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ERRATA: 

page 78 must be read as: 

such a dissipation phenomenon is negligible in the case of the emulsion 

as a result of the very much smaller number of dispersed particles (n"), 

whereas the energy content per bond is of the same order of magnitude. 

Further it is shown in Table 7 that in the case of the fat dispersions 

also the dynamic viscosity (qd) is much larger than what might be expected 

from hydrodynamic interaction between single particles (71,), although it 

remains much smaller than the quantity '~final as tn small amplitude os

cillations bond breakage does not occur. It has been shown that in such 

systems 'lct is related with the collective displacements of large numbers 

of particles: rheological units of size L (see Chapter 3.2). 

The characteristic time T, necessary to break a bond and to form a 

new one is in both systems :of the same order of magnitude, as a result of 

Fe being of the same order of magnitude. 

The rheological behaviour of the dispersed systems considered in this 
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CHAPTER 1 

INTRODUCTION 

A dispersion is defined as a distribution of discrete particles in a 

Newtonian liquid. When the dispersed particles are liquid droplets the 

dispersion is called an emulsion. The rheological behaviour of these dis

persions cannot be understood unless attractive forces between the particles · 

are assumed, resulting in the building up of a network structure 1• 

Characteristic of all dispersions is the shape of the stress-strain 

curves measured at constant low shear rate y, which is thought to be closely 

associated with the presence of a network structure. Curves of this sort are 

shown for a water/ oil emulsion in Fig. 1 and for a dispersion of fat crystals 

in oil in Fig. 2. With increasing shear the stress increases, until a maximum 

is reached at a shear value y of about 2 for the emulsion and about 0.2 

0 4 8 12 

-Shear 

Fig, 1 Rheological behaviour of a 20% W/0 - emulsion 

9 



300 

0.2 0.4 0.6 o.e 
-Shear 

Fig. 2 Rheological behaviour of a dispersion of 8% w/w fat crystals in paraffin oil 

at a constant average rate of deformation ( i· ~ 7.2·10-4 s - 1) 

for the dispersion. If the shear further increases the stress gradually 

decreases, until it approaches a constant value at very high shear. 

The behaviour at small deformations was investigated by Van den 

Tempel in creep experiments2. The results could be explained by assuming 

primary (irreversible) and secondary (reversible) bonds. The primary bonds 

(crystal bridges) were assumed to remain unbroken in contrast with the 

secondary (van der Waals) bonds. The behaviour at very large deformations 

has also been explained by Van den Tempel3 who assumed that the structure 

was destroyed to such an extent, that only non-interacting aggregates of 

particles remain. The only effect of the aggregates then is a viscosity 

increase of the liquid, which explains the almost constant stress value. 

In this thesis the problem of the rheological behaviour of dispersions 

between the extreme cases of very small and very deformation will be 

discussed. Comparison of the two theories suggests that the shape of the 

stress-strain curves will depend on the network structure and its changes 

during deformation. 

An important property of many dispersed systems is the inhomogeneity 

of the deformation. It has been discussed before1 that deformation may take 
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place in restricted locations rather than uniformly throughout the sample. 

Only for very small deformations, when the structure is not disturbed, and 

at very high rates of deformation, when the structure is completely broken 

down, is a homogeneous deformation observed. In all intermediate cases 

this is usually not so. 

11 



CHAPTER 2 

A NETWORK MODEL FOR DISPERSED SYSTEMS 

When particles are dispersed in a medium, they form at random chains 

throughout the material and are linked by bonds such as Vander Waals' 

bonds. Also when repulsive forces are present, usually the attractive 

forces predominate at least over a range of values for the interparticle 

distance. During the deformation process a force is applied to a bond 

between two particles. If the force exceeds a critical value (the critical 

strength fb) concomitant with a critical elongation of the bond, the bond 

may break, depending on the time available. In this process of breakage 

of bonds and especially in what happens after that, an important question 

is whether two particles can be considered alone, or whether the inter

actions with other particles have to be taken into account. In the latter 

case the displacement of a certain particle is related to the movements 

of a large number of particles in the surrounding network, and then it is 

more realistic to discuss the behaviour in terms of motions of agglomerates 

of particles, rather than in terms of single particles. Such considerations 

will also play a part in discussing the influence of concentration of the 

dispersed phase. For concentrated dispersions it will be shown (see Chapter 

6) that all particles contribute to the mechanical strength of the network 

to almost the same extent. However, in dilute systems the distribution of 

particles is not homogeneous anymore: at certain locations the particles 

are relatively closely packed in an agglomerate, whereas somewhere else 

the number of particles per unit volume is much smaller. Such an inhomo

geneous distribution of particles has been studied by Vold4, Medalia5 and 

Sutherland6. 

In such a case the particles do not all contribute to the mechanical 

strength in the same way. In fact the mechanical strength will then mainly 

be determined by the relatively few particles which link the agglomerates 

together. The agglomerates themselves will then more or less behave like 
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rigid units. Such a network, consisting of agglomerates of particles is 

visualized in Fig.3. The total volume may be subdivided into small volume

elements of characteristic size L, each containing one agglomerate. 

Fig. 3 Inhomogeneous distribution of the dispersed particles 

Taking all these considerations into account it will be useful to discuss 

from now on what happens during deformation in terms of rheological units 

rather than in terms of single particles. In certain cases a unit may consist 

of one single particle, whereas in other cases the unit may contain a large 

number of particles, e.g. an agglomerate. The behaviour of a system, con

sisting of a large number of such units will be considered under simple 

shear conditions. 

What happens after breakage of the connection ('the bond') between two 

rheological units? At first the distance between the original units will in

crease, leaving a 'hole'. This e 1 o ng at ion will continue until the connection 

between the two units is restored as a result uf the hole being filled up with 

a third unit (Fig.4). This is due to compress ion, a deformation in the 

lateral direction. The directions of elongation and compression will be referred 

to by subscripts Q. and Q respectively. The relative translation of the units 

in a definite direction following bond breakage will be of the order of magnitude 

of the size of the units (L). Therefore it can be written as I.L, in which I. is 

-stren 

Fig. 4 Breakage and reformation of network chains 
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a dimensionless quantity, of the order of magnitude 1. The relative velocity 

of translation can then be written as XL/r, in which' is a characteristic 

time, necessary to break a bond and form a new one. 

In order to relate the changes in the network structure with the experi

mentally determined shearing stress, deformation and time, it is necessary 

to introduce an idealized network model. As for polymer networks 7 it is 

assumed that the configuration of random chains can be approximated by 

an ideal network. In this network one third of the chains points in one 
of the three mutually perpendicular directions, which in simple shear may 

conveniently be chosen as the diagonal directions of elongation and com

pression (See Fig. 4) and the direction perpendicular to the plane of the 

paper. Our experiments showed no measurable effects in the third direction 

at the low shear rates that were used. The model with the diagonal chains 

has been chosen because simple shear is equivalent to elongation in one 

diagonal direction and compression in the perpendicular direction, apart 

from a rotation of the element. Now a slice of the material of thickness L 

is considered to be perpendicular to the g_-diagonal chains. These chains 

traverse the slice of material. The probability for these chains to have 

a bond in the slice with a critical strength between fb and fb + dfb is re

quired. Owing to the different configurations of the contact region between 

the particles the critical strength will not have the same value for every 

interparticle bond. Therefore this probability will depend on fb as given 

by a certain distribution function P, generally depending on the direction in 

the material and on the deformation history. If an average force fe is applied 

to the e-chains, all bonds in that slice with a critical strength fb < fe will 

be broken if sufficient time is available, resulting in a fraction (Fe> of broken 

bonds per unit surface area: 

(1) 

Then the function (1 - Fe) of still existing bonds in the element represents 

the fraction of chains, transmitting the stretching force across the element. 

It follows that the number of chains per slice ne (y) effective in trans

mitting the stress across the slice during deformation can be expressed as: 

(2) 
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in which n (0) represents the initial number of chains in the e-direction. 
e 

The quantities F , P and f may be calculated from experimentally deter-e e e 
mined quantities as follows: The stretching force f is related to the ex

e 
perimentally determined shearing stress a and the number of chains n (y) 

e 
according to the following relation (See Fig. 4): 

(3) 

In Chapter 4 methods will be discussed to determine the shearing stress and 

the changes in the network structure (ne(y)) during deformation. Then by 

using eqs. (1-3) it is possible to calculate the dependence of the structural 

quantities F and P on the stretching force. e e 
A possible refinement of the model should take local variations in the 

stretching force into account. Bueche 8 discussed such variations for polymer 

networks in terms of a detailed model, in which breakage of a bond in a 

chain results in a higher probability of breakage in neighbouring chains. 

Such a model might describe the initial stage of crack formation. 

To predict the shear rate from the structural parameters like Fe 

and .AL/ T it is necessary to consider in greater detail what really happens 

between bond breakage and bond reformation. For this purpose the material 

is thought to be built up of a large number of slices perpendicular to the e

direction. During deformation the stretching force f will break an equal e 
number of bonds in each slice. However, a broken bond in one slice and a 

broken bond in another slice need not necessarily belong to the same chain. 

It will not be very likely that all the broken bonds will occur only in a certain 

fraction of the number of e-chains. It is more realistic to assume that on 

an average a certain fraction of bonds in every ~-chain will be broken. 

In this way each chain is stretched to the same extent and the material keeps 

its coherency. The fact that an ~-chain in which a bond is broken is not ne

cessarily useless in transmitting the tensile stress, is due to the high degree 

of cross-linking by the c-chains. According to this model, the shear rate 

can be expressed in terms of the fraction of broken bonds per slice and the 

quantity .AL/T describing the relative velocity of translation, following 

breakage of a bond and the number of units (1/L) per em chain length: 

.AL F (f ) 1 A F (f ) 
T e e r:-=:;: e e (4) 
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A very important quantity that emerges from these networkmodel consider

ations is the characteristic time T • It will therefore be useful to discuss 

time effects in dispersed systems more extensively. 
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CHAPTER 3 

TIME EFFECTS IN DISPERSED SYSTEMS 

3.1 The relative motion of two particles in a viscous 

medium 

During the motion of two particles relative to each other the viscous 

medium needs sufficient time to fill the increasing space between two 

particles if the bond is broken and also to be drained out if a new bond 

is formed. It will be assumed that the particles may be described as spheres 

with a hydrodynamic radius R'. It will be shown in Chapter 6 that such an 

assumption is justified, also for fat crystals. Cox and Brenner9 have dis

cussed the problem of the motion of a sphere towards a plane surface. 

The result could be expressed as a 'correction' on the Stokes formula: 

(5) 

in which fh is the force, necessary to move a sphere of radius R' at a speed 

U through a medium with viscosity 1J normal to a plate. The correction 
0 

factor a strongly depends on the distance between the surface and the sphere. 

To use their calculations for the case of two spheres eq. (5) is extended by 

substituting an effective radius (Reff) for R' such that the average radius 

of curvature in the sphere-plate situation is the same as in the case of two 

spheres10: 

(6) 

and when the two spheres are equal R1 = R2 R and thus Reff R/2. 

Then eq. (5) can be written as: 

(7) 
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in which R is now the radius of each of the two spheres. The value of a 

has been tabulated9 for increasing values of the distance (H) between the 

sphere and the plane surface divided by the radius of the sphere: H/R' • 

or in the case of 2 spheres 2H/R. The results are shown in Table 1. 

TABLE 1 

Relationship between 2H/R and a, taken from ref. 9. 

2H I a 
R 

0,00125 802 

0,0050 202 

0,020 52 

I 0,128 9 

When these values are plotted on a double logarithmic scale (See Fig.5) 

it appears that a is almost exactly inversely proportional to H/R with a 

proportionality constant 0.5: 

R 
a 0.5 H 

-HtR 

Fig. 5 Dependence of correction factor a on the distance between the particles. 

(8) 

By using eqs. (7) and (8), it is possible to write for the relative velocity U: 

u 
fh 2 fh H 

(9) 
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Since U dH/dt, eq. (9) can be written as: 

1 dH 
H dt = 3 n 7J 

0 
R2 

2 
(10) 

When the hydrodynamic interaction force fh is a constant and when upper 

and lower limits are known for the distance between two particles on breaking 

the bond between them, it is possible to calculate the time (.1t) necessary 

to break the bond by simple integration of eq. (10): 

2 
---=----;:::2 fh .1 t 
3n TJo R 

(11) 

in which H is the value of the distance between the particles at rest and 
0 

H1 the value of H at which a significant hydrodynamic interaction no longer 

exists between the two original particles. 

In systems containing 20 to 30 vol. % of dispersed phase, the average 

distance between the particles is about the same as the diameter (d) of the 

particles. Therefore, after increasing the distance between two particles over 

a length d a bond is likely to be formed with a third particle, and the process 

of breaking the old bond is finished. It is then not realistic to integrate eq. 

(10) over a larger range of H-values. Further, the left hand side of eq. (11) 

is not very sensitive to slight changes in H
1

. Therefore a good approximation 

of .1t is obtained when H
1 

is taken to be equal to d. In more dilute systems 

the situation seems to be somewhat more complicated. In such cases H
1 

should be related to the quantity .!=· the size of the rheological unit. 

When the new bond is formed under the influence of a compressing force 

which is equal to the stretching force (see Fig. 4), the time (.1t') involved in 

this process will be equal to the time (.1t) needed to break a bond. It may be 

assumed that the proqess of reformation of a bond by filling up a hole, starts 

already when the old bond is still being broken. This results in a value of the 

characteristic time (T) which lies between the value of .1t itself and twice the 

value of .1t. For the calculations in Chapter 6, the maximal value ( T = 2.1t) 

has been chosen somewhat arbitrarily. 

A slightly different situation exists in the early stage of the deformation, 

when the available time to break the first bonds is not sufficient. In such a 

case the forces acting in the network chains are still being built up, hence are 

a function of time. Then it is possible to calculate the time .1t" when the 

19 



first bond will break by realizing that an equation, similar to eq. (11) has 

to be valid, in which, however, the time dependence of fh has to be taken into 

account: 

2 
2 

3?T 11
0 

R 

At" 
f fh (t) dt 
0 

(12) 

in which Llt" is given implicitly. The force fh may he derived from the ex

perimentally determined shearing stress and the changes in the network 

structure as a function of the time as will be discussed in Chapter 6. 

By using a graphical method for evaluating the integral at the right 

hand side of eq. (12), it is then possible to find Llt", which is now the time 

necessary to break the first bonds. By multiplying Llt" by the externally 

applied shear rate the corresponding critical shear value y cr is found. The 

fact that deformation is possible even for y < r cr (although in that case no 

bonds are broken) points to the possibility of reorientation effects in the 

network structure. 

The quantity dH/dt, divided by the diameter of the particles 1/d (dH/dt) 

is in fact an elongation rate on 'particle scale', which on an average has 

to be as high as the external macroscopic shear rate to ensure that the par

ticles keep pace with the externally applied deformation. It follows from eq. 

