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INTRODUCTION

Emulsions are an important class of pharmaceuticals. They rep-
resent a useful dosage form for drugs, especially those which are insoluble
liquids. Being fluids, emulsions for oral administration are frequently
more readily accepted by the patient who finds tablets or capsules difficult
to swallow. Emulsified ointments are commonly preferred to those with petro-
latum base because of more rapid release of medicament to the skin as well as
greater ease of removal from the skin and clothing. Flavors are frequently
Prepared in emulsion form in order to have sufficient concentration of oil
in the agqueous medium. Further, emulsions are used almost exclusively as
the base for cosmetic lotions, shampoos and facial creams.

The usefulness of an emulsion is strongly dependent upon its flow
properties. Emulsions for internal use must have sufficient viscosity to
prevent sedimentation and at the same time flow readily so as to be easily
poured and swallowed. Those for parenteral use must be easily forced through
a hypodermic needle. Emulsified lotions and ointments must behave as solids
when undisturbed and yet be soft enough to be readily spread upon the skin.

In spite of the importance of rheological properties of emulsions
little krowledge of their flow properties is available. No correlation be-
tween rheological properties and ultimate applications of emulsions has been
proposed. Thus, one who is preparing a new emulsion must depend upon the
sense of touch to evaluate his efforts, and a laboratory marketing an emul-

sion must depend upon some arbitrary control procedure or simply hope that



variations in mixing, milling and other phases of the process wlll be so
small as to furnish a uniform product.

It appears, therefore, that the development of more logical ap-
proaches to formulation as well as the establishment of better control of
product uniformity for emulsions will depend, to a large extent, upon the

extension of knowledge of their flow properties.



LITERATURE REVIEW

RHEOLOGY OF EMULSIONS

Equations for Non-Newtonian Flow

Emulsions have been found to exhibit both Newtonian and non-New-
tonian flow, depending upon concentration of internal phase and cocmposition
¢ the suspending medium, but those of greatest interest to pharmacy, i.e.,
with concentration of dispersed phase above five percent, exhibit non-linear
flow. In such case, the simple equaticn for viscosity:

F/s =1,
where F is stress, S is shear and I&_is coefficient of viscosity, no longer
is applicable. The equation of Bingham for plastic flow:
(F-f)/s =le1'
where f is yield value andlKQEk is the coefficient of plastic viscosity, is
equally inappropriate, since 1t demands linear flow beyond a fixed value of
stress.

Non-linear flow has been the subject of much investigationl’2’3’h’5,
but only three equations have emerged which are generally useful in describ-
ing experimental data; these are the Williamson equation, the Structure equa-
tion and the Ree-Eyring equation. The three equations have in common the
property of reducing to the Newtonian expression under suitable conditions,
and the first two may reduce to the Bingham equation as well. Thus; these
may be considered as generalized flow equations and not applicable exclusive-

ly to non-linear systems.



The Williamson Equation

Williamson6 proposed that the total stress, ¥, consists of two

components, Fp, due to plastic resistance, and F,, due to ordinary viscous

resistance, He found that the relationship of Fl to shear, S, could be de-

scribed adequately by a simple hyperbola and thus obtained the following
equation:
F=F +F,= 15 + (05,

1
s + 8
where s and f are constants defining the curvature and anis a constant de-

scribing the ultimate viscosity approached by the system at high rates of
shear.

It is readily seen that Fl will become zero for linear flow so that

the equation becomes the simple li;;ér expression for Newtonianr systems with
ILEL_equal to flf Also, for plastic flow s is zero and the equation becomes
that for a Bingham body.

Williamsén used the ratio, £Z§J as an index to plasticity and the
ratio, f/s‘qco, as a "false body constant” and was able with these terms to
define the brushing qualities of paint in a useful manner7. He also noted
that the viscosity at extremely low shear or limiting viscosity, ILQJ could
be expressed as:

Yz° = ©/s +.sz30

Shangraw8 noted that although the Williamson equation had been

used successfully by Williamson and had been praised as the best equation

avallable at that time for non-Newtonian flow curves9 it had not been used

widely by others. . On the basis of his own results, Shangraw presumed that



limited use had been made of this equation because of the large errors involv-
ed in estimation of the constants by Williamson's methods. The first of these
methods was graphical and would be expected to result in large errors unless
data were available for extremely high rates of shear. Williamson's instru-
ment was unusual in that it did furnish extremely high shear. The second
methcd for estimation of the constants for the Williamson equation utilized
three data points to estimate three constants, a procedure likely to involve
large errors.

To estimate the consbants more accurately, Shangraw converted the
equation to the linear form:

F o= f + ngs + nad - (F/8)(s),
which may be expressed as:
F = by + byS + bF/8,

where by = T +Y(oo s, by =YQ°° and b2 = -gs. This expression could be evaluated

by least squares and thus could be fitted with any number of data points. By
this means Shangraw obtained constants for the Williamson equation which gave
predicted values generally within one percent of experimental when applied to
methylcellulose solutions.

Shangraw also found that plasticity constants, EZE) and false body
constants, f/sTLo, could be related to concentration of methylcellulose by
log-lcg expressions. He utilized the values of limiting viscosity, ILQJ to
calculate specific viscosity5yz_§£f which fitted the common form of plot

used to obtain intrinsic viscosity, i.e., log]z Sp/c vs. C, where ¢ is con-

centration.



The Structure Equation

Grimlo, using the method of Shangraw, applied the Williamson equation

to data on suspensions of salicylamide in methylcellulose solution. He found
the equation to fit flow curves in an acceptable manner but was unable to find
any consistent relationship between constants of the equation and concentra-
tion of suspended material. Grim noted that the hyperbolic portion of the equa-
tion was arbitrarily selected as being suitable for describing flow data and
that the portion of the flow curve most dependent on this function, that at

low shear rate, showed the greatest deviation from the equation. Examining

this part of the Willliamson equation in detail, Grim isolated values for visco-

elastic flow:

Fi =F -%sS = _f8 .
s + 5

Converting this to linear form, he obtained:
1FL = e+ (s/7)(y/8),

so that a plot of l/Fl versus l/S should be linear. Values plotted in this

manner demonstrated a definite non-linearity at low and high values of §;
thus Grim concluded that the simple hyperbolic function was not a correct
representation of the viscoelastic resistance,

Grim proposed that the total resistance to flow was composed of two
components, as stated by Willliamson, and that one of these 1s viscoelastic.
The second component was said to be plastic, rather than Newtonian, since the
flow curve at high rates of shear, though linear, has a positive intercept on

the stress axis; thus:

Fp = £ +7,S,



where Fp is plastic resistance, f being the intercept on the stress axis ob-

tained by extrapolation of the linear portion of the curve and Yiagbeing the
slope of the linear portion. Grim stated that the viscoelastic resistance
decreases with rate of shear, becoming zero when the flow curve becomes lin-
ear, and that the decrease in viscoelastic resistance with shear is proportion-
al to the resistance remaining:

dF_/ds = - af_,
where F, is viscoelastic resistance and a is a constant of proportionality.
Integration yielded:

In F, = - aS + InI,

1nT being the constant of integration. Grim expressed this in the form:

Fv = bve*as,

where by, called the viscoelastic constant, is I from the previous express-

ion. Thus, the final equation, called the structure equation, is:
F=f 4,8 -be™®,
Putting the expression for viscoelastic resistance in the form:
F,=f+¥,8-F=0be2,
and plotting calculated values of FV versus E:EEJ using the arbitrary value
of 0.001 for a, Grim showed that this equation fitted experimental data bet-
ter than the Williamson equation. Further, he found the slope cf the linear
portion,igup, fitted experimental curves better than that calculated from the
Williamson equation.

Applying the structure equation to suspensions, Grim found the

reciprocals of f, b, and !&o to be linear functions of the volume



concentraticn. Intercepts of these lines, representing infinite resistance,

were judged to be a function of ultimate settling volume of the suspensions.
The Ree-Eyring Equation

Eyringll consldered the flow of a liquid as a rate process and
applied the theory of absolute reaction rates to the problem of viscosity.
A 1liquid is considered to be made up of holes moving about in matter, these
holes playing the same part in a liquid as molecules in the gas phase. Eyr-
ing considered two layers of molecules in a liquid, at a distance 1&L_apart,
where one layer slides past the other under an applied force, If f is the
force per square centimeter tending to displace one layer with respect to
the other, and éil_ the difference in velocities between the two layers,
then, by definition, Y( = fixr/AU'where Il'is the coefficient of viscositye.
The motion is assumed to involve the passage of a molecule from one equilib-
rium position to another in the same layer. In order for this to occur, a
suitable hole or site should be available and the production of such a site
would require expenditure of energy, since work must be done in pushing
back other molecules. Thus the motion of the molecule may be regarded as being
equivalent to the passage of the system over a potential energy barrier (Fig.
1). Eyring defined the dimensions of the system as:

N = the distance between two successive equilibrium positions

in the direction of motion,
%g = the distance between molecules in the direction of motion
/\L = the mean distance between two adjacent molecules in the mov-

ing layer in the dlrection perpendicular to the direction of
motion.
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The potential energy barrier is considered to be symmetrical, so that the
distance between the initial equilibrium position and the activated state
is 1/2 A . The applied force acting on a molecule in the direction of flow
is T A”-AB and, therefore, the energy acquired by a moving molecule whén it

has reached the top of the potential energy barrier is ;/2f)\z)y,A « The

force causing the flow thus reduces the height of the potential energy bar-
rier in the forward direction by an amount l/2f )waﬁA , the height in the
opposite direction being increased by the same amount. From the theory of
absolute reaction rates, the number of times a molecule passes over the energy
barrier, and hence moves in any direction, per second, is given by:

1 +
Kk =£2 Fr - € /KT,

]

F

where é&_is the energy of activation per molecule at O° Kelvin, ¥ and F
are the partition functions of the initial and the activated states, respec-
tively, K is the Boltzman constant, T is the absolute temperature, and h is
Planck's constant. Therefore, the specific rate of flow in the forward dir-
ection 1s given by:

kp = kT i o-(€, -1/28 A A3 N )/xT,

h
or

k :kel/gf/\v.)\:«,)\/KT
b )

and the rate in backward direction is given by:

kb = ke‘l/Ef Az A A /KT'

The distance moved by the molecule per second, and hence the rate of motion,

is given by kf,\ in one direction and kb,K in the other, since the molecule
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moves the distance )\ every time it passes over the potential energy barrier.

The net rate of flow AU, is equal to (kg - ky)N\ . Therefore:

P

AU = k(el/2 ANz A /KT_e _1/2 f/\z)\B/\ /KT)

or

AU=2Ak sinh |£f re As A
oKT

The expression for the viscosity of the liquild may then be written as:

Yz = )\l Ny .
2 Nk sinn(f A; A3 A/ 2KT)

Ree and Eyring12 applied this equation to develop a generalized
theory of non-Newtonlan flow. According to this theory, a system is made
up of different groups of flow units. The flow rate of the system is sup-
posed to be a function of the relaxation times of the flow units which con-
tribute to the flow process, the distribution of these relaxation times and,
in the case of thixotropic flow, the deformation of the system with stress.
The mechanical model of the system is as follows:

1. There are n groups of flow units differing in relaxation

times and geometrical directions.

2. The fractional area on a shear surface of the n®® unit is

Xp, and the shear stress per unit area acting on this area
15 fp.
3. All™Units on the same shear plane move with the same shear
rate.
From Eyring's viscosity equation, the rate of shear is given by:
s=(A/A )2k sinh Ty

where:

A= (AaXsX) /2.
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The force acting on the units of the nth group is xp fj, and the stress, f, is

given by:
n

f = n§=:l xpf,

Substituting from the equation for the rate of shear, we obtain:

n
f = r%:?l xp sinh-l [an
n

Bn l/ﬂA//\, )n KK;J

En,is a constant proportional to the relaxation time of the n®l kind. The

where:

equation for viscosity may be written as:
n lﬁ
Y‘( = ;32—.—_:1 X, ﬁn sinh™ Pp 8.
"L F'n S

The function, (sinh™t ﬁns)/pn S, has the property that:

lim
BS—> 0 sinh™Bs =1,
S
and:
1lim

Bs~ -eo ginh~l B8 = 0,

B S
This is the generalized viscosity formula for non-Newtonian flow developed

by Ree and Eyring. To illustrate, we may consider a system with three flow

groups so that the equation may be written as:

N - x B+ x5 stont s+ x3 B3 sinn-18ss.

A o B2 % F®

The first term would represent the condition for Newtonian flow:

Brs<K 1

and:

(sinn™B.5)/B,s ¥ 1.
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The second term might be thought of as representing the case where:
Bos2 1,

a condition for Newtonian flow at low rates of shear and non-Newtonian flow at
high rates of shear. The third term might be thought of as representing the
case where:

Bs 2?7 1,
which is the condition for non-Newtonian flow. One or more components, with
appropriate values for the constant QEB might be required to describe the flow
properties of a given system.

The equation was applied by Ree and Eyring to the data of Saunder
and Treloarld for masticated rubber at temperatures from 40° to 140°, and to
the data of Mooney on lightly milled crepe at temperatures from 69° to lhoolu.
Agreement with experimental observations was found to be satisfactory. The
constant g&_was found to be independent of temperature because of the fact that
the quantity, A~ /\3)\ , increased linearly with temperature.

The Ree-Eyring theory represents a theoretical approach to the prob-
lem of non-Newtonian viscosity. It is based on the fundamental properties of
the constituents of a system and permits the calculation of the thermodynamic
gquantities related to the kinetics of the flow process. It also permits a
theoretical study of the temperature dependence of viscosity. The equation
could be applied to calculate flow curves of reduced shear rate versus shear
stress, so that viscoslity data at different temperatures could be directly
compared. The expression for reduced rate of shear may be written as:

S, = S exp (AH*/RT),
where _g;gfis the enthalpy of activation, R 1s the gas constant and T is the

absolute temperature. Ree and Eyring applied this method to the data of
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Mooneylu, Bestel and Belcher15 and Spencer and Dlllonl6

Satisfactory agree-
ment between observed values and those calculated using the reported value
for heat of activation was observed.

Maron and Piercel! applied the Ree-Eyring equaticn to the data of
Maron and Fokl8 on the flow behaviour of synthetic latex. The equation was

found to be satisfactory with the assumption of one Newtonian and one non-

Newtonian component, as follows:

1 'Xl Qltéi B> sing=tles (3 a1 Pos

28
or:
Yl o+ b stnnt Bos,
28
where:
a=x L,
°<l
and:
b =X (32.
5

Empirical relationships of the constants, a, b, and ﬁg’ with the volume frac-
tion of the dispersed phase were described and the temperature dependence of
the parameters was also determined.

Ree and Eyringl9 extended their treatment to solutions of high polymers.

They designated the solvent molecules as the zeroth group, so that:

r( Z X, (3 sinh-1 B,s.

=0 An BIIS
The contribution of the solvent is taken as Xo’lo , where Y(o is /; ég .

Bquations are then derived for the relative viscosity, intrinsic viscosity,
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limiting intrinsic viscosity and the inherent viscosity, using the basic
definitions of these coefficients. The data of many workers, on polymer
systems, is reviewed in light of these equations.

Effect of Concentration of Dispersed Phase
on Flow Properties of Emulsions

Fundamental Equations

Although many investigators have found empirical relationships be-
tween some function of viscosity and concentration of dispersed phase of emul-
sions, relatively few of these equations have theoretical foundation or prom-
ise of wide application to different types of emulsions. The first signif-
icant equation relating concentration of dispersed phase which was derived
theoretically was that of Einstein. Although his equation was developed for
dispersions of solid particles it served as the basis for theoretical express-
ions for emulsions as developed by Hatchek, Taylor, Richardson, Mooney and O0ld-
royd.
Einstein's Equation

The derivation of Einsteingo is quite complex and several approaches
have been used to arrive at the same result. Probably the most easily under-
stood derivation 1s that presented by Sadron®l which utilizes the method of

22 and Jeffrey23 in evaluating the components of flow. A resumé of

Burgers
Sadron's presentation is summarized below. The assumptions are made that
(1) the particles are rigid spheres, (2) there are no interactions between

particles, and (3) all the particles in the suspension are identical and the

suspension is homogeneous.
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Considering a liquid in a system of laminar flow parallel to the
x-z plane, the components of velocity may be stated as:
u=uly), v=0, w=0,
the component u being a function of y, the position of the layer in the body
of the liquid. The velocity gradient, or rate of shear, S, 1s expressed as:
S = du/dy.
When a particle is irntroduced into the liquid, flow is disturbed, resulting in
additional compounerts of flow, u', v', and w', due to the presence of the par-
ticle. The velocity of the liquid will have new components, uy, vy, and wy.
These components must be evaluated by integration of the Stokes-Navier equa-
tions with the boundary conditions that there is no slip at the surface of the
particle and that at infinite distance from the particle the initial flow is
maintained; that is:

Uy = U, vy =W =V =V = O,

1

For the first condition it is necessary to know the motion assumed by the par-
ticle. For this purpose an arbitrary velocity is assumed. for the particle,

and expressions for Uis Vqs and LAY

are evaluated for the specified boundary
conditions. Next the force and torque produced by traction on the particle
are calculated. Sinee these must vanish for the specified boundary conditions,
the relations determining the actual velocity are obtained.

In the case of an ellipsoid particle where a is the length of the
semi-axis of revolution, b is the length of the equatorial radius, p is a/b

and e 1is (p2 - 1)/ (p° + 1), Jeffreye3 has shown that, if the direction of the
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axis of rotation is defined by the angles gi_and ji, the corresponding angular

° ®
velocities, © and ¥, would be given by:

6 =5 e sin® cos@® sin*f cos ‘(D s
f S [?2/(p2 +1) - e sin® f{] .

For a spherical particle, a is equal to b and éi'becomes zero, while jlihas

I

the value of ngg. Thus, a sphere rotates around the z-axis with an angular
velocity of (1/2)S. A point on the surface of the sphere will have the velocity
components:
u=(1/2) sy, v=(1/2) s x, w =0,

and the components of additional flow may be expressed as:

u' = u-u = -(1/2)sy,

vi= vy -v = -(1/2)sx,
'

=w,-w = O.

w 1

Inserting these values into the Stokes-Navier equations, the components of
additional flow are calculated to be:

(5/2) a3 s x2yr2 + (1/6) s a5 (3 y r-5 -15x%° y r-1),
~(5/2) 83 s x y2 -5 + (1/6) 5 a5 (3 x r5 - 15 x y° »=T),

1]

ul

!
w' = ~(5/2)a3sxyzr2+ (1/6)Sa 15xy z v,

where r 1s the distance of the point from the origin and a is the radius of

the particle. The second term 1s of the order of a? r'u, and may be neg-

lected if a® r™° is small, a condition that is assumed to be fulfilled.
Considering two planes with coordinates y1 and -yo, when there

are no particles in the liquid, the undisturbed flow is given by:

u=28yy, v=w-=0
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Next, in a suspension containing c particles per unit volume, a layer parallel
to the x, plane is considered, with ordinate y and thickness dy such that:
Vo < Yy <yl’
and xg, y and Zg are the coordinates of the centre of a sphere in this layer.
The additional flow due to the sphere at a point A (x=0, yy, z=0) on the sur-
face of the sphere would be given by:
ug = =(5/2) 8, a3 x5 (y1-v) r3°,
as already indicated. A calculation is made of the x component of the addi-
tional flow due to all the particles contained in an element of volume around
the point (x_, y, z,) and this is calculated to be (ui.c.dxg.dy.dzg) for
(c.dxs.dy.dzs) particles. Thils component produces a retardation of the flow,
and the retardation due to all the particles, 5&;, in the layer of thickness
dy is:
_— =0
6&_= -(5/2) S a3 (yl-y) c dy j{nxg r;5 dxs dzs.
This integral is evaluated to be:
(2/3)% (y1-y)7%;
therefore:
§1 = -(5/3) s, &3 c dy.
Similarly, the retardation at the plane (y = —ye) is given by:
So = +(5/3)f 8, 83 ¢ dy.
The relative horizontal velocity of flow in the planes (y = y1) and (y = -yp)

1s now decreased from S, (yl + yg) by the amount éi; where:

é:6l+62=<uywﬁsoa3cd%
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Summing up the effect of all the layers from -y, to Y1s the relative horizontal

velocity of the two planes is calculated to be:

Solyy + ygﬂ:l_—-<lo/3)ﬂa3§ = 8, (y1 + yp)(1-2.5 ¢ V),

where V is the volume of one particle. Now a calculation is made of the addi-

tional shearing stress, 7', on the plane (y = yl). This is given by:
/l\-! = TZO aU' + aU' .
oy 9 x

Since u' and v' are independent of x, T is given by:

T' - r(o ath

Qv
The additional shear rate, jiyij produced by a single sphere, (xs,y,zs), is
calculated to be: oF
QU = —(5/2)(x§ r> -5 xg yf r=T7).

oV
On integrating over all spheres in one layer, and then over all layers, the

resultant value vanishes. Therefore, the effect of the presence of the parti-
cles is a reduction in the relative horizontal velocity of the liquid in the
planes (y=y;) and (y=y5). The total rate of shear and the total shearing
stress at the planes are the same as before introduction of the particles.

