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Abstract 

Bread owes its appeal to its aerated structure which directly relies on the bubbles entrained into 

the dough during mixing.  If the bubble size distribution (BSD) in the dough can be determined 

at the end of mixing, then the resulting loaf quality could be predicted before bread is fully 

manufactured.  However, non-invasively monitoring the structure of a fragile opaque soft solid 

such as dough is challenging.  This thesis addressed the challenge by determining dough’s BSD 

and its evolution using ultrasound and X-ray microtomography.  

Using a resonant scattering model and the frequency dependence of the ultrasonic parameters 

measured in the dough, the change in the BSD in dough (made without yeast) with time as a 

result of disproportionation was determined.  At 30 min after mixing, the median radius (R0) of 

the lognormal BSD was 6.5 microns.  Converting the BSD to the radius dependence of bubble 

volume fraction (BVF(R)), R0V (the median radius of BVF(R)) was 66.4 microns and increased 

18 % in the succeeding 90 min. 

In order to validate the bubble sizes determined ultrasonically, X-rays from a synchrotron source 

were utilized to examine dough’s microstructure.  Large numbers of very small bubbles were 

discovered and it was apparent that lognormality did not describe the BSDs.  Nevertheless, 

lognormal characterization of the BVF(R) was appropriate.  At 30 min after mixing R0V of the 

BVF(R) was 32.5 microns and it increased by 20 % in the succeeding 90 min, supporting the 

ultrasonic quantification of bubble volume changes due to disproportionation. 

Changes in the mode, median and mean of the BVF(R) with time after mixing had the same 

trend for ultrasound and for X-ray microtomography.  The time evolution of the mode of the 

BVF(R) obtained by ultrasound and X-ray microtomography matched very well; both increasing 
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linearly as a function of time.  Ultrasonic assessments of bubble sizes and their changes with 

time are very encouraging, but the ultrasonic model should use distribution functions that 

precisely define the empirical data, perhaps not making ‘pre-assumptions’ of lognormality for 

the BSD data.  
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Aerated food products and investigations of their properties are now widespread due to the 

rising demand of manufacturers seeking to make use of the uniqueness and versatility of 

bubbles (Campbell and Mougeot, 1999).  The manipulation of bubbles and development of 

the bubbly structure of aerated foods (Örnebro et al., 2000; van Vliet, 2008) markedly affect 

food appearance and texture (Lim and Barigou, 2004).  Nonetheless, although the chemistry 

of food systems containing bubbles is relatively better characterized, how they behave in food 

systems is not well understood (Campbell and Mougeot, 1999).   

As in all aerated foods, the gas cell structure of bread largely governs its acceptable 

appearance and textural quality (Campbell et al., 1991).  In general, gas cells of small size and 

uniform cell distribution are essential, and large voids or irregular cell distributions are 

undesirable in bread (Cauvain et al., 1999).  This gas cell structure is accomplished through 

manipulation of bubbles in the dough during mixing, proving and baking operations 

(Deshlahra et al., 2009).  Of these operations, mixing is critical (Scanlon and Zghal, 2001).  

During mixing, three main tasks are fulfilled: (i) the dough ingredients are blended together 

and hydrated, (ii) gluten polymers are developed into a viscoelastic film that can retain gas 

and (iii) air is occluded into the dough from the headspace of the mixer (Elmehdi et al., 

2004).   

It is thought that these three main tasks interact during the mixing process (Chin and 

Campbell, 2005a; Delcour and Hoseney, 2010), and the extent to which interactions do occur 

is likely to alter the properties of the mixed dough.  It has been shown that bubbles entrained 

during mixing are the only nuclei available for subsequent bubble growth during later stages 

of breadmaking (Baker and Mize, 1941).  The carbon dioxide generated during fermentation 

by yeast does not create new bubbles; however, it inflates the bubbles which are incorporated 
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into the dough during mixing (Bloksma and Bushuk, 1988).  It has been reported that the gas 

cell structure of bread, produced by a modern breadmaking process such as the Chorleywood 

Bread Process, depends on dough aeration during mixing and thus the bubble size distribution 

(BSD) within the dough at the end of mixing (Chin and Campbell, 2005b).  Furthermore, 

there is a significant relationship between dough aeration during mixing and dough 

mechanical properties (Chin et al., 2005b), i.e., both the concentration (Bloksma, 1981; Chin 

and Campbell, 2005a, 2005b; Chin et al., 2005b) and the size (van Vliet, 1999) of the bubbles 

affect dough mechanical properties.  These factors make investigations of dough aeration and 

the BSD within the dough at the end of mixing worthwhile since aerated structure of the 

dough at the end of mixing can lead to the development of methods for predicting the gas cell 

structure of bread before it is fully manufactured (Elmehdi et al., 2003a).   

The size and the number of bubbles created during mixing depend on the nature of aeration, 

i.e., mixer type (Peighambardoust et al., 2010; Whitworth and Alava, 1999), headspace 

pressure in the mixer (Chin and Campbell, 2005a; Elmehdi et al., 2004) and mixing time 

(Campbell et al., 1998; Mehta et al., 2009).  Changes in the type and quality of the wheat 

flour are principal ingredient factors that interact with the process parameters of the mixing 

operation and thus also affect dough aeration (Bellido et al., 2006; Campbell and Shah, 1999; 

Chin and Campbell, 2005b; Dobraszczyk and Morgenstern, 2003).  Furthermore, the addition 

of water, salt and other ingredients coupled with a potentially broad range of different 

processing conditions increases the complexity of this process.  Unravelling how ingredients 

and mixing process parameters affect the resulting dough properties is not an easy task 

(Koksel and Scanlon, 2012), and obviously, the more variables that enter the process, the 

more complicated the interpretation of the experimental results will be.  From a practical 
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perspective, a simplifying approach in investigations of the size and number of bubbles at the 

end of mixing and their evolution is to use doughs prepared without yeast or by the use of 

model gluten-starch blend doughs.  

Bubbles are not static entities within the dough, even those made without yeast.  Two 

mechanisms that cause a change in the bubbly structure of bread dough after mixing are 

disproportionation and coalescence (van Vliet, 1999).  Disproportionation starts right after 

mixing (van Vliet, 1999) and occurs because gas diffuses from small bubbles to adjacent 

larger ones due to the greater Laplace pressures in the smaller bubbles (Kokelaar et al., 1996; 

Murray and Ettelaie, 2004; Shimiya and Nakamura, 1997; Shimiya and Yano, 1988).  During 

the later stages of proving and the early stages of baking, coalescence becomes important 

(Kokelaar et al., 1996).  Coalescence of bubbles results in loss of gas due to interconnection 

of adjacent cells, a broad bubble distribution and thus a coarse bread crumb (van Vliet et al., 

1992).  However, in the present thesis, bubbles and their evolution in unyeasted doughs after 

mixing are investigated, and thus coalescence is not of significant relevance.  Throughout the 

thesis, unless stated otherwise, the use of the term “dough” refers to unyeasted dough. 

Despite the importance of a knowledge of the distribution of bubbles in dough, literature is 

not replete with studies.  This is likely attributable to the difficulties in studying BSDs and 

their evolution after mixing, since dough is optically opaque, bubbles are very fragile (Bellido 

et al., 2006; Scanlon et al., 2011a, 2008; Shimiya and Nakamura, 1997; Strybulevych et al., 

2012) and imaging techniques have resolution limitations so that detecting small bubbles is 

challenging, e.g., see Carlson and Bohlin (1978).  Moreover, bubbles have rapid dynamics 

due to the wide range of bubble sizes entrained in wheat flour doughs during mixing.  Due to 

disproportionation, smaller bubbles tend to shrink and disappear in a self-accelerating process 
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(van Vliet, 1999), while the larger ones tend to grow.  Even though studying time-dependent 

changes of bubbles in unyeasted doughs is not directly related to the breadmaking process, it 

is relevant for various other food systems (e.g., frosting, ice cream, frozen desserts, etc.).  

Besides, understanding the fundamentals of disproportionation in a relatively stable, 

viscoelastic system is useful from a physical sciences perspective.   

Earlier studies of investigations of BSD in bread dough have been performed by using a large 

variety of techniques including microscopy (Campbell et al., 1991; Carlson and Bohlin, 1978; 

Shimiya and Nakamura, 1997), magnetic resonance imaging (De Guio et al., 2009; van 

Duynhoven et al., 2003) and bench-top X-ray microtomography (Bellido et al., 2006; Falcone 

et al., 2005).  However, all three techniques have drawbacks.  Microscopy techniques usually 

suffer from resolution limitations and involve laborious sample pre-treatment steps such as 

freezing and sectioning of dough samples (Campbell et al., 1991) which likely affect the sizes 

of the bubbles (Elmehdi et al., 2003a).  Magnetic resonance imaging has the disadvantage that 

generating a high spatial resolution image takes a long time (Rouille et al., 2005) so that 

monitoring rapid bubble dynamics is challenging.  Bench-top X-ray microtomography has 

proven to be very well-suited for scrutinizing the three dimensional structure of cellular baked 

goods (Whitworth, 2008) and of bread doughs (Bellido et al., 2006).  Nevertheless, obtaining 

higher quality images in shorter times so as to monitor rapid bubble dynamics necessitates X-

ray sources that can deliver greater photon flux (Babin et al., 2008, 2006; Falcone et al., 

2006).   

A powerful method to characterize the aeration of complex media rapidly and non-

destructively is using low intensity ultrasound because ultrasound is rapid, can be used in 

optically opaque systems, and is highly sensitive to the presence of bubbles due to the large 
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density and compressibility differences between the dough matrix and the gas in the bubbles 

(Elmehdi et al., 2005, 2004; Leroy et al., 2008a; Létang et al., 2001; Ross et al., 2004).  The 

tremendous effect of the presence of bubbles on the propagation of ultrasonic waves has been 

well documented for a long time in liquids (Carstensen and Foldy, 1947), and more recently 

in gels and viscoelastic media (Leroy et al., 2008a, 2008b; Strybulevych et al., 2007).  When 

ultrasonic pulses are launched into a material, their propagation characteristics can be 

measured by ultrasonic parameters, i.e., phase velocity and attenuation coefficient as a 

function of frequency (Strybulevych et al., 2007).  These ultrasonic parameters are then used 

to interrogate the material’s properties.  Because the material’s properties are characterized 

over a range of frequencies, and since the waves of different frequencies are associated with 

different wavelengths, investigation of dough structure at several different length scales is 

possible.   

As with any wave, at a boundary between two media of different acoustic properties, some of 

the ultrasonic energy is reflected whereas some is transmitted.  Depending on the material 

under investigation and the information that is required about that material, a particular 

ultrasonic technique among a variety of techniques available, e.g., transmission or reflection, 

can be chosen for measuring the ultrasonic properties (McClements, 1991).  In highly 

attenuating media, such as bread dough, ultrasonic wave propagation over a wide range of 

frequencies is challenging (Fan et al., 2013; Leroy et al., 2008a; Létang et al., 2001; Scanlon 

et al., 2008).  This is due to the difficulty in transmitting ultrasonic waves over long distances 

which may make accurate measurements of ultrasonic parameters problematic (Létang et al., 

2001; Wilson et al., 2005).  When this is the case, reflection techniques may be preferred over 

transmission techniques for studying the acoustic properties of bubbly systems (Povey, 1997).  
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Despite the ability of reflection techniques to measure acoustical properties in highly 

attenuating media (Létang et al., 2001; McClements and Fairley, 1991; McClements and 

Gunasekaran, 1997; Strybulevych et al., 2012), they have the disadvantage that only surface 

properties can be interrogated (Coupland, 2004), with the ultrasonic parameters being 

extracted from the part of the pulse that was reflected from the surface of the sample being 

tested.  Even with limitations of signal loss, transmission techniques have the advantage that 

the properties of a sample as a whole can be interrogated since the ultrasonic parameters are 

extracted from the part of the pulse that was transmitted into and through the sample. 

Because ultrasonic parameters reflect the effect of changes in matrix properties as well as 

changes in the BSD (Leroy et al., 2008a; Létang et al., 2001), then the time dependent 

changes as well as effects of manipulation of ingredients can be potentially evaluated.  Leroy 

et al. (2008a) were the first group to present experimental results demonstrating the effects of 

bubbles in unyeasted doughs on ultrasonic velocity and attenuation coefficient.  They used an 

ultrasonic transmission technique and extracted the BSD (median bubble radius of 14 µm for 

doughs tested 53 min after mixing) using an ultrasonic model.  In that study it was concluded 

that bench-top X-ray microtomography and the transmission ultrasound technique produced 

dissimilar results, with the ultrasound technique determining BSDs with smaller median sizes.  

Keeping this conclusion in mind, the validity of the results from the ultrasonic measurements 

- and thus the validity of the ultrasonic model used for the extraction of the BSD - still needs 

to be confirmed.  A non-destructive technique that is capable of providing high quality, three 

dimensional images of opaque materials in short time scales would very well fit this purpose. 

X-rays from a synchrotron source are more powerful (they can deliver several orders of 

magnitude greater photon flux (Babin et al., 2008, 2006; Falcone et al., 2006)) compared to 
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X-rays from a bench-top tomograph, so that the higher energy flux ensures experiment quality 

(high resolution) and speed (short scan time).  X-rays from a synchrotron source have proven 

to suit the investigation of the evolution of the cellular structure of yeasted doughs non-

destructively and three-dimensionally (Babin et al., 2006).  Therefore, they can potentially be 

utilized in investigating the BSD right after mixing where the changes in bubbles are very 

rapid.  

Due to the importance of cellular structure of bread and how it is affected by manipulation of 

bubbles during mixing and their evolution during the rest of the breadmaking processes, this 

thesis was a comprehensive investigation of the use of ultrasound and X-ray 

microtomography to determine BSDs in doughs.  The specific objectives of this thesis were as 

follows: 

l. To evaluate how the hydration of ingredients, mixing time and the development of the 

gluten in a wide range of model gluten-starch blend doughs affect dough aeration during the 

mixing process.   

2. To investigate the BSD and its evolution in model gluten-starch blend doughs, via analysis 

of the frequency dependent response of the phase velocity and attenuation coefficient, by 

using an ultrasonic transmission technique.   

3. To investigate the effect of manipulating the concentration of dough ingredients, i.e., 

reducing sodium chloride content, on the BSD in dough via analysis of the frequency 

dependent response of the phase velocity and attenuation coefficient of unyeasted wheat flour 

doughs by an ultrasonic transmission technique.   
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4. To investigate the long-time evolution of the BSD in doughs made with different sodium 

chloride concentrations, so as to determine how disproportionation affects the BSD in 

unyeasted wheat flour doughs.    

5. To investigate how different ultrasonic techniques (transmission and reflection) can be 

applied to probe BSD and time dependent changes in BSD, simultaneously on the same wheat 

flour doughs so as to determine the effects of disproportionation on the BSD in unyeasted 

wheat flour doughs.    

6. To determine the BSD in unyeasted doughs right after mixing using X-rays from a 

synchrotron source and to investigate the time evolution of the BSD. 

7. To validate a current ultrasonic model for BSD determination, by comparing the BSD 

results obtained from ultrasound and synchrotron-source X-ray microtomography.  

 

 



 

10 



 

11 

 

 

 

2. Literature Review 

  



 

12 

2.1. Aeration of Bread Dough and Importance of Bubbles in Determining Dough and 

Bread Properties 

Bread dough is subject to a set of process operations during breadmaking where the rheology 

of the dough as well as the number and size of bubbles are manipulated (Campbell et al., 

1998). Therefore, the evaluation of the interactions between the process operations and 

bubbles is a key criterion in predicting dough performance.  Of these process operations in 

breadmaking, mixing is critical since bubbles entrained during mixing are the only nuclei 

available for subsequent bubble growth during later stages of breadmaking (Baker and Mize, 

1941).  Moreover, dough aeration during mixing and dough rheology are linked (Chin et al., 

2005b), both the bubble concentration (Bloksma, 1981; Chin and Campbell, 2005a, 2005b; 

Chin et al., 2005b) and the bubble size (van Vliet, 1999) affecting dough rheological 

properties.  Furthermore, dough aeration substantially affects the cellular structure of the 

baked bread (Campbell et al., 2001, 1998).   

2.1.1. The Origin and Importance of Bubbles in Dough 

The occlusion of air during mixing is a vital step for baked goods and it plays an important 

role in dough rheology (Bellido et al., 2006; Carlson and Bohlin, 1978) as well as in the 

appearance, structure, texture and thus the quality of the final product (Scanlon and Zghal, 

2001; Zghal et al., 1999).  It has been established by Baker and Mize (1941) that air bubbles 

incorporated into doughs during mixing form the nuclei for the expanding bubbles during 

fermentation.  Therefore, the final product characteristics such as the microstructure and the 

volume potential of the bread crumb are predominantly affected by the bubble size 

distribution (BSD) at the end of mixing, and thus are largely determined by the end of the 

mixing process (Campbell et al., 1991).  Consequently, dough aeration during mixing and the 
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retention of these air bubbles until the dough matrix is set are crucially important for the final 

character of bread (Cauvain et al., 1999).  The BSD at the end of mixing depends on the 

interaction of the aeration processes taking place in the mixer: air entrainment, air 

disentrainment, bubble break-up and bubble compression (Martin et al., 2004).  

2.1.1.1. Mixing and Dough Development 

In mechanical dough development breadmaking processes, mixing serves three main 

objectives: (1) hydration and interaction of flour components, (2) development of gluten 

proteins in the dough to create a good gas retaining film structure - a process that 

demonstrates the uniqueness of wheat flour dough (Belton, 2002), and (3) occlusion of air as 

bubbles into the dough and their subdivision (Baker and Mize, 1941, 1937; Campbell et al., 

1998).  Mixing disperses the ingredients homogeneously, macroscopically, by allowing the 

interaction of ingredients via hydration which occurs through the absorption of water by 

various flour components; the majority of the water being absorbed by flour proteins followed 

by damaged starch (Farrand, 1969).  However, the absorption of water by flour components 

alone is not enough for dough development; sufficient mechanical energy is necessary to 

convert a mixture of flour and water into a viscoelastic continuous dough matrix which is 

capable of holding starch, air bubbles and other components (Campos et al., 1997).  

Therefore, mixing must last until the correct level of mechanical energy is delivered to the 

dough piece in order to develop gluten and produce a high quality loaf of bread (Belton, 

2002).   

During dough development, as dough starts to produce a resistance to extension, it becomes 

capable of retaining the gas bubbles entrained during the mixing process.  Volumetrically, 

these bubbles represent a significant ingredient of dough which arise either from air captured 
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in the flour (Shimiya and Yano, 1988) or from dough aeration during the mixing process 

(Campbell et al., 1991).  Dough aeration during mixing is an essential step not only because 

oxygen strengthens gluten, but also because no new bubbles can be entrained following the 

mixing process, but the existing ones can be broken up (Baker and Mize, 1941).   

2.1.1.2. Dough Aeration during Mixing 

The aeration of dough during mixing can be explained by four mechanisms occurring 

concurrently during mixing: (1) gas entrainment, (2) gas disentrainment, (3) bubble break-up, 

and (4) bubble compression (Campbell and Shah, 1999; Campbell et al., 1998, 1991).  The 

former two mechanisms are relevant when gas volume fraction of the dough is considered, 

while the latter two mechanisms are relevant when BSD is studied (Campbell and Shah, 

1999).  It was suggested by Baker and Mize (1946) that gas entrainment and subdivision of 

the entrained gas occur concurrently during mixing.  The gas subdivision can continue in 

subsequent breadmaking operations such as molding and punching, causing an increase in the 

number of bubbles while gas entrainment occurs only during mixing (Baker and Mize, 1941).  

Baker and Mize (1946) reported that the gas incorporation rate during mixing varies widely 

during different stages of the mixing process.  At the beginning of mixing as the dough 

hydrates, gas incorporation rate is low, then it rapidly increases when the dough’s resistance 

to mixing is the highest, and then decreases again (Baker and Mize, 1946).  These findings 

were later confirmed by Junge et al. (1981).  

 When overall gas content of the dough is considered, Campbell and Shah (1999) showed by 

means of manipulating the mixer headspace pressure during the mixing process that both 

entrainment and disentrainment occur during dough mixing.  According to a model developed 

by Campbell and Shah (1999), dough aeration was defined as a mass balance problem from 
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which two important parameters, the volumetric entrainment rate and the disentrainment 

coefficient, were extracted to characterize the aeration process.  They observed an increase in 

dough density, once disentrainment exceeded entrainment, which is when mixing headspace 

pressure was decreased from atmospheric pressure to half atmospheric pressure (Campbell 

and Shah, 1999).  The model of Campbell and Shah (1999) was further investigated in order 

to identify how direction and size of the headspace pressure change affects dough aeration 

(Chin et al., 2004).  It was found that the disentrainment coefficient was dependent on 

pressure change direction and size, and that Campbell and Shah (1999)’s model was 

incapable of fully describing dough aeration processes (Chin et al., 2004).   

A population balance model based on the probability of a particular bubble being entrained, 

disentrained and broken up was proposed for describing dough aeration during mixing 

(Martin et al., 2004).  Martin et al. (2004) studied three bubble break-up models (the variable 

bubble break-up, negligible bubble break-up, and instantaneous bubble break-up models) and 

reported that the change in dough gas volume fraction following a pressure step-change could 

be satisfactorily described by using the negligible bubble break-up model.  However, this 

population balance model, being based on the assumption of negligible bubble break-up, does 

not satisfactorily account for changes in bubble number and size distribution, and is only 

suitable for modeling changes in dough gas volume fraction (Martin et al., 2004).  

Furthermore, this model assumes that bubble compression is negligible.  During dough 

mixing, entrained bubbles are compressed due to the viscoelasticity of dough under mixing 

stresses, and, as the dough relaxes at the end of mixing, bubble sizes increase due to dough 

relaxation (Campbell et al., 1998).  Despite the simplifications, such as negligible bubble 

break-up and bubble compression, Martin et al. (2004)’s population balance model was able 
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to characterize dough gas volume fraction response during mixing with reasonable accuracy 

(Trinh et al., 2013).  

2.1.1.3. Relationship of Bubbles in Dough to Final Baked Product 

At a macroscopic level, bread is comprised of two phases - fluid (crumb cells full of air) and 

solid (crumb cell walls) (Scanlon and Zghal, 2001).  The final properties of both the crumb 

cells and the cell walls determine bread’s texture, visual and sensory properties and, hence, 

are directly related to the quality and acceptance of bread to both the baker and the consumer 

(Dijksterhuis et al., 2007).  Therefore, any process operation in which bubbles in dough are 

manipulated, and any baking ingredient which influences the gas volume fraction in the 

dough, will in turn affect the resulting loaf quality.  For many breadmaking processes today, 

dough development is attained during the dough mixing stage so that the amount of the 

occluded gas and subdivision of the occluded gas into bubbles of smaller sizes are critical to 

the formation of the desired baked structure (Cauvain et al., 1999).   

Aeration processes depend on many factors such as mixer type (Whitworth and Alava, 1999), 

mixing time (Koksel and Scanlon, 2012), mixing speed (Chin and Campbell, 2005a, 2005b), 

mixing headspace pressure (Baker and Mize, 1937; Chin and Campbell, 2005a; Mehta et al., 

2009), as well as water absorption level and baking ingredients (Bellido et al., 2006; 

Campbell et al., 2001; Chin and Campbell, 2005b; Koksel and Scanlon, 2012).  Among these 

factors, the effect of mixing time and mixing under various gases on dough and bread 

properties were first studied by Baker and Mize (1937).  They concluded that prolonged 

mixing of doughs in the presence of inert gases does not deteriorate bread characteristics, but 

mixing in the presence of oxygen for prolonged times has a prominent adverse effect (Baker 

and Mize, 1937).  When the effect of certain surfactants on crumb grain was investigated, it 
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was found that surfactants did not change the amount of air occluded during the mixing 

process (Mehta et al., 2009), but they improved bread crumb structure by allowing more and 

smaller bubbles to form during mixing, followed by more subdivision of these bubbles during 

punching (Junge et al., 1981).  When the influence of additives and mixing time on bread 

crumb properties was studied, both inclusion of fat (or emulsifiers) and an increase in mixing 

time was found to significantly affect the total cross-sectional bubble area and number of 

bubbles per unit area in the bread (based on an imaging technique of crumb structure) 

(Crowley et al., 2000).  In another study where the effects of baking ingredients (surfactants 

and flour type) on dough aeration during mixing and gas retention during proving were 

studied, it was found that stronger flours occluded less air during mixing compared to weaker 

flours and that surfactants greatly improved the resulting baked loaf (Campbell et al., 2001).  

It was also reported that an increase in proving time substantially affected bread properties, 

producing higher bread volume and lower crumb density (Zghal et al., 2001).  

2.1.2. The Effect of Gas Phase on Dough Rheology 

The quality acceptance criteria of bread principally depend on its volume and crumb structure 

characteristics, both of which rely on controlling dough aeration processes (Chin et al., 2009).  

For a satisfactory dough performance, dough needs to have a sufficiently high viscosity to 

preclude the ascent of bubbles, and yet be extensible for sufficiently long enough to prevent 

premature rupture of membranes between bubbles (Bloksma, 1990a). 

It has long been known that dough aeration and dough’s rheological properties affect each 

other (Junge et al., 1981).  In spite of this, the relationship between dough rheology and 

dough gas content is not straightforward, and rather, it has been the subject matter of 
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numerous studies for many years (Campbell and Martin, 2012; Carlson and Bohlin, 1978; 

Chin and Campbell, 2005a, 2005b; Chin et al., 2005b; Elmehdi et al., 2004). 

2.1.2.1. Dough as an Interesting Aerated Soft Solid 

A flour-water system exists as one phase below a critical water content (33 g water/g dry 

flour) (Gan et al., 1995).  At water contents higher than the critical water content, a second 

aqueous phase (also called the dough liquor (Sahi, 1994)), which provides the medium in 

which reactions during dough mixing and fermentation occur, is observed (MacRitchie, 

1976).  At these higher water contents, dough structure can be described at three levels of 

resolution depending on the phenomena to be studied: molecular, microscopic and 

macroscopic (Bloksma, 1990a).  At the macroscopic level, bread dough consists of bubbles 

distributed in an apparently homogeneous dough phase (Bloksma, 1990a).  At the 

microscopic level, bread dough can be illustrated as an inhomogeneous dough phase 

(continuous medium of gluten protein, starch and other insoluble flour constituents) 

containing the bubbles (Eliasson and Larsson, 1993).  At a finer resolution, at the molecular 

level, the protein phase also seems inhomogeneous, composed of a large quantity of 

continuous water phase with dissolved electrolytes and non-electrolytes as well as lipids 

distributed in it, and insoluble proteins (Bloksma, 1990a).  Oxidation reactions of dough 

ingredients/components can be best described at the molecular level, dough development can 

be best described by a combination of the molecular and microscopic levels, and the ability of 

dough to hold the bubbles, which is of crucial importance for a satisfactory breadmaking 

performance, can be best described at the macroscopic level (Bloksma, 1990a).   
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2.1.2.2. The Effect of Oxidation on Dough Rheology 

Changes in flour components during mixing are very important since these changes affect the 

dough’s rheological properties (Eliasson and Larsson, 1993).  When dough is mechanically 

stressed, it behaves viscoelastically, i.e., it exhibits both elastic and viscous characteristics.  

Viscoelastic behavior of dough under stress is affected by flour components such as proteins, 

or dough ingredients such as agents affecting disulfide bonding and salts (Belton, 2002).  

Among these flour components and dough ingredients, proteins undergo considerable 

changes from their structure in the flour particle to that at the end of the mixing process.  

Among the flour proteins, gliadins contribute to the viscous nature of the dough and glutenins 

to its elastic nature (Shewry et al., 2001).   

Dough development can be achieved through the arrangement of gluten proteins in a way to 

yield a wide range of interactions (Campbell and Martin, 2012) including covalent bonds, 

hydrogen bonds, electrostatic bonds, Van der Waals attractions and hydrophobic associations 

(Kaufman et al., 1986).  The influence of oxidation on dough behavior is largely related to the 

presence of the sulfur-containing amino acid cysteine in the wheat proteins through disulfide-

sulfhydryl interchange reactions (Tilley et al., 2001).  Oxidation, which can be due to oxygen 

in the air or other oxidizing agents such as ascorbic acid, causes cross linking of protein 

molecules.  Ascorbic acid’s improving effect is utilized through its reaction with atmospheric 

oxygen and transformation to dehydro-ascorbic acid (Campbell and Martin, 2012; Örnebro et 

al., 2000).  As a result, a decrease in the number of thiol groups and an increase in the number 

of disulfide bridges and the stiffness of the dough are observed (Eliasson and Larsson, 1993; 

Kaufman et al., 1986).  Another contribution to dough structure during mixing is from the 
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amino acid tyrosine, which also forms cross-links and helps gluten formation and thus dough 

development (Tilley et al., 2001).  Although the role of proteins is of the utmost importance, 

oxygen’s effect on dough properties during mixing can in part be attributed to changes in 

flour lipids (Smith and Andrews, 1957).  It has been shown that flour lipids significantly 

affect the baking performance of a dough through altering bread crumb structure and volume 

(Mills et al., 2003).  Flour lipids’ role in the oxidative improvement of dough is through an 

increase in the oxidation of sulfhydryl groups (-SH) during dough mixing due to the presence 

of poly-unsaturated fatty acids in the flour lipids (Smith et al., 1957).  In the presence of 

oxygen, lipoxygenase -an enzyme endogeneous to wheat flour- oxidizes these poly-

unsaturated fatty acids which results in co-oxidation of sulfhydryl groups of flour proteins and 

thus oxidative improvement of dough rheological properties (Galliard, 1986).  Accordingly, 

due to all of the aforementioned oxygen-requiring reactions competing for oxygen during 

dough mixing, oxygen dissolved in the aqueous phase of the dough is consumed immediately 

at the early stages of mixing (Rakotozafy et al., 2006). 

2.1.2.3. The Effect of Bubbles on Rheology  

Dough rheology literature usually disregards the contributions of the gas phase to the 

properties of dough and considers bubbles to be an independent variable.  However, the 

fraction of gas in dough may constitute up to 20 % of the dough total volume following 

mixing (Whitworth and Alava, 1999) and up to 70 % during the latest stages of fermentation 

(Campbell and Martin, 2012).  One of the first studies to propose that the elastic character of 

the dough was affected by the surface tension at the gas-dough interface was Carlson and 

Bohlin (1978).  They accordingly linked dough rheology to dough gas content.  However, an 

alternative model proposed by Bloksma (1981) predicted that the extent to which surface 
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tension at the gas-dough interface contributes to dough rheology was insignificant, except for 

doughs at a later stage of fermentation.   

The relationship between dough rheology and dough gas content was later investigated by 

varying baking ingredients and processing factors (Chin and Campbell, 2005a, 2005b; Chin et 

al., 2005b).  It was reported that dough development and dough aeration, which are affected 

by mixing speed and mixing headspace pressure, influence dough rheology assessed by 

mixing peak torque and work input during mixing (Chin and Campbell, 2005a).  After 

establishing that there is a correlation between dough rheology, mixing speed and work input 

during dough mixing, the same researchers investigated the aeration and rheological 

properties of doughs prepared from different flour types.  Under large biaxial extensional 

deformation tests, they reported that both dough aeration and rheology were affected by flour 

type, total work input during mixing and the rate at which this work input was delivered 

(Chin and Campbell, 2005b).  Using the same type of deformation, they stated that dough 

aeration affects dough rheology not only due to the contribution of air to oxidation and 

development of dough during mixing, but also due to the physical presence of bubbles in 

dough which promotes disruption of the integrity of dough structure through decreasing the 

strain hardening behavior of the dough and the resistance of the dough to failure (Chin et al., 

2005b).  

Sahi (1994) investigated the effect of water on dough aeration and stated that a low level of 

water may limit the bubble nuclei that could be incorporated into the dough during mixing 

and also limit the expansion of bubble nuclei during dough proving and baking.  In contrast, a 

high level of water may destabilize bubbles and lead to loss of gas from the dough (Sahi, 

1994).  For systems other than wheat flour doughs, Hanselmann and Windhab (1999) stated 
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that rheological properties influence the shear field experienced by the bubbles during 

mixing, with higher viscosity systems being more likely to generate smaller bubbles for a 

given mixing speed in whey protein isolate-guar gum foams.  The bidirectional relationship 

of dough rheology and aeration was further confirmed by investigation of dough rheological 

properties by ultrasound (Elmehdi et al., 2004; Scanlon et al., 2008).  Rheological properties 

of doughs measured by changes in the longitudinal modulus were significantly affected by 

concentration of bubbles in the dough determined using longitudinal ultrasonic pulses 

(Elmehdi et al., 2004). 

2.2. Characterization of Bubble Size Distribution (BSD) in Dough 

Aerated foods go through process operations where their bubbly structure is manipulated, for 

example, bread dough during mixing, fermentation and baking (Örnebro et al., 2000; van 

Vliet, 2008), and they rely on development of a cellular structure for their value, for example 

crumb formation in bread (Lim and Barigou, 2004).  Consequently, for bread dough, two 

important physical characteristics become crucially important for acceptable quality of the 

resulting loaf of bread: volume fraction of gas in the dough and the bubble size distribution 

(BSD) (Campbell et al., 1991).  In order to make meaningful and complete interpretations of 

dough aeration, both of these physical characteristics are necessary.  Volume fraction of gas is 

easy to measure via density measurements, whereas the BSD is more challenging to determine 

(Bellido et al., 2006; Campbell et al., 1991).   

Some of the BSD data reported so far have been restricted or misleading due to limitations in 

resolution, because imaging techniques are not always capable of detecting relatively small 

bubbles.  Nonetheless, with today’s developments in imaging and analytical techniques, as 
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well as statistical approaches, we are getting another step closer to being fully capable of 

generating information on not only the volume fraction of gas in the dough but also the BSD.    

2.2.1. Basic Properties of Normal and Lognormal Distributions 

One of the challenges in studying bubble populations is characterizing the distribution of 

bubble sizes and estimating the parameters of the relevant distribution.  Characterization of 

the parameters of the relevant distribution functions is constrained by the scarceness of 

statistical methodologies enabling their description (Proussevitch et al., 2007b).  In order to 

confirm the distribution suitable for characterizing a population, the function that best 

describes the observed data must be found.  The ability of the selected function to describe 

the observed data is measured by goodness-of-fit techniques (examples include chi square 

test, Anderson-Darling test, etc.) which verify the discrepancy between the observed values 

and the hypothesized function (D’Agostino and Stephens, 1986).   

In characterizing measured BSDs, the normal distribution is undoubtedly the most well-

known probability distribution function, which is often used in numerous branches of science 

(Limpert et al., 2001), due to its theoretical analysis being completely understood (Johnson 

and Kotz, 1970).  However, many measurements show comparatively skewed distributions, 

which are mainly widespread when the variation in the data is large (Limpert et al., 2001).  

Many variables in real life, including concentrations of air pollutants (Dennis and Patil, 

1988), and the sizes of bubble and crystal populations in volcanic rocks (Proussevitch et al., 

2007b), can be viewed as logarithmic phenomena.  Studies on characterizing bubble sizes in 

basalt and other types of volcanic rocks (Proussevitch et al., 2007a, 2007b), as well as studies 

in liquid foams (Lachaise et al., 1991; Magrabi et al., 1999), showed that bubbles occurring 

naturally were well characterized by functions within the logarithmic family (most commonly 
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the lognormal distribution function) (Limpert et al., 2001; Proussevitch et al., 2007b).  In 

dough mixing, the process of iterative subdivision of bubbles into randomly sized bubbles 

during mixing has a geometric effect on the created bubble sizes and thus the resulting bubble 

size distribution has been characterized as lognormal (Bellido et al., 2006; Shimiya and 

Nakamura, 1997). 

If the BSD in dough is lognormal (Bellido et al., 2006; Shimiya and Nakamura, 1997), then a 

good understanding of the normal distribution is essential for appreciation of the parameters 

of the lognormal distribution function.  The normal distribution has a bell-shaped curve that 

can be described by two parameters: mean μ (scale parameter) and standard deviation 

 (shape parameter).  A  normally distributed random variable x has the probability density 

function of (Johnson and Kotz, 1970): 
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Lognormal distributions are positively skewed, with their upper tail being longer than their 

lower tail (D’Agostino, 1986).  What differentiates lognormal distributions from other types 

of distributions are (1) the range of sizes of the items in the population, and (2) the number of 

items in a size range divided by the total number of items, both of which may cover several 

orders of magnitude (Proussevitch et al., 2007b).   As a result, when lognormal BSDs are 

plotted on a logarithmic scale, small variations observed on the logarithmic scale represent 

large differences in the number of bubbles.  This is due to the fact that the normal 

distribution’s standard deviation is additive whereas that of the lognormal’s is multiplicative 

(Limpert et al., 2001).   
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A positive random variable y is said to be lognormally distributed with mean ̂ and standard 

deviation ̂ , if x = ln y is normally distributed with mean μ and standard deviation  .  The 

probability density function of y that has a lognormal distribution is (Johnson and Kotz, 

1970): 
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The mean and standard deviation of the lognormal distribution ( ̂ and ̂ ) are linked to μ and 

  through 
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and 

    1exp2expˆ 22          (2.4) 

While logarithmic distributions can be used for accurate and precise characterization of 

naturally positive variables, displaying them in forms that are simple to visualize and interpret 

may be difficult because the statistical and physical meanings of the coefficients of 

logarithmic parameters ( ̂ and ̂ ) are not always obvious (Proussevitch et al., 2007b; 

Shimizu and Crow, 1988).  This can be seen in Figure 2.1a where mean values of the 

lognormal distributions  ̂ , which are represented by circles on the figure, do not point to 

any characteristic feature of the lognormal distribution.  When describing lognormal 

distributions, instead of using ̂ and ̂ , it is more common to use the pair μ and   of the log-

transformed distribution, since they are relatively more common and easier to visualize.  In 
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the literature, both ‘standard deviation’ and ‘width’ of the distribution terms have been used 

interchangeably for illustrating  .  In the rest of this thesis, the term ‘width’ is used for 

illustrating  , in order to avoid any confusion with ̂  (the standard deviation of the 

lognormal distribution).   
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Figure 2.1: (a) Lognormal distribution functions, blue solid line:  μ=10 and  =1, red dot-dash 

line:  μ=10 and  =2, black dash line:  μ=9 and  =1, solid circles represent the mean ( ̂ ) and 

solid squares represent the median ( exp ) of the lognormal distribution (b) linear analogs of 

the logarithmic distribution functions in (a), solid circles represent the mean (µ) of the linear 

analogs of the logarithmic distribution functions. 

