the

molar entropy can be described by the molar enthalpy change AHm/T

dp

dT

AH„

T-AVm

The following equation is given by de Cindio et al. 86
to relate the freezing point

of a solution to its water activity, which is gained by using both, solid/vapour
and liquid/vapour, phase transitions and neglecting the molar volume of the

solid/liquid phase against the one of the gas phase and using the ideal gas law for

the molar volume of the vapour (see also Chen 60 )

T

lnaw =
1

R

Afff,w(T)
J"2

dT (3.12)

To
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assuming a temperature independent melting heat of the solvent AHW y^ f(T)
leads to the approximate form of the Clausius Clapeyron equation for the freezing

point depression ATf

ATf= RATUT° lnaw (3.13)

which can further be simplified. For ideal solutions the activity coefficient 7., in

«j = 7j
•

Xj

is unity. Then the molality Xs of the solute can be substituted by Xw = 1 — Xs-

In case of small solute concentrations ln(l — x.s) ~ Xs can be assumed. For small

freezing point depressions (T-To ~ Tq) Equation 3.13 can be further simplified to

^Ti=^--Xs = Kî.fXs (3.14)

with the solvent dependent cryoscopic constant Kf (Kf = 1860K-g-mol_1 for wa¬

ter) and the van't Hoff factor i (the number of dissolved particles the solute will

create when dissolved

Ross 243
provides an approach to calculate the water activity aw when several

components j are present based on the Gibbs-Duhem equation inf the isobaric

and isothermal case

5^71,(1(111 a,) = 0

assuming all interaction between the components cancel on averagea, this can be

rewritten to

lnaw = 5^,m«wj aw = ||aWJ (3.15)

with aWJ being the water activities of the corresponding binary solutions. Com¬

bining (3.13) and (3.15) leads to

ATf =J^ ATfj (3.16)

Therefore the contributions of the various ice cream mix ingredients can be taken

into account independently.

aThe interaction Term ( a"X°^served ) for a sucrose/KCl/NaCl solution was shown be to approxi¬

mately unity with an error below 1 % by Ross 243
.
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Several approaches derived from these equations exist to calculate freezing
curves of ice cream mix. They are based on the calculation of the freezing point

depression of the concentrated unfrozen matrix phase by removing the frozen part

of the water from the system. Therefore concentrations relative to the amount of

(unfrozen) water

y
Vw

have to be used.

An ideal model based on Equation 3.12 with constant latent heat of fusion

(AHW(T0) = 6008J-mol_1) and yw set to unity68 fails to predict the measured

valuesa as well as the one by Chen and Nagy
64 based on Raoults law with two

separate steps for the sugars and salts (see Choi & Okos and Raoult in Figure 3.10).
These models are valid for dilute solutions and are therefore not fully applicable
for the highly concentrated ice cream matrix phase. Since exact knowledge of

the interaction terms between the different solutes is hard to obtain, empirical

approaches are used.

The most common calculation scheme195 was introduced by Leighton
185 and

later further improved36'38. It is based on data measured by Pickering230 for

cane sugar solutions13, which can be fitted by a cubic polynomial (R2 = 0.9998).
The different sugars present in the mix are combined by calculating their sucrose

equivalent concentration based on the molecular weight0. For the glucose syrup

used in the standard vanilla mix (average DE = 40.5) the conversion factor is

derived by linear fitting the measurements of Smith and Bradley
265 (R2 = 0.9993).

Nevertheless, in general, more accurate results are obtained based on the analysed

glucose content (Table 3.5). Extrapolation to below — 20°C fails for this model.

The freezing point depression of the salts can be calculated from Equation 3.14

by assuming 10 % of the MSNF and WS being salts with Msait = 78.6 g/mol average

molecular weight185'195 d
by

\rp _

0-1 (?/msnf + 2/ws) -Kf,w ,Q 17\

^Wsalt

Combining the freezing point depression of the salts and sugars with Equation 3.16

results in the curve denoted as Leighton in Figure 3.10.

aIn this case 158g-mol_1 is used as molecular weight of the milk salts as given in the reference.

bAlthough the measurements of Pickering
230 reach down to a freezing point depression of

—13.7°C only, for the calculation of ice cream freezing curves they are often extrapolated to

below -20 °C.

cThe lactose introduced by milk derived product is assumed to be 54.5% of the MSNF and

whey solids (WS)36'38.
dIn contrast Choi and Okos 68

give Msait = 158 g/mol, probably because of the van't Hoff

factor (see Equation 3.14).
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Another approach to calculate the ice content yl by Schwartzberg
252 introduces

the concept of water bound by the solid components, which cannot be frozen

Vi = (z/w,o - abound) • f 1 -
y J

with the total water content (solid and liquid) yw0. The amount of bound water

J/bound can be estimated as 30% of the total solids228'229 (Schwartzberg m Fig¬

ure 3.10).
Chen and Nagy64 introduced a two parameter model (Chen & Nagy m Fig¬

ure 3.10), which was improved with a third parameter by Chen61

AT =_±KLl ( \
f,SUgar

Mw
°S

V1 + 0.018 (ci + c2 •

xsugar <*) ysugi

where y are the respective volume fractions. As both parameter sets given by
Chen 61 and de Cmdio et al. 86 for sucrose solutions fail to describe the reference

measurements a new fit (R2 = 0.98) was applied with c\ = 1 (as suggested for non-

electrolytes61'62), C2 = 0.223 and Cs = 1.101. The freezing point depression of the

milk salts is taken into account by an ideal model m these cases (Equation 3.17).
de Cmdio et al.86, Jaskulka et al. 156)157 and Livney et al. 190

summarise fur¬

ther approaches to calculate the water activity m concentrated solutions based on

activity coefficients which are considered to be less suitable for complex solutions.

3.6.2 Viscosity

The viscosity of frozen ice cream is modelled based on data from Wildmoser 312

with a Herschel-Bulkley model coupled with an Arrhemus approach to include

temperature dependency (see Equations 2.6 to 2.8). The following reference values

and activation energies for the consistency factor K and the yield stress ro resulta

Ko = 6.8512-10"52 Pa-s" Ea,k = 270.97 kJ-mol"1

roo = 2.4523-10"53 Pa EAt„ = 277.20 kJ-rnol"1

n = 0.7 = const.

The flow index n is fixed as no consistent temperature dependency is found. Fig¬
ure 3.11 depicts the calculated viscosity m comparison with data measured by
Wildmoser 312. In addition for —5°C a power law fit with

r=100Pa-s04-704

aWildmoser 312
uses a single Arrhenius equation for the viscosity n with an activation energy of

Ea v
= 271 kJ mol-1 No change of the temperature dependency of the viscosity at a certain

transition temperature is observed in this case as it is the case for soft-serve ice cream48
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published by Russell et al. 245 is plotted. Deviations from the Herschel-Bulkley
model are observed for higher temperatures (—5°C) at shear rates above 40s_1,
which are not relevant for the screw channel gap of the LTE any more. To model

foam viscosity Burns and Russell46 also uses a power law model with a fixed flow

exponent n coupled to an Arrhenius approach for the consistency coefficient K.

A lower thermal activation energy is found for the yield stress (Ea,to =

135.4 kJ-mol-1) based on data from Briggs et al. 39 for 12 % fat vanilla ice cream.

For soft-serve ice cream Byars
48

gives thermal activation energies in the order

of 400kJ-mol_1. Fitting the measured data by the Williams-Landel-Ferry (WLF)
equation (2.4) does not yield more accurate results.

10"

10° r

10"

O -15 °C

A -10 °C
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10u 10'

shear Rate y I s
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Figure 3.11: Viscosity of ice cream as a function of shear rate and temperature

based in measurements by Wildmoser 312 and fitted with a Herschel-Bulkley
model. The power-law fit is based on data from Russell et al. 245.

3.6.3 Density

Singh and Mannapperuma
258

give the following equation to calculate the density

p of porous food material

1-

Ë
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3 Materials and Methods

with the densities p3 and mass fractions y3 of the constituents and the overall

porosity e. The temperature dependent density of protein, fat, carbohydrate and

ash fractions in ice cream is modelled by a linear approach with coefficients by
Choi and Okos 68

.
Table 3.5 lists the composition of the standard 8 % milk fat mix

with respect to these constituents. The density change of liquid water between

0°C and — 30 °C can be calculated by a cubic fita based on the equations of Otero

et al, 218.

Of the eleven known polymorphic structures only the crystalline ice (I) is

stable at the temperatures and pressures relevant for ice cream processing105. Its

density can be described by a square fitb using data from Pham and Willix 229

better than by the linear relationship given by Choi and Okos 68. For the liquid
and solid components, pressure dependency of the density can be neglected in the

range relevant for LTE (0.1 MPa to 1.5 MPa).
Porosity of the ice cream foam varies with temperature and pressure. The

ideal gas law p V = n R T is used to describe this dependency although the

real pressure expansion of ice cream in the frozen state is lower294

1

1 _i_ IkE _J_
'

T-po ovo

with the overrun ovo at reference temperature To and pressure po- In case of

LTE modelling the freezer outlet is chosen as reference point (To = —5°C, po =

0.1 MPa). The relationship between overrun and porosity is given by

ov

ov

3.6.4 Specific Isobaric Heat Capacity

The specific isobaric heat capacity can be calculated from the values for the single

components by a parallel model

cp = / j
V3

'

cp,3

For proteins, carbohydrates, fat and ash the temperature dependency is given

by Choi and Okos 68. The heat capacity of liquid water and ice (I) crystals is

calculated from Otero et al. 218

,
which is consistent with Chen 60 for the ice phase.

The heat capacity of air is neglected.
Above the freezing point an isobaric heat capacity of 3.34kJ-kg_1-K_1 is cal¬

culated, which is slightly lower than the value by DSC (3.58kJ-kg_1-K_1). The

measured value is expected to be larger because no correction to account for the

melting heat of the milk fat is applied.

Vw = 4.17-10-4kg-m-3-K-3T3 - 0.343kg-m-3-K-2 T2 + 94.3kg-m-3-K-1 T - 765 kg-m-3
V = 2.30-10-7 kg-m-3-K-2 T2 - 2.18-1Q-4 kg-m^K-1 T + 0.959 kg-m-3
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3.6 Ice Cream Physical Properties

3.6.5 Thermal Conductivity

Thermal conductivity of ice cream is modelled by a combination of three elemen¬

tary models as proposed by Cogné et al. 72
.
The conductivity of the matrix phase

is predicted by a parallel model

^ =
/ y

£3 " ^3

the non-spherical ice crystals are included by the De Vries' model

1 - eD + eD F Ad

A =

- eD + eD- F

F =

1
3

= -Y
3

i

[i+ßH*l
y,93=
3

= i

with the conductivities of the continuous (matrix) phase Ac, disperse (ice) phase

Ad and three shape factors g3 set to |, | and | to account for the not fully spherical

shape of the ice crystals. Cogné et al. 71 found no big influence of different shape
factors for ice crystals if the ice cream contains air.

The influence of the spherical air cells is expressed by the Maxwell-Eucken

model103, which is a special case of De Vries' model with g3 = | V j G {1,2,3}

A = A
2\c + \D-2eD(\c-\D)

2Ac + \d + £d (Ac — Ad)

In this case the matrix with ice crystals is the continuous and the air cells are the

disperse phase.
The thermal conductivities of the matrix phase constituents are given by Choi

and Okos 68
as a function of temperature. For the ice phase Hobbs 149

gives

A,
488.19W-m"

T
0.4685 W-m_1-K-

which is consistent with the dependency quoted by Choi and Okos 68. The air

phase conductivity is calculated from Carroll et al. 54, which is also in agreement

with other sources186'273, while the pressure influence is neglected.

Figure 3.12 depicts the calculated thermal conductivity A for the standard

8 % milk fat ice cream with 0 and 100 % overrun as a function of temperature

in comparison with literature values. A higher overrun results in lower thermal

conductivity A. With increasing ice content (lower temperature) A increases as
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— - model (100 % ov)

— model ( 0 % ov)
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Figure 3.12: Thermal conductivity A of ice cream based on a model calculation

derived from Cogné et al. 72 for 0 and 100 % overrun and reference values from

literature11'71'249'320.

the conductivity of ice crystals is much higher than the one of the matrix phase.
Good agreement with the relationship given by Willix et al. 320 and measured

values from Bakshi et al. n is found. The values from Sastry and Datta 249 show

only a small influence of the overrun and the thermal conductivity increases as

the ice content decreases, which is unexpected. Cogné et al. 71
report slightly

higher values, which is probably due to the more needle shaped ice crystals in

their samples.

3.7 Flow Simulation

For the numerical simulations by Computational Fluid Dynamics (CFD) a com¬

mercial software package (Fluent 6.3.26, Fluent Inc., Lebanon NH, USA) based

on the finite volume method (FVM) is used. The geometries are created using a

CAD software (Inventor 10, Autodesk, Inc., San Rafael CA, USA) and meshes are

generated in a separate preprocessor (Gambit 2.3.16, Fluent Inc., Lebanon NH,

USA).
To approach a simulation of the LTE screw channel first a two dimensional case

is set up. It is used to obtain a suitable meshing and will also already provide
first indications on the flow conditions in the screw channel when neglecting the

axial flow components.

I yj i ' i ' r i ' r

S 05

A O O

J i I i L J i L
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3.7 Flow Simulation

Mesh Generation

First a mesh based on a 2D slice is generated m the x-y plane to test its param¬

eters with a smaller number of cells. The fluid volume is the space between the

screws and the barrel wall. The screws are treated solid bodies and are therefore

not meshed. When meshing the LTE screw channel the biggest difficulty is the

difference m length scale between the screw channel gap (14 mm gap) and the

clearance gap (100pm gap). In the small gap at least four cell layers are required
to obtain a reasonable solution. This is achieved by using a fixed size function110

with a start sizea of 0.025 mm, a growth rate of 1.2 and a size limit of 3.0 mm. The

size function is attached to the top of each screw flight. Since the extruder screws

are rotating and mtermesh during this dynamic remeshmg during the simulation

is required, which is m Fluent only possible when using triangular cells. The

described procedure results m a mesh of 7640 triangular cells (see Figure 3.13)
with a maximum skewnessb - a common quality-type definition - of Qeas < 0.51.

Overall this indicates a mesh of good to high quality.

