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Stellingen 

1 De populariteit van instant producten, zoals spuitroom, geeft aan dat 

consumenten soms bereid zijn het gemak boven de kwaliteit te stellen. 

2 De beginopslag van spuitroom wordt bepaald door de hoeveelheid gas die in 

de room is opgelost voor het product het ventiel instroomt. 
Dit proefschrift. 

3 Spuitroom dankt zijn stevigheid aan de hoge volumefractie gas in het 

schuim. 
Dit proefschrift. 

4 Het botert niet goed tussen de vetbolletjes in spuitroom. 

5 Het stromingsproces van spuitroom uit de spuitbus wordt voor een belangrijk 

deel gereguleerd door "choking" condities in het ventiel. 
Dit proefschrift. 

6 De oppervlaktereologische eigenschappen van spuitroom zijn niet in staat 

om disproportionering, welke wordt bevorderd door de hoge oplosbaarheid 

van lachgas in de room, te stoppen. Dit verklaart de slechte schuimstabiliteit 

van spuitroom. 
Dit proefschrift. 

7 Om tot een beter vergelijkbare beoordeling van het werk van AIO's te komen 

hoort, naast de totale aanstellingsduur, ook de verhouding tussen de 

onderwijsbelasting en onderzoeksbelasting voor alle AIO's gelijk te zijn. 

8 Het invoeren van probleemgestuurd onderwijs aan universiteiten versoepelt 

de overgang naar het probleemgeoriënteerd werken van AIO's. 

9 Het belang van de toepassing van wiskunde in andere vakgebieden wordt 

vaak onderschat. 

10 De toename van het aantal luchtige toetjes in de winkel bewijst dat er met 

handel in lucht nog steeds geld te verdienen is. 



11 Voorgeverfde staalplaat wordt gebruikt in bijvoorbeeld omkastingen van 

koelkasten, kroonkurken en jampotdeksels. Wanneer een coating van 

kunststoffolie zou worden gebruikt in plaats van verf, zou het voorbeklede 

product niet alleen milieuvriendelijker zijn maar kan het bovendien 

gemakkelijker worden gevormd tot een eindproduct zonder dat de 'verf 

scheurt. 

12 Het ontwikkelen van alternatieven voor dierproeven mag niet meer dieren 

kosten dan de uitvoering van de (klassieke) dierproef zou doen gedurende 

vele jaren. 
M.D.O. van der Kamp, Ways of Replacing, Reducing or Refining the Use of Animals in the 
Quality Control of Veterinary Vaccines, ID-DLO rapport, Lelystad, 1994. 

13 Het enige product waarvan men zeker kan zijn dat het dagvers in de 

supermarkt ligt, is een dagblad. 

14 De slechte schuimstabiliteit van spuitroom is een luxe probleem. 

Stellingen behorende bij het proefschrift "Instant Foam Physics; Formation and 

Stability of Aerosol Whipped Cream" door M.E. Wijnen. Wageningen, 11 juni 1997. 
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Abstract 

Wijnen, M.E. (1997) Instant Foam Physics; Formation and Stability of Aerosol 

Whipped Cream. Ph.D. Thesis, Wageningen Agricultural University, The 

Netherlands (pp. 157, English and Dutch summaries). 

Keywords: Instant foam, aerosol whipped cream, nitrous oxide, gas solubility, 

nozzle flow, choking conditions, two-phase flow, foam stability, surface rheology. 

The formation and stability of aerosol whipped cream, as an example of an instant 

foam, were studied from a physical point of view. Instant foam production out of an 

aerosol can is based on the principle that a soluble gas (laughing gas) is dissolved 

under elevated pressure (5-10 bar) in the product (cream). By opening the nozzle 

of the can the product is allowed to leave the can. The resulting decrease in 

pressure causes the gas to come out of the cream and a foam is formed. 

Formation of the foam occurs in the smallest opening of the nozzle. Here, the 

velocity is limited to the speed of sound in the foam, which indicates that the flow 

through the nozzle is controlled by choking conditions. These conditions determine 

apart from the velocity also the density and pressure of the aerated cream in the 

nozzle. The whole process of instant foam formation is therefore regulated by the 

physics of choking. 

Aerosol whipped cream is characterised by a high overrun (400-600%) which 

provides firmness to the close-packed foam. The overrun is determined by the 

amount of laughing gas (nitrous oxide) dissolved in the cream. Since the pressure 

in an aerosol can knows practical limits, a high solubility of the gas in the cream is 

required to ensure that a sufficient amount of gas is dissolved. However, this high 

solubility enhances the process of disproportionation. Disproportionation involves 

gas diffusion from smaller to larger bubbles and out of the foam, which negatively 

affects the foam stability. Cream showed not to have the surface Theological 

properties that are required to stop this déstabilisation process. This explains the 

fast deterioration of the product. Obviously, optimising the foam properties of 

aerosol whipped cream involves several compromises. 
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Chapter 1 

General introduction 

1.1 Introduction 

Over the past few years consumers show an increasing interest in instant food 

products. The term instant is used in relation to products which, compared to an 

analogous product, are prepared relatively quick and easy. Among these food 

products are some instant foams. This thesis presents a search for physical 

knowledge about instant foam behaviour. The study mainly focuses on aerosol 

whipped cream, as an example of an instant foam. It is however important to note 

that the various phenomena that are discussed in this thesis are more broadly 

applicable. 

In the present chapter several methods to make an instant foam are first described. 

Because the study applies to aerosol whipped cream, some general information 

about the foam properties of this product is also given. Aerosol whipped cream can 

be seen as an instant substitute for whipped fresh cream. Of these two, the former 

is more convenient to use because relatively small portions can be produced at a 

time. Moreover, aerosol whipped cream can be formed within a few seconds, 

whereas whipped fresh cream takes a few minutes to prepare. Since these two 

products are often compared, some aspects of foam behaviour of whipped fresh 

cream are described in more detail and the most important differences from aerosol 

whipped cream are discussed. Finally, the aim and outline of this thesis are given. 

1.2 Process of instant foam formation 

A foam is a dispersion of gas bubbles in a liquid. In general, there are several 

methods to make a foam (Dickinson, 1992; Prins, 1988; Walstra, 1989). Firstly, 

foams can be produced by agitation of a mixture of a given amount of liquid and an 

unlimited amount of available gas. A commonly used form of this method is 

whipping a liquid. Here, gas is entrapped in the liquid as large bubbles which are 

successively broken down into smaller ones by mechanical forces. Instant foams 

produced in this way are for example desserts which are aerated by whipping a 

powder mix, after addition of an indicated amount of liquid, during a few minutes 

(Mansvelt, 1976). Some toppings, spray-dried whippable emulsions, are prepared 
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analogously to the instant desserts and can be used as a substitute for whipped 

fresh cream. More information about these toppings can be found in the literature 

(Barford and Krog, 1987; Buchheim et al., 1985; Kieseker et al., 1979; Knightly, 

1968; Krog et al., 1987; Tanaka et al., 1973). 