 

 

a 
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Another option for describing lognormal distributions is using a different pair of parameters 

that are both easy to visualize and linked to μ and   in a simple way.  This pair is the 

geometric mean,   expg , which is also equal to the median of the lognormal 

distribution, and the geometric standard deviation,   expg .  In Figure 2.1a, the geometric 

means of the lognormal distributions are represented by squares.  It is obvious from Figure 

2.1a that the blue and the red probability density functions are not similar although they have 

the same g .  This dissimilarity is due to the difference in their g . 

In some cases g  and g  may also not be simple to interpret.  In such cases, the limitations 

of the logarithmic distribution functions can be overcome by transforming the observed 

distributions to their linear analogs by rescaling them (Proussevitch et al., 2007b).  For BSDs, 

this involves taking the logarithm of the volume or diameter of every bubble and re-plotting 

the results with uniform size ranges in log units which produces simply interpretable 

Gaussian distribution density curves (Shimizu and Crow, 1988).  For transformed 

distributions, instead of using the pair ̂ and ̂  or the pair g  and g , the pair μ and   is 

used given that they are particularly useful in terms of visualization of a data set 

(Proussevitch et al., 2007b).  This can be seen in Figure 2.1b where the means (μ) of the 

transformed distributions are represented by circles.  

2.2.2. Methods Used to Investigate the BSD in Doughs 

In characterizing the BSDs of empirical data, describing the complete data set may become 

problematic due to limitations in image illumination or complications in reconstruction of 3D 

bubbles from 2D circles (Proussevitch et al., 2007b).  The angle of illumination on the surface 

of the sample being tested markedly affects the contrast in an image (Falcone et al., 2006), 
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and thus is directly related to the amount of information that can be obtained from the image 

(Peli, 1990).  Furthermore, although 2D cross-sections are widely used to characterize the size 

distribution of bubbles, proper statistical methods such as stereology should be used to 

convert the 2D circle size distribution to the 3D BSD (Bisperink et al., 1992), since the actual 

bubble radii are not the same as the observed circle radii on a cut surface (Zghal et al., 1999).  

This is due to the fact that the cut (cross-section) is not generally through the center of the 

bubbles which results in an underestimation of the average bubble size unless the degree of 

underestimation is accounted for (Zghal et al., 1999).  Stereological techniques are statistical 

techniques that are used in converting 2D information to 3D in order to deduce the true size 

distributions.  By using stereological techniques the number of bubbles of a specific size and 

shape in a given volume can be determined by observing the number of bubble cuts (circles) 

in a random cross-section through that given volume (Sahagian and Proussevitch, 1998).  

Usually stereological approaches are limited to assumption of spherical particle shapes 

(Campbell et al., 1991), but determining the size distributions of non-spherical particles, and 

without any assumptions on the size distribution, is achievable as well (Sahagian and 

Proussevitch, 1998). 

2.2.2.1. Microscopy 

Microscopy techniques make use of three fundamental components: an illumination source 

(beam of visible light in light microscopy, beam of electrons in scanning and transmission 

electron microscopy, a laser beam for confocal laser scanning microscopy), a system for 

focusing this illumination source onto the sample being tested, and a means of generating 

images so that the information can be stored (Falcone et al., 2006).  The images that the 
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information is stored in are then used for extracting the spatial representations of objects in 

the images (Gunasekaran, 1996).   

The earliest study where the BSD in bread dough was reported utilized a transmission light 

microscope (Carlson and Bohlin, 1978).  By measuring the cross-sections of bubbles on 

photographs of 30 μm slices of dough and converting these cross-sections into bubble 

diameters, a one-parameter analytical function with only a scale parameter (mean bubble 

diameter) was fitted to describe the bubble distribution.  Due to the limitation of the 

resolution of the technique they used, measurement of bubble cross-sections corresponding to 

a diameter of less than 90 μm was not possible and the mean bubble diameter reported was 

112 μm.  However, neither the dough preparation procedure nor the dough formulation was 

communicated in this study.  A method with better resolution and accuracy for measurement 

of BSD in doughs was developed by Campbell et al. (1991).  They used an optical 

transmission light microscope to examine circles on slices of frozen dough and utilized a 

stereological technique to reconstruct the BSDs that nucleated in two types of mixers.  In their 

technique, the slice thickness and the maximum resolution were 30 μm and 39 μm, 

respectively.  They characterized the BSD by two empirical parameters rather than attempting 

to fit a distribution, the mean bubble size and the standard deviation, and reported that the 

BSD was neither normal nor lognormal.  They reported mean bubble diameters of 71 and 89 

μm and standard deviations of 24 and 47 for doughs mixed in a food processor and a Tweedy 

10 mixer, respectively.   

Shimiya and Nakamura (1997) utilized optical reflection light microscopy, with a better 

resolution (3 μm) compared to previous studies, in order to measure the changes in the BSD 

in unyeasted wheat flour doughs.  In their technique, a dough subsample was excised 
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immediately after mixing and squashed between two pieces of glass and then observed under 

a microscope.  They reported a median bubble diameter of 15 μm at the end of mixing that 

grew up to 35 μm as a result of disproportionation following 100 min of resting.  The BSD 

was characterized as lognormal and the width of 0.18 only changed slightly during 100 min of 

resting.  However, because they used reflection microscopy and the thickness of the dough 

subsample under the microscope was at least 150 μm, the detection of bubbles smaller than 

this thickness was limited and this resulted in a decreased number of bubbles being analyzed.   

Whitworth and Alava (1999) measured bubble sizes by using a variety of imaging techniques: 

optical microscopy (for measuring bubble sizes in the range of 20-1500 μm), scanning 

electron microscopy (bubble sizes in the range of 50-3500 μm) and X-ray tomography 

(bubble sizes larger than 1 mm).  With these different imaging techniques they captured a 

wide range of bubble sizes observed during different stages of the breadmaking process.  In 

their technique, doughs were frozen and cut into thin sections before they were mounted on 

the appropriate imaging equipment.  The image analysis and reconstruction of bubble sizes 

from circles on slices were performed based on the method of Campbell et al. (1991).  They 

found that their mechanically developed doughs typically contained bubbles with a maximum 

diameter of 0.8 to 2.5 mm at the end of mixing and the total gas volume fraction was about 5 

to 8 %.  After first molding, they reported an increase in the number of bubbles, while during 

intermediate proof they reported doubling of the maximum bubble diameter and total gas 

volume fraction. 

Despite the usefulness of the stereological reconstruction techniques used for characterizing 

BSDs in dough, the validity of the results obtained from these bubble data are still 

questionable since steps such as dough freezing, serial sectioning or squashing are being used 



 

32 

during dough preparation.  For example, Elmehdi et al. (2003a) reported an 8 % volume 

reduction due to freeze drying of their bread crumb samples.  Therefore, in order to 

unambiguously evaluate the BSDs in the dough, techniques that do not require any extra 

handling and are capable of non-invasively investigating the sizes of bubbles in situ are 

desirable. 

2.2.2.2. Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is an imaging technique that is suitable for coping with 

soft fragile materials (such as bubbles in bread dough) non-destructively (Rouille et al., 2005; 

Takano et al., 2002).  Magnetic resonance images can be generated by using radio frequency 

pulses that excite the nuclear spins of hydrogen nuclei when exposed to a strong magnetic 

field (Falcone et al., 2006).  MRI is widely used for medical diagnosis and makes use of 

differences in density and mobility of protons in the components that constitute a material in 

order to depict the internal structure of a material (Rouille et al., 2005).  

Using MRI, Takano et al. (2002) followed the gluten development, bubble growth and crumb 

grain network formation during the fermentation of bread dough as affected by freezing and 

thawing operations.  They found that MRI was able to differentiate between the bread made 

from fresh and frozen dough, but they did not communicate BSDs either for the dough or for 

the bread.  One of the first attempts to utilize quantitative MRI combined with image analysis 

was by van Duynhoven et al. (2003) who studied bubble development in bread dough during 

proving.  In their two dimensional MRI technique, they reported apparent bubble distributions 

(real bubble distributions were not reconstructed in this study) as a function of proving time 

as affected by kneading temperature and the magnitude of mechanical damage during 
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molding. They reported that changes in both the kneading temperature and the magnitude of 

the deformation during molding affected BSD and these effects could be perceived by MRI.   

Rouille et al. (2005) studied the bubble growth in bread dough during proving by MRI; 

however, their spatial resolution was not high enough to estimate the sizes of bubble nuclei 

even at 25 min after the end of mixing.  De Guio et al. (2009) studied the bubble sizes in 

bread dough using MRI during proving and reported that the estimated bubble sizes in 

unyeasted bread dough were represented by a normal distribution function.  During 20 min of 

dough proving, BSDs were still described by normal distribution functions but with higher 

mean diameters as time progressed, consistent with the growth of bubbles due to the activity 

of yeast during fermentation.  They concluded that their method overestimated the bubble 

sizes because bubbles of small radii could not be discriminated.  Bajd and Serša (2011) 

continuously monitored dough fermentation and bread baking by MRI and used image 

analysis to show that the increase in both the number of bubbles and the dough volume was 

slow at the beginning and at the end of fermentation whereas fast in between.  No information 

on the BSD at the end of mixing was communicated in their study. 

MRI has proven to be a powerful technique for studying bread dough and monitoring bubble 

expansion during proving; however, one of the disadvantages of MRI is its trade-off between 

spatial resolution (image quality) and temporal resolution, i.e., it takes a long time to generate 

a high quality image (Rouille et al., 2005).  Moreover, magnetic susceptibility effects such as 

distortions in images induced by magnetic field inhomogeneities are undesirable and need to 

be corrected for during post processing of the data (De Guio et al., 2009). 
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2.2.2.3. X-Ray Microtomography   

The key elements of an X-ray tomography measurement system are an X-ray source, a 

rotation stage and a detector.  The X-ray source and detector are placed at the opposite sides 

of the sample on the rotation stage (Falcone et al., 2006).  A complete X-ray 

microtomography analysis starts with acquiring a number of projections of the sample under 

gradually increasing viewing angles and continues with a reconstruction step where these 

projections are converted to a 3D representation of the attenuation of X-rays in the material.  

Attenuation of X-rays, due to absorption or scattering, can be expressed by Beer’s law 

(Falcone et al., 2006): 

 lII X exp0          (2.5) 

where I and I0 are the intensity of the transmitted and incident X-rays, respectively, X  is the 

X-ray attenuation coefficient and l is the path of the X-rays in the sample.   

Attenuation of X-rays depends on the local mass density in a material, allowing the 3D map 

of the attenuation in that material to be segmented so that its components with high and low 

density can be differentiated (Proussevitch et al., 2007a).  As the X-rays travel through the 

sample being tested, due to the rotation of either the sample or the X-ray source, they pass 

along many different directions and paths (Lim and Barigou, 2004).  Since the low density 

components do not attenuate X-rays as much as the high density components, the output is a 

map of the spatial distribution of X .  In order to obtain higher quality images, contrast 

agents with higher atomic numbers can be employed (Jakhmola et al., 2014). 
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Synchrotron radiation sources can deliver several orders of magnitude greater photon flux 

than bench-top X-ray tomography instruments (Babin et al., 2008, 2006; Falcone et al., 2006).  

With the greater photon flux, and thus greater X-ray intensity, high quality images can be 

generated in very short time scales.  In third generation X-ray sources such as synchrotron 

radiation, in addition to greater photon flux, another important characteristic has been 

developed: the X-ray beam has small divergence. When the small divergence beams are 

combined with the increased distance between the source and the sample, a new opportunity 

in the field of X-ray imaging emerges: phase contrast imaging.  This imaging technique 

differs from conventional absorption X-ray tomography in the sense that it does not rely on 

the decrease in the X-ray beam’s intensity (attenuation) but relies on the X-ray beam’s phase.  

As X-rays travel through a material their phase is altered due to regions of variations in the 

refractive index of the material; these variations occur at borders or interfaces between the 

continuous phase of the material and the inclusions in it (Falcone et al., 2004).  Therefore, 

even if a sample has poor intrinsic contrast due to low atomic number, high contrast may be 

generated by the interference of the X-ray wave front with components of the sample with 

different refractive indexes (Falcone et al., 2006).  Phase of the X-rays has been shown to be 

sensitive to very small density variations (on the order of 10
-9

 g/cm
3
), so that phase shifts of 

the X-rays can produce significantly greater contrast images (up to 1000 times) as compared 

to the ones achieved in X-ray absorption tomography (Falcone et al., 2005, 2004).  However, 

extracting the variations in the phase of X-rays from the distorted wave front is an ongoing 

computational and physics challenge (Fitzgerald, 2000).   

Conventional bench-top X-ray tomography has proven to be very well-suited for scrutinizing 

the 3D structure of cellular baked goods both qualitatively (Demirkesen et al., 2014) and 
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quantitatively (Bellido et al., 2006; Trinh et al., 2013; Whitworth, 2008).  Bellido et al. (2006) 

studied the BSD in bread doughs made from strong breadmaking flour by bench-top X-ray 

microtomography and reported lognormal BSDs that had median diameters of 100 and 109.3 

µm, and geometric standard deviations of 1.79 and 1.62 µm, for two different unyeasted 

dough formulations tested 90 min after the end of mixing.  Their resolution was 10 µm.  

Whitworth (2008) studied the structural changes in bread dough during proving and baking 

by using bench-top X-ray tomography with a resolution of 0.7 mm but did not communicate a 

BSD.  Trinh et al. (2013) studied the BSDs in dough throughout a pressure-step mixing 

process by using bench-top X-ray microtomography with a resolution of approximately 11 

µm.  However, they did not recognize any bubbles smaller than 43 µm which meant that they 

excluded a part of their BSD (Trinh et al., 2013).     

Cellular structures of extruded starches (Babin et al., 2007) and bread crumb (Babin et al., 

2005; Lassoued et al., 2007) were studied by synchrotron radiation at better spatial 

resolutions (10, 15 and 10 µm, respectively) in shorter times compared to bench-top 

microtomography.  The evolution of the three-dimensional microstructure of bread dough 

during fermentation by synchrotron radiation has also been reported (Babin et al., 2008, 2006; 

Turbin-Orger et al., 2012), pointing to the ability of the more powerful X-rays of a 

synchrotron source to accurately capture the complexity of the morphology of bread dough 

three-dimensionally, and rapidly, in order that the changes taking place during fermentation 

can be followed.  

2.2.2.4. Ultrasound  

Investigation of BSD in bread doughs with ultrasound is a relatively recent phenomenon.  It 

has been shown that the ultrasonic parameters measured in a material reflect the effect of 
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changes in matrix properties as well in the BSD (Leroy et al., 2008a; Létang et al., 2001).  As 

ultrasound waves propagate through a bubbly medium, the ultrasonic parameters differ as the 

frequency changes and these changes can be linked to the BSD in that medium through 

models that describe the propagation of ultrasonic waves in bubbly media (see Section 2.4) 

(Leroy et al., 2008a).   

Strybulevych et al. (2007) investigated the ultrasonic characterization of a model aerated food 

system and demonstrated that the sizes of bubbles can be measured by ultrasound and 

confirmed their results by optical imaging.  Strybulevych et al. (2012) used ultrasound to 

examine the evolution of bubble sizes in both unyeasted and yeasted doughs.  For unyeasted 

doughs, they reported an increase in the normalized median diameter and the width of the 

lognormal BSD with time and attributed these changes to growth of large bubbles at the 

expense of smaller ones within the dough due to disproportionation (see Section 2.3.2.1).  For 

yeasted doughs, a decrease in normalized bubble size was observed at the beginning of the 

fermentation process due to consumption of oxygen by yeast.  At later stages of fermentation, 

an increase in the normalized bubble size was observed which was attributed to the inflation 

of bubbles with carbon dioxide generated by yeast activity.  The only study that appears to 

report true BSDs in bread doughs measured by ultrasonic techniques is by Leroy et al. 

(2008a).  For unyeasted doughs tested 53 min after mixing, they reported a median bubble 

radius of 14 µm with a width of 0.46 for a lognormal BSD.  Approximately 45 min later, the 

median radius had increased to 18 µm and the width to 0.44.   

One of the limitations of ultrasonic investigation is to ensure good coupling between the 

ultrasonic equipment and the material.  In the food industry, implementation of good coupling 

is a challenge during mixing and many other stages of the breadmaking process, except 
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maybe for extrusion processing or during sheeting (Campbell and Martin, 2012).  Therefore, 

ultrasonic investigations of the BSD in doughs are usually performed only on subsamples of 

dough in an offline manner (Elmehdi et al., 2005; Leroy et al., 2008a; Létang et al., 2001).  

Another limitation of ultrasonic investigation of BSDs is that highly attenuating media are 

barriers to successful ultrasonic sizing (Povey, 1997).  When the sample under investigation 

is highly attenuating, reflection measurements, where the ultrasonic wave is reflected from 

the surface of the material, are useful (Kulmyrzaev et al., 2000).  However, the drawback of 

the reflection technique is that only the boundary layer properties, rather than those of the 

bulk of the material, are measured since the ultrasound wave is reflected from the surface of 

the material under investigation (Povey and McClements, 1988).   

2.3. Evolution of Bubble Structure in Dough 

Foams and bubbly liquids are not stable and their properties change with time owing to the 

shifts in the distribution of their gas and liquid fractions as a result of physical instability 

processes (Bisperink et al., 1992).  Unlike many other foam systems, the viscosity of dough is 

high enough to prevent bubbles creaming out of the dough against gravity over the time scale 

of breadmaking.  As a result, drainage of the liquid dough phase does not constitute a bread 

dough instability problem (Mills et al., 2003).  Two of the most important physical instability 

properties in bread dough are disproportionation and coalescence (van Vliet, 1999).   

It has long been known that making high quality bread requires good gas production and 

retention capacities; accordingly, measurements of gas production and gas retention during 

dough fermentation and proving are critically important in breadmaking (Bloksma, 1990a; 

Gan et al., 1995).  In terms of bubble stabilization and gas retention in bread dough, 

contributions of water (MacRitchie, 1976), proteins and carbohydrates (Bloksma, 1990a), 
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lipids and other surfactant materials (Gan et al., 1990) are relatively better understood 

compared to the dynamic physical behavior of bubbles and of the gas phase (Chiotellis and 

Campbell, 2003a).  For a qualitative characterization of the dynamic behavior of bread dough, 

determining BSD and air content as well as understanding coalescence, gas loss, generation, 

diffusion and dissolution rates are fundamental (Campbell and Mougeot, 1999). 

2.3.1. The Importance of Gas Production and Gas Retention in Breadmaking 

After the occlusion of air into the dough as gas nuclei during mixing, these gas nuclei are 

subdivided during subsequent breadmaking processes (punching, sheeting and molding) 

(Baker and Mize, 1941).  These nuclei grow due to the gases generated during fermentation 

and expand further as the temperature increases during baking (Sroan et al., 2009).  

Fermentation is one of the key operations in the breadmaking process where sugars available 

for fermentation are metabolized into CO2 and ethanol by yeast (Chevallier et al., 2012).  It 

has been reported that the rate of gas production is typically 2105.2   mol/s per m
3
 of dough 

under typical fermentation conditions using 2 % compressed yeast at 27 °C (Bloksma, 

1990b).  Chiotellis and Campbell (2003a) performed dynamic dough density measurements in 

order to monitor the rate of CO2 production during proving.  By comparing their experimental 

results to the dynamic bubble growth model they developed, which was based on diffusion of 

CO2 into a population of bubbles during proving of bread doughs, they investigated the 

factors affecting bubble growth during proving.  They reported that increasing yeast level and 

temperature increased the rate of CO2 production. 

The initial gas loss during breadmaking is due to gas diffusion to the outer surface of dough 

followed by the evaporation of gas to the surrounding atmosphere, and both of these 

processes are relatively slow (Gan et al., 1995).  Towards the advanced stages of proving, the 
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rate of gas loss increases sharply owing to coalescence of adjacent bubbles (see Section 

2.3.2.3).  In order to obtain a high quality bread with a light texture and an even bread crumb 

structure, gas must be retained during proving and the early stages of baking, and released at 

the later stages of baking (Mills et al., 2003).  Therefore, the survival of bubbles in an intact 

form, especially at the later stages of proving and the early stages of baking, is critical for 

prevention of rapid gas loss so that a high quality crumb structure is ensured (Gan et al., 

1995).   

Bloksma (1990a) emphasized the uniqueness of the viscoelastic gluten-starch matrix as a cell 

membrane to stabilize the growing bubbles during fermentation and baking.  However, Gan et 

al. (1990) demonstrated by scanning electron microscopy that even when discontinuities in 

the gluten-starch matrix were found towards the end of dough proving, intact bubbles are 

observed.  They proposed that growing bubbles are stabilized against coalescence by a 

secondary liquid lamella at the gas/liquid interface that is replete with surface-active 

materials.  This liquid lamella is primarily surrounded and strengthened by the gluten-starch 

matrix (MacRitchie, 1976).  However the gluten-starch matrix fails to entirely surround the 

bubbles as early as 15 min after the start of proving, leaving discontinuities between adjacent 

bubbles that consist of only the liquid film (Gan et al., 1990).  The timing of, and the degree 

to which these discontinuities appear, depends on the balance between the extensibility and 

the strength of the gluten-starch matrix, which consequently depends mainly on the gluten 

proteins (Gan et al., 1995).  The stability of the liquid lamella was reported to depend on its 

composition (Gan et al., 1995; Keller et al., 1997; Mills et al., 2003; Sroan and MacRitchie, 

2009; Sroan et al., 2009) and how quickly its components move to the thinner sections of the 

film in order to restore the surface tension gradient (Mills et al., 2003; Örnebro et al., 2000).  
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As the dough keeps expanding and the expanding bubbles become polyhedral towards the end 

of dough proving, the surface area of the liquid lamella increases proportionally, until no new 

surface area can be generated by the lamella (Gan et al., 1995).  When the liquid lamella 

cannot maintain the same expansion rate as that of the bubbles, it ruptures, providing tunnels 

for direct escape of gas to the surrounding atmosphere (Gan et al., 1990).  

2.3.2. Factors Affecting the BSD during the Breadmaking Process 

Understanding the relationship between dough aeration during mixing and bread quality 

requires a knowledge of how bubbles in dough change during proving, since proving is the 

link between dough leaving the mixer and the final baked loaf (Shah et al., 1998).  The 

aerated structure of bread doughs, which ultimately determines the quality of bread crumb, is 

controlled by various physical processes in connection with foam formation and stabilization 

(Mills et al., 2003).  Factors affecting the aerated structure of bread doughs during the 

breadmaking process can be classified into three: (i) disproportionation (also known as 

coarsening, inter-bubble gas diffusion or Ostwald ripening (Stevenson, 2010)) after mixing 

and the early stages of proving, (ii) bubble growth during proving and early stages of baking, 

and (iii) coalescence during later stages of proving and baking (van Vliet, 2008).   

2.3.2.1. Disproportionation  

The pressure difference (ΔP) across a curved surface can be defined in terms of the Laplace 

equation  
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where T is the surface tension and r1 and r2 are the principal radii of curvature.  Radii r1 and 

r2 are the same for the surface of a sphere so the pressure difference across the surface of the 

spherical bubble is 

R

T
P

2
           (2.7) 

where R is the radius of the bubble (Stevenson, 2010).  This pressure difference is generated 

by the surface tension of the bubble.  Surface tension acts as a tendency to contract the bubble 

surface and increases the pressure inside the bubble slightly (Mills et al., 2003).  The bubble 

sizes in a foam are never exactly uniform and often vary widely (Lemlich, 1978).  

Accordingly, smaller bubbles have a higher pressure in them due to their smaller radii of 

curvature (Lemlich, 1978; Murray et al., 2005).  This higher pressure brings about an 

enhanced equilibrium gas concentration around the smaller bubbles (arising from Henry’s 

law) which in turn causes transport of gas through the aqueous phase of dough by diffusion 

from the smaller to larger bubbles (van Vliet, 1999).  

According to some researchers (Gan et al., 1995; Shah et al., 1999), disproportionation is 

unlikely to occur in yeasted doughs not only because the CO2 concentration in the aqueous 

phase of the dough is higher than or equal to that at the bubble interfaces at all times during 

dough proving, but also because the solubility of nitrogen is very low and it is the only 

available gas at the early stages of proving.  On the other hand, several researchers accept that 

disproportionation occurs in bread doughs (Kokelaar and Prins, 1995; Shimiya and 

Nakamura, 1997; Shimiya and Yano, 1988; van Vliet, 1999).  Experimental evidence from 

Shimiya and Nakamura (1997) for both yeasted and unyeasted doughs showed that 

disproportionation was a major factor affecting the stability of bubbles.  For dough systems, 
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the diameter of the bubbles visible by light microscopy at the onset of fermentation is 

between 10 and 100 μm and the surface tension is approximately 40 mN/m (lower than the 

surface tension of pure water, 73 mN/m, due to adsorbed materials at the gas/liquid interface 

(Walstra, 1989)).  As a result, the Laplace pressure difference in the bubbles of dough resides 

between 1600-16000 Pa (van Vliet et al., 1992).  This difference in gas pressure between 

bubbles of various sizes leads to disproportionation, forcing gas to initially diffuse through 

the aqueous phase of the dough and then into the larger bubbles.  Thus the smaller bubbles 

shrink and the larger bubbles grow causing a change in the BSD, and even a change in the 

number of bubbles if the smaller bubbles shrink to the point of disappearance (Lemlich, 

1978).  For high gas volume fraction systems like foams ( 6.0 ), this results in an overall 

coarsening of the foam (Mills et al., 2003) which may accelerate other instability mechanisms 

such as coalescence (see Section 2.3.2.3) (Murray et al., 2005).  In order to reconcile the 

extent of the different factors that affect the BSD during the breadmaking process, population 

balance models - where the behavior of bubbles in bread dough is deduced from the analysis 

of the behavior of a single bubble or a small group of bubbles (Martin et al., 2004; Trinh et 

al., 2013) - may be exploited.  

In a shrinking bubble, as the gas diffuses out of the bubble, the radius is reduced and the 

internal pressure increases (Campbell and Mougeot, 1999).  Thus the shrinking is a self-

accelerating process if the surface tension is constant and the film surrounding the bubble has 

no significant surface viscoelasticity (Murray et al., 2005).  However, for dough systems 

where a number of surface-active materials compete for the gas/liquid interface, surface 

tension is not constant with respect to a change in bubble radius (Kokelaar and Prins, 1995).  

As a result, disproportionation in bread doughs is not just an issue of simple gas diffusion 
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between the bubbles, since bubbles resist mechanical contraction/growth (Stevenson, 2010).  

The gas diffusion rate and thus the rate of disproportionation depends on many factors such as 

the difference in bubble sizes, degree of saturation of the aqueous phase of dough (Mills et 

al., 2003), as well as the adsorption and desorption speeds of the surface-active materials at 

the gas/liquid interface during the increase and decrease of the surface area, respectively (van 

Vliet et al., 1992).  In studies of beer foam stabilization, disproportionation rates have been 

shown to depend also on the type and thus the solubility of gas used (Bisperink et al., 1992).  

The bubble growth kinetics of fluorocarbon emulsions stabilized by egg yolk phospholipids 

(Weers and Arlauskas, 1995) as well as nitrogen and hexafluoroethane foams stabilized by 

SDS (sodium dodecyl sulfate) (Saint-Jalmes and Langevin, 2002) or by casein (Marze et al., 

2005) have also been shown to depend on the type and the volume fraction of fluorocarbons 

used in the emulsions. 

According to van Vliet et al. (1992), disproportionation in dough slows down when its 

driving force considerably reduces, which happens once the small bubbles disappear or 

become stable.  Murray et al. (2005) investigated disproportionation kinetics of isolated air 

bubbles in food protein solutions so as to shed light on the key question of whether or not 

materials (various food proteins) adsorbed at the gas/liquid interface can cause a significant 

reduction in the rate of disproportionation or prevent it.  They concluded that air bubbles in 

their system shrank slowly enough that the protein films on the gas/liquid interface were able 

to rearrange themselves as the bubble surface area decreased.  In doing so, protein films 

maintained a constant concentration on the surface by simultaneous protein desorption into 

the bulk of the solution.  With time, in a shrinking bubble they observed that all the protein at 

the interface gradually dissolved in the bulk solution, but the rates of desorption and 
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dissolution were dependent on protein type.  Mun and McClements (2006) confirmed by 

manipulating the properties of interfacial membranes in oil-in-water emulsions that 

disproportionation can be retarded: creating thicker and more elastic membranes provided 

mechanical resistance to shrinkage or growth and slowed down disproportionation.  These 

studies showed that disproportionation can be retarded by manipulating the components or 

properties of the gas/liquid interface, although in none of these studies was disproportionation 

prevented completely.   

Another key question - whether or not any type of interfacial material can completely prevent 

disproportionation - is still unanswered.  As stated by van Vliet et al. (1992), shrinkage of the 

bubble will stop if the decrease in radius is counterbalanced by a decrease in surface tension.  

The response of the surface tension during shrinking can be expressed by the surface 

dilational modulus Es:  

Sd

dT
Es

ln
           (2.8) 

where S is the surface area of the bubble.  If Es is greater than zero, shrinkage of the bubble 

decelerates, and if  /2s TE   disproportionation stops (Walstra, 1989).  According to van 

Vliet et al. (1992), after a significant decrease in surface area, the residual surface-active 

materials do not leave the gas/liquid interface and sE becomes greater than or equal to  /2T  

for very small bubbles.  However, due to the viscoelasticity of the gas/liquid interface in 

dough, except for the smallest bubbles,  Es < T/2, and consequently disproportionation in 

dough would not stop completely (van Vliet, 1999).  In foam systems other than dough, 

Blijdenstein et al. (2010), who studied the surface rheological properties of protein films at 

gas/liquid interfaces, showed that hydrophobin, a filamentous protein, was capable of 
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effectively stopping disproportionation.  Furthermore, Murray et al. (2005) stated that bubbles 

can be stabilized by insoluble nanoparticles, rather than proteins, which form rigid shells as 

crowded monolayers around the bubbles, preventing disproportionation.   

2.3.2.2. Bubble Growth 

When bubble growth during dough proving is described, the rate of CO2 production by yeast, 

the degree of CO2 retention within the dough piece, the rate of CO2 diffusion from the 

aqueous phase of the dough into the bubble nuclei entrained into the dough during mixing, 

and the rate of bubble coalescence need to be considered (Shah et al., 1998).  Two extreme 

trends for investigating bubble growth can be seen in the literature.  One of these trends 

focuses on the viscoelastic properties of the liquid that surrounds the bubble where the bubble 

expansion is caused by a pressure difference between the bubble and the liquid surrounding it 

(Huang and Kokini, 1999).  The second trend focuses on diffusion-controlled bubble growth 

where viscoelastic properties of the liquid are neglected, and the rate of bubble growth is 

governed by the transfer of material across the bubble interface (Chiotellis and Campbell, 

2003a, 2003b; Shah et al., 1999, 1998).  In the middle of these two cases, diffusion-induced 

bubble growth models, which are extremely complex and challenging to apply to real dough 

systems, take both the viscoelastic properties of the liquid that surrounds the bubble and the 

mass transfer across the bubble interface into account (Chiotellis and Campbell, 2003b; 

Venerus et al., 1998). 

2.3.2.2.1. Fermentation and CO2 Transportation in Fermenting Dough  

Yeast can perform fermentation under either aerobic or anaerobic conditions.  As 

fermentation starts, the oxygen in dough originating from the air entrained into the dough 
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during mixing is rapidly consumed by the yeast (Wieser, 2012).  Thereafter, bread 

fermentation is an anaerobic process where carbohydrates are converted into the end products 

CO2 and ethanol.  As a result CO2 is produced in the aqueous phase.  It has been stated that a 

supersaturated solution of gas dissolved in the dough aqueous phase needs to be created so 

that CO2 can diffuse into the bubbles in the dough (Delcour and Hoseney, 2010).  However, it 

is evident that bubble growth starts well before saturation of the aqueous phase of the dough 

(Chiotellis and Campbell, 2003a, 2003b; Shah et al., 1999).  CO2 enters the pre-existing 

bubbles (since new bubbles cannot be formed after mixing (Baker and Mize, 1941)) and 

increases the pressure inside the bubbles.  In order to establish mechanical equilibrium, the 

internal pressure of the bubble should be relieved (Amon and Denson, 1984).  The bubble 

achieves this through growing in size.  However, as soon as bubble growth starts, the internal 

pressure of the bubble decreases and the interfacial gas concentration decreases according to 

Henry’s law.  A decrease in the interfacial gas concentration causes a concentration gradient 

towards the bubble interface and thus gas diffusion into the bubble starts again, resulting in an 

increase in the bubble volume (Amon and Denson, 1984).   

Since the growth of bubbles shapes dough expansion (Kokelaar et al., 1996), there has been a 

number of studies where bubble growth has been investigated.  According to Huang and 

Kokini (1999), bubble expansion in wheat flour dough can be modeled by considering biaxial 

extensional flow of dough around a bubble.  Huang and Kokini (1999) developed a bubble 

growth equation to predict dough expansion with the aim of linking biaxial extensional 

rheological properties of dough to the dough proving process.  They derived a bubble growth 

model using a circumferential stress equation where the viscous resistance is the only factor 

to balance the pressure increase in the bubble.  Their model predicted dough volume 



 

48 

expansion reasonably well at early times of proving.  However, as the time of proving was 

increased, the dough volume that was predicted increased rapidly which was contrary to what 

was observed from dough height measurements.  They pointed out that strain hardening of the 

dough, which was not considered in their model, could be an important factor affecting 

bubble growth.  It was concluded that biaxial extensional viscosity of dough, which generates 

resistance to deformation during expansion, significantly affects bubble growth during 

fermentation. 

According to Chevallier et al. (2012), curves describing bread dough expansion during 

fermentation have the same shape as yeast growth curves so that CO2 production rates can be 

related to yeast metabolism.  They showed that dough expansion during fermentation 

exhibited three phases: a lag phase during to the beginning of the fermentation, a linear phase 

corresponding to constant dough expansion and a stationary phase corresponding to a balance 

between CO2 production and gas escape from the dough.  

Grenier et al. (2010) investigated the contributions of surface tension and dough viscosity to 

gas pressure in bubbles and emphasized the importance of surface tension in determining 

bubble sizes when bubble expansion is slow, as in early stages of dough proving.  They 

studied two different water content conditions and showed that surface tension was critically 

important in modeling of proving doughs only for short proving times and relatively high 

water contents (0.45 kg kg
-1

).  When the water content was lower (  0.42 kg kg
-1

), the 

relative contribution of the increase in dough viscosity to the total pressure inside a bubble 

was higher compared to the relative contribution of the increase in the surface tension brought 

about by a decrease in the water content.  It was concluded that the main contribution to 
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dough expansion would be from the viscoelastic properties of the dough when the water 

content is lower (Grenier et al., 2010).  

Shah et al. (1998) viewed the rate of CO2 diffusion from the dough aqueous phase into the 

bubble nuclei entrained into the dough during mixing as a classical mass transfer problem.  

They applied diffusion theory to the slow growth of a bubble at early stages of proving (where 

bubbles are not distorted by the presence of other bubbles).  Initially the CO2 concentration in 

bubble nuclei was taken to be zero, which causes a concentration gradient as a driving force 

for CO2 diffusion into the bubble, resulting in bubble expansion.  Their model describes the 

bubble growth rate by considering the rate of mass transfer into the bubble in two ways.  

Firstly, the rate of mass transfer is described in terms of its effect on the number of moles of 

gas present.  Secondly, using diffusion theory, the rate of mass transfer into the bubble is 

described in terms of the mass transfer coefficient and CO2 concentration gradient as a 

driving force for mass transfer.  According to Shah et al. (1998)’s model, surface tension 

plays a role in bubble expansion whereas dough rheology was not thought to affect bubble 

expansion considerably, in contrast to Huang and Kokini (1999)’s model.  According to Shah 

et al. (1998), when dough is subsaturated, which according to them is the more realistic case 

for real dough systems at least for the first half of the proving, all bubbles grow and 

eventually reach an upper limit where the final bubble size is approximately proportional to 

the initial bubble size.  Shah et al. (1999), who studied the bubble growth throughout a dough 

piece that was allowed to expand only in one direction, improved Shah et al. (1998)’s model 

by extending the model to bring in the rates of CO2 production and diffusion.  They modeled 

the dough piece as a series of slices and solved a mass balance equation for CO2 in the 

aqueous phase in a slice of dough.  According to their model, the mass of CO2 accumulating 
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in the aqueous dough phase is a total of the mass entering the slice by diffusion plus the mass 

generated by yeast minus the mass leaving the slice by diffusion minus the mass coming out 

of solution into the bubbles.  The diffusion gradient is the reduction in CO2 concentration in 

the top slice due to its exposure to the atmosphere.  Shah et al. (1999) also reported that to the 

prediction of their model bubble sizes will keep increasing infinitely during proving when the 

dough aqueous phase is saturated with CO2, but pointed out that such a model overestimates 

bubble sizes compared to what is observed experimentally.  

