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ABSTRACT 

The novel Ba.lanced Beam Tube Viscometer (BBTV), developed at the University 

of Cape Town, has been further developed and refined. 

Extensive Work has been done in the following areas: 

(i) The effective length of the BBTV tubes. 

(ii) Interpretation of the data obtained using the BBTV in both 

the laminar and turbulent flow regimes. 

(iii) Comparison with the rotary type viscometer . 

Kaolin clay and uranium tailings slimes slurries of different particle size 

range and concentration have been successfully characterised by yield­

pseudoplastic rheologies using the BBTV. 

The BBTV is in fact a miniature pipeline and it has been shown that it is 

capable of producing valid turbulent flow data and indicating the 

laminar/turbulent transition region in the two tube sizes . 
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CHAPI'ER 1 

!~ION 

1.1 Tiffi HYDRAULIC TRANSIDRTATION OF SOLIDS 

The hydraulic transportation of solids with solids relative density 

(S) significantly greater than unity is a proven technology, with a 
s 

large number of pipelines in operation today. 

However, this technology remains, as yet, relatively unresearched 

and much refinement of existing design techniques is possible. 

Research in this area is extremely complex when compared with 

ordinary Newtonian pipeline flow. The number of variables rises 

from five to fourteen (Ref. 1). This may be considered conser-

vati ve since non-Newtonian rheology requires three variables and 

these can be affected by other factors such as pH, zeta potential 

and solids surface texture, in addition to the other fourteen 

independent parameters. 

1.2 Tiffi ROLE OF RHEOlOOY 

Rheology (rheos - flow; logos - knowledge) encompasses the science 

of flow phenomena. Within the context of this thesis, rheology 

means the viscous characterisation of a fluid. 

A relatively simple fonn of hydraulic transportation would involve 

the transportation of coarse solids (d > 1 nm) turbulently suspended 

in water. The vehicle portion (carrier fluid) is thus water and the 

vehicle rheology is that of water. 

However, when fine particles (d < 100 µn) are present, they modify 

the vehicle rheology and are not considered pa.rt of the suspended 

"load". 
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In order to detennine the specific power const.nnption of a hydro­

transport application, the vehicle rheology must be known (Ref. 2), 

and is therefore a flmdamental design parameter. 

1.3 RHEOlOOICAL CHARACTERISATION 

Rheological characterisation involves firstly the measurement of 

shear stress in a fluid at various shear rates. These results may 

be plotted as shear stress versus shear rate, called a rheogram. 

The rheological model which best fits the data points gives the 

fluid its rheological character. 

Various rheological models are available. The more coomon ones are 

shown in Fig. 1.1. 

U) 
U) 
IJJ 
0:: 
~ 
U) 

0:: 
< 
IJJ 
:I: 
U) 

SHEAR RATE 

Fig. 1.1 Rheological Models 

YIELO-PSEUOOPLASTIC 

BINGHAM PLASTIC 

YIELD DILATANT 

DI LA TANT 

NEWTONIAN 

PSEUDO-PLASTIC 
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The instrunent used to measure the shear stress at various shear 

rates is called a viscometer. There are two types c011100nly in use, 

viz. rotational viscometers and tube viscometers. 

In the rotational viscometer, the fluid to be tested is introduced 

into the annular gap between a beaker and a spindle, one of which 

rotates. The rheology of the fluid can be detennined from the 

resistance to rotation caused by the fluid. 

In the tube viscometer, the fluid is forced through a tube. The 

velocity of the fluid and the pressure drop across a known length of 

the tube are measured. From this, the shear rate and the 

accompanying shear stress can be detennined. 

1.4 THE BALANCED BEAM TUBE VIS<::n1ETER (BBTV) 

The BBTV is of the second type and is unique, having been developed 

at ucr. Detailed descriptions are given in Chapter 3 and Reference 

20. 

This instrument and its operation has been refined to the point 

where it yields meaningful and accurate results. The BBTV is, in 

fact, a miniature pipeline, and its use extends beyond viscometry. 

In this thesis, the BBTV has been used to rheologically characterise 

kaolin clay and uranium mining tailings slurries of various 

concentrations and particle size distributions, capture turbulent 

flow data and indicate the laminar/turbulent transition. 

Further, the BBTV results have been compared with the results 

obtained using a conventional rotary type viscometer and an 

investigation was undertaken into the effective length of the BBTV 

tubes. 
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2.2 

CHAPrER 2 

LITERA'I\JRE REVIEW AND TH800Y 

INTRODUCTION 

In its simplest (Newtonian) form, the rheology of a fluid requires 

only one independent variable which is called viscosity and cOIIIIlOn 

liquids such as water and oil fall into this category. 

Unforttmately, many fluids used industrially do not fall into this 

fundamentally simple category, thus necessitating the formulation of 

the rather more complex rheological models which are shown in Fig, 

1.1. 

THE NEWTONIAN M:>DEL (Ref, 3) 

2,2,1 Viscosity 

In his Principia of 1687, Sir Isaac Newton made the 

following hypothesis: 

"The resistance which arises from the lack of slipperiness 

originating in a fluid - other things being equal - is 

proportional to the velocity by which the parts of the fluid 

are being separated from each other." 

The mathematical formulation of Newton's hypothesis is 

T : 
du 

"' -dy 
(2.1) 

where r is the force exerted by the fluid per tmit area of a 

plane parallel to the direction of motion when the velocity 

is increasing with the distance y, measured nonna.lly to the 

du plane, at the rate dy' For tube flow, this becomes 

T: IJ(- ~) (2,2) 



2.2.2 

2.2 

The constant of proportiona.li ty, JJ, is the coefficient of 

dynamic viscosity, and was defined by Maxwell (in Ref. 3): 

"The coefficient of viscosity of a fluid is the numerical 

value of the tangential force on unit area of either of two 

parallel planes at unit distance apart when the space 

between these planes is filled with the fluid in question 

and one of the planes moves with unit velocity in its own 

plane relatively to the other." 

Limits of applicability of the laws of viscous (laminar) 

flow. 

The laws of viscous flow deduced fran Newton's hypothesis 

have provided a foundation for the viscometry of the DK>St 

diverse materials, from gases and mobile liquids like ether 

to substances like pitch and glass which, though apparently 

solid, may be shown to flow tmder very minute shearing 

forces. It is thus possible to measure and to define in 

absolute and reproducible uni ts the viscous properties of 

any system, subject to the conditions laid out below. 

2.2.2.1 Reynolds Nunber and Flow Regimes (Ref. 4) 

It is a well known and important fact that the relationship 

between friction loss and velocity for flow in a pipe 

depends upon the velocity of flow. For a given pipeline and 

fluid, when the velocity is below a certain critical value, 

the flow in the pipe is fotmd to be laminar; when the 

velocity is above another critical value, the flow is fotmd 

to be turbulent. The change from laminar to turbulent flow 

results in a large increase in the flow resistance and also 

in a change in the way friction loss varies with mean 

velocity. 

These facts came to light as a result of a systematic study 

of the head losses associated with the flow of water through 

pipes which was conducted by Osborne Reynolds in 1883. He 

applied dimensional analysis to this }Xlenomenon of transi-
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tion from laminar to turbulent flow and concluded that it 

occurred at a fixed, critical value (2320) of a dimension­

less group, now termed the Reynolds nunber in his honour, 

defined as: 

R.e = pVD = 
µ 

inertial forces 
viscous forces 

The critical Reynolds m.unber of 2320, however, represents 

the lower bound, which is obtained when maximum mechanical 

disturbance occurs upstream from the measured section. 

Under ideal conditions, critical Reynolds m.Bnbers in the 

range 30000 to 50000 can be obtained in the metastable 

laminar regime (Ref. 3) • 

2.2.2.2 Low Reynolds nunber effects 

Stokes remarked in 1845 (in Ref. 3): 

"A fluid admits of a finite rut exceedingly small amount of 

constraint before it will be released from its state of 

tension by its molecules assuming new positions of 

equilibriun", but he regarded the constraint as "probably 

insensible". No evidence of this phenomenon has yet been 

reported. 

2.2.2.3 Application to viscanetry 

Clearly, turbulent flow is tmSuitable for the determination 

of viscosity, since the resistance offered by the fluid is 

more nearly proportional to the density than to the 

viscosity. 

Viscosity measurements must therefore be performed at 

Reynolds numbers less than 2320 in order to ensure laminar 

flow. In practice this is not possible since the Reynolds 

number can only be computed once the viscosity is known. 
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2.4 

The practical pr(X)edure is to obtain readings over a large 

vel(X)ity range, identify the transition region (if any) by 

the large increase in flow resistance which accompanies the 

onset of turbulence and then reject turbulent flow readings 

for viscosity detennination purposes. 

Low Reynolds number effects may or may not be observed. 

The flow of Newtonian Fluids in 'lubes (Ref. 3) 

The flow of liquids and gases in pipes and channels is an 

(X)Currence so COIIIDOn in daily life and of such importance in 

engineering design that it could hardly fail to engage the 

attention of scientists as soon as the cardinal principles 

of physics began to be stu:lied by experiment and analysis. 

Hydrodynamics attracted the most eminent mathematicians of 

the eighteenth century, and much careful and practical 

investigation of the flow of water in pipes was carried out 

before the middle of the nineteenth century. But the laws 

governing the large-scale movements of water are of a very 

complicated nature (turbulent flow) and it was only when 

attention was directed to the flow of liquids through tubes 

of very small cross-section that the relatively simple laws 

of viscous flow could be discovered. 

2.2.3.1 Viscous or laminar flow 

Although biophysics has made many valuable contributions to 

general physical science in recent years, it has provided no 

discovery so fruitful as that announced in 1840 by 

Poiseuille, professor of piysics in the Paris medical 

schools. With a view to obtaining some understanding of the 

laws governing the passage of blood through the capillaries 

by which it is distributed through the body, he instituted a 

series of researches on the simplest analogue of which he 

could conceive, namely, the flow of pure water through the 

fine bores of thermometer tubing. By this simplification, 

made in accordance with the principles which have so often 

been adopted in modern experimental science, he was led to 

discover definite relationships between the rate of flow Q 
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and ( i) the pressure difference Ap between the ends of the 

tube, (ii) the length L and (iii) the radius R of the tube. 

The results are sU11DB.rised in the fonnula 

Q = 
R .. Ap 

k L (2.3) 

where k is a constant; this empirical result, expressed in 

this and other fonns, is known as Poiseuille's Law. It may 

be remarked, parenthetically, that the flow of blood through 

fine capillaries has since been found not to obey this law. 

The concept of viscosity had scarcely been developed at this 

time and Poiseuille went no further than to show that k was 

a property of the liquid at a given temperature. 

The first published dedLCtion of Poiseuille' s Law was by 

Weidemann in 1856, hit was given in a more precise form by 

Hagenbach in 1860. 

Using the initial mathematics fran Appendix A, assuming no 

slip at the tube wall and performing the integration in 

Equation A6 with equation 2.2, it can be shown that 

Q = n R"' AP 
8 1J L 

(2.4) 

Thus the constant k of Poiseuille's empirical formula is 

k = n 
8µ 

(2.5) 

Poiseuille's Law may be rewritten making use of conventional 

hydraulic design parameters. 

The Fanning friction factor, f, is defined by the Fanning 

equation (Ref. 5) 

gp_ -
dL -

2 f p v2 

D (2.6) 
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also 
2 T 

0 
f : p y2 

From (2.6) it can be shown that for laminar flow 

f = li 
Re 

THE~ LAW IDDEL (Ref, 5, 6 and 7) 

2.6 

(2.7) 

(2.8) 

In place of the Newtonian hypothesis (Equation 2.2), this moo.el uses 

the following initial rheological assumption: 

(2.9) 

Depending on the value of n, the following rheological moo.els can be 

described by the power law moo.el 

(i) 

(ii) 

(iii) 

Psetrlo-plastic 

Newtonian 

Dilatant 

(n < 1) 

(n = 1) 

(n > 1) 

The equations for laminar tube flow may be derived in a manner 

analogous to the derivation of Poiseuille's Law. A force balance on 

a cylindrical element of radius rand length dL yields 

T = rdp 
- 2dL 

Substituting in equation (2.9), we obtain 

(2.10) 

- : = (- k tf/n rl/n (2.11) 

Integrating this equation and substituting u = 0 at r = R, we obtain 

the velocity profile 

[(
- L QE)l/n n ] (R(l+n)/n _ (l+n)/n) 

u= 2KdL l+n r (2.12) 



Now Q = 2n .r: urdr 
0 

from which the equation for the total flow rate is 

Q = (- J_ ~)l/n ( n ) R(1+3n)/n 
1T 2K dL 1 + 3n 

and the average velocity is given by 

V = 
1/n 

(
- 1_ ~) ( n ) R(l+n)/n 

2K dL 1 + 3n 

2. 4 THE YIELD-PSEUOOPLASTIC t,DDEL (Ref. 5) 

2.7 

(2.13) 

(2.14) 

(2.15) 

In order to take accmmt of a yield stress, the following initial 

rheological asstm1.ption applies: 

n 
T - Ty = K (- ~) (2.16) 

This is, in fact, a yield power law model ( compare with equation 

( 2. 9) ) and depending on the value of n, the following rheological 

models can be described by the yield-pseudoplastic model 

(i) 

(ii) 

(iii) 

Yield-pseudoplastic 

Bingham plastic 

Yield dilatant 

(n < 1) 

(n = 1) 

(n > 1) 

The equations for laminar tube flow are derived as before: 

The velocity gradient is given by 

du 
dr = (2.17) 

In this case we observe that, when r = -rdp/2dL < r , the fluid does - y 
not shear and adjacent laminae are stationary relative to one 

another. This occurs for values of r ~ r 1 , where pug 



= 
2T y 

2.8 

(2.18) 

For R > r > r 1 the laminae of the fluid are in relative motion p ug 
and we may integrate equation ( 2 .17) • Inserting u = 0 when r = R, 

we obtain 

_ ~ n [( Rd )(l+n)/n ( rd )(l+n)/n] 
u - (-~)I+ n - 2;ll:; - 'y - - 2;ll:; - 'y (2.19) 

When O < r < r 1 the fluid moves as a plug at a uniform velocity pug 

We obtain the discharge as the SlBil of the flow through the sheared 

region (R > r > r 
1 

) and the plug (r < r 
1 

) as follows: pug pug 

R 

Q = J 27rrlldr 
rplug 

+ n r 2 u plug plug (2.20) 

Setting r
0 

= ~6L and integrating to obtain the volunetric discharge 

and average velocity, we have 

1§...Q. _ 8V _ 4n 
H n• - D - Kl/nr• 

0 

l+n (T -T ) 2 2 T (T -T ) 2 
( >n[oy + yoy .J:.._] 
To-Ty 1 + 3n 1 + 2n + l+n 

2.5 THE BINGHAM PLASTIC l-ODEL 

(2.21) 

The Bingham plastic model is a special (ideal) case of the yield-

pseudoplastic model. Setting n=l and substituting q for K 
p 

The velocity profile in the sheared region is 

(2.22) 

(2.23) 



Let 
T 

a= J. 
T 

0 

Then the average velocity and discharge can be computed using 

8V [ 1 ] 
To = D ' I/ • 4 a"' 

p 1--a+-
3 3 

This equation was developed by Buckingham in 1921 (Ref. 5). 

2.6 THE METZNER AND REED GENERALISED APIIDACH 

2.9 

(2.24) 

(2.25) 

Metzner and Reed (Ref. 8) have developed a generalised approach 

applicable to the laminar pipe flow of any time-independent fluid, 

be.sed upon the Rabinowi tsch-Mooney relation ( see Appendix A) . 

i.e. [
- du] = 8V [3n' + 1] 

dr D 4n' 
0 

where n• = 
d ( tn T ) 

0 

d (tn BV) 
D 

(Al) 

(A2) 

'lbe coefficient n• is determinable from the slope of a log-log plot 

of DAp/4L versus 8V/D where Ap/L is the pressure gradient at a flow 

velocity Vin a pipe or capillary tube of diameter D \IDder laminar 

flow conditions. The log-log plot itself characterises the 

rheological properties of the non-Newtonian fluid and may be used 

directly for pipe scale up or design purposes. 

