RHEOLOGICAL CALCULATIONS OF CONCENTRATED
SUSPENSIONS BASED ON THE NEW THEORY

by =~ Kaichi Izumi*, and  Kenichi Hattori**

*Research and Developement Section, Kao Corporation
1 -3, 2 — chome, Bunka, Sumida ~ku, Tokyo, 131, JAPAN

**Department of Civil Engineering,
Faculfy of Science and Technology, Chuo University
13-17,1—chome, Kasuga, Bunkyo —ku, Tokyo, 112, JAPAN

1. Theoretical background
1.1 Viscosity theory

About three centuries have passed after Newton”, in his famous "PRINCIPIA*, has
defined viscosity. 1t has been about 150 years since Hagen® and Poiseuille® have
discovered independently the (capillary) method of determining the viscosity. Before their
discovery, the viscosity was merely a definition of the fluid property and the difference
between Newtonian and non—Newtonian viscosity was not known. After the measurement
of viscosity became possible, the exsistence of fluids the flow property of which was not
conforming to the Newton’s flow equation (1) became to be known.

T = o7 eeeeriiiiieernoneanes eeeereaseneas (1)

T : shearstress
n ¢ viscosity
7 shear rate

Currently, three types of flow as illustrated in FIG. 1 are known. The line A in FIG. 1
describes the Newtonian flow the shear stress of which is proportional to the shear rate.
Curves B and C describe the non—Newtonian flow. Curve B is frequently observable for
suspensions such as cement pastes and other mixtures of solid particles and liquids, and
curvre C for polymer solutions such as multi grade engine oils. Although the curve B is
shown for representing the non~Newtonian flow of a suspension, the shape of which varies
widely according to the conditions of experiment to draw a flow curve as shown in FIG. 2.

Due to variation of the shape of flow curves, it is meaningless to classify non—Newtonian
fluids as substances by the shape although it is not meaningless to classify the flow
phenomena. There are non—Newtonian flow equations proposed by Bingham* ®, Harschel
and Bulkley®?, and by Casson® but none of the non—Newtonian curves in FIGs. 1 and 2 are
expressible'by these equations. ‘
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FIGURE 1. Three Types of Flow

FIGURE 2. Variation of Flow Curve of Suspension

The reason why these equations are not capable of expressing the popularly known
non—Newtonian flow curves may be attributable to the fact that non—Newtonian viscosity in
these equations has not been properly defined.  The term ”apparent viscosity* have been
used to discriminate non—Newtonian viscosity from Newtonian viscosity without an
interpretation on the mechanism of resistance against the flow.

As another approach to establish a non—Newtonian viscosity theory, modifications of
the famous Einstein equation (2)*'¥ have been tried frequently.
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n, : number of liquid molecules in unit volume
‘n; : number of primary particles in unit volume
n; : number of primary particles in unit volume
U =J/n, J: numberofjunctionsbetween constituents

It is generally known that liquid molecules are in random thermal motion and not all of
them are making contact with each other, but due to the huge number (10*® ~ *®) in unit
volume and to the very rapid motion, the variation in number of friction points or of
junctions is not observable.

If we assume that the total surface area of particles is constant regardless of the state of
coagulation of particles, the number of friction points between particles and liquid
molecules is considered constant, and by the above explained reasons, we may assume that
U, and U, are constant (equal to 1).  The constant viscosity of a Newtonian liquid or of a
suspension in the state of complete dispersion is thus explainable by the constancy of
number of junctions.

Due to the large mass and to the large quantity of motion of particles in suspension, the
velocity of motion is much slower and the frequency of collision is much lower as compared
to those of the liquid molecules, and the variation of number of junctions between particles
is observable. The variable (non—Newtonian) viscosity is explainablé by the variation of
number of junctions.

The expression of eq. (4) seems more reasonable than that of eq. (2) since it contains the
terms describing both the properties of liquid (B,) and the particle (By). As is well known,
Einstein, when he proposed eq. (2)*'?, considered a system of complete dispersion (without
an interaction between particles). If a suspension is in the state of complete dispersion,
then there is no point of friction between particles (U; = 0), and eq. (4) expresses the
constsnt (Newtonian) viscosity. ‘

There is a problem when one tries to use Einstein equation (or eq. (4) without the third
term in the right side) because it is very difficult (practically impossible in some cases) to
confirm that the sample suspension is in the state of complete dispersion. =~ Without this
confirmation, there is no reason to justify the application of Einstein equation to a
suspension.

It is also well known that the difference bretween calculated viscosities by eq. (2) and
measured viscosities becomes larger for the suspensions of higher particle concentrations.
This seems very natural because Einstein equation neglects the particle-particle
interaction the probability of which increases as the particles concentration increases.

As eq. (3) was extended to express both the Newtonian and non—Newtonian viscosities,
Newton's flow equation (1) was extended to express both the Newtonian and
non—Newtonian flow curves (eq. (5)) correspondingly.

T = n-.r = 7’{B1’ @0, U)*® + By (U™ + By (na‘Us)m}

Cereeeetteasessnesaerasetasessersasatrtensasnnns ...(5)
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n, = n(1+ 25Cv) ... 2
n, viscosity of suspension

n, : viscosity of medium

Cv : volume concentration (fraction) of particle

Although over hundred modifications of eq. (2) have been proposed!! ~'®, this approach
has not been successful and the reason of this may be attributable to the problems associated
with the original equation.  Since eq. (2) does neither contain the terms describing the
time—dependency and the shear—dependency of viscosity nor the term for representing the
specific property of particles, this equation is considered to be not suitable as a fundamental
equation describing the non—-Newtonian viscosity.

Other than the approaches mentioned as above, there have been works!* ~*” in efforts to
establish non—Newtonian viscosity equation based on the destruction of coagulated
structure or the decreasing number of junctions between particles.  One of the serious
problems associated with this approach may be a lack of an appropriate consideration on the
increasing number of junctions between particles caused by the naturally ocurring
coagulation.