Screw Rotation

Withm Fluent first the mesh has to be scaled appropriately. The rotation of the

screws around the z-axis is implemented as a compiled user defined function (UDF).
To facilitate the necessary remeshmg the dynamish mesh model is enabled with

the smoothing and remeshmg methods.

aWithin Gambit sizes are always dimensionless and scaling of the geometry occurs during

import into Fluent In this case unity equals 1 mm and therefore all sizes are converted for

clarity
bThe EquiAngle Skew is defined as

Qeas = max

180° - aeq «eq

where amax and amm are the maximum and minimum angles (in degrees) between the edges
of the element, and o.eq is the characteristic angle corresponding to an equilateral cell of

similar form For triangular and tetrahedral elements, aeq = 60 For quadrilateral and

hexahedral elements, aeq = 90 By definition 0 < Qeas < 1 where Qeas = 0 describes

an equilateral element, and Qeas = 1 describes a completely degenerate (poorly shaped)
element 109
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3 Materials and Methods

(a) Overview

(b) Detailed view of the clearance gap

Figure 3.13: 2D mesh around the LTE screws to model the volume filled by ice

cream in the process.
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4 Results

The results of this work will be presented according to the order of the manufac¬

turing process. First the characteristics of the ice cream mix are covered including
its foamability and foam stability in the unfrozen state. Afterwards the influence

of different homogenisation parameters on the ice cream mix and ice cream made

thereof are discussed. The investigations on LTE of ice cream are then presented
also covering the impact of variations in the recipe. Finally a deeper look is taken

at ice cream scooping.

4.1 Ice Cream Mix Characteristics

Several characteristics of the ice cream mixes are evaluated, partly to ensure com¬

parable starting conditions for the freezing process and partly to evaluate the

influence of variations in the mix on the structure of the final product.
The melting range of the butter and coconut fat is analysed, as those two are

the basis for several of the mixes used. From this the temperature range can be

estimated in which partially solid and liquid fat are present and thereby partial
coalescence of fat globules is possible. Interfacial rheology of ice cream mixes at

the mix/air interface is measured to access the contribution of different emulsifiers

(polysorbates and sorbitan esters) to foamability of the mix and foam stability in

the unfrozen, frozen and molten state. The rheological properties of the bulk

phase need to be known as well to estimate their effect on film drainage in the

foams. Knowledge of the fat globule sizes in the mixes is important as the degree
of fat agglomeration is calculated based on the maximum globule size in the ice

cream mix. All investigated ice cream mixes do not differ with respect to their

density (1120 ± 20 kg-m"3).

4.1.1 Melting Curves of the Fats

The two fats used for the ice cream production were characterised by DSC. Butter

fat shows smaller endothermic peaks in Figure 4.1, which indicate melting of the

fat (positive specific heat flows), starting from —15°C to —10°C on. One large

peak can be observed just below 0°C due to melting of the 18% water in the

butter. Above 34°C the sample is completely liquid. In contrast, the hardened

coconut fat starts melting in a temperature range of 5°C to 10 °C and has a rather
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4 Results

narrow melting range up to around 27 °C. The measured melting curves are shifted

to lower temperatures and crystallisation is significantly slower if the fat is an

emulsified state. In turn the MDG contained in the ice cream mixes may speed up

fat solidification259'309.
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Figure 4.1: Melting curves of butter fat and hardened coconut fat measured by
DSC. The large peak around 0°C is caused by the remaining water content in

the butter fat.

4.1.2 Rheology of Ice Cream Mix

Bulk Viscosity

The measured bulk flow behaviour of ice cream mixes at 4 °C containing 8 % but¬

ter fat or 8 % hardened coconut fat and different polysorbates or sorbitan esters

(Table 3.1) is described by power law (Equation 2.5) and Herschel-Bulkley (Equa¬
tion 2.6) models (see Table 4.1). As expected59'76, all ice cream mixes containing
stabilisers are shear thinning (flow index n < 1), whereas the mixes without sta¬

bilisers show Newtonian flow behaviour (n« 1). No significant difference between

the mixes is found when altering the emulsifier. The apparent viscosities at de¬

fined shear rates and the flow indices, calculated from the power law model, are in

agreement with literature values59, although here no higher viscosity is observed

for the mix containing no emulsifier. The temperature dependency can also be
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4.1 Ice Cream Mix Characteristics

Table 4.1: Rheological characteristics of butter fat and hardened coconut fat based

ice cream mix prepared with or without stabilisers.

Power law Herschel-Bulkley

To K n

^app

K n 7= 10 s"1

Pa-s" Pa Pa-s" Pa-s

with stabiliser

8 % butter fat 0.55 0.53 0.06 0.39 0.66 0.17

8 % coconutfat 0.97 0.50 0.18 0.47 0.77 0.27

w/o stabiliser

8 % butter fat 0.091 0.99 — — — 0.091

8 % coconutfat 0.030 1.00 — — — 0.030

modelled by an Arrhenius approach but is not included within this study as higher

temperatures are not relevant here. Cottrell et al. 76 found thermal activation en¬

ergies of 18kJ-mol—1 to 25kJ-mol—1 for the apparent viscosity.

For the mixes containing stabilisers the flow curves can better be fitted by a

Herschel-Bulkley than by a power-law model, which fails to predict the transition

towards Newtonian flow behaviour at high shear rates. Nevertheless also the power

law model is used in literature76.

Interfacial Rheology

The properties of the liquid-air interface are an important parameter for the aer¬

ation and foam stability. In order to access this the variations with time in the

interfacial shear viscosity rj\ and interfacial loss factor tan ö\ (ö\ being the interfa-

cial rigidity phase angle) are measured using oscillatory rheometry with a biconical

disc at a frequency u of Is-1 and a strain amplitude 7 of 1 %. The results for

the 8% butter fat ice cream mix (Table 3.1) are shown in Figures 4.2 and 4.3.

Since tan #1 is the ratio of the interfacial loss modulus G'{ to the interfacial storage

modulus G[, a larger value of tan^i implies either a smaller value of G[ or a larger
value of G'l indicating a more mobile interface. The ranges of interfacial shear

viscosity r]\ and loss factor tan^i shown in Figure 4.2 and Figure 4.3 can be clas¬

sified broadly into three groups for the surfactants: (i) Tween 85 has the highest
interfacial shear viscosity and loss factor, (ii) Span 20 and Span 80 have the lowest

interfacial shear viscosity and loss factor and (iii) Span 85, Tween 20, Tween 80

and surfactant-free ice cream mix (None) have medium interfacial shear viscosity
and loss factor. However, values of r]\ and tan^i for Tween 85 are almost an order

of magnitude higher than those for the rest of the surfactants and surfactant-free

ice cream mix. This indicates that the interface between air and the model emul-
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sion containing Tween 85 is highly viscous and much less elastic than that for

the rest of the cases. Tween 85 has three oleate side chains (see Table 3.2) which

increase the probability of their attachment to fat particles thereby weakening
the interfacial structure involving the proteins and reducing the elasticity of the

interface between air and the aqueous phase. In contrast, Tween 20 and 80 have

only one oleate chain resulting in less reduction in the interfacial elasticity.

time t / h

Figure 4.2: Variation with time in the interfacial shear viscosity rfi of ice cream mix

containing different nonionic surfactants measured by biconical disc interfacial

oscillatory rheometer. Lines represent the measured data, while symbols are

used to discriminate the samples.

4.1.3 Fat Globule Size

For the mixes prepared with MDG (see Table 3.1) a general trend to smaller parti¬
cles at higher emulsifier concentrations is observed in the mix after batch mixing,
but it mostly levels during high pressure homogenisation (£50,3 = 0.45 ± 0.03 pm,

^90,3 = 0.90 ± 0.07pm, x3)2 = 0.43 ± 0.02 pm). Still a minor influence of the MDG

emulsifier concentration can be observeda and the droplet size after homogenisa-

The X5o,3 ranges from 2.7urn to 7.5urn after batch mixing. For e.g. the mix prepared with

8% butter fat and partially unsaturated mono-/diglyerice (PUMDG) the mean particle size

^50,3 decreases as 4.44 urn, 3.45 urn to 2.72 urn before and 0.47 urn, 0.43 urn to 0.42 urn after

homogenisation at emulsifier concentrations of 0.1 %, 0.2% and 0.3% respectively.
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4.2 Foamability and Foam Stability
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Figure 4.3: Variation with time in the interfacial loss factor (tangent of the rigid¬

ity phase angle ö\) of ice cream mix containing different nonionic surfactants

measured by biconical disc interfacial oscillatory rheometer. Lines represent

the measured data, while symbols are used to discriminate the samples.

tion is not fully independent of the emulsifier useda. When using polysorbates,
sorbitan esters or no emulsifier in the same recipe similar fat globule sizes result

as with MDG.

Comparable fat globule sizes within the ice cream mixes for the foam column

trials (x50)3 = 0.47 ± 0.04pm, x90,3 = 1.13 ± 0.05pm, xiß = 0.46 ± 0.02pm)
are obtained by adjusting the homogenisation pressure of the Microfluidizer to

30 MPa.

4.2 Foamability and Foam Stability

Foamability and foam stability are investigated using two model systems and ice

cream mix. For the first one emulsion and one suspension of oil/fat in water

stabilised by proteins and small molecule emulsifiers is observed during foam for¬

mation, steady state and decay. The gained knowledge is then applied to ice

cream mixed and an extended physical model is applied to describe the decay of

the batch foams.

aIn contrast Goff et al. found no difference in the total surface (inversely proportional to

the Sauter mean diameter #2,3) upon emulsifier addition, but the differences reported here

might also be caused by the trends already present in the pre emulsion.
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Figure 4.4: Interfacial coalescence rates ip\ during foam growth of the emulsions

prepared with SMP and 4% sunflower oil. As reference the values for the

emulsions prepared without added emulsifiers are indicated by lines.

4.2.1 Model Systems

The foamability of the model emulsions based on SMP and sunflower oil with

different emulsifiers (MDGs and PGPR) is characterised by the steady state foam

height hs and the interfacial coalescence rate ipi (Equation 3.2) during the initial

linear phase of the foam growth. For the calculation the average air volume

fraction is assumed to be constant (e = 0.9) throughout the whole height of the

foam. Figure 4.4 depicts the changes of ipi as a function of the emulsifiers iodine

value and SMP concentration (2.5% and 5%). As reference values the rates for

only SMP based emulsions without additional emulsifier are also shown. Interfacial

coalescence rates for the two unsaturated emulsifiers (UMDG and PGPR) are lower

than the reference values, whereas those for the more saturated ones (SMDG and

PUMDG) are equal or higher compared to the reference. A general trend to lower

coalescence rates with decreasing emulsifier saturation is observed. The emulsions

prepared with the lower SMP content show twice as high coalescence rates as the

ones with 5% SMP (except the ones with SMDG). Table 4.2 additionally lists

the values for pure SMP solutions without oil or additional emulsifiers along with

the droplet sizes of the emulsions (expressed as Sauter mean :r3)2 and maximum

diameter £90,3). The steady state foam heights hs reached, correlate inversely with

the interfacial coalescence rates in most cases.
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4.2 Foamability and Foam Stability

Table 4.2: Droplet sizes, foam growth and foam decay parameters for the emulsion

model system prepared with SMP and varying additonal emulsifiers. The flow

rate per unit area for the foam growth is qa = 149mm-min_1.

Emulsion Foam Growth Foam Decay

X3,2 span3 V'i hs ?i
pm pm mm-min 1

mm mm-min 1

2.5% SMP 34.6 903.0 34.79

2.5% SMP/4%oil 1.86 2.05 98.1 888.0 1.60

SMDG 1.61 3.45 145.8 146.0 a

PUMDG 1.51 3.19 128.8 253.0 69.07

UMDG 1.69 3.10 95.8 823.0 54.57

PGPR 1.57 2.01 68.3 918.0 2.81

5% SMP 63.0 >9306 19.31

5% SMP/4 % oil 1.92 1.97 50.0 >9306 2.20

SMDG 1.34 2.57 49.8 508.0 46.38

PUMDG 0.90 2.64 67.5 313.0 58.92

UMDG 0.97 2.71 46.4 >9306 61.23

PGPR 2.11 2.27 36.9 913.0 4.04

"Because of the low foam height and fast coalescence no data for the decay could be obtained.

5Heights above 930 mm cannot be read off due to constraints in the foam column set up

used for the model emulsion trials.

Stability of these foams is investigated during decay experiments starting at

the steady state by cutting off the air supply. Average interfacial coalescence rates

0j are calculated over the whole decay observed from (3.6) by again assuming

s = 0.9. The emulsions without added emulsifier result in the most stable foams,
which collapse even slower (10 x to 20 x) than the pure SMP solutions. This clearly
indicates the foam stabilising effect of small fat droplets in this case. Emulsions

prepared with PGPR are also very stable as compared to the other three emulsifiers

among which no clear trend is observed.

In the second model system, a hardened coconut fat suspension, polysorbates
and sorbitan esters are used as emulsifiers. Since the foam growth was stopped
after 60 s in most cases to obtain standardised starting conditions for the decay
the results on the growth are restricted to this region. The characteristics derived

from 3 to 6 runs per emulsifier are shown in Table 4.3. The foam height increases

linearly within this time in all cases. The values reached after 55 s decrease as

the HLB value of the added emulsifier increases (181mm to 71mm). The highest
foam is obtained for the non surfactant case (216mm). This set of experiments

provides enough accuracy to take the drop of the liquid level into account and
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Figure 4.5: Interfacial coalescence rates ^j during foam decay of SMP stabilised

coconut fat suspensions and different polysorbates or sorbitan esters. As a

reference the surfactant free suspension is indicated by a line.

thereby calculate the air volume fraction ë in the foam. Again from Equation 3.2

the interfacial coalescence rate ipi is calculated based on linear fitting of the growth
curve. The surfactant free system shows the slowest coalescence (15.5mm-min_1).
In general the coalescence rates are inversely correlated to the observed foam

heights since the differences in ë are not too pronounced. The steady state foam

heights h§ range from 227 mm for Span 85 to 411mm for Tween 85. Without

surfactant, more than 1000 mm foam are built up, which exceeds the height of the

column.

Foam decay is again modelled by Equation 3.6, since no information on bub¬

ble sizes is available. The porosity of the foam ë at the start of the decay is used

throughout the whole time period, which equals the value after 60s growth. The

resulting parameters are listed in Table 4.3 as well. The slowest decay correspond¬

ing to the lowest interfacial coalescence rate ^j is again observed for the emulsifier

free system (23.4mm-min_1). A good direct relationship between the HLB of the

used emulsifier and the interfacial coalescence rate is found (see also Figure 4.5).

The fat particle size measurements of the emulsion before foaming and samples
taken from the top of the foam and the liquid pool clearly show two effects. First

the fat particles are comparably large already at the beginning and agglomerate
further during foaming and, second especially, the larger fat particles are flotated

towards the top of the foam (see maximum fat particle diameter £90,3 in Table 4.3).
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4.2 Foamability and Foam Stability

Table 4.3: Foam growth and decay parameters for the coconut fat suspension

model system containing different polysorbates or sorbitan esters. The particle
sizes before and after foaming are listed as well.