A second method to make a foam also involves agitation. Contrary to the first 

method, in this case the required amount of gas can be dosed. An example of this 

method, which is frequently used in continuous processes in industry, is injection of 

gas into a liquid, often through orifices. The bubbles can be reduced in size later in 

the process by means of, for example, a dasher or a static mixer. Kikuchi et al. 

(1995) described a continuous whipping system for the production of whipped 

cream which works according to this principle. 

Thirdly, foam can be produced by generation of gas bubbles in a liquid. These 

bubbles can be formed in situ when the liquid is saturated with gas and additional 

gas is generated, for example by yeast cells during the bread making process. 

Bubbles can also be formed out of with gas supersaturated liquid by means of 

heterogeneous nucleation. This occurs during the foam formation of carbonated 

beverages and aerosol whipped cream, where gas has been dissolved under 

pressure in the liquid, when the pressure is released. 

In the present study the physics of instant foam behaviour of aerosol whipped 

cream is extensively studied. Besides the aerosol can, a newly developed 

apparatus, the Aerosol Can Simulator (ACS), is used to produce an instant foam 

under standardised conditions. This continuous method is a combination of the 

second and the third method of foam formation described before. Analogous to the 

second method, gas is injected into the cream after which the mixture passes 

through a static mixer. Due to the elevated pressure in the apparatus, in 

combination with the agitation in the mixer, the gas dissolves in the cream. Similar 

to the third method of foam formation mentioned before, the foam results from a 

decrease in pressure as the product leaves the apparatus. The working principle of 

the ACS is described in more detail in chapter 3. 

1.3 Aerosol whipped cream 

The term aerosol whipped cream refers to a foamed cream that is produced by 

means of an aerosol can. It is the most important food product that is retailed from 

an aerosol can (Peter, 1971; Werner, 1970). The production of instant whipped 

cream was already described in 1936 (Getz et al.). Besides an aerosol can, a 

repeatedly used syphon, with gas recharged from cartridges, can be used to 

produce a foam analogous to aerosol whipped cream (Lang and Lang, 1975). 
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Although some information on aerosol whipped cream is given in the general dairy 

literature (Graf and Bauer, 1976; Mulder and Walstra, 1974; Varnam and 

Sutherland, 1994), hardly any fundamental research concerning the foaming 

process of aerosol cream was found to be published so far. 

In practice, both products are made from dairy (natural) cream and non-dairy 

cream. Non-dairy whipped creams, also called toppings, generally contain 

vegetable fats (Anon, 1970; Pader and Gershon, 1965; Takada and Kanda, 1984). 

In the present study only dairy creams are considered. This section describes the 

stages from unwhipped cream in the aerosol can to the resulting foamed product. 

Aerosol whipping cream 

The unfoamed cream present in an aerosol can is called aerosol whipping cream. 

Before the cream, which may vary in fat content, enters the aerosol can, it 

undergoes some treatment. Firstly, it is UHT (Ultra High Temperature) processed, 

which allows sterilisation of the cream with minimum heat damage (Kieseker and 

Zadow, 1973b). This heat treatment extends the shelf life of the product. 

After the heating process, the cream is slightly homogenised. Homogenisation 

reduces the size of the fat globules in the cream and consequently diminishes 

creaming (Graf and Bauer, 1976; Mulder and Walstra, 1974). Furthermore, the 

homogenisation process largely prevents the so called 'rebodying'. 'Rebodying' is a 

strong increase in viscosity with time caused by temperature effects which can 

occur during the transport and storage of the aerosol cans (Mulder and Walstra, 

1974). This process results from a limited degree of partial coalescence of fat 

globules (§ 1.4), induced by temperature cycling (Boode et al., 1991; Walstra and 

Jennes, 1984). 

Finally, the cream is aseptically fed into tinplate or aluminium cans, which are then 

closed with a valve. The propellant, usually laughing gas (food grade), is added to 

the cans via this valve while the cans are shaken. The purpose of this shaking is to 

speed up the dissolution of the gas in the cream and thereby prevent development 

of an excessive pressure in the cans. 

Several components are added to the cream during its production. Emulsifiers, for 

example monoglycerides, are added to help stabilise the fat globules during 

homogenisation. Homogenisation considerably enlarges the total surface area of 

the fat globules, thus creating clean fat surface. The denuded fat will be covered 

with surface-active proteins present in the skim milk phase (Walstra and Jennes, 

1984). In cream with a fat content larger than 20 % the size reduction of the fat 

globules is limited by the amount of natural surfactant present in the cream to 

provide coverage of the fat surface (Graf and Bauer, 1976). Furthermore, if not 

enough protein is available in the cream to cover the denuded globules, clusters of 
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fat globules may be formed during homogenisation. In these homogenisation 

clusters the globules are stuck together by sharing one or more casein micelles 

(milk protein) (Mulder and Walstra, 1974). Addition of extra surfactant (emulsifier) 

enables further reduction of the globule size. Moreover, the adsorption of the 

emulsifiers on the fat globules protects the globules from agglomeration (Precht et 

al., 1988). These effects reduce the creaming process during storage. 

Besides emulsifiers, some stabiliser, in practice often carrageenan, is present in the 

cream. Stabilisers help to slow down the process of creaming by increasing the 

viscosity or by formation of some kind of network structure in the cream (Kieseker 

and Zadow, 1973b; Precht et al., 1988). Finally, to improve the flavour of the 

cream, sugar and sometimes additional flavourings can be added (Vanrusselt, 

1992). 

Foam formation 

An aerosol can contains besides the cream a propellant which is usually nitrous 

oxide, better known as laughing gas. This gas has a solubility in cream that is 

approximately 50 times that of air. Due to the high pressure in an aerosol can (5-10 

bar) the nitrous oxide is for the larger part dissolved in the cream. It is 

recommended to shake the can before the spraying process to disperse possible 

inhomogenities, such as fat globule aggregates, that might be present in the cream. 

The aerosol can is closed by a valve. Figure 1.1.a shows a schematic drawing of a 

closed valve as used in the present study. The inside gasket (3) blocks the holes 

(7) in the valve cone (5), thereby preventing the cream to leave the can. 

Opening of the aerosol can occurs by pressing the valve in the direction of the 

arrow (figure 1.1.b). A direct contact is now created between the inner and outside 

of the can via the holes (7), resulting in a local pressure drop. This causes the 

cream to flow out of the can from the higher to the lower pressure. Moreover, the 

pressure drop will effect supersaturation of the cream with gas. The nitrous oxide 

will come out of solution, inducing formation and growth of bubbles. Additionally, 

the pressure drop will cause expansion of the formed bubbles. The spout (8) of the 

valve (figure 1.1.a) ensures a decorative 'rose' shape of the produced foam. More 

information about the foam formation process out of an aerosol can will be given in 

chapter 2. 

