
ABSTRACT 
 

YURGEC, MATTHEW JOSEPH.  A Rheological Analysis of Shear on a Model 
Emulsion System.  (Under the direction of Dr. Christopher Daubert.) 
 
 Shear work and shear power intensity are two rheological terms developed to 

quantify the amount of shear energy that a fluid is exposed to during processing.  In this 

study, the effect of shear work and shear power intensity on a model corn oil-in-water 

emulsion was evaluated.  Results revealed that when the model emulsion was 

homogenized at a constant shear work, the median particle size was statistically identical 

even though the homogenization pressures or shear power intensities required to achieve 

that shear work level were different.  Median particle size was considered a function of 

the shear work input and the surfactant concentration, and a simple mathematical model 

using a power function was formulated.  Median particle size decreased initially as shear 

work was applied, but at some critical value, the median particle no longer reduced, 

maintaining a constant level.  Using a statistical piece-wise linear or “hockey-stick” 

model, an isolated critical value for shear work and the corroborating median particle size 

was found with a fit accounting for greater than 90% of the variability.   

 The effect of shear magnitude and position was also studied by evaluating the 

median particle size and viscosities of the same model emulsion cycled through the 

homogenizer twice at two different pressures.  Results showed that when both passes 

were complete (at constant shear work), the final median particle size was statistically 

similar between the samples.  However, there was evidence that accumulated shear 

following the most intense shear treatment did not have any further effects on the 

emulsions particle size.   



 Viscosity results from this study showed that Newtonian viscosities were not 

significantly different when shear work or shear power intensity were different.  There 

was some evidence that increasing the shear power intensity increased the viscosity 

slightly, but not significantly.  In this study, surfactant concentration was critical to 

median particle size. 

 The calculation of shear work and shear power intensity by a food technologist 

could be a means of identifying the shear limits on a food product and designing a 

processing line around those limits, allowing the process to reach a target window for 

shear input.  Conducting this analysis could lead to less product loss caused by excessive 

shear, improved consumer acceptance caused by improved product quality, and reduced 

maintenance and utility costs caused be less equipment breakdown and less energy use.  

Understanding and adapting a process to the shear limits of a product could lead to the 

improved financial bottom line of a food manufacturer. 
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1.1. Shear-Sensitivity of Fluids 
 

Shear energy is found throughout food processing operations. Every unit operation 

along the processing pipeline causes fluid agitation and mixing (Steffe and Daubert, 2006).  

The shear energy input can be intentional, such as in mixing tanks or during homogenization.  

However, the shear energy input is often unintentional, unaccounted for, or underestimated, 

such as input occurring in centrifugal pumps, valves, and other ordinary pipeline 

components.  This shear energy input, as is the case during homogenization, can often be 

extremely intense.   

In the processing of foods and other biological fluids, shear energy is applied through 

a variety of mechanisms.  In some cases, for instance, during the homogenization of milk or 

cream, shear is intentional and required to stabilize the emulsion created by milk-fat and 

serum. Homogenization requires that shear energy disrupt and reduce fat globule size, 

thereby increasing fat/serum interfacial area.  The new interface is rapidly covered with milk 

protein (Walstra et al, 1999).  The reduction in fat globule size lowers the rate of creaming, 

and the milk protein membrane layer protects against coalescence or aggregation of fat 

droplets.  In many other cases, however, shear energy can have a negative impact.  Excessive 

shearing of the same cream product, for example, can diminish the capacity to form a good 

foamed product, such as whipped cream.  Shear energy can negatively impact microbial 

colonies during an industrial fermentation or cause damage to particulates during processing.   

Over-shearing can also destabilize an emulsion.  Excessive shearing can damage the 

fat globule membrane, leading to increased fat globule coalescence which occurs when two 
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fat globules come in contact and form a larger fat globule.   Excessive shear can also promote 

destabilization by reducing fat droplet size to a degree that creates a surface area unable to be 

adequately coated by an emulsifier (McClements, 2005).  In vegetable oil-in-water emulsions 

stabilized by polysorbate and sodium caseinate, fat particle structure is initially improved as 

shear time is increased.  However, beyond an optimal time and rate, the lipid structure begins 

to degrade (Xu et al, 2005).  Shear impact on a food product can be positive or negative, 

depending on the intensity and magnitude of shear energy applied. 

 

1.2   Overview of Rheology 

1.2.1   Definition of Rheology 

 According to Steffe (1996), rheology is the “science of the deformation and flow of 

matter; the study of the manner in which materials respond to applied stress and strain.”  

Rheology is needed in the food industry for several reasons, including process engineering 

calculations, determining ingredient functionality, evaluating product quality control and 

shelf-life testing, correlating food texture to sensory data, and analyzing rheological 

constitutive equations (Steffe, 1996).  Many different instruments and types of analyses exist 

for making rheological measurements, and these can be categorized as either fundamental or 

subjective.  Fundamental measurements are independent of the instrument, and different 

devices will ideally yield identical results.  Subjective measurements, on the other hand, are 

dependent upon the instrument used, and different instruments may yield different and 

incomparable results. 
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1.2.2 Stress and Strain 

Stress and strain are primary concepts necessary for an understanding of food 

rheology.  Stress (σ) is defined as the force divided by the area upon which the load is 

acting: 

                                                            
Area
Force

=σ                                                    (eq. 1.1)                              

and has units of N/m2 or Pascals (Pa) (Prentice, 1992).  As shown in Figure 1.1, when a 

force is applied perpendicularly to a surface, the stress is called a normal stress; when the 

force is applied tangential to a surface, it is called a shear stress.   

a) Normal Stress b) Shear Stress 

F F

 

Figure 1.1:  a) Normal stress when force is applied perpendicular to surface; b) Shear       
stress when force is applied tangentially to surface. 

 

Strain is defined as the amount of deformation per original length: 

                                                   
oL

Lln=ε                                                (eq. 1.2)  
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where ε is the normal strain, L is the final length, and Lo is the initial length of the object.  

If the strain is done under shear, the following equation applies: 

                                                                
h
Lδγ =)tan(                                               (eq. 1.3) 

where γ is the shear strain. 

 

1.2.3   Fluid Rheology 

 Fluids are frequently studied by subjecting a sample to shearing conditions at 

either a constant rate or a range of rates (Steffe, 1996).  A shear rate is defined as the rate 

of strain change: 

                                                          )(
h
L

dt
d

dt
d δγγ ==&                                            (eq. 1.4) 

where γ&  is the shear rate with units of sec-1.  The apparent viscosity (η) of a fluid is 

defined as the shear stress divided by the corresponding shear rate: 

γ
ση
&

=                                                         (eq. 1.5) 

Viscosity can be a function of many variables, such as temperature, pressure, shear rate, 

and time.   

 Mathematical modeling can be performed to establish equations that relate stress 

and shear rate.  There are numerous mathematical models for describing fluid flow, but 

the simplest is known as the Newtonian model, 

γμσ &=                                                      (eq. 1.6) 
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where μ is the Newtonian viscosity, which is a constant value and independent of shear 

rate.  Examples of Newtonian fluid foods include pure water, vegetable oils, and corn 

syrups.   

 Non-Newtonian fluids are those that either display a yield stress, or do not have a 

linear relationship between stress and shear rate.  According to Steffe (2006), a general 

relationship to describe the behavior of non-Newtonian fluids is the Herschel-Bulkley 

model: 

0)( σγσ += nK &                                                    (eq. 1.7) 

where K is the consistency coefficient, 0σ is a yield stress, and n is a flow behavior index.  

A yield stress is a certain amount of movement that is required to produce flow of the 

fluid.  If the stress applied to a fluid is below the yield stress, then the fluid acts as a solid.  

Above the yield stress, flow is induced.  Table 1.1 shows common variations of fluid 

rheological behavior models derived from the Herschel-Bulkley model, as compiled from 

Steffe (2006). 
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Table 1.1:   
Variations of the Herschel-Bulkley Model 

 
Fluid N 0σ  Examples 

Herschel-Bulkley 0<n<∞ >0 All materials 

Newtonian 1 0 Water, vegetable oil 

Pseudoplastic/Shear-
thinning 

0<n<1 0 Apple sauce, 
xanthan gum 

solution 
Shear-

thickening/dilatent 
1<n<∞ 0 Corn starch slurry 

Bingham Plastic 1 >0 Tomato paste, 
peanut butter 

 

A shear-thinning material, also known as pseudoplastic, exhibits a decreasing viscosity as 

shear rate is increased.  A shear-thickening, or dilatent, material exhibits an increasing 

viscosity as shear rate is increased.  It is important to note that all of these models imply 

that the material flow behavior is time-independent, meaning that the rheological 

behavior of the fluid will not change over time. 

 There are also time-dependent fluids.  If a fluid is mixed at a constant rate for a 

given period of time and the viscosity of the fluid decreases, it is said to be thixotropic.  If 

the fluid increases in viscosity while mixing at a constant rate, it is said to be rheopectic.   

 

1.2.4   Rotational Viscometry 

 Rotational viscometry is generally used to characterize the flow properties of a 

material.  Concentric cylinder viscometry is a common way of collecting data pertaining 
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to flow properties of a fluid material.  This approach involves a cylindrical bob sitting 

inside a cup, with a constant gap between the cup and bob.  Instruments capable of 

collecting this data usually measure two properties, angular velocity (Ω, radians/sec) and 

the torque (M, Newton-meters) required sustaining the angular velocity (Steffe, 1996).  

After completing these measurements, torque and angular velocity can be converted to 

shear stress and shear rate, respectively, using simple calculations.  The following 

equation is used to determine shear stress from torque and information about the 

measurement system:   

  22 bhR
M
π

σ =                                                       (eq. 1.8) 

where h is the height of the bob and Rb is the bob radius.  The shear rate can be 

determined from the angular velocity and system parameters utilizing the following 

equation: 

bc

b

RR
R
−

Ω
=γ&                                                       (eq. 1.9) 

where Rc is the radius of the cup.  It should be noted that this representation for shear rate 

is most appropriate when  Rc-Rb<<Rb, and simple shear conditions apply.  Using these 

calculations to solve for shear rate and stress, a constitutive equation can be determined 

that permits flow behavior prediction. 
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1.2.5   Pipeline Design Calculations 

According to Steffe and Daubert (2006), pump and pipeline design in a fluid 

processing system are strongly influenced by the rheological properties of a material.  

Calculations that predict pressure drop and power requirements for pipeline design enable 

a processor to better select manufacturing equipment. 

 The first step when making pipeline design calculations is to perform a 

mechanical energy balance on the system.  This well-known balance is expressed as: 

0)(
)()( 12

12

2
1

2
2 =+Σ+

−
+−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
WF

PP
zzg

uu
ρα

                   (eq. 1.10) 

In this equation, the first term is a kinetic energy term, or the energy due to the fluid’s 

motion.  The symbols 1u and 2u  refer to the average volumetric velocity of the material at 

two specified locations, one pre- and one post-pump position.  The term α is the kinetic 

energy correction term, and has the value of 2 for turbulent flow and 1 for laminar flow 

(if the material is Newtonian). The second term is the potential energy term, or the energy 

stored within the fluid due to elevation changes, where g is the gravitational constant and 

the z1 and z2 values are elevations of the material at specified locations.  Pressure changes 

during pumping are the driving force for flow.  However, pressure changes throughout a 

system, such as during pumping and homogenization, can cause a significant amount of 

mechanical energy and must be accounted for.  These pressure changes come in the next 

term, with P2 and P1 representing pressures at specified points, and ρ is the density of the 

material.  The term ΣF is the sum of all the friction forces on the system from pipelines, 
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including fittings, expansions and contractions.  Furthermore, ΣF is defined by the 

following equation: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+Σ=Σ

2
2 22 uk

D
LfuF f                                               (eq. 1.11) 

For the pipe section, L is the straight line pipe length, D is the internal diameter of the 

pipe, u is the velocity of the fluid, and f is the Fanning friction factor.  Under laminar 

flow conditions, f=16/NRE, where NRE is the Reynold’s number.  The second part of the 

equation is for fittings such as pipe elbows.  The value of kf is dependent on the type of 

fitting and u is the fluid velocity through the fitting.  The final term in the energy balance 

(eq. 1.10), W, is the work term, which is the energy supplied by the pump.  Solving for W 

enables a processor to determine the pump requirements to move a material through a 

defined process. 

fittings pipes 

     

1.3   Rheological Values for Shear Energy 

  The ability to quantitatively characterize shear input from the mechanical 

components of a process is very valuable when developing process designs and 

controlling quality parameters of a shear-sensitive system (Steffe and Daubert, 2006).   

Examples of these parameters could include average particle size of an emulsion, air 

whippability of a food foam, and viability of microbial cells during fermentation.    
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1.3.1   Shear Work:  Quantification of total shear exposure 

One technique to characterize shear measures the shearing properties of different 

components found in a manufacturing process.  The total exposure to shear of a food 

process is an important component when describing the amount of shear energy inputted 

during a process.  For instance, duration and magnitude of exposure to shear conditions is 

important when considering the final product quality.  Shear work is a term to help 

describe the total shear exposure of a processing system.  According to Steffe and 

Daubert (2006), “shear work” refers to energy changes in a mechanical system exposed 

to a shear environment, defined as such to distinguish it from energy inputs that do not 

shear the product (i.e. heat).  Shear work is also cumulative, meaning that all components 

of a processing environment should be individually calculated for contributions to the 

work term and then added together for a total shear work value for the process.  Shear 

work is denoted by the term  and has units of Joules per kilogram.  In a batch mixing 

tank mode, shear work is defined as follows: 

sW

m
tWs

Φ
=                                                       (eq. 1.12) 

where Φ is the power supplied to the mixer, t is the mixing time, and m is the mass of the 

fluid.  In a continuous mixing tank system, shear work is calculated as follows 

m
Ws &

Φ
=                                                        (eq. 1.13) 
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where Φ is the power supply to the mixer and  is the mass flow rate of the system.  

Calculations for additional pipeline components are summarized in Table 1.2. 

m&

 

1.3.2   Shear Power Intensity 

Shear power intensity is a newly proposed shear energy value that must be 

considered for all system components, describing the peak shear power exposure during a 

process.  This shear term is defined as the product of the shear work and the mass flow 

rate of the product divided by the volume of the component.  Shear power intensity, 

denoted by S, represents the change in power per unit volume with units of Joules per 

second*m3 or Watts per m3.  In a mixing tank, shear power intensity (S) is defined as 

V
S Φ
=                                                           (eq. 1.14) 

regardless of whether the operation is continuous or batch.  Table 1.2 shows calculations 

for shear power intensity for other system components found in pipeline flows. 
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Table 1.2: 
Shear work, shear power intensity and volume calculations for a typical system. 

System component Ws S V 

Pipe entrance/exit 2

/,

2
uk exitentrancef  V

mWs &  
2

3Dπ  

Pump 
ρ
PΔ  

V
mWs &  

Pump fill volume 

Valve 2

,

2
uk valvef  V

mWs &  
Valve fill volume 

Elbows 2

,

2
uk elbowf  V

mWs &  
Elbow fill volume 

Straight Pipe 

D
uf

2
2  V

mWs &  
4

2 LDπ  

Tank: Batch 
Operation m

tΦ  
V

mWs &  
Fluid volume of 

tank 

Tank: Continuous 
Flow m&

Φ  
V

mWs &  
Fluid volume of 

tank 

Equipment: 
Pneumatic valves, 
heat exchangers, 
strainers, 
homogenizers 

ρ
PΔ  

V
mWs &  

Fill Volume of 
Equipment 

Source:  Compiled from Steffe and Daubert, 2006:  p. 74-79 
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1.3.3    Differences between Shear Work and Power Intensity 

Shear work and shear power intensity vary from one another in several different 

ways.  One difference is that shear work is cumulative for an entire processing system 

while shear power intensity only represents the power change per unit volume of any 

single system component.  Also, shear power intensity can be used to distinguish between 

parts of a system that have identical shear work values, but have a different peak shear 

exposure.  For example, a long, straight length of pipe may have a shear work input 

equivalent to a short pipe with several elbows.  However, the shear power intensity would 

show that the intensity of exposure to shear is higher in the shorter pipe that has several 

elbows.  Another example of the difference between shear power intensity and shear 

work is described in Figure 1.2.  Tank B is mixing at a much higher power setting, while 

Tank A is mixing for a longer duration at a slower power setting.  From the data, the 

shear work (or history) of the two mixing tanks is identical.  However, because Tank B is 

operating with higher power or shear rate compared to Tank A, the material is sheared 

with a greater intensity.  Although the shear histories of the fluid inside the tanks are 

identical, the properties of the resulting fluid may not necessarily be equal. 
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Tank A 
 

Φ= 30 Watts 

t = 100 sec 

Tank B 
 

Φ=300 Watts 
t = 10 sec 

Ws:  Tank A = Tank B 
 

S:  Tank A > Tank B 

 

Figure 1.2:  Comparison of shear work and shear power intensity. 

 

According to Steffe and Daubert (2006), shear work and intensity can predict the 

optimal layout of a process and the type and operation parameters for a specific piece of 

equipment.  Predicting optimal processing design and layout may be done by establishing 

critical values of shear work and shear power intensity for any given food product.  

However, since all food products and processes are different, critical values for these 

parameters must be independently established.  Once a critical value is established, 

processing conditions can be designed to stay within those critical limits.  Steffe and 

Daubert (2006) provide examples of product quality characteristics such as particle size 

distributions of an emulsion, rheological properties of a yogurt, or the microbial colony 

count of an industrial fermentation broth.   

Other researchers have also attempted to predict properties of a model food 

system by analyzing the power density of a process.  In one such study (Tcholakova et al, 

2004), the power density of energy dissipation within an emulsification chamber was 

calculated to predict the mean drop diameter of a model soybean oil-in-water emulsion 

stabilized by different surfactants.  In this research, it was stated “hydrodynamic 
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conditions during emulsification play a decisive role at high emulsifier conditions.”  In 

this study, power density (PD) was calculated by 

V
PQPD Δ

=                                                      (eq. 1.15) 

where is the pressure difference in the emulsification element, Q  is the flow rate, and 

V is the volume of the mixing element.  This term is similar to the Steffe and Daubert 

(2006) calculation of shear power intensity, where the power intensity of an 

emulsification element was determined by 

PΔ

V
mPS ρ
&Δ=                                                (eq. 1.16) 

The value of PD resulted in units of Joules/m3s as did the calculation for shear power 

intensity, S.  The research by Tcholakova and his co-researchers found that in a 

surfactant-rich emulsion, the natural log of the mean droplet size is linearly related to the 

natural log of the energy dissipation (Figure 1.3).   
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    21.2         21.6          22.0         22.4         22.8          23.2 

-11.8 

-12.6

-12.2 

ln (PQ/Vs) 

ln (d32) 

ln(d32)=-3.19 - 4.04ln(PQ/Vs) 

Figure 1.3:   From Tcholakova et al, linear relationship between particle size (ln                     
d32) and energy dissipation (ln pQ/Vs). 
 
