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ABSTRACT 

The rheology of Albany wood oil (TR12) and its wood flour (WF) 

slurries was investigated using a Couette viscometer. TR12 oil was 

found to be a shear thinning-fluid that obeyed the "power law" model. 

It did not possess any yield stress and it did not exhibit any visco-

elasticity. 

WF/TR12 slurries were found to be shear thinning and they obeyed 

the "power law" model. The extent of shear thinning increased with 

increased wood flour volume fraction. These slurries exhibited visco-

elasticity. The range of wood flour volume fraction used was 0 - 0.242; 

while the values of shear rates ranged from 0.01 to 145 sec~\ A Dow 

Corning (DC23) silicone oil was also used. The rheological behavior of 

WF/DC23 slurries was very similar to that of WF/TR12 slurries. 

Brodnyan's (1959) equation predicted relative viscosity values 

which were orders of magnitude lower than those measured for these 

slurries. An exponential equation was used to correlate the dependence 

of relative viscosity on wood flour volume fraction and shear rate. The 

fit provided by this equation was not exact; however, it seemed to 

improve at higher shear rates. 

xii 



CHAPTER 1 

INTRODUCTION 

Rheology is the science of deformation and flow of matter. The 

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. The knowledge of the rheological behavior of fluids 

and slurries is of utmost importance in industrial applications. Proper 

process scale-up, design and operation of an industrial plant often 

require prior knowledge of the rheological behavior of the fluids and 

slurries that will be handled. 

Statement of the Problem and Objectives 

Continuous escalations in crude oil prices and the increasing 

need for energy independence in the United States have encouraged the 

consideration of alternative sources of fuel such as coal and wood. 

The Department of Energy (DOE) is sponsoring various research efforts 

that are developing cellulosic liquefaction processes. The goal of 

these processes is to convert cellulosic materials, such as wood, into 

fuels that may eventually replace oil-derived fuels. A cellulosic 

liquefaction process development unit was operated in Albany, Oregon 

under DOE funding. 

1 
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These cellulosic liquefaction processes involve the handling 

of wood flour slurries at wood flour weight concentrations of 10-20 

percent. However, the handling of concentrated wood flour slurries 

often causes pump check valve failures. Moreover, the scale-up and 

design of commercial size liquefaction facilities require more complete 

rheological data. 

The objectives of this study are: (1) to characterize the rheolo

gical behavior of Albany product wood oil (TR12) and its wood flour 

slurries; (2) to provide more complete rheological data on this oil and 

its slurries to aid in the scale-up and design of commercial-size cellu

losic liquefaction processes. 

Relevant Types of Fluids 

In order to further orient the reader, some types of fluids 

which are relevant to this study will be discussed. 

Newtonian Fluids 

For simple fluids such as gases and low molecular weight liquids 

it has been found experimentally that in a simple shearing, laminar flow 

such as steady plane Couette flow, shown in Figure 1.1, the shear stress 

is a linear function of the shear rate. This relationship is known as 

Newton's law of viscosity and is expressed mathematically by Equation 

1.1,  

dVy 
T = — - -yy ( 1 . 1 )  
yx dy 

where 
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plane Couette flow. 
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t = the flux of x-momentum in the positive y-direction, or the yx 

shear stress. 
+dv 

Y = -tfy- = the shear rate 

y = the fluid viscosity 

Equation 1.1 can be generalized for arbitrary, time-dependent flows and 

can be written as in Equation 1.2, 

B = Pi + I (1.2) 

but 

I = -y[Vv + (Vv)*] + (|y-G)(V*v)i 

Thus Equation 1.2 becomes, 

B = p£ -y[Vv + (Vv)tD + (|i-G)(V-v)fi (1.3) 

where 

P = total momentum flux tensor, or total stress tensor 

p = thermodynamic pressure, a scalar 

i = unit tensor 

y = fluid viscosity, a scalar 

[Vv +(Vv)t] = i = rate of deformation tensor 

€ = dilatational or bulk viscosity, a scalar 

Fluids that obey Equation 1.3 are called Newtonian fluids and y is inde

pendent of t or i. Fluids that do not obey Equation 1.3 are termed 

non-Newtonian fluids and the fluid viscosity is given the symbol ri. The 

non-Newtonian viscosity, n» depends on I or on i. 
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Since this study is concerned with incompressible fluids, 

namely liquids,and all experiments are conducted at atmospheric pres

sure, Equation 1.3 can be simplified by noting that for incompressible 

fluids the equation of continuity yields (v-v) = 0; thus Equation 1.3 

becomes, 

E = p§ - Pi = p§ + i (1.4) 

and for steady simple shear flow Equation 1.4 reduces to, 

which is Newton's law of viscosity in three-dimensional form. 

Non-Newtonian Fluids 

Many liquids of practical interest and particularly slurries are 

non-Newtonian fluids and thus do not obey Equation 1.5. However, a 

generalization of Newton's law of viscosity has been applied to non-

Newtonian fluids yielding, 

where n is the non-Newtonian or the apparent viscosity, n is not a 

constant for a given temperature, pressure and composition as in the 

case of the Newtonian viscosity, y. The non-Newtonian viscosity, n, is 

a function of the scalar invariants of i (or of i). Since n is a 

scalar, then it must depend only on those particular combinations of 

the components of the tensors that are scalars. Three independent 

combinations can be chosen, 

i = -yi (1.5) 

i = -ni (1 .6 )  



for incompressible fluids K = 2(V-v) =0. y is usually a weak function 

of IIL and for shearing flow IIL = 0. Thus, n is a function of IL 

only. And if the magnitude of j is used, 

III = Y - V(1/2)IL (1.7) 

then n becomes a function of the shear rate, y, or of the shear stress, 

T. It must be remembered that Equation 1.6 should be used for steady 

shearing flows or nearly steady shearing flows. Also, it cannot describe 

normal force phenomena or time-dependent phenomena. The above discus

sion can be found in standard rheology and fluid mechanics books such 

as Fredrickson (1964), Bird, Armstrong and Hassager (1977), and Brodkey 

(1967). 

Having established that the apparent viscosity, n, is a function 

of the shear rate, y, or the shear stress, T, the problem is reduced to 

finding this rheological relationship. However, non-Newtonian fluids 

cannot be described by a unique relationship as in the case of Newtonian 

fluids. There are many types of non-Newtonian fluids. Thus, several 

empirical correlations exist and describe idealized types of non-

Newtonian fluids. Only relevant fluid types and models or empirical 

correlations for n = n(y) or n = n(x) will be discussed below. The 
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reader is referred to references mentioned above for more details. 

General flow curves for a Newtonian fluid and some non-Newtonian fluids 

are shown in Figure 1.2. 

Shear-Dependent Materials. The term "shear-dependent materials" 

is used in this study to describe shear thinning and shear thickening 

fluids. A shear thinning fluid is a material whose apparent viscosity 

decreases as the shear rate is increased. One subclass of shear 

thinning fluids is Bingham or the ideal plastic material. The Bingham 

fluid has a yield stress, t|>, and does not flow until the shear stress 

exceeds ip.  However, after flow begins, this fluid may in many cases 

flow almost like a Newtonian fluid or it may exhibit shear thinning. 

If the fluid flows like a Newtonian fluid after the yield stress is 

exceeded then its rheological equation can be written as in Equation 1.8, 

dv 
If l?yxl < 1*1 -> sf ' 0 No Flow 

• dvv 

if Kyxl > M ="> Kyx - ij>| = y l-^y-l (1.8) 

where y' is called the plastic viscosity. Equation 1.8 can be used to 

approximate the flow behavior of many important substances such as 

paints, printing inks, toothpaste, drilling muds and some slurries. 

The Bingham or ideal plastic material was first introduced by Bingham 

and Green (1919). During later investigations Bingham noticed that some 

shear thinning materials did not possess a yield stress. High polymers 

like polyethylene and high polymer solutions such as rubber in toluene 

are examples of these shear thinning materials. Williamson (1929) 



0 Bingham 

(2)Shear Thinning 

(3)Shear Thickening 

0 Newtonian 

Shear Rate, y 

Figure 1.2. Flow curves of Newtonian and non-
Newtonian fluids. 
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introduced the term pseudoplastic to describe shear thinning materials 

that do not have a yield stress. There is no simple empirical or semi-

empirical correlation that represents the rheology of pseudoplastic 

substances for the complete range of shear rates. The widely accepted 

empirical equation for shear thinning and shear thickening materials 

is the "Power Law" of Ostwald and de Waele. This model can be written 

as, 

Tyx = "m 

dv x 
dy 

n-1 dvx 

dy 

or (1.9) 
n-l 

^ = -m IYI "V 

It is a two-parameter model, the two parameters being m and n. When 

n = 1 Equation 1.9 reduces to Newton's law and m = y. If n < 1 the 

material is pseudoplastic; and if n > 1 the material is shear thickening. 

A subclass of shear thickening materials is dilatant substances which 

dilate when the shear rate is increased. These two terms should not be 

used interchangeably. 

The "power law" fails at very low and very high shear rates. 

However, a three-parameter model called the Ellis model can be used to 

represent shear thinning substances at very low shear rates. The Sisko 

model, which is a three-parameter model also, can be used for the high 

shear rate range in laminar shear flow. A simple empirical formula was 

suggested by Seely (1964) and was reported by Brodkey (1967) to fit 

pseudoplastic behavior for a wider range of shear rates than the "power 

law" model. This formula can be written mathematically as, 



* = ^co + (% " nco) Exp (_XTyx) 

10 

(1.10) 

Equation 1.10 has three constants: is the apparent viscosity as t or 

t approach infinity. n0 is the apparent viscosity as t or y approach 

zero. \ is a constant. Models with more constants have been suggested. 

Bird et al. (1977) reviewed some of these models. 

Some materials exhibit a yield stress and either shear thinning 

or shear thickening behavior. Examples of such materials are suspensions 

in linseed oil and a polyester lacquer. The Herschel-Bulkley law can be 

used to represent such materials. 

Equation 1.11 is a combination of the "power law" model and the Bingham 

fluid model. This equation does not give a good fit for other suspen

sions, so Bruss (1961) suggested a general form for Equation 1.11, 

Equation 1.12 can be used for a greater number of suspensions than 

Equation 1.11. 

Time-Dependent Materials. Whenever a material is being tested 

at constant shear rate and temperature and the measured shear stress or 

the apparent viscosity decrease with time the material is said to be 

undergoing thinning with time. If, after a period of time at zero shear 

stress, the broken structure reforms and the original viscosity is 

recovered the material is referred to as being thixotropic. Many sus

pensions are thixotropic. 

n-1 
Tyx - ^ = -m|t| xy ( 1 . 1 1 )  

( 1 . 1 2 )  
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Conversely, if a material exhibits the exact opposite of thixo-

tropy the material is said to be antithixotropic. The reader is 

cautioned that rheopexy is not equivalent to antithixotropy. Rheopexy 

occurs only when dealing with thixotropic materials. Rheopexy is the 

phenomenon of accelerated buildup in the structure of a thixotropic 

material due to gentle shear, thus causing an increase in shear stress 

or apparent viscosity. No mathematical models have been proposed to 

represent these time-dependent effects. 

Normal Stress Phenomena. Materials that exhibit finite normal 

stresses may possess elastic as well as viscous properties. Such 

materials are commonly referred to as viscoelastic fluids. Reiner and 

Scott Blair (1967) pointed out that such fluids should be called elastico-

viscous fluids and not viscoelastic. They stress that viscoelasticity 

should be reserved for a solid that exhibits a resistance to its-defor

mation that increases with the rate of deformation. For the sake of 

consistency with most rheology literature the term viscoelastic will be 

used in this study. The rod-climbing effect or the Weissenberg effect 

is associated with viscoelastic materials. Polymers and their solutions 

often are viscoelastic. Two simple models have been proposed to describe 

linear viscoelasticity. The first is the Maxwell model, 

dx 
T + k HiF) =-y? d-13) yx g dt 

where g is the Hookean solid modulus. This model can be represented 

physically by a series combination of a spring and a dash-pot. Thus, 

Equation 1.13 is a combination of Newton's law and Hooke's law. This 



model shows that any stress will cause a continuous flow; so the mater

ial is fluid-like. One notes that y/g is the time constant for the 

relaxation of stress at a constant strain; that is, when the forcing 

motion is terminated, the spring will relax as Exp (-tg/y). Finally, 

the system will exhibit recoil when the stress is released. 

The second model is the Voigt model, 

TyX + 9Y = -If (1.14) 

where y is the strain. This model can be represented physically by a 

parallel combination of a spring and a dash-pot. The Voigt model 

exhibits creep; that is, when a constant stress is applied, the spring 

will extend until equilibrium is reached. The system returns to its 

starting position when the stress is released. 

These models can be used as approximations to describe real 

viscoelastic materials only if the deformation is very small. In 

reality, polymeric materials do not return to their exact starting 

position, and thus, they are reported to have a fading memory of their 

past deformation history. A more realistic rheological equation of 

state for viscoelastic materials was proposed by Oldroyd (1958). This 

equation applies for a wider range of deformation, 

(1 + tr -^>1 - n(l + t1 (1.15) 

where t. and tf are the shear rate and the shear stress relaxation times 

respectively. 

Materials with Thermal-History Dependence. Materials that have 

a complex structure which may consist of several different chemical 
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units may possess a thermal-history dependence. The term "thermal -

history dependence" is used in this study to describe the dependence 

of the viscosity of the material on previous heating history including 

the duration and frequency of heating. An example of such a material 

is Albany product wood oil (TR12) produced at the cellulosic liquefac

tion facility in Albany, Oregon. TR12 oil is a complex substance con

stituted of many chemical components. The apparent viscosity of TR12 

oil changes with time during heating. Other substances that possess a 

thermal-history dependence are Albany vacuum bottoms which are also 

produced during cellulosic liquefaction. The apparent viscosity of 

these materials increases with repeated heating. 



CHAPTER 2 

LITERATURE REVIEW 

Since this study is the first of a series of investigations of 

the rheology of slurries at the University of Arizona (UA), this 

literature review is expanded for the benefit of future investigators. 

Rheology of Slurries 

The rheology of slurries generally depends on several variables. 

Some of the more important variables are: type of flow; type of carrier 

fluid; particle properties such as shape, dimensions, and surface 

properties to name a few; particle size distribution; solids volume 

fraction; shear rate or shear stress; temperature; fluid-particle inter

actions; particle-particle interactions; and time. The terms "slurry" 

and "suspension" are used interchangeably in this study. 

Despite the large number of variables that affect the rheology 

of slurries, both theoretical and experimental rheological studies of 

these systems in the literature consider the effect of a very limited 

number of these variables. This is due to the complexity of these slur

ries which precludes any rigorous analysis without several simplifying 

assumptions which reduce the number of parameters drastically. Neverthe

less, the simplifying assumptions may often cause the results to be 

rather simplistic and of no practical engineering interest except for 

providing some clarifying insight. 

14 



15 

The theoretical and experimental attempts on the rheology of 

slurries are presented below. The reader is cautioned to be aware of 

the limitations of each endeavor and to exercise caution in generalizing 

the results of a study or theory far beyond the conditions which led to 

these results. 

Spherical Particles 

Theoretical Attempts. The first theoretical attempt to arrive 

at an equation for the effective viscosity, y , of a suspension of 

spherical particles was made by Einstein (1906). His basic assumptions 

were: 

1. The suspending fluid is incompressible and Newtonian with a 

viscosity y. 

2. The particles are hard, uniformly distributed, neutrally 

bouyant spheres. 

3. The particles are larger than the fluid molecules but are much 

smaller than the characteristic length of the apparatus used 

for measuring the viscosity. 

4. The solids volume fraction, <j>, is very small such that inter

actions between particles are negligible. 

5. The motion is slow. Thus, inertia effects are negligible and 

the flow around each sphere can be represented by Stoke's equa

tion for creeping flow. 

6. There is no liquid slip relative to the particle surface. 

7. Non-hydrodynamic forces are negligible. 
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Using the above assumptions, Einstein derived Equation 2.1 

ys yr = — = 1 + 2.5<j> ( 2 . 1 )  

where yr is the relative viscosity of the slurry and <f> is the solids 

volume fraction. Equation 2.1 can be written in the general form, 

Several investigators checked Equation 2.2 experimentally. Although 

some variation exists in the experimentally derived values of the coef

ficient, «£, and the applicable value of <|>, it is safe to state that 

Equation 2.2 is satisfactory for <f> less than 0.05. Einstein's equation 

is a basic landmark in the rheology of slurries; nonetheless, it has 

severe limitations. It applies only for dilute and Newtonian slurries 

of spherical particles. Yet, many slurries of practical interest are 

often not dilute, non-Newtonian and the particles are not spherical. 

Many attempts were made to find a theoretical expression for the 

viscosity of more concentrated slurries. A brief review of the more 

important endeavors was made by Jeffrey and Acrivos (1976) and by 

Jinescu (1974). Only the attempts that are relevant to this study will 

be discussed in more detail. 

Vand (1948a) derived, theoretically, an equation for the rela

tive viscosity, nr, of a suspension of spherical particles in a Newtonian 

fluid. Unlike Einstein, he took into account the mutual interaction of 

the particles and their collisions. The resulting equation was, 

( 2 . 2 )  
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Exp p 
.g* + t2(K' - KE)<f)2 + . 

(2.3) n r 1 - K«|> 

Vand calculated the values of the constants theoretically and obtained, 

Kg = Einstein shape factor of single spheres = 2.5 

K' = shape factor of collision doublets = 3.175 

t2 = collision time constant = 4 

K = hydrodynamic interaction constant = 0.609. 

The values of these constants were derived for rigid, non-solvated 

spheres without mutual forces and neglecting Brownian motion. After 

inserting the values of the constants, he expanded Equation 2.3 in a 

power series and obtained, 

Hp = 1 + 2. 5<f> + 7.349<j>^ + . . . (2.4) 

In order to check Equation 2.4 experimentally, Vand (1948b) 

conducted a series of experiments using several viscometers. His suspen

sions consisted of glass spheres with diameters ranging from 0.010 to 

0.016 cm, in a solution of zinc iodide, water and glycerol. The volume 

fraction of spheres, <(>, ranged from <(> = 0 to $ = 0.5. He reported that 

Equation 2.4 fit his data up to $ = 0.5 within the limits of experi

mental error. However, his experimental data fit Equation 2.4 very 

accurately up to <)> = 0.35. At volume fractions of 0.4 and higher there 

was a small variation in the data. This variation depended on whether 

the suspension was stirred or not before data acquisition was commenced. 

Empirical fit of the data yielded, 
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ti = 1 + 2.5<J> + 7.174>^ + 16.2<|>^ + . . . (2.5) 

Equation 2.5 is very close to his theoretical equation for terms up to 

Mooney (1951) considered the crowding effect of spheres on each 

other in a suspension and used an argument employing a functional equa

tion to derive the following expression, 

where the coefficient 2.5 was chosen to make Equation 2.6 consistent 

with Einstein's theory for very dilute suspensions. The coefficient K 

is an adjustable parameter that Mooney believed to depend on the maximum 

packing of the solids, (fi^. For densely packed spheres in a face-

centered cubic, <j>m = 0.74. But as <}> approaches <|> the viscosity of a 

suspension becomes infinite and K = l/4>m. Thus, for spheres in a face-

centered cubic packing K = 1/0.74 = 1.35. Similarly, for spheres in a 

simple cubic packing, <J>m = 0.52 and K = 1/0.52 = 1.91. Mooney argued 

that the parameter K should range between 1.35 and 1.91 based on geo

metrical packing considerations only. However, Saunders (1961) con

ducted experiments using monodisperse polystyrene latex spheres 

ranging in diameter from 0.099 to 0.871 microns and he found that the 

value of K decreased with increased particle diameter. He stated that 

K = 1.357 for a sphere diameter of 0.099 microns, while K = 1.118 for 

a diameter of 0.871 microns. Saunders concluded that K does not depend 

on geometrical packing only, but also on particle size, especially for 

2 <|> which is the extent of his theory. 

(2 .6)  
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colloidal suspensions like the ones he used. One might add that 

Mooney's approach may not be totally applicable to colloidal suspensions 

since Brownian motion was neglected. Mooney's equation is similar to 

that proposed by Vand (1948a) but the values of K are different. Equa

tion 2.6 is limited to rigid spherical particles in a Newtonian fluid. 

However, no restrictions are imposed on the solids volume fraction, <J>, 

and the particle size distribution. Mooney checked his equation using 

the experimental data obtained by Vand (1948b) and the data obtained by 

Eilers (1941). Equation 2.6 fit Vand's data very accurately up to 

$ = 0.35. K was determined from the data and was found to be 1.43 in 

agreement with Mooney's argument. Eiler's (1941) data were in excellent 

agreement with Equation 2.6 up to a volume fraction of about 0.55. How

ever, the value of K was evaluated from the data and was found to be 

0.75. Mooney explained this value of K by noting that the particles 

used by Eilers were polydispersed with most diameters lying between 1.6 

and 4.7 microns. Thus, Mooney concluded that K depends on the particle 

size distribution for polydisperse suspensions; and it can be less than 

1.35 for such suspensions. 

Other theoretical attempts for deriving an expression for the 

relative viscosity, nr, for suspensions containing spherical particles 

included: the cell model, self-consistent schemes and variational 

methods to mention a few. Most theoretical equations reported in the 

literature had the form of a power series in <|>, 

n = 1 + K.j<f> + +_ Kg<|>^ +. • • • (2.7) 



where the coefficients K-j, Kg and Kg have been assigned different 

values by various investigators. 

