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INTRODUCTION 



INTRODUCTION 

Poiseullle *’s Law was discovered in the course of an 

investigation preliminary to an understanding of the cir¬ 

culation of the "blood in the "body. It was not until two 

generations later that the law was shown to fail when 

applied to the flow of "blood in fine capillaries. It waa 

also found that the apparent viscosities of gelatine, 

silicic acid, and albumen solutions varied with the type 

of viscosimeter used. Hatschek1' showed that the apparent 

viscosity of a gelatine sol varied according to the rate 

of shear, the viscosity decreasing as the rate of shear 

increased, even though the temperature remained constant. 

The expression "Newtonian fluid" has been commonly 

used to describe a fluid which obeys the following law: 

where 3 is the shearing force required to maintain a 

constant strain rate, v, which is the difference between 

the velocities of two parallel planes of liquid moving 

in the same direction; a is the area of the planes con¬ 

sidered, and d is the distance between the planes normal 

streamlined flow and 
constant temperature 

U) 



to the area a. The proportionality factor, n, ia the 

coefficient of viscosity. 

A “non-Newtonian fluid” is one that does not obey 

equation (1). It does not have a constant viscosity 

coefficient* 

o 
Bingham has made extensive studies of means for 

obtaining a quantitative expression of the properties 

of non-Newtonian fluids. When he plotted the rate of 

flow of paint, a suspension of solid particles in a 

liquid, through a capillary against the driving pressure 

he obtained a straight line which, when extrapolated to 

zero rate of flow, intersected the pressure axis on the 

positive side of the origin. Actually, the points rep¬ 

resenting the lbwôst velocities observed lay very def¬ 

initely off the straight line, but the divergence was 

tentatively ascribed to separation of the liquid phase 

near the wall of the container. Neglecting these points 

the slope of the straight line was interpreted as rep¬ 

resenting the reciprocal of the apparent viscosity and 

the intercept on the pressure axis as representing a 

“yield value”, or force below which no flow would occur 

if there were no separation of the phases. Bingham's 

formulation of the “Law of non-Newtonian Flow” was as 

followa: 
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S - f = n â_ï (2) 

Here jf_ls the yield value having the units of force which 

must he exceeded in a plastic material before any flow 

occurs. The force effective in causing flow is simply 

reduced by a constant amount, f, which is the force re¬ 

quired to start the flow. It is indicated that this 

yielding force, jf, continues to operate after flow is 

actually in progress. With this postulate, f/a has the 

dimensions of shear modulus. 

Reynold's criterion imposes an upper limit on 

velocity gradients which may be employed without chang¬ 

ing the streamlined flow of a fluid Into turbulent flow 

to which these simple laws do not apply. Sometimes the 

apparent viscosity is referred to as the "plasticity"; 

the reciprocal of the apparent viscosity referred to as 

the"mobility"; and the reciprocal of the viscosity re¬ 

ferred to as the "fluidity". The terms fluidity and 

viscosity will therefore be avoided when referring to 

non-Newtonian fluids in order to avoid confusion. 

THE MEASUREMENT OF STRESS-STRAIN RATE RELATIONS 

In the measurement of non-Newtonian fluids, it is 

desirable to have available a rather wide variety of 
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flow velocities. The viscosimeter used in this work was 

a modification of an earlier design^ and is of the rotat¬ 

ing cylinder type. The viscosimeter consists of two con¬ 

centric cylinders, separated by the fluid under investi¬ 

gation. The inner cylinder, or ‘'rotor”, is rotated at a 

constant speed during any measurement; but five speeds 

are available: 900, 600, 400, 225, or 100 revolutions per 

minute. A synchronous motor runs at 1800 REM and a set 

of gears provides the speed reductions. The outer cylinder 

or "cup", is water-jacketed and suspended on mountings 

between two torsion wires. The force due to the rotating 

cylinder results in an angular deflection of the suspended 

cup and its mountings. By means of a rotatable suspension 

head at the top of the upper torsion wire the suspended 

cup and mountings may be returned to their original posi¬ 

tion. The restoring force may be measured by the amount 

of the required rotation on the head. One hundred divi¬ 

sions on the head equals 360° rotation. The lower torsion 

wire passes through an oil bath and axially through a 

cylinder having its upper end fastened to the cup mounting. 