(10) that: 

1 dH 
ddt 

1 
3n 1J 

0 

(13) 

This equation shows that the hydrodynamic interaction between two particles, 

as it has been discussed here, gives rise to a viscous effect described by 

a viscosity coefficient 11', which may be calculated by multiplying the quan

tity 3 n TJ R 3 /H in eq. (13) by the numher of chains in the direction of e-o 
longation. This number of chains may he calculated by considering that a 

chain contains a numher of particles (1/d) per em length, representing a 

volume of solid phase nd2/6. When the total percentage of solid phase is q> 

the numher of chains in the direction of elongation (which is one of the three 

principal directions) is: 

(14) 
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It is assumed in these calculations that all particles contribute to the me

chanical strength to the same extent. In more dilute systems this is no 

longer the case, resulting in a much lower effective value of ne. 

The viscosity coefficient 17' may then be written as: 

11' (15) 

Whether this viscous effect is important or not depends very much on values 

of e.g. d and H and on the relative magnitude of other contributions to the 

viscosity of the system. 

3.2 The collective displacement of a large number of par

ticles. 

It is useful now to consider the force required to move an agglomerate 

con.sisting of a large number of particles through a viscous medium at a 

certain speed. Such a flow problem is completely analogous to the problem 

of determining the velocity (u1) of a viscous liquid through a porous plug 

under the influence of a pressure gradient, for which Darcy11 has found the 

following solution: 

in which grad p: pressure gradient. 

17 : viscosity of the medium 
0 

(16) 

F(<p), the permeability, depends on the specific surface area (S) of the 

solid particles and the porosity (1-q~) as given by the Kozeny-Carman 

1 t
. 12 rea wn : 

in which c is a geometrical constant, having a value of 5 (ref. 13). 

(17) 

A difficulty arises in the definition of specific surface area as it is 

used in eq. (17). Especially in the case of irregularly shaped particles 

(e.g. fat crystals), the relevant specific surface area is that of the 'hydro-
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dynamic envelopes' of the particles, which is generally smaller than that 

of the particles themselves. It is very convenient that a methoct14 is available 

which determines directly the specific surface area, relevant to the flow 

problem discussed here. 

The pressure gradient in the case of flow through a stationary plug 

becomes under the present conditions a tensile stress, divided by the 

size of the unit. The tensile stress is similarly related to the shear stress 

as the stretching force in eq. (3), therefore equal to in which however, 

a* is now only that part of the shearing stress, required to move the unit 

through the medium at a certain speed. The remaining energy, put in the 

system during deformation is mainly dissipated in the process of breakage 

and reformation of bonds, Then the 'pressure gradient' grad pin eq. (16) 

becomes a*-/2/L. 

The relative velocity (u1) of the unit with respect to the medium needs 

consideration: does the unit with the medium enclosed behave more or less 

like an impermeable particle or is the medium allowed to flow freely through 

the unit analogous to the non-free and free-draining coil in polymer solutions 

respectively? When cross links are present the neighbouring units will have 

to follow to a certain extent the movement of the unit considered. In this 

way also the surrounding medium is displaced. However, when the distance 

between two units is only slightly increased, and no cavitation occurs, the 

medium has to enter the slightly increased space between the two units. It 

is then reasonable to assume that in this case the required amount of liquid 

is mainly sucked out of the two units. 

A similar problem has been discussed by Bueche15 for entangled 

polymer molecules. If a given molecule is pulled along at a certain speed, 

its motion will be impeded by a number of molecules entangled with it. 

Since these molecules are not firmly tied to the primary molecule, they 

will slip somewhat as the primary molecule moves along. Hence these 

surrounding molecules will move at a velocity that is a fraction of the 

velocity of the primary molecule. This fraction is called the 'slippage 

factor'. It has been discussed by Bueche that it should lie between 0.2 

and 0.3, indicating that the chains slip over each other quite freely at the 

entanglement points. Consequently also in entangled polymer systems it seems 

possible to move a certain unit with respect to its neighbours quite freely 

without moving the surrounding units too much. 
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The determining relative liquid velocity (u1) is then equal to the velocity 

of one unit with respect to the other. Such a relative velocity divided by the 

size of the units L is again an elongation rate (q), analogous to the quantity 

1/d (dH/dt) in eq. (13): 

q ~ L (18) 

Substitution of eqs. (16) and (17) in eq. (18) results in: 

q (19) 

Therefore such small relative motions of rheological units result in a 

viscous effect (rf'), w4ich can be calculated from eq. (19) because 11" q u'io 

Therefore 

(20) 

Eq. (20) shows that 11" depends on the specific surface area and therefore 

also on particle size. Large particles have a small specific surface area 

resulting in a relatively low value of 11" , whereas small particles result in 

a relatively high value of "'". Whether this viscous effect is important or 

not, again depends on the relative magnitude of other contributions to the 

viscosity of the system considered. 

When the increase of the distance between the two original units is 

not small any longer, the process of bond breakage and filling up the 'hole' 

with a third unit will become increasingly important. Then the amount of 

liquid required to fill the increased space between the units will not only be 

sucked out of these two units, but an increasing amount will come from the 

lateral direction. It is to be expected that in this way the viscous effect 11" 

will generally be reduced. Furthermore, not only the medium but also other 

units will become involved in the process of filling up the 'hole'. In that case 

it is not possible to express the rate of elongation in terms of a quantity 

u1 in a simple way. 

However, the velocity of the UJ+its with respect to each other (u "') divided 

by the size of the unit is still a local elongation rate q' u "'/L which has 

to be at least as high as the macroscopic shear rate (p) to ensure that the 
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units keep pace with the flow. When q' = p a maximal value may be obtained 

for the time (T) necessary to move the unit over a distance ;l.L (See Chapter 

2) at a velocity u *: 

;l.L 
T max= yL (21) 

Thus for A 1, T max is just the inverse of .the shea:r rate. Eq. (21) is in 

fact equal to eq. (4) for the special case of Fe = 1 and T =Tmax. In Chapter 

6 experiments will be discussed in which Fe is of the order of 0.5. Also in 

such cases T max remains a reasonable estimate of the order of magnitude 

of T • Whether the rate determining process is the one described here in 

terms of a T depends on the time involved in the actual breaking and max 
reformation of bonds as described in Chapter 3.1. In between these processes 

comes the displacement of the unit from its old to its new position. 

It may be concluded that especially this time effect, but also, although 

to a smaller extent, the effect discussed in Chapter 3.1 depend on particle 

size. 
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CHAPTER 4 

THE ANALOGOUS DIELECTRIC PROBLEM 

To investigate the changes in the network structure for a system 

of water droplets in oil, use could be made of the relatively high electric 

conductivity of the droplets. In such a case both the mechanical and the 

dielectric properties depend on the same structural quantities16- 19 

Therefore it may be e:xpected that simultaneous determinationof both classes 

of properties gives further information. The W /0-emulsion has also been 

chosen because the maximum of dielectric losses is situated in a convenient 

frequency range. 

To relate the changes in the network structure with the dielectric 

properties, it is necessary to consider the mechanisms which contribute 

to the dielectric losses: 

- the dielectric interactions of the water droplets in the network; 

- the dielectric relaxation of the water droplets, which occurs even 

when they are distributed at random in the oil (Maxwell-Wagner20
). 

It will be shown that the first contribution is due to a peculiar high value 

of the electric conductivity of the thin film, separating two water droplets. 

When an electric field is applied to the material, electric currents 

will begin to flow in the network chains. It is assumed, that the electric 

current through the 'meshes' of the network can be neglected. Each chain 

is subdivided into n units A and (N-n) units B. N is the initial number of 

bonds per chain (=number of droplets per chain). The electric properties 

of a unit A are those of a water droplet separated from its neighbours only 

by thin oil and emulsifier layers. 

Unit B has the dielectric properties of an emulsion of 'free droplets', 

having n.o bonds with their neighbours, and each being surrounded by a 

thick layer of oil. The dimensions of both types of units are taken to be 

equal. It will then be clear that the ratio n/N justrepresents the fraction of 

unbroken bonds during deformation. 
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The electric energy put in these units is l E.D per unit volume, in 

which E is the field strength and D the dielectric displacement. D can be 

written as D = £ * E in which E * is the complex dielectric constant, with 

a real part f' and an imaginary partE", related with the electric conductivity. 

Therefore: 

(22) 

The dielectric loss factor tan 5 is related with E' and E" by: 

" tan 8 (23) 

It will be shown that the maximum value of tan 8 in the frequency range 

investigated in this work, is about 0.1. Therefore the absolute magnitude 

of E * is mainly determined by E' itself resulting in an electric energy 

input per unit volume D2 /2te'. 
In the absence of charges at the interface between units A and B the 

electric displacement ]2 has to be continuous. Further it will be shown 

that the changes in the capacitance of the system during deformation are 

not more than about 10%. However, during deformation the dielectric loss 

factor, representing the fraction of the energy which is dissipated, may 

change by more than a factor of 2, which indicates that quite a large number 

of bonds is broken. It may be concluded that the dielectric constants and thus 

the energy input per unit, cannot differ by more than about 10% for the units 

A and B and that a rather large difference exists between the loss factor of 

a unit A (tan li A) and the corresponding quantity of a unit B (tan oB). The 

total energy loss is the sum of energy loss in units A and B. Therefore the 

total dielectric loss can be represented by a loss factor tan o, which is 

related with the properties of units A and B: 

tan o = !! tan 8 + N-n tan 8 
K A N B 

(24) 

It has to be stressed that eq. (24) can only be written in such a simple way 

in terms of loss factors because the total energy input for all the units is 

almost the same. The much greater differences in tan 8 are due to important 

differences in the conductivity. It will therefore be clear that determination 
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of the dielectric losses or the conductivity during deformation is much 

more sensitive to changes in the network structure than measurement of 

capacitance alone. The dielectric loss factor has further been chosen because 

it is a dimensionless quantity, which - in its dependence on frequency -

clearly shows at what frequencies relaxation phenomena take place. 

According to eq. (24) the dielectric loss factor is a linear function 

of the fraction of (un)broken bonds per chain. A relation like this is essential 

in the interpretation of the dielectric loss measurements in terms of number 

of bonds. 

The analogy between dielectric and mechanical properties does not 

exist for a system of fat crystals in oil. In these systems use will be made 

of a method, in which the changing dynamic properties are followed during 

deformation at constant shear rate. 
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CHAPTER 5 

EXPERIMENTAL 

5.1 Dielectric losses in emulsions 

Dielectric losses were measured with a Marconi Dielectric Test Set, 

originally designed by Hartshorn and Ward21• With this apparatus accurate 

determination of dielectric properties in the 50 kHz - 100 MHz range is 

possible. The principle of the apparatus is shown in Fig.6. A sample of 

the material to be tested is placed between two electrodes, forming a con

denser of capacitance Cl' which is connected with coil L and voltmeter 

V. A variable condenser c2 is connected in parallel with these components. 

Oscillator 

Flg. 6 Principle of apparatus far dielectric lass measurements 

The oscillatory circuit formed is loosely coupled (inductively only) to an 

oscillator with angular frequency w • If condenser c2 is varied - the other 

quantities remaining constant - the voltage V at the terminals T 1 and T 2 
will reach a maximum value V r when the total capacity C = c1 + c2 has a 

specific value Cr. The typical shape of the resonance curve is shown in 

Fig. 7. Ca and Cb are the two values of C resulting in a voltage V=V /V'2. 

Fig. 7 Resonance curve 
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The width of the resonance curve 1C (= Ca - Cb) is determined by the total 

conductance G in the circuit. In order to measure the properties of the sample 

apart from those of the remainder of the circuit, two series of measurements 

are necessary. The first consists of the observations described above. Next 

condenser c1 is uncoupled. Again resonance is established by adjusting the 

total capacitance of the circuit with the variable condenser c2. Then the 

second series of observations is made, so that the total capacitance is exactly 

the same as before. The difference between the conductance in the two series 

is the conductance G of the sample. It has been shown21 that can be s 
written as: 

G s 
(25) 

where L\C. and L\C are the two values of L\C in the first and second series 
l 0 

respectively. The capacitance of the sample C s can be calculated, because in 

both cases the total capacitance is the same. Then the power factor of the 

sample is given by: 

G 
tans- s -Cw 

s 

L\C. - L\C 
1 0 

2 cs (26) 

Measurement of dielectric losses during deformation requires a special 

configuration of the electrodes. We chose concentric cylinders, the inner 

one of which could be rotated. This was not possible in the original 'test jig' 

and it was necessary to connect the test set with a separate viscometer of 

this concentric cylinder type. The viscometer had to be mounted as close to 

terminals T 1 and T 2 as possible to minimize residual inductances and 

resistances, particularly at the highest frequencies. 

The capacitive part of the resonance circuit is shown in Fig.S. One 

of the two condensers is formed by the viscometer, containing the material 

between two concentric cylinders, the other is the variable condenser 

(C2) which is accurately calibrated. To avoid slipping, the cylinders had 

to be provided with 0,3 mm deep grooves of triangular cross section. 

The presence of these grooves implies a minimal value of the gap width 

between the cylinders. In this apparatus the gap width was 2 mm. The 

radius of the inner (outer) cylinder was 1.3 em (1.5 em). The cylinder 

height was 4 em. The insulating material used was Teflon, which has very 
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CALIBRATED 
VARIABLE CONDENSER 

Fig. 8 Capacitive part of the resonance circuit 

low dielectric losses (<2.10-4). The inner cylinder was driven by a syn

chronous motor and a gearbox resulting in a shear rate in the range between 

10-3 and 1 s-1. 

To reduce the time necessary for one measurement, the variable conden

ser was also driven by a synchronous motor and a gearbox. Adjustable motor 

controlling micro-switches determined the upper and lower limit of the capa

citance. A resonance curve could be measured within a few seconds, by 

using a recorder with a high pen speed (Servo-riter II, Texas Instruments). 

The time scale of the recorder was related to the capacitance of the variable 

condenser by using a third micro-switch, which gave a signal to a marking 

pen on the recorder at a known capacitance value. The whole assembly 

of synchronous motor, gearboxes and micro-switches was assembled in one 

unit at aheightofabout30cmabove the •test jig' to reduce electric influences. 

The mechanical connections with the test jig were made of perspex. 

The test set was placed in a Faraday-cage to reduce the influence of 

external electromagnetic fields. The possible distortion of the electric 

signal was less than a few percent as could be concluded from accurate 

observation of the signal on a Tektronix 581A oscilloscope. 

A 20% by weight (= 19 vol. %) emulsion of distilled water in groundnut 

oil, containing 1% w/w Homodan PT (partialpolyglycerolester of polymerized 
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soyabean oil) was made by strong agitation in an Ultra Turrax mixer for 

about 1 min. The stability was measured by a reflectance methoct22 after the 

emulsion had been allowed to stand for at least 48 h. The probability of 
-6 -1 coalescence was very low: about 10 s . During storage the emulsion was 

stirred at frequent intervals to reduce sedimentation. The influence of the 

electric measurements on the stability was negligible. The average diameter 

of the droplets was about 2 ~m, as could be concluded from microscopic 

observations. The viscosity of the oil was about 2 P. 