Experimental Investigations. Many experiments were conducted 

to determine the rheology of suspensions containing spherical or nearly 

spherical particles. A variety of fluids, particles, particle sizes, 

particle materials and viscometers were used. However, as was mentioned 

earlier, comparison of rheological data may not be justified unless 

most of the major variables are comparable. This is the main reason 

for the scatter in the experimental data to be presented. Rutgers 

(1962) reviewed the various experimental investigations of these sus

pensions. Figure 2.1 is reproduced from his work. Each curve in Figure 

2.1 represents the data reported during each experimental investigation, 

except curves 1 and .2. It can be seen from this figure that there are 

large discrepancies in the values of relative viscosity, especially at 

high volume concentrations, <|>. Rutgers constructed an "average" curve 

represented by curve 1 in Figure 2.1. He discarded many data which he 

felt were inconsistent due to faulty experimental techniques. Thomas 

(1965) conducted a similar review of experimental data. However, he did 

not blame the discrepancies on faulty experimental procedures. Thomas 

believed that the main reason for the variation in the data was particle 

size. The particle size of spheres in the suspensions used in the 

experimental data he reviewed ranged from 0.099 to 435 microns. The data 

fell between curves 1 and 3 in Figure 2.2 which is reproduced from his 

work. Thomas corrected for differences in particle size and obtained an 
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"average" curve represented by curve 2 in Figure 2.2. He also proposed 

an empirical equation for Newtonian suspensions of spherical particles, 

yr = 1 + 2.5* + 10.05(J>2 + B Exp (B'<j>) (2.8) 

where B and B' are adjustable parameters. Equation 2.8 is supposed to 

apply for the whole range of solids volume fraction, <f>. Other empirical 

correlations were suggested by several investigators. Most of those 

correlations were similar in form to Equation 2.7. 

Rod-Like and Fibrous Particles 

The rheology of suspensions containing rod-like or fibrous par

ticles has not been studied as extensively as slurries containing 

spherical particles. This is particularly true for concentrated fiber 

suspensions. One of the major reasons is that the rheology of non-

spherical suspensions is more complex than that of spherical particles. 

In the case of rod-like or fiber suspensions two additional factors have 

to be taken into consideration, namely particle orientation and particle 

aspect ratio, q. These two factors were not needed for suspensions of 

spherical particles. 

Theoretical Attempts. Jeffrey (1923) used Einstein's method of 

solution to derive an expression for the viscosity of a very dilute 

suspension of ellipsoids. Jeffrey employed the same assumptions used by 

Einstein except for the shape of the particles. He obtained an expres

sion similar to Einstein's equation but the coefficient v in Jeffrey's 

equation depends on the axis ratio, q, of the ellipsoid, 



yr = 1 + v(q)<|> 

24 

(2.9) 

In his derivation, Jeffrey had to make an assumption regarding the 

distribution of orbits of the ellipsoids. However, the orientation of 

particles was not known, so he assumed that the particles will orient 

themselves in such a way as to minimize energy dissipation. He deter

mined the upper and lower bounds for v(q). His equation is consistent 

with Einstein's result since v = 2.5 when q = 1. Jeffrey's result has 

been verified experimentally and is applicable for very dilute suspen

sions of ellipsoids where particle interactions are negligible. 

Guth (1938) used Jeffrey's method to derive an expression for the 

relative viscosity of a dilute suspension of elongated ellipsoids for the 

case of maximum energy dissipation. The resulting equation was, 

An expression analogous to Equation 2.10 was derived by Burgers (1938) 

for the relative viscosity of a dilute suspension of thin rigid rods, 

Nawab and Mason (1958) proposed that an "equivalent ellipsoidal axis 

ratio," qg, be used in the expression obtained by Burgers. This is due 

to the fact that in uniform simple shear flow the motion of a rigid body 

of revolution is mathematically identical, at least in rotation, to that 

of an equivalent ellipsoid of revolution. Consequently, Equation 2.11 

can be written as, 

( 2 . 1 0 )  

yr " 1 + 3Tr(Ln2qQ- 1.8) * 
(2.11) 
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yr = 1 + 3tr(ln2q0- 1.8) * ^zaz>) 

Kuhn and Kuhn (1945) modified Einstein's method for spherical 

particles and derived the following equations for dilute suspensions of 

ellipsoids, 

when 0 < q < 1, 

"r = 1 + KE++ m (I-1'* - 0-628[(i/q)q'-"°-75]* <2-13> 

when 1 < q < 15, 

nr = 1 + Ke<|) + 0.4075(q - l)1-508̂  (2.14) 

when q > 15, 

2 "1 
nr = 1 + 1.6cj) + •^-J3(Ln(2q1) - l.5)+ Ln(2q)1 - 0. 5j ̂  (2*15) 

where q is the axis ratio of the ellipsoid, and is Einstein's coeffi

cient. While! Simha (1945) found that when q > 5 the expression for the 

relative viscosity becomes, 

nr = 1 + TS* + ^3(Ln(2q) - I0|)+ Ln(2q) - ^ + 1 J* ^2'16^ 

where K-j = 1.5 for an ellipsoid and = 1.8 for a cylindrical rod. 

Equations 2.13 - 2.16 should reduce to Einstein's equation when q = 1. 

These equations can be written in the general form, 

nr = 1 + K-j<|> + Kgf(q)<f> + . . . (2.17) 

where and Kg are interaction coefficients. 
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Theoretical attempts discussed thus far have been for very 

dilute and dilute suspensions of ellipsoids and rods. Theoretical ex

pressions for the relative viscosity, nr» of more concentrated suspen

sions are discussed below. 

Brodnyan (1959) applied Mooney's (1951) approach to suspensions 

of ellipsoids. Brodnyan's result is of particular importance in this 

study since Brodnyan's equation was used in the analysis of the experi

mental data. Brodnyan set the following conditions in his analysis: 

1. The final viscosity should be independent of the sequence of 

stepwise additions of partial volume fractions of the ellipsoids 

to the suspension. 

2. The equation should reduce to any of Equations 2.13 - 2.16 as 

the solids volume fraction approaches zero. 

3. The equation should reduce to Mooney's equation for q = 1. 

Brodnyan made the following assumptions: 

1. The only interaction is that due to crowding, i.e., only first 

order interactions are to be considered. 

2. The ellipsoids are rigid and they have a constant axis ratio, q. 

3. The suspending fluid is Newtonian. 

He assumed that the ellipsoids were added in two volume fractions <J>-| 

and <f>2' The addition of the first fraction will increase the viscosity 

by a factor H(<f>^ ,q) = n-|/y> where y is the viscosity of the fluid and 

n-j is the viscosity of the suspension of volume fraction c|>.|. The 
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addition of <f>2 gives an increase of = n2/r>i- Due to crowding, 

the volume fraction available to $2 is reduced to 1 - Thus, 

has the form H'(<J>2»q)/(l - ). But the <j>2 volume fraction mutually 

crowds the <(>^ volume fraction, giving H(4>^,q) = and = 

H' (cf>i ,q)/(l-K<j>2)• Also, the ellipsoids in each volume fraction interact 

with other members in the same fraction, yielding ^ = H*(4>2,q)/ 

[1 -K(<J>1+({)2)3 or ^21 = H' (4>2»c*)/(1~K<t))- Since the product ) 

is the relative viscosity, nr» of the suspension of total volume frac

tion (<J>i +cf>2)» the following relationship results, 

+ <J>2» q) = H(V12)H(Y21) 

Equation 2.18 is satisfied by the expression, 

"(•.I) = Exp [t^] 

q) 

KtJ) 

H'(4>9,q) 

1 Kef) ] ( 2 .18 )  

(2.19) 

Equation 2.19 satisfied the conditions set forth at the beginning of 

the analysis. Based on this equation Brodnyan proposed the following 

theoretical expression for the relative viscosity, 

•2.5<j> + K2f(q)<t>"| 
nr = Exp 

1 - K4> 
(2 .20)  

Brodnyan did not determine the coefficient ^(q) theoretically; instead, 

he assumed Kgf(q) to be of the form a'(q-l)'3 . He used published experi-
1 

mental data with 10 < q < 100 and found that K2f(q) = 0.399(q-l) * . 

To determine K he used the maximum geometrical packing argument employed 

by Mooney (1951). Brodnyan stated that for ellipsoids with very large 
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axis ratio, q, K should be 1.91 as a first approximation. Thus, the 

final empirical equation he proposed is, 

nr . Exp[2-5* * 
1,4V] (2.21) 

where K = 1.35 for spheres and 1.91 for ellipsoids with very large q. 

The experimentally determined constants, a' and b', had values very 

close to those derived theoretically by Kuhn and Kuhn (1945), as shown 

in Equation 2.14. Brodnyan compared Equation 2.20 with K = 1.91 to 

published experimental data for suspensions containing particles with 

an aspect ratio, q, of 93.3. His equation gave a good fit of the data 

only up to a volume fraction, <f>, of about 0.005. This volume fraction 

of 0.005 may not seem high enough to consider the suspension to be con

centrated. One method of defining a "concentrated suspension" could be 

based on the concept of "critical concentration" or "critical volume 

fraction," <f>*. For suspensions containing rod-like particles, Mason 

(1950) defined the critical concentration mathematically as, 

<f* - ^4- (2.22) 
(q)2 

where q is the aspect ratio of the rods. The critical concentration is 

the concentration beyond which particle interactions cannot be neglected 

and the relative viscosity starts increasing more quickly. Thus, using 

Equation 2.22 the critical concentration for the suspensions that 

Brodnyan tested his equation with is <)>* = 0.00017. Therefore, relative 

to = 0.00017, a suspension with <|> = 0.005 can be considered concen

trated. 
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Ziegel (1970) derived an expression for the reduced viscosity, 

^red' a susPensi°n containing rods. He assumed that the viscosity of 

the suspension, n, is the sum of the viscosity of the fluid, n.p> the 

viscosity due to particle rotation and the viscosity due to breaking of 

particle aggregates. He employed the energy dissipation argument and 

calculated the work required to rotate all the free particles in the 

fluid and the work required to disrupt agglomerates. The resulting 

equation was, 

IC| = an interaction parameter 

a = degree of agglomeration 

3 = a rate constant for the equilibrium between agglomerates 

and free particles. 

ZiegeVs analysis takes into account particle interactions and, thus, 

can be applicable to concentrated suspensions of rods. Also, his equa

tion includes the effect of shear rate, y, on the viscosity of the 

suspension. Ziegel (1970) performed experiments in a Couette viscometer 

to test his equation. However, he did not test the dependence of the 

viscosity of the suspension, n, on the solids volume fraction, c|>. The 

experimental data were used to test the dependence of the reduced vis

cosity on shear rate. Moreover, Maschmeyer (1974) analyzed Ziegel's 

fit of the data and concluded that Ziegel's results are open to question. 

nred " nf(|) 
n - nf q 

9.668 
(2.23) 

where 
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Maschmeyer (1974) studied the theoretical and experimental work 

performed on the prediction of moduli in fiber-filled composites. He 
'i 

used moduli equations which were generalized by Hal pin (1969) and rein

terpreted them in terms of relative viscosity. Thus, the Hal pin equation 

becomes, 

_ 1 + w'wtj) /2 24) 
r 1 - W<f» { 1 

where 
(n /nf) - 1 

" ' (np
P/of) * W (2'25) 

and W' depends on the geometry of the filler phase. Nielsen (1970) 

extended Halpin's analysis by including a correction factor for maximum 

packing, <f>m, of the filler phase. Nielsen also showed that W' = KE - 1. 

Nielsen's equation, as reinterpreted by Maschmeyer (1974), is, 

1 + (KF - 1)W* 
nr = l - H p »  <2'26) 

where 
(nD/nf) - 1 

W  •  ( n p / n f )  * 4 - 1  ( 2 ' 2 7 )  

and 
1 - <|> 

r  =  l  +  m 

cj)2m 
(j) (2.28) 

where nf is the apparent viscosity of the fluid, np is the particle 

apparent viscosity term corresponding to particle modulus and K£ is the 

generalized Einstein coefficient. 

Experimental Investigations. The literature on the experimental 

study of suspensions containing rods or fibers is relatively sparse, 



especially at high solids volume fractions. Eirich, Margaretha and 

Bunzl (1936) measured the viscosities of suspensions containing glass, 

silk and rayon rods. The diameters of the particles were about 40 

microns with aspect ratios, q, from 5 to 140. The range of solids 

volume fractions used was 0.000156 to 0.04. They conducted the experi

ments using Couette and capillary type viscometers. Based on their 

data, Eirich et al. (1936) proposed the following equation, 

nr = 1 + 2.5(0*) + 8(e<f>)2 + 40(3cJ>)3 (2.29) 

where 3 is a factor that depends on aspect ratio, q, of the rods but 

not on their size, or on their volume fraction. Nawab and Mason (1958) 

used both rigid and flexible rayon fibers with uniform diameters and 

aspect ratios. The suspending fluid was castor oil. The diameter of 

the fibers was about 3.5 microns. The volume fraction, <j>, of rigid 

fibers was varied from about 0.002 to 0.0134, while the aspect ratio, 

q, of these fibers ranged from about 43.2 to 113, whereas in the case of 

flexible fibers,* = 0.00048 - 0.0047 and q = 173 - 356. The viscosity 

of the suspensions was measured at shear rates, y» of about 10 to 93 

sec"^ using a Couette viscometer. They reported that the viscosity of 

suspensions containing rigid fibers was independent of shear rate and no 

occurrence of the Weissenberg effect was noticed. However, suspensions 

of flexible fibers exhibited shear thinning and the Weissenberg effect. 

They concluded that the Weissenberg effect increased with increased shear 

rate and fiber aspect ratio, while the effect of concentration was neg

ligible. Nawab and Mason (1958) associated the Weissenberg effect with 
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the viscoelastic bending of fibers when sheared. They confirmed this 

idea by direct observations of particles' rotation in another Couette 

viscometer. Moreover, they stated that swelling of fibers increased 

their flexibility and thus the suspension viscosity and the Weissenberg 

effect increased too. As they pointed out, it is not known whether the 

Weissenberg effect arises from recoverable deformation of isolated par

ticles or whether it is due to the formation of a particle network. 

Considerable theoretical and experimental work has been done on 

the rotation and migration of differently shaped particles. This work 

was summarized by Goldsmith and Mason (1967). However, the bulk of 

these efforts were concerned with the rotation of single particles in 

a fluid or with the rotation and migration of particles in very dilute 

suspensions. Karnis, Goldsmith and Mason (1966) studied the flow beha

vior of concentrated suspensions of spheres and discs in Poiseuille and 

Couette flow. They also analyzed the flow behavior of a dilute suspen

sion of nylon rods in Poiseuille flow. The rods used had a diameter of 

156 microns and an aspect ratio, q, of about 8. The volume fraction, <|>, 

of the rods was 0.08. The suspending fluid used was Newtonian. They 

reported that the particles caused the usual parabolic velocity profile 

in laminar flow to be blunted and that a partial plug flow developed. 

They stated that this behavior may be due to interactions between the 

particles and the wall and confirmed Vand's (1948a) theoretical calcula

tions for suspensions containing spherical particles. Vand (1948a) 

postulated that spheres migrate away from the wall in Poiseuille and 



Couette flow, leaving a layer virtually devoid of particles near the 

wall. This leads to slip at the wall. Vand calculated the thickness of 

this layer for spherical particles in Couette flow and found it to 

depend on the diameter of the spheres. No theoretical calculations have 

been made for suspensions containing rods. Morrison and Harper (1965) 

used a wide gap Couette viscometer to study the wall effects of a sus

pension containing polydisperse cellulose fibers in aqueous glycerol. 

The fibers had a diameter of 30 microns and aspect ratios ranging from 

3.3 to 26.7. The volume fraction of fibers ranged from 0.03 to 0.05 and 

the suspensions were non-Newtonian. They reported wall slip, yield 

stresses and time-dependent behavior. Based on their data, they calcu

lated a film thickness near the wall of about 10 to 40 microns. However, 

their results may be obscured by the wide gap in the viscometer. 

Blakeney (1966) studied the effect of solids volume fraction and 

fiber orientation on the relative viscosity of suspensions of straight, 

rigid nylon fibers in a Couette viscometer. THe range of fiber volume 

fraction used was from about 0.002 to 0.009. Both the suspending medium 

and the suspension were Newtonian. Viscosity data were obtained over a 

narrow shear rate range; between 0.1 - 0.5 sec"\ Two sets of uniform 

fibers were used. The length of the fibers in the first set was about 

324.5 microns and the aspect ratio, q, was 19.2, while the fiber length 

in the second set was about 875 microns and q was 20.3. Two stationary 

outer cylinders, made of glass, were used. The resulting annul us widths 

were 2.45 and 22.8 millimeters. Blakeney (1966) verified Burgers' 
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(1938) theory for the prediction of the relative viscosity of a suspen

sion of rods below the critical volume fraction or concentration, <J>*» 

where particle interactions are negligible. Based on his data, Blakeney 

found <f>* to be about 0.0042 while the theoretical value as predicted by 

Mason (1950) was about 0.0038 for an aspect ratio of 20. The values of 

relative viscosity, yr, obtained experimentally by Blakeney below <)>* 

were within 2% of those predicted by Burgers' theory provided that meas

ured values of the orientations of the particles were used in the calcu

lations. Blakeney (1966) stated that the results obtained by Nawab and 

Mason (1958) were higher than values predicted based on Burgers' theory 

because of reported fiber curvature. He used curved nylon fibers and 

showed that fiber curvature increases the relative viscosity of the 

suspension. The effect of fiber curvature on the relative viscosity as 

reported by Blakeney (1966) is shown in Figure 2.3. 

To determine if wall effects were present in his measurements, 

Blakeney used the cup that gave an annul us width of 2.45 millimeters and 

compared his results to those obtained using an annul us width of 22.8 

millimeters. His data indicated that there was no detectable wall 

effect of any kind in the range of concentrations used. It is known 

that the wall effect should increase as the ratio of particle dimension 

to viscometer gap is decreased. A ratio of 0.1 or lower is usually 

recommended to reduce wall effects. For spheres the characteristic 

dimension is the diameter. In the case of rods, the characteristic 

dimension should lie anywhere between the diameter and the length of the 
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Figure 2.3. Effect of fiber curvature on relative viscosity 
of nylon fibers suspensions investigated by 
Blakeney (1966). 
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rod. Thus, in Blakeney's experiments the ratio of rod length to instru

ment gap was 0.358, which is surprisingly high, while the ratio of rod 

diameter to viscometer gap was 0.0176. Wall effects arise from a combina

tion of interactions; thus Blakeney's findings may not be general to all 

fiber suspensions but they shed some doubt on the results of Morrison 

and Harper (1965). 

Blakeney (1966) also studied the variation of the relative 

viscosity, yr, with the concentration, <J>. He reported that below the 

critical concentration, c|>*, the relative viscosity increased slowly but 

linearly. Above the critical concentration of 0.0042, the relative vis

cosity increased very quickly, up to (j> = 0.005. Then there was a decrease 

in yr followed by another linear but quick increase with $. This beha

vior is shown by the average curve in Figure 2.4 which was reproduced 

from Blakeney's work. He stated that the actual causes of this behavior 

are not known, but changes in particle orientation with <J> and increased 

particle interactions as the concentration increased are partial answers. 

This phenomenon was not reported in any other work reviewed in this 

study. A behavior similar to some extent to what Blakeney described was 

noticed in this study and is discussed later on. 

Carter (1967) used a cone and plate Weissenberg rheogoniometer 

to study the rheology of type E glass fibers in polybutene oil. The 

range of fiber volume fraction, <f>, used was about 0.005 to 0.022. Three 

sets of fibers were used with a diameter of 3.5 microns and axis ratios, 

q, of 57, 114 and 228. Wall effects were reduced considerably by 
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Figure 2.4. Effect of solids volume, fraction on relative 
viscosity of nylon fibers slurries investigated 
by Blakeney (1966). 



operating at shear rates of 0.167 sec"^ to 167 sec"^. Carter's (1967) 

findings were: 

1. Although the pure oil was Newtonian the suspensions were all 

shear thinning, and the data fit a "power law" model. The 

shear thinning behavior increased with increased <|> and q. 

2. No yield stresses were observed. 

3. Normal stresses were present. The normal force, F , increases 

almost linearly with shear rate. This behavior is shown in 

Figure 2.5, which was reproduced from Carter's work. Although 

Carter has reported a linear dependence of normal force on shear 

rate, non-linear dependence has been observed. Thus, in general, 

normal forces increase with shear rate or shear stress. More

over, normal stresses can be of the same order of magnitude as 

shear stresses. He also found that the normal force increases 

with axis ratio and fiber volume fraction. The increase of 

normal force with fiber volume fraction is shown in Figure 2.5. 

The dependence of normal forces on fiber axis ratio is shown in 

Figure 2.6. Carter's results were in agreement with those of 

Nawab and Mason (1958) but Carter proved that the normal force 

depends on solids volume fraction in addition to shear rate and 

axis ratio. 

4. Carter (1967) stated that normal forces were present, not due to 

suspension elasticity but rather due to particle anisotropy and 

collision-dependent orientations. 
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Nicodemo and Nicolais (1974) used a cone and plate Weissenberg 

rheogoniometer to study the rheology of glass fibers in a solicone oil. 

The glass fibers had a diameter of 14 microns and an aspect ratio of 

about 37.9. The range of fiber volume fraction, <}>, used was 0.01 to 

0.07. The viscosity of the suspensions was measured at high shear rates, 

500 - 1100 sec"^ where the suspension viscosity was independent of shear 

rate. The values of the relative viscosity, y , of the suspensions were 

correlated as a function of fiber volume fraction. Their correlation 

did not fit Brodnyan's (1959) equation; however they were able to fit 

their data accurately using a modified version of Brodnyan's equation. 

They argued that since the values of fiber volume fraction, cj>, they used were 

small, 1 - K(f) should approach unity. The,empirical equation that fit 

their data was, 

yr = Exp (8.52cj)) (2.30) 

The symbol yr is used since the suspensions were Newtonian at the high 

shear rates used to obtain Equation 2.30. They also conducted some 

experiments at lower shear rates and found the suspensions to be shear 

thinning until the shear rate reached about 500 sec"^, where they became 

Newtonian. Nicodemo and Nicolais (1974) associated the shear thinning 

behavior with the destruction of the network initially formed by the ran

domly oriented fibers. They did not report whether or not they observed 

any yield stresses or any normal stresses. 

Maschmeyer (1974) used an Instron capillary rheometer to investi

gate the rheology of glass fibers in silicone oils. The silicone oils 



used had viscosities of about 10,000, 60,000 and 100,000 mPa-s at 25°C. 

They are Newtonian fluids at low shear rates. The glass fibers had a 

diameter of about 13 microns, but their aspect ratios were not uniform. 

A median aspect ratio, q, of 20 was used for these fibers. Glass fibers 

and silicone oils were reported to be compatible, thus surface effects 

were negligible. Maschmeyer's observations are of special interest in 

this study since a similar silicone oil was used in this study and the 

rheology of glass fibers in silicone oil will be compared and contrasted 

to the rheology of wood flour in silicone oil later on. Maschmeyer's 

suspensions had fiber volume fractions of 0.15 and 0.30 in each silicone 

oil. His findings can be summarized as follows: 

1. All suspensions were shear thinning although the pure oils were 

Newtonian for a considerable portion of the shear rate range. 