Metzner and Reed carry the approach further by writing the equation 

n• 
DAp = K• (8V) 
4L D (2.26) 

which represents the tangent to the logarithmic plot of DAp/ 4L 

versus 8V/D at any particular value of DAp/4L or 8V/D. (If the plot 

is a straight line, then Equation 2.26 is the equation of the line.) 



Now if we recall that 

f = 

and define a non-Newtonian Reynolds number, Re such that nn 

2.10 

(2.27) 

f = 16/Renn (2.28) 

we may combine Equations (2.27) and (2.28) and substitute DAp/4L 

from Equation (2.26) to obtain the following solution for Re 
nn 

Re 
nn = 

8pV2 

2. 7 WRBULENT Fl..™' OF NE.WTONIAN FLUIDS (Ref. 5) 

(2.29) 

From the time of the earliest suggestion by Blasius in 1913, 

pressure gradient data have been expressed in tenns of a friction 

factor, as defined by equation ( 2. 6) and correlated with the 

Reynolds number. Over the years the evidence supporting the 

existence of a single line correlation has monnted; and empirical, 

graphical representations of data covering a limited range of 

variables have given way to well confinned relations applicable to a 

wide or the full range of the variable. A few of the best such 

relations are mentioned. The Balsius equation (Blasius, 1913) 

f = 0,079 Re-0
' 25 (2.30) 

is simple and entirely empirical, but it fits the reliable data to a 

good degree of accuracy in the range 3 000 < Re<lOO 000. A number 

of equations of this type with different values of the constants are 

in use, such as the following (Knudsen and Katz, 1958): 

f = 0,046 Re-0 ' 2 (2.31) 

These equations are often referrred to as Blasius-type equations. 
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For the full practical range of turbulent flow, say 

3 OOO<Re<3 000 000, the more complex equation due to Nikuradse 

(1932) provides an excellent fit to essentially all reliable data. 

1 

./f 
= 4,0 log (Re .if) - 0,40 

2.8 TURBULENT~ OF NON-NEWTONIAN FUJIDS 

(2.32) 

Several methods for predicting the energy loss of non-Newtonian 

fluids in turbulent flow are presented below. 

2.8.1 Torrance 

According to Torrance (Ref, 9), for a yield-pseudoplastic fluid in 

turbulent flow, the friction factor (f) can be expressed in terms of 

the non-Newtonian Reynolds number: 

T 

(2/f)Ofl = (3~8 - 4,17) + 2~78 fn [1 - ~] 

where Re 
nn 

8 p V2 

m 

(2.33) 

(2.34) 

Note that equation (2.34) is similar to equation (2.29) with Kand n 

substituted for K' and n'. 

This equation can be used for power law fluids (r = 0) and Bingham 
y 

plastics (n = 1), 

2.8.2 Metzner and Reed 

Using the generalised approach of Metzner and Reed, Dodge and 

Metzner (in Ref. 5) developed the following 

L = 4,o 0,40 
.if 0 ,0,75 

with Re using K' and n' (equation 2.29). nn 

(2.35) 
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It is important to note that K• and n• must be evaluated at a stress 

corresponding with the wall shear stress. 

2.8.3 Nikuradse 

For comparison, a simple approach was adopted by fitting a straight 

line to laminar flow data from the BBTV on the relevant pseudo-shear 

diagram. For the rotary viscometer, the line was fitted to the data 

points on the rheogram. 

The slope of these lines was taken as the dynamic viscosity(µ) and 

turbulent predictions were made using Newtonian theory. 

stress and rheograrn curvature are therefore neglected. 

2.8.4 Hydraulic Gradient 

Yield 

Hydraulic gradient calculations are perfonned using the following 

equations: 

4 T 

i 
0 

= D p g m 
w 

(2.36) 

2 f ya s 
i 

m or = m D g 
(2.37) 

2. 9 VISCXl1ETRY 

Barr (Ref. 3) lists four qualitative tests for viscosity used by 

craftsmen: 

"(a) he may rock the container and see or feel how large a surge of 

liquid is produced or how rapidly the wave dies down; (b) he may 

note the resistance offered to the motion of a stirrer; (c) he may 

observe the fonn of the falling coll.DIITl which results when he pours 

the liquid over an edge or allows it to drain from a rod; (d) he 

may place a quantity of the liquid on a smooth surface and notice 

how it 'runs'" 
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Unfortunately each of these qualitative tests involves another 

property (surface tension or density) which makes them tmSuitable 

for elaboration into a precise method of viscometry. 

Newton's hypothesis, upon which the whole theory and practice of 

viscometry are based, paved the way for the formulation of 

qualitative methods for measuring the phenomenon of viscosity. 

Stokes ( in Ref. 3) found that pipe discharge data ( in turbulent 

flow) did not agree with the laminar hypothesis, and suggested 

experiments with rotating cylinders (made later by Couette). 

Poiseuille' s experiments using thermometer tubing did, however, 

confirm Stokes' fonnulae. 

Thus developed the two main branches of viscometry, viz. tube 

viscometry and rotational viscometry, which are discussed below. 

2.9.1 Tube Viscometry 

2.9.1,1 Definition and description 

A capillary (tube) viscometer is defined (Ref, 5) as "a 

device that causes a sample of fluid to flow at a measured 

rate in laminar motion under a measured pressure gradient 

through a precision bore capillary tube of known diameter 

and length", 

The first tube viscometer was therefore that of Poiseuille 

(1840). The diameter varied between 0,013 nm and 0,65 nm, 

the pressure range from 5 nm to 10 m of mercury (670 Pa to 

1,3 MPa) and the length varied up to one metre. 

Tube viscometers are inherently simple, and the fundamentals 

have remained unchanged after 146 years. From Poiseuille's 

Law it can be seen that viscosity is directly proportional 

to the fourth power of the diameter. It is therefore 

essential to make accurate diameter detenninations, normally 

done by first weighing the tube empty and then filled with 

liquid of known density, as did Poiseuille. 
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The other area of attention for the tube viscometer is the 

end effects of the tube. Poiseuille noticed these effects 

in his early experiments, and tabulated critical L/D ratios, 

below which his law ceases to hold. 

Many different types of tube viscometer are described in the 

literature (Ref. 3, 4, 5, 6, 7 and others) . The largest 

diameter tube reported is 6 nm (Ref. 6) but most tubes are 

less than 1,5 nm diameter. 

2.9.1.2 Interpretation of Rheological Measurements 

(Ref. 5) 

With the capillary instrunent, the measured data related to 

the viscous properties, after application of any appropriate 

corrections, are: 

Q 

D 

L 

.a.p 

= 
= 
= 
= 

volunetric flow rate, 

inside diameter of capillary, 

effective length of capillary, and 

pressure drop due to laminar friction. 

The average fluid velocity is 

V = ~ n D2 

and the wall shear stress is 

T 
0 

D.a.p 
= 4L 

(2.38) 

(2.39) 

where T is the shearing stress at the wall of the 
0 

capillary. The rate of shear at the capillary wall may be 

determined from the general equation of Rabinowitsch (1929) 

and Mooney (1931), which is (see Appendix A) 

(Al) 



2.9.2 

where 

n• = 
d " DAp 

t.n 4L 

d ln SV 
D 

2.15 

(A2) 

n • is the slope of the logarithmic plot of DAp/ 4L versus 

8V /D. The slope, n' , may vary and the applicable value 

should be used for each value of 8V/D. For Newtonian fluids 

n• = 1. 

The interpretive procedure is, therefore, 

a. to calculate T from the data after any appropriate 
0 

corrections, and equation (2.39); 

b. to plot T versus 8V/D on logarithmic co-ordinates and 
0 

detennine n• as a flll'lction of 8V/D; 

c. to calculate (- :)
0 

from equation Al; 

d. to plot r
0 

versus (- :)
0 

on arithmetic or logarithmic 

co-ordinates as preferred, and 

e. if desired, to fit an appropriate 

constitutive equations to the data. 

Rotational Viscometry 

2.9.2.1 Description 

A rotational viscometer (Ref. 5) penni ts a sample of fluid 

placed in the annular space between a stationary and a 

rotating cylinder to be subjected to shear, and the torque 

acting upon the stationary cylinder to be measured. The 

rate of shear is detenninable from the geometry of the 

system and the speed of the rotating cylinder. The shear 

stress is obtained from the measured torque. 



or 

2.9.2.2 Interpretation of Rheological Measurements 

(Ref. 5) 
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The data obtained with a concentric cylinder instru:nent are: 

I\, = diameter of the inner cylinder (bob), 

D = diameter of the outer cylinder (cup), 
C 

9 = spring deflection being a measure of the torque on 

the stationary cylinder, 

h = height of stationary cylinder imnersed in fluid, 

corrected for end effect, 

N = speed of rotating cylinder, sec-1
• 

From a simple force balance, the following equation is 

obtained 

~ 
ke Tb (n~h) 2 = T = (2.40) 

2k:9 
Tb = n~h 

(2.41) 

where Tis the torque on the stationary cylinder, and k is a 

suitable spring constant. 

The relationship between the rate o.f shear and the geometry 

of the system is given by an equation due to Krieger and 

Maron (1954)(in Ref. 5): 

(!)b 
4nN 

FKM (2.42) = 
1 - s-2 

where s = Dc~ 

FKM = the Krieger-Maron correction factor, 

FKM 1 + 
S2 - 1 (1 2 

s)(! .. - 1) = 2s2 + - tn 3 

1 
S2 - 1 ( l d(-.. - 1) 

+ 6s 2 tn s (n" - l)z + dnlog T (2.43) 
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n" = d tn T/d tn N is the slope of a logarittunic 

plot of T versus N. 

If the annular gap is made very small (s ~ 1) then 

When n" is constant, or nearly so, the equation simplifies 

somewhat and may be approximated by a series expansion. 

For Newtonian fluids, n" = 1 and FKM = 1, 

The procedure for interpreting data from the concentric 

cylinder viscometer is, therefore, 

a. to calculate Tb from 9, Equation (2.41) and the 

appropriate value of k; 

b. to plot 9 versus Non logaarittunic co-ordinates and 

dete:nnine n" as a ft.mction of N; 

c. to calculate FKM for the values of sand N of interest 

from equation (2.43); 

d. to calculate (:)b from equation (2.42) with the 

appropriate values of N, s, and FKM. , 

e. to plot Tb versus (:)b on arithmetic or logarithmic 

co-ordinates as preferred, and 

f, if desired, to fit an appropriate one of the 

constitutive equations to the data. 
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2.10 USE OF VISCXMETERS IN NON-NEWI'ONIAN SWRRY RHEOI.OOY 

2.10.1 The advantages and disadvantages of each tyPe 

2.10.1.1 1be tube viscometer 

Advantages 

1 . Mechanically simple. 

2. Geometric similarity 

(i.e. miniature pipeline). 

3. Can attain high shear rates. 

2.10.1.2 1be rotational viscometer 

Advantages 

1 . Time dependency can be 

measured. 

2. Many minor advantages 

( see Chapter 8 ) . 

1. 

2. 

1. 

2. 

Di sadvantages 

Sample is subjected to a 

varying rate of shear over 

the tube cross-section. 

The same sample of fluid 

cannot be subjected to sus 

tained flow for measuring 

time-dependent fluids. 

Disadvantages 

The annular gap must be 

much larger than the 

largest particles, where­

as this gap is usually 

made as small as possible 

to minimise the correction 

factor. 

Non-Newtonian end effects 

are difficult to accm.mt 

for. 

These attributes (advantages) are not typical of most capillary 

(tube) viscometers. For these reasons rotational viscometers have 

become the single most widely used class of inst:n.mients for 

rheological determinations (Ref. 6). 

2.10.2 Previous use of Viscometers in Non-Newtonian Slurry Rheology 

Barr (Ref. 3) mentions the study of ti anomolous systems ti ( now known 

as non-Newtonian fluids) undertaken by Bingham and Green using a 

clay slurry in a capillary (tube) viscometer. This was the first 

significant work in the field of non-Newtonian slurry rheology and 

led to the fonnulation of the Bingham plastic constitutive equation 

(equation 2.22). 
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Barr goes on to say that, due to cost and lack of familiarity, 

rotational viscometers were not preferred (C 1931) for non-Newtonian 

work. 

However, with work such as that by Krieger and Maron (Ref. 10), many 

of the problems associated with the rotational viscometer were 

solved, allowing it to develop into the versatile and accurate 

inst:n..nnent that it is today. 

Metzner and Reed (Ref. 8) correlated all useful tube (pipe) flow 

data available up to 1953, with diameters ranging in size from 3 um 

to 300 um (1/8" to 12"), all of which correlated well in the laminar 

region using their theoretical method. 

iwanami and Tachibana (Ref. 11) developed a short-tube viscometer 

and used it to determine the viscosity of flyash slurries for 

concentrations up to C = 30% and C = 40%. 
V W 

Fadd.ick (Ref. 12) used Brookfield and Stormer rotational viscometers 

to characterise coal-water slurries of various concentrations and 

particle size range. He concludes that pipeline energy requirements 

can be predicted from rheology data obtained from these rotational 

viscometers. 

Shook et al (Ref. 13) developed a vertical tube viscometer with a 

diameter of 1,56 cm and lengths of 2,98 m and 4,88 m. Metallurgical 

coal of -14 mesh size was tested in this viscaneter and in 5, 11 and 

31 cm diameter pipes. They conclude that although reliable 

rheological data were obtained, a satisfactory correlation of 

pipeline pressure drops could not be obtained. 

Yamagata et al (Ref. 14) used capillary (tube) and rotational 

viscometers to predict the rheological properties of coal-oil 

mixtures. Viscometer results agreed well with pipe flow data. 

Lazarus (Ref. 15) used a Brookfield rotational viscometer to 

characterise a phosphate ore slurry in the range C = 20 to 35%. 
w 

1he viscometer tests agreed with large scale pipeline tests. 
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Duckworth et al (Ref. 16) tested a fine coal slurry at various con­

centrations in a Haake rotary viscometer with three bobs, a 16,07 nm 

diam x 3. 5 m long tube viscometer and a 150 nm pipeline. In the 

laminar regime for the 150 ITIIl pipeline, "reasonable" agreement was 

obtained with the tube viscometer and the largest rotary bob. 

Agreement with the two smaller bobs was not good. 

Hanks and Hanks (Ref. 17) developed a Direct Measurement 'lube 

Viscometer with horizontal and vertical test sections, for accurate 

rheological detenninations of fine coal slurries (-325 mesh) at 

concentrations ranging from C = 6,3% to 33,9%. 
w 

Horsely (Ref. 18) conducted a detailed investigation into the 

rheological properties of a gold slime slurry, using a Haake rotary 

viscometer and a 40 nm diameter pipeline. The results show that 

rotary viscometers can be used to predict pressure gradients in 

slurry pipelines as long as the concentration by weight is kept 

high. 

Want et al (Ref. 19) used a "capillary rheometer" (tube viscooieter) 

to obtain data to establish rheological models to determine head 

loss and power requirements for full .scale pipelines. The slurry 

was a high density Bauxite residue in the concentration range C = 
w 

36% to 67%. 

Lazarus and Si ve (Ref. 20) developed a novel Balanced Beam 'lube 

Viscometer (BBTV) for the rheological characterisation of high 

concentration flyash slurries. Scaled up predictions using the 

Bingham plastic rheological model and a modified Torrance equation 

correlated well with pipeline tests. 

2.11 CX>NCLUSION 

The fundamental back.ground and theory of viscometry and rheology 

have been presented. 
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The record of previous use of both types of viscometer show that, 

apparently, both have been used successfully in the pa.st to 

characterise non-Newtonian slurries and predict full scale pipeline 

energy requirements. 

This thesis is a continuation and developnent of the work presented 

by Lazarus and Sive (Ref. 20). 



CHAPrER 3 

APPARATUS AND EXPERIMENTAL mxE){JRE 

3.1 DFSCRIPI'ION OF THE BB1V 

Fig. 3. 1 shows a diagranma.tic layout, Fig. 3. 2 shows a photograph 

and Fig. 3. 3 shows an assembly drawing of the novel Ba.lanced Bewn 

Tube Viscometer, which has been developed at lCI'. The viscometer 

consists of two pressure vessels (1 and 2) mol.mted on a steel joist 

and supported at two points L and F. A load cell is located at 

point L and point F is the system fulcrum ( supported on a lmife 

edge) . Figs. 3. 2 and 3. 3 show that the pressure vessels are 

connected by two transparent plastic tubes of 13nm and 32nm nominal 

diameter. 