This provides adequate damping of the motion of the suspend 

ed parts. 

The cup in which the fluid is placed is provided with 

a lid which fits slightly below the level of the top of the 



5 

cup. A small hole in the lid allows the passage of the 

shaft, to the rotor. The lid is completely flooded with 

the fluid during measurements; and consequently, the 

exact volume of the fluid placed in the cup is not crit¬ 

ical, f.luid is not thrown from the cup hy centrifugal 

action, and any evaporation or condensation which may 

occur will change the concentration of the fluid above 

the lid and not that of the fluid between the cylinders. 

The viscosimeter wa3 calibrated using glycerol 

solutions in the low range of viscosities and using oil- 

kerosene solutions in the high range. The concentrations 

of the glycerol solutions were determined from their re¬ 

fractive indices^-, and the viscosities were determined 

from, their concentrations using the data of Sheely^. The 

viscosities of the oil-kerosene solutions were determined 

in an Ostwald type viscosimeter which was calibrated using 

the glycerol solutions. 

The calibration data was plotted (viscosity in centi- 

poises versus deflection in divisions) for each of the 

five speeds. All calibration lines were straight in the 

streamlined region, and that portion of the chart corre¬ 

sponding to the turbulent region was not used in the 

determination of viscosities. 

In the derivations to follow the torsion-constant 



6 

of the wire is required. This constant for the torsion 

wire relates torque to divisions on the head. This cal¬ 

ibration was carried out by the application of several 

known weights. The constant had the value of 632 dyne-cm. 

per division. 

THE STRESS-STRAIN RATE FUNCTION 

Bingham's Law for fluid flow is now obviously too 

simple, and his proposed equation having a constant yield 

value is not adequate for many cases. Motion in a non- 

Newtonian fluid has been visualized as being equivalent 

to that of a spring and series of "dash-pot" elements in 

which all elements do not yield at a single value as 

Bingham's Law presumes, but each element yields at a 

different stress^» This model can account more correct¬ 

ly for the non-linear portion of the curves as observed 

by Bingham and now frequently encountered in clay and 

other suspensions. 

The. model lu Figure 1 is preferred to this spring 

and dash-pot analogy. Considering an element of volume 

of the fluid in the shape of a rectangular parallelepiped, 

let the fluid be divided into N^lamellar elements. All 

lamellar elements are considered of equal thickness and 

have yield values; f^, f2, • • Let. the area of the 
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base be a and the height be d, with the N lamellar ele 

ments, all of area a, parallel to the base 

ft 
elements. 

force S 
velocity V 

For Newtonian flow, from equation (1) we would have 

v - 8 a 
n0a 

where n0 is- the true viscosity of the medium, and is 

the velocity of the bottom element with respect to the 

top element. 

For non-Newtonian flow the contribution to V from 

the MiMth element would be given by equation (2) aff 

s " fi d 
vi ■ “ 

since d/ft is the thickness of the MiHth element. It is 

postulated that part of the force, S, applied to any 

element is used in overcoming the yield value of that 

element and the remainder, (S - f^), is used in producing 



streamlined flow in that element. The force, f^, shall 

continue to operate as a constant after flow begins. 

Letting x be the fraction of total elements in 

motion we obtain the following expression for V: 

Defining the apparent viscosity (obtained from an 

instrumental observation), nQ, as cl 

S d 
na S 

and solving for S, 

Substituting this expression for S in equatiôn (3) and 

simplifying, we obtain an expression for the apparent 

viscosity. 
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n a (4) 

Defining the mean yield value, fm, as 

and substituting in equation (4) we obtain the final 

expression: 

The quantity fm/a is the mean shear modulus for 

all the elements of the fluid in motion and has units 

of force per unit area (dynes/cm2) and will henceforth 

be denoted by Y. It is evident that any element having 

fjL greater than 5 will not be set in motion. Equation 

(5) reduces to Bingham's Law when all the elements have 

the same yield value. Y/hen one element yields, all will 

yield as fm equals f and x is some constant less than one. 