As a solution for the lack of proper terms or the definition of non-Newtonian viscosity,
the authors® ~ " considered an application of classical concept in which the viscosity was
attributed to the friction between the constituents of a fluid. By introducing the concept of
friction, the viscdsity (n) of a Newtonian liquid is expressed as follows;

n o= B 3
B

: coefficient of friction as expressed in units of dyn-sec
between two liquid molecules
n  : number of liquid molecules in unit volume

If we apply the same concept of friction to a suspension consisting of a kind of particle
and a liquid, and introducing the term U which denotes the ratio between the number of
friction points or the number of junctions J and the number of conponents n, eq. (3) is
extended to express the viscosity of a mixture as follows;

=t o,

= By (nx'Ux)m + By (nz'Uz)m + By (@ Upd® ........ 4)
ny : viscosity originating from friction between liquid molecules
N2 : viscosity originating from friction between particles and

liquid moleclues
ny : viscosity originating from friction between particles
B, : coefficient of friction between two liquid molecules

B; : coefficient of friction between a particle and all liquid
molecules surrounding it
B; : coefficient of friction between two particles
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1.2 States of dispersion and coagulation

As U, is an only variable in the right side of eq. (4), an equation describing a varying
viscosity of a suspension is considered to be obtainable if the practical form of equation
expressing Uy is known. For obtaining the equation expressing the variation of number of
junctions, the authors considered an application of the coagulation rate theory established
by Verwey and Overbeek®®. Since the chain structure of coagulated particles is assumed in
the Verwey-—Overbeek theory, the authors examined the pertinence of applying this theory
to the concept of junction viscosity. When the chain structure of coagulation is assumed, all
the particles in the system has to form a chain at the state of complete coagulation
theoretically, and the resulting system may not be homogeneous.  This may restrict an
applicability of the author’s theory of junction viscosity to an exsisting system since the
homogeniety to a certain extent (at least macroscopically) is necessary for claiming that the
viscosity calculated based on the theory represents the viscosity of the whole system.
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degree of dispersion 1.00 0.50 0.20 0.01
degree of coagulation 0 0.50 0.80 0.99

FIGURE 3. States of Dispersion and Coagulation

A system containing a chain of particles is evidently unhomogeneous and the viscosities
of parts with and without the chain are entirely different, but considering the process of
coagulation starting from the completely dispersed state, it is possible to assume that the
coagulation progresses from A to D as shown in FIG. 3.  Since 10° ~ 10" particles are
contained in a concentrated suspension, 107 ~ 10" coagulated particles (n,) are present in
unit volume at 99 % coagulation if we define the degrees of dispersion (D,) and of
coagulation (Dc)' as follows;

D,

n,/ng
D, }

1 - D,

nn

Even at 99.9 % coagulation, there still are 10° ~ 10° coagulated particles and this
particle number is considered to be large enough to ensure the homogeniety of a sample
suspension subjected to rheological measurements. Based on the reasons mentioned as
above, the authors judged that the coagulation rate theory and the junction viscosity theory
assuming the chain structure of coagulation are applicable for the calculations of junction
number and the viscosity of concentrated suspensions.
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2. Derivation of viscosity equations
2.1 Equations for the calculation of junction number

According to Verwey—Overbeek theory®®, the interaction potential energy of charged
particles in a suspension is expressed as follows;

V=VR+VA

B2 2 -4
=£&¢ 2_1' n(1 + e*?) _%{ng + (S,Z_ 57T enS 5 )}

S=24+D/r

where,
Interaction potential energy
Repulsive potential energy
Attractive potential energy
Radjius of particle
Dielectric constdnt of medium
Surface charge of particles
Surface-surface distance between particles
Hamaker's attraction constant
Debye-Hiickel parameter

= +/_ 8N E

1000-¢-kT

L]

A>OeOtadd

From the same theory, the rate of coagulation or the decreasing number of particles is
expressed as follows; '

~90, _ pgermre VmedtT  eeiiiiiiiiiiiaeea (8)

dt '

Vmax : Maximum interaction potential energy

ng : Primary particle number

n, : Particle number at a given time t

K : Smoluchowski's rapid coagulation rate constant

K = 4-kT/3n,

m : Viscosity of medium

k : Boltzmann constant

T : Temperature in °K

E : Unitcharge

N : Avogadro number

I : Ion concentration, N/¢

Eq. (8) integrates to,

_1_ — L = Z“K‘K‘r‘t/ eV,,,u/kT ............. Troereress (9)

n, n

and from eq. (9), we have,



no= DT e (10)
P+ ef

by writing P = 2-K-x-I'ng, and x = V.. /kT.

Since the number of junctions at a given time J, for the chain structure is,

i =D — D, ciiiiiieiiiereretenaareenan ceveane (11)
we have,
- _ngPt J, _ Pt cereaeeas (12)
.= Pt + &% or —ﬁ; U, = Pt T &*

Eq. (12) is further simplified by writing H = P /e® as follows;

— 1 2 OO (13)
U= Ht + 1

AsU,isequalto 1/2 at the halflife time of the particle number ty,

From eq.(14), we may name H the coagulation rate constant because its physical
dimension is [TY] which is the same as those of many rate constants. It is the only
parameter expressing the rate of coagulation in eq. (13) and in the viscosity equations in
the present theory which will be shown later.

For the cement paste of any water/cement ratio R, the volume fraction of particle Cv is
calculable as follows;

where p, is the specific gravity of the medium and p, is that of the particle. The
(average) radius of particle I is calculable from the specific surface 0 as follows;

and from R and Cv, the primary particle number 14 is calculable as follows.

= B0 Ll e e
BT an

As described previously, the coagulation rate constant H is equal to P /e* having the
dimension [T). If we analyze the dimensions of parameters in eq. (8) ~ (13), we would find
that H, P, and x contain the values having the dimension corresponding to the unit erglerg
which may be called a dimensionless energy. In unagitated suspensions, the particles tend
to coagulate to reduce the internal energy expressed by P in the dimensionless form.  If
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the repulsive potential energy Vj is large, it reduces the rate of coagulation by making the
value of dimensionless energy P/e* or H small.

It seems reasonable to consider that low (dimensionless) energy states of dispersion
correspond to high viscosity and high energy states to low viscosity. This consideration fits
well with the viscosity decrease of agitated suspensions because the energy in suspensions
increases with mechanical agitation.

The expression of dimensionless energy for representing the shear rate is directly
obtainable from the dimensional analysis of Newton’s flow equation (1) as follows;

r = T (dyn/cm?2) — __t(dyn-ecm/em?) — _ tlerg)
7 (dyn-sec/cm?) n (dyn-cro-sec/ cms) n (erg-sec)
e eaaresescosescaccaccetccananannens (18)

The same expression is obtainable by denoting the total mechanical energy ( of
agitation) E,, put into the system (of viscosity measurement) during the period of time ¢
and dividing it by kT to be the same as the expressions for energy in the coagulation rate
theory.

— Em _
r = —m— or Tt = ———

As far as the authors could find in the literature, the same expression (rt) was first used
by Tattersall®**®for describing the decreasing viscosity of cement pastes. But
unfortunately, his paper with its excellent suggestion has not attracted much attention from
rheologists.