None Span Tween

20 40 85 20 80

HLB value 8.6 6.7 1.8 16.7 15

Foam growth

h(55s) mm 216 119 127 181 118 71

ë 0.97 0.98 0.94 0.96 0.96 0.82

V>i mm-min"1 15.5 111.9 119.1 46.2 141.2 187.2

hs mm >1000a 227 293 411 300 356

Foam decay

V'i mm-min-1 23.4 63.0 109.7 147.4 44.3 50.7

Fat particles (^90,3)
Emulsion pm 7.9 18.2 6.2 7.2 57.5 53.5

Top foam pm 7.3 54.6 25.1 22.2 89.0 64.5

Liquid pm 8.7 13.6 11.3 27.0 17.8 42.5

"Limited by the height of the column.

This is unique for the coconut suspensions among the systems investigated in the

foam column, as in all other cases no agglomeration is observed. The fat particles
in the suspension are already larger prior to foaming and are stronger flotated to

the top of the foam and flocculate there due to the denser packing, which results

in agglomeration.

4.2.2 Ice Cream Mix

The investigation on the foamability of ice cream mixes is based on the expe¬

rience gained with the model systems. Additionally, to recording the foam and

liquid heights during foam growth and decay, the temporal evolution of bubble

size distributions during the decay of batch foams is measured by still photogra¬

phy and image analysis. Models published in literature160'197 are used to interpret

the stability of the foams in terms of inter-bubble and interfacial coalescence dur¬

ing foam formation and decay. These are further corroborated by the interfacial

elasticity and interfacial shear viscosity measured using a biconical disc interfacial

rheometer.
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Figure 4.6: Experimental (symbols) increase in height of 8% butter fat ice cream

mix foam with respect to time during its growth compared with that fitted

(lines) by the model.

Fat Particle Size Distribution

The fat particle sizes of the seven different ice cream mixes show no significant
differences independent of the emulsifier used. The particle Sauter mean diameter

£3,2 is 0.44±0.01 pm. Additional fat particle size distributions were also measured

in samples taken from the liquid pool, the bottom and the top of the foam after the

foam growth experiments and from the liquid pool after the decay experiments. In

all cases no change due to agglomeration or aggregation compared to the original
solution could be detected independent of the emulsifier.

Especially Tween 80 is known to induce partial coalescence in ice cream prod¬
ucts29'126'132'212. Usually high shear forces are needed to detach parts of the fat

globule membrane or overcome the steric hinderance and thereby destabilise the

emulsion121. During aeration in the foam column the ice cream mix is treated

very gentle, the membrane stays intact and prevents agglomeration of the fat.

Growth of Foams

The increase foam height as a function of time during the growth of the foam at

a constant volume rate per unit area of flow of air qa = 235 mm-min-1 is shown in

Figure 4.6 for aqueous foaming suspensions containing different nonionic surfac¬

tants. It can be seen in all the cases that the foam height increases linearly with

time t initially until a certain time £l indicating that the interfacial coalescence

rate ifii is negligible so that Equation 3.2 reduces to
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dh

^d~t=^

which integrates to give the linear increase in foam height with respect to time as

for t < £l during which the volume fraction of air is ëi. However, after time ti,

the rate of increase in the foam height decreases with time indicating that the

interfacial coalescence rate ipi increases from a value of zero to a value of qa when

steady-state is reached corresponding to the foam height h§ when t is large. Thus

tpi can be assumed to be given by

V'i = Qa.

t2
1

(t-tL + tc)2

in which tc is a time constant. Substituting this in Equation 3.2 and integrating
with the boundary condition that h = hi when t = ti gives

h = hL + (hs- hL)
(t ~ th)

(t-tL + tc)

where tc = (hs — hi)ë/q and hi, = qa ti/ëi. Table 4.4 lists the values of the

model parameters obtained by fitting the experimental foam growth data shown

in Figure 4.6.

Foams at Steady-State

The increase in the mean diameter of bubbles along the height of the foam at

steady-state is shown in Figure 4.7. This indicates that the steady-state foam can

be divided into two regions: (i) a bottom region in which the mean bubble diameter

is almost constant over a more than half of the height of the foam involving

virtually no inter-bubble coalescence and (ii) a top region in which the mean

bubble diameter increases due to inter-bubble coalescence. In the first region, the

films are thick. They thin along the height of the foam towards the top in the

second region.
Table 4.4 lists the experimental values of the height hs of the foam at steady-

state using different foaming emulsions at a volume flow rate of air per unit area

of qa = 235 mm-min-1. The corresponding values of the mean volume fraction

ë and the residence time tp_g = ë hs/qa of the air bubbles in the foam are also

listed since 750 ml of the emulsion is present in each of these foams. The mean

residence time of bubbles can be seen to lie between 2 min and 4 min. This would
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Table 4.4: Model parameters for growth of ice cream mix foams containing dif¬

ferent nonionic surfactants. Subscript S denotes steady-state value. Aïs is the

mean thickness of the plateau borders of the liquid films draining at the top

interface.

Parameter None Span Tween

20 80 85 20 80 85

Growth

Measured

qa mm-min-1 235 235 235 235 235 235 235

Fitted

ti min 1.8 1.16 1.13 1.935 1.322 1.092 1.777

£l 0.799 0.714 0.757 0.802 0.761 0.72 0.785

tc min 1.672 1.421 1.577 1.139 2.055 2.279 0.328

hs mm 990 850 840 900 1000 1100 630

Steady-state
Measured

qa mm-min-1 235 235 235 235 235 235 235

hs mm 978 830 828 863 968 1018 568

xbis mm 5.25 3.31 3.92 2.33 5.15 6.60 1.89

Ais pm 933 717 748 907 798 780 536

Calculated

i)is ms 600 564 668 397 877 1124 321

ë 0.90 0.885 0.885 0.90 0.90 0.91 0.83

tRS min 3.76 3.13 3.12 3.27 3.71 3.93 2.01

determine the interfacial state of the bubbles in the sense of how their surface

is covered by the protein, fat particles and the emulsifier. Both emulsifiers and

proteins are amphiphilic and surface active but the former usually diffuse faster

than the latter and adsorb at the surface of the air bubbles. The interaction be¬

tween protein and fat particles and how this is affected by each of the emulsifiers

is determined during the ageing of these emulsions for over 12 h, as mentioned in

section 3.3.4. At steady-state, the volume rate of coalescence of bubbles with their

bulk homophase per unit area ipi§ at the top interface equals the volume rate of

flow of air per unit area qa entering the foam. The foamability of the emulsion

containing no emulsifier (denoted as None in Table 4.4) is seen to be high as in¬

dicated by the experimental value of h§ = 978 mm. As already mentioned, Gelin

et al. 117 observed the concentration of unadsorbed proteins to increase steadily

during aging of the emulsions containing no emulsifiers. Since the aging of the

80



4.2 Foamability and Foam Stability

6 -

5 -

& 4 -

"O

X!

3 -

2 -

1 -

I i i i i i i i

•
-

X none

A Span 20

o Span 80
A x

D Span 85

- A Tween 20
-

- • Tween 80
o

#
-

-

Tween 85

A
* -

-

x
•

-B CA
°ro.D*.°-°iD

-

i , i , i , i

200 400 600

height along foam h / mm

800 1000

Figure 4.7: Experimental increase in average air bubble diameter £50,0 along the

height of ice cream mix foam at steady-state.

emulsion is usually carried out at a low temperature (4°C in the present experi¬

ments), crystallisation of fat occurs. Brooker 42 showed that crystallised fat lowers

the surface concentration of adsorbed proteins. Consequently, the concentration of

proteins increases in the emulsion, which diffuse to the surface of the air bubbles

stabilizing them against coalescence resulting in high values of h§. The emul¬

sions containing Spans 20, 80 and 85 can be seen to reduce the foamability as

reflected by the smaller values (830mm, 828mm and 863mm) of hs- This could

be due to the fact that the Spans 20, 80 and 85 are virtually insoluble in the

aqueous phase as reflected by the low HLB values listed in Table 3.2. As shown

by Brooker42 emulsifiers, which are water-insoluble but oil-soluble, increase the

protein adsorption on the surface of fat. This would then lead to the reduction

in the concentration of proteins not only in the aqueous phase but also at the

surface of the bubbles thereby enhancing bubble coalescence and reducing the

values of h§. In contrast, the foamability of the emulsion containing Tweens 20

is not affected significantly (h§ = 968 mm). The addition of Tween 80 results in

a higher foam (1018 mm) compared to all other samples, which is in agreement

with Baer et al. 8 who found improved whippability of ice cream mix containing
this emulsifier. Tweens 20 and 80 are highly soluble in the aqueous phase, as

indicated by the high HLB values. As the actual concentrations of these Tweens

used are at least about an order of magnitude larger than the cmc values listed in

Table 3.2, one could expect the presence of micelles or micelle aggregates. Gelin
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et al. 118 and Goff et al. 126 showed that Tween 80 reduces the coverage of pro¬

teins on the surface of fat globules implying an increase in the concentration of

proteins in the aqueous phase and at the surface of the air bubbles. This results in

reduction of bubble coalescence, which is similar to the case when no emulsifier is

present in the emulsion. However, Tween 85 reduced the foamability significantly,
as reflected by the small foam height hs = 568 mm. The HLB value of Tween 85

can be seen from Table 3.2 to be less than that for Tweens 20 and 80 indicating
that the former is moderately soluble both in water and oil. As discussed above

oil soluble emulsifiers reduce the protein concentration in emulsion during aging

by increasing the coverage of protein on the surface of fat globule. In addition,
Tween 85 present in the aqueous phase could interact with the protein and bridge
fat particles. This could lead to reduced elasticity of the interface between air and

emulsion, which is in fact observed experimentally as discussed in the previous

section. The elasticity of the bubbles for this case is the lowest due to the highest
interfacial loss factor (Figure 4.3) resulting in rapid coalescence. The elasticity of

interface between the air and aqueous phases is, even at small time scales such

as a couple of minutes, which is the residence time tus of the air bubbles in the

steady-state foam as listed in Table 4.4. The mean bubble diameter Xbis at the top

coalescing interface where S\ = 1 is the smallest (1.89 mm) and the corresponding
interfacial coalescence time i)\s listed in Table 4.4 is the lowest (321 ms). The films

are thin, as indicated by the lowest value (536 pm) of the plateau border thickness

Aïs at steady-state.

It is important to consider the role of fat particles in the coalescence of air

bubbles. Joshi et al. 160 showed that an optimum particle size exists even for

hydrophobic particles to act as antifoams since very small particles do not bridge

relatively thick liquid films between air bubbles or an air bubble and bulk air. In

the present case, the mean diameter of fat particles in the emulsions is less than

about 440 nm, which is much smaller than the several micrometer thick liquid
films. Thus these very small fat particles could be carried away into the plateau
borders by the draining liquid films. Furthermore, the fat particles in all types

of emulsions considered above are invariably covered by the proteins, the extent

of coverage being dependent on the type of emulsifier. Thus these fat particles

are usually hydrophilic so that the contact angle is low and they do not act as

antifoams and do not enhance bubble coalescence even if the fat particles bridge
the liquid films between two air bubbles (or an air bubble and bulk air at the top

of the foam) when they thin to very small thickness.

The mechanisms involved in describing the foamability of the above emulsions

cannot be exactly described in view of the complex physicochemical nature of the

kinetics of the interactions between the many ingredients present in colloidal and

particulate forms and the kinetics of their interaction at the air bubble interfaces.

In addition, the complex kinetics of hydrodynamics and interfacial rheology also

contribute to the mechanisms. Thus the above explanations are qualitative.
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Stability of Batch Decaying Foams

The increase, with respect to time t, in the average bubble diameter x\> at the

top air interface due to binary coalescence measured (symbols) during the decay
of foams formed using ice cream mix containing different nonionic surfactants is

shown in Figure 4.8. The lines show the corresponding variation obtained by

fitting the data to the theoretical model (see Equation 3.5) with the values of the

incubation time to and growth rate index b being listed in Table 4.5. Figure 4.9

shows the experimental (symbols) decrease with respect to time in the fractional

foam height h/hç, during the decay of the foams for the ice cream mix defined

in Figure 4.8. The corresponding variations obtained by the theoretical model

(Equation 3.8) using the fitted values of c listed in Table 4.5 are represented by
the lines. The values of t0 obtained using the bubble size growth data in Figure 4.8

are used.
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4 Results

It can be seen that the batch foams formed using the Spans 20 and 80 are less

stable in the sense that they decay completely in a time (about 30 min) less than

that (about 45 min) formed using the emulsifier free mix (None). However, the

foam formed using emulsion containing Span 85 is slightly more stable than the

foam formed using no emulsifier. Thus, in general, the foams formed using the

ice cream mix containing the Spans are less stable than those formed using the

Tweens. The calculated interfacial coalescence rates ip\ for the Spans are much

higher than those for the Tweens. The corresponding values of the interfacial and

inter-bubble coalescence times for the Spans are much shorter than those for the

Tweens. Figure 4.8 shows that the bubbles in the foams of Spans grow much faster

and larger than those for in the foams with the Tweens.

4.2.3 Conclusions

The heights of foams formed at steady-state due to continuous flow of air bubbles

at a constant volume rate through a pool of the test solution in a foam column are

measured. A significant influence of the added emulsifier is observed in both model

systems and ice cream mix. In the milk protein stabilised emulsions saturated

MDGs destabilised the foams, while higher unsaturated emulsifiers can even slightly

improve the stability. In the tests with the coconut suspensions a general trend

to higher interfacial coalescence rates at lower HLB of the used polysorbates and

sorbitane esters is observed.

In ice cream mix Spans 20, 80 and 85 (monolaurate, monooleate and trioleate

of sorbitan) which are less water-soluble but more oil-soluble, reduced significantly
the foamability due to enhancement of bubble coalescence. Although Tween 85

(Polyoxyethylene sorbitan trioleate) is moderately water soluble, it decreased the

foamability even more significantly than the Spans. This is a consequence of en¬

hancement of bubble coalescence by the weakened network of proteins, emulsifier

and fat particles due to bridging by the three oleates present in Tween 85. The

weakened state of the protein and fat network is corroborated by the lowest in¬

terfacial elasticity of the air-aqueous phase interface measured using a biconical

disc oscillatory rheometer. The Spans reduced the stability of the batch decaying
foams as the bubbles coalesced rapidly with bulk air, while the Tweens increased

the foam stability. This trend is in good agreement with results gained using the

coconut fat suspension as a model system for ice cream mix.
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4.3 Homogenisation Parameters

Homogenising ice cream mix at lower temperatures than the common 75 °C to 85 °C

increases the stresses acting on the fat globules due to the higher mix viscosities

coupled with starting fat crystallization and thereby can induce flocculation and

partial coalescence of the fat. In the following, the influence of homogenisation

temperatures between 15 °C and 75 °C is systematically investigated at homogeni¬
sation pressures of 12 MPa and 25 MPa.

4.3.1 Fat Agglomeration

Homogenisation of ice cream mix at the typical pasteurisation temperatures above

75 °C does not lead to any agglomeration or clustering of fat globules. Cooling of

the ice cream mix between pasteurisation and homogenisation leads to fat ag¬

glomeration in the ice cream mix after homogenisation as depicted in Figure 4.10.