The instant foam formation process and thereby the foam properties of aerosol 

whipped cream are greatly affected by the amount of gas dissolved in the cream in 

the can. A sufficient amount of gas has to be dissolved to obtain satisfactory foam 

properties. This amount of gas is related to the pressure in the can; the higher the 

pressure, the larger the amount of gas dissolved in the cream. To prevent the 

explosion of the can, the pressure inside the aerosol can is however not allowed to 
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exceed 15-20 bar. Thus, the high solubility of nitrous oxide in cream is a necessity 

to ensure a sufficient amount of dissolved gas in conjunction with an acceptable 

pressure in the aerosol can. 

Figure 1.1 Schematic drawing of an aerosol valve (a) closed and (b) open. (1) valve holder, (2) 
outside gasket, (3) inside gasket, (4) valve casing, (5) valve cpne, (6) spring, (7) 
hole, (8) spout. 
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Foam properties 
Obvious advantages of aerosol whipped cream are in the speed and ease of 
producing a foam in controllable portions. The foam is characterised by a high 
overrun of approximately 400-600 %. The overrun relates to the volume fraction of 
gas in the foam (chapter 2). The initial picture of aerosol whipped cream shows a 
dry foam with sharp edges at the 'rose' blob (figure 1.2.a). Aerosol whipped cream 
gives a satisfactory mouthfeel, although on this point it cannot compete with 
'ordinary' whipped cream. 

Figure 1.2 Aerosol whipped cream, (a) immediately after foam formation, (b) after 15 minutes. 

Unfortunately, aerosol whipped cream is not very stable. Within 15 minutes after 
the foam formation the foam collapses, which follows from the decrease in blob 
height. The appearance alters, becoming more shiny and showing degeneration of 
the 'rose' shape of the blob (figure 1.2.b). Furthermore, the mouthfeel of the aged 
foam deteriorates into something like a mouthful of air. 
Although the high solubility of the nitrous oxide in the cream is, as mentioned, 
necessary to obtain the required foam properties using an aerosol can, the high 
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solubility seems to negatively affect the foam stability. It is expected that the 

deterioration of aerosol whipped cream is mainly caused by a process called 

disproportionation, which is strongly promoted by a high solubility of the dispersed 

gas in the surrounding liquid (Wijnen and Prins, 1995). The foam stability of aerosol 

whipped cream will be discussed in more detail in chapter 4. 

1.4 Comparison with whipped fresh cream 

Whipped fresh cream refers to 'ordinary' unhomogenised dairy cream, which is 

mechanically whipped into a foam by means of, for example, a mixer. Describing 

this topic may seem strange in the present thesis. However, whipped fresh cream 

and aerosol whipped cream are often compared to each other and there appears to 

be some lack of clarity concerning the differences between the two products. 

Whipped fresh cream 

The foam formation of whipped fresh cream is extensively studied and described in 

literature. Reviews on this topic are given by Mulder and Walstra (1974) and later 

by Anderson and Brooker (1988) and Brooker (1993). In the whipping process air 

bubbles are mechanically beaten into the cream. As whipping proceeds, the 

bubbles become smaller (Noda and Shiinoki, 1986; Schmidt and van Hooydonk, 

1980; Sone et al., 1986). 

When air is initially incorporated, the bubbles are somehow stabilised by milk 

proteins (Brooker et al., 1986; Needs and Huitson, 1991). During the whipping, fat 

globules, containing both solid and liquid fat, adsorb on the bubble surface. This 

adsorption involves the partial loss of fat globule membrane and so a portion of the 

fat comes into contact with the air and slightly protrudes into the bubble (Anderson 

et al., 1987; Buchheim, 1978; Brooker et al., 1986). Some liquid fat may spread 

over the bubble surface (Anderson and Brooker, 1988). Subsequently, clumping of 

the fat globules takes place. This is also called partial coalescence because the 

presence of solid fat in the globules prevents them to coalesce completely (Boode, 

1992; Walstra and Jennes, 1984). Clumps of fat become attached to bubbles and 

to other clumps (Mulder and Walstra, 1974). 

Temperature strongly affects the whipping process because effective whipping of 

the cream requires that part of the fat in the globules is solid (Mulder and Walstra, 

1974). The rigidity of the globules prevents complete spreading of the liq 'id fat 

around the bubble surface and additionally provides structure to the fat net 'ork 

(Darling, 1982). In fully whipped cream the air bubbles are primarily surrounded oy 

a network of partially coalesced fat globules, which is clearly visualised by a 
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number of authors (Anderson et al, 1988; Brooker et al., 1986; Darling, 1982; Graf 

and Müller, 1965; Schmidt and van Hooydonk, 1980; Stanley et al.; 1996). This 

network helps to stabilise the foam against disproportionation. The firmness of 

whipped fresh cream is provided by bridges of aggregated globules connected to 

adjoining air bubbles and by the adsorption of single globules or groups of globules 

onto more than one bubble (Anderson and Brooker, 1988). The overrun of the foam 

is 100-150 %. 

Comparison of whipped fresh cream and aerosol whipped cream 

Important differences between whipped fresh cream and aerosol whipped cream 

are the overrun, the firmness and the stability of the foams. The overrun of aerosol 

whipped cream is 4 times that of whipped fresh cream. This high overrun supplies 

the aerosol whipped cream with a certain firmness (chapter 2), which is however 

less than the firmness of whipped fresh cream. The latter is provided by the 

presence of a fat globule network. The main difference between the two products is 

the foam stability. Aerosol whipped cream deteriorates within several minutes, 

whereas whipped fresh cream remains stable for several hours. The fast 

deterioration of aerosol whipped cream is mainly the result of two factors. Firstly, 

the gas present in the foam has a high solubility in the cream and thus makes the 

foam susceptible to the destabilising process of disproportionation. Additionally, 

there is no fat globule network to stabilise the bubbles against disproportionation or 

to withstand the collapse of the foam. Unfortunately, because of a number of 

reasons, it is not possible to easily solve these problems in order to improve the 

stability of aerosol whipped cream. 

Disproportionation of aerosol whipped cream would be much slower if the foam 

could be produced with a less soluble gas, for example air instead of nitrous oxide. 

However, in order to obtain a foam with a comparable overrun and bubble size 

distribution, a certain amount of gas has to be dissolved in the cream in the can. 

Using a gas with a solubility 50 times lower than the solubility of laughing gas 

would require a pressure 50 times as high to obtain a similar amount of gas 

dissolved in the cream. Although machines exist for the production of foams in this 

manner, such a pressure is obviously not feasible in aerosol cans for domestic use. 

The presence of a fat globule network in aerosol whipped cream could slow down 

disproportionation and collapse of the foam. The fat globule network in whipped 

fresh cream is induced by mechanical forces that cause partial coalescence of the 

fat globules and thus formation of a network. Aerosol whipping cream is 

homogenised to prevent physical déstabilisation of the emulsion during storage of 

the cans. Due to the homogenisation the resulting fat globules are smaller and, 

more important, the membrane of the globules is altered. These factors impair the 
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clumping tendency of the globules and thus the whipping properties of the cream 

(Mulder and Walstra, 1974). Consequently, if aerosol cream is mechanically 

whipped into a foam no fat globule network as in unhomogenised whipped cream is 

formed. 