It is now assumed that the planes (y = y;) and (y = yo) are the
walls of a rotational viscometer. It should be noted that:

d =y, +¥
U = Relative velocity of the two walls.

When the viscometer is filled with the dispersion medium and run with a

relative velocity, U,, the shearing stress, T, is given by:

To = Y?oUo/d- =Y(OS)
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where n o 1s the viscosity of the dispersion medium. When the particles are
introduced in the dispersion medium, the planes move with a relative velocity
U given by:

U=das, (1-2.5¢ V).

:I} the shearing stress at the wall, is given by:

T e =Ry, 125 e N/,

where IL ig the viscosity of the dispersion. Since

.

’r‘= 1/01
Mo%d =0 (1-2.5 ¢ V)/a;

therefore,

Tlo = 7(1-205 c V).

Ag ¢ 1s assumed very small, this may be written as:

YZ =?O (L+2.5¢cV),

and letting cV = Zi! the volume fraction of the dispersed phase,
N =Yo (1 + 2.5 ).

This i1s the well known Einstein equation for a dilute suspension of rigid
nouninteracting spheres.
Hatschek's Equation

Hatschek24 derived an equation for the viscosity of an emulsion
with a high concentration, 50% or more, of the dispersed phase, that would
take into account the sharp increase in viscosity with increasing concen-
tration of the dispersed phase. He considered a system containing uniform
spheres. If the number or size of the spheres increases until each sphere

touches twelve others, the particles would occupy 74.04% of the total volume.
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The twelve points of contact would be the centres of the faces of a dodecahedron,
and with any further increase in concentration, flattening of the particles
must occur and the faces of the dodecahedron would be developed more and more.

Two horizontal planes of the system are considered, one of which
moves with a velocity v relative to the other; the velocity is considered to
increase uniformly from one plane to the next. Since the plane would be a
cross section through the dodecahedron, the particles would have hexagonal
shapes in the planes. If the system is sheared, the polyhedra must slide
over one another, and Hatschek proposed that the movement cannot occur with-
out distortion of the particle shape. As the movement continues, the hexagons
would assume rectangular form, and on further displacement, the particles
would revert to the hexagonal form. On the basis that the particle must oc-
cupy the same volume all the time, the dimensions of the rectangular parallel-
epiped formed at the point of maximum distortion are calculated to be:

S

length = 3r,
where r is half the distance between two parallel faces of the hexagon. These
distances are measured from the middle points of successive layers of the con-
tinuous phase separating the particles.

The factor tending to cause the return of the particle from the
rectangular parallelepiped to the dodecahedron form is the interfacial ten-
sion between the two phases. The factor opposing this tendency is the vis-
cosity of the two phases. Hatschek proposed that for every system there is a

critical velocity beyond which the particles would not return to their original
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dodecahedral form. Hatschek's equation treats only the case where this velocity
is exceeded, since the treatment below the critical velocity is considered
quite complex.

Since the distortion of the particles results in an increase in the
surface area, work must be done in the process. Hatschek considered an element
of volume in the system having the form of a parallelepiped with a square base
and height, 1, consisting of a particle of the dispersed phase of thickness d
and the corresponding layer of the continuous phase around it. The work, A,
required to cause displacement of the whole volume is given by:

- 2

A= XI nd ’
where v is the velocity and ﬂ; is the viscosity of the system. The work, é}f
required to cause displacement of the dispersed phase is given by:

Al=z§mo
It is proposed that, since both terms have the same form, the quantity llé
represents the ratio of the viscosity of the system to that of the continuous
phase, That is:

sz.%,o(l/d)

The ratio, é[g! is represented by the ratio, f, of the total volume to the

volume of the dispersed phase. That is:
_¢1/3

1
a . 1/3-1

_ /3
=1 f_fIfs_l

If the total volume is taken as 1, and the volume fraction of the dispersed

.

Therefore:
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phase as (D , Wwe may write
N =1, /- 92,

this being the conventional form of Hatschek's equation.
Taylor's Equation

Taylor25 extended Einstein's treatment to liquids containing drop-
lets of a second liquid in suspension. Noting that the analysis would be
extremely difficult if one considered the deformation of the droplet caused
by viscous forces, Taylor limited his analysis to conditions of low shear
or small particle size so that the surface tension of the droplets would keep
them spherical. Further, he assumed that there is no slippage at the particle
surface and that any film on the surface merely transmits tangential stress
from the outer fluid to the droplet. Using the analysis for slow motion of
a viscous fluid presented by Lamb26, Taylor pointed out that the expression
for each component of velocity contains three functions, one relating pres-
sure distribution, the second representing an irrotational motion in a field
of uniform pressureg and the third representing vortex motion. Following
Elnstein, Taylor chose coordinate axes parallel to the principal axes of
distortion, causing the function for vortex motion to disappear. Thus, the

equation for one componernt of velccity becomes:

u=|1 e OPu + MTEK"‘?) 0 <PM )] + EQCDM ’
X

M oz(zn+l) ) x  (A+L)(zm+1)(2™3) o Ulre *L
where u is the component of velocity, M is the viscosity and r2 = x2 + ye + z2.

With unidimensional flow (g =Xy, V= 9), the irrotational flow at great
distances from the droplet whose center is the origin of the coordinate axes

can be represented by:

Q)g = 1/h X (%2 - y2).
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Taylor defined the appropriate functions _dl] and pp for outside the

droplet as:
= (%2 - y2 = 5x2 - vy2, Py =M 3 x2 - 2
@2 1/4 A (x ye), @_3 B3 a’ X y=, P3 A_3ad x ye ,

r r
and the functions for the liquld inside the droplet as:

Db = Bo(x2 - 32), P2 = M! Ap a2 (x2 - y2),
where B;3, A_3, ]_3?_ and A_g are constants to be determined by the boundary con-
ditioms, M and /\__Jg are the viscosities of the main body of the fluid and the
droplet, respectively, 3_2_ is }f_ + LQ + 5_2_, and a is the radius of the drop.
Substituting these into the equation for velocity components the following
expressions are obtained:

Outside the drop:

1/2 A3 a3 x x2 - y2 + B2 a5 -|5x(x2 - y2) + ED+ 1/2«x
rD 3 rl FD_

1/2A3a3yx2-;[2+33a [z - y° -_@-l/%(y
w=l/2A3a3zx2 12 +B3a5k2 Z]

Inside the drop:

u

<
1

ut = Ay a=e | - 5_xr2 -z x(x° - yg):) + zBox
zl zl

v' = Ay 8@ [— 5 yre -z y(x° - yg)] - zBoy
z1 zl

w' = Ay a2 [ -2 z(x° - yg)] .
zl

Since continuity of veloclty requires that u=u', v=v', w=w', and
for the drop to remain spherical torques must be equal; i.e., ux + uy + uz
= 0, it can be shown that the identities:

1/2 A3 -5 By = -z_Ap,
zl
2 B3 +1/2 =5 Ay + zBp
Z

and

1/2h3 = 3B3 4 1/p = 0
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must be satisfied. These identities furnish three equations with four unknowns,
and Taylor derived a fourth equation to satisfy the demands for continuity of
tangential stress on the droplet:

Ay - 16 B+ =\_)\_)\,'(_l_§1-\.2+4B2> :

Mozl
The four equations in four unknowns were then solved to obtain:

Ay =5 (MW +2/5M), Bg==~=xX_ M ,Bh=21% N
z | A MU I+ M FOATEA)
:B2 = - 3 A AN

8l +M
Einstein showed that the effect of the presence of solid spheres

in suspension on the viscosity of a fluid depends only on P_3» and Taylor
stated the same reasoning to be true in the case of liquid spheres. With
s0lid spheres 5:1 = -5< and Einstein's expression becomes:
4
MF=MA+2.50)

where M ¥ is the viscosity of the suspension andf@ is the volume fraction of

suspended spheres, while for liquid spheres the expression becomes:

MF = Ll + 2.5q;fw + 45*&>J

EXVIPAY

which may be called "Taylor's Eguation.”
Richardson's Equation

Richardson?( proposed that there may be an increase in the space
occupied by the dispersed phase by an amount oc, so that the average sep-
aration of the discreet globules is decreased by a fraction &bl/l, _) Dbeing
the distance between particles. He represented the ratio of this fractiomn
to the change in concentration by the symbol, x

x = -pl/pec.l,

where x may be looked upon as an interphasal compressibility, whose value de-

pends an the relative compressibility of the two phases. In simple terms, x
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may be called the overcrowding of the dispersed phase which is resisted by the
continuous phase. When flow takes place, it may be thought that the contin-
uous medium has to move between obstacles of average separation 1, subject’

to viscous resistance denoted by Y| . If the overcrowding reduces the sep-

aration to (1- 21), this resistance is supposed to increase to ('L + 2?0 ),

and:
dN /M = -41/1 = x de.
Integrating, Richardson obtained:

In = Xc,

by
W
or Lo
Assuming x to be constant, Richardson's equation may be written in conventional
form as:
Y\: \\oek¢ *

Mooney's Equation

Mooney28 extended Einstein's equation to apply to a suspension of
tinite concertration. The analysis is limited to rigid spherical particles.
Mooney's approach is partly empirical in that the interaction between param-
eters are left for experimental determination. The analysis merely considers
the space crowding effect of the suspended spheres on each other. There is
no restriction imposed on the concentration or the particle size distribution.
Moorney took into account the first-order interactions between particles. In
a two-component system, spheres of size rq and partial volume concentration

gzl, crowd spheres of size rp into the remaining free volume (l-)\lgdp l),

where >\12 is a crowding factor which may be different from unity.

——
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Mooney first considered a monodisperse system of finite concentration
where spheres, all of radius ry, are added to a suspension in two volume frac-
tions, QZL and Q52~ The addition of the first fraction will increase the vis-
cosity by a factor:

H(¢>l) = YLl ’
where H must reduce to Finstein's formula %or small values of d)l- If the
second fraction, glgz is now added, there will be a further increase in the
viscosity. Part of this increase may be considered to be caused by d)g in

the viscosity of the remaining space not occupied by'qzif This increase will

= 0
Tre- e

where k is a crowding factor different from unity. The crowding of (Dl and

be H (ﬂ/la) such that:

C&Eg is mutual, and introducing (|) o reduces the free volume accessible to d)l,

the effective concentration of d)l now being:

Yo = 1%'-1«: 12 '

H(d)l) is now replaced by H(*/lg)o The product H(ﬁ’lg).H(ﬁ’Ql) is the vis-

cosity of a suspension of total concentration (d)l +-d)2) and is equal to

H((Dl + @2); thus:

H(®1+®2)=_&N§-H”ﬁe) (Yo1) = \\lgglgj- HSDi)

This functional equation is satisfied if H has the form:
2.5x
)
1l - kx

where x 1s the relative viscosity. The constant, 2.5, 1is chosen to agree

H(x) = exp (

with Binstein's equation when StL approaches zero.
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For a suspension of n groups of spheres, each group of a different

diameter, we may write this as: <D
i

lnH((p) =2.5£ n_
i= l-;j§1 /\ji @j

For a continuous distribution of diameters, we may write this as:

) .
= 2. [e) d@l
1n H(Q) 5/ S NTa

If £ is equal to (In o 7), we may write:

ab=P (6) aq,
and:
5[76" P(6)dg =1,
where i_is a mean radius, and 47 and & p are the upper and lower limits of

g o The equation can then be writter as:

6.
ln&:lnH:E.SCP{;)‘ P; 46
(12_
0 SR

which is called the Mooney equation.
Oldroyd's Equation

Oldroyd29 made a calculation of the elastic properties arising from
the interfacial tersion between the two phases of a dilute emulsion. Following
Einstein and Taylor, the individual drops and the concentration of the dispers-
ed phase are assumed to be small, so that inertia effects and hydrodynamic
interactions between drops can be ignored in calculating the behaviour of
a typical macroscopic element of the emulsion. The interfacisl tension is

assumed to have g sufficiently large constant value to keep the suspended

drops approximately spherical, although departure from the spherical shape
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are taken into account. The boundary conditions of no slip and continulty
of tangential stress at an interface are assumed.

A homogeneous liquid, L¥, 1s envisaged with the same macroscopic
rheological properties as an emulsion consisting of drops of one Newtonian
liquid L' of viscosity W' in another Newtonlan liquid L of viscosity .

The drop slze is assumed uniform, each drop having diameter a. Two systems
are considered, one in which a single drop of L' is surrounded by L filling
the space:
alrlb

where r ¢a is referred to spherical coordinates r, &, and ¢. The rest of
the space, r > b, is filled with L*(Fig. 2). The radius b is chosen to give
the correct volume concentration of the dispersed phase in the emulsion, so
that:

b3 = a3 /c,
C being the concentration by volume of dispersed phase. The two systems are
required to be indistinguishable to a given degree of accuracy, provided that
Observations are made at a distance r equal to R, sufficiently large compared
to b.

A perturbation method is used, following Frohlich and Sack30, who
considered the rheological properties of a suspension of elastic particles
in a viscous liquid, on the assumption that the suspended particles were solid
spheres obeying Hooke's law. The following expression for the relative vis-

cosity of the emulsion is derived:

o = hO(L+ )Y +a (A ) (1614190 )5 43¢ [h(215 ) ) ca( - (167419 ) )
" HOMn Y +a(3wf2qf)(164fl9qus ’EC[F(2\+5W’)Y"a(\f’q)(l6Wﬁl9Q')§]

where A 1is equal to d/dt.
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Oldroyd also made a calculation taking into account the slip due
to the presence of a very thin film of the emulsifying agent at the inter-
face and arrived at an expression similar to the one above. He concluded
that the interfacial slip in a dilute emulsion should not affect the type
of rheological behaviour, although it would affect the values of the rheol-
ogical constants.

Application of the Fundamental Equations

Deviations from the theoretical Einstein factor of 2.5 have long
been recognized for suspensoids3l, and are usually attributed to causes such
as flocculation, hydration of the particles, etc.32 Several modifications of
Einstein's equation have been proposed, generally by adding terms to the pow-
er series form, and by varying the value of the constant k. An example is
the equation by Guth and SimhadS:

O\sp = 2.5(P+ h.94q)2 + 8.78@3,

where:
V\Sp - Vlrel -1
The additional terms are introduced to take into account higher order hydro-
dynamic interactions than were considered in the original Einstein treatment.
Bredee and deBooys34 discussed various modifications of the Einstein

equation and proposed the following equation for nonsolvated spherical particles:

6
v\ - 2,50 .
R )
Eilers35 found this equation suitable for values of JSL from 0 to 0.65 for

bitumen emulsions. For larger values of (D this and other equations were found
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to give values too low. From a consideration of packing of non-plastic spheres
of equal diameters, Eilers postulated that the curve relating viscosity to
particle size must have an asymptete at jLL_z Q:Z&! since beyond this concen-
tration flow of the dispersion can no longer take place. Further, the curve
must fit the Einstein formula at extremely low concentrations. On this basis,

Eilers proposed the following equation:

V\relzﬁ-'_ 2.5@ 2;
2(1-a0)
where a is 1.35. He found, however, that calculated viscosities were higher,
and concluded that this must have been due to a deviation in the particle size
of the emulsion.

Maron, Madow and Krieger36 proposed an extension of the Einstein
treatment, defining an apparent volume fraction as:

o = =0,

where gh' is the apparent volume fraction and Eé is a constant. Then:

Z = d)’ = OQQ b
-y TG

lnvlrel = bz,

b being a constant. The factor Z is included to obtain an analytic expres-

sion which would take into account the rapid increase of viscosity with increase
in gl. The authors found that with a suitable value of o4 , the equation fit
the data on latex emulsions up to a concentration of ég%. Rearrangement of

the equation gives:

= 1 - Qb:
N

D
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so that a graph of Q) versus.lp_ should be linear, with a slope
In(M./" o)
of -b and an intercigtwgfniZg&éj permitting the evaluation of both A and
b.
An interesting analysis has been presented by Oliver and Ward37 on
the power series form of viscosity-concentration equations. They found that
a plot of l/rtrel versus ¢ gave a linear plot for stable suspensions of

spheres with volume concentrations up to 20%. The equation of the straight

line may be written as:

or,
‘ - 2,2 303
quel =1 + ke + kc“ + kd¢c .. ..,

where k is constant. For very low concentrations, this reduces to:
W\rel =1 + ke,

and if k is 2.5 the expression becomes identical with the Einstein equation.
This equation was applied to the data of several workers with the results
shown in Table 1.

Leviton and Leighton45 extended Taylor's treatment by introducing
a power series of J&L, Emulsions of milk fat in skim milk and other contin-
uous media were used and viscosity was measured in a capillary viscometer.

Taylor's equation was modified to the following:

n rel = 2.5(&-. + 2 5’Lo) (D + §5/3 +p11/3).
+

"\ 1 o)
For small values of ﬂg thislreduces to the Taylor formula. The author points

out that in the power series involving filj {QS/3 is included in conformity
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TABLE 1

VALUES OF THE CONSTANT k FOR THE
OLIVER-WARD EQUATION

t

Worker Type of Size Ratio of k Range of Volume
Viscometer | Suspended Spheres Concn. over which
Equation Applies
Eirich, Buzl & Capillary 2.0 : 1 2.41 0-15 plus
Margaretha3d
Broughton & Rotating 1.8 : 1 2.57 0-15 plus
Windebank39 Cylinder 1.2 : 1 2.41 0-20 plus
WhitmorelO Rising 1.h s 1 2.77 0-20 plus
Sphere
Evesonltl Rotating 1.k 1 2.56 0-20
Cylinder
Nandil2 Capillary 1.h 1 2,42 0-35
Higginbothamt3 Capillary 1.2 11 2,38 0-25
Williams™* Capillary 5,0 + 1 2,3l 2535
Oliver & Capillary 1.6 : 1 2.45 0-30

Ward3T
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with the suggestion of Smoluchowsky*®. The term, 11/3 has no theoretical
significance but i1s included to obtain an agreement between observed and cal-
culated values.

b7

Sibree’! applied Hatschek's equation to his data on emulsions of
paraffins of various viscosities in water with sodium oleate as emulsifier.
A concentric cylinder viscometer was used, and the viscosity was found to be
independent of the rate of shear after a certain point. The Hatschek equa-
tion did not agree with experimental observations. Using observed values

of H__and ﬂ;p, viscosities of emulsion and continuous phase, respectively,

Sibree cglculated the theoretical volume percent of dispersed phase by re-

arranging the Hatschek equation:

= 1-10)3 -
YL?)

Since, in every case, the calculated value of :gz_was higher than the measur-
ed value, he calculated a volume factor, h, such that:

h = ¢)calculated/d3 measured.
For emulsions with more than 50% dispersed phase, h was found to have a value
of 1.3. According to Sibree, this apparent increase in JZL may be due to the
adsorbed film which increases the size of each drop. Sibree's modification
of Hatschek's equation may be written as:
1 .

I -3 5o

Broughton and Squires = measured the viscosity of emulsions of

V)
1n L

rel -

Nujol, benzene and olive oil in water with sodium oleate l%, saponin 2%
and triethanolamine oleate 5% as emulsifiers. A MacMichael viscometer was

used, and limiting viscosities were calculated. They proposed a modification
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of the Richardson equation:

"

ln'lrel =g + b\P,

which agreed with thelr data. Calculated values of the volume factor, h,

in Sibree's modified equation, varied from much less than 1 to much more
than the 1.3 proposed by Sibree. It was concluded thst neither Hatschek's
equation nor its modification as proposed by Sibree, agreed with experiment-
al observations. The yield point was found to be a function of the limit-
ing viscosity of the emulsion.

Neogy and Ghosh*9 measured the viscosity of three xylene-in-
water emulsions with three cationic soaps as emulsifiers, and of a water-
in-benzene emulsion with magnesium oleate as emulsifier. A Couette type
instrument was used, and the average values of viscosity at minimum and maxi-
mum rates of shear were calculated. Good agreement for the oil-in-water
emulsions ard still better agreement for the water-in-oil emulsion was ob-
tained with the modified form of Richardson's equation, as proposed by
Broughton and Squires.

In another study5o on xylene-in-~water emulsions stabilized with
sodium oleate, myristate, laurate, caproate, and saponin, where viscosities
were measured in a similar manner, these workers found that only Richardson's
equation fitted their data within 5%. Sibree's modification was not satis-
factory.

