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DIELECTRIC AND RHEOLOGICAL PROPERTIES OF EMULSIONS

INTRODUCTION

It has been observed by Voet (1) that as the concentration of
the dispersed phase is increased the dielectric constant of liquid
dispersions may decrease very considerably upon the application of
shearing stresses to the syétemo An analysis of this phenomenon (1)
has yielded the following theory; at relatively low concentration the
particles of the dispersion move independently (i.e.) exhibit Newtonian
flow but at a value of the conéentration greater than some critical
value, a tendency to particle agélomeration exists, resulting in the
formaﬁion of structures and a plastic type of flow. Such particle
structures; however, are broken up upon the application of shearing
stressés, and as a result the particles move independently at high
concentration in these systems. Voet interprets them as accounting>for
the decrease in the dielectric constant.

The purpose of this investigation was to attempt to verify the
theory presented by Voet (1). The results procured by Voet (1) were
the only previously existing ones, and for emulsions represented very
inconclusive data, certainly inadequate to verify the theory he
presented. The work done by the author, howevér, is the most com~
prehensive investigation of dielectric and.rheological properties of
emulsions that has ever been performed and it is on the basis of such
results that the validity of the present theories must be judged.

It was further anticipaied that the changes in the dielectric
constant could be correlated with changes in the viscosity and with this

in mind, it was undertaken to measure these two gquantities simultaneously.



PART 1

DIELECTRIC PROPERTIES OF DISPERSICNS

Even though dispersions made with apparatus such as roller
mills, ball mills, colleid mills, etc., usually show a comparatively
small particle size on microscopic observation, there are, nevertheless
indications that in concentratéd dispersions secondafy'particle agglo-
meration (or floceulation) occurs. The rheological study of pigment
dispersions (2) reveals the existence of plastic and thixotropic
systems, the structure of which is thought to be destroyed by the
application of shearing stresses. No direct proof of the"destructioﬁ
and rebuilding of such flocculated particle structures has been offered
by rheclogical investigations (2). In addition the phencmeronof plug
flow has rendered a preper interpretation of the rheological béhavior
of plgment dispersions at very low sheariﬁg stresses rathsr uncertain
(3) making ouf knowledge of particle agglomeration at low sheariné
stresses very incomplete.’ Rheclogical investigation offers no knowlédge
about the progressive particle agglomeration in a dispersion at rest.

The study of the dielectric properties of dispersions at rest as
well as when subjected to varying shearing stresses.hés made it @ossible
to obtain more direct information regarding the existence of such
structures.

The theoretical treatment of the dielectric constant of a dis-
persion was attempted at the end of the last century. Calculations on
the basis of the Clausius-Masotti relations became totally inadequate
when the dielectric constant of the dispersion medium and dispersed
medivm were different. The relaeted Lorentz - Lorenz equation is equally

invelid (4). The problem-was studied theoretically by Bruggeman (5).
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An experimental study of the velidity of various thecretical
considerations was made by Guillien (6) who investigated the dielect-
ric constant of pafticles of verious materials dispersed in air as
well as in organic liquids. The results of this study may be summarized
as follows: The dielectric constant (&) of a dispersion of a material
_ of dielectric constant{fl, dispersed in a volume fraction, V, in a
medivm with dielectric constant é:b, depends not only on é,, (%and v
but also on the form of the particles and.is independent of the size of
the particles. The minimum dielectric constagt was found for spherical
particles, while a considerable increase was found for nongpherical par-
ticles. |

For spherical particles an equation proposed by Bruggeman (5)
appesred to be covering the existing experimentai data very well. The

equation

- o |
1ov: &€ éa)/ﬁ (1)
. €, - €, \ L€

where V is the volume fraction of the dispersed phase,é?is the dielec-
tric constent of the dispersion,é;the dielectric constant of the solid
particles, andé@the dielectric constant of the suspending medium holds
for any dispersed phase regardless of its own dielectric constant. It
is valid even for infinitely high dielectric constant of the dispersed
phase, such as for particles of metals or other conductors. In the

latter case the equation is simplified to

R -61, i3 ol .
-V = (“() o € = (%‘_‘{/‘)3 — )

The latter equation may be rewritten as
€ =C, (1+3V) e (3)
by neglecting the higher terms of V, a procedure which is allowable only

for smaller values of V.
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The diélectric constant of a dispersion of non-spherical
particles is considerably higher than for spherical particles occupying
the same volume. In addition, the greater the deviation from the
spherical form, the higher is the dielectric constant of the dispersion.
Consequently, since particle agglomeratioﬁ leads to non-spherical chains
of particles, these agglomerated particles must show an increase in
dielectric constant, which is expected to decrease to the normal value
when a shearing stress is applied which bresks up the aggregates. In
addition, in a dispersion at rest in which particle structures are in
the process of building up, an increase in thé dielectric constant is
expected, indicating the progressive particle structure formation. A
suggestion that such an effect actually exists was found in an obser-
vation by Parts (7) that the dielectric constent of a printing ink
changed with time. Beth effects were verified experimentally and data
were obtained for a mmber of systems Veoet (1).

The quantitative evalvation of the dielectric constant of a dis-
persion of non-spherical particles is very complicated, owing to the
fact that the form factor depends not only on the particle form but
also on the dielectric constent of both phases. It appeared that none

“of the many theoretical approaches made in the literature led to a
‘satisfactory equation covering older experiments. Voet (1) extended
Bruggeman's equation by introducing a form factor for non-spherical
particles in dispersions where the dielectric constant of the dispersed
phase is much larger than the dielectric constent of the mediwm. The

modified Bruggeman eguation becomes

€ =6, (1rafv) (4)

for spherical particle55¥ 1 and for non-spherical particle £>1. With-

out being able to moeke any definite prediction about particle shape, it
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is possible to state that the larger the experimentally determined
factor is, the more the particle shape shows deviation from a
spherical form. The form factor can never become smaller than unity.
The form factor for plate-like or needle-shaped particles
naturally depends on their orientation. According to the theory of
Bruggeman (5) the dielectric constant has a minimum for orientation
perpendiéular to the field and a maximum for an orientation parallel

to the field, while an intermediate factor is valid for random dis-

tribution.

Although we are not primarily concerned with.dispersions of
solids in liquids the conclusion drawn from such experiments aid in
the explanations of observed phenomena in liguid dispersions.

On viewing zinc dispersions in mineral oil microscopically,

Voet (1) found the particles to be approximately spherical. However,
on application of Eguation 4, the form factor was found to be 1.4,
exhibiting the sensitivity of form factor to the shape of the par-
ticles. When the dispersions were allowed to stand, it appeared that
at higher concentration the dielectric constant increased, but returned

generally to its original value upon agitation.

This change of particle shape, can be explained only by par-
ticle agglomeration. Since we have solid zinc particles occupying
a constant volume in the dispersion no possibility seemed to exist for
a change in the shape of the individunal particles.

Where particle agglomeration was found to occur, Voet (1) in-
dicated as the agglomeration factor, Ay, the ratio between the
experimentally determined form factor at rest at a given concentration

and the form factor of the dispersed phase as determined from the



linear relationship under shearing stresses. Thus .
v = € <1 +3Ava) (5)

where Cv'is the value of dielectric constant of the dispersion at

rest characterized by the agglomeration factor Ay at the concent-
ration V. Voet gives data in support of the statement that Newtonian
flow is characterized by absence of particle agglomeration and hence
Av::l while a definite particle agglomeration must be associated with
plaétic flow for which Ay) 1.
,,,,,, To study other aspects of flow the dielectric qualities were
determined at low shearing stresses corresponding to approximately
8 R.P.M. Dimensions of the double cylindrical capacity cell used
were as follows: inside diameter and height of the brass cﬁp were
102 mms. and 96 mms. respectivelj; outside diameter and height of the
brass bob were both 90 mms. It appeared that under these conditions
of low shear all the zinc powder dispersions invéstigated showed a
dielectric constant identical with the value obtained at the highest
shearing stress corresponding to approximately.250 R.P.M. Thus it is
evident that the forceé which act to form particle agglomeration in
zinc dispersions are weak and very easily ‘removed ., and it is desirable
to study the progression of particle agglomeration at rest. The
dielectric qualities of different zinc dispersions were determined at
various time intervals after the dispersion had been thoroughly agitated
and the agglomeration factor calculated. It was observed that the
particle agglomeration factor changes in dispersions at resf. Ths
upper limit was often not reached in ten minutes and it teck sometimes
hours. before the final stage éf maximun agglomeration was reached. This

phenomena is closely connected with thixotropy which is believed to
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result from the gradual rebuilding of a previously destroyed particle
structure.

On investigating dispersion of aluminum leaflets in mineral oil,

Voet (1) found the form factor to be 8.2. When viewed under a microscope

the aluminum particles deviated much from spherical form. The difference in

static and dynamic dielectric behavior was explained as due to differences
in particle orientation. This was further backed by showing that the dis-

persion regained its original random distribution after a short pericd of

time (less than 2 seconds) éfter agitation was stopped. Even though there is

a decrease in the dielectric constant on application of shearing stresseg
thé agglomeration factor is equal to unity, since the decrease is due to
particlé orientation, and not particle agglomeration.

Generally speaking particle agglomeration is characterized by a
linear relationship between the dieleciric constant and concentration under

shear and a curve convex towards the abscissa at rest, although the initial

part of this curve, at lower concentration may be a straight line. Particle

orientation is characterized by a linear relationshiﬁ in both cases.

As a liquid dispersion, Voet (1) used .5 Normal NaOH (to obtain con=
ducting particles) dispersed by a conventional but a specified emulsifying
agent in mineral oil. The form factor was calculated to be 2.0. It was
observed that at rest an extremely high agglomeration factor existed. On
microscopic observation of these dispersions all the particles appeafed to
be perfectly spherical. The deviation of the form factor from ohe Was
explained by an elongétion of the particles under shear, resulting in
ellipsoidal particles instead of spheres. The deviation in form factor is
due to distortion, here distortion by shear. In very dilute dispersions

particle agglomeration, which was microscopically visible did not appear

to lead generally to coalescence,
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but merely to the forﬁétion of particle chains in which individual par-
ticles remained visible.

The changeé with time in the dispersions are best demonstrated by
the change of the agglomeration factor with time calculated by means of
equation (5). It was noted that fairly high shearing stresses were
needed to break up the particle agglomeration formed; for a 10% dispersion
more than 100 R.P.M. was required to obtain the minimum dielectric constant.

Voet (1) checked the validity of the factor 3.0 of the Bruggeman
equation (Equation 2) experimentally and justified its use for perfectly
spherical particles of conductive material. |

b

-PART II

RHEOLOGICAL PROPERTIES OF DISPERSION
The following sections will be a discussion of the Green ﬁheory
(15) on the rotational viscometer as used in rheological measurements.
Green uses two concepts as the basis for his rheclogical system.
They are:

(1) HNewton’s concept of viscous flow, F = AV (6)

Newton assumed that the rate of shear is directly proportional to the
tangential shearing stress. The proportionality constantZ;/is the co-
efficient of viscosity and is defined as the tangential shearing fofce per
unit area that will produce a unit rate of shear. Equation (6) is
appliéable bnly to liquids whose molecules are not hampered in their

motion by the formation of structure or by molecular alignment



under high rates of shear.
(2) Bingham's concept (medification of Equation (6) for

plastic flow or for Bingham bodies).

() j—
For plastic clay suspensions in water, Binghem used Equation (7).
(((( He ressoned that plastic flow could not start until the applied shear-
ing-stress exceeded the.stress arising from frictional resistance be-
tween the clay particles. He thus introduced a frictional factor £
(whicb‘is the tangential force per unit area first required to start
flow) into the Newtonian Equation (6). He also replaced';_witéy%which

7

When Bingham first recognized the significance of an intercept

he called the mobility.

on the pressure axis, he attributed it to friction. This friction existed
between the particle of the suspension, and resisted flow to the extent
of the pressure designated by the intercept. The letter f was used to
symbolize frictlon. This letter has been retained by many rheclogists,
even though the name friction is no longer employed. It seemed highly
probable that friction might not be the only factor involved in producing
the intercept.

The force of suspension flocculation can alse prevent flow un-

less it is exceeded by the applied force. (The transition from plug
to leminar flow is sufficient to cause most, if not all, the curvature

in the lower end of the consistency curve for Bingham bodies. This is

 true for rotaticnal as well as for capillary viscometers). Plug flow
is that part of the flow where the shearing stress is less than the
yield velue, laminar flow being orderly flow or flow in parallel layers.

The term "yield value® for f was suggested as a temporary ex-
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pedient until something more appropriate could be found. The term
yield value appeared for the first time in a joint publication by
 Bingham and Green in 1918. Several years later the term was definitely
adopted by them, though it was realized that it was not entirely satis-
factory.

Plastics (Bingham bodies and not synthetic plastics) are distinguished
from liquids by having a yield value. When the yield value of a material
is sufficiently high, it becomes manifest by comparing to it a shortness
or butter-like consistency. Yield values make plasticity possible.
Plasticity also includes thé concept of flow without rupture; that is,
the material must not be brittle.

A Newbonian liquid is defined rheologically by only one constant.
That constant is the coefficient of viscosity. Viscosity is directly
proportional to the cotangent.of the angle made by the consistency curve
and the force axis. Numerically it is equal to the number of dynes that
will induce a unit rate of shear. This number varies with the temperature
of the material; so the_teﬁperature at the time of measuring should be
given with it. The unit of viscosity is the ggigg. When a shearing force
of one dyne induces a unit rate of'shear, the material has a coefficient
of viscosity of one poise. Since the rate of flow is directly proportional
to the pressure, the coefficient of viscosity for a Newtonian can be
obtained by a one-point method from the plot of rate of flow vs. pressure.
The measurement is made for any point "a”, a straight line is drawn through,
3" to the origin "o’ and the resﬁlt is the consistency curve.

The single-point method is invalid for non-Newtonian fluids. Even
so, many rheologists use such a procedure for non-Newtonian fluids. They
attempt to‘make their measurement valid by calling it apparent viscosity.

Apparent viscosity is the viscosity a material




=11
would have if it were a Newlonian. But, a non-Newtonian is never a
Newtonian. Hencé, apparént vigcosity is derived from an entirely
hypothetical consistency curve.

Plastic viscosity is defined according to Equation (7).