The precise internal diameters are 13, 37nm and 32, 625Dlll and were 

detennined to this precision by weighing sections of the tubes with 

and without water. This precision is required since a rheogram 

point inherently contains the fourth power of the diameter. F.ach 

tube has valves at either end and only one tube is used at a time. 

F.ach pressure vessel has a nest of stirrers (inside) , driven by 

motors ( on top) connected via shafts through gland seals in the 

vessel cover plate. Air pressure is supplied to either of the 

vessels through pressure regulation and a 3-way valve. When a 

vessel is pressurised, the other is vented to atmosphere, via the 

vent valve, in order to develop the driving force necessary to cause 

the slurry to flow from the one vessel to the other. 

The BB1V has pressure tappings in the tubes, allowing direct 

measurement of wall friction loss. This avoids the inclusion of 

entrance losses, exit losses and hydraulic grade line curvature due 

to developing flow. 

There are four pressure tappings in each tube, allowing the operator 

flexibility of pressure range. The pressure tappings are water 

filled and connected to the differential pressure transducer (DP 

cell) via solids collecting pods, and a flushing/bleeding facility. 
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3.2 

The pressure tappings are located so that fully developed flow 

exists between them. The hydraulic effective length is thus equal 

to the physical distance between tappings (L), 

The output from the BBTV consist of successive voltage readings 

representing load cell input ( power supply voltage) , load cell 

output and DP cell output. 

INSTRUMENTATION 

3.2.1 Transducers 

3.2.1.1 Load Cell (Fig. 3.4) 

The load cell is located at point L (Fig. 3.1), and is used 

to detennine the slurry mass distribution between the two 

vessels. It can operate in both tension and compression. 

Four strain gauges are located at positions A, B, C and D 

(Fig. 3. 4) because these are positions of maximlDll strain. 

The strain gauges are connected as a Wheatstone Bridge (Fig. 

3.5). 

The output voltage of the bridge varies linearly with 

applied force, and is proportional to the input voltage. 

The output voltage is divided by the input voltage, giving a 

non-dimensional load cell reading which is independent of 

input voltage. 

The input voltage is derived fran an HP 6214A Power Supply. 

This unit was set at a nominal 5V for calibration and 

operation. 

The load cell used has a resolution of 0,3N and a range of 

±BOON. 

The load cell is a sensitive device and should not be installed 

until the BBTV has been charged with equal amounts of slurry in each 

vessel. Under these conditions, the BBTV balances on its knife 

edge, and the load cell can be care-fully installed. The stirrer 

motors should be off. 
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3.3 

A typical response characteristic is shown in Fig. 3.10. 

The load cell is located by two bolts and should be removed 

and replaced with the blank when not in use. 

3.2.1.2 Differential Pressure Transducer 

(DP cell - Fig. 3.6) 

The DP cell used is a Gould PDH 3000 series. It is located 

on the computer stand (which is located near the BBTV 

fulcrum) and is connected to the BBTV via flexible 

reinforced tubing. The DP cell is used to measure the 

pressure drop across the pressure tappings in the selected 

viscometer tube. Because the DP cell cannot read in 

reverse, high-low selectors are provided so that the 

pressure differential can be reversed. 

The DP cell is connected as shown in Fig. 3.7 to a constant 

voltage 24V supply. The output is 4-20 mA in the supply 

leads which is linear with pressure differential across the 

two halves of the cell. This current output is converted to 

a 40-200 mV voltage output by a 10 a series resistor. 

The DP cell has an accuracy of 0,25% and a maximum range of 

200 kPa. 

The range and span are adjustable. 

characteristic is shown in Fig. 3.12, 

Data Acguisi tion Unit (DAU) 

A typical response 

The Data Acquisition Unit is an HP 3421A model. 

Essentially it consists of a digital voltmeter which can be software 

controlled to connect to the various analogue input channels. It is 

battery operated and can be used remote from the electrical ma.ins. 

The DAU is used to digitise the transducer voltages, and is 

connected as shown in Fig. 3.9. 
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The DAU is controlled by an HP-75C computer via the HP-IL serial 

interface loop. 

3.2.3 HP-75C Computer 

The HP-75C is a battery powered computer which is programned in 

BASIC. 

By means of the various progranmes, it captures the transducer 

outputs in digital f onn from the DAU. A limited amount of 

prCXJessing is perfonned before the transducer outputs are stored in 

internal data files. 

The HP-75C has an internal timer which is used to record the time at 

which the transducer readings are taken. This timer is accurate to 

1 ppn and has a resolution of 1 ms. 

When sufficient data has been collected, these data files are 

transferred to the HP 86 computer via the HP-IL serial interface 

loop. 

3.2.4 HP 86 Computer 

The HP 86 is a 128k RAM BASIC micro-computer with a floppy disk 

drive, printer and plotter. 

It is used to store the tranducer readings as da.ta ·files on a floppy 

diskette, and then pr<XJess this data and output the results either 

as another data file, or in printed or graphical fonn. 

3.3 CALIBRATION PR(XE)URE 

Five computer progranmes are used for calibration. "READCHAN" runs 

on the HP-7 5C and reads the voltage on any DAU channel. The two 

calibration programnes "l..OADCAL" and "PRESCAL" are nm on the 

HP-75C (See section 3.2.3). 

dtDnped to the HP 86 and 

"PCALPLOT". ( See section 3. 5) 

The data files thus generated can be 

then plotted using "LCALPLOT" and 
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3.3.1 Calibration of Load Cell 

The following steps are followed for load cell calibration: 

1. The progranme "READCHAN" is run to check that the transducer 

is operating properly. The reading should remain constant 

and change only when the operator applies upward or downward 

force on the beam. 

2. The prograrmne "LOADCAL" is then run. This progrWIIIle will 

prompt the operator for information, as follows: 

a. Standard weights are placed above the centroids of 

each vessel (i.e. on top of the centre of the 

stirrer motors). Downward force on the LlI vessel is 

considered as positive and downward force on the RH 

vessel is considered as negative. 

b. Enter the force value in newtons when prompted by 

the progr8DIJle. 

c. Repeat Steps a and b with different loads, normally 

nine times. 

d. To exit the progranme and complete the calibration, 

enter "N" when prompted "ANal'HER LOAD?" 

Note that zero load is valid and desirable for calibration 

purposes. 

The program will take ten transducer readings for each applied 

force, and do a least squares linear regression which yields the 

calibration equation: 

(Applied load)= m x (Transducer output)+ c 

where m = gradient of the calibration line 

c = ordinate intercept of the calibration line 
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A load cell calibration can be perfonned again at any time during a 

test. 

A typical load cell calibration output is shown in Fig. 3.10. 

3.3.2. Calibration of the DP Cell 

1. Connect the pods to the mercury/water manometer as shown in 

Fig. 3.11. 

2. Open the manometer relief valve. 

3. Bleed the DP cell system and manometer of all air and solids 

by flushing supply water via the bleed valve through the 

various components. 

4. Close the manometer relief valve. 

5. Run the progranme "READCHAN" to check that the transducer is 

operating properly. The reading should remain constant at 

approximately O, 04V for zero pressure differential, and 

should increase with increasing pressure differential to a 

ma.xi.mun of O , 2V. 

6. Run the progranme "ffiESCAL" which will prompt the operator 

for infonna.tion. 

7. Using the main bleed tap, or the manometer relief valve, a 

pressure differential is set up. The lefthand pod is the 

high pressure side and the high-low selectors are set to run 

from Left to Right. 

8. When the manometer levels have settled, the levels in nm Hg 

are entered and the computer will take ten transducer 

readings and then prompt with "ANOTHER PRF.SSURE?". 

9. Repeat steps 7 and 8 using different pressure differentials, 

nonna.lly nine times. 
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10. To exit the progranme and complete the calibration, enter 

"N" when prompted "ANOTHER ffiESSURE?" 

Note that zero pressure differential is valid and desirable 

for calibration purposes. 

A least squares linear regression is then perfonned by the computer, 

yielding the calibration equation. 

A DP cell calibration can be perfonned at any time. 

A typical DP cell calibration output is shown in Fig. 3.12. 

3.4 EXPERIMENTAL PROCEDURE 

The final product of the BB'IV is a set of rheological constants 

(i.e. T, Kand n) which characterise the particular slurry being 
y 

tested •. 

The following definitions shall apply. 

A READING consists of ten consecutive BBTV transducer outputs ( load 

cell, DP cell and time) yielding one point on a rheogram. 

A RUN consists of enough readings to fill the memory of the HP-75C -

usually 16 readings. 

A TEST consists of 30 to 40 readings from each diameter tube, 

yielding one rheogram (i.e. one set of rheological constants). 

3.4.1 Preparation 

Before a TEST can be executed, the BBTV must be prepared, and 

certain tests must be performed on the slurry. The power supplies 

( located in the computer hut) must be switched on and allowed to 

wann up ( about half an hour) . The pods should be disconnected and 

the load cell replaced with the blank. Connect up the data logger. 

The slurry should be prepared and each vessel approximately half 

filled. 
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At this stage, the operator should punp the slurry from vessel to 

vessel a few times in order to mix it thoroughly. Tilis is done by 

following the READING procedure in section 3.4.2, without using the 

computer (i.e. without steps 6 and 8) • Tile operator should begin to 

get a qualitative "feel" for the slurry rheology. 

A one litre swnple should be taken ( 4 x 250ml sample bottles) for 

record purposes (for pH, S , S and particle size distribution 
ID S 

tests), using the sample valve. 

Tile solids and slurry relative densities (S and S ) must be deter-
s ID 

mined (See Appendix). Tile pH and the temperature of the slurry must 

be recorded. 

Remove the pods and bleed the pressure system of air and flush any 

solids from the pods using the bleed valve. Connect the pods to the 

selected tube and record the length ( see Fig, 3, 13) , 

other viscometer tube at both ends. 

Close the 

Both fill port covers should be on. A calibration (3.3) is nonnally 

done at this stage. The BB'IV is now ready for a RUN. 

3.4.2 RUN 

In order to do a RUN, load and :nm the "VIScmtJN" prograume on the 

HP-75C. Tile operator will then be prompted:- · 

PIPE SIZE L/S? 

Enter either L (for large) or S (for small), 

MIXTURE TEMP? 

Enter the slurry temperature in oc 

LENGTH BEI'WEEN TAPS? 
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Enter the correct length (Fig. 3.13) 

TYPE OF MATERIAL? 

Enter a single identity character (i.e. K for kaolin or U for 

uraniun tailings). 

SOLIDS RELATIVE DENSITY? 

Enter the S value 
s 

MIXTURE REI.ATIVE DENSITY? 

Enter the S value. 
m 

The programne then names the DATA FILE as follows 

ABXXDDMM 

where: A is the identity character 

Bis the tube size (Lor S) 

XX is the C value as a percentage 
V 

DIM1 is the date. 

ffiESS (X)NT WHEN READY M9 = 

The BB'IV is now ready to take a READING. The value of M9 is the 

number of seconds that the computer will wait between capturing 

consecutive transducer outputs. One vessel should be full and the 

other empty. 

The READING procedure is as follows:-

1 . Close the vent valve on the full vessel and close the tube 

valve on that side. Replace the fill port cover if removed. 
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2. Open the vent valve on the empty vessel and open the tube 

valve on that side. When a very thick slurry is being 

tested, the viewing window cannot be used. The fill port 

cover should then be removed. 

3. Select the correct direction on the high-low selectors (see 

Fig. 3. 3). 

4. Switch the 3-way valve so that the full vessel is 

pressurised (see Fig. 3.3). 

5. Set the pressure regulator to the desired pressure. 

6. Change M9 if necessary by typing e.g. 

M9 = 5 

Press RET 

Type OONT 

if a 5 second wait between READINGS is required 

7. Open the tube valve on the pressurised vessel side. 

8. Quickly press the RET key on the computer and move to the 

vented vessel. 

9. Gently close the tube valve on the vented vessel side when 

that vessel has filled. This terminates the READING. 

A nllllber of READINGS are taken using steps 1 to 9 above, each with a 

different pressure regulator setting. 

The M9 values should be chosen so that the ten transducer outputs 

for each READING are evenly spaced over the flow time. For high V 
m 

READINGS, M9 = 0. Detennining the correct value of M9 is a matter 

of skill and experience and trial and error procedure is normally 

followed. 
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The stirrer motors should be used when necessary (i.e. if the slurry 

begins to settle in the vessels. If in doubt, leave the stirrer 

motors on). 

When the RUN is complete, the data is dunped from the HP-75C to the 

HP 86 using the "TRANSMIT" and "RECEIVE" progranmes ( see section 

3.5). 

The data file should be scrutinised to ensure that the DP cell is 

not limiting (i.e. DP cell output< 0,2 V). 

The data file format is shown in Fig. 3.14. 

3.5 DUMPING ffilXEDlJRE 

After each RUN, the data file should be dunped from the HP-75C to 

the HP 86. 

1. Switch off the HP-75C and disconnect it from the DAU. 

2. Connect the HP-75C to the HP 86 using the HP-IL connectors. 

3. Switch both machines on. 

4. CREATE a data file on the HP 86 to accept the data. 

5. Type LOAD "RECEIVE" and press END LINE on the HP 86 and type 

EDIT "TRANSMIT" and press RTN on the HP-75C. 

6. Press the RUN key on both machines at the same time. 

7. Type the file name on the HP-75C when prompted. Both 

machines will display FINISHED when the dump operation has 

tenninated. 

A hard copy of a progranme or data file on the HP-75C can be 

obtained using the progranmes "PR(XWRINT" (HP 86) and "PSEND" 

(HP-75C) and the procedure outlined above, without step 4. 
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3.6 ~SING 

The processing is done on the HP 86, using the progranme "VISOOPX", 

A typical READING is shown in graphical form in Fig. 3.15 as a plot 

of mass in RH vessel vs. time and pressure drop vs, time. F.ach 

READING is analysed, as explained below, to yield a co-ordinate 

( V ; AP) • The progranme shows these two graphs on the screen and 
m 

the operator must select the FIRST and LAST points to be used for 

the analysis ( usually 1 and 10) . 

A least squares linear regression is perf onned on the (time; mass) 

co-ordinates from FIRST to LAST. This yields the mass flow rate 

[dM/dt] from which V can be calculated: 
m 

V 
m = 

- dM/dt 

Pm 

~ 
A 

(3.1) 

(3.2) 

The AP value is calculated as the arithmetic mean of all the 

pressure drop ordinates from FIRST to LAST. 

The progranme produces a print-out (Fig. 3.16) and stores the 

co-ordinates and file data in a processed data file. 

This processed data is output in graphical form using "GRAPH 21" 

(Fig, 3.17) called a "Pseudo-shear Diagram". 

For laminar flow, the pseudo-shear diagram is independent of tube 

diameter. Thus the laminar, transition and turbulent regions can be 

identified using a pseudo-shear diagram. 