Toms”! studied the viscosities of various organic liquids with
different univalent soaps as emulsifiers. Significant variations were found

in the value of the volume factor, h, in Sibree's equation, due to the nature
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of the emulsifying agent and the internal phase. However, a large number
of values of h were found to be close to 1.3, indicating that Sibree's
equation may give good agreement with experimental observations.

Sherman3® investigated the effect on viscosity of varying the
ratios of the two phases. Emulsions of mineral oil-in-water were prepared
with sorbitan sesquioleate as emulsifier and a variable pressure capillary
plastometer was used to measure viscosities. The results deviated consider-
ably from values calculated with the Einstein equation and the modified equa-
tion of Guth and Simha. Hatschek's equation gave values lower than observed
and the volume factor, h, from Sibree's equation was found to be 1.2 and in-
dependent of iil. Richardson's equation was found to be applicable only to
the emulsion with 3.5% emulsifier, all other results agreeing with the mod-
ified Richardson equation.

Sherman also observedd®2 that Richardson's modified equation and
Hatschek's equation as modified by Sibree agreed with experimental observa-
tions on water-in-oill emulsions where the viscosity of the dispersed phase
was varied.

Mboney28 applied his equation to the data of Eilers on emulsions
of bituminous materials of high softening point, such that the droplets were
essentially rigid at room temperature. The diameters varied from 1.6 to 4.7
microns so that the emulsions could be considered polydisperse. Since the
function‘Z&EQ_was not known in detail, the equation was developed as a power

series of , ylelding:

1 = 2.5 1 2 n ’
where 8 % @ ’ 1 CP /\n
An = gEPl Eo?)\ij Pj‘ﬂn i



To the second degree in CD , this equation becomes:

w' - 250 .
1o - 1102

From Eiler's data, )\l was found to have a value of 0.75.

Effect of Particle Size of Dispersed Phase
on Flow Properties of Emulsions

Jellinek”?3 discussed a systematic treatment of distribution functions
of emulsions and their average quantities., Expressions were presented for
integral distributions with respect to diameter, surface area and volume.

Other equations for the size distribution of emulsion particles have also
been derived54:55°

The measurement of particle size has been a considerable challenge
because of the special conditions that prevail in an emulsion, e.g., Brownian
motion and particle diameters generally below the level for easy microscopic
measurement. Many methods have been reviewed by Nassenstein56o Perhaps the
most widely used is the microsccpic method, utilizing a camers lucida>( or
microphotographySS° For reducing the time involved in particle size measure-
ment by photomicrographs, a rapid method has been developed59. Direct optical
methods have also been used6o)6l. Various sedimentation techniques have been
used as well, for measuring particle size in emulsions62.

None of the basic relationships derived for the viscosity of emul-~
sions includes the particle size as a variable, with the exception of Oldroyd's

equation, although there are many and conflicting reports on the effect of

particle size and gize distribution on the rheological properties of an emulsion.
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It has been reported that there are significant linear increases in the vis-
cosity of whole milk upon homogenization63. Kremner and Soskin6)+ reported
that low pressure homogenization of an emulsion of benzene-in-water with 5%
sodium oleate as emulsifier caused an increase in the viscosity in the ratio
of 2.5 : 1. Since the major change upon homogenization would be greater dis-
persity and smaller particle size, it appears that changes observed can be
attributed largely to decrease in particle size.

Traxler65 considered the effect of size distribution on the flow
of disperse systems. Two conditions may exist, one where the disperse phase
is so large in amount that the particles are in some form of packing, another
where the quantity is so small that the particles of the dispersed phase are
not in contact with each other. Considering a disperse system having all
spheres of the same size, the volume of the continuous phase 1s equal to the
interstitial space of the disperse phase. The intestitial space varies with
the packing arrangement and, as a consequence, the size of the individual inter-
stice (identical with the dimension of the average film of continuous phase
separating the dispersed particles) varies with the degree of packing.

The loosest packing is obtained with four points of contact between
any particle and those surrounding it. As the number of contact points increases,
the percent of the interstitial space and the size of the average individual
interstice decreases, until twelve points of contact are formed. The percent-
age of interstitial space for each of several packing arrangements for spheres

of uniform size is shown below:
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Points of Contact Percent
Interstitial space

66.6
47.6
39.5
30.2
25.9

N O o+

1
1
Considering two systems of the same volume concentration, one with particles of
equal size, and the other containing particles of various sizes, the packing

is looser in that containing various sizes. Therefore, this system is more
fluid with fewer points of contact between particles and a thicker film of
continuous phase separating them. Data was presented by Traxler to support
thig view. Two emulsions were prepared containing particles of quite uni-
form size. In one they were less than one micron in diameter (emulsion A),

and in the other they were two to three microns (emulsion B). The viscosity
of the emulsions and blends of the two were measured in a Saybolt-Furol in-

strument. Results were as follows:

Volume % Viscosity at 25©
Emulsion A Emulsion B Saybolt~Furol Units

0 100 36.0

10 90 23.0

20 80 21.5

30 70 20.0

40 60 19.5

50 50 20.5

60 Lo 2l.5

70 30 24,5

80 20 26.0

90 10 33.0
100 0 41.5

The authors concluded that, although some of the measurements were close to
or slightly below the range of semnsitivity of the instrument, it was shown

that blends of the two emulsions were more fluid than either emulsion alone.
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Traxler67 also made the point that the viscosity of an emulsion
1s a function of the condition of the surface of the particles as well as
the size and size distribution of particles.

Using a rising-sphere method, Ward and Whitmore68 measured the
viscosity of suspensions of smooth spheres of methylmethacrylate polymer
suspended in an aqueous solution of lead nitrate and glycerine. Various
concentrations of spheres were measured with particle size ratios varying
from 1.17 to 2.74 within the size range of 28 to 208 microns. It was con-
cluded that the relative viscosity of a suspension of smooth hard noninter-
acting spheres is independent of the absolute size, decreasing with increas-
ing size range to a constant value.

Sibree69 reported that the viscosity of emulsions is independent
of particle size and size distribution within wide limits for the same pair
of liquids. Emulsiouns of several paraffins in water with sodium oleate as
emulsifier were measured in a rotational viscometer.

Leviton and Leighton45, working with emulsions of milk fat, found
the viscosity to be independent of the particle size. No measurable increase
in viscogity was found with a fourfold reduction in the diameter of the dis-
persed globules.

In the study on the stability of emulsions using specific surface
area measurements, Mullins and Becker O measured the viscosities of emulsions
of peanut oil, glyceryl ricinoleate, glyceryl trioleate and cod liver oil,
made with two emulsifying agents and at four homogenization pressures. An

Ostwald viscometer was used. They reported that the change in specific surface
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area, and consequently in particle sgize, did not influence the viscosity of
the emulsions. A similar observation was made by Knoeckel and Wurster, who
used the Drage rheometer in this study57o

Richardson + investigated the effect of particle size on the vis-
cosity of emulsions. A falling sphere method was used to avoid continuous
shearing action over a comparatively long time, as required for reading a
capillary or a Couette type instrument, which might cause a breakdown of
some globules in a concentrated emulsion. In the falling sphere instrument
the droplets are sheared only when the solid sphere is in the vicinity of the
particles. He found that as long as the emulsions were homodisperse the vis-
cogity at high rates of shear varied inversely as the mean globule size. When
a polydisperse distributior of particles was present, the system was less vis-
cous than indicated by this relationship.

It may be seen that the relationship of viscosity to particle size
is not yet clear. There are several factors causing difficulty that need
to be considered. Perhaps the major difficulty is isolation of the size:
and size distribution effect from other factors affecting the rheological
properties. It 1s hardly possible to avcid interaction between emulsifier
ard disperse phase which determines the nature of the particle surface, and
this facter might make all other effechts obscure. The use of several different
diameters to describe the particle size creates further difficulty when com-
Parison of results is attempted.

It would appear that there are definite differences in viscosity

between homogenized and non-homogenized emulsions. In this connection s



report by Axon'2 may be mentioned. Axon developed a microscopic cell to
examine semi-solid oil-in-water emulsions during flow. He observed two
types of dispersions. In one, globules were associated in loose clusters
in which each globule was free to move independently of its neighbours.

In the other, a compact type of floccule occurred, where the globules were
surrounded by a hydrated layer restricting their movement and presenting
a mechanical barrier to deformation.

It must be pointed out that the methods used for measuring
viscosity were often inadequate for evaluating non-Newtonian flow. Since
homogenization is generally one of the steps in the manufacture of in-
dustrial emulsion, practical systems may be of such narrow range of size
distribution that this factor may have little significance.

Effect of Viscosity of Dispersed Phase
on Flow Properties of Emulsionsg

Of the equations derived for the viscosity of an emulsion,
only those of Taylor and Oldroyd include viscosity of the internal phase
as one of the factors to be considered.

SibreelT prepared emulsions of two paraffins with a viscosity
ratio of 38 : 1 and found that the emulsions had s viscosity ratio of
l.h @ 1. This, he concluded, was in agreement with Hatschek's equation
which considers the viscosity of an emulsion to be independent of the
viscosity of the dispersed phase. A similar observation was made by

Sherman”? in his work with water-in-oil emulsions. The viscosity of the
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internal phase was varied by addition of different alcoholic derivatives
to the water phase, e.g., propylene glycol, sorbitol syrup (70%) and
glycerine. The viscosities were measured in an Ostwald-type viscometer.

Broughton and Squires“8

stated that no generalization can be
drawn as to the influence of the viscosity of the dispersed phase on
that of the emulsion. They investigated emulsions of Nujol, benzene
ard olive oil with sodium oleate, saponin and triethanolamine as sta-
bilizers, using a MacMichael viscometer for measurements.

Toms51 carried out an extensive investigation of the effect
of the internal phase and emulsifier on the viscosity of emulsions.

It was found that for the same emulsifier, the viscosity of an emul-
sion varied widely with the nature of the internal phase. He stated
that this may be explained by an alteration of the mutual solubilities
of the three components of the emulsion, oll, water and emulsifier.
Sherman also stated that the chemical rature of the dispersed phase
may be of importamce with particular reference to the emulsifier.

From a coasideration of the repcorts of these workers, it
appears that the viscosity of the disperse phase dces not have a siguif-
icant effect 1n determining the viscosity of the emulsicn. However, the
chemical unature of the internal phase seems to be of importance, and

the interaction between the internal phase and the emulsifier may be

the most significant factor affecting the viscosity of an emulsion.
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Effect of Emulsifying Agent on
Flow Properties of Emulsions

In an extensive investigation, Toms>1 prepared emulsions of
eleven organic liquids using ten univalent soaps, sodium and potassium
salts of lauric, myristic, palmitic, stearic and oleic acids. He found
little change due to substitution of potassium for sodium in emulsions
stabilized by laurate and oleate but significant changes with myristate,
palmitate and stearate. On investigating the effect of the emulsifier
on the value of the factor, h, in Sibree's modification of Hatschek's
equation, he found the value to be altered only about l% upon changing
the cationic part of the molecule but about 20% by changing the fatty
acid part of the molecule. Another observation was an increase in vis-
cosity with greater concentration of emulsifier.

Wilson and Parke!3 investigated the viscosity of emulsions
as a function of emulsifier concentration. The viscosity of a 70% benzene-
in-water emulsion passed through a minimum upon increase of emulsifier con-
centration at a concentration of 0.84% sodium oleate in the agueous phase.
As a rule, however, it was found that viscosity increased contiruously
with increase in emulsifier concentration.

ShermanSE, in his work on water-in-oil emulsions, found that
addition of finely-divided carbon black to the emulsion as a stabilizer
resulted in a pronounced increase in yield value and viscosity of the
emulsion. He further observed that emulsions containing greater propor-

tions of polyhydric alcohols in the dispersed aqueous phase exhibited
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lower yield values and viscosities. This was explained on the basis of
the specific absorption of the two phases on the carbon black surface,
which is affected by the concentration of the polyhydric alcohols in
the aqueous phase, leading to a decrease in the contribution towards
viscosity and yield value.

Sherman74 also investigated the effect of the emulsifier on
water-in-oil emulsions of high water content. Emulsions were prepared
containing 605% glycerine and 65.5% water in the aqueous phase and 2.8%
emulsifying agent and 25.2% mineral oil in the continuous phase. The
composition was kept constant except that ten non-ionic emulsifiers
were used. Six of the emulsions were found to have relative viscosities
cf the same order, but marked variations were shown by the other four.

On the basis of their results, Neogy and Ghosh50 also made the
point sha*t the viscosity of an emulsion depends on the emulsifier used.
Broughton and Squiresu8 observed that for a given phase pair the relative
limiting viscosity varies widely with the type of emulsifier used.

Mardles and DeWaele(d considered the rheological behaviour of
suspensiong and emulsions iv relation to properties of surface films
adsorbed on the dispersed particles. They noted that small changes in
composition of a disperse system lead to importaut variations in rheol-
ogical properties due to changes in the character of the interfacial film.
An increase in the friction between particles results in larger sediment-
ation volumes and higher specific viscosities. In concentrated systems,

this factor outweighs the usual hydrodynamic cconsiderations.
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A fact that has been brought up by several workers is that the
globule size of an emulsion decreases with an increase in the concentra-
tion of the emulsifying agent, reaching a limiting value. This would
seem reasonable in that at lower concentrations there may not be enough
emulsifier available to cover a large area as would occur in a finer
dispersion.

Although most emulsifiers reduce the interfacial tension be-
tween the organic and the aqueous phases of the system, at lease one
instance has been reported76 of an emulsifier increasing the interfacial
tension. Alkali halides were found to stabilize emulsions of water in
amyl alcohol. These salts are not surface-active but rather increase
the interfacial tension of the system.

Sherman T recently reviewed the effect of the concentration
of emulsifier on emulsion viscosity. A change in viscosity with varying
concentrations of the emulsifier, for the same value of ng has been
observed by several workers. However, no attempt had been made to relate
quantitatively the emulsifier concentration to the viscosity of the emul-
sion. From the experimental observations of several workers, Sherman
concluded that a change in emulsifier concentration had a greater effect
on emulsion viscosity in concentrated emulsions than in dilute systems.
For his data on emulsions wilth varying concentrations of sorbitan ses-
quioleate the viscosity increased with concentration up to a value of
_gl_of Oo5« This was explained as due to an increase in nﬂ2° Beyond

this value of qg much larger charnges in viscosities were observed.
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Sherman proposed an equation relating emulsion viscosity to the volume
concentration of the oil as well as emulsifier concentration as follows:
EL aCCD+ G,
where C is the emulsifier concentration and G is a constant. He pointed
out that this equation is similar to the modified Richardson equation:
In Ype1 =kq> +A.
Sherman suggested that the k in this equation is a function of emulsifier
concentration C. The equation fitted the data of Broughton and Squiresu8,
Sibree69, and Van der WaardenTO.

From the observations of these workers it appears difficult to
describe the effect of the emulsifier on the rheological properties of
emulsions. Sherman's equation is the only quantitative relationship pro-
posed. However, the methods employed to measure viscosity by the workers
whose data were used to prove this equation were not sultable for non-
Newtonian systems. It appears that much work is yet needed to define the
effects of emulsifier on flow properties of emulsions.

Effect of Surface Charge of Dispersed Phasge
on Flow Properties of Emulsions

Smoluchowskiu6 proposed that for a charged particle in an
electrolyte, the electrical double layer might be expected to increase
the effective viscosity of a suspension of solid particles. This in-
crease is called the electroviscous effect. For this condition, he

obtained the relationship:

(ERAEREET A 5T @i)gj’ 5
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where LZ: is the specific conductivity of the electrolyte, a 1s the radius
of the solid particle,  is the dielctric constant of water and ;i_ is
the electrokinetic potential of the particles with respect to the electro-
lyte. This formula assumed that the thickness of the double layer was
small compared to the particle radius. A similar result was derived by
Krasny—Ergen79. The increase in viscosity due to the presence of charges
on the particles was qualitatively confirmed by Boo+th80 in his experiments.
Becoth derived an expression for the viscosity of a suspension which in-
volved all the assumptions made in the derivation of the Einstein equation.
Further it was assumed that:

1. The thickness of the reglon containing the surface charge
on. the particle was small compared with the radlus of the
particle.

2. The ions in this region were immobile and could not move
laterally over the surface.

3. The surface charge density at any point was fixed, ard
remained unchanged when the electrolyte was set in motion.

4, The potential across the region containing the surface
charge was also unaffected by the motion of the electrolyte.

5. The double layer was small in thickness compared with the
average distance between neighbouring particles.

The equation derived by Booth was of the form: —

—

« ‘ S ¥
\’\:Y‘(o }l+2.5@)o;l+2ananJ )
L | 1 J

where Q_ denotes the charge on each particle and ay is the coefficient

of the nth term in g.
The electroviscous effect was also observed by Tanford and
Buzzel8l in a study of the viscosity of aqueous solutions of bovine

serum albumin between the pH of 4.3 and 10.5, in which range the al-

bumin molecule behaved as a compact particle similar to a sphere. The
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increase in the intrinsic viscosity was found to be in fairly good agreement
with Booth's equation. Electroviscous effects were observed by the same
workers in g study of the viscosity of ribonuclease between the pH values
of 1 and 1182, The increase in viscosity, however, was larger than pre-
dicted by Booth's equation.

van der WaardenTS investigatéd the viscosity of oil-in-water
emulsions of varying particle size and concentration prepared with the
same o0ill, and the same emulsifier. Viscosities were measured in a British
Standard Institutlon viscometer and particle size was measured by a light-
scattering method. Values of the constant K were calculated by the for-

mula

D

The limiting values of K as JZL approached zero were obtained by plotting

J—E- versus Jzzu The values were found to be higher than the value 2.5
of Binstein's equation for uncharged rigid spheres. It was found that
the limiting value approached 2.5 as the emulsifier content approached
zero. An apparent increase in volume was calculated, and from it, an

izcrease in the droplet radius by the equations:

vo=hn (r + Ar)3/4
Tixr3/3

and

Ar =1 (3 Ty A ) ‘
The _5:5 values were found to be Independent of particle size, and it was
corncluded that oil droplets behaved as if they were enveloped.. by a rigid

layer, which in this case was calculated to have a thickness of 30-35 AC.



This apparert increase in the radius of the spherical particle was ascribed
to the charge on the oil droplet. The increase in viscosity, however, was
much larger than predicted by the equation of Smoluchowski or Booth.

In another investigation, van der Waarden, Harmsen and Schooten85
demonstrated that the influence of electrolytes on the viscosity of emul-
sions of moderate or high concentration increased with a decrease in the
particle size. Emulsious were prepared with 10% of a medicinal oil in
water stabilized by sodium naphtha sulfonates, and varying concentrations

of sodium chloride were added. The results are presented below:

P?rticle NaC% Npel OF Percentage
Diameter Concn. Fmulsion Decrease in fpe]
A° (meq./L.)
2050 0 1.42
about 1
2050 L3 1.0
585 0 1.63
about 10
585 13 1.47
275 0 2.00
about 2C
275 17 1.60

It was proposed that two types of electroviscous effect might be involved.

First, the classical effect caused by an interaction between particle and
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medium, causing an apparert volume increase; second, the higher order
effects caused by an interaction between particles, which becomes more
marked as the concentration 1s increased. Omly the classical effect has
been elaborated furdamentally. The apparent increases in particle sizes
were still found to be coustant, 30-35 A° for particles of all sizes.

Donnet and R@:‘itzer&‘F studied the effects of particle charge
on the viscosity of a suspension using spheres of carbon black carrying
lonizable chemical groups as the charged particles; It was found that
the viscosity of the suspension did not depend on the charge per parti=-
cle when the latter varied from 750 to 2260 elementary charges. This
econclusion was contrary to the theories of Smoluchowski and Booth. It
would appear that considerably more work reeds to he dore in this field
before ary gereral counclusions can he made.

Effect of Viscosity of the
vontiruous Phase on Flow Properties of Emulsions

Most of the relationships derived for the viscosity of an

emulsion include n,, the viscosity of the continuous phase. It may
3
be said that”:
= Mg %
where x is the summation of all cther properties which may affect vis-

cosity. Trke equation of Smoluchcwski, for instance, includes the di-

electric constant of water.
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t is important the viscosity of the continuous phase be that
of the complete medium and not that of the basic solvent alone. The
difference may be quite significant if an agent such as methylcellu-
lose or bentonite is present as an added stabilizer. It is reported
that addition of bentonite to the continuous phase stabilized an emul-
sion of benzene in water with sodium oleate emulsifier. Axon86 found
that emulsions of liquid paraffin in water contailning bentonite exhib-
ited thixotropic flow.