U=F-£ e (8)

dv

dr
where U is the coefficient of plastic viscosity and £ is the Bing-
hem yield value. Plastic viscosity is the number of dynes per square
centimeter of tangential shearing force in excess of the Bingham yield
value that will induce a unit rate of shear. Plastic viscosity cannot
be determined experimentally by a one-point method. Plastic viscosi-
ties are comparable while apparent viscosities are not.

The capillary viscometer is of no use in working with Bingham
bodies since it lacks constancy of shear. No methed for determining
yield velues and plastic viscosities other than the use of}the Buck-
ingham equation (which was tedious and inaccurate) existed until Reiner
and Riwlin published their equation of plastic flow in rotaticnal vis-
cometers (16).

The equation of plastic flow in a rotational viscometer as

developed by Reiner and Riwlin (16) is

g T 4 _ 1L fe
. - (sz RL)*/“’QZL,,T ----(9)

where S0 the angularivelocitycd when the torcue T (at equilibrium)
become; sufficiently large sé that all the material between the wall
of the cup and the bob is in laminar flow. Re and Ry, are the radii

of the cup and bob respectively, h is the depth of immersion of the

bob and § is the yield value.

Equation (9) is the equation of the lingar part of the curve,
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that is from Tl vpwards (Figure 1). |
It is not necessary, to know the equation for the lower end
of the curve where transition from plug to laminar flow takes place.
In that respect it differs from the Buckingham equation. The curve
of Equation 9, on extrapolation to the terque axis, cuts it at the

point (/= QO and T = T,. Then

T, [, - L) A .

L (- d) - & (10)
Setting

i _ 1

B B - g —==(11)

4L Wh

and S = C

In R, ———(12)
gives £ = CL, -——-(13)

Substituting Equations (11), (12), and (13) in Equation (9) and
writing for 1 give
/(.
U=(T-Tp) 8 —=—(14)

o)
Equations(13)and (14) are the two most importent flow equa-

“tions for plastics of the Bingham-bedy type where the rotational vis-

comeber is used in making the rheological measureme nts. The constants
S and C are instrumental consfants.

The amount of torque T is calculated from the number of degrees
through which the bob (and the wire) have been deflected multiplied by
the wire constant K. This comstent then is the torgue per degree.
Reiner and Riwlin outlined a theoretical method for determining the wire
constent but state thet its computation requires a knowledge of the
amount of inertia of the bob. As this factor is not always known and

is somewhat difficult to obtsin, they suggest as an alternative pro-
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Consistency curve of a Bingham Body
made with s Rotational Viscometer.
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cedure to calibrate the wire with a Newtonian liguid of known vis-
cosity. Examples of such liguids afe glycerol, sugar solutions and

various standard oils. The equation for K is

K - %_c_:__ ——n(15)

T- K S | ——(16)

and

where O~is the deflection. This method is practical enough if the
calibrating liquid is not too high in viscosity and if the rate of
shear is not maintained above thet critical value where the material
ceases to act as a Newtonian (17).

The design of the constructed cell used in our investigation en-
abled the‘wire.constant to be obtained directly without recourse to a
standard. calibrating liquid. This is a decided advantage because the
rate;of shear at which the viscosity defermination is made is rarely
available to the purchaser of such a stendard material. Consequently,
the figure given for the viscosity coefficient would be just as useless
as it would be if the temperature at which the determination was made was
omitted.

In 1906 Einstein (22) developed his equation relating the vis-
cosity of a solution or suspension to the solute concentration and to

the viscosity of the vehicle. The equation is

G Wrx g | ——-(17)
or

Q //4 =1l+xd ——e{18)
/)

where/%{is the viscosity of"the suspénsion,é}Eis the viscosity of the

continuous phase, @ the conéentggﬁiogwgi the dispersed phase (volume
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per cent) énd k is a constant which depends on the shape of the par-
ticles. For spherical particles k=2.5.

A graph ofj%fgoversus @ yields a straight line of slope = 2.5.
From Equation (18) it can be seen that the viscosity is independent
of the size of the particles, depending only on the per cent volume of
the suspension that they occupy. Einstein developed this eguation for .
streamline flow; the type occuring in a rotational viscometer. Modifi-
cation of the Einstein equation has been presented to cover various other

conditions not included in his work.
THIXOTROPY

The word "thixotropy® means to cﬁange by touch. The thing that
is "changed" is the structure of the material. It breaks down when
shaken or stirred. Thixotropic structure, however has an attribute that
distinguishes it from all other types of sfructures——in the course of
time the broken thixotropic structure will rebuild itself, if not pre-
vented from doing so by externally applied forces.

It should be noted that the complete reaction -- unbreken to
breken, and back again to the rebuilt structure -- taekes place iso-
thermally. There are types of structures that will not rebuild when
broken. These structures are associated with aging and must not be
confused with thixotropy. Technoleogists in the paint and printing
ink industry associate aging with a chemical reaction between the

Ef ;i* pigment and vebicle or with changes in the state of dispersion or of
floccuiation arising from surface adsorption. Such changes are non-
reversible and differ in that respect from thixotropy.

Green (15) uses the hysteresis loop as a criterion of thixotropy.

If a material is runifi g rotational viscometer and the curves of in-
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creasing rpm and decreasing rpm versus torque (the wpcurve and down-
curve respectively) do not coincide but form a loop, then the material
is thixotrepic.

There are many ways by which the thixotropic structure can be

- explained. However, the exact nature of the mechanism of thixotropy

is still unknown. Microscopic examination_réveals the fact that thixo-
tropic materials of the pigment-vehicle-type are fleocculated. There are
also flocculatioﬁ pigment systémé that are not thixotropic, and as a
result no definite conclusion can be drawn from microscopical observations.
One plausible explanation of thixotropy: is as fellows: Assume
first that the thixotropic phenomenon arises from structure and second,
that this structure possesses rigidity. Then to produce'flow, the
structure must be broken, at least temporarily. ‘As long as flow éontinues,
the broken'structure will not reform even in part, unless the rate of
shear is lessened. The applied shearing force used in a viscometric
measurement will in this case be divided. That part of the‘force used
in breaking the thixotropic bond aoes not produce flow; hence, it will .
appéar as a point on the force axis, that is, where flow equals zero;
This point is called the yield value intercept. A good model of thixo-
tropy must show how bonds of different strength become possible. This
can be accomplished by having bonds of different cross-sectional areas.
In FIGURE (2), two particles are bonded with three different degrees of
strength. This is done with contact areas of three different sizes. |
Obviously bond (1) will be the weakest and bond (3) the strongest.
Thixotropy is not produced instantaneously, but requires a
finite time, especiélly for a complete rebuilding of the structure. A
satisfactory model of thixotropy must show what causes this time lag,

and it must also show why “the Buildup is continmously progressive (i.e.)



(1) (2 (3)

Schematic‘ diagram, showing thixotropic
J bonds of different strength.

FIGURE 2
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why the time intervals are not all equal in the same material. ‘This
can be accomplished by assuming the thixotropic structure to be an
arrested one. This wounld be the case if each particle acted like a
magnet, or polar molecule each possessing a north and a south pole.
Structure would form only when unlike poles came in contact. Because
some.particles will always be nearer to a north-and-south pole aligmment
than others, the duration of the time lag will vary from particle to
particle. As a result the buildup will not be instantaneous, as it
probably is in the case of oriented floccuiation, but, instead, is

continuously progressive until the process is completed,

There is another type of‘thixotropic structure where rigidity
in the ordinary sense plays no parbt. This is the type of thixotropie
breakdown shown by oils under high rates of shear as described by
Weltmann (17). Such materials as heavy-bodied linseed oils: behave
wnder low rates of shear like Newtonian's. When subjected to‘sufficientlyk
high retes, they produce a hysteresié loop indicating that a femporary
structural breakdown has itaken place. This can be accounted for in

the following manner. TUnder low shear rates the molecules remain

in a disdrderly and tangled condition. At high rates of shear the
molecules are straightened ont and aligned. This reduces the viscous
resistance between adjacent layers. .As the shearing rate is decreased,
the molecules réquire an appreciable time to regain their former state
of entanglement. Hence, the time lag that is characteristic of thixo-
tropic buildup is produced, and a hysteresis loop results. The above
phenomenon can also be explained purely in the orientation of long
molecules.

When, in the study of thixotropy, materials such as paints,

vrinting inks, emulsions or-dispersions in general are measured, only a
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rotational viscometer can be used. Thixotropic hysteresis loops can
be formed only with the rotational type of instrument. Since it is
only with this type of instrument that the rate of shear can be in-
creased and then decreased without discontinuity. A loop forms because
it consists of measurements made on a material that is being continu-
ously broken down until the point of highest shearing rate is obtained.
This is the top of the curve (see FIGURE 3). When the down curve is run

, (immediately after the completion of the up curve), no further breakdown
occurs, and this curve, therefore, is linear (except at lower end). As
a consequence, the two curves cannot coincide, and a loop is created.
In an instrument of the capillary type, the material under test is ex-
truded, and camnot be remeasured in its broken-down state. This means
that the up and the down curves are each made at the same ‘thixo-
tropic level, thet is, in the same state of breakdown. Hence, the curves
will coincide, and no evidence of thixotropy, so far as the hysteresis
loop is concerned, will be evident.

Green and Weltmann (19)_showed experimentally that the area of the

hysteresis loop is proportional to the square of the top angular velocity

(). (The relation betweenwand rpm is (W= *PB/g 55). Hence

area A - Q(I'Pm)2 —--(19)

where rpm is the top rpm and Q is the proportionality constant. The
same investigation also showed whenl{ was plotted against 1n~l/(rpm)2,
A T remaining constant, that a linear relation was obtained (19) (21).

Then if m is the slope of the resulting curve

_81n 1

_ (rpm)?2 | | ———=(20)
du

m

Calling the constant of integration 1n k (for it must be dimensionless )

gives
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k ‘
z Em)E or k ——=(21)

w?*

e‘mu

- Both Equations 20 and 21 were derived theoretically (19).

The following is Weltmamn's method of making a hysteresis loop.
The viscometer is first adjusted for its lowest practical rpm. The
loop is started at that point; assume that it is 10 fpm in this case.
The degres deflection on the torque scale is noted but not récorded.
The rpm is next increased, say, to 20. The first scale reading is now
written down. During the time required to do this, the bob has reached
its next point. This new scale reading is noted, but again it is not
recorded. The rpm is now advanced to 30. The second point is written
in during this interval. This process is repeated, the rpm being in-
creased by the same number at each step. The time interval between each
two steps must be as nearly constant as the operation is able to make it.

After a sufficient number of points have been recorded to arrive
at the desired top rpm, the down curve is commenced immediately. It is
assumed that the test material is thixotropic and sc no time must be
lost. Descent on this curve is made by using the same intervals in rpm
and in timing that were previously employed against the torque-scale
reading, and a locp as shown in FIGURE 3 will result. The straight
part of the dom curve, extrapolated to the torque axis yields the
intercept Tg,ywhich when multiplied by the instrumental constant C
(Equation 12) gives the yield value in dynes per sq. cm. The most
customary procedure is te plot the scale deflect instead of the torgue
and then multiply the intercept by the wire constant K to convert to
torque. This also holds for any point T in calculating the plastic
viscosity from the Equation, /= (T-Ty) S/ .

When a thixotropic material is subjected to a constant shearing
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rate over a period of time, it breaks down rapidly at first, and then
more slowly, until finally it reaches an equilibrium point where the
rate of build up egumals the rate of breakdown. T his procédure is
called "breskdown with time." If Pfurther breakdown is now desired, it
cen be induced only by increasing the rate of energy input, which is
accomplished by raising the rpm. This is called "breakdown with rate
of shear®. Whether or not an eguilibriumm point‘egisﬁé in this case
when no further breakdown can be obtained is not known.

When the time interval T is increased, the mumber of points N
and the top rpm remaining constant, the upcurve is displaced toward the
rom axis (19), (Seé FIGURE 4). If no breakdown took place, the upcurve
would be straight (except at lower end) and represented by the line
TrA, If the material is thixotropic, it will continuously break down
during the running of the upcurve. If it is assumed that the up curve
could be run in zerc time, thefe would still be breakdown on account of
the increasing rate of shear. The curve would, therefore, meet the top
rom at some point, Aty, which would have a smaller torque than that of
A, but greater than a torque for a real curve run in finite time. In
practice, the time cannot be zero; hence, the curve will fall to the
left of At, and meet the top rpm at a point Ay. "If continued rotation
is allowed at this point without changing tk@?speed, the matérial will
céntinue to break down with time until the equilibrium point is reached
at Agge

After equilibrium is established with.é constant rate of shear,
further breakdown can be had only by increasing the rate of energy
input, or power. It should be noted that the product, torque times rpm,
has the dimensions of power. Therefore, the area of the rectangle

OGAF, FIGURE 5, is a measure of the power necessary to altar the state
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Thixotropic Breakdown Under Constant Shear
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of breakdown at A and the rate of shear for rpm. If rpm is maintaihed
mntil equilibriuvm is reached, the torque at A drops to the torque at B.
The power has also fallen and is now equal to the area OFBM. Te in-
crease the size of the power rectangle, it is necessary to increasé the
rpm to, say, rpm,. This causes further breakdown as can be seen by the
shift in the down curve from position BT, tq CTy. Agaein if Tpmp is
ﬁaintained over a sufficient period, C moves to the egquilibrium position
D, and further breskdown can be had only by another increase in the power.

The up curve is the experimentel record of increasing breskdown.
If no breakdown should take place, the curve would be stra;ght. Its bow
shapé indicates that the structure is breaking and so cannot induce a
torque sufficient to give a linear relationship with the rpm. Because
no action can take place in zero time, the breakdown is the combined
result of an increasing rate of shear and its time of applicatioﬁ. When -
the rate of shear is decreased, no further breekdown from rate of shear
can teke place. A ny further breakdown would now be the result of time:
ef.application. However, this possibility is nullified by the fact that
build up can alse take place under the decreased rpm.

