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ABSTRACT 

The rheology of highly concentrated wood flour and 

Utah bituminous coal slurries suspended in water and 

glycerol was investigated using a Couette viscometer. All 

slurries tested were found to be shear thinning and to 

obey the "power law" model. They did not exhibit any 

viscoelasticity, yield stresses, normal stresses or time 

dependent behaviors. 

Attempts to relate the non-Newtonian viscosity to the 

static coefficient of friction were successful. Experi

mental results showed a linear relationship between the 

"power law" flow index and the static coefficient of fric

tion. A more general relation between the two variables 

was derived theoretically. 

A unique modified "power law" model is proposed to 

describe the rheological behavior of concentrated slurries 

in terms of the "true" void volume and the static coeffi

cient of friction, along with a method of estimating the 

"true" void volume for WF slurries. 



CHAPTER 1 

INTRODUCTION 

Rheology is the science of deformation and flow 

of matter. The main goal of rheology is the prediction of 

the force system required to cause a certain deformation 

or flow in a body, or the prediction of the deformation or 

flow resulting from the application of a certain force 

system to a body. 

A knowledge of the rheological behavior of fluids 

and slurries is of utmost importance in industrial appli

cations. Proper process design, scale up and operation of 

an industrial plant often require prior data on the rheo

logical behavior of the fluids and slurries that will be 

handled. 

Statement of the Problem and Objectives 

The security of the United States demands that 

this nation be able to supply its energy needs in times of 

crisis. Thus, consideration of alternative sources of 

fuel has received much encouragement from the Department 

of Energy (DOE), which is sponsoring various research 

efforts for the development of cellulosic liquefaction 

processes. Such cellulosic liquefaction units as the 

1 
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Pittsburgh Energy Research Center (PERC) in Pittsburgh, 

Pennsylvania and the Lawrence Berkeley Laboratory (LBL) in 

Berkeley, California were under DOE funding. These cellu-

losic liquefaction processes involved the handling of wood 

flour (WF) slurries having WF weight concentrations of 9 

to 14 percent. The rheology of the product wood oil from 

Rust Engineering Test Run Number 12 in Albany, Oregon and 

its WF slurries have been studied at the University o£ 

Arizona (UA) by Chehab (1982). 

The latest DOE funded cellulosic liquefaction pro

cess, designed by the UA Biomass Research Group in Chem

ical Engineering, is currently under construction at the 

UA high pressure facility. The Extruder-Feeder-Preheater-

Reactor (EFPR) system involves the handling of highly 

concentrated WF slurries. Analysis, simulation and scale-

up of this system requires more complete rheological data 

on concentrated slurries and, for the current project, on 

WF suspensions in particular. 

There are a multitude of different types of inter

actions occuring when a solid is dispersed in a liquid. 

These are usually summarized under three main categories, 

as shown below, 
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1. Hydrodynamic interaction between the liquid and dis

persed solid particles, which gives rise to viscous 

dissipation. 

2. Interparticle attraction, which promotes the formation 

of floes, aggregates, agglomerates or structure. 

3. Particle-particle contact, which brings into play 

frictional interactions. 

It is believed that at high WF concentrations 

particle-particle frictional effects predominate over 

hydrodynamic effects (Table 1.1). Furthermore, WF 

particles are porous and only the fluid surrounding the 

particles is considered to affect the interparticular 

attraction and thereby the overall rheological behavior 

of the slurry. 

The objectives of this study are: (1) to charac

terize the rheological behavior of highly concentrated 

slurries in terms of a frictional component and external 

particle-fluid interactions; and (2) to provide rheolo

gical data on wood flour slurries to aid in the simulation 

and scale-up of the EFPR system. Needless to say, this 

constitutes a completely new approach to the rheology of 

concentrated suspensions. 



Table 1.1 Relation between concentration and interactions. 

Solids concentration 
or interparticle 
attraction Negligible Low Medium High Very high 

Hydrodynamic inter
action and particle Very Extremely 
frictional interaction Low Medium High high high 

Dominating effect Hydrodynamic interaction Particle frictional interaction 

4=» 
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General Considerations and Approach 

For an arbitrary time-independent flow, the shear 

stress tensor, t, is found to depend only on the relative 

motion between two neighboring points, and therefore on 

the local first derivative of the deformation tensor, D, 

only. Like any non-symetric tensor, D can be divided 

respectively into a symetric part or strain rate tensor, 

and an anti-symetric part or vorticity tensor as shown by 

Equation 1.1, 

D = E + SI (1.1) 
mm 

E describes the change of shape of a fluid ele

ment, while describes its rigid body rotation. Using 

the conservation of angular momentum, it can be shown that 

for any Newtonian fluid, T, being a symetric tensor, can 

only depend linearly on E. This dependence is simplified 

by the assumption of fluid incompressibility and is 

indicated by Equation 1.2, 

T =  — p E  ( 1 . 2 )  

Where y is a scalar commonly known as the viscosity of the 

fluid. This last equation is called the constituitive 
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equation for Newtonian and incompressible fluids. It is 

also referred to as Newton's law of viscosity in three 

dimensions. 

There is no universal constituitive equation for 

non-Newtonian or compressible fluids. However, a general

ization of Newton's law of viscosity is usually applied 

through the use of Equation 1.3, 

T = — ti E (1.3) 

Where n is the apparent viscosity of the fluid. This last 

equation can describe the behavior of most, but certainly 

not all, non-Newtonian incompressible fluids. For visco-

metric flows of incompressible fluids, ri is assumed to be 

only a function of the second scalar invariant of E, 

defined by Equation 1.4, 

I2 = E : E (1.4) 

Several models that take the above assumptions into con

sideration have been proposed for non-Newtonian fluids. 

As an example, two of the best known ones that are rele

vant to this work are briefly presented and discussed 

here. 
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1) Ostwald-de-Waele model 

This model is widely accepted for shear thinning and 

shear thickening materials. It is expressed as shown 

in Equation 1.5, 

It is a two parameter model, the two parameters being 

m and n. When n=l, the above equation reduces to 

Newton's law of viscosity. If n is greater than 1, 

the material is shear thickening; and if n is less 

than 1, the material is pseudoplastic. This model is 

also called the "power law" model. Examples of fluids 

that obey this model are polymer solutions, greases 

and paints. 

2) Bigham model 

This model is accepted for plastic materials where a 

finite yield stress is needed to initiate the flow. 

It is expressed as shown in Equations 1.6 and 1.7, 

n-1 
x = -(m|, / {1/2) (E: E) I ) E (1.5) 

T 
lA 2 

(b + SQ/( (1/2) (E:E) y2} E for E:E > 2 SQ (1.6) 

and E = 0 for E:E < 2 S 
2 (1.7) 

o 
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This model also involves two parameters, namely b and 

SQ. Examples of fluids that obey this model are 

margarine, toothpaste and muds. 

The flow characteristics of materials described by 

the above models are summarized in Figure 1.1. It should 

be emphasized that several materials exhibit a rheological 

behavior that can only be partially described, if at all, 

by the abundant number of existing models. These mater

ials fall in the categories of normal stresses dependent, 

time dependent, and thermal history dependent non-

Newtonian incompressible fluids. 

For more details of the above discussion, the 

reader is referred to standard rheology and fluid mech

anics books such as Brodkey (1967) or Bird, Stewart and 

Lightfoot (1960). 

When dealing with suspensions, it is not always 

necessary to acknowledge that they are mixtures of par

ticles and fluid; instead, it is often possible to regard 

them as homogeneous fluids and to ascribe to them certain 

effective fluid properties. This is possible when the 

length scales describing the motion of the suspension as a 

whole are much larger than the average size or average 



H 

i-
o 
CJ 

CO 
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(2) Shear Thinning 

(3)Shear Thickening 

@ Nev/tonian 

Shear Rate, y 

figure 1.1. Flow curves of Nev/tonian and non-
Newtonian fluids. 
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separation of the particles. A high solids concentration 

and the smallness of the particles usually assures that 

this condition is satisfied; the particles in a slurry, 

for example, should have a diameter of a length typically 

in the range 100 to 300 microns in a typical Couette 

viscometer to satisfy this specific constraint, as in this 

study. Thus when the suspension can be considered as 

homogeneous, the problem becomes one of finding its appro

priate effective fluid properties and using one of the 

literature models to describe its rheological behavior 

under specific conditions. This approach is mainly due 

to the fact that several factors affect the rheological 

behavior of a slurry, as clearly shown in Table 1.2, and 

no model taking into consideration all of the factors 

exists as yet. This explains the restriction to empirical 

or semi-empirical approaches to modeling concentrated 

suspensions rheological behavior. It is needless to say 

that almost all concentrated suspensions behave in a non-

Newtonian fashion. 
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Table 1.2. Some factors affecting slurry viscosity and their 
interactions, as summarized by Cheng (1980). 