The emulsions should be allowed enough time to form a structure, before 

measurements can be made. From experiments in which the dielectric losses 

were measured as a function of time, it could be concluded that a permanent 

state was reached about 150 min after the viscometer had been filled. The 

deformation between the cylinders was rather homogeneous, up to values 

of ca. 5-6, as could be concluded from observations of a radial line drawn 

by dusting the upper surface of the sample with carbon black. 

The stress-strain curves could not be measured in the same cell, 

without introducing many difficulties. Therefore the rheological behaviour 

was investigated in a separate concentric cylinder viscometer. The inner 

cylinder was suspended from a torsion wire, the outer cylinder driven at 

a constant speed. The torque at the inner cylinder was measured by attaching 

a small mirror to the inner cylinder and measuring the rotation of the 

mirror (= the torsion of the wire) with a light beam and a photo-electric 

cell recorder system. The radius of the inner (outer) cylinder was 1.25 

(1.57) em. The grooves were the same as used in the dielectric cell. The 

height of the cylinders was 8 em. 

The experiments were all performed at room temperature (22°C). 

5.2 Dynamic properties of dispersions. 

A viscometer has been designed to measure the behaviour of dispersed 

systems in oscillatory shear. Such measurements provide information about 

the time-dependent behaviour and reveal the presence of characteristic 

relaxation times. An interesting feature of the apparatus is the possibility 

of applying superimposed steady shear, which is a technique that has been 

successfully applied for testing23- 25 rheological models. Whereas the result 

of earlier experiments26 in dispersed systems indicated that the dynamic 
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properties are almost independent of the frequency, in a certain frequency 

range, it is interesting to know in what way superimposed steady shear 

influences the dynamic behaviour. Another important property of dispersed 

systems, which influenced the design of the viscometer, was that already 
-4 -3 at very small deformations (10 - 10 ) these systems are not linear 

26 anymore 

5.2.1 Description of the viscometer. 

The viscometer is shown in Fig. 9. The general design is based on an 

apparatus described by Dobson
27

, using concentric cylinders instead of the 

cone-and-plate geometry. Various radii of the cylinders and thus various 

gap widths, can be realized by using exchangeable cylinders. The height of 

the cylinders was kept constant at 2.1 em. 

To avoid slipping the cylinders were provided with 0.1 mm deep grooves 

of triangular cross section. The inner cylinder is connected with the rotor 
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(the coil) of a d.c. motor (24 VDC Ether) of which the moment of inertia is 

very low (1.~ g.cm
2
). The coil consists of three separate coils, which make 

angles of 60 with each other (Fig. 10). One of these coils is used, namely 

the one which is situated between the poles of the strong radial permanent 

magnet of the motor. 

Fig. 10 Top view of magnet and coil 

To reduce the friction in the system the original collector of the motor 

has been removed and the electric contacts have been made by two small 

manometer springs with a low spring constant. Two jewelled hearings 

support the vibrating system at the upper and lower end. Careful alignment 

is necessary to reduce frictional effects in the bearings and distortion 

of the oscillations as much as possible. The possible play in the jewelled 

bearings is supposed to be less than a few microns. Such a high precision 

is required because of the low amplitudes of deformations, which have to he 

applied especially in dispersed systems. An eccentricity of 1 ~ on a gap 

width of 1 mm corresponds already with a deformation of 10-3 . It is known 

that larger deformations have a considerable influence on the structure of 

the material. It may be assumed that the actual eccentricity is less than 

1 !tm due to a selfcentering effect. 

The angular displacement of the inner cylinder is detected as a change 

in capacitance of a small condensor consisting of a set of parallel aluminium 

vanes (See Fig. 9). One set of these vanes is attached to the axis of the 

inner cylinder, the other set to the stationary part of the viscometer. The 

distance between the vanes is about 0.1 mm in order to get sufficient capa

citance. A small rotation of the 'inner' vanes with respect to the 'outer' 

vanes results in a change of the capacitance which is detected with a very 

sensitive 'capacitance meter' (LlC-meter type 662 Vanandel). The accuracy 

of the capacitive transducer wi.ll be discussed in Chapter 5.2.4. 
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The electrical connection is again made with a small manometer spring. 

All together there are 4 springs which are attached in such a way that 

the spring constant does not depend on the direction of the rotation. The 

total moment of inertia of the vibrating system is about 3 g.cm2 when the 

radius of the inner cylinder is 0.4 em and about 2 g,cm2 when the radius 

of the inner cylinder is 0.3 em. 

For measurements with superimposed steady shear, the outer cylinder 

can be rotated by means of a special geared pulley (see Fig. 9), attached 

to the outer cylinder. For a vibration-free rotation, a 'no-slip', tooth 

belt was used to provide a flexible connection with an external variable

speed motor. 

The alignment of the outer cylinder has to be as good as that of the 

inner cylinder. A high accuracy could be obtained by means of special ultra 

precision roller bearings, in combination with a three points drive, to 

prevent radial tension in one direction on the bearings. By these means, 

the maximal play and the rotation accuracy can be assumed to be better 

than a few microns. The accuracy will be even better, due to the centering ef

fect of thin oil films in the bearings. By mounting the motor on 'silent rubbers' 

and by using flexible connections the possible influences of motor vibra

tions could be made negligibly small. Vibrationsofthe building could be elimi

nated by mounting the viscometer on a heavy mass of concrete, placed 

on rubber stoppers. 

The viscometer is filled through the 3 tubes shown in Fig.9, by means 

of an injection needle. 

5.2.2. The equation of motion describing small amplitude oscillations in the 

viscometer. 

It is assumed that the behaviour of the material in oscillatory shear 

is linear. In complex systems this is only realistic if the deformation is 

sufficiently sma1128• Then the equation of motion for the forced vibrations 

of the system is given by: 

(I + m) x + (~ + B) x + <C:.. + k
0

) x F 
0 

cos wt (27) 

in which 
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x = the angular displacement of the inner cy Under 

I = the moment of inertia of the vibrating system 

m the contribution of the sample to the total moment of inertia 29 

"'d = the dynamic viscosity 

G' the dynamic storage modulus 

A = a constant which depends on the geometry of the viscometer, in 

this case 

A in which R (R.) is the radius of the outer 
0 1 

(inner) cylinder, and h the height of the inner 

cylinder 

B a damping coefficient which includes the damping in the air, frio-

tional damping of the bearings and electromagnetic damping as a 

result of e.g. a back electromotive force. Such an E.M.F. is caused 

by the vibrations of the coil in the magnetic field which induce a 

voltage, which is opposite to the driving voltage. Further all eddy 

currents induced in metal parts of the viscometer may contribute 

to B. 

k
0 

= the torsion constant of the springs (the electrical connections of 

the coil to the oscillator and from the •capacitor' to the .1C meter). 

F 
0 

= the amplitude of the momentum of the outside force 

w = the angular frequency 

Eq. (27} implies that30: 

(28) 

and 

"'ct 

F 
A (_2. sin IS _ B) 

xo w 
(29) 

where f3 is the phase angle between the applied momentum and the angular 

displacement, x
0 

the amplitude of the angular displacement. 

Also the dynamic loss modulus G'' will be used frequently, which is the 

product of the dynamic viscosity and the angular frequency: G'' = qdw. 

The influence of the inertia of the sample on the results obtained with 

such a concentric cylinders apparatus has been discussed by Markovitz31 , 
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Walters32 , Takami and Oka33 and Duiser29. From their work it appears that 

at the frequencies used in this investigation the influence of inertia of 

the sample finds expression in a small contribution m to the total inertia, 

whiCh has already been taken into account in eqs. (27) and (28). Another 

result is that the quantities G' and f/d when calculated from eqs. (28) and 

(29) are first order approximations, and that in certain cases (especially 

at high frequencies) higher order approximations have to be taken into 

account. However, in the frequency range investigated here these higher 

order terms are negligible. The quantity m may be expressed as 29 

rnA 

R. 2 
in which y = 1 - (_!:) 

Ro 

R~ ln 
l 

and pis the density of the sample. 

y + 1 + i} (39) 

It has been assumed that the wavelength of the shearwave induced in 

the system is large compared with the size of the gap between the cylinders. 

The wavelength is directly derived from the velocity of propagation Ctrans 

which is calculated from the storage modulus and the density (Ct2 
= ~. . rans p 

It follows that in the experiments described in this work the wave length 

has always been at least 1 em, i.e. large compared with the size of the 

gap (about 1 rum). If travelling waves would have interfered with the experi

ments, apparent values for both moduli G' and G'' would have been measured, 

which would have become equal at higher frequencies and would have shown 

an increase with increasing frequency34. However, the experimental results 

will show that the storage modulus is almost independent of the frequency 

and large compared with the loss modulus in the frequency range investi

gated, 

5.2.3 The electrical circuit. 

The block diagram (Fig, 11) shows the electronic set-up. A variable 

frequency oscillator (Hewlett & Packard model 203A) supplies an alternating 

current from output a to the circuit, consisting of the coil and a constant 

precision resistance (2 k!l). The voltage drop across this constant resis

tance is a measure of the current in the coil. 

For superimposed steady shear also a direct current has to be supplied 
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Dynamic 
viscometer 

F lg. 11 The electrical circuit 

to the coil in order to keep the coil in the same position in the magnetic 

field. Also without superimposed steady shear the coil sometimes has the 

tendency not to remain in the same position. Therefore also then a small 

direct current was used to keep the coil in the same position. In such cases 

a simpler electronic set-up could be used, in which a small current was applied 

to the coil from a battery in series with an adjustable resistance. While in the 

superposition measurements the value of the constant resistance had to be 

rather low in order to minimize the time constant of the regulating system, 

a somewhat higher value (10 k.Q) could be used in the experiments without 

superposition. In this way a higher voltage drop was obtained, which was very 

convenient for the phase measurements. When using such a large value of 

the resistance (10 k.Q) the possible phase difference between the voltage drop 

across the resistance and the output of the oscillator was negligible (<0.05°) 

in the frequency range investigated. When the lower resistance (2 k.O) was 

used as in the superposition experiments this phase difference was still 

small (from <0.1° at 10Hz up to about 1° at 80Hz), but no longer negligible. 

It will be shown that nevertheless such small phase-shifts do not influence 

the experimental results. 

During superposition measurements possible small steady deviations 

from the correct position result i.n a d.c. signal coming from the L1C-meter, 

apart from the oscUlating signal. The d.c. signal is first separated from the 
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a.c. signal by using a low-pass filter. Then the rem.aining d.c. signal is 

fed into a servo control, which amplifies the signal and produces a d.c. 

countercurrent to readjust the position of the coil. The d.c. current also 

introduces an extra d.c. voltage drop across the constant resistance; this 

is a direct measure for the steady shearing stress. This voltage drop is 

measured with a d.c. voltmeter (Philips PM 2440) and registered with a 

recorder (Servogor RE 115). 

In order to be able to supply a direct current to the coil, the oscillator 

had to be separated from the remaining part of the circuit by using a large 

capacitor (5000 ,uF). Measurements showed that the possible phase shift 

as a result of this capacitor is negligible (<0.05°). 

The a.c. voltage across the constant resistance is a measure of the 

oscillatory stress. However, the .1C-meter introduces into the system a 

disturbing signal of high frequency (0.5 - 1 MHz). To eliminate influences 

of this signal a rejection filter is .used, before the signal is measured 

on an a.c. voltmeter (Philips PM 2454). This voltmeter is used to follow the 

amplitude of the oscillatory stress. 

The output of the .1C-meter is directly fed into the phasemeter (Muirhead 

D-729 BM- low frequency phasemeter). During deformation the amplitude 

of the oscillatory shear is kept constant by adjusting manually the output 

a of the oscillator. However, for the phase measurements a signal of constant 

amplitude is required. Therefore a second output b of the oscillator is used, 

which is directly connected with the phase meter. Measurements have shown 

that also during deformation possible small phase shifts between the two 

outputs of the oscillator are negligible (<0.05°). 

The manual adjustment of the oscillatory stress sets an upper limit 

to the superimposed steady shear rates. When higher shear rates are to be 

used, automation will be inevitable. Even at the rather low shear rates 

used in this investigation the changing dynamic properties could not be 

measured in the first few seconds of the experiment. Thereafter the ad

justments could be performed with sufficient accuracy. Also, in these 

first seconds, the servo control does not work sufficiently as a result 

of the frequency response characteristic of the low-pass filter. This results 

in an angular displacement of the coil of maximal 3.10-4 radians, which de

creases very gradually with increasing deformation. Therefore in the first 

few seconds the material is in fact not deformed; after that the deformation 
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is somewhat greater than would be calculated for a completely fixed inner 

cylinder. In terms of shear rate this is only a very small effect. 

With the phasemeter, the phase angle can be measured with an accuracy 

of ;.; 1° (down to 0.25 Hz). For phase angles within 20° from 0° and 180° 

the accuracy is 0.1° and within 6° from 0° and 180° the accuracy is even 

higher (up to 0.05°), depending on the actual value of the phase angle, the 

magnitude of the signal and possible distortion. When measuring phase 

angles close to 0° or 180° the phase meter is used together with a wave 

analyzer (Muirhead D-489 - GM-Pametrada Wave Analyzer) plus an impedance 

converter to ensure sufficient accuracy. For frequencies lower than 20 Hz 

a modulator (Muirhead D-625-A, Low Frequency Modulator) is required. 

Using the wave analyzer extremely high distortion values are permissible 

at least from the electronic point of view. However, such high distortion 

values will generally indicate the presence of high disturbing stresses 

acting in the system, which might very well influence the mechanical struc

ture. Therefore all kinds of possible disturbing influences were eliminated 

as much as possible. In this way the percentage of distortion was always 

within 6%. 

It has already been discussed that the amplitude of the oscillatory 

shear was kept constant during deformation by adjusting the output a of 

the oscillator. The changes of this quantity were registered on a recorder 

(Texas Instruments Servo-riter II) together with the changing phase angle. 

Further an oscilloscope was used to monitor the signals. 

5.2.4 Calibration of the apparatus. 

The external force in the system is the Lorentz force as a result of 

an electric current in a magnetic field, Therefore the momentum F used 

in eqs. (27), (28) and (29) can be written as F = a icoil in which a is a 

constant of the system, and i .1 the current in the coil, determined by mea-
COl 

suring the voltage drop across a constant resistance (See Fig. 11). The 

constant a is determined by shearing a standard oil (viscosity 17 poise 

at 22°C) in·the viscometer at a constant rate by rotation of the outer cylinder 

at a constant speed. In that case the shear stress is known and hence also 

the momentum due to the viscous flow, acting on the inner cylinder35: 
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F where 

71
8 

viscosity of the standard oil 

Q the angular velocity of the outer cylinder 

This momentum is counteracted by the Lorentz force in such a way that 

the inner cylinder is kept in the same position. The value of the instru

ment constant a turned out to be 580 dyne.cm per rnA (DC). This value is 

almost constant (within 4%) for different positions of the coil in the radial 

magnetic field. 