The down curve remains linear (if made within a reascnably short
pericd of time) until it reaches the lower end where plug flow commences.
Whatever the cause is for the linearity of the down curve, it seems
 reasonable to assume that it is an indication that the thixotropic

structure is neither bresking down nor building up. The down curve
represents a condition of temporary stability and is referred to 28 &

mthixotropic level®. It is possible to have an infinite number of such
levels for any thixzotropic material.
In the development of the theoretical equation of the loop,

Green and Weltmann (19) madenyygwkggig assumption that the loss in torque
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due to breakdown is proporticnal teo the rate of shear. The second
coefficient of thixotropic breakdown M is the loss in shearing forcev
per unit area per uwnit increase in rate of shear. It is expressed in
dyne-seconds/sq. cm. By use of Equation (21) and two points& ,(0, and
U, G , M is given by the eguation

M- 2(y, - U, ) | _——=(22)
~ 1ndo, -

et~

o7

where #, and 4, are the plastic viscosities respectively and&), and
(J, are the corresponding angular velocities measured at the lower
E;ﬂi;iﬂ and higher rpm.

A third coefficient of thixotropic breskdown is derived by Green (15).

V= f,.-1 -——~(23)
aa ‘ééz.

where V is the increase in yield value per unit decrease in plastic

ﬁiscosity.
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PART II.
EXPERIMENTAL SECTION

The problem under investigation required a series of emulsions
of the water-cil type. It was desirable tc have the dispersed phase
conducting and to this end .BN sodium hydroxide solution was used. Our
system then is one which is composed of conducting particles in a non-
conducting medium. In the preparation of such a system it is necessary
to have a third substance called the emulsifying agent. For the water-
oil type emulsion this agent is almest invariably soluble in the con-~
tinuous phase. Varicus theories have been put forth.wiih regards to
the action of the emulsifier. Few well substantiated theories of emulsi-
fier action exist as shown by'the great variety of agents used, and the
random way in which they are normally selected. The generally accepted
mechanism of emulsifier action is contained in many tests on colloids,

e.g. Alexander and Johnson (23).

PREPARATION OF EMULSIONS

The problem of preparing a series of stable emulsions in the
range 3 to 50 per cent (by volume of the dispersed phase) was first
attacked by the trial and error method. The first emulsifying agents
nsed were products of the Armour Chemical Company.‘ These included the
following agents, Ethomeen T/ys, Ethomeen 18/15, Ethomid 18/15, Ethomid
B T/ls, and Ethofat 60/15. Little success was had with these agents.

After a search of the available literature it was concluded
that there was very little inférmation existing on emulsions of the
water-cil type. The main concern seemed to be the oil-water type. As
a consequence of this search, however, it was decided to try some of

the older standard emsifying agents (24) (25). Of these Zinc oleate,



- 28
caleium oleate and magnesium oleate were used. Here again difficulty
was encountered. It should be mentioned, however, that these agents
were not entirely unsuccessful but neither a series of stable emulsions
nor emulsions with the proper desirable characteristics couldvbe prepared.
Of +the numerous other agents which were tried, the ones which loocked
most promising were the following: ©Span 62, Span 80, arlacel C, Tween
65, Tween 81, Tween (85), all of the Atlas'Pcwdei Company, Brantford,
Ontario. .

These Spans and Tweens were selected by the "H L B" system. The
term "H T B" indicates the size and strength of the hydrophilic and lipo-
philic groups that form the molecule of the surface active agent.- For
water—oil type emulsions agents with H 1 B valves in the range 3.5 - 6.0
were best suited. By combining the above agents in various proportions
their HI B values can be made to fall in the required raﬁge. An example

of such a ceslculation is as follows:

HL B Proportion
Span 80 4e3 x 85% ———mm 3.6
Tween 81 10.0 x 15% —m=—- 1.5

HL B of combination ———— 5.1
Antorox B-100 a product of Standard Chemical Company was also tried.
The agent which was finally used to prepare the series of stable
emulsions was anhydrous lanolin.
The following technigue was used in the preparation of the emul-
sions. Heavy mineral oil (Imperial oil stanolax) of specific gravity

878 was measured out from a 500 cc. burett. To this oil in a beaker

heated lanolin, measured in & graduate, was added while stirring. When
these two components were thoroughly agitated the correct amount of the

dispersed phase was added from a buret. The dispersed phase was added
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while the stirrer was in motion and was a mixture of 5N sodium hyd-
roxide mixed with 95% ethyl alecohol to a specific gravity of .878.
The resulting emulsion was stirred for 20 minutes. A heavy piece of
cardboard was fitted over the mouth of the beaker while stirring was
done. This minimized the evaporation of the alcohol. The emulsion
was stirred in a multiple stirring apparatus. In this way six
emulsions could be prepared at the same time. After stirring, the
emulsion was put inteo a hand-operated type of homogenizer. (See PLATE I1).
The handle of this homogenizer was connected through a speed reducer
""" (30: 1) to a motor (1/10 h.p.) so as to permit continuous homogenization.
The nozzle of the homogenizer was fitted with a small copper tube which
emptied back into the homogenizer bowl. ‘In this manner the cycle was
completed. This relatively inexpensive apparatus replaced a more ex-
pensive type of equipment like the ball mill or roller mill. The emulsion
was left in the homogenizer over a period of one-half an hour. This
enabled the emulsion to pass through approximately oné hondred times.
At various intervals the action of the homogeniger was observed
by viewing a sample under a microscope. Before homogenization, the dis-
,,,,,,,, persed particles although spherical, were large and of various sizes
* and could be viewed with a relatively low power line. After homogeni-
zation, however, the'particles of the dispersed phase were broken up
to such an extent that an oil immersion lené (1;9 mms) was required to
detect them. The action of the homogenizer -could also be detected by
visusl observation since the emulsion acquired a creamy consistency
after continuous homogenization. It was when this creamy consistency
was acquiréd that the dispersed particles were observed under a micros-
cope to be so small.

The emilsions were kept in ground glassMS£6§§é§éd bottles to
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PLATE I. 01d bob (on left) and new bob (on right) with the filling

gun in the foreground.

PLATE II. Apparatus used for homogenizing the emulsions.
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prevent evaporation of the alecohol. 100 c.c.’s of emulsion were
prepared at each time. Emulsions from 2% to 504 by volume of the
dispersed phase (NaOH - alcohol) were prepared in this manner. These
varied in their stability from 2 to 30 days. The stability was measured
by their conductance. Examples of the formulae used are as follows:

Formula 1. 3% EMULSION Formula 5. 25% EMULSION

St20018X 011 ceeveceroce 93 CC  corececccsscssscascsscscs 05 CC

Anhydrous 1anolin .cecee L4 CC  coceccccsocncssccnccoccos 10 ce

(.5 NaOH - 95% alcohol)e 3 €CC  ccescssescscssscsscsccsce 25 CC

Tt should be noted that emulsions using 5N sodium hydroxide
as the dispersed phase were prepared in the requiréd éoncentration range.
However, these proved‘to haVe/a conductance not measurable on the bridge
network used.

Testing of the emulsions was done in the 150 ml. beakers in which
they were prepared. Two copper strips 3 inches long and 3/4 inch wide
. separated by a bakelite top was inserted in the beaker. The distance
between the two strips was‘approximately 1 3/4 inches. Resistance of the
emulsion was measured by a Simpson Resistance meter. This measurement was
very rough but a more accurate one was not rquired. From the resistance
reading it was possible to determine (roughly) the stébility of the
emulsion also whether or not the emulsion could be measured on the bridge
network. A stable measurable emnlsion had a very high resistance, (of

the order of 2-Megohoms) or a very low conductance.

Rotary Cell
The requirements that must be considered in the design of the
cell are:

(1) Cell must be a concentric cylinder rotating condenser.



- 32
(2) Simultaneous readings of capacity and viscosity must be
possible.
(3) Capacity of cell must be between 190 and qu/fﬁﬂf%o insure
maximm precision on the reading of the Schering bridge.
(4) Outer cylinder or cup must be the rotating one.
(5) Cell must be easy to clean and fill.
(6). Cell must be thermostated.
(7) Cell must have proper range of shear gradienmts.
A(8) The stationary plate or bob must be easily replaced so as
to enable to change the volume of the cell and hence the shear
gradient.
The practical cylindrical rotating viscometer is derived from
the design of Couette (9) in which the outer cylinder is rotated and
the torque on the inner measured. The simple theory for this instrument
was given some years earlier by Barr (lQ). The requirements for a prac-
tical viscometer of the rotating cup type have also been described by
Weltmann (11). This design is desirable since it allows rapld changes
in the speed of the cup but the constant temperature bath complicates
the construction. The rotating bob instrument permits simple and precise
means for controlling temperature. Taylor (12) showed that the outer
cylinder arrangement is considerably superior to that in which the
inner cylinder rotates, in that stream line flow occurs up to much
higher speeds. For quantitative work therefore, the former arrange-
ment is preferable., However the difference between the two types dimi-
nishes as the gap width between the cylinders decreases and for high

speeds and small gaps a rotating inner cylinder is often used, since

mechanical construction is simpler.

To calculate the unknown-dimensions namely the radii and length
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one can use for a rough estimation the equation for a parallel plate

condenser.
' c - .0886 x area of vlates (sg.cms) r
2 distance between plates e —={24)
_ 0886 x €x 27rh= b ,
c = i —-—~(25)
where r = mean radius in cms.
€= dielectric constant of medium
1 ~length of plates in cms.
d = distance between plates in cms.
For a cylindrical condenser the following equation is used:
Cc - _1 ‘r
L.15 10g10 _%/C/é(f “"“‘(26)
Ty
where 1 = length of plate in cms.
ro:radius of outer cylinder (cup)
rp=radius of inner cylinder (bob)
Equation 26 in another form becomes
G- 02416 1% ’ __--(:27)
logi1g re
Th

From stream line flow the velocity gradient in the liguid at a

distance r from the axis of the system is

L. ‘
G- Q._V_ ' 2W _rT* ) ) e { D8
ar - 1 (28)

re®
where () is the angular velocity of the outer rotating cylindef - 2w
frequency - 2T R.P.HM.) and Ty and r, are the radii of iﬁner and outer

cylinders respectively. Derivation of this eguation is given by
Hatschek (9). Stream line flow in this type of apparatus involves the

orderly motion of liguid in circuler paths concentric with the cylinder,



- 34
with velocities increasing from zero at the surface of the inner cylinder
to a maximum of the outer one. From Equation (28), it is clear that the
velocity varies across the gap between the cylinder but since ry and r,
do not differ much, in general the variation is small compared with that
occurring in capillary viscometers.
With a decrease in the width of the gap the possible variation

in velocity gradient decreases and if

d=<rys - Trp<er, then it becomeé effectively constant at

the value

av ~
= ,».rbdca e d@ ) , ———=(29)
/

For streem line motion between the cylinder and negligible end
effects, the torque on the inner stationary cylinder caused by the ro-
tation of the outer is given by

’f“: C@:%& —w--—(BO)
2 2

Ty Te
where () : angular deflection of the cylinder

C : torsional constant of the wire
1 : length of inner cylinder which.is covered by ligquid
;' = viscosity of liguid between plates

() - angular velocity.

Equation (12) can be rearranged to give

O FET LRI
Gz ) ;1"_ " |
b c

where constant KX = 4 5% d

¢ /L
r.va - rcz.

the dimensions of the apparatus.

epends upon the torsion wire and

For a ligquid whose viscosity coefficient is independent of
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rate of shear (or velocity gradient), the plot ofAvs.l)should be a

straight line passing through the origin and whose slope has the value
K?;lo
J

of the type used is given by the equation: (For verification of this

The condition for turbulent flow in a coaxial cylindrical system

formula see Taylor (12) (13). (This gives the critical value for turbulence)

2 + )
" o
'/9 2P 43 I"b7"
wherel), - critical angular velocity for turbulence
; . viscosity of liquid between plates
(9 = density of liquid between plates

5%4; . kinematic viscesity

T, : radius of bob or inmner cylinder
re . radius of cup or outer cylinder
P . nummerical factor given by
P - L0571 (1-.652 4  .00056)
r'b 1“0652 '(‘i— _,,__(32)
d

If the gap between plates is small (i.e.) if rp=r, then

e 7
(?'71;)& QPéarb | --—(33)

() e X ?5{7 3 —T
. r

That is, the critical anéhlar velocity varies approximately as the
inverse‘%,power of the distance between plates and the inverse 1 power
of the radius. Hence, the critical angular velecity gradient must vary
as the inverse‘% power of the gaps. The critical angular velocity is

also directly proportional to the viscosity of the liquid. Concerning

possible limitations of formula-(31) see Buckheim (14).
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To calibrate the cell it is necessary to have a standard liguid
of known dielectric constantfg. If we denote the geomebtric capacitance

by Cgs the stray capacitance by Cg, the leads capacitance by Crs the
capacitance of the empty cell by £, and that of the cell filled with the

standard liquid by Cp we have

C, = Cq + (Cgt0p ) ~-==(35)
Co =€p Cg(CgfCL ) ———-(36)
and subtracting (18) from (17) we have
Gy - €1 = (Ep—=1) Cg e (37)
from which Cg = EEL:;EL , —_(38)
(G-1)

The first cell which was machined (FIGURE 6) had‘Rb=2.3317
and Re = 2.4079 where Ry and Re are the radii of the bob and cup (in
centimeters) respectively. With these values the geometric capacitance
was calculated with the use of Equation (27), and found to be 176.2 « 4
This agreed fairly well with the value 201.§4¢A7%hich was obtained ex-
perimentally from the calibration of the cell.

The velocity gradient was calculated using Equation (28). For
unit angular velocity the velocity gradient was found to vary from
3.362 sec"l at the surface of the inner cylinder to 3.153 sec'l at the
gurface of the outer cylinder makiﬁg the average velocity gradient 3.257
sec™t, Using Fquation (31) the critical rate of rotation for turbulence

was evaluated as (rpm)é: 1.49 x lQ%%/é .

CALIBRATICN OF THE CELL

The capacitance of the empty cell was measured and found to be
398.1 4. fat 28.6°C. The cell was then filled with dried analyticel

reagent grade benzene and the capacitance again measured at the same
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temperature and found to be 654.@,1&*“£ (In filling the cell with ben-
zZene a differeﬁt procedure had to be used due to the high fluidity of
the benzene. The cell was filled from the top. Several readings of
the cell were taken both when empty and when full). The dielectric |
constant for benzene at the temperature of 28.6 C is 2.271. Using
Equation (38) the geometric capacitance was found %o be ZOligfyan The
capacitance of the leads was 12§;zf9afgnd hence stray capacitance was
'69aéé§a/:

The first cell was machined entirely of brass with the exception
of“the bakelite fittings used to insulate the stationary bob from the
rotating cup. The diameters of the inner and outer plates were 1.836
inches and 1.896 inches respectively giving a spacing of..060 inches.