Only the laminar flow data is used for rheological characterisation. 
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Fig. 3.6 DP Cell 

OUTPUT TO DAU C40-200mV) 

+ 
10 OHM 

I=4-20mA 

HIGH D P GROUND 
LOW CELL 

24V SUPPLY 

Fig. 3.7 DP Cell Circuit Diagram 
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Fig. 3.8 DAU and HP-75C 

LOAD CELL OUTPUT 
C 

- -

LOAD CELL INPUT DP CE LL OUTPUT 

CHANNEL 2 3 ,4 

D A U 

HP-IL 

HP-75C 

Fig. 3.9 HP-75C Connection Diagram · 



3 .18 

- ---------=-============================-----=--------------------------
HP-75 FILE NAME LDATA6 

TIME 09:56:31 

DATE 85/05/08 

LDATA6 B 281 09:48 05/08/85 

1 DATA -483035.925084,923.271333914 
2 DATA 0,1.91206999159E-3,2.02484567313E-7 
3 DATA 100,1.70571479112E-3,1.2749727666E-7 
4 DATA 200,1.4985696247E-3,1.95277580212E-7 
5 DATA 300,1 .29112014294E-3,1.31275791117E-7 
6 DATA 400,1.0832215038E-3,3.21489588565E-7 
7 DATA 300,1.28961815298E-3,1.05092551803E-7 
8 DATA 200,1 .49611646538E-3,1.60312195419E-7 
9 DATA 100,1 . 70304176325E-3,1.78076138523E-7 
10 DATA 0,1. 91 067870361E-3,1.77857620959E-7 

The first line contains the 

Calibration Constants m, c 

Each consecutive line contains the 

App lied Load (N), uOutput" (V /V), 

Standard Deviation 

NOTE: Eachwoutput" is the average of ten consecutive readings. 

z 
~ 

-u 
0 
0 

_J 

..... 
0 
:> 
.µ 
u 
< 

The standard deviation is also calculated from these ten consecutive readings. 
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Fig. 3.10 Load Cell Calibration Output 
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------------------------------------------------------------------------
HP-75 FILE NAME PCALCH7C DATE 85/05/17 

TIME 10: 01: 57 

PCALCH7C B 454 09:48 05/17/85 The first line contains the 

1 DATA -173267.27667,-6909.97752923 Calibration Constants m, c 

2 DATA 176.22684,-.0409554,4.08792259113E-6 
3 DATA 2019.952,-.0513582~1.93218356616E-6 
4 DATA 4369.244,-.0649039,1.44913767462E-6 
5 DATA 6630.712,-.0780495,7.07106781187E-7 
6 DATA 8903.158,-.0911888,1.22927259431E-6 
7 DATA 11175.604,-.1043237,2.66666666667E-6 
8 DATA 13316.314,-.1167708,2.74873708375E-6 
9 DATA 11131.692,-.1041796,3.36650164612E-6 
10 DATA 8936.092,-.0915566,5.75808610179E-6 
11 DATA 6685.602,-.0785465,5.54276304944E-6 
12 DATA 4303.376,-.0648057,8.61587681744E-6 
13 DATA 2206.578,-.0527283,9.27421754711E-6 
14 DATA 16.467,-.0400489,7.50481327031E-6 

Each consecutive line contains the 

Applied Pressure (Pa), Output (V), 

Standard Deviation 

NOTE: Each output is the average of ten consecutive readings. 
The standard deviation is also calculated from these ten consecutive readings. 
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HP-75C VISCOMETER RUN DATA· FILE FORMAT 

LINE 1 Diameter (m), Temperature (°C), s s 
' 

C , L(m) 
s m V 

) 
LINE 2 Power Supply Voltage (V) ) 

) 
) 

LINE 3 Load Cell Reading (V/V), DP Cell Output (V), Time(s) ) 
) Repeated 

to ) for each 
) Reading 

LINE 12 Load Cell Reading (V/V), DP Cell Output (V), Time(s) ) 

Fig, 3.14 Data File Fonna.t 
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CHAP1'ER 4 

END EF'F'ECTS IN 'lHE BB'IV 

4. 1 INTRODUCTION 

The output of the BBTV is the pressure drop across the tube, .ap, and 

the mean slurry velocity, V. 

The tenn .ap, when measured between the two pressure vessels, 

represents the total energy loss across the tube. This total energy 

loss may be divided into four components as follows (Fig. 4.1): 

1. Losses due to viscous friction 

2. Losses due to developing flow (acceleration of the fluid) 

3. Entrance and exit losses. 

4, Fitting losses (valves, bends, etc.) 

For rheological characterisation purposes, we are interested only in 

the first, viz. losses due to viscous friction. It is essential 

therefore to either eliminate or accolID.t for the other three kinds 

of energy loss. 

From classical Newtonian theory, viscous friction losses are caused 

by work done against the · shear stresses which develop between 

adjacent fluid laminae. These losses are therefore modelled using 

shear stresses and the following can be shown from a simple force 

balance across a tube: 

T 
0 

= 
D.ap 
4L 

(4.1) 

In order to account for the other losses, the length Lin equation 

(4.1) is the "hydraulic effective" length, and not the physical tube 

length (see Fig. 4.1). 

Another standard approach used to accolID.t for the other losses is by 

use of a velocity energy head correction factor. 



where 

Htot 

Hf 

Fl 

= 
= 
= 

total head (energy) loss 

head loss due to viscous friction 

velocity energy head correction factor 

4,2 

1bus, before rheological characterisation can proceed, it is 

necessary to detennine accurately the hydraulic effective length, or 

the value of F1 , of the viscometer tubes. 

4.2 PREVIOOS ~ 

1be hydraulic effective length was detennined by Lazarus and Si ve 

(Ref. 20) using turbulent flow of clear water, AP being detennined 

by measuring the difference in air pressure between the two vessels. 

It was then assumed that this hydraulic effective length would be 

valid for the rheological characterisation of non-Newtonian 

slurries. 

It should be noted that the overriding concept in the developnent of 

the BB'IV was simplicity. 1be above assunption may be open to 

debate, but it is in line with the concept of simplicity. 

4.3 GRAVITY HEAD LAMINAR FI.av OF CLEAR WATER 

An experiment was devised to detennine the hydraulic effective 

length of the BBTV tubes using laminar flow of water, using the 

liquid surface height difference as the driving force. 

4.3.1 1beory 

With reference to Fig. 4.2 

AP = pg AH 

M 
AH A = 2 X xp vess 

AH 
2M 

- AvessP 



AP = 2 Mg 
A vess 

where M = excess mass in L,H, vessel 

A = cross sectional area of a vessel vess 

From Poiseuille (Ref. 3) Q : nA~"" 
8µL 

By definition M = pv 

For the L,H, vessel~ = 

dM n Mg R"" e. kM dt = 4 A µL = 
vess 

where k = n S R"" e. 
4 A !JL vess 

dM 
= k dt M 

J ~dM = k J 1 dt 

tn M = kt+ const 

at t = 0 const = ln Me 

where Me= initial excess mass. 

= 
n Mg R"" 
4A µL vess 

dv 
-p dt = -~ 

4.3 

(4.2) 

(4.3) 

Note that equation (4.3) is linear with gradient= k, allowing L to 

be determined by determining k, 

4.3.2 Experimental Procedure 

1. The BB'IV was approximately half filled with water and the 

surface levels were allowed to reach equilibrilDll position. 

2. The load cell was calibrated in this position. 



4.4 

3. An excess head was created in the L.H. vessel by pumping 

water from right to left. 

4. The water was then allowed to flow back under gravity head 

only, Regular readings of mass and time were taken. 

This procedure was repeated several times. 

4.3.3 Analysis 

The data points were plotted as tn M against t and typical results 

are shown in Fig. 4.3. Since the data has a definite curve to it, 

it would appear that equation 4.3 does not fit the data. 

The data was plotted, using the actual physical length, on the 

conventional Fanning friction factor-Reynolds nunber diagram, also 

shown in Fig. 4.3 

4.3.4 Discussion 

The deviation at high Reynolds number can be explained by a 

developing flow energy loss (Ref. 21) but no reference could be 

fol.llld for the much larger low Reynolds number deviation, except for 

the remark by Stokes (see section 2.2.2.2). 

4.4 STEADY STATE LAMINAR FLOY OF CLEAR WATER 

Using the syphon arrangement shown in Fig. 4. 4, a steady s·tate 

experiment was set up to determine L directly from Poiseuille's Law 

(equation (4.2)) and to verify the previous results. 

4.4.1 

1. 

2. 

3. 

4. 

5 

Experimental Procedure 

All components were charged with water. 

The valve was closed and the load cell was calibrated. 

The valve was then opened a suitable amount and the aperture 

held constant. 

The flow rate Q was measured regularly using the measuring 

cylinder and a stop watch. 

When the flow rate had reached steady state, the values of Q 

and M were noted. 

6. Steps 3 to 5 were repeated for several different flow rates. 



i 
t 

4.5 

4.4.2 Results 

The results are shown graphically in Fig. 4. 5 as a conventional 

friction factor-Reynolds m.unber diagram. (Actual physical length 

used for calculations) , 

4.4.3 Discussion 

There is no significant difference between the pseudo-steady state 

and the steady state experimental results. Since similar results 

were obtained from two different experiments, the results were 

assumed to be valid. Referring to Fig. 4.5, low values of Reynolds 

nlDDber were not obtained because of the long time required to reach 

steady state. 

4,5 OORRELATION OF CLEAR WATER LAMINAR FI..OY RESULTS 

4.5.1 Estimation of Energy Losses in the Developing Flow Region 

With reference to Fig. 4.6 (and reference 21), there is a pressure 

drop due to the fact that the liquid is accelerated in the entrance 

region of the BBTV tube, from a uniform radial velocity distribution 

to a parabolic one. 

Using the recomnended values and equations from reference 21, it can 

be shown that (referring to Fig. 4.6) 

Ap = P-p 
1 = k p v2 

where p = static pressure in the L.H. vessel 

P1 = pressure where fully developed flow starts 

and k = constant in the range 1,92 to 2,1. 

The value k = 1,9775, recoomended by Schiller (in Ref. 21) was used 

in the following correlation. 

The data collected in section 4.3 was correlated using an effective 

length factor F and the Reynolds m.unber where Fis defined by 

F = L 

Lact 



4.6 

where Land Lact are defined in Fig. 4.1. 

Since the entrances and exits of the BB'IV tubes are well fared with 

bell-mouths, the exit and entrance losses were assumed to be 

negligible. 

The results are shown in Fig. 4.7. 

4.5.2 Correlation Using a Velocity Energy Head Correction Factor 

The data collected in 4.3 was plotted on a pseudo-shear diagram (r 
0 

vs. 8V/D) together with the theoretical prediction (Poiseuille) in 

Fig. 4. 8 (first graph) . The actual tube length was used and the 

error due to non-viscous friction losses is evident. The total head 

(energy) loss was modelled using the standard velocity energy head 

correction factor: 

= 
vz 
2g 

F1 was correlated as a linear flll1Ction of V: 

= 17,59 V 

as shown in Fig. 4.8. 

Low velocity data points were ignored for this correlation. 

4.6 KAOLIN CLAY SWRRY BB'IV TESTS 

In order to evaluate the velocity energy head correction factor for 

non-Newtonian flow, tests were perfonned on a kaolin clay slurry 

(C = 18%). 
V 

4.6.1 Experimental Procedure 

Tube pressure tappings were intrcxiuced into the BB'IV tubes as shown 

in Fig. 3. 13, so that the viscous friction pres.sure drop could be 

measured directly. The air pressure difference between the vessels, 

as well as the tube tapping pressure drop, was measured at each 

READING. 



4.7 

The basic procedure was as described in Chapter 3, 

Several tests were perfonned using different combinations of the 

pressure tappings to ensure that fully developed flow existed 

between the tappings. 

4.6.2 Results 

Typical results are shown in Fig. 4.9. The difference caused by end 

effects is significant and can be clearly seen. The laminar/ 

turbulent transition is indicated at a pseudo-shear rate of 1500 

(V = 6 m/s). 

4.6.3 Correlation Using a Velocity Energy Head Correction Factor 

The velocity energy head correction factor, F
1

, was plotted against 

velocity on logarithmic axes in Fig. 4. 10 and linear axes in Fig. 

4.11. 

= 

In the range 2 < V < 6 m/ s which, in this case, is the range of 

interest for rheological purposes, F 1 was found to be nearly 

constant at 

F
1 

= 0,32 (Fig, 4 .11) 

In turbulent flow F1 decreases (V > 6 m/s). 

For velocities less than 2 m/s, F1 , increases rapidly with 

decreasing velocity (Fig, 4.10). 

4.7 DISCUSSION 

The velocity energy head correction factors are quite different for 

clear water and kaolin clay slurry (F1 = 17,59 V and 0,32 

respectively) • 

From theoretical considerations, it might be suspected that they 

would differ, since the velocity distributions are different. 



4.8 

What this investigation has brought to light is the fact that the 

end effects for each are significant (Figs. 4.8 (top) and 4.9) and that 

they are fundamentally different from each other. 

Since the kaolin is different from clear water, it can be expected 

that the value of F 1 = 0, 32 will change for other non-Newtonian 

slurries. 

From Fig. 4.9 it can be seen that end effects lead to a pseudo-shear 

diagram of significantly different shape. There is also no clear 

indication of laminar/turbulent transition, as is the case using 

tube pressure tappings. These two factors are of vital importance 

for rheological characterisation. 

4.8 (X)NCLlJSIONS 

1. The correlation using the theory of Goldstein (Ref. 21) 

shown in Fig. 4. 7, al though showing a similar trend, does 

not accurately predict the end effects shown by the BBTV 

with clear water in laminar flow. 

2. The BBTV end effects in laminar flow can be correlated using 

a velocity energy head correction factor of 

F = 17,59 V 

and F1 = 0,32 

for clear water 

for kaolin (C = 18%) 
V 

3. The BBTV end effects of non-Newtonian flow are significant 

and fundamentally different from clear water, and 

unpredictable. 

4. For the BBTV to yield meaningful results, bp must be 

determined using tube pressure tappings. 

differences between vessels cannot be used. 

Air pressure 



4.9 

5. For each new slurry tested, tests should be done using 

different combinations of the pressure tappings in order to 

ensure that fully developed flow exists between the pressure 

tappings. 

6. A low Reynolds nlDilber deviation has been reported which may 

be peculiar to the BB'IV. 

For clear water, the probable cause is complex non-linear 

surface tension effects (Ref. 22). If this is not so, then 

the effect reported by Stokes in Chapter 2 may have been 

observed. 

For kaolin, the probable cause is yield stress effects on 

the walls of the vessels. 
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CHAPrER 5 

RHEOI..ffiICAL CHARACTERISATION PH(X;E[)lJRE 

5. 1 INTRODUCTION 

A tube viscometer yields a series of co-ordinates of velocity and 

pressure drop (V,Ap). These results must be processed in order to 

give the required rheology, 

The technique recommended in the literature (for example Ref. 4, 5, 

6 and 7) is to make use of the Rabinowi tsch-Mooney relation ( see 

Appendix A) and reduce the pseudo-shear diagram to a rheogram. 

The main argument for the use of the apparent flow behaviour index, 

n' , is that it "has been found to be very nearly a constant over 

wide ranges of shear stress for a great variety of non-Newtonian 

fluids" (Ref. 8). 

The data acclllllulated for this thesis indicated either a Bingham 

Plastic or Yield Pseudo-Plastic rheology, for which n' is clearly 

not a constant. Figs. 5.1 and 5.2 show the relationship between 

Ln [T] and Ln [8V/D] for a Bingham Plastic and a Yield 
0 

Pseudo-Plastic. The asymptotes to the flow curves are also shown. 

(n • is defined as the slope of the flow curves. ) For a Bingham 

Plastic (Fig. 5.1) n• lies in the range O 5 n• 5 1, For a Yield 

Pseudo-Plastic (Fig. 5.2), n' lies in the range O 5 n' 5 n. 

The literature cited acknowledges this possibility, stating that in 

such a case, n' should be evaluated from the tangent to the curves. 

For theoretical work, where the derivative can be evaluated satis­

factorily, such a solution is perfectly acceptable. For the reduc­

tion of experimental data, however, this solution poses major 

problems. 
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5.2 SYNTHETIC DATA 

In order to evaluate the usefulness and accuracy of the technique 

using the Rabinowi tsch-Mooney relation, a theoretically perfect 

synthetic set of BBTV data points was generated. 

For simplicity (in order to use a linear regression and show degree 

of accuracy) , the Bingham Plastic model was used. The Buckingham 

equation (Equation 5 .1) was used to generate the data points, and 

these were then set up in a data file compatible with a nonna.l BBTV 

data file. 

8V 
D = ( 5 .1) 

Rheological constants used were 

T = 120 Pa y 
17 = 0,01 Pa s p 

These values are similar to those expected for the "thick" slurries 

tested in this thesis. 

The synthetic data thus generated is presented in Fig. 5.3. 

5.3 REDUCTION TECHNIQUE AND RFSULTS 

The reduction technique used was as follows:-

1. 

2. 

3. 

The data points were plotted on a log-log diagram. 

Using least squares polynominal regression, a curve was 

fitted to the data. 

The first derivative of this curve (n•) was evaluated at 

each data point. 



4. 

5. 

5.3 

The true rate of shear was then calculated at each data 

JX>int using the Ra.binowitsch-Mooney relation, thus 

generating true rheogram JX)ints. 