The data obtainable from the viscosimeter used are 

the apparent viscosities, n_, each value measured at one 
a* 

of the five available rates of rotation of the inner 

cylinder. The revolutions per minute of the rotor are 

proportional to V in equation (5). For non-Newtonian 

fluids that obey Bingham's Law, the plot of n versus 
SI 

(5) 
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l/KPM gives a straight line. This relation is illus¬ 

trated hy data on a kaolin suspension as shown in 

Figure 2. 

l/V or l/HEM 

Figure 2 

For non-Newtonian-fluids not restricted to this simple 

Bingham equation the result is a curved line as shown 

in Figure 3. 

Figure 3 ? 

Ih order to calculate x from a given experimental curve 

a tangent may he drawn at some point (n l/V*) of the 
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curve. The equation, of this tangent is 

na s fm(d/a)(l/V) -f n0/x 

Along this tanrgent fm and x_remain constant and have the 

same values as the fluid has when V»V*. The value of the 

n -intercept,. I, for the tangent may be found; and since 

I- n0/x we may calculate the value of x_for the fluid 

at V“V^. (For aqueous suspensions n^ Is merely the 

viscosity of water at the temperature of the run.) 

The torque produced on the torsion wire is propor¬ 

tional to the apparent viscosity and the rate of rotation. 

1 - K na (REM) (6) 

The proportionality constant, Kj, may be evaluated from 

the dimensions of the apparatus if corner effects are 
O 

neglected but in this Investigation the values actually 

used for K were those obtained from calibration data, 

knowing the torsion-constant of the wire. 

The apparent viscosity may be considered as being 

the sum of two terms* 

na = fm(d/a)(l/V) + nQ/x 

where the first term is the contribution due to yield 
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values, or "gel**, and the second term is the contribution 

due to the fluid friction during flow. Each of these two 

terms may be determined from an analysis such as that 

shown in Figure 3. 

Similarly the total torque, as introduced in equation. 

(6), may be thought of as the sum of two torques: (1) the 

torque required to overcome gel, Tgel, and (2) the torque 

required to produce flow, Tf^OWi The torque due to gel 

may be calculated from the viscosity due to gel: 

*gel ' K (na)Sel 
(RM) <7> 

The shear modulus, Yj of a suspension can be eval¬ 

uated directly from j^el* ^ is ne®essary to assume that 

the stress required to break the gel, as represented by 

Y, continues to operate during flow, Y being independent 

of V provided x remains constant. This is an assumption 

common to all the models of non-Newtonian flow since the 

work of Bingham. Therefore, to evaluate Y, for a given 

value of x, from TRel that has been determined during 

flow, one may imagine that this same torque, Tgel, is 

applied to the stationary inner cylinder in order to 

break the gel. As the torque is applied, we will assume 

that the shear takes place along the dotted lines as 

shown in Figure 4. Since Y=fm/a (dynes/cm
2), we can 



13 

obtain, a relationship between T gel and Y: 

^gel (8) 

For the particular values of and h of the cup and 

rotor used in the determinations we have: 

Tgel 
104 Y (9) 

By using the above results we can calculate x_ and Y for 

any point along the curve of na versus l/KEM. 

Part of the power required to maintain any given 

rate of flow is used to overcome the viscous resistance 

of the fluid, and the remainder is used to keep the gel 

broken. This latter power, not producing flow, will be 
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denoted by £gel* same amount of Pge^ la required to 

maintain a given state of gel breakdown as is required 

to produce it^. From the torque required to break the 

gel we may calculate Pgel as follows: 

Pgel s (~^l.)(2Trr)(KEM) 

= 2lTTgel(RB0 (ergs/min. ) (10) 



APPLICATION TO CLAY SUSPENSIONS 
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APPLICATION TO CLAY SUSPENSIONS 

We now have evidence that two factors contribute to 

the shear modulus of a clay suspension; they are as follows: 

(1) the forces acting between the suspended particles and 

tending to cause them to stick together, thus setting up 

a relatively rigid structure through the suspension medium, 

the structure being destroyed by a sufficiently great 

shearing stress; (When the sheading stresses are removed, 

the particles adhere together again, and thus the fluid 

is said to be "thixotropic11. ) and (2) the formation of 

solvated liquid hulls or layers about the particles of 

the dispersed phase. These layers may or may not inter¬ 

lock sufficiently to impart rigidity to the system under 

low shearing stresses. But since it is evident that each 

successive layer has a weaker force of attachment than 

the layers nearer the surface of the particle, the outer 

layers may be partly sheared off at high shearing stresses. 