The lengths of the bob and cup were3.637 inches and 4.000 inches respecti-
vely. The vﬁlumé of the cell was calculated to be 22.95 cubic centimeters.

The overall length of the cell was 6 inches (not including the legs).

DESCRIPTION OF CELL
With reference to FIGURE 6, the following is a deteiled des-

cription of the cell. The outer plate or cup, (B) is held in poéiticn
by two bearings, M end F, so that it is free to rotate. The inner plate
or bob (A) is held in position by two bearings D and D' which are in- |
sulated from their brass housing by a shim of bakelite E. A collar (6)
on the 1" shaft (S) keeps the bob from resting on the bottom of the cup.
By moving thiswgollar up or down it is possible to vary the distance
between the bottom of the bob and cup. The top of the cup (C) hes 2
hole in it large enough to permit passage of the shaft. This hole was

press fitted with a bakelite fitting El through which the shaft passed.



FIGURE 6 - Cross section of condenser-viscomebter cell.
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The cap itself was machine fitted on the cup and could be pressed into
position by applying a force through the holes (H) in the top of the cell.
These holes were fitted with removable plastic plugs.

T he cell in general can be considered to be composed of two
sections, the top and the bottom. The top section consists of the bob,
the cap for the cup, the shaft, and the two bearings with their housing.
The bottom consists of the cup, large bearing, small bearing, outside
wall, and water jacket. These two sections can be viewed in PLATE I.
The top part of the cell (V) was made of 3" brass and was machine fitted
onto the outer wall (W) which holds the large bearing (F) in place. The
centering of the bob depended upon the precision of this fitting until
a centering device was constructed. This consisted of a circular ring
(U) (See PLATE ITI) (beside motor on the wooden platform) of brass 2 of
and inch wide with three slatted projections which extended beyond the
dimensions of the top of the cell and through which 2% brass rods could
pass. The bottoms of these rods were hinged to the brass legs (0),
the tops were threaded and fitted with wing nuts. By adjusting the
tension on these wing nuts the bob'could be centered guite accurately.

The effect of the tension applied was noted on the detector screen.

The water jacket (K) was a separate unit and could be fitted
over the outside cylinder wall (W) when the top of the cell was removed
from position.

The space (T) between the outside wall and the cup was filled»

(with 0il) through the plug (N). This prevented a dead air space and

thus assisted in the thermcstating of the cell.’ The cell was filled
through the bottom of the shaft at Q. The hole through this shaft was
1/32%, The bottom of this shaft was fitted with the filling device which

consisted of a ball bearing type-of grease nipple to which a grease gun
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~ could be attached. Also on this shaft was a bevelled gear (P), held
in place by a set screw. The mate (R) of this gear was fitted on shaft
of the speed unit which was a % h.p. Leland variable/zgzsg (800 - 2400
rpm). The gear'ratioawas 3:1l. The whole cell was fitted with three
cast brass legs, 4" high which were fastened to a wooden platform.

Electrical contact was made through the torsion wire. The cup
was grounded. A 3" hole was drilled in the top of the shaft (S) into
which one end of the torsion was fitted. It was held in place by a set
screw. The other end of the torsion wire had a similar fitting which
fitted into a slot in a brass fitting. This brass fitting was insulated
with bakelite from the bar iﬁto which it was set. This bar was 12" long,
2n wide and 3" thick. It was supported above the cell on tﬁo angle iron
supports. The bar could be raised or lowered by set screws. See PLATE
Iv. for view of the set up.

A mirror was soldereé to the torsion wire 4%" from the top of
the wire. A telescope with a centimeter scele was mounted on the angle
iron frame. The height of the telescope could be adjusted by a screw
which raised or lowered the angle of the mounting. Thg distance from
the mirror to the scale was 56 cms. The torsion wires were nickel-
gteel drill rods. Torsion wire or couple Number 1 had a diameter of
.0466" and was 5%" long while couple Number 3 had a diameter of .0625"
and was 65 long.

To calibrate thé torsion wires a pulley of diemeter 4.38 centi-
meters was machined to fit the shaft (8). Another similar pulley was
arranged at right angles to this one between the angle iron'supports
(See PLATE IV and V.) The top of this pulley was in line with the pulley
on the shaft. A small hole was drilled close to the edge of the pulley

on the shaft and a pin machined to-fit-it. A nylon fish line was attached
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PIATE TII. TView of cell dismanteled showing the cup and bob.

PLATE IV. Shows pulleys and 1%feigl’l:'uflg pan in positicn to calibrate couples.
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to this pin, wrapﬁed aréund the pulley and then drawn over to the other
pulley. At this end a pan was attached»on to which weights could be
placed. PLATE V shows pan in position. A fixed weight on the pan gave
a certain deflection on the scale. Table XITI of the results section
gives the celibration data for the torsicn wires used.

PLATE VI shows the complete apparatus with auxillary equipment
as set up in the lab.). Left to right on the top of the bench are
the following pieces of equipment; oscillescope, schering bridge with
dscillator sitting on toﬁ of it, cell with angle ircn supperts for the
torsion wire, motor, (Leland Varisbility), variac for contrelling motor
speeds, thermostat, (28.6 C), electronic relay control. Below the
thermostat is‘a weter pump. The constant voltage supply is on the left
of the water pump and the amplifiers are to the left of this. The veeder
root rpm  counter (5 figures) can be seen in PLATE V, connected directly
to the shaft of the motor.

The electrical spparatus required to measure the capacitance
consisted of a commercial capacitance bridge Type 716C (General Radio
Company). This is a schering type bridge which has a direct capacity
reading over the frequency range 30 cycles per second to 300,000 cycles
per second. The oscillator selected was a Model 200 C Audio Oscillator
(Hewlett Packard Company). Its frequency range is 20 cycles/second to
200,000 cycles/second. A stabilized constent voltage supply (FIGURE 7)
was built. This gave a constant vdltage.output'of 175 to 300 volts D.C .

A two stage emplifier with a frequency range 30 cycles/second
to 3000,000 cycles/second was built (FIGURE 8). An oscillograph was
used as a null detector. This was supplemented by heacd phones (10,000

' ohms impeadance). All connections were made with microphone ceble and
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banana clips. The metallic casing of the cable was grounded in each
connection. Low loss coéxial comectors were used on the amplifier
to minimige the effects of stray capacitance. |

The above apparatus was set up as follows: +the oscillator was
connected directly to the capacitance bridge, the amplifier between the
bridge and the oscillegreph and the head phones across the positive and
negative terminals of the verticél plates of the oscillograph. The con-
stant voltage of the power supply was fed into the amplifier. Each
piece of apparatus was grounded.

To investigate the sensitivity of the above circuit a standard
capacitance (50967d3 Type 505E General Radio Company was used. This
was plugged in across the "unknown direct” terminals. The sensitivity
was tested at the frequencies 100 cycles and 1, 10 and 100 kilo-
cycles per second. All runs were done at the fixed freguency of 10
kiloeycles at which the Sensitivity'was;tfléfyhf Various modifications
of emplification were tested but the final arrangement consisted of the
amplifier in Figure & with one succeeding similar stage.

Difficulties arising from preliminary runs necessitated the
machining of a2 new top to the cell. The most serious objection to the
old top was the difficulty in cleaning and oiling the bearings. This
affected the deflection reading at lew rpm. PLATE II shows both tops.
The one on the right hand side is the new one. The cutaway sections
of the bearing housing can be seen in this photo. The pulleys used in
calibration of the couples are in position on the shafts. The filling
gun with its attaclments is alsc in the photo. Since it was necessa y
to machine a new cell top it was decided that the new top should hawe
a bob of “smaller diaﬁeter. This was necessary for investigation at

higher rates of shear.



PLATE V., Side view of cell showing telescope mounted in position.

PLATE VI. General set up of the apparatus.
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The new fop had the following changes:

(1) radius of the bob was .8685%, giving a spacing between cup

and bob of .159%, |

(2) shaft diameter of .2756" (7 mms.) compared with the old one

of 4724% (12 mms.).

(3) diameter of pulley used in calibration of the couples was

4,30 cms. '

(4) calibration of the cell with analytical reagent grade benzene

yielded a geometric capacitance of 65.§2f9@£n This compared very

well with 64.55; the célculated value of Cg. Total extraneous

capacitance (ie) leads and stray) was 215.2;5425

(5) The vol&me of the new cell was found to be 42.57 cé(

(6) The velocity gradient calculated with the use of Equation (28)

for unit angular velocity was found to vary from 1.303 sec'l at the

surface of the inner cylinder to 1.093 sec-l at the.outer cylinder.

The average velocity gradient is 1.198 sec_lo At 100 rpm the velocity

gredient is 119.8 sec™T.

The new top increased the sensitivity of measurement of deflection,
and as a result the couples were recalibrated. Déta_is given in Table I
. of fesults section.

General procedure for teking a run was as follows: The power supply,
amplifiers and oscillograph were allowed a warm up time of 30 minutes. The
emnlsion was prepared and kept in‘the constant temperature bath until the
temperature of the thermostat was reached. During this interval the cell
was cleaned and assembled. Thermostated water at 28.6 C was pumped
through the cell jacket via rubber hose connection at a rate of 4 li%ers

per minute. The capacitance of the empty cell at rest was recorded at
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timé of assembly and after 20 minutes of thermostating. The empty cell
was then rotated and any off centering which was viewed on the oscillo-
graph screen was corrected by adjusting the three wing nuts, till a
null point was found.

The deflection scale was set at zero. This wes accomplished by
loosening the set screw which held the top of the torsion wire.in
position and rotating the shaft +ill the mirror (which was on the wire)
was in line with the telescope. The set screw was then tightened and
finer adjustment was made by moving the scale to the left or right +ill
zZero coincided with the cross hairs on the telescope. The cell was now
ready for filling.

The emulsion was sucked into the gun by drawing the piston out.
The cap of the gun was then turned on and the piston screwed in while
the gun was held with the nozzel upwards until emulsion was forced out.
T.his procedure eliminated any air which maj have been drawn in during
the filling of the gun. The gun was then fitted to its attachment on
the cell and the piston slowly turned in. The emulsion was forced
into the cell and generally the cap of the cup was raised from
position when the cell was full.- At this point the gun was removed and
& screw fitted in its place to prevent eny possible leakage. (This
procedure was followed even though the fitting on the cell was con-
structed with a ball bearing held by a spring which permitted flow
in end prevented flow out). The cap was then forced back into position
through the three openings in the top of the cell. The excess émulsion
was forced out between the shaft and the bakelite collar of the cép.

The capacitance of the filled cell was recorded at the time of

filling and at various intervals up to 30 minutes. A fter this time



the temperature of the cell and emulsion was assumed to be that of the
thermostat.

The reversible motor was set at its maximum speed throughout the
experiments and the rpm was controlled by a powerstat into which the
motor was connected directly. The lowest starting setting on the power-
stat was 20 volts. Even at this setting the motor had to be rotated
by hand to start it. While the motor was on, the veeder root counter
was set to 88880 and when it read 88910 the setting was turned (by hand)
to 99910. On continued rotation the counter read 99920, 99921, etc.,
till 99990.was reached and at this point the counter was watched closely
until 99999 appeared whence the electric stop watch was started. This
gave the necessary time required to start the watch and hence the counter
read 00000 at zero time. It should be noted that when slow speeds were
used, the counter was set directly at 99920 and when 99999 appeared, the
stop watch was started. At higher speeds the former procedure had to be
used as it permitted time to find a capacity balance on the bridge. The
capacitance change during the measured time (1 min) wes followed on the
bridge up to 55 seconds. This capacity was recorded with the rpm which
was read from the counter. It should be mentioned that conductances
. were automatically recorded with‘the bridge readings. The deflection
was noted immediately at the 60 second mark. The powerstat was then
increased to 22 voelts and the above procedure repeated. The total time
reguired for oné setting of the powerstat was one and a half minutes.
When the top rpm was reached, decreasing speed was immediately begun, the
same interval being used whenever possible.

The above procedure for making a run was used (with some exceptions
éXplained in results secfion) in obtaining the dats recorded in Table IIT

of the results section frow which Figures 12 to 18 and Figures 19 to 23
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were plotted.

The capacitence readings used in calculation of the dielectrie
constant were not corrected for eny end effects. However corrections
for dissipation factor weremade. These were of real significance only
when the dissipation factor, D, was greater than 1. An example of

such a calculetion is as follows:

v Direct capacitance reading ...coccececsss 642.0 < « S
Dissipatiom factor D cocssccrscanss <135
(1409 - 1.018, (1D D)5 evremeenneens 1.035
where D 026 x _/i ' s F = frequency of oscillator
% £ = frequency setting on range selector

of the bridge.

For most‘runs%i > 1 and hence D, = ,026. However for the runs made
jC
with 40% and 50% emulsions D, = .26 since .- 10.
. £ 1

Forther (1+ 02) (1+D D,) = 1.054. Corrected capacitence = 642.0 =609.2
1.054
correcting for stray capacitence 609.2 ~ 215.9 =393.3.

Dielectric constant = corrected capacitance - 393.3. 5.99
geometric capacitance 65.5 )

A correction factor can be applied for the end effects and can be deter-

mined in a number of ways (26) (27).
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PART III

RESULTS SECTICN

Datvmwhich was obtained with the first cell, was believed to be
inferier to succeeding datomand hence was not used in any calculations.

Calibration data for couples 1 and 3 (FIGURE 9 and 10) in the
new cell is given in Table I. A run with pure oil Wés also taken and
date is shown in Table IT (FIGURE 11).

Tablé IIT gives date for the dispersions in the range 3%.-te 50%
as obtained in the new cell. FIGURES 12 to 18 inclusive show plots
of deflection versus rpm for 8%, 15%, 30%, 35%, 40% (Trial I), 40%
(Triel IT) and 50% (Triel ) respectively. FIGURES 19 to 23 inclusive
show plots of dielectric constant versus rpm for 30% (Trial I), 35%
(Trial II), 40% (Trial I), 40% (Trial II), end 50% (Trizl II) respectively.
Table IV shows a sample of the corrections made on the bridge reading
in the calculation of the dielectric constant.