This behavior is shown in Figures 2.7 and 2.8, which were repro

duced from Maschmeyer's work. 

2. No yield stresses were reported. 

3. Normal stresses were not investigated. 

4. Suspension viscosity increased with oil viscosity, fiber volume 

fraction, and fiber length. 

5. Suspension viscosity dependence on fiber volume fraction was 

highly shear rate dependent. 

6. The relative viscosity data as a function of fiber volume frac

tion were fitted to Nielsen's (1970) equation with good agreement. 

Maschmeyer accounted for the shear rate dependence of the rela

tive viscosity on fiber volume fraction by employing a scaling 
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factor for the shear rate. This scaling factor was proportional 

to the viscosity of each oil. To illustrate the effect of fiber 

volume fraction on the relative viscosity of the suspensions, 

Maschmeyer's data were used to calculate the relative viscosity 

at a shear rate of one sec"^ for volume fractions of zero, 0.15 

and 0.30 in each oil. The resulting curves are shown in 

Figure 2.9. From this figure it can be seen that the relative 

viscosity, nr» depends on the viscosity of the oil, especially 

at <\> = 0.30. Moreover, nr, decreases as the viscosity of the 

oil increased at the same shear rate and fiber volume fraction. 

This phenomenon is rather interesting since all relative vis

cosity equations cited earlier predict that the relative 

viscosity should be the same, especially for compatible fluids 

and suspensions as is the case here. A similar phenomenon was 

noticed in this study for wood flour in Albany wood oil(WF/TR12) 

slurries. But since the flow behavior index of TR12 oil varies 

with temperature, it was thought at first that this phenomenon 

was mainly due to the change in the flow behavior index. But 

from Maschmeyer's data it can be seen that the three silicone 

oils are Newtonian at a shear rate of one sec~\ Consequently, 

the main reason for this behavior is the oil viscosity. 

Maschmeyer reported that in his experiments the ratio of fiber 

length to instrument dimension was not larger than 0.1 and there 

did not seem to be a measurable wall effect. Maschmeyer 
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presented a review of the experimental work on fiberglass sus

pensions up to the year 1974. 

Gandhi and Burns (1976) studied the rheological behavior of 

glass fiber-filled Dough Molding Compounds (DMC) using a rheometer with 

parallel circular discs. The DMC's consisted of 65 wt % CaCOg and 35 

wt% unsaturated polyester resin. The mass fractions, C, of glass fibers 

used were 0.05 and 0.10. The diameter of the glass fibers was about 10 

microns and their length was about 3,000 microns. Two sets of slurries 

were prepared. The first set contained individual filamentized fibers 

at C = 0.05 and C = 0.10. These slurries will be referred to as DMCF. 

The second set contained fiber bundles at C = 0.05 and C = 0.10. Each 

bundle consisted of 102 individual fibers held together by a coating. 

These slurries will be referred to as DMCB. DMCB slurries had a lower 

aspect ratio than DMCF slurries because of the fiber bundles. The DMC 

they used is a non-Newtonian fluid. It is viscoelastic but obeys the 

"power law" model at lower shear rates. Gandhi and Burns (1976) re

stricted their experiments to lower shear rates to prevent the DMC and 

its slurries from escaping from the gap between the discs. This beha

vior is analogous to the Weissenberg effect associated with viscoelastic 

materials in Couette type viscometers. 

Gandhi and Burns (1976) reported the following results: 

1. DMC and its glass fiber slurries were shear thinning materials. 

The "power law" model represented the flow behavior of these 

materials very accurately in the range of shear rates investi

gated. 



The shear thinning behavior increased with increased glass fiber 

content and aspect ratio. To illustrate this behavior their 

data are presented in Table 2.1. The form of the "power law" 

used in this study to present their data is t = m|y|n. The 

shear stress, T, is in Pascals (Pa) and the shear rate, y, is 

in reciprocal seconds (sec~^). n is the flow behavior index and 

m is a constant which is related to the apparent viscosity of 

the material. From Table 2.1 it can be seen that m increases 

drastically with increased glass fiber content. Thus, the 

apparent viscosity, n> increases with increased glass fiber 

content. This increase in n is higher for DMCF slurries since 

these slurries have a higher aspect ratio, q, and a higher fiber 

density than DMCB slurries. This is due to the fact that DMCF 

slurries contain individual fiber which can interact individu

ally and not as bundles as in the case of DMCB slurries. The 

shear thinning behavior also increases with increased glass fiber 

content. This is shown by the decrease in the flow behavior 

index, n, with increased glass fiber content. This decrease is 

stronger for DMCF slurries which are thus more non-Newtonian 

than DMCB slurries. Gandhi and Burns (1976) proposed the fol

lowing argument to explain qualitatively the increased non-

Newtonian behavior due to the addition of glass fibers. They 

ruled out arguments that associate non-Newtonian behavior to a 

balance between Brownian motion of rods, which tends to orient 
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Table 2.1. "Power-law" correlations for glass fiber-filled DMC 
studied by Gandhi and Burns (1976). 

Glass Ftber 
Content, C x 100, 

(wt%) 
r 

Materi al Correlation* 

Flow 
Behavior 
Index, n 

0 DMC T 30^0-87 0.87 

5 DMCB T = 220t0,52 0.52 

5 DMCF T = 490^° *39 0.39 

10 DMCB T = 910-^°*37 0.37 

10 DMCF T = 1,850-v-0*27 0.27 

* T is in Pascals, y is in sec"'. 
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the particles randomly, and hydrodynamic forces of interaction 

which hinder random orientation. They attributed the non-

Newtonian behavior in their slurries to a balance between fiber-

fiber frictional interactions and fiber-fluid viscous drag 

forces. 

3. In order to illustrate the effect of shear on particle aggregates, 

they used the DMCB slurry and sheared it. They noticed that the 

fiber bundles were broken with shear and the viscosity increased 

with shearing time until it approached the viscosity of DMCF 

slurry which has individual fibers. Thus, shearing breaks 

particle aggregates and this causes the slurry to be more shear 

thinning. Also, the increase of particle density at the same 

fiber volume fraction can increase the viscosity of the slurry 

due to increased particle interactions. 

4. No yield stresses were observed. 

5. The viscoelasticity of the slurries increased with glass fiber 

concentration. 

Czarnecki and White (1980) studied the rheology of polystyrene 

melt filled with various particles including glass and cellulose fibers. 

Their findings on glass fiber-filled and cellulose fiber-filled polysty-

t rene were similar. Thus, only the details pertaining to the cellulose 

fiber-filled polystyrene will be presented here. Cellulose fibers used 

had a diameter of about 12 microns and an aspect ratio of about 100. 
o 

Their density is about 1.5 gm/cm . The fiber volume fractions used were 

4 



<)> = 0.05 and 4> = 0.20. Shear viscosity and normal stress measurements 

were made using a Rheometrics mechanical spectrometer at a shear rate 

-2  -1  range of 10 to 10 sec . Their results could be summarized as follows 

1. Cellulose fiber-filled polystyrene slurries are shear thinning. 

This shear thinning behavior increases with increased fiber 

volume fraction. 

2. Polystyrene is viscoelastic and exhibits normal stresses. The 

addition of cellulose fibers increases the normal stresses. At 

lower.shear stresses, normal stresses were lower than shear 

stresses, but at higher shear stresses normal stresses exceeded 

shear stresses. Polystyrene melts behave in a similar manner; 

thus, the non-linear increase in normal stresses with shear 

stresses could be due to the presence of polystyrene. Carter 

(1967) reported that normal stresses increased almost linearly 

with shear stresses for dilute suspensions of glass fibers in 

a Newtonian oil. As commented earlier, Carter's findings are 

correct for his suspensions but may not be generalized to more 

concentrated suspensions where the suspending fluid is non-

Newtonian. 

3. The increase in normal stresses with fiber volume fraction was 

less for cellulose fibers than for glass fibers. 

4. No yield stresses were observed. 

5. Cellulose fibers showed the least damage during mixing and 

measurements as compared to other fibers, including glass fibers 
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Pisipati and Baird (1981) used a Rheometrics mechanical spec

trometer to study the rheology of glass fiber-filled and mineral-filled 

nylon 6 copolymer. They compared the rheological behavior of the 

following slurries: 

1. 40 wt% mineral filler in a copolymer of nylon 6. 

2. 16 wt% glass fiber and 20 wt% mineral filler in nylon 6 copolymer. 

3. 33 wt% glass fiber in nylon 6 copolymer. The range of shear 

-2 2 -1 rates used was 10 - 10 sec . 

Their results could be summarized as follows: 

1. The apparent viscosity of nylon 6 copolymer is fairly constant 

up to a shear rate of about 60 sec"^. However, this polymer 

possesses normal stresses. The increase in normal stresses with 

shear stresses is non-linear and similar to that reported for 

polystyrene by Czarnecki and White (1980). 

2. The glass fiber-filled slurry was more shear thinning than the 

mineral filled slurry. 

3. The slurry containing both mineral and fiber fillers exhibited 

intermediate shear thinning behavior. 

4. Normal stresses in the mineral-filled slurry were lower than 

those exhibited by the pure polymer. 

5. The glass fiber-filled slurry possessed normal stresses higher 

than those of the nylon 6 copolymer. 

6. The mineral-filled slurry exhibited yield stress while the glass 

fiber-filled slurry did not. Pisipati and Baird (1981) suggested 



that the presence of yield stress in the mineral-filled slurry 

is due to the small size of the mineral particles which may 

promote junctions between chains similar to cross links. These 

junctions cause a network structure which leads to yield stresses 

and reduced shear thinning behavior. They also added that these 

small particles hinder the orientation of polymer chains during 

flow, which may account for the reduced normal stresses. 

Mood Fibers and Wood Pulp Slurries. The flow properties of wood 

fiber and wood pulp slurries in pipes have been investigated extensively 

by the paper and pulp industry. However, most of the research efforts 

were focused on the turbulent flow of dilute slurries in pipes. The 

concentration of wood pulp is usually 2-6 wt% on an oven-dry basis. 

Water is the commonly used suspending medium. A discussion of some of 

the literature that emphasizes laminar flow of wood pulp in pipes is 

presented in this study to provide some insight into the rheology of 

wood flour slurries. 

Daily and Bugliarello (1961) studied the flow properties of 

nylon and wood fiber slurries in pipes in the laminar and turbulent 

regimes. They stated that nylon fiber slurries behave like wood fiber 

slurries. The laminar flow of wood fiber slurries will be discussed in 

this study. They used three kinds of wood pulps: (1) Kraft softwood 

(Long Lac 17); (2) Kraft softwood (Coosa River 55); and (3) Ground wood. 

The characteristics of each wood pulp are presented in Table 2.2, which 



Table 2.2. Principal characteristics of wood and nylon fibers used by Daily and 
Bugliarello (1961). 

Parameter 
Long Lac 17 

(LL17) 
Coosa River 55 

(CR55) 
Ground Wood 

(GW) 
Nylon 
(N3d) 

Fiber Diameter, D, microns 43 47 40 19.4 

Fiber Aspect Ratio, q 58.5 55.5 12.2 334 

Relative Flexibility 
(relative to GW) 102^ 

LL 

^GW 
80f^ 

CR 
1 42,000^-

N3d 

Hydrodynami c Speci fi c 
Surface, cnr/cnr 9,900 8,200 22,000 2,100 

Millions of Fibers 
per Gram of Pulp 5.28 3.44 Very Large 0.46 
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was reproduced from Daily and Bugliarello's work. The range of fiber 

concentration was 0.1 to 1.0 wt% on a dry basis. They stated that the 

fiber aspect ratio, q, is a measure of the tendency to interlock and 

form networks. Another measure is the flexibility, Fl, which can be 

written as, 

L3 
F l = e - ^ -  ( 2 . 3 1 )  

D E 

where 

L = fiber length 

D = fiber diameter 

E = fiber elastic modulus 

e = proportionality constant 

Their findings can be summarized as follows: 

1. Ground wood has the smallest aspect ratio, q; thus, it can be 

expected to aggregate in floes less easily than the other fibers 

and to form a less flexible and weaker fiber network. Ground 

wood required a higher concentration than the two other pulps 

before sizable interlocking occurred. However, when interlocking 

took place, a relatively inflexible network is formed so that a 

greater friction loss was incurred in moving the suspension at 

1 wt% concentration than a corresponding Coosa River suspension. 

Daily and Bugliarello reported that this shift in the behavior 

of ground wood at 1 wt% is consistent with earlier observations 

where the friction factor for ground wood slurries was found to 

be larger than for other, longer fibers. 



2. Ground wood has the largest surface area of the fibers, the 

most irregular fiber contour and the largest number of fibers 

per unit volume. Thus, hydrodynamic drag phenomena on the fiber 

surfaces can be expected to be stronger for ground wood. These 

observations about ground wood are important to this study since 

the wood flour used in the experiments is fairly similar to the 

ground wood used by Daily and Bugliarello. 

3. Wood fiber slurries exhibited yield stresses. 

4. Plug flow was observed in the pipe, and a clear water annul us 

existed near the pipe wall. 

Duffy, Longdill and Lee (1978) studied the laminar flow of con

centrated wood pulp slurries in pipes. The range of wood pulp concen

trations studied was 7-22 wt%. They reported the presence of a plug 

flow and the water annulus in the pipe. They stated that at low flows 

a four-fold increase in fiber concentration from 4 wt% produces an 

increase in pipe friction of over 30-fold. This is significant, they 

added, as the friction loss for a 4 wt% pulp suspension at low flow 

rates is already well over 100 times that of pure water flowing at the 

same bulk velocity. 

Lee (1979) studied the flow characteristics of chemically and 

mechanically pulped wood pulp slurries. The range of wood pulp concen

trations used was 2-6 wt%. Lee stated that at these concentrations the 

fibers have multiple contacts with adjacent fibers and are held in a 

strained configuration by frictional forces at these contact points. 



The result, he added, is the formation of a network of entangled fibers 

with mechanical properties similar to those of elastic solids. Lee 

reported that the strength of the fibrous network increases with fiber 

concentration due to the increase in the frequency of fiber contacts. 

Plug flow and the water annul us in the pipe were observed. However, 

mechanically pulped fibers are more rigid than chemically cooked fibers 

and they form stronger networks. Consequently, mechanically pulped 

fibers have a lesser tendency to form a fiber-free layer near the wall 

than chemically pulped fibers. Thus, mechanically pulped fibers have a 

higher frictional drag than chemically pulped fibers. 

Mood Flour Slurries. White (1979) reported some limited rheo-

logical data on wood flour slurries. Two suspending fluids were used. 

The first was water, which is a Newtonian fluid; and the second was 

No. 140 gear oil, which is a non-Newtonian fluid. The range of concen

tration for the wood flour/water (WF/water) slurries was about 5.5 -

15.5 wt%, while the range of concentration for the wood flour/gear oil 

(WF/gear oil) slurries was 0-11 wt%. The Brookfield rheometer was 

used to measure the apparent viscosity of the slurries at various wood 

flour mass fractions, C. The dependence of the apparent viscosity on 

the wood flour mass fraction is shown in Figures 2.10 and 2.11 which 

were reproduced from his work. Analysis of these figures shows that the 

apparent viscosity of the slurry increases rapidly with increased wood 

flour content. Moreover, the increase in apparent viscosity is faster 

when the suspending fluid is non-Newtonian. 
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2.10. The effect of wood flour mass fraction on apparent 
viscosity of WF/water slurries as reported by 
White (1979). 
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Figure 2.11. The effect of wood flour mass fraction on the 
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reported by White (1979). 



Yang (1981) studied the rheology of Albany wood flour (WF) in 

low-density polyethylene (LDPE) and in blends of LDPE and AC6 wax (AC6). 

He used a torque rheometer to measure the dependence of torque on the 

rpm for the polymers and their slurries. The slurries he studied were 

highly concentrated. The mass fractions, C, of wood flour were 

C = 0.5 - 0.7. He measured the apparent viscosities of LDPE and 

LDPE/AC6 polymer blends at various shear rates in an extrusion Plasto-

meter and in an Instron capillary rheometer. The apparent viscosities 

of the slurries were not determined. However, the flow behavior indices 

n, for the polymers and the slurries were determined. The flow behavior 

indices for the polymer blends were determined using apparent viscosity 

and shear rate data, whereas for the slurries the torque and rpm data 

were used to determine n. The dependence of torque on torque rheometer 

spindle speed (rpm) for the slurries is shown in Figures 2.12 and 2.13, 

which were reproduced from his work. Yang's findings can be summarized 

as follows: 

1. Torque versus rpm data for the slurries did not fit the Herschel 

Bulkley model which predicts the presence of a yield stress or, 

in this case, a yield torque. The data fit the "power law" 

model accurately. 

2. The flow behavior index, n, decreased with increased wood flour 

content. Thus the slurries are more shear thinning than the 

pure polymers. 

3. Normal stress phenomena were not investigated. 
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Figure 2.12. The effect of spindle speed on the torque of 
WF/LDPE/AC6 slurries as reported by Yang (1981). 
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Summary and General Guidelines. In this section some general 

guidelines about the rheology of suspensions of fibers are presented. 

These guidelines are qualitative in nature and are included for the 

insight they provide in understanding the rheology of these suspensions. 

The general guidelines presented below summarize the findings of most 

articles reviewed earlier. Moreover, these guidelines may not apply to 

some suspensions of fibers. 

1. Concentrated fiber suspensions are highly non-Newtonian. They 

are shear thinning at lower shear rates and solid volume frac

tions. They may become shear thickening at very high solid 

volume fractions and shear rates. 

2. Concentrated fiber suspensions may or may not exhibit a yield 

stress depending on aspect ratio, solid volume fraction and 

nature of suspension. 

3. They possess normal stresses at higher solid volume fraction, 

shear stress or shear rate and particle aspect ratio. The 

magnitude of the normal stresses increases with an increase in 

solid volume fraction or shear stress (or shear rate) or particle 

aspect ratio. 

4. Fiber breakage during flow can cause changes in the apparent 

viscosity of the suspension. 

5. The apparent and relative viscosity of a concentrated fiber sus

pension is sensitive to particle size, particle aspect ratio, 

particle size distribution and particle aspect ratio distribution. 
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The effect of particle size on the apparent viscosity of quartz 

grains in water is shown in Figure 2.14. This figure was repro

duced from Clarke (1967). Quartz grains are not fibrous, but the 

behavior shown in Figure 2.14 may apply to fiber suspensions. 

6. The relative viscosity, rir, of suspensions containing curved 

fibers is higher than that of suspensions of straight fibers. 

Moreover, the effect of curvature becomes more pronounced as 

the fiber content increases as was shown in Figure 2.3. 

7. Suspensions containing rod-like or fibrous particles have the 

highest apparent viscosity when compared to suspensions contain

ing disc-like, granular and spherical particles respectively at 

the same conditions. This behavior is shown in Figure 2.15 

which was reproduced from Clarke (1967). 

8. The apparent viscosity of fiber suspensions increases more 

rapidly whenever the solids volume fraction, <|>, exceeds the 

critical solids volume fraction, <J>*. 

9. The apparent viscosity of suspensions of spherical particles 

increases with an increase in the density of the particles. 

This is shown in Figure 2.16 which was reproduced from Clarke 

(1967). Although these suspensions do not have fibers, this 

behavior may apply to fiber suspensions. 

10. Suspensions of ground wood in water form strong fiber networks, 

especially at higher ground wood concentrations. Ground wood 

fibers have low aspect ratios and are fairly inflexible. The 
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Density 
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Figure 2.15. Effect of particle shape on apparent viscosity of 
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apparent viscosity of a ground wood suspension is usually higher 

than the apparent viscosity of a suspension containing more 

flexible wood fibers with higher aspect ratios. 

Contributions of this Study 

The contributions of this study can be summarized as follows: 

1. This study is the first investigation that presented a fairly 

comprehensive characterization of the rheology of Albany wood 

oil (TR12). The flow behavior of TR12 oil at various tempera

tures was determined. Apparent viscosity data for TR12 oil 

were obtained at various temperatures and shear rates. The 

dependence of apparent viscosity on shear rate at various tem

peratures was correlated using the "power law" model. The 

effects of heating time and shearing time on the apparent 

viscosity of TR12 oil were determined. 

2. This is the first comprehensive study of the rheology of concen

trated slurries of Albany wood flour (WF) in TR12 oil and in a 

silicone oil (DC23). The flow behavior of these slurries was 

determined. Apparent viscosity data were obtained for these 

slurries at various shear rates and WF volume fractions. The 

dependence of the apparent viscosity of the slurries on the 

shear rate at various WF volume fractions, <j>, was correlated 

using the "power law" model. The dependence of the relative 

viscosity, nr, of the slurry on shear rate at various values of 

<j> was correlated using an expression analogous to the "power law" 
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model. The effect of WF volume fraction, <f>, on the relative 

viscosity of the slurries was determined. An attempt was made 

to correlate the dependence of the relative viscosity on shear 

rate and WF volume fraction. A correlation representing the 

dependence of the relative viscosity on shear rate and WF volume 

fraction was formulated empirically. However, this empirical 

correlation was far from being exact, especially at lower shear 

rates. Moreover, the correlation cannot be extrapolated to 

higher WF volume fractions. The effect of temperature on the 

relative viscosity of WF/TR12 slurries was determined. Explora

tory experiments were conducted to determine the effect of 

particle dimensions on the apparent viscosity of the slurries. 

The effect of heating time on the apparent viscosity of a 

WF/TR12 slurry was determined. 



CHAPTER 3 

MATERIALS AND SAMPLE PREPARATION 

The materials used in this study and the methods of preparation 

of samples are discussed in this chapter. 

Materials 

Several materials were utilized in this investigation. Albany 

wood flour (WF) and wood oil (TR12) were obtained from the DOE-sponsored 

cellulosic liquefaction process development unit (PDU) in Albany, 

Oregon. The silicone oil (DC23) was acquired from the Dow Corning 

Corporation in Midland, Michigan. 