-3 -2 -1 0 +2 

- Voltage (VJ 

Fig. 12 Angular rotation of inner cylinder as a function of output voltage of JC-meter 

The factor x
0 

in eqs. (28) and (29), being the amplitude of the angular 

displacement, can be written as x
0 

= b. V 
0 

where V 
0 

is the amplitude of the 

output voltage of the .::\C-meter and b is a constant of the LlC-meter. The 

factor b was measured as follows. The small angular displacement of the 

inner cylinder was measured with a light beam, a mirror attached to the 

inner cylinder and a photocell recording system. The output of the LlC-meter 

as a function of the angular displacement ofthe cylinder is found to be linear, 

as shown in Fig. 12. The smallestdisplacementfor which the transducer could 

be calibrated in this way was 10-4 rad. The slope of this straight line gives 

the factor bas 0.000320 rad/volt with an accuracy of 3%. The reproducibility 
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at different positions of the capacitive transducer is within 2%, which is 

included in the 3% accuracy. Forced vibration experiments without a sample 

in the viscometer provide the other instrument constants (I, k
0 

and B). In 

that case G' and '1/d are zero and eqs. (28) and (29) result in: 

X 
0 

B 

I 2 
- w (31) 

(32) 

Plotting the left hand side of eq. (31) as a function of w
2 will give a straight 

line with a slope -I and intercept k as is shown in Fig. 13, In this case 
0 n 

the radius of the innercylinder was 0.4 em. It was found that I 2,97 g.cm~ 

and k = 14.3·104 dyne.cm2 with an accuracyofabout2% and 1% respectively, 
0 ~ 

When the radius of the inner cylinder is 0.2 em I is lower: about 2 g.cm~. 

0 

1C "a 

e 0 ~ " .; 
C' ' ,.. 

I .., 
I "' § I 

... .1c r 
"' 0 
"! 
0 
~ 

0 -20 
!!; 

l -3C 
0 ~ 1& 1~ 

Fig. 13 The quantity (F /x
0

) cos~ as a function 

The frictional or damping term l!_ can be calculated as a function of 

w from eq. (32); a representative example is shown in Fig. 14. The constant 

k depends on the position of the coil in the magnetic field anc!. varies 
0 

41 



4 4 between 5.10 and 20.10 dyne.cm. Such calibration experiments have been 

repeated each time before measuring the properties of the material to be 

investigated. An important factor that influences the damping coefficient 

B is the amplitude of the inner cylinder (a typical example is shown in Fig. 15). 

The increase of the damping term with increasing amplitude of deformation 

as shown in Fig. 15 is probably a result of the electromagnetic damping. 

It will be clear that when high accuracy is required small deformations may 

be an advantage. 
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It may be shown from eqs. (28), (29), (31) and (32) that a possible 

small phaseshift (e.g. between the voltage drop across the constant re

sistance and the output of the oscillator) has not much influence on the 

results for G' and T/ d as long as this phase shift is the same in the ex

periment with and without the sample, and provided that only phase. angles 

close to 0° or 180° are considered. In such cases cos f3 ~ 1 and sin f3 
is a linear function of f3 in good approximation. Therefore cos f3 is not sen

sitive at all to slight changes in p , while the possible influence on sinf3 

is largely eliminated by comparing the measurements with and without 

the sample. The small influence on the absolute value of sin f3 which may 

remain is completely negligible when only relative changes are considered 

during superposition experiments. 

As far as calibration of the apparatus is conoerned it is interesting 

to mention that dynamic results for detergent solutions, obtained in this 

apparatus showed quite a good agreement36 with those obtained in a quite 

different instrument. 

5.2.5 Materials 

Unless stated otherwise the dispersions contained glyceryl tristearate 

crystals in paraffin oil, made according to a stapctard method by crystalli

zation on a cooled brass plate (20°C), followed by dilution to the desired 

concentrations. The specific surface area of such dispersions has been 

measured with permeametry14, giving a value of about 35 m2.cm-3. From 

earlier experiments2 it is known that the average size of the crystals is 

about 0.04 pm. The density of the crystals is 1.02 g.cm-3 and of the paraffin 

oil 0.86 g.cm-3. The viscosity of the paraffin oil is 0. 7P. 

The dispersions must also have enough time to form a structure. From 

experiments in which the dynamic properties were measured as a function 

of time, it could be concluded that a permanent state was reached about 

30 min after the viscometer had been filled. 
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CHAPTER 6 

RESULTS AND D'ISCUSSION 

6.1 Dielectric and rheological properties of emulsions. 

The stress-strain curves of an emulsion at constant shear rate p are 

shown in Fig.l. The maximum value of the stress and also the shear value 

at maximum stress are reproducible only within ca. 10%. This poor repro

ducibility is attributed to the statistical character of the network structure. 

0.15 

Frequency CMHz) 

Fig. 16 Dielectric losses as a function of frequency for an emulsion of 20% water in 

groundnut oil (curve 1) and for the <'il phase alone (curve 2) 

The dielectric losses of these emulsions as a function of the frequency are 

shown in Fig. 16. In the same figure the reproducibility of the experimental 

results is indicated by vertical lines: for a minimal number of 6 measure

ments using different samples the reproducibility is within ca. 6%, probably 

again a result of the statistical nature of the network. The actual accuracy 
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of the experimental method is ca. 1%. The dielectric losses of the oil itself, 

also shown in Fig. 16, demonstrate why those of the emulsion increase at 

frequencies. The striking dielectric dispersion of W /0-emulsions 

in the megaherz range was already observed by Hanai16 , Deinega and Wino-
18 20 . 

gradow and Wagner . A companson of the value of tan 8 with theories 

of Maxwell-Wagner
20 

,Bruggeman37 or Hanai38 is impossible due to the 

strong dependence of the dielectric properties of the oil on the frequency 

(see Fig. 16). 
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Fig. 17 Changes of dielectric losses at a frequency of 3 MHz during deformation 

What happens during deformation at the frequency of maximum losses 

(3 MHz) is shown in Fig. 17. The same type of behaviour was observed at 

a 11 frequencies (see Fig. 18). The scattering of the initial value of tan 8 

arises from the poor reproducibility of the network formation as men

tioned before. A small increase of tan 8 at a shear value of about 1 or 2 

was observed only at a shear rate of 0.084 s - 1 (Fig. 17). At the highest 

shear rate these low shear values were attained in a few seconds, making 

reliable determination of the losses impossible. At higher shear values the 

losses decrease more with increasing shear rate. The remarkable decrease 

of the dielectric losses during deformation was attributed by Hanai16 to 

a change in the state of agglomeration of the dispersed particles. 

From the frequency of maximum losses (:::: 3 MHz) it is possible to 

calculate the RC-time of all the small condensers, formed by the thin films 
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Fig. 18 Changes of the dielectric losses during deformation as a function of frequency 

for an emulsion of 20% water in groundnut oil 

between the droplets (5.10-8 s). A reasonable value of the dielectric constant 

is 3.10-ll A.s/V.m, resulting in a high conductivity of about 10-5n-1 cm-1. 

It is interesting to compare this value with the much lower conductivities of 

the oil {with 1% emulsifier) and of the emulsifier itself, 5.10-S n -1 em - 1 and 

3.10-7 n - 1 em - 1 respectively. The high conductivity is probably a result 

of ionic diffusion currents through the thin liquid layer. 

From the changes in dielectric losses the changes in a model network 

structure are now calculated according to eq. (24). It is assumed that 

without deformation all droplets are arranged in chains. Substitution of 

n = N in eq. (24) shows that the initial value of the losses at 3 MHz without 

deformation (= 0.11, see Fig. 16) is in fact tan t> A' The value tan bB has been 

approximated by measuring the dielectric losses immediately after the vis

cometer has been filled and by continuous rotation of the inner cylinder 

at a relatively high speed ( y ::::; 1 s - 1) to prevent the build-up of the network 

as much as possible. Substitution of n = 0 in eq. (24) shows that the loss 

angle measured in this way is indeed tan t>B. The result was tan hB ~ 0.05. 

It is possible to consider the differences between the capacitance of units 

A and B, CA_ and CB in the same way. Without deformation (n = N) the 

capacitance of a chain is given by CA_/N. When the structure is reduced as 

much as possible (n 0), the capacitance per chain is CB/N. The network 

is a parallel arrangement of these chains with a capacitance which is simply 

the sum over all the chains. The ratio of the capacities per unit volume 
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measured in both extreme cases is then also the ratio of the capacities per 

chain, hence c:,/ C]:r The experimental results showed a difference between 

CA_ and CB of 10%. 

Now it is possible to calculate from eq. (24) the fraction of bonds 

(n/N) which remain unbroken at an arbitrary deformation. The results 

(Fig. 19) show a rapidly decreasing number of bonds at shear values between 

1 and 2. In the same range the shear stress has its maximum value (Fig. 1) 
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Fig. 19 Changes in the network structure during deformation 

The fraction of still existing bonds per chain, shown in Fig. 19, equals 

the fraction of unbroken bonds per unit area of a slice perpendicular to the 

chains. Therefore, the curves in Fig. 19 also represent the dependence 

of (1 - F ) or F itself on the deformation. The stretching force f (y) may e e e 
then be calculated from the shearing stress by using eqs. (2) and (3). The 

quantity ne(O) in eq. (2) iscalculatedfromeq. (14), assuming that the principle 

unit is one particle and that initially all particles contribute to the network. 

For tp 19% and d = 2tan it is found that ne (0) -:::::; 10 7/3 em - 2• The results 

for fe(y) are shown in Fig. 20. It is difficult to explain more quantitatively 

the behaviour in the range of deformations in which the force fe decreases 

with increasing deformation. That is because - when using the model as 

described in Chapter 2 - the decreasing fe can only be understood, if the 

distribution function shifts to lower force values during deformation in order 

to get the required number of broken bonds (compare eq. 4). Therefore, 

only the range of shear values in which the force increases with increasing 

deformation is considered quantitatively and, moreover, it is assumed, that 

in that range the distribution function remains unchanged. The results are 
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Fig. 20 'Stretching force fe as a function of the deformation 
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Fig. 21 The integral of the distribution function of strengths (a) and the distribution 

function Itself (b) as caloulated from CXJX1riments at Qonstant shear rate y. 

shown in Fig. 21a. From the slope of the curves in Fig. 21a the distribution 

function can be calculated (See Fig. 21b). The sharp increase already indi

cates a beginning of a shift of the distribution function. 
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It will be shown now that the curve measured at the lowest shear 

rate (0.0017 s - 1) in Fig. 21b represents the distribution function of v:...n der 

Waals' forces between the water droplets, and that the shift to higher force 

values with increasing shear rate must be due to hydrodynamic interactions. 

The van der Waals' force betweentwosphericalparticles can be written as39: 

(33) 

in which AH is the Hamaker constant and H the distance between the particles. 

The equilibrium distance between two droplets must be about twice the length 

of the emulsifier molecule, as was discussed by Albers 40. The length of the 

emulsifier molecule used in the experiments is about 50 .R, resulting in a 

100 .R distance between the droplets. 
-13 Assuming a realistic value for AH 10 erg, it follows that the 

attractive force is about 10-6 dyne. In accordance with the relatively low 

force value (10-7 dyne) in the experiment at the lowest shear rate, only a 

small fraction of the number of bonds will be broken, as shown in Fig. 21a 

(about 5%). The shift of the distribution function with increasing shear 

rate can be correlated with the hydrodynamic interactions between the drop

lets, as estimated from the theory of Cox and Brenner9. According to 

eq. (13) the hydrodynamic force fh' required to ensure that waterdroplets 

with a diameter of 2 p,m keep pace with the highest applied shear rate 

( y = 0.17 s-1), is about 3.10-6 dyne when the distance between the droplets 

is 100 .R, and smaller in the case of larger distances. In these relatively 

concentrated systems the maximal distance is about equal to the diameter of 

a particle, in this case 2 ,um. At this interparticle distance the hydro

dynamic force is a factor 200 smaller than at a distance of 100 .R (See 

eq. 13) The average will be somewhere in between, for example a factor 

10 lower: 0.3·10- 6 dyne. Such an order of magnitude of the hydrodynamic 

forces is in agreement with the actual shift of the distribution function 

as shown in Fig. 21 (about 0.4-10-6 dy~). Further it is shown in Figs. 20 

and 21 that no simple linear relation exists between the hydrodynamic 

forces and the shear rate. This is probably a result of a shear rate dependence 

of the average interparticle distance (Compare eq. 13). Nevertheless theory 

and experiments agree quite well as far as orders of magnitude are con

cerned when it is assumed that in these emulsions the rheological unit is 
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indeed the droplet itself. Then also the assumption that all the droplets 

contribute to the network seems to be realistic. 
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Fig 22 The relative translation velocity 'A/T 

as a function of the deformation 

Fig. 23 The characteristic time r as a function of the shear rate i·, measured at a 

shear value F ~ 4 and for 'A 1 (-o-), and calculated f1·om eq.(ll), using 

2 :l t (--c--). 



From eq. (4) the quantity A h can be calculated for all the shear rates 

used in these experiments. The result is shown in Fig. 22. Assuming A= 1 

it is possible to calculate T • The result is shown in Fig. 23 at a shear 

value 4. These measured values of T agree quite well with those which 

may be calculated when the rheological behaviour is determined by the 

relative motion of two separate particles alone. In such cases the charac

teristic time is approximated (See Chapter 3.1) by taking twice the value of Llt, 

determined by eq. (11), in which is substituted H
0 

= 100 Rand R = 1 pm. 

As has been discussed in Chapter 3.1, for may be used the diameter 

of the droplets: 2 ,um. Considering the range of deformations 2-4, it is shown 

in Fig. 20 what the force is which acts in the network chains. Using an average 

value of the force for this range of deformations in eq. (11), it is possible 

to calculate the time at or the characteristic timeT( = 2 Llt). The results 

are shown in Table 2. 

TABLE 2 

Relationship between },· and T 

0.084 3.0 

0.017 6.5 

0.0017 25 

A comparison with the experimental results (see Fig. 23) shows a satis

factory agreement. It may be concluded that the time effect in these emulsions 

is indeed related with the hydrodynamic interactions between single par

ticles, as described in Chapter 3.1. As the experimental values ofT were 

calculated, assuming ;, 1, this has obviously been a realistic assumption. 

It may be concluded that the meaning of the quantities A and Tis clear now 

at large deformations (y>2). 

What can be said about smaller deformations ( y < 2) in which the 

stretching force increases strongly (see Fig. 20)? Is the time available 

to break .bonds really sufficient? On the average the force is smaller in 

this range and it is to be expected that the time Llt", which is required 

to break the first bonds will be longer than the value of at, calculated 

at larger deformations. The quantity .1t'' is implicitly given in eq. (12), 

which in this case can be written as: 
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L\t" 

J -7 .5.10 dyne.s (34) 
0 

in which fh(t) is taken equal to the stretching force fe(t) acting in the network 

chains. 

Table 3 shows the critical value of the deformation (y ), for wliich cr 
eq. (34) is satisfied and the corresponding time .::lt". 

TABLE 3 

Critical value of the deformation (per) and the corresponding time Llt'" 

y(s-1) v Llt"(s) cr 

0.17 0.7 4 

0.084 0.6 
! 

7 

0.017 0.4 24 

0.0017 0.17 100 

Only at shear values higher than the critical values given in Table 3, the 

first broken bonds are to be expected. It has indeed been found that at a 

shear value of about 1, breakage of bonds becomes measurable (See Fig. 19). 