As the state of dispersion is described by the relationship between the potential energy
and the relative distance between particles by eq. (7), it may be considered that the
coagulation progresses by consuming the internal energy corresponding to Ht as expressed
by eq. (13). To satisfy the law of conservation of energy and to maintain the relationship
between the internal energy and the state of dispersion, the original state before consuming
the internal energy corresponding to H-t must be recovered if the same amount of energy
7V (= H-t) is supplied to the system from outside. For this reason, the expression for the
influence of energy of agitation on the particle number is obtainable by back—tracing the
curve expressed by egs. (8) or (13). '

For back—~tracing the curve expressed by eq. (13), the relationship between the internal
energy consumption and the external energy to recover the original state (Ht = r-t)
must be modified as follows;

Ht =1/t H = 1/p1%)
s eerenre e Creeseaeaanen (20)

By reversing the time axis and by introducing the relationship of eq. (20) into eq. (8), we
have,
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‘n2 )
dI#:n:.lT‘.t ............... Ceeeraeareeeeaeaes(2])

which integrates to,
q:% B R R R Y (7))

for the initial conditions t = » and n, = n,. From eq. (22), we have the following (23)
for expressing the influence of agitation in promoting the dispersion.

= n J‘:' = —1
J =vgaT n- V% TR+
cheraeraane eereccssneessarseneas(23)

Although eq. (23) expresses the rate of mechanical dissociation of the coagulated
particles, it is not useful for the calculation of decreasing viscosity of actual suspension
because the parameter r only desacribes the mechanical disseciation rate. In the
suspensions under the influence of the coagulation rate H, the natural coagulation of
particles always progresses until the complete coagulation is reached, so, it is always
necessary to have the parameter H in the equations to calculate the time-dependent
viscosity.

2.2 Equations for the calculation of viscosity

For the suspensions, two initial states, the initially dispersed state and the initially
coagulated state may be defined. For an initially dispersed suspension left unagitated, the
coagulation progresses and the junction number increases according to eq. (12) or (13). If
all the particles in suspension are completely dispersed, there is no junction to be destroyed
by the agitation, but considering the process of preparing a suspension, the probability of
finding or observing the completely dispersed state seems very low.

In many cases, the suspensions are prepared by mixing the particles (or powders) and
the medium, and the particles before adding the medium is considered to be forming a
coagulated structure of the higher order, in which the number of junctions is larger than the
number of particles forming a simple chain. By the mixing at the preparation of
suspension, the number of junction decreases to less than the number of particles, but as
shown by eq. (23), it is not possible to attain the state of complete dispersion since it is not
possible to make 7 or t infinitively large. For this reason, suspension samples are not
usually in the state of complete coagulation nor in that of the complete dispersion at the
begining of viscosity measurements.

Although the states of complete dispersion or complete coagulation is not practically
observable, we may define the theoretical time axis in which the suspensions initially have
to be either in the state of complete coagulation in which J, is equal to n; and n, is equal to
0 or in the state of complete dispersion (J, = 0, n, = n;).
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For the chain structure of coagulation of particles, the following relationship between
the particle number and the junction number is satisfied.

Js +n, =n,, U, = Jdy/n, (=D, at t=0)
J: + n; =n,, U, = J;/n,
JE+nE=n8) UE =Jg/n3 (=D,att=tg)

Jo ; Junction number at the start of observation (experiments).
d: ; Junction number at the experimental time t.
Jg ; Junction number at the time of equilibrium (explained later).

ny ; Particle number at the start of observation (experiments).
; Particle number at the experimental time t.
ng ; Particle number at the time of equilibrium (explained later).

Since theoretical initial conditions of suspensions are not usually observable, it is
important to note that almost all experimental data are described or illustrated on the
experimental time axsis. = The following FIG. 4 illustrates the difference between the
theoretical time and the experimental time in which the observable viscosity changes are
shown by solid lines.
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Theoretical time ———

FIGURE 4. DEFINITION of TIME AXSIS

For the n, particles, the coagulation progresses at the rate of Ht/ (Ht + 1), but by the
agitation (of rotor of the viscometer used for the measurement), the rate is reduced by the

ratio corresponding to 1/(yt + 1). Consequently, the number of junction J, for n, particles
at the time t is;
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— N HE e e et
d,= C(Ht +J1) (rt + 1) 24)

For the J, junctions, the dissociation progresses at the rate 1/ (7t + 1), and for the
released particles by the dissociation 1 — (1/(rt + 1)), the coagulation p rogresses at
the rate Ht/(Ht + 1). So the junction number J, originating from J, junctions at
the time 1 is, '

g Jor HE
b= T T WDt T D

- T.f1— rt” ; et eseresaecenennes
=d:{1 (Ht+1)(rt+1)} (25)

Since the junction number at the time t is the sum of J, and J,,

- _ rt n,Ht
b= Jd - hmTn! * @ aetsD

JoeHE + 1) + nHt _ n Ur(HE + 1) + HE
@H+ et + 1) T THEF D+ 1)

By substituting the initial condition for the initially coagulated suspension (U, = 1)
into eq. (26), we have,

- - rt

= N {1l ——mL2 1 eseesssstrernsen 27
I, a1 Ht + Dt + 1)} @7
and for the initially dispersed suspension (U, = 0), we have,

J = n.-Ht
d H + DGt+1)

As the coagulation progresses, the number of isolated particles diminishes reducing the
probability of collision between particles. As the dissociation of coagulated particles
progresses, the rate of coagulation increases due to the increased number of particles and to
the increased probability of collision. For this reason, there exists a time of equilibrium t;
at which the rates of coagulation and of mechanical dissociation become equal.  After the
time of equilibrium, the number of junctions remains constant. The time of equilibrium is
calculable from the condition to make the derivatives of eqs. (26) ~ (28) equal to zero.

The derivative of eq. (26) is,

dde _ . rGHE-D{Uey + ) -Hly ... ... ...,
at = S m ey et 1 29)

of eq. (27) is,

Q = ner-GHE =1 e, (30)
dt Ht + D¢t + 1)
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and of eq. (28) is,

LIS = -nHGHE-1) (31)
dt Ht + )¢t + 1)°
and the time of equilibrium is,
21 s
ti = H or t; = By (32)

As the equations (27) and (28) were obtained by substituting the initial conditions into
eq. (26), the experimental time and the theoretical time are the same for egs. (27), (28), (30),
and (31). As (7Ht? is always smaller than 1 initially (because t = 0), dJ,/dt is initially
negative by eq. (30), and by eq. (27), the viscosity decreases until the equilibrium between
the coagulation rate and the mechanical dissociation rate is reached. For the same reason,
the viscosity increases by eq. (28) until the equilibrium is reached.