Chiotellis and Campbell (2003b) incorporated the initial bubble size distribution as well as 

proving temperature and yeast concentration into Shah et al. (1999)’s model and addressed 

several of the shortcomings of the previous models.  According to their model, the mean 

bubble diameter and the standard deviation of the BSD, which was deemed lognormal, 

increased during proving while the shape of the BSD did not change significantly implying 

that the bubbles grew approximately at a similar rate.  They concluded that more 

improvements, including incorporation of dough rheology and bubble coalescence as well as 

evaluations of model predictions against experimental results, were needed for better 

predictions of bubble growth.  Chiotellis and Campbell (2003a) investigated the various 

factors affecting gas production and retention during proving and compared their results to 

the model developed by Chiotellis and Campbell (2003b).  Chiotellis and Campbell (2003a) 

reported that decreasing the headspace pressure during mixing resulted in a small initial mass 

transfer rate due to a fewer number of bubbles entrained into the dough and thus a smaller 

interfacial area for mass transfer into bubbles.  This initial small mass transfer rate was 

followed by an increased mass transfer rate at later stages of proving due to rapid increase in 

CO2 in the aqueous phase of the dough, creating a large concentration gradient for mass 
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transfer.  Both of these observations were in agreement with the simulations obtained by 

Chiotellis and Campbell (2003b). 

2.3.2.2.2. Strain Hardening and Bubble Expansion Rates 

During dough expansion, the gluten-starch matrix around bubbles is stretched to large strains 

and it gets thinner due to diffusion of CO2 into the bubbles during proving and by thermal 

expansion of gases during baking (Mills et al., 2003).  If a bubble continues to expand further 

along these thin regions, it may rupture.  However, if the resistance to expansion in a thin 

region of the gluten-starch matrix is not in proportion to the increase in strain, then the thin 

region will oppose further strain causing the bubble to grow along thicker regions (van Vliet 

et al., 1992).  This resistance to further deformation which prevents failure of the bubble 

walls, and thus helps achieve satisfactory bread volume, is called strain hardening (Campbell 

and Martin, 2012; Sroan et al., 2009).  For a dough film, strain hardening occurs when the 

ratio of the relative change in stress  lnd  to the change in the biaxial strain  Bd  is larger 

than 2.  However, it should be pointed out that this strain hardening criterion is an 

oversimplification because the shear thinning properties of dough and polydispersity of 

bubble sizes are not accounted for in its derivation (Kokelaar et al., 1996; van Vliet et al., 

1992).   

The ability of wheat flour doughs to stretch in response to gas expansion and the stability of 

the dough film can be explained by the balance between strength and extensibility of the 

gluten proteins (Singh and MacRitchie, 2001).  Gluten’s branched and entangled structure is 

expected to significantly contribute to bubble stability and resistance to extension during 

breadmaking (Dobraszczyk, 2004).  Strength of the gluten network is positively correlated 
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with the number of entanglement points which act as transient cross links, whereas 

extensibility is due to the slippage of protein chains between entanglements.  To ensure 

stability of bubbles against early coalescence and gas loss, the dough needs to be sufficiently 

strong to resist rupture as well as extensible enough to stretch as a result of gas pressure 

increase (Sroan et al., 2009).  For high molecular weight branched polymers like gluten, the 

strain hardening is believed to depend on the balance between entanglement of gluten 

branches with the surrounding branches and extension of the flexible high molecular weight 

backbone between the entanglements.  This allows the expanding dough film to resist rupture 

by increasing resistance to extension locally at the thinner regions so that thinner regions are 

stabilized against unstable necking and premature failure during high extensions 

(Dobraszczyk, 2004).  

2.3.2.3. Coalescence  

Owing to increased CO2 production by the yeast and release of water vapor from the matrix 

due to increasing temperature, bubbles expand at a relatively faster rate during the early 

stages of baking (Mills et al., 2003).   At these stages, dough with spherical bubbles is 

transformed to a foam with polyhedral cells where flat films between bubbles are present and 

coalescence becomes important (Kokelaar et al., 1996).  These flat films separating two 

bubbles are stabilized by repulsive forces (due to steric and electrostatic forces) counteracted 

by attractive van der Waals force between them (Örnebro et al., 2000; Walstra, 1989).  As the 

liquid films get thinner and thinner with bubble growth, a critical distance is eventually 

reached when any small perturbation such as a draught or a thermal disturbance, can cause the 

film to rupture because the balance between the attractive and repulsive forces is lost 

(Örnebro et al., 2000).   
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Babin et al. (2006) studied bubble growth during dough fermentation and baking processes 

using X-ray microtomography where bubble growth was visualized at various times during 

proving and baking.  They reported that a few minutes after kneading, the dough has many 

small bubbles and the bubbles grow freely leading to a smooth increase in the bubble size.  

The free growth of bubbles at early stages of fermentation was also confirmed by Romano et 

al. (2013).  In the second stage of fermentation, dough structure becomes heterogeneous with 

many large bubbles due to bubble growth and coalescence (Babin et al., 2006).  In the third 

stage, coalescence prevails over bubble growth and the dough structure becomes more 

heterogeneous with large, non-spherical shaped gas holes.   

Kansou et al. (2012) modeled the effects of mixing conditions on dough proving and showed 

that specific power input during mixing and mixing time significantly affected dough 

expansion during proving.  They underlined the importance of the link between bubble 

instability processes such as coalescence and dough rheological properties.  Coalescence is 

affected by the properties of the adsorbed materials on the surface of the bubbles in addition 

to the properties of the bulk liquid (Örnebro et al., 2000).  It has been shown that the extent of 

coalescence can be lowered by using surface-active materials which aid in bubble 

stabilization during expansion (Kokelaar and Prins, 1995).   

2.4. Ultrasound as a Tool to Study Bubbles in Dough  

Sound waves which have a frequency above the upper limit audible to humans (>16 kHz) are 

described as ultrasound waves (McClements and Gunasekaran, 1997).  The most commonly 

used types of ultrasonic waves in testing foods are longitudinal waves.  There are other 

possible modes of acoustic propagation, such as by shear waves or by surface waves 

(McClements and Gunasekaran, 1997; Povey, 1997), but these are of no relevance to this 



 

54 

thesis, since the aim of this thesis is to investigate the bubbles distributed in the dough matrix 

and acoustic waves except for longitudinal waves do not propagate useful depths in fluids, 

weak gels and foods unless surface properties are of interest (Coupland, 2004; Kudryashov et 

al., 2001; Saggin and Coupland, 2004).  Throughout this thesis, the ultrasonic technique uses 

longitudinal waves to probe the properties of dough and the bubbles in dough. 

One of the simplest ways of representing acoustic waves is by using sine waves.  By using a 

sine wave, the three fundamental characteristics of acoustic waves - frequency, amplitude, 

and phase - can be demonstrated.  Frequency is the number of times that a wave cycles per 

unit time and thus the time variation of a wave is characterized by its frequency (Povey, 

1997).  Amplitude is the measure of the change in pressure of the medium (the compression 

or rarefaction of the molecules) caused by propagation of sound waves through the medium.  

Phase is the change in the position of a wave which has elapsed relative to a reference point 

(such as the origin) and is measured in degrees (Povey, 1997).  A complex wave shape, i.e., a 

pulse, may depart drastically from a simple sine wave shape; however, no matter how 

complex a wave is, it can be broken down into combinations of sine waves of different 

frequencies, different amplitudes and different phases (Everest, 1989).   

By measuring the extent of interaction between an ultrasonic wave and a material, 

information about material properties is obtained (McClements and Gunasekaran, 1997; 

Povey, 1997).  Knowledge about the interactions between an ultrasonic wave and a material 

are reflected in the measured ultrasonic parameters such as ultrasonic velocity and attenuation 

coefficient (Coupland, 2004; McClements and Gunasekaran, 1997).   

Ultrasonic signal velocity is defined as the distance an ultrasonic wave propagates per unit 

time (McClements and Gunasekaran, 1997).  When the medium that the ultrasonic wave is 
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traveling through is dispersive, determinations of signal velocity in the time domain can lead 

to inaccuracies since waves of different frequencies travel at different speeds (Cobus et al., 

2007).  In dispersive media, two distinct velocities - group velocity and phase velocity - are 

needed to describe wave propagation (Page et al., 1996).  Group velocity is the velocity with 

which the pulse propagates through a medium.  It is the velocity of the overall shape of the 

pulse's amplitude.  The phase velocity is the rate at which the phase of any specific frequency 

component that constitutes the pulse propagates in a medium.  Throughout this thesis, the 

experimental ultrasonic technique uses the phase velocity (v) to measure the properties of 

dough and the bubbles in dough. 

As an ultrasonic wave travels through a medium, the amplitude of the ultrasonic wave 

decreases with distance travelled, i.e., it is attenuated (Cobus et al., 2007).  The change in the 

amplitude of the ultrasonic wave, i.e., how rapidly the ultrasonic energy is dissipated, is 

measured with the attenuation coefficient, α (Coupland, 2004; Povey, 1997).  Absorption and 

scattering are the major causes of attenuation which occurs to some degree in all media (in 

both homogeneous and heterogeneous materials) (McClements and Gunasekaran, 1997; 

McClements, 1991).  There are three types of loss mechanisms associated with absorption of 

ultrasound: heat conduction (thermal) losses, viscous losses, and molecular relaxation 

processes.  Scattering is only important in heterogeneous media (McClements and 

Gunasekaran, 1997) and occurs when a part of the ultrasonic wave incident on a discontinuity 

(i.e., an inhomogeneity) is scattered in directions other than the direction of the incident wave 

(McClements, 1991).  Absorption mechanisms lead ultimately to the conversion of ultrasonic 

energy into heat while scattering leads to a redirection of ultrasonic energy (Falcone et al., 

2006).  The relative importance of these different mechanisms depends on the thermal and 
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physical properties of the component phases, the frequency of the ultrasonic wave, and the 

concentration and size of the inhomogeneities (McClements, 1996). 

The wavenumber is a convenient way of expressing both the ability of the material to convey 

the strain caused by the acoustic disturbance (pressure fluctuations) and how much the 

material dissipates the wave as it is propagating through (Cobus et al., 2007).  In highly 

attenuating materials, the wavenumber is complex, ''' ikkk   (Leighton, 1997).  The real 

part of k can be written in terms of angular frequency, ω, and v, while the imaginary part of k 

can be written in terms of α (Cobus et al., 2007). 
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k            (2.9) 

When an ultrasonic wave reaches a boundary between two media of different acoustic 

properties, some of the ultrasonic energy is reflected whereas some of the ultrasonic energy is 

transmitted (McClements and Gunasekaran, 1997).  In acoustics, the difference between two 

media can be distinguished by the acoustic impedance, Z (Leighton, 1997).  Z of a material 

for ultrasonic waves is analogous to the refractive index for light waves and thus is a material 

property (Kleppe, 1989).  Z of a material is defined as the ratio of the acoustic pressure, P, 

generated by the velocity of molecules, U, of that particular material at a given frequency, f, 

as the wave is propagating through the material.   It is related to the wavenumber, k, as:  

k
UPZ


 /          (2.10) 

where ρ is the density of the material that the ultrasound is propagating through and ω is 

equal to f2 .  Combining equations 2.9 and 2.10 gives the relationship between Z, v and α as: 
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For many materials, the imaginary part of Z is very small compared to the real part (α << ω/v) 

so that, as a first approximation, we can write vZ   (McClements, 1991).   

2.4.1. Ultrasonic Propagation in Non-Scattering Systems  

The principle of wave propagation through non-scattering systems is relatively simple 

compared to that in scattering systems (Javanaud, 1988).  However, since foods are rarely 

homogeneous, wave propagation through foods is affected both by the structure of the food 

and by the properties of the components that make up the food (Javanaud, 1988).  

Interpretation of ultrasonic results for inhomogeneous media is strictly frequency dependent 

since different frequencies allow the investigation of structure at different length scales 

(Cents et al., 2004; McClements, 1996).   

The attenuation in non-scattering materials is due to absorption since these materials do not 

scatter ultrasound because they do not contain any discontinuities (McClements, 1991).  For a 

longitudinal ultrasonic wave travelling in a non-scattering medium, the amplitude of an 

ultrasonic wave,  , decreases exponentially according to the equation 

 xe  0           (2.12) 

where 0  is the amplitude of the ultrasonic wave at position x=0. 

For non-scattering materials in which attenuation is not too high (i.e., α << ω/v), velocity of 

sound is independent of frequency and is solely determined by the elasticity and density of the 
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material through which it is propagating (Povey, 1997).  At a specific frequency, the complex 

wavenumber, k, is related to the complex longitudinal modulus, M, of the material tested by 

Wood’s equation:  

 


 M

k
v            (2.13) 

For homogeneous liquids and gases, M is equal to the bulk modulus of elasticity, B, which is 

the inverse of the adiabatic compressibility,  .  In solids, the propagation of ultrasound is 

more complex compared to fluids, since solids can support shear waves (Kudryashov et al., 

2001; Saggin and Coupland, 2004).  For solids, M is a combination of B and the shear 

modulus, G 
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Consequently, provided that the density is measured independently, by measuring the 

ultrasonic velocity, the longitudinal modulus of the material can be obtained (Cobus et al., 

2007). 

2.4.2. Ultrasonic Propagation in Scattering Systems 

Ultrasonic propagation in scattering (inhomogeneous) media is different from that in non-

scattering media.  Some examples of scattering media are porous foods, suspensions and 

emulsions.  For porous foods, ultrasonic velocity is very low, lying below that of either single 

component of the media, while attenuation is extremely high, restricting the depth that 

ultrasound can propagate through, and thus restricting the thickness that can be investigated 
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(Javanaud, 1988).  For ultrasonic propagation in scattering media, Wood’s equation (equation 

2.13) is not valid and generally the interactions between the ultrasonic wave and the scatterers 

are complex, involving various forms of scattering, absorption, reflection, diffraction, and 

resonant behavior (McClements and Gunasekaran, 1997).  Therefore, the general 

mathematical theory used for describing wave propagation is quite complex.  For example, in 

many emulsions and suspensions, scattering of ultrasound can have a substantial impact on 

the ultrasonic properties, so that the attenuation coefficient and velocity become scatterer size 

dependent (McClements, 1991).  Consequently, in scattering systems, advanced approaches 

such as the effective medium theory (EMT) (Leroy et al., 2008b; Pierre et al., 2013; Wilson et 

al., 2005) or multiple scattering theory (MST) (Leroy et al., 2011, 2009) are required for 

modeling of ultrasonic properties.   

In practice, dividing ultrasonic propagation in a medium with scatterers into three categories 

according to the relationship between the size of the scatterer and the wavelength of the 

ultrasonic wave is convenient (McClements, 1996).  These three categories are: the long 

wavelength regime (radius of the scatterer, R << ultrasonic wavelength, λ), the intermediate 

wavelength regime (R ~ λ), and the short wavelength regime (R >> λ). 

2.4.2.1. Long Wavelength Regime  

2.4.2.1.1. Very Long Wavelength Regime 

In the very long wavelength regime where the scatterer size is much less than the ultrasonic 

wavelength, attenuation is not only due to absorption but also due to viscous and thermal 

scattering (Cents et al., 2004; McClements, 1991).  Total absorption is equal to the sum of the 

absorption of acoustic energy in all phases that constitute a multi-phase material, and depends 
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on the volume fraction of these phases and not on the size of the scatterers (Cents et al., 

2004).  Viscous and thermal scattering occur at the interface between a scatterer and the 

surrounding media.  In multi-phase materials, both the viscous and the thermal scattering may 

substantially influence the velocity and attenuation of ultrasound because both the amplitude 

and the phase of the forward wave change as a result of scattering (McClements, 1991).   

Viscous scattering occurs when the scatterer and the medium surrounding it have different 

densities.  This density difference causes the scatterer to oscillate, i.e., move forward and 

backward, because the inertia of the scatterer differs from that of the medium surrounding it.  

As a result, a fraction of the incoming wave is scattered away (dipole scattering) and due to 

the damping of the scatterer movement by the viscosity of the medium, a fraction of the 

ultrasonic energy is converted into heat (Cents et al., 2004; McClements, 1996).   

Thermal scattering occurs because of the thermal fluctuations occurring as an ultrasonic wave 

passes through a medium.  These thermal fluctuations occur when the thermal properties of 

scatterers and the medium surrounding them are different so that heat flows across the 

scatterer/medium interface.  As a result, the scatterer pulsates which initiates scattering in all 

directions (monopole scattering), and the transformation of ultrasonic energy into heat (Cents 

et al., 2004; McClements, 1996). 

In the very long wavelength regime, an effective medium approach has been shown to 

describe wave propagation reasonably well (Leroy et al., 2011).  According to the effective 

medium theory (EMT), in the very long wavelength regime, inhomogeneous media with 

multi-phase scatterers can be considered homogeneous to a good approximation.  This 

approximation holds provided that the effect of scatterers are accounted for by the use of 

‘effective’ properties such as the bulk modulus and density of the medium (Gaunaurd and 
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Uberall, 1981).  In such cases, for example for suspensions, although the speed of sound 

strongly depends on the volume fraction of the dispersed phase, the size distribution of the 

dispersed phase is not a factor.  Also, the frequency of the sound wave used is not a factor 

provided that sufficiently long wavelengths are used.  The speed of sound propagation 

therefore depends primarily on the volume fraction of the dispersed phase and Wood’s 

equation is valid (Wilson and Roy, 2008).  In such long wavelengths, an explicit statement of 

the principle implied by the Wood equation was generalized to include dispersions of solid 

scatterers by Urick (1947).  For multi-phase food media, the Urick equation can be used  

(Javanaud, 1988):   



1
v           (2.15) 

with the overall compressibility and density being 
j

jj  and 
j

jj , where v is 

the velocity of sound in the continuous phase,   is the volume fraction of the dispersed phase 

and j represents different phases (Povey, 1997).   For example, if we consider a mixture of 

bubbles suspended in a liquid with gas volume fraction  , the velocity of sound in the 

dispersion is related to the gas volume fraction as: 
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where subscripts g and l denote the gas and liquid phases, respectively (Wilson, 2005). This 

equation considers that the multi-phase medium behaves like a non-scattering homogeneous 

medium (a homogeneous ideal mixture of the two materials), with a modified ‘effective’ 

compressibility and ‘effective’ density, and does not consider the interaction of the sound 



 

62 

wave with the individual scatterers (Urick, 1947).  By this way, the volume fraction of one 

component can directly be deduced from the velocity of ultrasound in the suspension (or 

emulsion) by knowing only the density of the two phases and the ultrasound velocity in each 

of the individual components (Javanaud, 1988).  The concept of an ‘effective’ attenuation 

coefficient for a multi-phase medium is more complicated than its velocity counterpart 

(Javanaud, 1988).   

Ben Salem et al. (2013) studied the propagation of ultrasound in aqueous foams as affected by 

bubble size distribution and resonance phenomena (see Section 2.4.2.1.3) and pointed out that 

the main limitation of Wood’s model was that it is a ‘mean-field approach’.  Accordingly, 

they reported that Wood’s model underestimates the velocity of sound in some foams (where 

resonance effects are present, see Section 2.4.2.1.3), so that other models for calculating the 

wavenumber, k, should be used when describing wave propagation.  When resonance effects 

are present, MST may be expected to provide a more accurate description of wave 

propagation in scattering media compared to the EMT, although both the EMT and MST 

suffer from drawbacks when there is a high concentration of scatterers (for air bubbles, the 

concentration can be considered high at levels above a few percent) (McClements, 1996). 

2.4.2.1.2. Scattering Theory 

As concentrations of scatterers in a system increase, the scatterers become more closely 

packed.  Then the probability of a wave scattered at a discontinuity propagating as far as 

another discontinuity (unless the wave is completely absorbed) increases so that the scattered 

wave can then be re-scattered.  As a result, the number of scattering events can become very 

high leading to a very complex scattering behavior for the system (McClements, 1991).  This 

process, known as multiple scattering, depends on many factors, including the intensity of the 
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incident wave, how strongly ultrasound is scattered, the concentration of the scatterers, and 

how strongly the scattered waves are absorbed (Povey, 1997).   

Every time a scattering event occurs, the scattered wave is slightly out of phase with the wave 

it arises from.  Since acoustic energy is scattered in all directions and potentially removed 

from the forward direction, the wave detected at the opposite end of the dispersed system is 

the sum of the waves which were not scattered and the waves scattered in the forward 

direction (Povey, 1997).  This makes ultrasonic measurements very challenging in highly 

concentrated systems in this wavelength regime because the solution to the wave propagation 

equation usually takes the form of a series of terms in increasing powers of the volume 

fraction of the scatterers.  The coefficients of the first two terms of the solution to the wave 

propagation equation have been determined, but the rest of the coefficients are challenging to 

determine, limiting the validity of the results to dilute systems (Javanaud, 1988). 

Since sound propagation in highly scattering systems is complex, formulating multiple 

scattering can be simplified by first calculating the scattering attributes of a single scatterer.  

The scattering attributes of a collection of scatterers can then be determined by calculating the 

combination of scattering from the individual scatterers (McClements, 1991).  One of the 

traditional approximations used in describing wave propagation in inhomogeneous media is 

the independent scattering approximation (ISA).  ISA is the same as the model developed by 

Foldy (1945).  According to ISA and Foldy’s model, the scattering events are assumed to be 

independent, making these models the simplest models with satisfactory predictions of wave 

propagation in inhomogeneous media (Leroy et al., 2011).  These theories are only applicable 

to systems with a low concentration of scatterers because they assume that the proportion of 

energy scattered from one scatterer onto a neighboring scatterer is insignificant.  Therefore, 
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they are not valid when the concentration of scatterers is high or when the scattering is strong.  

In such cases, the multiple scattering problem is complicated because the amplitudes of the 

scattered waves are significant so that the scattered waves can no longer be neglected 

(McClements and Gunasekaran, 1997).  When that is the case, positional correlations of the 

scatterers and multiple scattering loops may have a significant contribution to wave 

propagation (Leroy et al., 2011; Pierre et al., 2013).   

2.4.2.1.3. Scattering from Bubbles and the Resonance Phenomenon  

The presence of bubbles can have a dramatic effect on sound propagation in a system due to a 

phenomenon called resonance scattering which occurs because of the large differences in 

density and compressibility of the gas in the bubble and the medium surrounding the bubble 

(McClements, 1991).  An air bubble in water is a powerful sound scatterer (Ben Salem et al., 

2013) and even with small amounts of air inclusions (as little as 0.1 % by volume), water can 

become highly dispersive (Wilson and Roy, 2008).  For example, 1 % air in water decreases 

the sound velocity to approximately 120 m/s, in comparison to pure water where the velocity 

is approximately 1500 m/s, and to air where the velocity is approximately 340 m/s (Povey, 

1997). 

When sound waves propagate through a bubbly medium, bubbles start to oscillate and the 

dynamics of a bubble can be explained using a damped harmonic oscillator model (Leroy et 

al., 2002).  For a bubble to oscillate at its natural frequency, energy input is required 

(Leighton, 1997).  For ultrasonic experiments, the bubbles are excited into oscillation by an 

incident sound wave.  After an initial displacement, the bubble pulsates as the bubble wall 

oscillates.  This is like a frictionless bob on a spring system where the height of the bob 

changes harmonically after the initial displacement.  In the bob on a spring system, the spring 
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provides the restoring force whereas in the bubble in a liquid system, the restoring force is 

due to the compressibility of the gas in the bubble.  Upon compressions and rarefactions in 

the medium as the wave propagates, the gas in the bubble causes pressure differentials which 

restore the bubble to its equilibrium volume (Leighton, 1997).  The oscillations of the bubble 

are damped by the viscosity of the liquid surrounding it.  In the spring system, damping may 

be thought of as being due to the viscosity of the medium within which the bob moves.  In 

both the spring and bubble systems, the oscillation approximates to simple harmonic motion 

at low amplitudes, occurring at a natural resonance frequency (Leighton, 1997). 

The natural resonance frequency of a spherical bubble in a liquid, experiencing low amplitude 

simple harmonic motion was uncovered by Minnaert (1933).  Resonance of an air bubble in a 

liquid occurs specifically at a low frequency which is known as the Minnaert resonance, 0  

(Leroy et al., 2011): 

R

v laa 
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0           (2.17) 

where R is the bubble radius, va is the velocity of ultrasound in air, and ρa and ρ1 are the 

densities of the air and the liquid, respectively. As the ratios of the densities and the velocities 

in the air to those in the liquid are small (Povey and McClements, 1988), the Minnaert 

resonance occurs at a very low frequency (Leroy et al., 2011): 
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where vl is the velocity of ultrasound in the liquid.  Since fv   - following equation 2.18 

 R2  - at resonance, the wavelength is large compared to the bubble size.  This 
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observation was confirmed by Strybulevych et al. (2007) who compared the wavelength at the 

resonance frequency to the bubble size and showed that resonance occurs when the 

wavelength is much larger than R for bubbles trapped in a model food gel.  They reported for 

a median bubble radius of about 0.1 mm that at the resonance frequency (100 kHz) the 

wavelength was 15 mm.   

For a single bubble oscillating freely in a liquid, the Minnaert resonance can also be written 

as 
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where   is the polytropic index for the transformations undergone by the gas, and P0 is the 

pressure of the gas in the bubbles (Leroy et al., 2011).  This formula relates ω0 of a bubble to 

its radius as well as to the physical properties of the gas in the bubble and the surrounding 

medium (Carstensen and Foldy, 1947).   

For the Minnaert equation, it is assumed that the bubble surface is completely clean.  In 

practice, the bubble surface always carries some contamination or surface active materials 

which may affect ω0.  It has been shown that ω0 of a 10 µm bubble at 10 cm depth increased 

about 8 % when a film of aliphatic alcohol was adsorbed on the surface of the bubble 

(Glazman, 1983).   

For viscoelastic media, a good approximation for ω0 is: 
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where 'G  is the real part of the complex matrix shear modulus (Alekseev and Rybak, 1999; 

Leroy et al., 2008a).  

At frequencies below ω0, ultrasonic velocity is significantly lower than that in the continuous 

phase (very long wavelength regime, see Section 2.4.2.1.1.).  Around ω0, the velocity 

increases significantly, while at frequencies well above ω0 it approaches the velocity of the 

continuous phase  (Leroy et al., 2008a).  Near ω0, the attenuation is sharply increased (Povey 

and McClements, 1988).  The attenuation is greatest at ω0 of the bubbles if the bubbles are of 

a single size (Carstensen and Foldy, 1947), while for a system containing a range of bubble 

sizes, the peak in attenuation is spread out over a wide range of frequencies up to the 

frequency where the wavelength is similar to the mean gap between the bubbles  

(McClements, 1991).  Consequently, as bubble concentration increases, i.e., the mean gap 

between bubbles decreases, the attenuation peak becomes broader.  

2.4.2.1.4. Theoretical Models Describing the Propagation of Ultrasound in Systems 

Containing Bubbles near the Bubble Resonance Frequency 

The first detailed study of the multiple scattering of waves by a randomly distributed 

collection of scatterers and their effect on v and α is by Foldy (1945).  As stated by Foldy 

(1945), the incident wave and the waves scattered to the forward direction form a different 

wave which travels without scattering with a velocity different than the incident wave.  In this 

theory, the scattering from the scatterers can be treated independently, so that the effect of n 

bubbles is simply n times the effect of a single scatterer.  This means that the scatterers in the 

medium that the wave is propagating through do not interact with each other, i.e., k is 

independent of the positions of the scatterers.  According to Foldy’s model, k for a 

monodisperse population of bubbles is:  
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where 0k   0/v  is the wavenumber in the pure medium, 0v  is the velocity of waves in the 

pure medium, N is the number of bubbles per unit volume, and  Rf ,  is the scattering 

function at angular frequency ω for a bubble of radius R.  For a polydisperse population of 

bubbles, equation 2.21 can be modified as: 

     RdRfRnkk ,42
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where  dRRn  is the number of bubbles whose radius is between R and R + dR per unit 

volume.  For the sake of generality, a lognormal distribution is considered: 
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where n0 is the bubble concentration,   is the width and R0 is the median bubble radius of the 

lognormal bubble size distribution.  When R << λ, the bubble can be modeled as a harmonic 

oscillator (Leroy et al., 2008a) and the scattering coefficient can be represented as (Leroy et 

al., 2011): 
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where 0 is the Minnaert frequency and the three   terms are the damping constants of the 

harmonic oscillator, i.e., the bubble, due to thermal (equation 2.25), viscous (equation 2.26), 

and radiative (equation 2.27) losses, respectively.   
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where ρ is the density, and 'G  and ''G  are the real and the imaginary parts of the complex 

shear modulus, respectively.  As discussed in Section 2.4.2.1.1., thermal damping is due to 

energy losses owing to the differences in the thermal properties of the gas in the bubble and 

the surrounding liquid, while viscous damping is due to the energy losses owing to the 

differences in the density of the gas in the bubble and the surrounding liquid causing work to 

be done at the bubble wall against viscous forces.  Radiative damping is due to the energy 

radiated in the form of acoustic waves away from the bubble.   

Prosperetti (1977) modeled the thermodynamic behavior of the gas in the bubbles and defined 

the complex polytropic index,  R, , as a function of bubble radius and frequency: 
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where   is the ratio of the heat capacities of the gas in the bubble, Dth is the thermal 

diffusivity of the gas in the bubble and i  stands for 
 4/3ie .   
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If the wave is propagating in viscoelastic media, ω0 is modified by the shear modulus (G), 

and moves to higher frequencies (Strybulevych et al., 2007).  Attenuation is enhanced as well 

(Strybulevych et al., 2007). A good approximation of ω0 in viscoelastic media is (Alekseev 

and Rybak, 1999):  
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where T is the surface tension. 

A correction to Foldy’s model was proposed by Henyey (1999), whose correction accounted 

for the bubble’s radiation not propagating in the pure medium but in the effective medium.  

Accordingly, equation 2.27 was modified to: 

Rkradiative            (2.31) 

Leroy et al. (2008b) measured v and α in monodisperse bubbly gels (gas volume fractions of 

0.15 and 1 %) by a transmission technique over a wide frequency range, including that of the 

resonance frequency of bubbles, and showed that α was well predicted whereas v was 

overestimated for high frequencies by Foldy’s model.  Leroy et al. (2008b)’s work showed 

that the agreement between the experimental data and Henyey’s model was worse compared 

to that of Foldy’s model and that Foldy’s model gives an “imperfect but satisfactory” 

description of v and α for bubble concentrations up to 1 %. 

Following Foldy’s model, the angular frequency divided by the real part of the wave vector 

gives the theory prediction for v and twice the imaginary part of the wave vector gives the 

theory prediction for α (Strybulevych et al., 2007): 
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After measuring v and α as a function of frequency, the size distribution of scatterers which 

gives the best fit between the experimental measurements and theory predictions is 

determined.  The approach in determining the size distribution assumes that the BSD follows 

some common form which can simply be modeled mathematically (Leroy et al., 2008a); an 

example is given by equation 2.23 for the case of lognormality.  However, problems may 

arise with this approach if the assumed model does not represent the size distribution of 

scatterers reasonably well (McClements, 1996). 

One of the drawbacks of Foldy’s model is that it does not take the interaction between 

scatterers into account, so that the scattering function  Rf , , given by equation 2.24, is that 

of a single bubble.  When the resonance is strong enough that the interactions between 

bubbles become significant,  Rf ,  should be modified and a “collective” scattering 

function should be used (Leroy et al., 2008b).  Leroy et al. (2009) studied ultrasound 

transmission through a model system with a single layer of bubbles in order to understand the 

effect of interaction between bubbles on ultrasound transmission.  They showed both 

experimentally and theoretically that the transmission through this model system was lowest 

at a frequency different than the resonance frequency of the individual bubbles.  This means 

that a shift in ω0 to higher values was observed which was attributed to the interaction 

between bubbles.  They reported an increase in ω0 by a factor of 1.7 for a bubble 

concentration of 10 % and a larger increase in ω0 for a higher concentration of bubbles.   
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Another one of the drawbacks of Foldy’s model is that it assumes that the positions of the 

scatterers are uncorrelated.  Leroy et al. (2011) addressed this issue by studying wave 

propagation in a complex medium exhibiting low-frequency resonances in a model system (a 

sample made of polydisperse bubbles embedded in an elastic matrix).  They showed that the 

results they obtained for v and α as functions of frequency could not be accurately described 

using Foldy’s model and explained their results by the effects of the positional correlations of 

the scatterers.  They demonstrated that v and α were dependent on the size of the scatterers 

and proposed a self-consistent approach for taking positional correlations of scatterers into 

account.  According to the new model they developed to describe wave propagation in highly 

scattering media, the magnitude of the correction for the positional correlations of scatterers 

was found to be proportional to the volume fraction of scatterers.  They concluded that their 

new model better described the experimental results than Foldy’s model.  Then again, in 

order to be able to make corrections for the positional correlations of scatterers, systems that 

are very well characterized by methods such as microscopy or X-ray microtomography 

(discussed in detail in section 2.2.2) are needed. 

2.4.2.2. Medium Wavelength Regime 

In the medium wavelength regime, the scatterer size is comparable to the ultrasonic 

wavelength.  In this regime, the ultrasonic velocity and attenuation coefficient become 

functions of the frequency and the scatterer size and concentration so that the wave is able to 

resolve the scatterers. Distinguishing between weak and strong scattering becomes important 

since weak scattering does not affect ultrasonic velocity substantially even at quite high 

concentrations of scatterers (15-30 % scatterers by volume) (McClements and Gunasekaran, 

1997).  However, multiple scattering will substantially impact the ultrasonic parameters if the 
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scattering is strong (Basaran et al., 1998; Leroy et al., 2009, 2008b).  As discussed in section 

2.4.2.1.2., multiple scattering is observed when the ultrasound scattered by one scatterer goes 

through successive scattering, and as a result, the significance of multiple scattering increases 

as the concentration of scatterers increases.  Because this thesis focuses on bubbles where 

resonance is excited at low frequencies (Strybulevych et al., 2007), ultrasound propagation in 

the medium wavelength regime is outside the scope of this thesis and therefore will not be 

discussed further. 

2.4.2.3. Short Wavelength Regime 

In the short wavelength regime the scatterers are large compared to the wavelength.  For an 

assembly of many randomly distributed scatterers, sound will scatter randomly and will 

penetrate poorly when the wavelength is short (Kytomaa, 1995).  However, in this regime, the 

ultrasonic parameters are expected to provide additional information on the matrix properties 

and the frequency dependence of the velocity and attenuation coefficient can be used to 

extract information about molecular relaxations occurring in the medium (Fan et al., 2013; 

Lionetto and Maffezzoli, 2008; Verdier et al., 1998).  Ultrasound propagation in the short 

wavelength regime is outside the scope of this thesis and therefore will not be discussed 

further. 

2.4.3. Research on BSD and Mechanical Properties of Dough Investigated by 

Ultrasound 

Bubbly systems are challenging to work with because of the practical difficulties associated 

with bubbles, such as high attenuation and poor repeatability (Povey, 1997).  However, it has 

been shown that the effect of both the bubbles and the properties of the dough matrix on the 
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overall rheology of the dough can be interrogated when ultrasound of different frequencies is 

used (Leroy et al., 2008a; Scanlon et al., 2008) since the ultrasonic frequencies can be divided 

into three zones connected to three structural levels (Scanlon, 2013).  At low frequencies 

(approximately < 500 kHz), dough properties are measured as a “composite” (Scanlon, 2013).  

Following this frequency regime (approximately from 500 kHz to 10 MHz), frequency-

dependent peaks in phase velocity and attenuation coefficient are observed (Leroy et al., 

2008b; Scanlon, 2013; Scanlon et al., 2008).  Information from this region can be used to 

extract parameters defining the BSD in the dough (Leroy et al., 2008a; Scanlon, 2013).  At 

higher frequencies (approximately > 10 MHz), velocity of ultrasound in the dough becomes 

close to the velocity in the dough matrix and the attenuation coefficient attains much lower 

values than in the previous region (Leroy et al., 2011, 2008a).  In this region, the effects of 

bread ingredients, e.g., enzymes and dough conditioners, on dough polymers as well as the 

mechanical properties of polymers, e.g., wheat flour proteins, can be investigated (Fan et al., 

2013).   

The use of ultrasound to measure properties of dough is recent with early work reported by 

Lee et al. (1992).  Other early reports also employed ultrasound to characterize the 

mechanical properties of dough (Alava et al., 2007; Elmehdi et al., 2004, 2003b; Garcia-

Alvarez et al., 2011, 2006; Kidmose et al., 2001; Lee et al., 2004; Leroy et al., 2010; Ross et 

al., 2004), bubble size distribution in doughs (Leroy et al., 2009, 2008a; Scanlon et al., 

2011b; Strybulevych et al., 2012) and the effect of dough ingredients on dough properties 

(Garcia-Alvarez et al., 2006; Gómez et al., 2008; Kidmose et al., 2001; Lee et al., 1992; 

Létang et al., 2001; Mehta et al., 2009; Owolabi et al., 2008; Rosell et al., 2011; Scanlon et 

al., 2011b; Skaf et al., 2009). 
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2.4.3.1. Ultrasound as a Tool to Investigate Mechanical Properties of Dough 

The use of ultrasound as a tool to investigate mechanical properties of dough can be grouped 

into two: (1) studies where longitudinal waves were used, (2) studies where shear waves were 

used.  In the first group, both unyeasted and fermenting doughs were studied, whereas in the 

second group only unyeasted doughs were studied, possibly because of the difficulty in 

measurements of ultrasonic parameters due to the very high shear wave attenuation.  