Highest volume fractions (up to $a = 0.98) of fat agglomerates are reached when

homogenising the mix at 15 °C to 45 °C. With increasing temperature above 45 °C

less fat is aggregated and $a drops to zero at 75 °C. Homogenising below 15 °C

also results in less fat agglomeration compared to the intermediate temperature

range. A tendency of more agglomerated fat at higher homogenisation pressure

(pu = 25 MPa compared to pu = 12 MPa) is visible. These results are in agreement
with Dahle and Barnhardt 79 who detected more fat clumping when homogenising
ice cream mix at 65 °C as compared to processing at 80 °C.

A distinct maximum of the maximum size of the fat agglomerates formed,

expressed by the £90,3, is found at homogenisation temperatures between 25 °C

and 35 °C with values up to £90,3 = 28 pm. For the reference homogenised at

75 °C smaller fat globules were generated at the higher pressure, the maximum

diameter £90,3 decreased from 1.2 pm to 0.8 pm upon roughly doubling the pressure

to 25 MPa. In general higher volume fractions of agglomerates fat $a in the mix

correlate well with larger agglomerates.
In contrast the degree of fat agglomeration in the ice cream after freez¬

ing is highest for the ice cream mixes homogenised at the lowest temperature

($A = 0.49) and decreases steadily with increasing homogenisation temperature

Tu towards a plateau around $a = 0.1 which is in the typical range for freezer

ice cream. Except for the reference homogenised at Tu = 75 °C the volume frac¬

tion of agglomerates in the ice cream mix is higher than in the final ice cream,

indicating agglomerate breakup rather than further agglomeration in the freezer.

This is underlined by the maximum size of the agglomerates, which is cut down to

below 5 pm during the freezing process for all mixes homogenised at temperatures

above 25 pm. Those processed at lower temperatures show significant growth of

the agglomerates up to a size of 70 pm, which is not favourable any more. No clear

differences between the two homogenisation pressures investigated are apparent
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any more after freezing the mixes except for those homogenised below 15 °C where

larger agglomerates are found for the lower homogenisation pressure.

Ice cream mixes homogenised at temperatures between 25 °C and 55 °C form

an instable gel during cooling, which can easily be broken by stirring. Gentle

agitation during cooling and ageing prevents this viscosity increase completely.
Mixes lacking either egg yolk, stabiliser or the special milk protein in their recipe

(compare Table 3.3) show this gelling as well indicating a network of weakly ag¬

gregated fat to be responsible for this behaviour. Pronounced viscosity increases

at very low shear rates are also attributed to fat clustering by Sherman 255.

These aggregates are probably formed by accretion of surfactant covered

droplets rather than by partial coalescence of fat as it is commonly the case during

freezing. The gel reassembles after breakage, even at a constant temperature of

4°C. Therefore liquid or crystalline fat bridges between fat globules can be ex¬

cluded as the reason. As Oortwijn and Walstra 217
pointed out homogenisation at

lowered temperatures leads to an increased coverage of the fat globules with pro¬

teins, which would even further hinder agglomeration but also reduce the available

free protein in the matrix phase. Therefore clustering by sharing of surfactants

like casein micelles, as described by Ogden et al. 214, can be considered as a prob¬
able mechanism for the observed flocculation. Because of the weak structure of

these flocculates, they can only partly be detected by laser diffraction, as they
are broken into smaller units by the shear forces applied during the measurement.

During freezing the higher shear forces in the freezer disrupt those loose flocculates

partly, but in turn also start to build up agglomerates.

4.3.2 Meltdown Resistance

The resistance to meltdown of ice cream samples manufactured with different ho¬

mogenisation parameters is expressed by the fractional weight loss after 1 h in

Figure 4.11. The slowest meltdown is found in the intermediate range of ho¬

mogenisation temperatures. Below Tu = 25 °C and above Tu = 55 °C samples
melt faster with sinking and increasing homogenisation temperature respectively.
Those processed at a pressure of 25 MPa show faster melting in the high temper¬

ature range, whereas they melt slightly slower if homogenised below 45°C. The

shape retention during meltdown is monitored automatically by camera images
of the samples (see Figure 4.13) and can be characterised e. g. by the volume re¬

maining on the mesh after certain times as depicted in Figure 4.12. Lower mix

temperatures during homogenisation result in a better shape retention. Espe¬

cially the sample produced at 75 °C and 250 bar is already completely molten after

slightly more than one hour, while for the other temperatures a residue is still

present after four hours. The results for both applied homogenisation pressures

show no systematic differences.
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Figure 4.13: Images of the ice cream samples homogenised at 250 bar and different

temperatures Tu during meltdown testing.
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Heat shock treatment during 5 and 10 cycles (see section 3.5.2) has only neg¬

ligible influence on the meltdown characteristics.

4.3.3 Creaminess

The creaminess of ice cream samples produced with the different homogenisation

parameters is characterised by OTR and sensory evaluation. In the rheological
measurements the level of creaminess is correlated to the plateau of the loss mod¬

ulus in the molten regime G". A decrease by more than one order of magnitude
is observed as the homogenisation temperature increases from 25 °C to 75 °C (Fig¬
ure 4.14). At lower temperatures a slightly decreasing creaminess is observed. No

consistent trends between the two homogenisation pressures applied are found.

The results of the sensory evaluation are shown in Table 4.6. Within the

ranking the most creamy sample has rank one and the least creamy corresponds
to rank six. All samples produced with lowered homogenisation temperature Tu

differ significantly (p<0.05) from the reference standard (pu = 25 MPa, tu = 75 °C,
rank 5.1) and are ranked higher regarding their creaminess (2.6 to 4.0). The five

more creamy samples do not all differ significantly, as is also apparent by the

rankings of 2.6 and 3.7 for two samples produced at identical process parameters.

The low score for the sample homogenised at 15 °C was quite often accompanied by
remarks on a buttery impression by the panellists indication large fat agglomerates

(compare Figure 4.10).

4.3.4 Conclusions

A significant influence of the homogenisation temperature on the degree of fat

agglomeration is observed in the ice cream mix and frozen product. An optimum

regarding fat networking and meltdown resistance along with high creaminess

scores is found in the intermediate homogenisation temperature range of 25 °C to

45 °C.

Lowering the common processing temperatures leads to higher agglomerate
volume fractions in the mix, which is consistent with the observation of partially

crystalline fat being required for partial agglomeration to occur34'126'298. The pro¬

nounced fat agglomeration especially at very low homogenisation temperatures

is expected to provide good meltdown resistance. Nevertheless samples of mixes

homogenised in the intermediate temperature ranges lead to the most beneficial

results with respect to this characteristic. The higher mix viscosities observed

in this range do not cause difficulties during further processing. As mechanism

different structures of the agglomerated fat are proposed. At high homogenisation

temperatures only loose flocculates are formed during homogenisation. They are

easily broken during freezing and in the final product no improved fat agglom¬
erate network is formed, which would enhance the meltdown resistance. When
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Figure 4.14: Level of the creaminess plateau Gg measured by OTR of ice cream

plotted as a function of the homogenisation temperature Tu of the ice cream

mix.

Table 4.6: Creaminess of ice cream samples produced with different homogenisa¬
tion temperatures Tu and pressures pu evaluated by a sensory panel. Ranks

are evaluated by a sensory panel with 1 being most an 6 the least creamy.

Pu Tu sensory creaminess ranking

120 45 2.6

250 25 2.6

250 45 3.1

120 45 3.7

120 15 4.0

250 75 5.1

highest creaminess

lowest creaminess
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processing the mix at low temperatures very large, but compact fat agglomerates
are formed upon freezing, which do not form a network throughout the sample
and therefore do not improve the meltdown stability, as it is the case in the inter¬

mediate temperature range.

4.4 Low Temperature Extrusion of Ice Cream

The influence of different process parameters on the LTE process is mainly in¬

vestigated by freezing a standard 8% milk fat ice cream mix (Table 3.4). This

process involves two consecutive steps, a conventional freezer and a co-rotating
twin screw extruder. Therefore the process conditions of the first stage have to be

fixed in most cases in order to obtain comparable inlet parameters for the second

stage. The conventional freezer is operated at a mix flow rate Vmix of 46 ± 41-h-1,
a cooling temperature Tc of — 25 °C and an overrun setting of 100% resulting in

an outlet temperature of —5.0 ± 0.2 °C. The pressure inside the freezer depends

strongly on the backpressure imposed by the LTE due to the direct coupling of

both process steps. The energy dissipation of the ice cream pump and heat trans¬

fer from the environment along the transfer pipe from the freezer to the LTE the

product's temperature increases by around 0.45 K until it enters the second stage.

The investigation of the LTE process parameters is divided into three main sec¬

tions. First, the relationships between integral process characteristics like outlet

temperature or power consumption are discussed. In a second step, the tempera¬

ture and shear rates along the screw channel are investigated. Finally, the outlet

die is examined which combines the flows from the two screws.

4.4.1 Process Characterisation

Integral

The LTE outlet temperature Tout depends on the ice cream's overrun, barrel wall

temperature Tc, the screw rotational speed N and volumetric mix flow rate Vmix.

The inlet temperature is not found to have a significant impact, but, of course,

it influences the microstructure entering the LTE. Figure 4.15 shows the relation

between the measured outlet temperature Tout, the cooling temperature Tc (corre¬
sponding to the wall temperature of the extruder barrel) and the rotational speed
of the screws N.

With decreasing cooling temperature the LTE outlet temperature decreases in

general, but levels out below around — 32 °C. Higher screw rotational speeds cause

more energy dissipation and therefore result in higher outlet temperatures. The

lowest outlet temperatures reached are slightly below — 15°C. A good agreement

with the results of Wildmoser 312 for corresponding process parameters is found.

The levelling at low cooling temperatures is caused by the limited heat withdrawal
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Figure 4.15: Outlet temperature Tout of the LTE process as a function of the set

cooling temperature Tc and the screw rotational speed N.

through the barrel wall. At low temperatures, the ice cream viscosity and therefore

also the viscous energy dissipation increases. If an equilibrium between dissipated
and removed energy is approached the ice cream cannot be cooled down any

further. Additionally, below — 32 °C a glass transition of the mix can occur in a

thin layer at the barrel wall, which further increases the dissipated energy due to

the viscosity increase by several orders of magnitude.
The influence of the inlet temperature could not be investigated because of

the very limited range of values and is not expected to have a very big influence

as the temperature profile within the screw channels flattens towards the end (see
Figure 4.20 below).

The power consumption of the drive (corrected by an idle run) increases as the

outlet temperature decreases (see Figure 4.16), due to the increasing ice cream

viscosity at lower temperatures. To characterise the power consumption of the

process the Newton number Ne (also termed power number) is used, which de¬

scribes the ratio of the mechanical driving force and the inertia force. It can be

expressed as

p n3 D5

where P is the power input, p is the density, N is the screw rotational speed and

D is the diameter of the screw shaft. The ratio between the inertia and viscous
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forces is defined as the Reynolds number

Re =
7T • n D s p

V

(4.2)

in which (n n D) is used as characteristic velocity (speed of the screw shaft

surface). The the channel height s is used as characteristic length and rj is the

temperature and shear dependent ice cream viscosity within the last part of the

screwa. The density is calculated from the overrun measured at the outlet cor¬

rected by the pressure at the end of the screws to account for the compression of

the air phase.
The dissipated power P, measured by the energy consumption of the drive

and corrected by an idle motion, correlates well (R2 = 0.97) with the calculated

viscous power dissipation, which is proportional to rj y2 (see Figure 4.17).
Based on the Newton and Reynolds numbers (Ne and Re) the power char¬

acteristic of the LTE process can be plotted in the range relevant for ice cream

processing (see Figure 4.18). By fitting a power law the slope in the bi-logarithmic

plot can be computed as -0.93 (R2 = 0.93). A slope of -1 indicates laminar flow

aThe used viscosity model for ice cream (see section 3.6.2) is based on measurements of ice

cream with 100 % overrun. Due to the compression of the air phase inside the extruder the

effective overrun is reduced and the viscosity increases. This deviation is neglected in the

calculations.
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Figure 4.17: Correlation between the measured energy consumption of the LTE

drive and the viscous power dissipation (proportional to rj y2).

and a slope of zero would stand for turbulent flow at higher Reynolds numbers

with a transition region (slope — |) in between. Thus the flow in the LTE is clearly
in the laminar regime and

Ae-i?e = 60-103±6-103 (4.3)

is valid.

In order to transfer the Metzner-Otto scheme201 to the LTE process the vis¬

cosity model for ice cream has to be simplified further. By coupling the power

law model from Equation 2.5 to an Arrhenius approach for K (Equation 2.7) and

still a reasonable fitting of the data measured by Wildmoser 312 is possible. Again
a temperature independent flow exponent of n = 0.60 is used and an activation

energy of Ea,k = 338kJ/mol is found. By combining Equation 4.3 with (4.1),
(4.2) and (2.5) a representative shear rate yr can be calculated

.

_

/ P-7T- S

7r~
\K(T) n2 D4 d

which depends both on the screw rotational speed and the temperature.

Representative shear rates yr in the range from 2.3 s_1 to 19.5 s_1 result. For

two selected temperature ranges (13 ± 1°C and 15 ± 1°C) in the last part of the

screw channel the shear rates are depicted in Figure 4.19 as a function of the

screw rotational speed N. The grouping of data points is necessary to account for
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4.4 Low Temperature Extrusion of Ice Cream

the changes in viscosity with temperature. The slopes of a linear approximation

represents the stirrer constant K* in the Metzner-Otto scheme. For the lower tem¬

perature a higher constant K* = 70 is found as compared with the warmer and

therefore less viscous product (K* = 41). In theory the stirrer constant should be

independent of the fluids viscosity. The found temperature and thereby also vis¬

cosity dependency is probably caused by the different temperature profiles along
the screw channel in the two ranges (compare Figure 4.20) which also result in

a nonlinear viscosity profile from extruder inlet to outlet. This gradient has to

be neglected by the Metzner-Otto approach as only one representative temper¬

ature for the viscosity calculation is chosen and the situation at the end of the

screw channel is not fully representative for the whole apparatus. Nevertheless

the calculated stirrer constants K* provide valuable information with respect to

the scaling of the process.

Screw Channel

The local product temperatures along the extruder barrel can be measured by

removing the screws from the machine after process shutdown and inserting Pt-100

elements (see section 3.2.1). The ice cream temperature decreases from the inlet

temperature (—3.9°C) towards an outlet temperature which strongly depends on

the adjusted evaporation temperature of the refrigerant (see Figure 4.20) and the

screw rotational speed. By decreasing the cooling temperature Tc from —25.2°C

to —33.7°C the outlet temperature can be lowered from —11.2°C to —13.0°C

(at n = 15r-min-1). Between the end of the screw and the extruder exit the

temperature rises again by around 1.5 °C caused by of the energy dissipation in

the outlet die, which is not cooled by the refrigerant (see below). Lower cooling

temperatures result in a faster temperature decrease in the first third of the barrel

length and overall lower temperatures. In the second half of the extruder, a

levelling off can be observed in the temperature profiles, which is more pronounced
at lower cooling temperatures.