Factor Affected parameter(s) 

Gravity 

Hydrodynamic interaction 

Liquid viscosity 

Interparticle attraction 

Floc/structure formation 

Shear rate 

Temperature 

Particle-particle contact 

Physiochemical 
interaction 

Mechanical properties 
of particles 

Effective particle 
concentration 

Effective particle shape 

Hydrodynamic interaction 

Effective particle concentration 
Effective particle shape 
Effective particle size 

Floc/structure formation 

Floc/structure formation 

Effective particle size 
Effective particle shape 

Particle-particle contact 

Particle-particle contact 
Floc/structure formation 
Liquid viscosity 

Effective particle concentration 
Effective particle shape 
Effective particle size 

Effective particle concentration 
Effective particle shape 
Particle-particle contact 

Hydrodynamic interaction 
Effective particle shape 
Effective particle size 
Particle-particle contact 

Hydrodynamic interaction 
Particle-particle contact 

Hydrodynamic interaction 
Effective particle concentration 
Floc/structure formation 
Particle-particle contact 



CHAPTER 2 

LITERATURE REVIEW 

Despite the large number of variables that affect 

the rheology of slurries, both theoretical and experi

mental rheological studies of these systems in the liter

ature consider the effect of a very limited number of 

variables. This is due to the complexity of these slur

ries, which precludes analysis without several simplifying 

assumptions which reduce the number of parameters drastic

ally and often cause the results to be rather simplistic 

and of no practical engineering interest. 

The theoretical and experimental attempts on the 

rheology of slurries are briefly discussed below. The 

reader is referred to the original works for more details 

on the assumptions and limitations. Only the most highly 

regarded attempts are presented here. 

Spherical Particles 

Theoretical Attempts 

The first theoretical attempt to arrive at an 

equation for the effective viscosity, of a suspension 

12 
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of spherical particles was made by Einstein (1906). He 

derived Equation 2.1 for very dilute Newtonian suspensions 

based on several assumptions, 

ys 
= — =1 + 2.5<J) = 1 + KE<j> (2.1) 

Where y is the relative viscosity of the slurry and <{> is 

the solids volume fraction. 

For more concentrated slurries, Vand (1948a) 

derived theoretically Equation 2.2 for a suspension of 

spherical particles, 

Ur = 1 + 2. 5<j> + 7 .349<{)2 + ... (2.2) 

Vand (1948b) checked the above equation experimentally and 

reported it to be valid for values of 4> up to 0.30. 

Mooney (1951) used an argument employing a 

functional equation to derive the following expression, 

u = Exp( 2 . 5<j>/(1-K<f>) ) (2.3) 
* » 

where K is an adjustable parameter which, Mooney argued, 

should range between 1.35 and 1.91 based on geometrical 

packing considerations only. Other authors conclude that 
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K should also depend on the particle size. The above 

equation was also experimentally shown to be valid for 

values of <j> up to 0.3. 

Many other theoretical attempts have been made in 

the 1970's. An excellent review is presented in Jinescu 

(1974) and almost all models are of the form of a power 

series in $, 

ur = 1 + K1<fr + K24>2 + K3<f>3... (2.4) 

where the coefficients K^, K^r an<3 K-j have been assigned 

different values and meanings by different investigators. 

Experimental Investigations 

Comparison of rheological data may not be justi

fied unless the main variables are comparable. This is 

the major reason for the scatter of data presented in this 

section. Rutgers (1962) reviewed the various experimental 

investigations of spherical particles suspensions. Each 

curve in Figure 2.1 corresponds to an experimental inves

tigation, except curves 1 and 2. Rutgers constructed an 

"average curve" represented by curve 1 in Figure 2.1 and 

blamed the discrepancies on faulty experimental tech

niques. Thomas (1965) conducted a similar study and 
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(T)  Rutger's Average Curve 
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in suspension,  as reported by Rutgers (1962).  
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believed the variations in the data to be a consequence of 

a variable particle size. He corrected for differences in 

particle size and obtained an "average" curve, as shown in 

Figure 2.2. He proposed the empirical equation shown by 

Equation 2.5, 

Ur = 1 + 2 .5 4> + 10 - 0 5+ 2 + B exp (B' ) (2.5) 

Almost all the other empirical equations proposed are of 

the form of Equation 2.4. They satisfy data for a given 

Newtonian system, being multi-parameters equations, but 

have a very small predictive power. 

Rod-Like and Fibrous Particles 

The rheology of non-spherical suspensions is more 

complicated than that of spherical slurries since at least 

two additional factors have to be taken into considera

tion, namely, particle orientation and particle aspect 

ratio, q. 

Theoretical Attempts 

Several attempts to determine the viscosity of 

Newtonian suspensions were made by Jeffrey (1932), Guth 

(1938), Burgers (1938), Nawab and Mason (1958), Kuhn and 

Kuhn (1945), Ziegel (1970) and Maschmeyer (1974). All 
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these attempts have resulted in an equation of the 

following general form, 

ur = 1 + K14> + K2f(qH + ... (2.6) 

where f(q) is some function of the aspect ratio, q, and 

and K2 are interaction coefficients. Equation 2.6 is 

considered valid only for very dilute suspensions. 

Brodnyan (1959) proposed a theoretical equation 

which gave a good fit over a very small volume fraction 

range of particles. The form of his equation was consi

dered inspiring to fitting experimental data. 

Ziegel (1970) derived an expression for the re

duced viscosity, ire(3' a suspension containing rods. 

He employed the energy dissipation argument to calculate 

the work required to rotate all the free particles. The 

resulting equation was 

nred = [(3K1K3/y) + 1 - ?] (q5/3/9.688) (2.7) 

where K-^ = an interactional parameter 

K = degree of agglomeration 

3 = a rate constant for the equilibrium between 

agglomerate and free particles 
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Y = shear rate 

q = particles aspect ratio 

K = a parameter 

Ziegel considered his equation valid for high con

centration, but other investigators consider it open to 

question, since there is little opportunity for particle 

rotation in a concentrated slurry. 

Maschmeyer (1974) proposed a lengthy theoretical 

equation which is not highly regarded for concentrated 

suspensions. He reinterpreted the fiber-filled composites 

moduli equations which were generalized by Halpin (1969) 

in terms of relative viscosity. 

Experimental Investigations 

The literature on the experimental study of sus

pensions containing rods or fibers is relatively sparse, 

especially at high solids concentration. Considerable 

experimental work has been done on the rotation and 

migration of particles differently shaped. This work was 

summarized by Goldsmith and Mason (1967). 

Blakeney (1966) studied the effect of dilute 

volume fraction and fiber orientation on the relative 

viscosity of dilute Newtonian suspensions in a Couette 

viscometer. He reported that below a critical concen

tration, the relative viscosity increased slowly and 
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linearly. Above the critical concentration, increased 

quickly and non-linearly. The critical concentration was 

found to depend strongly on both (|> and y. In general, the 

shear rate at which non-Newtonian behavior starts 

decreases as <J> increases. 

Carter (1967) used a cone and plate Weissenberg 

rheogeniometer to study the rheology of type E glass 

fibers.in polybutene oil and made interesting conclusions 

as to the origin of normal stresses in slurries. He 

stated that normal stresses are not due to suspension 

elasticity but to particle anisotropy and collision 

dependent orientation. However, Nawab and Mason (1958) 

state that these stresses are due to recoverable defor

mation of isolated particles or to the formation of 

particle networks. 

Nicodemo and Nicolais (1974) used the same mater

ials and equipment as Carter's and proposed an equation 

that fit their data, 

yr = Exp( 8 .52<}>) (2.9) 

Many more results have been reported, but very few 

models or correlations have been proposed since 1974. The 

most important work was done by Ghandi and Burns (1976), 
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Pisipati and Baird (1981), Duffy et al. (1978), Lee (1979) 

and Chehab (1982). An excellent review of their work can 

be found in Chehab (1982). For example, White (1979) 

reported that the increase in viscosity of WF slurries is 

much faster when the suspending fluid is non-Newtonian; 

and Lee (1979) stated that at wood pulp weight concentra

tion of 2-6 percent, the fibers have multiple contacts 
r , 

with adjacent fibers and are held in a strained configur

ation by frictional forces at these contact points. Lee 

added that the result of multiple contact points is the 

formation of a network of entangled fibers with mechanical 

properties similar to those of elastic solids. 

Summary 

The following guidelines about the rheology of 

suspensions summarize the actual current status of the 

literature. 

1. Theoretical attempts to express the relative viscosity 

of a suspension in terms of known variables have been 

mostly limited to Newtonian, but not necessarily 

dilute suspensions. 
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2. Experimental attempts have also been mostly limited to 

Newtonian suspensions and are in considerable dis

agreement. 

3. Investigators have tended to modify and generalize 

Einstein's work when modelling the rheology of any 

suspensions, even highly concentrated systems. 

4. All correlations and models available in the litera 

ture use the same basic variables to describe the 

rheology of suspensions. 



CHAPTER 3 

A NEW THEORETICAL APPROACH 

The underlying theory on which this research is 

based is briefly presented in this chapter. 