Table V shows the change in dielectric constent with shear (see
FIGURES 24 and 25). The shear values were obtained from graphs of the
dielectric constent versus rpm (in FIGURES 19 to 23). It should be noted
that in some cases two or three values are given. This is due to the
stéps which were cbtained in the graphs.

Using Equation 4 of the introduction section and FIGURE 24, the
form factor was found to be 1.7. With this value of, , the agglomera-
tion factor Ay was calculatéd for the various dispersions. Values are
given in Table VI. A graph, etc. (p.66).

A graph (FIGURE 26) of the agglomeration factor versus concen-
tretion of the dispersed phase was plotted. Also in Table VI are the

rest values of the capacitance as calculated with the Bruggeman équation.
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These figures should be compared with the shear values of Table V.

The‘variafion of the agglomeration factor with time was cal-
culated for several emulsions and the data is compiled in Table VII.
See FIGURES 21 and 28. |

Rheological data is tabulated in Table VIII and IX. Table VIII
shows the viscosity as calculated at various rpm. A more accurate
- calculation was compiled in Table IX. A1l the data for the following
graphs was teken from this Table. FIGURE 29 shows graph of viscosity
versus concentration, FIGURE 30 showsé?zégversus concentrat%pn, and
FIGURE 31 showsZ%/{r/ @ versus @, where @ is the concentrat£on of the
dispersed phase. FIGURE 30 is a test of the Einstein equation (Equation
18). The slope of the straight line was found to be 5.1.

The viscosity in poise was calculated using the equation

£
AG | --—(39)

where F is the force

A = ares of the plates

7]

1

G = velocity gradient,

but, we that

Fmgr"
R ————(40)

where m = mass in grams recuired to give a certain deflection
g = acceleration of gravity
r - radius of pulley on bob shaft
Ry, > radius of bob
and substituting this value of F into Equation (39) and rearranging, we

get

. mgr poise ———(41)
7Ry h G rpm
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Since g, T, T, Ry by and G are constants and equal to
980 om/sec?y 2.15 cm, 3.14, 2.20599, 9.2227 and 1.198 respectively,

this equation becomes

?ﬂ': ;%E’ X 5.68 poise -—-(42)

The yield values for the dispersions were calculated and dats
is shown in Table VIII.
The wire constant K was calculated for couples No. 1 and 3

using the equation

WX g XT
K- 2L 2L | —(43)
where (= weight in grams to give deflection &~

g - acceleration of gravity
r = radius of pulley
for couple No. 1 (FIGUREYQ .}

K= 100 x 980 x 2.15 = 12800
16.5

for couple No. 3,(FIGURE 10

K= 200 x980 x 2.15 = 43500
937

The constents S8 and C were also calculated using Fouations(11l)and
(12)

P r Fyr ¢ AEEWT
C
LATh

By and R, are radii of bob and cup respectively and h is height of the bob.

C: _8 R, = 3.25x 1073
2.30310g ——
Rp

Several calculations were made on the 50% dispersion. Applying
the Green theory on the rheological data the plastic viscosity U1 and TUp

for both loop was caleculated using Equation (14)




Uy = (T - T2) 9.55 SK  poise
rpm _
(the factor 9.55 converts rpm tow) K converts the deflection to torgue.

In the present case rpm, = 382

deflection T, = 14.15 (teken from straight line of down curve
see FIGURE 21.

K = 43500
s - 2.95x 1074
To = 1.3(see Table XX)

U = (14.15 - 1.3) 9.55 x 2.85 x 10-4 x 43500 = 4.0l poise
382

TPm, = 630
deflection = 18.0

T, = 2.5

U, - (18.0 - 2.5) 9.55 x 2.85 x 10
‘ 680

4
x 43500 = 2,71 poise

The second coefficient of thixotropic breakdown M (the loss in

shearing force per unit are increased in rate of shear) was calculated

using Equation (22).

M= 2(T - Us)

1nco *

L)

N

M = 2(4.01L - 2.71) = 2.10 dynes/sq cm/‘éz
In (758)° dr
(408)*

The increase in yield value per unit decrease in plastic viscosity, V,

was also calculated using Equation (23).

vV = Fz— Fl
Ty - U,

V - 353 - 183 = 130.2 dynes/sq cm/poise.
L.Ol bt 2071 °
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. TABLE I (New Cell)

GOUPLE NO. 1 COUPLE NO. 3
BT, IN GRAMS DEFLECTICN WT. IN GRAMS DEFLECTION
10 1.5 350 2.0
20 3.6 100 4.6
30 4.85 150 6.6
40 6.3 200 9.3
50 .85 250 12.2
60 9.7 300 14.6
70 10.6 350 17.0
80 13.0 400 19.9
90 14.7 450 22.7
100 16.4 500 24.8
120 20.15
130 22.1
TABLE II (0il in New Cell)
COUPLE NO.. .1 : CCUPLE NC. 3
RPM of CELL  DEFLEGTION | RPM of CELL  DEFLECTLON
o 0 0 0
103 2.9 58 45
135 4.0 146 1.1
215 6.4 225 1.85 0 s
256 7.8 315 2.75
346 10.35 393 3.6
450 14.2 433 3.8
- 523 16.2 513 bod
610 18.6 596 5.05
660 19.85 626 5.3
600 18.4 683 5.75
493 14.9 800 6.2?
370 10.9 646 5.5
330 10.15 586 5.05
183 5.4 : 463 4.0
92 3.25 : 300 2.65
42 1.65 120 1.05
0 0 46 o5
31 .3
0 0




- 56

(R01L01430(H))

T ON-FTINOD .

FAUND NI LYHATTYD

or

o2

oY

0§

109

oL
08
06

00T

o1t

ozt

0et

SHYHD NI IHOTSM -

. - FIGURE 9 -




- 57

5

(NOTJOMT4Aa)

9t A [ Ot

[ F

€ °ON ¥1dN00.

FAHOD . NCILVHEITVD

0%

00T

091

o0

oSz
00t

08¢

oo%

1 05M

T00S

SHYHO NI IHOITM .

~ FIGURE 10 -



o TN Y

CT N FHAY

¢ ~ox wranns (D

— ogt

S

7
TN

D0

HHEH

cxm,
g

FIGURE 11

o



- 59

TABLE III
TRIAL I TRIAL IT - Continued
3% RPM of CELL DEFLECTION DIELECTRIC 3% RPM of CELL DEFLECTION DIELECTRIC
CONSTANT _ CONSTANT
Couple 1 0 0 2.64 Couple 1 .5 0 2.60
- 0 0 2.63 1 0 2.60
33 .5 2.62
71 1.2 2.61
115 2.6 2.60 TRIAL I
165 4.7 2.57 S
260 7.6 2.61 8% RPM of CELL DEFLECTION DIELECTRIC .
. 370 , 12.4 2.19 ' . CONSTANT
447 14.5 2.20 Couple 1 0 0 3.09
528 17.0 2.17 0 0 3.10
612 19.15 2.16 0 0 3.11
- 627 19,75 214 23 1.0 3.07
660 20.65 .14 85 3.95 3.06
700 R2.25 2.1 143 6.0 3.05
733 23.0 2.11 160 6.4 3.01
690 22.0 2.11 208 - 8.6 3.02
633 19.9 2.12 293 13.3 3.01
537 16.2 2.59 403 17.7 3.03
380 10.9 2.59 £73 20.35 2.54
270 8.0 2.59 5417 23.2 2.49
125 Lol5 2.59 567 23.6 2477
78 2.15 2.60 617 25.3 245
32 1.1 2.60 520 2.4 2446
0 0 2.60 387 15.5 2.51
1 0 2.61 307 12.4 2.51
11 0 2.61 223 9.1 3.02
20 0 2.61 150 6.35 3.01
36 0 2.61 91 435 3.02
43 2.3 3.02
TRIAL TT 0 Mins. - 3.03
‘ . . ’ 2 —— 3-05
3% RPM of CELL DEFLECTION DIELECTRIC 7 —— 3.06
4 CONSTANT | 55 — 3.05
Couple 1 s} 0 2.60
102 2.15 2.59 | .
173 4.30 2.59 TRIAL II
270 . 8.20 2.59 ,
373 12.40 2.60 2% RPM of CELL DEFLECTION DIELECTRIC
457 14.60 2.60 CONSTANT
533 17.30 2.60 " {Couple 1 0 0 - 3.05
617 19.60 2.60 69 2.7 3.02
660 2l.2 2.1l 89 3.8 3.01
727 23.2 2.11 127 5.35 3.01
697 2.4 2.10 177 7.1 3.01
630 20.1 2.11 -R53 10.4 3.01
610 18.85 2.10 363 15.6 2.53
560 16.25 2.58 423 18.3 2.45
Li5 13.4 2.58 503 21.6 2.39
360 10.4 2.58 560 23.6 2.36
257 7.9 2.59 617 25.7 2.35
155 4.8 2.59 407 21.8 P43
76 2.1 2+59 327 16.4 2.46
36 1.1 2.60 237 13.2 3.02
0 Mins. 0 2.55 193 9.25 3.02
—-continued




TABLE IIT - Continued

TRIAL IT - continued TRIAL II

8% RPM of CELL DEFLECTION DIELECTRIC 15% RPM of CELL DEFLECTICN DIELECTRI
CONSTANT CONSTANT.
Couple 1 107 7.6 3,01 ' couple 1 o 0 4.03
57 L.7T 3.01 80 3.2 3.82
. L0 2.9 3.02 _ 150 6.25 3.77
0 1.9 3.02 . 243 10.3 3.74
3 0 3.03 360 16.2 3.73
18 0 3.03 450 20.15 3.73
30 0 3.05 520 23.4 3.74
493 21.9 3.77
417 18.4 3.73
TRIAL I - 327 - 14.7 3.74
— — 253 11.2 3.80
15% RPM of CFLL DFFLECTION DIELECTRIC 132 6,0 3.85
CONSTANT 89 , 4.5 3,88
Couple 1 0 0 . 3,91 0 Mins. 0 3.93
0 0 ’ 3.98 6 0 3.96
015 Min O 4.02 ' 7 0 3.97
030 Min O £.09
0 50 Min O k.15 :
34 1.1 3.99 TRIAL T
54 1.65 3.95 : ,
95 3.80 3.92 20% RPM of CELL DEFLECTICN DIELECTRIC
142 5,65 3.88 » - CONSTANT _
180 6.95 3.64 Couple 1 0 0 4.65
247 10.3 3.73 0 0 4.83
290 12.9 3.70 0 0 4.88
350 15.5 3.71 0 0 4.88
387 17.3 3.7 0 0 4.88
452 19.2 3.79 20 «55 L.78
513 22.3 3.70 41 1.35 L.73
580 2.8 3.69 70 2.80 L.67
520 22.7 3.71 95 L2 4.67
457 20.0 3.64 144 7.1 .66
387 16.6 3.65 198 10.5 4.66
312 14.3 3.69 253 13.3 £, .66
227 10.2 3.68 292 15.8 4L.6L
170 © 7.5 3.80 343 18.2 4.58
105 L.9 3.85 %00 21.7 4.0
58 3.15 3.88 LAT 24.3 3.77
31 1.65 3.91 £27 22.6 3.77
0 6] 3.90 393 21.5 3.79
i — 3.91 340 18.8 3.80
3 — 3.92 317 17.45 3.83
7 ——— 3.96 275 15.1 4.69
15 —— 4.00 248 14.9 4.66
23 — £.03 196 10.8 L.68
128- 6.75 L. TL
90 5.35 4.TL
69 Lo 473
L3 2.65 478
29 1.85 479

- continued
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TABLE IIT - Continued

TRIAL I — continued TRIAL T
20% RPM of CELL DEFLECTICN DIELECTRIC 259 RPM of CELL DEFLECTION DIELECTRIC
CONSTANT ‘ ) CONSTANT
Couple 1 «5 Mins 63 7R Couple 3 0 N 5.77
2 lMins 0 4£.70 0 .0 5.7%
3 HMins 0 L.773 0 .0 5.84
5 MWins 0 LT3 0 .0 5.99
10 Mins 0 FARFA 28 o 5.95
15  Wins . 0 4.775 0 .0 6.08
20  Mins 0 4.776 36 5 5.93
26  Mins 0 L7 56 ' .8 5,81
30 Wins 0 4.78 ' 110 1.75 5.64
: 155 2.65 5.57
206 3.65 5.52
TRIAL IT 262 4,.70 5.6
, 313 5.5 5.20
20% RPM of CELL.DEFLECTION DIELECTRIC 343 6.0 5.20
CONSTANT 382 6.7 5.03
COYlple 1 ‘0 0 ’ 4071& 1"33 7.15 5.02
0] 0 4£.80 473 7.75
0 0 4.82 337 6.15 - 5.14
0 0 5.7¢ 247 L.75 5.31
53 2.1 5.12 o8 2.0 5.44
&7 2.8 5,08 41 1.15 - 5.56
93 bok 5.05 19 .85 5,72
132- 6.8 5.06 , 0 .0 5.94
183 10.0 480 69 1.20 5.51
245 13.75 4 &7 165 2.65 5.32
295 16.5 4.90 267 4,80 5.29
330 10.1 4.90 390 6.80 5.25
360 21.0 4£.88 473 8.25 5.28
397 22.5 4.88 543 9.0 5.21
463 R5.7 4..80 : 596 9.5 5.20
507 27.8 4 .84 637 10.0 5.20
563 31.25 482 . 667 lOoB‘ 5.20
623 33.8 4.70 690 10.6 5,20
653 35.2 FAR/AR 723 10.85 5.20
697 36.8 LoT72 710 10.5 5,20
633 1 33.8 477 670 10.2 5.23
- 580 30.4 FART/A 655 9.85 5.23 -
433 22.3 L.T5 627 2.5 5.28
366 19.0 L.T7 585 9.0 5,28
255 13.6 4.28 530 8.3 5.28
182 9.6 4.91 540 7.25. 5.28
118 6.6 4,95 346! 26,00 5.31
73 L 5.02 275 £.85 5.32
£9 3 5,08 123 245 5.74
0 Mins 0 5.33 54 1.25 6.032
10 Mins —_— 5.56 54 1.35 6.25
15 Mins —_— 5.56 1 Min .0 6.14
40 Mins — 5,68 3 - 5.83
4 — 5.81
7 - 5071
ll - 5073
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TABLE I1II - Continued