The overrun in ice cream also has an influence on the cooling efficiency in

the LTE system. The temperature profiles for ice cream produced at 89%, 67%

and 52% overrun are compared in Figure 4.21 (n = 15r-min_1, Tc = —32°C). A

lower overrun results in lower temperatures along the screws. Since the thermal

conductivity of air is much less than that of the matrix phase and ice crystals,
a higher overrun decreases the overall heat conductivity of ice cream. In turn,

the density of air is much lower than that of the other constituents of ice cream

and therefore the overall volume specific heat capacity is reduced by increasing

overrun and less heat withdrawal is required to cool down the ice cream. The

lower temperatures obtained at lower overruns clearly indicate the products heat

conductivity as the limiting factor within LTE.
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Figure 4.20: Temperature profiles along the LTE screws at different cooling tem¬

peratures Tc and a constant screw rotational speed N of 15 r-min-1. Open

symbols indicate the values measured at the LTE entrance and outlet.

The LTE screw channel can to some extent be simplified as a concentric cylinder

geometry with a cylindrical shaft rotating in a barrel when neglecting the helical

screw flights. In the case of wide gaps (rjr0 < 0.97) the shear rate at the inner

cylinder wall y^ can be calculated by312

7, =
**

, (4.4)

-O-oo)
with the angular velocity of the rotor uY (52 s_1 for the freezer), the non-Newtonian

flow index n (0.7 for ice cream312) and the radii ratio of the barrel R0 and screw

core Rl (0.78 for the freezer, 0.56 for the LTE with 14 mm screw channel height s).
By combining the shear rates with local temperatures and the ice cream vis¬

cosity model (see section 3.6.2), the local shear stresses t\ close to the freezer

outlet (approximately 2300 Pa) and along the LTE screws can be calculated. The

shear stresses within the screw channel gap are used as representative values

throughout this work, while neglecting the three other zonesa. The shear stresses

aAs calculated by Wildmoser 312 the intermeshing zone (investigated for the tangential gap

between the flight flanks) between the two screws does not contribute significantly to the

total dissipated power of the process and can therefore be neglected, although it produces
the good mixing behaviour and resulting product homogeneity. The power dissipated in the
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Figure 4.21: Temperature profiles along the LTE screws at different overrun set¬

tings. Open symbols indicate the values measured at the entrance and outlet

of the LTE.

resulting from Equation 4.4 for the temperature profiles measured at different

Tc settings (Figure 4.20) are depicted in Figure 4.22 as a function of the posi¬
tion along the screw. As a reference the shear stress acting in the conventional

freezer close to its outlet is also showna. For the two higher cooling temperatures

(—25.2°C and —29.5°C) the calculated stresses fit well to exponential dependen¬
cies (r = a exp(6 • x), R2 = 0.99) and higher stress gradients are obtained at a

lower cooling temperature. For the lowest wall temperature —33.7°C the stresses

increase steeply in within the first half of the screw channel and level out towards

the end in accordance with the temperature profile (compare Figure 4.20). Close

to the glass transition temperature of the ice cream mix T1 = 31.8 °C its viscos¬

ity increases by several orders of magnitude close to the barrel wall and energy

dissipation in this region increases accordingly. Thus further cooling down of the

product is limited to some extent, also by the glass transition of the ice cream

mix.

narrow screw clearance gaps between the flight lands and the barrel wall is about half as

compared to the dissipation in the screw channel over a wide range of extruder rotational

speeds. Therefore the ratio between both can be assumed to be constant which should also

hold for the shear stresses if the screw geometry is fixed.

JThe shear stress in the freezer is calculated from the viscosity at —5 °C and a shear rate 7 of

295 s_1 from Equation 4.4.
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Figure 4.22: Local shear stresses within the LTE calculated from the ice cream

viscosity model as a function of the cooling temperature Tc. As reference, the

shear stress acting close to the freezer outlet is also plotted.

Outlet Die

In the outlet die the flows from the twin screws are combined (see Figure 4.23).
The coupled energy dissipation increases the product temperature by about 1.5 °C

independent of the die inlet temperature Tdie in the range investigateda (see Fig¬

ure 4.24).
The pressure built up by the die at the end of the extruder screw channel

against the atmospheric pressure at the outlet Ap increases as the product tem¬

perature decreases (see Figure 4.25). The temperatures measured at the outlet

Tout are corrected by a correlation gained from the data presented in Figure 4.24

to access the temperature at the die entrance.

Because the volumetric flow rate is constant, comparable shear rates are ex¬

pected in the die in all cases and the temperature dependency of the die pressure

should follow Arrhenius kineticsb (compare Equations 2.6 to 2.8). An activa¬

tion energy of 123.7kJ-mol-1 is found, which is about half as compared to Wild-

moser
.

Since a low outlet temperature is desired to reduce ice crystal growth and

energy consumption for cooling during hardening, a reduction of the temperature

aThe temperature at the die inlet is measured after process shutdown by immediate demounting
of the die.

bSince t oc Ap and y is constant the viscosity r\ should be proportional to Ap as well.
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Flow direction

Outlet temperature Inlet temperature

Figure 4.23: Outlet die of the LTE, in which the flows from the twin screws are

combined. Only the fluid volume is shown and flow direction is right to left.

Temperature can be measured at the inlet and outlet at the indicated positions.
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Figure 4.25: Pressure drop Ap over the LTE outlet die as a function of the tem¬

perature at the die inlet at varying process parameters.

increase in the die by an optimised design is recommended. The pressure difference

built up by the die has to kept small as well, since it influences also the pressure

profile along the extruder screws. Too steep pressure gradients cause demixing
of the air due to the density difference and result in blow-by and loss of overrun.

A double walled cooled die has not proven feasible for this reason, as it increases

the die pressure significantly. Heating of the die would reduce the pressure by the

formation of a slip layer but also increase the outlet temperature and is thus not

favourable.

Characteristic Maximum Shear Stress

The maximum shear stress rmax within the screw channel, close to its end, can be

used as a process characteristic. It is calculated from the shear rate y set by the

screw rotational speed N and the corrected outlet temperature (see Figure 4.24)
using the viscosity model for ice cream. Naturally a good exponential dependency
is found due to the Arrhenius model used for the temperature influence on the

viscosity. In Figure 4.26 the shear stresses rmax are depicted as a function of the

extruder outlet temperature Tout at varying screw rotational speed N, cooling

temperature Tc and mix flow rate V. This clearly shows that the outlet tempera¬

ture as a result of the ste process parameters is a good measure for the mechanical

treatment of the ice cream within the screw channel.
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Figure 4.26: Maximum shear stress rmax within the LTE screw channel as a function

of the extruder outlet temperature Tout at varying process parameters.

4.4.2 Fat agglomeration

Due to the higher shear stresses in the LTE the steric hinderances are easier over¬

come and protective membranes may even be detached from the fat globule sur¬

faces; more pronounced fat agglomeration results. Representative fat particle
size distributions of conventionally frozen and LTE ice cream are depicted in Fig¬
ure 4.27. The peaks caused by the fat agglomerates in the size range above 2.4 pm

increase due to the more intense mechanical treatment, while the peak represent¬

ing the primary globules, present also in the mix, decreases accordingly (compare
Figure 3.5). The volume fraction of agglomerated fat $a increases from 26% to

44% in this case, while the maximum diameter expressed by £90,3 is nearly con¬

stant (4.9pm for the freezer and 5.9pm for the LTE). The size distributions show

even breakage of the larger agglomerates present after the freezer within the low

temperature extruder resulting in a more even network.

The degree of fat agglomeration $a is depicted in Figure 4.28 as a function

of the maximum shear stress within the LTE process (calculated at the end of the

screw channel). $a shows a steep increase around r ~ 8kPa while above lOkPa

a plateau is reached. If the shear stresses exceed 20kPa to 30kPa the degree
of fat agglomeration decreases again as agglomerates are disrupted. The same

trends are observed for the maximum fat agglomerate size £90,3. The breakpoint
at lOkPa corresponds to an outlet temperature of approximately —12°C, while fat

agglomerate breakage occurs below outlet temperatures of —13.4°C to —14.2°C

iu
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fat globule diameter x / |jm

Figure 4.27: Fat globule size distributions of conventionally frozen and LTE ice

cream. The line indicates the limit used for the calculation of the fat agglom¬
erate volume fraction $a at 2.4 pm.

for 8 % milk fat ice cream. This indicated an optimum shear stress range with

respect to fat agglomeration.

Fat Structure Development along the Extruder Screws

The development of fat agglomerates along the extruder screws is depicted in

Figure 4.29 as a function of the local shear stress t\. The latter is calculated from

the viscosity model with the measured local temperatures (see section 3.6.2) and

the shear rate given by Equation 4.4. Resulting shear stresses range from 0.24kPa

to 33.2 kPa depending on the position along the screws and the wall temperature.

As a reference, the shear stress inside the freezer barrel, close to its outlet is

given (rfreezer = 2.6kPa). Higher shear stresses are reached with lower cooling

temperatures, corresponding to the lower temperatures shown in Figure 4.20 and a

higher volume fraction of fat $a is agglomerated with increasing shear stress along
with the formation of larger agglomerates. Within the shear stress range below

8 kPa, fat agglomeration shows only a low shear dependency, while above this limit

$A increases rapidly with the local shear stress t\. This can be partly attributed

to the agglomerates already built up by the freezer ($a typically around 0.1 to

0.15) which are not broken in the low shear stress zones of the extruder. The shear

stress at the breakpoint corresponds to a local temperature around — 13.3°C (at a

screw rotational speed of 15r-min-1). At very high shear stresses and the lowest
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as a function of the calculated maximum shear stress rmax in the LTE screw

channel.
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barrel wall temperature quite large agglomerates are formed (£90,3 = 6.1pm).
This is limiting when increasing the shear stress further as it indicates churning
has started, which can result in a buttery mouthfeel195.

When comparing the fat agglomerate volume fractions $a in Figure 4.28 and

Figure 4.29 similar trends can be observed, but the breakpoints and critical shear

stresses are slightly shifted due to an additional effect of the extruder outlet die.

In the outlet die the volume fraction of fat agglomerates decreases again by 0.09

to 0.20 and a higher decrease A$a correlates very well with a lower temperature

at the die entrance (R2 = 0.99). One possible reason are the elongational flow

components in the die, which have been shown to be efficient in disrupting air

cells as well312.

4.4.3 Ice Cream Quality Characteristics

Within this work ice cream quality was mainly analysed by meltdown tests and

OTR. While the first provide a more integral view on structural stability, the

latter also gives access to the hardness and textural creaminess. The rheological

technique is also combined with shelf life and accelerated shelf life tests.

Oscillating Thermo Rheometry (OTR)

Two major ice cream quality characteristics can be measured by OTR316. In the

frozen regime (around —15 °C) the loss modulus G'!_15 corresponds to the hard¬

ness of the sample, with lower values indicating a softer product. A correlation

between textural creaminess and the loss modulus G$ at 5°C exists for molten

ice cream, with higher values of G$ corresponding to increased creaminess. The

overall quality can be estimated by the logarithmic ratio of both quantities Y

(Equation 3.11).
These rheological properties as a function of the maximum shear stress rmax

within the screw channel (close to its end) are depicted in Figure 4.30. The

hardness (G"_ 15) decreases with increasing shear stress rmax up to a critical shear

stress around again lOkPa. Similar the creaminess plateau increases within this

range, as does the overall quality characteristic I\ Above a shear stress of rmax =

lOkPa hardness increases again, while creaminess and overall quality decrease

and, above shear stresses around 30kPa, all characteristics level out.

When comparing the degree of fat agglomeration and the creaminess infor¬

mation gained by OTR a trend to higher creaminess can be observed at higher
levels of fat agglomeration (see Figure 4.31), which is especially pronounced if $a

exceeds 0.3. Nevertheless no direct correlation is to be expected, since G" also

depends on the air cell sizes312.
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Figure 4.29: Degree of fat agglomeration $a and maximum agglomerate size £90,3

along the LTE screws as a function of the calculated local shear stress t\. The

reference line represents the shear stress acting near the outlet of the freezer.

Three different wall temperatures Tc are adjusted in the LTE.
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volume fraction of agglomerated fat Oa
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Figure 4.31: Creaminess measured by OTR as the loss modulus G" at 5°C as a

function of the volume fraction of fat agglomerate $a in LTE ice cream.

Meltdown Resistance

The meltdown resistance of ice cream is analysed by placing a defined amount

of sample on a sieve and allowing it to thaw while observing the weight loss and

changes in shape (see section 3.5.3). For a typical sample, the gained information

is depicted in Figure 4.32. The ice content decreases with time and finally a com¬

pletely molten foam resides on the sieve. The fractional weight remaining on the

sieve m* = — decreases steadily after an initial incubation time as serum drains

through the sieve. Typically the serum contains very few or no fat agglomerates

(3^90,3 < 0.9pm). Shape changes occur already before a significant weight loss is

observed. The fractional sample height h* = j^- decreases and its fractional diam¬

eter increases d* = j-; to a certain degree the ice cream spreads on the sieve. The

derived shape factor, SF (Equation 3.10), decreases with time. All these quanti¬
ties level out at longer times (after around 3 h in this case). The calculated overrun

decreases in the first phase, which is caused by interfacial coalescence of air cells

during the deformation of the sample. Partly this effect can also be attributed

to water condensation on the cold sample surface. Once drainage starts after the

initial incubation period, the overrun increases again. This indicates a weight loss

faster than the reduction of the volume and can therefore be attributed to stable

air cells which coalesce only slowly. A further decreasing overrun would indicate

an unstable foam, as coalescence is faster than drainage in these cases.

Ill



4 Results

100

time t / min

Figure 4.32: Typical meltdown characteristic of LTE ice cream. The fractional

weight m* decreases with time after an initial incubation period. As the sample

spreads on the sieve the fractional diameter d* increases, while the fractional

height h* decreases as does the shape factor SF. The fractional overrun ov*

increases after a first decrease as serum drains while the foam structure is

preserved.

As main characteristics, the time to drain 25% serum to 25, the corresponding

shape factor SFq 25 and the fractional overrun oVq25 = OV025/0V0 are used.

The degree of fat agglomeration $a in the standard 8 % milk fat ice cream

can be used as an indicator for the structure related quality characteristics of LTE

ice cream. Higher fat agglomerate volume fractions correlate with higher values

of the overall quality characteristic Y measured by OTR (see Figure 4.33) and are

also positively related to higher shape factors SF0 25 and fractional overruns 0Vq 25

during meltdown testing, although in all cases an additional influence of the air cell

sizes is to be expected. Accordingly a correlation between higher overrun 0Vq 25

and higher overall rheological quality Y can also be found, as both quantities are

closely related to the stability of the molten ice cream foam.