Albany Wood Oil (TR12) 

Albany wood oil (TR12) is a black and very viscous liquid at 

room temperature. It was produced during the long run, which was de

signated as test run number 12 (TR12), by the Rust Engineering Company 

(REC) at the Albany facility. The Rust Engineering Company (1981) 

performed various analyses of TR12 oil. The significant properties of 

TR12 oil, as reported by REC (1981), are presented in Table 3.1. How

ever, all values followed by the designation, (UA), were measured at 

the University of Arizona (UA). TR12 oil samples were stored in closed 

containers at the UA. No special handling procedures were required for 

TR12 oil. 
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Albany Wood Flour (WF) 

Albany wood flour (WF) is a Douglas fir wood flour which was 

dried to a moisture content of about 4%. Since the wood flour contained 

large particles that may increase wall effects during viscosity measure

ments, the wood flour was screened using a laboratory test sieve 

vibrator, manufactured by Derrick Manufacturing Company, at the UA. 

Two wood flour fractions were used in the rheology experiments. Wood 

flour that passed through a 200 mesh sieve plate (-200 mesh) was used 

for most of the experiments. A particle size analysis of this -200 mesh 

fraction was conducted using a microscope at the UA. The results of this 

analysis are shown in Figures 3.1 - 3.3. The other fraction was the wood 

flour between 65 and 100 mesh (65 - 100 mesh). A particle size analysis 

for this fraction was also conducted at the UA. The results of this 

analysis are shown in Figures 3.4 - 3.6. The density of the -200 mesh 

and 65 - 100 mesh fractions was measured at the UA by liquid displace

ment. The density for both fractions was the same and it was found to 

3 
be 1.45 gm/cm . Wood flour samples were stored in closed containers at 

the UA. No special handling procedures were required. 

Dow Corning Silicone Oil (DC23) 

The Dow Corning silicone oil is a dimethyl siloxane polymer. 

It is referred to by Dow Corning Corporation as DC200. The DC200 fluids 

are manufactured in a range of viscosities. The particular oil used in 

2 
this study has a kinematic viscosity of 30,000 cm /sec at 25°C, thus it 

is DC200 - 30,000 and is referred to in this study as "DC23." In 



Table 3.1. Significant properties of TR12 oil. 

Property Value 

Heating Value, BTU/lb 14,840 

Carbon Content, % 78.9 

Hydrogen Content, % 8.5 

Nitrogen Content, % <0.5 

Oxygen Content, % 12.3 

Sulfur Content, ppm 

Solids Content, % 1.8 

Density at 23°C, gm/cm^ 1.12 (UA) 

Density at 65°C, gm/cm^ 1.10 (UA) 

Density at 93°C, gm/cm^ 1.08 (UA) 

Initial Boiling Point at 1 atm, °C 109 (UA) 
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Figure 3.5. Particle diameter distribution for Albany wood flour, 65 - 100 mesh. 
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general, DC200 fluids have excellent water repellency, low surface 

tension, low toxicity and a relatively flat viscosity-temperature slope. 

The significant properties of DC23 oil are shown in Table 3.2. Values 

reported in Table 3.2 are average values and may vary from lot to lot 

as mentioned by Dow Corning Corporation (1980). The density of DC23 at 

41°C was measured at the University of Arizona (UA) and is not reported 

in Dow Corning Corporation literature. Consequently, the value of this 

density is followed by the notation (UA). DC23 silicone oil samples 

were stored in closed containers. No special handling procedures were 

required. 

Sample Preparation 

All samples were prepared based on mass fractions, C. The pro

cedure was as follows: (1) The empty beaker was weighed; (2) A certain 

amount of liquid (TR12 or DC23) was poured into the beaker; (3) The 

weight of the liquid was measured; (4) The required amount of wood flour 

was added to give a pre-determined wood flour mass fraction, C. No 

heating of liquid was necessary during this procedure. 

The wood flour volume fraction, <f>, for each slurry was deter

mined from the wood flour mass fraction, C, using Equation 3.1, 

• = ps(l .% + PfC (3'" 

where 

3 pf = fluid density, gm/cm 

3 
PS  = wood flour density = 1.45 gm/cm 



Table 3.2. Significant properties of DC23 silicone oil. 

Property Value 

Kinematic Viscosity at 25°C, cm^/sec 30,000 

Specific Gravity at 25°C 0.975 

Surface Tension, dyne/cm 21.5 

Flash Point, closed cup, °C 321 

Density at 41°C, gm/cm^ 0.973 (UA) 



81 

Equation 3.1 can be easily derived from the definitions of mass frac

tion, volume fraction and density. Viscosity measurements for WF/TR12 

slurries were conducted at 65°C and 93°C, thus, the density of TR12 oil 

was measured at both temperatures. For WF/TR12 slurries at 65°C, 

Equation 3.1 becomes, 

j  _  1 . 1 0  C  / .  n \  
* " 1.45 (1 - C) + 1.10 C 

Equation 3.2 was used to convert C values to <(> values for WF/TR12 

slurries at 65°C. The density of TR12 oil at 93°C was found to be 
3 

1.08 gm/cm ; thus, Equation 3.1 becomes, 

a - 1.08 C /o o\ 
* ~ 1.45 (1 - C) + 1.08 C 

Similarly, Equation 3.3 was used to convert C values to values for 

WF/TR12 slurries at 93°C. Viscosity measurements for WF/DC23 slurries 

were performed at 41°C. The density of DC23 silicone oil at 41°C was 

3 found to be 0.973 gm/cm . Equation 3.1 becomes, 

^ 0.973 C /o 
f " 1.45 (1 - C) + 0.973 C 

This equation was used to convert C values to <|> values for WF/DC23 

slurries. The calculated values of WF volume fraction, <j>, correspond

ing to each WF mass fraction, C, for the slurries are shown in Table 

3.3. The slurries listed in this table were the slurries used in this 

study. 

TR12 oil is a very viscous fluid at room temperature. Moreover, 

it has a thermal-history dependence. Thus, after a WF/TR12 sample was 



Table 3.3. Conversion from WF mass fraction to WF volume fraction for the slurries. 

WF Volume Fraction, <J> 

WF Size 
Fraction 

WF Mass 
Fraction, C 

WF/DC23 
at 41°C 

WF/TR12 
at 65°C 

WF/TR12 
at 93°C 

-200 Mesh 0 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0 

0.0341 

0.0694 

0.1059 

0.1437 

0.1828 

0.2234 

0 

0.0384 

0.0777 

0.1181 

0.1594 

0 

0.0377 

0.0764 

0.1162 

0.1570 

0.1989 

0.2420 

65-100 Mesh 0.05 

0.15 

0.0341 

0.1059 

0.0384 

0.1181 

0.0377 

0.1162 



weighed it was necessary to heat the sample to achieve good mixing. But 

repeated heating of TR12 oil might affect its rheological properties. 

Consequently, it was decided to subject each WF/TR12 sample to the 

minimal amount of heat and the minimum frequency of heating provided that 

good mixing was achieved every time. As a result, all WF/TR12 samples 

were prepared and mixed before each run. Mixing was achieved by mini

mal heating of a WF/TR12 slurry and stirring the sample gently with a 

rod until the color of the sample was homogeneous. WF/DC23 samples did 

not require any heating during mixing. For consistency, all WF/DC23 

samples were mixed before each run. Each sample was mixed gently with 

a rod until the color of the sample was homogeneous. The use of sample 

color homogeneity is very convenient and effective since the wood flour 

and the fluids had very different colors and unmixed spots in the sample 

could be easily detected and mixed. Gentle mixing with a rod helped 

prevent any damage to the wood flour particles. The mixing procedure 

employed in this study is very simple and causes almost no damage to 

the particles while affecting the rheological behavior of TR12 oil to 

the least amount possible. This mixing procedure yielded reproducible 

data. The maximum relative error in the apparent viscosity of a slurry, 

using duplicate runs, was 7%. All slurry and fluid samples used in the 

experimental measurements were fresh; that is, no reuse of samples was 

employed. Duplicate runs for the slurries were made using freshly 

prepared samples. 
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Settling of particles during measurements was negligible. Meyer 

(1964) reported that the sedimentation velocity of a single sphere is 

given by D'Arcy's law, 

where 

v = sedimentation velocity 

Ps = particle density 

p.p = fluid density 

y = fluid viscosity 

e = a constant 

For a suspension the sedimentation velocity decreases as the solids 

volume fraction increases. Thus, the sedimentation velocity of parti

cles in a slurry is inversely proportional to the fluid viscosity and 

it decreases with solids volume fraction. The apparent viscosities of 

the fluids used in this study were high and the slurries were concen

trated. Thus, it is expected that settling problems will be negligible. 

It was found that settling of WF particles in the samples takes hours 

and even days in the case of the more concentrated slurry samples. 

There were very few air bubbles in the slurry samples. Most of 

these bubbles collapsed during pouring of the sample into the viscometer 

cup. More concentrated slurries hardly have any air bubbles. Thus it 

is believed that air bubbles had no effect on the measurements. 

Swelling of wood flour particles increases the volume of the 

particles while consuming part of the liquid volume. The net effect 



would be an increase in the apparent viscosity, n, of the slurry. While 

checking for possible thermal-history effects in WF/DC23 slurries, it 

was noticed that reuse of WF/DC23 samples did not affect the values of 

apparent viscosity even if the sample was left overnight and reused the 

second day. This not only proved that WF/DC23 slurries did not have a 

thermal-history dependence like WF/TR12 slurries but that swelling did 

not occur overnight. This, however, does not prove that swelling did 

not exist. Thus, if any swelling occured it must have occurred before 

data acquisition was commenced. Consequently, the effect of swelling, 

if any, cannot be determined. 



CHAPTER 4 

EQUIPMENT AND EXPERIMENTAL PROCEDURES 

The equipment used in this study and the experimental procedures 

employed are presented in this chapter. 

Equipment 

All the rheological data of TR12 oil, DC23 oil and theirwood flour 

slurries were obtained using the Haake Rotovisco rheometer, model RV2. 

It is a Couette type (concentric cylinders) viscometer. A schematic of 

the basic set-up of this viscometer is shown in Figure 4.1. The motor 

drive is equipped with a direct-current motor which provides constant 

revolutions per minute (rpm). The reducing gear reduces the speed of 

the motor by a factor of ten. The measuring head is connected to a 

torsion spring. The displacement angle of this spring is directly 

proportional to the torque acting on the measuring spindle. This dis

placement angle is converted into the dial reading,S, by a potentiometer. 

The measuring head used in this study is the MK5000, which has a maximum 

torque, J, of 49 Newton-centimeters (N-cm). This measuring head has the 

highest torque capability available for the RV2 Haake rheometer. Such 

a measuring head is used for very viscous fluids or slurries. The rotor 

is screwed to the measuring spindle of the measuring head, while the 

cup is inserted into the temperature vessel concentric with the rotor. 

< 86 
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Figure 4.1. 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. 



The temperature vessel surrounds the cup and rotor (referred to collec

tively as the "sensor system") and provides a constant temperature for 

the sample. This constant temperature is attained by circulating oil 

or water, in a closed loop, between the temperature vessel and the 

temperature bath. A temperature range of 45°C to 200°C can be obtained 

using the temperature bath which can control the temperature of the 

circulating fluid to + 0.01°C. However, the maximum temperature that 

could be used in the sensor system is 170°C due to sensor system material 

limitations. Finally, the basic unit supplies and controls the power to 

the set-up and provides constant rpm. Moreover, it records the dial 

reading, S, which is related to the torque. The range of rpm, N, in 

this Haake rheometer set-up is 0.01 to 72.4 rpm. In this Haake rheo-

meter the inner cylinder (rotor) rotates while the outer cylinder (cup) 

is stationary. Also, the rpm is set by the operator while the torque 

is measured. 

Three sensor systems were used in this study. These were the 

MVIP, MVIIP and the SVIIP sensor systems. They are all profiled or 

grooved to reduce fluid slip at the walls. The significant character

istics of these sensor systems are given in Table 4.1. 

Viscometry and Calculations 

The tangential flow between concentric cylinders has been studied 

extensively. The solution of this flow problem is exact, and the mathe

matical details of the solution can be found in books such as Bird, 

Stewart and Lightfoot (1960), Brodkey (1967), Schlichting (1979), Van 

Wazer et al. (1963) and Whorlow (1980). 
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Table 4.1. Significant characteristics of Haake sensor systems. 

Parameter MVIP 

Sensor System 

MVIIP SVIIP 

Rotor 

Radius, R., cm 

Height, h, cm 

m 

Radius, Ra, cm 
a 

Radii Ratio, R,./R. = < 
1 a 

Gap, R -R*, microns 
a I 

Calculation Factors 

Shear Rate Factor, M, min/sec 

_3 
"Geometry" Factor, f, cm 

Torque Calibration Constant, 
a = J/S, N-cm/Scale Percent 

Shear Stress Factor, 
A= fxa Pascal 
M Txa' Scale Percent 

Instrument Factor, 
G = 103 A/M, 

mPa-s 

2.004 

6 . 0  

2 .10  

0.9543 

960 

2 . 0  

1.84 

6.0  

2.IQ 

0.8762 

2,600 

0.88 

1.01 

1.96 

1.155 

0.8745 

1,450 

0.78 

65.8 x 10*4 76.8 x 10'4 768 x 10"4 

0.478 0.478 

31.4524 36.7104 

0.478 

367.104 

15,726.20 41,716.364 470,646.15 

Scale Percent x Min 
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As stated in Van Wazer et al. (1963), the basic assumptions used 

in the solution of this flow problem are: 

1. The liquid is incompressible. 

2. The flow is laminar. 

3. For small rotational velocities, fi, centrifugal forces are 

negligible and the fluid moves in concentric circles in a plane 

perpendicular to the axis of rotation. 

4. The flow is steady. 

5. There is no slip at the walls. 

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 obtains, 

torque = area x radius x shear stress 

or 

J = (2irrh) (r) (T) 

T =  — ( 4 . 1 )  
2tth/ 

where 

J = torque 

h = height of rotor 

T = shear stress 

Equation 4.1 is the expression for the shear stress at any radius in the 

gap between the cylinders. This expression is independent of the type 
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of fluid; that is, it applies for Newtonian and non-Newtonian fluids. 

The shear stress at the wall of the rotor can be obtained from Equation 

4.1 by substituting the rotor radius, R., 

t = -I-*- (4.2) 
2irhr  ̂

In order to obtain the expression for the velocity profile and 

the shear rate, the type of fluid must be assumed. Thus, if a Newtonian 
r 

fluid is assumed, the equation of motion can be solved subject to the 

above assumptions. The expression for the velocity profile is given in 

Schlichting (1979) and can be written as, 

v? Ti 1 v(r) = ̂ tH l4-3' 
where 

v(r) = the linear velocity at r 

ft. = the rotational velocity of the rotor 

R.. = radius of the rotor 

R. = radius of the cup 
a 

In order to illustrate the variation of the velocity, v, in the visco

meter gap and to show how this velocity depends on the ratio of radii, 

k, Figure 4.2, which was extracted from Schlichting (1979), is presented. 

From this figure it can be seen that, for a Newtonian fluid, the velocity 

profile in the gap is almost linear for K above 0.8. All the Haake 

sensor systems used in this study have values of K above 0.8. A linear 

velocity profile indicates that the flow in a narrow gap viscometer 
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Figure 4.2. 

0.2 0.4 0.6 0,7 1.0 
r - R. 

Dimensionless Gap, „ 
a " Ri 

Velocity profile for a Newtonian fluid in a 
Couette viscometer as reported by Schlichting 
(1979). 
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approaches plane Couette flow. Figure 4.2 is only for a Couette-type 

viscometer where the inner cylinder rotates while the outer cylinder is 

stationary. 

Similarly, assuming a Newtonian fluid, the expression for the 

shear rate, t, at any radius, r, can be obtained by differentiating 

Equation 4.3, 

l ib rd(v/r) 
dr 

2 SI. R2 

r2(l - K2 )  
(4.4) 

The shear rate, at the rotor wall can be obtained by substituting 

for r in Equation 4.4, yielding, 

20. 
w = -4- (4.5) 

[1 - k ] 

For a fluid that obeys the "power law" model the shear rate at the rotor 

wall was reported by Whorlow (1980) to be, 

'20. 

m Vi , (4"6) 
n[1 - (k) ] 

where n is the "power law" flow index. When n = 1, that is, when the 

fluid is Newtonian, Equation 4.6 reduces to Equation 4.5. Finally, the 

viscosity can be obtained by dividing the shear stress by the shear 

rate which, for a Newtonian fluid, is given by, 

v ° m  = J ( 1  ~ k 2 )  ( 4 - 7 )  

|y1 4trhri0. 

while for a "power law" fluid, the apparent viscosity, n, is given by, 
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n = #T (4.8) 

Calculation of the shear stress, t, the shear rate, y, and the 

viscosity, y, in the Haake RV2 rheometer follows the theoretical methods 

mentioned above. The rpm is set by the operator of the Haake viscometer 

and the dial reading, S, is recorded. This dial reading is directly 

proportional to the torque exerted by the fluid on the rotor wall. The 

proportionality constant is the torque calibration constant, a. The 

Haake viscometer was calibrated as specified in the owner's manual and 

the value of a was found to be 0.478 N-cm/scale percent. Thus, to con

vert the dial reading, S, to torque Equation 4.9 can be used, 

To obtain the shear stress, T , at the wall the "geometry" factor, f, is 

used, 

h* = h + Ah 

This "geometry" factor includes an end effect correction for rotor 

height. This end effect correction is denoted as Ah. Thus, in this 

Haake viscometer the end effects are corrected for. The "geometry" 

factor, f, is constant for a particular sensor system, while the torque 

calibration constant, a, is constant for all sensor systems. A new 

J = a x S (4.9) 

2Trh*R? 
(4.10) 

where 
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constant that depends on the sensor system can be defined. The shear 

stress factor, A, is defined as, 

A = f x a (4.11) 

Thus, the shear stress, T , in Haake terminology becomes, 

T = A x S (4.12) 

where 

T = shear stress at rotor wall, in Pascals (Pa) 

A = shear stress factor, in Pa/scale percent 

S = dial reading, in scale percent 

Equation 4.12 was the equation used to convert dial reading values, S, 

to shear stress values, T. 

The expression for the shear rate, y» at the rotor wall, can 

be written in Haake terminology as, 

t  =  M  x  N  =  V x N  ( 4 . 1 3 )  
15(1 - k ) 

where 

M = shear rate factor, in min/sec 

N = rpm, in revolutions/min 

The shear rate factor, M, depends on the sensor system used. The values 

of all the calculation factors for each sensor system are presented in 

Table 4.1. Equation 4.13 was the expression used to convert rpm, N, 

values to shear rate, y> values. This equation was derived for Newtonian 

fluids. However, since the gaps in the sensor systems used were narrow, 
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Equation 4.13 applies to non-Newtonian fluids up to a certain point. 

For a "power law" fluid, the applicability of Equation 4.13 can be 

determined by dividing Equation 4.6 by Equation 4.5 to get, 

y = true shear rate for "power law" fluid, given by Equation 4.6 

t_ = apparent shear rate, given by Equation 4.13 
a 

n = "power law" flow behavior index 

K = ratio of radii, R^/R, 1 a 

Whenever the ratio, t/ta is very close to unity then the apparent shear 

rate, ya, as calculated using Equation 4.13 is the true shear rate, y, 

and no correction is necessary. In this study, whenever y/ya exceeded 

1.04, Equation 4.14 was employed to convert ya to y. A plot of y/ya as 

a function of the "power law" flow behavior index, n, for the sensor 

systems used is shown in Figure 4.3. 

After obtaining the values of the shear stress, T , and the shear 

rate, y, using Equations 4.12 and 4.13, respectively, the values of the 

corresponding viscosity was obtained using Equation 4.15, 

t _ (1 - <c2) 

"*a n[l - (i<)2/n] 
(4.14) 

where 

n (or y) = 1000 ^ (4.15) 

where 

y = viscosity, in mPa-s 

n = apparent viscosity, in mPa-s 



k = 0.8762, 0.8745 

— K = 0.9543 

i 1 
0.2 0.6 1.0 1.4 

Power Law Flow Index, n 

1 . 8  

Figure 4.3. The effect of "power law" flow index on 
shear rate ratio for Haake sensor systems. 
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T = ?hear stress, in Pa 

y = shear rate, in sec"^ 

The reader is reminded that one mPa-s is equivalent to one centipoise 

(cp). This was the procedure used in this study to calculate T, y and 

y or n whenever y/ya was close to unity. Whenever y/ya exceeded 1.04 

the following procedure was employed: 

1. The shear stress remained the same since it is independent of 

fluid type. Equation 4.12 was used to evaluate the shear 

stress, T. 

2. The apparent shear rate, ya, was calculated using Equation 4.13. 

3. The "pseudo" apparent viscosity, n3, was obtained using Equation 
a 

4.15. 

4. The values of na and ya were correlated using the "power law" 

model by a calculator program employing the non-linear least 

squares method. From this correlation the "power law" flow 

behavior index, n, was obtained. An alternate method would be 

to plot na versus y, on logarithmic paper and obtain n from the ol ® 

slope of the straight line. The curve will be a straight line 

if the "power law" model fits the data. 

5. Having obtained n, and knowing the sensor system used, Figure 

4.3 was used to obtain the value of y/ya. 

6. The value of y/ya was multiplied by each ya to obtain the cor

responding y. 

7. The appropriate shear stress was divided by the value of y to 

obtain the "true" apparent viscosity, n- One might point out 



that if n and t are correlated using the "power law" model the flow 

behavior index, n, for the correlation of n and -y is exactly the same 

as that for the correlation of n. and y . This is due to the fact that a a 

all that was done during this correction procedure is shifting the line 

downwards without changing its slope. All data reported in this study 

are in terms of true shear rate, y, and "true" apparent viscosity, n-

Other Considerations in Viscometry. In addition to mathematical 

expressions for the rheometric variables such as t, t and n other factors 

that might affect the viscometric data must be considered. 

One of the above assumptions used in the derivation of the above 

equations in this chapter is that the flow is laminar. Bird et al. 

(1960) stated that the transition Reynolds number, Rgt, for Newtonian 

fluids in a Couette type viscometer with the inner cylinder rotating can 

be written as, 

Ret * Wafh (1 ^1.5 (4-16) 

where p is the fluid density. The transition Reynolds number is the 

value where the transition to turbulent flow in the viscometer gap 

occurs. The transition to turbulence in the case where the outer cylin

der is rotating occurs at higher transition Reynolds numbers due to 

stabilizing centrifugal forces. Plots of Ret versus the dimensionless 

gap are shown in Figure 4.4, which was reproduced from Rodriguez (1970). 