Even in the absence of any measurable gel structure (1), 

the factor (2) imparts to the fluid its characteristic 

non-Newtonian properties. 

Bradley, Grim, and Clark10 have obtained X-ray evi¬ 

dence that water may pile up between sheets of a sample 

of Wyoming bentonite to a thickness of 24 layers of mol- 
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ecules, merely under the influence of moist air. It is 

commonly recognized that the higher colloidal bentonitic 

clays that are capable of a high degree of swelling when 

moistened with water possess this property of developing 

layers of combined water upon their surfaces^. 

It therefore appears that each clay particle is 

associated with a variable envelope of "immobile", or 

"bound" , water* The water is not strictly Immobile. A 

minimum stress is required to set a part of it in motion. 

If the method of determing x> the fraction of fluid volume 

in motion, as formulated in the Introduction is correct, 

it is possible to calculate, ah a given concentration, a 

value for the amount of this bound water having shear 

moduli larger than a given Y value. One is then, in 

effect, measuring the shear moduli of the various layers 

of bound water. To do this, it is necessary to have 

eliminated from the measurements the effect of the 

factor (1), namely the cohesion between solid particles. 

When this factor is eliminated, the quantity x^represents 

the fraction of volume of the suspension having the 

normal viscosity of the suspension medium, n0; and (1-x) 

represents the fraction of volume which is not subject 

to fluid motion. This latter volume includes (a) the 

volume of the solid grains, and (b) the volume of the 
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immobile water layers having shear moduli so great that 

they may be regarded as part of the solid grains. 

When x is plotted against Y as follows, 

one can tell when the above conditions are fulfilled. In 

the case (B) a structural gel is contributing, and no 

motion of fluid is possible until Y0 is exceeded. In the 

case (A) some flow can occur even at vanishingly small 

stresses, although increased stress does materially in¬ 

crease the fraction in motion, x. In this case it is 

evident that the factor (l) is negligible, and that the 

fluid would behave in a Newtonian manner if the factor (2) 

were also negligible. If non-Newtonian flow is observed 

in the absence of the structural factor (1), it necessar¬ 

ily follow a. that the changes in x and Y are entirely due 

to factor (2). 

In casea similar to (B), when a measurable gel ap¬ 

pears, the fluid motion may not cause a complete separa¬ 

tion of all aggregates. Water can be trapped, or 



occluded, within the structure of such aggregates. This 

occluded water will he measured as effectively immobile, 

although it is not hound hy hydration forces to the sur¬ 

faces of the clay particles. In. the data which follows, 

this situation is met. in the suspensions of kaolin, cal¬ 

cium bentonite, and some of the more concentrated alkali 

bentonites. 

It is possible to convert a clay suspension of type 

(B) into type (A) by reducing the concentration; also 

this conversion may frequently be accomplished by the 

addition of a deflocculating agent. Evidence appears 

in the following data showing that NagP^O^j glass added 

in small amounts materially reduces the particle-to- 

particle forces between clay grains while having only a 

slight effect on the total amount of bound water in the 

hydrated layers. 

One hundred grams of the suspension may be used as 

a basis of calculation, and the density of the dessicated 

clay is taken as 2.5 grams/cc. The volume of the clay 

particles is given by the percent concentration by weight 

c, divided by 2.5; and the volume of the water is (100-c) 

The total volume that does not move at a given flow rate 

would be given by the following: 
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£-275- + (10° ~ c)J £ - x] 

Subtracting from this volume the volume of the clay and 

dividing by the number of grams of clay present, we obtain 

the following expression for the grams of bound water per 

gram of clay at the flow rate at which x was calculated: 

. -f- (100-C )1 fi-1 “ 
gms» bound water _ L2»-3 1 -I L 4 2,5 

gms. clay ~ c (11) 



OBSERVED AND 

CALCULATED DATA 
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OBSERVED AND CALCULATED DATA 

The experimental determination of the apparent 

viscosity at a given rotor speed will he in error in 

case the fluid has been previously disturbed by the use 

of a higher or lower rotor speed, or if the fluid has 

been undisturbed, unless sufficient time is allowed for 

the apparent viscosity to attain equilibrium. 