Heat Shock Resistance and Storage Stability

To compare heat shock resistance of ice cream produced either by conventional

freezing or LTE the standard vanilla mix is frozen to —5.5°C and — 12.3°C re¬

spectively at an overrun of 100%. Samples are analysed by OTR after two weeks

of storage at —30°C and after thee and six heat shock cycles (see section 3.5.2).
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Figure 4.33: Correlation between the volume fraction of agglomerated fat $^ and

the overall quality characteristic Y measured by OTR.

Ice cream hardness is correlated to the plateau level of the loss modulus G'!_15
in the frozen regime. Values in the relevant temperature range are depicted in

Figure 4.34 as a function of the freezing process and the duration of heat shock

treatment. In general the loss modulus G"
15,

and thereby the hardness, increases

with the duration of temperature abuse after six cycles to nearly double the start

value. The conventional frozen samples are significantly harder. The loss modulus

G'!_15 of the not heat shocked sample is higher by a factor of 3.9, if compared to

the sample frozen by LTE. The difference reduces after six cycles, to a factor of

2.6.

The long term storage stability is evaluated by analysing samples stored at

— 24 °C throughout a period of four months from production (see Figure 4.35).
During storage the ice cream hardness, expressed by the low temperature loss mod¬

ulus, increases steadily. Conventionally frozen samples have a significant higher
hardness throughout the whole time frame observed. The G'!_15 values can be fit

well (R2 = 0.98) to a power law model (Equation 2.3) and an exponent n of 0.31

is found with no significant difference between the freezer and LTE series. Simi¬

lar values were found for ice crystal growth 97~99'140, which indicates that the ice

crystal structure is the controlling parameter for the loss modulus in the frozen

state. The overall product quality regarding hardness and creaminess (expressed
by r, see Equation 3.11) decreases with storage time and is higher for the LTE ice

cream throughout the whole period observed.
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number of heat shock cycles

Figure 4.34: Hardness of freezer ice cream and samples processed by LTE expressed

by the loss modulus G"15 measured by OTR in the frozen state directly after

hardening and after 6 heat shock cycles.
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Figure 4.35: Storage stability of freezer and LTE ice cream as analysed by OTR.

The loss modulus G'!_15 corresponds to the hardness of the sample while higher
values of Y indicate a good scoopable and creamy product.
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A faster increase of the hardness of LTE frozen ice cream during storage is

expected, caused by the smaller ice crystals. The ripening rate of ice crystals
is dependent on the crystal surface and therefore higher if smaller crystals are

present which is invariably the case with LTE ice cream. Nevertheless, no sig¬
nificant influence of the process type on the kinetics is found during storage at

constant temperature. This can be explained by the refined air cells and the more

pronounced fat agglomerate network of LTE ice cream. Both structural elements

constrict recrystallisation by slowed down water diffusion and steric hinderance.

Also the distance between ice crystals is on an average larger than in freezer ice

cream because fewer accreted crystals are present31'312. This increases the diffu¬

sion time from one crystal to the other for the individual water molecules. Overall,
both effects seem to equilibrate and comparable recrystallisation rates are found.

An additional influence on recrystallisation, via the melt-refreeze mechanism,
is apparent during heat shocks. Small crystals are more likely to melt completely

during heating, which irreversibly reduces the total number of crystals and results

in faster growth of the remaining ones in the cooling cycle. Overall this increases

the recrystallisation rate in LTE ice cream as compared to freezer samples, if

temperature abuse is applied.

4.4.4 Conclusions

The characterisation of LTE on integral and local basis provides deeper insight in

the structure formation. Especially the LTE outlet temperature Tout correlated well

with the mechanical forces imposed on the ice cream. A clear correlation between

these shear stresses and the formation and breakup of fat agglomerates is seen.

By adjusting the process parameters to the optimal range well pronounced fat

agglomerate network results and beneficial quality and meltdown characteristics

of ice cream can be achieved, which are superior to the conventionally frozen

reference product. The analytical tools used for the characterisation of ice cream

structure and quality proofed to be also meaningful for this specially structured

ice cream. The increase in hardness during storage due to ice recrystallisation
confirms literature models.

4.5 Influence of Recipe Parameters

In order to investigate the combined effects of an optimised freezing process and

improved recipes several parameters are studied. First, a higher fat content com¬

monly results in increased creaminess and stability of ice cream. LTE of ice cream

also results in improvements of these characteristics as presented above and com¬

bining both approaches is self-evident though not necessarily duplicate effects are

expected. Second, the emulsifier plays an important role during the development
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of the fat agglomerates in ice cream. Beside the commonly used MDGs also an¬

other group of emulsifiers, the polysorbates and sorbitane esters, is investigated
as it provides a wide range of HLB values.

4.5.1 Fat Content

Although the main benefits of the LTE process with respect to fat agglomeration
and enhanced creaminess due to smaller air cells are expected at low to intermedi¬

ate fat levels, the effects occurring in high fat ice cream recipes is also of concern.

To investigate the influence of the fat content the standard 8 % milk fat vanilla

ice cream mix (see section 3.1.3) is enriched with butter fat to a total fat content

of 12% and 16% corresponding to deluxe and premium ice creama. According to

the quality levels the overrun for these variations is reduced to 47 % and 70 % for

the average and 43 % for the high fat level.

Fat Agglomeration

The degree of fat agglomeration $a and the maximum agglomerate size £90,3 as

a function of the maximum shear stress in the LTE screw channel is depicted in

Figure 4.36 for the different fat contents. To ease comparison, the results already
shown in Figure 4.28 for the 8% fat ice cream are included again.

Both fat agglomerate volume fraction and their maximum size increase with

increasing fat content, independent of the acting shear stress ($a is 0.12 to 0.41

for the lowest and 0.66 to 0.82 for the highest fat content). For the 12% and

16 % fat ice cream an increase with higher shear stresses for both quantities is

observed13 and no breakage as observed for the 8 % ice cream occurs.

Meltdown Characteristics and Oscillating Thermo Rheometry (OTR)

For selected LTE process parameters (10 r-min-1 screw rotational speed N,
— 38.5°C to — 34°C barrel wall temperature Tc) the analysis results regarding fat

agglomerates, OTR and meltdown are listed in Table 4.7. With increasing fat

content the fat agglomerate content and their size increases, as already shown

above. Creaminess (Gg), hardness (G"15) and the time to melt 25 % of a sam¬

ple are higher at elevated fat contents, which is expected for the creaminess and

meltdown resistance, especially because of the more pronounced fat agglomeration
and is, to some extent, also due to the lower overrun. The increase in hardness

can partly be explained by the lower overrun316. Samples melt even slower with

aAccording to the swiss legislation10 ice cream (Rahmets) has a fat content of at least 8%,
whereas at least 12% fat correspond to Doppelrahmeis.

bFor these ice cream samples the viscosity model is not fully valid any more because of the

reduced overrun. A lower overrun results in an increased viscosity147 which in turn shifts

the shear stresses to higher values.
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Figure 4.36: Volume fraction of agglomerates fat $a and maximum fat agglomer¬
ate diameter Xg0,3 of 8%, 12% and 16% fat LTE ice cream.
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Table 4.7: Comparison of the analytical results of standard (8 % fat), deluxe (12 %

fat) and premium (16% fat) ice cream manufactured by LTE (n = 10 r-min-1,
-33°Cto -38.5°C).T

—

-L C

quality level standard deluxe premium

fat content 8% fat 12% fat 16 % fat

overrun % 79 47 41

-tout °C -14.2 -14.4 -13.6

$A 0.33 0.56 0.76

3^90,3 pm 3.6 25.6 38.9

/~<ll

U-15 MPa 2.11 2.34 4.23
rill

Cj5 Pa 223 270 481

r 0.33 0.54 0.56

to 25 min 139 159 204

SF0 25 0.87 0.75 0.76

OV0 25
0.45 0.60 0.72

increasing fat content, but a better shape retention is observed for the 8% fat

sample, probably due to the higher overrun. The stability of the foam, expressed

by the fractional overrun after 25% weight loss, increases with higher fat con¬

tent and the more pronounced fat agglomeration. Overall the shape factor SF

does not provide information on the foam stability and is therefore less useful to

characterise foam stability than the fractional overrun ov*.

If the LTE cooling temperature is reduced to —43.4°C (rmax = 17.7kPa) for

the 16 % milk fat ice cream massive fat agglomeration occurs ($a = 0.82, £90,3 =

73 pm), but no significant benefits, with respect to meltdown resistance or quality
characteristics as measured by OTR, are found; the foam stability, indicated by
the overrun loss during melting, is even worse when compared to values shown m

Table 4.7 (ofo25 = 0.36), indicating structural defects.

4.5.2 Mono-/Diglyceride Emulsifiers

In a first step the influence of three different MDG emulsifiers with varying sat¬

uration of the fatty acid chains on ice cream prepared with either butter fat or

coconut fat is investigated.
Ice cream samples containing 8% butter fat, 4% coconut fat or 8 % coconut

fat and varying mono-/diglycendes (MDGs) are manufactured at a freezer outlet

temperature of -4.1 ± 0.8°C and -11.1 ± 0.4°C at the outlet of the LTE. At

these conditions an overrun of 98.3 ± 6.0 % is reached. In order to investigate the

influence of lower LTE outlet temperatures, which mean intensified mechanical
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treatment of the ice cream, the 8 % coconut fat based ice cream mix with PUMDG

is also frozen down to —12.3 ± 0.1 °C and —13.3 ± 0.2°C at the LTE outlet. This

is reached by using screws with a lower channel height (7 mm) thus improving
the heat transfer as well as by lowering the mix flow rate (38.8 ± 0.41-h-1 and

24.8 ± 2.81-h-1 respectively) and screw rotational speed (9.2 ± 0.3 r-min-1 for the

lower temperature). As a tradeoff only a reduced overrun is achieved after the

LTE (58.9 ± 2.6 % and 47.7 ± 2.9 %).

Fat Agglomeration

For the ice cream samples prepared with butter fat and MDGs, the degree of fat

agglomeration expressed by the volume fraction of agglomerates $a and their max¬

imum size £90,3 is depicted in Figure 4.37. A general tendency of more agglomer¬
ates formed with the higher unsaturated emulsifier is apparent at all investigated
concentrations with the differences being more pronounced at higher emulsifier

content. Except for the highest emulsifier concentration more agglomerated fat

(up to 9 %) is generated by LTE as compared to the conventional freezer process.

Regarding the agglomerate size especially UMDG induces agglomerates with sizes

up to 51pm at high concentrations while the SMDG and PUMDG lead to agglom¬
erates in the favourable size range below 20 pm. LTE generally promotes further

agglomeration of small entities, while very large agglomerates are disrupted.

Exchanging butter fat by the higher melting coconut fat, in general leads

to less pronounced fat agglomeration, which is consistent with the findings of

Kokubo et al. 173. The maximum agglomerate volume fraction $a reached is 67 %

compared to 91% for the 8% coconut fat or butter fat ice cream respectively.

Agglomerates are significantly smaller (£90,3 mostly below 10 pm). Similar trends

regarding emulsifier saturation and concentration are observed for the 4 % and

8 % coconut fat ice cream as for the butter fat based recipe. A Lower LTE outlet

temperature results in less agglomerated fat after the freezer (see Figure 4.38).
The mechanical treatment in the LTE further reduces both the volume fraction

of agglomerates and their maximum size. The maximum shear stress rmax in¬

creases from 2750 Pa over 5180 Pa to 8460 Pa when the temperature decreases

from —11.1 °C over —12.3°C to —13.3°C under the assumption that the viscosity
model for the 8 % milk fat ice cream is also valid. The hardened fat and lower

overrun will probably result in higher viscosities, which lead to even higher shear

stresses.

Differences already after the freezer are caused by the changes in mix flow rates

and overrun, which in turn influence the residence time in the freezer barrel and

lower outlet temperatures are reached already after the freezer. This corresponds
to a intensified mechanical treatment of the ice cream. As the coconut fat is com¬

pletely solid at temperatures below 7°C (see Figure 4.1) formation of agglomerates
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is hindered34 and by the shear forces agglomerates can be broken up due to the

brittle structure of the fat at subzero temperatures.

Air Cell Sizes

Based on the measurements of the air cell sizes in the butter fat ice cream samples,
no significant differences between the different MDG could be found. The average

air cell diameter £50,3 ranges between 25 pm and 55 pm. The width of the distri¬

bution is significantly larger for the samples prepared with UMDG (span3 = 1.6

compared to span3 = 1.2) indicating a fat agglomerate network which is less suit¬

able for air cell stabilisation. This is also proven by LT-SEM images that clearly
show long air channels rather than discrete cells (see Figure 4.39) similar to those

observed by Chang and Hartel 57 after long storage times. These channels deform

to relatively large bubbles upon melting during size analysis.
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Figure 4.39: Air channels in butter fat ice cream with 0.2 % UMDG frozen in the

LTE (LT-SEM image at 500 x magnification).
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When using coconut fat, larger air cells are found m the ice cream (£50,3 of

29 pm to 94 pm and 26 pm to 105 pm for a fat content of 8 % and 4% respectively
and the effects of the emulsifier on the size distribution width is less pronounced.
In general significantly smaller air cells are observed after the LTE compared to

the conventional freezer (down to about half median size) as exemplary shown m

Figure 4.40 for the ice cream prepared with coconut fat an SMDG.

Meltdown Characteristics

Meltdown resistance is characterised by the time t0 1 needed to melt and dram

10 % of the initial mass as seruma due to the quite slow melting of these ice cream

samples. The ice cream prepared with butter fat shows no consistent dependency
of meltdown time on the used MDG emulsifier, its concentration or the freezing

process (average t0 1
= 147 ± 20min). For the coconut fat slower meltdown with

increasing concentration of the added emulsifier is observed (see Figure 4.41). The

degree of unsaturation does not show a clear trend here. LTE significantly increases

the meltdown resistance m all cases. Similar results are observed for the 4% co¬

conut fat samples. At lower LTE outlet temperatures the samples melt up to 3.6

times faster, which can be attributed to the lower overrun and less fat agglomer¬
ates. The extrusion process does not provide benefits regarding meltdown times

any more, while the trend between the two emulsifiers investigated is retained.

Oscillating Thermo Rheometry (OTR)

By OTR the samples are characterised regarding their rheological properties m the

frozen (—15 °C) and molten (5°C) state. The mam differences are expected m the

high temperature regime, as the emulsifiers influence mainly fat agglomeration
and thereby have an effect on air cell stability. No systematic influence of the

emulsifier type or concentration is observed on the low temperature plateau of the

loss modulus (G"_ 15) which corresponds to the hardness of the samples. A slight
decrease is found for the samples frozen by LTE compared to those produced by
the conventional freezing process (G'(5 = 4.2 MPa to 3.1 MPa).