Kidmose et al. (2001) investigated the viscoelastic properties of unyeasted doughs by using a 

low frequency (37 kHz) transmission ultrasonic technique as a function of time and compared 

the ultrasonic results to the results obtained by a shear oscillatory rheometer.  They reported 

an increase in the signal velocity as well as an increase in G , no change in G  , and thus a 

decrease in the phase angle, as time progressed.  These results indicated that dough becomes 

firmer during aging due to the interactions of dough components after mixing and the changes 

in the dough structure could be probed by ultrasound.  Elmehdi et al. (2004) also studied the 

mechanical properties of unyeasted doughs.  They manipulated the dough gas volume fraction 

(from 1 % to 8 %) by varying the mixer headspace pressure during mixing and investigated 

the mechanical properties of dough by using a low frequency (50 kHz) transmission 

ultrasonic technique.  They showed that signal velocity decreased dramatically as gas volume 

fraction increased.  They also reported that α increased linearly as the gas volume fraction in 

the dough increased and concluded that the longitudinal elastic modulus determined from α 

and v results confirmed that the dough mechanical properties were affected by the presence of 

bubbles.  Ross et al. (2004) investigated the effect of mixing time on different unyeasted 

wheat flour dough systems (bread flour, all-purpose flour and cake flour) using empirical 

(Mixograph) and fundamental (dynamic oscillatory) rheology as well as an ultrasonic 
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transmission technique (3-5 MHz).  They reported similar trends in the frequency dependence 

of both signal velocity and attenuation coefficient for different types of flours.  They observed 

a peak in α at the optimum mixing time owing to full hydration of molecules.  An increase in 

α with over-mixing was also observed which was attributed to the system becoming more 

heterogeneous as gluten polymers were broken down to shorter chain molecules.  When 

doughs were over-mixed, a decrease in v was observed which was attributed to the alignment 

of gluten polymers during extended mixing.   

Elmehdi et al. (2003b) studied dough fermentation using an ultrasonic transmission technique 

and showed that the changes in the gas volume fraction as well as changes in the structure of 

the dough during fermentation could be monitored by low frequency (50 kHz) ultrasound.  

They reported a substantial decrease in signal velocity without a significant change in density 

at early times of fermentation owing to the modification of dough matrix elasticity by yeast 

activity.  The modification of the dough matrix occurred as the CO2 produced by the yeast 

diffuses through the dough matrix, reducing the pH and intermolecular interactions in gluten.  

Another study where the changes in the mechanical properties of doughs during fermentation 

were investigated using an ultrasonic transmission technique (2-10 MHz) is that of Lee et al. 

(2004).  They determined the signal velocity and attenuation coefficient from which they 

calculated the longitudinal moduli of the dough.  A decrease in the signal velocity and a 

strong increase in α with longer fermentation times were reported.  They concluded that the 

longitudinal moduli of the dough were significantly affected by fermentation time resulting in 

a loss in elasticity of the dough, confirming the results they obtained from conventional 

extensional rheology. 
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Garcia-Alvarez et al. (2006) studied the viscoelastic properties of unyeasted doughs made 

from flours of different breadmaking potential (at fixed water content) by using a shear 

transmission ultrasonic technique (100 kHz) and then compared these ultrasonic results with 

the results from conventional Extensograph measurements and concluded that the results of 

the two tests had the same trends.  Following this study, Alava et al. (2007) manipulated the 

water content of doughs made from flours of different breadmaking potential (as assessed by 

differences in the resistance to stretching and extensibility of the dough) and tested these 

doughs with the same ultrasonic technique as Garcia-Alvarez et al. (2006).  The ultrasonic 

results were compared with the results obtained from the Extensograph (where water content 

was adjusted to optimal water absorption) and Alveograph (where a fixed water content was 

used).  Alava et al. (2007) used a ratio of α to signal velocity as an indicator of breadmaking 

quality and concluded that when there were variations in water content (as in doughs tested by 

the Extensograph) ultrasonic parameters could not clearly differentiate between flours of 

different strengths, whilst if the water content was kept constant (as in doughs tested in the 

Alveograph) ultrasound provides information on the strength of flour used.  Another study 

that employed a shear transmission ultrasonic technique in order to test the mechanical 

properties of wheat flour doughs was that by Garcia-Alvarez et al. (2011) who used low 

frequency (100 kHz) ultrasound so as to test unyeasted doughs with diverse flour properties.  

They demonstrated that ultrasonic parameters were sensitive to changes in dough consistency 

caused by differences in flour protein quality.  A high correlation between flour protein 

quality and signal velocity was reported.  Moreover, they showed that their ultrasonic 

technique was sensitive to softening of the dough brought about by protease activity during 

flour storage. 
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Leroy et al. (2010) performed low intensity ultrasonic shear wave measurements on unyeasted 

wheat flour doughs in order to determine the complex shear modulus of the dough.  By 

combining their findings with the results obtained from testing doughs made from the same 

wheat flour with small strain shear rheometry, they were able characterize the complex shear 

modulus of the dough over a very wide frequency range (more than eight decades).  They 

reported that their unyeasted wheat flour dough could be characterized as a soft viscoelastic 

solid ( 'G > ''G ) and that the frequency dependence of both 'G  and ''G  was well described by 

a power law model. 

2.4.3.2. Ultrasound as a Tool to Investigate BSD in Dough 

It has been demonstrated that bubbles play a very important role in ultrasonic experiments; 

however, experiments are often limited to frequencies below or above the resonance 

frequency of bubbles and for low concentration of bubbles.  This limitation is due to the very 

high attenuation of sound in bubbly media around the resonance frequency, which makes 

ultrasonic measurements challenging (Leroy et al., 2009).  

Leroy et al. (2008a) investigated the BSD in unyeasted dough by using an ultrasonic 

transmission technique (50 kHz-5 MHz) by employing Foldy’s model to describe wave 

propagation.  They verified their results experimentally with two well characterized bubbly 

gels with known distributions of bubbles.  By using Foldy’s model, they estimated the BSD 

that they assumed to be lognormal.  According to their results, for an unyeasted wheat flour 

dough, an increase in the median bubble radius (from 14 μm at 53 min after mixing to 18 μm 

at 96 min after mixing) and a narrowing of BSD (ε = 0.46 to ε = 0.44) were observed, and 

with the changes with time being due to the effects of disproportionation occurring in the 

dough. 
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Scanlon et al. (2011a) studied the bubble evolution in unyeasted doughs at frequencies close 

to bubble resonance by using an ultrasonic transmission technique.  They showed that 

ultrasonic parameters were very sensitive to the changes in the BSD altered by 

disproportionation.  A decrease in the peak in α with time as well as a shift in the peak 

frequency to lower values were observed, consistent with the growth of larger bubbles at the 

expense of smaller ones due to gas diffusion from small to large bubbles. 

Strybulevych et al. (2012) used an ultrasonic reflection technique to examine the evolution of 

bubble sizes in both unyeasted and yeasted doughs as a function of time.  For unyeasted 

doughs, they reported an increase in both normalized median bubble size and the width of the 

lognormal BSD with time and attributed these changes to disproportionation.  For yeasted 

doughs, a decrease in normalized bubble size was observed at the beginning of the 

fermentation process due to consumption of oxygen by yeast.  At later stages of fermentation, 

an increase in the normalized bubble size was observed which was attributed to the growth of 

bubbles with CO2 generated by yeast activity.   

2.4.3.3. Ultrasound as a Tool to Evaluate Dough Ingredients 

Control and manipulation of dough properties are essential for high quality and consistent 

baked products (Campbell and Martin, 2012).  Therefore, the effect of dough ingredients or 

dough processing conditions on the resulting loaf quality has been the subject of many 

studies.  Since the conventional techniques for dough testing are time consuming and do not 

offer fundamental rheological information, and since ultrasonic techniques provide non-

destructive and rapid results (Garcia-Alvarez et al., 2006), the use of ultrasonic techniques in 

the measurement of dough properties as affected by changes in ingredients is increasing. 
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Lee et al. (1992) studied the rheological properties of unyeasted dough with an oscillatory 

rheometer and an ultrasonic transmission technique (0.2 - 1.1 MHz).  They showed that both 

the v and α were affected by the dough moisture content.  They reported that maximum α and 

minimum v were obtained for doughs with the lowest moisture content.  Kidmose et al. 

(2001) investigated the viscoelastic properties of unyeasted doughs made from different 

wheat flours and with different water contents by using a low frequency (37 kHz) 

transmission ultrasonic technique and an oscillatory rheometer.  They reported that when 

different types of flour were mixed at their optimum water absorption level, signal velocity, 

which was sensitive to both the flour type and water absorption level, was highly correlated to 

the storage modulus.  Similar conclusions about the effect of water content on the ultrasonic 

parameters were drawn by other researchers.  Létang et al. (2001) investigated the physical 

properties of wheat flour-water systems using ultrasound and found that acoustic properties of 

doughs were sensitive to water content and mixing time.  Owolabi et al. (2008) investigated 

the physical properties of extruded unyeasted doughs as affected by water content using an 

ultrasonic transmission technique (50 kHz).  They reported that above a certain specific 

mechanical energy input, as the water content decreased, signal velocity increased.  They 

explained their results by the effect of water on bulk viscosity: an increase in moisture content 

decreases bulk viscosity and decreases signal velocity.   

Gómez et al. (2008) investigated the feasibility of using a low intensity ultrasonic sensor, 

whose working principle was based on measurement of the acoustic impedance, compared to 

fundamental rheometry techniques (dynamic oscillatory tests and flow measurements) for 

characterization of cake batters.  They measured the physical properties of batters (density, 

viscosity, shear modulus) and cakes (volume, height, density) and reported that the physical 
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properties of cakes baked from batters of different ingredients were better correlated with 

measurements by ultrasound than by fundamental rheometry.  The ability of ultrasonic 

techniques to discriminate the physical properties of wheat flour-water systems with different 

ingredients was also investigated by Mehta et al. (2009).  They investigated the effect of 

vegetable shortening on the mechanical properties of bread dough using an ultrasonic 

transmission technique (50 kHz) and concluded that ultrasound was able to probe the changes 

in the dough matrix arising from plasticization of gluten polymers by shortening.  Scanlon et 

al. (2011b) studied the effect of surface-active bakery ingredients on dough properties at low 

frequencies and showed that low frequency ultrasound was a sensitive probe of concentration 

changes in distilled monoglycerides and shortening, but with these two surface-active 

ingredients having contrasting effects on dough properties as assessed by ultrasound. 

Skaf et al. (2009) monitored the evolution of bread dough during a one hour fermentation 

period by using an ultrasonic transmission technique (< 50 kHz) and successfully followed 

the changes in dough properties during fermentation as affected by different flour types and 

added yeast levels.  Rosell et al. (2011) studied the rheological properties of composite (rice-

soybean) gluten-free flour doughs with the addition of a cross-linking enzyme 

(transglutaminase) by using shear ultrasonic waves.  They demonstrated that as the ratio of 

soybean to rice flour increased, the consistency of the dough increased and this was reflected 

in the ultrasonic results as an increase in signal velocity and a decrease in attenuation 

coefficient.  For doughs with higher concentration of the cross-linking enzyme, an increase in 

v and a decrease in α were observed once again, pointing to the sensitivity of ultrasound to 

changes in dough properties brought about by ingredients. 
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3.1. Abstract 

Gluten and starch are the two main ingredients of a wheat flour dough and it is expected that 

the extent of air occlusion into the dough would be affected by differences in their relative 

ratios. The objectives of this paper were to investigate the hydration and development of 

gluten and how these key events in dough mixing affected air occlusion in gluten-starch 

doughs. For gluten-starch doughs of the same gluten content, decreasing the water absorption 

shortened development time and decreased dough density. For formulations of the same water 

absorption, decreasing the gluten content prolonged the time to development and increased 

dough density, reflecting less net air entrainment into the dough. The ratios of gluten, starch 

and water strongly influenced the development of the dough into a good gas holding material, 

with the extent of gas entrainment during mixing being evident in measurements of both 

dough consistency and dough development time. 

3.2. Introduction 

Mixing is the first operation in many food process systems whose primary ingredient is wheat 

flour (Hoseney, 1985). In the breadmaking process three important tasks are performed 

during dough mixing: (1) blending and hydrating ingredients (absorption of water by various 

flour components), (2) developing the gluten polymers in the dough to create a good gas 

retaining film structure, and (3) occluding gas bubbles into the dough and subdividing them 

(Baker and Mize, 1941; Campbell et al., 1998; Mehta et al., 2009). It is thought that these 

tasks interact during the mixing process (Hoseney, 1985; Chin and Campbell, 2005a) and the 

extent to which interactions do occur is likely to alter the properties of the mixed dough. 
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When flour and water are combined, the properties of the resulting dough mass differ 

markedly depending on the water content, with properties running the gamut from a wet 

slurry to a dry but slightly cohesive powder (Hoseney, 1985). A common means of 

monitoring dough mixing is to measure dough resistance to mixing in a torque recording 

instrument such as the Farinograph (Shuey, 1990). Two important pieces of information can 

be obtained from a farinograph curve: the water absorption (the amount of water required for 

a dough to reach a specific consistency) and the general mixing profile of the dough 

(D’Appolonia, 1990). It has been reported that water absorption affects dough consistency 

(Shuey, 1990), dough development time (DDT) (Czuchajowska et al., 1989; D’Appolonia and 

Gilles, 1971) and dough density (Campbell et al., 1993; Peighambardoust et al., 2010). 

Therefore, the appropriate water absorption for a specific flour is of crucial importance to 

produce a dough with good gas retaining properties. From the general mixing profile of the 

dough, the DDT is an important defining parameter, its importance to dough handling and gas 

holding properties being a long established finding (Baker and Mize, 1937). DDT is affected 

by flour protein content (MacRitchie, 1973) and water absorption (D’Appolonia and Gilles, 

1971; Shuey, 1990), while the hydration and development characteristics of a wheat flour 

depend on many wheat characteristics such as wheat variety (D’Appolonia, 1990), the nature 

of the adhesion between starch and protein (Barlow et al., 1973), and the total volume 

fraction of protein in the endosperm (Topin et al., 2008). 

It has been reported that the gas cell structure of bread depends on the nature of aeration of 

the dough at the end of mixing (Chin and Campbell, 2005b), thereby making studies of air 

occlusion during mixing of value in breadmaking analyses. Although torque recording mixers 

will provide good information on ingredient hydration and gluten film development, the 
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nature of air occlusion during mixing has to be characterized by measuring the air volume 

fraction and the bubble size distribution in the dough after mixing (Campbell et al., 1998). 

The amount of air entrained and its subdivision into a particular bubble size distribution 

depends on mixer type (Whitworth and Alava, 1999; Peighambardoust et al., 2010), 

headspace pressure in the mixer (Elmehdi et al., 2004; Chin and Campbell, 2005a), moisture 

content (Chin et al., 2005; Peighambardoust et al., 2010), mixing time (Campbell et al., 1998; 

Mehta et al., 2009) and ingredients (Chin et al., 2005; Mehta et al., 2009). Unravelling the 

various mechanisms operating during mixing, in order to understand how ingredients and 

mixing process parameters affect the resulting dough properties, is not a trivial task. 

A common simplifying approach in rheological testing and in investigations of the role of 

gluten and starch in dough systems is to use protein-starch blends instead of wheat flours 

(Uthayakumaran et al., 2002; Watanabe et al., 2002; Yang et al., 2011). Using protein-starch 

blends allows precise control of the amounts of protein and starch, regulates protein “quality” 

through use of one gluten in blending, and also excludes complex interactions with other 

flour constituents, such as damaged starch, pentosans and lipids (Petrofsky and Hoseney, 

1995). However, unlike in real wheat flour doughs, in protein-starch blends there is no 

interfacial adherence of the starch granules to the protein matrix prior to the start of the 

mixing process. Therefore, the rheological properties of protein-starch blends may differ from 

those of a wheat flour dough not only due to the nature of the protein and starch but also how 

protein and starch interact or “bind” during the mixing process itself (Dahle et al., 1975). 

The objective of this study was to determine how the hydration of ingredients and the 

development of the gluten in a wide range of gluten-starch (G-S) blends affected the amount 

of gas occluded into the dough during the mixing process. 
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3.3. Experimental 

3.3.1. Sample Preparation 

Food grade wheat starch (Whetstar 4 Food Powder Wheat Starch, 9.0 % moisture) and vital 

wheat gluten (Whetpro 80 Vital Wheat Gluten, 6.0 % moisture, 80.1 % protein) were 

provided by Archer Daniels Midland Agri-Industries Company (Montreal, Quebec, Canada). 

The moisture content of the starch and gluten samples was determined according to Approved 

Method 44-15.02 (AACC International, 2010). Protein content (Nx5.7) of gluten was 

determined according to Approved Method 46-13.01 (AACC International, 2010) using a 

Kjeldahl 1002 distilling unit (Tecator, Prabin and Co AB, Klippan, Sweden) with a different 

catalyst, as described by Williams (1973). 

Gluten-starch (G-S) blends of varying composition were made into doughs using four 

different water absorptions.  Composition of G-S blends were 15 % gluten and 85 % starch 

(15G-85S), 20G-80S, 25G-75S, 28G-72S, 31G-69S, 34G-66S, 37G-63S, 40G-60S, based on 

weights of starch and gluten (as determined on a 14 % m.b.).  Each mixture was blended for 2 

min in the Farinograph bowl prior to water addition.  The doughs were produced in a 50 g 

Farinograph bowl by adding distilled water at 69, 72, 75 or 78 % (total blend weight basis) to 

the G-S blends (14 % m.b.).  Duplicates of farinograph (Farinograph/Resistograph, FA-R/2, 

Duisburg, Germany) curves for each dough formulation were obtained using Approved 

Method 54-21.01 (AACC International, 2010). 

In order to examine the mixing behaviour of G-S doughs over a long period of time and to 

locate a late time peak (if there was any), the dough samples were mixed in the Farinograph 

for up to 60 min. From these curves, farinograms “typical” of doughs made from flour (rather 
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than G-S blends) were obtained at high gluten and moisture content. From four of these 

selected treatments a mean optimal mixing time of 9 min 43 s was obtained. In addition, a 

longer mixing time of 18 min was chosen. Duplicate dough samples were prepared for each 

mixing time and dough densities were determined. 

3.3.2. Experimental Methods 

Immediately after mixing, the dough was removed from the mixing bowl and kept in plastic 

wrap in order to minimize dehydration. A sub-sample of about 5 g was excised from the 

dough using a pathology blade and weighed using an analytical balance (±0.0001 g). The sub-

sample was placed in a 25 ml specific gravity bottle (Kimble Glass Inc., Vineland, NJ, USA) 

previously filled with distilled water. The density of the dough sub-sample was calculated 

from the weight of water displaced (Mehta et al., 2009). Five subsamples were used for 

density determination of each dough sample. Density measurements were performed in two 

different sets in randomized order, at room temperature (25 ± 3 °C), but with temperature 

measured precisely so that dough density calculations took account of water temperature. 

The gas-free densities of gluten and starch were measured by a gas displacement pycnometer 

(MultiVolume Pycnometer 1305, Micromeritics, Norcross, GA, USA) composed of two 

chambers, one to hold the sample and another one with a fixed, reference volume. The sample 

volume and density were calculated by equations (3.1) and (3.2), respectively. 

   1/ 21  PPVVV rcs           (3.1) 

sss Vm /            (3.2) 
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where Vs is the volume of the sample, Vc is the volume of the empty sample cell (determined 

from a prior calibration step), Vr is the reference volume (also determined from a prior 

calibration step), P1 is the pressure in the sample cell only, P2 is the pressure after expansion 

of the gas into the combined volumes of sample and reference cell, ρs is the density of the 

sample and ms is the sample mass. The displacement gas used was helium. 

To provide benchmark densities for comparisons of net air entrainment for the various G-S 

blends, as well as approximations of the gas-free dough densities, calculations according to 

the rule of mixtures was performed. The approximate gas-free dough density for each 

composition was calculated by using the density of gluten and starch (measured with the gas 

displacement pcynometer), and the density of water, considering the mass of each dough 

ingredient. From the approximate gas-free (matrix) dough density (ρM) values and the dough 

density (ρ) values at a given mixing time, measured with the specific gravity bottle, the void 

fraction ( ) was calculated by equation (3.3): 

 M /1           (3.3) 

3.4. Results and Discussion 

3.4.1. Effects of Water, Gluten and Starch on Dough Development 

The Farinograph curves of doughs prepared from different G-S blends at varying water 

absorptions are represented in Figure 3.1. Each column is comprised of samples having the 

same gluten and starch content but different water absorptions, while samples in each row 

have the same water absorption but different gluten and starch contents. In each farinogram 

the y-axis represents dough consistency (0-1000 BU) and the x-axis mixing time (0-60 min). 

It can be seen that during mixing, a reasonably large torque value is quickly reached. This 
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torque value for G-S blends conforms to what is observed for the effect of protein content and 

water absorption in wheat flour doughs: torque values increase as protein content increases 

(D’Appolonia, 1990) and as water content decreases (Shuey, 1990). However, in accord with 

results reported by Uthayakumaran et al. (2002), G-S blends did not reproduce the rheological 

properties of flour doughs. The farinograms of G-S blends in Figure 3.1 were atypical with 

respect to shape (no obvious peak indicative of the onset of dough development at low gluten 

contents) and torque magnitude (lower values) when compared to flour samples of similar 

protein content. It would appear that the nature of protein and starch hydration, and how 

protein and starch adhere during the mixing process itself, evidently influences the way in 

which a gas-holding viscoelastic network develops.  
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Figure 3.1: Farinograms of dough samples with variable water absorptions, gluten and starch 

contents (W: water absorption, G: % gluten content).1 

 

 

Because of the atypical characteristics of the farinograms of Figure 3.1, clarification on the 

determination of DDT in G-S blends is warranted, especially in light of contradictory 

conclusions reported in the literature. For example, Murthy and Dahle (1969) reported that 

protein-starch blends had long mixing times and very high stabilities while D’Appolonia et al. 

(1970) reported very short mixing times, low stabilities and high water absorptions. 

Depending on which region of Figure 3.1 is examined, both conclusions are legitimate. The 

                                                 

1 The x-axes of the farinograms in Figure 3.1 and 3.2 represent 60 minutes.  The scale bars 

are presented on Figure 3.1t and 3.2b, although they were not included in the original paper 

(J. Cereal Sci. 2012. 56, 445–450. doi:10.1016/j.jcs.2012.05.013).  
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Farinograph curves for 15G-85S blend at 69 % water absorption and 40G-60S blend at 78 % 

water absorption are shown in Figure 3.2a and b, respectively. They represent extremes in the 

mixing behaviour of formulations having low gluten content at low water absorption and high 

gluten content at high water absorption. The 15G-85S blend at 69 % water absorption showed 

a steep peak in the first 5 min of mixing with no other obvious peak indicative of the onset of 

dough development during 60 min of mixing. A sharp peak was also observed in the first few 

min of mixing for the 40G-60S blend at 78 % water absorption, but then a “true” dough 

development peak was observed with continued mixing, and here the perceived manual 

handling characteristics of the gluten-starch dough corresponded to those of a developed 

dough (Figure 3.2b). Therefore, in determining DDT, any initial rapidly developed torque 

peak that quickly dissipated was ignored (Figure 3.2b). 

 

Figure 3.2: The farinograms of the samples (a) 15G-85S at 69 % water absorption, (b) 40G-

60S at 78 % water absorption. 

 

 

Decreasing the water absorption of formulations with the same gluten and starch content 

(moving down a column) reduced the time to peak dough consistency (Figure 3.1). In this 
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respect, G-S blends behave similar to wheat flour doughs (Czuchajowska et al., 1989; Shuey, 

1990). Decreasing the gluten content of formulations at the same water absorption (moving to 

the left in a row) delayed the time to peak consistency. In this respect, G-S blends contrast 

with the rheology of wheat flour doughs whose protein content and/or quality has been 

manipulated (MacRitchie, 1973; D’Appolonia, 1990). However, when considering the effect 

of gluten on DDT, an interaction between gluten and water content is evident (recall that all 

farinograms in a given row of Figure 3.1 consist of G-S blends at constant water absorption). 

Increasing the gluten content of G-S blend formulations at or near optimal water absorption 

increased the time to peak consistency (Figure 3.1-s, n, i, d) which is consistent with 

observations in wheat flour doughs of different strengths (D’Appolonia, 1990). It can also be 

observed that with increases in water absorption and gluten content, G-S blend farinograms 

were more similar to wheat flour farinograms, indicating that more water and gluten 

facilitated cohesion2 between starch and gluten. Indeed, at low gluten content and low water 

absorption, G-S doughs had fragmented, crumb-like structures and these G-S dough 

formulations were perceived as hydrated masses, rather than having the viscoelastic 

characteristics of a regular wheat flour dough. 

If differences in composition alter the extent of binding between starch and gluten, then one 

may also expect that the development of a good gas-holding film will be affected so that the 

                                                 

2 In the original paper (J. Cereal Sci. 2012. 56, 445–450. doi:10.1016/j.jcs.2012.05.013), the 

word cohesion is used in quotation marks in order to emphasize the difference in the extent of 

the intrinsic gluten and starch interactions in wheat flour doughs compared to those in gluten-

starch blend doughs. 
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volume fraction of air entrained into the dough will be altered. One way to determine the 

amount of air occluded during mixing is to measure dough density (Campbell et al., 1993; 

Elmehdi et al., 2004; Mehta et al., 2009). However, in wheat flour doughs, density not only 

varies with dough consistency (Peighambardoust et al., 2010), but is strongly dependent on 

time of mixing (Baker and Mize, 1937; Hoseney, 1985; Mehta et al., 2009). Therefore, to 

evaluate the effect of starch and gluten content on the volume fraction of air entrained, a fixed 

mixing time had to be chosen. This fixed mixing time was chosen by selecting only those G-S 

doughs that had Farinograph curves similar to those of conventional doughs (Figure 3.1-d, e, 

i, j). The average of these four development times (9 min 43 s) was chosen as the “optimal” 

mixing time (Table 3.1) and the G-S blends of Figure 3.1 were re-mixed for 9 min 43 s to 

create new dough samples from which dough densities were determined. In doing so, we were 

able to examine the effect of composition on air occlusion for all G-S blends. In addition, a 

longer mixing time of 18 min was chosen in order to investigate the effect of composition on 

air occlusion following prolonged mixing. This longer time would likely be indicative of air 

occlusion in G-S blends that had in most cases been over-mixed. 
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Table 3.1: Calculation of “optimal” mixing time.  

G-S Water (%) DDT (min) ± SD* 

34G-66S 75 10.0 ± 1.5 

37G-63S 75 9.4 ± 1.2 

37G-63S 78 10.1 ± 1.2 

40G-60S 78 9.5 ± 0.7 

Average: 9.7 ± 1.0 

*SD=Standard deviation; n=2  

 

3.4.2. Effects of Water, Gluten and Starch on Dough Density  

The effects of gluten, starch and water content on dough density for the “optimal” mixing 

time are shown in Figure 3.3a. At a given water absorption, more gluten resulted in an 

increase in dough density but further increases in gluten decreased density somewhat, and 

then with further increases in gluten, density dropped more steeply. This indicates that at a 

given water absorption, gluten promotes net air disentrainment at low values but net air 

incorporation at higher values. Both disentrainment and entrainment of air have been shown 

to occur during dough mixing (Campbell and Shah, 1999; Chin et al., 2004). Because 

powdered materials have low bulk densities (Baker and Mize, 1941), the most likely 

explanation for the dough density rise at the early stages of mixing is net loss of the gas 

originally present in and between endosperm particles. As dough becomes cohesive, gas 

incorporation into the dough begins, although the rate of incorporation is slow in the early 

stages of mixing (Hoseney, 1985). Since lower gluten content G-S doughs had longer DDTs 

(e.g., Figure 3.1, 78 % W row), it would be expected that at 9 min 43 s mixing they were not 

fully developed and there is a net air disentrainment. The delay in the development of good 
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gas-holding capacity with decreasing gluten content appears to be related to insufficient 

binding between gluten and starch. In contrast, the G-S doughs with higher gluten contents of 

a given water absorption had shorter DDTs and consequently they were at the later stages of 

mixing where air occlusion is faster (Hoseney, 1985), leading to lower dough densities. When 

dough samples at approximately optimum absorptions were compared (the third G-S blend 

formulation at each water absorption level), it was found that G-S doughs with higher gluten 

content resulted in higher dough densities. This means that at optimum absorption, the 

“strong” (higher protein content) G-S dough developed slowly and entrained air slowly, as 

observed for strong wheat flours (higher protein content and/or quality) (Baker and Mize, 

1941; Chin and Campbell, 2005b). 

 

Figure 3.3: The effect of gluten content on density for G-S blend doughs mixed at (a) 

“optimal” mixing time at 69 % (○), 72 % (□), 75 % (Δ), 78 % (◊) water absorption (b) long 

mixing time at 69 % (●), 72 % (■), 75 % (▲), and 78 % (♦) water absorption (errors bars 

show ± 1 SD, n=5).  
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The increase and then decrease in dough density with greater gluten content that is observed 

at shorter mixing time was not observed at the longer mixing time, except for the G-S doughs 

of lowest water absorption (Figure 3.3b). For the longer mixing time, essentially all the G-S 

dough samples were at the later stages of mixing and were therefore fully or over developed. 

The decrease in density with increase in gluten content at the same water absorption was 

attributed to the effect of gluten content on DDT (Figure 3.1), i.e., G-S doughs containing 

more gluten developed faster, occluded more air, and therefore had a lower density. Hoseney 

(1984) reported that at optimum mixing time only approximately half the total possible air is 

incorporated into the dough, so that gas occlusion continues as doughs are mixed past peak 

time (Mehta et al., 2009). 

An increase in water absorption increased dough density both at short and long mixing times, 

and this can be attributed to the effect of water on delaying dough development (D’Appolonia 

and Gilles, 1971). For the G-S doughs of the same gluten content at different water 

absorptions, the doughs at higher water absorption would develop later. When the G-S 

doughs with lower water absorptions were fully developed or close to their DDTs, the G-S 

doughs with higher water absorptions would still be at the earlier stages of mixing. Therefore, 

at the end of a common mixing time, G-S doughs with lower water absorptions would 

occlude more air and have lower density than G-S doughs with higher water absorptions. 

Peighambardoust et al. (2010) also stated that dough formulations with shorter DDTs were 

expected to occlude more air than dough formulations with longer DDTs if both formulations 

were mixed for the same length of time. It can be deduced from these results that water 

absorption, gluten content, and their joint effect on dough development have a major 

influence on the density of G-S blend doughs, and thus on their gas entrainment capacity. 
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3.4.3. Dough Consistency and Dough Density 

The consistency of a dough, which can be manipulated by water absorption, affects gas 

entrainment during mixing (Chin et al., 2005; Peighambardoust et al., 2010). However, there 

are contradictory results regarding the effect of water absorption on dough density. According 

to Chin et al. (2005), an increase in water absorption softens the dough, which is then able to 

occlude more air, lowering its density. On the other hand, according to Peighambardoust et al. 

(2010), low water absorption decreases dough density due to the higher consistency dough 

tending to physically occlude more air during mixing. 

In Figure 3.4, the dough density results of Figure 3.3a and b are re-plotted as a function of 

Farinograph peak dough consistency (BU).  Each symbol represents a range of gluten 

contents at a specific water absorption. For example, the closed circles represent the density 

and consistency of G-S doughs having gluten contents ranging from 15 to 31 % at 69 % water 

absorption for the long mixing time. By plotting the dough density results as a function of 

consistency, we compared them to the range of gas-free dough densities calculated according 

to the rule of mixtures using our gas-free densities of 1469 ± 4 kg/m
3
 for starch and 1284 ± 7 

kg/m
3
 for gluten. The solid lines in Figure 3.4 represent extremes in calculated gas-free dough 

densities with the highest value for the formulation containing the lowest gluten at the lowest 

water absorption, and the lowest value for the formulation containing the highest gluten at the 

highest water absorption. 
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Figure 3.4: The effect of dough consistency on dough density for G-S blends of 69 % (○, ●), 

72 % (□,■), 75 % (Δ, ▲), 78 % (◊,♦) water absorption mixed for “optimal” (open symbol) or 

long (closed symbol) mixing time; the range of calculated gas-free dough densities shown as 

solid lines and the density depression effect of water absorption shown as best-fit regression 

dashed lines (errors bars show ± 1 SD, no error bars if they were smaller than the symbols 

used).  

 

 

It can clearly be seen from Figure 3.4 that an increase in consistency (either due to an increase 

in gluten content or decrease in water content) decreased the measured dough densities for 

both short and long mixing times. These results therefore support the conclusion of 

Peighambardoust et al. (2010). However, they do not negate the observations of Chin et al. 

(2005), since as explained above; the rates of air occlusion differ according to DDT. The high 
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consistency doughs were those with shortest development time, and therefore doughs that 

would have entrained air for a longer time, thereby lowering dough density. When a set of 

dough formulations at a specific water absorption is compared to a different set (for example, 

comparing G-S doughs containing 20-34 % gluten at 72 % water absorption to G-S doughs 

containing 28-40 % gluten at 78 % water absorption), there was a general density depression 

effect of increasing water absorption which is in line with the results of Chin et al. (2005). 

If variation in the extent of air occlusion in doughs of different consistency is an artefact of 

dough consistency’s effect on development time, the gas volume fraction (void fraction) and 

DDT should be causally related. In order to investigate this idea, the void fraction of of G-S 

doughs is plotted against the ratio of mixing time to DDT (Figure 3.5) which simplifies the 

interpretation of the separate effects of mixing time, gluten content and water absorption. The 

void fraction of G-S doughs varied between 3 and 10 %, and in general void fraction had an 

increasing trend as mixing time increased which is consistent with observations on wheat 

flour doughs (Mehta et al., 2009). A closer examination of Figure 3.5 revealed that the data 

fall into two groups: the G-S doughs at low water absorption mixed for a long time, and the 

others. Since the G-S doughs at lower water absorptions have shorter development times, they 

were mixed well beyond their DDTs. The fact that the G-S doughs at low water absorption 

mixed for a long time still had similar void fractions to the G-S doughs of high water 

absorption indicates that drier doughs entrained air at a slower rate. This might mean that 

within the water absorption and gluten content range used in this work, the effect of gluten 

content was not as pronounced as the effect of water absorption on the rate of air occlusion 

during mixing. 
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Figure 3.5: The effect of relative mixing time on approximate void fraction for G-S blends of 

69 % (○, ●), 72 % (□,■), 75 % (Δ, ▲), 78 % (◊,♦) water absorption mixed for “optimal” 

(open symbol) or long (closed symbol) mixing time (errors bars show ± 1 SD, no error bars if 

they were smaller than the symbols used). 

 

 

3.5. Conclusions 

The nature of binding between gluten and starch during the mixing process has a strong 

influence on the way in which a dough hydrates and develops into a film forming and gas-

holding viscoelastic network. Gas-holding capacity of a dough is so strongly influenced by 

cohesion between components that the air content of a dough depends on how gluten and 

water have affected dough development time. 
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4. The Effects of Gluten, Starch and Water Contents on 

the Bubble Size Distribution and Its Evolution in 

Unyeasted Gluten-Starch Blend Doughs Investigated by 

an Ultrasonic Transmission Technique 
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4.1. Abstract 

Interactions between gluten and starch during dough mixing alter dough aeration properties.  

Effects of gluten, starch and water on dough density as well as ultrasonic parameters and their 

time evolution were investigated by an ultrasonic transmission technique through analysis of 

frequency-dependent ultrasonic phase velocity and attenuation coefficient.  At fixed water 

content, increase in gluten content caused an increase in the air volume fraction in the dough, 

while at fixed gluten content, increase in water content of G-S blend doughs did not affect air 

occlusion substantially.  Ultrasonic results indicated that an increase in gluten content caused 

an increase in the bubble sizes entrained in the dough during mixing.  This might be due to 

shorter mixing times for doughs having a high gluten content, and thus with a lower number 

of mixer revolutions there are fewer bubble subdivision events during mixing.  Changes in 

attenuation coefficient as a function of frequency as water content increased suggested that 

the mean bubble radius decreased. Time evolutions of attenuation coefficient and phase 

velocity for G-S blend doughs had the same trend as those of unyeasted wheat flour doughs, 

with a shift in peak maxima to lower frequency.  However, the shifts in the frequency of the 

peaks observed in the ultrasonic parameters were noticeably slower for G-S blend doughs, 

meaning that G-S blend doughs were more stable against disproportionation.   

4.2. Introduction 

There is a significant relationship between dough aeration during mixing and the cellular 

structure of the baked bread (Campbell et al., 2001, 1998).  It has been shown that dough 

aeration is influenced by mixer type (Peighambardoust et al., 2010; Whitworth and Alava, 

1999), mixing headspace pressure (Chin and Campbell, 2005a; Elmehdi et al., 2004), mixing 

time (Campbell et al., 1998; Mehta et al., 2009), water content (Chin et al., 2005b; 



 

109 

Peighambardoust et al., 2010) and dough ingredients (Chin et al., 2005b; Mehta et al., 2009).  

Dough aeration, and thus the concentration (Bloksma, 1981; Chin and Campbell, 2005a, 

2005b; Chin et al., 2005b) and the size (van Vliet, 1999) of the bubbles, in turn affects the 

rheological and mechanical properties of dough.  Resolving how the resulting dough 

properties are affected by changes in ingredients and mixing process parameters is not a 

trivial task (Koksel and Scanlon, 2012) and therefore, a better knowledge of the mechanisms 

governing the changes in dough aeration is required for high quality and consistent bread 

production.    

Working with model gluten-starch (G-S) blend doughs enables the investigation of the role of 

gluten and starch in dough systems in a simple way (Uthayakumaran and Lukow, 2003; 

Watanabe et al., 2002; Yang et al., 2011).  Precise control of the amounts of protein and 

starch excludes complex interactions with other flour constituents, such as damaged starch, 

pentosans and lipids (Petrofsky and Hoseney, 1995; Uthayakumaran and Lukow, 2003).  

Furthermore, the use of gluten from one source enables elimination of variations that may 

arise from proteins of different characteristics.  Moreover, G-S blend doughs are relatively 

stable viscoelastic systems that do not allow bubbles to cream out so that time-dependent 

changes in bubbles can be studied.  Nevertheless, despite the simplifications afforded by G-S 

blends, it is experimentally very challenging to study how bubbles, their size distribution and 

evolution are influenced by changes in formulation, since dough is optically opaque, bubbles 

are very fragile and they have rapid dynamics (Bellido et al., 2006; Scanlon et al., 2011, 2008; 

Shimiya and Nakamura, 1997; Strybulevych et al., 2012).   