 
 
1.4 Emulsions 
  

An emulsion is a heterogeneous system, consisting of at least one immiscible 

liquid dispersed in another in the form of droplets, with a dispersed phase diameter 

greater than 0.1 μm (Becher, 2001).  Generally, there are two primary phases to an 

emulsion, the dispersed and the continuous phase.  The droplets are known as the 

dispersed phase, while the suspending liquid is the continuous phase.  In the case of an 

oil-in-water emulsion, the oil is the dispersed phase while the water is the continuous 

phase.  For this literature review, oil-in-water emulsions will be the focus. 

  While the continuous and dispersed are the primary phases of an emulsion, a 

third component plays a critical role when stabilizing an emulsion, the emulsifier.  An 
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emulsifier is a surface active molecule that adsorbs to the droplet surface of freshly 

formed emulsions, imparting a protective membrane that prevents the dispersed phase 

droplets from aggregating (McClements, 2005).  During emulsification, two fundamental 

processes affect the stability of an emulsion:  drop rupture and coalescence.  Emulsifiers 

affect these processes by reducing the interfacial tension and energy, thereby promoting 

rupture and providing a barrier to coalescence via interactions between adsorbed layers 

on two colliding droplets (Lobo and Svereika, 2003).  This phenomenon will be 

discussed in depth in Section 1.7.2.  

Food emulsions contain a wide range of ingredients, including flavor and color 

components, preservatives, salts, sweeteners, chelating agents, and buffers.  However, 

three essential categories of ingredients are commonly considered the core constituents of 

an oil-in-water emulsion:  1) the continuous water phase, 2) the dispersed oil phase, and 

3) the emulsifier phase.  The next two sections will deal with the two bulk phases, 

continuous water and dispersed oil. 

 

1.4.1   Water: Continuous Phase 

Water, or a compound that has water as its primary constituent, makes up the bulk 

of the continuous phase in many oil-in-water emulsions, such as milk (serum) and salad 

dressing (vinegar).  Water is an excellent solvent and many food emulsions contain 

multiple solutes, such as colorants, salts, flavoring agents, and preservatives that are 

mixed or dissolved into the water phase prior to emulsification.  For instance, the aqueous 

phase of a salad dressing can contain vinegar, salt, and thickening agents (such as 
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xanthan gum).  The unique molecular and structural properties of water permit critical 

interactions with solutes.  For example, water is a very polar molecule and has the ability 

to form hydrogen bonds with itself and many other polar molecules (Bryant and 

McClements, 1998).  Water can tightly interact with free ions, such as Na+, as well as 

form hydrogen bonds (for instance, with alcohol species).  However, because non-polar 

molecules do not have the ability to form hydrogen bonds, a water molecule is less 

attractive to non-polar molecules.  When a non-polar molecule, such as oil, is introduced 

to pure water, the water molecules reorient themselves to maximize the number of 

hydrogen bonds formed with other water molecules, forming a “cage-like” structure also 

called “hydrophobic hydration” (McClements, 2005).  Properties of water related to 

polarity and its ability to form hydrogen bonds account for its ability to be an excellent 

solvent, as well as its inability to associate with oil or other hydrophobic molecules.   

 

 

 

1.4.2    Oil: Dispersed Phase 

Oils are part a group known as lipids, defined as being soluble in organic solvents 

but insoluble in water (Potter and Hotchkiss, 1998).  The most common type of lipid in 

foods is triacylgylcerols, and is often the material that is commonly referred to as oil 

(when liquid) or fat (when solid).  Food emulsions can contain lipids that are either liquid 

oil or solidified fat.  For instance, milk contains a range of lipid sources that are both 

liquid and solid across a temperature range of -30°C to +40°C (Walstra et al, 1999).  
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Generally, lipids with shorter fatty acid chain lengths and a greater number of double 

bonds have a lower melting point.  These lipids that are found in foods are derived from 

animal and plant tissues. 

Oil plays a critical role in physicochemical, nutritional, and organoleptic 

properties of emulsions.  Like water, oil can be a carrier solvent for many oil-soluble 

flavors, vitamins, preservatives, and other ingredients.  Changing the amount of oil 

present, or disturbing the structure of an emulsion, may be detrimental to both nutritional 

and organoleptic properties of the food emulsion.  Furthermore, the appearance of 

emulsions is driven by the oil phase (Chantrapornchai et al, 1998).  The characteristic 

cloudiness or milky appearance is a result of light-scattering caused by oil droplets in the 

dispersed phase.  The greater the concentration of oil droplets, or the smaller the particle 

size, the greater the degree of light scattering.  The rheological properties of emulsions 

are also influenced by the oil-dispersed phase.  For instance, the overall viscosity of an 

emulsion increases with increasing oil droplet concentration (McClements, 2005).   

For emulsions, the most important part of oil is its physicochemical properties, 

including oil interactions with itself and other molecules.  As previously stated, an 

emulsion is a mixture of two immiscible substances.  Oil and water are immiscible 

because of the polarity, density, and viscosity differences between the two components.   

The tendency to associate via hydrophobic interactions as opposed to hydrogen bonding, 

as is the case with water, is attributed to the non-polarity of oil.  Hydrophobic interactions 

are strong interactions between non-polar groups in the presence of water (Bryant and 

McClements, 1998).  Since water is capable of forming strong hydrogen bonds with other 

 20



water molecules, and not with non-polar oil molecules, the mixing of oil and water is 

thermodynamically unstable.  Because of this instability, the system minimizes the 

interaction and contact area between oil and water, resulting in separation of the phases, 

where the oil forms a separate layer on top of the water (McClements, 2005) as 

predicated by differences among phase densities. 

 

1.5   Emulsifiers  

An emulsifier is any compound considered “surface-active,” meaning the 

emulsifier molecule can adsorb to an oil-water interface and prevent emulsion droplets 

from aggregating.  Emulsifiers can extend the time required for an emulsion to coarsen, 

or aggregate and form larger effective particle sizes, from a few minutes to a few years 

(Salmon et al, 2003).  Emulsifiers are amphiphilic, meaning both polar and non-polar 

regions are found within the molecule.  This property allows the emulsifier to interact 

with both the continuous and dispersed phases, forming a membrane at this interface to 

prevent dispersed phase droplets from contact.  Two broad categories of emulsifiers exist:  

small-molecule surfactants and amphiphilic biopolymers.  A simple example of how 

emulsifiers work is shown in Figure 1.4, which shows the surfactant molecule aligning so 

that the non-polar tail associates with the oil phase and the polar head associates with the 

water phase.   
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Polar head 

Non-polar tail 

Oil 

 

Figure 1.4:  Emulsifier interaction at an oil/water interface. 
 
 

1.5.1   Surfactants 

  Surfactants are small surface-active molecules that consist of a hydrophilic head 

group and a lipophilic tail group.  Surfactants are distinguished by the characteristics of 

either the hydrophilic or lipophilic groups.  The head group is classified as anionic 

(negatively charged surfactant), cationic (positively charged), nonionic (non-charged), or 

zwitterionic (overall charge of 0, but carries positive and negative charges).  The tail 

group is characterized by the length of the hydrocarbon chain, the degree of branching, 

and the degree of saturation.  Several surfactants are displayed in Figure 1.5.  Surfactants 

can be soluble in either water or oil.  Bancroft’s rule states that the phase in which a 

surfactant is soluble is the phase that should be the continuous (Davis, 1994).   
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(OCH2CH2)4OH 

2) 

SO4
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N+(CH3)2Br -

3) 

 
 
Figure 1.5:  Drawing of surfactant structures: I-anionic (sodium dodecyl sulfate); 2-

cationic (dodecyltrimethylammonium bromide); and 3-non-ionic [n-
dodecyl tetra (ethylene oxide)]; Source:  Rangel-Yangui et al, 2005   

 

The Hydrophile-Lipophile Balance (HLB) is the classification system describing 

the degree to which a surfactant is soluble in either water or oil.  The HLB values were 

originally determined in 1949 by Griffin (Govin and Leeder, 1971), and the following 

formula was developed for polyoxyethylene derivatives of fatty alcohols and polyhydric 

alcohol fatty acid esters (Becher, 2001):   

HLB= 20 ⎟
⎠
⎞

⎜
⎝
⎛ −

A
S1                                           (eq. 1.17) 

where S is milligrams of NaOH required to saponify 1 gram of the ester and A is the 

milligrams of NaOH required to neutralize the acid part.  In another widely used method, 

Davies (Guo et al, 2006) developed the following equation to calculate HLB values (Guo 

et al, 2006):  
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HLB = 7 + Σ(hydrophilic group numbers) – Σ(lipophilic group numbers)  (eq. 1.18) 

 

where the hydrophilic and lipophilic group numbers correspond to the type of hydrophilic 

or lipophilic group(s) attached to the surfactant.  Although this method is relatively easy 

to use, it is not applicable to all surfactants, and experimentally determined HLB values 

are sometimes far from the value calculated using the Davie method (Guo et al, 2006).  

Much research has been done to improve the HLB calculation, including accounting for 

fatty acid chain length and critical micelle concentration (Lin et al, 1973), which is the 

concentration at which surfactant molecules form micelles with each other. The HLB 

values of common surfactants are shown in Table 1.3.  An HLB value between 3 and 6 

signifies highly hydrophobic surfactants, oil soluble, and will produce stable water-in-oil 

(continuous phase is oil) emulsions.  An HLB value between 10 and 18 represents a 

hydrophilic surfactant that will form clear solutions with water and stabilize O/W 

emulsions.  Intermediate HLB values (7-9) indicate no preference for either oil or water, 

and are considered good “wetting agents” (McClements, 2005).  An extremely low (less 

than 3) or high (over 18) HLB value indicates the molecule is not surface active and will 

not accumulate at interfaces.  The HLB system is useful for choosing the optimal type of 

emulsifier for an emulsion system and is of practical use for both single emulsifiers and 

mixtures of emulsifiers (Velev et al, 1994).  Table 1.4 summarizes the surfactant action in 

each range of HLB values.  
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Table 1.3: 
Common surfactants and their associated HLB values. 

 
Surfactant Name HLB Number 

Sodium lauryl sulfate 40 

Polyoxyethylene (20) sorbitan monopalmitate 15.6 

Polyoxyethylene (20) sorbitan monooleate 15.0 

Polyoxyethylene (2) sorbitan monostearate 14.9 

Ethoxylated monoglyceride 13 

Sorbitan monolaurate 8.6 

Soy lecithin 8 

Sorbitan monopalmitate 6.7 

Glycerol monolaurate 5.2 

Sorbitan trioleate 1.8 

Source: Adapted from pg. 132 in Food Emulsions:  Principle and Practice (McClements, 2005) 
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Table 1.4: 

The action and type of emulsion formed at various HLB values. 
 

HLB Range Action or type of emulsion formed 
<3 No surface activity 

3-6 Oil-soluble, hydrophobic, produces w/o 
emulsions 

7-9 No preference for oil or water, good 
“wetting agent” 

10-18 Water-soluble, hydrophilic, produces o/w 
emulsions 

>18 No surface activity 
 
 
 

1.5.1.1 Critical Micelle Concentration  
 
Critical micelle concentration (CMC) is another important aspect of emulsions.  

The CMC is the critical level of surfactant where the molecules begin to form micelles 

with one another (Dickinson, 1992).  Below this level, the surfactant predominantly acts 

as a monomer, while above this concentration the surfactant begins to associate with 

itself.  The surface tension of an emulsion decreases as surfactant is added below the 

CMC, making the emulsion more stable.  However, once this value is exceeded, the 

surface tension is consistent because surfactant micelles are coated on the outside with 

their hydrophilic head, and thus have little surface activity compared with surfactant 

monomers.   

1.5.1.2   Cloud point 

The cloud point of an emulsion is the point where the solution becomes turbid, 

caused by aggregation of surfactant micelles (Gu and Galera-Gomez, 1999).  These 
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micelles become aggregated because of dehydration of polar head groups at higher 

temperatures, altering the molecular geometry and decreasing repulsion between the 

surfactant molecules (McClements, 2005).  At elevated temperatures, the aggregates can 

become significant enough to sediment under gravity, forming a separate phase that can 

be visually observed.   

The cloud point is an important consideration with any thermal process.  If the 

cloud point is breached, the surfactants ability to stabilize an emulsion is greatly 

diminished.  However, at temperatures immediately below the cloud point, oil drop 

rupture is greatly increased because of decreased interfacial tension between oil and 

water, permitting smaller droplet sizes with the same energy input.   

 
1.5.2 Tween-series surfactants 
 
 “Tween” or “Polysorbate” is the trade name given to polyoxyethylene sorbitan 

esters that are hydrophilic surfactants.  Tween surfactants are used to make very stable 

O/W emulsions and are extremely soluble in water.  Produced by reacting esterified 

polyols with fatty acids, Tweens are classified according to the type of fatty acid that 

reacts with ethylene oxide, for instance Tween 20 (polyoxyethylene sorbitan 

monolaurate) and Tween 80 (polyoxyethylene sorbitan monooleate) (Yeh et al, 1999).   

Tween-series surfactants are used in a variety of food, pharmaceutical, and other 

applications.  In the food industry, Tweens are used for stabilization of salad dressings 

and as a wetting agent for many products such as candies, where it is used to enhance 

distribution of water, flavors, and other ingredients.  
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Figure 1.6:  Structure of Tween 20;  Source:  Balakrishnan et al, 2005 
 

Tweens are known for high HLB numbers, suitable as surfactants for oil-in-water 

emulsions.  A table of properties of Tween-series surfactants is shown as Table 1.5.  The 

table shows the full chemical name of the surfactant, molecular weight, HLB value, and 

critical micelle concentration.  Compared to whey or casein proteins, which have a 

molecular weight in the range of 20,000, the Tween surfactants are small.  Figure 1.6 

shows an example of the structure of a Tween surfactant.    
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Table 1.5:  Properties of Tween series surfactants 

Surfactant Name Molecular 
Weight 

HLB CMC (mM) 

Tween 20: 
polyoxyethylene (20) sorbitan 

monolaurate 

1227.54 16.7 0.05 

Tween 60: 
polyoxyethylene (20) sorbitan 

monostearate 

1311.70 14.9 0.021 

Tween 80: 
polyoxyethylene (20) sorbitan 

monooleate 

1309.68 15.0 0.01 

   Source:  From Table 1 in Hsu and Nacu, 2003 

 
 
 
 
1.6   Emulsion Formation 

Emulsions are formed by applying sufficient mechanical energy to disperse one phase of 

the emulsion into the other phase (Narsimhan and Goel, 2001).  The amount of 

mechanical energy required to form an emulsion is related to the free energy of emulsion 

formation (ΔGformation).  The amount of free energy required to increase the area of an oil-

water interface (i.e. reduce the droplet size) is given by the following relationship: 

 AIG tΔ=Δ                                                       (eq. 1.19) 

where It is the interfacial tension and ΔA is the increase in oil-water interface area caused 

by a decrease in droplet size (Dickinson, 1992).  However, the actual amount of 

mechanical energy required to produce an emulsion is one thousand times larger, caused 
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be the Laplace pressure.   The Laplace pressure is the interfacial force responsible for 

keeping a droplet in a spherical shape, defined as 

    ΔPL
 = 4It/d                                                      (eq. 1.20) 

where It is interfacial tension and d is droplet diameter.  Therefore, to disrupt a droplet of 

radius a, the following pressure gradient (
dr
dP ) must be applied (Dickinson, 1992): 

2

2
~

a
I

a
P

dr
dP tL =

Δ                                                  (eq. 1.21) 

To deform or disrupt a droplet, it is necessary to apply mechanical energy that is 

significantly larger than the pressure gradient and the Laplace pressure.  Equations 1.19-

1.21 indicate that the amount of force required to disrupt a droplet increases as surface 

tension is increased or as droplet diameter is decreased.  During emulsification, oil 

droplets collide and coalesce with one another and form larger droplets, which will 

accelerate the creaming process and prompt the emulsion to revert back to a more 

thermodynamically stable form (i.e. two separate states, oil and water).  Therefore, an 

emulsifier must be added to adsorb to the oil droplet surface and provide a protective 

membrane preventing other oil droplets from approaching and coalescing.  According to 

McClements, the size of droplets produced during homogenization depends on two 

processes: the initial generation of droplets of small size by the input of mechanical 

energy, and the rapid stabilization of the droplets against coalescence following 

formation.    
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The mechanical energy required to form small droplets can be applied in a variety 

of ways and can be as simple as shaking or stirring the two immiscible phases together.  

However, more complicated mechanical devices are usually used to form emulsions.  The 

name given to converting two immiscible liquids into a more stable emulsion is known as 

homogenization. There are many different categories and types of homogenizers that 

form emulsions in different ways.  Homogenizers and the mechanical principles behind 

homogenization are discussed in the following sections.     

 

1.6.1   Homogenization  

Homogenization as a specific unit operation has existed since 1900, when Auguste 

Gaulin invented and presented the first homogenizer invention at the World Fair in Paris 

(Paquin, 1999).  According to Walstra, three reasons exist for the application of 

homogenization to a food product (Walstra, 1999). 

1. Counteracting segregation, such as creaming, of components of the emulsion by 
particle size reduction; 

2. Increasing stability towards coalescence by reducing particle size; and   

3. Creating desirable rheological properties.  For instance, a decrease in fat particle 
size in milk increases the viscosity of a fluid milk or cream. 

All of these reasons are achieved by decreasing the fat droplet size within the dispersed 

phase.  Homogenization is generally divided into two categories, primary and secondary.  

Primary homogenization is comprised of the mixing of two completely separate, 

immiscible liquids.  This category forms what is regarded as a coarse emulsion.  A coarse 
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emulsion generally contains large particle sizes and is usually only maintained for a short 

period of time (compared to secondary homogenization).  An example of a product made 

from primary homogenization is home-made salad dressing, where a quantity of oil and 

water-based ingredients are mixed together from separate phases, either by hand or with a 

small blender.  It is important to note that a traditional high-pressure homogenizer, such 

as one used by a dairy plant, cannot be used for primary homogenization and is only used 

for particle size reduction.   Secondary homogenization is the reduction of particle size in 

an already pre-existing coarse emulsion.  Since secondary homogenization produces 

smaller particle sizes, the resulting emulsion is stable for a much longer period of time 

than a coarse emulsion.  Homogenization in dairy processing, for example, reduces fat 

globules in raw milk to below 1 μm in size.  Un-homogenized milk will usually form a 

visible cream layer within 1-2 days, while homogenized milk will remain stable and 

exhibit no visible creaming for several weeks.       