Higher unsaturation and concentration of the added MDG emulsifier increases

the level of the high temperature plateau G", independent of the fat used. Rep¬

resentative results gained with the ice cream containing 8% butter fat and 0.1 %

emulsifier are depicted m Figure 4.42. The loss modulus G" increased from 60 Pa

for SMDG to 150 Pa for UMDG m the case of conventionally manufactured ice

cream. LTE additionally increases the values by a factor of 1.6 to 2.4. The over¬

all quality as characterised by Y (3.11) increases, as the emulsifier becomes more

unsaturated. The LTE samples have a higher overall quality as compared to the

freezer samples, independent of the added emulsifier.

aThe time to melt 10 % is preferred here over the previously used to 25 due to the slow melting
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Figure 4.43 illustrates the influence of the coconut fat content on the quality
characteristics measured by OTR. For G" of ice cream prepared with SMDG only a

minor influence of the fat content and freezing process is observed. The creaminess

plateau of the sample containing UMDG is significantly higher, mainly caused by
extensive fat agglomeration (compare Figure 4.38), and LTE provides an additional

benefit. The integral quality characteristic Y decreases with increasing fat content,

which has to be attributed to an increased hardness.

During the measurements of the coconut fat samples with UMDG a monotonie

increase of the storage and loss moduli by nearly one order of magnitude in the

molten regime is observed (up to 17°C, see Figure 4.44). Above 20 °C both moduli

drop rapidly, which can be attributed to the collapse of the agglomerate network

and foam as the fat starts melting, as also observed by Granger et al. 135137,

The increase in the region above 0°C is caused by ongoing fat agglomeration, as

proven by particle size measurements. A measurement at a constant temperature

of 10 °C and identical other instrument settings in which the oscillatory shear is

switched off for a certain time clearly shows this increase being time controlled

and not shear dependent as the curve continues steadily after if the sample is

sheared again afterwards. Therefore perikinetic agglomeration occurs in this case

(Figure 4.45) rather than orthokinetic. The sample has undergone the full OTR

temperature sweep for conditioning before.
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Since higher loss moduli of molten ice cream correspond to a higher viscous

foam structure these trends can be attributed to the stability of the air cells in

the foam. Matrix fluid is immobilised on the air cell surface. Smaller air cells

exhibit a larger total surface at constant overrun and therefore lead to a higher
foam viscosity because more fluid is immobilised324. If the air cells are unstable

and coalescence takes place or even overrun is lost the immobilised fluid is reduced

and lower values of the loss modulus will be measured corresponding to a reduced

creaminess. A pronounced fat network enhances the stabilisation of air cells while

initially smaller air cells have a direct influence on the creaminess plateau. Since

no effect of the different MDG on the air cell sizes was found the emulsifier effect

has to be attributed to its influence on fat agglomeration. LTE reduces the air

cell sizes in all cases and improves fat agglomeration for the butter fat ice cream.

Both effects combined explain the increase of the creaminess level.

4.5.3 Polysorbates and Sorbitan Esters

The HLB of the emulsifier added to the 8 % butter fat ice cream mix is varied

between 1.8 and 16.7 by choosing different polysorbates or sorbitan esters (see
Table 3.2) at a concentration of 0.03%. Additionally, individual emulsifiers are

also tested in 8 % coconut fat ice cream.

125



4 Results

10 ç

CO

CL

CD

to

_g

T3

O

E
co
co

o

10 :

0.5

u

Ü

w

CD

"O
CO
1_

CO
.c
Ü

-^
-I—»

"cö

"cö

CD
>
o

0.4 -

0.3-

0.2

o
o SMDG - Freezer

-

• SMDG - LTE
-

o UMDG - Freezer

— UMDG - LTE —

-

•

— O

-

o o#

4 % coconut fat 8 % coconut fat

Figure 4.43: Values of the high temperature loss modulus plateau G" and the

overall quality characteristic Y of coconut fat ice cream containing 0.2 % SMDG

or 0.2 % UMDG as a function of the fat content. The data points are separated

horizontally for clarity.

126



4.5 Influence of Recipe Parameters

1 1 ' 1 ' 1 ' 1 1
_

> „7
-=10

G-O G' :

"G"

-=106

ro

Q.

~

~~ ro

oE^io5 -

.20
=>

CO

:

^ =3

E^104 -=

<D O
-

o>E _

2 CO
-

O CO r>

to o 10
=

102

-„1 1 1,1,1

N. -=

-20 -10 0 10

temperature T / °C

20 30

Figure 4.44: OTR measurement of a coconut fat ice cream sample containing

UMDG with extended measurement range up to 30 °C. Compare figure 4.1 for

the melting range of the fat used.

10000

CO

Q.

- Q.

=3 CO

T3 =3

g3

»i
CO CO

°8
co
—

1000 -

100

1 1 ' 1 '
-

"

......---•"
•••••• -

,;*

shear switched off

.:

• G'

G"
-

, I I

50 100

time t / mm

Figure 4.45: Coconut fat ice cream sample containing UMDG sheared at a constant

temperature of 10°C (oscillation with y = 0.02%, uj = 10s-1). Before time

0 the standard OTR temperature sweep was run. The shear is switched off

between 30 min and 60 min.

127



4 Results

The ice cream mixes containing polysorbates or sorbitan esters are frozen to

a freezer outlet temperature of —5.1 ± 0.3°C and —12.4 ± 0.7°C after the LTE

(Tc = —29.0 ± 0.5°C) at a volumetric mix flow rate of 39.3 ± 21-h-1. The mean

overrun of the 8 % butter fat ice cream is 71.7 ± 3.5 %, the one of the 8 % coconut

samples 48.4 ± 5.9 %.

Fat Agglomeration

The resulting degree of fat agglomeration $a is depicted in Figure 4.46 along with

the maximum agglomerate sizes for conventional and LTE frozen ice cream. More

and larger fat agglomerates are observed with increasing hydrophilicity (HLB) of

the emulsifier which is in good agreement with literature133'134. Emulsifiers with

very low HLB lead to degrees of fat agglomeration comparable to those achieved in

the control without any emulsifier ($a around 0.05 to 0.1). For nearly all samples

significant higher fractions of agglomerates are measured for the LTE process as

compared with the conventional freezer. The maximum agglomerate size £90,3

correlates mostly with the agglomerate volume fraction $a-

Tween 85 (HLB 11.0) seems to be an exception since it leads to a fat agglomerate
fraction comparable to the highest HLB emulsifier and also shows only few influence

of the freezing process. Bridging of fat globules by this emulsifier was also observed

during foaming of ice cream mix and is most probably caused by surfactant sharing
between to fat globules.

The fat agglomerate development along the LTE screws as influenced by differ¬

ent emulsifiers is shown in Figure 4.47 for 8% butter fat ice cream (LTE cool¬

ing temperature Tc = —28.6°C, inlet temperature —3.6°C, draw temperature

Tout = —12.9°C). The local shear stresses are calculated based on the corrected

local temperatures and the viscosity model for the standard vanilla ice cream mixa

(section 3.6.2).
A general tendency of more and larger fat agglomerates at higher local shear

stresses is observed. The different emulsifiers have a larger impact than the acting
shear stresses and increased fat agglomeration correlates well with a higher HLB

value of the emulsifier. The maximum agglomerate size £90,3 is limited to below

5 pm even with the most hydrophilic emulsifier, Tween 20, and churning is pre¬

vented. Sampling at the screw shaft and close to the barrel wall and thereby in

different shear stress regions did not yield significant differences at the individ¬

ual positions along the screw length, which is probably due to the good mixing

capabilities of the twin screw extruder.

If replacing the butter fat by 8 % coconutfat (see Table 3.1) only very few

fat agglomeration occurs along the screw channel, even with highly hydrophilic
emulsifiers ($a < 0.06) and the agglomerates are broken up again in the last

aThe differences in viscosity between the two mixes (see Table 3.1 and 3.4) are here considered

to have only negligible influence on the bulk viscosity of frozen ice cream.
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section of the extruder leading to no significant agglomeration after the outlet die.

The highest levels of fat déstabilisation can be reached by adding 0.03% PGPR

as shown in Figure 4.48. In this case a significant amount of fat agglomerates is

built up at shear stresses above 4kPa. In general more agglomerates are formed

close to the barrel wall, where the shear rates are higher312 than towards the

screw core. A maximum value for $a of 0.075 is found around t\ = lOkPa near

to the barrel wall. Above a critical stress (around lOkPa), the agglomerates are

disrupted. The maximum agglomerate size correlates with their volume fraction

again, but is within a quite limited range up to 2 pm.

Meltdown Characteristics

Meltdown resistance quantified by the time to melt 25 % of the initial mass in¬

creases with higher of fat agglomeration (see Figure 4.49). In the range of lower

$a values ice cream produced by the conventional freezing process melts faster

than LTE ice cream, which can be attributed to the smaller air cells generated by
this process. The difference levels out at higher degrees of fat agglomeration. The

foam stability, expressed by the fractional overrun ov*, shows comparable trends.

All samples produced with coconut fat show very fast meltdown and loose

their overrun nearly completely upon melting. Even for the most stable ice cream

sample, prepared with PGPR and the LTE process, to 25 is only 41 min.
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Figure 4.50 shows the difference in meltdown behaviour of ice cream prepared
with either butter fat or coconut fat and Span 85 as emulsifier. Meltdown of the

coconut fat sample is much faster and both fractional height and diameter decrease

steadily. Accordingly, also the volume and, thereby, the overrun decreases. The

shape factor SF stays relatively high (about 0.5) until the sample has completely
drained after around 80 min because the fractional height and diameter decrease

similarly. In contrast the butter fat sample is much more stable and does not melt

completely even after infinite time. It also spreads out on the test sieve to some

extent in the first phase and therefore the fractional diameter d* increases. After

the sample reaches its final diameter, the overrun increases again. This clearly
indicates a stable foam. The shape factor SF decreases down to below 0.25 even

though the absolute shape retention is much better as compared with the coconut

fat sample. Therefore this measure introduced by Cottrell et al. 75
appears to

be an inappropriate method to discriminate these two totally different meltdown

characteristics in the right way.

4.5.4 Conclusions

Different variables are systematically changed in the recipes. First, higher fat

contents result in higher degrees of fat agglomeration. This also leads to an

improvement in nearly all quality parameters investigated, but also especially
at 16 % the risk of churning is quite hight.

Second, the influence of MDG emulsifiers is investigated with butter fat and

hardened coconut fat based ice cream. Overall the hardened coconut fat is not

suitable for the LTE process as it becomes to brittle at the lower freezing temper¬

atures and agglomerates can even break up again. With butter fat the degree of

fat agglomeration increases as the emulsifier is more unsaturated and added at

a higher concentration (except for SMDG, which shows less fat déstabilisation at

the highest level). Improvement of creaminess, scoopability and meltdown resis¬

tance due to the LTE process can be observed only with SMDG and PUMDG, the

emulsifiers with a low to intermediate iodine value. UMDG leads to excessive fat

agglomeration, which at the highest emulsifier concentration masks most measur¬

able improvements and also results in an unacceptable, chewy structure. For this

emulsifier LTE breaks up big agglomerates, which leads to a more favourable fat

globule size distribution than the conventional process. An optimum regarding
structure and quality aspects is reached with 0.2% PUMDG.

Third, polysorbates and sorbitan esters increase fat agglomeration the higher
the HLB of the emulsifier. In all cases an additional effect of the LTE process is

observed, which leads to further fat déstabilisation as compared with conventional

freezing. As already in the foaming trials Tween 85 shows a special behaviour, as

it leads to a fat agglomerate volume fraction as high as the emulsifier with the

highest HLB. Again surfactant sharing is a possible mechanism for this behaviour.

133



4 Results

to
ü
U—'
(/)

'i_

CD

o
CO
1_

CO
.c

Ü

c

o
U—'
Ü
CO

1.5
I I I I
~

8% butter fat

1 —

_

-

0.5 r^^-^-HÄ^ ~

+—f*i <*\ —^ ^
-

n i i 1

to
Ü

(/)

CD

o
CO
1_

CO
.c

Ü

10
c

o
'-*—*
o
CO

I —i— 1 —r 1 1 1

8% coconut fat #-# frac, weight m*

Q—El frac, overrun ov*

1
— frac, height h*

A—A frac, diameter d*

<3—< shape factor (SF) -

0.5 —

0

i \ i 1,1,1

30 60 90

time t/min

120 150

Figure 4.50: Meltdown characteristics of a 8% butter fat and a 8% coconut fat

sample, prepared with Span 85.

134



4.6 Ice Cream Scooping

4.6 Ice Cream Scooping

Using the automated scooper the required force to form a ice cream scoop at

a constant feed speed can be measured. Here the influence of different sample

temperatures and feed speeds is systematically investigated to assess the repro¬

ducibility and sensitivity of this newly developed device. Additionally the changes
in ice cream hardness during heat shock testing are investigated.

4.6.1 Scooping Force

Figure 4.51 depicts a typical force plot during automated scooping of ice cream

at a constant feed speed. Initially the force is zero until the head of the scooper

touches the ice cream followed by a steep increase. Afterwards it increases more

slowly but steadily as the scoop fills depending on the penetration depth. As the

scooper becomes more and more filled it starts pushing the ice cream more or less

as a block and the curve levels out, till it drops again rapidly as the end of the

sample is reached.

0 100 200 300

displacement x / mm

Figure 4.51: Typical force plot during an automated ice cream scooping operation

with images showing the formation of an ice cream ball and breaking of the

sample close to the trailing edge.

To characterise the scooping process Bolliger
31 used the maximum force during

scooping, whereas Dempsey et al. 90 calculated the work required as the force
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20 30

feed speed v / mm

Figure 4.52: Plot of scoop force Fs vs. scoop feed speed vs. The error bars

indicate maximum and minimum measured values, while the lines are fitted

with a Herschel-Bulkley model.

integrated over time and normalised by the scoop weight. Maximum force Fs is

averaged in the plateau region starting 70 mm behind the front face of the ice

cream block over a length of 50 mm. The work is calculated by

-^end

Ws = Fs dx (4.5)

Xst art

with the integration starting from xstart = 10 mm behind the front face of the ice

cream sample and ending 150 mm further.