Relation Between Friction and Rheology 

The "old" friction theory stating that friction 

is produced by interlocking surface asperities has been 

deleted in favor of a newer one. This later theory con

siders friction to be caused by molecular adhesion and 

interaction of the mating surfaces. 

The coefficient of friction, P', is defined as the 

ratio of tangential to normal forces when the body is mov

ing at a velocity, v. When v is much greater than e, where 

e is some small value, P' is called the kinetic coeffi

cient of friction at that particular velocity; and when v 

approaches e, P' is termed as the static coefficient of 

friction. The latter is always greater than the former. 

There are several ways to measure the static 

coefficient of friction. The simplest, most frequently 

used methods are the "inclined plane" and "flat plane" 

methods. These methods and resulting expressions for the 

23 
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static coefficient of friction are shown in Figure 3.1. 

More sophisticated methods are required to measure the 

kinetic coefficient of friction and are of no interest in 

this study, as will be shown later. The static coeffi

cient of friction in this study will be designated as f. 

When there is a fluid between the mating surfaces, 

two modes of lubrication can occur: 

1. Thick film lubrication 

When the lubricant film thickness, 1ft is greater than 

some critical lubricant thickness, f depends only on 

the viscosity of the lubricant. For almost obvious 

reasons, this is the mode of lubrication that is 

believed to occur in dilute suspensions, which, as 

explained in Chapter 2, behave in a Newtonian fashion. 

This means that Einstein's and other investigators' 

exact solutions for the viscosity of dilute Newtonian 

suspensions could be expressed in terms of f and 

<|» instead of and <f> in this mode of lubrication. 

However, measurement of f for dilute suspensions by 

the methods described above can be tedious and should 

be avoided. 
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Figure 3.1. Methods of measuring friction 

(a) "inclined plane method" 

(b) "flat plane method" 
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2. Thin film lubrication 

When Tf is less than the critical film thickness, f 

depends on several variables: surface roughness, lub

ricant viscosity, surface charges, lubricant and sur

face compatibility, to name only a few. Analogously, 

concentrated suspensions viscosity depends on the same 

parameters. Table 3.1 displays the striking fact that 

the independent, known or expected, effect of concen

trated slurries nonhydrodynamic parameters is either 

anticipated or known to be similar to f. Hence, it 

seems that there is good evidence to consider f and 

<fi as being the fundamental nonhydrodynamic variables 

of interest in order to describe the rheological 

behavior of concentrated suspensions, as could have 

been the case for dilute slurries. The advantage of 

this approach lies in the fact that while most 

existing models try to account for the numerous 

factors affecting the concentrated suspension visco

sity independently, only the very important overall 

contribution of all the nonhydrodynamic parameters is 

considered this way, with f being a measure of its 

magnitude. Since a non-Newtonian behavior occurs as a 

result of the competing hydrodynamic and nonhydrody

namic forces, a measure of the strength of the flow 



Table 3.1. Comparison of some of the effects of nonhydcodynamic slurries 
variables on n and f 

s 

Pacametec Effect on n Effect on f 
s 

y n increases 
s 

with u* f increases with y** 

London-Van dec Waal 
forces (decrease with 
increasing particle 
size) 

n increases with the 
magnitude of these forces 
(agglomeration effect)* 

f increases with the 
magnitude of these 
forces 

* n decreases 
s 

with <f>* f decreases with <{>** 

Particle irregularities 
(nomodisperse versus 
polydisperse suspen
sions) 

n decreases with greater 
particle irregularities* 

f decreases with greater 
particle irregularities 

Electroviscous effects 
(decrease with increas
ing particle size) 

n increases 
magnitude of 

with the 
these effects* 

f increases with the 
magnitude of these 
effects 

Brownian effects 
(decrease with increas
ing particle size) 

n increases 
s • 
magnitude of 

with the 
these effects* 

f increases with the 
magnitude of these 
effects 

Particle shape n increases g 
entanglement 

with the 
effect* 

f increases with the 
entanglement effect 

*See Jeffcey (1976) 

**See Czeci (1980) 
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in concentrated slurries must be introduced as an 

additional parameter to account for the strength of 

the former forces. The shear rate, y, appears to be 

an ideal variable for this purpose. As an example of 

the importance of the overall effect of all the com

peting nonhydrodynamic forces, one can consider the 

effect of the particle size on the concentrated sus

pension viscosity. According to the information shown 

in Table 3.1, an increase in particle size should 

decrease the viscosity. However, according to the data 

of Clarke (1967), the opposite was observed. This is 

mainly due, in this case to the fact that several 

other particle size effects enter into play and only 

their net effect determines the global viscosity 

change, f is believed to be precisely a measure of 

this net effect. This example certainly explains the 

impossibility of trying to account for the effects of 

each parameter independently. This definitely becomes 

even more true when 4 or 5 parameters are changed 

simultaneously and more advantageous when their 

combined effects are lumped into one variable, namely 

f. It should be noted that the critical film 

thickness depends on many variables and cannot be 

measured directly or easily. 
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The reader is referred to Czeri (1980) for more 

details concerning friction and related theory. 

At this point the reader may wonder about the 

reasons behind considering f instead of the kinetic coef

ficient of friction as a parameter in modeling, since the 

slurry will certainly be subjected to shearing stresses 

during viscosity measurements. In this study a couette 

viscometer was modified and used. A typical velocity 

profile in the gap of such an instrument is shown in 

Figure 3.2, and it can be seen that the velocity differ

ences between two adjacent layers of particles is very 

small, even though all layers are moving at finite velo

cities relative to stationary coordinates. Hence, a 

measure of the ease of two interacting, and therefore 

adjacent, layers to move past one another is reflected by 

f and not the kinetic coefficient of friction. This is 

very fortunate since, as mentioned previously, the kinetic 

coefficient of friction is not easy to measure and re

quires sophisticated techniques. This also explains the 

presence of y as a modeling parameter to account for 

shearing, which is not taken into consideration by f. 
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Outer cylinder rotat
ing at a velocity A 

Inner cylinder ro
tating at a velo
city A-

Viscometer gap 

Figure 3.2. Typical velocity profile in a Couette 
viscometer, for A greater than A*. 

a. x 
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Basic "Free" Liquid Volume Theory 

Large errors are often introduced in calculating 

the "free" liquid volume or volume of fluid surrounding 

the particles, because the quantity absorbed in the par

ticle pores is usually inaccurately calculated or measured. 

The diameter of a pore, a, penetrated by a given fluid at 

a certain pressure, P, is given by Equation 3.1, 

a = —2a Coso/P (3.1) 

where a is the contact angle between the fluid and pore 

wall and a is the surface tension of the fluid. If a is 

less than 90°, then pore penetration of all sizes is com

plete and independent of local pressure. Equation 3.1 is 

obtained by equating the force due to surface tension, 

which tends to keep the fluid out of a pore to the applied 

force which forces the fluid inside the pore. However, 

being general and based on several assumptions, it does 

not take into consideration the compatibility of the 

surface and fluid from an electrostatic point of view. 

This effect can be very important in certain cases and 

prohibits complete, or even partial, pores penetration, 

contrary to what the above equation may predict. 
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When a good wetting fluid is added to a granular 

porous material with a high degree of compatibility, pores 

penetration is almost instantaneous and very little of the 

added fluid surrounds the particles until the pores are 

completely filled. This is clearly seen when cement and 

water are mixed. 

The points made above will be used, as explained 

later, to determine the "true" fluid volume surrounding 

the particles in some instances. 



CHAPTER 4 

MATERIALS AND SAMPLE PREPARATION 

The materials used in this study were tap water, 

glycerol, Douglas fir wood flour and Utah bituminous coal. 

No special preparation was performed on the water and 

glycerol. The preparation of the wood flour and coal is 

discussed in the following. 

Mater ials 

Douglas Fir Wood Flour 

The wood flour was obtained from the DOE-sponsored 

cellulosic liquefaction process development unit (PDU) in 

Albany, Oregon. It was a Douglas fir wood flour which has 

been dried to a moisture weight content of about 4 per

cent. However, this moisture content increased to 7 

percent during storage at the UA. Since the original WF 

contained large particles that may increase wall effects 

during viscosity measurements, it was screened using a 

sieve vibrator at the UA. Only the minus 100 mesh frac

tion was used in this study. The amount of water solubles 

of this fraction was estimated via vacuum drying at the UA 

and found to be 2 Wt. percent. The density of this 
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fraction was also measured by the water displacement 

method and found to be 1.45 g/cc. Swelling and solubility 

of this fraction of WF in water and glycerol were 

neglected in this density measurement as in all the 

calculations of <j> because, 

1. Solubility of this fraction of WF in water should not 

affect the value of (f> since it is not only very small/ 

but occurs within the pores of the particles where the 

greatest surface area is. This should also be true 

for the solubility of this fraction of WF in glycerol, 

which has the same degree of polarity as water. 

2. Douglas fir wood swelling in both water and glycerol 

was estimated by measuring the changes in the dimen

sions of a cubic piece of wood on which a high vacuum 

was pulled for a day. Swelling was found to be direc

tional and time-dependent in both fluids. It was 

negligible since it had a value of only about 1 per

cent, as shown in Table 4.1. It is assumed that WF 

particles exhibit also negligible swelling, as will be 

explained later, since the preparation time of the 

samples was relatively short. 