A least squares linear regression was then performed on 

the rheogram JX>ints, in order to extract the Bingham 

Plastic rheology constants (T and q ). 
y p 

For this technique to be valid, the initial values of T = 120 Pa y 
and q = 0,01 Pas should be obtained in step 5. 

p 

This procedure was followed five times, each time using a higher 

order of JX>lynomial fit. The results are shown in Figs. 5.4, 5.5, 

5.6, 5.7, 5.8. 

The error inherent in this technique is stmma.rised graphically in 

Fig, 5.9. 

5.4 DISCUSSION OF REDOCTION TECHNIQUE 

The reduction technique used above contains significant inherent 

errors. The yield stress error may be acceptable, but the residual 

error of some 6% in plastic viscosity would put a lower limit on the 

accuracy of work in this field. The trend shown in Fig. 5. 9 

indicates that higher order regression would not resolve this error. 

The above results were obtained using a perfect set of data JX>ints. 

Real data will contain experimental error. This would lead to 

higher inherent error, since the higher order fits would be less 

stable. The error of 6% was obtained for particular values of T 
y 

anrl. q . 
p 

This error could increase or decrease depending on these 

values, and the range of velocities considered. 

On these grounds, this technique has been rejected. 
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5. 5 NEW TECHNIQUE 

A new technique for tube viscometer data reduction was developed. 

In the absence of a suitable link between the pseudo-shear rate 

( 8V /D) and the true shear rate ( -du/dr) , the principle of 
0 

extracting rheological constants (i.e. yield stress ( T ) , fluid 
y 

consistency index (K) and flow behaviour index (n)) from a rheogram 

was abandoned and these parameters were extracted directly from the 

pseudo-shear diagram. 

Assuming a Yield Pseudo-Plastic rheology, i.e. 

8V _ 
D 

4 l+n (T - r ) 2 2 r (T -T ) r 2 

n ( ) [ o y + yo y +_L_] 
Kl/nT 1 To - TY n 1 + 3n 1 + 2n l+n 

0 

(5.2) 

The following technique was used: 

1. 

2. 

3. 

4. 

5. 

6. 

A pseudo-shear diagram was plotted using the pseudo-shear 

rate (8V/D) as abscissa and wall shear stress (D~p/4L) as 

ordinate. Data points in laminar flow only from both 

tubes are used. 

The best curve is fitted to the data by eye. 

T is read off as the ordinate intercept. y 

Three other co-ordinates are then read from the curve. 

These points are selected to cover the data range as 

extensive as possible. 

Using the value of T from step 3 above, these co-ordi­y 
nates are used successively three times in pairs to solve 

equation 5.2 for Kand n. 

These values (r, Kand n) are then inserted in equation y 
5.2 to plot three curves through the data. 



5.6 

7. 

5.5 

This process is repeated until a satisfactory fit of 

equation 5.2 to the data points is obtained. 

ILLUSTRATION OF THE NEW TECHNIQUE 

In order to illustrate the new technique, the rheological 

characterisation procedure for the C = 17, 71% Kaolin slurry is 
V 

doctBDented below: 

1. 

2. 

3. 

4. 

5. 

6. 

The pseudo-shear diagram was plotted in Fig. 5.10 using 

laminar flow data only from both tubes. 

The best curve through the data was drawn (by hand) (Fig. 

5.10). 

T was read off as the ordinate intercept (Fig. 5.10): 
y 

T : 80 Pa 
y 

The three points marked 1, 2 and 3 were selected and their 

co-ordinates were scaled from the gra}Xl: 

Xl = 1000 s-1 Yl = 145 Pa 

X2 = 2000 s-1 Y2 = 167 Pa 

X3 = 4000 s-1 Y3 = 189 Pa 

Using the value T = 80 Pa and the above three co-y 
ordinates three times in pe.irs, three sets of values for K 

and n were obtained by solving equation (5.2) (i.e. given 

two data points, set up equation (5.2) as two simultaneous 

equations and solve for the two tmknowns). 

Set A: Using 1 and 2 gives K = 1,2953 and n = 0,50225 

Set B: Using 1 and 3 gives K = 2,2942 and n = 0,43245 

Set C: Using 2 and 3 gives K = 4,0027 and n = 0,36625 

Using these three sets (A, B and C above) of rheological 

constants, three curves were plotted on the experimental 

data (Fig. 5.11). 



7. 

8. 

5.6 

!his process was repeated using slightly different values 

for r and points 1, 2 and 3, scaling these each time from 
y 

the graph. 

By observation it was decided that set B above gave the 

best fit. (see Fig. 7.1). 

5.7 (X)NCLUSION 

For fluids with a yield stress, the Rabinowi tsch-Mooney relation 

cannot be used for data reduction since n' is not a constant and its 

value at any particular pseudo-shear rate cannot be accurately 

detennined. 

A technique has been developed whereby rheological constants can be 

extracted directly from the pseudo-shear diagram. 

Although this technique relies heavily on an assumed initial rheo­

logical model, this was not folmd to be a problem and the technique 

worked satisfactorily for data reduction in this thesis. 
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CHAPI'ER 6 

DESCRIPI'IOO OF MATERIAL TES'l'ED 

6 • 1 TE.ST m:x;EDURE 

6.2 

6.3 

The required slurries were prepared and tested in the BBTV as well 

as the rotary viscometer. Volunetric concentration ( C ) was 
V 

controlled by adding or subtracting supernatant liquor as required. 

pH was controlled by adding sulphuric acid when necessary. 

The particle size distributions were determined using a Malvern 

2600/3600 Particle Sizer VF.6. 

Solids and mixture relative density and pH determinations were 

performed on all slurries (see Appendix B), 

KAOLIN 

Kaolin from the Serina mine near Cape Town was obtained as a dry 

powder and mixed with water to the required concentration. The 

resulting pH was 6,8 and this was maintained throughout the tests. 

The particle size distribution is shown in Fig. 6 .1, showing the 

following characteristics: 

d, 0 = 33 J.lll 

The micrograph of the kaolin (Fig. 6. 2) shows that it consisted of 

irregularly shaped particles with a layered structure. 

The kaolin slurry was tested as four concentrations, 

viz. C = 7,83%; 12,08%; 14,88% and 17,71%, 
V 

The Solids Relative Density, S , was found to be 2,44. 
s 

URANIUM MINING TAILINGS SLIMES 

Slimes were received wet from the Rbssing mine and the pH was very 

low (pH = 2,09) due to the acid leaching process used at the mine. 

Return Dam Solution (RDS) from the mine was used to dilute the 

slurries so as to maintain the pH and dissolved salt content. 



6.2 

During the tests, the pH of the slurries rose from 2,09 to 3,43. In 

order to detennine whether this change in pH could affect the 

rheology, tests were perfonned at pH = 1,94 and pH = 3,47, 

Sulphuric acid was used to reduce the pH. No change in rheology was 

detected. 

6.3.1 Particle Size Separation (UranilDil Tailings) 

A SWEOO Vibro-Separator was used for separating the slimes into four 

particle size ranges. 

The mesh sizes used were: 40 mesh (400 µm) 

60 mesh (250 µm) 

150 mesh (100 µm) 

The four particle size ranges were: 

d > 400 µrn 

400 µm > d > 250 µm 

250 µm > d > 100 µm 

100 µm > d 

The d < 100 µm fraction was left to settle for one week. The 

supernatant was siphoned off, and the remaining slurry was 

considered to be of maxi.mtBll concentration (C = 23%). The other 
V 

three fractions were well dried by the Sweco separation process, and 

no supernatant was present after standing for one week. 

Samples of each fraction were taken for S determinations. 
s 

6.3.2 Material tested in the BBTV (Uraniun Tailings) 

Four slurries of different particle size range and concentration 

were tested. 

The approach used was to start with the d < 100 µm fraction, and 

then reconstitute the total slimes in two further steps. 

The voll.Diletric concentration and the pH was varied where possible. 

Ea.ch of the slurries was prepared in the following way: 



Slurry 1 (d < 100 µm C = 22,3%) 
V 

6.3 

'Ihe finest fraction was tested at the maximum concentration as 

explained in 6.3.1. 

Slurry 2 (d < 250 µm C = 28,6%) 
V 

The 250 µm > d > 100 µm fraction was added so as to reconstitute the 

slimes up to the 250 µm size. No RDS was added, resulting in a much 

higher volumetric concentration, since the fraction added had a very 

low moisture content. The mixed slurry was tested at this higher 

concentration. 

Slurry 3 (d < 250 µm C = 23,4%) 
V 

The mixture in the viscometer (Slurry 2) was diluted with RDS to the 

same concentration as Slurry 1, 

tested. 

The diluted mixture was then 

Slurry 4 (Total slimes d < 2000 µm C = 23,91%) 
V 

The remaining coarse fractions were added thus reconstituting the 

total original slimes. This total slimes slurry was then tested. 

6.3.3 Results of Solids Relative Density (S) Tests 
s 

'Ibe results of the S determinations for the various particle sizes 
s 

are set out below. 

Particle size 

d (µm) 

< 100 
100 < d < 250 
250 < d < 400 

> 400 

Solids relative 
density 

s 
s 

2,736 
2,784 
2,624 
2,628 

Due to the larger proportion of smaller particles present, the 

Solids Relative Density for all four slurries was taken as 2,75. 



6.4 

The particle size distributions are shown in Figs. 6.3, 6.4 and 6.5. 

The particle size distribution characteristics are set out below. 

Slurry 

Slurry 1 

Slurries 2 & 3 

Slurry 4 

6.3.4 Micrographs 

6 

6 

6 

18 

29 

31 

64 

160 

200 

Fig. 6. 6 shows that the uranium slurry consisted of long thin 

particles and irregularly shaped particles, all sharp edged. 
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Fig. 6 . 2 Micrograph of kaolin particles 



C) 
z -tn 
tn 
< 
Q.. 

w 
C) 
< ..... 
z 
w u 
Q:: 
w 
Q.. 

C) 
z -tn 
tn 
< 
Q.. 

w 
C) 
< ..... 
z 
w u 
Q:: w 
Q.. 

100 

90 

80 

70 

60 

so 

40 

30 

20 

10 

0 

PARTICLE SIZE DISTRIBUTION 
-

... .... ~ 
~-

,/ 
J 

I 

) I 

J 
/" 

• 
I 

I/ 
: 

v' 

10 100 

PARTICLE SIZE IN MICROMETERS 

6.6 

ROSSING SLIMES 

1000 10000 

Fig. 6.3 Particle size distribution of uranium slurries Slurry 1 
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Fig. 6.6 Micrographs of uranilD:ll particles 
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CHAPl'ER 7 

EXPERIMENTAL RESULTS AND ANALYSIS 

7.1 DETAILED EXPERIMENTAL RF.SULTS 

The detailed BBTV experimental results are presented in Appendix C. 

7. 2 RHEOUXHCAL CHARACI'ERISATION 

The procedure laid out in Chapter 5 was applied to all the BBTV 

results. The resul ta.nt rheologies are presented in Table 7. 1 and 

Figs 7. 1 and 7. 2. For kaolin, the rheological constants are 

presented as a function of concentration in Fig. 7.3. The uraniun 
' 

rheological constants are presented as a function of concentration 

in Fig. 7.4 and maximum particle size in Fig. 7.5. 

7.3 TURBULENT F1.(M DATA AND PREDICTIONS 

As stated earlier, the BBTV is, by its very nature, a miniature 

pipeline, capable of producing valid turbulent flow data. 

Figs. 7.6 and 7.7 show the BBTV data presented as pipe flow diagrams 

(i.e. hydraulic gradient vs. mean slurry velocity) together with the 

theoretical predictions for laminar flow and turbulent flow, as laid 

out in Chapter 2. 

7.4 CRITICAL REYNOLDS NUMBERS 

Critical Reynolds numbers ( Re as per equation 2. 34) are tabulated 
nn 

in Table 7 . 2 together with the critical velocities, which were 

obtained from Figs. 7.6 and 7.7. 



7.2 

Volunetric BB'IV 
Slurry Concentration 

C% T (Pa) 
V y K n µ(Pas) 

Kaolin 7,83 6 0,027 0,82 0,0089 

" 12,08 23 0,50 0,50 0,010 

" 14,88 44 1,17 0,49 0,030 

" 17, 71 80 2,29 0,43 0,019 

Uranium Tailings 
Slurry 1 22,47 17 o, 18 0,74 0,025 

Uraniun Tailings 
Slurry 2 28,59 10 0,12 0,81 0,027 

Uranimi Tailing 
Slurry 3 21,99 0,67 o, 106 0,672 0,0094 

Uranimi Tailings 
Slurry 4 23,91 3 0,0497 0,764 0,0085 

Solids Relative Density: Kaolin 2,44 Uranitm1 Tailings 2,75 

Table 7.1 SUDJDarY of Results 

--------+-----+------+------4ttl----------••-----+------+------+----
SLURRY Cv Diam ! Vcrit h Re crit •• Ty K n Ss 

[XJ [111111) ! [a/5).. .,. .. (Pal ! 

-------+-------+--------+-------••--------.. -----+--------+-------+-----
-~----+-~---+-------+-------••----------••----+-----~+--------+----
KAOLIN 7.83 ! 13.370 ! 2.20 •• ~49 .. 6 1 .027 ! .8207 ! 2.4449 
--------+-------+--------+-------••----------••-----+----~-+--------+----
KAOLIN 7.83 ! 31.625 ! 1.80.. 7117 •• 6 ! .027 1 .8207 ! 2.4449 
-~------+-------+------+------••--------••----+-------+------+----
KAOLIN ! 12.08 ! 13.370 ! 4.40 •• 7091 •• 23 ! .500 ! .5000 ! 2.4449 
-~----+-------+--------+-------••----------••-----+-------+--------+-----
KAOLIN ! 12.08 ! 31.625 ! 4.00 •• 9453 .. 23 ! .500 ! .5000 ! 2.4449 
--------+-------+--------+-------••------ u---+-------+------+----
KAOLIN ! 14.88 ! 31.625 ! 6.20 •• 8679 .. 44 ! 1.170 ! .4900 ! 2.4449 
---------+-------+--------+-------••---------••-----+-------+-------+-----
KAOLIN ! 17.71 ! 13.370 ! 7.00 •• 5956 .. 80 ! 2.290 ! .4300 ! 2.4~9 
---------+-------+------+-------••----------••-----+------+-------+---~ 
KAOLIN ! 17.71 ! 31.625 ! 6.00 •• 6770 .. 80 ! 2.290 ! .4300 ! 2.4449 
----------+-------+-------+-------••----------.. -----+-------+--------+----
SLURRY 1 ! 22.47 ! 13.370 ! 5.40.. 4568 .. 17 ! .180 ! .7400 ! 2.7500 
---------+-~---+--------+-------••---------••-----+-------+--------+----
SLURRY 1 ! 22.47 ! 31.625 ! 3.90 •• 5732 .. 17 ! .180 ! .7400 ! 2.7500 
-------+-----+------+-------••---------.. ~--+-----+-------+----
SLURRY 2 ! 28.59 ! 13.370 ! 4.60 •• 3463 .. 10 ! .120 ! .8100 ! 2.7500 
---------+------+--------+-------••--------••-----+--------+--------+----
SLURRY 2 ! 28.59 ' 31.625 ! 3.10 •• 4348 .. 10 ! .120 ! .8100 ! 2.7500 
-------+-------+-------+------••---------.. -----+--------+-------+----
SLURRY 3 ! 21.99 ' 13.370 ! 2.00 •• 3571 •• 1 ! .106 ! .6720 ! 2.7500 
--------+-------+--------+-------••---------••-----+--------+--------+------
SLURRY 3 ! 21.99 ! 31.625 ' 1.60 •• 4736 .. 1 ! .106 ! .6720 ! 2.7500 
---------+-------+--------+------••---------••-----+-------+---~--+--~-
SLURRY 4 ! 23.91 ! 13.370 ! 1.60 •• 3085 •• 3 ' .050 ! .7640 ! 2.7500 
----------+-------+-------+-------••----------••-----+--------+--------+------

Table 7.2 Critical Flow Values 
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volumetric concentration 
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8.1 

CHAPI'ER 8 

OOI'ARY VISCXMETER 

INTRODUCTION 
Rotary type viscometers are available comnercially and the apparent 

advantages over the BBTV are as follows: 

1. The flIDdamental fluid mechanics principles upon which its 

operation is based are simple. 