The relationship between maximum force Fs, temperature and scooper feed

speed vs is depicted in Figure 4.52, while Figure 4.53 shows the response surface of

the required scoop work Ws calculated according to Equation 4.5. The increasing
ice fraction with lower temperatures leads to a more concentrated matrix phase
and a higher disperse phase fraction of the ice suspension both resulting in a higher

viscosity. Therefore the energy input and also the force required to scoop the ice

cream is increasing. Higher feed speeds result in higher forces. Maximum forces

Fs at —13°C are below ION while at — 21 °C they already reach as high as 60N at

a feed speed of 30mm-s_1. Still the temperature influence is below the 10N-K-1

reported by Pearson et al. 225. When increasing the feed speed vs from 5mm-s_1

to the maximum (40mm-s_1 except at — 21 °C) averaged maximum forces increase

136



4.6 Ice Cream Scooping

Figure 4.53: Response surface of the work required for one scoop of ice cream Ws

at varying temperatures and feed speeds vs.

by a factor of only 2 to 2.5. This, not too strong influence of the feed speed

on the force, is probably related to the formation of a slip layer on parts of the

inner scoop surface which has a higher temperature and therefore a lower viscosity.
The thickness of this layer varies with its viscosity and temperature, the position
inside the scoop and the length scooped along the ice cream block. At higher feed

speeds, the residence time of the slip layer in the scoop head is shortened and it

thins, which causes the increase of force and work required. At lower temperatures

less ice cream can be partially molten, which results in a thinner slip layer and

therefore a more pronounced dependency on the feed speed. The measured force

will, therefore, the sum of the flow friction in the slip layer and the deformation

of the ice cream in a zone close to the scoop. A reference experiment in which the

scooper has been adjusted to the temperature of an ice cream sample (—19 °C)
resulted in fracture of the device and clearly indicated much higher forces acting
if no slip layer can be formed by partial melting and the bulk of the ice cream has

be be deformed.

The existence of a quasi plateau in the force curves (compare Figure 4.52)
indicates steady flow conditions inside the scoop head after an onset phase, which

can be supported by the visual observation of the ice ball formation.

By assuming a linear relationship between shear stress r and averaged maxi¬

mum scoop force Fs and between shear rate y and scooper feed speed vs
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Table 4.8: Model parameters for the fit of the measured scooping forces with a

Herschel-Bulkley model.

r07Pa K/Ya-sn na

-13°C 4.798 0.4385 0.7

-17°C 10.23 1.060 0.7

-21 °C 15.74 4.421 0.7

The flow index n is fixed to a value of 0 7

T* = Ci • Fs

y* = c2 • vs

the measured values at constant temperature can be modelled using the Herschel-

Bulkley model (Equation 2.6). In agreement with Wildmoser 312 the flow index is

fixed (n = 0.7), although it is expected to be temperature dependent as well. The

resulting fit parameters are listed m Table 4.8.

By combining those results with the Arrhenius approach (Equation 2.7 and

2.8) activation energies for the Herschel-Bulkley parameters can be calculated.

Ea,k = 157.71 kJ-mol"1

Ea>tS = 80.87 kJ-rnol"1

These values are significantly smaller than those gained by Wildmoser 312 for a

very similar milk fat ice cream (Ea,k = 270.97kJ-mol_1, Ea,to = 277.20 kJ-mol-1)
based on capillary and rotational rheometric measurements m a temperature range

from —4°C to —15°C and a shear rate range of Is-1 to 100s_1.

The observed difference m the temperature dependency of the apparent vis¬

cosity indicates the formation of a slip layer inside the scoop. In the case of

Wildmoser 312, care was taken to prevent wall slip during the measurements and

the measured viscosities correspond to the interaction of structural elements m

the bulk of the sheared ice cream, which are much more temperature dependent
than the forces acting m a partially molten slip layer.

4.6.2 Heat Shock Testing

When exposing ice cream samples to heat shocksa, the measured maximum scoop¬

ing force decreases at —17°C and 20mm-s_1 by 17.5% relative to the not-heat-

aIn this case 5 and 15 cycles, each composed of two 6 h periods at T\ow = —17 °C and Thigh =

—4 °C respectively are applied
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shocked sample with a force of Fs = 24N (see Figure 4.54). The work required
decreased accordingly.

i

J I I I I
0 5 10 15 20

# heat shock cycles

Figure 4.54: Measured scooping forced Fs before heat shock and after 5 and

15 temperature abuse cycles (measured with a feed speed vs of 20mm-s_1 at

-17°C).

Although this observation is in agreement with Abd El-Rahman et al. x and

Prindiville et al. 232, it is unexpected in the first place since recrystallisation as

extensively triggered by heat shocks is known to lead to a more icy and harder

structure. When seeing ice cream of a suspension of ice crystals in a continuous

phase its viscosity will increase with decreasing ice crystal size at constant ice

volume fraction because a higher amount of liquid is immobilised at the higher
total crystal surface. Recrystallisation includes the mechanisms of Ostwald ripen¬

ing and rounding145, which both decrease the total ice crystal surface and thereby
results in less immobilised water and a lower viscosity. The number of accreted ice

crystals can be reduced by both rounding and a melt-refreeze mechanism, which

eliminates local ice crystal networks and also lowers the bulk viscosity. Additional

ripening of air bubbles has a similar effect, although its influence on ice cream

viscosity is probably less visible in the temperature range observed.

4.6.3 Conclusions

The automated scooper is successfully proven as a suitable technique to evalu¬

ate the hardness of ice cream in a precise and consumer relevant way. By the
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measured forces and scoop works calculated therefrom a good differentiation be¬

tween samples of 2 K temperature difference is observed. When fitting the data

with a temperature dependent Herschel-Bulkey viscosity model evidence for the

formation of a slip layer inside the scoop is found which in practice simplifies
the operation. Also the effects of heat shocks on ice cream are gaugeable; here

compared to OTR the differences due to the large deformation become evident.
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5.1 Foamability and Foam Stability

The foamability and foam stability of two SMP based ice cream model systems,

an emulsion and a coconut fat suspension, and ice cream mix is investigated
as a function of the emulsifiers used during their preparation. In the case of

the model systems the interfacial coalescence rate ipi during foam growth and

decay, is a suitable measure along with the steady state foam height as additional

characteristic for the growth.
For the MDGs and PGPR tested in the emulsion system, foaminess decreases

with increasing iodine value of the emulsifier. For the emulsion prepared with

PGPR foamability and foam stability were even higher than for the reference system

without added emulsifier. Doubling the SMP content (2.5% to 5%) increases the

foamability, but not the foam stability.
In case of the coconut suspension system polysorbates and sorbitan esters with

varying HLB values are used. Here, an inverse relationship between foamability and

foam stability is found, with the latter increasing with higher HLB. A significant
difference to the emulsion system and also the the ice cream mix described later

on, are the initially larger fat particles, which also tend to agglomerate during

foaming and get flotated towards the top of the foam. Larger agglomerates within

the foam seem to slow down interfacial coalescence of the bubbles, which is in

agreement with findings on whipped cream and ice cream.

During foaming and foam decay experiments with ice cream mix containing
different polysorbates and sorbitan esters the evolution bubble sizes is also mon¬

itored. This allows the use of a theoretical model to describe foam decay and

yields additional information on interfacial and inter-bubble coalescence rates and

times. In general the water soluble surfactants (Tweens) with higher HLB values

yielded similar foaminess and foam stability as the ice cream mix without added

surfactant, while the oil soluble surfactants (Spans) result in less foam at steady
state and speed up foam decay. A special behaviour is found for Polyoxyethylene
sorbitan trioleate (Tween 85), which does not provide a high foamability, but a

good foam stability. This can be explained by interfacial rheological measure¬

ments, which yield a reduced elasticity of the air interface relevant during foam

formation, but a higher interfacial viscosity, which becomes important during foam

decay. A mechanism based on the loose binding between the fat globules by this

surfactant is proposed.
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5.2 Homogenisation

By reducing the ice cream mix temperature during homogenisation large fat ag¬

glomerates can be formed due to the more intense mechanical treatment, which

to a certain degree are also retained throughout the freezing process. In the final

ice cream the degree of fat agglomeration increases as the homogenisation tem¬

perature is decreased from 75 °C to 8°C, but best structural properties regarding
meltdown resistance and creaminess are found within the range from 25 °C to 45 °C.

At lower temperatures large, but compact fat clusters are formed, which do not

contribute as well to the stabilisation of air cess, as does a widespread agglomerate
network formed at intermediate temperatures.

5.3 Low Temperature Extrusion

In order to characterise the low temperature extrusion (LTE) process of ice cream,

first integral and local process parameters are accessed. One important charac¬

teristic is the extruder outlet temperature, as it provides an integral measure for

the intensity of the mechanical treatment the ice cream is exposed to. It is mainly

dependent on the screw rotational speed, the barrel wall temperature and the

volumetric flow rate inside the extruder, but also on the used ice cream recipe.

Further cooling is limited by the equilibrium between heat withdrawal and vis¬

cous energy dissipation, due to the high viscosity and low heat conductivity of ice

cream and lowest outlet temperatures are around —15 °C. The power consumption

of the drive correlates well with the obtained outlet temperature (and thereby ice

cream viscosity) and the viscous energy dissipation and can be used to calculate

Newton numbers for different parameters setting. By the relationship between

the Newton and Reynolds numbers a, clearly laminar, flow field inside the screw

channel is proven. From this scaling factors following a Metzner-Otto scheme are

derived.

Information on local conditions inside the LTE is obtained by measuring tem¬

perature profiles along the screws with a specially developed technique. While

in the first half the ice cream temperature decreases quite fast, a levelling out in

the second half is observed, as the already mentioned equilibrium between heat

generation and removal is approached. By coupling the temperature informa¬

tion with a viscosity model and calculated shear rates the shear stresses inside

the extruder can be derived as a function of the position along the screws. De¬

pending on the chosen cooling temperature shear stresses exceeding those in the

conventional freezer, and thereby enabling additional structuring effects, are first

reached between one and two thirds of the channel length. If the cooling temper¬

ature is lowered below the apparent glass transition temperature of the ice cream

mix (typically around — 32 °C) equilibrium temperatures are reached already in
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the first half, but due to too intense mechanical treatment the structural quality
of the final ice cream is reduced, which is already indicated during freezing by
a loss of overrun. The outlet die causes additional energy dissipation and also

contributes to the structuring process of the ice cream.

Since fat agglomeration in ice cream during freezing is induced by shear forces

the calculated shear stresses provide a suitable measure, which can be correlated

to the volume fraction of agglomerates formed. For milk fat based ice cream the

degree of agglomeration increases steadily at shear stresses below 8kPa, while

above this limit a steep increase is observed until around lOkPa to 20kPa are

reached. If the shear stresses exceed a critical limit around 40 kPa agglomerates
are disrupted again. These effects can be monitored along the screws as well as at

the extruder outlet. In the latter case the maximum shear stress rmax inside the

screw channel is used and due to the additional effect of the die which is not ac¬

counted for the values are shifted to lower stresses. In general the trends observed

for the fat agglomerate volume fraction are also seen for their maximum size. The

ice cream quality characteristics, creaminess and hardness, can be instrumentally
accessed by Oscillating Thermo Rheometry (OTR); the measured meltdown resis¬

tance supports the existence of an optimum shear stress range within the screw

channel of lOkPa to 30kPa with respect to fat structures in milk fat based ice

cream. In the case of hardened coconut fat as basis, the shear stress range is

shifted to lower values due to the harder and more brittle nature of the fat at

extrusion temperatures.

The contribution of LTE to the formation of a fat agglomerate network in ice

cream together with its influence on air cells and ice crystals leads to higher quality
ice cream, which also resists long term storage and temperature abuse much better

than conventionally frozen products.

5.4 Influence of Different Fat Contents, Fats and

Emulsifiers on LTE Ice Cream

When increasing the fat content from 8 % to 12 % and 16 % and simultaneously de¬

creasing the overrun accordingly in order to obtain deluxe and premium ice cream,

the degree of fat agglomeration and the agglomerate size increases accordingly if

extruding the ice cream at parameters corresponding to the optimum shear stress

range stated above. An improvement of all measured quality parameters with the

exception of ice cream hardness is observed at increased fat contents. In general
the mechanical treatment of high fat ice cream needs to be adjusted to lower shear

stresses, as churning can already occur within the mentioned range.

The influence of MDG emulsifiers is investigated with butter fat and hardened

coconut fat based ice cream. If butter fat is used, the degree of fat agglomeration
increases as the emulsifier is more unsaturated and added at a higher concentra-
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tion (except for SMDG, which shows less fat déstabilisation at the highest level).
Improvement of creaminess, scoopability and meltdown resistance due to the LTE

process can be observed only with SMDG and PUMDG, the emulsifiers with a low

to intermediate iodine value. UMDG leads to excessive fat agglomeration, which

at the highest emulsifier concentration masks most measurable improvements and

also results in an unacceptable, chewy structure. For this emulsifier LTE breaks

up big agglomerates, which leads to a more favourable fat globule size distribu¬

tion than the conventional process. An optimum regarding structure and quality

aspects is reached with 0.2 % PUMDG.

The coconut fat itself seems not to be too suitable to produce LTE ice cream,

because of its high and narrow melting range, which leads to unsatisfactory results

already in the conventional freezer if not using a highly unsaturated emulsifier,
which introduces the problems already mentioned.

When using polysorbates or sorbitan esters as ice cream emulsifiers, increased

fat agglomeration occurs with higher HLB of the emulsifier. In all cases an ad¬

ditional effect of the LTE process can be observed, which leads to further fat

déstabilisation as compared with conventional freezing. Again a special role of

Tween 85 is observed, as it leads to a fat agglomerate volume fraction as high
as the emulsifier with the highest HLB, although it is in the intermediate range.

Again surfactant sharing is a possible mechanism for this behaviour.

5.5 Ice Cream Quality Characteristics

Within this work analytical techniques to access the main quality characteristics of

ice cream are developed and refined with respect to accuracy and reproducibility.
In the frozen state, the hardness and scoopability is of relevance, which can be

measured by Oscillating Thermo Rheometry (OTR) and an automated ice cream

scooper. Meltdown resistance is accessed with a newly developed device, which

in addition to recording the weight loss, also automatically determines the shape
retention by image analysis. Here, monitoring the change in overrun of the sample

during meltdown is a good indicator for foam stability. In the molten regime the

creaminess can again be analysed by OTR. The values obtained by this technique
correlate well with sensory results.

The structural changes during storage and distribution of ice cream are sim¬

ulated by applying heat shocks to the product. Here clear improvements in the

stability of LTE ice cream are proven by OTR. The ice crystal growth rate ip\
is bigger for LTE ice cream as compared to conventional frozen samples during
heat shock testing, but not during storage at constant temperature. This can be

explained by the smaller ice crystals formed by LTE which still result in a longer
shelf life.
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5.6 Flow Simulation

5.6 Flow Simulation

To obtain deeper insight into the LTE process flow simulation using Computational
Fluid Dynamics (CFD) is a promising tool. Within this work as a first step a

consistent model for the relevant thermal and physical properties of ice cream is

compiled based on own measurements and literature. Validation of the equations

is done in simplified model cases. Additionally a suitable concept to divide the

twin screw extruder into a calculation mesh of cells is presented based on a 2D

slice.
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