Table 4.1. Changes in the dimensions of a slab of Douglas fir wood subjected 
to a 24-hour vacuum. 

Volume % Volume 
Dimension Length Width Thickness (cubic in.) change 

Average initial 
value 6-5/32" 1-9/32" 1-18/32" 12.325 

1.0% 
Average final 

value 6-7/32" 1-9/32" 1-18/32" 12.450 
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A particle size analysis of this fraction was conducted 

using an optical microscope and the results are shown in 

Figures 4.1-4.3. 

Utah Bituminous Coal (BC) 

The coal used and some of its properties have been 

obtained from Dr. J.O.L. Wendt, at the UA in Chemical 

Engineering. The amount of BC solubles in water was esti

mated as for WF and found to be approximately 1 percent. 

The effects of solubility on $ were assumed negligible for 

the same reasons as those presented for WF. Swelling was 

assumed negligible since coal swells less than wood, for 

which swelling was estimated to be very small. The 

moisture content and density of the BC were estimated 

using the same techniques as for the WF. These were found 

to be 4 percent and 1.50 g/cc respectively. The chemical 

analysis and size distribution of the BC are shown in 

Table 4.2 and Figure 4.4. 

Sample Preparation 

All samples were prepared based on a volume basis, 

$. The procedure was as follows: (1) The empty beakers 

were weighted; (2) A certain amount of solids {BC or WF) 

was added into the beaker; (3) The required amount of 



Table 4.2. Chemical Composition of Butuminous Coal 

Proximate 

Volatile Matter 40.6 

Fixed Carbon 44.3 

Moisture 5.6 

Ash 9.4 

Ultimate (dry basis) 

Carbon 70.0 

Hydrogen 5.1 

Sulfur 1.0 

Nitrogen 1.2 

Oxygen 12.7 

Ash 10.0 

HHV (But/lb) 11650 

/ 
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liquid (water or glycerol) was added to give a predeter

mined solids volume fraction, 4>; (4) Vacuum was pulled on 

the sample for a period of two to three hours. 

The sample was gently mixed using via a glass rod 

so that damage to the particles was minimized and all 

samples used in the experiment were consistent from run to 

run; that is, no reuse of samples was employed. 

Settling of particles during measurements was 

negligible since the suspensions were highly concentrated, 

and one of the constraints in choosing the lowest <{> used 

in this study was that no settling be observed after 

several hours. 

There were no visible air bubbles in the slurry 

samples. Any residual bubbles would collapse during 

pouring of the slurry in the viscometer cup. 



CHAPTER 5 

EXPERIMENTAL PROCEDURES 

The experimental procedures employed to measure 

the static coefficient of friction, the carrier fluid 

"free" volume and the suspension viscosity for each sample 

are presented in this chapter. 

Carrier Fluid "Free" Volume 

As explained in previous chapters, only the truly 

"free" carrier fluid volume is of interest to this study. 

Any fluid that is entrapped in the cracks, pores and 

"pockets" of the particles should be excluded from the 

measurements. WF and BC particles were examined under a 

scanning electron microscope and several pictures were 

taken precisely to determine the presence, if any, of such 

cracks and "pockets." Both materials showed extremely 

smooth surfaces, and it was concluded that the stagnant 

fluid in the slurries used in this investigation would be 

within the pores of the particles. Similarly, the poK-e 

size diameter in both WF and BC particles was determined 

to be less than 500 angstroms. 
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Initially, attempts were made to develop direct 

techniques to measure the carrier fluid free volume. 

However, none of them could be considered reliable and one 

was obliged to use indirect methods that are somewhat 

simpler. 

Polymer Pulse Technique 

In this approach, the end to end distance of a 

typical polymer cloud molecule with a molecular weight of 

about a million was estimated to be around 300-500 ang

stroms, and therefore could be considered too large to 

penetrate the pores of the particles. It was then anti

cipated that the addition of a soluble polymer to the 

slurry would change tremendously some physical properties 

of the carrier fluid, such as the refractive index and the 

viscosity. These property changes could be used as a 

measure of the total "free" carrier fluid volume, after a 

few relatively simple calibrations. 

Based on the similarity of the solubility para

meters of carrier fluid and polymers, several water-WF 

slurries were investigated, as explained above. A 

refractometer and a capillary viscometer were used to 

measure the corresponding physical properties changes of 

the carrier fluid. However, this procedure failed. A few 

experiments showed that some of the polymer stuck to the 
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surfaces of the WF particles and confirmed the absence of 

colloids formation. 

Acid Pulse Technique 

Based on the same reasoning pattern as that used 

for the polymer pulse approach, it was anticipated that 

the tracing of "free" liquid using an acid, and subsequent 

titrations or pH measurements could give an indication of 

the total "free" volume value. This approach was mainly 

based on the fact that the acid diffusion inside the pores 

would be a much longer process than its diffusion in the 

"free" liquid. The diffusion time inside the pores was 

not estimated, due to an unknown effective diffusivity and 

pore size distribution. As with the previous technique, 

the procedure was normalized with respect to untraced 

samples of different solids volume fractions and applied 

to water-WF slurries. The procedure was standarized to 

the minimum experimental time possible, as well. Results 

from this approach showed that the pH depended on the 

location of the "traced" water collection, and it was 

concluded that, as time standardized, an unhomogeneous 

reaction of the acid with the "free" water occurred 

despite the use of a blender to cause the mixing action. 

This procedure could not be improved due to the unknown 

theoretical time required to obtain a uniform acid 
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concentration in the "free" water, and was not pursued 

further. This approach showed that similar difficulties 

should be expected with all the common tracing techniques, 

such as a dye injection followed by a spectrophotometric 

analysis or salt addition and subsequent measures of 

salinity or electrical conductivity. 

The failure of the above techniques was considered 

a major setback, since a great amount of time was devoted 

to developing them. 

Adsorption Method 

The success of this part of the investigation is 

credited to the availability of adsorption equipment and 

the assistance of a graduate student, both provided by Dr. 

F. Shadman of the Department of Chemical Engineering at 

the UA. Gaseous 002 
at 25°C was used for both materials, 

and the total adsorbed gas volume was converted to a total 

pores volume by the use of the Dubene-Polony equation. 

The total pore volume was 0.04 cc/g and 0.01 cc/g for BC 

and WF particles respectively. The former total pore 

volume corresponded to a total pore surface area of 169 

m^/g and was considered reliable and well within range. 

The total pore volume of the latter, however, was 

considered low and unreliable for obvious reasons. 

Failure of this method for WF particles was attributed to 
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incomplete gas adsorption, and dry CC>2 was used in the 

next attempts along with the Brunauer-Emmet-Teller (BET) 

equation to convert the experimental results to a total 

pores volume. The resulting total pores volume of 0.08 

cc/g was evidently still considered too low, and it was 

concluded that the CO2 had very little affinity to liquify 

on the surface of the WF pores, probably due to a high 

difference in polarity. In light of the above, a 

different method to determine the total pores volume of 

the WF had to be devised. Nevertheless, one could affirm 

that, for BC-water and BC-glycerol slurries the "free" 

liquid is about the same as the total amount of liquid 

added since, 

1. BC particles have a somewhat nonpolar surface, while 

both water and glycerol are highly polar. 

2. The total BC particle pores volume is very small, and 

initial calculations established that neglecting the 

small volume of fluid that penetrates the pores would 

be well within the overall experimental error. 
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Water Penetration Method 

This approach was developed and used mainly for 

the WF particles. It assumes that these particles have 

the same biological and microscopic structure as the bulk 

wood from which they originated, and therefore the same 

total pores volume per unit mass. Pulling a high vaccum 

for several hours on a piece of Douglas fir, before and 

after the addition of tap water containing a drop of 

detergent, showed the piece of wood to sink. The changes 

of mass of the sample piece were recorded and converted to 

a water volume of 0.9 cc/g, corresponding to the estimated 

pores volume. This method assumed a uniform tree trunk 

structure. This is known not to be the case; however, the 

same results were obtained using other pieces of Douglas 

fir wood, which probably originated from different parts 

of the same tree. This approach also assumed that wood 

has an open-pore structure, and this was evidenced by an 

evaluation of the moisture contents of the piece of 

Douglas fir wood of 7.4 percent. This number is very 

close to the moisture contents of the WF. In light of the 

above, one can conclude that for WF-water slurries, pores 

penetration by the carrier fluid is almost complete, since 
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1. Water is highly polar, as is the surface of the WF 

particles. 

2. There is a high affinity between the surface of the WF 

particles and water, as clearly seen in all the living 

plants. 

3. Water has a contact angle of less than 90 degrees. 

4. The surface tension of the water was lowered by the 

addition of the detergent or surfactant. 