 When immiscible substances are forced through a narrow opening (Walstra, 

1999), called the homogenizer valve, homogenization occurs.  The high pressures 

generate a tremendous amount of energy and fluid velocity, resulting in intense 

turbulence.  Bernoulli’s equation, shown as equation 1.22, governs the conversion of 

energy to disrupt fat droplets.  

2
22

2
11 2

1
2
1 uPuP ρρ +=+                                         (eq. 1.22) 

where the left side of the equation represents the system prior to homogenization and the 

right side of the equation represents the homogenization valve.  For further 
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simplification, P1 is the homogenization pressure (Phom), P2 is 0 (since it is open to the 

atmosphere), and the ρ and u  terms are the densities and velocities of the product pre- 

and post-homogenization.  In the case of homogenization, u 1<<u 2, therefore  

2
2hom 2

1 uP ρ=                                                   (eq. 1.23) 

where Phom  is the homogenization pressure and ρ and v are the density and velocity of the 

fluid, respectively.  Thus, the fluid velocity in the homogenization valve can be 

calculated, and from this value the energy dissipation, or power density, caused by 

homogenization can be discerned.  Energy dissipation, with units of W/m3 is given by 

p
DISS t

P
E hom=                                                       (eq. 1.24) 

where tp is the passage time of the fluid being homogenized, found by dividing the length 

of the homogenization valve by u2.  In the case of homogenizers, EDISS can be very 

intense, often in the range of 1011-1012 W/m3.  While greater than 90% of this energy is 

converted to heat, the remaining energy produces intense turbulence, causing eddies to 

form within the homogenizing liquid.  The eddies, in turn, cause pressure fluctuations 

that disrupt fat droplets or particles, causing a reduction in globule size (Walstra, 1999).   

 1.6.1.1   Droplet Disruption 

 Fat droplet disruption is determined by the balance between interfacial forces and 

disruptive forces.  As stated previously, the Laplace pressure is the force responsible for 

holding a droplet within a spherical shape.  When the disruptive forces in a 

homogenization process exceed the interfacial forces, and the duration of disruptive 
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forces is of sufficient duration, a fat droplet will be broken up.  The Weber number is a 

dimensionless term that defines the ratio between disruptive (or shear) and interfacial 

force. 

We=shear forces/interfacial forces=
t

c

I
d

2
ηγ&

                          (eq. 1.25) 

whereγ&  is the shear rate, ηc is the viscosity of the continuous phase, d is the diameter of 

the droplet, and It is the interfacial tension.  This equation is used during simple shear 

flow (McClements, 2005). The disruptive forces, however, are often very difficult to 

calculate due to the complex nature of a flow regime within an emulsion.  By assuming a 

flow regime to be either turbulent or laminar, the maximum size of droplets remaining 

following homogenization can be predicted.  Under laminar flow conditions, the 

following equation applies: 

c

crtWeI
d

ηγ&
2

max =                                                  (eq. 1.26) 

where Wecr is the critical Weber number required to produce droplet deformation, It is 

surface tension, γ&  is shear rate, and ηc is the viscosity of the continuous phase.  Wecr is 

dependent upon the ratio between continuous phase viscosity and dispersed phase 

viscosity, with ratios between 0.1 and 1, resulting in a minimum value of Wecr.  Under 

turbulent conditions, the following equation predicts maximum size of fat droplets, dmax

c

t

E
I

d
η

=max                                                       (eq. 1.27) 
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where E is the power density created by emulsification (eq. 1.24), and all other variables 

are similar to the previous laminar flow condition equation.  It should be noted that since 

homogenization is a very complex and dynamic process, homogenization is actually a 

combination of both laminar and turbulent flow conditions in undefined amounts.  

However, the above calculations can be used by food processors to determine the 

required energy or shear rate input needed to produce an emulsion of a specified droplet 

size.   

 1.6.1.2   Droplet Coalescence 

 Fat droplets in emulsions, during or after homogenization, are constantly moving 

due to gravity, Brownian motion, or the mechanical action of homogenization 

(McClements, 2005).  Because of this motion, droplets frequently collide and have a 

tendency to coalesce providing there is an insufficient amount of emulsifier present to 

stabilize the system.  As stated by Narsimihan and Goel (2001), “if the timescale of 

collision is smaller than the timescale of absorption, the fresh interface of a newly formed 

droplet will not be fully covered with surfactant before it’s encounter with another 

droplet.”  The degree of coalescence and the fat droplet sizes produced during 

homogenization is a ratio of the time taken for the emulsifier to adsorb to the surface of 

the droplets (τADS) and the time between droplet collisions (τCOL) (McClements, 2005).  

To produce an emulsion with a small droplet size, a ratio of τADS / τCOL is ideally required 

to be much less than 1 (McClements, 2005). The following equation has been given to 

relate τADS / τCOL: 
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τ Γ

≈
6                                                      (eq. 1.28) 

where Γ is the excess surface concentration of surfactant, mc is the emulsifier 

concentration, d is the droplet diameter, and φ  is the dispersed phase volume fraction. A 

study by Narsimhan and Goel on a tetradecane-in-water emulsion stabilized with sodium 

dodecyl sulfate showed a relationship similar to equation 1.28.  Coalescence rate 

constants were higher with smaller drop sizes and lower emulsifier concentration, but the 

rates were notably higher at elevated pressure settings (Narsimhan and Goel, 2001).  This 

result demonstrates that as homogenization pressure or total energy input is increased, the 

rate of coalescence will increase.  Similarly, Taisne et al (1996) showed that re-

coalescence occurring in previously homogenized emulsions developed when 

homogenization pressure was increased above the original homogenization pressure.  

Furthermore, in a study by Lobo and Svereika (2003), increasing the fraction of oil phase 

increased the coalescence rate by increasing the frequency of droplet collision.  The rate 

of coalescence has many deciding factors, and these factors must be considered when 

determining the degree to which coalescence impacts an emulsion.          

   

1.7   Emulsion Stability/Instability 

Emulsion stability is a relative term to describe the degree to which changes occur 

to the emulsion quality with time (McClements, 2005).  Some emulsions, such as bottled 

salad dressings or mayonnaise, are required to remain stable for several months or even 

years.  Other emulsions, such as cake batter at a bakery, are only required to be stable for 
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several minutes or hours.  From a thermodynamic standpoint, emulsions are almost 

always unstable due to the increase in interfacial area after emulsification, leading to an 

increase in free energy.  In an emulsion, the free energy of emulsion formation (or 

ΔGformation) is equal to the interfacial tension (It) at the oil-water interface multiplied by 

the increase in surface area created during emulsification, or,  

ΔGformation= ItΔA (McClements, 2005)                            (eq. 1.29) 

Given time, all emulsions will eventually break down (meaning a decrease in surface 

area, ΔA) and are considered to be kinetically stable or metastable.  Upon emulsification, 

the total free energy is increased because of an increase in ΔA.  Driven by 

thermodynamics, the system attempts to reduce the amount of free energy by decreasing 

ΔA (i.e. phase separation).  However, an emulsion may have metastable states where an 

increase in free energy, called free energy barrier or activation energy, is required to 

move to a more thermodynamically stable state.  If these free energy barriers are large 

enough, an emulsion may remain metastable for a very long time.  Examples of free 

energy barriers are surfactants or emulsifiers that prevent dispersed phase droplets from 

coming in contact.   

 The instability of emulsions can take several forms.  Dickinson (1992) listed five 

primary instability modes:  1) Creaming and Sedimentation, 2) Phase Inversion, 3) 

Ostwald ripening, 4) Flocculation, and 5) Coalescence.  The creaming rate of an emulsion 

is the most important of these instability modes, and is often influenced by each of the 

four other forms of instability.  However, each of these forms manifests itself differently, 

warranting independent discussion. 
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1.7.1   Creaming and Sedimentation 

 Creaming or sedimentation involves the gravitational separation of the dispersed 

phase from the continuous phase, earning its name from the separation of cream from un-

homogenized milk.  The process is referred to as creaming when the droplet phase is less 

dense than the continuous phase, and thus the droplets rise upward, as is the tendency for 

oil-in-water emulsions.  The process is referred to as sedimentation when the droplet 

phase is denser than the continuous phase, and will move downward, as is the tendency 

of water-in-oil emulsions.   

 The rate of creaming is described by Stoke’s Law, which includes a combination 

of gravitational and hydrodynamic friction forces that acting in opposite directions to 

retard droplet motion as is shown in Figure 1.7 (McClements, 2005).  The upward 

gravitational force (Fg) is described with the following force balance,  

grFg )(
3
4

12
3 ρρπ −−=                                      (eq. 1.30) 

where r is the droplet radius, g is the acceleration due to gravity, and ρ is the density, 

with subscripts 1 and 2 referring to the continuous and dispersed droplet phase, 

respectively.  The negative sign in equation 1.30 is attributed to the lower density oil 

phase being force upward by the buoyancy force associated with the continuous phase.  

The gravitational force is upward because the oil droplet will rise with it having a lower 

density.  The hydrodynamic friction force is given by  

 rvFf 16πη=                                               (eq. 1.31) 
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 where v is the creaming velocity and η1 is the shear viscosity of the continuous phase.  

Fg: gravitational 
force driven by 

density differences 

Ff: hydrodynamic 
friction force 

 

Figure 1.7:  Description of Fg and Ff forces that drive stokes law 

  

The particle will reach a constant velocity, when Fg=Ff, and thus the Stoke’s Law 

equation is derived, 

1

12
2

9
)(2

η
ρρ −

−=
grvStokes                                             (eq. 1.32) 

This equation is useful for predicting creaming time for a simple emulsion.  Furthermore, 

eq. 1.32 also displays useful information about managing emulsion separation.  The 

creaming velocity of an emulsion can be slowed by a number of strategies, evidenced by 

the equation.  For example, increasing the continuous phase viscosity, decreasing the 
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esce.  Therefore, coalescence can be inhibited by a) smaller 

 size, or reducing the density difference between the continuous and dispersed 

phase will slow the creaming rate and improve emulsion stability. 

Stokes Law, however, is simplistic and does not consider a number of impo

features, including polydispersity, droplet flocculation, concentration of dispersed ph

non-Newtonian rheology of continuous phase, droplet fluidity, fat crystallization, 

electrical charge, Brownian motion, and adsorbed layer characteristics.  When these

effects are combined, the ability to accurately model creaming behavior of an emulsion is 

more complex.  However, knowledge of some basic charact

, such as m

in estimating the ave

 

1.7.2   Coalescence 

 Coalescence is the process by which two or more dispersed droplets come in 

contact and merge together forming a single larger droplet, as illustrated in Figure 1.8

Coalescence causes droplets to cream or sediment more rapidly due to an increase in

effective size that occurs when the material separating the two droplets is disrupted.

Droplet rupture is more prone to occur as two droplets come closer together.  Upon 

approach, the interface between two droplets becomes flattened.  The tendency for 

droplets to become deformed is described by the Weber number, which was described in 

section 1.6.1.1.  At lower levels of the Weber number (We<1), the droplets tend to remain

spherical, resisting coalescence.  At Weber numbers above 1, the droplets are more likely 

to become flattened and coal
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droplet radius, b) lower external force, c) higher surface tension, and d) higher separation 

distance between droplets.  

 

Figure 1.8:  Depiction of coalescence: 1) Droplets approach and collide with each 
other, 2) Collision force is great enough to disrupt membrane, or there 
is insufficient emulsifier coverage and the droplets stick to one another, 

larger 
droplet. 

 

s will 

 interface, the 

1 

2 

3 

3) Coalescence occurs, with two smaller droplets becoming one 

 

  In most food emulsions, film disruption occurs from either insufficient 

emulsifier, film stretching, or the film tearing.  If there is insufficient emulsifier, gaps at 

the interface will exist, and coalescence will occur if two gaps contact one another. 

During homogenization, coalescence becomes important since new droplet surface

be created.  If a large enough stress is applied parallel to an oil-water
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interfacial protective film can become depleted or torn.  With this occurrence, the 

depleted or torn regions of two different oil droplets may coalesce.  

 The ability of an emulsion to resist coalescence is often governed by the type of 

emulsifier used.  Under quiescent conditions, proteins often provide excellent resistance 

to coalescence because they produce small droplet sizes, contain strong repulsive forc

and can form resistant membranes.  However, during excessive shear flow, coalescen

observed because the adsorbed proteins become clumped.  This clumping will cause 

exposure of oil regions in the interfacial membrane and droplet coalescence resu

Small molecule surfactants are also useful when stabilizing emulsions to coales

es, 

ce is 

lts.  

cence, but 

ther their ability to keep droplets apart instead of their ability to resist droplet 

t makes them excellent emulsifiers.    

 other, 

an unfloccululated individual oil droplets.  The rate of flocculation 

s that 

 For 

ra

membrane rupture tha

 

1.7.3   Flocculation 

 Flocculation is the process of two or more droplets associating with each

but still maintaining individual integrity (McClements, 2005).  Flocculation increases the 

rate of gravitational creaming because of a larger effective radius of a group of 

flocculated droplets th

is controlled by the rate of collision between droplets and the fraction of collision

lead to flocculation.   

 The collision efficiency, meaning the fraction of collisions that result in 

flocculation, can be controlled by regulating colloidal interactions between droplets. 

instance, in protein-stabilized emulsions, if the pH of the emulsion is far from the 
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isoelectric point, there can be sufficient charge on the protein molecules to promote 

electrostatic repulsion.  However, if the pH is at or near the isoelectric point, flocculation 

has a much higher likelihood of occurring because the net charge of the protein gives

protein insufficiently low electrostatic repulsion and is not high enough to prevent droplet

flocculation.  Controlling collision efficiency can also be performed by minimizing 

hydrophobic interactions between colloidal molecules.  For example, the addition of 

to an emulsion stabilized by β-lactoglobulin causes a conformational change in the 

protein that exposes non-polar amino acid groups to the aqueous phase, resulting in 

droplet flocculation through interactions of hydrophobic groups.  This hydrophobic 

interaction 

 the 

 

salt 

phenomenon is also important in emulsions that do not have enough surfactant 

 completely saturate the surface of all droplets, causing the exposed droplet surfaces to 

 

ing to a 

 being a 

he 

to

aggregate. 

1.7.4   Phase Inversion 

Inversion is the term that describes the process of an O/W emulsion chang

W/O emulsion, or vice versa.  Inversion is a controlled and desirable event in the 

production of margarine or butter and is usually triggered by an alteration in the 

composition or environmental conditions.  Examples of this change include mechanical 

agitation, emulsifier type and concentration, dispersed phase volume fraction, and 

temperature.  In butter, for instance, under mechanical agitation, milk goes from

O/W emulsion to a W/O emulsion.  For inversion to take place, the system must have t

 43



ability to exist and be kinetically stable in both the O/W and W/O format.  The 

echan

t of 

of dissolved dispersed phase 

surrounds smaller droplets than larger droplets.  This concen

movement of dispersed phase from smaller to large droplets.  The solubility of the solute 

m ism responsible for phase version is considered to be extremely complicated.  

 

1.7.5   Ostwalt Ripening 

 Ostwalt ripening is the process of large dispersed phase droplets becoming larger 

at the expense of smaller droplets.  The droplets become larger through mass transpor

dispersed phase molecules from smaller droplets (Weiss et al, 1999).  The process is 

driven by the increase in solubility of the dispersed phase in the continuous phase as the 

droplet radius decreases.  Since most emulsion systems are poly-disperse, meaning a 

range of particle sizes are suspended, a higher concentration 

tration gradient promotes a 

in the continuous phase is shown in the following equation. 
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SolrSol ∞=                                       (eq. 1.33) 

where Sol(r) is the solubility of the solute when contained within a droplet with size r, 

Sol(∞) is the solubility of the solute in the continuous phase with an infinite curvature

planar interface), Vm is the molar volume of solute, It is the interfacial tension between 

the continuous and dispersed phase, R is the universal gas constant, and T is temperature.

This equation shows that as the droplet size is decreased, the ability of the dispersed 

phase to become soluble in the continuous phase is increased, pushing Ostwalt ripening

forward.  Because the solubility of triacylglycerides is extremely low in water, the mass 
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transport rate of Ostwalt ripening is insignificant.  However, when the oil used is more 

soluble than basic triacylglycerides (e.g. flavor oils) or other solutes are present in the 

continuous phase to increase the solubility with oil (e.g. addition of alcohol), Ostwalt 

ripening can become important.  Ostwalt ripening can reduce the stability of droplets to 

h as creaming, flocculation, or coalescence.  For instance, 

  

 be 

ing the emulsion.  Also, many sensorial properties of emulsions, such 

as textu   

olid understanding and measurement of rheological properties of emulsions 

must be known. 

Over a century ago, Albert Einstein proposed a theory for the viscosity of 

other instability modes, suc

Ostwalt ripening increases the size of a droplet, thereby increasing the rate of creaming.

 

1.8   Emulsion Rheology 

 According to Pal (2000), rheological properties of emulsions are required to

known for the appropriate selection of equipment during processing used for mixing, 

storing, and pump

re, mouthfeel and flavor, are very closely related to rheological properties.

Therefore, a s

suspensions: 

φη
2
5

r

where η

1+=                                                 (eq. 1.34) 

r is the relative viscosity of the continuous phase and φ  is the volume fr

the dispersed phase (Pal, 1996).  This equation assumes that the fluid in question i

Newtonian and dilute.  The particles must be far enough apart so that each particle is 

independent from other particles in terms of their effect on hydrodynamic flow 

action of 

s 
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(Dickinson, 1992).  Therefore, this equation generally only applies to very dilute 

solutions (<5% phase fraction).  Even if the emulsion is dilute, eq. 1.34 is not applicable 

if particle aggregation occurs or if electrostatic forces between particles are present. 

 One of the most important aspects of an emulsion, as shown by the Einstein 

equation, is the dispersed phase volume fraction.  In general, the viscosity of an emulsi

increases linearly as droplet phase volume concentration increases.  However, at higher

phase volume fractions, the linear increase is steeper (McClements, 2005).  This behavior 

is also shown in the Figure 1.9 from a review on emulsion rheology by Tadros, where 

isoparaffinic oil was used as the dispersed phase (Tadros, 1994).  As another example, 

consider three typical food emulsions:  whole milk (3-4% dispersed phase fraction, h

cream (36% dispersed phase fraction), and mayonnaise (80% dispersed phase fraction.  