TRIAL IX TRIAL IIT
25% RPM of CELL DEFLECTIGN DIELECTRIC ' 25% RPM of CELL DEFLECTIGN DIELECTRIC
- CONSTANT . CONSTANT
Couple 3 o 0 5.60 Couple 1 0 0 5,35
0 0 5.60 0 0 5,63
0 0 5,61 0 0 5,68
0 0 5.63 82 he3 5.34
1 o 5,94 116 6.4 5.3,
73 1.25 5,53 150 8.4 5.3, -
105 1.75 5.53 207 12.25 5.33
142 R4S 5.50 243 14.6 5.32
188 3.5 5.48 273 16.7 15,32
248 4.35 5.45 . 310 18.7 5.25
2617 475 5.39 347 21.25 5.20
333 6.25" 5.33 - 380 - 23.7 5.20
367 6.50 5.25 417 26.5 5.20
428 7.50 5.25 393 24.8 5.21
332 6.25 5,25 330 20.5 5,10 o
233 .65 5.25 230 15.0 5.35
98 2.25 5.50 176 12.25 5.36
62 1.25 5.60 102 6.7 5.42
] 0 5.50 59 4e3 5.51
6 0 5.53 46 3.2 5.41
83 1.5 5.45 0 Mins 4] 5.59
170 2.9 5.30 1Mns O 5,67
268 Le55 5.28 2 Mins O 5.70C
306 7.15 5.22 4 Mine O 5.75
456 8.0 5.21 5 Mins O 5.76
543 9.2 5,20
600 10.0 5.21
630. 10.35 5.20 TRIAL IV
667 ~ 10.55 5.20 : ,
700 10.85 5.18 " 25%  BPM of CELL DEFLECTION DIELECTRIC
733 11.25 5.20 , CONSTANT
716 11.0 5.20 Couple 1 0 0o 8417
693 10.5 5.21 0 ¢] 8.20
660 10.15 5.21 0 0 8.32
6360 9.65 5,20 25 2.7 6.6/
603 9.25 5.20 53 3.9 6.22
513 8.5 5.20 . 89 5.8 6.05
456 7.5 5.20 125 8.25 6.00
367 6.3 5,16 162 10.8 5.90
257 4.65 5.24 216 14.5 5,76
123 2.55 5.40 280 18.7 5.57
61 1.45 5.50 312 2L.0 5.61
0 Mins O 5.56 356 23,0 5.43 i
1 0 5.57 417 27.0 5.42
367 24.2 5.54
295 19.8 5.67
175 12.9 5,77
99 T 5.89
48 3.9 6.08
27 2.75 6.28

- continued
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TABLE ITI - Continued

TRIAL IV - Continued TRIAL I - Conbinued
25% RPM of CELL DEFLECTICN DIELECTRIC 30% RPM of CELL DEFLECTION DIELECTRIC
CONSTANT CCNSTANT
| Couple 1 20 2.30 5471 Couple 3 4 —-— : 7.83
: 0 Mins O 6.40 5 — .83
1 0 6.44 -0 T 6 — 7.84
2 0 ©6.48 vV I 7 —_ 7.91
3 0 6.53 E M 87 _ 7.91 R
4 0 6.60 R E 114 — 7.94 e
5 0 6.64 Y
10 0 6.80 )
15 0 6.91 )
S0 0 5,72 TRIAL IT
0 0 6.35 :
| 30% RPM of CELL DEFLECTION DIELECTRIC -
TRIAL T , CONSTANT
Couple 3 0 O 7.94
30% RPW of CELL DEFLECTION DIFLECTRIC | 9L 2.1 6.63
CONSTANT 207 he2 6.55
Couple 3 o] 0 7.78 U 245 4.9 6.53
0 0 7.89 P 300 6.2 6.50
0 0 7.97 348 7.0 6.53
22 «5 6.94 C 383 g.0 6.52
A 1.2 6.81 U 430 8.6 648
U 123 2.6 6.79 R 483 9.8 6.46
P 133 2.95 6.78 v 533 10.65 6.46
206 Lob 6.71 E 566 11.2 6.48
C 212 4.7 6.71 600 11.6 6.6
U 277 6.0 6.61 563 10.8 6.44
R 320 Tt 6.67 D 536 10.3 6.46
v 370 7.9 6.67 0 488 9.4 6.47
E &10 8.9 6.67 i 456 8.75 6.47
433 9.2 . 6.65 N 413 - 8.15 6.46
483 10.2 6.70 373 7.3 6.47
516 10.6 6.62 C 316 6.4 6.50 i
553 11.4 6.61 U 275 5.65 6.47
603 12.15 6.59 R - 208 L5 6.50
633 12.5 6.58 v 132 3.2 6.55
683 12.6 6.55 b 76 2.25 6.81
690 12.7 6.55 6] ] 7.42
640 11.85 6.50 R 1 7.59
D 613 11.5 6.49 E 2 7.76
0 600 11.1 6.50 CT 3 7.70
w 543 g.% 6.49 CI A 7.68
N 463 8.85 6.47 VM 7 7.58
420 8.1 6.45 EE 9 7.55
C 366 7.1 6.7 R 11 7.48
U 333 6.55 6.47 Y 15 7.6
R 275 5.60 6.4
v 213 h.55 6.49
E 160 3.4 6.52
152 3.5 6.52
63 2.0 6.87
35 1.3 6.93
0 Mins. O 7.60
R 205 —— 7.80
E 3 e 7.80 .
¢ -




TRIAL ITT

TABLE III - Continued

- 64

TRIAL, IV - Continued

30% RPM of CELL DEFLECTION DIELECTRIC

' 30% RPM of CELL DEFLECTICN DIELECTRIC

CONSTANT CONSTANT
0 0 :
343 7.1 6.58 650 11.8 6.35
406 8.25 6.49 D 616 11.4 6.43
296 6.4 6.50 0 593 11.1 6.44,
222 4.8 6.50 w 536 10.0 6.39
148 3.55 6.53 N 443 8.5 6.39
66 1.8 6.65 360 7.15 6.49
33 1.25 6.88 c 288 596 6.55
0 0 7.23 U 243 5.25 6.65
1 7.62 R 142 3.35 6.84
2 7.72 v 136 3.30
3 7.78 E 0 0 7.87
5 7.75 75 mins. - 7.97
10 7.66
2/ hrs. 7.54
L8 7.86
TRIAL T
TRIAL IV 35% RPM of CELL DEFLECTION DIELECTRIC
’ " CONSTANT
30% ~RPM of CELL DEFLECTION DIELECTRIC 0 0 9.40
CONSTANT Couple 3 0 0 10.10
« . 0 0 10.26
: 0 0 7.55 80 © 2.0 8.21
U 0 0 7.60 U 135 3.35 8.09
P 0 0 , 7.63 P 158 4.0 g.01
83 2.25 7.39 210 5.4 7.91
c 126 3.2 7.05 € 246 6.1 7.87
U 148 3.65 6.79 U 265 6.4 7.86
R 195 3.95 6.76 R 322 7.75 7.86
\ 213 5.1 6.75 v - 393 9.0 7.83
E 270 6.2 6.96 E
315 7.25 6.82 276 6.7 7.83
DOWN - 145 3.75 6.94 D 245 6.1 7.86
CURVE 39 1.5 7.46 0 176 4.6 7.86
) 0 0 8.10 w 166 4.5 7.89
315 7.25 6.61 N 96 2.9 8,07
U 360 7.95 6.46 66 2.2 8.15
P 406 8.9 6.38 o L6 1.6 8.35
433 9.75 6.43 U 17 .8 8.62
C 458 10.05 6.41 R ,
U 492 10.35 6.46 v
"R 508 10.65 6.43 E
v 586 12.25 6.44 0 Mins O 9.37
E 610 12.35 6.39 R 1 — 9.54
633 12.45 6.39 E 2 — 9.64
636 12.45 6.38 C 3 — 9.71
653 12.45 6.39 G 4 - 9.78
716 12.85 6.41 ' 5 - 9.84
766 13.0 6.40 E 6 - 9.92
800 13.25 6.36 R 10 10.18
Y 11 10.22

~Continued
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TABLE III - Continued

TRIAL I - continuved TRIAL II - Continued

5.33

35% RPM of CELL DEFLECTION DIELECTRIC ' 354 RPM of CFLL DEFLECTION DIELECTRIC
' CONSTANT CONSTANT
U 398 9.3 7.83 Couple 3 1 0 Mins 11.14
P 436 9.75 7.81 RE- 2.5 _— 11.48
L66 10.4 7.87 COVERY 3 —_ 11.52
C 533 11.2 7.86 5 - 11.81
) 570 11.7 7.81 112 3.1 - 8.61
R 620 12.15 7.43 246 6.35 5.33
v 603 12.0 7.52 ) 326 7.95
E 670 12.25 7.77 P 373 9.0 . 542
666 12.3 7.52 396 9.3 5.42
693 12.5 7.52 c 463 10.65 5.37
800 12.85 7.43 U 510 11.05 5.11
D 633 12.1 7.43 R 543 11.8 5.14
0 633 - 11.35 7.42 v 583 12.2 5.16
w 560 10.4 7.43 E 613 12.35 5.13
N 490 9.25 7.54 : 633 12.5 5.10
373 7.1 7.62 660 12.7 5.08
2176 5.8 7.62 690 12.9 5.08
u 182 Loh 771 D 633 12.0 5.17
RVE 79 2.15 7.98 0 576 10.9 5.1%7
0 Mins. O 8.94 i 488 9.35 5.20
R 1 9.13 N 343 6.7 5.33
E 2 9.16 256 5.6 5.27
C A 9.22 C 145 3.65 5.94
0 5 9,28 U 72 2.35 8.29
v 7 9.48 RVE L3 1.6 8.64
B 10 9.75 0 Mins. O 108.15
R 14 10.19 R 2 — 10.61
Y : E 3 — 10.30
c A 10.88
TRIAL IT 0 5 11.94
v 7 11.05
) E 18 11.37
35% . RPM of CELL DEFLECTION DIELECTRIC R
CONSTANT Y
Couple 3 0 0 11.38
L6 1.5 C8.76
20 2.4, 8.36
U 126 3.35 8.76
P 176 FAN 8.61
210 5.45 8.30
C 255 6.35 8.26
U 278 6.95 8.06
R 326 7.9 7.98
\ 390 9.0 8.04
B
273 6.65 8.07
D 192 5.3 8.12
0 139 3.95 8.29
W 93 2.8 8.62
N - 36 1.45 9.52
CURVE 13 1.15 9.90
- continued - continued
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TABLE ITI - Continued

TRIAL I TRIAL I -~ continued
L0% RPM of CELL DEFLECTION DIELECTRIC 0% RPM of CELL DEFLECTIGN DIELECTRIC
‘ CONSTANT .| CONSTANT
Couple 3 0 0 17.85 Couple 3 17 - 17.58
0 0 18.52 18 17.69
0 0 18.73 22 18.09
0 0 18.90 25 18.26
U 21 .5 13.05 30 18,69
P 57 1.65 12.86 —
93 2.90 12.60 B
C 132 4.20 12.44 TRIAL IT
U 169 5.4 12.27 _ _
R 208 6.5 12.12 £0% RPM of CELL DEFLECTION DIELECTRIC
v 225 7.0 12.04 ’ CONSTANT
E 286 8.7 11.84 B 0 0 , 18.76
323 9.5 11.70 v 52 1.45 12.32
380 11.0 11.55 - P 75 2.25 11.98
D 270 8.05 - 11.64. 123 4.0 11.90
0 230 7.0 11.63 c . 155 L7 11.52
W 143 L7 11.81 i) 192 6.3 11.25
N 63 2.35 12.31 R 253 7.3 11.28
CURVE 21 1.10 12.97 v 303 8.4 11.23
; 0 Mins O Mins 15.26 E 330 9.15 11.17
R 1 —_— 16.25 363 9.9 11.08
E 2 —_— 16.7¢ 396 10.5 10.96
C 3 — 16.79 D 315 8.65 11.08
o} 4 16.97 0 260 7.2 11.08
very 5 17.11 w 178 5.3 11,1
U 380 10.9 7.08 N 72 2.7 11.58
P T 420 11.65 7.14 46 2.0 11,78
486 12.3 7.14 CURVE 22 1.15 12.51
c 196 12.9 7.09 O Mins O 14.19
U 530 13.6 7.16 R 1 Mins -- 14.86
R 586 14.4 7.14 E 2 Mins - 15.12
v 616 14.6 7.12 c 3 Mins —- 15.29
E 650 14.8 7.16 4] LM - 15.43
630 15.2 7.19 v 5 _— 15.57
D 623 14.0 7.17 E 6 w — 15.69
o 610 13.5 7.19 R 7on 15.78
W 566 12.72 7.19 Y 10 ¢ 16.07
N 500 11.25 7.16 12 16.22
413 9.5 7.16 - 15 o 16.45
c 346 8.25 7.14 20 " 16.74
U 213 5.6 10.83 ' 21 ¢ ~ 16.80
R 132 3.8 11.12 25 " 16.95
v 76 2.65 11.43 25 16.99
E 42 1.8 12.03 342 9.4 11i.12
24 1.2 12.47 i) 406 10.5 10.9¢
R O Mins O 14.30 P 426 11.25 10.91
E 1 _ 14.71 493 12.5 10.91
C 2 _ 15.2¢ c 546 13.15 10.71
¢} 3 15.3 U 506 1.1 10.71
v 4 15.52 R 630 4.4 10.91
E 5 15.72 v 663 14.6 10.61
R 6 15.92 E 683 14.9 10.56
Y 13 17.06 716 15,2 10.47
15 17.29 800 15.2 10.44
—continued - continued