Using Equation 4.16 and the values of the radii for each sensor system 

used in this study, the rotational velocity at which the transition 
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to turbulent flow occurs was calculated for each sensor system. Then 

the equations in terms of rotational velocity, ft., were converted to 

rpm, N. The resulting equations were, 

for MVIP, N = 9000.5 n/p (4.17) 

for MVIIP, N = 2374.4 n/P (4.18) 

for SVIIP, N = 7880.2 n/p (4.19) 

To show that all the rheological measurements were conducted in the 

laminar flow regime in this investigation, the following calculation was 

performed. Equation 4.18 was chosen since it gave the lowest rpm, N, at 

which the transition to turbulent flow can occur. The density of the 

3 sample in the gap was assumed to be 1 gm/cm . The lowest apparent vis

cosity pleasured in this study was about 350 mPa-s (or 3.5 poise). The 

values of density, p, and apparent viscosity, n, were substituted in 

Equation 4.18. The calculated value of N was found to be 8,310.4 rpm, 

whereas the highest rpm that can be attained in the Haake viscometer 

used in this study was 72.4 rpm. This shows that all viscosity measure

ments in this investigation were made in the laminar flow regime. Thus, 

the assumption of laminar flow was obeyed. 

Viscous dissipation can occur during viscometric measurements 

at high shear rates. Viscous dissipation can cause a temperature gradi

ent in the gap of the viscometer. This temperature gradient causes the 

assumption of isothermal flow to be invalid. Moreover, it leads to 

erroneous viscosity data. Bird et al. (1977) presented the solution for 
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viscous heating for steady flow between parallel plates (or steady plane 

Couette flow). They considered two cases: the first was for a Newtonian 

fluid with constant physical properties, while the second was for a 

Newtonian fluid with variable physical properties. The form of the solu

tion in each case depended on the chosen boundary conditions. 

In this investigation, viscous dissipation did not pose any 

problems for the following reasons: (1) All experiments were conducted 

at relatively low shear rates. (2) The gaps used were fairly narrow and 

the temperature control was very efficient. This drastically reduces 

temperature gradients in the gap. As a matter of fact, both a thermo

meter and pyrometer were used often to detect any temperature gradients 

in the gap, but no measurable temperature differences were observed. 

Moreover, extended shearing of samples at the highest shear rate pos

sible in this Haake viscometer set-up (y =148 sec"^), did not exhibit any 

measurable decrease in viscosity due to viscous dissipation. Thus, 

viscous dissipation did not pose any problems in this study and the flow 

was isothermal. 

Bird and Curtiss (1959) derived the solution for the unsteady 

state, laminar flow velocity profile for a Newtonian fluid flowing tan-

gentially between- concentric cylinders. They assumed that the fluid was 

incompressible and the flow was isothermal. Their solution is valid 

for the case where either cylinder is rotating or for the case where 

both cylinders are rotating. They state that steady state is virtually 

established when the dimensionless time, c, approaches unity, s can be 

defined as, 
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5 = -4 (4.20) 
pRa 

where 

y = fluid viscosity 

p = fluid density 

R. = radius of the cup (or outer cylinder) o 

t = time required to reach steady state 

Thus, when ? * 1 then Equation 4.20 becomes, 

Equation 4.21 gives an indication of the time required to reach steady 

state. To illustrate the magnitude of the time required to reach steady 

state in this study, the following calculation will be performed. The 

largest cup radius, R , used in this investigation was 2.10 cm. The 
a 

lowest viscosity measured was about 3.5 poise. A fluid density of 

3 1 gm/cm was assumed. Insertion of these values into Equation 4.21 

yielded a time, t, of 1.26 seconds. The time required to reach steady 

state for more viscous samples is even less. Thus, the assumption of 

steady flow is justified. Experimentally, there was a very short time 

lag and the dial reading oscillated slightly due to the electrical system 

of the viscometer. This phenomenon is very common in all similar visco

meters and does not pose any problems. 

The Haake sensor systems used in this study are profiled to 

reduce fluid slip at the walls. However, fluid slip and wall effects 
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are known to occur in capillary and Couette type viscometers. There are 

several theories that attempt to explain the presence of wall effects in 

Poiseuille and Couette flow. Goldsmith and Mason (1967) discussed these 

theories. They are: (1) the hydrodynamic wall effect; (2) the mechani

cal wall effect; (3) the sigma hypothesis; (4) migration of particles. 

Essentially, these theories predict the presence of a thin layer with a 

lower concentration of particles near the wall. Vand (1948a) calculated 

the thickness of this layer for a suspension of spherical particles in 

a Couette type viscometer. His calculations were based on the hydro-

dynamic wall effect. The thickness of this layer was found to be 1.301 R, 

where R is the radius of the sphere. His result was verified experimen

tally. Wall effects have been found to be smaller in Couette flow than 

in Poiseuille flow. Wall effects should be reduced considerably when the 

ratio of the characteristic dimension of the particle to that of the 

viscometer is less than 0.1. The characteristic dimension of a sphere 

is its diameter or radius. However, for a rod, the length of the rod does 

not have to be the characteristic dimension. For a rod it is believed 

that the characteristic dimension lies between its diameter and length. 

In this study the wood flour fibers used were not uniform in 

size. However, inspection of Figures 3.1 and 3.4 shows that fibers with 

lengths, L, higher than about 75 microns are less than 3% in each figure. 

The smallest viscometer gap, R-R„., used in this study was 960 microns. 
a 1 

Thus, the largest value of L/(R -R.) used in this investigation was 
a 1 

about 0.08 if the fiber length was taken as the characteristic dimension 
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of the fibers. From Figures 3.2 and 3.5 it can be seen that fibers 

with a diameter, D, greater than 25 microns were almost negligible. 

Consequently, the value of D/(R-R.) was about 0.03. As a result, the o i 

largest ratio of fiber characteristic dimension to viscometer gap used 

in this study was from 0.03 to 0.08. This low ratio should help reduce 

wall effects. Wall effects can be usually detected in Couette type 

viscometers by varying the gap in the viscometer. If the viscosities 

measured do not agree, within experimental error, then wall effects are 

present. The smallest gap that was available in this study was 960 

microns while the largest was 2,600 microns. A slurry was prepared 

using the 65 - 100 mesh wood flour size fraction. The wood flour volume 

fraction, <{>, was 0.1059 and DC23 silicone oil was used as the suspending 

fluid. Apparent viscosity data were obtained using both viscometer 

gaps. The results were the same with a maximum relative error of 7% 

which is the experimental limit for reproducibility of apparent viscosity 

data for the slurries. This finding cannot be used as conclusive evi

dence that wall effects are negligible. This is due to the fact that 

larger gaps were needed to check for wall effects. But it can be 

stated that if wall effects were significant they could have been 

noticed. Thus, they must be relatively small in this study. 

Normal stresses were present in the viscometric measurements in 

this study. Fortunately, normal stresses were more significant at 

higher shear rates, y> and wood flour volume fractions, <J>. As stated 

in Chapter 2, the magnitude of normal stresses increases with increased 
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t (or t), <() and particle aspect ratio. At higher wood flour volume 

fractions, <J>, reported apparent viscosity, n» measurements were limited 

to lower shear rates in this study, mainly due to increased normal 

stresses. In Couette type viscometers high normal stresses cause the 

sample to climb up the rotor and escape from the gap. This is a mani

festation of the famous Weissenberg effect which is associated with 

viscoelastic materials. The Weissenberg effect can be detected fairly 

easily in a Couette viscometer. As the sample escapes from the gap the 

torque reading drops and can be noticed immediately. As mentioned in 

Chapter 2, suspensions of fibers generally exhibit normal stresses. 

However, it is not known conclusively whether the presence of normal stresses 

in these suspensions is due to suspension elasticity and viscoelastic 

bending of fibers as was reported by Nawab and Mason (1958) or due to 

particle anisotropy and collision-dependent orientations, as mentioned 

by Carter (1967). 

Experimental Procedures 

In Chapter 3 the procedures for preparation arid mixing of the 

slurry samples were discussed. Fluid samples did not require any prepar

ation. TR12 oil has a thermal-history dependence that might affect its 

rheological behavior. Thus, all TR12 oil and WF/TR12 slurries were 

subjected to the minimum amount of heating whenever possible. The 

amount of heating was reduced further by letting the temperature vessel 

reach thermal equilibrium and then the TR12 oil or theWF/TR12 sample was 

introduced into the viscometer cup. This procedure subjects the sample 
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to less heating as compared to insertion of the sample in the cup and 

then turning on the temperature bath and waiting for the temperature 

vessel to reach thermal equilibrium. After the temperature in the 

temperature vessel reaches steady state, more time should be allowed 

for the temperature in the sample to reach steady state. This second 

method subjects the sample to double the amount of heat as compared to 

the first procedure. Clearly, this is not necessary and the first method 

was used for all samples. DC23 silicone oil and its wood flour slurries 

do not have a thermal-history dependence, but they were handled in the 

same manner for the sake of consistency. 

The operational procedure for the Haake RV2 rheometer is fairly 

simple. It can be described as follows: 

1. The temperature bath was set to the desired temperature and then 

it was switched on. 

2. The rotor and the empty cup were inserted in the temperature 

vessel. 

3. After the temperature bath reached the set temperature, about 30 

minutes to one hour were allowed for thermal equilibrium in the 

temperature vessel. 

4. Once the temperature in the temperature vessel reached steady 

state, the cup was removed and filled with the sample. 

5. The filled cup was immediately inserted into the temperature 

vessel and secured in position. 

6. After about one hour the temperature of the sample was measured 

using a thermometer. The thermometer was left in the sample for 



108 

about 30 minutes to ensure that there were no temperature 

fl uctuations. 

7. The basic unit was turned on. 

8. The thermometer was removed from the sample. 

9. After a few minutes data acquisition was commenced. 

Measurements were started at low rpm, N, and then higher rpm 

values were used consecutively. However, later on during an experimental 

run, data were obtained in a decreasing order of rpm. All experimental 

measurements were performed at least twice in independent but duplicate 

runs. Fresh samples were used in every run. The reproducibility of the 

apparent viscosity measurements based on duplicate runs had a maximum 

relative error of + 3% for the fluids and + 7% for the slurries. 



CHAPTER 5 

EXPERIMENTAL RESULTS AND DISCUSSION 

The experimental results on the rheological behavior of TR12 

oil, WF/TR12 slurries, DC23 silicone oil and WF/DC23 slurries are pre

sented and discussed in this chapter. All figures that contain plots 

of apparent viscosity, ti, versus shear rate, or time, t, were drawn 

using actual data. All data were reported in terms of "true" apparent 

viscosity, n, and true shear rate, y. Plots of relative viscosity, nr, 

versus shear rate or wood flour volume fraction, <(>, were drawn based on 

actual apparent viscosity data except where specifically noted. 

Rheology of TR12 Oil 

The rheological behavior of TR12 oil was investigated at various 

temperatures and shear rates. The apparent viscosities of pure TR12 oil 

were measured at various shear rates at the following temperatures: 22°C, 

41°C, 55°C, 65°C, 75°C, 84°C and 93°C. The effect of shear rate , f, on 

the apparent viscosity, ti, of TR12 oil at various temperatures is shown 

in Figure 5.1. From this figure it can be seen that TR12 oil is shear 

thinning. Moreover, the extent of shear thinning increases with in

creased temperature of the sample. For example, the line representing 

the data at 22°C is almost flat, indicating a mild shear thinning effect, 

whereas the line representing the data at 93°C is relatively steep, 

109 
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Figure 5.1. Effect of shear rate on apparent viscosity of 
TR12 oil. 
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implying a stronger shear thinning effect. Thus, the shear thinning 

behavior of TR12 oil is dependent on temperature. 

Apparent viscosity data versus shear rate yielded straight lines 

when plotted on logarithmic scales as in Figure 5.1. Thus, the "power 

law" model was used to correlate apparent viscosity and shear rate 

data employing a standard non-linear regression program using a calcu

lator. The resulting correlation gave a good fit of the data in the 

range of shear rates investigated. The particular form of the "power 

law" model used to correlate the data was, 

the shear rate, y, and the shear stress, T , regardless of their signs, 

Equation 5.1 becomes, 

Equation 5.2 has two parameters, namely and n. These two parameters 

were calculated using the non-linear least squares regression program. 

All correlations of n versus t are reported using Equation 5.2. "Power 

law" correlations for TR12 oil are presented in Table 5.1. From this 

table, it can be seen that the "power law" flow index, n, decreased 

(5.1) 

where 

m-j = a constant, = n when y = ^ = 1 sec"^ 

t-j = a constant, y-| = 1 sec"^ 

Since y-j = 1 sec"^ and the Haake viscometer employs the magnitude of 

(5.2) 



Table 5.1. "Power law" correlations of TR12 oil. 

Shear Rate Quality 
Temperature Range Flow Index, of 

(°C) (sec*l) Correlation* n Fit 

22 0.08 - 5 n = 3>636o°o56°91 °-944 °*91 

'y 

41 0.7 -32 71 = 98,4070572 0,943 0,93 

tc c c rn _ 25,865.243 n -,nr n nr 
55 5.6 - 64 n = —q pis— 0.785 0.95 

y 

65 6.4 - 145 n = 7,9q8^Q4 0.820 0.94 

75 12.8 - 145 n = 3JQ4gQ3 0.792 0.94 

84 12.8 - 145 n = 1 '^igi6 °-809 °-94 

93 12.8 - 145 n = 1,0o°2774 °'773 0,98 

* t) is in mPa-s, t is in sec"^. 
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with increased temperature. A decrease in the value of n indicates 

increased shear thinning. Inspection of the values of the quality of 

fit in Table 5.1 shows that the "power law" model fits the rheological 

behavior of TR12 oil in the range of shear rates investigated. The 

term "quality of fit" refers to the regression coefficient for each 

correlation. This regression coefficient is usually designated as 

2 "R ." The quality of fit is a measure of how well the two variables 

(like n and y or nr and t) correlate. Whenever the value of quality 

of fit is close to unity, the correlation for the two variables is 

good. Conversely, if the value of quality of fit is close to zero, 

the two variables correlate very poorly and the correlation is useless. 

The correlations for the apparent viscosity, n, and the shear rate, 

t, shown in Table 5.1, are good since the values of quality of fit are 

close to unity. Finally, the reader is alerted to the fact that all 

the correlations presented in this chapter and in Appendices A and B 

are accurate to a maximum of four significant figures. More than four 

significant figures were often included in these correlations in order 

to present the exact results of this study. These remarks should 

help put the compliance of the rheological behavior of TR12 oil with 

the "power law" model in perspective. TR12 oil did not possess a 

yield stress, i|>, in the range of shear rates investigated. Consequently, 

it is not a Bingham plastic. TR12 oil did not exhibit the Weissenberg 

effect at any shear rate used in the experiments. Thus, TR12 oil does 
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not possess any normal stresses and it is not a viscoelastic fluid. 

Exploratory experiments were conducted to determine the effect of 

heating time and of shearing time on the apparent viscosity of TR12 

oil. The results of these experiments are discussed below. 

The effect of heating time on the apparent viscosity, n, of TR12 

oil was investigated. It was found that the apparent viscosity, n, of 

TR12 oil dropped with heating time to a certain value,then it started 

increasing again. The ratio of the apparent viscosity at time t, nt> 

to that at time zero, nQ» was plotted versus heating time, t. This plot 

is shown in Figure 5.2. To avoid unnecessary shearing of the sample, 

the apparent viscosity at time t, ti^, was measured only at the specified 

times represented by the symbols in Figure 5.2. As can be seen from this 

figure, the apparent viscosity of TR12 oil did depend on heating time. 

Thus, TR12 oil has a thermal-history dependence. However, this depen

dence is not very severe. Yet it can affect the data and precautions 

must be taken to reduce this effect by minimal heating of TR12 oil 

samples prior to data acquisition. Such precautions were taken in this 

study, as explained earlier. 

The effect of shearing on the apparent viscosity of TR12 oil was 

studied. The ratio of apparent viscosity at time t, nt> to that at time 

zero, nQ, was plotted as a function of shearing time, t, as shown in 

Figure 5.3. In this figure the ratio of apparent viscosities, nt/n0» 

dropped with time. But comparison of Figures 5.2 and 5.3 shows that 
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this drop in Figure 5.3 is quantitatively similar to the drop in Figure 

5.2. Thus, it was concluded that the drop in values of ru/n with 
w 0 

shearing time is actually due to heating and not to shearing. Conse

quently, TR12 oil does not have a shear-history dependence and it does 

not seem to exhibit thixotropy. 

Rheology of WF/TR12 Slurries 

The rheological behavior of WF/TR12 slurries was investigated 

at two temperatures, namely 65°C and 93°C. The values of the wood 

flour (WF) volume fraction, <J>, in the WF/TR12 slurries investigated at 

65°C were: 0.0384, 0.0777, 0.1181 and 0.1594; whereas at 93°C the 

WF/TR12 slurries studied had WF volume fractions of: 0.0377, 0.0764, 

0.1162, 0.157, 0.1989 and 0.242. The apparent viscosities, n> of 

WF/TR12 slurries were measured at 65°C and 93°C at various shear rates. 

The effect of shear rate, y, on the apparent viscosity, n, of WF/TR12 

slurries at 65°C is shown in Figure 5.4. Similar plots for WF/TR12 

slurries at 93°C are presented in Figures 5.5 and 5.6. As can be seen 

from these three figures, all WF/TR12 slurries are shear thinning. 

Moreover, the extent of shear thinning behavior increases with increased 

WF volume fraction, <f>. Also,all the curves in these figures are straight 

lines. Thus, the "power law" model should fit the apparent viscosity 

versus shear rate data in the range of shear rates investigated. Using 

a calculator, a standard non-linear least squares regression program was 

used to correlate the apparent viscosity data versus shear rate. "Power 

law" correlations for WF/TR12 slurries at 65°C and 93°C are presented 
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in Tables 5.2 and 5.3. As can be seen from these tables, WF/TR12 

slurries become more shear thinning as WF volume content, <)> x 100, 

increases. Moreover, the "power law" flow index, n, decreases with 

increased <(>. From the high values of quality of fit, it is evident that 

the "power law" model fits the apparent viscosity data fairly well in 

the range of shear rates investigated. 

WF/TR12 slurry did not show any yield stress in the range of 

shear rates investigated. The Weissenberg effect was noticed, especially 

at higher values of <|> and y. No measurements of normal stresses were 

made since the Haake viscometer used is not designed to measure normal 

stresses. However, it was observed that at a certain wood flour volume 

fraction, <{>, if the shear rate was increased the Weissenberg effect, as 

manifested by the escape of the sample from the viscometer gap, in

creased. A similar Weissenberg effect was noticed when <|> was increased. 

This can be realized best by noting that the range of shear rates, y, 

for WF/TR12 slurries at 93°C was limited to very low y values at 

$ = 0.1989 and <J> = 0.242 due to the Weissenberg effect. An increase in 

the Weissenberg effect is indicative of increased normal stresses. 

Thus, although no quantitative measurements of normal stresses were 

made, qualitative observations confirmed that normal stresses increase 

with increased solids volume fraction, <)>, or with increased shear rate. 

Fortunately, the Weissenberg effect was more pronounced at higher and 

y and those values were not reported. Consequently, WF/TR12 slurries 

are viscoelastic. However, no decisive conclusion could be made 



Table 5.2. Apparent viscosity correlations of WF/TR12 slurries at 65°C. 

Wood Flour Content, Shear Rate Quality 
<j) x 100, Range, Flow Index, of 

(vol%) (sec"') Correlation* n Fit 

0 6.4 - 145 n = 7'9!i8^p4 0.822 0.94 
•yu. l/a 

3.84 3.2 - 102 n = 21 ̂ q°2335 0-767 0.97 

7.77 0.4 - 72 n = °-589 °-97 

y ' 

li m n 1  co - _ 1,337,075.347 n I A A  l n 
11.81 0.1 - 58 T) - — Q- ycg— 0.244 1.0 

y ' 

15.94 0.1 - 32 n = 6,036,q4Q^94 0.188 1.0 
y 

* n is in mPa-s, y is in sec"\ 



Table 5.3. Apparent viscosity correlations of WF/TR12 slurries at 93°C. 

Wood Flour Content 
<J> x 100 

(vol%) 

Shear Rate 
Range 

(sec-1) Correlation* 
Flow Index, 

n 

Quality 
of 
Fit 

0 12.8 - 145 t1 = 
1,060.434 

.0.227 y 
0.773 0.98 

3.77 12.8 - 145 t1 = 
6,141,404 

.0.409 y 
0.591 1.0 

7.64 12.8 - 145 t1 = 
17,174.092 

.0.484 y. 
0.516 0.97 

11.62 2.3 - 102 t1 = 
336,232.351 

^0.796 0.204 1.0 

15.70 1 . 8 - 7 9  n = 
1 ,383,413.370 

.0.744 0.256 1.0 

19.89 0.02 - 0.14 n = 
7,653,552.446 

.0.879 y 
0.121 1.0 

24.20 0.02 - 0.07 t1 = 
15,504,177.780 

.0.878 y 
0.122 1.0 

* n is in mPa-s, y is in sec~\ 
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regarding the cause of normal stresses. According to Nawab and Mason 

(1958), normal stresses may be due to recoverable deformation of iso

lated particles or due to the formation of a particle network, while 

Carter (1967) suggested that normal stresses were present in his sus

pensions not due to suspension elasticity but rather due to particle 

anisotropy and collision-dependent orientation. The observations made 

by Daily and Bugliarello (1961) on ground wood/water slurries can shed 

some light on the uncertainty regarding the causes of normal stresses. 

The ground wood fibers they used are similar in many respects to the 

wood flour used in this study. They reported that at concentrations 

about 1 wt%, ground wood fibers formed a relatively inflexible network. 

Wood flour fibers used in this study are expected to form a similar net

work, especially at higher volume fractions. From research efforts 

independent of this study, slurries of a granular powder in TR12 oil 

were studied up to a volume fraction of about 0.47. The Weissenberg 

effect was not observed even at high shear rates. Thus, it may be said 

that normal stresses exhibited by WF/TR12 slurries are most probably 

due to the particle network and particle anisotropy. 