Several methods have been used for investigation of the dough microstructure and bubble 

size distribution (BSD) in the dough including light microscopy (Carlson and Bohlin, 1978), 
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conventional bench-top X-ray microtomography (Bellido et al., 2006), magnetic resonance 

imaging (De Guio et al., 2009), and confocal laser scanning microscopy (Upadhyay et al., 

2012).  A powerful method to characterize the aeration of complex media is low-intensity 

ultrasound (Elmehdi et al., 2004, 2005; Leroy et al., 2008a).  Ultrasonic techniques are rapid, 

non-destructive and have proven to be well suited for studying optically opaque systems such 

as dough (Létang et al., 2001; Ross et al., 2004; Scanlon et al., 2008).   

Due to ultrasound’s sensitivity to density and compressibility difference between bubbles and 

condensed phases (Povey, 1997), as ultrasonic waves propagate through a bubbly material 

such as dough, the bubbles resonate.  This results in a substantial modification of the 

ultrasonic wave propagation over a range of frequencies (Strybulevych et al., 2007).  By 

measuring the frequency-dependent ultrasonic parameters, i.e., phase velocity and attenuation 

coefficient, which are related to the distribution of bubble radii and the mechanical properties 

of the dough matrix as affected by manipulation of ingredient concentrations (Elmehdi et al., 

2004, 2005; Leroy et al., 2008b; Scanlon et al., 2008; Strybulevych et al., 2012), the 

material’s properties can be interrogated (Strybulevych et al., 2007).  

To better understand the interactions between the various components of the dough matrix on 

dough aeration properties, the first objective of this study was to investigate the effect of 

changes in gluten, starch and water content in a wide range of G-S blends on the amount of 

gas occluded into dough during mixing.  The second objective was to investigate the BSD and 

its evolution in dough via analysis of the frequency-dependent response of the phase velocity 

and attenuation coefficient by using an ultrasonic transmission technique.   
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4.3. Experimental 

4.3.1. Sample Preparation  

Food grade wheat starch (Whetstar 4 Food Powder Wheat Starch, 9.0 % moisture) and vital 

wheat gluten (Whetpro 80 Vital Wheat Gluten, 6.0 % moisture, 80.1 % protein) were 

provided by Archer Daniels Midland Agri-Industries Company (Montreal, Quebec, Canada). 

The moisture content of the starch and gluten samples was determined according to Approved 

Method 44-15.02 (AACC International, 2010).  Protein content (Nx5.7) of gluten was 

determined according to Approved Method 46-13.01 (AACC International, 2010) using a 

Kjeldahl 1002 distilling unit (Tecator, Prabin and Co AB, Klippan, Sweden) with a different 

catalyst, as described by Williams (1973). 

G-S blends (14 % m.b.) of varying composition were made into doughs by addition of water 

and salt (3.2 % on water weight basis).  G-S doughs were prepared either by varying gluten 

content or water content (Table 4.1).  Composition of G-S blends were 15 % gluten and 85 % 

starch (15G-85S), 20G-80S, and 25G-75S based on weights of gluten and starch (as 

determined on a 14% m.b.).  For doughs with varying gluten content, water content was kept 

constant at 90 % (total blend weight basis).  For doughs with varying water content, only the 

25G-75S blend was used and water content was varied as 90 %, 95 % or 100 % (total blend 

weight basis).  Duplicates of G-S blend doughs at each formulation were prepared using a pin 

mixer (National MFG. Co., Lincoln, NE, USA).  Each G-S blend was mixed (116 rpm) for 1 

min prior to water addition and then mixed until its peak time (Table 4.1) as determined by 

the mixing curves produced by the pin mixer.  The mixer had a 200 g mixing bowl, which 

was connected to a water circulation unit (Haake C with Haake C3 cooling unit, Berlin, 
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Germany) set at 16 °C in order to produce a dough at room temperature (23 ± 0.5 °C) at the 

end of mixing.   

To prepare dough subsamples for the ultrasonic tests, a pathology blade lightly greased with 

mineral oil was used to excise a dough subsample disc of approximately 2-3 mm thickness 

from the center of the dough immediately after mixing.  The remaining dough was kept in a 

sealed plastic container in order to minimize dehydration.  One dough subsample was tested 

from each freshly mixed dough.  The surfaces of the ultrasonic set-up contacting the dough 

subsample were also lightly and carefully greased with mineral oil.   

 

Table 4.1: Composition and mixing peak times of Gluten-Starch blends. 

G-S Blend Water (%) Peak Time (min) 

15G-85S 90 9 

20G-80S 90 7.7 

25G-75S 90 7 

25G-75S 95 9.2 

25G-75S 100 13.7 

 

4.3.2. Experimental Methods 

The experimental set-up for testing of doughs was comprised of an ultrasonic pulse 

generator/receiver (Panametrics, Olympus NDT Waltham, MA, U.S.A.), a pair of 

Panametrics transducers with a central frequency of 2.25 MHz (Olympus NDT Waltham, 

MA, U.S.A.), and a digital oscilloscope (Tektronix Digital Phosphor Oscilloscope, model 
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TDS5032B, Tektronix Inc., Beaverton, OR, U.S.A.).  The ultrasonic experiments were 

carried out by placing the dough subsample in the path between the generating and detecting 

transducers and a pair of acrylic delay lines.  The ultrasonic pulse emitted from the generating 

transducer traveled through the acrylic delay line, was partly transmitted into and through the 

dough subsample, and then traveled through the second acrylic delay line.  The transmitted 

signal was detected by the second (receiving) transducer and the pulse generator/receiver.   

The first ultrasonic signal acquired through the dough subsample was recorded 15 min after 

the end of mixing.  After the first signal, signals were acquired every 15 min for 2 h so that 

changes in the dough subsample could be followed as a function of time.  To create the 

reference signal, the two acrylic delay lines were placed in direct contact and the pulse 

transmitted through the two delay lines was used as reference.  All ultrasonic experiments 

were performed inside a temperature (23 ± 0.1 °C) and humidity (85 ± 1.0 % relative 

humidity) controlled cabinet (Caron Products and Services Inc., Model: Caron 6010, 

Marietta, OH, USA).  Transmitted signals were averaged 500 times to improve the signal-to-

noise ratio and the averaged signals were sent to a computer for analysis of longitudinal 

attenuation coefficient and phase velocity.  

The attenuation coefficient () and the phase velocity (v) were determined by comparing the 

magnitudes and phases of the Fourier transforms of the signal transmitted through the sample 

relative to the reference signal as:  

 
L

AA referencesampleln2
         (4.1)  

  n

L
v

referencesample 



2
        (4.2) 
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where A,  , L, and ω are the magnitude and phase of the Fourier transform, sample thickness, 

and angular frequency, respectively, and n is an integer (Strybulevych et al., 2007).  To 

determine  and v accurately, the amplitude and phase of the waves transmitted through the 

sample were corrected for the effects of reflections, due to acoustic impedance mismatch, at 

the interfaces between the dough sample and delay lines (Leroy et al., 2011). 

Dough density measurements were performed according to Koksel and Scanlon (2012). 

4.4. Results and Discussion  

4.4.1. Effects of Gluten, Starch and Water on Dough Density 

To provide approximations of the dough matrix densities, calculations according to the rule 

of mixtures, were performed by considering the mass of each dough ingredient.  The densities 

of gluten and starch were determined to be 1285 kg/m
3
 and 1469 kg/m

3
, respectively (Koksel 

and Scanlon, 2012).   

The effects of gluten, starch and water content on dough density, dough matrix density and air 

volume fraction are shown in Table 4.2.  At a given water content, more gluten resulted in a 

sharp decrease in dough density, a relatively less sharp decrease in matrix density and thus an 

increase in air volume fraction.  This result is in accordance with the results obtained by 

Koksel and Scanlon (2012) who reported that when doughs are mixed for a fixed period of 

time, dough density decreases as gluten content increases and that at a given water content, 

higher gluten concentrations promote net air entrainment.  The effect of gluten content on air 

entrainment was more pronounced compared to the effect of mixing time considering that 

higher gluten content samples were mixed for shorter times.  Longer mixing times promote 

air entrainment in dough (Mehta et al., 2009). 
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Table 4.2: Composition and dough matrix densities of Gluten-Starch blends. 

G-S blend Water 

(%) 

Density 

(kg/m
3
) ± sd

a
 

Matrix Density 

(kg/m
3
) ± sd

b
 

Air volume Fraction 

(%) ± sd
b
 

15G-85S 90 1148 ± 5 1231 ± 4 7.92 ± 0.04 

20G-80S 90 1133 ± 4 1226 ± 4 8.74 ± 0.04 

25G-75S 90 1127 ± 4 1221 ± 4 8.90 ± 0.04 

25G-75S 95 1121 ± 4 1216 ± 4 8.97 ± 0.04 

25G-75S 100 1122 ± 6 1210 ± 4 8.57 ± 0.05 

a
sd = Standard deviation; n=6, 

b
sd = Standard deviation as propagated errors 

 

According to Table 4.2, at 25 % gluten content, an increase in water content did not 

substantially affect dough density.  For doughs prepared at optimum and 5 % reduced 

Farinograph water absorption, Peighambardoust et al. (2010) reported that reduction in water 

content leads to a reduction in density when doughs are mixed for a fixed period of time, due 

to the higher consistency doughs with lower water content tending to physically occlude more 

air during mixing.  The results of Peighambardoust et al. (2010) are in parallel to the results 

reported by Koksel and Scanlon (2012) for doughs mixed for a fixed period of time. 

The difference between the results of our study and those reported by Peighambardoust et al. 

(2010) and by Koksel and Scanlon (2012) can be attributed to the very high water contents in 

our G-S blend doughs and that the G-S blends in our study were mixed until they were 

optimally developed.  If a fixed mixing time longer than the optimal mixing time was chosen, 

as is the case for doughs obtained at 5 % reduced Farinograph water absorption in the study 
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of Peighambardoust et al. (2010), lower dough density values would have been expected 

compared to what is obtained at optimal dough development time.   

It has also been reported that increasing water content has a density depression effect for 

doughs mixed at various water contents (Chin et al., 2005a), in parallel to our findings.  This 

density depression effect combined with decreasing matrix density causes there to be a slight 

increase in air volume fraction followed by a decrease (Table 4.2).   

Generally, as the mixing time increases, dough density is expected to decrease since 

occlusion of air continues as doughs are mixed past peak time (Mehta et al., 2009).  The 

effect of longer dough development times, and thus longer mixing times, of G-S blends 

containing higher water content was not evident in our samples.  This is most likely due to the 

atypical cohesion of the starch granules and the protein during mixing compared to wheat 

flour doughs (Koksel and Scanlon, 2012).  It can be deduced from these results that 

manipulation of gluten, starch and water content as well as mixing time have a significant 

impact on the density and aeration of G-S blend doughs, which may not be analogous to how 

wheat flour doughs are influenced by changes in protein content and water content. 

4.4.2. Effect of Gluten on Attenuation Coefficient and Phase Velocity at 30 min after 

Mixing 

The effect of gluten content on the attenuation coefficient (α) and phase velocity (v) of G-S 

blend doughs at constant water content (90 % on total blend weight basis) are displayed in 

Figure 4.1a and 4.1b, respectively.  Regardless of the gluten concentration, the frequency-

dependent responses of α and v were similar to what one would expect for bubbly media 

(Leroy et al., 2011) and for wheat flour doughs (Leroy et al., 2008a; Strybulevych et al., 



 

117 

2012).  Frequency-dependent peaks in α and v, which are indicative of a low frequency 

resonance arising from the bubbles entrained into the dough during mixing (Leroy et al., 

2008a; Scanlon et al., 2008) are apparent.   
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Figure 4.1: Frequency dependence of (a) attenuation coefficient and (b) phase velocity of G-S 

blend doughs as a function of gluten content.  
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When the effect of gluten on the ultrasonic properties is investigated, both α and v were found 

to be sensitive to the gluten content.  For α, both the magnitude and the position of the peak 

(fmax) were dependent on the gluten content: as gluten content increased, fmax shifted to lower 

frequencies (Figure 4.1a).  Identifying fmax has the advantage that it can be linked to the 

resonant frequency, f0, of the bubbles and f0 is directly related to bubble sizes in the dough 

and to dough matrix properties.  Resonant frequency of a single bubble of radius R0 is given 

by (Leroy et al., 2011; Strybulevych et al., 2012): 
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          (4.3) 

Here   is the polytropic index for the transformations undergone by the gas in the bubble 

( = 1.4 for air), P0 is the pressure of the gas in the bubbles, ρM is the density of the dough 

matrix, and G' is the real part of the complex shear modulus of the dough matrix (Leroy et al., 

2011; Strybulevych et al., 2012).   

In a low viscosity fluid-like medium, if the distribution of bubbles is lognormal, R0 derived 

from equation 4.3, using fmax instead of f0, is expected to correspond to the median radius of 

the lognormal bubble size distribution since f0 and fmax are equal in low viscosity fluid-like 

media.  However, when the attenuation peak is broadened by a high viscosity matrix (as in the 

case for wheat flour doughs) and/or by a wide BSD, fmax shifts to higher frequencies.  This 

follows that the parameter R0 obtained from fmax does not correspond to the median radius of 

the bubbles but is closer to the radius of the smallest bubbles in the distribution for high 

viscosity matrices and/or broad BSDs (Leroy et al., 2011).  This means that the R0 obtained 

from fmax will be an underestimation of the median of the lognormal distribution.  
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Accordingly, the discussion on how G-S blend dough formulation affects the bubble sizes 

estimated from fmax can only be presented in relative, rather than absolute, terms. 

According to equation 4.3, there are three main factors affecting the value of f0: ρM, G', and 

R0.  Therefore, the decrease in fmax associated with an increase in gluten content can be caused 

by a decrease in G', and/or an increase in ρM, and/or an increase in R0, with the latter having a 

more pronounced effect due to its quadratic dependence.  

It has been reported for different types of flour (10.3 to 17.5 % protein content on dry basis) 

that an increase in the flour protein content leads to an increase in G' (Navickis et al., 1982).  

The same trend, an increase in G' with an increase in gluten content, was observed for G-S 

blend doughs at constant water content as well (Hibberd, 1970).  Correspondingly, an 

increase in gluten content would be expected to shift fmax to higher values based on its effect 

on the shear modulus of the matrix.   

An increase in the gluten content leads to a decrease in ρM (Table 4.2), which would be 

expected to shift fmax to higher values.  Our results point to the opposite trend, a shift to lower 

values in fmax as gluten content increases.  Therefore, one would expect, considering the 

effects of ρM and G' on the gluten content dependence of fmax, for fmax to increase.  In order for 

fmax to decrease as gluten content increases, two conditions need to be secured: (1) R0 must 

increase as gluten content increases so that fmax shifts to lower frequencies based on equation 

4.3; (2) the effect of R0 on fmax has to be more pronounced than the sum of the effects of G' 

and ρM that tend to increase fmax.   

As the gluten content increases, the mixing peak time decreases (Table 4.1).  According to 

Martin et al. (2004), the number density function of bubbles being broken up is directly 
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proportional to the frequency of dough deformation events during mixing per unit volume of 

dough per mixer revolution.  Since the probability of bubble break up during dough mixing 

will increase as the number of mixer revolutions and thus mixing time increases, a decrease in 

R0 with a lower gluten content is expected, supporting the conclusions from the ultrasonic 

experiments. 

Although there is a gap between ~4 and 6.5 MHz in the phase velocity due to low signal-to-

noise ratio (Figure 4.1b), an interpolation of v between the two frequency regimes indicates 

that there is a peak in v in the ~4 and 6.5 MHz region.  The position of the peak in v for G-S 

blends of different gluten content also has the same trend as that of α (Figure 4.1a).  At 

frequencies higher than the resonance frequency of bubbles, v of ultrasound is expected to get 

close to the velocity in the matrix (vM) (Leroy et al., 2011, 2008a).  However, our phase 

velocity values are continuing to decrease at the high frequency end of our transducer 

bandwidth.  The highest limit of frequency attainable with the present ultrasonic technique 

was approximately 9 MHz, and at this frequency, v of the doughs had not leveled out yet, 

meaning that the resonant behavior signature is still dominant.  Therefore, I cannot report 

with a high degree of confidence a high frequency value for vM.  Differences in vM as a 

function of gluten content are also not visible in our results.  However, I would expect v of 

different G-S blends at higher frequencies to level out to different values, providing 

information on the matrix properties of the corresponding G-S blend doughs.  For aerated 

wheat flour doughs, it has been reported that v of ultrasound at frequencies higher than the 

resonance frequency of bubbles reached approximately 1.9 km/s (Leroy et al., 2008a), 

whereas for G-S blends v asymptotes to a higher value, approximately 2.5 km/s (Figure 4.1b), 

pointing to a difference in matrix properties  (Leroy et al., 2011, 2008a). 
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4.4.3. Effect of Water on Phase Velocity and Attenuation Coefficient at 30 min after 

Mixing 

The effect of water content on α and v of G-S blend doughs at constant gluten content (25 % 

on a 14 % m.b.) are displayed in Figure 4.2a and 4.2b, respectively.  The frequency-dependent 

responses of α and v were again similar to what one would expect for aerated wheat flour 

doughs (Leroy et al., 2008a; Strybulevych et al., 2012), regardless of the water concentration.   
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Figure 4.2: Frequency dependence of (a) attenuation coefficient and (b) phase velocity of G-S 

blend doughs as a function of water content.  
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When the effect of water on ultrasonic properties is investigated, both α and v were found to 

be sensitive to the water content.  For α, the magnitude of the peak was dependent on the 

water content whereas fmax was not substantially affected by the changes in water content.  

The position of the peak in v was also not substantially affected by the changes in water 

content.  These results are in accordance with those of Létang et al. (2001) who investigated 

the physical properties of wheat flour-water systems using ultrasound and found that acoustic 

properties of doughs were sensitive to water content and mixing time.   

In order to explain the behavior observed for the water content with respect to fmax, the 

contributions of G', ρM and R0 need to be considered.  The effect of water content on the 

viscoelastic behavior of doughs is shown to be very strong.  When the water content of 

doughs increases 15 % on a flour weight basis, G' was reported to decrease more than 20 

times (Masi et al., 1998).  A decrease in G' with an increase in water content has been 

reported previously for wheat flour doughs (Hibberd and Wallace, 1965; Létang et al., 1999; 

Mastromatteo et al., 2013; Song and Zheng, 2007; Upadhyay et al., 2012) and for G-S blend 

doughs at constant gluten content (Hibberd, 1970).  An increase in water content and thus a 

decrease in G' is expected to cause fmax to shift towards lower frequencies (based on equation 

4.3).  This was not observed.  According to Table 4.2, an increase in the water content 

resulted in a decrease in ρM which would cause fmax to shift towards higher frequencies, again 

not observed in these experiments.   

In a study where confocal laser scanning microscopy was used to investigate the 

microstructure of dough, an increase in the bubble cross-section size was reported with 

increasing water content when two-dimensional hole sizes on thin slices of dough were 

measured (Upadhyay et al., 2012).  Similarly, X-ray microtomography experiments showed 



 

125 

that a higher median bubble size was seen in a slack dough formulation (obtained by 

manipulating water and salt concentration) compared to its stiff counterpart (Bellido et al., 

2006).  In both of these studies, a fixed mixing time was chosen for doughs of different 

formulations, whereas G-S blend doughs were mixed until optimum mixing time in this study 

(Table 4.1).  According to Table 4.1, peak time for G-S blends at constant gluten content 

increases as their water content increases.  Since the number density function of bubbles 

being broken up is directly proportional to the number of mixer revolutions and thus mixing 

time (Martin et al., 2004), a decrease in R0 with a higher water content is expected in contrast 

to what has been reported by Upadhyay et al. (2012) and by Bellido et al. (2006) for doughs 

mixed for a fixed period of time.  Consequently, since dough development time increases 

with water content (Table 4.1), an increase in water content should result in lower R0 values, 

shifting fmax towards higher frequencies.  Given that fmax remained constant with changes in 

water content (Figure 4.2a), our results imply that the decrease in G' with increasing water 

content must be balanced by the decrease in ρM together with the decrease in R0 as water 

content increases (based on equation 4.3).  

A high frequency value for vM cannot be reported for G-S blends with varying water contents 

due to the persistent confounding effect of bubbles at the highest limit of frequency 

attainable, similar to the case for varying gluten content experiments.  Nevertheless, different 

values of vM would be expected for different G-S blend doughs at higher frequencies, 

providing information on the matrix properties of the corresponding G-S blend doughs as a 

function of water content, with expectation of smaller vM values with higher water content 

(Létang et al., 2001).  
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4.4.4. Time Evolutions of Ultrasonic Phase Velocity and Attenuation Coefficient  

The time evolutions of α and v for the 25G-75S blend at 100 % water content are presented in 

Figure 4.3a and b, respectively.  The results for 25G-75S blend at 100 % water content were 

typical of results for all the G-S blend dough formulations.  From the insets it can be seen that 

the time evolutions of α and v for G-S blend doughs have the same trend as those of 

unyeasted wheat flour doughs (Leroy et al., 2008a): shifts in the frequency of the peaks in 

both α and v to lower values are observed.  The shifts in the frequency of the peaks observed 

in both α and v are indicative of the effects of disproportionation, an increasing size of the 

bubbles with time (Kokelaar and Prins, 1995; Shimiya and Nakamura, 1997; Shimiya and 

Yano, 1988; van Vliet, 1999).  However, the changes of α and v, and thus the rate of 

disproportionation, for G-S blend doughs were markedly slower compared to that observed 

for unyeasted wheat flour doughs (Leroy et al., 2008a).   
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Figure 4.3: Time evolutions of (a) attenuation coefficient and (b) phase velocity of 25G-75S 

blend at 100 % water.  Insets: expanded scales for the peaks for (a) attenuation coefficient and 

(b) phase velocity.  
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 Since the same mixer headspace gas composition (air) was used for G-S blend formulations 

and the unyeasted wheat flour doughs of Leroy et al. (2008a), the difference in 

disproportionation rate needs to be related to the surface rheological properties of the 

adsorbed layer at the bubble interfaces (Blijdenstein et al., 2010; Murray et al., 2005), air 

volume fraction, initial median bubble size, initial width of the BSD or the mean distance 

between bubbles (Magrabi et al., 1999; van Vliet, 1999).  Ronteltap and Prins (1990) studied 

the stability of beer foams, and concluded that beer types with higher interfacial dilational 

modulus had a slower disproportionation rate.  The reason why G-S blend doughs 

disproportionate slower can therefore potentially be attributed to their higher interfacial 

dilational modulus compared to that of wheat flour dough.  Mun and McClements (2006) 

studied the rate of disproportionation in oil-in-water emulsions by manipulating the 

interfacial properties of oil droplets.  They reported that as the elastic modulus of the interface 

was increased by coating the surface of oil droplets, oil droplets mechanically resisted 

shrinkage and growth.  The reason why G-S blend doughs disproportionate slower compared 

to wheat flour doughs can therefore also be attributed to their higher gluten content and thus 

larger interfacial elastic modulus.  However, bulk rheological properties of dough may also 

need to be considered.   

It has been reported that the stability of bubbles in dough is mainly controlled by bulk 

rheological properties of dough relative to the interfacial rheological properties and that 

elasticity has a more significant effect than viscosity does on the bubble stability (Kloek et al., 

2001).  The effect of shear elasticity (G') dominates over other rheological parameters for 

slowing down the shrinkage of bubbles or for stabilizing them (Kloek et al., 2001).  

According to Bloksma and Bushuk (1988), the strain rates experienced by wheat flour doughs 



 

129 

during fermentation are around 10
-4

 to 10
-3

 s
-1

.  At these strain rates, G' of wheat flour doughs 

(51-55 % water content) has been reported to be in the range of 10
3.5

-10
4
 Pa (Kokelaar et al., 

1996).  G' of G-S blend doughs that had a higher water content (57 % water) compared to 

those of Kokelaar et al. (1996) has been reported to be in a similar range of 10
3.8

-10
3.9

 at a 

gluten to starch ratio of 0.12 (weight basis) (Petrofsky and Hoseney, 1995).  Since G' of a 

dough decreases as water content increases (Mastromatteo et al., 2013), G' of G-S blends are 

expected to have higher G' values compared to wheat flour doughs at similar water contents.  

This expectation is supported by the findings of Hibberd (1970).  G' of G-S blend doughs at a 

variety of gluten to starch ratios (0.012-0.605 on weight basis) and water contents (45-83 % 

on total blend weight basis) has been reported to be in the range of 10
4.5

-10
5.7

 when similar 

strain rates were examined (Hibberd, 1970).   It has been reported that a bubble will shrink to 

a lesser extent in a dough with higher G' (Kloek et al., 2001).  Although a direct comparison 

cannot be made between aerated doughs and dough matrices, higher values of G' in G-S blend 

doughs are another potential mechanism for slow disproportionation in G-S blend doughs 

compared to unyeasted wheat flour doughs. 

According to Murray et al. (2005), bubbles can be stabilized by insoluble small nanoparticles, 

also known as “Pickering emulsion stabilizers” (Luo et al., 2012).  These nanoparticles 

arrange themselves by adsorbing onto the surface of bubbles as inflexible monolayer 

networks, ceasing disproportionation (Yusoff and Murray, 2011).  The energy required to 

displace the particle stabilizers from the surface of bubbles counterweighs the 

disproportionation due to Laplace pressure difference and thus prevents inter-bubble gas 

diffusion (Ettelaie and Murray, 2014).  Du et al. (2003) showed that, in contrast to 

viscoelastic protein films, these insoluble stabilizers can stabilize air bubbles against 
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disproportionation for extended periods of time.  It has also been reported that modified 

starch granules successfully act as emulsion stabilizers in oil-in-water emulsions when their 

hydrophobicity was partially increased and granule size was reduced to correspond to 

emulsion droplet size (Yusoff and Murray, 2011).  Although the starch granules in our study 

were not modified to achieve partial hydrophobicity, their sizes are the same order of 

magnitude as bubbles in wheat flour doughs (Campbell et al., 1991; Leroy et al., 2008a; 

Shimiya and Nakamura, 1997).  Because the binding of starch and protein during mixing is 

different for wheat flour doughs and model G-S blend doughs (Koksel and Scanlon, 2012), 

the slower disproportionation rate observed for G-S blends doughs may also be attributed to a 

stabilizing effect of starch granules in G-S blends forming inflexible monolayer networks 

around the bubbles. 

4.5. Conclusion 

An ultrasonic transmission technique has been used for monitoring changes in sizes of 

bubbles and their time evolution as a function of gluten, starch and water content in G-S 

blend doughs.  Frequency-dependent peaks in attenuation coefficient and phase velocity, 

which are indicative of a low frequency resonance arising from the bubbles entrained into the 

dough during mixing, were seen for all G-S blends.  Both gluten and water contents affected 

the mean bubble radius entrained into the G-S blend doughs during mixing based on 

ultrasonic results.  As gluten content increased and water content decreased the mean bubble 

radius increased. Slower disproportionation rates were observed for G-S blend doughs 

compared to wheat flour doughs. This higher stability may be either due to the larger 

interfacial elasticity of G-S blend doughs of high gluten content, higher shear elasticity of G-S 

blend dough matrices, or a stabilizing effect of starch granules binding differently to gluten in 
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G-S blend doughs.  Accordingly, ultrasonic transmission techniques are a powerful tool in 

investigating the effects of changes in ingredient concentrations on dough aeration during 

mixing and examining time-dependent changes in bubble populations in dough. 
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5.1. Abstract 

Altering the properties of dough by reducing sodium chloride (NaCl) content affects aeration 

processes during mixing.  The effect of NaCl concentration on the bubble size distribution 

(BSD) in unyeasted doughs was investigated by an ultrasonic transmission technique through 

analysis of frequency-dependent ultrasonic phase velocity and attenuation coefficient.  As 

NaCl concentration was decreased, the volume fraction of gas in the dough increased, 

resulting in a larger attenuation coefficient for the dough.  From the peak in attenuation 

coefficient, estimates of the median radius and the width of the lognormal BSD in the dough 

were extracted, both of which were sensitive to the dough’s NaCl concentration.  As NaCl 

concentration was reduced, the bubble radius decreased and the width of the distribution 

increased, in accordance with expectations arising from changes in the dough’s consistency.  

Over the course of 150 min, the radius increased (40–50 %) and the width decreased (4–8 %) 

for all dough formulations, consistent with changes in the BSD arising from 

disproportionation.  These dynamic changes demonstrate that dough is an interesting soft 

material whose formulation can be manipulated to enable it to possess different BSDs; the 

diffusively driven evolution in these bubble sizes can be investigated noninvasively with 

ultrasound. 

5.2. Introduction 

There is a current awareness of the nutritional advantages of low-sodium diets because high 

levels of sodium have been linked to high blood pressure, a major factor in cardiovascular 

disease (He et al., 2000).  Cereal products are reported to contribute about 30 % of overall 

daily sodium intake (EFSA, 2005).  Reducing the sodium chloride level in baked product 

formulations is therefore a worthwhile objective.  However, simply reducing the sodium 
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chloride content in bread dough is not easy because salt has a number of important functions 

in bread baking and bread quality, such as strengthening the gluten, enhancing the handling 

and machinability of doughs, and improving the flavor of bread (Salovaara, 1982; Linko et 

al., 1984).  Furthermore, altering the ingredient concentrations of a dough alters its 

mechanical properties, which affects the dough’s air-entrainment capacity (Campbell et al., 

2001; Chin et al., 2005; Bellido et al., 2006; Mehta et al., 2009; Koksel and Scanlon, 2012). 

During breadmaking, dough is subjected to a set of process operations in which the number 

and size of bubbles are manipulated (Campbell et al., 1998).  Determining the bubble size 

distribution (BSD) at the end of the mixing process is of crucial importance, because the 

aerated structure of bread depends on the BSD within the dough at this point of the process 

(Chin and Campbell, 2005).  Therefore, non-invasive monitoring of changes in the bubble 

population within the dough can be the basis for predicting final product quality before bread 

is manufactured.  From a practical perspective, investigation of the BSD at the end of mixing 

can be most conveniently accomplished by using doughs prepared without yeast. Such 

unyeasted doughs are also interesting candidates for fundamental studies of time-dependent 

changes in bubbles, because unyeasted dough is a relatively stable, viscoelastic system that 

does not allow bubbles to cream out, making bubble disproportionation, an interesting 

physical process in itself, easier to monitor.  However, it is extremely challenging 

experimentally to monitor bubbles in dough and to study how their size distribution and its 

evolution are influenced by changes in ingredient concentrations, because dough is optically 

opaque, bubbles are fragile, and they have rapid dynamics (Shimiya and Nakamura, 1997; 

Bellido et al., 2006; Scanlon et al., 2008, 2011; Strybulevych et al., 2012).  The use of low-

intensity ultrasound is a promising approach for analyzing BSDs in viscoelastic media such as 
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bread doughs because ultrasound is rapid, can be used in optically opaque systems, and is 

sensitive to the large density and compressibility differences between the dough matrix and 

the gas (Létang et al., 2001; Ross et al., 2004; Scanlon et al., 2008).  Ultrasonic pulses are 

launched into a material, and their propagation characteristics are used to interrogate the 

material’s properties by measuring the phase velocity and attenuation coefficient as a function 

of frequency (Strybulevych et al., 2007).  It has been shown that these ultrasonic parameters 

reflect the effect of changes in matrix properties as well as changes in the BSD (Létang et al., 

2001; Leroy et al., 2008a), and so the effects of manipulation of ingredients such as sodium 

chloride can be potentially evaluated. 

Because the BSD in the dough, which is affected by the changes in ingredient concentrations, 

is central to the aerated structure of bread, the first objective of this study was to investigate 

the effect of reducing sodium chloride content on the BSD in dough via analysis of the 

frequency-dependent response of the phase velocity and attenuation coefficient of unyeasted 

dough by an ultrasonic transmission technique.  The second objective of this study was to 

investigate the evolution over a long time of the BSD in doughs made with different sodium 

chloride concentrations to determine how disproportionation affects the BSD in unyeasted 

doughs. 

5.3. Materials and Methods 

5.3.1. Sample Preparation 

Dough samples were prepared from 100 g of a strong breadmaking flour milled at the 

Canadian International Grains Institute pilot mill (Winnipeg, MB, Canada), 57 % distilled 

water on a flour weight basis, and three different salt concentrations (0.8, 1.6, or 2.4 % 
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sodium chloride on a flour weight basis).  A GRL-200 mixer, operating at 225 rpm, was used 

to blend ingredients and develop the dough.  Doughs were mixed at ambient pressure for 4 

min, which was shown previously to be optimal for doughs made with 2.4 % salt.  To reduce 

the number of bubbles entrained during mixing, in addition to the mixing at ambient 

(atmospheric) pressure, doughs with the same formulations were also mixed under reduced 

pressure by drawing a vacuum on the outlet of the mixing bowl (Fan et al., 2013).  These 

doughs were mixed for 2 min at ambient pressure before drawing a vacuum (pressure ≈ 0.04 

atm), allowing the flour, water, and salt to be mixed first so that the flour particles would not 

be sucked out of the mixing bowl.  Duplicates of doughs at each salt concentration were 

prepared for doughs mixed both at ambient and reduced pressure. 

To prepare dough subsamples for the ultrasonic tests, a pathology blade lightly greased with 

mineral oil was used to excise a dough subsample disc of approximately 1–2 mm thickness 

from the center of the dough immediately after mixing.  One dough subsample was tested 

from each freshly mixed dough. The remaining dough was kept in a sealed plastic container 

to minimize dehydration of the dough.  The surfaces of the ultrasonic setup contacting the 

dough subsample were also lightly greased with mineral oil.  Before being monitored 

ultrasonically for 3 h, doughs were rested for 3 h after mixing, allowing the rapid bubble 

dynamics that occur right after mixing to slow down during the ultrasonic tests. This long 

resting time was selected to enable complementary experiments, not reported here, to be 

performed; these experiments used a reflection ultrasonic technique (which initially required 

a long thermal equilibration time for reliable data acquisition) and a desktop X-ray 

microtomography setup (which was incapable of producing adequate quality images during 

the rapid bubble evolution right after mixing).  
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5.3.2. Experimental Methods 

The experimental setup for testing dough subsamples was composed of an arbitrary waveform 

generator (AWG 33220A, Agilent Technologies, Mississauga, ON, Canada) that produced 

Gaussian pulses with central frequencies ranging from 1.8 to 4 MHz, a pair of Panametrics 

transducers with a central frequency of 2.25 MHz (Olympus NDT Waltham, MA, U.S.A.), an 

ultrasonic pulse receiver (Panametrics, Olympus NDT, Waltham, MA, U.S.A.), and a digital 

oscilloscope (TDS5032B digital phosphor oscilloscope, Tektronix, Beaverton, OR, U.S.A.) 

(Figure 5.1).  The ultrasonic experiments were carried out in transmission mode by placing 

the dough subsample in the path between the generating and detecting transducers. 

 

Figure 5.1: Experimental set-up for ultrasonic tests. 
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The voltage pulse emitted from the arbitrary waveform generator was sent to the generating 

transducer to create an ultrasonic pulse that traveled through the acrylic delay line, was partly 

transmitted into and through the dough subsample, and then traveled through the second 

acrylic delay line. The transmitted signal was detected by the second (receiving) transducer 

and amplified by the pulse receiver.  The transmitted signal was averaged 500 times to 

improve the signal-to-noise ratio, and the averaged signal was sent to a computer for analysis 

of longitudinal phase velocity and attenuation coefficient.  For measurements of the time 

evolution of the ultrasonic signals, data were recorded every 15 min, with the total time for 

each measurement (signal acquisition at five different central frequencies, plus data storage 

on the computer) being approximately 2 min.  To acquire the reference signal, the two acrylic 

delay lines were placed in direct contact, and the pulse transmitted through the two delay lines 

was used as a reference. 

The phase velocity (v) and the attenuation coefficient (α) were determined by comparing the 

phases and magnitudes of the Fourier transforms of the signal transmitted through the sample 

relative to the reference signal as follows: 

referencesample

L
v






          (5.1) 

 
L

AA referencesampleln2
         (5.2) 

where , A, ω, and L are the phase and magnitude of the Fourier transform, angular 

frequency, and sample thickness, respectively (Strybulevych et al., 2007).   To determine v 

and  accurately, the phase and amplitude of the waves transmitted through the sample were 

corrected for the effects of reflections, due to acoustic impedance mismatch, at the interfaces 
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between the dough sample and delay plates (Leroy et al., 2011).  Fluctuations in the frequency 

dependence of the impedance-mismatch-corrected v and , due to signal-to noise-limitations, 

were smoothed out using a first-order polynomial Savitzky-Golay signal processing filter 

(Savitzky and Golay, 1964). 

For density measurements, a sub-sample of about 5 g was excised from the dough using a 

pathology blade and weighed using an analytical balance (±0.0001 g).   The sub-sample was 

placed in a 25 mL specific gravity bottle (Kimble Glass Inc., Vineland, NJ, USA) previously 

filled with distilled water equilibrated to room temperature.  The density of the dough sub-

sample was calculated from the weight of water displaced (Mehta et al., 2009).  Five 

subsamples were used for density determination of each dough sample.  Density 

measurements were performed at room temperature (23 ± 0.5 °C), but with temperature 

measured precisely so that dough density calculations took account of water density variation 

with temperature. 