Whole milk has a very low viscosity only 1-2 mPa*s higher than w

on 

 

eavy 

ater.  Heavy cream, 

ith the higher phase volume fraction, exhibits a much higher viscosity, but is still 

basically Newtonian.  However, in the case of mayonnaise, with its very high dispersed 

phase fraction, it acts as a viscoelastic gel (McClements, 2005).   

 

w
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Figure 1.9:  Viscosity increase as phase volume fraction is increased, where ηpL is 
relative viscosity of emulsion to pure continuous phase. 

                     Source:  Tadros, 1994 
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a) b) 

Figure 1.10(a-b):  Viscosity of petroleum-in-oil emulsion under a shear stress ramp; 
a(left):  median particle size- 8.2 μm, b(right):  median particle 
size- 4.1 μm; Source: Pal, 2000 

 
According to another study by Pal, petroleum oil-in-water emulsions generally 

showed Newtonian characteristics up to a phase volume fraction of 0.5 (50%) (2000). 

However, beyond this point, the emulsion displayed shear-thinning characteristics.  This 

trend is shown in Figure 1.9. This shear-thinning behavior becomes stronger as the 

droplet size is reduced.  In Figure 1.10 (Pal, 2000), it can be seen that in the case of 

smaller droplet sizes (1.10 b), the decrease in viscosity caused by shear-thinning behavior 

is more pronounced than when the droplets are larger (1.10 a).  However, at phase 

volume fractions below 0.6, the shear-thinning behavior was not as evident.  At lower 

phase volume fractions (below 0.45), an appreciable long-range repulsive interaction 

must be present for a shear-thinning behavior to occur (McClements, 2005).  Shear-

thinning is caused by competition between hydrodynamic (externally applied) and 
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Brownian forces (the natural movement of molecules caused by random motion).  

According to Pal (1996), Brownian motion causes random movement and collisions 

between particles and these particles form temporary aggregates.  The hydrodynamic 

forces, however, causes ordering of the particles and destroys the temporary aggregate.  

When the shear rate is low, Brownian motion dominates and the temporary aggregates 

clear a larger effective radius, and thus have a higher viscosity.  Once the shear rate is 

raised, the temporary aggregates are broken apart, and the shear viscosity decreases.  The 

aggregates breaking apart leads to the shear thinning effect that is sometimes seen with 

concentrated emulsions.   

As previously mentioned, the rheological properties are directly related to the 

dispersed phase volume fraction, shear rate, and particle radius.  To account for the shear 

rate and particle radius affects, the Peclet number (Pe) has been defined. 

kT
r

Pe c
3ηγ&

=                                                (eq. 1.35) 

where γ&  is shear rate, cη  is the continuous phase viscosity, r  is the radius of the particle, 

k is Boltzmann’s constant, and T is absolute temperature.   

For most food emulsions, the viscosity of the emulsion is directly proportional to 

the viscosity of the continuous phase.  Therefore, to modify the rheology of an emulsion, 

adding texture-modifiers such as thickening agents or gelling agents is the most effective 

way (McClements, 2005).  For instance, an oil-in-pure water emulsion will have a 

Newtonian rheological profile due to water being a Newtonian liquid.  However, if a 
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texture-modifier, such as xanthan gum is added to water, the final emulsion will have a 

shear-thinning profile similar to a xanthan gum-water solution.        

 

1.9   Conclusion 

The stability and subsequent properties of an emulsion are influenced by a 

number of different conditions.  Some of these include the type and concentration of 

surfactant, the oil-phase volume fraction, temperature, and exposure to mechanical 

energy. One of the most important conditions is the exposure of the emulsion to 

mechanical energy caused by shear.  Shear plays an important role in many food 

products, including emulsions.  Shear, for instance through homogenization or intense 

mixing, is able to reduce the size of oil droplets in an emulsion to reduce the creaming 

rate (section 1.7.1).  The smaller droplets can also be further stabilized by an emulsifier in 

the system that coats the droplets and can stabilize an emulsion for months or even years.   

 However, an excess of shear energy during emulsion formation can promote 

destabilization.  Homogenization, for instance, is a very intense process that involves 

energy in the range of 1011-1012 Joules.  Increased levels of shear, along with an 

insufficient quantity of emulsifier, can lead to increased coalescence rates during 

homogenization.  This, in turn, leads to a higher oil droplet size and less emulsion 

stability.  Oil droplet size also has an influence on the rheology of the emulsion, with 

smaller droplets leading to an increase in shear viscosity of the emulsion.   

 Beyond emulsion processing, excess shear energy can disrupt microbial colonies 

or break apart food particulates in products such as soup or stews.  Therefore, it is 

 50



necessary for shear energy to be quantified during processing and related to the quality of 

the product in question.  A method for quantifying shear energy has been outlined by 

Steffe and Daubert (2006).  In their work, two rheological terms for shear have been 

identified:  shear work and shear power intensity.  Shear work refers to the total amount 

of mechanical energy imparted by shear during a process.  Shear work can be calculated 

for each unit operation and pipeline component during a process, and the individual shear 

work values can be added together to get the total shear work for a manufacturing 

process.  Shear power intensity is the peak exposure to shear during a process and is non-

cumulative.  It is used to define and quantify the region of a process that imparts the most 

intense shear energy.  Using these two shear terms, the shear history and exposure of a 

food product during a process can be evaluated and related to the final product quality.  

This information would help engineers design a more optimized process that could lead 

to higher product quality and less product loss due to damage caused by excess shear.   
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2.1   Introduction 
2.1.1    Background 
 

During routine processing, many food products are exposed to a significant 

amount of mechanical shear.  This shear comes from different unit operations, including 

flow through mixing tanks, pumps, homogenizers, valves, and piping.  Often, the shear 

energy is anticipated and useful.  For example, shearing from homogenization reduces fat 

globule size in milk, making the milk more resistant to creaming.  Shear is also used to 

uniformly mix and distribute ingredients.  If shear is controlled and accounted for, it can 

be used constructively to improve food products.  

Unfortunately for many food processors, many materials are sensitive to shear, 

and the quality of the finished product can be impacted by excessive shear.  Shear 

sensitive food systems include products such as whipping cream or mayonnaise, soups or 

stews that contain particulate components, or fermentation systems that have microbial 

colonies.  In the case of whipping cream, excessive shearing may damage the milk-fat 

globule membrane or the stabilizing milk proteins, thus reducing the foamability of the 

cream.  Excessive shear can also destabilize an emulsion by reducing fat droplet size to a 

degree that creates excess surface area unable to be covered by an emulsifier, leading to 

increased droplet flocculation and coalescence (McClements, 2005).  In one study of 

vegetable oil-in-water emulsions stabilized by polysorbate surfactants or sodium 

caseinates, it was found that fat particle structure initially improved as shear time 
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increased.  However, following an optimal time and rate, the fat particle structure 

degraded (Xu et al, 2005), indicating that a critical limit for emulsion shearing exists.   

In food products that contain particulates, such as a soup, the size and appearance 

of the particulate components (such as vegetables or meat pieces) drive the organoleptic 

acceptability to the consumer.  Excessive shear can degrade these particulates through 

over-mixing or incorrect pumping.  For a microbial fermentation, such as with xanthan 

gum production, excessive shear can result in a degradation and disruption of large 

xanthan polymers that give xanthan gum its thickening properties (Garcia-Ochoa, 2000).  

Disruption of these polymers means less ability to thicken, and thus a lower quality 

product. 

Oftentimes food processors fail to account for the shear energy that is imparted 

through many unit operations.  For example, many manufacturing facilities contain a 

large amount of pipelines for material transport.  Each elbow in the piping generates 

additional shear, and this shear must be accounted for to truly understand the degree to 

which a product is exposed to shear.  Processors need to understand where processing 

shear comes from and to what degree.   Therefore, a system is needed to quantify the 

mechanical shear being generated during processing.  Quantification of mechanical shear 

would allow a processor to improve pipeline design by changing mixer or 

homogenization settings, adjusting pipeline schematics, or using a different type of pump.  

Optimizing pipeline design will lead to less product loss and higher product quality. 

Several researches have attempted to predict properties of a model system that are 

affected by shear.  In Tcholakova et al (2004), a model soybean oil-in-water emulsion 
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was developed to predict the mean oil droplet diameter as a function of the power density 

of homogenization.  Power density (PD) was calculated by 

V
PQPD Δ

=                                                          (eq. 2.1) 

where ΔP is the pressure difference in the emulsification element, Q is the volumetric 

flow rate, and V is the volume of the mixing element.  Tchalokova et al (2004) found that, 

in an emulsion system with a sufficient quantity of emulsifier, emulsification conditions 

and power input play a decisive role in the outcome of the oil droplet diameter.  

Steffe and Daubert (2006) proposed two rheological values for shear:  shear work 

and shear power intensity.  Shear work describes the shear history of a process, while 

shear power intensity is the peak shear exposure.  These terms will be discussed more 

thoroughly in a section 2.1.2.   

Utilizing the rheological shear properties defined by Steffe and Daubert, this 

study focused on the particle size and rheological characteristics of a model emulsion 

system during homogenization, with several defined objectives.  The first objective was 

to design a model emulsion system with sensitivity to changes in shear input.  The second 

objective was to calculate shear work and shear power intensity during various planned 

homogenization treatments, and then to analyze the particle size and rheological 

properties of the emulsion system as the shear work and shear power intensity was 

manipulated.  Finally, critical values for shear work and shear power intensity were 

identified for a model emulsion processed by homogenization. 
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2.1.2   Shear Work and Shear Power Intensity Defined 

Shear work and shear power intensity are two different rheological terms to 

describe exposure to mechanical energy.  Shear work measures the amount of mechanical 

shear energy contributed by different components in a manufacturing process.  According 

to Steffe and Daubert (2006), shear work refers to changes in a mechanical system 

exposed to a shear environment and is defined to distinguish it from other energy inputs 

that do not shear, such as heat.  Shear work is also cumulative, meaning that all 

components of a processing environment should be individually calculated for 

contributions to the work term and then added together for a total shear work value for 

the process.  Shear work is denoted by the term  and has units of Joules per kilogram.  

In a batch mixing tank mode, shear work is defined as follows: 

sW

m
tWs

Φ
=                                                          (eq. 2.2) 

where Φ is the power supplied to the mixer, t is the mixing time, and m is the mass of the 

fluid.  In a continuous mixing tank system, shear work is calculated as  

m
Ws &

Φ
=                                                           (eq. 2.3) 

where Φ is the power supplied to the mixer and  is the mass flow rate of the system.  

Calculations for additional pipeline components are summarized in Table 2.1. 

m&

Shear power intensity is a proposed shear energy value that is considered for all 

system components, describing the peak shear power exposure during a process.  This 

shear term is defined as the product of the shear work calculated and the mass flow rate 
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of the material divided by the volume of the component.  Shear power intensity, denoted 

by S, represents the change in power per unit volume and has units of Joules per second 

per m3 or Watts per m3.  In a mixing tank, shear power intensity is defined by 

V
S Φ
=                                                          (eq. 2.4) 

regardless of whether the operation is continuous or batch.  Table 2.1 shows calculations 

for shear power intensity for additional unit operations. 
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Table 2.1: 
Shear work, shear power intensity, and volume calculations for a typical system 

 
System component Ws S V 

Pipe entrance/exit 2
/,

2
uk exitentrancef  V

mWs &  
2

3Dπ  

Pump 
ρ
PΔ  

V
mWs &  

Pump fill volume 

Valve 2
,

2
uk valvef  V

mWs &  
Valve fill volume 

Elbows 2
,

2
uk elbowf  V

mWs &  
Elbow fill volume 

Straight Pipe 

D
uf

2
2  V

mWs &  
4

2 LDπ  

Tank: Batch 
Operation m

tΦ  
V

mWs &  
Fluid volume of 

tank 

Tank: Continuous 
Flow m&

Φ  
V

mWs &  
Fluid volume of 

tank 

Equipment: 
Pneumatic valves, 
heat exchangers, 
strainers, 
homogenizers 

ρ
PΔ  

V
mWs &  

Fill Volume of 
Equipment 

Source:  Compiled from Steffe and Daubert (2006) 
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Shear work and shear power intensity vary from one another in several different 

ways.  Shear work is cumulative for an entire processing system while shear power 

intensity only represents the power change per unit volume of any single system 

component.  Shear power intensity can be used to distinguish between parts of a system 

that have identical shear work values, but have a different exposure to peak shear.  For 

example, a long, straight length of pipe may have a shear work input equivalent to a short 

pipe with several elbows.  However, the shear power intensity would show that the 

intensity of exposure to shear is higher in the shorter pipe that has several elbows.  

Another example of the difference between shear power intensity and shear work is 

described in Figure 2.1, where t is time andγ&  is shear rate.  Tanks A and B are identical 

with identical mixing impellers and tank dimensions and hold an equal volume of the 

same fluid.  Tank B is mixing at a much higher speed (or power), while Tank A is mixing 

for a longer duration at a slower speed.  From the data, the shear work or history of the 

two mixing tanks is identical.  However, because Tank B is operating with higher power 

compared to Tank A, the material is sheared with a greater intensity.  Although the shear 

histories and volume of the common fluid inside the tanks are identical, the properties of 

the fluid may not necessarily be equal. 
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Tank A 
 

Φ=30 Watts 
t = 100 sec 

Tank B 
 

Φ=300 Watts 
t = 10 sec 

Ws:  Tank A = Tank B 
 

S:  Tank A > Tank B 

 
 

Figure 2.1:  Comparison of Shear Power Intensity and Shear Work for two similar 
tanks with equal volumes of product. 

  
The above calculations for shear work and shear power intensity will be used in this 

thesis to evaluate the response of a model emulsion to changes in shear input. 

 
 
 
 
2.2      Materials and Methods 
 
2.2.1   Coarse Emulsion Preparation 
 
Model oil-in-water emulsions were prepared with commercial-grade corn oil (Mazola ®) 

purchased at a local grocery store (20% w/w, φ=0.2) and deionized water.  The system 

was stabilized with Tween 20 (Fisher-Scientific, Fair Lawn, NJ) at various concentrations 

(0.2-0.6% w/w).  Tween 20, also known by the full chemical name polyoxyethylene (20) 

sorbitan monolaurate, is a non-ionic surfactant with an HLB value of 15.6 and a critical 

micelle concentration of 0.05 mM.  Due to the highly hydrophilic nature of Tween 20, the 

required level of surfactant was first dissolved in water for a minimum of 15 minutes to 

ensure that the surfactant was completely solubilized.  Next, the surfactant-water solution 

was added to the corn oil in a Stephan controlled-temperature mixer (Stephan machinery, 

Hameln, Germany) at 25°C for emulsion pre-mixing, forming a primary coarse emulsion.  
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Then, a vacuum was pulled on this mixture for 5 minutes to reduce entrained air.  Finally, 

the mixture was blended under vacuum and constant temperature for 5 minutes at 3,000 

rpm with a 3-inch blade attachment.  

  

 

2.2.2 Homogenization  
 
The coarse emulsion formed was then immediately homogenized under the desired 

conditions shown in Table 2.2 using a Niro-Soavi Panda 2K Twin Stage lab-scale 

homogenizer (GEA Niro-Soavia, Parma, Italy), with pressures ranging from 100-800 bar 

(10-80 MPa) and between 1-8 passes.  The pressure was achieved solely by increasing 

the pressure on the first stage (second stage not used).  The number of passes refers to the 

number of times the emulsion was cycled through the homogenizer.  The homogenizer 

had a volume flow rate of approximately 12 L/hr.  Prior to homogenization, the 

temperature was maintained at 25°C during and following the formation of the coarse 

emulsion.  However, during homogenization, the temperature was unable to be 

controlled. 

 

2.2.3 Particle Size Analysis 
 
Particle size analysis was completed using a Shimadzu SA-CP4 Centrifugal Particle Size 

Analyzer (Shimadzu Corporation, Kyoto, Japan).  This analyzer has two different 

centrifugal settings for different suspensions, sedimentation and lift modes.  When the 

dispersed phase has a higher density than the continuous phase (such as in a whey protein 
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suspension), the analyzer operates in “sedimentation” mode because the dispersed phase 

will fall in the measuring cell during centrifugation.  When the dispersed phase has a 

lower density than the continuous phase (such as in an oil-in-water emulsion), the 

analyzer operates in “lift” mode because the dispersed phase will rise in the measuring 

cell during centrifugation.  To account for the lower density fat droplets rising in the 

distilled water continuous phase, the analysis took place in lift mode under constant 

acceleration (240 rpm/min) within 5 minutes following homogenization.  Prior to the 

measurement, the analyzer was calibrated with a measuring cell filled with a pure sample 

of deionized water.  Two to three droplets of the prepared emulsion were dropped into the 

measuring cell filled with deionized water at 22°C.  The absorbance of the sample was 

adjusted to 100 ± 2, as measured by the particle size analyzer, by adding additional water 

for dilution or adding more emulsion to increase the absorbance.  The particle size 

analyzer rotor was balanced with another measuring cell filled with deionized water 

placed opposite to the cell being measured.  Inputs for the emulsion properties (dispersed 

and continuous phase density and continuous phase viscosity) were used by the particle 

size analyzer for the measurement.  The density used for the corn oil dispersed phase was 

0.922 g/cm3, and the density and viscosity for the continuous water phase was 0.9978 

g/cm3 and 0.96 mPa*s, respectively, as directed by the Shimadzu SA-CP4 Instructions 

Manual.  Particle size analysis was completed over a particle size range from 0.05 to 80 

μm.  Data output produced values for median particle diameter, modal particle diameter 

95th percentile diameter and 5th percentile diameter, as well as a distribution of particle 

sizes over the range tested.  Each treatment was analyzed in triplicate. 
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2.2.4 Rheological Measurements 
 
Rheological properties of the emulsions were determined through a shear rate sweep 

between 10-200/s for a 360 second duration using a StressTech controlled-stress 

rheometer (ATS Rheosystems, Bordentown, NJ) with a smooth cup and bob 

configuration under constant temperature conditions at 25°C.  Initially, a 15 mL sample 

of the emulsion was placed in the cup.  The sample achieved measurement temperature 

during a 60 second equilibration period.  Then, a pre-shear of the emulsion was done for 

30 seconds at 50/s to ensure exposure to similar shear history prior to analysis.  

Following the pre-shear treatment, the sample further equilibrated for 30 seconds prior to 

beginning the measurement.  Torque and angular rotation measurements were taken 

every 10 seconds with a 5 second data integration period.  Each treatment was analyzed 

in triplicate. 