The values of the relative viscosity, nr» were calculated for 

the slurries using actual apparent viscosity data. The relative vis

cosity of a slurry is the ratio of the apparent viscosity of the slurry 

to that of the pure fluid at the same temperature and shear rate. The 

effect of shear rate on the relative viscosity, rir, of WF/TR12 slurries 

at 65°C and 93°C is shown in Figures 5.7 - 5.9. From these figures it 
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can be seen that the relative viscosity, nr» of WF/TR12 slurries de

creases quickly with increased shear rates, especially at high WF volume 

fractions. The dotted lines in Figures 5.8 and 5.9 represent nr values 

which were not calculated from actual apparent viscosity values. These 

dotted portions were extrapolated using the "power law" correlations 

obtained earlier. The relative viscosity, nr, was correlated as a 

function of the shear rate, y, for WF/TR12 slurries. The correlations 

were obtained using a standard non-linear least squares regression 

program using a calculator. It was found that an expression like the 

"power law" model can represent the dependence of nr on y very accurately. 

This result should not be surprising, since n versus y data for TR12 oil 

and WF/TR12 slurries obey the "power law" model. From the definition 

of relative viscosity one can write, 

(5.3) 

where 

nr = relative viscosity of the slurry 

ns = apparent viscosity of the slurry 

= apparent viscosity of the fluid 

But from the "power law" model tis and can be written as 

(5.4) 

and 

(5.5) 

where 
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ng = flow index of slurry 

n^ = flow index of fluid 

m-j = a constant for slurry, m-j = Tig when t = 1 sec"^ 

m^' = a constant for fluid, when y = 1 sec"^ 

Substitution of Equations 5.4 and 5.5 in Equation 5.3 yields, 

m 
"r " <5"6 '  

where m0 = and mQ = nr when y = 1 sec"^. Equation 5.6 was the 

equation used to represent the correlations of nr versus y. These cor

relations are shown in Tables 5.4 - 5.5. 

The effect of wood flour volume fraction, <(>, on the relative 

viscosity, nr» of WF/TR12 slurries at 65°C and 93°C is shown in Figures 

5.10-5.11. From these figures it can be seen that the relative viscosity 

of these slurries increases considerably with increased WF volume frac

tion. This increase in nr with <f> is strongly dependent on shear rate. 

However, the nature of the dependence of T)r on <J> is fairly similar at 

different shear rates since the curves of nr versus <(> at different shear 

rates have the same general shape. The effect of wood flour (WF) volume 

fraction and shear rate on the relative viscosity of wood flour slurries 

will be discussed in more detail later on. 

Exploratory experiments were performed to determine any possible 

effects due to particle size, particle size distribution, particle 

aspect ratio, q, and particle aspect ratio distribution. To determine 



Table 5.4. Relative viscosity correlations of WF/TR12 slurries at 65°C. 

Wood Flour Content, 
4> x 100 

(vol %) 

Shear Rate 
Range 

(sec~l) Correlation* 

Quali ty 
of 
Fit 

0.98 

1.00 

1.00 

1.00 

* tir is dimensionless, y is in sec"*. 

3.84 

7.77 

11.81 

15.94 

3.2 

0.4 

0.1 

0.1  

102 

72 

58 

32 

_ 2.867 
nr .0.081 

Y 

_ 16.642 
nr " .0.233 

Y 

= 168.839 
nr .0.578 

Y 

_ 762.149 
nr .0.634 



Table 5.5. Relative viscosity correlations of WF/TR12 slurries at 93°C. 

Wood Flour Content, 
<|> x 100 

(vol%) 

Shear Rate 
Range 

(sec~l) Correlation* 

Quality 
of 
Fit 

3.77 

7.64 

1 1 . 6 2  

15.70 

19.89 

24.20 

12.8 - 145 

12.8 - 145. 

2.3 - 102 

1.8 - 79 

0.02 - 0.2 

0.02 - 0.1 

_ 5.736 
\ ~ ^0.179 

_ _ 16.188 
nr " .0.254 

Y 

_ _ 317.753 
T]r ~ .0.569 

_ 1,304.557 
^r ^0.518 

_ _ 7,218.497 
\ ~ .0.651 

Y 

_ 14,649.927 
.c 
Y 

^r ,0.650 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

* nr is dimensionless, y is in sec •1 
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Figure 5.10. Effect of wood flour volume fraction on relative 
viscosity of WF/TR12 slurries at 65°C. 
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Figure 5.11. Effect of wood flour volume fraction on relative 
viscosity of WF/TR12 slurries at 93°C. 
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the effects of particle size and particle aspect ratio it is usually 

desirable to use uniform particles with uniform particle size and aspect 

ratio in each suspension. However, the wood flour used in slurries that 

are handled in cellulosic liquefaction processes does not have uniform 

particles with the same particle size or same particle aspect ratio. 

Actually, the wood flour used in this study is the same wood flour util

ized by the cellulosic liquefaction facility in Albany, Oregon as men

tioned earlier. Moreover, these experiments were exploratory in nature. 

They were designed to check if any effect can be detected and whether the 

magnitude of this effect warranted any future investigations. In these 

experiments a wood flour fraction between 65 and 100 mesh (65 - 100 mesh) 

was used. Particle size and particle aspect ratio analyses of this wood 

flour fraction are shown in Figures 3.4 - 3.6. A similar analysis for 

the -200 mesh fraction, which was used in most experiments, is shown in 

Figures 3.1 - 3.3. As can be seen from Figures 3.3 and 3.6, the distri

bution of particle aspect ratio for the two fractions is almost the same. 

The 65 - 100 mesh fraction has a very small percentage of particles with 

higher aspect ratios, q, more than the -200 mesh. From Figures 3.1 and 

3.4 it can be seen that the particle length distribution for both frac

tions is fairly close, too. However, the -200 mesh fraction has a very 

small amount of shorter particles more than the 65 - 100 mesh fraction, 

whereas the latter has a few longer particles more than the -200 mesh 

fraction. Finally, from Figures 3.2 and 3.5 it can be seen that the 

-200 mesh fraction has a few particles with smaller diameters than the 
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65 - 100 mesh fraction. It is obvious that the effects of particle 

size, particle size distribution, particle aspect ratio and particle 

aspect ratio distribution cannot be separated. Thus, all these effects 

will be combined and referred to collectively as the effect of "particle 

dimensions." The effect of particle dimensions on the apparent viscos

ity of WF/TR12 slurries is shown in Figure 5.12. As can be seen from 

this figure, the ratio of the apparent viscosity of the 65 - 100 mesh 

fraction, n65» to that of the -200 mesh fraction, n2oo' 1S higher than 

one. This shows that the apparent viscosity of a WF slurry increases c 

with increased particle dimensions. Moreover, this increase is much 

more pronounced at higher wood flour volume fractions. Consequently, 

this effect warrants further investigation. 

The thermal-history dependence of one WF/TR12 slurry was inves

tigated. The effect of heating time on the apparent viscosity of 7.77 

vol% WF in TR12 oil is shown in Figure 5.13. The ratio of the apparent 

viscosity at time t, nt» to that at time zero, n0, decreased with time. 

However, comparison of this figure to Figure 5.2 shows that the decrease 

in n./n for this slurry is qualitatively and quantitatively similar 
t o 

to that of pure TR12 oil. Thus, the thermal-history dependence of this 

WF slurry is mainly due to that of TR12 oil. 
{fc 

Rheology of DC23 Silicone Oil 
and WF/DC23 Slurries 

In order to compare and contrast the rheology of wood flour 

slurries to slurries of more uniform particles like glass fibers, DC23 
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silicone oil was chosen as the suspending fluid for the following set 

of experiments. DC23 silicone oil is very similar to the silicone oils 

used by Maschmeyer (1974) to study the rheology of glass fibers in 

silicone oils. Thus, the rheology of WF/DC23 will be compared and con

trasted to the rheology of glass fiber suspensions studied by Maschmeyer 

(1974). 

DC23 silicone oil is a Newtonian fluid up to a shear rate of 

about 250 sec"^. At shear rates higher than 250 sec"^ it becomes shear 

thinning. However, in this study the highest shear rate, y, used was 

144.8 sec"^. Consequently, DC23 silicone oil should be Newtonian in 

this study. Experimental measurements verified this conclusion. From 

Figure 5.14 it can be seen that the viscosity, y, of DC23 silicone oil 

is independent of shear rate in the range of shear rates used in this 

study. DC23 silicone oil does not have a thermal-history dependence or 

a shear-history dependence. Other properties of this fluid were given 

in Chapter 3. 

-The rheology of WF/DC23 slurries was studied at 41°C. The values 

of the wood flour (WF) volume fraction, <(>, in these slurries were: 

0.0341, 0.0694, 0.1059, 0.1437, 0.1828 and 0.2234. The apparent vis

cosities, n, of these slurries were measured at 41°C and various shear 

rates. The effect of shear rate on the apparent viscosity of these 

slurries is shown in Figures 5.14 and 5.15. Although pure DC23 silicone 

oil is not shear thinning in the range of shear rates investigated, all 

WF/DC23 were shear thinning. Moreover, the shear thinning behavior 
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increased with increased wood flour volume fraction, 4>. This behavior 

is similar to that exhibited by WF/TR12 slurries. As in the case of 

WF/TR12 slurries, the "power law" model was used to correlate the appar

ent viscosity, n» versus shear rate data of WF/DC23 slurries. A cal

culator program utilizing a standard non-linear least squares regression 

method was used to obtain the correlations. Apparent viscosity corre

lations of WF/DC23 slurries are shown in Table 5.6. As can be seen 

from this table, all the values of the quality of fit are either 1.0 or 

very close to 1.0 which indicates that the "power law" model fits the 

data very accurately in the range of shear rates investigated. Also, 

it can be noticed that the flow index, n, decreases with increased wood 

flour content in a manner similar to that exhibited by WF/TR12 slurries. 

Relative viscosity, nr, values of WF/DC23 slurries were calcu

lated based on actual apparent viscosity data as was done in the case 

of WF/TR12 slurries. The effect of shear rate, "t, on the relative 

viscosity of WF/DC23 slurries is shown in Figures 5.16 and 5.17. From 

these figures it can be seen that the relative viscosity, nr, of these 

slurries.increases quickly with increased wood flour volume fraction, <|>, 

while it decreases with increased shear rate. This behavior is similar 

to that of WF/TR12 slurries. Utilizing a calculator program, employing 

the non-linear least squares regression method, Equation 5.6 was used 

to correlate the relative viscosity and shear rate data of WF/DC23 

slurries. Relative viscosity correlations of these slurries are shown 

in Table 5.7. The effect of wood flour volume fraction, <J>, on the 



Table 5.6. Apparent viscosity correlations of WF/DC23 slurries. 

Wood Flour Content, 
<f> x 100 

(vol%) 

Shear Rate 
Range 

(sec-1) Correlation* 
Flow Index, 

n 

Quality 
of 
Fit 

3.41 

6.94 

10.59 

14.37 

18.28 

22.34 

Y < 250 

6.4 - 102.4 

3.2 - 51.2 

0.8 - 25.6 

0.4 - 52.7 

0.8 - 29.0 

0.02  -  0 .2  

y = 18,430 mPa-s 

n = _ 40,058.160 
J).094 

t1 = _ 81,720.749 
.0.201 

238,395.486 
n " .0.352 

Y 

I,803,013.068 
11 .0.696 

Y 

3,613,563.382 
11 " .0.754 

Y 

II,874,291.70 
11 " .0.892 

Y 

1.00 

0.906 

0.799 

0.648 

0.304 

0.246 

0.108 

0.95 

0.98 

1.00 

1.00 

1.00 

1.00 

ro 
* n is in mPa-s, y is in sec -1 
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Table 5.7. Relative viscosity correlations of WF/DC23 slurries. 

Wood Flour Content, 
<j> x 100 

(vol %) 

Shear Rate 
Range 

(sec-!) Correlation* 

Quali ty 
of 
Fit 

3.41 6.4 - 102.4 

6.94 3.2 - 51.2 

10.59 0.8 - 25.6 

14.37 0.4 - 52.7 

18.28 0.8 - 29.0 

22.34 0.02 - 0.2 

* nr is dimensionless, y is in sec"1. 

_  z .  i / a  
^r " .0.094 

Y 

_ _ 4.434 
r ^0.201 

_ _ 12.942 
r .0.352 

Y 

97.826 
^r " .0.696 

Y 

196.125 
Tl„ = r .0.754 

YY 

_ 642.931 
11 r " ,.0.893 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 
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relative viscosity, nr» of these slurries is shown in Figure 5.18. As 

shown in this figure, the relative viscosity of WF/DC23 slurries in

creases very quickly with increased <)>. Also, this increase in nr is 

strongly dependent on shear rate. However, the shape of the curve of 

nr versus <}> is almost the same at various shear rates. 

As in the case of WF/TR12 slurries, exploratory experiments were 

conducted to determine the effect of particle dimensions on the apparent 

viscosity, ti» of WF/DC23 slurries. The wood flour size fraction used in 

these experiments was 65 - 100 mesh. For a comparison of the particle 

dimensions of the 65-100 mesh and -200 mesh fractions the reader is 

referred to the section on the rheology of WF/TR12 slurries in this 

chapter. The wood flour volume fractions, «|>, used in these WF/DC23 

slurries were 0.0341 and 0.1059. The ratio of the apparent viscosity 

of the 65 - 100 mesh fraction, rigg» to that of the -200 mesh fraction, 

^200* 1S Plotted versus the shear rate, in Figure 5.19. As can be 

seen from this figure, an increase in particle dimensions can cause a 

measurable increase in the apparent viscosity of the slurry, especially 

at higher wood flour volume fractions. This behavior is similar to that 

of WF/TR12 slurries. 

Finally, the Weissenberg effect was noticed while measuring the 

apparent viscosities of WF/DC23 slurries, especially at higher wood 

flour volume fractions and shear rates. Thus, these slurries possess 

normal stresses. This behavior is similar to that exhibited by WF/TR12 

slurries. Consequently, WF/DC23 slurries are viscoelastic. For a 
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discussion of the probable causes of normal stresses, the reader is 

referred to the section on the rheology of WF/TR12 slurries in this 

chapter. 

Discussion 

The rheological behavior of wood flour slurries is unique. To 

a certain extent this behavior is similar to that exhibited by other 

suspensions of fibers. However, the properties of wood flour particles 

and non-hydrodynamic interactions among the particles and between the 

fluid and the particles affect the rheology of these slurries in a manner 

which is not accounted for by the theoretical correlations. To eluci

date the rheological behavior of wood flour slurries, the experimental 

data of these slurries will be compared and contrasted to the rheology 

of glass fibers in silicone oils as was reported by Maschmeyer (1974). 

But in order to orient the reader further, it is appropriate to compare 

the rheology of WF/TR12 and WF/DC23 slurries by examining the effect of 

each variable on the rheological behavior of these slurries, and to 

discuss the attempts made to correlate the relative viscosity as a 

function of the wood flour volume fraction and shear rate. 

Comparison of the Rheology of 
WF/TR12 and WF/DC23 Slurries 

Although TR12 oil and DC23 silicone oil are two rheologically 

different fluids, a comparison of the rheology of their slurries pro

vides useful insight. The effect of each variable on the rheological 

behavior of these slurries is discussed below. 
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Mood Flour Volume Fraction. The effect of wood flour volume 

fraction, <|>, on the rheology of WF/TR12 and WF/DC23 slurries is quali

tatively similar. The shape of the curves of relative viscosity, r)r, 

versus <(> is almost the same. This can be realized by inspection of 

Figure 5.20. All the curves in this figure exhibit the strong depen

dence of the relative viscosity on the wood flour volume fraction. Thus, 

it can be concluded that, among the variables that were investigated, 

wood flour volume fraction, <j>, is the variable that affects the rela

tive viscosity of wood flour (WF) slurries the most. However, at 

constant shear rate, the dependence of nr on <j> seems to be affected by 

two other variables, namely, the flow index, n, and the viscosity of the 

pure oil. The contribution of each of these variables cannot be isolated 

based on the experimental data of this study. From the data reported 

by White (1979) and which is shown in Figures 2.10 - 2.11, the apparent 

viscosity, n> of WF/gear oil slurries increased faster than the apparent 

viscosity of WF/water slurries as the wood flour mass fraction was 

increased at constant shear rate. Gear oil is a non-Newtonian fluid, 

while water is a Newtonian fluid. Thus,the apparent viscosity, or 

equivalently the relative viscosity, of a slurry where the suspending 

fluid is non-Newtonian increases faster than that of a slurry where the 

suspending fluid is Newtonian as the solids volume fraction is increased. 

A similar behavior is exhibited in Figure 5.20. DC23 silicone oil is a 

Newtonian fluid while TR12 oil is not. The flow index, n, of TR12 oil 

varies with temperature, at 65°C n = 0.82 and at 93°C n = 0.773. In this 
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figure the relative viscosity of WF/TR12 slurries at 93°C is higher 

than that of WF/TR12 slurries at 65°C and higher than that of WF/DC23 

slurries at constant <}> and y. Thus, the relative viscosity of WF slur

ries increases with decreasing flow index of the suspending fluid at 

constant <|> and y. On the other hand, based on Maschmeyer's (1974) data 

and from Figure 2.9 which was drawn using Maschmeyer's data, it can be 

seen that, at constant <J> and the relative viscosity of glass fibers 

suspensions decreases with increased oil viscosity. A similar behavior 

is shown in Figure 5.20 for wood flour slurries.. DC23 silicone oil has 

the highest viscosity followed by TR12 oil at 65°C and TR12 oil at 93°C. 

Thus, at constant <J> and y, the relative viscosity of wood flour slurries 

decreases with increased oil viscosity. This behavior may be due to a 

more uniform orientation of fibers in more viscous fluids, leading to a 

lesser disturbance of the velocity profile and consequently a lower value 

of relative viscosity. 

In this study, a phenomenon similar to that observed by Blakeney 

(1966) was noticed. Blakeney demonstrated the dependence of the relative 

viscosity of nylon fibers slurries on the fiber volume fraction, <t>, in 

the range covering the critical volume fraction, <f>*. He reported that 

the relative viscosity increased slowly but linearly at values of cf> less 

than 4>*. At <f> = ,(j>* the relative viscosity increased quickly but non-

linearly up to <|> = 0.005. At <j> > 0.005 the relative viscosity dropped 

and then it increased more quickly but in a linear manner. This beha

vior is shown in Figure 2.4 which was reproduced from Blakeney's (1966) 
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work. A similar behavior was exhibited by wood flour slurries as shown 

in Figure 5.20. Actually, the curves in this figure were not drawn 

smoothly as other plots of nr versus 4) to help the reader notice the 

following phenomenon. From this figure, it can be seen that the 

sharpest increase in the relative viscosity of WF/TR12 slurries occurred 

between <(> = 0.078 and <|> = 0.118, while for WF/DC23 slurries it occurred 

at = 0.106 to 0.144. After this sharp increase a lower increase 

occurred for all slurries. For WF/DC23 slurries this slower increase 

was followed by a sharper increase. Although no actual drop in relative 

viscosity was observed in this study, this variation of relative vis

cosity with <p is similar to what Blakeney (1966) reported. This phenome

non has not been reported in the other investigations reviewed in this 

study. Blakeney stated that the complete explanation for the occur

rence of this phenomenon is not known. However, he suggested particle 

interactions and particle orientations as partial answers. From this 

analysis one may conclude that the critical volume fraction, <f>*, for 

these wood flour slurries is between 0.078 and 0.144. 

An increase in wood flour volume fraction causes wood flour 

slurries to be more shear thinning. The effect of wood flour volume 

fraction, <(>, on the flow index, n, seems to follow a linear relationship, 

n decreases almost linearly as <j> is increased. This dependence is 

discussed in more detail in Appendix B. 

The dependence of the relative viscosity of WF slurries on c|> is 

roughly exponential. This high increase in nr with increased c|> is 
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thought to be strongly dependent on non-hydrodynamic interactions. The 

dependence of nr on <t> is in itself a function of shear rate. Finally, 

an increase in <J> causes the Weissenberg effect and thus, normal stresses 

to increase especially at higher values of <J>. 

Shear Rate. The shear rate was the next most important variable 

that affected the apparent viscosity, n, and the relative viscosity, nr> 

of wood flour slurries. All the slurries were shear thinning. This 

shear thinning behavior is thought to be due to the following effects: 

(1) Changes in particle orientation in a manner which reduces energy 

dissipation; (2) Destruction of the particle network; (3) Disruption of 

particle agglomerates; (4) The presence of the particles disturbs the 

velocity profile and induces higher shear rates in the fluid, causing a 

decrease in viscosity around the particles. This in turn decreases the 

energy dissipation and causes the suspension viscosity to be lower. 

However, it is not known to what extent each of these effects contribute 

to the shear thinning behavior of the slurries. The dependence of the 

apparent viscosity of the slurries on the shear rate obeyed the "power 

law" model, whereas the dependence of relative viscosity of the wood 

flour slurries on shear rate was correlated using an expression similar 

to the "power law" model. Finally, increasing the shear rate causes 

an increase in the Weissenberg effect and consequently an increase in 

normal stresses, especially at higher values of <J> and y. 

Temperature. The effect of temperature on the apparent viscosity, 

n, ,and the relative viscosity, nr of WF/TR12 slurries was found to rank 



third when compared to wood flour volume fraction, <t>, and shear rate, 

y. The apparent viscosity decreased with increased temperatures, as 

expected. However, the dependence of the apparent viscosity on tem

perature was complicated by the fact that the flow index, n, of TR12 

oil decreased with increased temperature. This decrease in the flow 

index causes TR12 oil to depart more from Newtonian behavior, leading 

to a higher apparent viscosity value than expected for the slurry. The 

apparent viscosity of WF/TR12 slurries was not correlated as a function 

of temperature since only two temperatures were used. 