To determine the gas volume fraction, a two-point calibration was used since there is a linear 

relationship between dough density and headspace pressure in the mixing bowl (Campbell et 

al., 1998; Elmehdi et al., 2004; Mehta et al., 2009).  The gas-free (matrix) densities of the 

doughs (ρM) were calculated from a linear extrapolation of dough density (ρ) to zero pressure 

(P = 0 atm) intercept for doughs mixed under atmospheric and reduced pressure (P ~ 0.04 

atm).  This determination was performed for each dough formulation with different salt 

concentrations.  The gas volume fraction in the dough ( ) was determined as: 

 M /1          (5.3) 
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5.4. Results and Discussion 

5.4.1. Effect of Salt Concentration on Dough Density and Gas Volume Fraction in the 

Dough 

By manipulating the salt concentration, doughs with different gas volume fractions were 

prepared.  As salt concentration was decreased, dough density decreased and gas volume 

fraction in the dough increased, indicating that more air was occluded into the dough as the 

salt concentration is lowered (Table 5.1).  This trend can be explained by the salt’s charge 

shielding effect on proteins during the mixing process and the resulting improvement in 

protein cross-linking (Beck et al., 2012).  In a flour-water system, the gluten proteins have a 

net positive charge at normal pH (pH ~ 6) and therefore they repulse each other, allowing 

faster hydration. When a small amount of salt is added to the system, it shields the charges on 

the protein chains allowing the protein chains to approach each other (Miller and Hoseney, 

2008).  This effect causes the flour to hydrate more slowly, increasing the hydration time and 

thus the dough development time (Farahnaky and Hill, 2007; Hlynka, 1962).  Furthermore, 

high concentrations (>0.1 M) of chaotropic salts promote inter- and intra-hydrophobic 

interactions, increasing the hydration time of the protein chains3 (Preston, 1989)4.  

Consequently, when doughs with different salt concentrations are mixed for a fixed period of 

time, the formulations with longer dough development times, i.e., formulations with higher 

                                                 

3 This sentence is an addition to the published paper (Cereal Chem. 2014. 91, 327–332). 

4 Preston, K.R., 1989. Effects of neutral salts of the lyotropic series on the physical dough 

properties of a Canadian red spring wheat flour. Cereal Chem. 66, 144–148. 
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salt concentrations, will occlude less air during that fixed mixing time (Koksel and Scanlon, 

2012).  A decrease in dough density with a decrease in salt concentration was previously 

reported for doughs prepared with a fixed mixing time (Chin et al., 2005). 

 

Table 5.1: Effect of sodium chloride concentration on dough density, gas-free dough density 

and gas volume fraction. 

Sodium Chloride 

Concentration (% fwb)
a
 

Dough Density (ρ) 

(kg/m
3
)
b
 

Gas-free Dough  

Density (ρM) (kg/m
3
) 

Gas Volume 

Fraction ( ) (%) 

2.4 1172.6 ± 4.6 1273.8 ± 2.5 7.9 ± 0.4 

1.6 1150.9 ± 2.7 1270.5 ± 4.6 9.4 ± 0.4 

0.8 1112.5 ± 3.0 1268.6 ± 3.1 12.3 ± 0.4 

a
fwb: flour weight basis, 

b
Dough density values are the mean ± SD, n=6. 

 

5.4.2. Effect of Salt Concentration on Ultrasonic Phase Velocity and Attenuation 

Coefficient 

The ultrasonic phase velocity (v) and attenuation coefficient (α) as a function of frequency are 

displayed for the different salt concentrations in Figure 5.2a and 5.2b, respectively.  For all 

dough formulations tested, the frequency-dependent behavior of v and α was similar to what 

one would expect for a bubbly medium, regardless of salt concentration (Leroy et al., 2008a; 

Leroy et al., 2008b).  The  frequency-dependent peaks in both v and α are indicative of a low 

frequency resonance arising from the bubbles entrained into the dough during mixing (Leroy 
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et al., 2008a; Scanlon et al., 2008), due to the strong pulsations (periodic expansion and 

contraction) of the bubbles.  These pulsations arise because of the large difference in density 

and compressibility between the gas in the bubbles and the surrounding material (dough 

matrix in our case) (McClements, 2009; Vagle and Farmer, 1992). 
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Figure 5.2: Frequency dependence of (a) phase velocity and (b) attenuation coefficient as a 

function of salt concentration (open blue triangles: 0.8 %, open red circles with crosses: 1.6 

%, solid black squares: 2.4 %) for doughs tested 5 h after mixing using the ultrasonic 

transmission technique.  Error bars show ±1 SD. 
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At frequencies well above the resonant frequencies, the phase velocity of all dough 

formulations approached each other and attained smaller values compared to the peak values 

reached near resonance.  Our phase velocity values are continuing to decrease at the high 

frequency end of our transducer bandwidth.  We would expect them to continue falling with 

rise in frequency to attain phase velocity values of the same order magnitude (~1.7 km/s) to 

those that have been reported for wheat flour-water doughs studied in other ultrasonic 

experiments (Létang et al., 2001). 

When the effect of salt on the ultrasonic properties is investigated, both v and α were found to 

be sensitive to the salt concentration.  Reducing the salt concentration from 2.4 to 1.6 % had a 

tremendous effect on both of the ultrasonic parameters investigated while the effect of further 

salt reduction was not as pronounced (Figure 5.2).  For v, the magnitude of the peak increased 

and the frequency where this peak occurred shifted towards lower values as salt concentration 

was increased.  The magnitude and the position of the peak in α were also dependent on the 

salt concentration: as salt concentration was increased, both the magnitude of the peak (αmax) 

and the frequency where this peak occurred (fmax) decreased.  In order to ascertain how peaks 

in v and α are affected by salt concentration and thus the gas volume fraction in the doughs, 

αmax and fmax were plotted as a function of salt concentration (Figure 5.3). 
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Figure 5.3: The effect of salt concentration on (a) the magnitude of the peak in attenuation 

coefficient and (b) the frequency where the peak in attenuation coefficient occurs for doughs 

tested 5 h after mixing by the ultrasonic transmission technique.  Error bars show ±1 SD.  
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In heterogeneous media such as dough, the total attenuation coefficient is due to the sum of 

scattering of the sound and dissipative processes occurring at the interface of bubbles and the 

dough matrix (Scanlon et al 2008).  Therefore, α is expected to increase as the salt 

concentration decreases because of higher gas volume fraction in these doughs.  It has been 

shown by ultrasonic transmission techniques at low frequencies (in which dough behaves as a 

composite of bubbles and dough matrix) that the attenuation coefficient was substantially 

higher for doughs with a higher concentration of bubbles (Mehta et al., 2009).  The 

attenuation coefficient in doughs is also dependent on the properties of the dough matrix. 

Water content and salt concentration are closely related in their effect on dough properties 

such as consistency, because salt addition tends to lower the flour’s water absorption (Hlynka, 

1962). Using an ultrasonic reflection technique, Létang et al (2001) found that the attenuation 

coefficient decreased over the whole frequency range studied (1–11 MHz) with increasing 
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water content.  They concluded that water was affecting the ultrasonic properties of the dough 

matrix. It is possible that salt also affects dough matrix properties, but over this frequency 

range we cannot delineate a matrix effect on the attenuation coefficient from bubble effects. 

5.4.3. Effect of Salt Concentration on Dough Bubble Sizes 

Identifying the magnitude of the peak (αmax) and the frequency at which this peak occurred 

(fmax) has the advantage that these parameters can be linked to the dough’s BSD by the 

following equations (Leroy et al., 2011; Strybulevych et al., 2012): 
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          (5.5) 

Here κ is the ratio of specific heat capacities of the gas in the bubble (κ = 1.4 for air), P0 is the 

pressure of the gas in the bubbles, ρM is the density of the dough matrix, and   is the volume 

fraction of bubbles in the dough (Leroy et al., 2011; Strybulevych et al., 2012).  The real part 

of the complex shear modulus of the dough matrix (G') was determined from the work of 

Leroy et al. (2010), where it was seen to follow the relation G' = 10900ω
0.234±0.004

 over a very 

wide frequency range.  Since the distribution of bubbles that arises from the repetitive action 

of bubble sub-division is lognormal (Bellido et al., 2006; Shimiya and Nakamura, 1997), R0 

and ε are the median radius and the width of the lognormal BSD in the dough, respectively. 

When the attenuation peak is broadened by high viscosity or a wide bubble distribution, the 

sharp resonant feature in the attenuation becomes washed out, and the parameter R0 obtained 

from fmax in equation 5.4 does not correspond to the median radius of the bubbles but is closer 
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to the radius of the smallest bubbles in the distribution (Leroy et al., 2011). The shapes of the 

attenuation peaks in Figure 5.2b indicate that this situation applies to the dough samples 

investigated in this study. Thus, the values of R0 extracted in our calculations for all salt 

concentrations by using equation 5.4, with the appropriate ρM (Table 5.1), are in fact 

underestimates of the median radius. Furthermore, although the use of equation 5.5 to 

characterize the peak attenuation is a good approximation in this regime for which the peak is 

broad, the next step in our analysis - inserting   (Table 5.1) and these underestimated values 

of R0 into equation 5.5 to obtain ε - results in overestimates of the width of the BSD. This 

limitation, however, does not preclude achieving our main goal of using this method to track 

the relative changes in bubble radius and distribution width with salt concentration and 

evolution time. Therefore, to display these changes, our calculated values of R0 and ε for each 

salt concentration were normalized with respect to the R0 and ε of the dough with 2.4 % salt 

concentration, enabling the BSD comparison between doughs with different salt 

concentrations. The effects of salt reduction on normalized radius (R0/R0 at 2.4%) and 

normalized distribution width (ε/εat 2.4%) are presented in Figures 5.4a and b, respectively. It 

was found that R0/R0 at 2.4% decreased but ε/εat 2.4% increased as salt concentration was reduced. 

Similar to our results, X-ray microtomography experiments showed that a higher median 

bubble size and a lower standard deviation were seen in a slack dough formulation compared 

with its stiff counterpart (Bellido et al., 2006). Nevertheless, no direct comparison can be 

made considering that Bellido et al. (2006) manipulated both the water and salt concentration, 

whereas the water level was constant for our experiments. In a study in which confocal laser 

scanning microscopy was used to investigate the microstructure of dough by measuring two-

dimensional hole sizes on thin slices of dough, an increase in the bubble cross-section size 

was reported with increasing water content (Upadhyay et al., 2012). Because our doughs with 
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low salt concentration will be insufficiently hydrated (Farahnaky and Hill, 2007), the bubble 

size results of Upadhyay et al. (2012) were consistent with these findings that low-salt doughs 

yield smaller bubble sizes. In another study in which dough microstructure after 105 min of 

leavening was investigated by X-ray microtomography, the highest bubble surface-to-volume 

ratio was obtained for the lowest water content (Mastromatteo et al., 2013). Although it is 

difficult to make a direct comparison, both results were consistent in the sense that the 

average bubble size decreased (i.e., surface area per unit volume increased) as the salt 

concentration was reduced or water content increased. 

 

Figure 5.4: The effect of salt concentration on the changes in (a) the normalized bubble radius 

and (b) the normalized distribution width for doughs tested 5 h after mixing.  Error bars show 

±1 SD.   
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5.4.4. Effect of Salt Concentration on Time Evolution of Dough Bubble Sizes  

In Figure 5.5a, the time evolution of bubble sizes, as determined by the ultrasonic 

transmission technique, is presented for the different salt concentrations. For each 

concentration, the values of R0 determined from equation 5.4 were normalized with respect to 

the radius at 180 min, which was the start of the ultrasound experiments. This normalization 

allowed a meaningful comparison of the time evolution of bubble sizes in doughs with 

different salt concentrations. The corresponding time-dependent changes in the widths of the 

BSD are shown for each salt concentration and time in Figure 5.5b. As with Figure 5.4b, ε 

was determined by inserting the values of R0 from equation 5.4 and   from Table 5.1 into 

equation 5.5. Figure 5.5b shows the relative changes in ε as a function of time for each salt 

concentration by plotting the values of ε for each concentration normalized by ε at the same 

salt concentration 180 min after mixing. 
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Figure 5.5: The effect of salt concentration on the time dependent changes of (a) the 

normalized bubble radius and (b) the normalized distribution width in the dough (open blue 

triangles: 0.8 %, open red circles with crosses: 1.6 %, solid black squares: 2.4 %).  Error bars 

show ±1 SD.   
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From the start of data acquisition, there were substantial changes in the BSD of the doughs 

over the course of 150 min, with the radii showing increases that were typically in the range 

of 40–50 % and with the widths decreasing by as much as 8 %. We did not find any 

convincing evidence that salt reduction had a substantial influence on the rate of change of 

bubble size and polydispersity with time.  The large error bars in R0, which resulted from the 

difficulty in pinpointing fmax when attenuation peaks were broad and were modulated by 

ripples resulting from noise, were one of the confounding factors making it difficult to 

delineate a possible dependence of the rates of change on salt concentration. It may still be 

worth noting that at the latest measurement time of 330 min the reduced-salt formulations 

appeared to have the most pronounced changes (the radius R0 increased by 57 ± 13, 39 ± 7, 

and 35 ± 14 % for the dough formulations containing 0.8, 1.6, and 2.4 % sodium chloride, 
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respectively, and ε decreased by 8.5, 6.4, and 3.7 % for the least to most salt, respectively).  

These results for all salt concentrations were consistent with changes in the BSD arising from 

disproportionation (Shimiya and Yano, 1988; Kokelaar et al., 1996; Shimiya and Nakamura, 

1997; Murray and Ettelaie, 2004).  An increase in the relative median bubble size and a 

decrease in the width as time progressed in unyeasted doughs have been previously reported 

(Shimiya and Nakamura, 1997; Leroy et al., 2008b; Strybulevych et al., 2012). Using light 

microscopy, Shimiya and Nakamura (1997) reported a 153 % increase in median bubble 

radius and an 11.1 % decrease in width over the course of 157 min in tests that started soon (3 

min) after mixing. Their data showed an increase in bubble size that was 3–4 times larger 

than our observations over a later time interval of similar duration. Using an ultrasonic 

transmission technique, Leroy et al. (2008b) reported a 29 % increase in median bubble radius 

and a 4.6 % decrease in width for doughs tested 53 min after mixing, over the course of 45 

min. The results of Leroy et al. (2008b) translate into approximately half the change in the 

median bubble size in one-third of the time when compared with our results. Although one 

should be careful in the comparison of results for different doughs prepared under different 

conditions, the results from these studies clearly support the idea that the rate of change in the 

BSD in dough slows down as the dough is aged. 

5.5. Conclusion 

An ultrasonic transmission technique has been described for measurement of bubble sizes and 

their time evolution to evaluate the effect of salt concentration on dough aeration.  Frequency-

dependent ultrasonic phase velocity and attenuation coefficient were seen to be sensitive 

probes of changes in the air volume fraction in dough that were brought about by a decrease 

in the salt concentration from 2.4 to 1.6 %. Further reduction in salt concentration did not 
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substantially influence the ultrasonic phase velocity or the attenuation coefficient.  Analysis 

of the frequency dependence of these ultrasonic parameters showed that the typical sizes of 

the smallest bubbles in the BSD became smaller with salt reduction and that the width of the 

BSD increased as the salt concentration was reduced.  The BSD exhibited a substantial time 

dependence for all salt formulations, even for relatively long times after mixing (3–5 h), with 

the changes in bubble sizes and distribution widths showing the classic signatures of 

disproportionation. Accordingly, ultrasonic transmission is a powerful tool in the 

breadmaking process for examining diffusively driven time-dependent changes in bubble 

concentration and their size distribution. 
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6.1. Abstract 

Aeration of dough during the mixing process and how the aerated structure of dough evolves 

during breadmaking are critical for a desirable bread crumb structure.  Dough samples were 

mixed under ambient and reduced pressure and the changes in the bubble size distribution in 

dough were investigated using ultrasonic transmission and reflection techniques over the time 

course of 3 hours.  The absolutely essential nature of bubbles to the characteristic frequency-

dependent behavior of ultrasonic phase velocity and attenuation coefficient was confirmed by 

both ultrasonic techniques.  Experimental attenuation coefficient results were fitted by the 

ultrasonic model for extraction of the median bubble radius and width of the lognormal 

bubble size distribution as a function of time.  The results of the transmission technique 

indicated that the median bubble radius of the lognormal bubble size distribution increased 

from 6.5 to 9.7 μm and the width decreased from 0.88 to 0.84 as time progressed (from 30 

minutes to 3 hours), consistent with changes arising from disproportionation.  The median 

bubble sizes measured by the reflection technique were comparable to those measured by the 

transmission technique, but a trend in evolution of bubble sizes was not obvious.   These 

results demonstrate that ultrasound is a powerful tool in monitoring the temporal evolution of 

the bubble size distribution in wheat flour doughs brought about by disproportionation. 

6.2. Introduction 

Understanding air bubble entrainment during mixing is important not only because no new 

bubbles are entrained during later stages of breadmaking (Baker and Mize, 1941), but also 

because of the significant relationship between dough aeration during mixing and the cellular 

structure of the baked bread (Campbell et al., 2001, 1998).  Furthermore, dough is 

rheologically complex (Bagley et al., 1998), with the concentration  (Bloksma, 1981; Chin 
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and Campbell, 2005a, 2005b; Chin et al., 2005) and the size (van Vliet, 1999) of the bubbles 

adding to this complexity.  

Bubbles are not static entities within the dough, even in doughs made without yeast.  One 

mechanism driving change in the bubble size distribution (BSD) is disproportionation.  

Disproportionation occurs because gas diffuses from small bubbles to adjacent larger ones 

due to greater Laplace pressures, P, in the smaller bubbles RTP /2(  , where ΔP is a 

pressure difference between the inside and the outside of the bubble, T is the surface tension 

and R is the radius of the bubble) (Kokelaar et al., 1996; Murray and Ettelaie, 2004; Shimiya 

and Nakamura, 1997; Shimiya and Yano, 1988).  In wheat flour doughs, the wide range of 

sizes of the bubbles entrained in the dough during mixing has the result that the smaller 

bubbles tend to shrink and disappear and the larger ones tend to grow.  The role of 

disproportionation on the evolution of the aerated structure of dough has previously been 

reported (Kokelaar and Prins, 1995; Shimiya and Nakamura, 1997; Shimiya and Yano, 1988; 

van Vliet, 1999).  Since the aerated structure of bread depends on the BSD within the dough 

at the end of mixing and how these bubbles are manipulated after the mixing process 

(Campbell et al., 1998; Chin and Campbell, 2005a), a better knowledge of the mechanisms 

governing the changes in the aerated structure of the dough is required for high quality and 

consistent bread production.  This knowledge can be acquired through a more profound 

comprehension of the size distribution of bubbles and their evolution in dough.  

The mechanical and rheological properties of wheat flour doughs are affected by many factors 

including mixer type and water content (Peighambardoust et al., 2010), headspace pressure in 

the mixer (Chin and Campbell, 2005a; Elmehdi et al., 2004), and mixing time (Mehta et al., 

2009) and ingredients (Van Steertegem et al., 2013; Vanhamel et al., 1993).  It has also been 
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shown that dough aeration affects the rheological properties of the dough (Chin and 

Campbell, 2005a; Chin et al., 2005).  Unravelling  how ingredients and mixing process 

parameters affect the resulting dough properties is not an easy task (Koksel and Scanlon, 

2012), and obviously, the more variables that enter the process, the more complicated the 

interpretation of the experimental results will be.  Working with model doughs (wheat flour, 

water, salt) helps diminish these variations.  

Due to bubble entrainment, bubble disentrainment and repetitive action of bubble sub-

division, the BSD in bread dough is lognormal (Bellido et al., 2006).  Several methods have 

been used for investigation of the dough microstructure and quantification of BSD in the 

dough including light microscopy (Carlson and Bohlin, 1978), conventional bench-top X-ray 

microtomography (Bellido et al., 2006), magnetic resonance imaging (De Guio et al., 2009), 

and confocal laser scanning microscopy (Upadhyay et al., 2012).  A powerful method to 

characterize the aeration of complex media is using low intensity ultrasound (Elmehdi et al., 

2004, 2005; Leroy et al., 2008a).  The tremendous effect of the presence of bubbles on the 

propagation of ultrasonic waves has been well documented for a long time in liquids 

(Carstensen and Foldy, 1947) and more recently in gels and viscoelastic media (Leroy et al., 

2008a, 2008b; Strybulevych et al., 2007).  Studies on bread dough have shown that the 

characteristics of the ultrasonic pulse are drastically affected; in particular, the phase velocity 

and attenuation coefficient strongly depend on frequency due to the acoustic resonance of the 

bubbles.  Bubbles in dough resonate due to the large density and compressibility differences 

between the bubbles and the dough matrix, resulting in pulsations arising from perturbation of 

bubbles (Povey, 1997) and hence a substantial modification of the wave propagation over a 

range of frequencies (Strybulevych et al., 2007).  Because of the resonances of polydisperse 
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bubbles present in doughs, the phase velocity and attenuation coefficient exhibit peaks whose 

shape and position are related to the distribution of bubble radii and the mechanical properties 

of the dough matrix (Elmehdi et al., 2004, 2005; Leroy et al., 2008b; Scanlon et al., 2008; 

Strybulevych et al., 2012).  Although there have been several successful investigations of 

dough acoustical properties with ultrasonic transmission techniques, to date there have been 

only a few utilizing ultrasound over a wide range of frequencies, since wheat flour doughs are 

highly attenuating and dispersive around the acoustic resonance of bubbles (Fan, 2007; Fan et 

al., 2013; Leroy et al., 2008a; Létang et al., 2001; Scanlon et al., 2008).  The excessive 

attenuation of ultrasound waves near bubble resonance frequencies makes the use of 

ultrasonic transmission techniques difficult for accurate measurements of ultrasonic 

parameters over frequency ranges that involve the bubble resonance (Létang et al., 2001; 

Wilson et al., 2005).   

An alternative to the transmission technique is the reflection technique which allows 

measurement of acoustical properties at generally wider frequency ranges in highly 

attenuating media (Létang et al., 2001; McClements and Fairley, 1991; McClements and 

Gunasekaran, 1997; Strybulevych et al., 2012).  Characteristic features associated with the 

disproportionation of bubbles within dough have been evaluated and changes in the median 

radius and the width of the BSD have been quantified with an ultrasonic reflection technique 

recently (Strybulevych et al., 2012).  Therefore, in independent measurements, it has been 

shown that both ultrasonic transmission (Leroy et al., 2008a) and reflection (Strybulevych et 

al., 2012) techniques are useful for studying the effect of bubble sizes and their evolution on 

the acoustic properties of dough after mixing.  The objective of this paper is to investigate 
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how different ultrasonic techniques can be applied simultaneously to probe BSD and time 

dependent changes in BSD on the same wheat flour doughs. 

6.3. Experimental 

6.3.1. Sample Preparation  

All purpose wheat flour (13.0 % moisture, 11.7 % protein) was purchased locally (Rogers 

Food Ltd., no additive, unbleached, Armstrong, BC, Canada).  Moisture content and protein 

content (Nx5.7) were determined according to Approved Method 44-15.02 and Approved 

Method 46-13 (AACC International, 2010) using a Kjeldahl 1002 distilling unit (Tecator, 

Prabin and Co AB, Klippan, Sweden), respectively.  The water absorption of the flour was 

determined to be 68.0 % by Farinograph (Farinograph/Resistograph, FA-R/2, Duisburg, 

Germany) using Approved Method 54-21.01 (AACC International, 2010).  

The dough samples mixed under ambient pressure, with a composition of 200 g wheat flour, 

68 % distilled water and 2.4 % salt (reagent grade, Fisher Scientific, Nepean, Ontario, 

Canada) (on fwb), were prepared using a pin mixer (113 rpm) (National MFG. Co., Lincoln, 

NE, USA).  The mixer had a 200 g mixing bowl, which was connected to a water circulation 

unit (Haake C with Haake C3 cooling unit, Berlin, Germany) set at 16 °C in order to produce 

a dough at room temperature (23 ± 0.5 °C) at the end of 4 min mixing.  In order to produce 

doughs with a lower number of bubbles per unit volume, dough samples were mixed under 

reduced pressure  (Campbell et al., 1998).  The dough samples mixed under reduced pressure 

had the same formulation as the doughs mixed under ambient pressure and they were 

prepared using a GRL-200 pin mixer which was attached to a vacuum pump.  Consequently, 

the headspace pressure during mixing could be controlled (Fan et al., 2013), allowing 2 min 
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mixing under ambient pressure followed by 2 min mixing under reduced pressure.  Three 

replicate doughs were prepared for mixing both at ambient and reduced pressure. 

To prepare dough subsamples for the ultrasonic tests (for doughs both mixed under ambient 

pressure and reduced pressure), a pathology blade lightly greased with mineral oil was used to 

excise a dough subsample disc of approximately 2-3 mm thickness from the center of the 

dough immediately after mixing. The remaining dough was kept in a sealed plastic container 

in order to minimize dehydration.  The surfaces of the ultrasonic set-up contacting the dough 

subsample were also lightly and carefully greased with mineral oil.   

6.3.2. Experimental Methods 

Two sets of apparatus were used for ultrasonic transmission and reflection measurements: one 

for doughs mixed at ambient conditions, and the other for doughs mixed under reduced 

pressure (Figure 6.1a and 6.1b, respectively).  For doughs mixed under ambient pressure, 

transmission and reflection ultrasonic experiments were performed simultaneously on the 

same dough subsample.  For doughs mixed under reduced pressure, two subsamples were 

tested from the same dough replicate mix - one for analysis in transmission and one in 

reflection.  All experiments were performed inside a temperature (23 ± 0.1 °C) and humidity 

(85 ± 1.0 % relative humidity) controlled cabinet (Caron Products and Services Inc., Model: 

Caron 6010, Marietta, OH, USA).   

The experimental setup for testing of doughs mixed under ambient pressure was comprised of 

two ultrasonic pulse generator/receivers (Panametrics, Olympus NDT, Waltham, MA, 

U.S.A.), a pair of Panametrics transducers with a central frequency of 2.25 MHz (Olympus 

NDT Waltham, MA, U.S.A.), and a digital oscilloscope (Tektronix Digital Phosphor 
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Oscilloscope, model TDS5032B, Tektronix Inc., Beaverton, OR, U.S.A.) (Figure 6.1a).  The 

ultrasonic experiments were carried out by placing the dough subsample in the path between 

the generating and detecting transducers.   

The experimental setup for testing of doughs mixed under reduced pressure was identical to 

the setup for testing of doughs mixed under ambient pressure except an additional 

Panametrics transducer with a central frequency of 3.5 MHz (Olympus NDT Canada Ltd., 

Alberta, Canada) was used to acquire data with the reflection technique (Figure 6.1b).  Thus, 

for vacuum-mixed doughs the ultrasonic reflection experiments were carried out by using a 

second dough subsample.   

 

Figure 6.1: Experimental set-up of the transmission and reflection ultrasonic experiments for 

(a) doughs mixed under ambient pressure, (b) doughs mixed under reduced pressure. 

 

 

Regardless of the type of dough, in the reflection technique, one of the pulse 

generator/receivers generated the input signal that is applied to the generating transducer to be 

transformed into an ultrasonic pulse.  The ultrasonic pulse emitted from the generating 
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transducer traveled through the acrylic delay line, and was partly reflected from the dough 

subsample (0.73 ± 0.01 mm thickness), traveling back through the same delay line.  The 

reflected signal was detected by the same transducer, transformed to an electric signal, and 

received by the same pulse generator/receiver.   

In the transmission technique, the ultrasonic pulse emitted from the generating transducer 

traveled through the acrylic delay line, was partly transmitted into and through the dough 

subsample (0.73 ± 0.01 mm thickness), and then traveled through the second acrylic delay 

line.  The transmitted signal was detected by the second (receiving) transducer and the pulse 

generator/receiver.   

For both techniques, reference signals were measured in order to determine the incident 

waveform.  To create the reference signal in the reflection technique, the pulse reflected from 

the acrylic delay line-air interface was used (i.e., no sample in place).  For the reference signal 

in the transmission technique, the two acrylic delay lines were placed in direct contact and the 

pulse transmitted through the two delay lines was used as reference.  Both the reflected and 

transmitted signals were averaged 500 times to improve the signal-to-noise ratio and the 

averaged signals were sent to a computer for analysis of longitudinal phase velocity and 

attenuation coefficient.  

In the transmission technique, the attenuation coefficient () and the phase velocity (v) were 

determined using Fourier analysis as:  

 
L

AA referencesampleln2
         (6.1)  
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        (6.2) 

where A,  , L, and ω are the magnitude and phase of the Fourier transform, sample thickness, 

and angular frequency, respectively, and n is an integer (Strybulevych et al., 2007).   

For doughs mixed under ambient pressure, information on higher frequencies was obtained 

from the second harmonic of the central frequency of the transducer.  To determine v and  

accurately, the phase and amplitude of the waves transmitted through the sample were 

corrected for the effects of reflections, due to acoustic impedance mismatch, at the interfaces 

between the dough sample and delay lines (Leroy et al., 2011).  For the dough subsample 

tested 30 min after mixing, fluctuations, that arose from signal-to-noise limitations, in the 

frequency dependence of the impedance-mismatch corrected v and  were smoothed out 

using a first-order polynomial Savitzky-Golay signal processing filter (Savitzky and Golay, 

1964).  

In the reflection technique the complex acoustic impedance, Z, of the dough is determined.  Z 

is a function of phase velocity, attenuation coefficient and the density of the dough, ρ (Leroy 

et al., 2010) 





 2

11
i

vZ
          (6.3) 

When the dough subsample is thick enough to ignore multiple reflections, the complex 

reflection coefficient, R, is given by (Kinsler et al., 1982) 

0
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where Z is the acoustic impedance for either air (in the case of the reference signal) or dough, 

and Z0 is the acoustic impedance of the acrylic delay line.  As the acoustic impedance of air is 

very small compared to that of the delay line, the reflection coefficient of the reference signal 

can be approximated to -1.  If we denote the Fourier transform of the reference signal as 

FTreference and the Fourier transform of the signal through the sample as FTsample, the ratio of 

both transforms, x, i.e., the ratio of the reflection coefficient of the signal reflected from the 

sample to the reflection coefficient of the reference signal, can be written as:  

0

0

ZZ
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FT

FT
x

reference

sample




         (6.5) 

The acoustic properties of the acrylic delay line (and thus its impedance Z0) were measured 

separately using the transmission technique. Therefore, Z can be determined from:  

x

x
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By combining density measurements performed on different subsamples from the same dough 

mix, and using equations 6.3-6.6, the attenuation coefficient and the phase velocity are 

calculated as (Leroy et al., 2010; Strybulevych et al., 2012): 
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Dough density measurements were performed according to Koksel and Scanlon (2012).   
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6.4. Results and Discussion 

6.4.1. Ultrasonic Parameters Investigated by the Transmission Technique as a 

Function of Time after Mixing 

For dough subsamples mixed under ambient and reduced pressure, v and α as a function of 

time after mixing measured by the transmission technique are displayed in Figure 6.2a and 

6.2b, respectively.  For the doughs mixed under reduced pressure, both α and v were 

essentially frequency independent, whereas for the doughs mixed under ambient pressure the 

frequency-dependent responses of α and v were quite pronounced, particularly in the 500 kHz 

to 5 MHz region.  From our density results, the ambient dough subsamples contained 

approximately 11 % volume fraction of bubbles, so the response of v and α is similar to what 

one would expect for a bubbly medium (Leroy et al., 2008a).  At low frequencies, i.e., below 

the resonance frequency of the bubbles, both the attenuation and velocity are low (Leroy et 

al., 2008a, 2011).  Following this frequency regime, frequency-dependent peaks in v and α are 

apparent.  These peaks are indicative of a low-frequency resonance arising from the bubbles 

entrained into the dough during dough mixing (Leroy et al., 2008b; Scanlon, 2013; Scanlon et 

al., 2008).  At higher frequencies, v of ultrasound in the bubbly medium reaches constant 

values and approaches the velocity in the matrix (vM).  Attenuation coefficient reaches values 

lower than those in the bubble resonance region (Leroy et al., 2008a, 2011).  Based on the 

results obtained for doughs mixed under ambient pressure and reduced pressure, it is obvious 

that bubbles are absolutely essential to the characteristic signature of the frequency-dependent 

behavior of both v and α of wheat flour doughs (Figure 6.2a and 6.2b). 
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Figure 6.2: (a) Phase velocity and (b) attenuation coefficient as a function of time after 

mixing for doughs mixed under ambient (solid symbols) and reduced (open symbols) 

pressure as measured by the transmission technique (black squares: 30 min, red circles: 2 h, 

green triangles: 3 h after mixing). Error bars (±1 SD) and time dependence are not seen if 

they are smaller than symbols.  Insets: expanded scales for doughs mixed under reduced 

pressure. 
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For the doughs mixed under ambient pressure, v increased with frequency and passed through 

a maximum (peak) whose position and magnitude were a function of time after mixing.  As 

time progressed, the magnitude of this peak increased whereas the frequency where this peak 

occurred (peak frequency) shifted towards lower values.  In contrast, for doughs mixed under 

reduced pressure over most of the same frequency range, v was considerably smaller and 

exhibited essentially no variation with frequency or with time.  At the high frequency end of 

the ultrasonic tests, v of the doughs mixed under ambient pressure leveled out to attain a 

smaller value that exhibited little dependence on post-mixing time.  The time-invariant 

smaller value of v is expected to correspond to the ultrasonic velocity in the dough matrix at 

high frequencies.  This expectation is corroborated in light of results obtained from the 

doughs mixed under reduced pressure with vM = 1.91 ± 0.08 km/s (Figure 6.2a inset).  The 

uncertainty is determined based on the assumption of a frequency independent vM in the 

frequency range from 0.3 to 5 MHz.   

When α as a function of frequency for doughs mixed under ambient pressure is compared to 

the doughs mixed under reduced pressure, their distinct behavior was not unexpected (Figure 

6.2b), since in heterogeneous media like dough, the total attenuation coefficient will be 

considerably enhanced due to scattering of the sound and dissipative processes occurring at 

the interface of bubbles and the dough matrix (Scanlon et al., 2008).  The position and 

magnitude of the peak in α for doughs mixed under ambient pressure were dependent on the 

time after mixing: as time progressed, both the magnitude of the peak (αmax) and the 

frequency where this peak occurred (fmax) decreased.  
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6.4.2. Ultrasonic Model Used to Describe Wave Propagation in Dough 

Models that give reasonable predictions of wave propagation in various media are often based 

on the independent scattering approximation (Leroy et al., 2011).  For a bubbly medium, 

where the scatterer is a bubble and the bubble sizes are polydisperse, the wave scattering 

model first developed by Foldy (1947) predicts that (Leroy et al., 2011): 
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where k   /2  is the effective wavenumber for a medium with n scatterers (bubbles) per 

unit volume, k0 is the wavenumber in the pure medium (dough matrix), n(R)dR is the number 

of scatterers per unit volume whose radius is between R and R+dR, ω is the angular 

frequency, and  Rfs ,  is the scattering function for a scatterer of radius R which is defined 

as:  
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where ω0 is the resonance angular frequency and δ is the damping constant that includes 

thermal, viscous and radiative losses (see section 2.4.2.1.4).  The resonance angular frequency 

for a viscoelastic medium is given by: 
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where   is the polytropic index for the transformations undergone by the gas ( = 1.4 for 

air), P0 is the pressure of the gas in the bubble, and ρ0 is the density of the dough matrix 
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(Leroy et al., 2011; Strybulevych et al., 2012).  The value for the real part of the complex 

shear modulus of the dough matrix (G') was taken from the work of Leroy et al. (2010) where 

it was seen to follow the relation G' = 10900ω
0.234±0.004

 over a very wide frequency range 

(more than eight decades).   

The distribution of bubbles that arises from the repetitive action of bubble sub-division is 

expected to be lognormal (Bellido et al., 2006; Shimiya and Nakamura, 1997), so that n(R) is:  
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where n, R0 and ε are the bubble concentration, median radius and the width of the lognormal 

BSD in the dough, respectively.  Extracting information on the BSD parameters R0 and ε from 

the above ultrasonic model is not a trivial task.  Therefore, an iterative fitting procedure 

allowing the minimization of the closeness of the experimental results and the theoretical 

curves was used and corresponding parameters defining the BSDs were derived.  The fitting 

procedure is based on the method of least squares so as to minimize the sum of squared 

difference between the experimental values and the values provided by the ultrasonic model.  

For fitting our experimental results by the ultrasonic model, the function Y1 was minimized, 

and it is defined at a particular frequency as 

   21 eumfY            (6.13) 

where um  is the attenuation coefficient determined by using the ultrasonic model from the 

imaginary part of the wavenumber from equation 6.9, and e  is the experimental attenuation 

coefficient determined from equation 6.1.  Based on equation 6.9, different values of R0 and ε 
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produce pairs of values for α and v from k
2
 [

2

0k  and  Rfs ,  are known in equation 6.9].  

From these various α and v pairs, um  - as a function of frequency - is chosen so that 1Y can be 

minimized by using the R0 and ε pair which gives the closest value of um  to e .  1Y  is 

calculated for each particular frequency and averaged over the whole frequency range of the 

experiment.  A complementary phase velocity from the ultrasonic model ( umv ) - as a function 

of frequency - is calculated based on um , and the goodness of the fit for umv  is calculated at a 

particular frequency as  

   22 eum vvfY           (6.14) 

where ev  is the experimental phase velocity determined from equation 6.2.  The experimental 

results and the results determined from the ultrasonic model for attenuation coefficient and 

phase velocity (equation 6.9) for a dough subsample tested 3 h after mixing are shown in 

Figure 6.3a and 6.3b, respectively. 
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Figure 6.3: (a) Attenuation coefficient and (b) phase velocity for a dough subsample tested 3 

h after mixing as measured by the transmission technique.  Black solid line: experimental 

results, red dash line: results of the ultrasonic model by minimizing the function 1Y  for α 

(equation 6.13). 