       

 

2.2.5   Calculation of Shear Work (Ws) 
 
Shear work was calculated for each homogenization treatment according to prescribed 

calculations offered by Steffe and Daubert (2006).  Shear work was calculated by 

measuring the shear work during homogenization plus the shear work during the pre-mix 

of the coarse emulsion: 

∑+= TIONHOMOGENIZAsPREMIXsTOTALs WWW ,,                        (eq. 2.5) 
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where  is equal to the shear work at each pass through the 

homogenizer multiplied by the number of times the emulsion passed through the 

homogenizer, calculated with the following equation: 

∑ TIONHOMOGENIZAsW ,

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
=∑ ρ

PnW TIONHOMOGENIZAs ,                                    (eq. 2.6) 

where ΔP is equal to the pressure differential across the homogenizer (Pa), ρ is the 

density of the fluid or emulsion (kg/m3), and n is the number of times the emulsion was 

passed through the homogenizer.  For a batch process, such as the one conducted in this 

experiment, the shear work of the pre-mix ( ) was calculated as: PREMIXsW ,

m
tW PREMIXs

Φ
=,                                                  (eq. 2.7) 

where Φ is the power supply to the mixer (Joules/Second), t is time (seconds) and m is 

the mass of the fluid in the process (kilograms).  The power supplied to the mixer was 

determined using a digital power meter (Brand Electronics, Whitfield, ME), which 

measured the power in Watts. 

 

2.2.6 Experimental Design Matrix 
 
An experimental plan was designed to monitor the effect that changing shear work, shear 

power intensity, or both, have on particle size or rheological properties of an emulsion.  

Table 2.2 summarizes the experimental approach with values for shear work filled in at 

each sample treatment.  The experimental plan was performed for three different 

surfactant levels (0.2, 0.4 and 0.6% Tween 20). 
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Table 2.2: 
Shear work values (MJ/kg) at each tested homogenization parameter 

 
  Pressure (bar) 
  100 200 400 800 

Passes   1 10.45 20.87 41.69 83.35 
2 20.87 41.69 83.35 166.66 
3 41.69 83.35 166.66 333.27 
4 83.35 166.66 333.27 666.49 

 

The experimental design is a 4 x 4 full factorial design with emulsions 

homogenized by a combination of 4 different pressure settings (100, 200, 400, 800 bar) 

and 4 different passes, or cycles, through the homogenizer (1, 2, 4, 8).  Holding the 

pressure constant while increasing the number of passes permitted monitoring the effect 

of only increasing shear work on particle size and rheological properties.  Increasing the 

pressure while holding the number of passes constant prompted increases to both shear 

work and shear power intensity.  However, through selection of appropriate 

homogenization treatments, the effect of shear power intensity, while keeping shear work 

constant, on emulsion properties could be investigated.  For instance, the following four 

homogenization treatments (100 bar: 8 passes, 200 bar: 4 passes, 400 bar: 2 passes, and 

800 bar: 1 pass) each have identical shear work values (83.35 MJ/kg), but the shear 

power intensity increased as the homogenization pressure increased.  In Table 2.2, 
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identical shear work values are realized along the diagonals of the experimental plan, 

going from bottom left to top right.         

 

2.2.7   Shear Work Critical Limit Determination 

Critical limits of shear work, with respect to the median particle size of the emulsion, 

were established for each surfactant concentration.  To identify the critical limit or 

transition points for shear work and the corresponding median particle size, a piecewise 

linear statistical model, also commonly referred to as the “Hockey Stick” model because 

of two distinct linear portions of a data set, was used.  The data was analyzed using SAS 

software (SAS, Cary, NC).  

 

2.2.8   Mathematical Model of Data  

The median particle size data was described with a mathematical model, where 

median particle size was expressed as a function of both surfactant concentration and 

shear work level.  This equation was developed by conducting a multiple regression 

analysis using Microsoft Excel (Microsoft Corporation, Redmond, WA).  The regression 

analysis had one dependent variable, median particle size, and two independent variables, 

surfactant concentration (% w/w) and shear work (MJ/kg).  To accomplish this multiple 

regression, the shear work, surfactant concentration, and median particle size data was 

transformed logarithmically to linearize the data.      

 The regression model was tested for efficacy using three sets of randomized 

homogenization parameters.  Randomization was accomplished by blindly selecting 
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values for number of passes, homogenization pressure, and surfactant concentration by 

pulling numbers from a hat, shown in Table 2.4.  After the parameters were selected, the 

emulsions were processed identically as described in sections 2.2.1 and 2.2.2 and 

analyzed for particle size and rheological characteristics as discussed in sections 2.2.3-

2.2.4.   

 

2.3   Results and Discussion: 

Each homogenization treatment was analyzed in triplicate for both particle size 

and rheological behavior.  Because of the robustness of the experimental design, the data 

was analyzed several different ways.  Surfactant concentration, shear work input, and 

shear power intensity were variables that were independently examined within this 

experimental plan for effects on particle size.  Furthermore, shear work and shear power 

intensity were isolated to analyze the effect that changing one rheological shear value had 

on the model emulsion system while maintaining the remaining variables at a constant 

level.  Rheological properties of the model emulsion were also evaluated.  The results are 

discussed here in two parts: particle size and rheology.   

  

 2.3.1   Particle Size Results 

A total of 16 homogenization treatments were made in triplicate for each of three 

surfactant concentrations.  Appendix A shows the complete listing of all particle size data 

generated from this study.  Median particle size is shown with 1 standard deviation for 

each combination of pressure and passes.  In this study, particle size was recorded as a 
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median of the droplets being tested.  Median particle size was used over average particle 

size because the particle size analyzer produced data as a distribution of the number of 

particles or droplets within the size range tested.  By design, the particle size analyzer 

identified the size where 50% of the number of  particles were smaller or 50% larger in 

diameter than this median size.  Also, median particle size can sometimes be preferred to 

average particle size because median size is not skewed or affected by droplets that are 

either inordinately large or small (Ott and Longnecker, 2001).  

 
2.3.1.1 Particle size as a function of shear work and power intensity 
 
Figure 2.2(a-c) shows the median particle size as the homogenization pressure was 

increased at a particular number of passes for each surfactant concentration of Tween 20: 

a) 0.2%, b) 0.4%, and c) 0.6%.  As homogenization pressure increased, both shear work 

and shear power intensity increased, as represented by the rows in Table 2.2.  For 

example, when homogenizer pressure increased from 100 bar to 200 bar, both shear work 

and shear power intensity are doubled if the number of passes was held constant. 
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b) 0.4% Tween 20
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c) 0.6% Tween 20
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Figure 2.2 (a-c):  Median particle size as pressure is increased at various number of 
passes:  a) 0.2% Tween 20, b) 0.4% Tween 20, c) 0.6% Tween 20.  
● 1 pass, ○ 2 passes, ▼ 4 passes, and Δ 8 passes. 

 

When the number of passes was 1 and 2, the median particle size decreased as the 

homogenizer pressure was increased from 100 to 800 bar at each surfactant 
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concentration.  However, for four passes, the median particle size decreased only at 0.6% 

surfactant when the pressure increased from 100 to 800 bar.  At 0.2% and 0.4% 

surfactant, there was an initial decrease in median particle size when going from 100 to 

200 bar, but from 200 bar through 800 bar the median particle size no longer reduced.  

This observation provides evidence that a critical value for either shear work or shear 

power intensity may have been achieved, and this critical value was dependent on the 

surfactant concentration. When the emulsion was homogenized 8 times at 0.2% and 0.4% 

surfactant, the median particle size remained flat at every pressure setting, while at 0.6% 

surfactant, however, there was a decrease in particle size from 100 bar to 200 bar.  At 

pressures above 200 bar at 0.6% surfactant, there was no further decrease in median 

particle size.  This data does show, however, that at the highest surfactant concentration, 

more shear was able to be applied towards particle size reduction.   

 According to the data, there was an apparent maximum quantity of either shear 

work or shear power intensity to reduce the median particle size the greatest degree.  

Accordingly, within each surfactant concentration, there was a level of shear where 

increasing the pressure no longer produced a decrease in median particle size.  The data 

also supports that this quantity of shear work or shear power intensity is related to the 

surfactant concentration, evidenced by the fact that the median particle size continued to 

decrease significantly at higher pressure and homogenization passes when the surfactant 

concentration was at a higher level (0.6%).  This result substantiates McClements (2005), 

noting that the droplet size in an emulsion can be decreased by increasing the intensity or 



duration of energy transport during homogenization, as long as sufficient emulsifier is 

available to cover the surfaces of the newly formed droplets.  

However, when there is insufficient emulsifier present, the droplet size may 

become more dependent on emulsifier concentration (Tcholakova et al, 2004).  In Figure 

2.3, the dependence of particle size on surfactant concentration is shown.  As the level of 

surfactant was increased, the median particle size decreased at each shear work value 

tested.  In this model emulsion system, it is possible that the surfactant concentration used 

was insufficient to cover the newly formed droplet surfaces created by the most intense 

shear treatments.  However, at higher surfactant concentrations, there was more 

surfactant present to coat droplet surfaces during higher homogenization pressure 

treatments.  Even at the highest surfactant concentration used in this study (0.6%), there 

was still a limit to a minimum particle size.  
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Figure 2.3:  Median particle size as Tween 20 surfactant concentration was  
increased at selected shear work levels.  ● 20.87 MJ/kg, ○ 83.35 
MJ/kg,▼ 333.27 MJ/kg 

 

A flattening or an increase in particle size was seen in a study by Desrumaux and 

Marcand (2002).  In this experiment, a sunflower oil-in-water emulsion was subjected to 

very high pressures (>1000 bar).  As the pressure was increased from 0 to 900 bar, the 

particle size decreased.  Between 900-2000 bar, the particle size increased, which was 

attributed to increased Brownian motion and droplet coalescence.  However, above 2000 

bar the particle size decreased once again, explained by the intense shear rate occurring 

within the homogenizer overriding the coalescence of the particles.  

 When examining the effects on particle size by increasing shear work and shear 

power intensity (i.e. increasing pressure treatment), it remained unclear which rheological 
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parameter for shear, either work or intensity, was more critical to the final median 

particle size of this model system.     

 
2.3.1.2   Median Particle Size as only Shear Work is Increased 
 

In Figures 2.4(a-c), median particle size is shown as the number of passes through 

the homogenizer is increased at various pressure settings and at three different surfactant 

concentrations: a) 0.2%, b) 0.4%, and c) 0.6% Tween 20.  As a review, an increase in the 

number of passes, represented by the columns of data in Table 2.2, contributes to an 

increase in the shear work (Ws).  However, since the pressure is held constant, the shear 

power intensity remains unchanged, because shear power intensity is not cumulative.   
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b) 0.4% Tween 20
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c) 0.6% Tween 20
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Figure 2.4 (a-c):  Median particle size as the number of passes is increased at 

various pressure settings; a) 0.2% Tween 20, b) 0.4% Tween 20, 
and c) 0.6% Tween 20.  ● 100 bar, ○ 200 bar, ▼ 400 bar, and Δ 
800 bar.   

 

 

At a pressure of 100 bar, regardless of surfactant concentration, there was a 

gradual decrease in median particle size.  However, at higher pressure settings, the 

decrease in median particle size was inconsistent.  For the highest surfactant 

concentration (0.6%), at 200 bar there was, once again, a gradual decline in median 

particle size as the emulsion passed through the homogenizer multiple times.  However, 
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at 0.2 and 0.4% surfactant levels, initially there was a decrease in particle size, but as the 

number of passes increased, the median particle size no longer decreased, displaying an 

ever so slight increase in median particle size.  As the pressure increased further to 400 

bar, an initial decrease in particle size was observed at all surfactant concentrations when 

the number of passes was increased from 1 to 2.  However, at higher number of passes, 

the particle size no longer decreased regardless of surfactant concentration.  A similar 

effect was also observed at 800 bar.  Similar to the data shown in Figure 2.2, the data in 

Figure 2.4 displayed a clear maximum critical value for shear work to produce an 

emulsion with minimal particle size.  However, in the case of Figure 2.4, shear power 

intensity remained constant and only shear work increased.  This behavior helped 

establish that the accumulation of shear work has a greater impact on median particle size 

than increasing the momentary intensity of shear exposure for this particular emulsion.    

Cycling the emulsion through the homogenizer (while keeping the 

homogenization pressure constant) can be seen as increasing the homogenization time.  

In a study by Djakovic et al (1987), the effect of homogenization time on an emulsion 

particle size was investigated, and it was determined that emulsion particle size reached a 

minimum at some homogenization time and would not decrease any further if 

homogenization time was increased.  It was also seen in the Djakovic study (1987) that 

the homogenization time needed to reach a minimum particle size increased as the level 

of surfactant increased.  This response is similar to the results obtained from this study, 

where increasing the number of homogenization cycles caused a decrease in particle size, 
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reaching a minimum particle size dependent upon the homogenization pressure and 

surfactant concentration. 

 

2.3.1.3 Median Particle Size at Constant Shear Work 
 

In Figure 2.5 (a-e), the median particle size is shown as the homogenization 

treatments were manipulated to reach the same value for shear work.  For instance, at 

20.87 MJ/kg, the shear work was achieved through the pressure-pass combination of both 

100 bar-2 passes and 200 bar-1 pass, which results in holding shear work constant while 

manipulating only the shear power intensity.  The data supports that at each level of shear 

work, the median particle size was not significantly different, regardless of the 

homogenization settings used to achieve that shear work level.  This evidence further 

strengthens the argument that the shear power intensity, or momentary intensity of 

exposure to shear, is not as critical to final median particle size as the accumulation of 

shear work.     
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Figure 2.5 (a-c):  Median Particle size using different homogenization treatments to 
reach the same shear work value; a) 20.87 MJ/kg, b) 41.69 MJ/kg, 
c) 83.35 MJ/kg,  Legend:  Solid Black:  0.2% Tween 20; Solid 
Gray:  0.4% surfactant; Gray Stripes: 0.6% surfactant.  Identical 
letters above bars have statistically similar median particle sizes 
(p-value>0.05) 
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d) Ws=166.7 KJ/ kg
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Figure 2.5 continued (d-e): Median Particle size using different homogenization 
treatments to reach the same shear work value; d) 166.7 
MJ/kg, and e) 333.27 MJ/kg.  Legend:  Solid Black:  0.2% 
Tween 20; Solid Gray:  0.4% surfactant; Gray Stripes: 0.6% 
surfactant.  Identical letters above bars have statistically 
similar median particle sizes (p-value>0.05) 
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2.3.1.4 Median Particle Size Response 
 

Median particle size is affected by a number of different factors occurring during 

homogenization, including the type and concentration of surfactant and energy input 

supplied to the homogenizer (McClements, 2005).  According to McClements, energy 

input to a homogenizer reduces particle size by either increasing homogenization 

pressure or re-circulating the emulsion through the homogenizer.  This action is 

analogous to either increasing shear work or shear power intensity.   

Figure 2.3 shows that the median particle size decreased as the surfactant 

concentration increased at several levels of shear work, a consistent trend observed 

throughout the study.  Particle size reduction as surfactant levels increase has been 

observed in numerous studies (Tchlakova et al, 2004; Lobo and Svereika, 2003).  For 

example, Lobo and Svereika (2003) showed that drop size was lower at each surfactant  

(2004) concentration (in this case, Span 80, another non-ionic surfactant) as the number 

of passes through a high-pressure homogenizer was increased. In Tcholakova et al, the 

particle size of a soybean oil-in-water emulsion showed a clear decrease as the level of 

surfactant (whey protein concentrate, Brij 58, and sodium dodecyl sulfate) was increased 

under identical processing parameters.  However, the study by Tcholakova et al identified 

that a minimum particle size was achieved at some consistent surfactant level, especially 

in the case of the whey protein concentrate.  Also, according to Djakovic et al (1987), the 

most frequently occurring diameter in an emulsion tends to decrease to a constant 

limiting diameter value as surfactant concentration is increased.  A further increase in 
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surfactant concentration beyond this point does not produce a reduction in particle 

diameter.   

The results of the study described wholly in this paper did not indicate whether 

(and at what concentration) a minimum in particle size would have been reached as the 

concentration of Tween 20 was increased.  Because this question was not an original goal 

of this project, only 3 surfactant levels were tested and therefore insufficient to determine 

at what Tween 20 concentration a minimum particle size could be accomplished.   The 

median particle size decreased as the surfactant concentration was increased at any 

homogenization pressure or shear work value considered in this study. 

 To understand the effect observed on the emulsion particle size, the 

homogenization process must be considered further.  During homogenization, the 

dispersed phase (corn oil) is exposed to extreme turbulence and shear by the conversion 

of pressure to kinetic energy (Narsimhan and Goel, 2001).  The oil droplets are broken 

into smaller droplets, but the motion of the droplets leads to many collisions between the 

droplets.  As the new, smaller droplets are formed, the fresh oil-water interface must be 

covered by surfactant prior to the collisions taking place.  If the adsorption of the 

surfactant to the interface is slow, or if there is insufficient surfactant to cover the 

interface, the droplets coalesce and the droplet size will either increase or plateau 

regardless of the energy supplied to the emulsion during homogenization.  This result has 

been shown in several studies.  In a study by Tornberg (1980), it was noted that an 

emulsion could be “over-processed” at homogenization pressures greater than 40 MPa, 

where the emulsions particle size exhibited an increase.  In a different paper by Tornberg 



(1977), it was explained that emulsion can be over-processed by continual processing or 

excessive pressure past a certain limit.  In the study by Narsimhan and Goel (2001), the 

coalescence rate was decreased as the surfactant level increased, resulting in a smaller 

droplet size at the higher surfactant levels.  In the present study, median particle size 

attained a minimum value at some particular level of shear for each surfactant 

concentration tested.  If the emulsion was homogenized less than this shear value, the rate 

of inter-droplet collisions was lower than the rate that the surfactant was able to cover the 

oil-water interface prior to these collisions occurring.  In this case, the level of surfactant 

was sufficient to cover the surface of the newly created droplets, leading to less 

coalescence and, consequently, a lower median particle size.  However, once the shear 

work exceeded some critical value, the rate of collisions of the fat droplets and the 

number of new fat droplets created exceeded the rate at which fat droplets were covered 

with surfactant.  Therefore, the level of surfactant was insufficient to cover the newly 

exposed oil-water interface. This condition meant that coalescence took place at a higher 

degree than when the shear work (or collisions caused by homogenization) was lower 

than this critical value.  This coalescence rate prevented the median particle size from 

being further reduced by increasing the level of shear work. However, if the surfactant 

concentration was increased, there was more surfactant available to cover more of the 

newly created oil-water interface.  As the homogenization shear was increased to create 

smaller droplets, these droplets were more resistant to coalescence and able to be 

stabilized by the increased level of surfactant.   
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2.3.1.5   Statistical Description of Data 

This study was a completely randomized experimental design.  Median particle 

size was measured on three independent replicates of each of 48 combinations of three 

experimental factors:  surfactant level, number of passes, and homogenization pressure.  