The initial increase or the decrease of viscosity by the general viscosity equation (26)
depends on both (Ht?) and H/(y + H). When Uo is larger than H/(y + H), the viscosity
initially decreases since (7Ht?) is usually very small when t is nearly 0.  The viscosity in
this case decreases until the the time of equilibrium and remains constant afterwards. If
Uypis smaller than H/(y + H), the viscosity increases until the equilibrium is reached.

The number of junctions J; at the time of equilibrium is calculable by substituting tg
into egs. (26) ~ (28), and correspondingly we have,

JE = n, {Z(%ﬁlT_ V+H';:)2H} .......................... (33)
JE= 3.{1_ W} ......................... (34)

- DoH e
o= A + Vo 35

After obtaining the equations for the calculation of junction numbers J, and J, the
viscosity of a suspension originating from the particle—particle friction becomes calculable
as follows based on eq. (4).

ng = By,
g = Byds™
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3. Calculations of viscosity
3.1 Equations expressing shear rates

As described previously, the viscosity originating from the particle—particle friction is
expressed by eq. (26) which contain parameters Bs, n;, H, 7, and U,. Among these
parameters, the method of calculation of n; was already shown by eqs. (15) ~ (17).  Since
the shear rate is an artificially subjective condition decided by the person who conducts the
rheological experiments, any equation such as the following describing the time—shear rate
relationship may be written.

r=G . cesenenen cesrerecnnas cesesnn. (37.1)

71 = Gy

r2 = G,

7s = Gy
....................................... (37.2)

n = Gn

P2 © 2 (37.3)

r=Gt* ..., Ceeesererenreennrnns (37.4)

r=GT-H  ........ ceerevecane cecsieenns (37.5)

7= G(T — ) i i e iecetaracanennan (317.6)

r = Gsin(ob + @) i iiieiiii et (37.71)

7y = logGlt e i it (37.8)

7 = G et (31.9)

G, g, @ : dimensionless constants

Note : Egs. (37.1) ~ (37.9) merely express the numerical
relationship between the time and the shear rate. The dimensions
of both sides of all equations are [T™].

Eq. (37.1) describe the constant shear rate and (37.2) the stepwise change of shear rate.
These equations are not useful for the calculation of flow curves and hysteresis loops
although the conditions described by these equations are most frequently encountered in
experiments and in industrial practices of handling the suspensions.

Egs. (37.3) ~ (37.9) describes the continuous change of shear rate. Among the
conditions described by eqs. (37.3) ~ (37.9), the linear change of shear rate (37.3) is
considered to have been most frequently employed to draw flow curves although the
influence of shear rate on the shear stress has not been known quantitatively. The authors
have not seen a case in which the conditions described by egs. (37.4) ~ (37.9) have been
employed in the papers presented in the past to calculate the flow curves. Eq. (37.4) is
considered to be useful in the investigation and the estimation of starting torque of agitators
and (37.5) is necessary for the calculation of down curves of hysteresis loops. Other
equations may be found to be of some practical use in future, but currently, these are
practically useless.
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3.2 Viscosity under constsnt shear rate

After defining the shearing (experimental) condition, the viscosity 7, is calculable by
eqs. (26) ~ (28) although B,, H, and U, have to be known.  Before showing the methods of
calculation of these parameters, the viscosities of agitated and unagitated suspensions for
the given values of; '

r=3pm
n3=9X109
Bs = 6 X 10°®

were calculated to illustrate inﬂuenées of the shear rate y and the coagulation rate H,.

H = 1.0000 X 10-3
= 3.6788 X 10+
2000 |— H
H = 1.3533 X 10
H = 4.9787 X 10-
1000 H = 1.8315 X 10—
H = 2.4787 X 10-
0 4000 8000

Time (sec.)

FIGURE 5. Time — Dependent Viscosity of
Unagitated Suspension (y = 0)*

Although the suspensions are not usually in the state of complete dispersion nor in that
of the complete coagulation as mentioned previously, it is possible to assume that the same
shear rate is mainteind all through the viscosity measurement (from the theoretical t = 0)
if the constant shear rate (including y = 0) is being employed. This assumption of
constant shaer rate (including the periods before the observation) is important for the
calculations of specific constants (B;, H, and U,) of each suspension sample and for the
conversion of time axes (theoretical and experimental) which will be described later.
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FIGURE 6. Time — Dependent Viscosity of
Agitated Suspension (r = 100 sec)®
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FIGURE 7. Time — Dependent Viscosity of
Agitated Suspension (H = 10° sec’)*

As shown by the FIG. 5, the viscosity of unagitated suspension is influenced by the
coagulation rate constant H which may be modified by the addition of dispersant or
coagulant. The coagulation rate is also modified by changing the viscosity of the medium
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because H is equal to (2-K-x-r'n; / €*) and K (Smoluchowski’s rapid coagulation rate
constant) is inversely proportional to 1, (refer to page 6).

In FIG. 6, a so called shear thinning effect which has been explained by the destruction
of coagulated structure of particles in the structural viscosity theory'™* appeared very
clearly. Although the viscosity increase of an unagitated suspension and the viscosity
decrease by the agitation have been popularly known as phenomena, there has been no
reliable theory explaining the relationship between the changing viscosity and the values of
H and 7, but by FIGs. 5 ~ 7 which were illustrations of results of calculations by the
equqgtions in the present theory, the increase or the decrease of viscosities of suspensions
were described quantitatively without causing a conflict with the existing theories of

stractural viscosity.

In addition to the capability of explaining the viscosity change, constant viscosities of
agitated suspensions are explainable by the present theory by way of the exsistence of
equilibrium between the coagulation rate (H) and ‘the dissociation rate (7) of particles. By
introducing the concept of equilibrium, the reason why many people have been finding
constant viscosities of suspensions in the experiments for modifying Einstein’s equation® =¥
became explainable.

3.3 Viscosity of unagitated suspensions and the calculation of B; and H

For the calculations of time —dependent viscosities and of non — Newtonian flow curves,
values of specific constants B, H, and U, have to be known. Other parameters and
conditions such as the primary particle number n,, the shearing conditions,
concentration(s) of dispersant and other auxiliary constituent(s), and the kinds of media are
also important, but these are artificially decided.