Therefore, at smaller deformations the model of breakage and reformation of 

bonds cannot be used and the quantities A. and r have no longer any meaning. 

When still a value of A.j, is calculated, as has been done in Fig, 22, then 

at finite rate of deformation an infinite value of >./ r is to be expected. 

Fig. 22 shows such an effect quite clearly, Further Fig. 22 shows that at 

lower shear rates such a problem is observed at lower shear values which 

is in agreement with the behaviour of y • From the values of y and . ~ ~ 

Y, L\t" may be calculated, which is indeed larger than .:1t. 

These considerations show that at small deformations the rheological 

behaviour cannot be described with a process of breakage and reformation 

of bonds. Since deformation is still possible it must be a result of possible 

rearrangements and reorientations in the chains of particles, without breakage 

of bonds. It seems realistic to assume that such possibilities exist when only 

relatively small deformations are considered. 

52 



6.2 Rheological properties of fat dispersions. 

6.2.1 stress-strain curve. 

The stress-strain curve, measured at constant rate of deformation is 

shown in Fig. 2 for a dispersion containing 8% by weight of solid phase. 
-4 -3 -1 In the range of shear rates investigated (7.2•10 to 3.6•10 s ) no sig-

nificant influence of the shear rate is found. These values of the shear 

rate have been calculated at theoutercylinder,assumingNewtonian behaviour. 

When calculated at the innercylinder, shear rates are found which are about 

a factor 1.6 larger. In these constant shear rate experiments the radius 

of the inner (outer) cylinder was 0.4 (0.5) em. The reproducibility of the 

maximal stress value is "!;. 5%, again a result of the statistical nature 

of the network structure, as in the emulsions. 

6.2.2 Dynamic properties. 

6.2.2.1 Without superposition of steady shear. 

The dynamic storage modulus G' is shown in Fig. 24 as a function of the 

frequency at different weight percentages of solid phase (¢). The loss 

modulus G'' (= tJdw) is shown in Fig. 25. During these experiments the radius 

of the inner (outer) cylinder was 0.30 (0.45) em. The amplitude of the 

oscillatory deformation varied from 1,6'10-4 a.t the inner cylinder to 7.10-5 

at the outer cylinder, which corresponds with an angular displacement of 

the inner cylinder of 4.5·10-5 rad. The storage modulus is calculated by 

subtraction of two terms of which one is the term (AI} - Ak
0

). It is im

portant that the difference between these terms is at least of the same order 

of magnitude as the absolute value of the term (Aiw
2 

- Ak
0

). Therefore 

this term is also shown in Fig. 24. It will be clear that the accuracy of tlie 

modulus of the 4% dispersion cannot be very high, except at the resonance 

frequency. For the 6% dispersion the accuracy is better, except at higher 

frequencies, where the term Aiw2 dominates. In fact this term represents 

the upper frequency limit of the apparatus. As in earlier work26 , also here 

the modulus does not depend very much on the frequency. 

The broken line in Fig; 25 represents the frictional or damping term 

ABw from eq. (29). A comparison shows that the accuracy of G" is poor for 

the 4% dispersion. Figs. 24 and 25 reveal quite a strong dependence on the 

solid content, which is in agreement with the results of earlier work in 

dispersed systems26. The possible experimental error of the determination 
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of the moduli is about 10%, which is a sum of the relatively small possible 

errors in the amplitude of the oscillatory deformation (3%) and stress (4%) 

and the possible error in the phase angle (3%). 
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Fig. 26 Influence of amplitude of oscillatory deformation on dynamic properties 

of 8 wt. '~, fat crystals in paraffin oil at a frequency Qf 20 Hz 

Fig. 26 shows the influence of the amplitude of the oscillation on the 

dynamic behaviour. These experiments have been performed using the same 

geometry as in the constant shear rate experiments. The values of the 

deformation are calculated at the outer cylinder. These results confirm 

those of Nederveen26 and stress the necessity of keeping the amplitude 

smaller than about 10-3. The value of G' at an amplitude of deformation of 

10-2 as is shown in Fig. 26 enclosed by a square, indicates the absolute 

value of the complex modulus, measured in a W eissenberg Rheogoniometer" 

at a somewhat lower frequency (10 Hz). It has already been mentioned 

that the qynamic properties are only slightly dependent on the frequency. 

Further the imaginary part of the modulus is always much smaller than 

the real part, implying that the absolute value and the real part of the 

modulus are about equal in magnitude. Then it is realistic to use this 

extra measuring point as an indication that indeed at larger amplitudes 

of deformation the quantity G' still further decreases. 

Fig. 26 also shows what happens when after a series <Jf experiments 

¥ Thanks are due to Drs. Booij of the Dutch State Mines for allowing us. to use 

the Rheogoniometer. 
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with increasing amplitude of the deformation again a very small amplitude 

is used. Especially the result for G' illustrates quite clearly that structural 

breakdown has occurred. 

6.2.2.2 Oscillations superimposed on steady shear. 

When steady shear is superimposed on the oscillation, the inhomogeneity 

of the large deformation has to be taken into account. Nevertheless it is 

useful to discuss the experimental results first as if the large deformation 

remains homogeneous. It will be clear that the values of the moduli, ob

tained in this way are apparent or average values. A typical example of 

what happens during superposition experiments is shown in Fig. 27. The 

apparent storage modulus G' first decreases. At a deformation of about 

0.02 a minimum value is reached and at larger deformations G' increases. 
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Fig. 27 Behaviour of dynamic properties during deformation; frequency 20 Hz; v ~· 8% 

At a deformation of about 0.5, G' seems to attain a maximal value. At larger 

deformations again a gradual decrease of G' is observed. The apparent loss 

modulus G'' increases monotonically from the beginning of the experiment 

and appears to approach a maximal value at a deformation of about 0.1. 

At larger deformations G'' remains constant. In Figs. 28 and 29 it is shown 

that these changes are not typical of one frequency; changes of that sort 
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are found in a range of frequencies up to about 80 Hz. At higher frequencies 

the inertia term becomes dominating, as has been discussed before; this 

results in a low accuracy. It is then difficult to obtain reliable information 

about the changing moduli. 
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Fig, 28 Influence of superimposed steady shear on 

dynamic properties of 8 wt. % fat crystals 

in oil as a function of frequency 
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Fig. 29 Influence of superimposed steady shear on 

dynamic properties of 8 wt. % fat crystals 

in oil as a function of frequency 

<Y 7.2·10-4 s-1)p:e0,•0.05, &0,5. 

The initial values deviate somewhat from those shown in Figs. 24 and 

25. This reflects the limited reproducibility when samples are used from 

different batches of material. All experiments of which the results are 

shown in Figs. 24 and 25 have been performed with samples from the same 

batch. For the superposition experiments a new batch of material had to 

be crystallized; the dynamic properties are clearly somewhat different. It 

is extremely difficult, perhaps even impossible, to make a sample always 

in exactly the same way. Slight changes in the production method (e.g. 

during the crystallization process or on storage) seem to have an important 

influence. However, the absolute value is for our purpose less important, 

as we are interested mainly in relative changes. The scattering of the 

initial values (6%), which remains, must be due to the statistical nature 
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of the network structure, as in the emulsions. In the superposition experi

ments the radius of inner (outer) cylinder was 0.40 (0.50) ern. The amplitude 

of the oscillatory shear varied from 1.0·10-4 at the inner cylinder to 6.10-5 

at the outer cylinder, which corresponds with an angular displacement 

of the inner cylinder of 1.8·10-5 rad. All experiments have been performed 
0 at room temperature (22 C). In order to understand these changes of the 

dynamic properties during deformation it will be useful to consider first 

the absolute values of the moduli. 

6.2.2.3 The absolute values of the dynamic moduli. 

From the initial value of G" at a frequency of e.g. 20 Hz the dynamic 

viscosity may be calculated: t'f d 34 P. When also in these fat dispersions 

the hydrodynamic interaction between single particles would determine the 

rheological behaviour then a viscosity is to be expected, which can be 

calculated using eq. (15). It is assumed that a reasonable average confi

guration of the contact area between two fat crystals is that of two spheres. 

A realistic value for the distance (H) between the particles in these 

dispersions is about 10 1?. (ref. 2). The average size (d) of the particles 

is 0.04 ,urn and the viscosity of the oil is 0. 7 P. Then the viscous effect 

may be calculated for a solid content of 8% to be about 2P. This calculated 

value is definitely much too low. It has already been discussed in Chapter 2 

that in less concentrated systems only a fraction of the total number of 

particles contributes to the mechanical strength of the network structure. 

In eq. (15) it was assumed that all the particles contribute. Therefore 

it is to be expected that hydrodynamic interactions between single particles 

result in a viscous effect, that is even much smaller than 2P. Also the 

possibility has to be considered that the assumption about the spherical 

nature of the average contact area between two fat crystals is perhaps not 

realistic. When blocklike crystals are arranged with respect to each other 

with their sideplanes completely parallel again at a distance of 10 R a 

much stronger hydrodynamic interaction is to be expected. The crucial 

experiment was therefore to take a dispersion of spherical particles with 

a diameter of the same order of magnitude as the size of the fat crystals 

and with the same oil and the same solid content. This has been done with 

very small carbon black spheres and resulted in values of G' and G'' of 

the same order of magnitude as with the fat crystals. Thus it seems realis-
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tic to calculate the interactions between two fat crystals as if they were 

spheres, as far as orders of magnitude are concerned. It may be concluded 

that the hydrodynamic interaction between two single particles is obviously 

negligible in dispersed systems of fat crystals in oil, partly because the 

particles are much smaller than the water droplets and moreover, perhaps 

even more important, as a result of a dominating contribution of the viscous 

effect related with movements of agglomerates of particles, as described in 

Chapter 3.2. In the emulsions the second effect is negligible due to the much 

larger particles or much smaller specific surface area. The corresponding 

viscous effect may be calculated using eq. (20). The measured viscosity is 

substituted in eq. (20) and it is considered whether the calculated value of 

the size (L) of the agglomerate is a realistic value or not. 

When the weight fraction of solid material is 8% the corresponding 

volume fraction is about 7%. The specific surface area is about 35 m2.cm-3 

and 17
0 

is again 0. 7 P. Then for 17?' = 34 P it may be shown that L .~ 1 ,,m, 
which seems to be a realistic value when a comparison is made with the 

average particle size of about 0.04 ,um. Then it is possible to calculate 

the number of particles per rheological unit again using the assumption 

about the spherical shape of the particles. For a volume fraction of 7% 

the result is about 2000 particles. When these particles are mainly ar

ranged in the centre of the unit in some kind of an agglomerate and only 

linked together with the particles in the neighbouring units by relatively 

few particles (see Chapter 2), (suppose for example only one continuous 

chain of particles in each principal direction) then only 3 x 25 75 of 

the 2000 particles (i.e. about 4%) contribute effectively to the strength 

of the network. One continuous chain of particles (d 0.04 ,urn) with a 

length L = 1 ,um contains ~. 04 =, 25 particles. A possible explanation for 

the increase of the dynamic viscosity with decreasing frequency is that 

at lower frequency greater units vibrate. A factor of about 1.5 - 2 in 

size is sufficient to explain the dependence of the dynamic viscosity that has 

been found experimentally (Figs. 28 and 29). The presence of relatively 

long time effects will be discussed more extensiv~ly in Chapter 6.2.2.4. 

The time effect related with movements of agglomerates of particles 

predicts a viscous effect that is proportional with the square of the specific 

surface area, as shown in eq. (20). It is shown in Table 4, that changing S 

by a factor of about 5.5, results in values of G" which differ by a factor of 
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about 30. Therefore these experimental results are in agreement with the 

theoretical predictions. The data in Table 4 refer to dispersions with 

8 weight % of solid phase and have been determined at a frequency of 20 

Hz. 

TABLE 4 

Influence of the specific surface area on the dynamic properties of glyceryl 

tristearate crystals in oil 

,- ·······-

Preparation s G'' G' 
Oil Cooling 2 -3 -2 -2 (m .em ) (dyne.cm ) (dyne.cm ) 

! Groundnut Rapid 60 2.0·104 
1.5·105 

Paraffin Rapid 30 (:!; 10%) 3, 7·103 1.9·104 

I Paraffin Slow 11 <± 30%) 6.5·102 1.7·103 

Especially at the lower values of S the measuring accuracy is rather poor, 

nevertheless sufficiently accurate for comparison. The viscosity of the 

groundnut oil used in these experiments was almost equal to that of the 

paraffin oil. The viscosity of the groundnut oil used in the dielectric measure

ments was higher, probably as a result ofpolymerization effects. The results 

for G' as given in Table 4, differ by a factor of about 100, which thus gives 

almost a third power dependence. 

It is assumed that the dynamic storage modulus of these fat dispersions 

is a result of Van der Waals' interaction forces. If we calculate the inter-

action between two crystals as if they were 2 spheres, we may define from 

eq. (33) an apparent modulus "G" per particle: 

A d
2 

H 

12 H3 (35) 

in which AH;::::; 2.1o-13erg (See Ref.2), d 0.04 ,um and H 10 R. From eq. 

(35) a real modulus is calculated by multiplying '*G" with the number of 

chains, Again first it is assumed that all the particles contribute to the 

network, so that eq. (14) may be used, resulting in a theoretical modulus: 

cpAH 
~= ~ 

th 6 n H3 
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Using eq. (36) it may be shown that in this case qh ~8.105 dyne. em - 2, 

which is about a factor 30 larger than the value found in the experiments: 
4 -2 about 2.5·10 dyne. em . It has already been discussed that probably only 

ca. 4% of the particles contributes effectively to the mechanical strength. 

Therefore, we assume that this effect is also the reason of the apparent 

discrepancy between the theoretical and experimental value of G'. 

The same factor is also found between calculated and experimental 

values of the maximal shear stress during deformation at a constant shear 

rate. When again it is assumed for the calculations that all the particles 

contribute to the mechanical strength an estimate of the maximal stress 

(ath) may be obtained by multiplying the van der Waals' force, given in 

eq. (33), by the number of chains, given in eq. (14): 

AHqJ 
(37) 

-13 0 Again AH ~ 2.10 erg; H = 10 A, d = 0.04 ,urn and qJ ~ 0.07. In this case 

ath ~ 9.103 dyne.cm - 2 which is again larger than the value found in the 

experiments (~200 dyne.cm-2 as is shown in Fig. 2). 

Considering that especially a th is only an estimate, we may conclude 

that the magnitude of the experimentally determined dynamic quantities 

G' and G" and also the magnitude of the steady shearing stress fit in very 

well with the model described in Chapter 3.2. In this case only a fraction 

of about 4% contributes to the mechanical strength, measured as storage 

modulus or as steady shearing stress, and the remaining particles only 

conttibute to a viscous effect, as they have to be moved through the medium 

at a certain speed. 