A full-factorial model was fit with main effects and all first and second order interactions.  

Analysis of variance based on this full-factorial model indicated that this complex model 

accounted for 95% of the variability on 47 degrees of freedom.  However, inspection of 

the treatment means, along with the plot of median particle size versus shear work, 

suggested that the dependence of median particle size on pressure and number of passes 

can be expressed with a simpler model, where shear work explained most of the 

variability in the model.  Therefore, a reduced model with only two factors, surfactant 

concentration (3 different levels) and shear work (7 different levels) as two crossed 

factors explained 93% of the variability on 20 degrees of freedom.  From this 

information, it was concluded that median particle size can be clearly explained as simply 

a function of the shear work input and the surfactant concentration.  The following 

discussion explains how the median particle size results were used to do two things: a) 

identify critical values for shear work and b) design a model based on median particle 

size as solely a function of both shear work and surfactant concentration. 

 

2.3.1.6   Critical Values for Shear Work 
 

From the data shown, shear work proved a more important rheological shear 

value during homogenization of simple emulsions (only one oil and water ingredient) 



stabilized by a small molecule surfactant. As evidenced by the data, a critical limit 

existed for shear work to impart a minimum fat particle size.  In Figure 2.6, median 

particle size was plotted as a function of shear work.  The median particle size exhibits a 

rapid reduction in size at lower levels of shear work.  However, the median particle size 

levels at some shear work value dependent on the surfactant concentration used.  No 

further reduction in particle size was observed as the shear work increased beyond this 

point.  The initial shear work value, where the median particle size flattened, can be 

identified as a critical limit.  This critical shear work value was dependent upon the 

surfactant concentration and was determined by statistical analysis of the data.   
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Figure 2.6: Median particle size as shear work input is increased to the emulsion at 

various levels of Tween 20 surfactant.  ● 0.2% Tween 20, ▼0.4% Tween 
20, and ■ 0.6% Tween 20. 
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Figure 2.7 shows the median particle size progression as shear work is added to 

the emulsion.  Using a statistical analysis between the various levels of surfactant, an 

estimate can be made to where the critical shear work value may exist.  At shear work 

values beyond the point where the median particle is no longer being reduced 

significantly, it can be assumed that the critical shear work value must be within the 

vicinity of where the median particle size reached a plateau.   The median particle size 

data achieved a plateau point by 83.35 MJ/kg at 0.2% Tween 20.  At all shear work 

values beyond this point, the median particle size was not significantly different (p-values 

> 0.05 above this point).  At 0.4% and 0.6% Tween 20, the median particle size data 

plateaued by 166.67 MJ/kg.  These results gave an estimate to what the critical shear 

work value was. However, additional analysis was undertaken to more precisely define 

those critical values.   

Determining critical values for shear work can be useful when identifying 

processing specifications, namely, homogenizer, mixer, and pump types and conditions.   

In an attempt to identify the critical shear work values, a “hockey-stick” or piecewise-

linear model was deemed appropriate to describe the data.  Upon further observation of 

the data, it was possible to view the data for each surfactant concentration as having two 

linear portions.  First, a negatively sloped line was observed, where the median particle 

size decreased to a point of discontinuity. At this transition point, the data adjusted to a 

horizontal line with a zero slope.  The transition point can be described as the statistical 

critical value for shear work, where a further increase in shear work no longer imparts a 

decrease in the median particle size. 
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c) 0.6% Tween 20
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Figure 2.7(a-c):  Median particle size as shear work is increased: a) 0.2% Tween 20, 

b) 0.4% Tween 20, and c) 0.6% Tween 20.  Identical letters above 
each represent statistically similar median particle sizes (p-value> 
0.05). 
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The transition point corresponds to some minimum level of particle size, Table 

2.3.  The table shows that as the level of surfactant was increased, the shear work capable 

of reducing the median particle size, increased as well.  Also, the minimum particle size 

corresponding with critical shear work values was lower at higher levels of surfactant.  

This result confirms that as the surfactant concentration increased, more shear work was 

used by the emulsion to reduce the particle size.  As stated previously, the additional 

surfactant was able to cover more oil droplets in a shorter period of time when intense 

shearing, such as homogenization, takes place to disrupt the droplets.  This coverage 

develops prior to collisions between oil droplets, causing droplet coalescence. 

 

Table 2.3: 
Identification of inflection points for shear work and minimum particle size reached 

at each Tween 20 surfactant concentration (w/w).  R2=0.90 
 
Surfactant Concentration Inflection Point (MJ/kg) Minimum Particle Size (μm) 

0.2% 94 2.36 

0.4% 99 1.01 

0.6% 119 0.65 

 
 
 

2.3.1.7    Formulation and Testing of a Mathematical Model 

Studies have been performed to correlate homogenization conditions with droplet 

or particle size.  With one study reported by Phipps (1975), the diameter of an emulsion’s 

droplet size was related to pressure in the following way: 
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6.0−∝ Pd                                                     (eq. 2.8) 

where d is the diameter of the emulsion droplet and P is homogenization pressure, but 

this was only valid between pressures of 0.25 and 40 MPa (2.5 to 400 bar).  In another 

study (Davies 1985), it was reported that maximum particle size in an emulsion was 

related by 

                                                 (eq. 2.9) 4.0
max

−∝ Pd

In the present study, a multiple regression was completed to determine a basic 

mathematical model that described median particle size (MPS) as a function of both 

surfactant concentration (C) and shear work (Ws): 

),( sWCfMPS =                                                 (eq. 2.10) 

The resulting regression output is shown in Appendix C, and the model was further 

simplified to the following formula: 

4
14

3
4

−−
= sWCMPS                                               (eq. 2.11) 

with a coefficient of determination (R2) equal to 0.80.  The predicted median particle size 

data was plotted versus the real median particle size data to demonstrate model 

effectiveness in Figure 2.8.  Ideally, if the predicted data matched the actual data, there 

should be a perfectly linear relationship with a slope of 1, meaning that actual particle 

size would equal predicted particle size.  In the case of this model, the slope was 1.059 

with an R2 of 0.712.    
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Figure 2.8: Real median particle size data plotted versus predicted median particle 

size calculated from mathematical model with linear regression to test 
for accuracy.  R2=0.712  

 

 

To further test the mathematical model, three random sets of homogenization 

treatments were chosen to reach three random shear work values.  The homogenization 

conditions tested are summarized in Table 2.4, along with the corresponding shear work 

values to demonstrate the results of this model testing.   
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Table 2.4: 
Testing of mathematical model using random homogenization settings to achieve 

random shear works and surfactant concentrations. 
 

Homogenization 
Conditions 

Shear Work 
MJ/kg 

Predicted 
Median Particle 

Size (μm) 

Actual 
Median 

Particle Size 
(μm) 

% Error 

200 bar, 3 passes, 
0.35% Tween 20 

62.52 2.22 2.13 ± 0.40 4.1 

600 bar, 2 passes, 
0.55% Tween 20 

125.00 1.25 0.80 ± 0.09 36.0 

500 bar, 7 passes, 
0.5% Tween 20 

364.51 0.94 0.79 ± 0.33 15.9 

 
 

The results show that the mathematical model consistently predicted higher 

particle sizes than what was actually analyzed, although in the case of shear work values 

62.52 KJ/kg and 364.51 KJ/kg, the predicted values were within 1 standard deviation 

range of the data.  For instance, in the case of 200 bar: 3 passes, 0.35% Tween 20 (62.52 

MJ/kg), the median particle size predicted by eq. 2.11 was 2.22 μm, while the actual 

tested median particle size was 2.13 ± 0.40 μm.  In the case of 500 bar, 7 passes, 0.5% 

Tween 20 (364.51 KJ/kg), the predicted median particle size was 0.94 μm and the actual 

median particle size was lower, at 0.79 ± 0.33 μm.  Both of these predicted particle sizes 

were within 1 standard deviation of the actual data.  However, at 600 bar, 2 passes and 

0.55% Tween 20 (125.00 KJ/kg), the predicted median particle size was 1.25 μm, which 

was significantly higher than the actual median particle size (0.80 ± 0.09 μm) and did not 



fall within the standard deviation.  As can be seen from the data, the predicted median 

particle size was always higher than the actual experimentally determined particle size.  

The two higher shear treatments had higher experimental error.  One possible explanation 

why this occurred may be supported with the original data that was used to generate the 

mathematical model (eq. 2.11).  By observing the data, it can be seen that the particle size 

data from all the 0.2% Tween 20 samples were much higher than the data from the other 

two surfactant concentrations, especially at the more intense homogenization treatments 

(i.e. high shear work and power intensity).  For instance, the data range for 0.2% Tween 

20 was 2.03-4.25 μm for the entire data set.  However, at 0.4% Tween 20, the range was 

0.94-4.26 μm and at 0.6% the range was 0.52-3.80 μm.  As can be seen, much lower 

particle sizes were reached at 0.4% and 0.6% Tween 20 than at 0.2% Tween 20.   It is 

possible that these higher particle sizes caused by there being a limited amount of 

surfactant in the 0.2% Tween 20 samples may cause the mathematical model to produce 

predicted particle sizes that are higher than actuality.    

The model was also tested versus equation 1.27 described by McClements (2005), 

and the results are shown in Table 2.5.  Equation 1.27 described the maximum diameter 

of particle sizes remaining following homogenization, and was a function of the 

interfacial tension, continuous phase viscosity, and the power density of emulsification.  

In this case, the power density was calculated as the shear power intensity during 

homogenization, eq. 2.4.  Interfacial tension values used for this calculation were 

experimentally determined by Vladisavljevic et al (2006) for corn oil-in-water emulsions 

at 0.2% Tween 20.  Equation 1.27 predicted the maximum particle size to be smaller than 
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the median sizes that actually resulted.  This discrepancy may be caused by the model not 

taking into consideration the post-homogenization coalescence that possibly occurred.  

The model described in eq. 2.11 and developed in this research more accurately predicted 

the median particle size, as shown in Table 2.4.   

 
 

Table 2.5: 
Comparison of models predicting particle size of 0.2% Tween 20 emulsion at 

1 pass.   
Homogenization 
pressure (bar) 

Predicted 
Particle Size 
using eq. 1.27 

(μm) 

Predicted 
Particle Size 
using eq. 2.11 

(μm) 

Actual 
Particle Size 
(μm ± 1 st. 

dev.) 

Error between 
actual and eq. 

1.27 (%) 

100 3.30 6.12 4.25 ± 0.51 28.8 
200 2.33 4.86 4.10 ± 0.27 75.9 
400 1.65 3.86 3.52 ± 0.23 113.3 
800 1.17 3.07 2.88 ± 0.22 146.2 

Note:  Error is between eq. 1.27 and actual data. 

 

2.3.2   Rheological Characteristics Results 

All samples displayed Newtonian fluid characteristics, as evidenced by a linear 

relationship between stress and shear rate.  This fact is substantiated by other research 

that showed that at oil phase fractions below 0.5, emulsions made of two Newtonian 

liquids were Newtonian (Pal, 2000).  The viscosity results for the emulsions tested in this 

study are shown in Appendix B.  The Newtonian viscosities between 0.2 and 0.4% 

Tween 20 were similar, with all data being between 1.2 and 1.7 mPa*s.  However, when 

the surfactant concentration was increased to 0.6% Tween 20, the Newtonian viscosity 

exhibited an increase, with Newtonian viscosities values between 1.9 and 2.3 mPa*s. 
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Within each surfactant concentration, the Newtonian viscosity was consistent and 

displayed little variability between various treatments, regardless of the actual treatment.  

As pressure increased (at a controlled number of passes) or as the number of passes 

increased (at a controlled pressure), there was no significant difference in the Newtonian 

viscosity, even if there was a reduction in the median particle size.  The variability 

between various treatments within a particular surfactant concentration was 0.3-0.4 

mPa*s.  It was expected that as the median particle size decreases, as caused by an 

increase in shear work, the Newtonian viscosity of the emulsion would increase.  An 

explanation of this was made by Pal (2000), who observed model emulsions with four 

different droplet sizes (4.6, 8.1, 9.12, and 21.4 μm).  Pal stated that an increase in 

viscosity with a decrease in particle size could be due to an increase in the hydrodynamic 

interaction between droplets.  When particle size is reduced, the mean separation distance 

between the droplets decreases which leads to more interaction between droplets and thus 

a higher viscosity.  In the case of the present study, there appeared to be no increase in 

Newtonian viscosity as the median particle size decreased.  This result may be explained 

by the fact that, at lower volume fraction of oil phase (<0.5), the reduction in median 

droplet size had less effect on the emulsion viscosity.  This behavior was also observed 

by Pal (2000).    

Figure 2.9(a-c) shows the Newtonian viscosity at various treatments with identical 

shear work.  The rheological characteristics within a particular shear work value showed 

that the Newtonian viscosity increased slightly as the particular homogenization pressure 

required to achieve the shear work value increased as well.  However, this was not 
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statistically significant.  This outcome occurred at each surfactant concentration, where 

increased pressure (while holding the number of passes constant) caused a slight 

increasing trend in the viscosity data.  For instance, in Figure 2.9a, with Ws = 41.69 

MJ/kg going from 100 bar: 4 passes to 200 bar: 2 passes to 400 bar: 1 pass saw a small 

change in Newtonian viscosity (~1 mPa*s).  Recalling from section 2.3.1.1, an increase 

from 100 bar to 200 bar to 400 bar in homogenization pressure also paralleled an increase 

in shear power intensity.  This behavior provided some evidence that as the shear power 

intensity increased as shear was held constant, the Newtonian viscosity of the sample 

increased as well, though it was only slight.  This effect of homogenization pressure on 

shear viscosity was confirmed by other studies.  In a study by Jumma and Muller (1998), 

shear viscosity exhibited a decrease of approximately 1 mPa*s (0.001 Pa*s) as 

homogenization pressure was increased from 100 to 400 MPa in a 30% oil emulsion.     
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Figure 2.9 (a-c):  Newtonian viscosities of various homogenization treatments with 
an identical shear work value;  a) 20.87 MJ/kg, b) 41.69 MJ/kg, 
and c) 166.67 MJ/kg.  Solid Black: 0.2% Tween 20, Light Gray: 
0.4% Tween 20 and Striped gray:  0.6% Tween 20.  Identical 
letters above bar have identical newtonian viscosities.
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These results were unanticipated because, as shown in the previous section on 

median particle size, the median particle size was statistically similar when the shear 

work values were identical even though the homogenization parameters (and thus, shear 

power intensity values) were not similar.  However, a study by Pal (2000) claimed that 

droplet size only had an important effect on the viscosity of oil-in-water emulsions when 

the dispersed phase concentration was approximately 60%.  This conclusion helps 

explain the results observed in this study.  The present study shows that the Newtonian 

viscosity increased slightly, even though the median particle size was not significantly 

different.  However, it is possible that even though there was a general trend that showed 

that the Newtonian viscosity increased slightly as the shear power intensity increases, the 

increase was not significant.  A different factor other than the particle size must have 

caused this slight increase in viscosity. 

The particle size distribution was investigated to determine if a change in the 

distribution of the emulsion correlated to the rheological observations.  If an emulsion 

had a wider particle size distribution, it may lead to changes in the rheological 

characteristics.  Wider particle size distributions will mean that there are more large 

droplets present in the emulsion.  These larger droplets could affect the viscosity of the 

emulsion by decreasing the droplet-droplet interactions and could lead to a lower 

emulsion viscosity (Pal, 2000).  Also, according to other sources (Barnes, 1993 and 

McClements, 2005), a wider particle size distribution could lead to a reduction in 

viscosity.  The reason for this lies in the increased polydispersity of the emulsion.  

Increased polydispersity increases the maximum packing fraction of the oil droplets.  The 
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maximum packing fraction is the critical level of dispersed phase, where above this level 

the droplets become packed so tightly together that they cannot easily flow past each 

other, leading to non-Newtonian rheological properties becoming evident.  For instance, a 

very steep increase in viscosity or an initiation of gel-like properties (for instance, 

mayonnaise) could occur.  However, when an emulsion has a more polydisperse droplet 

distribution, more droplets are able to be packed and the maximum packing fraction 

increases.  Therefore, if the more polydisperse emulsion is at an oil-phase volume 

fraction well below the critical maximum packing fraction, it will have a lower viscosity 

then a less polydisperse emulsion.  However, this effect is only obtained when the 

concentration of the oil-phase is high (above 0.5, or much higher than the concentration 

used in this study).   

In this study, there was no obvious correlation between the distribution of the droplet 

sizes and the rheological properties of the emulsions.  There was a high amount of 

variability in the widths of the particle size distribution.  As the shear work was held 

constant and the homogenization pressure, or shear power intensity, was increased, there 

was no trend that showed that the particle size distribution was narrowing, even though 

the emulsions exhibited a slight increase in Newtonian viscosity.  At 0.6% Tween 20, 

which was the highest surfactant concentration tested, the particle size distributions did 

appear to be slightly lower and may have correlated with these samples having a higher 

Newtonian viscosity than 0.2% or 0.4% Tween 20, but this was only observed at the 

higher levels of shearing (400 bar – 8 pass and above).   However, the variability that 

existed for the width of the distribution for a particular sample was too large to be able to 
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draw an absolute conclusion from the data.  The middle 68% of the data of the particle 

size distribution is shown in Table 2.6. 

 

 

 

Table 2.6: 
Middle 68% of data range in particle size distributions. 