Graf and Müller (1965) showed that a kind of network in homogenised whipped 

cream can be formed by homogenisation clusters gathering around the air bubbles 

and forming agglomerates. However, the presence of these clusters in the cream 

can result in a rapid creaming during storage in the can (Kieseker and Zadow, 

1973a). Darling (1982) stated that the globule membrane structure may be more 

important in the whipping process than the degree of clustering. Nevertheless, it is 

clear that there is a link between the whipping properties and the emulsion stability 

of homogenised cream (Anderson and Brooker, 1988; Streuper and van Hooydonk, 

1986). Aerosol whipping cream is processed to be stable during storage and 

unfortunately the physical stability of the cream seems to be negatively related to 

its whipping quality. 

Even if it would be possible to form some kind of network in aerosol whipping 

cream, the structure would have to be established within the short time that the 

mechanical forces act upon the fat globules during the foam formation process out 

of an aerosol can. The network formation in whipped fresh cream takes on the 

order of minutes whereas the foam formation of aerosol whipped cream occurs 

within less than a second. Creating a network within this short time seems not 

feasible. Obviously, it will not be easy to improve the stability of aerosol whipped 

cream by inducing the formation of a fat globule network. 

1.5 Aim and outline of this thesis 

Aerosol whipped cream is a well known convenience product nowadays. The 

production of aerosol whipped cream has developed more or less empirically 

instead of being based on fundamental knowledge of the process. Therefore, the 

present work was started. The aim of this study was to obtain more physical 

knowledge about the production and stability of aerosol whipped cream. In this 

thesis an attempt is made to unravel the overall process of foam formation, 

resulting in an overview of sub processes and properties determining or affecting 

foam formation and stability. 

The process of instant foam formation out of an aerosol can will be described in 

chapter 2. The process is divided into three different stages: the situation in the 

aerosol can, the (two-phase) flow through the nozzle and the situation directly after 

the formed foam leaves the nozzle. The latter stage corresponds to the initial foam 
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properties. Theory of physics related to the instant foam process will be applied to 

the production of aerosol whipped cream. Because the solubility of the propellant 

seems to play a major role in the whole process, study on the solubility properties 

of nitrous oxide in cream is included. 

During the spraying process the pressure inside an aerosol can drops, thereby 

affecting the foam formation process and the resulting foam properties. In order to 

be able to produce aerosol whipped cream under standardised conditions, an 

apparatus, called the Aerosol Can Simulator (ACS), was developed to extend the 

knowledge of the instant foam production. Chapter 3 describes the working 

principle of this apparatus. Moreover, the foam formation and foam properties of 

aerosol whipped cream produced with the ACS will be presented. The studied 

processes will be related to and compared with analogous processes occurring 

when using an aerosol can. 

More information about the foam properties of aerosol whipped cream is given in 

chapter 4. In this chapter, the foam stability and several processes affecting this 

stability will be described. Since surface rheological properties of a liquid play an 

important role in the stability of the foam produced from that liquid, the surface 

rheological properties of unwhipped cream will be discussed in relation to the 

stability of aerosol whipped cream. Special attention is paid to the susceptibility of 

the foam to the process of disproportionation. 

In the last chapter of this thesis the main conclusions of the study will be outlined 

to review the overall picture of the instant foam production of aerosol whipped 

cream. Finally, some perspectives of the research will be given. 
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Chapter 2 

Aspects of foam formation out of an aerosol can 

2.1 Introduction 

This chapter describes different aspects of foam formation out of an aerosol can, 

taking aerosol whipped cream as an example. Three different stages in the foam 

formation process are considered successively. Firstly, the situation in the aerosol 

can is studied. The aerosol can contains cream and gas, in practice mostly nitrous 

oxide, which is partly dissolved in the cream. The amount of gas dissolved in the 

cream is linked to the amount of gas present in the headspace of the can and, 

therefore, to the pressure in the can. In practice, the pressure in the aerosol can 

varies between 5 and 10 bar, depending on the amount of product inside the can. 

By opening the valve of an aerosol can a direct contact is created between the 

inner and the outside of the can via a standardised small opening, resulting in a 

local pressure drop. This causes the cream to flow from the higher pressure to the 

lower pressure. The cream becomes supersaturated with gas, resulting in foam 

formation and bubble growth. The amount of gas dissolved in the cream influences 

the bubble growth velocity, the bubble size and the resulting overrun of the foam. 

Furthermore, the foam is exposed to mechanical forces while passing through the 

nozzle. These forces, which can affect the foam properties, depend on the 

magnitude of the pressure drop. The pressure drop is determined by the conditions 

in the can and the small opening. 

It is assumed that the actual foam formation takes place in the nozzle. Therefore, 

the second stage considered in the process of foam formation is the flow of the 

(aerated) cream through the nozzle. To describe the processes occurring in the 

nozzle, theory on two-phase flow is applied which relates the situation in the can to 

the flow properties in the nozzle. Furthermore, the influence of the geometry of the 

nozzle on the flow phenomena is studied. 

The third stage considered in the foam formation out of an aerosol can is the 

situation directly after the foam leaves the nozzle. The initial foam properties of the 

aerosol whipped cream supply information about the process of foam formation. 

Since the process of foam formation out of an aerosol can seems to be strongly 

related to the solubility properties of the propellant, some theoretical aspects of the 

solubility of gas in liquid will be described first. Additionally, the solubility properties 

of nitrous oxide in aerosol whipping cream are determined experimentally. 
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2.2 Initial condition in the aerosol can 

2.2.1 Theory of gas solubility 

Solubility properties of gas in liquid 

The solubility of a gas in a liquid is determined by the equations of phase 

equilibrium. The ideal gas solubility of component i is given by Raoult's law: 

* i = - ^ 7 (2.1) 
P\ 

where xt is the mole fraction of the (dissolved) gas in the liquid, p, the partial 

pressure of component i in the gas phase and P' the (saturation) vapor pressure of 

pure liquid i at the temperature of the solution (Hildebrand et al., 1970; Prausnitz, 

1969). In practice, most of the systems do not show ideal behaviour; measured gas 

solubilities are usually lower than the ideal solubility. When dilute solutions are 

considered (x, « 1) Henry's law is often used: 

*, = TT (2-2) 
wi.l 

where Henry's constant Hti depends on the temperature as well as on the 

properties of the gas and the liquid. When there is a positive interaction between 

gas and liquid, the gas solubility tends to be larger, resulting in a smaller value of 

HKj (Barton, 1991). 