Khoéckel and W’urster57 studied the stability of emulsions with
varying viscosities of the continuous phase. The size frequency analy-
sis technique was used to measure stability, and the viscosity of the
contiruous phase was varied by addition of wethylcellulose. Sodium lauryl
sulfate was used as emulsifier. Siuce only one emulsifier and one vis-
cous agent were used the effects of inferactions between these agents
were not evaluated. Such arn interaction would often be the most sig-
nificant factor affecting emulsion viscosity, and thus their results have
limited spplication.

Although the agents most commorly used as stabilizers for
emulsions corfer non-Newtonian properties upon the continuous phase and

the final emulsion, few studies have utilized methods of measurement

which are suitable for non-Newtonian liquids. For any relationship



5k

between viscosity, emulsion and continuous phase to be useful, the non-

Newtonian properties must be considered.



STATEMENT OF THE PROBLEM

The presently-available equations describing relationships of
emulsion viscosity to various properties of dispersed and continuous
phase have several features which limit thelr usefulness. First, they
are based on data obtained by methods not suitable to non-Newtonian
liquids, in spite of the fact that most practical emulsions are not of
Newtonian character. ©Second, they assume Newtonian viscosity for the
basic components of the emulsion as well as the emulsion, itself.
Third, they are applicable, generally, to lower concentrations of dis-
persed phase than are commonly used. Fourth, these equations do not
consider the interactions which commonly occur between emulsifier and
dispersion medium or dispersed phase. Fifth, they have usually been
developed from or tested with a small number of measurements on a lim-
ited type of emulsion.

Development of the M-2 and M-3 viscometers made possible the
automatic recording of all types of flow curves in a relatively short
period of time. Development of the Structure Equation made it possible
to describe flow properties of non-Newtonian liquids accurately with
three constants which can be calculated from the data by means of an
electronic computer. Thus, it has become practlcal to measure large
numbers of samples and search for general relatlonships which might

predict the flow properties of emulsions.

25
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It was the purpose of this investigation to determine the flow
properties of emulsions containing common non-Newtonian suspension media
and to attempt a correlation of rheological behavior, as defined by the
Structure Equation, with several pertinent factors, such as particle size,

concentration of dispersed phase and concentration of suspending agent

In the continuous phase.



EXPERIMENTAL

Apparatus and Materials

The M-3 Viscometer

Description

The suitability of a concentric cylinder rotational viscometer
for measuring flow characteristics of pharmaceuticals and the development
of an automatic recording viscometer for this purpose were described by

87,88

Samyn in previous work at The University of Michigan. Shangraw89
designated this instrument the M-1 viscometer and described the develop-
ment of the M-2 viscometer. The most important change in the M-2 vis-
cometer was one of size, the overall dimensions being expanded to ap-
proximately four times those of the M-1. GrimI1 used the M-2 visco-
meter with two modifications to study the rheology of pharmaceutical
suspensions. The two modifications were that the point bearing of the
bob was changed from stainless steel to Carboloy to reduce wear, and that
a digital print-out recording system was added.

The instrument used in this study, designated the M-3 vis-
cometer, is similar to the M-2. It differs chiefly in having the cup
drive consist of a spiral miter unit (VR 131, Boston Gear Works) and a
horizontal motor, the two being connected by a double-belt pulley. It
was felt that this would give better alignment of the cup and smoother
operation. Another change from the M-2 viscometer is that a different

make of x-y recorder is used (Model 2A, F. L. Mosely Co.).

o7
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Calibration

Straln gauges.-- Each of the strain gauges was calibrated by loading

with weights and observing the corresponding deflection on the x-axis of
the tracing. The curve of deflection versus weight was linear for all
gauges. Readings of standard resistors were made at the same time, so
that the calibration constants might be in terms of standard resistors
and thus independent of the degree of amplification. Calibration results
are shown in Table 2,

TABLE 2

CALIBRATTON CONSTANTS FOR STRAIN GAUGES

Gauge | Weight Equivalent to Standard Resistor
0Z.
Ry - Gm. Ry - Gm.
4 28.61 57.38
8 81.06 162,94
16 156.48 313.72
32 297.78 29705
80 701,75 1400.78
Tachometer. -- The tachometer was calibrated by measuring the

deflection on the y-axis of the recorder using the 10 volt, fixed scale,
and the speed of the motor in r.p.m., using a Hasler speed indicator,
(Hasler-Tel Company), at each of several settings on the speed controller.
These values were plotted and found to be linear, and the slope of the line
was used as the calibration factor. All measurements were made using this

scale so that the calibration factor remained constant.



59

Cup and bob dimensions and instrument constants. =-- Dimensions

of the cup and bob are used for converting experimental data into units
of shear and stress which represent the average values in the annulus
between the cup and bob.

Equations for the shear constant, K , for converting r.p.m. to
average rate of shear (in reciprocal seconds) are the Average equation9l,
the Fischer equation9® and the Andrade equation93. Selection of the pro-
per equation is important if the gap between cup and bob is not small,
but it was shown that all three give identical values, within experiment-
al error, for the cup and bob used with the M-2 or M-3 viscom.eter%o Cal-
culation of the shear constant may be illustrated with the Andrade equation,

which is the one of choice:

K, =21 4RE B2 1n Re/Rp,
60 ZRg - RZ,

b
where R, is the radius of the cup and Ry is the radius of the bob. The
rate of shear is then calculated by:
S = Ky (r.pem.),
where S is the average of shear in amnulus.

Equations were presented by Samyn95 and Shangraw96 for the stress
constant, K¢, for converting experimental measurements of force into average
shearing stress. It was shown that both equatioms give the same value with
a small gap between cup and bob such as is fqund with the M-2 and M-3 vis=-
cometers., The Shangraw equation, which is the better of the two, is as

follows:

Ke = _1n Re/Rb ’
Tt h(Rg - R%)

where h is the height of the bobe.
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A given value of stress, F, Ilnvolves the stress constant, the
weight equivalent recorded from the strain gauge, the gravity constant
and the length of the lever arm connecting the bob to the strain gauge;
thus:

f =K. . 980 . Lever arm . Gm.,

T
where F is the stress in dyne/cm?. By using a wide range of gauges, it
was possible to work with a comnstant lever arm and simplifying the con-
version to multiplication by a single factor:
F=T. Gn.,

where T is a new constant, is the product of Kf, lever arm and the gravity
constant.

Dimensions of the cup and bob and the instrument constants
for the M-3 viscometer are presented in Table 3.

TABLE 3

CUP AND BOB DIMENSIONS AND
INSTRUMENT CONSTANTS

Dimension or constant Value
Inside radius of the cup, R, 4,603 cm.
Radius of the bob, Ry 4.523 cm.
Height of the bob, h 19.431 cm.
Lever arm 17.0 cm.
Kg 5.9731%
Kp 3.9333 x 10-% em.-3
T 6.5535 cu. “sec.””

¥ Dimensionless
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Operating Procedure

A uniform procedure was followed in measuring rheological prop-
erties of all samples. FHach sample was brought to temperature in an
auxillary water bath at 30.4° where it was kept for at least one hour.
It was then transferred to the cup of *the viscometer, care being taken
to avoid incorporatvion of alr. The sample was allowed to stand in the
viscometer bath fcr at least ten minutes before measurement. The vis-
cometer bath was maintained at 30° + 0.1° and the bath temperature was
checked to insure that it was at bath temperature at the time of measure-
ment.

A strain gauge was generally selected so that the maximum
stress to be recorded would fall within the upper half of the range of
the gauge. Both upcurve and downcurve were recorded, so that a failure
to retrace would be noted. Differences in up- and downcurves would be
encountered when the sample is thixotropic, air is entrapped in the
sample or sedimentation occurs during measurement. Satisfactory retrace
was obtained for all samples reported in this study. At least three
successive flow curves were recorded for every sample. Either before
or after the measurement, one of the calibrated resistcrs was switched
into the circuit and its deflection on the stress axis marked.

The recorded flow curves represented an infinite number of

experimental points, but a finite number of values were required for
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mathematical treatment of the data. TFor convenience, equally spaced inter-
vals on the y-axls were chosen, the range of the values on this axis being

constant for all curves.
Materials Used

Selection of Materials

For initial experiments cetyl alcohol was chosen as the dis-
persed phase, since it could be emulsified in a liquid state and then
allowed to cool to form solid particles which would not change in size.
Most of the experimental work dealt with an oil as the dispersed phase
and corn oil wag selected for this purpose. Water was used as the
solvent for the continuous phase.

In the selection of the emulsifiers an effort was made to avoid
those which cause extreme interactions. Two were selected: sodium lauryl
sulfate and a mixture of 3 parts of sorbitan mono-oleate (Span-80)ito
1 part polyoxyethylene mono-oleate (Tween-80).

Flow properties of the continuous phase were variled by addition
of wvarious suspending agents. Methylcellulose, scdium carboxymethyicellulose,
Carbopol -934 (sodium‘salt), sodium alginate, tragacanth and acacia were
selected as suspending agents commonly used in pharmaceuticals. Concen-
trations of suspending agents to be used were determined by estimating the
maximum concentration of solution that could be conveniently added to a
prepared emulsion. This and graded levels of concentration below this

were used.



A mixture of three parts methyl para-hydroxyber.zoate to one part
propyl para-hydroxybenzoate was added as a preservative to sclutious of
suspending agerts and basic emuls .ons, a concentratiorn of O.l% of the
mixture being used. This was required to preven®t microbial growth during
storage of the samples.

A description of material.s used is shown in Table L,

Preparation of Solutions of Susperding Agents

Methylcellulose solutions were prepared by adding, with stirring,
the powdered material to about one-half the required amount of water pre-
viously heated to 70°., The preservative was dissolved in the water prior
to incorporation of the methylcellulose. The mixture was made up to vol-
ume with cold water and stirred in an ice bath until its temperature reach-
ed approximately 0-5°. It was then stored in a refrigerator for at least
two days and finally at room temperature for at least two days before use.

Solutions of acacia, tragacanth, sodium alginate and sodium
carboxymethylcellulose were prepared by mechanical dispersion of the pow-
ders in hot water containing the preservative. These were allowed to stand
at room temperature for at least two days after solution was complete.

The sodium salft of Carbopol—93h was prepared by dispersing
Carbopol-934 in methanol and adding the calculated amount of sodium hy-
droxide dissolved in methanol so that an aqueous solution of the salt
would have a pH of 7. The sodium salt precipitated and was filtered

out and dried at 125°. Sufficient salt was prepared at one time for
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TABLE 4

DESCRIPTION OF MATERIALS USED

Material Manutacturer Control No.
Acacila, U.S.P. S.BePenick & Co. -——-
Methylcellulose, 1500 cps Dow Chemical Co. 6702
Sodium carboxymethyl- Hercules Powder Co. 1406
cellulose, type 7 MP
Tragacanth, U,.S.P. S.B. Penick & Co. WSB337
Sodium alginate, U.S.P, Amend Drug and Chemical Co. 510569
Carbopol-934 B.F.Goodrich Chemical Co. 785
Corn oil, U.S.P. Corn Products Co. ————
Sodium lauryl sulfate, E.I.Dupont De Nemour BAD-25671
U.S.P. & Co.
Sorbitan mono-oleate Atlas Powder Co. 610
(Span 80)
Polyoxyethylene mono-oleate; Atlas Powder Co. 502
(Tween 80)
Methyl para-hydroxy benzoate! Heyden Chemical Co. CN3660
U.S.Ps
Propyl para-hydroxy benzoate! Heyden Chemical Co. i CN360

U.S5.P, ;
i

Cetyl alcohol, N.F,

Givaudan Delawanna Inc.

- -
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the entier study. Solutions of this salt were made as needed by dis-
versing it In an aqueous solution of the preservative. Solutions were
stored at room temperature for at least two days before use.

Solutions of suspending agents were assayed by drying at 8C°
until most of the water had been removed, then drying at 105° for two hours

and weighing the residue.

Preparation of Emulsions
Three series of emulsions were made. The first series contained
varying concentrations of cetyl alcohol. These were prepared by dissolving
sodium lauryl sulfate and preservative in the required amount of hot water
(70-80°) and adding the melted cetyl alcohol with mechanical stirring. The
emulsion was homogenized while hot with a Manton-Gaulin laboratory homo-
genizer (Model 15M8BA) at a pressure of 1000 lb/ing. The homogenizer was
Previously heated by passing hot water through it. The basic emulsion con-
tained 5.4% w/w of cetyl alcohol and 0.4% w/w of sodium lauryl sulfate.
Emulsions of graded concentrations were prepared by dilution with water.
The second series of emulsions had cbrn 0ll as the dispersed
Phase, two different emulsifiers and varying concentrations of several
suspending agents. A basic emulsion was prepared containing 60% W/W
of corn oil and 5% w/w of emulsifier, either sodium lauryl sulfate or
the Span-Tween mixture. When sodium lauryl sulfate was used it was dissolv-
ed along with the preservative in the required amount of water prior to
addition of oil. When Span and Tween were used, the Tween was dissolved

in water and the Span in the oil. In both cases, the emulsion was formed
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by mechanical stirring as the oil was added to the aqueous phase. Homo=-
genization was performed at several different pressures, and the basic
emulsion was then mixed with the selected quantity of suspending agent
solution and water to yield an emulsion containing 40% w/w of oil.

The third series of emulsions contained corn oil and only one
emulsifier, the Span-Tween mixture. Three suspending agents were used at
different concentrations. The basic eﬁulsion was prepared as previously
described with 60% w/w oil and 5% w/w Span-Tween emulsifier. Only one
homogenizing pressure, 3000 lb./in%, was used. Selected concentrations
of suspending agent and oil were obtained by dilutiorn with water and sus-
Pending agent solution.

All emulsions were stirred carefully to avoid entrapping air
and allowed to stand at room temperature for at least three days before
measurement .

Solutions of the suspending agents were made having the same
concentration of the suspending agent and sodium lauryl sulfate or
Tween-80 as the agueous phase of the finished emulsions. Since Span-80
is not soluble in water it was not added to these solutions.

In the experiments with emulsions containing varying proportions
of o0il, the amount of Tween-80 present in the agueous phase varied with
the concentration of the oil phase; therefore the effect of concentration
of Tween-80 on flow properties of methylcellulose and sodium carboxymethyl-
cellulose was examined. No effect was found, and solutions of suspending

agents alone were used as blanks for this set of experiments,
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The cetyl alcohol emulsions studied, series I, contained the
following concentrations, % w/w, of cetyl alcohol: 5.4, 5.0, 4.5, 4.0,
3¢5, 3.0, 2.5, 2.0, 1.5 and 1,0.

The corn o0il emulsions used for examination of effects of
homogenizing pressures and concentration of suspending agent, series IT,
are shown in Table 5.

The corn oil emulsions prepared for evaluation of the effects
of concentration of oil and suspending agent, series III, are presented
in Table 6.

Particle Size Measurement

Particle size analysis was carried out for all basic emulsions
of the second series. The emulsion was mixed thoroughly and two drops
were diluted to 100 ml. with a 50% solution of propylene glycol in waters
A drop of this dilution was placed on a Petroff-Hauser bacteria counter
(Arthur H. Thomas Co.). Measurement was performed using a microscope
(Bausch and Lomb Co.) with a 10x eyepiece and a 47.4x objective. A
grid in the eyepiece was calibrated with a stage micrometer, allowing
direct measurement of particles. Fields from at least three slides were

examined, at least 400 particles being measured.

Flow Data

Series T

At the beginning of the experimental work it was thought that

cetyl alcohol emulsions would be ideal for study. Since the emulsified
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TABLE 5

CORN OIL EMULSIONS USED IN INVESTIGATION OF
EFFECT OF HOMOGENIZING PRESSURE AND

CONCENTRATION

OF SUSPENDING AGENT

SERIES II

Emulsifier Suspending Concentration of Suspending Agent
Agent in Aqueous Phase (% w/w)
Sodium Sod. Carboxy- 0.84, 1.15, 1.46, 1.76, 2.07
Lauryl methylcellulosg
Sulfate
Sod. Alginate 0.42, 0457, 0.72, 0.87, 1.02
Tragacanth 0.41, 0.56, 0.71, 0.85, 1.01
Acacia 8.16, 11.35, 14.81, 17.02, 19.95
Homogenizing Pressureglilb./in? -- 2000, 2500, 3000, 4000.
Span 80- Sod. Carboxy- 0.92, 1.25, 1.59, 1.92, 2.26
Tween 80 methylcellulose
Sod. Alginate 0.k2, 0.57, 0.73, 0.88, 1.03
Tragacanth 0.47, 0.65, 0.82, 0.99, 1.16
Acacia 7.83, 10.68, 13.54, 16.39, 19.2k4
Methylcellulose 0.68, 0.92, 1.17, 1.4k1. 1.66
Carbopol-93k4 0.1%, 0.18, 0.23, 0.28, 0.33

Sodium Salt

Homogenizing Pressures, 1b./in% -- 1000, 2000, 3000,

4000, 5000.
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TABLE

6

CORN OIL EMULSIONS USED IN THE INVESTIGATION OF
EFFECT OF CONCENTRATION OF OIL AND
SUSPENDING AGENT, SERIES III

Suspending Agent| Concn. of Suspending Concentration 0il
agent % V/V
in Aqueous Phase % w/w
Methylcellulose 0.326 11, 16, 22, 27, 38, 43, 49, 5k
0.43k 11, 22, 27, 32, 38, 43, 49, 5k
04543 11, 16, 22, 27, 32, 38, 43, 49, 5k
0.651 11, 16, 22, 27, 32, 38, 43, 49, 5h
0.780 11, 16, 22, 27, 32, 38, 43, 49, 54
1.002 11, 16, 22, 27, 32, 38, 43, 49, 5k
1.170 {11, 26, 22, 27, 32, 38, 43, 49, 5k
l
; 1.337 11, 16; 27, 32, 38; 2"‘3; 49; 5)4‘
i ! '
Sodium 0,281 111, 16, 22, 27, 32, 38, 43, 49, 5k
Carboxymethyl - |
cellulose 0.562 111, 16, 22, 27, 32, 38, 43, 49, 5k
‘ 0.769 111, 16, 22, 27, 32, 38, 43, 49, 54
i
| 0,984 ‘11, 22, 27, 32, 38, 43, 49, 5k
; 1.153 11, 16, 22, 27, 32, 38, 43, 49, Sk
‘ 1.265 211, 16, 22, 27, 32, 38, 43, 49, 54
|
1.476 111, 16, 22, 27, 32, 38, 43, k9, 54
1687 111, 16, 22, 27, 32, 38, 43, b9, 5
Carbopol-93k | 0.187 11, 16, 22, 27, 32, 38, 43, 49, 5k
Sodium Salt | |
_ 0.125 ‘11, 16, 22, 27, 32, 38, 43, 49, 5k
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particles would be solid at room temperature no coalescence of particles
sould occur and a stable system might be expected. Also, the emulsion would
not require a suspending agent for stability and thus would be as simple

an emulsion as might be prepared. When flow curves were recorded, however,
hysteresis loops were obtained, and it was thought at first that the emul-~
sions were thixotropic. Accordingly, down curves were recorded to represent
breakdown with time. These were obtained by rumning first a complete up-
and downcurve, then setting the speed of the cup at the highest ratejallow—
ing shear to take place at this constant rate for a measured period of time
before recording a downcurve. Shear at the top rate was thus allowed to
take place for several fixed times until no further breakdown occurred and
a downcurve corresponding to each time of shear was obtained. This pro-
cedure is the one proposed by‘WeltmanﬂQﬂ'for obtaining the coefficient of
thixotropic breskdown with time. A typical set of these curves is shown in
Fig. 3.

It was found later that if one of these emulsions were allowed to
stand in the viscometer for several hours after shearing, no bulld-up occurred
and a flow curve would be identical to the equilibrium downcurve. Further,
if a sample which had been previously measured and stored for periods up
to one month were returned to the cup it would give the same curve as the
equilibrium curve previously recorded. This made it appear that the original
emulsions were not thixotropic but exhibited hysteresis loops due to occluded
alr or some permanent change taking place during measurement. In an effort to

remove this effect several samples were subjected to reduced pressure for
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several hours with the aim of removing air. Other samples were centrifuged
to remove air. In both cases hysteresis loops were still obtained when
measurements were made. Thus, the cause of hysteresis loops did not appear
to be occluded air and were still unexplained. On the other hand, since
the loops were not believed to represent thixotropy, only the equilibrium
curves, representing a stable state of the emulsions, are presented. The
equilibrium curves showed no hysteresis but were generally non-Newtonian.
Equilibrium flow data are shown in Table 7.