The addition of equal volumes of glycerol and 

water containing a drop of detergent and tap water to 

separate samples of WF of the same mass resulted in equal 

total volumes. This ensures the fact that the WF pores 

are also completely penetrated by the glycerol and tap 

water. This could have been anticipated just based on the 

polarity of the liquids and the WF particles surface, as 

explained previously. 

Static Coefficient of Friction 

The static coefficient of friction, f, was deter

mined using the methods described in the previous chapter. 

The use of one method preferably over of the other de

pended on the slurry concentration. At low solids volume 

fraction, the 11 inclined plane" method was chosen since the 

resulting expression for f was independent of the sample 
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weight which could not be determined accurately. At high 

solids volume fraction the "flat plane method" was used 

because the sample weight could be determined fairly 

accurately. This latter method was also used at low 

solids volume fraction when f was too high to be satis

factorily determined by the former method. It should be 

noted that f is dimensionless. 

Rheology 

All the rheological data of the WF and BC slurries 

were obtained using a modified version of the Haake 

Rotovisco Rheometer, Model RV2. It is a Couette type vis

cometer with an inner rotating cylinder and a stationary 

concentric outer cylinder. The motor drive is equipped 

with a direct-current motor which provides constant revo

lutions per minute (rpm). It has an optional reduction 

gear which reduces the speed of the motor by a factor of 

ten. The measuring head is connected to a torsion spring, 

and the displacement angle of this spring is directly 

proportional to the torque acting on the measuring 

spindle. This displacement angle is converted into the 

dial reading, S, by a potentiometer. The temperature 

vessel surrounds the sensor system, and provides constant 

temperature for the sample by circulating oil between the 

temperature vessel and the temperature bath. The rpm is 
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set by the operator while the torque is measured. A sche

matic of the basic set-up of this viscometer is shown in 

Figure 5.1. This system has a maximum torque of 49 N-cm. 

Two sensor systems were used in this study. These 

were the MVIIP and the SVIIP sensor systems. They are 

both profiled or grooved to reduce fluid slip at the 

walls. The latter sensor system is used to measure higher 

fluid or slurries viscosities than the former. 

Viscometry and Calculations 

The tangential flow between concentric cylinders 

has been studied extensively. The solution of this flow 

problem is exact, and the mathematical details of the 

solution can be found in books such as Schlichting (1979), 

Van Waser et al. (1963) and Whorlow (1980). The basic 

assumptions on which the solution is based are valid in 

this study and verified whenever possible. These are 

listed below. 

1. The liquid is incompressible. 

2. The flow is laminar. 

3. The flow is steady. 

4. Centrifugal forces are negligible and the fluid moves 

in concentric circles in a plane perpendicular to the 

axis of rotation. 
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Figure 5.1 Basic Haake Rotovisco Rheometer set-up. — (1) Motor 
drive; (2) Reducing gear; (3) Basic unit; (4) Measuring 
head; (5) Sensor system (cup & rotor); (6) Temperature 
vessel; (7) Temperature bath; (8) Rotor; (9) Cup; 
(10) Sample. 
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5. There is no slip at the wall. 

6. End effects are negligible. 

With the above assumptions, the expression for 

the shear stress can be obtained from the equation of 

motion or from a torque balance at steady state. 

Using a torque balance, one gets 

or 

torque = area x radius x shear stress 

= (2*rh) (r) (x) 

and therefore (5.1) 

2TT hr' 

where J 

h 

torque 

height of rotor 

shear stress 

The shear stress at the wall can be obtained from 

Equation 5.1 by substituting the rotor radius, R^, 

T  =  

2nhRi 

(5.2) 

The expression for the velocity profile obtained 

with a Newtonian fluid can be determined by solving the 
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equation of motion subject to the above assumptions, and 

can be written as, 

2 2 
Ai Ri Ra 

v(r) » —5 ? r] (5.3) 

Ra " Ri 

where 

v(r) = the linear velocity at r 

= the rotational velocity of the rotor 

= radius of the rotor 

Ra = radius of the cup 

From Figure 5.2, extracted from Schlichting 

(1979), it can be seen that, for a Newtonian fluid, the 

velocity profile in the gap is almost linear for K above 

0.7. k represents the dimensionless position in the gap. 

The Haake viscometer was modified by using larger 

gaps than those supplied by the manufacturer because of 

the truly high concentration of the suspensions. Even 

with this modification, the sensor systems used in this 

study had values of K greater than 0.65. Hence, the 

velocity profile of the modified Haake sensor system could 

still be considered to be fairly linear. 
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Dimensionless Gap 

Figure 5.2 Velocity profile for a Newtonian fluid in a 
Couette viscometer as reported by Schlichting 
(1979). 
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Differentiation of the last equation and substitu

tion of R^ for r gives an expression for the shear rate at 

the wall, for a Newtonian fluid, 

2Ai 
Y = K~ (5.4) 

( l -O 

For a fluid that obeys the "power law" the shear 

rate at the rotor wall was reported by Whorlow (1980), 

2A£ 

Y  =  n f l  (  } 2 / n l  ( 5 * 5 )  n(l-(k) J 

where n is the "power law" flow index. The viscosity can 

be obtained by dividing the shear stress by the shear 

rate. The resulting expression for a Newtonian fluid and 

a "power law" fluid are, respectively, 

=  < 5 - 6 >  

n = ̂  = "Jf1-1")2/") (5.7) 
T 2*1^ hi 

Calculation of the Haake Rotovisco constants 

followed the theoretical methods introduced above. The 

modified viscometer sensors where calibrated using 

standard Newtonian fluids, as explained below: 
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1. The shear rate constant, M, defined such that 

Y =  M x rpm (5.8) 

was calculated using the expression given in the owner's 

manual, which is similar to Equation 5.4 except for 

different units. 

H = is * —r—2 (5-9> 

V- V 
where M has the units of min/sec. The above expression 

takes into consideration the modifications of the sensor 

systems. 

2. The shear stress factor, A defined such that 

t = A • S (5.10) 

was calculated from a knowledge of the Newtonian fluid 

viscosity using the following equation, 

X = S = S1 = x rpm (5.11) 

where A has the units of Pascal/Scale Percent. Several 

standards were used and an average value of A was taken 

for subsequent calculations. 

Calculation of the shear stress, the shear rate 

and slurry viscosity in the modified version of the Haake 
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also follows the theoretical method mentioned above. 

Equation 5.5 was used in conjunction with the defining 

equation for the "power law" model and written as shown 

below, 

1/n „ T = [2 IT-—]n Ai (5.12) 
n(l-K2/n ) 

A non-linear least squares fit was used to determine the 

value of n and m directly from the raw data. Equations 

5.5 and 5.7 were then used to determine the shear rate at 

the wall and the non-Newtonian viscosity. 

The constant obtained from the calibration of the 

modified Haake system are shown in Table 5.1, along with 

the constants of the sensor systems used. 

Other Cosiderations in Viscometry 

One of the assumptions used in the derivation of 

the above theoretical equations was that the flow is 

laminar. Plots of the transition Reynolds number versus 

dimensionless gap are shown in Figure 5.3, and was repro

duced from Rodriguez (1970). This Figure was used to 

check for turbulence at all times by extrapolation. All 

the measurements were done in the laminar flow regime 

despite the assumption of a slurry density of only lg/cc. 
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Table 5.1. Characteristics of the modified Haake 
Viscometer. 

Parameter 

Sensor 

MVIIP 

system 

SVIIP 

Rotor 

Radius, R^, cm 1.84 1.01 

Cup 

Radius, R_, cm d 2.81 1.53 

Calculations factors 

M, min/sec 

— Pascal 
' scale percent 

R -R. 
a i 
R 
a 

0.367 

16.067 

0.3452 

0.371 

160.673 

0.3399 

Viscous dissipation did not pose any problems in 

this investigation since all measurements were done at 

relatively low shear rates, and steady state was reached 

prior to recording any reading as shown by stable values 

of S. Wall effects were assumed negligible due to the 

small particles size and the profiled spindles used. 

Normal stresses were also assumed negligible due to the 

relatively low shear rates used in this study, and visual 

observation confirmed this assumption. As explained in 

Chapter 4, settling of the particles and the presence of 

air bubbles were not observed and could not affect the 
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measurements. Variations in the room temperature were of 

less than 0.5°C for all measurements and were considered 

to have negligible effects on the measurements. This was 

so since for suspensions in which much of the viscous 

resistance to flow is due to mechanical interactions 

between particles, the dependence of viscosity on tempera

ture is always very small and is due only to the estimated 

small effect of temperature on the suspending fluid. 

The maximum torque of the measuring head was not 

exceeded in any of the measurements. 

End effects corrections were assumed negligible 

because of the special geometry of the spindles used and 

the fact that these were calibrated using standard fluids. 



CHAPTER 6 

EXPERIMENTAL RESULTS 

The equations used for the determination of the 

intraparticle void volume, the experimental values of 

the static coefficient of friction and the experimental 

results on the rheological behavior of the slurries 

investigated are presented in this chapter. All the 

rheological studies were preferably done at low shear 

rates because of the reasons given in Chapter 5, in 

reference to the complications that could arise as a 

consequence of high shear rates. All the rheological 

work was done at room temperature. 