In Chapter 6.1 it has been discussed that in the emulsions the dis

crepancy between measured and calculated values of the van der Waals' 

interaction forces was related with the distribution of strengths: only the 

weakest bonds (5%) were broken. Such a phenomenon cannot be the reason of 

the apparent discrepancy in the fat dispersions as in these systems about 

half of all bonds are broken during deformation at a constant shear rate 

(See Chapter 6.2.2.4). Another interesting point is that for more concen

trated dispersions (20-30%) the theoretical values of Gin and ath agree 

reasonably well with experimental values. For a 25% by weight dispersion 
6 -2 4 -2 

such calculations result in qh ~ 3.10 dyne.cm and ath ~ 3.10 dyne.cm 
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while experiments have shown G' c:::: 5.106 dyne.cm-2 (ref. 26) and a~ 8.104 

-2 dyne.cm (ref. 41). Such a;1 agreement must be considered to be reasonably 

good and an indication that in such a concentrated system almost all par

ticles contribute to the network structure. Therefore at least in these more 

concentrated systems the used values of the distance between the particles 

(10 fi) and the Hamaker constant (2.10-13erg) seem to be realistic and there 

is no reason to believe that such values cannot equally well be applied in the 

8% by weight dispersions. This may be seen as additional evidence that also 

the factor of 4% is realistic. A difficulty with an equation as eq. (36) is that 

it predicts a G', which is independent of the size of the particles. The results 

in Table 4 illustrate that this is not realistic. Therefore eq. (36) has to be 

considered as a first approximation. We suggest that a more detailed picture 

which takes local variations of the shearing force into account will result 

in a modulus which depends on particle size (see also Chapter 2). The magni

tude of possible local variations in the force, acting in the network chains will 

depend on the total number of chains available, in other words, on the number 

of particles or the average particle size. Further it is to be expected that 

with a larger number of particles, or smaller particle size, these local 

variations are smaller, in this way approaching more the ideal situation 

of a completely homogeneous distribution of the shearing stress over the 

network chains. In such a situation a maximal number of chains contri

butes to the strength, resulting La a relatively high value of the elastic 

modulus. On the other hand when the particles are relatively large, the num

ber of chains available is relatively small. Then the local variations are 

large so that a relatively small number of chains is loaded much more than 

the other chains, resulting in a low value of the elastic modulus. Such a qua

litative interpretation is in agreement with the geaeral trend in the results 

for G' shown in Table 4. 

After this discussion about the absolute values of the dynamic moduli it 

will be useful to consider the profile of the large deformation and its im

plications on the changes in the dynamic properties during superimposed 

steady shear. 

6.2.2.4 The influence of inhomogeneous deformation during superimposed 

steady shear. 

The dynamic viscometer was not suitable to investigate whether the 
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large deformation was homogeneous. Therefore a separate concentric cylinder 

apparatus has been constructed of which the dimensions of inner and outer 

cylinder and the grooves on the cylinders were equal to those in the dynamic 

viscometer. The same deformation profile could be expected if the outer 

cylinders in both instruments were rotated at the same speed. In this 

concentric cylinder apparatus the inner cylinder was fixed mechanically. 

Already at rather small deformations (~0,05) a thin layer was formed at the 

inner cylinder, which was deformed much more strongly than the rest of the 

material. This was visualized by dusting the upper surface of the material 

between the cylinders with aluminium powder and by following the displace

ments of the powder particles with a series of photographs during deforma

tion. The thickness of the thin layer was between 10 and 20% of the total 

gap width independent of the shear rate. A typical example is shown in 

Fig. 30. 
Average deformation 

0 0.25 as o.1s 1.0 

r r 1 r r r 
I I j i j j 

I •,/ I 7 f / layeri 

t I I Z 1 
i i ! I I I • • • • • • I I I 1 I I 

1 
•• ,,.,. 
' Le::::'ed'_.....- layerll' 4.0 """'====:.=.::___;;_ _ _.:=.:__ __ 

5.0 

- Displacement 

Fig. 30 Deformation profile of 8 wt. % fat crystals in paraffin oil ( i· 3.6·10-3 s -l) 

During deformation the structure of the material will change. Therefore, 

it is to be expected that also the dynamic properties wm change. These 

changes will be different for the strongly deformed layer at the inner 

wall (layer II) and for the layer (layer I) in which the deformation remains 

small: the deformation history in both layers is quite different. Therefore 

the possibility that the dynamic moduli are different for both layers has to 

be taken into account: G'J will generally no longer be equal to GJ:r and the same 

is valid for Gr' and Gii:· Then it has to be considered, how the measured 

apparent 'moduli', .which are in fact overall quantities, depend on the quan-

tities GI' Gir' G'i: and Gii:· 
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It will be convenient to discuss this problem using the phase angle fl, 

and the amplitude of the oscillatory angular displacement of the inner 

cylinder x
0

, which may be expressed in terms of material properties and 

constants of the apparatus. Simple combination of eqs. (28) and (29) results 

in: 

and 

tan (l, 
G" + AB w 

2 
G' + Ak

0 
- A(I + m) w 

(38) 

X
0 

= AF 
0 

[ { G' + Ak
0 

- A(I + m) w
2 ) 2 

+ 1 G" + wAB )2 ] -i 
(39) 

m is always very small with respect to I. Therefore m will be neglected. 

When both moduli G' and G'' are no longer the same for both layers,{> and 

x
0 

are not homogeneous throughout the material. Both layers will have 

another tan fJ : tan (l,1 and tan f3u and also another x
0
:x01 and x

0
II. This 

means that not only the phase angle but also the amplitude of the oscilla

tory part of the angular displacement of the 'dividing surface' between 

layers I and II with respect to the outer cylinder is not equal to the cor

responding quantities of layer II, related with the angular displacement 

of the dividing surface with respect to the inner cylinder. In other words, 

the oscillatory part of the deformation is different for both layers. Further 

the geometrical constant A is different for both layers: A1 and ~r 

Another problem seems to be that in a concentric cylinders configuration 

the shearing stress depends on the radial distance. Already without super

imposed steady shear the amplitude of the oscillatory deformation will be 

somewhat larger at the inner- than at the outer cylinder. When, however, 

the amplitude of the deformation is sufficiently small, the moduli will 

not be changed by this effect. Therefore the phase angle and the quantity 

x
0 

will not be influenced either (See eqs. 38 and 39). It may be concluded 

that the inhomogeneous shearing stress is no real problem, as long as the 

material behaves linearly with respect to the oscillation. 

The problem remains that the measured overall quantities tan {J and 

x
0 

depend on four variables: both moduli for both layers. It will be clear 

that without additional relations the moduli are not uniquely defined. Such 

complementary information is obtained from the following considerations. 
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Because layer II is strongly deformed it is realistic to assume that 

in this layer the structure is gradually broken down, resulting in a decrease 

of GJ:1 and/ or Gii: to a certain fraction b1 and b2 respectively of their original 

values. These fractions are not necessarily equaL Because the measured 

apparent moduli also show an increase with increasing def~rmation, the 

possibility of shear hardening in layer I has to be taken toto account. Such 

an effect has been observed before in creep experiments in similar systems1. 

Therefore in layer I the structure is gradually becoming stronger, resulting 

in an increase of GJ: and/or G'{ by a factor of a1 and a2 respectively. Gene

rally a
1 

and a2 will not be equal either. When the initial values of G' and G" 

are noted as G~ and G'~, the phase angle and the angular displacement may 

be written for layer I as: 

(40) 

I G'' A B' 2] -i + ~ 
0 

• a2 + w 1 1 (41) 

and for layer II as: 

tan~II (42) 

(43) 

How do the overall quantities x
0 

and tan f3 depend on x
01

, xoii' tan 131 and 

tan f3n? The oscillatory relative angular displacement of the inner cylinder 

with respect to the outer cyUnder is a sum of the angular displacements 

of both layers: 

(44) 

in which x
01

, xoii' 13 1 and fln depend on material properties and constants 

of the apparatus according to eqs. (40) - (43). Important parameters are 
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A1 and Ali' which for different positions of the dividing surface are given 

in Table 5 together with the value of A calculated over the total gap. 

TABLE 5 

Parameters AI' Ail and A (multiplied by 4,.h) as a function of the position 

of the dividing surface for Ri 4 mm and R
0 

= 5mm 

Position dividing 
I !AI 

Au A 

surface (em-2) -2 -2 (em ) (em ) 

4.20 1.7 0.6 2.3 

4.15 1.8 0.5 2.3 

4.10 2.0 0.3 2.3 

The tangent of the measured phase angle (tan f3 ) is always very smali: 

below the resonance frequency of the system, e.g. at 10 and 20 Hz f3 is in 

the range of 6 - 9°, and somewhat closer to resonance, e.g. at 40 Hz f3 is 

about 15-20°. The resonance frequency is about 60Hz. We assume that the 

tangent of the phase angle for both layers separately is also small. This 

implies that the numerator in eqs. (40) and (42) is always much smaller 

than the denominator, and that the expressions under the square root sign 

in eqs. (41) and (43) may be simplified, resulting in: 

(45) 

(46) 

Moreover, when the phase angles are small, it can easily be shown that 

cos 13 ~ cos 13 I ~ cos f3 II :::::: 1 (47) 

It appears from the measurements, that this condition of small angles is 

satisfied, provided that the frequency is not too close to or higher than the 

resonance frequency (~ 60 Hz). At 80 Hz the initial values for tan f'>r and 

tan f.lu are ca. - 0.5 and ca. + 0.5 respectively, as a result of a large 

contribution of inertia. Only those cases will be considered for which the 

angles are indeed small. It is then possible to evaluate eq. (44) by making 
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use of eqs. (45), (46) and (47), resulting in: 

(48) 

When the angular displacements are considered as a vector x in the complex 

plane then eq. (44) represents in fact the sum of the real parts of the vec

tors Xi and Xir A similar relation must be valid for the imaginary parts: 

(49) 

For small phase angles sin/) ~ tan/), sin {)1 ~ tan f>r and sin Pn ~ tanJ3u· 

Then substitution of eqs. (40), (42), (45) and (46) in eq. (49) results in: 

(50) 

The experimental results will now be analyzed using eqs. (48) and (50), in 

order to evaluate the quantities a1, a2, b
1 

and b2. 

First use is made of the measured apparent quantity G'. From the 

changes in G', the changes in the quantity A(F ofx0 ) cos [!> may be calculated 

by using eq. (28) in which the quantity A(k
0 

- Jtu2) is known from calibra

tion experiments. As cos {3 is almost equal to unity, also the Changes in 

the quantity x
0
/F 

0 
are known, By using eq. (48) it is then possible to inter

pret measured changes in x
0
/F 

0 
in terms of an increase of Gi by a factor 

of a1 and a decrease of Gir to a fraction b1 of its original value, 

From the changes in G' it may be concluded that the quantity x/F 
0 

first increases with increasing deformation until a maximum value is 

reached at a shear value y ""0.02 and then decreases. At a shear value 

y ~ 0.5, x /F approaches a minimal value. Only shear values up to y ~ 0.5 
0 0 

will be considered. 

Considering eq. (48) the increase at lower shear values is attributed 

to a partial breakdown of the structure in layer II, resulting in a decrease 

of G'II to a fraction b
1 

of its original value. At higher shear values a shear 
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hardening effect occurs in layer I, resulting in an increase of Gi by a factor 

of al' 
Also the behaviour of the phase angle p should be considered. Together 

with the known behaviour of xjF 
0 

the changes in (xjF 
0

) tan p may be 

calculated. It turns out that up to a deformation of about 0.02 the quantity 

(xjF 
0

) tan p increases and then decreases. Again at a shear value of 

about 0.5 a minimal value is reached. It will be shown that it is indeed 

possible to interpret such a behaviour in terms of increases of the moduli 

in layer I and decreases in layer II. The values of a1 and b1, calculated 

from the behaviour of G' account for a part of the measured changes of the 

quantity (x /F ) tan p (See eq. 50): the increase at lower shear values is 
0 0 

partly due to the value of b1, being smaller than unity and the decrease 

at larger shear values will appear to be largely determined by the value 

of a1, being higher than unity. The remaining part of the changes 

of the quantity (xjF 
0

) tan p is attributed to a shear hardening effect 

in layer I, now resulting in an increase of G'i by a factor of a2, followed by a 

small shear softening effect in layer II, resulting in a decrease of Gii to a 

fraction b2 of its original value. The result is that up to a deformation 

of about 0.02 a decrease of Gi:r is observed and an increase of G'i· At 

larger deformations q increases concomitantly with a decrease of Gii· 
There is a possibility that for deformations larger than about 0.02, Gii 

further decreases, just compensated for by an extra increase of Gj and 

also that G'i further increases which is just compensated for by an extra 

decrease of Gji. For the present it will be assumed that such a. phenomenon 

does not occur. It is then interesting to compare the maximum values found 

for a1, a2, b1 and b2, which occur at shear values of about 0.02 or 0.5 

(see Table 6). From the observations of the deformation profile it could 

be assumed that the dividing surface was situated somewhere between 20 and 

10% of the gap between the cylinders, thus, for R = 5 mm and R. 4 mm 
0 1 

the dividing surface was situated at a radial distance between 4.2 and 4.1 

mm. The calculations have been performed for both these limits, so that 

the first value given in the table corresponds with the dividing surface 

at 4.2 mm, the second at 4.1 mm. No high accuracy is claimed for the 

value of b2 as in its calculation use is made of the values of a1, a2 and b1, 

which all introduce a certain inaccuracy. 
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TABLE 6 

Values of al' a
2

, b
1 

and b
2 

as a function of average shear rate and frequency 

i 

Average shear rate (s - 1) 

l0-4 3,6•10-3 

Frequency (Hz) 10 20 40 10 20 I 40 

a 1 at p "" 0.5 1.55-1.50 1.60-1.50 2.60-2.10 1.55-1.50 1.50-1.351 2.15-1.75 

a 2 at r "' 0.02 1.30-1.20 1.10-1.00 1.15-1.05 2.30-1.95 1.45-1.05 1.20-1.00. 

b1 at r ~ 0.02 o. 70-0.60 0.65-0.50 0.60-0.40 0.60-0.50 0,60-0.40 0.55-'0.35 

b2 at r "" 0,5 1.0 -1.0 1.0 -1.0 0.8 -0.8 1.0 -1.0 1.0 -0.9 0.9 -0.8 
I ..... 

These results show that: 

- a1 is relatively large at 40 Hz; 

- at the higher shear rate a2 decreases with increasing frequency; 

- b1 is almost independent of frequency and shear rate; 

- b2 is not much different from unity at both shear rates, and decreases 

only slightly with increasing frequency; 

- on an average the results do not depend very much on the actual 

position of the dividing surface. 

In Table 6 only the ultimate values of the quantities a1, a2, b1 and b2 are 

presented. Fig. 31 shows a more complete picture of what happens at one 

frequency and one shear rate. At other frequencies or shear rates quali

tatively the same behaviour is found. The 'error lines' indicate the in

fluence of shifting the dividing surface from the position at 4.2 mm to 

4.1 mm. In this particular case b2 remained equal to unity. In other cases 

small decreases of b2 have been found (See Table 6). These changes in 

the dynamic moduli reflect the changing network structure in both layers 

of material. 