 

 

  a 

  b 
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In a similar manner, the experimental results could be fitted by minimizing the difference 

between the experimental phase velocity determined from equation 6.2 and the phase velocity 

determined by using the ultrasonic model from the real part of the wavenumber from equation 

6.9.  In this case, the function Y that is minimized becomes 

   23 eum vvfY           (6.15) 

where umv  is the phase velocity determined by using the ultrasonic model from the real part of 

the wavenumber from equation 6.9, which minimizes Y3 by giving the closest value to ev  - 

the experimental phase velocity determined from equation 6.2.  A complementary attenuation 

coefficient from the ultrasonic model ( um ) - as a function of frequency - is calculated based 

on umv , and the goodness of the fit for um  is calculated at a particular frequency by  

   24 eumfY            (6.16) 

For the attenuation coefficient, predictions of the ultrasonic model by minimization of 

equation 6.15 were consistently higher than the experimental ones.  While Y2 and Y3 values 

(those for velocity) were comparable in magnitude, Y1 values were always smaller (and thus 

better) compared to Y4 values.  Based on these observations, the experimental results of the 

attenuation coefficient (equation 6.13) were used to define the fitting procedure used in this 

study instead of those for phase velocity.  Accordingly, in extracting the appropriate R0 and ε 

pair from the experimental results, results of the attenuation coefficient were fitted.  From this 

analysis the trends of phase velocity are predicted quite well at high frequencies, although the 

agreement between experimental results and theory predictions deteriorates below ~5 MHz 
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(Figure 6.3b), where the phase shift is very small and the velocity is large and is challenging 

to measure accurately.   

In Table 6.1, sets of R0 and ε parameters of the derived BSDs are reported.  It is apparent from 

the time evolutions of R0 and ε that with increasing time after mixing the median bubble size 

grows, a trend indicative of the disproportionation of bubbles within the dough (Leroy et al., 

2008a; Shimiya and Nakamura, 1997).   

 

Table 6.1: Time evolution of R0 and ε in dough samples determined from ultrasonic 

transmission technique determined by the iterative fitting procedure. 

 Time after mixing 

 30 min 2 h 3 h 

R0 (μm) (± SD) 6.5 ± 0.07 8.5± 0.31 9.7 ± 0.42 

ε (± SD) 0.88 ± 0.02 0.86± 0.03 0.84 ± 0.02 

 

To the authors’ knowledge, determination of the BSD in dough shortly after mixing has not 

been reported unless a freezing step was involved.  This is possibly due to measurement 

difficulties because bubbles entrained in dough have very rapid dynamics right after mixing 

(Bellido et al., 2006; Scanlon et al., 2008; Shimiya and Nakamura, 1997), even without the 

complication of yeast activity.  The studies that have reported bubble sizes in dough vary 

quite markedly.  For the unyeasted dough samples that were frozen and tested shortly after 

mixing, light microscopy determinations of the median bubble radius were between 8 and 57 

µm (Campbell et al., 1991; Carlson and Bohlin, 1978; Shimiya and Nakamura, 1997).   
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According to Shimiya and Nakamura (1997), median bubble radius of unyeasted doughs 

doubled in 60 min due to diffusion of air from small bubbles to larger ones while the width of 

the lognormal BSD did not change during the first 30 min (ε = 0.18) and then slightly 

increased (ε = 0.19).   

For tests that did not involve a freezing step, Bellido et al. (2006) reported lognormal BSDs 

that had median radii of 50 and 55 µm, and widths of 0.58 and 0.48, for two different 

unyeasted dough formulations tested 90 min after the end of mixing.  In their case, the 

measurements were conducted non-invasively using a bench-top X-ray microtomography 

with a pixel size of 10 μm.  Leroy et al. (2008a) were the first group to present experimental 

results demonstrating the effects of bubbles in unyeasted doughs on ultrasonic velocity and 

attenuation coefficient.  They used an ultrasonic transmission technique and extracted the 

BSD based on the independent scattering approximation, assuming that bubbles in unyeasted 

bread dough are lognormally distributed.  They reported a median bubble radius of 14 µm 

with a width of 0.46 for doughs tested 53 min after mixing.  Approximately 45 min later, the 

median radius had increased to 18 µm and the width decreased to 0.44 (Leroy et al., 2008a).  

In that study it was mentioned that bench-top X-ray microtomography and the transmission 

ultrasound technique produced dissimilar results, with the ultrasound technique determining 

BSDs with smaller median sizes.  Keeping this conclusion in mind, our findings using 

ultrasound concur with those reported by Leroy et al. (2008a) and suggest that the BSD in 

wheat flour doughs tested shortly after the end of mixing are substantially smaller than those 

reported by traditional light microscopy or bench-top X-ray microtomography techniques.   

Recently, tomography experiments using synchrotron radiation have indicated that the mean 

bubble size in dough shortly after mixing is in fact smaller than what has been reported in the 
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literature, pointing to the sensitivity of ultrasound for detection of bubbles in dough (See 

Chapter 7).  The median of the BSD found in our study is somewhat lower whereas the width 

of the BSD is higher compared to the results reported by Leroy et al. (2008a).  There may be 

two explanations for this difference.  First of all, dough formulation and ingredients are 

different in Leroy et al. (2008a) compared to our study.  Secondly, in Leroy et al. (2008a), the 

frequency dependence of some of the dough physical constants, such as the real and 

imaginary part of the dough shear modulus, were very roughly estimated from extrapolation 

of low frequency rheological measurements.  It needs to be pointed out that these physical 

quantities affect the ultrasonic parameters notably: the real part of the dough shear modulus 

has an influence on the position and shape of the ultrasonic velocity and attenuation curves, 

as shown by equation 6.11, and the imaginary part of the dough shear modulus, where G'' = 

4300ω
0.271±0.005

 (Leroy et al., 2010), has a relatively more pronounced influence on the 

ultrasonic parameters, an influence embedded in  of equation 6.10. 

6.4.3. Ultrasonic Parameters Investigated by the Reflection Technique as a Function of 

Time after Mixing  

For the reflection technique, v and α of dough subsamples mixed under ambient and reduced 

pressure as a function of time after mixing are displayed in Figure 6.4a and 6.4b, respectively.  

The results obtained by the reflection technique are similar to the ones obtained by 

transmission with regards to the frequency dependence of both α and v.  For the doughs 

mixed under ambient pressure, frequency-dependent peaks in v and α, indicative of resonance 

arising from the bubbles in the dough (Leroy et al., 2008b), were once again observed.  

However, due to restrictions in the frequency range available in this particular reflection 

experiment and the sensitivity of the technique to spurious electronic pick up from the large 
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voltage pulse sent to the generating transducer, there is a gap in the frequency range available 

and thus some uncertainty in the values for αmax and fmax.  For the doughs mixed under 

reduced pressure, both α and v lacked frequency-dependent peaks.  Thus, the reflection 

experiments reported here for doughs mixed under ambient and reduced pressure further 

confirm the absolutely essential nature of bubbles to the characteristic frequency-dependent 

behavior of both α and v of wheat flour doughs.  Fluctuations in the frequency dependence of 

 for doughs mixed under reduced pressure can be attributed to a limitation of the reflection 

technique, i.e., for materials that are not highly attenuating, as in the case of doughs mixed 

under reduced pressure, if the sample is not thick enough, multiple reflections can occur 

within the sample.  This makes the detection and separation of the first reflected signal from 

the rest of the reflected signals difficult.  Interference or overlap of signals need to be 

considered carefully otherwise multiple reflections may jeopardize the ultrasonic techniques, 

especially when the sample thickness is thin compared with the wavelength and when 

attenuation is low (Leroy et al., 2008b). 
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Figure 6.4: (a) Phase velocity and (b) attenuation coefficient as a function of time after 

mixing for doughs mixed under ambient (solid symbols) and reduced (open symbols) 

pressure as measured by the reflection technique (black squares: 30 min, red circles: 2 h, 

green triangles: 3 h after mixing). Error bars (±1 SD) and time dependence are not seen if 

they are smaller than symbols.  Insets: expanded scales for doughs mixed under reduced 

pressure.   
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When α for doughs mixed under ambient pressure was compared to the doughs mixed under 

reduced pressure, results had the same trend as in the transmission technique.  The 

pronounced peak observed in α for doughs mixed under ambient pressure was not observed 

for doughs mixed under reduced pressure over the same frequency range.  For doughs mixed 

under ambient pressure, although there is a gap between ~0.05 and 1.5 MHz due to low 

signal-to-noise ratio, an interpolation of the attenuation coefficient between the two frequency 

regimes indicated that there is a peak in the attenuation coefficient (αmax) in the 0.5-2 MHz 

region.  For doughs mixed under reduced pressure, v was considerably smaller and exhibited 

essentially no variation over the whole frequency range, an outcome consistent with results 

obtained by transmission.   

The highest limit of frequency attainable with the present reflection technique using a single 

broadband transducer was approximately 4.5 MHz, and at this frequency v of the doughs 

mixed under ambient pressure had not leveled out yet, meaning that the resonant behavior 

signature is still dominant.  Therefore, we cannot report a high frequency value for vM; 

however, we would expect v of the doughs mixed under ambient pressure at higher 

frequencies to provide a value for vM that would be similar to the v of doughs mixed under 

reduced pressure (vM = 1.78 ±0.01 km/s from 0.3 to 5 MHz, Figure 6.4a inset).  When vM 

from transmission and reflection experiments are compared, vM from reflection experiments 

was found to be slightly lower than vM from transmission experiments (1.91 ± 0.08 km/s).  

This slight difference may be due to the mineral oil layer used on the surfaces of the 

ultrasonic set-up.  Surface properties are probed in the reflection technique (Coupland, 2004) 

compared to the entire dough subsample thickness in the transmission technique.  Since the 

velocity of ultrasound in mineral oil (McClements and Povey, 2007) is smaller compared to 
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that in the dough matrix, it is possible that the velocity measured in reflection is lowered by 

the presence of the oil layer. 

In the first three rows of Table 6.2, R0 and ε parameters of the derived BSDs of doughs tested 

with the reflection technique are reported.  Given that the frequency dependence of v and α as 

a function of time after mixing had the same trend for the transmission and reflection 

techniques, the changes in the R0 and ε parameters as time progressed were expected to have 

the same trend: an increase in R0 and a decrease in ε.  Due to the higher uncertainty of results 

obtained from the reflection technique, it is not possible to confirm a trend in R0 and ε 

indicative of the disproportionation of bubbles within the dough.  This higher uncertainty 

might result from the quality of the bond at the interface between the dough subsample and 

the acrylic delay line of the ultrasonic set-up.  It must be emphasized that the reflection 

technique is very sensitive, more so than the transmission technique, to the quality of this 

bond.  One of the biggest challenges of the reflection technique is to make sure that the 

coupling between the dough and the delay line is reasonably good, that is why results before 

30 min after the end of mixing are not reported in this study.  We believe 30 min is enough to 

optimize the quality of this bond. The dough subsample squeezed between the delay lines is 

allowed to relax during this time, and consequently the reflected signal should not be affected 

by the properties of the interface. However, any residual bonding effect after 30 min will still 

influence the ultrasonic results. 
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Table 6.2: Time dependence of R0 and ε in dough samples tested by the reflection technique 

determined by the iterative fitting procedure. 

 Time after mixing 

 30 min 2 h 3 h 

SURFACE  = INTERIOR  11.2 % 11.2 % 11.2 % 

R0 (μm) (± SD) 6.9 ± 3.8 6.8 ± 3.5 6.0 ± 2.7 

ε (± SD) 0.91 ± 0.16 0.96 ± 0.14 1.01 ± 0.12 

SURFACE  (estimated) 11.2 % 7.9 % 5.6 % 

R0 (μm) (± SD) 6.9 ± 3.8 8.0 ± 3.6 8.4 ± 3.2 

ε (± SD) 0.91 ± 0.16 0.86 ± 0.14 0.82 ± 0.13 

 

The magnitude and frequency of peaks in v and α were found to be dependent on the time 

after mixing (Figure 6.4).  As time progressed, for v, the magnitude of the peak increased and 

the frequency where the peak occurred decreased, while for α, the magnitude of the peak 

decreased.  Although these trends observed for v and α in the reflection results are the same as 

the ones in the transmission results, some differences in the magnitude and frequency of 

peaks in v and α were observed between the two techniques (Figures 6.2 and 6.4).  The 

difference in the results may be due to the bubble populations probed by the two techniques.  

In the transmission technique, the ultrasonic signal probes the properties of the entire dough 

subsample thickness whereas in the reflection technique, the ultrasonic signal probes a shorter 

distance.  When attenuation is low, this distance is roughly half the wavelength (Coupland, 

2004).  In these experiments, a typical wavelength around the resonance frequency of bubbles 

in dough (~ 2 MHz) would be approximately 4 mm.  However, for highly attenuating 
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materials such as dough, the penetration depth of ultrasound is limited by the attenuation 

coefficient, so that the characteristic distance that an ultrasonic signal can propagate is 1/k'' = 

2/α (see equation 2.33).  Given that the penetration depth of ultrasound for the reflection 

technique in these experiments is approximately 0.07 mm around the resonance frequency of 

bubbles, the ultrasonic parameters measured by the reflection technique will be indicative of 

dough properties close to the surface.  Since a smaller volume, closer to the cut surface of the 

dough, is tested with the reflection technique, the properties of the dough in the interior of the 

subsample are not affecting the results.  Thus, the difference in the magnitude and frequency 

of peaks in v and α obtained by the two techniques may be due to the bubble populations at 

the surface and in the interior of the dough not being identical, and it is possible that the 

temporal evolution of R0 and ε vary for the two techniques.   

Some evidence for differences in bubble concentration and size at the surface and in the 

interior of dough is available.  The cross-sectional image of a dough subsample imaged 

approximately 5 h after mixing is presented in Figure 6.5a, having been acquired on the 

Biomedical Imaging and Therapy beamline (BMIT-BM 05B1-1) at the Canadian Light 

Source using X-ray microtomography.  It is obvious from Figure 6.5a that the bubbles 

(darker) are more concentrated towards the interior of the dough subsample and that the 

exterior surface of the dough (lighter) has fewer bubbles.  We believe that this is due to the 

bubbles closer to the exterior surface of the dough experiencing a greater gas concentration 

gradient, and thus a higher driving force for gas diffusion.  The reason for this greater gas 

concentration gradient is the atmospheric gas surrounding dough samples.  The atmospheric 

gas can be imagined as a big bubble, growing at the expense of the smaller bubbles closer to 

the exterior surface of the dough. 
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Figure 6.5: (a) The cross-sectional image of a dough subsample obtained by X-ray 

microtomography, (b) close-up of the region in the red circle in (a).  

   

 

A reduction in the concentration of the bubbles at the surface may occur following different 

mechanisms.  One possible mechanism could be that the reduction in surface concentration of 

bubbles is time dependent.  In order to obtain an approximate estimate of the amount of gas 

loss to the atmosphere based on the observation from Figure 6.5, four rectangular areas at the 

surface of the dough subsample (with a thickness equal to 25 % of the whole subsample 

thickness was taken to represent the dough subsample surface) and four rectangular areas in 

the interior of the dough subsample were analyzed (Figure 6.5b).  The ratio of area occupied 

by the bubbles to the total area, which scales with the volume fraction of air (Lassoued et al., 

2007; Whitworth and Alava, 1999), was calculated at the surface and in the interior.  It was 

found that the volume fraction of air at the surface of the dough subsample was 46 % less 

than that in the interior.  Accordingly, for our dough subsamples tested with the reflection 

technique, we assumed that at the end of 3 h, approximately half of the gas at the surface of 
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the dough subsample would be lost compared to the gas in the interior of the dough 

subsample, and that the reduction in gas volume fraction would occur linearly with time after 

mixing.  This rough approximation is used to guide the calculation of estimates of dough 

density and the extreme value of gas loss at the dough surface.  As a result, the gas volume 

fractions at 30 min, 2 h and 3 h after mixing were 11.2 %, 7.9 % and 5.6 %, respectively.   

In rows 4-6 of Table 6.2, R0 and ε parameters of the BSDs that were derived assuming the 

aforementioned gas volume fractions are reported for doughs tested with the reflection 

technique.  Although the temporal evolution in R0 of the derived BSDs is indicative of 

disproportionation of bubbles, as found by transmission (Table 6.1), the high uncertainities in 

our results with the reflection technique preclude drawing definitive conclusions about 

different concentrations of bubbles.  In addition, it needs to be mentioned that the linear 

reduction of surface concentration of bubbles with time may not necessarily be the case in our 

experiments; the ultrasonic set-up dictates that the dough subsample be placed between two 

delay lines, so that there would not be the massive gas sink that is experienced by the dough 

in Figure 6.5.   

Nevertheless, even though the surface concentration of bubbles may not be time dependent, 

we acquired evidence that the concentration of bubbles in dough subsamples were a function 

of the distance from the center using X-ray microtomography (Biomedical Imaging and 

Therapy beamline (BMIT-BM 05B1-1) at the Canadian Light Source).  In particular, at the 

periphery where the dough was attached to the cylinder walls in an analogous manner to its 

attachment to the delay line, gas bubble concentrations were lower.  In Figure 6.6a, the cross-

sectional image of a well-aged dough subsample imaged approximately 5-7 h after mixing is 

presented.  This cross-sectional image was divided into twenty concentric annuli of equal 
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areas and the bubble area fraction in each annulus (Figure 6.6b) was determined using the 

thresholding commands of ImageJ software (ImageJ, http://rsbweb.nih.gov/ij/) for each 

annulus.  

 

Figure 6.6: (a) The cross-sectional image of a well-aged dough subsample obtained by X-ray 

microtomography (diameter of the dough subsample = 2 cm), (b) two of the twenty concentric 

annuli from the cross-sectional image in (a).  

  

 

In Figure 6.7a, the bubble area fraction as a function of distance from the center of the cross-

sectional image in Figure 6.6a is presented.  From Figure 6.7a, it is apparent that although 

there is variation in the concentration of bubbles with radius, there is a more pronounced 

decrease in bubble concentration towards the surface (as normalized distance from the center 

approaches 1).  The same analysis was performed using a fixed threshold value (determined 

a b 
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by averaging the auto threshold values for the three innermost annuli) instead of the auto 

threshold command for each annulus, so that variances in image brightness were not a 

confounding factor in evaluating bubble results.  These results are presented in Figure 6.7b 

and they also support the findings of Figure 6.7a, that at a dough-polymer interface, bubble 

concentration is lower. 

 

Figure 6.7: The bubble area fraction as a function of distance from the center (a) using auto 

threshold, (b) using fixed threshold.  
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Another potential mechanism for the reduction in surface concentration of bubbles is that 

surface bubble concentration is reduced by the sample preparation procedure and no longer 

changes once the dough subsample is confined between the delay lines.  This mechanism 

would dictate that the R0 and ε parameters of the BSDs be derived using a smaller surface 

bubble volume fraction that does not change with time.  

 

a b 
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6.5. Conclusion 

The time dependent changes in the ultrasonic phase velocity and attenuation coefficient 

indicated changes in the bubbly structure of wheat flour doughs arising from transport of gas 

from smaller to larger bubbles as a result of disproportionation.  These changes were more 

obvious in transmission experiments compared to reflection experiments.  The bubble size 

distributions, assumed lognormal, as a function of time after mixing were extracted from the 

ultrasonic model using a least squares fitting procedure.  The rate of change with time of the 

R0 and ε of the lognormal bubble size distribution varied for the two techniques, possibly due 

to differences in concentration of bubbles near the surface of the dough and within the interior 

of the dough.    
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7. The Bubble Size Distribution and Its Evolution in 

Unyeasted Wheat Flour Doughs Investigated by 

Synchrotron X-Ray Microtomography 
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7.1. Abstract 

Determination of the bubble size distribution at the end of mixing and controlling its changes 

are the basis for predicting and improving final product quality before bread is fully 

manufactured.  X-rays from a synchrotron source (Biomedical Imaging and Therapy 

beamline, Canadian Light Source) were used to characterize the bubble size distribution and 

its evolution in dough subsamples as a function of time after mixing, over the course of 3 

hours.  A complete X-ray microtomography scan over 180° was completed within 120 s.  The 

number density of bubbles ranged from 1500 to 2300 bubbles/mm
3
, which was higher 

compared to results previously reported in the literature.  Very high numbers of small bubbles 

were observed and the smallest class of bubble radius of the bubble size distribution had the 

highest number of bubbles, contributing to 38 ± 12 % of the total number of bubbles.  When 

the radius dependence of bubble volume fraction (BVF(R)) was considered, the BVF(R) could 

be characterized with a lognormal distribution function.  This distribution had a median 

bubble radius of 32.5 ± 0.173 μm at 36 minutes after the end of mixing which increased to 

42.5 ± 0.679 μm over 154 minutes while its width slightly decreased.  These results imply 

that very small bubbles, which could not be observed in previous studies due to resolution 

limitations, are actually present in bread dough and their diffusion driven dynamics can be 

followed by X-rays from a synchrotron source after feature extraction using image analysis 

software. 

7.2. Introduction 

During breadmaking, dough is subject to a set of process operations where the number and 

size of bubbles are manipulated, dough mixing being the first one of these process operations 

(Campbell et al., 1998, 2001; Koksel and Scanlon, 2012).  Understanding dough aeration 
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during mixing is crucial not only because no new air bubbles nuclei is created for subsequent 

bubble growth during later stages of breadmaking (Baker and Mize, 1941), but also because 

of the effect of dough aeration on the mechanical properties of the dough (Scanlon et al., 

2008) and on the cellular structure of the baked loaf (Campbell et al., 1998, 2001).  Therefore, 

determination of the bubble size distribution (BSD) at the end of mixing and monitoring of 

changes in the bubble population within the dough are the basis for predicting final product 

quality before bread is manufactured.   

Air bubbles are occluded into the dough as a significant volume fraction of air during the 

mixing process (Campbell et al., 1998, 2001; Koksel and Scanlon, 2012), and the distribution 

of these bubbles is subject to significant changes over time.  One mechanism driving change 

in the BSD is disproportionation.  Disproportionation occurs because gas diffuses from small 

bubbles to adjacent larger ones due to greater Laplace pressures, ΔP, in the smaller bubbles 

( RTP /2 , where T is the surface tension and R is the radius of the bubble) (Kokelaar et 

al., 1996; Murray and Ettelaie, 2004; Shimiya and Nakamura, 1997; Shimiya and Yano, 

1988).  The wide range of bubble sizes in wheat flour doughs has the consequence that 

smaller bubbles tend to shrink and disappear while the larger ones tend to grow.  This plays 

an important role in bubble size evolution, especially for unyeasted doughs (van Vliet, 1999).   

Understanding the phenomena governing changes in the aerated structure of the dough 

requires knowledge of the distribution of bubbles in the dough, and the mechanisms driving 

their dynamics.  Furthermore, beyond the obvious technological application of the results, 

dough is a perfect candidate material for investigating time-dependent changes in aerated 

materials since it is a relatively stable viscoelastic system allowing gas exchange while not 
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allowing the bubbles to cream out, making bubble disproportionation, an interesting physical 

process in itself (Stevenson, 2010), easier to monitor. 

Despite the importance of a knowledge of the distribution of bubbles in dough, the literature 

is not replete with studies.  The aerated structures of solid cellular food products have been 

evaluated by scanning electron microscopy (Lim and Barigou, 2004), magnetic resonance 

imaging (Ishida et al., 2001; Takano et al., 2002), low-intensity ultrasound (Elmehdi et al., 

2003; Scanlon et al., 2008), and bench-top X-ray microtomography (Altamirano-Fortoul et 

al., 2012; Lim and Barigou, 2004).  However, all of these techniques have their shortcomings.  

For example, for the techniques above, they either have laborious sample pre-treatment steps, 

are unsuitable for material investigations with insufficient water content, have limited 

ultrasonic transmission due to the gas bubble interactions with ultrasound waves, or have 

limited intrinsic contrast due to low photon flux, respectively (Falcone et al., 2006).  The 

evaluation of the microstructure of dough is even more complex than that of cellular foods 

since in addition to the opacity of the dough, bubbles in dough are extremely fragile and they 

have very rapid dynamics (Bellido et al., 2006; Scanlon et al., 2008, 2011; Shimiya and 

Nakamura, 1997; Strybulevych et al., 2012).   

One technique that can cope with fragility is the non-invasive method, X-ray 

microtomography.  X-ray microtomography has proven to be very well-suited for scrutinizing 

the three dimensional structure of bread and other cellular food products (Babin et al., 2007; 

Falcone et al., 2006; Trater et al., 2005).  The evolution of the three-dimensional 

microstructure of bread dough during fermentation by synchrotron X-ray radiation has been 

reported (Babin et al., 2008, 2006; Turbin-Orger et al., 2012), pointing to the ability of the 

more powerful X-rays of a synchrotron source to accurately capture the complexity of the 



 

209 

morphology of bread dough three-dimensionally, and rapidly, in order that the changes taking 

place during fermentation can be followed.   

Understanding dough aeration could enlighten the mechanisms by which the final loaf texture 

is affected by the BSD in the dough, and how the aerated structure of the final loaf can be 

improved as early as right after the mixing stage.  However, due to the lack of tools for 

studying the fragile and rapidly changing bubbles in dough, resolving these questions for 

doughs tested right after mixing has been stymied so far.  Given the effectiveness of X-ray 

radiation from a synchrotron source, the objectives of this study were to determine the BSD in 

unyeasted doughs right after mixing using synchrotron radiation and to investigate the time 

evolution of the BSD in these doughs.  Thus, by quantifying changes in the BSD we will 

attain a better understanding of how disproportionation occurs in this soft, viscoelastic 

material. 

7.3. Experimental 

7.3.1. Sample Preparation  

All purpose wheat flour (13.0 % moisture, 11.7 % protein) was purchased locally (Rogers 

Food Ltd., no additive, unbleached, Armstrong, BC, Canada).  Moisture content and protein 

content (Nx5.7) were determined according to Approved Method 44-15.02 and Approved 

Method 46-13 (AACC International, 2010) using a Kjeldahl 1002 distilling unit (Tecator, 

Prabin and Co AB, Klippan, Sweden), respectively.  The water absorption of the flour was 

determined to be 68.0 % by Farinograph (Farinograph/Resistograph, FA-R/2, Duisburg, 

Germany) using Approved Method 54-21.01(AACC International, 2010).  
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The dough samples, with a composition of 200 g wheat flour, 68 % distilled water and 2.4 % 

salt (on fwb), were prepared using a pin mixer (113 rpm) (National MFG. Co., Lincoln, NE, 

USA).  The mixer had a 200 g mixing bowl, which was connected to a water circulation unit 

(Haake C with Haake C3 cooling unit, Berlin, Germany) set at 14 °C in order to produce a 

dough at room temperature (23 ± 0.5 °C) at the end of mixing. 

To prepare a dough subsample for the X-ray microtomography tests, a pathology blade was 

used to excise a cylindrical dough subsample of approximately 1-1.5 cm diameter from the 

center of the dough immediately after mixing.  The dough subsample was gently placed in a 

cylindrical plastic container and the lid of the plastic container was closed in order to 

minimize dehydration.  The container and the dough subsample were immediately mounted 

on the rotation stage within the experimental hutch of the X-ray beamline. 

7.3.2. Experimental Methods 

Morphological characterization of the dough subsamples was accomplished on the 

Biomedical Imaging and Therapy beamline (BMIT-BM 05B1-1) at the Canadian Light 

Source (Saskatoon, SK), using a filtered white beam with a peak beam energy of 18 keV.  For 

filtering of the beam, aluminum filters (thicknesses of 0.200 mm, 0.883 mm and 2.500 mm) 

and a molybdenum filter (thickness of 0.200 mm) were inserted in the beamline.  Preliminary 

experiments were performed so that the scanning procedure was optimized.  As a result, the 

distance between the detector and the dough subsample was selected as 1.47 m, and the 

distance between the detector and the source was 26.2 m.  The beam size was 40 mm 

(horizontal) by 5 mm (vertical). The detector was an AA-60 beam monitor (Hamamatsu 

C9300-124) with 8.75 μm/pixel resolution at the scintillator. 
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For image acquisition, the scan protocol was comprised of rotation through 180° at a rotation 

speed of 1.500°/s, with an exposure time for a single radiograph of 200 ms which allowed the 

acquisition of a complete scan of over 180° within 120 s.  As a result, 350 serial cross-

sectional 2530 x 2530 pixel
2
 greyscale images were produced from radiographs of each 

microtomography scan.  Bubble dynamics were monitored over the course of 3 h (a new scan 

every 2 min for the first 90 min and then a new scan every 10 min for a further 90 min).  

Three replicate doughs were prepared and one dough subsample from each dough replicate 

was tested by X-ray microtomography.  Two stacks, each of 100 slices, were analyzed from 

each dough subsample at each scan.  Scans were acquired in the experimental hutch of the 

synchrotron facility at a constant temperature (21 ± 1.0 °C).   

Quantitative 3D (three dimensional) features (bubble size distribution, bubble volume 

distribution and their time evolution) were determined by image analyses performed with 

codes written in MATLAB.  Image analyses start with selection of a representative 

elementary area from the center of the 2D images to eliminate any edge effects caused by 

sample cutting.  Intensities of the 2D images were improved by using an image enhancement 

technique.  This technique, which utilizes a ‘histogram equalization’ command in MATLAB, 

transforms the intensity plot of an original image to a new intensity plot with a new range of 

intensities.  As a result, the new range of intensities of the resulting intensity plot conformed 

to a flat histogram with 64 bins.  After increasing the contrast with the use of this image 

enhancement technique, a threshold value was chosen where these high contrast grayscale 

images were converted to binary images.  While choosing the threshold value, fine tuning was 

necessary so that images were segmented in such a way that the volume fraction of gas 

determined by X-ray analyses  
rayX   was matched to that determined by density 
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measurements  density .  Accordingly, all pixels in the input image with a luminance greater 

than the threshold value were replaced with white and the rest of the pixels were replaced 

with black in the output image.  rayX   for a dough sample was determined by averaging the 

gas volume fractions obtained from 5 scans of a dough subsample taken over the course of 3 

h while the dough aged, and thus 10 regions of the dough (stacks) were used for calculations.  

Finally, quantification of the 3D features was pursued by bubble tracking based on a 6-point 

neighboring 3D connectivity criterion over a stack of 2D images (Vu et al., 2007).  

Characterization of the bubble size distribution (BSD), the radius dependence of bubble 

volume fraction (BVF(R)), and their evolution was performed with ORIGIN data analysis and 

graphics software using its built-in normal and lognormal distribution functions.  

Characterization of the BSD and the BVF(R), at each scan, was performed by averaging both 

stacks from all of the three dough replicates. 

Dough density measurements were performed according to Koksel and Scanlon (2012).  To 

determine the gas volume fraction, a two-point calibration was used since there is a linear 

relationship between dough density and headspace pressure in the mixing bowl (Campbell et 

al., 1998; Elmehdi et al., 2004; Mehta et al., 2009).  The gas-free densities of the doughs (ρM) 

were calculated from a linear extrapolation of dough density (ρ) to the zero pressure (P = 0 

atm) intercept for doughs mixed under atmospheric and reduced pressure (P ~ 0.04 atm).  The 

gas volume fraction in the dough  density  was determined as: 

 Mdensity  /1          (7.1) 
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7.4. Results and Discussion 

7.4.1. Bubble Number and Volume Distributions 

One 2D cross-sectional X-ray microtomography image (165 x 147 pixels
2
), its binarized and 

segmented image and the 3D volume element (102 x 102 x 100 pixels
3
) reconstructed from 

the center of a hundred consecutive 2D cross-sectional images for an unyeasted dough 

subsample tested 36 min after the end of mixing are represented in Figure 7.1a, 7.1b and 7.1c, 

respectively.  The 2D cross-sectional image allows identification of the dough matrix (grey) 

and bubbles (black), with bubble cross-sections generally appearing to be circular (Figure 

7.1a).  When the 2D cross-sectional images are converted to a 3D volume element, bubbles 

generally appear spherical (Figure 7.1c). 

 

Figure 7.1: (a) A 2D cross-sectional X-ray microtomography image of an unyeasted dough 

subsample tested 36 min after the end of mixing.  Black: bubble cross-sections, grey: dough 

matrix, (b) the binarized and segmented cross-sectional image in (a), (c) a 3D volume element 

reconstructed from the center of the cross-sectional images in (a), with transparent dough 

matrix and bubbles appearing as green.  Pixel size = 8.75 μm. 
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The significance of the segmentation procedure during image analysis, i.e., implementation of 

a subjective/objective segmentation technique that depends/does not depend on changes in 

brightness of an image, has previously been pointed out (Sapirstein et al., 1994; Scanlon and 

Zghal, 2001).  For bread crumb, it was concluded that unless an objective threshold value for 

image segmentation was chosen, the density, and thus gas volume fraction, could vary by 

substantial amounts.  For example, using two different volume elements from each dough 

subsample (as in Figure 7.1c), the standard deviation of the gas volume fraction was 

approximately twice that of density  in Table 7.1 when the default range for the auto threshold 

settings was fully utilized.  Furthermore, it has been reported that determination of gas 

volume fraction in the dough is easier and provides more accurate results from dough density 

measurements compared to measurements derived from reconstruction of images obtained by 

methods such as light microscopy (Campbell et al., 1991).  Accordingly, the bubble number 

and volume distributions from X-ray microtomography experiments were calculated by 

segmenting the X-ray microtomography images with appropriate threshold values so that the 

gas volume fraction obtained by X-ray microtomography experiments  
rayX   matched the 

one obtained from dough density measurements  density  (equation 7.1).  In Table 7.1, density  

and rayX   are presented.  

 

 



 

215 

Table 7.1: The gas volume fraction of wheat four doughs obtained by X-ray microtomography 

 
rayX   and by dough density measurements  density . 

 density  ± sd
a
 rayX  ± sd

b
 

Dough 1 11.16 ± 0.41 11.16 ± 0.01 

Dough 2 11.56 ± 0.57 11.56 ± 0.01 

Dough 3 10.93 ± 0.42 10.93 ± 0.01 

a
sd = Standard deviation, n = 5; 

b
sd = Standard deviation (uncertainty reflects the finite 

increment by which the thresholding can be adjusted), n = 10. 

 

In Figure 7.2, the BSD obtained from X-ray microtomography experiments (number of 

bubbles per 100 slices vs. bubble radius) is presented.  The number of bubbles that were 

detected and analyzed from each dough stack was in the range of 3200 - 13500, and due to 

these high numbers, bubbles analyzed were assumed to be representative of the bubble 

population within the whole dough.  The number density of bubbles, i.e., number of bubbles 

per unit volume, ranged from 1470 to 2250 bubbles/mm
3
.  These results are at least an order 

of magnitude greater compared to those reported in the literature (Bellido et al., 2006; 

Bloksma, 1990; Campbell et al., 1991; Carlson and Bohlin, 1978; Trinh et al., 2013).  The 

higher bubble number densities in this present study are likely due to the better contrast, 

higher resolution, and smaller pixel size (8.75 μm) of the reconstructed X-ray images 

compared to the ones of Bellido et al. (2006) (10 μm), Campbell et al. (1991) (39 μm), 

Carlson and Bohlin (1978) (90 μm) and Trinh et al. (2013) (10.8 μm), resulting in the better 

detection of smaller sized bubbles.  Although the resolutions of Bellido et al. (2006) and 

Trinh et al. (2013) are not very different from the resolution of our X-ray microtomography 
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images, the very high number of bubbles smaller than 10 μm (Figure 7.2) accounts for the 

greater number densities in the present study.  As can be seen from Figure 7.2, the smallest 

class of bubble radius has the highest number of bubbles.  This smallest class of bubbles 

contributes 38 ± 12 % of the total number of bubbles.  If the smallest class size is disregarded, 

the distribution of the rest of the bubble size classes points to a distribution that may be 

described as conforming to a lognormal curve.   

 

Figure 7.2: Number distribution for dough subsamples tested 36 min after the end of mixing.  

Error bars show ±1 SD, n=6.  Inset represents expanded scale to show numbers of larger 

bubbles.  
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Substantial numbers of bubbles smaller than the resolution of the X-ray microtomography 

images may exist in the dough and including them into the measurements could considerably 

affect the number of bubbles per unit volume (Turbin-Orger et al., 2012); however, these 

bubbles are not expected to contribute significantly to the total gas volume fraction of the 

dough (Trinh et al., 2013).  

An alternative to representation of the data by the BSD is to use radius dependence of bubble 

volume fraction (BVF(R)) (Campbell et al., 1991).  BVF(R) represents the contributions of 

bubbles of each size class to the bubble volume fraction.  For a bubble size class of Ri it can 

be calculated from the ratio of the volume of bubbles in the size class Ri to the total volume 

of bubbles as follows: 

BVF(Ri)
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When BVF(R) is used, the effect of missing the contribution of bubbles smaller than the 

resolution of the image is minimized and the contribution of those bubbles that contribute 

most to density changes in the dough is emphasized (Campbell et al., 1991).  Accordingly, in 

order to characterize dough microstructure and its evolution, BVF(R)s are reported in the 

present study.  The BVF(R) for doughs tested 36 min after the end of mixing obtained from 

X-ray microtomography experiments is presented in Figure 7.3.  It can be seen when 

comparing Figures 7.2 and 7.3 that the shape of the bubble size distributions is substantially 

affected by the choice of a number or volume (or weight) basis, a trend previously reported in 

the literature (Campbell et al., 1991; Trinh et al., 2013).  The smallest class of bubbles that 
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had the biggest contribution to the BSD no longer has a significant impact on the distribution 

when BSD is converted to BVF(R).  The smallest class of bubbles contributed to 1 ± 0.5 % of 

the total volume of bubbles.   

Figure 7.3: Radius dependence of bubble volume fraction (BVF(R)) for dough subsamples 

tested 36 min after the end of mixing.  Error bars show ±1 SD, n=6.   
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7.4.2. Characterization of the Time Evolution of Dough Structure 

The evolution of the BVF(R) of unyeasted doughs tested 36 and 162 min after the end of 

mixing is displayed in Figure 7.4a and 7.4b, respectively.  Our results indicate that the 

experimental BVF(R) can be very well characterized with both normal and lognormal 

distribution functions, with lognormal distributions providing a higher degree of goodness of 

fit.  The coefficient of determination (R
2
) values for unyeasted doughs tested 36 min after the 
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end of mixing were 0.983 and 0.994 for normal and lognormal distributions, respectively.  