In the presentation of data, rate of shear is shown in units of
reciprocal seconds. Shearing stress is given in arbitrary units as ob-
tained from the tracing, and the appropriate factor for converting these
to absolute units of stress, dyne—cmfg, is listed at the bottom of each
data column.,

Series 11

This group of emulsions was prepared sc as to contain a fixed
quantity, 40% w/w, of corn oil as the dispersed phase. The variables
examined were homogenization pressure at several levels, two types of
emulsifying agent and six types of suspending agent at various concen-
trations.

It was found that emulsions with or without suspending agent
exhibited non-Newtonian flow without hysteresis loops. Acacia solution
was Newtonian at all but the highest concentrations, and all other sus-

pending agents showed non-Newtonian flow.
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Sodium lauryl sulfate had pronounced effect on methylcellulose,
causing irregular flow curves, and on Carbopol, causing greatly reduced
viscosity; hence this emulsifier was not used with these two suspending
agents.

Emulsions containing suspending agents appeared to have yield
values in all cases. Solutions of suspending agents, with the exception
of acacia, also had yield values.

Flow data for emulsions without suspending agents are shown
in Table 8, those for corresponding solutions of suspending agents are
shown in Tables 9 and 14. Flow data for emulsions with sodium lauryl
sulfate and the various suspending agents are presented in Tables 10-13
and data for emulsions with Span-Tween emulsifier and suspending agents
are in Tables 15-20.

Series ITIT

Thig series of emulsions was prepared and measured with the
aim of learning more of the effects of concentration of dispersed phase
and suspending agent. Thus, one basic system with one emulsifier, Span-
Tween, and with one homogenization pressure was utilized. The basic
emulsion was diluted with water and suspending agent to obtain the con-
centration variations desired.

All of the flow curves for this series were non-Newtonian, most
of them appearing to have a yileld value, and none showed hysteresis.

Flow data for Series III emulsions are presented in Tables 22-29
and 31-40, and those for corresponding solutions of suspending agents are

shown in Tables 21,30.
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TABLE 23

FLOW DATA FOR EMULSIONS OF SERTIES III WITH

1.170% METHYLCELLULOSE SUSPENDING AGENT

Shearing Stress

10.8
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Treatment of the Data

Selection of a Flow Equation

Since the Ree-Eyring equation represents a theoretical approach
to non-Newtonian flow, it was decided to test it on flow data for emul-

sions. The equation may be written:

Vi = -1
L %xn,;n Sln;’ln ﬁns .

Because of the occurrence of one of the constants, ?]1, in the inverse
hyperbolic sine function this equation is difficultvgg'apply. The methods
which have been used have involved assumptions regarding the shape of flow
curves, extrapolations of curves well beyond the range of measurement and
insertion of approximate values for certain of the constants.

Ree and Eyring12

proposed graphical methods for evaluating ?n
for systems requiring up to three components to describe the flow. The
simplest case was that of a Newtonian system where quéé 1l and lL.iS

equal to x1 $1/0<l- For a system with a Newtonian and one non-Newton-

ian component the equation becomes:

= x §, + % @2 sinh ™ ﬁgs :
X A2 8=

Since the last portion of the right side of the equation approaches zero

at high rates of shear, it was reasoned that only the Newtonian component,
called k\ig, is measured under these conditions. Accbrdingly, Ree and

Eyring obtained the value of \1@3 by extrapolation of the curve relating
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tl_and 1/S to zero value of l/S. The flow equation was then expressed as:
-1
- = sinh ﬁ
\, \wo ngg in 28
X2 FES

Following this y\_ .o was plotted vs.Stoyield Xq ig /a(2 as the intercept

on the S axis, the hyperbolic function going to 1 as S approaches zero:

limW - =X
8_70"\ o o .
X2
Having thus described the evaluation of x1 $}/o<l>and X2 §2/°<2 Ree and
J

Eyring did not present a method for determining the value of (?2, but it
is assumed that they utilized the approximation, sinh'lfggs o AIn 2528, for high
values of 8. If the parameters determined in this manner reproduced the
curve satisfactorily they concluded that the system had flow units be-
longing to these two groups only.

For a system requiring three groups to describe its flow,
one of the groups being Newtonian, the curve of IL vs. S would rise
sharply in the low range of S. The part of the experimental curve cor-
r esponding to high values of S was extrapolated to zero value of S, and
the parameters for the first two components were evaluated as in the
previous case. The parameters for the third component were calculated

from the equation:

-1
VL L xigiE sinh /9 S = X3 ?3 sinh™1 $ S
) /')2 g —_‘?—S'———

For a system of two non-Newtonian and no Newtonian components

an approximate equation was written in terms of shearing stress:

=% §1 8+ xp 028+ x, 1n
AT X2 2
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The first right hand term was evaluated from data representing low rates
of shear, and the other two terms approximated from high shear data. From
these values approximate viscosities, b' , were calculated. % 1 was then

obtained from the following relationship using high values of S only:
\l -N = x1$1 ( 1- sinh"lgls ).
AL P18
This method gave approximate values for the parameters which were judged
by the fit of the equation to experimental data.

Other methods for evaluation of parameters of the Ree-Eyring
equation were described by Maron and Piercell and Maron and Sisk098n
For a system requiring one Newtonian and one non-Newtonian component,
the equation was written in the form:

YL =a+b sinh-%gs ,
P 28
where a is (x §1/5<l) and b is (x, 52/c<2)5 Values ofiﬁ o were
arbitrarily selected and plots of EL.Y§2§H§ (sinh'l ﬁgs/ ﬁES) were
made. Values of jig'were adjusted until a linear graph was obtained.
A similar method was used for a system with one Newtonian and two non-
Newtonian components.

In attempting to apply the Ree-Eyring equation to emulsions
and solutions of suspending agents it was found that curves relating
_ and ;Z§_were continuously curved throughout and that extrapolation

was not reasonable. A curve of this type is illustrated in Fig. L,
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Fig. L.

1.0 2.0 30 4.0
1/S x 10°

Plot of 7 Versus 1/S for the Ree-Eyring Equation;
1.17% Methylcellulose Solution of Series II

50
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Further, when a value of :Lfi_was taken from the graph and \,-\\;7 plotted
vs. S, this curve was also non-linear throughout, making extrapolation
difficult. Attempting the graphical method for a three-component system
showed, again, that one would need to extrapolate a curved line well be-
yond the range of its measurement.

When the method of Maron and co-workers was attempted it was

found that little change in curves of :L vs. s:‘th'l '3 ES/Aﬁ;S occurred

with large change in arbitrarily-selected values of j§§, Thus, a wide
range of §i§1 as much as ten- or twenty-fold, gave essentially the same
slopes, and there was little basis for acceptance of any one value.

From these results it was concluded that, however desirable
it may be to utilize the equation of Ree and Eyring, there is yet no
satisfactory method for determination of its parameters. A similar comment
was made by Maron and Krieger99 who stated that although the Ree-Eyring
theory looks very promising as a general flow law, the equations yielded
by this theory are difficult and tedious to handle and the parameters of
the equation are not always easily interpretable.

Although Williamson's equation, when applied by means of least

8 100

squares, fitted flow curves for methylcellulose- and for various suspensions
quite well, certain weaknesses of this equation were noted by Grim!©. The
assumption of the simple hyperbolic form for the lower portion of the flow

curve, the poor fit of the assymptote, |.0, to the curve and the failure

of the constants to change in regular fashion with increase in concentration
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were pointed out as obJjectionable features. Thus, the Williamson equation
was not considered the best to use for flow curves of emulsions.

The Structure equation, presented by Grimlqo, was evaluated by
converting it to linear form:

F = b, + byxy + boxo
where ng E; and Eg are T, :lfl} and-Ezg respectively, El is S and f& is
e™85, The constant a was assigned a value of 0.00Ll by Grim who evaluated
the other constants by least squares utilizing the square root method of
DwyerlOla The equation was found to fit the flow data on suspensions and
the constants were found to bear a simple relationship to concentration of
suspended solid.

Thus, the Structure equation appears to be the best equation
available for the description of non-Newtonian flow curves, at least for
aqueous solutions and dispersions. Accordingly, it was selected for use
with the aim of correlating flow constants with the variables investigated.

Computational Method

With the extensive data obtained in this study, it was desirable
to evaluate the constants of the Structure equation by means of an auto-
matic computer. The IBM 704 data processing system (Internmational Business

Machines Corp.) was used for this purpose. The program, written in Fortran

language, is presented in Fig. 5.
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Statement Statement
No.

DIMENSION A(3,4), X(50,5), B(4), Ao(12), Y(50), c(50)

1 EQUIVALENCE (A,A0)
2 READ INPUT TAPE 7,3, NRUN, NDATA, PT, T
3 FORMAT (2I3, Fk.l, F7.3)
L DO 51I=1,12
5 AO(I) = 0.
6 DO 12 K = 1, NDATA
7 READ INPUT TAPE 7,8 (X(X,I), I = 2,4)
8 FORMAT (2FLk.3, FL.2)
9 X(K,I) = 1.0
10 0121 = 1,3
11 D0 12 J = 1,4
12 A(T,T) = A(I,T) + X(K,I)* X(K,J)
13 D0 19 K = 1,3
14 DO 191 = 1,3
15 IF (I-X) 16,19,16
16 D = A(I,K)
17 DO 18 J = 1,4
18 A(I,J) = A(K,K)* A(T,J) - D* A(K,J)
19 CONTINUE
20 D021 I=1,3
2l B(I) = (A(I,4)/A(I,I))* T
22 B(2) = B(2)* 0.00L
23 WRITE QUTPUT TAPE 6,24, NRUN, NDATA, (B(I), I = 1,3)
2k FORMAT (1HOI3, I10, 3F15.8)
25 S = 0.
26 DO 32 K = 1, NDATA
27 Y(K) = B(1) + (B(2) (X(K,2)* 1000.)) + B(3)* X(X,3)
127 X(K,5) = X(K,4)* T
28 C(K) = (ABSF(X(X,5)-Y(K)))/X(K,5)
29 S =8 + C(K)
30 WRITE QUTPUT TAPE 6, 31, K, X(K,5), Y(K), C(K)
31 FORMAT (1H, I3, 3F15.8)
32 CONTINUE
33 DEV = S/PT
34 WRITE OUTPUT TAPE 6,35, NRUN, DEV
35 FORMAT (1H, I3, F15.8)
36 GO TO 2

Fig. 5. Computer Program for Evaluating Constants of
the Structure Equation, Fortran Language
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The symbols used in this program are explained below:

NRUN - Tdentifying number of the run.
NDATA - Number of data points used in the calculation.

PT - NDATA written as a floating point number.

T - Factor for converting stress to absclute units.

X(K,2) - .00L S.

Xx(K,3) - e-a8,

X(K,M) - Shearing stress in arbitrary recorded units.

B(1) - The constant f.

B(2) - The constant _T, * 1000.

B(3) - The constant by.

X(K,5) - Observed valug of stress, in absolute units.

Y(K) - Calculated value of stress, corresponding to X(K,5).

C(K) - Deviation of Y(K) from X(X,5), expressed as a fraction
of X(K,5).

S - Summation of C(K).

DEV - Average deviation.

The flow diagram of the program is shown in Fig. 6.

The program writes the three simultaneous equations for the
three unknowns, resulting from application of the method of least squares,
in the form of matrix. Statement 5 sets all elements initially at zero.
In statements é through 12, elements of the matrix are calculated for each
set of data points, X(K,I), values of the elements being accumulated as
the data are read in. Statements 13 through 19 calculate new values for
the diagonal elements and those in the fourth column, while all other
elements are eliminated. In Statement 21, the value of the constant is
calculated from the diagonal and the corresponding element in the fourth
column.

The computation of the coefficients is illustrated by a simple
example in which the constants B(1), B(é) and B(3) are assigned values of

O, 1 and -1 respectively:
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PUNCH i) 12

NRUN, NDATA, P, T
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Three simultaneous equations relating these constants may
now be written in the form of a matrix, to be called the a
matrix, as follows:

1 2 3 4
31 0 1
2 3 3 0

Following the program, elements of a new matrix, to be called
the ¢ matrix, are calculated setting K at 1, I at 2 and 3, and
J at—l,E,B,M. It must be noted that K cannot have the same
value as I by the specification in Statement 15. According to
Statement 18, the new values for the elements of the ¢ matrix
are:

oy =1lx3 - 3x1=0
cCoo=1x1 - 3x2=>-5
cpy = 1lx0 - 3x3=-9
coh =1lx1 - 3x -1=2%,k
c31 = 1x2 - 2x1=0
C3p = l1x3 - 2x2-= -1
c33 = 1x3 - 2x3=0
cly=1x0 - 2x-1=2.

Since K is not equal to I, the elements of the first row are
not changed. The c matrix may then be written as:
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Elements of another matrix, to be called the d matrix, are
now calculated by setting K at 2, I at 1,3 and J at 1,2,3,k4,
as done previously. The elements of the d matrix are as
follows:

d17 = 5x1 -2%x0= -5

dio = S5x2-2x-5=0
d13 =-5x3 -2x -9 =273
dp = 5 x -1 -2x h = -3

d3; = -5 x 0 -(-1) x 0=0

[
O

d3p = -5 x -1 -(-1) x -5
d33 = -5 x -3 -(-1) x -9 =6
dSh =-5x2 -(-1)xLk=-6 .

The elements of the second row are not changed. The d matrix
may then be written as follows:

Finally, elements of another matrix, to be called the e matrix,
are calculated setting K at 3, I at 1,2 and J at l,2,3;h. The
elements of the e matrix are as follows:

e11 = 6 x -5 -3 x 0= -30

e1e = 6x0-3x0=0

6x3-3x6=0

()
Il

ey, = 6x -3 -x-6=0

e, = 6x0-(-9)x0=0
epp =6 x -5 - (-9) x 0 = -30
623'—’6}("9—(—9)}(6:0

=6xh4 -(9)x6=-30

()]
no
=

|
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The e matrix may then be written as follows:

It may be seen that the e matrix above gives the values
agssigned to the constants in this calculation.

Multiplication of the coefficients by the conversion factor to
give the constant in absolute units is carried out in Statement 2l. B(g)
must be decoded by a factor of 0.001, this being dohe in Statement 22.
Statement 27 is used to obtain calculated values of stress and Statement
127 to obtain the corresponding observed values in absolute units. In
Statement g@, the deviation from observed value is calculated as a fraction
of observed value. The deviation is cumulated over all the data points,
and the average deviation is obtained in Statement 33. The information
obtained from the three output Statements 23, 30 and 34 includes the con-
stants of the Structure equation, observed values of stress in absolute
units and the corresponding calculated values, deviation of the calculated
values from the observed expressed as fraction of the observed value, and
the average deviation.

Relationships of Constants of the Structure
Equation to the Variables Investigated

Series I Emulsions
The constants of the Structure equation computed for Series I

emulsions are presented in Table 41.
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TABLE L1

STRUCTURE EQUATION CONSTANTS FOR SERIES I
EMULSIONS: CETYL ALCOHOL WITH SODIUM LAURYL
SULFATE EMULSIFIER; EQUILIBRIUM FLOW CURVES.

Conc.

Cetyl £ S b, f

?lc7hol Dyne/cm? Poise Dyne/cm. < Dyne/zmg

o W
5.4 425.6 0.2803 141.9 283.7
5.0 L02.9 0.2346 159.3 2h3.6
4.5 22.k4 0.2076 k2.1 82.
4.0 257.0 0.1939 103.4 153.
3.5 180.0 0.1622 98.3 81.
3.0 155.2 0.1186 85.8 69.
2.5 84.9 0.1304 33.7 51.
2.0 106.1 0.1346 66.k4 39.
1.5 136.3 0.2560 72.6 63.
1.0 20.9 0.1294 0 20.




133

The only variable investigated in this group of emulsions was
concentration of the dispersed phase, cetyl alcohol. A plot of the con-
stants, 17, , b, and f versus concentration is shown in Fig. 7. The con-
stants did not follow concentration in as regular manner as might be de-
sired; nevertheless, it was thought worthwhile to determine whether the

reciprocal relationship to concentration, as found by Grim‘lo2

with sus-
pensions, might be applicable. Reciprocal plots are shown in Figs. 8-10,
where it is seen that fair agreement with the reciprocal equation was

obtained. The yield values, f,, for this series die not fit in terms

of concentration but did in terms of log concentration, as 1s shown i=n

Fig. 11. The reciprocal equation is generally expressed as follows:
1/Flow Constant = k/S' - kC,

where k 1s a constant, S' is the reciprocal of the intercept on the

abscissa and C is the concentration of dispersed phase. The values of

k, k/S' and S' obtaired for series I constants are shown ir Table L.

TABLE L2

PARAMETERS OF THE RECIPROCAL EQUATION
RELATING STRUCTURE EQUATICN
CONSTANTS TO CONCENTRATION

SERIES I EMULSTCNS

Flow , .
k
Constant k/S S
T 9.60 11.1 1.065
by 0.02% 14.1 0.32k
f 0.012 15.9 0.19




CONSTANT

500

400

300

200

100

134

® f DYNE-Cm®
®© byDYNE-Cm ? i
L x.)
® 7o x10} POISE /
I,/
° ¢/
e
A  ~
yo
0,7 10
o ° -7
/ ® ,//
7 ,,0’ T
/ , /O’
(0] ’,///
/’/"
0]
®
0 1.0 2.0 3.0 4.0 5.0 6.0

CONCENTRATION OF CETYL ALCOHOL,
% W/ W

Fig. (. Plot of Structure Equation Constants, 7, by and f Versus
Concentration of Cetyl Alcohol for EmuIlSions of Series I



135

I S9TJ2G JO SUOISTNWH JOJ
TOUOOTY TL13) JO UOTIFBIJUSOUO) SNSIDA SC\A JO 301d g *STd

M/M % °‘TOHOITV TALID 40 NOILVHLNIONOD

ol



136

I SOTJI9S JO SUOTSTNWH JOJ

TOYOOTY TA33) JO UOTIABILUSIUO) SNSISA >Q\H Jo 130Td ‘6 *BT1d

M/ M

%

‘A0HOOV TAL3D 40 NOILVYLNIONOD

S 14 € (4

AN

8l

2l

9l

0¢

A
Ol xa/



I S9TJI9g JO SUOTSTNUWH JIOF
TOYooTy TA390 JO UOT3BIFUSOUOY SNSISA J/T JO 30Td 0T "STd

M/M % ‘TOHODV TAL3D 40 NOILVYLINIOINOD

S 14 € [ ! o)

137

‘-

A

r
<
N

8¢

XA

9'6

o2l

vl

O x 371



138

T SoTJ9g JO SUOTSTNWH JOF TOUOOTY TL33D

JO UOT}BIYUSOUO) JO WYl TIeBoT snsasp OF/T Jo 301d  *TT ‘314
NOILVHLN3IONOD 9071
60 80 L0 90 G0 0 €0 20 I'0 0 o
//G/ Ol
0,
R 02
YI///////I////////// (0]
I//////// ob

<0l x %3/



159

Values of ELgL obtained in this or a similar manner have been
proposed as the value of the reciprocal for the dispersion medium alone,
but this has been questionedlo3. If these values were so-interpreted
for series I emulsions the suspending medium, which is water, would be
non-Newtonian. Thus, this interpretation of gégl does not appear accept-
able. Values of §' have been regarded as the reciprocal of the ultimate
settling volume, although this has not been proven. The predicted value
of sedimentation constant, ;Zgl, is different for each constant, although
they may agree within error for this series. All of them indicate, as
would be noted from the flow data, that the ultimate settling volume for
cetyl alcohol particles is quite high, ranging from 11 to 16% by volume
of cetyl alcohol. Considering that for rhombohedral packing the volume
of solid in the sediment would be about 74%, this indicates that the
cetyl alcohol particles might have an effective volume several times their
actual volume. This is not unexpected for cetyl alcohol, since it has been
noted that emulsions with concentrations of lO% are creams which do not
flow when subjected to gravitational force.

The effective-volume concept can be used for further speculation.
One can calculate the limiting viscosity, YLEf representing the viscosity
as S approaches zero, from the Structure equation as follows:

F=71f+ oS - bve'as,
aF/ds = N\, + abye™85,

. - — t .
lim dgigs Q o LOJ’ ab,,
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These can then be used to calculate specific viscosities, Yl by the

sp’

formula:

tt emul . /s (solv.) -1.