Particle Dimensions. The term "particle dimensions" refers to 

the combined effect of particle size, particle size distribution, 

particle aspect ratio and particle aspect ratio distribution. The reason 

for the use of this term was explained earlier in this chapter. The 

effect of particle dimensions on the apparent viscosity of wood flour 

slurries is believed to rank fourth after <f>, y and temperature based 

on the experimental data. However, the findings in this study are not 

conclusive because the aspect ratios and the particle size distribution 

of the two wood flour size fractions used were very close in the explor

atory experiments that were conducted. Moreover, the discussion about 

the critical volume fraction, <)>*, shows that these two variables are 

fairly important to warrant further study. Based on the experimental 

data, it is evident that the apparent viscosity of wood flour slurries 

increases with increased particle dimensions. This increase is more 

pronounced at higher wood flour volume fractions. 
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Heating Time. The effect of heating time on the apparent vis

cosity of WF/TR12 slurries can be ranked fifth based on the experimental 

data. The apparent viscosity of 7.77 vol% WF in TR12 oil initially 

decreased upon heating then it started increasing with time. However, 

this thermal dependence is mainly due to the dependence of TR12 oil on 

heating time. Actually, a stronger thermal dependence was expected for 

WF/TR12 slurries. This is due to the fact that TR12 oil is supposed to 

dissolve certain components of wood. This interaction, if it occurred 

during data acquisition, would have caused the apparent viscosity of the 

slurry to increase considerably with heating time. Obviously this did 

not happen and the small increase in the apparent viscosity of the 

WF/TR12 slurry used was due to TR12 oil. This finding cannot rule out 

this interaction between TR12 oil and wood flour since it could have 

taken place when the sample was heated during mixing and while it was 

being heated in the viscometer itself prior to commencing the experi

mental measurements. WF/DC23 slurries were not affected by heating time. 

Correlation of Relative Viscosity Data 

Several attempts were made to correlate the relative viscosity, 

nr, as a function of wood flour volume fraction, <|>, while one attempt 

was made to correlate the relative viscosity of wood flour slurries as 

a function of wood flour volume fraction and shear rate, y. The reader 

is referred to Appendices A and B for more details. 

Brodnyan's Equation. The first attempt to correlate the rela

tive viscosity, nr» of wood flour slurries as a function of wood flour . 



volume fraction, <|>, employed Brodnyan's (1959) equation. As discussed 

in Appendix A, this equation required the use of a single value of 

particle aspect ratio, q. But the wood flour used in this study has an 

aspect ratio distribution. Using an argument that was based on the 

critical volume fraction, <j>*, of the wood flour slurries used and on 

Mason's (1950) equation, a "representative" aspect ratio of 3.664 was 

obtained. This value was substituted in Brodnyan's equation to obtain 

the relative viscosity, nr> of each slurry at y = 1.0 sec"^. Relative 

viscosity values of WF/DC23 slurries as calculated using Brodnyan's 

equation were orders of magnitude lower than measured nr values. This 

result should not be surprising since Brodnyan's equation is supposed to 

apply in the range where the suspension is Newtonian. Moreover, this 

equation does not account for non-hydrodynamic particle and fluid-

particle interactions. The values of measured,and calculated n at 

Y = 1.0 sec"^ are shown in Table A.l. 

Modified Brodnyan's Equation. Having established that Brodnyan's 

(1959) equation does not fit the relative viscosity, r)r> data of the 

wood flour slurries used, an attempt was made to modify this equation 

to fit the data. The details of the procedure used are given in Appen

dix A. The final expression for m0(m0 = nr at y = 1.0 sec"^) was of 

the form, 

mo = Exp[l - ̂ 454>] 

where b is a coefficient that should be evaluated from the data of each 

slurry. Values of mQ were calculated using an equation like Equation 
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5.7 for each slurry. The calculated and measured values of mQ for the 

slurries are given in Tables A.2 - A.4. The modified Brodnyan equation, 

or Equation 5.7, yielded a better fit of the data than Brodnyan's equa

tion. However, the fit was far from exact. 

Exponential Equation. The final attempt to correlate mQ as a 

function of wood flour volume fraction, (|>, employed an equation of the 

form, 

mQ = B<j> Exp (B1 <J>) + 1 (5.8) 

where B and B' are coefficients that must be determined from the data 

of each wood flour slurry. The details of this attempt are given in 

Appendix B. Values of mQ were calculated for each slurry using an equa

tion of the form of Equation 5.8. The calculated and measured values of 

in for the wood flour slurries are given in Table B.l - B.3. This 
o 

equation gave a slightly better fit of the data than the modified 

Brodnyan (1959) equation. However, the fit was still far from being 

exact. It was decided that the fit provided by Equation 5.8 was suf-

2 
ficient. A better fit may be possible if terms of <|> and higher order 

were included in the exponential term. 

So far, no mention of the dependence of relative viscosity, nf» 

on shear rate has been made. Equation 5.6 gives the dependence of nr 

on shear rate, y. Substitution of Equation 5.8 into Equation 5.6 

yields, 
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where 

rij. = flow index of fluid 

ng = flow index of slurry 

Equation 5.9 gives the dependence of rir on <{> and However, the shear 

rate power index, (nf-ns), varies with <j> and Equation 5.9 is not con

venient in its present form since the value of (n^-ng) must be inserted 

as a constant for every value of <f>. Yet, Equation 5.9 is consistent 

mathematically since when <f) = 0 then (n^-ns) = 0 and nr = 1. When the 

slurry becomes Newtonian and if the fluid is Newtonian, then n^ = n = 1 

and (n^-ng) = 0, consequently the dependence of nr on y is eliminated. 

The dependence of (n^-ng) on wood flour volume fraction, <J>, was found 

to be roughly linear and of the form, 

(nf - ns) = b'<j> + b" (5.10) 

where b' and b" are coefficients that must be determined from the data 

of each wood flour slurry. Substitution of Equation 5.10 in Equation 

5.11 yielded, 

n = ^ /XP ^ ( 5  n )  
\ ^(b'tf) + b") p- l,; 

Equation 5.11 was the equation used to calculate the relative viscosity 

of each slurry at a certain <|> and y. This equation is more convenient 

than Equation 5.9 since after the constants B, B', b' and b" are 

evaluated from the data, nr can be evaluated knowing <J> and y only for 

each slurry. Nevertheless, Equation 5.11 has some disadvantages when 
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compared to Equation 5.9. First, the use of a correlation instead of 

actual (n^-ng) values will introduce additional error that may often be 

compounded with the error from the correlation of mQ and <|>. Second, 

Equation 5.11 is not as consistent mathematically as Equation 5.10 

b" 
since when <J> = 0 then nr = l/y instead of nr 

= !• However, it can be 

argued that when <j> = 0 then n^ = ng and nf-ng = 0, thus (b'<f) + b") = 0. 

This possible inconsistency is not a major problem. Based on the data 

of each slurry the final correlations obtained were, 

for WF/DC23 at 41°C, 

- 11-6574> Exp (24.908(f)) + 1 
nr t(4.6068<|> - 0.0783) K 'tC) 

for WF/TR12 at 65°C, 

„ _ 11.0(i)Exp(38.942(t>) + 1 /, 
nr " .,(5.1536$- 0.1321) (5,13' 

for WF/TR12 at 93°C, 

_ 33.34(f) Exp(33.241<j)) + 1 /c i/i\ 
nr ^(2.43^+0.1348) 

Using Equations 5.12 - 5.14 the values of nr for each slurry were calcu

lated at various <j> and -y. The calculated and measured values of Tir for 

the wood flour slurries are given in Tables B.7 - B.12. From these 

tables it can be seen that calculated and measured values of relative 

viscosity are not that close. Thus,the fit of the data provided by 

Equations 5.12 - 5.14 is not exact, but this fit seems to improve at 

higher shear rates. Totally empirical correlations like Equations 5.7, 
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5.9, 5.11 and 5.12 - 5.14 are of very limited utility for the following 

reasons. First, they are completely based on the data, and the data 

must be obtained first. But once the data are obtained, the rheological 

behavior of the slurry is determined. Thus, an empirical correlation 

is useless unless repetitive calculations are needed such as in computer 

programs used for process design. Consequently, the utility of an 

empirical correlation may be mainly due to convenience. Second, 

empirical correlations do not have the predictive power of theoretical 

correlations. Yet, often theoretical correlations can be applied only 

to a very limited number of suspensions. 

Comparison to Glass Fiber Suspensions 

Maschmeyer (1974) studied the rheology of glass fiber suspen

sions. The fluids used were silicone oils like DC23 silicone oil used 

in this study. Thus, any major differences in the rheological behavior 

of WF/DC23 slurries and glass fiber/silicone oil suspensions must be due 

mainly to differences in the properties of wood flour fibers and glass 

fibers. For more details about Maschmeyer's findings, the reader is 

referred to Chapter 2. The volume fractions of glass fibers he used 

were 0.15 and 0.30, which are in the same range of <|> used in this study. 

He used an Instron capillary viscometer to obtain his data, but the 

differences due to type of viscometer used should be small. The glass 

fibers he used were not uniform, but he stated that a particle aspect 

ratio, q, of 20 is reasonable for his glass fibers. Some of his data 

are presented in Figures 2.7 - 2.8, while Figure 2.9 was drawn based on 
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his data. He reported that the glass fibers and the silicone oils used 

were compatible and thus, surface effects should be minimal. His sus

pensions were shear thinning but not as much as WF/DC23 slurries. He 

did not report any yield stress as was the case in this study. He did 

not measure any normal stresses since the Instron viscometer he used is 

not designed to measure normal stresses. Based on theoretical correla

tions like Brodnyan's (1959) equation, which neglect non-hydrodynamic 

interactions, the relative viscosity of a glass fiber (GF) suspension 

at <f> = 0.15, t = 1*0 sec"^ and q = 20 should be higher than that of a 

WF/DC23 slurry at <|> = 0.1437, y = 1.0 sec"^ and q * 3.664. But actually 

nr - 3 for the glass fiber suspension based on Maschmeyer's data, while 

nr = 97.8 for the WF/DC23 slurry. This is a huge difference in r)r-

This difference may be attributed to the following reasons: 

1. Surface effects. These effects were reported to be fairly small 

in GF/silicone oil suspensions. In WF/DC23 slurries the magni

tude of surface effects is not known, but it is thought to be 

higher than in GF/silicone oil suspensions. 

2. Particle surface. Wood flour fibers are not as uniform as 

glass fibers, thus they may trap more silicone oil due to sur

face roughness. Also, like ground wood fibers investigated by 

Daily and Bugliarello (1961), wood flour fibers have a high 

hydrodynamic specific surface and consequently, they require 

more fluid to wet their surface. Moreover, at high wood flour 

volume fractions there might not be enough fluid to wet all the 
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particles and this causes an increase in hydrodynamic drag 

phenomena on the fiber surfaces and possibly an increase in 

particle-particle friction leading to higher suspension visco

sities. Glass fibers are supposed to have a lower hydrodynamic 

specific surface. 

3. Particle porosity. Wood flour particles are porous while glass 

fibers are not. Thus, wood flour fibers can absorb fluids with 

low molecular weights. This absorption causes a decrease in the 

amount of fluid in the slurry while inducing swelling of wood 

flour fibers. The result would be a higher suspension viscosity. 

4. Particle network. As reported by Daily and Bugliarello (1961), 

ground wood fibers form a relatively inflexible particle network 

at a fiber concentration of about 1 wt%. This network causes 

. the apparent viscosity of ground wood slurries to be higher 

than that of other wood fibers with higher aspect ratios. Wood 
t 

flour fibers may form a similar network that causes the apparent 

viscosity of a slurry to be higher than expected. Actually, the 

relative viscosity data of wood flour slurries increase consider

ably with increased <p, indicating that such a network is formed. 

5. Physico-chemical interactions. As mentioned earlier, TR12 oil 

is supposed to be a good solvent of certain components of wood. 

Thus, if some form of chemical or physical or even physico-

chemical interaction took place between wood flour particles 

and TR12 oil during mixing and heating of the samples such 



164 

interaction may cause an increase in the apparent viscosity of 

the slurry. However, it is doubtful that such an interaction, 

if any, is very significant since apparent viscosity values of 

WF/DC23 slurries were high too. 

Glass fiber suspensions do not exhibit any of the above-

mentioned effects. They may form a fiber network, but this network is 

not as strong as that of wood flour fibers. In conclusion, it can be 

seen that there are many factors and effects that theoretical rheologi-

cal analyses cannot account for. Theoretical analyses based on the 

rheology of dilute slurries are useful in providing some insight for 

understanding the rheology of concentrated slurries. Consequently, if 

the rheology of a concentrated slurry is required, the best approach 

would be to conduct rheological experiments to determine the rheological 

behavior of the slurry in question. 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

The conclusions regarding the rheological behavior of TR12 oil, 

WF/TR12 slurries and WF/DC23 slurries are presented in this chapter. 

In addition, some recommendations are made. 

Conclusions 

TR12 oil was found to be a shear thinning fluid. This shear 

thinning behavior increased with temperature. The "power law" model 

fit the apparent viscosity data of TR12 oil very accurately in the range 

of shear rates investigated. TR12 oil did not exhibit any viscoelastic 

behavior. This fluid was found to possess a thermal-history dependence, 

while no shear-history dependence was observed. TR12 oil did not ex

hibit any yield stress. 

WF/TR12 and WF/DC23 slurries were found to be shear thinning. 

This shear thinning behavior increased with increased wood flour volume 

fraction, <|>. The apparent viscosity data of these slurries fit the 

"power law" model very accurately in the range of shear rates investi

gated. These slurries did not exhibit any yield stress in the range of 

shear rates, y, and wood flour volume fractions studied. The Weissenberg 

effect was noticed during experimental measurements involving these 

slurries. Thus, wood flour slurries .are viscoelastic. The Weissenberg 



effect increased with increased <J> and t when the particle dimensions 

were held constant. The dependence of relative viscosity, rir, on shear 

rate, y, for these slurries obeyed a correlation similar to the "power 

law" model very accurately. The dependence of the shear rate power 

index, (nf-ns), on wood flour volume fraction, <f>, was found to be 

roughly linear. Brodnyan's (1959) equation gave relative viscosity 

values which were orders of magnitude lower than the measured values. 

The modified Brodnyan equation yielded relative viscosity values which 

were of the same order of magnitude as the measured values. However, 

the fit provided by this equation was far from exact. An exponential 

equation was used to correlate the relative viscosity dependence on 

wood flour volume fraction, <|>, and on shear rate, y. The fit provided by 

this equation was slightly better than that obtained by the modified 

Brodnyan equation, but the fit was still not exact. However, this fit 

seemed to improve at higher shear rates. This equation should not be 

extrapolated beyond the range of experimental data. This is especially 

true for extrapolations at higher <j> values. WF/TR12 slurries possess a 

thermal-history dependence which is mainly due to the thermal-history 

dependence of TR12 oil. WF/DC23 slurries do not possess a thermal-

history dependence. The apparent viscosity of wood flour slurries 

increased with increased particle dimensions. This increase was more 

pronounced at higher wood flour volume fractions. The apparent viscos

ity, n, and relative viscosity, nr> of wood flour slurries are consid

erably higher than ri and nr values predicted based on theoretical 
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correlations. Also, ri and n values of wood flour slurries are much 
r 

higher than glass fiber suspensions. These high values of apparent and 

relative viscosities of wood flour slurries are believed to be mainly 

due to the particle properties of wood flour. These properties are not 

taken into account in theoretical correlations and they are negligible 

for glass fiber/silicone oil suspensions. 

Recommendations 

An investigation of the rheological behavior of complex slurries 

like wood flour slurries,as was done in this study,can only be consid

ered as one step forward toward the understanding of the rheology of 

wood flour slurries. Although a considerable amount of data were 

reported and a few interesting phenomena were noticed, much work is 

needed in the future to elucidate the rheological behavior of these 

slurries. The bulk of this future work must be accomplished experimen

tally. This is due to the fact that the theory of dilute suspensions 

and previous investigations using other fiber suspensions can only 

provide clarifying insight and general guidelines for the understanding 

of the rheology of concentrated wood flour slurries. 

Some of the areas that require more study are: 

1. The effect of particle dimensions on the rheological behavior 

of wood flour slurries. 

2. The presence of normal stresses and their variation with wood 

flour volume fraction, shear rate (or shear stress) and particle 

aspect ratio. 



168 

3. The interactions between wood flour particles and their effect 

on the rheology of wood flour slurries. 

4. The interactions between wood flour fibers and suspending fluids 

and their effect on the rheology of wood flour slurries. 

Obviously, investigation of the effect of each of the variables 

mentioned above on the rheological behavior of wood flour slurries will 

not be easy. It will involve the use of very difficult experimental 

techniques and a great amount of research effort. Often this is 

how scientific knowledge is acquired. 



APPENDIX A 

CORRELATION OF DATA USING THE 
EQUATION OF BRODNYAN 
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CORRELATION OF DATA USING THE 
EQUATION OF BRODNYAN 

Inspection of the dependence of the relative viscosity, nr> on 

wood flour volume fraction, <(>, revealed that nr increased very rapidly 

with increased <|>. Plots of nr versus <J> indicated that the dependence 

of nr 01 <t> was non-linear. It was found that an exponential function 

in <t> can give curves that resemble the plots of nr versus <)>. Thus, 

since Brodnyan's (1959) equation is exponential in form and it is 

supposed to apply for concentrated suspensions of rods, it was chosen 

for correlating the relative viscosity dependence on the wood flour 

volume fraction. When the crowding factor, K, is taken to be 1.91, 

Brodnyan's (1959) equation can be written as, 

n - rrnl"2-5* * 0-399(q - l)1'48*! (A.l) 
nr txpL 1 - 1.91<() J 

However, Brodnyan's equation requires a unique value for the aspect 

ratio, q, of the particles. The wood flour fibers used in this 

study do not have a single value of q since they consist of a distri

bution of particle aspect ratios. The -200 mesh fraction, which was 

used in most of the experiments, has the following aspect ratio distri

bution: about 73% of the particles have aspect ratios between 1 and 2, 

about 22% of the particles have an aspect ratio between 2.5 and 4, 

while about 5% of the particles have an aspect ratio between 5 and 8. 

Thus, q can be anywhere between 1 and 8. Instead of substituting values 

of q from 1 to 8 in Equation A.l or using statistical methods that 
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depend on the weighting of different fractions, Mason's (1950) defini

tion of critical volume fraction, <f>*,was used. The critical volume 

fraction, 4>*, is defined as the solids volume fraction beyond which the 

relative viscosity increases more quickly. From Figure 5.17 it can be 

seen that the sharpest increase in nr with <|> for WF/TR12 slurries 

occurred at 4> = 0.078 to 0.118, while for WF/DC23 slurries the sharpest 

increase took place at <f> = 0.106 to 0.144. Thus, the critical volume 

fraction, <j>*, for WF/TR12 slurries should be <|>* = 0.078 - 0.118 whereas 

for WF/DC23 slurries, <f>* = 0.106 - 0.144. These values of <f>* are rela

tively close. Thus, the average of these values was used. Consequently, 

the critical volume fraction, 4>*, became 0.112. Mason (1950) defined 4>* 

mathematically as, 

Thus, having obtained <{>*, q was evaluated using Equation A.2 and was 

found to be 3.664. This value of q is in fact between 1 and 8, which 

is the actual range of the wood flour aspect ratios. This method of 

evaluating q may not be completely valid but it was felt that it was the 

most realistic method since the curves of nr versus <$> showed that 4>* 

must be between 0.077 and 0.144. Substitution of the value of q in 

Equation A.l yielded, 

n r 
Exp 

2.5<{) + 0.399(3.664 - 1 
1 - 1.91<|) 

or 

(A.3) 
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Equation A.3 can give the dependence of the relative viscosity, nr» on 

the wood flour volume fraction, <t>. However, the dependence of nr on 

<J> is in itself a function of the shear rate, y- As was shown in 

Chapter 5, the dependence of nr on y can be represented very accurately 

by Equation A.4, 

where 

rn = di mens ionl ess constant, rn = n when Y - 1 sec"^ 
o  o r 1  

n^ = "power law" flow index of the fluid 

ng = "power law" flow index of the slurry 

It was stated in Chapter 5 that plots of nr versus <J>, at various 

shear rates, for the wood flour slurries used were similar in shape. 

Thus, plots of mQ versus <j> should be representative of plots of nr 

versus <j>. Moreover, plots of nr versus <J> for WF/TR12 and WF/DC23 were 

similar in shape. Thus, in the initial search for a correlation to 

represent the behavior of nr with <j> or mQ with <f>, it is sufficient to 

use WF/DC23 slurries data. Utilizing data of WF/DC23 slurries, Equation 

A.3 was used to calculate mQ for each value of <J>. The results are 

shown in Table A.l. As can be seen from this table, the values of mQ 

as calculated using Brodnyan's equation are much lower than the measured 

values of mQ. Even if the aspect ratio, q, was assumed to be 8, which 

is an unreasonable assumption since very few particles in the -200 mesh 

fraction have a value of q = 8, Equation A.3 still gave very low values 

of mQ. Thus, Brodnyan's equation does not fit the relative viscosity 
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Table A.l. Values of nig calculated using 
Brodnyan's equation. 

Wood Flour 
Volume Fraction, 

4> 
Measured 

mo 

Calculated 

% 

0.0341 2.18 1.17 

0.0694 4.43 1.40 

0.1059 12.94 1.75 

0.1437 97.83 2.30 

0.1828 196.13 3.25 

0.2234 642.93 5.14 

data of the wood flour slurries. This conclusion is not surprising 

since most of the theoretical correlations neglect non-hydrodynamic 

particle-particle and fluid-particle interactions. Such interactions 

should be prevalent in wood flour slurries used in this study. 

Having realized that Brodnyan's equation does not fit the rela

tive viscosity, nr» data of wood flour slurries, it was thought that 

this equation may be modified to fit the data. Nicodemo and Nicolais 

(1974) reported that Brodnyan's (1959) equation did not fit their data. 

However, they fit their data using a modified version of Brodnyan's 

equation, namely, 

yr = Exp (8.52$) (A.5) 
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The method used in this study to modify Brodnyan's equation can 

be described as follows: 

1. The value of the particle aspect ratio, q, was kept as 3.664. 

2. The value of the crowding factor, K, was allowed to vary since 

K = 1.91 was supposed to apply for ellipsoids with a very high 

axis ratio, while wood flour fibers have small aspect ratios, q. 

3. Equation A.3 was rewritten as, 

mo = E*pfHn ]̂ <A-6> 

4. Equation A.6 was rearranged to be of the form, 

1 ' 4Ln°B12* ° K • (A'7) 

0 

5. The expression [1 - (4.2012<|>)/Lnmo] was correlated as a function 

of <|> using linear regression and the resulting expression was, 

1 " 4Lnm^ = 0,29<i> + 0,8 (A*8^ 

6. After simplification and rearrangement of Equation A.8 the final 

expression for mQ was, 

mo = Exp [l -21 ?454>] (A,9) 

As can be seen from Equation A.9, the crowding factor, K, was 

found to be 1.45 using this method. Values of mQ for WF/DC23 

slurries were calculated using Equation A.9. The calculated 

and measured values of m are shown in Table A.2. From this 
o 
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Table A.2. Values of itiq for WF/DC23 slurries as 
calculated using the modified 
Brodnyan equation. 