For unyeasted doughs that were allowed to rest for 162 min after the end of mixing, R
2 

values 

were 0.947 and 0.948 for normal and lognormal distributions, respectively.  Owing to the 

higher R
2
 values, the BVF(R)s with lognormal distribution function fits were used to define 

bubble size distribution parameters in the rest of the study.  
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Figure 7.4: Normal Distribution (red solid line) and lognormal (blue dashed line) distribution 

function fits for BVF(R) histograms of unyeasted doughs tested (a) 36 min, (b) 162 min after 

the end of mixing.  Error bars show ±1 SD, n=6.  
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Over the course of 126 min, the evolution of the BVF(R) indicated that the total volume of the 

smallest sized bubbles increased, which can clearly be seen as the bubble volume residing in 

the smallest class size and the class size next to it increased more than two-fold (comparison 

of Figure 7.4a and 7.4b).  The increase in the total volume of the smallest size bubbles is 

possibly due to shrinkage of bubbles that are initially at relatively larger size.  At first glance, 

the shrinkage of bubbles that are initially relatively larger may seem inconsistent with the 

expected effects of disproportionation on changes in bubble sizes, since disproportionation 

occurs because gas diffuses from small bubbles to adjacent larger ones (Kokelaar et al., 1996; 

Murray and Ettelaie, 2004).  The shrinkage of bubbles that are initially at relatively larger 

sized bubble classes compared to the smallest bubble classes may be because the largest 

bubbles feed off these bubbles.  It should also be emphasized that small variations observed 

in the BVF(R) represent very large differences in the number of bubbles for the smallest 

bubble size classes.  

The bubble size classes that contributed most to the bubble volume 36 min after the end of 

mixing (i.e., bubbles with radii between 30-35 μm which contribute to about 20 % of the total 

bubble volume) decreased as time progressed (the same sized bubbles contributed to less than 

15 % of the total bubble volume 162 min after the end of mixing).  This again supports the 

interpretation that bubbles shrank in size to feed the largest bubbles of the distribution as a 

result of disproportionation.  Expansion of the largest bubbles due to absorption of the gas 

released from the smaller ones has previously been reported during the evolution of the 

aerated structure of unyeasted doughs (Shimiya and Nakamura, 1997; Shimiya and Yano, 

1988; van Vliet, 1999).   
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In Figure 7.5, the time evolution (36 - 190 min) of the BVF(R) fitted by a lognormal 

distribution function is shown.  As time progressed, the peak in the BVF(R) smoothly shifted 

to higher bubble radii and decreased in magnitude, while the shape of the distribution did not 

change greatly.   

 

Figure 7.5: Time evolution of the fitted lognormal BVF(R).   
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In Figure 7.6a and 7.6b, median bubble radius, R0V, and width, εV, of the lognormal 

distribution function fitted to the BVF(R), respectively, are reported as a function of time.  It 

is apparent from the time evolutions of R0V and εV that with increasing time after mixing, the 

median bubble size grew, a trend indicative of the disproportionation of bubbles within the 
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dough (Leroy et al., 2008; Shimiya and Nakamura, 1997).  At the beginning of the 

experiments (36 min after the end of mixing), the BVF(R) was characterized with a lognormal 

distribution function with a median bubble radius of 32.5 ± 0.173 μm which increased to 42.5 

± 0.679 μm, corresponding to a 3.9 % increase in median bubble radius per hour.  The width 

of the lognormal BVF(R) distribution 36 min after the end of mixing was 0.33 ± 0.050 and it 

slightly decreased to 0.30 ± 0.020 over 154 min.    

 

Figure 7.6: Time evolution of (a) the median and (b) the width of the fitted lognormal 

BVF(R).  Dashed curve: power law fit to the time evolution of median bubble radius. 

 

 

It has been reported that once the smallest class of bubbles disappears, the growth of the 

larger bubbles slows down and the size class just next to the smallest class of bubbles does 

not disappear as quickly as the smallest class did (van Vliet et al., 1992), resulting in a 

slowing down in the rate of disproportionation.  The dashed power law curve fitted to the 

evolution of median bubble radius (
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rate slows down with time (R
2
 = 0.9948).  The same trend was found for the evolution of 

median bubble radius of the BSD for unyeasted doughs (Shimiya and Nakamura, 1997). 

7.4.3. Comparison with Other X-Ray Research on Bubble Size Distributions in Dough 

Conventional bench-top X-ray tomography has proven to be very well suited for scrutinizing 

the 3D structure of cellular baked goods both qualitatively (Demirkesen et al., 2014) and 

quantitatively (Bellido et al., 2006; Trinh et al., 2013; Whitworth, 2008).  Bellido et al. (2006) 

studied the BSD in bread doughs made from strong breadmaking flour by bench-top X-ray 

microtomography (pixel size = 10 µm) and reported lognormal BSDs that had median radii of 

50 and 55 µm, and widths of 0.58 and 0.48, for two different unyeasted dough formulations 

tested 90 min after the end of mixing.  These values are larger than those observed at 105 min 

after the end of mixing, where we found a median radius of 38.4 ± 0.436 µm, and width of 

0.32 ± 0.010 for BVF(R).  This again points to the better resolution of this study capturing 

smaller bubble sizes so that a lower median value is obtained.   

Whitworth (2008) studied the structural changes in bread dough during proving and baking 

by using bench-top X-ray tomography.  Cross-sectional images with a resolution of 0.7 mm 

were acquired every minute throughout baking so that bubble growth could be investigated 

dynamically; however, neither a BSD nor a BVF(R) was communicated.  Trinh et al. (2013) 

studied the BSDs in dough throughout a pressure-step mixing process by using bench-top X-

ray microtomography with a resolution of approximately 10.8 µm.  However, they did not 

recognize any bubbles smaller than 43 µm which meant that they excluded a part of their BSD 

(Trinh et al., 2013).   
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Babin et al. (2008, 2006) studied the evolution of 3D microstructure of yeasted bread dough 

during proving and baking using fast in-situ X-ray computed microtomography.  X-rays from 

a synchrotron source in this study produced reconstructed images with a resolution of 15 

μm/pixel.  They reported an arithmetic mean radius of 90 μm a few min after kneading with a 

homogeneous dough microstructure with many small bubbles.  They stated that the dough 

microstructure evolved by free bubble growth and the bubble sizes increased smoothly after 

kneading until bubbles started interacting with each other and the dough microstructure 

became heterogeneous with many large bubbles.  Similar bubble growth trends were also 

reported by Babin et al. (2005).  Turbin-Orger et al. (2012) followed the approach of Babin et 

al. (2006) using fast X-rays from a synchrotron source to measure the growth kinetics of 

bubbles in fermenting dough.  A beam energy of 17.6 keV was used and 300 projections each 

with an exposure time of 0.030 s/projection giving an overall scan time of 9 s was employed, 

producing reconstructed images with a resolution of 5 μm pixels, the smallest pixel size 

reported to date in investigations of bubble sizes in dough by X-ray microtomography.  

However, no initial BSD or BVF(R) was reported. 

7.5. Conclusion 

The higher number density of bubbles as compared to those reported in the literature was 

attributed to the better contrast, higher resolution, and thus smaller pixel size (8.75 μm) of the 

reconstructed X-ray images.  The bubble size distribution profiles were very much affected by 

the choice of a number or volume basis.  The radius dependence of the bubble volume 

fractions (BVF(R)) as a function of time after mixing were very well described by lognormal 

distribution functions.  Over the course of 126 minutes, the evolution of the BVF(R) indicated 

that the total volume of the smallest sized bubbles increased, ostensibly due to shrinkage of 
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bubbles that were initially relatively larger.  As time progressed after mixing, the median 

bubble size of the lognormal BVF(R) grew, 3.9 % increase per hour, a trend indicative of 

transport of gas in the dough due to disproportionation.   
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This thesis was an investigation of how the aerated structure of dough is created during 

mixing in model gluten-starch (G-S) blend doughs and unyeasted wheat flour doughs, with 

the aim of gaining a better understanding of the role of dough ingredients, i.e., gluten, starch, 

water and salt, as well as mixing time on the distribution and evolution of bubbles in the 

dough.  In order to scrutinize dough aerated structure and its evolution with time, two 

techniques were primarily used, i.e., low-intensity ultrasound and synchrotron X-ray 

radiation.  The methodology of using low-intensity ultrasound to investigate bubble size 

distribution in doughs was developed by Leroy and coworkers (Leroy et al., 2011, 2008a, 

2008b) while the synchrotron X-ray microtomography, which has been previously utilized to 

investigate the aerated structure of bread dough during fermentation and baking (Babin et al., 

2006), was introduced as a novel approach to study the time dependence of bubble size 

changes in unyeasted wheat flour doughs at the end of the mixing process.  

The first step was to create doughs with a range of gas volume fractions and examine how 

hydration of ingredients and mixing time affected dough aeration (Chapter 3).  Since protein 

content and quality are key parameters in cereal product quality, blends of gluten and starch 

were prepared in a Farinograph to determine how differences in the relative ratios would 

affect the extent of air occlusion into the dough during mixing.  When water was added to 

these blends, the properties of the resulting dough mass i.e., dough consistency, differed 

markedly depending on the water content, and therefore the extent of air occlusion was 

expected to be affected as well (D’Appolonia and Gilles, 1971; Campbell et al., 1993; 

Czuchajowska et al., 1989; Peighambardoust et al., 2010).  The farinograms of the G-S blend 

doughs showed that the effects of changes in ingredient concentrations were substantial: 

mixing torque values increased as protein content increased and as water content decreased.  
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Despite this expected peak in torque during mixing, G-S blend farinograms were atypical of 

the rheological properties of wheat flour doughs with respect to shape and torque magnitude.  

No obvious peak indicative of the onset of dough development at low gluten contents was 

observed and the torque magnitude values were lower when compared to flour samples of 

similar protein content.  It was observed that with increases in water absorption and gluten 

content, G-S blend farinograms were more similar to wheat flour farinograms, indicating that 

more water and gluten facilitated obtaining mixing properties that were more like those of 

wheat flour dough.  Accordingly, high gluten content (15-40 % on total blend weight basis as 

determined on 14 % m.b.) compared to regular wheat flour doughs (12.2-17.4 % on 14 % 

m.b. for hard red spring wheat (Medcalf and Gilles, 1965)) was preferred for preparation of 

the model G-S blend doughs in this thesis.  

Since dough density not only varies with consistency (Peighambardoust et al., 2010), but is 

strongly dependent on time of mixing (Baker and Mize, 1937; Hoseney, 1985; Mehta et al., 

2009), mixing time had to be fixed.  Parallel studies of two different mixing times were 

performed so that model doughs with a variety of gas volume fractions were produced, and as 

a result, light was shed on to the process of aeration during ‘optimal’ and ‘prolonged’ mixing 

times.  Since mixing is the critical stage in creation of the aerated structure of dough (Baker 

and Mize, 1941), monitoring and controlling the mixing process, and thus the bubbles in 

dough, as a function of time is of vital importance for final product quality.  Ultrasound has 

the potential to achieve this due to its complex interaction with bubbles in bread dough.  As 

ultrasonic waves propagate through a bubbly material such as dough, the differences in 

density and compressibility of the bubbles in dough and the dough matrix cause the bubbles 

to resonate.  Thus, the presence of bubbles considerably changes the ultrasonic signal 
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propagation through the dough (Scanlon et al., 2008), i.e., the parameters that define the 

ultrasonic signal as a function of frequency exhibit peaks (Leroy et al., 2008a).  Knowledge of 

the shape and position of these peaks enables ultrasound to be potentially used as a means of 

non-destructive characterization of dough microstructure.  The next step therefore was to 

investigate low-intensity ultrasound as a rapid, non-destructive technique to monitor and 

control the properties of model G-S blend doughs after the mixing process (Chapter 4).   

In the majority of this thesis (Chapters 4, 5 and 6), an ultrasonic transmission technique was 

employed for the investigation of the aerated structure of model doughs.  With this 

transmission technique, the ultrasonic pulse propagates through a subsample of dough and the 

information that is extracted relies on how the incident ultrasonic pulse is affected during its 

transmission through the whole of the dough subsample.   

In Chapter 4, interactions between the various components of the dough on aeration during 

mixing and how this aerated structure evolves with time were investigated via analysis of the 

frequency-dependent response of the phase velocity (v) and attenuation coefficient (α) in a 

wide range of G-S blends.  G-S blends were mixed to optimal development so that the sole 

effect of changes in ingredient concentrations, without the influence of under- or over-

mixing, could be evaluated.  At a given water content, more gluten resulted in an increase in 

gas volume fraction, while at constant gluten content, as water content increased, a slight 

increase followed by a decrease in gas volume fraction was observed.  These results are in 

accordance with the results of Chapter 3 which were obtained for G-S blend doughs that were 

mixed for fixed periods of time (Table 8.1). 
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Table 8.1: Protein content and gas volume fraction of model G-S blend doughs and unyeasted 

wheat flour doughs. 

 Protein Content (%) Water content (%) Gas volume fraction (%) 

G-S blend doughs 15-31
a
 69

b
 6.0-9.5

c
 

20-34
a
 72

b
 4.7-9.1

c
 

25-37
a
 75

b
 4.6-8.7

c
 

28-40
a
 78

b
 4.0-7.9

c
 

15-25
a
 90

b
 7.9-8.9

d
 

25
a
 90-100

b
 8.6-8.9

d
 

Wheat flour doughs 11.7
e
 68

f
 11.2

d
 

a 
Based on weights of starch and gluten (as determined on a 14 % m. b.) 

b 
Total blend weight basis 

c
 Fixed mixing time (Chapter 3) 

d
 Mixing until optimal dough development time (Chapters 4 and 6 and 7) 

e
 As determined on a 14 % m. b. 

f 
Flour weight basis

  

 

Regardless of the gluten concentration, the frequency-dependent responses of α and v for G-S 

blend doughs were similar to what has been observed for wheat flour doughs (Leroy et al., 

2008a; Strybulevych et al., 2012).  Frequency-dependent peaks in α and v, which are 

indicative of a low frequency resonance arising from the bubbles entrained into the dough 

during mixing (Leroy et al., 2008a; Scanlon et al., 2008), were clearly evident, pointing to the 

characteristic ultrasonic signature of bubbles in these biomaterials.   

Both α and v were found to be sensitive to changes in gluten content.  For α, the magnitude of 

the peak in attenuation and the frequency where this peak occurred (fmax) were dependent on 

the gluten content.  The decrease in fmax associated with an increase in gluten content was 
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attributed to an increase in the median bubble size of the lognormal bubble size distribution 

as gluten content was increased.  The position of the peak in v for G-S blends of different 

gluten content also had the same trend as that of α, pointing to the importance of  changes in 

gluten content on the gas volume fraction and thus the aeration of model G-S blend doughs.   

Regardless of the water content, the frequency-dependent responses of α and v in G-S blend 

doughs were similar to those of wheat flour doughs (Leroy et al., 2008a; Strybulevych et al., 

2012).  For α, the magnitude of the peak was dependent on the water content whereas fmax was 

not substantially affected by the changes in water content.  A constant fmax associated with an 

increase in water content was attributed to a balance of changes in dough matrix properties 

together with increasing median bubble size of the lognormal bubble size distribution. 

Bubbles that are occluded into dough during mixing significantly change over time due to 

disproportionation (Kokelaar et al., 1996; Murray and Ettelaie, 2004; Shimiya and Nakamura, 

1997; Shimiya and Yano, 1988).  Time-dependent changes in the frequency dependence of 

the attenuation coefficient and phase velocity proved that disproportionation occurred in G-S 

blends too: shifts in the frequency of the peaks in both α and v to lower values were observed.  

These shifts were indicative of an increasing size of the bubbles with time (Kokelaar and 

Prins, 1995; Shimiya and Nakamura, 1997; Shimiya and Yano, 1988; van Vliet, 1999).  The 

rate of change in the α and v peaks was markedly slower compared to that observed for 

unyeasted wheat flour doughs (Leroy et al., 2008a).  It has been reported that a bubble will 

shrink to a lesser extent in a dough with higher G' (Kloek et al., 2001).  Therefore, higher 

values of G' in G-S blend doughs (Hibberd, 1970) may be the reason why G-S blend doughs 

disproportionate slower compared to unyeasted wheat flour doughs.  With this conclusion, 
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investigation of the rheological properties of G-S blend doughs should be considered as future 

work to fill a gap in the literature.   

The results of Chapter 4 showed that the ultrasonic transmission technique is a powerful 

technique to investigate the effects of ingredient concentrations on aeration of model G-S 

blend doughs.  Moreover, ultrasound has proven to be a suitable technique to monitor 

disproportionation in these model doughs.  The next challenge was to employ ultrasound as a 

tool to investigate more complex systems such as wheat flour doughs and test the capability 

of ultrasound to perceive the differences arising from the changes in ingredient concentrations 

as a function of time.  This challenge was the objective of Chapter 5.  

Altering the properties of dough by reducing sodium chloride (NaCl) content affects aeration 

processes during mixing (Chin et al., 2005a).  While the effect of changes in NaCl 

concentration on gas volume fraction has been studied (Bellido et al., 2006; Chin et al., 

2005a), to the authors’ knowledge, how the bubble size distribution and its time evolution are 

affected have not been reported in the literature. 

Frequency-dependent α and v were sensitive probes of changes in the gas volume fraction in 

dough that were brought about by a decrease in the salt concentration from 2.4 to 1.6 %.  

Although the gas volume fraction increased as NaCl concentration was decreased, further 

reduction in salt concentration did not substantially influence v and  .  As in Chapter 4, fmax 

was used for linking the bubble sizes in the dough to dough matrix properties and estimates 

of the median bubble radius were extracted.  As an improvement to the results reported in 

Chapter 4, in addition to fmax, the magnitude of the peak in attenuation was used so as to 

determine the changes in normalized median bubble radius (R0) and width ( ) of the 

lognormal bubble size distribution.  The results showed that both R0 and   were sensitive to 
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the dough’s NaCl concentration.  As NaCl concentration was reduced, the bubble radius 

decreased while the width of the distribution increased.  Over the course of 150 min, the 

radius increased (40 to 50 %) and the width decreased (4 to 8 %) for all dough formulations, 

consistent with changes in the bubble size distribution arising from disproportionation.  The 

increase in R0 and the decrease in   of the lognormal bubble size distribution for different 

salt concentrations (0.8-2.4% on flour weight basis) was somewhat lower than the changes in 

bubble size distribution reported for unyeasted wheat flours that contained 2 % salt (153 % 

increase in the R0 and 11 % decrease in   over the course of 157 min) (Shimiya and 

Nakamura, 1997).  Here it should be emphasized that the time when the doughs are tested 

would significantly impact the bubble size distribution results. The dissimilarity in results is 

likely due to the difference between the times that the dough samples were tested.  While the 

long-time evolution (ultrasonic tests were started 180 min after the end of mixing) was 

investigated in our study, Shimiya and Nakamura (1997) studied doughs right at the end of 

mixing (3 min after the end of mixing).  In spite of the pronounced influence of post-mixing 

time on bubble properties, literature usually disregards reporting the time of the tests (see 

Table 8.2). 
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Table 8.2: Literature values reported for analyses of gas bubbles in dough. 

Reference Method Time after 

mixing 

Resolution 

(μm) 

    

(%) 

Median 

(μm) 

Width of the 

distribution 

Carlson and Bohlin 

(1978)
a
 

TLM NC 90 10 56 23.8 

Bloksma (1990) NC NC NC 10 17.5 NC 

Campbell et al. (1991)
a
 OLM NC 39 2.90 35.5 12.1 

Campbell et al. (1991)
a
 OLM NC 39 2.80 44.2 23.5 

Shimiya and Nakamura 

(1997)
b
 

OLM 3 min 10 3.5 7.5 0.18 

Whitworth and Alava 

(1999) 

B-XMT NC (during 

proving) 

20 5-8 1250
c
 NC 

Bellido et al. (2006)
b
 B-XMT 90 min 10 7.6 50 0.58 

Bellido et al. (2006)
b
 B-XMT 90 min 10 9.5 54.7 0.48 

Babin et al. (2008, 

2006) 

S-XMT NC (after 

kneading) 

15 10 90
a
 NC 

Leroy et al. (2008a)
b
 T-US 53 min - 12 14 0.46 

Leroy et al. (2008a)
b
 T-US 96 min - 12 18 0.44 

Trinh et al. (2013) B-XMT NC 10.8 NC 10-15
e
 NC 

TLM = Transmission light microscope, NC = Not Communicated, OLM = Optical light 

microscope, B-XMT = Bench-top X-ray microtomography, S-XMT = X-rays from a 

synchrotron source, T-US = Transmission ultrasound 
a 
Arithmetic mean and standard deviation of the bubble size distribution 

b
 Median and width of the lognormal bubble size distribution 

c
 Maximum bubble radius 

d
 Median and width derived from lognormal bubble size distribution function 

e
 Minimum bubble radius 

 

Our results demonstrated that dough’s formulation can be manipulated to enable dough to 

possess different bubble size distributions and the time evolution of these bubble can be 
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investigated non-invasively using an ultrasonic transmission technique.  Although the 

dynamic changes in the BSD showed that this ultrasonic transmission technique was suitable 

for investigation of the effects of changes in ingredient concentrations on dough aeration, as 

the gas volume fraction gets higher, ultrasonic measurements become more difficult due to 

enhanced ultrasonic attenuation.  Consequently, only thin subsamples of doughs can be tested 

with ultrasonic transmission techniques, e.g., see Leroy et al. (2008a), and as the gas volume 

fraction increases, even thinner samples need to be used.  Results presented in Chapters 4 and 

5 were obtained by testing dough subsamples of 0.73 mm thickness.  The validity of the 

results for such thin samples - especially when they are squashed between two delay lines in 

order to achieve good contact so that ultrasonic losses can be avoided - is still somewhat 

questionable.  As a result, the next step was to explore other ultrasonic methods that can 

potentially be used for characterizing the aerated structure of wheat flour doughs and do not 

require dough manipulation to create very thin samples.  An alternative to the transmission 

technique is the reflection technique which allows measurement of acoustical properties at 

frequencies where it is difficult to transmit ultrasound effectively due to high attenuation 

(Létang et al., 2001; McClements and Fairley, 1991; McClements and Gunasekaran, 1997; 

Strybulevych et al., 2012).   

In Chapter 6, in addition to the transmission technique, a reflection technique was used for 

characterization of dough aeration and investigation of bubble size distribution.  The bubble 

size distribution and its time dependent changes were investigated simultaneously on the 

same wheat flour doughs so that the results from these two techniques could be directly 

compared.  In this study, wheat flour dough samples were prepared under two different 
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mixing headspace pressures: at atmospheric pressure or under reduced pressure (to diminish 

bubble nucleation).   

In both the transmission and reflection techniques, for the doughs mixed under reduced 

pressure, both α and v lacked frequency dependent peaks, whereas for the doughs mixed 

under ambient pressure, α and v exhibited peaks whose magnitude and peak frequency 

changed as a function of time.  This points to the absolutely crucial impact of bubbles on the 

characteristic signature of the frequency-dependent behavior of ultrasonic parameters of 

wheat flour doughs.  For doughs mixed at ambient pressure, the trends observed for v and 

 as a function of frequency and time were the same as the ones in Chapter 5, reinforcing the 

findings that the bubbles are responsible for the peaks in v and  , and that disproportionation 

in unyeasted wheat flour doughs is responsible for changes in these peaks with time. 

Results from the transmission technique demonstrated that the R0 30 min after the end of 

mixing was as small as 6.5 μm (the bubble size distribution was assumed lognormal).  As 

time progressed (3 h after the end of mixing), R0 increased to 9.7 μm and   of the lognormal 

bubble size distribution decreased somewhat (from 0.88, 30 min after the end of mixing to 

0.84, 3 h after the end of mixing).  Results from the reflection technique showed that the 

trends observed for v and α were the same as the ones obtained from transmission, but 

differences in the magnitude and frequency of the peaks in v and α were observed.  This may 

be due to differences in the bubble populations at the surface and in the interior of a wheat 

flour dough subsample, i.e., bubbles were more concentrated towards the interior of the 

dough subsample and that the exterior surface of the dough had fewer bubbles.   

To the authors’ knowledge, determination of the bubble size distribution in dough shortly 

after mixing and its time evolution have not been reported unless a freezing step was 
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involved.  In Table 8.2, literature reports of bubble size analysis in dough are presented.  

Understanding dough aeration could enlighten the mechanisms by which the final loaf texture 

is affected by the bubble size distribution in the dough, and how the aerated structure of the 

final loaf can be improved as early as right after the mixing stage.  However, due to the lack 

of tools for studying the fragile and rapidly changing bubbles in dough, resolving these 

questions for doughs tested right after mixing has been stymied so far.  In Table 8.2, when the 

‘Time after mixing’ column is examined, except in the study by Shimiya and Nakamura 

(1997), the reported values are higher than the time after mixing we were able to achieve by 

using ultrasound (30 min).  We did not report results at times earlier than 30 min after the end 

of mixing because the ultrasonic signatures of doughs were affected by small signal levels 

relative to the noise, resulting in ripples in the frequency dependence of the ultrasonic 

velocity and attenuation coefficient.  These ripples, which we believe were due to temperature 

fluctuations or incomplete contact between the dough subsamples and the ultrasonic set-up, 

disappeared as time progressed.  These issues can be addressed in the future so that bubble 

size distributions at earlier times (<30 min) can be investigated by ultrasonic transmission and 

reflection techniques.  

With Chapter 6 real, not relative, bubble size distributions were extracted and reported. 

However, when we compared our results from the two ultrasonic techniques with results 

reported in the literature, we found that ultrasonic results implied lower median bubble sizes.  

In order to validate the results from ultrasound, a powerful non-destructive method was 

needed so that the ultrasonic model could be refined if need be.  The use of synchrotron X-ray 

microtomography to investigate the aerated structure of wheat flour dough and its evolution 

was performed in Chapter 7.  
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Approximately half of the studies in Table 8.2 rely on the assumption that the bubble size 

distribution in bread dough at the end of mixing is lognormal, deemed appropriate because of 

the repetitive action of bubble sub-division during mixing.  Among these studies, Shimiya 

and Nakamura (1997) and Bellido et al. (2006), who employed morphometric methods to 

investigate bubble size distribution, did not report the goodness of lognormal fits to their 

experimental bubble size distributions, and Leroy et al. (2008a), who used an ultrasonic 

transmission technique, did not confirm the lognormality of the bubble size distribution.  

Both of these deficiencies in the literature need to be focused on and were addressed in 

Chapter 7.  The objectives of Chapter 7 were to determine the bubble size distribution in 

unyeasted doughs shortly after mixing using synchrotron radiation and to quantify the 

changes in the bubble size distribution as a function of time. 

In Chapter 7, the aerated structure of dough subsamples from the same doughs used in 

Chapter 6 were investigated with X-rays from a synchrotron source.  We found that the 

numbers of bubbles per unit volume of dough detected in our experiments were at least an 

order of magnitude greater compared to those reported in the literature (Bellido et al., 2006; 

Bloksma, 1990a; Campbell et al., 1991; Carlson and Bohlin, 1978; Trinh et al., 2013).  This 

was attributed to the higher resolution in our X-ray images, one of the advantages of using 

powerful X-rays from a synchrotron source (Falcone et al., 2006).  

We observed that high numbers of very small bubbles (smaller than the resolution limit of the 

previous methods employed to investigate the aerated structure of dough) were present and 

that lognormal distribution functions were not well suited to describe the bubble size 

distributions (BSD).  Nevertheless, lognormal distribution functions were suitable to define 
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the radius dependence of bubble volume fraction (BVF(R)) and these were determined as a 

function of time after mixing.   

At the beginning of the experiments (36 min after the end of mixing), the BVF(R) was 

characterized with a lognormal distribution function with R0V of 32.5 ± 0.173 and εV of 0.33 ± 

0.050.  As time progressed, the peak in the BVF(R) smoothly shifted to higher bubble radii 

and decreased in magnitude, while the shape of the distribution did not appear to change 

greatly.  R0V increased to 42.5 ± 0.679 μm, and εV  slightly decreased to 0.30 ± 0.020 over 

154 min.  With increasing time after mixing, the median bubble size grew, a trend indicative 

of the disproportionation of bubbles within the dough (Leroy et al., 2008a; Shimiya and 

Nakamura, 1997), supporting our ultrasonic results reported in Chapter 6.  The changes in the 

median of the BVF(R) in 90 min corresponded to 20 % and 18 % increase for synchrotron 

radiation and ultrasound experiments, respectively.  We found that the disproportionation rate 

slowed down as a function of time, with the evolution of R0V conforming to a power law 

dependence (R0V
160.02.18 t ), a trend observed previously for the evolution of the bubble size 

distribution (BSD) in unyeasted wheat flour doughs (Shimiya and Nakamura, 1997). 

Although our bubble size results obtained using X-rays from a synchrotron source were 

smaller than what has been reported previously by other morphometric analyses (e.g., see 

Bellido et al. (2006)), they still appeared larger than what has been reported previously by 

ultrasound (results reported in Chapter 6 and e.g., Leroy et al. (2008a)).  When ultrasound 

was employed 120 min after the end of mixing we found that the BSD had a median radius of 

8.5 ± 0.31 µm, and width of 0.86 ± 0.003.  Here it needs to be emphasized that two of these 

three bubble size distributions are number distributions and one is a volume distribution.   
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If all bubble size distributions were the same type, it would be easier to visualize and compare 

bubble sizes.  Therefore, the BVF(R) obtained by synchrotron radiation (Chapter 7) was 

converted to a BSD and compared with the BSD results of Bellido et al. (2006) and the BSDs 

extracted from ultrasonic results of Chapter 6 (Figure 8.1).  Our results from Chapters 6 and 7 

represent 120 min after the end of mixing, whereas those of Bellido et al. (2006) represent 90 

min after the end of mixing.  It can be seen from Figure 8.1 that the results obtained by 

Bellido et al. (2006) point to substantially higher bubble sizes compared to those of Chapters 

6 and 7, despite Bellido et al. (2006)’s earlier time of testing after the end of mixing.  This 

difference was attributed to the shortcomings of the bench-top X-ray microtomography used 

by Bellido et al. (2006), such as relatively lower resolution and contrast.  Interestingly, 

although the shapes of the BSDs obtained by synchrotron radiation and assumed in the 

ultrasound analysis were quite different, results from both techniques pointed to greater 

numbers of smaller bubbles.  It should also be pointed out that there may be bubbles in the 

dough that are smaller than the resolution of the synchrotron X-ray microtomography and 

thus be missing from these results.  
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Figure 8.1: (a) The BSDs obtained by synchrotron radiation 2 h after the end of mixing 

(black), ultrasound 2 h after the end of mixing (red) and the BSD of Bellido et al. (2006) 90 

min after the end of mixing (blue). Inset: expanded logarithmic scale for bubble radius. 
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The BSD obtained by synchrotron radiation was a bimodal one with the highest number of 

bubbles observed at the limit of the pixel resolution, implying that the mode of the 

distribution was smaller than or equal to the pixel size.  Therefore, the comparison of results 

from ultrasound and synchrotron radiation indicated that the modes of these two distributions 

could be similar.  In order to substantiate the closeness of the modes, the BSDs in Figure 8.1 

Synchrotron 

radiation 2 h 

after the end of 

mixing 

Ultrasound 2 h after the 

end of mixing Bellido et al. (2006) 90 

min after the end of 

mixing 
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were plotted on a logarithmic scale (Figure 8.1, expanded scale).  By doing so, the lower ends 

of the BSDs were inflated so that they could be visualized better.   It can be seen from the 

expanded logarithmic scale that the modes of the BSDs obtained from ultrasound and 

synchrotron radiation are actually very similar.  

In order to get a better insight on the results, the BSD results of Bellido et al. (2006) and the 

BSDs extracted from the ultrasonic results of Chapter 6 were converted to BVF(R) 

distributions so that the effect of bubbles that contribute most to density changes in the dough 

(Campbell et al., 1991) could be compared.  These BVF(R) distributions were plotted against 

the BVF(R) obtained by synchrotron radiation in Figure 8.2. 
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Figure 8.2: The BVF(R) obtained by synchrotron radiation 2 h after the end of mixing (black), 

ultrasound 2 h after the end of mixing (red) and the BVF(R) of Bellido et al. (2006) 90 min 

after the end of mixing (blue). 
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It was found that our BVF(R) obtained by synchrotron radiation and ultrasound, and the 

BVF(R) of Bellido et al. (2006) could all be very well described by lognormal distribution 

functions with median radii (R0V) and widths (εV) of R0V = 39.0 and εV= 0.32 (120 min), R0V 

= 78.5 and εV= 0.85 (120 min), R0V = 220.0 and εV= 0.48 (90 min), respectively.  As can be 

seen from Figure 8.2, the median radius results of Bellido et al. (2006) are approximately 5.5 
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times larger than those of our synchrotron results and 2.8 times larger than our ultrasound 

results. The higher median bubble size in Bellido et al. (2006) was attributed to not only 

different sample preparation and experimental conditions, but also to the lower resolution and 

relatively longer scan times of bench-top X-ray microtomography. 

Remarkably, the BVF(R) obtained from synchrotron X-ray microtomography and 

transmission ultrasound experiments again pointed to very similar modes, supporting the 

findings of Figure 8.1, despite their different median radii.  In order to investigate the 

correlation between the parameters of these lognormal BVF(R), the mode, median and mean 

radii of the lognormal BVF(R) as a function of time after mixing were extracted and plotted in 

Figure 8.3. 
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Figure 8.3: Time evolution (30 min - 3 h) of mode (diamonds), median (squares) and mean 

(triangles) of the BVF(R) obtained by ultrasound and synchrotron X-ray microtomography.  

Dashed line represents y=x. 

 

 

As can be seen from Figure 8.3, the values for the mean bubble size are higher than those of 

the median, and the values for the median are higher than those of the mode, typical of 

lognormal distribution functions.  The relationship between the mode obtained by ultrasound 

and X-ray microtomography at different times is very well described by a linear relationship 

(y = 0.96x+2.9, R
2 

= 0.986).  It was found that the evolution of the mean could be slightly 

better described by a logarithmic dependence (y = 58.5lnx-105, R
2 

= 0.799) than a linear 

dependence (y = 1.47x+51.9, R
2 

= 0.770).  The same trend was also observed for the median 

with a logarithmic dependence of y = 50.3lnx-107 (R
2 

= 0.925) and a linear dependence of y = 

1.33x+25.4 (R
2 

= 0.902).  Nevertheless, when the time evolution from 1 to 3 h is examined, 
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both the mean and the median were found to have a linear dependence (mean: y = 

0.81x+79.0, R
2 

= 0.962, median: y = 0.98x+39.2, R
2 

= 0.983).  This points to a slowing down 

in bubble size dynamics as a function of time after one hour of disproportionation.   

It can be concluded from a comparison of the results of ultrasound and synchrotron X-ray 

microtomography that the parameters of the lognormal distribution have the same trend 

despite the fact that the median bubble sizes are lower than those derived from ultrasound.  

This discrepancy may be attributed to the ‘pre-assumed’ lognormal distribution function 

incorporated into the ultrasonic model.  The bubble size distribution at the end of mixing as 

determined by morphometric methods conforms to a lognormal distribution (Leroy et al., 

2008a; Shimiya and Nakamura, 1997).  Furthermore, the lognormal distribution function is 

characterized using only two parameters, i.e., the median and the width, making it preferable 

to complex empirical distribution functions.   

However, we have shown that the BSD at the end of mixing does not conform to a lognormal 

distribution.  Furthermore, the process of disproportionation is likely to produce bubble sizes 

that grow away from each other as the smaller bubbles keep shrinking, feeding the larger 

ones.  Therefore, the ‘pre-assumption’ of lognormality is likely to mislead the interpretation 

of the results extracted from ultrasonic experiments since an assumed bubble size distribution 

directly affects the mode, median, mean, width and the number of bubbles per unit volume.  

These parameters have a significant effect on the predictions of the ultrasonic model.  

Accordingly, the next step in ultrasonic analyses, in order that the full potential of ultrasound 

for investigation of the properties of aerated foods is appreciated, may be not to use a pre-

assumed distribution of bubbles.  The bubble size distribution in dough needs to be 

determined by techniques that are capable of characterizing the structure of aerated opaque 
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materials, with distribution functions that well define the empirical data, and then the 

ultrasonic model needs to be validated or refined accordingly in future studies.  

A deeper understanding of BSD and its time dependent changes can be achieved by extending 

this work to slightly different aspects than those reported in this thesis.  For example, instead 

of using gluten-starch blend doughs, a high protein content flour which can be diluted with 

different levels of wheat starch may be more suitable.  In doing so, protein quality would be 

standardized and the nature of the bonding between the protein and starch would not be as 

different as it is in gluten-starch blend doughs.  An alternative to this approach could be 

studying the BSD and its evolution in doughs made from bread flours of different strengths 

and varying their mixing times and water absorptions. 

Another potential follow-up research topic could be to study the effect of enzymes on the 

BSD and its time evolution.  For example, some types of xylanases, which complete their 

action by the end of the mixing process, are known to increase bread volume (Dornez et al., 

2011).  Investigation of the effects of such enzymes on the gas volume fraction and the BSD 

at the end of mixing may help unravel the very specific actions of enzymes and how they 

interact with the dough components during breadmaking, and during mixing in particular. 

In conclusion, I was able to show that dough ingredients and mixing time could be 

manipulated in order to obtain doughs with a variety of air volume fraction and bubble size 

distributions.  The differences in the air volume fraction and bubble size distribution at the 

end of the mixing process could be probed by ultrasound through analyses of phase velocity 

and attenuation coefficient over a wide range of frequencies as a function of time, providing 

new information on the microstructure of model G-S blend doughs and wheat flour doughs 

prepared without yeast.  The microstructure of these doughs was also investigated using 
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synchrotron radiation and results showed that the bubble volume distribution and its 

evolution could be very well characterized by a lognormal distribution.  Within the 

limitations of the pixel resolution of the synchrotron radiation and the lognormal ‘pre-

assumption’ in the ultrasonic model, our results imply that (1) bubble sizes in dough after 

mixing are smaller than what has been reported in the literature, and (2) the time evolution of 

the BVF(R) - and thus the mode, median and the mean - obtained from X-ray tomography and 

ultrasound techniques have the same trend.  
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