Henry's law is only valid when the solubility and partial pressure of the gas are 

small. It is roughly estimated that for many systems equation (2.2) applies when the 

solubility remains below about 3 mol % and the partial pressure does not exceed 5 

or 10 atm (Prausnitz, 1969). At higher pressures the gas molecules will approach 

each other and thereby influence each other; a correction on Henry's law is then 

necessary. Instead of using the partial pressure p, in the gas phase, the fugacity ft 
of component i has to be considered now. The fugacity can be seen as an effective 

gas pressure corrected for deviations from the perfect gas law (Hildebrand et al., 

1970). An equation used to fit high-pressure gas solubilities is the Krichevsky-

Kasarnovsky equation (Prausnitz, 1969; Battino and Clever, 1966): 

,„1 . ,„Hlf > . "rC-"') (2.3, 
xt

 g RT 

where HM at pressure F5 is the Henry constant at the saturation pressure P,s of the 
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solvent, P the total pressure, v°° the partial molar volume of i in the liquid phase at 

infinite dilution, R the gas constant and T the temperature. 

An other parameter that has to be considered while studying solubility properties is 

the temperature. The effect of temperature depends on the intermolecular forces of 

the gas-liquid system. For the majority of systems the gas solubility in a liquid 

decreases with increasing temperature. However, if the gas is only sparingly 

soluble the temperature effect is the opposite; the gas solubility increases with 

increasing temperature (Shinoda and Becher, 1978; Prausnitz, 1969). 

The gas solubility in a mixture of liquids can be estimated using the solubility in the 

separate solvents (Hildebrand et al., 1970; Prausnitz, 1969): 

lnWim =x J ln /y | J +x k ln« l i k -a l i kx Jx k (2.4) 

where H.m ,HU and H ik are the Henry constants for gas i in respectively the mixture 

of the solvents, the pure solvent j and the pure solvent k. xs and xk are the mole 

fractions of respectively solvent j and solvent k in the mixture, a jk is a constant 

characteristic of the jk binary pair. For ideal mixtures, a jk = 0 resulting in a linear 

relation between the logarithm of Henry's constant in the mixture and the mole 

fraction of the liquids. 

Equation (2.4) holds when the solvents considered have (effectively) spherical 

molecules, all of roughly the same size. When the molar volumes of the 

components are very different, it is preferable to rewrite the equation into: 

lnWim = ̂ H^toH^-v^fr (2.5) 

where fy and tyk are the volume fractions of respectively solvent j and k, vt is the 

molar volume of pure 'liquid' i (fictitious) and bjk an empirical coefficient analogous 

to a jk (Hildebrand et al., 1970) 

Solubility of nitrous oxide in cream 

Nitrous oxide (N20), or laughing gas, is in practice used as propellant in the 

production of aerosol whipped cream. Because of the relevance of the solubility 

properties of the gas in the process of foam formation of the cream it is important 

to study these properties. Since cream is an oil in water emulsion the gas solubility 

in both components has to be considered. In literature there are a number of data 

available on the solubility of N20 in water. There is, however, little information about 

the solubility of N20 in an oil or fat phase. An overview on the solubility parameters 

of nitrous oxide in water and several oils is given in appendix I. 

The solubility of nitrous oxide in water is about 50 times larger than the solubility of 

nitrogen. Furthermore, it seems to have a higher affinity for liquid oils. This can be 

explained considering the bond character of the interacting molecules. The bond 
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between hydrogen and oxygen (as in water) is covalent polar. On the other hand, a 

covalent non-polar bond exists between carbon and hydrogen (the main elements 

in a fat phase). The bond between nitrogen and oxygen (as in nitrous oxide) is also 

covalent non-polar (Luhman, 1994). This indicates that nitrous oxide molecules will 

interact better with molecules of a fat phase than with water molecules. 

The milk fat phase of whipping cream is, depending on the temperature, partly 

crystallised. It is expected that the amount of solid fat in the oil phase will have a 

negative effect on the gas solubility properties. Studying a practical system like 

cream makes it difficult to correctly estimate the solubility properties. However, 

experimental observations can be used to determine the solubility of nitrous oxide 

in cream. 

The fixed volume of an aerosol can is occupied by a volume of cream and a 

headspace with gas. The pressure in the can is a measure for the number of moles 

gas, and thus the mass of gas, present in the headspace. When the total mass of 

gas present in the can is known, the mass of gas dissolved in the cream can be 

calculated. 

The volume of cream V, in the can follows from the mass of the cream w, = p,. V,, in 

which the cream density p, can be derived from: 

i = JL + i i ^ a (2.6) 
Pi PO PW 

In this equation x is the mass fraction of fat in the cream; p0 and pw are the 

densities of respectively the milk fat and the skim milk. p0 and pw depend on the 

temperature as can be seen in appendix II (Walstra and Jennes, 1984). 

When the volume of the can is known, the volume of the headspace in the can Vh 

follows from the volume of the cream. The headspace contains mainly nitrous 

oxide, but also a known amount of air which is enclosed before the sealing of the 

can. The total pressure in the can Pt equals pa + pg, where pa and pg are 

respectively the partial pressure of the air and the nitrous oxide in the can. 

According to the ideal gas law the number of moles gas n follows from: 

PV = nRT (2.7) 

where P is the pressure, V the volume, R the gas constant and T the temperature. 

Since air is approximately 50 times less soluble than nitrous oxide, it seems 

justified to neglect the solubility of air in the cream. The mass of dissolved N20 in 

the cream, Gs, can now be calculated using the measured pressure P, inside the 

can: 
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-i-v*.=^-(^^H (z8) 

with wg being the mass of nitrous oxide added to the can, ng the number of moles 

nitrous oxide present in the headspace of the can and Mg the molar weight of N20 

(44.013 g/mol). 

When Gs is determined at different values of the partial pressure pg of nitrous oxide 

in the can, the mass of gas dissolved per mass of cream, Gs/w„ can be plotted 

versus pg. Assuming that Henry's law applies, the slope of the plot can be used to 

find the gas solubility (equation (2.2)). This is only valid in the presence of phase 

equilibrium between the gas present in the headspace and the gas dissolved in the 

cream. The slope of the plot will be referred to as the solubility S of the gas in the 

cream. Note that S is proportional to the reciprocal of the Henry constant. 

2.2.2 Experimental 

In order to study the solubility properties of nitrous oxide in cream, the solubility S 

of N20 in cream 

the temperature. 

of N20 in cream was determined as a function of the fat content of the cream and 

Method 

Aerosol cans with a volume of 405 ml were filled with 250 g aerosol whipping 

cream. To study the effect of the fat content on the gas solubility, varying fat 

contents were used: 0 % (skim milk), 10%, 2 0 % , 3 0 % and 38 % w/w. After 

closing the cans with a nozzle, different amounts of (food grade) nitrous oxide were 

added: 3.0 g, 4.5 g, 6.0 g and 6.7 g. These amounts of gas were chosen because 

they induce a pressure range from approximately 5 to 10 bar in the cans. The 

variation in the added mass of gas and cream was less than 0.1 g. The cans were 

stored during 8 days at different temperatures: 3 °C, 8 °C, 12 °C, 20 °C and 30 °C. 