2. The technology has been developed to a high degree of sophis-

tication (mechanical bearings, torque measurement, etc.) 

3. They are widely accepted industrial instruments. 

4. They are accurate ( 1 to 2% - Ref. 6) . 

5. They have a very wide range. 

6. They are easily calibrated. 

7. Their operation is simple. 

8. A test can be performed in a short time. 

9. A rheogram can be obtained directly (using a chart 

recorder.) 

10. Small samples are required. 

11. They are compact in size. 

12. They are clean. 

13. They are reasonably priced. 

Tile question as to why the BBTV has been developed must therefore be 

addressed. 

For comparison, tests were performed (on the slurries tested in the 

BBTV) using a Haake Rotovisco rotary viscometer. 

tailings slurries 3 and 4 were not tested. 

The uranium 

The resultant rheologies were then compared with the rheologies 

obtained in the BBTV and were also used to predict pipe flow curves 

for the slurries. 



8.2 

8.2 THE HAAKE RO'J'OVISOO VI8<Xl1ETER 

This is a rotating viscometer in which the slurry to be tested is 

introduced into a gap between a rotating rotor or bob and a fixed 

cup or beaker, known as the Sear le system. 

cylinders, 

The gap is annular, 

one of which is between two coaxial, concentric 

stationary, while the other rotates. The viscosity of the sample is 

detennined from the resistance to rotation caused by the sample 

material. The quantities measured are torque and rotational speed. 

The rotor can be rotated at different fixed speeds. 

8.2.1 Physical Description 

This instrument is an industry standard, and a detailed description 

is not included here. 

The measuring head was the dual measuring head with a 50/500 scale. 

The rotor system used was the MVlP system. This comprises a 

profiled rotor and a profiled cup representing the rotating and 

stationary measuring parts respectively. 

Shear rate is varied by selecting a gear ratio, called a "U" value. 

Torque measurements are measured on a graduated scale, called "S•" 

values. 

-8.2".2 Operating Procedure 

The procedure adopted is as follows: 

The cup is approximately half-filled with the slurry to be tested. 

The cup is then positioned in the meassuring head with the rotor 

already in position. A shear rate is selected by pushing the gear 

lever into the appropriate ntunbered slot (U). A torque reading (S•) 

is then taken. 

A ntunber of U and 8 1 readings are thus collected for each slurry. 



8.3 

8.2.3 Determination of Rheograms for Non-Newtonian Slurries using 

a Haake Rotovisco Viscometer 

The rheograrn is a graph of shear stress (r) vs shear rate ( ddrv)· 

These quantities are detennined from the U and S readings as follows 

(ref, 5,23) 

2 k . s• A' X 8 1 Tb = ~h 
= 1T 

(:)b 
4 n N B = 1 -2 = -s u 

where 

and A• and Bare given constants as shown below. 

Measuring Scale 

500 

50 

A' (Pa/div) 

2,78 

0,301 

( 8 .1) 

(8.2) 

B = 972 1/s for the MVlP system (geometric property). 

The value of A' was detennined by the absolute method described in 

the manual (Ref. 23) . This involves applying a known torque to the 

rotating head, using standard weights (Fig. 8.1). 

In order to account for non-Newtonian behaviour in the measuring 

gap, the literature (Ref. 1, 5, 7, 10 and others) recormnends multi­

plying the shear rate by the Krieger-Maron correction factor: 

FKI-1 1 + 
S2 - 1 (1 + 2 s) (~ .. - 1) = 2s 2 - en 3 

S2 - 1 ( L , 1! .. -1
)) (8.3) + 6s 2 ens (n" - l) + d log T 

n" = d en T/d en N is the slope of a logarithmic plot of T versus N. 

The use of equation 8.3 is discussed below. 



8.4 

8.3 EXPERIMENTAL RESULTS 

Detailed results are presented in Appendix E. 

The rotary viscometer was extremely difficult to read because the 

torque readings were not repeatable and decayed with time in an 

exponential fashion. The "correct" reading is thus ambiguous. 

The results for each data point presented above are the average of 

the highest and lowest readings obtained at each speed setting, 

cycling through the speed range several times. 

Fig. 8.2 shows the extent of the changes described above. Fig. 8.3 

shows the same infonna.tion plotted as tn T versus tn N, the slope of 

which is n". 

Ref erring to Chapter 5, the data in Fig. 8. 3 shows the same trends 

as Figs. 5.1 or 5.2. 

From the arguments outlined in Chapter 5 and the fact that the 

spread of data in Figs. 8. 2 and 8. 3 is not due to any random error 

but a systematic degradation of the sample, it is clear that n" 

cannot be accurately detennined. Also, the last tenn in equation 

8. 3 requires the slope of a graph of ( ! " - 1) vs. logT to be 

detennined, which compoWlds the problem. For these reasons, no 

shear rate correction was applied. 

8.4 RHEOORAMS 

The rheograms indicated a yield pseudo-plastic rheology. This model 

was then fitted to the data points for each slurry. 

These rheograms are presented in Figs. 8.4 (kaolin) and 8.5 (uranium 

tailings). 

The rheologies are summarised and com~red to the BBTV rheologies in 

Table 8.1. 



8.5 

8. 5 <Xl1PARATIVE RHFXXiRAMS 

For comparison µ.irposes, the BBTV rheologies are also presented in 

Table 8. 1. The respective rheologies are compared graphically in 

Figs. 8.6 (kaolin) and 8.7 (uranitun tailings). 

(Note that the rotary viscometer values above shear rates of lOOOs- 1 

have been extrapolated using the yield pseudo-plastic model). 

8.6 PIPE FLOW PREDICTIONS 

Pipe flow predictions using the rotary viscometer rheology were 

plotted against actual flow data points from the BB1V. These are 

presented in Figs. 8.8 and 8.9. 

8.7 DISCUSSION 

8.7.1 Rheological comparisons 

Comparing rheologies from Table 8.1: 

For kaolin, the yield stresses (r) are slightly higher for the BBTV 
y 

whilst the fluid consistency index (K) is higher by a factor of 

about 20 for the rotary viscometer and the flow behaviour index (n) 

is about twice as high for the BBTV. 

A similar pattern emerges for the uranitun tailings. Yield stresses 

are similar for both viscometers, the K value is about five times as 

high for the rotary viscometer and then value is about 40% higher 

for the BBTV. 

8.7.2 Comparative Rheograms 

8.7.2.1 Kaolin (Fig. 8.6) 

Generally, the rotary viscometer line lies above the BB1V 

line. This is probably du~ to end effects because the 

kaolin slurries exhibited comparatively large deviations 

from Newtonian behaviour, viz. high yield stress ( T ) and 
y 

low flow behaviour index (n). 

The arguments concerning effective bob height h ( used to 

calculate shear stress in equation (8.1)) 

the arguments presented in Chapter 4 

are analogous to 

concerning the 
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effective length of a tube which has end effects included -

they are not determinable since they are a function of the 

rheology. The instrunent constant A' , hence h also, is 

evaluated using Newtonian fluids, therefore the large 

deviations shown in Fig. 8.6 are to be expected. 

8.7.2.2 Uraniun tailings (Fig. 8.7) 

For shear rates < 1000 s-1
, the two viscometers are in 

better agreement than for the kaolin slurries. 

Non-Newtonian deviation is not as severe for the Uranit.DII 

Tailings slurries (comparatively low T and n values closer 
y 

to unity) and consequently better accuracy is to be expected 

from the rotary viscometer. 

At high shear rates, however, agreement is not good. 

8.7.3 Pipe Flow Predictions 

Figs. 8. 8 and 8. 9 show the pipe flow predictions using the rotary 

viscometer which compare with Figs. 7.6 and 7.7. 

In order to make an objective comparison, energy gradients were 

predicted using equations 2.21 (for laminar flow) and 2.33 (for 

turbulent flow) and then compared with the BBTV experimental data 

using the Log Standard Error criterion (Appendix F). 

Log standard errors are sunJDarised in Table 8. 2, and are shown 

graphically in Figs. 8.10 to 8.13. With the exception of Slurry 2, 

all the log standard errors using the BB'IV rheology were less than 

those using the rotary viscometer rheology. Examination of Figs. 

8.12 and 8.13 reveals that, for Slurry 2, the BB'IV is in fact better 

than th~ rotary viscometer. 

8.7.4 ThixotropY 

The difficulty in reading the rotary viscometer due to the 

exponential decay phenomenon described above is well doct.DI1ented. in 

the literature and is known as Thixotropic behaviour. 
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This author doubts the veracity of thixotropic behaviour as revealed 

by the rotary viscometer for two reasons: 

1. The BB'IV has two different diameter tubes, and two different 

test lengths on each tube. It was desigend thus 

specifically to detect such deviant behaviour as thixotropy. 

No such behaviour was detected since the laminar flow curves 

were coincident. 

2. Centrifugal forces are neglected in the WlB.lysis of the 

rotary viscometer. With a solid/liquid mixture, centrifuge 

action is more likely to be the cause of this deviant 

behaviour. 

In order to detennine whether centrifuge action was occurring, 

samples were taken from the inner and outer surfaces of the rotary 

viscometer after a test on a kaolin slurry. A particle size 

distribution WlB.lysis was perfonned on the two samples thus 

collected, and the results are presented graphically in Fig. 8.14. 

These results show that there is a significant particle size 

distribution gradient across the measuring gap, the coarser material 

having migrated across the measuring gap under centrifugal force. 

This evidence supports the fact that centrifuge action is indeed 

occurring. 

Other effects caused by centrifuge action, but which would be much 

more difficult to measure, are: 

1, Concentration gradient across the measuring gap. 

2, Build-up of "settled" solids on the outer surface, reducing 

the size of the measuring gap. 

The behaviour of a solid/liquid mixture in the measuring gap is 

therefore complex, yielding results which are virtually impossible 

to interpret. 



8.8 

8.8 

OONCLUSION 

The rotary type viscometer in its standard fonn is less suitable for 

the rheological characterisation of the slurries tested in this 

thesis than the BBTV. 
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SUJRRY 

Kaolin C = 7,83% 
V 

Kaolin C = 12,08% 
V 

Kaolin C = 14,88% 
V 

Kaolin C = 17,71% 
V 

Uranium Slurry 1 

Uranium Slurry 2 

AVERAGE 

8. 10 

I..ro STANDARD ER.OOH 

BBTV ROTARY VIS<XliETER 

0,071 0,24 

0,043 o, 15 

0,030 0,13 

0,027 o, 17 

0,098 O, 11 

0,086 0,073 

0,059 0,15 

Table 8.2 Log Standard Error Comparison - BB'IV vs. Rotary Viscometer 

Fig. 8.1 Absolute calibration of the measuring head 
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ROTARY VISCOMETER DATA Cv=28.59i. URANIUM TAILINGS 
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Fig. 8 . 3 : Spread of rotary viscometer readings on logarithmic axes 
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ROTARY VISCOMETER RHEOGRAM Cv=22.47i. URANIUM 
60 __ ,........,,........ _ __,._.--....--....---------------._.... 
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Fig. 8 . 5 : Rotary viscometer rheograms uranium tailings 
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RHEOGRAM Cv=22.477. URANIUM TAILINGS 8 .15 
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URANIUM TAILINGS Cv=28.597.: ROTARY VISCOMETER RHEOLOGY 
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Fig. 8.9 Pipe flow predictions for uranillll) tailings 



"%
j 

I-
'•

 

co
 

'""'
 

0 ~ f-
-' 

I-
'•

 

=' ~ s 
-

)C
l I t:r
j ~ ~
 

0 c-
t 

U
l 

,...
, 

1
0

 

... ffi .... ~
 

a:
 

I.
:)

 r; 
1 i ~ ~ 

.1
 

~ ... 8 -'
. 

01
 •

 O
J 

,...
, 

JO
 

... ffi .... C
 <
 

a:
 

I.
:)

 r; 
J 

a:
 

I.L
I z I.L
I ffi ... <
 a .1

 

c! u ... g -'
. O

J 
• O

J 

KA
OL

iti.
 

Cv
 e

 
7.

83
 %

 

• 
J 

1
0

 

LO
G 

C
 OB

SE
RV

ED
 E

NE
RG

Y 
GR

AD
IE

NT
 l

 

KA
OL

IN
 

Cv
 =

 
12

.0
8 

%
 

• 
1 

10
 

LO
G 

C
 OB

SE
RV

ED
 E

NE
RG

Y 
GR

AD
IE

NT
 l

 

,. 
:,-

v•
 ,

.r
. 

.;:·~
.;.t

;_.,
,•·

.:i.f
tf

;.-
...,

·~·
+\

,. 
t'-

r.f
~

; .
. ~h

i~
, 

l~
 

.
..

. t:
:-

~ 
•.

 , 
1•

: ...
 ,:

,..
,'\

,~
"-

"'
~·

· 

I 
, 

KE
Y 

o 
D

ia
a 

• 
31

.6
25

 •
 

•D
im

• 
13

.3
7 

• 

KE
Y 

o 
Di

a1
11

 •
 

31
.6

25
 .

. 

• 
D

i O
Ii

 
• 

13
. 3

7 
111

111
 

,...
, 

10
 

... ffi ~ ffi I l ~ ~
.
 l 

...
I ~
 ... g -'
. 

01
 

• O
J 

,...
, 

1
0

 

1
- ffi .... ~ r; 

1 i !., ~ ... 8 -'
. 0

1 
• 0

1 

KA
OL

IN
 

Cv
 •

 
14

. B
B 

%
 

• 
1 

LO
G 

C
 O

BS
ER

VE
D 

EN
ER

GY
 G

RA
DI

EN
T 

l 

KA
OL

IN
 

Cv
 =

 
17

. 7
1 

%
 

• 
l 

LO
G 

C
 O

BS
ER

VE
D 

EN
ER

GY
 G

RA
DI

EN
T 

l 

KE
Y 

o 
D

im
• 

31
.6

25
 •

 

•D
im

• 
13

.3
7 

• 

1
0

 

KE
Y 

o 
Di

OI
II 

• 
31

.6
25

 .
. 

• 
D

im
 •

 
13

. 3
7 

• 

10
 

(X
) . _. .(

X
) 



• 

KA
OL

IN
 

Cv
 =

 
7.

83
 %

 
..

, 
10

 

... z w
 .... C

 <
 

0:
: 

c.
:, t; 

1 
0:

: 
'°%

j 
w

 
~·

 
z w

 
C

 w
 

C
X)

 
... 

. 
<

 
.....

 
a ..

 
.....

 
..J

 
<

 
u 

~ 
...,

 
c.:

, 
I-

' 
0 

~· 
..J

. 0
1 

::,
 

• 0
1 

• 
1 

1 
JD

 

a1 
LO

G 
[ 

OB
SE

RV
ED

 E
NE

RG
Y 

GR
AD

IE
NT

 l
 

S' ~ <
 ~·
 

en 0 
KA

OL
IN

 
i 

Cv
 =

 
12

. O
B 

1. 
c+

 
..

, 
10

 

en 
... 

'i
 

ffi 
s 

.... C
 <
 

0:
: 

C
) 

00
 

>-
1 

I 
c.:

, 
0:

: w
 

z w
 

C
 w
 ... 

tr
j 

<
 

'i
 

5 
.1

 
'i
 

u 
0 

..J
 

'i
 

<
 

u 
-t

i 
...,

 
I-

' 
0 

8 
c+

 
en 

..J
,O

J 
K

 
I 

I 
I 

1
1

1
1

1
 

I 
I 

I 
I 

I 
1

1
1

1
 

I 
I 

I 
I 

1
1

1
1

1
 

, 0
1 

• 
1 

1 
10

 

LO
G 

[ 
OB

SE
RV

ED
 E

NE
RG

Y 
GR

AD
IE

NT
 l

 .
 

~·
 ..

..
. 1

 ..
. 

• ,
..:

·,;i 
w.

, ~
 ... 

i•
'-~

:;,1
,\•;

;,;
..;

.,. 
1 ~~

~.~
;--:

::,:
r~ .

.. -:v
.~ 

.;-~
 .. -

s-~
 :.~

o.:
': 

f",,.
;;..

,'!M
lt.