Wood Flour 
Volume Fraction, 

* 

Measured 

mo 

Calculated 

mo 

0.0341 2.18 2.12 

0.0694 4.43 5.06 

0.1059 12.94 13.84 

0.1437 97.83 45.24 

0.1828 196.13 185.54 

0.2234 642.93 1,031.97 

table, it can be seen that the calculated values of mQ are 

closer to the measured values but the fit is not exact. 

Other methods can be used to modify Brodnyan's equation. As an 

2 
example, terms with <|> and higher order can be used in the numerator of 

the exponential term in Equation A.9. Having established that an equa

tion of the form of Equation A.9 can represent the dependence of mQ on 

<P for WF/DC23 slurries, Equation A. 10 was used to represent the depen

dence of mQ on 4> for WF/TR12 slurries. 

mo = Exp[l - bi%5<|>] ^A"10^ 

where b is a coefficient that should be evaluated from the data of each 

slurry. The values of b for WF/TR12 slurries at 65°C and at 93°C can 
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be evaluated from the slope of a plot of [(1 - 1.454>)LnmQ] versus <(>, or 

by trial and error. The method of trial and error was used in this 

study. Thus, for WF/TR12 slurries at 65°C the final expression for mQ 

was Equation A.11, whereas for WF/TR12 slurries at 93°C the final 

expression for mQ was Equation A. 12. 

The values of mQ for WF/TR12 slurries at 65°C were calculated using 

Equation A.11 and the results are shown in Table A.3. Similarly, values 

of mQ for WF/TR12 slurries at 93°C were evaluated using Equation A.12 

and the results are shown in Table A.4. From these tables it is evident 

that the modified version of Brodnyan's equation does not give an exact 

fit of the data, but at least this fit is better than what could be 

obtained using Brodnyan's equation. 

So far no attempt has been made to incorporate the shear rate 

into expressions of rir versus In Appendix B such an attempt is pre

sented and a new endeavor to correlate mQ and 4> is made. 

and 

mo = Exp[l -3f?45J 

mo = Exp[l -3l?45<f>] 

(A.11) 

(A.12) 



Table A.3. Values of 1% for WF/TR12 slurries at 65°C 
as calculated using the modified Brodnyan 
equation. 

Wood Flour 
Volume Fraction, 

Measured 

mo 

Calculated 

mo <l> 

Measured 

mo 

Calculated 

mo 

0.0384 2.87 3.67 

0.0777 16.64 16.48 

0.1181 168.84 95.60 

0.1594 762.15 760.63 

Table A.4. Values of nig for WF/TR12 slurries at 93°C 
as calculated using the modified Brodnyan 
equation. 

Wood Flour 
Volume Fraction, 

Measured 

mo 

Calculated 

mo * 

Measured 

mo 

Calculated 

mo 

0.0377 5.74 4.04 

0.0764 16.19 20.23 

0.1162 317.75 133.1 

0.1570 1,304.56 1,223.0 

0.1989 7,218.50 17,728.9 

0.2420 14,649.9 465,000 



APPENDIX B 

CORRELATION OF DATA USING 
AN EXPONENTIAL EQUATION 

178 



179 

CORRELATION OF DATA USING 
AN EXPONENTIAL EQUATION 

As was mentioned in Chapter 5 and in Appendix A, the relative 

viscosity, rir, dependence on shear rate, -y* can be accurately repre

sented by, 

where 

m = dimensionless constant, ni = when -v = 1 sec"1 

o  o r '  

nf = "power law" flow index of the fluid 

ng = "power law" flow index of the slurry 

Since Equation B.l gives the dependence of nr on t accurately, it is 

a good equation to use to develop an expression for the dependence of 

nr on <j> and on y. Thus, it is necessary to incorporate the dependence 

of Tir on <t> in Equation B.l. From the data, it was noticed that both 

mQ and (nf-ng) varied with <f>. Consequently, two correlations are 

needed. The first correlation should give the dependence of mQ on <)>, 

while the second should give the dependence of (n^~ns) on <j>. 

The dependence of mQ on <j> was discussed in Appendix A. It was 

shown that Brodnyan's (1959) equation gave values of mQ which were too 

low, whereas the modified Brodnyan equation gave values of mQ which were 

closer to the measured values but the fit was far from exact. Another 

attempt was made to correlate mQ and <j>. This endeavor led to an 

expression which gave a slightly better fit of the data than the modi

fied Brodnyan equation. Nevertheless, the fit was still not exact. 
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This attempt was based on the correlation of [(mQ - 1 )/<{>] versus <|> using 

a calculator program employing the non-linear least squares regression 

method. The form of the resulting expression was, 

mQ = B<|> Exp (B'<|>) + 1 (B.2) 

Equation B.2 is still an expression with an exponential term in <|>. 

Thus, it is similar to Brodnyan's equation. Based on the data for each 

slurry the final equations were, 

for WF/DC23 at 41°C, 

mQ = 11.6574) Exp (24.908<f>) + 1 (B.3) 

for WF/TR12 at 65°C, 

mQ = 11.0(f) Exp (38.942<()) + 1 (B.4) 

for WF/TR12 at 93°C, 

i 
m0 = 33.34(f) Exp (33.241(f)) + 1 (B.5) 

Using Equations B.3 - B.5 values of mQ were calculated for each slurry. 

Calculated values of mQ for WF/DC23, WF/TR12 (at 65°C) and WF/TR12 (at 

93°C) slurries are shown in Tables B.l -B.3, respectively. As can be 

seen from these tables, calculated values of mQ are often not very 

close to the measured values; however, the quality of fit of the data 

is slightly improved over that obtained using the modified Brodnyan 

equation. 

Having obtained expressions for the dependence of mQ on 4> the 

next task was to determine the dependence of (nf-ng) on (f>. The shear 
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Table B.l. Values of mQ for WF/DC23 slurries. 

Wood Flour 
Volume Fraction, 

4> 

Measured 
mo 

Calculated 
mo 

0.0341 2.18 1.93 

0.0694 4.43 5.56 

0.1059 12.94 18.26 

0.1437 97.83 61.05 

0.1828 196.13 203.30 

0.2234 642.93 680.64 

Table B.2. Values of m. for WF/TR12 slurries 
at 65°C. 0 

Wood Flour 
Volume Fraction, 

* 

Measured 
mo 

Calculated 
mo 

0.0384 2.87 2.88 

0.0777 16.64 18.62 

0.1181 168.84 130.12 

0.1594 762.15 871.36 
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rate power index, (nf-ns), was correlated as a function of <|> using 

linear regression. The calculated and experimental values of (n^-ng) 

forWF/DC23, WF/TR12 at 65°C and WF/TR12 at 93°C slurries are given in 

Tables B.4 - B.6, respectively. 

Table B.3. Values of m for WF/TR12 slurries 
at 93°C. 0 

Wood Flour 
Volume Fraction, 

* 

Measured 
mo 

Calculated 
mo 

0.0377 5.7 5.4 

0.0764 16.2 33.3 

0.1162 317.8 185.4 

0.1570 1,304.6 967.9 

0.1989 7,218.5 4,932.7 

0.2420 14,649.9 25,000 

The dependence of (nf-ns) on <j> was roughly linear. Thus, the 

expression used to correlate this dependence was, 

(nf - ns) = b'* + b" (B.6) 

where b' is the slope of the straight line and b" is the intercept. 

The calculated values of (nf-ns) for each slurry were obtained using 

Equations B.7 - B.9, 

for WF/DC23 at 41°C, 

(nf - ns) = 4.6068cJ) - 0.0783 (B.7) 



Table B.4. Calculated and experimental values of 
shear rate power index of WF/DC23 
slurries. 

Wood Flour 
Volume Fraction, 

* 

Experimental 
(nf-n

s) 
Calculated 

(nf-ns) 

0.0341 0.094 0.079 

0.0694 0.201 0.241 

0.1059 0.352 0.410 

0.1437 0.696 0.584 

0.1828 0.792 0.764 

0.2234 0.893 0.951 

Table B.5. Calculated and experimental values of 
shear rate power index of WF/TR12 
slurries at 65°C. 

Wood Flour 
Volume Fraction, 

• 

Experimental 
(nf-ns) 

Calculated 
("f-ns) 

0.0384 0.055 0.066 

0.0777 0.233 0.268 

0.1181 0.578 0.477 

0.1594 0.634 0.689 
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Table B.6. Calculated and experimental values of 
shear rate power index of WF/TR12 
slurries at 93°C. 

Wood Flour 
Volume Fraction, 

* 

Experimental 
(»f-ns) 

Calculated 

'"A1 

0.0377 0.179 0.226 

0.0764 0.254 0.320 

0.1162 0.569 0.417 

0.1570 0.518 0.516 

0.1989 0.651 0.618 

0.2420 0.650 0.723 

for WF/TR12 at 65°C, 

(nf - ns) = 5.1536«() - 0.1321 (B.8) 

and for WF/TR12 at 93°C, 

(nf - ng) = 2.43<}> + 0.1348 (B.9) 

Based on Equations B.l, B.2 and B.6 the final expression for the 

dependence of the relative viscosity, nr» on wood flour volume fraction, 

<J>, and shear rate, y, can be written as, 

n ~ ^ Exp (B (j>) + 1 /n -|Q\ 
nr t(b'* + b") (EU0) 

Equation B.10 is similar to Brodnyan's (1959) equation in that it uses 

the exponential expression in <f>. However, it accounts for the dependence 
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of nr on y while Brodnyan's equaion does not. Also, the dependence of 

nr on particle aspect ratio, q, is included implicitly in Equation B.10. 

If several sets of particles with uniform but varied aspect ratios were 

available, the effect of q can be incorporated into Equation B.10 in 

any or some of the coefficients B, B', b' and b". For example, if B' 

were to be a function of q, then Equation B.10 could be written, 

n _ B(j> Exp [2.5d> + f(q)(j)] + 1 (B 11) 
nr ^(b'tj) + b") vo.i i ; 

Equation B.ll is even more similar to Brodnyan's equation. Similarly, 

the effect of other variables like temperature, T, can be incorporated 

into Equation B.10. This equation is not completely consistent mathe

matically since when <|> = 0 the numerator becomes unity while the 

denominator does not. This should not pose any problems. On the other 

hand, it is consistent mathematically when both the fluid and slurry 

are Newtonian, since n^ = 1 and ng = 1, giving (n^-ns) = 0 and the 

dependence of nr on y is eliminated. However, this equation may lack 

the theoretical consistency that Brodnyan's equation possesses. Also, 

Equation B.10 does not have the possible predictive power of theoretical 

correlations, since it is completely based on fitting of the data. This 

means that the data must be obtained first and then the empirical cor

relation can be attained. Thus, there is no convenient substitute for 

rigorous theoretical correlations. Yet, theoretical correlations are 

usually derived based on many simplifying assumptions that often make 

their predictive power almost useless. This was illustrated in 
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Appendix A where an attempt was made to fit the data of WF/DC23 slur

ries using Brodnyan's equation . Consequently, if the rheological 

behavior of a certain slurry is required, the best and most accurate 

approach would be to conduct experiments to determine the rheology of 

the slurry in question. Meanwhile, theoretical correlations and previ

ous research efforts can often provide some clarifying insight and 

general guidelines about the possible rheological behavior of the 

slurry. Finally, although empirical correlations like Equation B.10 

are of limited utility, they may prove convenient in process design 

calculations involving the use of computers. This is due to the fact 

that it is often easier to use equations in computer programs rather 

than inserting various values of data obtained from charts or figures. 

Having discussed the advantages and disadvantages of empirical 

correlations like Equation B.10, the specific equation for each slurry 

can be written as, 

for WF/DC23 at 41°C, 

_ H.657d> Exp (24.9086) + 1 
nr ^(4.60684> - 0.0783) (B.12) 

for WF/TR12 at 65°C, 

- 11.04) Exp (38.942(f>) + 1 
nr ^(5.1536c|> - 0.1321) (B.13) 

for WF/TR12 at 93°C, 

(B.14) 
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Using Equation B.12 the values of nr for WF/DC23 slurries were calcu

lated at various <t> and y. The calculated values of nr for these slur

ries are presented in Table B.7, whereas the measured values of n are 

shown in Table B.8. Similarly, Equation B.13 was used to calculate nr 

for WF/TR12 slurries at 65°C, while Equation B.14 was used to calculate 

nr for WF/TR12 slurries at 93°C. Calculated and measured values of nr 

for WF/TR12 slurries at 65°C are presented in Tables B.9 and B.10, 

respectively, while calculated and measured values of nr for WF/TR12 

slurries at 93°C are shown in Tables B.ll and B.12, respectively. As 

can be seen from Tables B.7- B.12, the measured and calculated values 

of the relative viscosity, rjr, are not that close. This is due to the 

fact that correlations of mQ and 4> are not exact and thus they intro

duced some error. Similarly, correlations of (n^-ns) and <j> were not 

exact and they also introduced some error. These errors might cancel 

each other at times and at others the error may be compounded. Values 

followed by an asterisk in Tables B.7 - B.12 were obtained by extrapo

lation, and thus do not represent actual data. 

The method used in this appendix to obtain an expression for 

the relative viscosity, n^, in terms of wood flour volume fraction, <|>, 

and shear rate, y, is not new. Ames and Behn (1961) used the method 

of composition and linear regression analysis to find a correlation that 

gives the dependence of shear stress, T, on solids concentration, (J>, 

and shear rate, y. The method of composition involved the use of the 

"power law" model as the starting equation. Then the dependence 



Table B.7. Calculated values of relative viscosity of WF/DC23 slurries. 

Shear Rate, Relative Viscosity, nr 

Y _ 
(sec-1) <j>=0.0341 $=0.0694 <i>=0.1059 <J>=0.1437 tf>=0.1828 $=0.2234 

0.02 - - - - - 2.81xl04 

0.08 - - - - - 7,520 

0.2 - - - - - 3,150 

1.0 1.93 5.56 18.3 61.1 203 681* 

3.2 1.76 4.20 11.4 31.0 83.5 225* 

12.8 1.58 3.00 6.44 13.8 29.0 60.3* 

25.6 1.49 2.54 4.85 9.21 17.1 31.2* 

51.2 1.42 2.15 3.65* 6.14 10.0* 16.14* 

* Extrapolated value 



Table B.8. Measured values of relative viscosity of WF/DC23 slurries. 

Shear Rate, Relative Viscosity, n 
Y 

(sec-1) <j>= 0.0341 <j>= 0.0694 <|>= 0.1059 <J>= 0.1437 <J>= 0.1828 <p= 0.2234 

0.02 - - - - - 2.12xl04 

0.08 - - - - - 6,140 

0.2 - - - - 2,710 

1.0 2.18 4.43 12.9 97.8 196 643* 

3.2 1.95 3.51 8.60 43.5 81.4 228* 

12.8 1.71 2.66 5.27 16.6 28.7 66.2* 

25.6 1.61 2.31 4.13 10.2 17.0 35.7* 

51.6 1.50 2.01 3.23* 6.32 10.1* 19.2* 

* Extrapolated value 



Table B.9. Calculated values of relative viscosity of WF/TR12 
slurries at 65°C. 

Shear Rate, 

(sec"1) 

Relative Viscosity, nr Shear Rate, 

(sec"1) $=0.0384 <{>=0.0777 <(>=0.1181 <{>=0.1594 

1.0 2.88 18.6 130 871 

2.82 2.69 14.1 79.3 426 

5.63 2.57 11.7 57.1 265 

11.26 2.46 9.71 41.0 164 

45.06 2.24 6.70 21.2 63.1 

63.71 2.19 6.10 18.0 49.7* 

* Extrapolated value 



Table B.10. Measured values of relative viscosity of WF/TR12 
slurries at 65°C. 

Shear Rate, 
t , 

(sec"l) 

Relative Viscosity, Tir Shear Rate, 
t , 

(sec"l) <j>=0.0384 c(>=0.0777 <(>=0.1181 <(>=0.1594 

1.0 2.87 16.6 169 762 

2.82 2.60 13.1 92.8 395 

5.63 2.50 11.2 62.3 254 

11.26 2.40 9.5 41.6 164 

45.06 2.25 6.85 18.7 68.2 

63.71 2.21 6.30 15.3 54.7* 

* Extrapolated value 



Table B.ll. Calculated values of relative viscosity of WF/TR12 slurries at 93°C. 

Shear Rate, 
Y , 

(sec~^) 

Relative Viscosity, nr Shear Rate, 
Y , 

(sec~^) 

Shear Rate, 
Y , 

(sec~^) <J>=0.0377 <j)=0.0764 <(>=0.1162 $=0.1570 (J>=0.1989 <(>=0.2420 

0.02 - - - - 5.5xl04 4.2xl05 

0.04 - - - - 3.6xl04 2.6x105 

0.07 - - - - 2.6xl04 1.7xl05 

0.2 - - - - 1.3x104 80,000* 

1.0 5.4 33.3 185 968 4,930* 25,000* 

5.63 3.65 19.1 90.0 397 1,690* 7,170* 

22.53 2.67 12.3 50.5 194 719* 2,630* 

63.71 2.11 8.8 32.7 113 378* 1,240* 

* Extrapolated value 



Table B.12. Measured values of relative viscosity of WF/TR12 slurries at 93°C. 

Shear Rate, 
t , 

(sec~l) 

Relative Viscosity, nr Shear Rate, 
t , 

(sec~l) 

Shear Rate, 
t , 

(sec~l) c|>=0.0377 <(>=0.0764 <(>=0.1162 <(>=0.1570 <(>=0.1989 <J>=0.2420 

0.02 - - I 
- 9.3xl04 1.9xl05 

0.04 - - - 5.9xl04 1.2xl05 

0.07 - - - - 4.1xl04 8.2x104 

0.2 - - - - 2.1xl04 42,000* 

1.0 5.7 16.2 318 1,305 7,220* 14,700* 

5.63 4.2 10.4 119 534 2,350* 4,750* 

22.53 3.3 7.3 54.0 261 947* 1,924* 

63.71 2.7 5.6 30.0 152 482* 981* 

* Extrapolated value 
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of shear stress on the concentration and the dependence of shear stress 

on shear rate were obtained. Thus, the method used in this appendix is 

a form of the method of composition. After they obtained a general 

expression for shear stress as a function of concentration and shear 

rate, they used linear regression analysis to evaluate the coefficients 

from the data. They reported that their final correlation did not give 

exact values but it was satisfactory from an engineering viewpoint. 

From the analysis given in this appendix and from the work of Ames and 

Behn (1961), it is evident that empirical correlations may not be exact. 

Consequently, their use is limited to the possible convenience they may 

provide in certain engineering applications. 
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NOMENCLATURE 

Alphabet 

A Haake viscometer shear stress factor 

a Haake viscometer torque calibration constant 

B Adjustable parameter 

B' Adjustable parameter 

b Adjustable parameter 

b' Adjustable parameter 

C Solids mass fraction 

D Particle diameter 

E Elastic modulus 

e Proportionality constant 

F Force 

F„ Normal force n 

f Haake viscometer "geometry" factor 

G Haake viscometer instrument factor 

g Solid modulus in Hooke's law 

H Symbol for functional equation in Brodnyan's analysis 

h Liquid height in Haake viscometer gap 

h* Liquid height corrected for end effects 

Ah liquid height end effect correction 

J Torque 

K Interaction coefficient or crowding factor 
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Kg Generalized Einstein's coefficient 

Kp Kg . . . Interaction coefficients 

K' Shape factor of collision doublets 

L Particle length 

M Haake viscometer shear rate factor 

m "Power law" constant 

m.| "Power law" constant 

m0 Coefficient in relative viscosity equation 

N Revolutions per minute, rpm 

n "Power law" flow behavior index 

n^ "Power law" flow behavior index for fluid 

ns "Power law" flow behavior index for slurry or suspension 

£ Total stress tensor 

p Thermodynamic pressure 

q Axis ratio or particle aspect ratio, L/D 

qe Equivalent axis ratio 

R.. Haake viscometer rotor radius 

R3 Haake viscometer cup radius 
a 

Ret Transition Reynolds number 

r Radial distance in cylindrical coordinates 

S Haake viscometer dial reading 

T Temperature 

t Time 

tg Collision time constant 



Shear stress relaxation time 

*I Shear rate relaxation time 

V Variable linear velocity 

vx x-Component of velocity 

vy y-Component of velocity 

vz z-Component of velocity 

vr r-Component of velocity 

v0 6-Component of velocity 

va> co-Component of velocity 

vo Constant linear velocity 

vi Constant linear velocity of rotor 

W A function in Nielsen's equation 

W' A constant in Halpin's equation 

X x-coordinate in Cartesian coordinates 

y y-coordinate in Cartesian coordinates 

z z-coordinate in Cartesian coordinates 

Greek Symbols 

a Fiber curvature angle 

3 A coefficient in Eirich et al. equation 

y Deformation, strain or shear 

Y Rate of deformation or shear rate 

A Difference symbol 

£ Unit tensor 
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6 Dilatational or bulk viscosity 

C Dimensionless time 

T1 Apparent viscosity, used for non-Newtonian materials 

Apparent viscosity of fluid 

^S 
Apparent viscosity of slurry or suspension 

^r Relative viscosity, used for non-Newtonian materials 

nred Reduced viscosity 

e 6-Coordinate in cylindrical coordinates 

K Ratio of radii, R.-/R ' 
1 a 

r A function in Nielsen's equation 

y Viscosity, used for Newtonian materials 

Viscosity of fluid 

Viscosity of suspension 

yr Relative viscosity, used for Newtonian materials 

V Coefficient in Jeffery's equation, v = v(q) 

7T Constant, 3.1416 

P Density 

Pf Fluid density 

ps Solids density 

Z Summation symbol 

T Shear stress tensor 

T Shear stress 

* Solids volume fraction 

<|>xlOO Solids content 



Critical solids volume fraction or concentration 

A function in Brodnyan's analysis 

A function in Brodnyan's analysis 

Yield stress 

Rotational velocity 

Rotational velocity of viscometer rotor 

^coordinate in cylindrical coordinates 

A constant 

Degree of agglomeration 

Differentiation operator — 

A parameter in Ziegel's (1970) equation 
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