For each combination of storage temperature and fat content of the cream, three 

cans were studied. The pressure in the cans after storage was measured. For this 

purpose a manometer was equipped with a small extension piece that fitted on top 

of the nozzle of an aerosol can. Some random measurements were performed to 

check whether the pressure in the cans had reached an equilibrium value after 8 

days of storage. Within the measuring precision of the manometer (± 0.1 bar) no 

differences were found in the pressures after 6 and 8 days of storage. It was 

therefore assumed that equilibrium between the gas dissolved in the cream and the 

gas present in the headspace of the can was established. 
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Calculation 

The amount of nitrous oxide dissolved in the cream (Gs) was calculated with 

equation (2.8), using the mass of N20 added to the can (ivg) and the measured 

pressure P, in the can. The volume of the headspace Vh easily follows from the 

total volume of the aerosol can and the cream volume V,. Since the mass of cream 

present in the aerosol can is known, V, can be found using equation (2.6). The 

partial gas pressure pa of the air results from the ideal gas law out of the number of 

moles air na present in the can. na is determined by the pressure (1 atm) and 

temperature (20 °C) during the filling of the can and by the volume of the 

headspace directly after the filling process. This volume depends on the density 

and thus on the temperature of the cream. The filling temperature of the cream is 

estimated to be 10 °C (= 283.15 K). 

The calculated values of GJwt were plotted against the partial pressure of the 

nitrous oxide in the can. The solubility S was found after linear regression of the 

data, where the intercept was forced to be zero. 

2.2.3 Results and Discussion 

For each combination of storage temperature and fat content of the cream, the 

mass of nitrous oxide dissolved in the cream can be plotted versus the partial gas 

pressure in the aerosol can. 

2 3 4 5 6 7 8 9 

Partial pressure N20 (bar) 

Figure 2.1 Mass of nitrous oxide dissolved in the cream (o) versus partial gas pressure in the 
can and calculated Henry's law ( ); fat content 30 % w/w, T = 3 °C. 
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The results of cream with a fat content of 30 % w/w stored at 3 °C are shown in 

figure 2.1 as a typical example of these plots. The symbols mark the (calculated) 

data; the trend line, indicating Henry's law, is obtained after linear regression of the 

data where the intercept is forced to be zero. Comparison of the data with the trend 

line shows that the solubility of N20 in cream deviates from Henry's law. This is not 

surprising for a practical system like cream. Since the slope of the plot does not 

exactly agree with the solubility S (which is proportional to the reciprocal of Henry's 

constant), it is preferable to refer to it as the apparent solubility S'. 

Although the values of the apparent solubilities differ from the actual gas 

solubilities, they are a good tool for comparing the different sets of data. Figure 2.2 

shows the apparent solubilities for the different fat contents as a function of 

temperature. 
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Figure 2.2 Apparent solubility of nitrous oxide in cream as a function of temperature for a fat 
content 0 % w/w (D), 10 % w/w (o); 20 % w/w (o), 30 % w/w (*) and 38 % w/w (A); 
line is an average for the actual solubility of nitrous oxide in water, taken from 
literature (Perry, 1963; Marshall, 1976; Braker and Mossman, 1980; Ahlberg, 1985). 

The symbols indicate the various fat contents; the line gives an average for the 

actual gas solubility of nitrous oxide in water obtained from literature (appendix I). 

According to Marshall (1976), the solubility of nitrous oxide in different oils at a 

temperature of 20 °C is at least twice as large as in water (appendix I). 

The plot shows that the apparent solubility of N20 in the cream decreases with 

increasing temperature, similar to the gas solubility in water. It can be noted that 
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the slope of the line indicating the literature data for water is comparable to the 

slope of the skim milk data, up to 20 °C inclusive. Apparently, the different 

components present in the skim milk do not affect the temperature dependency of 

the gas solubility in the liquid. 

In the presence of a fat phase, two effects of temperature on the gas solubility 

have to be considered. Firstly, an increasing temperature in general negatively 

affects the gas solubility, as was described for water and skim milk. Figure 2.2 

shows that this effect also occurs in the presence of a fat phase. Secondly, the 

temperature determines the amount of solid and liquid fat in the fat phase and thus 

the solubility properties. It is expected that the solubility of N20 in the solid fat 

phase will be much lower, if not negligible, compared to the amount of gas 

dissolved in the skim milk and the liquid fat phase. An increasing temperature, 

accompanied by an increasing amount of liquid fat, will therefore positively affect 

the gas solubility. The second temperature effect thus counteracts the first one. 

This is reflected in a tendency to a less steep slope of the apparent solubility 

versus the temperature with increasing fat content in figure 2.2. 

Finally, it can be noted that the apparent solubility of nitrous oxide in cream 

increases with increasing fat content; the gas is more soluble in the fat phase than 

in the 'skim milk phase'. Apparently, the higher solubility in the liquid fat phase than 

in the 'skim milk phase', due to the bond character of the interacting molecules 

(§ 2.2.1), dominates the assumed lower solubility in the solid fat phase. 

2.3 Condition in the can during the spraying process 

It is obvious that the process of foam formation out of an aerosol can is strongly 

related to the conditions in the can. A major parameter in this process is the 

amount of gas dissolved in the cream, which is of course strongly related to the 

pressure in the can. During the spraying process the pressure inside the can drops, 

thereby affecting the mass of gas Gs dissolved in the cream. The state of the 

equilibrium between the gas present in the headspace of the can and the gas 

dissolved in the cream determines the relation between the decrease in pressure 

and Gs. The importance of the state of the phase equilibrium is apparent. 

Before the spraying process phase equilibrium is assumed, since the pressure in 

the cans remained stable during the last two days of storage (§ 2.2.2). During the 

spraying process the time scales are, however, in the order of seconds instead of 

days. The effect of these shorter time scales on the state of the equilibrium 

between the gas present in the headspace of the can and the gas dissolved in the 

cream is studied. 
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2.3.1 Theoretical considerations on the gas equilibrium 

The state of the phase equilibrium affects the course of the pressure inside the 

aerosol can during the spraying process as a function of time. The pressure in the 

can at time t, Pu equals: 

pu 
n*ßT 

Kt 

with (2.9) 

nh,t = nu - ns,t = nu~ 

where nht, nu and nst are respectively the number of moles gas in the headspace, 

the total number of moles in the can and the moles dissolved in the cream, Vht and 

Vu respectively the volume of the headspace and of the cream and ps( the amount 

of gas dissolved in the cream, all at time t. Mg is the molar weight of the gas. 

The value of ps, depends on the state of the phase equilibrium which knows two 

ultimate situations. On the one hand, it is conceivable that, within the short time 

scales considered, there is no time for the gas equilibrium to adjust to the change 

in pressure during the spraying process; in the extreme situation the amount of gas 

dissolved per amount of cream remains constant in time: 

Ps,r = P|Spg,o (2-10) 

where p, is the density of the cream, S the gas solubility in the cream and pg0 the 

partial pressure in the can before the spraying process (f = 0). On the other hand, it 

is possible that the equilibrium between the gas present in the headspace of the 

can and the gas dissolved in the cream remains established during the spraying 

process, or: 

Js,r P,Spg,, (2-11] 

where pgt is the partial gas pressure in the can at time f. 