Although it seems theoretically possible to calculate the coagulation rate constant H
from eqs.(7) ~ (17), the calculated values may not be reliable since it is practically
impossible to determine the x value (or Vmax/kT) for the samples of high particle
concentrations. The x value calculated from eq. (7) by replacing ¢ by {—potential actually
determined for the suspension of low particle concentration may not be reliable for
describing the property of a thick suspension.

Since it is possible to determine the viscosities of suspensions of various particles
concentrations, it seems desirable, if possible, to find the values of specific constants from
the actually measured viscosities.

In the present theory, there are several ways of determining the parameters B;, H, and
U, from the measured viscosities. Among the methods, there are practical ones which use
the viscosity of suspensions left unagitated and another based on the viscosity under a
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continuous agitation. The one which uses the viscosity of unagitated suspension is
described in this section.

It is possible to calculate By and H from two data points of measured viscosity of a
suspension if U, value is known, but due to the unavailability of this value and to a
relatively low reliability of each single measurement, an application of regression technique
was considered desirable.

/T OO R 9.
n I :
g [ :‘ ,f
' Theoretical 7,
=~ Experimental curve
K ® Actual measurements |
— et : s
A1 <« A (=1, + 20
- t: : -
At — . i :
At t i m e Y
— AL —

FIGURE 8. Difference between Experimental
and Theoretical Curves

For the unagitated condition, the shear rate has to be zero and by assuming that the
sample suspension was in the state of complete dispersion (U, = 0} initially, eq. (26) reduces
to;

L5 ngHY Ceeeerenreraana (38)

,11.5=B
® Ht+1

3

For the convenience of employing the technique of linear regression, eq. (38) is

transformed as follows;
0 S 1 3 A -
nal.5 B31'5'n3'Ht + Bal.s_n3 (39)

By the use of auxiliary constants £ and F where,
E = 1/Bs**n,H, and F = 1/Bg5n,
€q.(39) is furhter transformed as follows;

Y = E X 4 F i eiiieterennaaanionas (40)

After obtaining eq.(40) in which X = 1/t and Y = 1/n,'%, the technique of linear
regression becomes applicable. Before the regression calculation, it is recommendable to



30

plot the viscosity data by setting the origin (t = 0) at the time of first viscosity
measurement, and to estimate the value for At’ by the extrapolation as shown in FIG. 8 by
the arrow mark.  The estimated value of At’ is used for the first calculation. Although it
is desirable to estimate the true value of At, it is not possible since there is no way of finding
the exact value of Az beforehand. It is usually recommendable to use the value equal to 1.3
~ 2.0 times the viscosity of medium as An depending on the particle concentration.

Since there is an unavoidable difference between the measured data and the theoretical
curve as mentioned previously, the corrections for At and An are usually required, although
the correction for A may be omitted when the lowest measured viscosity is very high
(higher than a few hundred times the viscosity of medium). The equations-for the
corrections of Af and An are as follows;

Xi = Ut + Ab) tessssesesarteersenenenareanas (41)

Yi= Y — A i caeaae e 42)

The measurements of viscosity for the caluculations of B; and H have to be done quickly,
applying the slowest shear rate possible to minimize the mechanical energy put into the
system, since, as defined, eqgs. (38), and (39) express the viscosity of unagitated suspensions.
A longer time of rotor rotation and a faster shear rate than necessary tend to increase
theoretical error and to reduce the reliability of calculated results.

After calculating the values for Xs and Ys, the constants E and F are calculable as
follows;

IEYi = EZX; + m-F } ................... (43)

ZXi-Yi = EZX? + FEX,

m: number of data pairs (X, Y))
By solving eq. {43), we have,

E = EX:ZY; —-mIX:Y)/A, ... (44)

F = EX:ZX Y — ZEXEZY/IA, i, (45)
where,

Ay = EXP? — m-IX? e taieseoecaaaaraaaaa (46)

The coefficient of correlation R is,
mIXeY; —TXeIY, .. (47

R =
VIEXY - mEXFA{EY) - mTY3}

If a very smooth curve is obtained by connecting the data points, a very high coefficient
of correlation, equal to or higher than 0.99, is usually obtainable, and when the coefficient is
very close to 1.0, the data used for the calculation are considered to be mathematically
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reliable, although there are causes which may make the difference between the theoretical
value and the experimental value larger without degrading the coefficient.

There is a possibility of improving the coefficient of correlation further by adjusting the
value for At. After maximizing the coefficient R by adjusting At, the values for B; and H
are calculable from E and F as follows;

& QT o (48)
B, = 1/(Fny* ettt raeneaa. (49)

Not only by adjusting At, it is also possible to improve the coefficient of correlation by
adjusting A7, but the effect of An correction is usually smaller than that of At and is nearly
negligible for the samples of very high viscosity because the ratio An/ng is very low. For
this reason, it is not easy to find an accurate value of Ap.  FIGs. 9 and 10 and TABLEs 1
and 2 show examples of calculation of specific constants B; and H for colloid cement pastes.

A

F o T —
2,000 b— --T.IZ } Calculated

1,000

.o
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-

e
-

e
-
-

-
-
-

T ime {min.)
FIGURE 9. Calculation of Bz and H from
Viscosity of Unagitated Cement Pastes

The constsnts and parameters of the paste used for the tests in FIG. 9 and TABLE 1 are
as follows;

r :1.465 pm (average radius of cement particle)
ng : 1.893 X 10'%cm® (primary particle number)

Cv : 0.241 (volume fraction of cement)
p :315 (specific gravity of cement)
x :202 X 107 {Debye —Hiickel parameter)

I 037N/ (ionic strength)
ET : 4.045 X 10 (at 293°K)

1, :10cP (viscosity of water)



TABLE 1 B; and H Values Calculated with the} Corrections
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Sample A B C D E F
Dosage* 0.0 0.4 0.6 0.8 1.0 12
x 16.34 16.66 17.92 18.56 19.50 20.44
H X 10° 4.857 3.498 1.000 0.524 0.205 0.081
B; x 10° 6.406 6.008 6.644 6.378 6.663 6.581
At, sec. 685 256 320 330 255 318.5
An, cP —_— — — — - 1.56

* Dosage of dispersant (formaldehyde high condensate of Na §— naphthalene
sulfonate), % by wt. of cement as solid. C :

n, <P

20,000 |

10,000

-
e
e

Pt
-
-

(min.)