 '!.
, 
,,i

.:.i;
M

i 
~ 
\ 

.. , ..
.. 

, .. 

' 
KA

OL
IN

 
Cv

 •
 1

4.
88

 %
 

KE
Y 

..
, 

1
0

 
'-

-
I 

I 
I 

I 
I 1

11
1 

I 
I 

I 
il

ii
il

 
I 

I 
I 

I 
II

M
 

KE
Y 

. 
' 

... ffi 
' 

t 
I 

I 
o 

D
im

• 
31

.6
25

 •
 

.... 
/ 

j 
o 

D
im

 •
. 3

1.
 6

25
 •

 
~
 

~
 

i 
I 

I 
.
I
'
-

I 
• 

D
im

 •
 

13
. 3

7 
• 

• 
D

im
 •

 
13

. 3
7 

• 
t; 

1 
0:

: 
w

 ffi @
 ... <

 a ..
 

..J
 

<
 

u 

' 
...,

 • -
· 

, 0
1 

• 
1 

1 
JD

 

LO
G 

C
 08

SE
RV

ED
 E

NE
RG

Y 
GR

AD
IE

NT
 l

 

KA
OL

IN
 

Cv
 =

 1
7.

 7
1 

%
 

KE
Y 

..
, 

10
 

'-
-

I 
I 

I 
ii

 i
ii

 
I 

I 
I 

I 
11

11
 

I 
I 

I 
I 

II
W

 
KE

Y 
... ffi 

r 
o 

D
im

• 
31

.8
25

 •
 

.... 
I 

I 
_ 
/
-
j
 o

 O
lm

• 
31

.6
25

 •
 

~
 

i 
~
 

• 
O

la
a 

• 
13

.3
7 

• 
I 

I 
1

/-
I•

 O
le

a•
 1

3.
37

 .
. 

~
 

1 

ffi fi:I ... <
 a ..

 
~ 

~ 
/
I
 

I 
~ 

• -
· 

• 0
1 

• 
1 

1 
10

 

LO
G 

C
 O

BS
ER

VE
D 

EN
ER

GY
 G

RA
DI

EN
T 

l 

t '! ~ 

CX
> . _. I.O
 



4 

8.20 

Slurry 1 Cv = 22.47 % 
,.., 10 KEY 
t-z 
L&J o Diam• 31.625 mm -C 
< 
0:: 
C) •Diam• 13.37 mm 
~ 1 
C) 
0:: 
L&J z 
L&J 

C 
L&J 
t-
< 5 .1 
u 
.J 
< u 
L...I 

C) 
0 

: .J. 01 
' • 01 • 1 1 10 • I 

. 
LOG C OBSERVED ENERGY GRADIENT l 

i .. 
:, . , l . I 
' I ·1. Slurry 2 Cv 28.59 % = ; - 1 - ,.., 10 KEY ... 
-. . t-z 

L&J o Diam• 31.625 mm -C 
< 
0:: 
C) 

• Diam • 13.37 mm 
~ 1 
C) 
0:: 
L&J z 
L&J 

C 
L&J 
t-
< 
5 .1 
u 
.J 
< u 
L...I 

C) 
0 
.J. 01 

• 01 . l l JO 

LOG [ OBSERVED ENERGY GRADIENT l 

Fig. 8.12 Uranit.m1 BBTV Log Standard Error Plots 



. . . 

: 
l . . 
' 

r-, JO 
.... 
z 
lLJ -C 
< 
0:: 
l!) 

>- l 
l!) 
0:: 
lLJ 
z 
lLJ 

C 
lLJ .... 
< 5. l 
u 
..J 
< u 
L.J 

l!) 
0 
..J.01 

r-, 10 
.... 
z 
lLJ -C 
< 
0:: 
l!) 

>- l 
l!) 
0:: 
lLJ z 
lLJ 

C 
lLJ .... 
< 
5 .1 
u 
..J 
< u 

l!) 
0 
..J. 01 

. - 8.21 
Slurry l Cv = 22.47 % 

KEY 

o Diam• 31.625 mm 

*Diam• 13.37 •m 

• 01 . l l 10 

LOG C OBSERVED ENERGY GRADIENT J 

Slurry 2 Cv = 28.59 % 
KEY 

o Diam• 31.625 mm 

*Diam• 13.37 mm 

• 01 • 1 1 10 

LOG [ OBSERVED ENERGY GRADIENT l 

Fig. 8.13 Uranium Rotary Viscometer Log Standard Error Plots 



~ ~ 
JO

O
 

.. ~ 
90

 
rt

 
I-

'• 0 ~
 

BO
 

Cl
) co I-
'• 

N
 

C
l 

70
 

Cl
) p.
. 

z 
I-

'• 
.....

 
00

 

~
 6

0 
rt

 
~
 

I-
'•

 

g' 
<

 
rt

 
a..

 
I-

'• 
w

 s
o 

§ 
C

l 
I))

 

~
 4

0 
rt

 ~ 
z w

 
~· 

~
 3

0 
Cl

) 
w

 
~
 

Q
. 

a 
20

 
' 

0 c:: 
10

 
rt

 
Cl

) 
~
 

~
 

.....
 L

' 
00

 
0 

~ [ 
. 

1 

00
 

PA
RT

IC
LE

 S
IZ

E 
D

IS
TR

IB
U

TI
O

N
: 

KA
OL

IN
 

-
~
 --

~
 

I 

,,
y
 

-
J
~

 ~
 

"' 7
 

/ 
~
 

-,I
 l

/ 
/ 

,I
' 

11
'. /

 
/ 
~
 

I
/
 

( 
,J

 
-

-
-

-
IN

NE
R 

SU
RF

AC
E 

.. 
OU

TE
R 

SU
RF

AC
E 

V
 

10
 

PA
RT

IC
LE

 S
IZ

E 
IN

 M
IC

RO
M

ET
ER

S 

-- - - 10
0 

C
D

 . IV
 

IV
 



CHAPI'ER 9 

DISCUSSION OF BBTV EXPERIMENTAL RESlil....TS AND ANALYSIS 

9.1 OBSERVATIONS DURING TESTS - FLOW VISUALISATION 

The BBTV has transparent tubes, allowing flow visualisation by the 

operator. Al though the slurries were opaque, the velocity of 

particles in the fluid layers nearest the tube wall was observable. 

At low velocities the higher concentration kaolin slurries exhibited 

plug flow, i . e. almost constant velocity across the tube diameter. 

The other slurries showed a definite velocity gradient near the tube 

wall, which increased with increasing velocity. 

In all cases, the onset of turbulence was characterised by a 

pulsating unstable flow, appearing to oscillate at a frequency of 

approximately 2 Hz. This phenomenon was apparent in the transducer 

readings, as well as by observation of the flow in the tubes and was 

greater for the uranilDTI tailings slurries than for the kaolin 

slurries. 

This phenomenon is reported in Reference 3 (page 43) where it is 

stated that the first production of eddies occurs in "flashes" which 

become more nl.Ullerous at higher velocities. 

9.2 OBSERVATIONS FRa1 THE PSEUOO-SHEAR DIAGRAMS 

(Figs 7.1 and 7.2 and Appendix C) 

Each set of data results in clearly defined laminar flow curves, 

characterised by a yield-pseudoplastic rheology. The results from 

each tube indicate a laminar flow region, transition region and 

subsequent turbulent flow region. 

It should be noted that the procedure laid out in Chapter 5 allows 

for a Bingham Plastic model as well, since in such a case, n would 

be unity. 

The ma.xiim.un velocity attainable in the BBTV is approximately 9 m/s. 



9.2 

The principal differences between the kaolin and the uranium 

tailings slurries were as follows: 

( i) The yield stresses for the kaolin were much higher than 

uranium; 

(ii) Then values for kaolin (flow behaviour indices) were lower 

than uranium, producing a more curved rheogram. 

9.3 LAMINAR F'LOY PREDICTIONS 

Figs. 7.1, 7.2, 7.3 and 7.4 show that the experimental points are in 

excellent agreement with the theoretical predictions, validating the 

procedure in Chapter 5. 

9.4 TURBULENT F'LOY PREDICTIONS 

9.5 

Fig. 7.6 shows that the predictions of Torrance and Metzner and Reed 

were in good agreement with the experimental points for the kaolin 

slurries. The simple approach using Nikuradse was too high, but was 

closest for the C = 7,83% slurry which had the highest n value. 
V 

For the uranium tailings (Fig. 7.7), the predictions of Torrance and 

Metzner and Reed were not as good, but were better for the large 

tube than the small . tube. The simple approach using Nikuradse was 

much closer than for kaolin, especially for the small tube. 

LAMINAR/TURBULENT TRANSITION 

As noted in Chapter 2, the onset of turbulent flow depends greatly 

upon the ammmt of mechanical disturbance present. Maximum dis­

turbance will produce a lower bound critical Reynolds number of 2320 

for Newtonian fluids. 

The BBTV has very little mechanical disturbance, and therefore 

critical Reynolds numbers higher than 2320 are to be expected. 



9.3 

Table 7. 2 indicates critical Reynolds numbers greater than 3000. 

The work of Hanks et al ( in Ref. 5) shows that for a Bingham 

plastic, the critical Reynolds number is dependent on both T and y 
diameter and can occur at Reynolds numbers in excess of 100 000. 

Although a similar theory of the yield-pseudoplastic model does not 

yet exist, this would explain both the high critical Reynolds 

numbers and the fact that the critical Reynolds number is not the 

same for both tubes. 

The onset of turbulence occurred in "flashes", e~ially for the 

uranium slurries, causing unstable flow and the scatter shown by the 

smaller tube with uranium tailings (e.g. Fig. 7. 7, Slurry 1, C = 
V 

22,47%). Examination of the larger tube results, on the same 

diagram, show that at higher Reynolds m.unbers (higher velocity), the 

flow "settles down" and is in good agreement with Torrance and 

Metzner and Reed . 

.. 



CHAPrER 10 

cnJCUJSIONS 

1 . The BBTV must be used with line pressure tappings as in a conven­

tional pipeline rig. The air pressure difference between the two 

vessels cannot be used to accurately predict the friction head loss 

across a tube, since the end corrections are not detenninable. 

2. The data reduction technique reconmended in the literature using the 

Rabinowitsch-Mooney relation cannot be used for fluids with a yield 

stress since n• (the apparent flow behaviour index) is not constant 

and cannot be accurately detennined. 

3. A technique involving the extraction of rheological constants 

directly from the pseudo-shear diagram has been developed and has 

been validated. 

4. The rotary type viscometer, in its standard fonn, is less suitable 

than the BBTV for the rheological characterisation of the slurries 

tested. 

5. The BBTV is an instrunent which is capable of correctly 

characterising the slurries tested. These rheologies are presented 

in Table 7.1. 

6. The BBTV is in fact a miniature pipeline and is capable of 

collecting turbulent flow data and indicating the laminar-turbulent 

transition. 

7. The turbulent flow predictions of Torrance and Metzner-Reed show 

good agreement for the slurries tested in the BBTV. 

8. The turbulent flow prediction using Nikuradse can be used for fluids 

with a low yield stress and negligible rheogram curvature (n value 

close to tmity). 
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A.1. 

APPENDIX A 

nm RABINOWITSCH~ RELATION DERTVATIOO 

INTRODUCTION 

The Rabinowitsch-Mooney relation (as applied to tube flow) relates 

the pseudo-shear rate to the true shear rate at the tube wall, This 

is useful in tube viscometry in reducing bulk flow parameters to a 

rheogram. 

i.e. 
[- :Jo = 8V [3n' + 

D 4n• 
1] (Al) 

d ( ln T ) 

where n• 0 = d (en 8V) (A2) 

D 

A.2. DERTVATION 

We start with the completely general cons ti tuti ve equation for 

circular tube flow:-

du 
- dr = f (T) (A3) 

A force be.lance on a cylindrical element of radius r and length dL 

yields 

and 

n r 2 dp = 2n r T dL 

QE _ il 
dL - r 

d 2 T QI?. - __ o 
dL - R 

r = Rr 
T 

0 

r2 R 
and dr = - dT 

T 
0 

(A4) 



also T 
0 

= Dt.p 
4L 

A.2 

The flow rate can be obtained by integrating the velocity profile: 

Q = 2 n L u.r.dr 
0 

Integrating by parts: 

Q = n [u r' - Jr'~ dr i: 
Assuming that u = 0 (no slip at the tube wall) 

0 

Q = du 
cir dr 

T 

(A5) 

(A6) 

= I O R2T2 
11 T2 • • dT (substituting A4) 

= 

0 0 

T 

I 0r 2 
• f (T) • dT 

0 

Substituting R = D/2 

= 2V 
D 

8V 
D = 

1 
= ~ 

0 

T 

T 

J OT 
2 

• f ( T) • dr 
0 

;s I 0 r 2 
• f(r) . dr 

0 0 

Now, differentiating with respect to T (product rule) 
0 

a(~v) = 
d T 

0 

- 12 
~ 

0 

T IO T
2 

• f(T) • dT + ;~ 
0 0 

T 

ddT [IO T2 ] • f( T) • dT 
0 0 

(A7) 

(AB) 

(A9) 



A.3 

The first tenn on the R.H.S 

- 12 T 
- 3 

[:. IT 0 • dr] -;.- Jo Tz • f(r) • dr = T2 , f(T) 
T 

0 0 0 0 0 

- 3 8V (substituting A8) = 
T D 

0 

The second term on the RHS is treated with the Liebniz fonnula 

[The Liebniz formula states:-

-
d J U1(a) 

da u (a) 
0 

Now, let a 

F (x, a) dx = 
du 

f ( ) d U1 - F(u , a) --2. 
U1 ,a d d a o a 

+ J U1 (a) aF(x,a) • dx 

u (a) oa 
0 

= T ; u (a) = O; 
0 0 

X = r; 

and F(x,a) = F(r,r
0

) = T 2 f(r) (i.e. F(r) only)] 

Th d [JOTO T2 en dr 
0 

f ( T) , dT] 
T 

= T~. f(r
0

) • 1 - 0 +J O
O. dr 

0 

d (~v) 
d T 

0 

f( T ) 
0 

-3 = 
T 

= 

·(~v) + .L 
TJ 

0 0 

(~v) 
= 4 

= Tz , f ( T ) 
0 0 

T2 . f(r ) 
0 0 

~~v) 
+ To dr

0
] 

(AlO) 



Examining the last tenn:-

[eonsider 

2£. ~ = y . dx 
X 1 ~ 
l'y'dx 

Now 
d{ tn x) 

= l d d{tn y) 
dx an dy X 

X ~ dx d{ln y) 
• dx = d( tn x) 

. 
dy y 

= 
d{ tn y} 
d( en x) 

Similarly 

(- :) {D d tn (8V) 

l 4 [3 
D 

= + d (T) tn J 0 0 

d (ln (T )) 
Let n' 

0 
= 

d (tn (~v)) 

Then 
[- :]o 

8V [3n' + 1] = 4n' D 

A.3 CONCI1JSI0N 

A,4 

- l 
y 

~ 
dx 

] 

(All) 

(A2) 

(Al) q.e.d. 

Since no assumptions are made concerning the nature of the fluid, 

the result is perfectly general, and can be applied to any fluid, 

provided that there is no slip at the tube wall. 



APPENDIX B 

ANCIU..IARY TESTS 

B.1 Relative Density Determinations B.1 

B.2 pH Determinations B.2 

B.3 Particle Size Distribution Determinations B.3 



APPENDIX B 

ANCILl..IARY TESTS 

B. 1 REY AIIVE DENSITY DEI'ERMINATIONS 
The fallowing method was used for detennining S and S values 

s m 
(adapted from Practical Physics, Part II by J.J. Lategan). 

Aim: To detennine the relative density of a slurry mixture 

using a density bottle or measuring cylinder. 

Method: Find the mass of a clean dry density bottle (or 

measuring cy !ind.er) • Pour in the mixture using a funnel or 

syringe until the bottle is about half-full. Weigh. Fill 

the remaining space in the bottle with water. (With a 

measuring cylinder, fill to a convenient mark). Shake 

gently to remove air bubbles (use a vacUlDll pump if 

necessary) , insert the stopper, wipe away excess water and 

we igh again. F.mpty the bottle, rinse with water, fill 

completely with water, insert stopper, wipe off excess water 

and weigh again. 