In order to determine the effect of the time of 

stirring on the apparent viscosity, a suspension of 

Wyoming bentonite, 7.95$, that had been thoroughly hy¬ 

drated was placed in the viscosimeter and stirred at 

100 REM for fifteen minutes, allowing it to come to a 

constant temperature of 30° C. It was then allowed to 

stand in the water bath for fifteen minutes before the 

runs were begun. Two runs were made: (1) a continuous 

run with a negligible time interval for change of speeds, 

and (2) an intermittent run in which the suspension was 

allowed to stand fifteen minutes between each change of 

speed. The results obtained are plotted in Figures 3 

and 6. The change in the deflection of the torsion wire 

with respect to the time of stirring was negligible after 

fifteen minutes of stirring; hence, all apparent viscosi¬ 

ties were determined after at least fifteen minutes of 
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FIGURE 6 



atirring in order to allow equilibrium to be attained 

KAOLIN SUSPENSIONS 

Kaolin forms a suspension in water in which, the 

clay particles are associated with a relatively small 

shell of water in the form of a layer of hydration. 

Figure 7 shows the apparent viscosity plotted against 

l/jRPM for various concentrations. The straight lines 

indicate that this type of suspension obeys Bingham’s 

Law, equation. (2). The line for the 9.4-3$ suspension, 

having a zero slope, indicates a Newtonian fluid. 

By the method outlined in the Introduction x and Yr 

may be calculated for the curves in Figure 7. As these 

suspensions obey Bingham’s Law, the results are repre¬ 

sented by points in Figure 8. The 9.4-3$ suspension has: 

a zero shear modulus. 

Using equation (11) the amount of bound water per 

gram of clay was calculated for four kaolin suspensions 

of different concentrations, and the results are given 

in Figura 9. Since an appreciable structural factor is 

contributing to apparent viscosity, it. is very likely 

that most of this '’bound11 water is actually occluded. 

The effect of temperature on the apparent viscosity 

is negligible for a 32.2$ kaolin suspension as shown in 

Figure 10. 
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BENTONITE SUSPENSIONS 

In bentonitic suspensions the clay particles, which 

are small lamellar crystals, are very highly hydrated. A 

study of five different bentonite suspensions was made. 

Four of these were prepared from a hydrogen bentonite 

suspension, and the fifth was prepared from the naturally 

occurring clay. The hydrogen bentonite suspension was 

prepared by electrodialyzing a 6% suspension of thor¬ 
oughly hydrated natural Wyoming bentonite until the pH 

reached a value of about 2.5 . This removed the ex¬ 

changeable cations present in the natural clay and 

replaced them with hydrogen ions. 

In order to prepare a lithium bentonite suspension, 

a sufficient amount of the hydrogen bentonite was neu¬ 

tralized with 0.2 N LiOH until a pH of 9.0 to 9.5 was 

reached. The pH was measured with a glass electrode. 

This dilute suspension, after standing overnight, was kept 

at 110° C. until it reached a concentration of approxi¬ 

mately 8JÉ, It was then stirred with a high speed mixer 

to equalize concentration differences formed during the 

evaporation. After standing for at least two days, the 

stock suspension was used in the various determinations. 

The less concentrated lithium bentonite suspensions were 

prepared by dilution. 
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Several polyphosphates are known to reduce the ap¬ 

parent viscosity of clay suspensions. Na^P^O^ glass; 

was chosen as a typical deflocculating agent for these 

studies. The measurements and calculated properties of 

these lithium bentonite suspensions with and without 

deflocculating agent are presented in Figures 11 through 17. 

The effect of various amounts of the deflocculating 

agent on the apparent viscosity is shown in Figure 11; and 

Figure 12 gives the x and Y values, calculated as outlined 

in the Introduction, for the curves of Figure 11. 

The effect of temperature on the apparent viscosity 

over the range of from approximately 20° C. to 50° C.. is 

given in Figure 13; and the x and Y values for these 

curves are shown in Figure 14. 

At very low concentrations most clay suspensions 

behave as Newtonian fluids over wide ranges of flow rate. 