FIGURE 10. Calculation of B3 and H from
Viscosity of Unagitated Cement Pastes

The constsnts and parameters of the paste used for the tests in FIG. 10 and TABLE 2

are; .
o : 6400cm®g (specific surface of cement)
r : 1552 pm
p 1 3.15 (specific gravity of cement)

w/C 0.6, 0.7, 0.8
Cv  : 03556, 032113 0.29274

n, :2271 20508 18695 (X 10Y
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TABLE 2. Specific Constants of Colloid Cement

A B C D E F
wiC 0.6 0.7 0.8
Disp.* 0.25 0.40 0.25 0.40 0.25 0.40
Time (min.) Viscosity (cP)
0 3000 2250 750 ‘575 600 475
15 1 7000 2800 2750 1525 1640 730
30 10150 4600 3250 2200 2560 1250
45 12650 6200 5750 3000 3650 1890
60 18000 8200 8000 4650 " 5250 2200
90 24500 13500 11250 6000 7200 3600
120 26000 17200 13750 9700 9500 5200
150 18300 11200 6600
180 23000 13000 7200
By x 10¢ 7.955 8.049 8.409 8.885 16.760 8.157
H X 10° | 10.080 2.801 2.760 1.159 0.5633 | 0.5143
R*+ . 0.9994 0.9554 | 0.9990 | 0.9983 0.9986 | 0.9768
At (sec) | 3186 668.0 | 1486 217.3 202.3 | 4393

* Dosage of dispersant (8~ NS), % by wt. of Cement as solid.
** Coefficient of correlation

After H and At are calculated, Uy becomes calculable as follows ;

U, = HAt/HAt+ 1) ..., Ceeeresaerr e, (50)

As explained previously, it is important to minimize the energy of agitation put into the
system of viscosity measurements for improving the reliability of calculated results. Other
than the energy of agitation, quick response of a viscometer in indicating correct values of
viscosity is very important since the time lag between the instant of starting rotor retation
and the time at which the reading on the indicator reaches the maximum causes an error in
the time—viscosity record of the measurements.

The viscosity of unagitated suspension increases continuously as shown by A in FIG. 11,
but it turns to decrease at the time when the rotor rotation is started as shown by the broken
line B. Due to the influence of inertia of the rotor and of the sample fluid, it takes a while
for the rotor to move at a predetermined speed (shear rate).  The reading of viscometer
continuously increases as shown by the arrows on the curves but the true viscosity decreases
during this period.

As described in this section, the specific constants B,, H, and U, are calculable from
viscosities of a suspension left unagitated, but due to the energy supplyed to the system by
the rotor rotation,a certain extent of error as shown by the curves A, B, and Cin FIG. 11is
unavoidable.



34

et
sme s
-

i i IR i
A ; P ' -
" | A .7 - 7 1\
i R ' V
i P ¥ ] ]
T . :
VS B A : !
s : ]
el : H ¥
/7 ! ! i a
i ! i “
1 I 1 [}
/ I 1 :
/A A B !

I : ) : ‘;: . ] ]
/ :\L ---------- : - Y 7 ;
i I : T - )l Pl B !
i Y 11 Indicator || | Stopthe | |
] , of 4 | Rotation | |

i Viscometer

|
-
T i m e

FIGURE 11. Curvesfor Actual Viscosity
and Calculated Viscosity

3.4 Viscosity of suspensions continuously agitated and the calculation of B;and H

Same as the procedure of calculation of specific constants B; and H based on eq. (13), the
constants are calculable from the decreasing viscosity under a constant agitation (shear
rate) by neglecting the coagulation rate constant H. By experiences, it has been known that
the H values of many suspensions are in the range between 10 and 10, and the shear rate
(r) attainable by popularly used rotational viscometers are in the range between 10™ and
10°. Due to the fact that the value for shear rate is usually much larger than the value for
H, less influence of the neglect of H than of y is expected, and accordingly, the better results
of calculation are expected by the procedure based on eq. (27) expressing the decreasing
viscosity under a constant shear rate.

From eq. (27) with the neglect of H, we have,

213

n = . __I_ll_ ctecurssanen ceesccscnn
3 B3{7t+1} (51)

As shown by FIG. 12, the viscosity of sample follows the curve for eq. (27) if a constant
shear rate is applied, and the curves for eqs. (27) and (51) agree very closely if the time of
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viscossity measurements (t, and t,) are considerably shorter than the time of equilibrium
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FIGURE 12. Calculation of B;and H
from Decreasing Viscosity

(tz). From the measurement under a constant shear rate, n,, 1, 7z, T which is the interval
between t, and {3, and t, which is the interval between t, and t, are known. If an accurate
value of tz is known by an experiment, H value is easily calculable by eq. (32) from the shear
rate, but it is usually difficult to determine the time of equilibrium tz accurately because the
rate of viscosity decrease is very small in the neighbourhood of equilibrium and there is no
sharp inflection point on the time-viscosity curve.

The theoretical error caused by the use of eq. (51) instead of (27) may be estimated as
follows. Obviously, the error is not caused if (H-t + 1) is equal to 1.  To limit the error
within several per cent, H-t has to be less than about 0.05, so the available time for the

viscosity measurement is,

t=005/H ... Cheeeerasaane ..(52)

From eq. (52), it is known that the measurement of viscosity is easier for the samples of
smaller H since the available time for the measurement is longer.  From the results of

measurement, we have,

’z 1.5 = le's'na
N rla+ 1
ereeataceenenas ve...(83)
B = Bs'5n, }
b TEb +1

and from eq. (53), we can calculate R as follows;
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Redd®_ rhtl e (54)

L5 T't., + 1

Rot,+ D=yt +1=pt,+D+1 oivevenanns (55)
Since all the values except for t, in eq. (55) are known, it is calculable as follows ;

gt =XTH1-R e (56)
¢ r®-1

After calculating t,, the initial time {y on the theoretical time axis and U are calculable
as follows;

b=t —-t, Us=V(rt +1)

The B, value is calculable by subsituting the value t, or t; which is equal to (t; + T)
into eq. (53), and finally H value is calculable from Ug by using eq. (34) as follows;

n;.s —- B;.!t, ns{zwé_____ \M} ...................... (34)

HQA-Ug + 2V H-Q-Ug) —7rUg =0 .oovviennnnnnen. 67

From (57), we have,

VH = \/T—'{Vl'—UE—(l—UE)}

(1 -Ug
and,
H=r2-Ue -2V -Un} .....cooiiiiiiiinnnnnnn.. (58)
(1 - Ug)

Due to the neglect of H instead of 7 which is usually much larger than H, the procedure
of calculation of B; and H from decreasing viscosities described above is expected to be more
reliable than the previous one, but the same problem caused by the poor response or the
time—lag of the viscometer exsists. If the time—lag is short enough, the indicator displays
the data following the curves A or B in FIG 12, and the values of B; and H calculated from
these data are considered to be fairly reliable, but as shown by the curve C, the viscosity
indicated by a viscometer of very poor response does not agree with that caleulated by eq.
(51).