TABLE III - Continued

TRIAL II -~ continued

- &7

TRIAL IIT - continued

40%  RPM of CELL DEFLECTION DIELECTRIC 40% RPM of CELL DEFLECTION DIELECTRIC
‘ CONSTANT . CONSTANT
_ 700 13.8 10.35 D 683 15,1 Le59
D 630 12.8 10.41 0 630 14.15 Lo 67
0 600 12.1 10.39 W 600 13.6 4,61
W 54,0 11.05 10.39 N 533 12.2 L.70
N L66 9.8 10.44 c 462 11.0 L.96
373 8.0 10.59 U 385 Qoly 5.08
C 260 6.0 11.06 RVE 282 7.3 10.44
U 182 be5 11.14 \ 140 Lol 10.87
R 110 3.1 11.22 85 3.3 11.13
v L9 1.6 11..67 58 2.5 11.26
- B 32 lol 11089 }-I-B 2@ 25 llv 51
0 Mins 13.44 R o 0 , 12.74
R 1 Mins 13.87 E 1 - 12.67
E 2 Mins 14.04 C 3 _ 12.64
C 5 Mins 14.22 0 12 -— 12,71
0 10 Mins 14.56 v 18 - 12.76
v 19 Mins 15.15 ERY 35 - 12.82
B 23 Mins 15.38 .
RY ,
TRIAL I
TRIAL III 504 RPM of CELL DEFLECTION DIELECTRIC
A CONSTANT
L0% RPM of CELL DEFLECTION DIELECTRIC o 0~ 33.59
‘CONSTANT 0 0 37.82
0 0 14,04 0 0 33.730
.59 2.2 12.16 U L3 09 21.98
U 93 3. 35 0 11.98 P 95 2.2 20,97
P 141 L8 11l.71 14 3ely 19.93
176 5.95 11.46 C 179 Le? 19.34L
C 226 7¢3 11.34 U 216 5.0 18.85
U 272 8.7 11.29 R 249 5.8 18.5.
R 333 10.5 6.35 v 273 7.0 17.72
v 392 12.0 6.38 E 322 8.4 17.35
E LL6 12.9 6.36 356 9.7 17.12
358 10.6 6.71 410 11.4 15.90
D 233 7.6 11.06 . 412 12.2 -—
0 223 7.2 11.05 D 323 10.0 16.37
W 100 3.85 11..37 0 156 6.5 16.86
N 48 2.42 11.86 W 135 L.85 16.37
CURVE 25 1.62 12.23 N 70 3.15 16.66
O Mins O : 13.81 29 1.75 18.02
, 2 Mins == 13.66 CURVE 328 11.1 16.28
RECOVERY L Mins  -- 13.69 403 12.8 11.29
' 366 11.6 6,00 U L4L3 12.7 2 9.81
430 12.65 5457 P 486 14.6 8.65
L83 13.65 5,23 503 14.6 8.50
550 14.2 5.16 C 520 14.8 7.95
563 14.3 5,16 U 583 16.25 Y
606 15,15 bheOlL R 623 16.8 7.10
636 15.4 5,04 v 650 17.05 6.88
263 15.65  L.95 E 696 17.4 6.76
90 16,0 : L67 2 17 6.
730 16.12 L.70 723 11 &
- continued ~continued



TABLE IIT - Continued

TRIAL I - continued

- 68

TRIAL IT = continued

50% EPM of CELL DEFLECTION DIELECTRIC 504 RPM of CELL DEFLECTION DIELECTRIC
CONSTANT | , CONSTANT
D 663 1645 6.79 R 0 - 17.02
0 625 15.3 7.20 E 1 o 16.95
W 596 145 .07 C L - 17.41
N 506 12.65 7.26 0 17 — 19.30
400 11.0  7.26 VERY 20 —_— 19.69
C 333 945 14.99 69 2.65 7.8l
U 215 6.65 15.03 UuP 252 10.0 8.59
R 128 Leb 15.63 C 1,06 15.2 6.12
VE 67 2.9 16,51 U L73 17.0 6.06
1 Mins 36 2.05 17.84 R L93 - 17.2 6.18
2 Mins 36 . R.05 18.02 v 570 19.1 6.12
3 Mins 36 - 2.05 18,11 E 616 19.75 6.12
5 Mins 35 2,0 18.5L 686 20.0 5oh3
6 Mins 35 1.9 17.85 720 20.15 5,17
0 Mins 0 2L.3L 758 20.25 5,16
1 - 25,77 700 18.85 5,19
2 - 26,61 683 18.0 5,16
170 35.79 656 17.25 5.16
613 16.50 5.16
B 570 15.0 5¢39
TRIAL II 516 14.0 5,86
) 490 13.5 5042
50% RPM of CELL DEFLECTION DIELECTRIC L58 13. 5046
CONSTANT 423 12.4 5.45
R 376 11.1 5.59
0 o 24.95 333 10.0 5.97
0 0 26.06 278 8.8 6.17
0 0 27.09 226 7.65 13.26
0 0 27.35 212 7.2 13,14
U 21 1.15 17.28 150 5.2 13.48
P L2 1.8 15.76 89 3.75 13.90
72 3.0 15,11 51, 2.50 Lhobs
C 110 L.6 © 14,62 41 2.10 14.68
U 151 6.3 14.24 0 0 15.76
R 178 7.75 13.96 1 0 15.63
v 225 945 13.77 3 0 15.69
E 267 11.1 736
333 13.0 7.16
360 14.0 7.16
4,08 15.3 6.76
380 1415 6.88
356 13.4 6.67
316 12.2 6.58
D 286 11.2 6.67
0 258 10.0 6.15
W 222 8.85 13.43
N 159 7.0 13.55
105 4.90 14.19
C 72 3.65 14,79
U 40 3.40 15.73
RVE 33 1.90 16,21

- conbinued
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30% Trial 1 TABLE IV

b DIRECT (C,) DISSIPATION 5. Do=.026 Sx. Cx corrected DIELECTRIC,. Cy
_ RPM CAPACITANCE FACTOR ~ DEFLECTION (1+D%) (14DDg) (1+D®) 14DDg) (1+D2)(1+DDo)  fop stray CONSTANT G
READING 0
0 728.0 0425 0 1.0016 1.001l 1.0027. 726, 510, 778
0 7347 042 0 1.0016  1.0011 1.0027 732.7 : 517, 7489
0 740.0 .0385 0 1.0014  1.0010 1.0024 738 522, 7.97
22 672,2 <0345 o5  1.0012  1.0009 1.0021 670.7 L55., 6.9
L9 663.3 .0365 1.2  1.0013 1.0009 1.0023 661.7 L6, 6.81
123 662.5 <0345 2.6 1.0012  1.0009 1.0021 661,.7 Lb5, 6.79
133 661.8 .035 2,9  1.0013 1.0009 1.0023 660.2 Llidye 6.78
206 657.6 .0352 L6  1.0013 1.0009 1.0023 656, 44,00 6.71L
212 657.6 .0355 Le7 1.0013  1.0009 1.0023 656, L40. 6.71
377 656.1 . 0375 6.0 1.,0014 1.0010 1.0024 648.5 433 6.61
320 65l,.8 .039 7.4  1.0015  1.0010 1.0025 653 437 6.67
370 650,.8 .039 7.9  1.0015  1.0010 1.0025 653 437 6.67
110 654,.3 040 8.9 1.,0016 1.0010 1.0026 652.6 437 6.67
433 655.2 .039 9.2 1.0015 1.0010 1.0025 692.5 436 6.65
483 653.6 « 040 10.2 1.0016 1.001 1.0026 655.8 439 6.70
516 651.8 oOLL5 10.6 1.0018 1.,0011  1.0029 649.9 L34 6.62
553 650.2 . 0405 11.4 1.0016 1.0011 1.0026 648.5 433 6.61
603 6,9.2 .039 12,15 1.0015 1.0010 1.0026 6475 o h32 6.59
683 648.5 038 12.5 1.0013 1.001 1.0023 647 A3L 6.58
690 61,645 .038 12.6 1.0013 1.001 1.0023 645 L29 6.55
61,0 64,3.8 .038 12,7  1.0013 1,001l 1.0023 645 429 6.55
613 643.1 0L 11.85 1.0016 1.0012 1.0026 64,2 426 6.50
600 6ldye 3 <OL6 11.5 1.0020 1.0012 1.0032 , 641 425 6.49
543 64,3.0 0465 11.15 1.0021  1.0010 1.0032 61,2 L26 6.50
463 642.1 .0395 9.9 1.0016  1.001lL 1.0026 641 425 6.49
420 641.1 <0415 8.05 1.0018 1.0010 1.0024 . 640 L2, b.47
366 641.3 0395 8.1 1.0016 1.0010 1,0026 639,14 523 6.16
333 641.1 20345 7.1 1.0016 1.0010 1.0026 639.6 L2l 6,47
275 641.9 .039 6.55 1.0015 1.,0010 1.0025 639.5 L2k 6.47
213 64,2.3 0385 5.60 1,001,  1.0010 1.0024 640 L2l b.47
160 bLl.1 .037 be55 11,0013 1.0010 1.0023 610.7 h25 6.49
152 64,3,0 .037 3.40 1.0013 1.0010 1.0023 612.6 427 6,52
63 668.5 .0368 3,50 1.0012 1.0015 1.002% 641.6 L29 6,52
35 6734 .056 2.0 1.0028 1.0016 1.0043 665,6 450 6.87
0 717.2 062 1.3 1.0038 1.001 1.005L 669.7 L54 6.93
2.5 730.8 052 0 1.0027  1.0016 1.0041 T2 498 7.60
M .0618 0 1.0038 1.0054 726.8 511 7.80
1 0
N
S
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TABLE V
CONCENTRAT ION DIELECTRIC CONSTANT BIELECTIRIC CONSTANT A DIELECTRIC
(Vol %) (Rest Value) with shear (taken from CONSTANT
graph of ¢vs. RPM
‘ STEP T STEP IT
3 2.60 2659 .01
2,63 2.52 o1l
8 3.1 3.01 2.48 .66
3.05 3,01 2015
15 4.03 3.73 43
L}.ol5 3°7O
20 5.78 Le25
l4,088 14»065 o23
25 5,68 5.2 L8
5,60 5e2 < 7h
30 7.96 6.41
7.93 b.45 148
35 11.38 8.0 5.1 3,28 6,28
10.28 7.8 Tl 2.86 -
LO 1415 11.3 4,90 2.85 9.25
18.76 1192 1001)5 6056 8031
18.9 11.6 7.1 7.31 11.8
50 27435 13.6 504 . 1 13.75 21.95
33930 léol{- 3.590 606 1609 26.7




" TABLE VI
Conc. Vol % rest (Av Calc) €rest=Eoil (1+3A,FV) rest = oil
€ viv) s
3% 2.63 $943 2,52
g9 3.11 .863 2.94
15% RE 1.05 3.76
20% 4,.88 1.10 450
J 6.08 1.61
25% 5.94 1.29 5.49
5,68 1.24
‘ 7096‘ 1061
30% 7.93 1.60 6.72
10.26 1.94
359 11.38 2.21 8,39
18.9 3.55
40% 18.76 3.53 10.65
14.15 2.53
33.3 5,3
50% 27.35 4.32 18.4
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TABLE VII
TINE DIELECTRIC av TINE DIELECTRIC . Av
Mins CONSTANT Calc.using CONSTANT Calc.using
1.7 1.7
5% 0 3:90 =908 40% 0 14.3 .56
1 3.91 914 . . 1 14.7 2.65
3 3.92 .935 2 15.3 2.77
7 3.96 9046 3 15.4 2.7¢
15 4..00 .970 ' 15.5 2.82
23 £.03 .982 5 15.7 2.86
o 6 15.9 2.91
) 13 17.1 3.15
30% 0 7.60 1.50 15 17.3 3.20
2.5 7.80 1.56 : 17 17.6 3.27
3. 7.80 1.56 18 17.7 3.29
be 7.83 1.57 22 18.1 3.38
5. 7.83 1.57 25 18.4 3.43
6. 7.84 1.58 30 18.7 3.50
7. 7.91 1.59
a7 7.91 1.59
114 7.94 1.60 50% 0~ 21.0 3.03
: 1 22.0 3.20
2 22.6 3.81
35% 0 9.37 1.71 3 R3.7 3.98
1 9.54 1.77 5 23.7 3.99
2 9.64 1.79 6 23.9 4.03
3 9.71 1.81
L 2.78 1.83
5 9.84 1.84
6 9.92 1.86 -
10 10.18 1.92
11 10.22 1.94
0 8.94 1.62
1 9.13 1.67
2 9.16 1.68
4 9.22 1.69
5 9,28 1.70
7 9..48 1.75
10 9.75 1.82
14 10.19 1.93




TABLE VITT ;
CONCENTRATION|VISCOSITY [COUFLE |, ~ _ |. _ @ | 2 sp/f| INIERCEPT | INTERCEPT X K |TORGUE X C  |COMMENT ON
7 /] (POISE) | USED mw\ nﬂm 7 v '=Tsp (TORQUE) | = TORQUE =f. YIELD |FLOW TYPE
“ 7 o Nw A / . FROM GRAPHS | . VALUE.
ow , / . dynes/sq cim.
3 1.11 1 1,025 2025 03| 835 0 - - Newtonian
1.099 | 1 1.015 015 . 502 0
1.55 1 1o44 ol 545 0
8 1.47 1 1.36 .36 " 081 L5 0 _— — Newtonian
H.oh_\m “_. u..oWH-\ﬁ oWurm wo@b. O
- 1.435 | 1 1. 329 . 329 2.19 0 — — Newtonian
15 1.54 1 1.423 423 15| 2.83 0
1.82 1 1.69 «69 3ehi5 oly non
20 1.985 | 1 | 1.835 <838 o20] 4,17 ol 5,125 17,12 Newtonian
2,07 3 1.915 ° <915 3.66 non
25 2.11 1 1.955 .955 25| 3.82 1.0 12,800 118 Newtonian
2.4,0 3 2,22 1.22 1o 07 .9 38,100 123.5
30 2.478 | 3 229 1.29 «30| 4e31 .9 38,100 123.5 non
2,27 3 2,105 1.105 3.70 1.1 47,900 | 155.1 Newbonian
2,69 3 2.49 1.49 Lo 27 1.5 65,250 211.8
35 2671 3 2,51 1.51 e35| 4e32 1.4 60,990 197.5 non
[ely2 3 Ra 21, 1.2 3.55 - _ Newtonian
3,42 3 3,17 2.17 5.43 1.45 63,000 20k
2.69 3 2.49 1.49 367l non
hO ) Newtonian
3012 3 2,88 1.88 L."70 1.5 65,250 211.8
2.65 3 2:45 1.45 3063 2.0 87,000 282.5
3.20 3 2,96 1.96 3.93 95,750 311.0
3.13 3 2.90 1.90 250/ 3.81 108,500 353,0 non
50 Le55 3 Le22 3.22 6.4, Newtonian
.18 3 3.87 2.87 5,70 56,500 183.0 |
1 . Newtonian