\ _
1Sp -
Calculated values of ng and XLEB Tor series I emulsions are shown in
Table 43. A plot of lnYLS]E vs. C 1s commonly used to obtain intrinsic
viscosity, L1 |, as the slope of the line, and this type of graph is
shown in Fig. 12. An intrinsic viscosity of 29.4 was obtained in this
manner. The Einstein equation predicts an intrinsic viscosity of 2.5
and experimental determinations have produced values in the range of 2.0
to 2'810h. The high value of 29.4 can be explained on the basis of
electroviscous effect or formation of liquid sheaths about the particles.
It is a common concept that emulsion particles may bear surface charges
such that they repel one another and thus behave as though they were of
much larger volume. The presence of immobilized liquid envelopes about
the particles has also been frequently proposed27’h7, and this, too,
gives the particles a large effective volume. With series I emulsions
the emulsifier, sodium lauryl sulfate, may be expected to be attached to
the cetyl alcohol through the hydrocarbon chain and have the hydrophilic
sulfate radicals extended outward into the aqueous phase. The sulfate
groups would thus constitute charged hydrated layers on the particle sur-
faces causing large electroviscous effects. The ratio of effective to

actual concentration might be estimated by dividing the volume correspond-

ing to rhombohedral packing, 74%, by the volume concentration predicted by
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the reciprocal plots, Fig. 8-10, to be the ultimate settling volume. The
ratios obtained might then be divided into the intrinsic viscosity, 29.4,
to obtain values corrected for the effective volume. Results of this treat-
ment, shown in Table Lk, show these values for intrinsic viscosity to be
grouped about the Einstein constant.

TABLE 43

LIMITING VISCOSITIES, “\O, FOR
SERIES I EMULSIONS

Conc. y

Cetyl

Alcohol V\~O \‘sp

% v
0.0 0.008 0.0
1.0 0.129 15.2
1.5 0.329 40.0
2.0 0.201 2h.1
2.5 0.164 19.5
3.0 0.204 24.5
3.5 0.261 31.5
4,0 0.297. 36.1
4.5 0.350 ho,7
5.0 0.394 48,2
5.4 0.k422 51.7

TABLE 4k

ESTIMATED INTRINSIC VISCOSITIES
BASED ON LIQUID SHEATHS

Constant Ratio Estimated
Used To Effect. Intrinsic
Estimate tAgtual Viscosity
S! Vol.
8.2 3.6
b 10.4 2.8
\'2
f 11.8 2~j




Series IT Emulsions

The constants of the Structure equation for series II emulsions
are presented in Tables 45-57,

Emuleions of this series contained one concentration of corn oil,
Lot W/W3 as the dispersed phase., Two emulsifiers were utilized, and several
suspending agents in varying concentration were investigated. Different
homogenization pressures were used.

Tt was expected that variation in homogenization pressures would
yield different particle size distributions and that this effect on flow
properties of emulsions might be investigated. Size-measurements were made
on the basic emulsions and data are presented in Table 58, TFrom these meas-
urements it may be seen that no significant differences in particle size
resulted from verying homogenization pressures or the use of two different
emulsifiers. Further, on inspection of the flow constants, Tables 45-57,
it was concluded that no consistent changes in flow properties accompanied
the change in homogenization pressure. Thus, the effect of homogenization
pressure within the range of study was concluded to be negligible and sub-
sequent treatment of flow constants utilized averages of those obtained at
different homogenization pressures.

A typical set of curves showing the change in constants of the
Structure equation with variation of concentration of suspending agent is
shown in Figures 13 and 1k,

Although the Structure equation constants of emulsions and solu-
tions of suspending agents increased with increased concentration of suspend-

ing agent, no simple relationship of flow constants to concentration could
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TABLE 45

STRUCTURE EQUATION CONSTANTS FOR SERIES II
EMULSIONS WITHOUT SUSPENDING AGENTS.

Homogenizing

Pressure f Vhpo bv fo

1b. /in? Dyne/cm? Poise Dyne/cm? ) Dyne/cm?

Sodium Lauryl Sulfste Emulsifier
2000 39.8 0.568 17.9 21.9
2500 95.6 0.0947 ho.2 L.k
3000 50.4 0.0391 26.7 23.7
4000 ho.2 0.0629 19.2 23.0
Span-Tween Emulsifier

1000 6.0 0.0517 4.9 1.1
2000 6.2 0.0546 3.0 3.1
3000 9.9 0.057k4 6.2 3.7
4000 9.5 0.562 5.3 b2
5000 10.0 0.0565 5.4 4.6
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TABLE 46

STRUCTURE EQUATION CONSTANTS FOR SOLUTIONS OF SUSPENDING
AGENTS CORRESPONDING TO EMULSIONS OF SERIES II WITH
SODIUM LAURYL SULFATE EMULSIFIER.

i
e

Conc. Suspending £ .. by v
Agent b w/w Dyne/cmg Poise Dyne/cm? Dyne/cu’
Sodium Alginate
1.02 853.4 0.1471 737.8 115.6
0.87 593.3 0.1403 528.9 6L4.5
0.72 k25.9 0.1173 400.0 25.9
0.57 201.6 0.1166 188.8 12.8
0.2 80.5 0.0869 79.3 1.2
Tragacanth
1.01 Lo2.7 0.0650 268.3 1344
0.85 348.9 0.0601 253.7 95.2
0.71 249.5 .0591 183.6 65.9
0.56 171.2 .04okL 139.2 32.0
0.41 71.0 .0450 58.9 12.2
Sodium Carboxymethyl Cellulose Type TMP
2.07 866.2 0.3935 811.2 55.1
1.76 515.5 0.3196 489.8 25.7
1.46 246.5 C.230k4 236.0 10.5
1.1h 112.7 0.1675 107.0 5.6
0.8k 42,2 0.1k | 39.8 2.k
Acac%g
19.95 71.5 0.3191 67.4 h.1
17.02 | --e-- 0.3478 | ~emee | emeee
R A R——— [ 0.207h | —eeem | aeee-
11.35 | eeee- 0.1156 | =---= | —mee-
8.16 | e-ee- 0.0698 | m-e-= | ameo-




EMULSIONS WITH SODIUM LAURYL SULFATE EMULSIFIER,
ACACIA SUSPENDING AGENT.
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TABLE 47

STRUCTURE EQUATION CONSTANTS FOR SERIES II

Conc. Suspending

Agent in Aqueous T b T
Phase % w/w Dyne/cmt Poise Dyné7cm? Dyne/cn’
Hom. Press. 2000 lb./in?
19.95 1442.8 1.1205 1015.7 hot.2
17.02 579.7 0.7945 361.1 218.5
14.81 343.6 0.5760 233.6 110.0
11.35 172.2 0.3619 79.4 92.9
8.16 160.3 0.2041 55.8 104.5
| Hom. Press 2500 1b./in%
19.95 2182.1 1.2409 1479.5 702.5
17.02 806.3 0.4456 410.1 396.2
14.81 568.1 0.7168 369.3 198.8
11.35 270.4 0.4359 141.8 128.6
8.16 186.3 0.1867 69.6 116.7
EHom. Press. 3000 lb./in?
19.95 2316.5 1.2022 | 1599.9 716.6
17.02 985.8 0.8605 661.3 324.5
14,81 522.0 0.6430 349.0 173.1
11.35 301.3 0.3773 | 151.hk 149.9
B.16 245.6 0.2213 | 109.7 135.9
Hom. Press. 4000 1b./in?
19.95 2223.3 1.1805 1376.7 846.6
17.02 986.5 0.8343 621.1 365.4
14.81 564.1 0.6135 347.5 216.5
11.35 | 362.2 0.3663 164.0 198.2
8.16 | 28k.6 0.2427 120.9 163.6
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TABLE 43

STRUCTURE EQUATION CONSTANTS FCR SERIES II EMULSIONS
WITH SODIUM LAURYL SULFATE EMULSIFIER, SODIUM
CARBOXYMETHYLCELLULOSE SUSPENDING AGENT.

Conc. Sugfénding ‘
Agent in Aqueous f 2o | b o
Phase % w/w Dyne/cn? Poise i Dyme/cn® Dyne/cme

Hom. Press. 2000 1b./in%
2.07 1306.6 0.5807 893.6 413.1
1.76 990.0 0.4759 663.7 326.3
1.15 Lok, 1 0.2834 291.5 172.6
0.84 292.6 0.2231 170.8 121.8

Hom. Press. 2500 1b./inZ
2.07 1395.0 0.5636 ‘ 940.5 454.5
1.76 1079.6 0.4713 l 721.2 358.5
1.46 796.7 0.3961 509.4 287.3
1.15 519.4 0.3087 | 292.6 226.8
0.84 353.3 0.2046 | 223.8 130.1

Hom. Press. 3000 1b./in?
2.07 i 1455.9 0.5078 l 989.6 166.3
1.76 | 1049.9 0.bo10 | 700.7 349.2
1.46 : 883.3 0.3543 l 581.8 301.5
1.15 | 601.8 0.2820 | 390.h4 211.4
0.84 i 391.8 0.2173 | 2h2,5 149.2

[

| Hom. Press. 4000 1b./ins
2.07 § 1677.1 0.5460 1116.1 i 561.0
1.76 j 147k, 7 0.4516 10644 . 410.3
1.46 | 1035.0 0.3111 705.9 | 329.0
1.15 ; 658.8 0.2894 409.7 | 249.1
0.84 ; 434.3 0.2120 269. i 164.5
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TABLE 49

STRUCTURE EQUATION CONSTANTS FOR SERIES II

EMULSIONS WITH SODIUM LAURYL SULFATE EMULSIFIER,
TRAGACANTH SUSPENDING AGENT.

Conc. Suspending y\
Agent in Aqueous T >0 by o
Phase % w/w Dyne/cm? Poise Dynelcm? Dyne/cmg

L

Hom. Press. 2000 1b./in.
1.01 596.1 0.2246 339.3 256.7

0.85 508.8 0.1942 303.436 205.403

0.71 399.7 0.1637 237.1 162.6
0.56 278. 4 0.1h491 1h2.5 135.9
0.41 22k .6 0.1152 143.8 80.9

| Hom. Press. 2500 1b./in@
1.01 646.1 0.2095 390.1 256.0
0.85 535.3 0.1741 319.2 216.0
0.71 449.9 0.1425 284 .3 165.6
0.56 342.8 0.1247 218.9 123.9
0.41 236.2 0.1071 157.0 79.2

Hom. Press. 3000 1b./inZ

\

1.01 560.9 0.2270 359.5 201.3
0.85 393.6 0.1742 252.2 141.1
0.71 267.8 0.1578 208.7 59.1
0.56 233.6 0.1308 148.9 84.7
0.41 170.4 0.1045 111.8 58.7

Hom. Press. 4000 1b./in%
1.01 589.8 0.2202 348.3 24h1.5
0.85 486.9 0.1867 298.9 188.0
0.71 383.5 0.1622 24h1.7 141.8
0.56 240.1 0.1596 116.6 123.6
0.41 196.9 0.1188 128.1 68.8
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TABLE 50

STRUCTURE EQUATION CONSTANTS FOR SERIES II EMULSIONS WITH
SODIUM LAURYL SULFATE EMULSIFIER, SODIUM ALGINATE
SUSPENDING AGENT

Conc., Suspending
Agent in Aqueous by YL%D v o
Phase % w/w Dyne/cme | Poise Dyne/cm? Dyne/cm?

Hom. Press. 2000 1b./in?

1.02 1188.6 0.3131 827.3 361.3
0.87 901.4 0.,2780 643.2 258.2
0.72 740.5 0.2621 5222 218.3
0.57 329.3 0.2020 209.2 120.1
0.42 265.6 0.1716 174 .6 91.0

Hom. Press. 2500 1b./in?

1.02 1310.7 0.2710 939.2 371.5
0.87 994.3 0.2615 706.6 287.7
0.72 695.3 C.2316 493,0 202,3
0.57 473.9 0.1930 334.5 139.3
0.h2 269.9 0.1769 169.1 100.8
Hom. Press. 3000 lb,/in? \
1.02 1458.0 | 0.2647 999.6 L58.4
0.87 1070.2 0.2459 740.6 329.6
0.72 785.6 0.2099 556.2 229.4
0.57 547.8 0.1905 385.4 162.3
0.42 356.,6 0.1611 2Ll . 6 112.0
Hom. Press. 4000 1b./in?
1.02 1202.8 0.4100 655. 4 547.4
0.87 1165.8 0.2367 828.5 337,3
0.72 834.6 0.2122 584, 2 250.4
0.57 581.7 0.1875 LoT.1 174,
0.k42 389,5 0.1541 273.,0 116.5




STRUCTURE EQUATION CONSTANTS FOR SUSPENDING AGENT
SOLUTTIONS CORRESPONDING TO EMULSIONS OF SERIES IT
WITH SPAN-TWEEN EMULSIFIER.
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TABLE 51

Conc. Suspending T L by, L
Agent % w/w Dyne/cm? Poise Dyne/cm? Dyne/cm?
Methylcellulose 1500 CPS
1.661 1496.8 0.3573 1341.3 155.6
1.415 868.3 0.3117 797.6 70.7
1.168 475.9 0.2342 Lho,5 33.4
0.922 27k .k 0.1851 257.8 16.6
0.676 79.7 0.1165 75.9 3.8
Sodium Carboxymethylcellulose Type TMP
2.259 1408.5 0.339% 1258.1 150.3
1.924 828.5 0.2935 761.6 66.9
1.589 387.0 0.2267 357.2 29.7
1.254 208.9 0.1662 197.0 11.8
0.919 143.8 0.1382 119.1 ok, 7
Carbopol-934, Sodium Salt
0.334 488.2 0.1829 334.9 153.3
0.285 351.5 0.1197 298.1 53.k4
0.235 200.2 0.0913 177.5 22.7
0.185 77.8 0.0701 64.2 13.6
0.136 21.8 0.0493 13.3 8.4
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TABLE 5l1-Continued

Conc. Suspending f "o by o
Agent %yy/w Dyne/gm? Poise Dyne/cm? Dyne/cm?
Acacia
19.245 ho.2 0.3645 ho.L ‘ _____
16.391 -——— 0.2536 — —
13.537 -——— 0.1672 - l -----
10.683 ———- 0.1138 ~——— -
7.828 _—— G.0769 — | e
Sodium Alginate
1.034 859.9 0.2499 603.1 256.8
0.881 750.2 0.1748 625.1 125.2
0.727 535.7 | 0.1435 459.8 5.9
0.574 339.0 . 0.1267 297 .4 41,6
0.hbe1 179.4 0.0959 | 158.2 21.1
Tragacanth
1.163 566.8 | 0.1052 371.6 | 195.2
0.991 h62.1 0.0951 319.3 142.8
0.818 326.9 0.0861 229.5 o7.4
0.646 229.8 0.0656 170.9 58.9
!

0.473 127.7 |  0.0635 99. k4 28.3
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TABLE 52

STRUCTURE EQUATION CONSTANTS FOR SERIES IT EMULSIONS
WITH SPAN-TWEEN EMULSIFIER, SODIUM ALGINATE
SUSPENDING AGENT.

Conc. Suspending '
Agent in Aqueous f o Y\v@ bv £
Phase % w/w Dyne/cm? | Poise Dyne/ cm? Dyne/cms
Hom. Press. 1000 1b./in%
1.034 1523.6 0.4558 1263.7 259.9
0.881 1155.5 0.400k% 966.9 188.6
0.727 773.3 0.3462 616.8 156.4
0.5Th 553.2 0.2860 LeT. 4 85.8
0.ko1 371.8 0.2319 317.0 5k,
Hom. Press. 2000 1b./in?
1.034 1550.3 ! 0.4749 1250.8 ! 299.5
0.881 1123.0 | 0.4448 893.8 | 233.1
0.727 855.8 | 0.3722 693.8 | 161.9
0.5Th 590.6 . 0.3235 ' Lk16.8 | 113.8
0.421 362.4 . 0.2576  290.7 A
Hom. Press. 3000 1b./in%
1.034 16,7 | 0.ho27 | 1132.0 | 31k.7
0.881 1144.9 i 0.4233 903.4 240.9
0.727 810.0 | 0.4035 622.0 188.
0,574 554.9 ‘ 0.3142 431.3 | 123.6
0.421 394,2 0.2560 266.1 | 83.1
Hom. Press. 4000 1b./in%
1.034 | 1469.2 | 0.4636 1161.5 | 307.7
0.881 1080.9 j 0.4260 8h5,2 | 235.7
0.727 759.8 | 0.3797 564.8 | 175.1
0.57h 539.0 | 0.3063 he1.0 | 118.0
0.ke1 . 325.1 | 0.2L406 251.8 ©  73.3
% Hom. Press. 5000 1b./in?
1.03k ; 1480.5 04Tkl 1156.3 | 32k.1
0.881 - 1165.8 0.40k0 937.3 | 228.5
0.727 | 795.8 0.3757 618.4 177.4
0.57k l 516.1 0,320k 394.,9 121.2
0.h421 | 351.1 | _0.2kas5 275.0 | 76.1
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TABLE 5%

WITH SPAN-TWEEN EMULSIFIER, TRAGACANTH SUSPENDING AGENT.

Conc. Suspendin f . Voo Dy f
Agent in Aqueous Dyne/cm? Poise Dyne/cm@ Dyne?cm@
Phase % w/w
Hom. Press. 1000 1b./in%
1.163 831.8 0.2688 636.8 195.0
0.991 652.5 0.2517 513.2 139.3
0.818 Le6.7 0.2304 368.4 98.2
0.646 293.7 0.2018 | 338.3 544
0.473 497.8 0.1719 | 16h.4 33.5
Hom. Press. 2000 1b./in®
1.163 691.2 0.2810 508,442 182.8
0.991 538.8 0.24ENL LoT.4 131.5
0.818 Lr2.2 0.2367 359.2 113.0
0.646 313.3 C.2140 2ho.1 71.2
0.473 154.8 0.1630 120.4 344
‘ Hom. Press. 3000 lb./in?
1.163 632.2 0.2561 461.6 170.6
0.991 Lhs57.2 0.2322 336.0 121.2
0.818 374.6 0.2177 278.8 95.8
0.646 | eek,1 0.1823 166.1 57+9
0.473 | 115.5 0.1519 | 85.2 i 30.3
Hom. Press. 4000 1b./in%
1.163 | 596.9 0.2467 414ho.6 156.2
0.991 443,3 0.2331 322.9 120,53
0.818 301.1 0.2045 229.7 T1l.h4
0.646 163.6 0.1793 117.7 45.9
0.473 115.3 0.149k4 85.9 2.4
Hom. Press. 5000 1b./in%
1.163 562,0 0.2497 4059.9 152.1
0.991 L 559.9 0.2152 42,8 117.1
0.818 . 326.3 0.,208L4 247.9 78.4
0.646 198.0 0.1789 147.8 50.2
0.473 94.9 0.1488 68.8 26.1
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TABLE 5k

STRUCTURE EQUATION CONSTANTS FOR SERIES II EMULSIONS
WITH SPAN-TWEEN EMULSIFIER, ACACIA SUSPENDING AGENT.

Conc. Suspernding

Agent in Aqueous T Y\SD by
Phase % w/w Dyne/cm? Poise Dyne/cm?
Hom. Press. 1000 1b./in%
19.24 869.3 0.7854 860.8
16.39 L62.6 0.6806 4e2.2
13.54 455.1 0.7149 337.3
10.68 109.7 0.3656 107.8
7.83 58.8 0.2488 56.3
‘Hom. Press. 2000 1b./in%
19.24 990.5 1.0475 96k.1
16.39 457,k 0.8852 435.2
13.54 232.6 0.6727 216.6
10.68 112.0 0.4738 101.9
7.83 72.8 0.3179 64.8
Hom. Press. 3000 lb./in?
19.24 1099.8 0, 7844 1003.0
16.39 609.8 0.6259 550.8
13.54 263.3 0.5801 215.1
10.68 104.1 0.4228 68.2
7.83 60.9 [ 0.2880 L6.2
Hom. Press. 4000 1b./in?
19.2k4 843.6 0.6982 783.6
16.39 523.8 0.7598 509.4
13.54 316.4 0.3565 298.2
10.68 113.2 0.3155 84.9
7.83 60.7 0.2361 10.4
Hom. Press. 5000 lb./in?
19.24 949.8 0.5933 886.8
16.39 532.3 0.4604 502.3
13.54 332.7 0.4k172 320.2
10.68 198.7 0.3181 184.0
7.83 62.1 0.2384 17.9
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TABLE 55

STRUCTURE EQUATION CONSTANTS FOR SERIES II EMULSIONS WITH
SPAN-TWEEN EMULSIFIER, SODIUM CARBOXYMETHYLCELLULCSE

SUSPENDING AGENT.