Another problem associated with the procedures of calculation of By and H from the
measured viscosities is the accuracy of shear rate. Depending on the mechanical structure
of viscometers, the extent of error caused by the end effect included in the resultis of
measuements is different.  Although the results obtained for a Newtonian fluid by the
viscometers of different end effects are identical, the results for a non—Newtonian fluid are,
in some cases, entirely different. The viscometer the shear rate of which is calibrated by
using a Newtonian fluid of known viscosity are usually unsatisfactory for the measurements
of non—Newtonian viscosities. '
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Some examples of calculation by the procedure described above is shown below. The
constants and parameters used for the calculations are as follows;

Table 3  Calculation of Specific Constants
from Decreasing Viscosity
Test A B C D
Rotor Speed (rpm) 10.06 12.10 14.20 14.20
r 19.42 23.35 27.406 27.408
B-NS 1.0 1.25 1.5 1.5
e ® 100.13 66.36 96.866 90.685
o P) 8111 60.41 90.685 71.685
g P) 51.49 38.12 24.908 24.908
e (P) 5838.40 5582.43 11644.8 5861.78
T (sec) 5 5 5 5
R 1.2185 1.1513 1.104 1.2637
t.  (sec) 22.88 33.00 48.05 18.93
B; X 10° 114 1.09 2.274 1.244
H X 10° 3.33 1.86 0.087 0.5244
tg  (sec) 124.29 151.74 737.74 263.78
T ¢ radius of particle, 2.261 ym
Cv ¢ particle concentration, 0.561
w/C :  water/cement ratio, 0.25
n, ¢ primary particle number, 1.159 X 10"%cm®
Dispersant B-NS, 1.0 ~ 1.5 % by weight of cement
L N —&—8— Observed
\\ ————————— Theoretical
96.9) e XY O Data point not suitable
90.7 as basis for calculation
77.6
~oo_
nE ............................................. -n..,... _____ ‘. -
2
i

Selection of Data Point

FIGURE 12'.
for Calculations of B;and H

By the present theory, viscosity (17,..,) at the state of complete coagulation and B, value
have to be the same for samples of the same particle concentration in the same kind of
medium. All results of B; and 7,,,, calculations except for test Cin TABLE 3 were in a good
agreement. The H value decreased according to the increase in the dosages of dispersant.

Since the data points for tests C and D were selected from one experiment (curve E in FIG.
12", the reason of obtaining an exceptional result of calculation in test C may be attributable
to the selection of data point G in FIG. 12’ instead of Fas 7, .
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4. Extension of Newton’s law and calculation of flow curves
4.1 Extension of Newton's flow equation to non—Newtonian fluids

After the Newtonian and the non—Newtonian viscosities were explained by the same
mechanism and the non—-Newtonian viscosity was described as functions of time and the
shear rate, the flow equation for Newtonian fluids (1) was extended to non—Newtinian fluids
as shown by eq. (5) previously. After the extension expressed by eq. (5) and derivations of
practical viscosity equations (26) ~ (31) and of shear rate equations (37.1) ~ (37.9), the
following flow equation in differential form became meaningful for the examination and for
the prediction of non—Newtonian flow curves.

dv _ dner) -, d d
ror L RS
= (711 <+ rl2+ na).‘%% 4 rcai%ﬁ. ................. (59)

Since the shapes of flow curves on (3, r) plane agree with those on (3, t) plane when the
shear rate is proportional to the time, the shapes of flow curves are mathematically
predictable by calculating the time—dependency of dwdt. For the calculation of dv/dt,
the practical forms of equations expressing 7; and 7 and the derivatives thereof have to be
known.  The dy/dt are easily calculable from eqs. (37.3) ~ (37.9) but dn, /dt for the
equations containing the terms G-t* or G-(T — t)* are fairly complicated. For the
convenience of caleulation by eq. (59), two sets of equations were calculated as follows;

Set A
DT € ool (37.4)
dridt = @Gt i (60)

— 1 o U (GHE® * % + 1) + Ht,2®
%= B g haE s 1

%h _ 2B G4@ D 4 n.HE + 1,8
t 3 U, (GHt**? + 1) + At/

Gt%[(a + D{U(H#2—1) — H%? + Ht(U, GtV _g)] + (1 — U)H
. (G-t + 12\t + 1)?

................... (61)
Set B
r=GT-1% TR2StST  ioriiiianannnnn. (37.6)
dridt = ~a-G(T - t)®D ... (62)
= B fUp(GHE(T —t)° + 1) + HE* .. ......
= B e e -t 1) (26.2)
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dns _ 2Byny® . (Ht + D{G(T — )%t + 1} 22
=" T amr -t D+ utd

G-(T—tYO-VGHERU,T—E)XO+D + {T—a + DEHUHE*—1)—H%Y + oHE + A1—U H
(Ht + 1°{Gt(T — ty + 1)°

Although two sets of equations A and B shown above are useful for the examinations of
flow curves and hysteresis, these may be too complicated for the calculation practices. For
the purpose of examining the theoretical influences of coagulation rate constant H or the
shearing condition G on the shape of flow curves, it is not necessary to use general equations
containing the initial conditions (U, and U,) and wide variety of shearing conditions. For
this purpose, simpler equations such as (27), (37.3), and (27.1) are considered satisfactory.

If a is equal to 1, equations in the above sets are simplified as follows;

Set C
7 “essenaees (37.3)
dridt=G Ll ceeersterseerann (64)
—n.onm (U GHE + 1) + Ht,* ...............