Intraparticle Void Volume 

The intraparticle void volume was determined based 

on the explanations and assumptions presented in the 

previous chapter. The calculation of the "true" solids 

volume fraction was straightforward. The basic equations 

used are shown below for both BC and WF slurries. 

BC Slurries 

VT = Intraparticle void volume 

= Total volume of fluid added (6.1) 

62 
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and 

mass of solids/1.50 ,fi 

* VT+ mass of solids/1.50 

where all the volumes are in cubic centimeters (cc) 

and 1.50 represents the BC "true" density in g/cc as 

determined by the water penetration method explained 

previously. 

WF Slurries 

VT = Total volume of fluid added - (0.9) (Mass of 

solids) (6.3) 

and 

mass of solids/1.40 , 
* VT + mass of solids/1.40 

where all the volumes are also in cc and 1.40 represents 

the WF "true" density in g/cc obtained as for WF. 

The range of solids volume fraction used in this 

study was limited by several factors, of which the most 

important are: 

1. For values of <j> that are too highf it was observed as 

soon as the viscometer spindle dug a hole in the 

sample no shearing force was apparent. 
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2. At a low value of <(>, it was observed that particles 

would settle and the viscometer spindle would be sur

rounded only by the fluid. In this case, the slurry 

could not be considered homogeneous and measuring its 

coefficient of friction would yield uncertain results. 

3. Slurry viscosity had to be measurable by the Haake 

viscometer relatively low shear rates because of the 

reasons introduced previously, the same range of shear 

rates being preferable for all slurries. 

The experimental amounts of liquid absorbed per gram of 

solids and the corresponding "free" liquid from the slur

ries used in this study are shown in Table 6.1. Also, 

displayed in this table are typical values of liquid vol

umes necessary to cover a gram of solids. These volumes 

correspond to the maximum values of $ that can be inves

tigated and are substantially different due to the smaller 

pores volume and greater particles packing in BC as 

compared to WF. 

Static Coefficient of Friction 

Values of f for slurries that were used in this 

investigation are shown in Table 6.2. Despite the fact 



Table 6.1. Experimental values of liquid volumes per gram of solids. 

Slurry 
Added 

Volume of fluid (cc) 
Absorbed "Free" To cover 

* 

WF-water 3.04 0.9 2.14 3.09 25.0 

3.42 0.9 2.52 22.1 

3.95 0.9 3.05 19.0 

WF-glycerol 3.59 0.9 2.69 3.15 21.0 

3.97 0.9 3.07 18.9 

4.74 0.9 3.84 15.7 

BC-water 1.02 0.0 1.02 1.03 59.6 

1.41 0.0 1.41 51.6 

1.61 0.0 1.61 48.3 

BC-glycerol 1.31 0.0 1.31 1.03 53.4 

1.61 0.0 1.61 48.3 

1.99 0.0 1.99 43.0 



Table 6.2. Values of f for the investigated slurries. 

WF-water WF-glycerol BC-•water BC-glycerol 

<{>xl00 f <f>xl00 f <J>xl00 f <j>xl00 f 

25.0 1.50 21.0 2.96 59.6 3.52 53.4 0.90 

22.1 2.11 18.9 3.21 51.6 2.79 48.3 0.55 

19.0 1.83 15.7 3.83 48 .3 2.36 43.0 0.35 
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that these did not follow any specific trend, they were 

reproducible. Decreasing values of 41 were expected to 

lower the value of f, but surprisingly that was far from 

being the case, as clearly shown in Figure 6.1. Visual 

observation of the slurries could explain the variations 

of f. As more fluid was added, WF glycerol slurries 

became more agglomerated and "sticky" while BC-glycerol 

and BC-water slurries showed a different behavior. WF-

water slurries behaved in a manner similar to WF-glycerol 

slurries, but large additions of water made them more 

fluidic and less "sticky." The above behaviors are 

probably due to the fibrous nature of WF as compared to 

coal, hydrogen bonding, the compatibility of fluid and 

particles and the changes in the numerous number of para

meters that affect particle-particle and particle-fluid 

interactions. It is not clear as to what exactly happens 

as more fluid is added. These results may be interpreted 

as an indication that f is a measure of the combined 

effect of all the parameters that affect non-Newtonian 

suspensions viscosity. 

Rheology of WF-Water Slurries 

The rheological behavior of WF-water slurries was 

investigated at values of <J> of 0.250, 0.221 and 0.190 at 
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various shear rates. The effect of shear rate, yr on the 

apparent viscosity, n> at various values of <f> is shown in 

Figure 6.2. It is seen from this figure that all WF-water 

slurries are shear thinning. Moreover, the extent of 

shear thinning behavior increases and then decreases with 

decreased WF concentration. Also, all the curves in this 

figure are almost straight lines since the "power law" 

model should fit the apparent viscosity versus shear rate 

data in the range of shear rates investigated. "Power 

law" correlations for the WF-water slurries are presented 

in Table 6.3. 

Table 6.3. "Power law" correlation for WF-water slurries, 

<j>xl00 Correlation* Flow index Quality of fit 

25.0 

22.1 

19.0 

ri = 

n = 

n = 

3185906 .04 
0.857 

Y 

613772.89 
0.672 

V 
99773.39 
0.719 

0.143 

0.328 

0.281 

0.9961 

1.0000 

0.9999 

* n is in mPa.s, y is in s~^ 
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WF-water slurries did not have any yield stress in 

the range of shear rates investigated and no Weissenberg 

effect was noticed. It should be noted that for these 

slurries the relative viscosity is close to the apparent 

viscosity. 

Several attempts were made to correlate the "power 

law" coefficients to measurable quantities. The results 

in Table 6.3 show the surprising and unexpected fact that 

n or the power exponent of K, b, vary with in a manner 

similar to that of f. This suggests that n and f depend 

on one another since they follow the same trend as $ 

changes. A linear least squares regression of f and n 

exhibited an excellent fit. The resulting relation is 

shown below with a quality of fit equal to 0.9428. 

n = 0.307f - 0.305 (6.5) 

n could also be some complex function of several para

meters such as <f>, f and others. This is rather unlikely 

and determination of this functionality could be a rather 

tedious task. Since the "power law" coefficient follows 

the same trend as <j>, it seemed a good idea to relate the 

two of them in the simplest possible manner. The best 

results were obtained by using an equation of the exponen
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tial form. This will be discussed in more detail in the 

next chapter. The resulting relation is shown below with 

a quality of fit equal to 0.9999, 

m = 1.732 Exp (57.74 x $) (6.6) 

As before, m could be some complex function of 

several variables such as <J>, f and others; however, this 

is not thought to be the case. 

The resulting equation for the non-Newtonian 

viscosity of WF-water slurries is, 

„ - 1.732 Exp{57.74x40 ,, 
n (1.305 - 0.307f) * n 

Y 

It is concluded that n is an intrinsic function of f while 

m is a function of <j>. This conclusion will be used to 

develop similar correlations for all the other slurries. 

This particular set of experiments provided a hint of the 

inter-dependence of these variables. Equation 6.7 fits 

the data with an error of about 2.3 percent. 

Rheology of WF-Glycerol Slurries 

These slurries were investigated for values of <}> 

of 0.189, 0.157 and 0.210. Figure 6.3 shows plots of n 

versus y at different values of . As with the WF-water 
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slurries, these slurries are shear thinning and the extent 

of this behavior increases with increased WF concentra

tion. The "power law" model also describes adequately 

their rheological behavior as shown in Table 6.4. 

WF-glycerol slurries did not have any yield stress 

in the range of shear rates investigated and no Weissen-

berg effect was observed. 

Following the procedure used with WF-water slur

ries, n was assumed to be only some function of f, and m 

some function of <)>. The best simple resulting equations 

with a quality of fit of 0.9967 and 0.9736 respectively 

are, 

Table 6.4. "Power law" 
slurries 

correlation for WF' -glycerol 

4>x 100 Correlation* Flow index Quality of fit 

21.0 
8992126.59 

n ~ 0.841 
Y 

0.159 1.000 

18 .9 7117110.80 
n " 0.822 

Y 

0.178 1.000 

15 .7 
55972.40 

n 0.785 
Y 

0.215 0.9787 

* n is in mPa-s, y is in 
-1 
s 
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n = 0. 0635f - 0.0276 {6.8) 

and 

m = 0.0127 Exp(100.00 x $) (6.9) 

The resulting equation for the non-Newtonian 

viscosity of WF-glycerol slurries is, 

_ 0.0127 Exp ( 100 . 0 0xc|)) . , , n. 
n ~ (1.027 - 0.0635f) (b . ±uJ 

The above equation fits the experimental data with an 

error of about 5.5 percent. 

Rheology of BC-V?ater Slurries 

Proceeding similarly as with WF-water and WF-

glycerol slurries, and following the same line of reason

ing, the rheological behavior of these slurries is found 

to be similar to that found for WF slurries. Figure 6.4 

shows the dependence of n on y for these slurries while 

Table 6.5 shows the resulting "power law" correlations. 