Conc. Susperding' f S b o
Agent irn Aqueous§ Dyne/cm? | Pd?%e Dyng/cm? Dyne/cm?
Phase % w/w |
Hom. Press. 1000 lb./in?
5
2,259 2200.2 | 0.6527 1898.4 301.9
1.92k4 171%.0 0.6226 1478.1 235.9
1.589 1496.5 | 0.6189 1291.1 205.3
1.25k4 629.9 | 0.4518 535.8 ohk.1
0.919 338.6 0.3542 | 266.8 7G.7
|
| Hom. Press. 2000 1b./in%
2.259 E 2317.7 0.7178 1939.9 377.8
1.924 | 1793.6 0.6742 1499.2 294 4
1.589 g 998.2 0.5618 823.3 174.8
1.254 | 594.9 0.4647 458,2 136.6
0.919 i 315.2 0.3615 221.6 93.6
" Hom. Press. 3000 1b./in%
2.259 2289.1 | 0.7370 1893.6 395.4
1,924 1616.9 0.6596 1312.3 304.6
1.589 1111.6 0.5590 |  890.9 220.7
0.919 331.2 0.3352 231.3 99.8
Hom. Press. 4000 1b./inZ
2,259 2260,.6 0.7391 1846.2 Lk h
1.92k 1556.9 0.6776 | 1243.2 313.7
1.589 906.0 0.5469 | 712.9 193.2
1.254 512.5 0.4232 383.4 129.1
0.919 287.9 0.3205 192.3 95.6
Hom. Press. 5000 1b./in%
2,259 1963.%  0.7137 1604.0 3594
1.924 1481.3 0.6462 1218.2 263.0
1..589 909.2 0.5357 72k 4 184.9
1.254 [ 539.8 0.4312 410.7 129.1
0.919 | 276.0 0.3306 185.2 90.8
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TABLE 56

STRUCTURE EQUATION CONSTANTS FOR SERIES II EMULSIONS

WITH SPAN-TWEEN EMULSIFIER, METHYLCELLULOSE

SUSPENDING AGENT

Conc. Suspending

Agent in Aqueous f WJ - b f
Phase % w/w Dyne/cmé | . Pg;;e DynZ/cm? Dyng/cm?
| Hom. Press. 1000 lbc/in?
1
1.661 1646.0 0.4610 1373.7 272.3
1.415 1574.0 0.4161 1331.0 243.0
1.168 899.2 0.3859 T71.4 127.7
0.922 | 527.5 0.3086 478.5 49.0
0.676 ; 281.9 0.2356 258.0 23.9
é Hom. Press. 2000 lb,/ing
1.661 . 1868.4 0.4520 = 1519.8 348.6
1.415 i 1309.5 0.Lk021 1120.8 188.7
1.168 | 826.1 0.3613 686.8 139.4
0.922 ' 488.9 0.2992 418.3 70.6
0.676 241.8 0.2241 210. 4 31.k4
" Hom. Press. 3000 1b./in%
1.661 . 1818.3 | 0.435h | 11483.6 334.7
1.415 é 1282.0 § 0.4035 | 1069.8 2l2.2
1.168 : 789.5 | 0.3430 | 66h.2 125.3
0.922 ; k56.3 | 0.2980 | 381.2 75.031
0,676 g 228.7 . 0.2362 ! 200.1 28.5
| Hom. Press. 4000 1b./in?
1.661 % 2050.2 0.4378 | 1668.3 381.9
1.415 ; 1394.7 0.4008 | 1154.8 239.9
1.168 ' 917.0 0.3499 | 780.6 189.4
0.922 512.6 0.2913 | k5.0 67.6
0.676 270.0 0.2238 +  234.4 35.5
Hom. Press. 5000 1b./in?
1.661 1887.9 | 0.4k53 | 155k.2 333.7
1.415 1362.7 | 0.3985 | 1127.0 235.7
1.168 899.2 1 0.3357 | 769.2 130.0
0.922 572.8 | 0.2800 | 502.5 70,2
0.676 265.1 | 0.2182 | 230.7 38.4
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TABLE 57

STRUCTURE EQUATION CONSTANTS FOR SERIES II EMULSIONS
WITH SPAN-TWEEN EMULSIFIER, CARBOPOL-934, SODIUM
SALT, SUSPENDING AGENT.

Conc. Suspending v
Agent in Aqueous f Loo

f
PLase % w/w Dyne/cm% | Poise | Dyng/cm? Dypg/cmg
Hom. Press. 1000 1b./in?
0.334 L20.8 0.2584 ‘ 32k, 7 96.0
0.285 304.7 0.2153 | 2L7.6 57,1
0.235 236.2 0.19%0 | 195.8 Lho.k4
0.185 123.7 0.1461 ° 108.3 15.k
0.136 63.1 0.1161 56,1 7.0
Hom. Press. 2000 lbo/in?
0.334 436.5 0.2620 | 312.6 123.9
0.285 315.0 0.2199 | 233.3 81.7
0.235 210.4 0.1725 | 167.8 k2.7
0.185 142.2 0.1518 | 109.2 32.9
0.136 80.1 P 0.,1167 . 63.2 16.9
Hom. Press. 3000 lb./ing
0.334 450.0 - 0.2ke7 335.6 11k .k
0.285 299.8 . 0.2101 202.2 7.6
0.235 231.9 i 0.1801 181.4 50.6
0.185 152.0 ¢ 0.1h71 121.5 30.4
0.136 | 88.1 i 0.1184 70.5 17.5
Hom. Press. 4000 1b./in%
0.334 L70.5 % 0.2553 | 340.0 130.4
0.285 343.0 | 0.2188 | 252.7 90.3
0.235 ! 271.3 | 0.1872 ' 205.3 66.0
0.185 3 172.3 | 0.1530 ¢ 135.5 36.8
0.136 ; 102.8 ©0.1228 . 8L.9 | 20.8
|
| Hom. Press. 5000 1b./in?
|
0,334 | 510.8 i 0.2597 356.7 154.0
0.285 | 371.5 | 0.2153 273.4 98.1
0.235 | 259.5 | 0.1834 196.9 62.6
0.185 | 164.0 P 0.1499 129.1 34,8
0.136 @ 101.4 . 0.1206 81.2 20,1
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TABIE 58

PARTICLE SIZE DISTRIBUTION FOR SERIES III, BASIC EMULSIONS

Particle Counted Particles, Stated Size
Diameter Homogenizing Pressure lb/in?
Microns

Sodium Lauryl Sulfate Emulsifier

2000 2500 3000 4000
< L5 i1 75 140 250
1.5-3 179 216 192 106
3-4,5 69 61 81 38
7.5-6 52 19 23 28
6-7.5 15 7 2 L

Span-Tween Emulsifier

1000 2000 3000 4000 5000
< 1.5 £33 288 306 266 336
1.5-3 205 165 165 175 172
34,5 22 9 6 7 o
7.5-6 8 3 2 1 1
6-7.5 - - - 3 2




161

be found. Reciprocal plots, semi-logarithmic and logarithmic plots were
generally non-linear. Certain qualitative comparisons can be made, how-
ever, from an examination of the tables of flow constants. The constants,
bv and Ty WETE larger with sodium lauryl sulfate emulsifier in all cases
;;cept ;gén carboxymethylcellulose was the suspending agent. Acacia
solution alone was Newtonian, except for the highest concentration, but
emulsions containing acacia were non-linear, Those with Span-Tween
emulsifier showed no yield value, but those with sodium lauryl sulfate
did exhibit yield values. Emulsions without suspending agents were non-
linear with rather high yield values, the yield value for the emulsion
with sodium lauryl sulfate being higher than that with Span-Tween.,

Since the Structure equation constants could not be directly
related fto concentration of suspending agent, limiting viscosities, ka
were calculated as for series I. These values were then examined for
quantitative relationships to concentration. The equation of Robinson(lou
for suspensions of spherical particles was found to fit the data for
suspending agents. This equation may be expressed as:

¢/f(n) = a - 1C,
1/2

where f{7} may be 1n Npels nsp Or Mpaq -1. An important difference was

noted, however, in that the slope of the curves, when £(n) was 1n m,..q,
was positive instead of negative as generally is found with suspensions.
A typical curve is shown in Figure 15. This is not surprising, since
there is no reason to believe that suspending agents in solution would
have effects equivalent to solid spheres. Thus, the constants of this

equation cannot be interpreted in the manner used for dispersions of
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spherical particles, and the equation must be congidered ag simply axn
empirical description of the data. As such it enables one to compare
the flow properties of one suspending agent with another., The squation,

C/ln Tpe1 = @ + bC, was used for sodium alginate, sodium carboxymetnylcsliuloss,

tragacanth, and methylcellulose solutions. For acacia, *the equation C/nﬂp =
a - bC, was used, and none of the three functions fitted the data for

Carb0pol-934. Values of the constants obtained are shown in Table 59,

TABLE 59

PARAMETERS OF THE EQJATION C/f{7) = a + bC
FOR SUSPENDING AGENTS

Suspending Emulsifier
Agent

Sodium Lauryl Sulfate Span-Tween

a b a b
Acacia 0.72 0.07 0.59 C.05
Sodium Alginate  0.08 0.51 0.06 0.35
Sodium Carboxy-~
methylecellulose  0.20 0.24 0.20 0.24
Tragacanth 0.06 0.48 0.06 0. 48
Methylcellulose - - 0.14 0.21

The constants, a and b, determined in this manner, can be used to compare
relative viscosities of solutions of suspending agents or might be used to
determine the concentration required to furnish a solution with a given

relative viscosity. Relative viscosity in this case refers only to limiting
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Series II, Sodium Carboxymethylcellulose Suspending Agent
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viscosities and not to flow properties at high rates of shear. The limit-
ing viscosities of the emulsions of series II did not yield specifiec
viscosities which followed the equations commonly used to calculate
intrinsic viscosity. Values of n, for the emulsion were linearly related

to those for the solvent (solution of suspending agent) by the equation:
Mo(emul,) = A+ B Mo(solv.)

where A and B are constants. Values of these constants are shown in Table

60. From them it can be seen that the addition of oil to the emulsifier-

suspending agent solution caused a greater increase in limiting viscosity

in some cases than in others. The change was greatest for acacia as the

suspending agent and, in most cases, for Span-Tween as the emulsifier,

TABLE 60

PARAMETERS OF THE EQUATION ng(emu1l) = £ + Blo(solv)
FOR SERIES II EMULSIONS

: Emulsifier
Suspending
Agent Sodium Lauryl Sulfate Span-Tween Mixture
A B A B

Tragacanth 0.13 1.12 0.25 0.96
Acacia 0.11 3,73 0.02 L,35
Sodium Algimate  0.19 1.23 0.15 1.45
Sodium Carbo-

methylcellulose 0.3%3 0.93 0.19 1.79
Methylcellulose = - 0.25 1,20

Carbopol-93k4
Sodium Salt - - 0.14 0.78
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Sedimentation of Series IT Emulsions

It was decided to measure ultimate settling volumes of the
emulsions of series II in order to see if flow constants might be related
to degree of sedimentation. ©Samples of each emulsion were placed in 100-ml.
graduated cylinders with glass stoppers and allowed to stand at room temper-
ature, The volume of the sedimented disperse phase was measured at intervals
of about one week until no further sedimentation was noted. These observations
were continued over a period of six months, at which time all samples showing
sedimentation had reached equilibrium. Some of the samples exhibit=d no
separation during this period. Average values of relative settling volume,
S', limiting viscosities, N and yield values, f,, are shown in Table 61,

Plots of S' vs. constants of the Structure equation, vs, o and
vs f, were non-linear in every case, and comparisons of the curves indicated
no clear relationship of sediment volume to these constants. On the other
hand, sediment volume appeared to be a linear function of concentration of
suspending agent. This indicates that the factors contributed by the
suspending agent are not simply flow properties and that these unknown
factors influencing sedimentation have a greater effect than viscosity
or yield value,

By means of the linear plots of §L'g§g concentration of suspending
agent it is possible to make some comparisons as to effectiveness of differ=~
ent suspending agents within +the ranges of concentration studied. Acacia

was quite inferior to the other suspending agents, regardless of which of

the two emulsifiers was used, and it had the peculiar property of increasing
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TABLE 61

RETIATIVE SETTLING VOLUMES, LIMITING VISCOSITIES

AND YTIELD VALUES OF EMULSIONS AND SOLUTIONS

OF SUSPENDING AGENTS, SERIES IT

Sodium Lauryl Sulfate Emulsifier

Conc., Suspending | Relative Settling fo fo
Agent in Aqueous | Volume 1 1 (emul) (solv)
Phase, % w/w St Oéi?:é) | oéggég) Dyne-cm'EJ Dyne-cm™
Tragacanth
1.01 - 0.580 § 0.333 171 134
0.85 2.25 0.k476 I 0.31k 126 95
0.71 2.07 0.399 . 0.243 91 66
0.56 2.01 0.300 I 0.189 36 32
0.41 1.84 0.2k46 . 0,104 31 12
Acacia
19.95 1.6k 2,554 0.386 673 L
17.02 1.71 1.372 0.348 326 0
14,81 1.7k 0.962 0.207 175 0
11.31 1.80 0.519 0.116 152 0
8.16 1.83 0.303 0.070 130 0
Sodium Alginate
1.02 2,17 | 1170 | 0.885 301 116
0.87 2.16 i 0.985 [ 0.669 225 64
0.72 2.10 0.768 0,517 172 26
0.57 1.93 - 0.527 0.305 113 13
0.42 1.82 L 0.381 0.166 65 1
Sodium Carboxymeéhylcellulose
2.07 - | L.53k 1.205 | 370 55
1.76 - 1.223 0.809 | 282 26
1.46 - 0.953 0.4k66 | 196 10
1.15 2.23 0.637 0.27k 1 88 6
0.8k 2.06 0. 441 0.154 | 90 2
ero Suspending Agent )
1.76 i 0.090 | 0.008 ! 31 0
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TABLE 61
(Cont'd)

Span-Tween Emulsifier

Conc. Suspending Relative Settling fT ff
Agent in Aqueous Volume n 1 ) (emul) (solv)
Phase, % w/w S! O(emu ) o(solv) Dyne=-cm™ Dyne--cm'2
Tragacanth
1.16 2,20 0.752 0.477 239 195
0.99 2.11 0.642 0.1k1 188 143
0.82 2.16 0.516 0.316 132 7
0.65 2.0k 0.37h 0.237 117 59
0.7 1.87 0.262 0.163 72 98
Acacia
19.24 1.3k 1.682 0.b1k 0 0
16.39 1.1 1.17h 0.273 0 0
13.54 1.53 0.826 0.171 0 0
10.68 1.56 0. 489 0.11k 0 0
Sodium Alginate
1.03 2,28 1.665 0.853 Lzl 257
0.88 2.25 1.329 0.800 303 125
0.73 2.2k 1.003 0.603 225 76
0.57 2.2k 0.748 0. ok 149 bo
0.42 2.23 0.526 0.254 105 21
Sodium Carboxymethylcellulose
2.26 2.20 2,549 1.598 Lk 150
1.92 } 2.16 2.006 1.055 339 7
1.59 | 2.06 1.453 0.58k 306 30
1.25 ! 1.87 0.890 0.363 215 12
0.92 i 1.85 0.560 0.257 263 25
J Methylcellulose
{
1.60 | 2.18 1.966 1.699 33L 156
1.k 2.19 1.565 1.109 ook 71
1.17 2.20 1.090 0.676 132 33
0.92 2.12 0.741 0. 443 67 17
0.68 2.11 0. 454 0.192 31 L
Carbopol-934, Sodium Salt
0.33 - 0.591 0.518 12k 153
0.28 - 0. 462 0.418 81 53
0.23 2.28 0. 346 0.269 53 23
0.18 2.2k 0.270 0.13h 30 1k
0.1k 2.06 0.190 0.063 16 8
No Suspendin: Agent
2,10 0.060 0.008 3 0
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the degree of sedimentation with increasing concentration. All other
suspending agents decreased the degree of sedimentation with increasing
concentration.

Tragacanth and carboxymethylcellulose gave lower values of S'
with Span-Tween than with sodium lauryl sulfate emulsifier; sodium alginate
gave lower values with sodium lauryl sulfate. With Span-Tween emulsifier the
suspending agents may be ranked as follows: Carbopol > Sodium alginate >
tragacanth = methylcellulose > carboxymethylcellulose >> acacia, With
sodium lauryl sulfate emulsifier the ranking is: tragacanth > sodium
alginate > carboxymethylcellulose >> acacia. With no suspending agent

Span-Tween gave higher values of S' than sodium lauryl sulfate.
Series IIT Emulsions

Emulsions of series IIT were prepared and measured with the aim of
obftaining more detail as to effects of concentration of suspending agent and
disperss phase on flow properties of emulsions. For this purpose eight
levels of sodium carboxymethylcellulose, eight of methylcellulose and two
of Carbopol were used with seven to nine different concentrations of oil
at each level of suspending agent. Only one emulsifier, Span-Tween, was
used., Structure equation constants for series III emulsions are presented
in Tables 63-71l. Constants for the solutions of suspending agents are in
Table 62,

Structure equation constants for suspending agents did not follow

n(10)

the reciprocal relationship found by Gri for suspensions, but the

valuss of Nrel computed from b, and n did fit the equation used for the
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TABLE 62

STRUCTURE EQUATION CONSTANTS FOR SUSPENDING AGENT
SOLUTIONS CORRESPONDING TO EMULSIONS OF

SERIES III.
Conc. of ' f N P by s
Suspending Agent % w/w | Dyne/cm® Poise Dyne/cms Dyne/cm?
Methylcellulose 1500 CPS
1.3367 918.5 0.2433 837.1 81.4
1.1696 580. 4 0.2156 540.1 133.2
1.0025 361.5 0.1846 341.9 19.6
0.7797 111.7 0.1526 98.8 12.8
0.651 100.7 0.1131 99.2 1.4€
0.543 36.6 0.0904 30.9 5.8
0.434 19.5 0.0652 14.9 L,5
0.326 6.6 0.0392 3.2 3.k
Carboxymethylcellulose Type TMP
1.687 638.6 0.2559  : 588.k4 280. 4
1.476 433.2 0.2120 4Ok, 1. 29.1
1.265 282.7 0.1757 266.1 16.6
1.153 267.8 0.1752 253.8 14.0
0.984 155.2 t0.1433 152.2 3.0
0.769 114.6 . 0.1119 97.7 16.9
0.562 h7.7 | 0.0838 Lh. 7 3.0
0.281 18.1 - 0.0500 14.6 3.6
Carbopol-934, Sodium Salt
0.181 70.0 i 0.0649 52.9 17.1
0.125 17.8 | 0.0344 13.6 4.3
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TABLE 63

STRUCTURE EQUATION CONSTANTS FOR SERIES IIT EMULSIONS

WITH 1.337% AND 1.170% METHYLCELLULOSE SUSPENDING

AGENT.
Conc. 0il ; f o by fo
% v/v i Dyne/cm? Poise Dyne/cm? Dyne/cm?
1.337 % w/w Suspending Agent in Aquecus Phase
54,2 1602. 4 0.4056 1253.8 348.5
4L8.7 1517.2 0.391k4 1224.6 292.5
43.3 1422.2 0.3737 1182.6 239.6
37.9 1328.0 0.3434 1135.6 192.4
32.4 1255.0 0.3269 1096.8 158.2
27.0 1187.8 0.3253 1045,k 1424
16.2 983.1 0.2942 883.3 99.8
10.8 979. 4 0.2768 886.2 93.2
1.170 % w/w Suspending Agent in Agquecus Phase
54.2 1257.1 | 0.3892 981.2 275.9
4L8.7 1145.1 0.3513 949.9 195.2
43.3 10k1.3 0.3347 840.3 151.1
37.9 936.1 0.3266 814.9 121.2
32.4 872.2 0.3066 778.5 93.8
27.0 7933 0.2859 7173 76.1
21.6 718.9 0.2771 651.1 67.8
16.2 IS 0.2629 588.7 56.0
10.8 637.691 0.2471 540,153 48.6
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TABLE 64

STRUCTURE EQUATION CONSTANTS FOR SERIES III EMULSIONS

WITH 1.002% AND 0.780% METHYLCELLULOSE SUSPENDING

AGENT.
Conc. 0il T e | by £
% V/V Dyne/cm? i Poise j DyneZcmg Lﬁ Dyne/cm@
1.002 % w/w Suspending Agent in Aqueous Phase
5h.2 999.9 0.3539 806.7 193.2
L8.7 836.3 0.331k4 701.5 134.8
43.3 767.9 0.2878 691..2 74.6
37.9 669.6 0.2826 599.9 (9.6
32.4 566, 2 0.2721 510.3 56,0
27.0 550.4 0.2532 509.3 h1.1
21.6 490.2 0.2382 450.4 39.8
16.2 400.4 0,2269 372.4 27.9
10.8 387.5 0.2097 362.9 24h.6
0,780 % w/w Suspending Agent in Aqueous Phas
54,2 635.599 0.31k42 514.040 121.559
48,7 540.6 0.2857 Leb .2 Th. kb
43.3 433.6 0.2561 388.1 45,5
32.k4 301.9 0.2209 278.8 23.0
27.0 258.8 0,200k 241.1 17.7
21.6 202.5 0.1760 197.0 5L
16.2 169.7 |_0.194%0 150.1 19.6
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TABLE 65