 

  Homogenization Treatment 
% 

Surfactant 
100 bar-
1 pass 

100 bar - 8 
passes 

400 bar - 
1 pass 

400 bar - 8 
passes 

800 bar - 
1 pass 

800 bar - 8 
passes 

 Median Particle Size ±1 st. dev. (μm) 
0.2 7.4 ± 2.3 6.5 ± 1.9 7.9 ± 0.8 5.8 ± 3.5 6.8 ± 2.5 5.9 ± 1.9 
0.4 8.6 ± 2.7 3.6 ± 2.2 7.2 ± 1.6 4.6 ± 0.6 5.6 ± 2.2 5.4 ± 1.0 
0.6 8.1 ± 2.4 4.4 ± 1.6 7.5 ± 0.5 1.9 ± 1.1 3.9 ± 1.2 2.1 ± 1.0 

 

2.4 Conclusion 

In this study, the viability of using shear work and shear power intensity as a 

means of assessing processing effects on a model emulsion system was tested.  A 20% 

corn oil-in-water stabilized by three different Tween 20 surfactant concentrations was 

formulated to be sensitive to changes in shear input.  This shear input was achieved using 

homogenization at variable pressure settings and number of recirculations through the 

homogenizer.  These homogenization parameters correlated to defined shear work and 

shear power intensity values, which were calculated according to methods provided by 

Steffe and Daubert (2006). 
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By increasing both the number of passes and the homogenization pressure, a 

decreased median particle size was achieved.  However, when shear work was held 

constant, even though different homogenization parameters and shear power intensities 

were used to achieve that shear work (i.e. 100 bar: 4 passes and 400 bar: 1 pass), the 

median particle size was not significantly different.  This result lead to the conclusion 

that shear work is a more viable shear parameter than shear power intensity in predicting 

median particle size for this particular emulsion system. 

The median particle size also followed a “hockey-stick”-shaped or piece-wise 

linear model when exposed to increasing values for shear work.  This model contained 

two linear segments:  the first segment where the median particle size was reducing, and, 

a second segment where the median particle reached a minimum and remained at the 

level as the level of shear work was increased.  Through statistical analysis, the amount 

of shear work able to produce a minimum particle size was determined.  Beyond this 

critical level, the particle size was not further reduced.  The critical level of shear work, 

and the corresponding median particle size, was related to the surfactant concentration.  It 

was determined that, during homogenization, an increased level of shear work was able 

to reduce the particle size more significantly if there was more surfactant present in the 

system.     

The explanation for why median particle size reaches a minimum is found in the 

homogenization process.  During homogenization, the shear energy is used to disrupt the 

oil droplets.  However, when the oil droplets are broken up, the intense turbulence within 

the homogenizer causes the oil droplets to collide.  As the shear energy is increased by 
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either increasing the pressure or the number of passes, these collisions increases in 

frequency.  If there is insufficient surfactant present to coat the newly formed oil droplets 

prior to their collision, the oil droplets may coalesce, leading to a larger median particle 

size.  If there is sufficient surfactant present to coat the newly formed oil droplets, 

coalescence will be reduced leading to a smaller median particle size.    

The median particle size was also able to be modeled as a function of both shear 

work and surfactant concentration.  This model was made via a simple multiple 

regression.  Although the model was imperfect, testing of the model confirmed that it 

could be used to give an estimate of what the predicted median particle size would be in a 

simple model oil-in-water emulsion stabilized by a small-molecule surfactant, given the 

surfactant concentration and total amount of shear work. 

Rheological analysis of the model emulsions showed that all emulsions exhibited 

Newtonian behavior, with the emulsion samples at 0.6% Tween 20 having a higher 

Newtonian viscosity than the samples at 0.2 or 0.4% Tween 20.  Within each surfactant 

concentration, there was very little difference between the samples, independent of what 

the homogenization treatment was.  Directionally, there was a slight increase in the 

Newtonian viscosity as the homogenization pressure (or shear power intensity) was 

increased, however it was not significant.   

This study confirmed that the amount of shear going into a food product can be 

quantified and correlated to a product characteristic; in this case, the oil median particle 

size of a model oil-in-water emulsion.  This work can be transferred to a real food 

product, where a particular product property can be related to shear input.  Knowing this 
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information, a food processing system can be evaluated to determine whether the shear 

exposure during the process may be adequate or deleterious to product quality. 
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3.1   Introduction 
 

Shearing occurs during many different parts of a food process, including unit 

operations such as mixing, homogenization, pumping, and even pipeline flows.  In a food 

process, these operations are used in various sequences to produce a final product.  For 

example, a chocolate milk processing pipeline contains a homogenizer, several pumps, a 

blending tank, and numerous valves, elbows, and other pipeline components (Walstra et 

al, 1999).  However, these same operations can generate an excess in shear energy that is 

not useful or is potentially damaging to the food product.  “Over-processing”, caused by 

homogenization has been studied previously (Tornberg, 1977; Tornberg 1980).  

Therefore, a food processor should understand where and at what quantity shear is being 

imparted during a food processing system.   

As a tool for helping a food processor understand shear energy, Steffe and 

Daubert (2006) described two rheological terms, shear work and shear power intensity.  

According to Steffe and Daubert (2006), shear work refers to changes in a mechanical 

system exposed to a shear environment and is defined to distinguish it from other energy 

inputs that do not shear, such as heat.  Shear work is also cumulative, meaning that all 

components of a processing environment should be individually calculated for 

contributions to the work term and then added together for a total shear work value for a 

given process.  Shear work is denoted by the term  and has units of Joules per 

kilogram.  In a batch mixing tank mode, shear work is defined as follows: 

sW

m
tWs

Φ
=                                                          (eq. 3.1) 
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where Φ is the power supplied to the mixer, t is the mixing time, and m is the mass of the 

fluid.  In a continuous mixing tank system, shear work is calculated as  

m
Ws &

Φ
=                                                           (eq. 3.2) 

where Φ is the power supplied to the mixer, and  is the mass flow rate of the system.  

Calculations for additional pipeline components were previously summarized in Table 

2.1, along with equations 3.1 and 3.2. 

m&

Shear power intensity is a proposed shear energy value that is considered for all 

system components, describing the peak shear power exposure during a process.  This 

shear term is defined as the product of the shear work calculated and the mass flow rate 

of the material divided by the volume of the component.  Shear power intensity, denoted 

by S, represents the change in power per unit volume and has units of Joules per second 

per m3 or Watts per m3.  In a mixing tank, shear power intensity is defined by 

V
S Φ
=                                                          (eq. 3.3) 

regardless of whether the operation is continuous or batch.  

 In the previous chapter of this thesis, the effect of increasing levels of shear work 

and shear power intensity on a shear-sensitive model emulsion was evaluated.  In 

processing scenarios where a corn oil-in-water emulsion was homogenized at various 

treatment parameters to produce an identical amount of shear work, the median particle 

size of the emulsion did not differ significantly.  This response indicated that shear power 

intensity, which is driven by the intensity of the homogenization pressure, is less critical 

to emulsion particle size compared to the cumulative shear work, which is an indication 
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of the total history of mechanical energy caused by shearing during a process.  In the 

same study, it was determined that the model emulsion particle size reached a minimum 

at some level of shear work, depending on the concentration of surfactant.  If the shear 

work exceeded this level, the particle size would no longer decrease.  The emulsion 

median particle size behavior was also modeled as a function of shear work and 

surfactant concentration. 

 Although the previous study evaluated the effect that the quantity of shear had on 

a model emulsion, the study did not examine the effect of the placement or location of the 

shear points.  A food process contains many different unit operations that contribute to 

the shear history of the product.  There have been many studies that relate the shear 

history of a food product or ingredient to quality (Minale et al, 1997; Padmanabhan and 

Bhattacharya, 1993)).  However, there is little information available pertaining to the 

effect that the location of shear input within a food process line has on the quality of the 

finished product.   

 The goal of this experiment was to determine if the location of highest shear 

during a multi-point shear process has an effect on final product quality.  In this study, a 

model corn oil-in-water emulsion stabilized by the small-molecule surfactant Tween 20 

was homogenized to a specific shear work value using a two-cycle process where the 

emulsion was passed through the homogenizer twice at two different pressure settings.  

The shear work accumulated was held constant.  Particle size and rheological properties 

were evaluated as homogenizer settings were manipulated.  A significant difference in 
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either of these properties could lead to the conclusion that the location of highest shear 

during a multi-point shear process does have an influence on emulsion properties.   

 
 
3.2.   Materials and Methods 
 
3.2.1.  Coarse Emulsion Preparation 
 
Model corn oil-in-water emulsions (20% w/w oil) were prepared from commercial grade 

corn oil (Mazola brand) purchased at a local grocery store.  The emulsions were 

stabilized by 0.6% Tween 20 (Fisher-Scientific, Fair Lawn, NJ), a non-ionic small 

molecule surfactant.  Because it is very hydrophilic in nature, Tween 20 was first 

dissolved in water for a minimum of 15 minutes to ensure that the surfactant was 

completely solubilized.  Next, the surfactant-water solution was added to the corn oil in a 

Stephan controlled-temperature mixer (Stephan Machinery, Hameln, Germany) at 25°C 

for emulsion pre-mixing, forming a primary coarse emulsion.  Then, a vacuum was 

pulled on this mixture for 5 minutes to reduce entrained air.  Finally, the mixture was 

blended under vacuum and constant temperature for 5 minutes at 3,000 rpm with a 3-inch 

blade attachment.   

 

3.2.2.  Homogenization 

The model corn oil-in-water emulsion was cycled through a Niro-Soavi Panda 2K Twin 

Stage lab-scale homogenizer (GEA Niro-Soavi, Parma, Italy) two times at two different 

pressures immediately following preparation.  In Sample 1, the homogenizer was set to 

200 bar for the first pass and 100 bar for the second pass.  In Sample 2, the homogenizer 
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was set to 100 bar for the first pass and 200 bar for the second pass.  Manipulating the 

location of most intense pressure in a multiple pass homogenization process simulated the 

effects of having the location of highest shear varied in a multi-shear point process, while 

maintaining a constant shear work value.  Following the second pass, the homogenized 

emulsion was collected for particle size and rheological analyses to determine whether 

manipulating the location of most intense shear had an effect on emulsion properties.  

Figure 3.1 describes the homogenization sequences that were used for each sample in the 

study.  The total shear work generated by this process was a constant 31.28 MJ/kg for 

each sample.  From this experimental design, the affect of the positioning of highest shear 

during a multi-point process on the particle size and rheological properties of an emulsion 

was evaluated.  A new model emulsion was prepared for each replication. 

 

200 bar 

200 bar 100 bar

100 bar

Sample 1 

Sample 2 

 

Figure 3.1:  Schematic for position of highest shear point during homogenization. 
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3.2.3   Particle Size Analysis 

Particle size analysis was completed using a Shimadzu SA-CP4 Centrifugal Particle Size 

Analyzer (Shimadzu Corporation, Kyoto, Japan).  This analyzer has two different 

centrifugal settings for different suspensions, sedimentation mode and lift mode.  When 

the dispersed phase has a higher density than the continuous phase (such as in a whey 

protein suspension), the analyzer operates in “sedimentation” mode because the dispersed 

phase will fall in the measuring cell during centrifugation.  When the dispersed phase has 

a lower density than the continuous phase (such as in an oil-in-water emulsion), the 

analyzer operates in “lift” mode because the dispersed phase will rise in the measuring 

cell during centrifugation.  To account for the lower density fat droplets rising in the 

distilled water continuous phase, the analysis took place under lift mode under constant 

acceleration (240 rpm/min) within 5 minutes following homogenization.  Prior to 

beginning the measurement, the analyzer was zeroed with a measuring cell filled with a 

pure sample of deionized water.  Two to three droplets of the prepared emulsion were 

dropped into the measuring cell filled with deionized water at 22°C.  The absorbance of 

the sample was adjusted to 100 ± 2, as measured by the particle size analyzer, by adding 

additional water for dilution or adding more emulsion to increase the absorbance.  The 

particle size analyzer rotor was balanced with another measuring cell filled with pure 

continuous phase (dH20) placed opposite the measuring cell.  Inputs for the emulsion 

properties (dispersed and continuous phase density and continuous phase viscosity) were 

used by the particle size analyzer for the analysis.  The density used for the corn oil 

dispersed phase was 0.922 g/cm3.  The density and viscosity used for the continuous 
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water phase was 0.9978 g/cm3 and 0.96 mPa*s, respectively, as directed by the Shimadzu 

SA-CP4 Instructions Manual.  Particle size analysis was done for a range from 0.05 to 80 

μm to include all possible particle sizes.  Data output produced values for median particle 

diameter, modal particle diameter 95th percentile diameter and 5th percentile diameter, as 

well as a distribution of particle sizes over the range tested.  

 

3.2.4. Rheological Measurements 

Rheological properties of the emulsions were determined through a shear rate sweep 

between 10-200/s (with return) for 360 seconds using a StressTech controlled-stress 

rheometer (ATS Rheosystems, Bordentown, NJ) with a smooth cup and bob 

configuration under constant temperature conditions of 25°C.  A 15 mL sample of the 

emulsion was placed in the cup, and the sample was allowed to reach the measurement 

temperature and equilibrate for 60 seconds.  A pre-shear of the emulsion was done for 30 

seconds at 50/s to ensure all emulsions had been exposed to a similar shear history prior 

to analysis.  Following the pre-shear, the sample was allowed to equilibrate for 30 

seconds prior to beginning the measurement.  Torque and angular rotation measurements 

were taken every 10 seconds with a 5 second data integration time.   
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3.3   Results and Discussion 

3.3.1 Particle Size Results 

The results of the particle size analysis data are shown in Figure 3.2.  Sample 1 (highest 

shear point in first position) had a median particle size of 2.69 ± 0.54 μm, and Sample 2 

(highest shear point in second position) had a median particle size of 2.05 ± 0.18 μm.   
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Figure 3.2:  Median particle size results of cycling emulsion through homogenizer 

twice, with homogenization pressure at the first and second pass. 
Identical letters above bar indicate not significantly different median 
particle sizes (p-value >0.05). 

 

Based on an analysis of variance, there was no statistical difference between the median 

particle size from Sample 1 and Sample 2 (p-value > 0.05).  However, there was evidence 

that when the higher shear treatment came at the second pass, or in this case closest to the 

end of the process, the resulting median particle size was marginally lower, but it was not 

significant due to a very high standard deviation in Sample 1.   
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 The results are also shown after each pass in a homogenization process with two 

passes, where one pass is twice the pressure of the second pass (Table 3.1).   

 
 
 

 
Table 3.1: 

Particle size results after first and second pass for each sample. 
 

Sample # First Pass-Second Pass Particle Size after First 
Pass (μm) 

Particle Size 
after Second 

Pass (μm) 
Sample 1 200 bar-100 bar 2.52 ± 0.15A 2.69 ± 0.54A,B

Sample 2 100 bar-200 bar 3.80 ± 1.12A 2.05 ± 0.18B

*Similar superscripts indicate particle size is not significantly different (p-value>0.05) 

 

In Sample 1, which had the highest shear point in the first pass, the median particle size 

was 2.52 ± 0.15 μm after the first pass (200 bar), and  2.69 ± 0.54 μm after the second 

pass (100 bar).  There was no significant change in the particle size when the second pass 

was homogenized at a lower pressure than the first pass (p-value >0.05).  In Sample 2, 

which had the highest shear point second, the median particle size was 3.80 ± 1.12 μm in 

the first pass (100 bar) and 2.05 ± 0.18 μm in the second pass (200 bar).  These results 

indicate that the median particle size decreased significantly (p-value <0.05) when the 

homogenization pressure at the point closest to the outlet (2nd pass) was doubled.  These 

results show that if the point of highest shear in a multiple-point shear process is highest 

at the position nearest the outlet, it will result in an emulsion with a low median particle 

size.  This data may also indicate that additional shear energy beyond, but lower than the 
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shear energy from an earlier shear position in a multi-shear position homogenization 

process, may not cause the median particle size to decrease.  In other words, median 

particle size was a function of the accumulated shear work prior to the point of maximum 

shear power intensity.  The results showed that additional shear work accumulated after 

the point of maximum shear power intensity did not affect the median particle size. 

 The particle size results potentially indicates that the positioning (or location) of 

the highest shear in a two point shear process is important in determining the final 

particle size outcome.  From the data, it was shown that there is evidence that having the 

highest shear point second in a two shear-point process produced a smaller median 

particle size than having it first (Figure 3.2 and Table 3.1), although the outcome after 

both passes are complete in each sample did not produce a statistically significant particle 

size difference.  These results support that the location of the most intense shear 

treatment is an important factor in the development of a product through a processing 

system.  If a processor is interested in achieving a product with a particular quality that is 

shear-sensitive, it may be useful to understand where the most intense shear treatment is 

occurring and what the locations and intensities of other shear treatments are in relation 

to this most intense shear treatment.   

3.3.2   Rheology Results 

The rheology results are summarized in Table 3.2.  According to the data obtained, there 

was no difference in the Newtonian viscosity of any of the samples.  These results 

indicate that the positioning of the point of highest shear in a multi-point shear process 

does not have an influence in the Newtonian viscosity of the samples.  In a study by Pal 
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(2000), when the dispersed phase volume was less than 0.6 and the droplet size was 

identical, the shear viscosities were similar.  For instance, in the case of Sample 1 (first 

position: 200 bar, second position: 100 bar), the Newtonian viscosity was 2.2 ± 0 mPa*s.  

In Sample 2 (first position: 100 bar, second position: 200 bar), the Newtonian viscosity 

was 2.13 ± 0.06 mPa*s.  Sample 1’s and Sample 2’s Newtonian viscosity were not 

significantly different (p-value>0.05). 

 
 
 
 

Table 3.2: 
Newtonian viscosity results after each pass is completed. 

 
Sample # First Pass-

Second Pass 
Newtonian Viscosity after First 

Pass (mPa*s) 
Newtonian Viscosity 

after Second Pass 
(mPa*s) 

Sample 1 200 bar-100 bar 2.2 ± 0A 2.2 ± 0A

Sample 2 100 bar-200 bar 2.13 ± 0.06A 2.13 ± 0.06A

Identical letter indicate values not significantly different (p-value > 0.05) 

 

Furthermore, the rheology data did not indicate that there was a change in the Newtonian 

viscosity when going from the first to the second pass.   

 

3.4   Conclusion 

In this study, the effect that the location of highest shear during a multi-point 

shear process has on the final product outcome was evaluated.  To evaluate this, a model 

20% oil-in-water emulsion stabilized by 0.6% Tween 20 was made.  The model emulsion 
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was cycled through a homogenizer twice, with the pressure being different between the 

first and second pass.  Overall particle size results showed that having the highest shear 

point second in line did not produce a lower median particle size than having the highest 

shear first, as long as the total shear work in the system was constant.  However, there is 

evidence showing that a further reduction in median particle size past the first pass may 

rely on the pressure, or power intensity, of the second pass.  If the second pass pressure 

was higher to the first pass, a reduction occurred in median particle size.  However, if the 

pressure was lower in the second pass than the first pass (as was the case in Sample 1), 

the median particle size was not reduced (and possibly may increase).  Finally, the 

rheological results did not indicate any change in Newtonian viscosity when the 

homogenization parameters were manipulated in a multi-shear process with two shear 

points.   