Measurement of the pressure inside the can during the spraying process gives 

information about the state of the phase equilibrium. 

2.3.2 Experimental 

Method 

Considering the foam formation process out of an aerosol can, it is important to 
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know the proportion of the gas and cream flow. The gas flow consists of two parts. 

There will always be an amount of gas dissolved in the cream. Additionally, part of 

the gas can be present as bubbles in the flow. 

It is assumed that ratio k of the mass of the gas flow mg to the mass of the cream 

flow m, that leaves the can, remains constant during the spraying process: 

A - = - ^ a (2.12) 

It is expected that shaking of the can will affect k. Moreover, shaking causes 

bubble formation in the cream which may affect the state of the phase equilibrium. 

Two extreme situations were studied and compared: 

Not shaken can: there will be no, or only a very small amount of bubbles present in 

the cream. It is assumed that in this situation only the gas dissolved in the cream 

leaves the can during the spraying process. The ratio k will thus equal the mass of 

dissolved gas per mass of cream in the can. In the absence of bubbles, there is no 

large exchanging interface between gas and cream, which makes it difficult to 

achieve phase equilibrium within the short time scales of the spraying process. 

Shaken aerosol can: shaking of the can causes bubble formation in the cream. It is 

speculated that the total amount of gas flows with the cream through the nozzle, 

both dissolved and in the form of bubbles, k therefore equals the total mass of gas 

divided by the total mass of cream in the can. The presence of bubbles is 

accompanied with a large exchanging interface between gas and cream. This will 

stimulate the establishment of the phase equilibrium. 

The aerosol cans used for the experiments had a volume of 405 ml and contained 

243 ± 1 g aerosol whipping cream (fat content 35 % w/w, p, = 1008 kg/m3), 

7.0 ± 0.1 g nitrous oxide (food grade) and 0.2 g air. Before use they were stored 

during several weeks at a temperature of approximately 5 °C. For both situations, 

shaken and not shaken, the pressure inside the can P t, was measured as a 

function of the total mass mu of the flow that has left the can. The time scale of the 

whole experiments was a few minutes. The pressure was measured by means of a 

manometer (§ 2.2.2); the mass of the flow was measured using a balance. 

Experiments were performed in duplicate. 

Calculation 

The calculations of the pressure in the can P u as a function of the total mass of the 

flow mu out of the can were performed numerically. The mass of the cream flow m l ( 

at time t was increased to its maximum value in 25 steps. After each step the 

volume of the headspace in the can Vh, follows from: 
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l m \ 

{ Pi J 
(2.13) 

where Vc is the volume of the aerosol can and Vl0 the cream volume at time t = 0. 

Since the mass of the gas flow at time t, mgl equals k-m[t (equation (2.12)), the 

mass of gas that has left the can, and thus the number of moles gas present in the 

can at time f (nu), is known. The pressure as a function of the total mass flow 

(mu + mgl) can now be found by combining equation (2.9) with equation (2.10) (no 

phase equilibrium) or equation (2.11) (phase equilibrium). 

It has to be noted that the initial pressure in the can is affected by shaking as can 

be seen later (figures 2.3 and 2.4). This leads to the suspicion that the assumed 

phase equilibrium before the spraying process in the can has not yet been 

established. Since the observed difference in initial pressure correlates to a 

different amount of dissolved gas in the cream, different values for S were used for 

shaken and not shaken aerosol cans. The solubilities were calculated by correlating 

the initial pressure measured in the can P,0 to the amount of dissolved gas ps 

(equation (2.9)); the values for S additionally followed from equation (2.10). 

2.3.3 Results and discussion 

The pressure versus the mass of the cream flow was measured for an unshaken 

can. Figure 2.3 gives the results (symbols) and the calculations (lines) 

corresponding to the measured Pt0. The dotted line indicates the absence of phase 

equilibrium (ps is constant); the solid line assumes equilibrium between the gas 

dissolved in the cream and the gas present in the headspace of the aerosol can. In 

the calculations k is taken to be 1.82-10'2. 

The results indicate that the pressure inside the unshaken aerosol can initially 

decreases with the mass flow according to the non equilibrium situation (dashed 

line). Furthermore, the shape of the measured curve seems most similar to the 

shape of the non equilibrium calculation. The absence of bubbles in the can 

apparently hinders the establishment of a phase equilibrium at this point. During the 

spraying process the measured data, however, deviate from the non equilibrium 

situation. It seems that the amount of dissolved gas does not remain constant; part 

of the gas moves from the liquid phase to the gas phase in the can during the 

spraying process. It can be speculated that, due to the pressure decrease, bubbles 

are formed in the cream. Because of the increase in exchanging interface between 

gas and cream this will stimulate the establishment of the phase equilibrium. 
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Figure 2.3 Pressure in the can versus mass of the flow out of an unshaken can, measured (A) 
and calculated assuming absence of phase equilibrium ( ) or phase equilibrium 
( ); only the gas dissolved in the cream before the spraying process leaves the 
can. S = 2.2 g/kg/bar; k = 1.82-10-2. 

Figure 2.4 shows the results (symbols) and the calculations (lines) corresponding to 

the measured Pt0 in a shaken aerosol can. The dashed line indicates the situation 

assuming that the amount of gas dissolved in the cream remains constant during 

the spraying process (no phase equilibrium); the solid line assumes equilibrium 

between the gas dissolved in the cream and the gas present in the headspace of 

the aerosol can. The value of k is 2.96-10"2. 

The results mark that the pressure inside a shaken aerosol can decreases linear 

with the mass flow of the cream, indicating that the phase equilibrium seems to be 

approached. The shaking of the can causes bubble formation in the cream. This 

results in a large exchanging interface between the gas and cream, which 

promotes the establishment of the phase equilibrium. Nevertheless, the pressure 

measured in the can does not decrease as fast as is calculated (solid line). This 

can be explained by the value of k. In the calculation it is assumed that due to the 

shaking of the can the gas and cream are homogeneously mixed. The total mass 

of gas present in the can would thus contribute to k. It is however likely that a 

certain amount of gas will remain in the headspace of the can, therefore not 

contributing to the value k. A smaller value of k, meaning a smaller mass of gas 

leaving the can with the cream, is expected to result in a smaller decrease in 

pressure with the mass of the flow. 
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Figure 2.4 Pressure in the can versus mass of the flow out of a shaken can, measured (D) and 
calculated assuming absence of phase equilibrium (- - -) or phase equilibrium 
( ); total amount of gas leaves the can with the cream. S = 2.44 g/kg/bar; 
k= 2.96-10"2. 

The amount of gas that remains in the headspace of the aerosol can after shaking 

is estimated by mixing some gas (air) and cream in a measuring cylinder. The 

volume ratio gas to cream was comparable to the contents of an aerosol can. After 

shaking of the cylinder approximately 20 vol % of the gas was entrapped in 

bubbles. Adjusting k results in a value for k of 2.10-10'2. Figure 2.5 shows the 

results of figure 2.4 (symbols) and the adjusted calculations (lines). 