The following equations were found to give quality 

of fit values of 0.8262 and 0.9964, 

n = 

and 

m = 

- 0.262f + 1.055 

5.676 Exp(17.520$) 

(6.11) 

(6.12) 
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Table 6.5. "Power law" correlations for BC-water slurries. 

<|>xl00 Correlation* Flow Index Quality of Fit 

59.6 n 
190396.60 

0.838 
Y 

0.162 0.9964 

51.6 T1 
51224.085 

0.757 
Y 

0.243 0.9848 

48 .3 n 
25561.554 

0.513 
Y 

0.487 0.9658 

* 11 is in mPa-s, y is in S ^ 

The resulting general equation for the non-Newtonian 

viscosity of BC-water slurries is 

5.676 Exp( 17 .520<j>) ,, 
n " (0.055 + 0.262f) 

Y 

Equation 6.13 fits the experimental data with an error of 

about 14 percent. BC-water slurries did not show any 

normal stresses and did not have any yield stress in the 

range of shear rates investigated. 

Rheology of BC-Glycerol Slurries 

The experimental results for these slurries are 

shown on Figure 6.5. This figure is self-explanatory and 

shows that these slurries have the same basic rheological 
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behavior as the previous ones. The correlations for n and 

m had quality of fit values of 0.9584 and 0.9419 respec

tively. These are shown below, 

n = -0.0545f + 0.180 (6.14) 

and 

ra = 2.015 Exp{25.07$) (6.15) 

The resulting "power law" correlations are shown in Table 

6.6. These slurries did not have any yield stress and no 

Weissenberg effect was observed. The final correlation 

obtained non-Newtonian viscosity is, 

Table 6.6. "Power law" correlations for BC-glycerol 
slurr ies. 

$xl00 Correlation* Flow Index Quality of Fit 

53.4 
1591620.77 

n ~ 0.871 
Y 

0.129 0.9973 

48 .3 
252109.45 

n 0.846 
y 

0.154 1.000 

43.0 
116477.541 

n ~ ^0.841 
0.159 0.9994 

* n is in mPa-s, y is in s"^" 
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2.015 Exp( 25 . 0 71|> ) ,, 
n " ̂(0.0545f - 0.820) Ib.ibj 

The above equation fits the experimental data with an 

error of about 2.6 percent. 

It should be added that none of the slurries used 

in this study exhibited a time-dependent or a viscoelastic 

rheological behavior. 



CHAPTER 7 

DISCUSSION 

The slurries used in this study did not have any 

yield stresses, viscoelasticity or time-dependent behavior 

in the range of shear rates investigated. They also did 
i 

not exhibit the Weissenberg effect at any shear rate used 

in the experiments. This effect would have been indicated 

the the "rod climbing" effect. They showed a shear' thin

ning behavior and, in general, the extent of this behavior 

increased with increasing solids volume fraction. This 

behavior is typical of most slurries at relatively low 

shear rates or low solids volume fractions. The solids 

volume fractions used in this study were extremely high 

while the shear rates were low and no transition from 

shear thinning to shear thickening behavior was observed. 

The shear rates used in this study were kept low because 

of the reasons introduced previously. 

The most notable rheological behavior was observed 

with WF-water slurries for which the value of the flow 

flow index increased and then decreased with increasing 

values of the solids volume fraction. Generally, it has 

81 



82 

been reported in the literature that the value of the flow 

index decreases with increasing values of <j> for pseudo-

plastic suspensions. When the slurry becomes dilatant the 

value of the flow index should increase with increasing 

values of <t>. This prescribed general rheological behavior 

was confirmed for all slurries except WF-water slurries 

and was reported by several investigators including Chehab 

(1982), though it is usually more subtle. This behavior 

can and is usually explained microscopically by the way 

the solid particles and the carrier fluid interact with 

one another at different concentrations and various shear 

rates. The fact that n and f follow the same trend for 

these slurries suggests the validity of the hypothesis 

that f is an overall measure of all the interacting 

effects. 

With everything else held constant, the flow index 

has a very weak shear-dependence under the conditions of 

full shear thinning and shear thickening behavior. This 

allows the exclusion of shear rate from the correlation of 

f and n since both are shear rate-independent and should 

strongly depend on one another. 

The linear relation between f and n that was 

experimentally obtained for these shear thinning slurries 
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may justifiably be expected to be valid for shear thick

ening slurries. However, this remains to be experimen

tally verified and appropriate spindles other than those 

used for this study are required to obtain accurate torque 

readings at high shear rates. The accuracy of the fit 

between f and n is variable. The worst fit, of 0.8262, 

was obtained for the largest range of change of the flow 

index. This suggests that the dependence of n and f could 

be other than simply linear. 

The dependence of the "power law" coefficie.it on 

the solids volume fraction can be considered reliable 

since fairly good fit values were obtained in all cases. 

This dependence is similar to that reported by Brodnyan 

(1959) in that it uses an exponential expression in <j> and 

is considered to be a reliable description. 

The overall form of the model that is suggested by 

the experimental data can be written as, 

n = Mf+b = A'eB* Y<-af-b> (7.1) 
Y 

The above expression contains four adjustable parameters 

and therefore should provide good correlations for pre

dictive purposes. It was not tested against literature 
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data due to a lack of the materials needed for the deter

mination of the static coefficient of friction. The 

presence of four parameters in Equation 7.1 should by no 

means be considered a set back, since this equation is 

completely general and takes into consideration all of the 

large number of parameters that affect suspensions visco

sity. The above equation should be considered applicable 

to a wide range of slurries since it had an overall accur

acy of about 9 percent for the investigated slurries. 

Equation 7.1 is completely empirical but, as explained 

previously, empirical correlations are preferable to the

oretical ones since the latter can only be applied to a 

very limited range of condition changes. Hence, the above 

equation is useful for typical engineering applications. 

All highly concentrated suspensions have a shear 

thinning or a shear thickening rheological behavior. 

Equation 7.1 can account for either of these behaviors, 

depending on the value of af + b. If this sum is greater 

than zero, the suspension is pseudoplastic and conversely 

if this sum is less than zero the suspension is dilatant. 

According to Equation 7.1, the transition from one kind of 

rheological behavior to the other occurs when f = - ̂  , 

since at this point one must have, 
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^ *n n = 0 = af + b (7.2) 
d Jin y 

This last point deserves more careful attention and should 

be further investigated experimentally. Also, since f is 

always positive, a and b must always be of opposite signs. 

Experimental values of a and b obey this rule, lending 

confidence to the resulting relation between n and f. 

The linear relation between n and f resulting from 

the experimental data is far from obvious. A closer look 

at the experiment used to determine f showed that theore

tically only two thin adjacent layers of material are 

interacting with one another. When the upper layer starts 

moving over the lower one, the situation becomes compar

able to what happens in the viscometer at infinite radius. 

This is so because at infinite radius the effects of 

curvature disappear. Also, the thickness of the layer 

through which momentum is transferred in the experimental 

determination of f can be duplicated in the viscometer by 

assuming that, 

R - R. = 6 (7.3) 
a  X  

where 5 is the boundary layer thickness. 
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Based on the above, a simple rearrangement of 

Equation 7.3 give's, 

k = 1 - (7.4) 
a 

Substitution of the above equation into Equation 5.5 

g ives, 

2 A 
Y = 7 57- (7.5) 

n[l-(l - |-) 2/n] 

where A is assumed to be very small in order to compare 

the two situations adequately. 

Now, since the ratio 6/R is very small, the 

following approximation can easily be made, 

{ 1  - £ - )  2 / n  =  l - l  ( 7 . 6 )  
a a 

Combining the above equation with Equation 7.5 yields 

ARa Y  =  - A  ( 7 . 7 )  

When the above equation is substituted into the defining 

equation of the "power law" model one obtains, 
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AR n 
T = M (-35S.) (7.8) 

Now, the defining expression for f can be written as, 

f - tangential force/Area _ i (7 9) 
normal force/Area P * 

where the area is the contact surface area between 

different layers and P is the pressure exerted on the 

sample during the measurement of f. 

Combining of Equations 7.8 and 7.9 gives, 

AR n 
= 5 ("Tr) <7-10) 

At this point, the reader may consider the above equation 

inconsistent since f cannot be a function of P. However, 
AR n 

when in motion, the expression m(—g—) must be some 

function of P and the resulting expression for f is, as 

expected, independent of P, It should be noted that 

Equation 7.10 is dimensionally correct. Defining K 
AR n 

as 1 one can write the above equation as 

££ = K
n (7.11) 

m 
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It is emphasized that the above equation is theoretically 

valid for all substances. Since, 

Kn = Exp (n An K) (7.12) 

one can write Equation 7.11 as, 

f = ^ Exp (n an K) (7.13) 

Expanding Exp (n) in terms of a Taylor series and 

substitution into the above Equation gives, 

2 3 Jin K 
f = f (1 + n + + g- ...) (7.14) 

Equation 7.14 is novel and describes a general relation 

between n and f. It was not tested directly against raw 

data since the experimental technique was not adequate for 

the determination of P, f being a direct measurement. 