For suspensions of lithium bentonite whose concentrations 

were less than 4.2$, this was substantially the case. 

Since for Newtonian flow the viscosity is constant for 

the various speeds, the viscosities were measured at the 

lowest speed, 100 REM, in order to maintain streamlined 

flow. (Turbulent flow is favored by low viscosity and 

high speed. ) For suspensions whose concentrations were 

less than 3.4$ the viscosities were determined in an 

Ostwald viscosimeter, since for such dilute suspensions 
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this; instrument was more accurate. The variation of 

viscosity with concentration for this Newtonian-type 

of flow is indicated in Figure 15 for lithium "bentonite 

suspensions. Since the shear modulus is zero for 

Newtonian flow, we may plot x^ against the concentration 

as shown in Figure 16. 

The amount of bound water per gram of clay for 

these dilute suspensions was calculated, see Figure 17, 

using equation (11). 
i 

A sodium bentonite suspension was prepared in a 

manner similar to that used in preparing the lithium 

one. The effect of a deflocculating agent on a 6.90$ 

sodium bentonite suspension is shown in Figures 18 and 

19. The effect of temperature on this same suspension 

is given by Figures 20 and 21. 

The concentration of a sodium bentonite suspension 

has a very pronounced effect on the apparent viscosity 

and shear moduli as indicated by Figures 22 and 23. 

Figure 23 reveals that the 7.14$ suspension does not 

gel completely on standing since x has a positive value 

when Y is zero; but that the 7.32$ suspension does gel 

and requires a shear modulus of about 2,000 dynes per 

square centimeter to initiate flow. 
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The amount of hound water was calculated, as before, 

and Figure 24 shows the variations with the speed of the 

rotor for four different concentrations. 

A potassium bentonite suspension was also prepared 

in the same manner as the lithium and sodium bentonite 

suspensions were prepared. The measurements and calcu¬ 

lated properties of these potassium bentonite suspensions 

with and without deflocculating agent are presented in 

Figures 25 through 28. 

The last one of this series was a calcium bentonite 

suspension whose preparation was similar to the others. 

The very pronounced effect of a deflocculating agent on 

an 8.85$ suspension is indicated in Figures 29 and 30» 

and the effect, of temperature on this same suspension is. 

shown by Figures 31 and 32:. 

The measurements and calculated properties of nat¬ 

urally occurring Wyoming bentonite suspensions with and 

without deflocculating agent are presented in Figures 33 

through 40. Figure 39 shows that the rotor speed has 

little effect on the amount of bound water as calculated, 

decreasing it only slightly as the speed of the rotor 

increases from 100 to 900 REM. Since the change in bound 
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water is so small over the entire range of speeds, we. 

may calculate an average amount of bound water for each 

suspension and plot these data against the concentration 

of the suspensions a3 is done in Figure 40. 
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SUMMARY 



SUMMARY 

The effect of five variables on the apparent vis¬ 

cosity of a clay suspension was observed in this inves¬ 

tigation. These five variables were aa follows: the 

concentration of the suspension, the type of clay, the 

temperature of the suspension, the amount of defloccu- 

lating agent, and the rate at which the suspension was 

stirred. From measurements of apparent viscosity at 

five different rates of stirring, the shear modulus and 

the amount of bound water per gram of clay was calcu¬ 

lated; and the effect of the above-mentioned five vari¬ 

ables on these two calculated quantities was studied. 

It must be recognized that the apparent viscosity 

is appreciably altered by relative changes in the 

quantity x. In many suspensions observed x is a small 

fraction varying from 0.01 to 0.04. The amount of 

bound water, however, is calculated from the quantity 

(1-x) in equation (11);. and it is therefore possible to 

detect the effect of variables on the bound water more 

precisely by examining the change in x at a fixed shear 

modulus, since the bound water calculated from equation 

(11) may appear to remain the same. 
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Among the variables investigated, the concentration 

of the clay suspension has by far the largest effect on 

the amount of bound water per gram of clay, increasing 

it as the concentration decreases. For a given value of 

x, the fraction of the volume in motion, an increase 

in the concentration results in an increase in the shear 

modulus, Y. For a fixed value of Y, an increase in the 

concentration results in a decrease of x. 