0il 1.08
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TABLE IX

TRIAL CONCENTRATION DEFLECTION MASS (gms) MASS/RPM VISCOSITY ( Mv (POISE)
. (Volume %) (Read from Graph) | (Read from Graph) , .
at 200 at 400 at 200 ab 400 |at 200 rpm at 400 rpm at 200 rpm  at 400 rpm
rom oI rpm rpm :
0 Couple 14.2 at
No.l 450 rpm — 85,5 _— 190 S 1.08
0 Couple 3.8 at .
No.3 433 rpm — 82.5 - 2191 - 1.08
N w .@e wv« HWo@W
at 500 - wm.ﬂ 96.5 0193 194 1.10 1.10
rpm o
1 8 8.40  16.75 51.0 101.5 <255 <25, 1.45 1e45
L2 15 8,90  17.9 54,0 108.0 0270 <270 1.5k 1.5k
1 20 10.85 21L.7 65.7  130.5 328 «326 1.86 1.85
3 25 12,25  24.5 7.0 147.5 +370 <369 2.10 2.09
L 25 13.1 26.0 79.5 - 397 — 2,25 s
TRIAL| CONCENTRATION .
at 200, at 600 at 200 at 600 | at 200 rpm at 600 rpm at 200 rpm | at 600 rpm
rom rpm rpm rom
downHp |Qow> |up Aot Up dowm Y p Qown . 0z Aouws n “p Aorn 4y Aown Ub
Corvellonmel L ovve |Cuvve Cuvvellomve| Cunye Cavvel Cuave hc\vcm‘ Luvyrve | Lurye Curve (fyuyyo Covve t Luvve
u.. WO Hasl 4§ _— - N\\N 97 1 - - J— ab‘@O :P@O - —— Ne QN No.‘Nm o -
2 30 S Meas ke Lol - 3| 23g] = | == | 4385 | 0397 - -= | 2.19] 2.26
u.. wm 4.46516.30 0. 9 11 75" JOZ L M3 S R4S ° WHO ° W@W ° uﬂNw oN_.O@ No @O Wo Nul Nou..w ,No WN
2 35 4 b0 5500 11 357} 12,300 100 | 117 | 235 | 53] +500| 4585 | 388 | 422 .84 | 3,32 | 2.,20] 2.39
u.. NvO | 5.356.751 /3. & 14 4 firefg | 140 2 va <75 0W.NO OwNO oNvmo CD\QN Wewb- We @m Nc&N ND mo
1 50 8 | eS| - [ 5050357 am | am | 507 | 0562 -— - | 2.88| 3.19
2 .50 17.019,5] /6.2 19301471 177 1 330|393 «7135] «885| 4550 | .655 Lel7| 5.03 | 3.12| 3,72




TABLE IX - (Continuved)

TRIAL VISCOSITY (-2)(POISE) |4/ =% oV = G 2
_ g / w \Ww / “sp Jsp /@
5 T ” (
; at 200 rpm at 400 rpm pt 200 rpm at 400 |at 200 rpm abt. 40O at 200 rpm - at 400 rpm
. rom rom
—— 0 — 1.08 e 1.00 o 0 - 0
- 0 . 1.08 e 1.00 —— 0 - 0
2 «03 1.10 1.10 1.02 1.02 02 o002 .67 .67
1 .08 1.45 1.45 Le3h 1.3 o 3 + 34 holS5 ? Le257
2 .15 1454 Losh | L2 1.42 42 42 2.79 2.79
1 » 20 u..cmm u«omm wawm u-o»NH.. QQN O.Nu.. wowo ’ womw
w aNW | Nouno NoO@ HOQW H.e@m.v o@W O@D\ wa‘N& WGQN.«\
L .25 2.25 — 2.08 - 1.08 - Lo 32 -
TRIAL) CONCENTRATION , . .
; at 200 rpm | at 600 rpmjat 200 rpm at 600 |at 200 rpm at 600 at 200 rpm | at 600 rpm
ropm rpm _
down |up down |up |down |up dowan|up down |up down | up
curve  CUrve CUrve| CUrve CUrve CUTVeC..dlum curve| curve | curve curve
1 .30 2.62 12,78 | —= | == | 2,42 2,58 |- b= [L42[1.58 | - 4= LTl 15625 | == | -
2 .30 —= | e= [ 2.19 2026 e | e 203307 wm | =- [1.03[1.09 == | == | 3ubh| 3.65
1 .35 2:90 | 3021 | 2,13 |2.32 | 2.69 2,97 |em 26501.69 1,97 | == [1.15 | 482 15,62 | —- | 3.29
2 + 35 268l | 3:32 | 220 |2:39] —= [3.08 Roole | mm 2,08 1.0 — = 1595 | 2.97 ~--
1 o0 3:2L 13.98 | 2,62 [2.80] 3.00 3.68 lev42.592,00(2.68 1421159 5,00 [6.70 | 3.55| 3.98
1 .50 — —— 288 319 ww o b7 e em [L.67(1.96 —_— - 3.3 | 3.91
2 50 Le17 [ 5:03 | 3.12 13,72 3.86 4.66 |189)5.442.86 | 3.66 1.89 2.4, 5,72 [7e32 | 3.78 | L.88




HIoH SHEAR

0 =
— 4

LAYISNOO OLHLIOTINIG

- FIGURE 24 -




(¥ $T0A) F3VHL JISHEASIA J0 HOTLYNLIIONDD.

NYHO

A

{50) INYISNOD JIHIOATIIA NI

_ FIGURE 25 -



N

-~
Er
Pt

a1

mm——

- 90

N,

- FIGURE 26 —




- 91

{SNIW). Al L

g 9

 HOISYALSIA $5€

NOLSHIASIA %0E

~

LT

81

61

UEAOTENOY

D11V

1

{AY) HO10V4

~ FIGURE 7 -



0 (SNINW) "aTL

NOTSHALSIO %0y




- 93

08 gw

(% THOTOA) TSYHI QISMADSIA 40 NOLLVUINZONOD

o7

5

o

sz

oe ST o1

B

e

| B |

- SALYY YYEHS MOT---

SLLYY ¥YTHS ISTHOIH--- @)

¢ 1

14

Gt

oY

Sy

(39154) ALISOOSTA
= FIGURE 29 -



= 94

nH

S (TUEAVIOA ) ToVRd GASAES T 40 SOL LY AINTON0D

=y

9g

83

M

I

saiva wvams Mot --- )

STLYH UVEHS 1STHOIH - - t@ .

LS
™~

3289

1943

oY

g1

.

RN

- FIGURE 30 -




' A
e
- FIGURE 31‘_

saLvy wvaHs mo1--- ()

SALVY HYIHS LSHHOIH iq@




- 96

DISCUSSION OF RESULTS

A linear relationship was found to exist between the dielectric
constant of the emulsion subjected to high shear rates and the concentration
by volume per cent of the dispersed particles when the dielectric constant
of the dispersed is much higher than that of the medium (See FIGURE 2h).

A similar relationship for spherical particles was derived theoretically

by Bruggeman. This relationship was characterized by a proportion factor 3.
Voet also observed such a linear relationship With various dispersions.
However, his datum on emulsions is very incomplete and at the higher con-
centration his agreement was poor. His proportion factor varied from 3 to
higher values, up to 24, Further, he observed that systems having a shape
nearest the spherical had the lowest proportion factor and as a result, he
introduced a form factor which expressed the deviation from spherical shape.
The largef the form factor the more the deviafion from spherical shape.

Voet’s (1) experiments on diépersions show that the change in
dielectric constant is sensitivé to the shape of the particles. Since the
solid (spherical) particles of zine could not change shape he attributed
the deviation of the form factor from unity to particle agglomeration,
that is, flocculation or formation of particle chains. In our experiments
on emulsions then the observed changes in the dielectric constant can be
attributed to two effects. (1) Change from spherical shape, and (2)
particle agglomeration. | '

Rest values of the various dispersions calcuiated (see Table VI)
with the simplified Bruggeman equation (Equation 2) agreed reasonably
well with the experimental values which were obtained under shearing

stresses (See Table V). This comparison is justified since the

~
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Bruggeman equation was derived on the theory that the dispersed par-
ticles were independent of one another. The theory presented here
would have the agglomerated structures broken up under shearihg stresses
resulting in the particles acting independently. Various shearing forces
were necessary to obtein this end indicatiﬁg different sizes or strength
of the formed structures.

In addition to a form factor, experimentel evidence points to
the existence of an agglomeration factor which takes into account the
difference between the dielectric constant of a dispersion when at rest
and when subjected to shearing stresses. For dispersions up to 20% by
volume of the dispersed phase the agglomeration factor was found to be
unity indicating no particle agglomeration (i.e. particle acting
independently) and thus resulting in Newtonian type of flow. (This
was confirmed by the rheclogical date) (See FIGURE 12 and 13). FIGURE
26 shows a plet of the agglomeration factor with concentration. This
data corresponds with that of FIGURE 25 which shows the change in
dielectric constant with &ondentration. It was observed that within
experimental errors there is no change in the dielectric constant at
rest and when subjected to high shearing stresses up to a concentration
of 20% by volume of the dispersed phase. With higher concentrations
the change in dielectric constant rises very rapidly, as does the
agglomeration factor. It was not found possible to relate the size
of the agglomerate with the agglomeration factor. Voet observed by
microscopical observation of dilute suspensions that upon agglomeration,
particle chains were formed and it became evident that increased agglo-
meration necessarily led to an increased length of particle chains

and was therefore connected with a more distant deviation from
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spherical shape, which in turn causéd the increase in the dielectric
constant from which the agglomeration factor was calculated. This
theory was accepted in this investigation because there appears to be
no other reasonable explanation.

As sald previously, the agglomeration factor was unity up to a
concentration of 20%. Values for higher concentrations,§aried up to
5.3. Rates of shear up to 800 rpm were used. When particle agglo-
meratés are subjected to shear they are partly broken up but in the
presence of strong agglomeration forces particle chains will still
exist even at moderate shearing stresses. This will lead to orien-
tation and to a decrease in the dielectric constent and result in
a8 somewhat decreased agglomeration factor without breaking up the
structure. The most reliable measure of the state of agglomeration
is taken at rest. FIGURES 27 éﬁd 28 show the increase in the agglo-
meration factor with time. Since the agglomeration‘factor increases
with time it is evident that a structure build-up is teking place.

It was observed experimentally that very low shearing rates
were necessary to obtain a decrease in the dielectric constant.
However, the more concentratedemulsions required higher shearing rates
to obtain the minimum value. This indicated a strong tendency to
form particle agglomeration. (It should be noted that.these changes
in the dielectric constant could not be attributed to a tempera—~
ture coefficient). Several plots (See FIGURES 20 to 23) show
steps in the dielectric constant with increasing rpm. This can be
accounted for by assuming structures of different strength being

present. This assumption is supported by the fact that different

rest values for different trials were recorded indicating different
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structure formation. Thus a certain shearing force required to break
up one structure would not be sufficient to bresk up another. The fact
that the up curves and down curves have the same pattern seems to be
further evidence in support of this. (See FIGURES 20 to 23). Hysteresis
loops were observed in the lower concentration range. (See FIGURE 19).
‘At present there appears to be no other explanation for these results
except. that they could be due to an orientation or a time effect.

When the shearing forces were discontinued the instantaneous
value of the dielectric constant was not that of the dispersion at rest.
The time required to reach the original value varied considersbly. 4
period of 24 hours was required by several of the dispersions before the
§riginal value was reached. Even this duration of time was not suf-
ficient in some cases. This might indicate the breaking up of a com~
plicated structure which would require a long time to rebuilcé. The
unreproducibility could also be attributed teo the diversity in structure
which reformed when the emulsicn was aﬁ rest. If the shape of the
particles was the sole factor in causing the observed decrezse in the
dielectric constant thén upon removing the shearing forces the original
rest value wbuld be reached instantaneoﬁsly. It would recuire an
infinitesimal amount of time for a spherical particle which was
distorted to say an ellipsoid to refurn to ite original shape. However,
the rebuilding of a broken structure would require a measurable periecd
of time.

A1l the dieléctric constent measurements were taken at a fre-
guency of 10 kilocycles. There appeared to be no great changes in
the readings when taken at 1 kilecycle and 100 kilecycles hence these

were not recorded.
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The rheclogical dafa which was obtainedAsimultaneoﬁsly with
that of the dielectric data shows some enlightening results.

The dispersions up to 20% were observed to be Newtonian (See
FIGURES 12 and 13.) This is in agreement with the dielectric proper-
ties where it was found that up to these concentrations the agglom-
eration factor was unity, indicating that the particles were acting
independently. For diSpersions of higher concentrations hysteresis
loops (See FIGURES 14 to 18) were obtained indicating thixotropic’
systems. The plot of the viscosity and concentration:of the dispersed
phase (See FIGURE 29) is somewhat similar to that of the dielectric
constant and concentration (FIGURE 24). In both cases the break
occurs at 20%. The viscosity és calculated at the high shear rates
appears to satisfy the Einstein eguation. The slopé of the straight
line (FIGURE 30) however, is not 2.5 as predicted for spherical par-
ticles. The value calculated was 5.1 and thé deviation from 2.5 can
be attributed to a deviation of the particles from spherical shape.
The viscosity was calculated at the high shear rates so that the

particles if not acting independently exhiﬁit a minimum relation for

each other, (It should be noted that the proportion factor using the
simplified Bruggeman equation turned out to be 5.1 resulting in a form
factor of 1.7). TYield values were calculated (Teble IX) for the
thixotropic systems and were found to increase with increasing con-

centration.

The rheological data obtained for the cil alone showed it to
be Newtonian in behavier under stresses of over 700 rpm. (See FIGURE 11).
Since no thixotropic loop was obtained it follows necessarily that '
up to this shear rate the cil ié not thixotropic.

On investigation of the dielectric and rheclogical behavier of
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the dispersions over the investigated range it appears that the system
changes at the concentration 20% from one of Newtonian té one of nom-
Newtonian. It was further observed that the viscosity was still changing
after the dielectric constant had reached avminimum. This can only be
explained by assuming that the shape of the particles has more effect
on the viscosity than it has on the dielesciric constant. That is the
viscosity is more sensitive at high shear rates to the shape of the

particles than is the dielectric behavior.
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