After adjusting the parameter k as mentioned, the calculated pressure decrease 

with the mass of flow is indeed smaller than followed from the corresponding 

calculations performed with the larger k (figure 2.4). However, figure 2.5 shows that 

the measured data are now positioned below the solid line which is calculated 

assuming phase equilibrium. Apparently, it is impossible to achieve complete phase 

equilibrium within the relatively short time scales of the experiment. 
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Figure 2.5 Pressure in the can versus mass of the flow out of a shaken can, measured (o) and 
calculated assuming absence of phase equilibrium (- - -) or phase equilibrium 
( ); dissolved gas and 20 vol % of not dissolved gas leaves the can with the 
cream. S = 2.44 g/kg/bar; k = 2.10-10"2. 

As mentioned before (§ 2.3.2) the shaking of the can has an effect on the initial 

pressure; the pressure decreases due to the shaking. In the absence of bubbles in 

the cream, there is only a relatively small interacting interface between gas and 

cream and a relatively long diffusion length for the gas molecules. Therefore, it is 

not unlikely that the assumed phase equilibrium in the cans is not achieved after 

storage during several weeks. 

2.4 Flow properties of aerated cream through a nozzle 

2.4.1 Theory on two-phase flow 

In a restricted system, such as a pipe, the flow of a homogeneous medium cannot 

exceed the propagation velocity of a longitudinal pressure wave. The flow is limited 

to the so called 'choking' conditions where the velocity equals the speed of sound. 

Speed of sound 
The speed of sound c is the velocity with which a longitudinal pressure wave 

propagates through a continuous medium. The general equation for the speed of 
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sound in solids, liquids and gases at constant entropy is (de Nevers, 1991): 

(2.14) apV2 

dp 

where P is the pressure, p the density of the medium and subscript s indicates the 

isentropic condition. 

For solids and liquids it is justified and easier to use the speed of sound at constant 

temperature T. In practice the compression modulus K of the bulk, which is the 

reciprocal of the isothermal compressibility K, is used to calculate c. The speed of 

sound in a liquid c, is then given by: 

c, « 
aPV/2 (K)VZ 

dp) ; - ( f ) (2.15) 

For real gases it is not justified to use c at constant temperature instead of constant 

entropy. The speed of sound now depends on the constant y, which is the ratio of 

the specific heat capacity of the gas at constant pressure CgP and at constant 

volume CgV. The speed of sound cg for a perfect gas is: 

-(C=(fr=(#ß 

For the derivation of the speed of sound in two-component gas-liquid flow an 

homogeneous bubbly mixture is considered (van Wijngaarden, 1972; Wallis, 1969). 

The gas is assumed to be insoluble in the liquid. The density of the mixture equals: 

Pf = «Pg + (1 -«)Pi (2-17) 

where pf, pg and p, are the densities of respectively the foam, gas and liquid; a is 

the volume fraction of gas in the foam. This equation can be used to derive the 

speed of sound in the foam cf: 

cf %\ - • ^ • ( P . - P ^ - C I - ) ? * <2-18> .2 \dP)s àP y 9 " d P x dP 

In a homogeneous mixture, the gas and liquid move with the same velocity. 

Therefore, the ratio of the mass of gas to the mass of liquid is constant: 

g P g = constant = k (2.19) 
(1 - a )p . 
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Differentiating equation (2.19), combining it with equation (2.18) and writing cg
2 for 

dP/dpg and c,2 for dP/dp, results in an equation for c, : 

—2 = Pf 
« , d - « ) ) 
~2 «2 

lPgcg PICI 

(2.20) 

It can be assumed that frictionless flow through a hole is adiabatic (isentropic). The 

expansion of the mixture will depend upon the heat transfer between the gas and 

the liquid phase (Wallis, 1969). In the absence of mutual heat transfer, the gas 

phase will expand isentropically according to: 

FlPg
Y = constant (2-21) 

where y equals CgP /Cgv. On the other hand, if the gas and liquid are in thermal 

equilibrium, meaning equal temperature in both phases due to rapid heat transfer, it 

can be derived from the equation for energy conservation that (Tangren et al., 

1949; Wallis, 1969): 

P lPg
r = constant (2-22) 

Here, r is the two-phase isentropic exponent for a thermal equilibrium process: 

T = kC^+C^ (2.23) 
kCgy+ C| p 

with k being the constant as defined by equation (2.19) and CIP the specific heat 

capacity of the liquid at constant pressure. Note that in the absence of liquid (k = oo) 

the value of r equals y. Thus, for pure gas equation (2.22) reduces to equation 

(2.21). For relatively small values of k (in aerosol cans k « 0.02) the gas expansion 

approaches the isothermic relation ( r = 1). 

Because a homogeneous mixture is considered it seems justified to assume 

thermal equilibrium. The velocity of sound in aerosol whipped cream can now be 

plotted as a function of the volume fraction of gas using equation (2.20) in 

combination with equation (2.22). In pure nitrous oxide (a = 1) cg equals 262 m/s; in 

cream with a fat content of 35 % w/w (p, = 1008 kg/m3) at a temperature of 5 °C 

(a = 0) c, is estimated to be 1500 m/s (appendix III). Unless a is very close either to 

zero or to unity, the latter term in equation (2.20) can be neglected and the value of 

c, does not significantly affect the speed of sound in the mixture. 



Aspects of foam formation out of an aerosol can 29 

300 

Figure 2.6 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.« 

Volume fraction gas (-) 

The velocity of sound in aerosol whipped cream versus the volume fraction of gas 
at atmospheric pressure ( ) and at 9 bar ( ) calculated using equation (2.20), 
gas solubility neglected; c = 262 m/s, c, = 1500 m/s. 

It is interesting to note that, except close to the single phase situations, the speed 

of sound in the two-phase mixture is considerably lower than the speed of sound in 

pure gas. When the volume fraction of gas is very close to zero, the strong 

decrease in c, with increasing a follows from a noticeable decrease of the 

compression modulus with only a small decrease of the density of the mixture 

(equation (2.15)). For a volume fraction of gas very close to unity, the compression 

modulus does not change very much with increasing a but the difference in density 

in the presence or absence of liquid is considerable. This results in the strong 

increase of the velocity of sound. The minimum velocity of sound in the bubbly 

cream is reached at a volume fraction a of 0.5. 

At a higher pressure the velocity of sound for a similar value of a becomes larger 

as can be seen in figure 2.6. Since pf does not change significantly with pressure 

and cg is independent of the pressure (equation (2.16)), the higher gas density is 

responsible for this larger value of c, (equation (2.20)). 

In the derivation of equation (2.20) the solubility of nitrous oxide in cream is 

neglected. In practice it is not justified to do so since a considerable amount of the 

gas can be dissolved in the cream. This has to be accounted for in the calculation 

of the velocity of sound. Assuming that phase equilibrium is established, the mass 

of gas dissolved in the liquid phase ps is related to the total pressure P, according 