It has been discussed in Chapter 6.2.2.3 that the dynamic storage 

modulus gives information about the number of continuous chains of particles 

running throughout the inhomogeneous network structure. Therefore, its 

changes calculated with respect to the initial value represent the fraction 

of broken bonds between the rheological units, hence the quantity Fe' as 
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Fig. 31 Changing dynamic behaviour during deformation at an average shear rate of 

7.2·10-4 s -land a frequency of 20 Hz 

used in eqs. (1) and (2). Then the curves for G' in Fig. 31 also represent 

the behaviour of the quantity Fe in both layers. In this way the necessary 

information about the network structure is in these fat dispersions derived 

from measurements of the dynamic storage modulus. Similar information 

could be obtained from dielectric experiments for the emulsions. In this 

respect, it is interesting to mention the experimental results o!Jtained by 

Voet and Cook42 for rubber vulcanizates, which show that in oscillatory shear 

both the electric conductivity and the dynamic storage modulus decrease at 

higher amplitudes. Further their results show that both properties display 

a hysteresis effect between up and down curves, similar to the effect shown 

in Fig. 26. Also these authors have attributed these phenomena to a network 

structure of dispersed particles (carbon black). 

First layer II will be considered in which structural breakdown occurs, 

just as in the emulsions. The behaviour of (1 - Gj/G~) shown in Fig. 31 

represents the behaviour of Fe' from which the stretching force may be 

calculated. 

Further it has been shown (See Chapter 6.2.2.3) that the fraction of 

particles which contributes to the dynamic storage modulus is the same 

fraction that determines the steady shearing stress. Therefore it is now 

assumed that a fraction of 4% of the particles contributes to the steady 
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Fig. 32 Stretching force f during deformation at p ·c 7.2·10-4 s-1 
c 

shearing stress. In this way the stretching force f may be calculated, 
e 

using eqs. (2), (3) and (14). The result is shown in Fig. 32. Just as for 

the emulsions it is difficult here to describe the range of deformations 

in which the force f decreases with increasing deformation. Also in this e 
case such a behaviour is to be expected when the distribution function 

of strengths is shifted to lower force values, which is an extra complication. 

Therefore, only that range of deformations will be considered in which the 

force increases monotonically with increasing deformation. In this range 

it may be assumed that the distribution function remains unchanged, Then 

by combination of the results presented in Figs. 31 and 32 the integral 

F of the distribution function may be plotted as a function of the force f e e 
(See Fig. 33). 

0.5 

4 

---+ fe !10- 6.dyne) 

Fig. 33 Integral Fe of distribution function ot strengths 
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At the moment no measuring points are available at very low force values, 

corresponding with the initial stage of deformation. In order to obtain 

such information experiments will have to be carried out at lower shear 

rates. The experimental results available seem to indicate that the quantity 

GII decreases straight from the begilllling quite sharply. Therefore for this 

part of the curve the possible course is indicated by a broken straight line 

through the origin. The levelling-off at higher force values is Collllected 

with the assumption about b1 remaining constant for shear values higher 

than about 0.02. Obviously this is rather a crude assumption. In general 

b1 will still further decrease, resulting in a further increase of the quan

tity F . Then Fig. 33 represents the integral over a part of the distribution e 
function of strengths, just as Fig. 21a showed for the emulsions. 

The value of a1 larger than unity indicates a shift of the distribution 

function of strengths in layer I to higher force values: the shear hardening 

effect. It has been discussed (See 6.2.2.3) that G" depends on the average 

size (L) of the units, as given by eq. (20). From the measured changes of 

the dynamic loss moduli in both layers (See Table 6 and Fig. 31) it may 

then be concluded that the average size of the agglomerates in the less 

deformed layer I increases, and that it remains constant or decreases 

slightly in the strongly deformed layer II. 

A qualitative interpretation of the changes in the dynamic properties 

of both layers, as shown in Fig. 31, in terms of the network model described 

in Chapter 3 is that initially bonds between the units are broken in the 

strongly deformed layer II, resulting in a decrease of GJ:r At the same 

time in the less deformed layer I particles are brought together as a result 

of deformation in such a way that in this layer more and/or larger agglo

merates are formed resulting in an increase of G'i: Mter that the agglo

merates in layer I are more linked together, again as a result of the de

formation, giving an increase of Gr. Concurrently in layer II not only the 

bonds between the agglomerates, but also the agglomerates themselves 

might be partially broken down, resulting in a possible decrease of Gii· 
G' and G'' do not necessarily show the same behaviour as G' depends on 

continuous chains of particles running throughout all the units. However. 

an agglomerate will still contribute to G'' even when it is finked together 

with the remaining network at only one point: also in that case it still 

has to be moved through the medium resulting in energy dissipation. 
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Already at relatively small average deformations (about 0.02) the 

deformation is no longer homogeneous, whereas the maximal shearing stress 

is reached at y ;::.:: 0.2.; Detailed observations of the deformation profile 

revealed that at least at y ;::.:: 0.05 but probably already at smaller shear 

values such an inhomogeneity occurs. Why still the maximal shear stress is 

found at higher shear values is difficult to. explain. Both inhomogeneous 

deformation and maximal shearing stress are related with the changing 

network structure but obviously not in exactly the same way. 

The time ' , necessary to break a bond and to form a new one may be 

calculated for layer II by using eq. (4). The shear rate in this layer is about 

a factor of 100/15 higher than the average shear rate, when the dividing sur

face is situated between 10 and 20%, say on the average at 15% of the gap 

between the cylinders. Then , may be calculated for '- 1. At an average 

shear value of about 0,02 is Fe ~ 40% resulting ina value of' 80 sat 
. 3 1 -2 -1 a local shear rate y of 4.8·10- s- and , = 17 sat j; 2.4·10- s • Such 

relatively long time effects have also been found in creep experiments using 

similar systems2. In these dispersions of fat crystals in oil the rate deter

mining step for breakage and reformation of bonds is the time necessary 

to move a unit from its old to its new position, as discussed in Chapter 3.2. 

The viscous effect related with moving the unit through the medium 

during the large deformation wlll always be smaller than or at most equal 

to the dynamic viscosity as measured in superimposed oscillations. The 

upper limit therefore is initially ca. 34 P. During deformation this viscous 

effect changes only slightly (See Fig. 31 curves for a2 and b2). Anyway 

these values remain very much smaller than the total viscous effect as a 

result of energy dissipation during breakage and reformation of bonds. For 
• -3 -1 example at an average shear rate of y = 3,6·10 s stresses are measured 

of the order of magnitude of 100 dyne.cm - 2 (see Fig. 2), which indicates a 

total viscous effect of the order of 30,000 P, 

Therefore, the energy dissipation as a result of breakage and reformation 

of bonds is a factor of 103 larger than the dissipation due to the motion 

of the unit from its old to its new position. Then it is to be expected that 

the rheological behaviour as measured during deformation at a constant 

rate hardly depends on the rate of deformation. It has indeed been found that 

taking the average of a large number of experiments no significant increase of 

the shearing stress is found when the average shear rate is increased 
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-4 -1 -3 -1 from 7.2·10 s up to 3.6·10 s . 

6.3 The maximal shearing stress 

In dispersions of fat crystals the maximum in the stress-strain curves 

occurs at an average shear value of aoout 0.2 and in emulsions at a shear 

value of 2. The intrinsic difference is less pronounced than mif91t be con

cluded from the average shear values. In the fat dispersions the layer at 

the inner cylinder is much more strongly deformed, the factor of aoout 

100/15 mentioned in 6.2.2.4, resulting in a local shear value of aoout 1.3 

at the maximal stress. In the emulsions the deformation is almost homoge

neous in the range of shear values where the stress is maximal. Therefore 

in these systems the local shear value is aoout 2 at the maximal stress just 

as the average shear value. A possible interpretation for this characteristic 

range of shear values might be that at a shear value 'P "" 1 almost all the 

particles in the lateral £.-Chains have been used to fill up the 'holes' in the 

~-chains (See Fig, 4). If the deformation increases further, the rate of bond 

reformation will diminish, resulting in an appreciable decrease of the material 

strength and coherence. In fact this iswhathappens in the constant shear rate 

experiments: the maximum shear stress and the firstvisible cracks (in con

centrated fat dispersions) occur in the neighbourhood of maximal stress. In 

dilute dispersions, the number of continuous network chains available is 

much smaller resulting in a large number of particles between the points 

of intersection of the chains. In such oases complete chains or agglomerates 

of particles will be involved in the process of filling up the 'hole'. 

One reason for the occurrence of the maximum shear stress in emulsions 

at a higher shear value than in fat dispersions is that it takes such a long 

time before the first oonds between the water droplets are broken, as 

has been discussed in Chapter 6.1. Furthermore the time effects in both 

systems are of a different origin. 

Concerning the maximum in the shear stress it is interesting to note 

that among the oonds which are present in the material, there will generally 

be bonds which need a long time to be broken down and to be formed again. 

Such bonds contribute initially to the mechanical strength, but when they 

are broken, the question is whether there is sufficient time available to 

form such bonds again. In general these oonds will be stronger. In fact 

this is the shift of the distribution function of strengths to lower strengths 
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as has been discussed for the emulsions and the fat dispersions. Such a 

phenomenon is analogous to what is described by Tanner and Simmons 43, 

for polymer networks, as cutting off the relaxation spectrum at longer 

times. In their network rupture model this process of cutting off happens 

suddenly, resulting in a sharp drop of the shearing stress. In practice this 

process is expected to proceed more gradually23. In the network rupture model 

all relaxation times longer than a certain critical value are cut off and 

this critical value is directly related with a critical deformation 'the straingth', 

which is supposed to be characteristic of the network structure of entangled 

polymer molecules. In terms of such a model the maximal stress value is 

expected at a value of the deformation equal to the 'straingth' , independent 

of the shear rate. Also in polymer systems the critical deformation is of 

the order of magnitude of unity, just as in the dispersed systems considered 

in this work, although in the dispersions a quite different mechanism is 

responsible for this phenomenon. 

6.4 Cavitation, waternecks and inertia effects 

It has also been considered if effects other than van der Waals' forces 

and hydrodynamic interaction might influence the interactions between the 

dispersed particles, as e.g. cavitation and the presence of waternecks, 

the latter of course especially in the fat dispersions, as a consequence 

of the presence of moisture. The order of magnitude of the pressures acting 

in between two neighbouring particles which are positive or negative (relative 

to the pressure at infinity) according to whether the chain of particles is 

under compression or tension may be calculated to be 44: 

• R3/2 
flo p 

Pn::::::: -H...,.,~~/2..---1-n-(H-0_/_R_) 
(51) 

Cavitation would occur when p becomes equal to the atmospheric pressure 
n 

(106 dyne.cm-2). For the emulsions (R = 1p, mandH
0 

= 100R) at the highest 
• -1 -2 average shear rate ( y = 0.17 s ) pn is about 40 dyne.cm . For the fat 

dispersions (R 0.02 p,m and H = 10 R) at the highest average shear rate 
0 

(y = 3.6·10-3 s-1) pn is about 0.1 dyne.cm-2 whereas during oscillation 
. -4 -2 

atafrequencyof80Hzandanamplitude of 10 p approximates 2 dyne.cm • n 
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Such pressures are so low that cavitation does not occur. 

Bargeman45 has shown that the contact angle in the system water/oil 

against a fat crystal is almost 180°. Therefore the crystal face is preferen

tially wetted by the oil and not by the water. Subsequently it is highly im

probable that waternecks will be present between the crystals. 

It may be concluded that indeed the most important ktnds of interactions 

in these dispersed systems are the van der Waals' forces and the hydrody

namic interaction. In the calculations of the hydrodynamic interactions it has 

always been assumed in this work that inertia effects are negligible. It 

may easily be shown that as a result of the very low shear rates and very 

small particle sizes used the Reynolds number has always been much lower 

than unity. 
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CHAPTER 7 

CONCLUSIONS 

Information has been obtained about the network structure in dispersed 

systems and about its changes during deformation. Structural parameters 

could be determined from simultaneous dielectric and rheological experiments 

in the case of water in oil emulsions and from superimposed steady and os

cillatory shear experiments in the case of fat dispersions. The order of 

magnitude of the forces acting in the network chains could be understood 

in terms of Vander Waals' forces and hydrodynamic interaction. 

The most characteristic properties of both the dispersed systems, 

considered in this work have been collected in Table 7. At comparable 

local shear rates the local shear value at the maximal shearing stress 

(y ), the final number of broken bonds at large deformations (F )f. 1 max e 1na 
and the average strength of the Vander Waals' bonds between the dispersed 

particles (f ) are of the same order of magnitude, although the maximal 
w 

shearing stress itself (a ) is widely different mainly as a result of max 
the large difference in the number of network chains available (ne(O)). The 

contribution of the hydrodynamic interaction force (fh) to the steady shearing 

stress is negligible in the case of the fat dispersions whereas it is of the 

same order of magnitude as the Van der Waals' forces in the case of the 

emulsions at the higher shear rates, mainly as a result of a strong dependence 

on particle size (see eq. (13)). 

From the stress value at larger deformations a value for the final 

viscosity (1'/final) may be calculated. It is shown in.Table 7 that the order 

of magnitude of the values obtained for the emulsion is in agreement with 

the viscous effect 11', that is to be expected when only hydrodynamic inter

action between single particles is considered (see Chapter 3.1). In the 

case of the fat dispersions the calculated values of 1'/final are several 

orders of magnitude larger, as a result of energy dissipation during the 

process of breakage and reformation of bonds. It is to be expected that 
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TABLE 7 

Comparison of characteristic properties of emulsions and dispersions 

Water in oil emJJ.lsion Fat dispersion 

<p(%) 19 7 

d (/1m) 2 0.04 
-3 n" (em ) 5.lo10 2.1015 

-2 
ne (0) (em ) 3.10

6 108 

• -1 r (s ) (local values) 1.7·10-3 1.7·10~1 4.8·10-3 2.4•10-2 

-2 
"max (dyne.cm ) 0.1 0.9 200 200 

Pmax(-) 2 2 1.3 1.3 

(F e>flnal a> 7 35 42 42 

fw (dyne) ~10-6 ~10-6 "'10-6 ~10~6 

«10-6 0.4·10-6 «10-6 -6 
fh (dyne) «10 

'/final (P) 24 2 25.10-3 5.103 

'I' (P) 5 «2 

1/d (P) - 34 

(measured at 20 Hz) 

L (pm) - "' 1 

T (s) 44 l.H 80 17 

as a result of the very much smaller number of dispersed particles (n"'), 

whereas the energy content per bond is of the same order of magnitude. 

Further it is shown in Table 7 that in the case of the fat dispersions 

also the dynamic viscosity (71d) is much larger than what might be expected 

from hydrodynamic interaction between single particles (7J'), although it 

remains much smaller than the quantity 17final as tn small amplitude os

cillations bond breakage does not occur. It has been shown that in such 

systems 71d is related with the collective displacements of large numbers 

of particles: rheological units of size L (see Chapter 3.2). 

The characteristic time T, necessary to break a bond and to form a 

new one is in both systems of the same order of magnitude, as a result of 

Fe being of the same order of magnitude. 