Five types of clays were studied: lithium bentonite, 

sodium bentonite, potassium bentonite, calcium bentonite, 

and kaolin. The lithium bentonite suspension showed very 

little change in apparent viscosity when a deflocculating 

agent was added; however, as the speed of the rotor in¬ 

creased the apparent viscosity decreased considerably. 

This is evidence that the shear modulus is due almost 

entirely in the case of lithium to the hydration effect 

of the clay particles and not to the particle-to-particle 

attraction. Each of the other types exhibited a greater 

change in the apparent viscosity due to the deflo-cculating 

agent, and the order of this effect was in the order as. 

listed above with kaolin showing the largest effect. This 

seems to indicate that for the calcium bentonite and 

kaolin the shear modulus is due largely to the particle- 

to-particle attraction. Each of the other types exhibited 
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a greater change in the apparent viscosity due to the 

deflocculating agent, and the order of this effect was 

in the order as listed above with kaolin showing the 

largest effect. This seems to indicate that for the 

calcium bentonite and kaolin the shear modulus is due 

largely to the particle-to-particle attractive forces; 

and in any calculation of bound water for a suspension 

of this type it is very likely that an appreciable part 

of this ’’bound*1 water is actually occluded unless fluid: 

motion is sufficient to break up all aggregates. In the 

case of a kaolin suspension the sum of the bound and the 

occluded water per gram of kaolin decreased from about 

7 grams to 2 grams as the concentration increased from 

10$ to 30% kaolin by weight. At a given concentration 

the bentonites showed a surprisingly constant amount of 

bound water with respect to the exchangeable cations 

present as shown in the following table: 

Concentration and type 

of clay suspension 

4.0$ Lithium bentonite 
4.0$ Wyoming bentonite 

7.0$ Sodium bentonite 
7.0$ Wyoming bentonite 

8.9$ Calcium bentonite 
8.9$ Wyoming bentonite 

grants of bound water 
per gram of clay 

21 
21 

13 
13 

10 
10 
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Calculations of bound water for all the bentonite 

suspensions show that temperature, within a range of from 

20° C. to 50° C., has no apparent effect on the amount 

of bound water per gram of clay. But for a fixed value 

of Y, an increase in temperature results in an increase 
*“ v 

of x for lithium, sodium, potassium, and Wyoming bento¬ 

nite suspensions; and for calcium bentonite an increase 

in temperature results in a decrease of x. For a given 

value of x, an increase in the temperature results in a . 

decrease of Y for all bentonite suspensions except the 

calcium, bentonite which results in an increase in Y. It 

is to be expected that an increase in temperature will 

reduce hydration water. The opposite effect in the case 

of the calcium bentonite is evidently the result of the 

increase of structural gel forces, which is also to be 

expected^. 

The chemical deflocculating agent used in this work, 

NagP/jP^ glass, is useful in. lowering that part, of the 

apparent viscosity that is due to the attractive forces 

between the particles but has almost no effect on that 

Part of the apparent viscosity that is due to the hydra¬ 

tion of the colloidal clay particles. Calculations of 

bound water for all the bentonite suspensions from equa¬ 

tion (11) show that the amount of deflocculating agent, 
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even up to a concentration of 0.08 grams per 100 cc. of 

suspension, has no apparent effect on the total amount of 

bound water per gram of clay. But for a fixed value of 

Y, an increase in the amount of deflocculating agent 

results in an increase of x. For a given value of x, an 

increase in the amount of deflocculating agent results 

in a decrease of Y for all the bentonite suspension s» 

The rate of stirring (rotor speed) has a small but 

definite effect on the amount of bound water. As the 

rotor speed is increased from 100 to 900 KEM, the amount 

of bound water is reduced; and the order of magnitude 

for this reduction is 2% of the bound water. In order 

to account for the large change of apparent viscosity 

with rotor speed it is necessary to conclude that this 

small amount of bound water that is sheared off is large 

in comparison with the amount of "free” water; hence, it 

considerably reduces the apparent viscosity. 

Each successive layer of bound water has a weaker 

force of attachment than the layers near the surface of 

the clay particle. Results of this work indicate that 

there is an extremely large gradient of this force of 

attachment at the "boundary" of the immobile water 

layer. 
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