As was stated in part 3.3.1, the shear power intensity and the location of the peak 

shear power intensity may be important criteria in determining the final median particle 

size in an oil-in-water emulsion.  It was seen in the data that having the most intense 

shear treatment closest to the end of the process resulted in a smaller particle size than 

having it sooner in the process.   More data, however, is needed to make a definitive 

claim to whether the location of most intense shearing in a multi-point process affects the 

median particle size.  Several additional homogenization treatments should be conducted 

in a similar fashion as was conducted here to make a definitive claim.  For instance, if 

one pass was 100 bar and the second pass was 800 bar, this processing design might be 

dominated by the presence of the 800 bar pass, which is at a much higher intensity than 
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the intense pressure used in this research.  It would also be important to consider a 

homogenization scheme with 3 or more shear points to further evaluate the importance of 

the location of highest shear intensity on an emulsion system.  Understanding what effect 

the location of highest shear power intensity in a processing system could be useful 

information for a processor in determining the schematics of unit operations running 

through the processing line. 

   It is important to note that the results obtained in the study only pertain to model 

oil-in-water emulsions processed through homogenization.  Homogenization is an 

extremely intense shear process, and the results may be very different if a gentler unit 

operation was utilized for the input of shear, such as pumping or simple mixing.   
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4.1    Shearing Problems in Food Industry 

A major area of concern for many food manufacturers is reduced product quality 

resulting from improper processing.  Excessive shear is one potential example of 

improper processing that can diminish product quality.  For instance, whipping cream 

processed by a local North Carolina dairy was discarded because it proved incapable of 

producing a suitable foamed product.  Following an investigation, it was believed that the 

cream had been exposed to an excess of shear during a previous process.  An excessive 

amount of shear could lead to damaged fat globules in the cream, resulting in a product 

with reduced foamability or foam stability.  Another example of a product that can be 

damaged by shear is any product containing delicate particulates.  For instance, soup may 

have pieces of vegetables, noodles, or meat.  Consumer acceptance of this product could 

be driven by the size or the “chunkiness” or “heartiness” of the vegetable or meat pieces.  

However, indelicate pumping or excessive mixing could disintegrate the solid matter, 

creating an inferior and unacceptable product.  Likewise, insufficient shear may also be a 

product defect.  Emulsions may be under-emulsified and dispersions may be 

inhomogeneous if there is insufficient shear input into the product.   

   

4.2   Discarding or Recalling Products  

Food products that are over-processed or over-sheared may be recalled or 

discarded.  Either scenario is costly to the manufacturer.  If a product is discarded, the 

manufacturer is losing money by paying for waste removal or waste treatment, let alone 

costs associated with raw material and packaging.  Making new product will lead to 
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increased labor and utility costs by paying employees for longer hours worked and 

running equipment for greater durations.  Also, production is now behind schedule.  

 Recalls can be even more costly to the manufacturer.  Recalls have the same 

problems associated with disposing of the product, including increased costs for using 

extra inventory, overtime pay for employee support, and extra utility costs for 

manufacturing a new product batch.  Beyond these problems, recalls also inherit many 

extra expenses (Berman, 2009).  The manufacturer must contact customers (retailers and 

distributors) and consumers to pull the product from the public.  In addition, the 

manufacturer must arrange for the product to be collected and disposed.  Beyond the 

physical and tangible effects that a recall can have on the financial bottom line, the recall 

could cost a manufacturer even more by reducing consumer and customer confidence in 

the brand or the company (Kumar and Budin, 2005).  Having a recall is bad publicity for 

a company, and consumers may avoid the product in the future, with disastrous long-term 

consequences to the success of a food manufacturer. 

   

4.3   Under-quality Products and Consumer Acceptance  

As long as consumer safety is not at risk, a manufacturer may elect to avoid 

discarding a product or a product recall.  However, there can still be consequences to 

allowing an under-quality product to remain in the public.  Consumers have expectations 

of a product.  For instance, if a consumer purchases whipping cream, it is expected to 

whip into quality foam.  If that whipping cream is unable to be whipped to satisfactory 

foam, the consumer will be disenchanted with the product.  Potentially, the consumer 
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could submit a complaint to customer service or could return the product to the purchase 

point.  Most importantly, the consumer may decide to purchase a different brand, because 

brand reputation has the strongest effect on brand loyalty (Selnes, 1993).  It may only 

take one disappointing purchase to convince the consumer that the brand is at a lower 

quality.  If this experience is repeated by hundreds of different consumers, the effect on 

sales could be devastating. 

    

4.4   Solutions to Shear Damaged Products  

Fortunately, excessive shear leading to damaged product or inadequate shear 

leading to under-processed products may be defects that can be avoided.  By quantifying 

the effects of shear, which has been discussed in depth in this thesis, the manufacturer has 

a valuable tool in assuring product quality.  By quantifying and understanding where 

exactly in a pipeline excessive shear is being introduced or where additional shear is 

required, the manufacturer can optimize the pipeline design to minimize this problem.    

Optimization can include changing to a more suitable type of pump, changing 

mixer or homogenization settings, or changing the schematics of piping or unit operations 

throughout the process.  Pipeline design optimization can reduce over-processed products 

or produce products that are of higher quality yielding lower product losses to limit the 

financial burden spent on recalls, waste treatment and removal, extra raw ingredient and 

packaging costs, or extra labor and utility costs.     

 Furthermore, more predictable, high quality products will generate increased 

consumer acceptance.  By producing products meeting expectations, the consumer will 
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find value in the product and will be more likely to be a repeat buyer (Selnes, 1993).  The 

consumer may make the connection that because one product line is of high quality from 

this manufacturer, then other products made by the same manufacturer must be high 

quality as well.  Ultimately, this practice will lead to more sales and will positively 

impact the financial bottom line.  

 Some products may not be visibly damaged by excessive shear, however, an 

excess in shear may still have negative consequences.  In some products, for instance, the 

model emulsion processed in this thesis, a maximum amount of shear exists that can be 

utilized to make some processing impact on the product.  However, once this maximum 

amount of shear is exceeded, any additional shear energy is not serving a purpose, 

representing a waste of energy.  The manufacturer must find the optimal processing time 

for the best emulsion quality (McClements, 2005).  If a manufacturer can identify 

locations in the processing line where there is a waste of shear energy, the manufacturer 

can optimize the unit operations to generate a high quality product at a lower cost.  This 

time, however, instead of improving the quality of the product, the manufacturer will be 

able to reduce utility costs and equipment maintenance costs by operating equipment at a 

less energy intensive setting or for a shorter period of time.  This approach can 

accomplish two things:  1) running the equipment for less time or at less energy will 

result in lower energy costs, and 2) by running the equipment for less time and at less 

intensive setting, the manufacturer can extend the usable life of the equipment and can 

delay equipment breakdown or malfunction.  Energy and maintenance costs are typically 

the largest items of the operational budget of a factory (Dekker, 1996).  This practice will 
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save money on maintenance and delay the capital expenditure for equipment 

replacement.  

 

4.5   Implementing the Solution  

Implementation of a system-side shear study would be involved but 

straightforward.  The first step for a manufacturer would be to understand how a product 

responds to various levels of shear energy.  A manufacturer must determine at what point 

the product becomes adequately and excessively sheared.  The second step would involve 

a system-wide study into the shear energy being imparted throughout the process.  With 

principles introduced by Steffe and Daubert (2006) and further discussed in this thesis, 

process engineers can determine where and what quantity and intensity of shear each 

portion or unit operation in a process is contributing to the product.  The process 

engineers can then determine whether the amount of shear energy being imparted during 

the process is appropriate.  The processor can determine the most efficient method of 

utilizing shear energy, creating a high quality product and efficient process.   

 

4.6   Implementation Costs 

Costs associated with a shear study can be varied and may include very simple 

tasks, such as changing settings on mixing and homogenization systems, that require no 

additional labor or time costs.  Suggestions could also potentially include changing 

specific components of a system.  For instance, a manufacturer may chose to use a 

different type of pump that will handle a product more gently, requiring the purchase of a 
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new pump and downtime in the line.  However, if a complete overhaul of the processing 

system is needed, for instance to change the schematics of pipelines running through the 

factory, the costs could be extensive.  A line modification will require more capital 

investment into the system and more downtime to change the pipeline schematics.  The 

manufacturer would have to perform a cost-benefit analysis of what types of 

improvements could improve the process without violating a certain cost barrier 

established by the company.  Validation studies would also have to be done by the 

manufacturer to ensure that changes in the processing of the product are not changing the 

product in some unintended way.  For instance, the manufacturer should ensure that the 

product produced using the new process has at least similar, if not better, quality than the 

current product.  This quality can come from criteria such as the functionality or the 

consumer acceptance of the product. 

 

4.7   Benefits  

Understanding the shear energy imparted by a process can have some important 

business implications.  By understanding the shear energy, a manufacturer is able to 

optimize the pipeline design to improve product quality and reduce energy waste.  

Improving product quality can result in discarding fewer products and will avoid 

expensive recalls.  Also, consumer acceptance and satisfaction will increase, which could 

lead to more sales.  By optimizing the pipeline design around the shear energy input, 

wasted energy during the shearing of the product can be reduced, resulting in lower 

utility and maintenance costs. 
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In the research contained within this thesis, the effects of shear on a model emulsion 

system were evaluated and quantified.  In Chapter 2, a model emulsion was homogenized 

to planned shear work values using different homogenization parameters (pressure and 

number of passes).  The results of the research showed that no matter what 

homogenization parameters (or in other words, shear power intensity) were used to reach 

a certain shear work value, as long as the shear work value was constant, the resulting 

median particle size did not differ significantly.  From this observation, a conclusion was 

drawn that shear work was a more critical shear value when determining emulsion 

particle size.  Median emulsion particle size was modeled as a function of the shear work 

input and surfactant concentration, and the resulting model was displayed.  This model 

had a correlation value that accounted for approximately 79% of the variation in the data.  

  However, it was determined that particle size followed a “hockey stick”-shaped 

model versus shear work, with one linear component sloping downward (particle size 

decreasing) as shear work is increased, and then at some critical transition point, another 

linear component takes over that is flat (particle size unchanging).  Using statistical 

analysis, an isolated transition point for both the critical shear work value and the 

corresponding minimum median particle size were able to be determined.  This analysis 

had a very high correlation value, with approximately 90% of the variation in the data 

being described by the so-called “hockey stick” model.  The main outcome of Chapter 2 

was that as long as shear work was constant between two samples that were homogenized 

at different parameters, the resulting median particle size would be constant as well.  
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Another important note is that this research substantiated that it was possible to model a 

product parameter (such as particle size) as a function of the shear energy in a process. 

In Chapter 3, the effect of the location of the most intense shear treatment during a 

multi-shear point process on the particle size and rheological properties of a model 

emulsion system was evaluated.  The same corn oil-in-water model that was used in 

Chapter 2 was used for this study.  In this chapter, the emulsion samples were each 

passed through the homogenizer twice at two different pressures, one higher and one 

lower.  In Sample 1, the higher pressure (200 bar) was first; in Sample 2 the lower 

pressure was first (100 bar).  The results showed that the resulting particle size after two 

passes did not produce a significantly different median particle size, nor did the 

rheological properties differ significantly as well.  However, one interesting result 

showed that when the first pass was 200 bar and the second pass 100 bar, the second pass 

did not produce a statistically lower particle size.  Conversely, when the first pass was 

100 bar and the second pass 200 bar, the median particle size was reduced from the first 

pass to the second pass.  This response may prove that the location and intensity of the 

highest shear treatment in a processing pipeline is an important criterion for judging the 

effects of that shear treatment.  Based on the data, it appears that when the most intense 

shear treatment is first in the process, any following shear treatments that are less intense 

do not significantly affect the particle size.  However, when the most intense shear 

treatment is second, there was evidence that shear work that is accumulated during the 

first shear treatment contributes towards lowering the particle size.   
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This research made a significant attempt at determining shear work and shear power 

intensity effects on a model emulsion.  In Chapter 2, it was concluded that shear work is 

the more critical factor compared to shear power intensity when determining the particle 

size of a model emulsion.  In Chapter 3, emulsions homogenized with the peak intensity 

in a different location but with an identical overall shear work still had a statistically 

similar median particle size.  However, it was concluded that the location and the 

quantity of the most intense shear treatment have an effect on the development of the 

particle size of an emulsion as the emulsion goes from the first to second pass.  This 

outcome would seem contradictory to Chapter 2 results at first, but in reality they are 

supplementary findings.  In Chapter 2, the shear power intensity of each pass within a 

sample containing multiple passes was constant (in other words, the homogenization 

pressure at each pass was identical).  Also, in Chapter 2, the resulting median particle size 

was analyzed only after all the passes were complete.  The results were that as long as the 

total accumulated shear work was the same, the median particle size did not differ 

significantly.  In Chapter 3, the experimental design involved two passes that were at two 

different pressures (or power intensities).  With a system such as this, the conclusion was 

that accumulated shear work prior to the most intense shear treatment did contribute 

towards lowering the median particle size.  Accumulated shear work following the most 

intense treatment did not contribute towards lowering the median particle size.  

However, when there is no stand-alone peak intensity or all the pressures are identical, 

then each shear treatment contributes towards reducing the median particle size.  

Consider Figure 5.1 (a-b).  
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Figure 5.1(a-b):  Diagram of differences between Chapter 2 and 3.  Height of bar 
indicates the intensity of the shear treatment.   
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each pass (1 through 4) and relate it to the median particle size.  In Figure 5.1b, however, 

a process engineer would calculate the shear work only as it is accumulated in passes 1 

through 3.  Because pass 3 is the most intense, pass 4 would not contribute towards a 

further change in any shear-sensitive product trait.  The final product trait attribute would 

have been reached by the time pass 3 was accomplished. 

 This information would be useful to a food process engineer or technologist.  The 

engineer, knowing the pipeline design and schematics of the unit operations in the 

process, would be able to make an estimate as to what unit operation generates the most 

intense shear treatment.  Keeping this in mind, the engineer would be able to design the 

system accordingly to create the most efficient use of shear energy for a high quality 

product.  For instance, if an engineer knows that the homogenizer contributes, by far, the 

most intense shear treatment, he/she may elect to place the homogenizer closer to the end 

of the processing line since the shear treatments coming before the homogenizer would 

be able to reduce the particle size, while shear treatments after this point would have no 

affect on the median particle size. 

 Overall, this research proved that quantifying shear energy using either shear 

work or shear power intensity can be an effective way at predicting a product parameter, 

such as median particle size.  In the future, this approach could help determine what 

effect a certain quantity of shear has on a food system and to design a pipeline that more 

efficiently delivers the shear.  This technique could have an impact in terms of reducing 

product loss from throw-aways and recalls, improving the quality and consumer 
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acceptance of the product, and reducing utility costs and equipment maintenance costs 

driven by overused equipment. 
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APPENDIX A 

Complete table of median particle size results ± 1 standard deviation. 
 

    Pressure (bar) 
Number of 

Passes 
Surfactant 
Level (%) 100 200 400 800 

  Median Particle Size ± 1 st. dev. (μm) 
1 0.2 4.25 ± 0.51 4.10 ± 0.27 3.52 ± 0.23 2.88 ± 0.22 
 0.4 4.26 ± 0.32 3.63 ± 0.53 2.50 ± 0.53 1.43 ± 0.48 
 0.6 3.80 ± 1.12 2.52 ± 0.15 1.93 ± 0.16 1.13 ± 0.04 
2 0.2 3.64 ± 0.27 2.76 ± 0.07 2.42 ± 0.33 2.10 ± 0.20 
 0.4 2.70 ± 0.63 1.79 ± 0.37 1.44 ± 0.13 0.94 ± 0.28 
 0.6 2.40 ± 0.23 1.90 ± 0.57 0.93 ± 0.24 0.62 ± 0.02 
4 0.2 2.97 ± 0.32 2.60 ± 0.20 2.62 ± 0.21 2.64 ± 0.53 
 0.4 1.86 ± 0.15 1.19 ± 0.22 1.10 ± 0.15 1.00 ± 0.35 
 0.6 2.14 ± 0.32 1.15 ± 0.10 0.89 ± 0.15 0.57 ± 0.06 
8 0.2 2.48 ± 0.37 2.50 ±  0.21 2.03 ± 0.42 2.49 ± 0.37 
 0.4 1.26 ± 0.12 1.12 ± 0.16 0.94 ± 0.13 1.05 ± 0.17 

  0.6 1.25 ± 0.24 0.71 ± 0.06 0.62 ± 0.03 0.52 ± 0.08 
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APPENDIX B: 
 

Complete listing of Newtonian viscosities for sample treatments with 1 standard deviation. 
 

Number of 
Passes 

Surfactant Level 
(%) 

Pressure 

 100 200 400 800 
 Newtonian Viscosity (mPa*s) 

1 pass 0.2 1.6 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 
 0.4 1.6 ± 0.1 1.6 ± 0 1.7 ± 0.1 ** 
 0.6 2.1 ± 0 2.2 ± 0 2.2 ± 0.1 2.2 ± 0.1 
   

2 passes 0.2 1.5 ± 0 1.5 ± 0 1.5 ± 0 1.5 ± 0 
 0.4 1.6 ± 0.1 1.6 ± 0 1.6 ± 0.1 1.5 ± 0 
 0.6 2.1 ± 0.1 2.1 ± 0.1 2.2 ± 0.1 1.9 ± 0.1 
   

4 passes 0.2 1.4 ± 0.1 1.4 ± 0 1.4 ± 0  1.5 ± 0  
 0.4 1.5 ± 0.1 ** 1.5 ± 0.1 ** 
 0.6 2.0 ± 0.1 2.0 ± 0.1 2.1 ± 0.1 2.2 ± 0.0001 
   

8 passes 0.2 1.2 ± 0 1.3 ± 0.1 1.4 ± 0.1 1.4 ± 0 
 0.4 1.4 ± 0.2 1.4 ± 0 1.5 ± 0.1 ** 
 0.6 2.0 ± 0.1 2.0 ± 0.1 2.1 ± 0.1 2.0 ± 0.1 
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APPENDIX C 
 
 

Microsoft Excel® multiple regression output for mathematical formula for median particle size as a function of shear work and 
surfactant concentration* 

 
  Coefficients 

Standard 
Error t Stat P-value 

Lower 
95% 

Upper 
95% 

Lower 
95.0% 

Upper 
95.0% 

Intercept 1.336 0.105 12.779 0.000 1.129 1.543 1.129 1.543
Surfactant 
Concentration -0.779 0.049

-
15.971 0.000 -0.876 -0.683 -0.876 -0.683

Shear Work 
Input -0.357 0.020

-
17.640 0.000 -0.397 -0.317 -0.397 -0.317

 
 

 
 
 
 

*Note:  Results are for power law model. 
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