%’19_ = 2-Byn™ (G2 + D-(HE +1D*®
t 3 U (GHt® + 1) + HYJ

G-t-(U,GHE -Ht - 2U,) + H-2GHt*-1)-(U;-1)
(Gt + 12t + 1)

.................................. (65)
Set D
ry = G(T-1), T2=t=T ......... EETREETPRERRE (37.5)
dr/dt =-G ..., e aeterereeeterneaaar e (66)
_ p.nw. fUe(GHE(T — 1) + 1) + HE\® ...,
= BB Tl 1 DGT =Bt + 1 J ©7)
d = Z'Bs'nam' (Ht + 1)’{G'(T — t)‘t + ]J 11,3_
—cqu;E 3 [Ub-(GHt’-(T -t + 1) + Htd
GGHE?ULT—H)? + (T—2-0){U, (™) —H*®) + HE') + Q~UpH
Ht + DACLT — H? + 1) :
................................... (68)

Equations (26.3) and (65) are further simplified if the shear rate is increased
proportionally to the time and the suspension sample is initially in the state of complete
coagulation.
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Set E
= G e s (37.3)
dridt = G i i i e e aaaeaaaesan (69)
= Bn2®. [1— G-t? e Cererenaaes
ne= B {1~ mE v nGe T o @7.1)

dns _ 2Byng®  (G-t? + 1)-Ht + 1),*® Gt-(GHts — Ht — 2)
—dqf{ 3 UVgHE + HEt +1 F  (GF + 1P(Ht + 1)

In contrast to eq. (65), eqs. (67) and (68) in sets B and D for the calculations of down
curves of hysteresiss loops must not be simplified further, because the sspensions are not in
the state of complete coagulation nor in the state of complete dispersion at the turning poimt
(t = T/2) where the shear rate turns to decrease. By the use of any set of equations shown
as above, the curves describing the relationship between dv/dt and the time are calculable
and from the dv/dt curves, the properties of non—Newtonian flow curves of suspensions
become predictable.

For expressing the relationship between the shear stress and the shear rate directly, eq.
(59) may be transformed as follows;

g—:: rl1+ rzz+ ’13+ T.%L ...................... (71)

but the calculations of whole flow curves by eq. (71) are complicated as shown by the
following sets F and G and are not suitable for the practices except for the calculations of
rheology parameters (yield stress T, and Bingham’s plastic viscosity dv/dr) by eq. (72).

T, =T _J:dirt: ..................................... (12)
Set F

L (37.3)

dbidr = 1/G e (73)

— p.n2w U (Hy? + G + GHy *
1= BT T o0t o )

%: 2B ¢ * + G)-(Hr + Q) 12
r 3 UyHy® + G + GHy J

G-{r-(Uar®H —GrH - 2U,G% + H-2r°H —G)-(U,—1)}
Hy + Q%G+ G°
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FIGURE 13  Typical flow curves of suspensions

Set G
r=Gt s t= @ (76)
by writing @ = 1/a
dtidr = 07O VG e, (77
= B (Up e O HOWRS a8)



42

dfm = 2B ¢ GO O+ GOHP + GY) 48
r 8 {U,,(Hr(“’mj + G%) ¥ HGmrw} )

1 + @C2rU, — 1) H*r® —U,G¥) + oH-GOU 7™ ¥ 39—, — 1)G*Pr' @ — HGMy ¥
(Hrm + Gm)z_(ru+w) + G“’)’

After the extension of Newton’s flow equation to non—Newtonian fluids, flow curves and
hysteresis loops became calculable, and the meanings of rheological parameters (T, and
plastic viscosity) became calculable and explainable on the same basis as Newtonian fluids.

4.2 Influence of experimental conditions U, and G on the shape of flow curve

The shapes of flow curves are influenced by the test conditions (U, and G) and by the
property of suspension samples (H). Immediately after the vigorous agitation for mixing
the particles and the medium, U, takes a low value and it increases and approaches 1 during
the unagitated period before starting the experiments. The longer the standing time
before the experiment, the larger the U, value which makes the range of variation of dt/dt
wider.

du/dt A:Up=1.0 B, = 8.9 X 10*
n, = 2.271 X 10

1
10°
0.1

Qme
nnn

100 |—

B 1 10 100
0 | [ Jér:;
— B:UO=O.M C:U,=0.1

A:U,=1.0

-60 | —

FIGURE 14 Influence of initial viscosity on dv/dt

As is obvious from the equations expressing dt / dt previously shown, T increases
according to the increase in 7 when dv/dt is positive. =~ When the dt / dt curve passes
through the negative region, there appears a so called thixotoropic region on the flow curve.
So the decrease in U, value causes the change in the shapes of flow curves from A to B as
shownin FIG.13. The influence of U, on a dt/dt curve is shown as follows by FIG. 14.
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Other than the influence of U, value, the shapes of flow curves are also influenced by the
shearing condition G. The influence of G is directionally the same as that of U,, that is, the
larger the G value, the wider the range of variation of dt/dt.  The decrease in G value
causes a variation in the shapes of flow curves from A to D as shown in FIG. 13. The
influence of G on dv/dt is shown in FIG. 15. As shown by eqgs. (37.1) ~ (37.9), the shearing
condition is not solely represented by G, and dv/dt varies according to the change of
parameters a and &.

L B; = 8.9 X 10*
dv/dt A:G=10 n, = 2.271 X 10"
e a=1

}'— B : G 0.1 H = 10-6

e Uo = 1.0
100 —

—C:G = 0.01

| 1

0 1 ‘
D:G = 0.001 \

- B:G=01 D:G = 0.001
60|— : "

FIGURE 15 Influence of shearing
condition G on dvdt

4.3 Influence of coagulation rate H on the dt/dt curve

FIG. 16 shows the influence of coagulation rate constant H on the shape of dt/dt curve.
The decrease in H value causes the changes of flow curves from D to A as shown in FIG. 13.

Among the parameters causing changes in the shapes of flow curves, H is only one which
is closely related to the chemical composition of suspensions. Addition of dispersant or the
use of viscous medium usually cause a decrease and a higher particle concentration or a
larger number of primary particle tend to cause an increase in H value, but it is difficult to
predict an exact figure before the flow curve experiments.
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du/dt B, =8.9 X 10*

ng = 2.271 X 109 :
— a =1 A:H=10%
— G =01 B:H = 10°
U0=1.0
100 — *
| T 1|0 100 c:H = 10"
0 —_—
. v/, D:H=10%
60 |—

FIGURE 16 Influence of coagulation rate
constant H on dv/dt

Mild agitation during the sample preparation, the longer unagitated time before the
rheological experiment, and the larger H value tend to cause an increase in U, value, but
same as the H value, it is practically impossible to predict an exact figure before the
experiments. Since Uy and H are predictable and controllable only directionally, G (or 7)
is the only parameter which is fully controllable artificially and this is the reason why the
flow curves and hysteresisloops are unrepeatable.

Since not all factors causing variations in the shapes of flow curves are fully
controllable, it is meaningless to classify the fluids as substance by the shape of flow curves,
although it may not be meaningless to classify them as phenomena.  Although the shapes
of flow curves or the flow properties of suspensions are not fully controllable, the direction of
transition from a flow type to another is explainable and predictable by the calculation of
dv/dt or dv/dy as described in this chaptor.
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