The rheological behaviour of the dispersed systems considered in this 
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work can be interpreted in terms of the network model described in Chap

ter 2, in which the rheological units are arranged in chains as a result of 

attractive forces. Another important result is that the rheological behaviour 

of the emulsions may be characterized by interactions between single 

particles alone, whereas in the dispersions which contain the much smaller 

fat crystals collective· displacements of large numbers of particles have 

to be taken into account. 
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SUMMARY 

A dispersion is defined as a distribution of discrete particles in a 

Newtonian liquid. The rheological behaviour of these dispersions cannot be 

understood unless attractive forces between the particles are assumed, 

resulting in the building-up of a network structure. 

A network model is assumed in which the particles are arranged in chains. 

During deformation these chains are stretched resulting in breakage of bonds 

between the particles. A certain fraction of these broken bonds will be 

restored depending on the time available. At normally occurring shear rates 

the reformation process will never be complete, which will result in a 

gradual destruction of the network. 

Information about such struc:tural changes in dispersions of water 

droplets in oil (emulsions) is obtained by measuring not only the mechanical, 

but also the dielectric properties: they both depend on the same network 

structure. This phenomenon is the result of a very high value of the electric 

conductivity of the thin film separating two water droplets. It is shown that 

the number of bonds in a chain or the number of chains can be calculated 

from the results of the dielectric experiments by means of a simple relation. 

From these results, together with those of the rheological experiments, 

the stretching force in the network chains, the distribution function of the 

strength of the bonds between the droplets, and the characteristic time 

necessary to break a bond and to form a new one may be calculated. The 

results of experiments at constant low shear rates show that at lower shear 

values (<1) the number of bonds does not change significantly. Athigher shear 

values (1-2) destruction of the network is initiated and the shearing stress 

is maximaL The final changes in the network structure are dependent on 

the shear rate. The order of magnitude of the forces acting in the chains 

can be explained in terms of Vander Waals' forces and hydrodynamic inter

action. It turns out that the rheological behaviour of these emulsions is 

determined by the motion of single droplets with respect to each other and 
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to the continuous fluid. 

The analogy between dielectric and mechanical properties does not 

exist for a dispersion of fat crystals in oil. In these systems use is made of 

a method, in which the changing dynamic properties are followed with small 

amplitude oscillations, superimposed on a large deformation at constant 

shear rate. In the interpretation of the results obtained the inhomogeneity 

of the large deformation has to be taken into account: whereas the deformation 

of the emulsion was rather homogeneous up to values of 5-6, the deformation 

of the fat dispersions is already inhomogeneous at shear values of about 

0.05. 
The results indicate that, for example between concentric cylinders, struc-

tural breakdown occurs in a strongly deformed thin layer near the inner 

cy Iinder, whereas in the rest of the material the deformation is much smaller 

and the possibility of shear hardening has to be taken into account. The 

order of magnitude of the forces acting in the network chains, and of the 

dynamic moduli, can be explained again in terms of van der Waals' forces 

and hydrodynamic interaction. An important difference with the emulsions 

is that the rheological behaviour of the fat dispersions is more related with 

collective displacements of a large number of particles, as a result of the 

much smaller particle size or much larger specific surface area. In the emul

sions such effects are negligible. 
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SAMENVATTING 

Een dispersie wordt gedefinieerd als een verdeling van discrete deeltjes 

in een Newtonse vloeistof. Men kan het reologisch gedrag van dispersies niet 

verklaren tenzij men aanneemt dater aantrekke:nde krachten tussen de deeltjes 

aanwezig zijn, die het ontstaan van een netwerkstructuur tot gevolg hebben. 

In dit proefschrift wordt een model voor een netwerk aangenomen waarin 

de deeltjes in ketens zijn gerangschikt. Tijdens deformatie worden deze 

ketens uitgerekt waardoor bindingen tussen de deeltjes breken. Afhankelijk 

van de beschikbare tijd kan een bepaald gedeelte van deze verbroken bindingen 

weer worden hersteld. Bij normaal optredende deformatiesnelheden zal dit 

herstellingsproces niet volledig kunnen zijn, zodat uitei:ndelijk het netwerk 

langzamerhand wordt afgebroken. 

In dispersies van waterdruppels in olie (emulsies) kunnen dergelijke 

structurale veranderingen o:nderzocht worden door niet alleen mechanische, 

maar ook dielektrische eigenschappen te meten: beide hangen af van dezelfde 

netwerkstructuur. Dit is het gevolg van een zeer hoog electrisch geleidings

vermogen van de dunne film tussen twee waterdruppels. Het aantal bindingen 

in een keten of het aantal ketens kan berekend worden uit de resultaten van 

de dtelektrische proeven met behulp van een eenvoudige betrekking. Uit deze 

resultaten samen met die van de reologische proeven kunnen de rekkracht in 

de netwerkketens, de verdelingsfunctie van de sterkte van de bi:ndingen tussen 

de druppels en de tijd die nodig is om een binding te verbreken en een nieuwe 

te vormen worden berekend. Uit de resultaten van de proeven bij constante, 

lage deformatiesnelheden blijkt, dat het aantal bindingen niet wezenlijk 

verandert wanneer de deformatie klein blijft (<1). Bij grotere deformaties 

(1-2) begint de afbraak van het netwerk en is de schuifspanning maximaal. 

De uiteindelijke vera:nderingen in het netwerk hangen af van de deformatie

snelheid, De orde van grootte van de krachten in de ketens kan verklaard 

worden in termen van Van der Waals-krachten en hydrodynamische inter

actie. Het blijkt dat het reologische gedrag van deze emulsies bepaald wordt 
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door de beweging van afzonderlijke druppels ten opzichte van elkaar en ten 

opzichte van de omringende vloeistof. 

De analogie tussen dielektrische en mechanische eigenschappen gaat niet 

op voor een dispersie van vetkristallen in olie. Voor deze systemen is 

daarom een methode gebruikt waarbij de veranderingen van de dynamische 

eigenschappen worden bestudeerd in trillingen van kleine amplitude die worden 

aangebracht bovenop een grote deformatie bij constante deformatiesnelheid. 

Bij het interpreteren van de resultatenmoetrekeninggehouden worden met de 

inhomogeniteit van de grote deformatie: terwijl de deformatie van de emulsie 

nog tamelijk homogeen is tot waarden van 5-6, is die bij vetdispersies al 

inhomogeen bij deformaties van ca. 0.05. 

Structurele afbraak treedt hij een systeem tussen concentrische cylinders 

op in een sterk gedeformeerde, dunne laag rondom de hinnenste cylinder. 

In de rest van het materiaal is de deformatie veel kleiner en moet men 

rekening houden met de mogelijkheid van deformatieversteviging. Ook hier 

kan de orde van grootte van de krachten in de netwerkketens en de orde van 

grootte van de dynamische moduli verklaard worden in termen van Van der 

Waals-krachten en hydrodynamische interactie. Een belangrijk verschil met 

de emulsies is dat het reologisch gedrag van de vetdispersies meer samen

hangt met de gelijktijdige verplaatsing van een groot aantal deeltjes, omdat 

de deeltjes veel kleiner zijn en het specifiek oppervlak dus veel groter. 

In emulsies zijn deze effecten te verwaarlozen. 
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LIST 0 F SYMBOLS 

A 

AH 

al 

a2 
B 

b 

bl 

b2 
c 

cl, c2 

ca' cb 
c r 
c 

s 
<1C 

c 

D 

d 

E 

F e 
F 

F 
0 

F (rp) 

f 

fb 

fh 
f w 
G 

G' 

G" 

G s 
H 

Ho 
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Geometrical constant 

Hamaker constant 

Factor relating to the changes of G• in layer I 

Factor relating to the changes of G'' in layer I 

Damping coefficient 

Constant of <1C-meter 

Factor relating to the changes of G' in layer II 

Factor relating to the changes of G" in layer II 

= cl + c2 
Capacitance 

Values of C for V = V //2 
r 

C at resonance 

Capacitance of sample 

Width of resonance curve 

Geometrical constant 

Dielectric displacement 

Particle diameter 

Field strength 

Integral of distribution function P e = fraction of broken bonds 

Momentum of the outside force 

Amplitude of the momentum of the outside force 

Permeability 

Force 

Critical bond strength 

Hydrodynamic interaction force 

Van der Waals' force 

Total conductance 

Dynamic storage modulus 

Dynamic loss modulus 

Conductance of sample 

Distance between particle and plane surface or between two 

particles 

Distance between particles at rest 



H1 Value of H at which no significant interaction exists between two 

particles 

h Height of inner cylinder 

m 

N 

n 

n" 

ne (y) 
p 

p 

q 

Moment of inertia of vibrating system 

Current 

Imaginary unit 02 
= -1) 

Torsion constant 

Size of rheological unit 

Contribution of sample to total moment of inertia 

Initial number of bonds per chain 

Number of bonds per chain during deformation 

Total number of dispersed particles 

Number of chains per slice in the direction of elongation 

Distribution function of strengths 

Pressure 

Elongation rate at small deformations 

q' Elongation rate at large deformations 

R ,R
1 

,R2 ,R' Hydrodynamic radius of particles 

R
0 

Radius of outer cylinder 

R eff Effective radius 

Ri Radius of inner. cylinder 

S Specific surface area 

t 
u 

f3 
y . 
y 

l'cr 
tan.5 

time 

Velocity 

Velocity of liquid 

Velocity of units with respect to each other 

Voltage 

Amplitude of the output voltage of LiC-meter 

V at resonance 

Angular displacement of inner cylinder 

Amplitude of angular displacement of inner cylinder 

= 1 - (R./R )
2 

l 0 

Correction factor 

Phase angle between F and x 

Shear 

Shear rate 

Critical shear value 

Dielectric loss factor 

Complex dielectric constant 

Real part of E" 
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e" 

a 

T 

w 

Subscripts 

Imaginary part of e ~ 

Viscosity coefficients 

Viscosity of the medium 

Dynamic viscosity 

Viscosity of standard oil 

Dimensionless quantity 

Density of sample 

Shearing stress 

Characteristic time 

Volume percentage of dispersed phase 

Weight percentage of dispersed phase 

Angular velocity of outer cylinder 

Angular frequency 

e Relating to elongation 

c Relating to compression 

Relating to outer layer 

II Relating to inner layer 
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STELLINGEN 

Het reologischgedragvan dispersies kan niet worden verklaard :wnder wissel

werkingskrachten tussen de gedispergeerde deeltjes in aanmerking te nemen. 

Dit proefschrift, Hoofdstukken 2, 3 en 6 

II 

Reeds door Hanai is aangetoond dat deformatie van een water in olie-emulsie 

vanuit de rusttoestand kan resulteren in een opmerkelijke daling van de 

elektrische verliezen. De verklaring van zijn metingen met behulp van het 

model beschreven in dit proefschrift, leert dat bij de gebruikte (hoge) 

afsclmifsnelheden het aantal continue netwerkketens zeker tot de helft 

afneemt. 

T.Hanai, Bull.Inst.Chem.Res.Kyoto Univ. 40, 240 (1962) 

Dit proefschrift, Hoofdstuk 4. 

III 

Een analyse van de dynamische eigenschappen van dispersies tijdens defor

meren met een constante lage deformatiesnelheid leert, dat in een bepaald 

gedeelte van het materiaal deformatieversteviging kan optreden. Met behulp 

van het netwerkmodel beschreven in dit proefschrift kan dit verschijnsel 

kwantitatief geinterpreteerd worden in termen van een toenamevan het aantal 

continue netwerkketens en een groter worden van aggregaten. 

Dit proefschrift, Hoofdstukken 2 en 6. 

IV 

Ten einde kwantitatieve informatie te verkrijgen over de netwerkstructuur 

van dispersies met behulp van dynamische metingen verdient het aanbeveling 

de amplitude van de deformatie zeer veel kleiner te houden dan bij reologisch 

onderzoek van polymeren gebruikelijk is. 

A.Voet en F.R.Cook, Rubber Chem.Technol. 41, 1207 (1968) 

Dit proefschrift, Hoofdstuk 6 



v 

Tijdens langzame afschuiving met constante snelheid wordt zowel in polymeren 

ala in dispersies een maxi male afschuifspanning gevonden bij een deformatie 

van de orde van grootte 1. De verklaring hiervoor moet in beide soorten 

systemen geheel verschillend zijn. 

R.I. Tanner, Trans.Soc.Rheol. 

Dit proefschrift, Hoofdstuk 6 

155 (1968) 

VI 

De bij afschuiving van visco-elastische materialen optredende normaal

spanningen worden veelal bepaald met behulp van kleine gaatjes aangebracht 

indewand van de viscosimeter. Inhetgeval van zeepoplossingen in water wordt 

hierdoor echter de stroming ter plaatse zodanig verstoord dat zelfs een 

omkering van het teken van de gemeten schijnbare normaalspanningen kan 

optreden. 

J.M.P.Papenhuijzen en M.van den Tempel, Rheol.Acta, ~ 311 (1967) 

A. Kaye, A.S.Lodge en D. G. Vale, Rheol.Acta,.z, 368 (1968) 

VII 

Het is waarschijnlijk dat het toenemen van de viscositeit met toenemende 

afschuifsnelheid, in de literatuur bekend als dilatantie, in vele gevallen 

het gevolg is van het optreden van turbulente stroming. 

R.G.Green en R.G.Griskey, Trans.Soc.Rheol. 12, 13, 27 (1968) 

R.J.Morgan, Trans.Soc.Rheol. 12, 511 (1968) 

VIII 

Uit onderzoek over de structuur van mesomorfe fasen met behulp van niet

reologische teehnieken, zoals b.v. Rontgendiffractie, kan in het algemeen 

geen uitsluitsel worden verkregen over de reoiogische eigenschappen van 

zulke systemen. 

F.B.Rosevear, J.Soc.Cosm.Chem. 19, 581 (1968) 



IX 

De invloed van de van der Waals-interactie tussen twee niet mengbare 

fasen op hun grensvlakspanning wordt gewoonlijk in rekening gebracht 

in de vorm van een meetkundig gemiddelde van de wisselwerkingstermen 

voor beide fasen afzonderlijk. Zettlemoyer heeft ten onrechte beweerd dat 

dit meetkundig gemiddelde door een rekenkundig gemiddelde vervangen 

kan worden. 

A.C.Zettlemoyer, J.Coll.Interface Sci. 28, 343 (1968) 

X 

De spanningstoestand aan een vloeistofoppervlak wordt slechts op indirecte 

wijze bepaald door de deformatietoestand van het oppervlak. 

L,E,Scriven, Chem.Eng.Sci. 98 (1960) 

M.van: den Tempel en R.P.van de Riet, J.Chem.Phys. 42, 2769 (1965) 

XI 

Ret gebruik van een te gedetailleerd model van een zeepvlies bij het inter

preteren van optische diktemetingen aan zulke vliezen kan leiden tot onjuiste 

gevolgtrekkingen over daarin optredende wisselwerkingskrachten. 

J.Lyklema en K.J.Mysels, J.Am.Chem.Soc. 87, 2539 (1965) 

XII 

De in Nederland bestaande mogelijkheid om te promoveren op de resultaten 

van wetenschappelijk onderzoek verkregen in industriele laboratoria wordt nog 

onvoldoende benut. 

19 mei 1970 J. M.P. Papenhuijzen 