However, if one assumes that (1 + n) is greater than the 

remaining terms, as was the case in most of this study, 

then one obtains, 

f ; | u • n)tn K (7.15) 
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The only time {n + 1) is not truly much greater than the 

remaining terms is for BC-water . slurries when <j> was 

equal to 0.483 and the worst coefficient of .linear fit 

between n and f was obtained in that case. 

Expanding Equation 7.15 and taking only the most 

significant terms, 

f = | (1 + n in K) (7.16) 

The above equation is linear in n and provides justifica

tion for the validity, under appropriate conditions, of a 

linear experimental relation between f and n. K cannot be 

evaluated easily and should be considered a parameter in 

this case. In light of the above, the final general form 

of a model to describe the rheological behavior of highly 

concentrated slurries is given by the following equation, 

which originated partially from Equation 7.11, 

_ _ A1 Exp (B(j> ) f I t \ 
n 

yl-^n (£P/m)/Jln K K J 

The above Equation also contains four parameters and 

should be tested experimentally. 

When n approaches unity, Equation 7.8 becomes 

Newton's law of viscosity and m becomes the Newtonian 
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viscosity. This suggests that the above development is 

consistent with known laws and principles. Also, as the 

suspension becomes a pure fluid, Equation 7.17 takes a 

form similar to Newton's law. This clearly suggests that 

this Equation is completely general and can theoretically 

be used to extrapolate ov6r wide ranges of concentration. 

In Equation 7.17, K is the new parameter which 

takes into consideration all of the factors affecting n. 

This is so because 6 is a function of all the parameters 

that f depends on. K is considered an adjustable para

meter because it cannot be evaluated easily from experi

mental data, being a limiting value. This last equation 

can also be written as, 

(f P 
An(iir^ 

an T| =-(l &n K ) In Y + £n(A' Exp(B(())) (7.18) 

This latest form of the above equation can justify the 

linearity of the plots in Figures 6.2-6.5 and any curva

tures that could arise depending on the value of the 

adjustable parameter K. 



CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

The main conclusions regarding the rheological 

behavior of the investigated slurries and their relations 

to the static coefficient of friction are presented in 

this chapter. In addition, some recommendations are made. 

Conclusions 

All the slurries used in this study were found to 

be shear thinning. The "power law" model fit the apparent 

viscosity data of all the suspensions. These did not have 

any yield stresses and did not exhibit the Weissenberg 

effect. They did not have a viscoelastic or a time-

dependent rheological behavior. 

The experimental linear relation between f and n 

was found justified and corresponded to a special case. 

A general novel relation between f and n was developed. 

A technique to measure the static coefficient of 

friction for concentrated slurries was developed along 

with a way to approximate the void volume of porous 

mater ials. 
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A unique modified "power law" model was developed 

to describe the rheological behavior of concentrated sus

pensions of porous particles in terms of novel parameters. 

This model can be considered satisfactory for most engi

neering purposes. 

Recommendations 

The model developed in this study should be tested 

with dilute and dilatant suspensions and against data in 

the literature to determine its limitations. 

More accurate techniques to measure the static 

coefficient of friction are suitable to verify the valid

ity of the theoretical development made in this study. 



APPENDIX 

RAW DATA AND SAMPLE CALCULATIONS 

Raw Data 

The collected torque readings at different rpra's 

and values of the static coefficient of friction for the 

slurries used in this study are shown in Tables A.l-•A. 4. 

Table A.l. Data for WF-water slurries. 

4>xl00 = 25.0 4>x 100 = 22.1 <}>xl00 = 19.0 
f = 1.50 f = 2.11 f = 1.83 

Sensor SVIIP Sensor MVIIP Sensor MVIIP 

rpra S rpm S rpm S 

0.1 15.2 0.01 7.5 0.2 3.7 

0.2 16 .3 0.02 9.4 2.0 7.0 

0.4 18.1 0.04 11.8 20.0 13.5 

0.8 20.3 0.08 14.8 

1.6 22.1 0.16 18.6 

3.2 25.1 
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Table A.2. Data for WF-glycerol slurries. 

4>xl00 = 21.0 <|>xl00 = 18.9 4>xl00 = 15.7 
f = 2.96 f = 3.21 f = 2.96 

Sensor SVIIP Sensor SVIIP Sensor MVIIP 

rpm S rpm S rpm S 

1 58.5 1 45.5 0.02 1.5 

2 65.4 2 51.5 0.04 1.7 

4 73.0 4 58.4 0.08 2.1 

8 81.4 8 66.1 0.16 2.3 

Table A . 3. Data for BC-water slurr ies. 

<(>xl00 = 59.6 <j>xl00 = 51.6 <J)X 100 = 48.3 
f = 3.52 f = 2.79 f = 2.36 

Sensor MVIIP Sensor MVIIP Sensor MVIIP 

rpm S rpm S rpm S 

00 •
 

o
 11.9 0.8 2.9 0.2 1.0 

1.6 13 .4 1.6 3.6 0.4 0.8 

3.2 14.9 3.2 4.0 0.8 0.5 

6.4 16.7 6.4 4.9 
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Table A.4. Data for BC-glycerol slurries. 

<J>xl00 = 53.4 <J>xl00 = 48.3 i(ixl00 = 43.0 
f = 0.90 f = 0.55 f = 0.35 

Sensor SVIIP Sensor MVIIP Sensor MVIIP 

rpm S rpm S rpm S 

00 • 

o
 10.2 0.8 15.9 0.8 7.2 

1.6 11.3 1.6 17 .7 1.6 8.0 

3.2 12.2 3.2 19.7 3.2 9.0 

6.4 13.4 6.4 21.9 6.4 10 .0 

Sample Calculation 

As an example of the calculational procedure used, 

let us consider the BC-gylcerol slurry data in Table A.4 

with <J> = 0.48 3. First the rpm is converted to an angular 

velocity in rad/s and the values of S are converted to 

shear stress values in mPa using the following equations, 

" rt"°60 2" (A.l) 

and 

T = A.S = 16067 x S (A.2) 

The results of these conversions are shown in Table A.S. 
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Table A.5. Converted values of percent scale deviation 
and rpm. 

A^trad/S) T(raPa) 

0.0838 255465.300 

0.168 284385.900 

0.335 316519.900 

0.670 351867.300 

The above data is then correlated using a calcula

tor non-linear least squares program according to Equation 

5.12, since n is a constant fluid property independent of 

shear rates. The results of this fit are, 

Quality of fit = 1.000 (A.3) 

™[ 2
0/„ l" = 374406 .783 (A.4) 

n(1-k / ) 

n = 0.154 (A.5) 

Next, the value of n is plugged into Equation A.4 and the 

value of m is calculated and found to be, 

in = 252109.450 (A.6) 
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The "true" shear rates are now calculated using 

Equation 5.5 and the non-Newtonian viscosity is obtained 

by dividing the shear stress by the "true" shear rate. 

The results of these calculations are shown in Table A.5. 

Table A.6. "True" shear rates and non-Newtonian vis
cosities at different rotational velocities. 

A^(rad/S) Y (s""1) n(mPa.s) 

0.0838 1.092 233943 

0.168 2.186 130094 

0.335 4.371 72414 

0.670 8.742 40250 

The same procedure as that outlined above was 

followed to determine the "true" shear rates and the non 

Newtonian viscosities for all the slurries used in this 

investigation. 



NOMENCLATURE 

A Angular velocity 

A Haake viscometer shear stress factor 

A' Adjustable parameter 

Aa Cup angular velocity 

A^ Rotor angular velocity 

B Adjustable parameter 

B' Adjustable parameter 

b Adjustable parameter 

D Deformation tensor 

E Strain rate tensor 

f Static coefficient of friction 

J Torque 

h Rotor height 

I2 Second scalar invariant of E 

K Adjustable parameter 

KE Generalized Einstein's coefficient 

K^,K2,... Interaction coefficients 

m "Power law" coefficient 

n Material flow index 

P Pressure 
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P' General coefficient of friction 

q Particle aspect ratio 

Ra Cup radius 

Rotor radius 

r radius 

S Scale percent deviation 

SQ Yield stress 

Tg Lubricant film thickness 

VT interparticular fluid volume 

v linear velocity 

Greek Symbols 

a Contact angle 

B Rate constant 

y Shear rate 

e A value approaching zero 

n or T) Non-Newtonian slurry viscosity 
s 

n j Non-Newtonian reduced slurry viscosity 
red J 

9 Contact angle 

K Dimensionless gap position 

y Newtonian viscosity 

Newtonian relative viscosity 

Ps Newtonian suspension viscosity 

it Constant, 3.1416 

p Density 
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x Shear stress tensor 

T Shear stress 

$ Solids volume fraction 

x 100 Solids content 

n Vorticity tensor 

X A constant 

a Surface tension 

6 Boundary layer thickness 

5 Adjustable parameter 
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