STRUCTURE EQUATION CONSTANTS FOR SERIES IIT EMULSIONS

WITH 0.651% AND 0.543% METHYLCELLULOSE SUSPENDING

AGENT.
Conc., 0il f ¥,
% V/V Dyne/cm? nggé Dynglcmg Dyng/cmg
0.651 % w/w Suspending Agent in Aqueous Phase
5,2 513.4 0.2678 426.6 86.8
4L8.7 431.6 0.2398 37h.2 574
43.3 326.6 0.2213 292.8 33.8
37-9 262. 4 0.2004 2k2.3 20.2
32.4 206.7 0.1864 190.6 16.1
27.0 178.1 0.1690 166.8 11.2
21.6 149.6 0.1573 139.4 10.2
16.2 137.3 0.1503 | 131.3 6.0
10.8 119.8 0.1369 | 115.1 b,7
0.543 % w/w Suspending Agent in Aqueous Phase
54,2 363.9 0.2326 295.6 68.3
L8.7 264.5 0.2072 227.1 37.3
43,3 195.7 0.1865 174.6 21.2
37.9 148.0 0.1678 132.9 15.0
32.4 112.7 0.1528 102.7 10.0
27.0 98.5 0.1361 9L.7 6.8
21.6 80.6 0.1253 6.1 L. b
16.2 56.9 0.1128 54.8 2.1
10.8 45.3 0.1016 L6.2 ——
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TABLE 66

STRUCTURE EQUATION CONSTANTS FOR SERIES III EMULSIONS
WITH 0.434% AND 0.326% METHYLCELLULCSE SUSPENDING

AGENT.
Conc. 0il f Vo v , s
% v/v Dyne/cm? Poise Dyne/cm?ﬁi Dyné/cmS
0.434 % w/w Suspending Agent in Aqueous Phase
5h,2 295.9 0.2041 251.8 L1
L8.7 182.3 0.1866 158.0 24 .3
43.3 132.7 0.161k4 115.4 17.3
37.9 100. 4 0.1hkes 89.6 10.8
32.4 73.1 0.1264 67.7 5.4
27.0 ke.s 0.1133 | ho.2 6.3
21.6 37.1 0.1008 32.5 L. ¢
10.8 27. 4 0.,0800 22.5 L,9
0.326 % w/w Suspending Agent in Aqueous Phase
5k.2 198.9 0.1761 161.7 37.3
L8.7 119.4 0.1546 100.9 18.¢
43.3 59.5 0.1239 h7.5 ; 12.0
37.9 bh.5 0.1132 35.2 ; 9.3
27.0 21.6 0.083k | 16.0 | 5.6
21.6 1k.0 0.067 10.6 3.h
16.2 12.4 0.0586 9.1 3.3
10.8 10.2 0.0508 6,7 3.6
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TABRLE 67

STRUCTURE EQUATION CONSTANTS FOR SERIES III EMULSIONS
WITH 1.687% AND 1.476% SODIUM CARBOXYMETHYLCELLULOSE
SUSPENDING AGENT.

Conc. 0il f 0 b, £
% v/v Dyne/cm. 2 Poise Dyne/cm? Dyne/cm?
1.687 % w/w Suspending Agent in Aqueous Phase
54.2 1863.4 0.6670 1557.2 306.2
48.7 1445.0 0.6331 1168.5 276.5
43.3 1350.4 0.5759 1102.1 2h7.7
37.9 1119.0 0.4790 398.6 180.4
32.4 1001.9 0.4370 849.,0 152.8
27.0 872.7 0.4016 T42.5 130.1
21.6 832.6 0.3637 724 .5 108.1
16.2 Thk.1 0.3380 650.1 9.0
10.8 652.9 0.2988 585.5 67.k4
1.476 % w/w Suspending Agent in Aqueous Phase
54,2 1431.5 0.6571 1151.1 280.4
L8.7 1149.1 0.5537 928.1 220.9
43.3 1145.0 0.5198 940.6 204,8
37.9 967.5 0.5027 782.3 185.3
32.4 721.8 0.4307 583.1 138.8
27.0 616.8 0.3527 519.7 97.1
21.6 566.9 0.3145 479.8 87.0
16.2 hol.2 0.2791 hol,2 67.0
10.8 475.5 0.2630 422.8 52.9
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TABLE 68

STRUCTURE EQUATION CONSTANTS FOR SERIES III EMULSIONS

WITH 1.265% AND 1.153% SODIUM CARBOXYMETHYLCELLULOSE
SUSPENDING AGENT.

Conc. 0il f Yl bV o
% v/v Dyne/cmg Pogée Dyne/cm? Dygg/cmg
1.265 % w/w Suspending Agent in Aqueous Phase
54,2 1045.4 0.561k4 825.7 219.7
L8.7 839.5 0.5091 659.1 180. 4
43.3 691.5 0. 4500 550.9 140.6
37.9 557.0 0.3902 Lhl .9 112.0
32.4 483.7 0.3329 402.0 81.7
27.0 Li1.2 0.300k 3L42.5 68.7
21.6 378.0 0.2667 323.0 54.9
16.2 256.0 0.2475 308.9 47.6
10.8 | 293.0 0.2330 258.0 35.9
1.153 % w/w Suspending Agent in AqQueous Phase
54.2 837.3 0.5496 | 615.2 222.1
48.7 640.8 0.4772 | L465.4 175.5
43.3 530.6 0.4058 394.9 135.7
37.9 432.1 0.3532 327.1 105.0
32.4 379.5 0.3148 290.1 89.4
27.0 322,2 0.2749 257.2 6.7
21.6 280.0 0.2453 227.8 52.2
16.2 261.6 0.2226 223.5 38.0
10.8 245.3 0.2082 215.3 30.1
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TABLE 69

STRUCTURE EQUATION CONSTANTS FOR SERIES III EMULSIONS
WITH 0.984% AND 0.769% SODIUM CARBOXYMETHYLCELLULOSE

SUSPENDING AGENT.

Conc. 0il Q&) v £
% v/v Dyne/cm? Poise Dyne/cm? Dyne/cm
0.984 % w/w Suspending Agent in Aqueous Phase
54,2 680.1 0.4723 523.9 156.2
48.7 533.6 0.4157 h12.5 121.1
43.3 b3k, 7 0.3697 332.9 102.7
37.9 340.7 0.3199 263.8 T7.7
32.4 291.1 0.2641 233.0 58.1
27.0 253.5 0.236k4 207.1 L6.3
21.6 216.5 0.2052 184.0 32.4
10.8 174.1 0.1793 156.6 17.5
0.769 % W/W Suspending Agent in Agueous Phas
54,2 455.0 0.3820 316.3 138.8
48.7 327.8 0.3347 216.3 111.5
43.3 250.6 0.2842 166.7 83.9
37.9 203.5 0.2448 136.7 66.8
32.4 171.8 0.2138 119.3 52,4
27.0 k2.7 0.1846 103.2 39.4
21.6 125.1 0.1652 93.6 31.5
16.2 105.7 0.1478 83.2 22.5
10.8 96.7 0.1337 82.0 4.7
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TABLE 70

STRUCTURE EQUATION CONSTANTS FOR SERIES III EMULSIONS

WITH 0.562% AND 0.281% SODIUM CARBOXYMETHYLCELLULOSE
SUSPENDING AGENT.

T

Conc. 0il f ' v [ fq
% v/v Dyne/cm? f Poise Dyne/cm? ; Dyne/cmg
0.562 % w/w Suspending Agent in Aqueous Phase
54,2 294 .5 0.3113 210.5 83.9
L8.7 195.8 0.2729 131.6 6Lh.1
43.3 154.9 0.2187 113.6 41.3
37.9 134.6 0.1988 95.6 39.0
32.4 104.6 0.1733 73.8 30.9
27.0 78.9 0.1536 54,3 2k ,6
21.6 i 70.3 0.1348 53.5 16.8
16.2 | 59.5 0.1182 45.5 14.0
10.8 ‘ 45.9 0.1035 34.8 11.1
0.281 % w/w Suspending Agent in Aqueous Phase
54,2 139.8 0.1975 95.5 44,3
187 88.4 0.1699 55.3 33.1
43.3 58.9 0.1376 3h.2 ok, 7
37.9 hr7.2 0.124k 26.2 20.9
32.4 34.8 0.1085 18.4 16.4
27.0 29.6 0.0948 16.5 13.1
21.6 26.4 0.0806 | 15.6 10.8
16.2 18.5 0.0728 | 7.9 10.6
10.8 21.3 0.0612 ! 14.0 7.3
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TABLE 71

STRUCTURE EQUATION CONSTANTS FOR SERIES III EMULSIONS
WITH 0.187% AND 0.125% CARBOPOL-93k4, SODIUM SALT,
SUSPENDING AGENT.

Conc. 0il T 1o by
%”V/V Dyne/cm? Poise Dyne/chQ Dyne/cm
0.187 % w/w Suspending Agent in Aqueous Phase
54,2 363.1 0.1920 24,1 119.0
48.7 284.9 0.1651 212.1 72.8
43.3 168.7 0.1450 130.4 38.3
37.9 120.4 0.1217 99.1 21.2
32.4 85.7 0.1107 68.8 16.9
27.0 68.3 0.0964 53.0 15.3
21.6 62.5 0.0871 ho,2 13.3
16.2 59.9 0.0779 Lho.1 10.9
10.8 | 62.h 0.0736 49.6 13.5
0.125 % w/w Suspending Agent in Aqueous Phas
54.2 252.3 0.154k4 180.1 72.1
48.7 155.4 0.128k4 119.1 36.3
43.3 93.2 0.1085 76.8 16.4
37.9 51.9 0.0930 41.3 10.6
32.4 33.2 0.0747 24.8 8.4
27.0 22.6 0.0637 1k.9 7.6
21.6 18.6 0.0547 11.4 7.1
16.2 16.9 0.0477 9.4 7.5
10.8 19.4 0.0408 1h. k4 5.0
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suspending agents of series II; i.e., C/ln Npel = & + bC, and the constants

obtained are shown below:

Suspending Agent a b
Methylecellulose 0,14 .21
Carboxymethyl-

cellulose .123  0.29

These values agree reasonably well with those from series IIT.
The Structure equation constants for the emulsions of series III
did not follgw a simple relationship to concentration of oil, but a polynomial
with three terms adequately described the change in reciprocals of the flow
constants with change in oil concentration for all but the emulsion contain-
ing Carbopol.
1/Constant = by + byff + boff.
Coefficients of this equation were evaluated by least squares using the IBM
704 computer and a program quite similar to the one previously described,
Values obtained for the coefficients are given in Table T2,
These coefficients were found to be related logarithmically to
concentration of suspending agent:
log by = a+ B log c,
where 1 is 9? 1, or 2, ¢ is the concentration by weight of suspending agent
in the aqueous phase, ¢ and P are constants. Thus, with the two equations
the flow constants for emulsions with any oil concentration and any suspending
agent concentration can be calculated. Values of & and B are in Table 73,
Emulsions with Carbopol exhibited a peculiar property; these with
1ow concentrations of oil were less viscous than the suspending agent alone.

This was though to be due to concentration of the salf at the interface,
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TABLE 73

PARAMETERS OF THE EQUATION log b; = & + B log C
RELATING CONSTANTS OF THE POLYNOMIAL EQUATION
TO CONCENTRATION OF SUSPENDING AGENT

Suspending Struc?ure Polynomial :
Agent Equation Constant o B
ger Constant
Methyl - f by -2.485 -3.877
cellulose -by -2.485 -3.343
bo -1.750 -2.367
Moo b, 0.743 -1.213
-by 0.72k -2.127
bo 0.095 -3.190
by bo -2.578 -3.870
-by -2.278 =4.377
bo -2.431 -L.592
T i
Sodium f b -2.129 ' -0.340
Carboxy- -by -1.847 - -0.345
methyl - bo -2.6k1 | -0.119
cellulose
Moo bo 0.838 | -0.1C1
-b1 1.025 -0.139
bo 0.535 -0.242
by bo -2.112 -0.267
by -2.050 -0.225
b -2.590 | -0.6k0
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though other explanations might be proposed. Carbopol is more sensitive
to added substances than most other suspending agents, being a linear
polymer thought to be kept extended through charged groups along the chain,
The flow constants for the emulsions containing Carbopol did not fit the
same equations as did the constants for the other emulsions, and no satis-
factory relationship of flow properties to concentration of Carbopol was
found.

Limiting viscosities were calculated for this series, and the
equation previously used for series II, relating Mo of emulsion and solvent
was found to apply to most of the emulsions. The equation, which is as
follows:

A+ Bn

To(emul) o(solv) ~’

fitted all of the carboxymethylcellulose data and the methylcellulose data
where the concentration of oil was 27% or less. Constants of the equation
are given in Table Th,

TABLE T4

PARAMETERS OF THE EQUATION n =A+ B
o(emul) o(solv)
FOR SERIES III EMULSIONS

Cone. Oil Suspending Agent
B V/V Sodium Carboxymethylcellulose Methylcellulose
A B A B
5k,2 0.17 3,43 - -
48,7 0.12 2,02 - -
43,3 0.05 1.95 - -
37.9 0.05 1.64 - -
32,4 0.0k 1.76 - -
27.0 0.03 1.66 0.06 1.26
21.6 0,02 1.30 0.0k 1.10
16.0 0.01 1,07 0.03 1.10
10.8 0.00 1,08 0.01 1.06
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Limiting viscosities were used to calculate specific viscosities
for series III emulsions, and from these values intrinsic viscosities were
obtained by plotting log nsp/c vs. ¢. There are two theoretical eguations
for intrinsic viscosity, Einstein's, which predicts a value of 2.5 for rigid
spheres, and Taylor's, which predicts a value less than 2.5 for liquid spheres.
Taylor's equation may be expressed as follows:

i+ 2/5N0(solv)
N1+ No(solv)

Nyl 1+ 2,59

]

or, n 1+ 2.5 K@

rel

where n4; is the viscosity of the dispersed phase and X is equal to
(ni + 2/5no(solv))<ni + ﬂo(solv)° Since Taylor's derivation is based on
low concentrations of dispersed phase it is commonly evaluated in the form:

Nep = Tpel = 1= 2.5 K¢ ,

[T”,= éig'nsp/¢ = 2.5 K .

Values of intrinsic viscosities found and calculated by Taylor's equation
are presented in Table 7D.

From Table 75 it is seen that the observed intrinsic viscosities
increased with decreaged no(solv) as predicted by Taylor's equation but the
observed values were, in all cases but one, smaller than predicted. Devia=
tions from Taylor's equation have been noﬁed'before(45’lo5) and Oldroyd

developed a modified equation to account for the rigidity of the oil
particle occurring due to the absorbed film of emulsifying agent, Oldroyd's
equation predicts a higher value than expected from Taylor's equation, Like=
wise, doublet formation by the particles or other forms of agglomeration are

sald to increase the value of intrinsic viscosity(lo5)o The two factors
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which might explain the lowering of intrinsic viscosity are slippage at

the surface of the particles and distortion of the particles

TABLE B
INTRINSIC VISCOSITIES OF SERIES ITI EMULSIONS

OBSERVED VALUES AND VALUES CALCULATED WITH TAYLOR'S EQUATION

mF_—'——_ —————
Conec. Suspending (1] [n]
Agent in Aqueous Observed Calculated
Phase, % w/w
Methylecellulose
1.3k 0.673 1.429
1.17 0.2ks5 1.558
1.00 0.608 1.687
0.78 0. 794 1.958
0.65 1.153 2,015
0.54 1.439 2.177
0.43 1.713 2.318
0.33 2,495 2,369
Sodium Carboxymethylecellulose
1.69 0.713 | 1,517
1.48 0,718 1.629
1.26 0.837 1.713
1.15 0.322 1.763
0.98 0.209 1,901
0.77 0. 455 2,019
0.56 1,432 2,164
0.28 1.820 2,314
Carbopol-934, Sodium Salt
0.19 0.159 § 1.230
0.12 0.504 i 2.350

Slippage at the surface of dispersed particles might occur through shear
of a thick layer of absorbed emulsifier, If such shearing took place a velocity

gradient would exist between the continuous medium and the dispersed particle
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which would hawve the same effect as decreasing the viscosity of the liquid
in the particle, causing the intrinsic viscosity to decrease,

Deformation of the dispersed particle may occur as the size of
the particle is larger and as the rate of shear is greater. Since the lowest
value of shear used for numerical evaluation of flow constants was 129 sec,'l
it seems possible that the emulsion particles might have been deformed to
some extent throughout the portion of the curves used for measurement, An
estimate of the distortion at 129 sec.,"l by the equation presented by Nawab
(106)’

and Mason

L-B _ Gang (Lt 199/16)

L B 2r 1+

J
where L and B are the length and width of the prolate spheroid, a is the

diemeter of the undeformed sphere, r is the interfacial tension, G 1is

the velocity gradient and p is no(oil)/no(solv)’ indicated about 2% dis-

tortion, This does not make it seem that distortion is the cause for low

values of intrinsic viscosity in series ITT emulsions,



DISCUSSION

Perhaps the most significant result of this work is the demon-
stration that the Structure equation can be applied to emulsions. Pre-
viously, this equation had been found to describe accurately the flow
curves of about two hundred systems representing solutions of several
suspending agents and suspensions of several different solids. The fact
that the equation was equally applicable to about six hundred flow curves
representing solutions of suspending agents and emulsions used in this
study indicates its broad usefulness.

Because of the lack of suitable equations for non-Newtonian
flow, workers studying emulsions have carefully avolded non-Newtonian
systems or have assumed linear flow at low rates of shear and used low-
shear instruments for measurement. At the same time, the complexities
of non-Newtonian flow have been avoided in theoretical developments so
that the fundamental equations of Einstein, Taylor and Oldroyd assume
Newtonian properties for the media and are limited to suspensions so
dilute that no interaction between particles occurs.

One of the pitfalls of using low shear measurements and assum-

ing Newtonian flow is that a material which has a yield value may not be

in laminar flow at such shear rates, making the measurements erroneous.
Also, it is generally found with non-Newtonian materials that no linear
portion exists in the lower part of the flow curve but that instruments
are frequently used which cover so narrow a range of shear that the curve
appears linear in the region of measurement.

As was shown in this work, use of the Structure equation en-

ables one to describe non-Newtonian flow over a wide range of shear and,

186
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from the flow constants, to obtain limiting viscosities which might be
used to test theoretical equations and concepts., There is yet some
question as to the validity of limiting viscosities obtalned from flow
constants, especially in view of the fact that yield values are commonly
found in disperse systems but do not contribute to the limiting vis-
coslty as calculated. To Jjustify the soundness of this use of limiting
viscosity it appears necessary that simplified systems be studied which
will satisfy the assumptions of the theoretical equations. For example,
the dispersed particles should be uniformly sized and not agglomerated,
the emulsifying agent should either be one known to have no effect or
one with known surface properties, and electroviscous effects should be
eliminated. Once simplified systems of this sort are shown to be pre-
dictable by theory, the effects of added factors can be evaluated system-
atically.

Some evidence to support the use of limiting viscosities from
the Structure equation was obtalned in this work. Values for series I
emulsions yielded estimates of intrinsic viscosity agreeing with the
Einstein factor of 2.5 when corrected for ultimate settling volume.
Similar applications of samples of Grim's data on suspensions of solids
yielded intrinsic viscosities quite close to Einstein's constant except
where the concentration of suspending agent was high. Test of Taylor's
equation indicated agreement with the equation at low concentration of
suspending agent but poor agreement at high concentration.

The reciprocal relationship of flow constants to concentration

of dispersed phase was not applicable to the data on emulsions obtained
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in this work. This is believed to be due to the effect of flow in the
dispersed droplets, and some modification of the equation, similar to

that used by Taylor, appears to be needed in order to predict ultimate
settling volume., Also, the actual measurement of sedimentation is so
crude as to make difficult any test of an equation. Refinement of labora-
tory methods for sedimentation i1s greatly needed for this purpose.

The status of the rheology of emulsions was aptly described by
Oldroyd(lO6) in a recent paper: '"Naturally, the cases which the mathe-
matician finds easiest to make detailed calculations about are so ideal=-
ized ..., that they must always remain the most difficult on which to
carry out observations. But one must admit that real emulsions and sus-

pensions cannot be expected to have rheological properties any simpler

than the idealized infinitely dilute ones amenable to theoretical analysis.
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