Readings: 

Mass of bottle = Ml g 

Mass of bottle + solid = M2 g 

Mass of bottle + solid + H20 = M3 g 

Mass of bottle full of water = M4. g (g=gram) 

Calculations: 

Mass of solid = M2 Ml g 

Mass of water filling the bottle = M4 Ml g 

Mass of water filling the space 

left by the solid = M3 - Ml g 

therefore: 

Mass of water having a voll.DJle 

equal to that of the solid = (M4-Ml) - (M3-M2) g 



B.2 

therefore R.D. M2-Ml =--------(M4-Ml) - (M3-M2) 

Mass detenninations were made using an August Sauter 

Chemical be.lance accurate to± 0,1 mg. 

B,2 pH DETERMINATIONS 

pH Determinations were made using a Radiometer model pHM 80 pH meter 

and a GK 2401C glass electrode calibrated using Radiometer buffer 

(Disoditnn hydrogen phosphate/potassitnn dihydrogen phosphate) of 

pH = 7,02 (± 0,001) at 20°C, calibrated at the measuring temper­

ature. 

t<CI filing hole 

Saturated KCI solution 

Red reference 
sterns (Ag/Agel) 

Reference part 

• Porous pin. 

KCI crystals 

Glass membrane 

E 
E 

(\') 
0 .... 

_, ·. ; .. 
~, . -

9.5mm 

RADIOMETER II 
COPENHAGEN 
Araytcat hstrtrnais DMsui 

GK2401C Combined Electrode 



B.3 

B.3 

PARTICLE SIZE DISTRIBUTION DEI'ERMINATIONS 

The particle size distributions were determined using a Malvern 

2600/3600 Particle Sizer VF.6. 

As a reference guide, Coulter Calibration Standard particles were 

analysed using the Malvern instnnnent (pages B,8 - B,11), 

. - -·-· .. - ... ..... • . ., ....... - ; · ,.:,,.;~~---...__ --- ... --·--·-· ---- .. -- -·· .. -- -·----- ._.,. __ #W~- - .......... 

MALVEF.:tl I ti::::TRUMEtH':: LTD .. i::F'F:: I tK, LANE .. MAL'·.·'ERt·l .• D!GLfltm. 

RE SULTS FROM BLOCK 1 

RUt·~ tKIMBEF.:= 3 TI ME=00-:;:(1-5(1 

SAMPLE% VOLUME CONCENTRATION= 0.0217 

~:IZE 
MICRONS 

MEIGHT 
~-~ UNDER 

118.4 100.0 I 

ME I CiHT It-~ BAND 
MI CF.:m·~!:: 

LOG DIFFERENCE= 2.93 

BEAM OBSCURATION= 0.19 

I LIGHT ENERGY 
I CALCULATED MEASURED 

54.9 97.7 I 118.4- 54.9 2.3 82 82 
33.7 90.7 I 54.9- 33.7 7.0 126 126 
23.7 83.2 I 33.7- 23.7 7.4 176 177 
17.7 76 .2 I 23.7- 17.7 7.0 237 236 
1 :3 . 6 67. 1 I 1 7. 7- 13. 6 9. 2 ::::27 ~:29 
10.5 57.4 I 13.6- 10.5 9.7 449 449 

::::. 2 4:::, 3 I 10. 5- E:. 2 9. 1 614 615 
6.4 38.6 I 8.2- 6.4 9.8 805 802 
~5. (1 27. ::: I 6. 4-- ~;. o 1 O. 7 1 (118 1 (126 
::.::. 9 19. 1 1- 5. (1- ~: . 9 ~:. 7 1256 1255 
:::.o 12.6 I 3.9- :::.[1 6.~i 1472 1472 
2.4 6.5 I 3 .0- 2.4 6.1 1667 1659 
1 • 9 2. 6 I 2. 4- 1. 9 ::: . 9 1 f:31 1 :::53 
1 . 5 1 . 5 I 1 . 9- 1 . 5 1 . 1 19::: 1 1964 
1 . 2 1 • [1 I 1 • 5- 1 • 2 0. 5 I 204 7· 204 7 I 

----------------------------------------------------------------------1 
0 ( 50% ) (UM)= 8.63 I V MD (UM)= 14.37 I SM O <UM>= 5.94 I 

---------------------------------------------------------------------1 
D< l(1:.;) (UM>= 2. 77 I [1(90:.·;)(UM> = 32. 79 I :::PAt~ = ~:.4::: I 

------------------------------------------------------------ --------- 1 

Kaolin - 63 nm Lens 



B.4 

I 10(1 MI CROt-4 

I 

L 

[ 

t•1 A L • .. .- E F-: t·-1 PARTICLE SIZER VF.b 

MALVERN INSTRUMENTS LTO,SPRING LANE,MALVERN,ENGLAND. 

1---------------------------------------------------------------------1 
I RESULTS FROM BLOCK 1 I 
1---------------------------------------------------------------------1 
IRUN NUMBER= 9 TIME=01-39-50 LOG DIFFERENCE= 3.16 I 
1---------------------------------------------------------------------1 
!SAMPLE% VOLUME CONCENTRATION= 0.0062 BEAM OBSCURATION= 0.23 I 
---------------------------------------------------------------------1 

SIZE l·JE I (;HT I l•JE I GHT I t·4 BAND I LIGHT Et·4ERG'r' I 
MICRONS % UNDER I MICRONS % I CALCULATED MEASURED ! 

1 ~==t:. (1 100. 
87 . ,., " 97 . 
C"' ·- , -·-:.·. e -· c,? ·-· · . -·-=-~··· . 6 77 

I I o -.. -. .::..c,. 1 6:::. 
21 . C' 

·-' 60. 
16. 7 51. 
1 :;: . (1 4 ::::. 
1 (1. 1 3 :~:. 

-:, 
I • 9 24. 
6. ,., .:. 16. 
4. 8 1 1 . 
,:, ·-·. 8 6. -. ~·- 0 4. 

(1 

0 -. 
" C' -· 9 
,., 
..:., 

7 
(1 

7 
2 
e 
·-' 
0 
9 
0 

1 E:::::. (1-

:37. 6-
2E:. 1-
21 .5-
16.7-
1:3.0-
1(1, 1-
7. 9-
t.- •-:,_ .. .:. 

4. f:-
::: . ::::-

c,7 ~· 
C• 1 • C-

C" ·J C" ·-··-· . ·-' 
:;!7. 6 

21. 5 
16.? 
1 ~:. (1 

10. 1 
-:, Q 
I • - · 

6.2 
4. E: 
3. E: 
~:. 0 

9.7 
E:. 5 
t:. 6 
f!. 6 
C• "7 
•-• • I 

9. :~: 
Cf e -·. -· 
? ? 
I , I 

5.5 
4. 1 
2.9 

159 

:::: 1 :=: 
405 
5:;:1 
694 
910 

1147 

1606 
1746 
l r, ·J ·"":• 

C•--•.:... 

18B9 

1 -=- ·-:, -•.:... 
240 

4(14 
5::::4 
695 
91:::: 

1145 
1::::96 
1,:::n,::: 
1747 
1E:26 
1924 

2. 4 2. 5 :;: . o- 2. 4 1 • 5 1966 1960 I 
1 1 • 9 1 . 5 2. 4- 1 • 9 1 • 0 2(14 7 2(14 ?' I 
L ---------------------------------------------------------------------1 

0(50%) CUM ) = 15.99 I V MD CUM)= 26.47 I SM D (UM)= 9.78 I 
1---------------------------------------------------------------------1 
I 0(10%) CUM)= 4.57 I 0(90% )( UM)= 63.07 I SPAN = 3.66 I 
1---------------------------------------------------------------------1 

[ 
Slurry 1 - 100 nm Lens 

1. 
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B.5 

100 MICRON 300MM LENS 
MALVERN 2600/3600 PARTICLE SIZER VF.6 
---------------------------------------

MALVERN INSTRUMENTS LTO,SPRING LANE,MALVERN,ENGLAND. 

,---------------------------------------------------------------------
1 RESULTS FROM BLOCK 1 
1-------------------- ------------------------------------------ -------
IRUN NUMBER= 15 TIME=02-12-30 LOG DIFFERENCE= 2.91 
1----------------------------------------------------------------- --- - -
ISAMPLE % VOLUME CONCENTRATION= 0.0058 BEAM OBSCURATION= 0.19 

SIZE 
MI CF.:ON '.:; 

l•JE I GHT 
~,; Ut·mEF.: 

564.0 100 .0 I 

ME I GHT It·~ BAt·m 
MI CF.:ON'.:; 

I LIGHT ENEF.:GY 
• .. • ,. I CALCULATED MEASURED 

261.6 99.9 I 564.0- 261.6 0.1 31 26 
160.4 99.2 I 261.6- 160.4 0.7 54 54 
112. 8 97 . 7 I 160. 4 -· 112. E: 1. 5 B6 :::5 
84.3 94.8 I 112.8- 84.3 2.9 130 130 
64.6 90.5 I 84.3- 64.6 4.3 197 198 
50.2 84.1 I 64.6- 50.2 6.4 293 292 
39.0 76.4 I 50.2- 39.0 7.7 430 435 
30.3 68.7 I 39.0- 30.3 7.7 598 594 
23.7 60.1 I 30.3- 23 .7 8.6 798 802 
18.5 51.6 I 23.7- 18.5 8.5 1029 1032 
14. 5 4 ::::. 5 I 1 E:. !:i- 14. 5 8. 1 1272 1275 
11.4 34.6 I 14.5- 11.4 8.8 1526 1516 
9.1 25.5 I 11.4- 9.1 9.1 1753 1778 
7. 2 17. 7 I 9. 1- 7. 2 7. f: 1945 19:3::: 

I 5.8 10.2 I 7.2- 5.8 7.6 I 2047 2047 
,----------------------------------------------------------------------
1 0 ( 50%) ( UM)= 17.69 I V MO (UM ) = 28.78 I SM O ( UM)= 11.51 
,---------------------------------------------------------------------
1 0 ( 10% ) CUM ) = 5.74 I 0(90% )( UM >= 63.54 I SPAN = 3.27 
1---------------------------------------------------------------------

Slurry 1 - 300mm Lens 
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B.6 

• 

-.~i(1 MI CRON 
t•1AL '···'EF-:t--1 PARTICLE SIZER VF.6 

MALVERN INSTRUMENTS LTD,SPRING LANE,MALVERN,ENGLANO. 

1---------------------------------------------------------------------1 
I RESULTS FROM BLOCK 1 I 
1---------------------------------------------------------------------
IRUN NUMBER= 13 TIME=01-56-50 LOG DIFFERENCE= 3.06 
1---------------------------------------------------------------------
ISAMPLE % VOLUME CONCENTRATION= 0.0061 BEAM OBSCURATION= 0.20 
1---------------------------------------------------------------------
I SIZE WEIGHT I WEIGHT IN BAND I LIGHT ENERGY 
I MICRONS % UNDER I MICRONS % I CALCULATED MEASURED 
f---------------------------------------------------------------------

1 8:3. 0 1 00. (1 I 
87.2 84.2 188.0- 87.2 15.8 I 260 259 
53.5 69.8 87.2- 53.5 14.4 I 300 302 
37.6 62.3 53.5- 37.6 7.5 I 348 347 
·"':•C• 1 c:-c- .-., ::::7.6- -,o 1 ,' 1 414 415 ~·-· · -··-·· .::.. -=:;_,_,. I • 

21 C' 4t:. 4 2~:. 1- 21 C' 6. C• 531 C" .-. C'" . .... , . .... , '-' _,.;,._, 
16. 7 41 9 21 5- 16. ,' 6. c:- 691 6(~:9 . . I ·-I 

1 ~:. 0 34. 9 16. 7- 1:3. (1 ,' 
I • 0 901 9(1~:i 

10. 1 27 . 4 1 :::: . ~3- 1 (1. 1 7 . 6 1 1 ·-,·-, -~·.::. 1 1::::4 
-, ' . 9 19. 9 10. 1- "7 

I • 9 7. 5 1371 1~:79 
6. -, 1~:. 9 -:, 9- 6. 2 c- 9 15:=:7 1 ~~:::? .::.. I • ·-·. 
4. C• ·-· 9. 9 6. 2- 4. 8 4. (1 1726 17;:::4 .-. ,.:;, . E: 6. 0 4. e:- 3. 8 3. 9 1824 1:=:2(1 
'=' 0 -:, 1 ':• l;::- '=' 0 -, 9 1B96 1925 ...... ...... .... .. .... .. .::... 
.-, 4 ·'"':• (1 -:, 0- -, 4 1 r, 1977 1966 .::.. . .::.. . ..... . c;. • . .:: 
1 9 1 ·"':• '":• 4- 1 9 (1. E: 2(147 2(147 . . .::.. "'-• . 

23.09 I V MD (UM)= 44.08 I SM D (UM)= 11. 7 :::: 

0(10%) CUM)= 4.B6 I 0(90%)(UM)= 124.03 I SPAN = 5.16 I 
.1---------------------------------------------------------------------1 

Slurries 2 and 3 - 100nm Lens 
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~50 MICRON 300MM LENS 
MALVERN 2600/3600 

B.7 

PARTICLE SIZER VF.~ 

MALVERN INSTRUMENTS LTO,SPRING LANE,MALVERN,ENGLAND. 

1---------------------------------------------------------------------- 1 
I RESULTS FROM BLOCK 1 I 
,---------------------------------------------------------------------- 1 
IRUN NUMBER= 18 TIME=02-23-40 LOG DIFFERENCE= 2.71 I 
1--------------------------------------------------------------------- 1 
!SAMPLE% VOLUME CONCENTRATION= 0.009 1 BEAM OBSCURATION= 0.25 I 
1------------------------·---------------------------------------------1 
I SIZE WEIGHT I WEIGHT IN BAND I LIGHT ENERGY I 
I MICRONS % UNDER I MICRONS % I CALCULATED MEASUR ED! 
--------------------------------------------------------------------- 1 

564.0 100.0 I 
261.6 96.4 564.0- 261.6 3.6 64 64 I 
160.4 90.8 2 6 1.6- 160.4 5.7 95 96 I 
112.8 84.2 160.4- 112.8 6.6 130 130 I 

E:4. :;: 76. [1 112. ::::- 84. :;: ~3. 2 172 172 I 
64. 6 6t:. 6 t.:4. ·-=·-·-· 
50. 2 62. 6 64. 6-
~:9. (1 C" .-

""•t•. 6 50. ,.., .::.-

~a3. 'j ·-· 51. 0 39. 0-
""".•·::, -:, 45. 6 ,:_ ._ .. I :;:1.). ...... 

.; , -

1 ~:. C" _, 40. ...... 
.::. ·~· ·-=· .:--· . -(-

14. 5 
,..,c-
..,; .. _ .. ,.., 

.:., 1 e. 5-
1 1 . 4 ::.::(1. (1 14. 5-
9. 1 ,.._.--:, C.. ·-·. 9 1 1 . 4-
7 
I • 

..... , 
c.. 17. 7 9. 1-

C" p 1 (1. 6 ·-· · -· -:, 2-I • 

64. 6 '7 
I . 

5(1. ..... , 
.:. 

,.. 
t, • 

39. 0 6. 
~:[1. :;: C: -·· 2 :3. 7 C" -· · 18. cc _, cc ·-·. 
14. cc 

·-' 4. 
11 . 4 C" -·· 9 . 1 6. -( . 2 6. 
5. C• ·-· -:, 

I • 

4 
(1 

(1 
C" 
·-' 
4 
4 
9 
'j -· 
1 
--:, 
.:. 

1 

2~:(1 
::::(n 
4(1(1 
5 2 1 
676 
:::67 

1079 
1 -· ·"') "? 

~'-' 
1586 
1t:.:l2 
2(147 

·-:- ·: •·: • ,:_ ._ .. _. 
3 00 
4(12 
52::: 
676 
::::7(1 

l(1f:3 
1317 
1605 
1 ::::::::7 
2~)47 

0 ( 50% ) CUM ) = 29.08 I V MD ( UM >= 63.38 I SM D ( UM)= 13.2f 
---------------------------------------------------------------------1 

0 ( 10% ) ( UM ) = 5.56 I 0 ( 90% )( UM ) = 154.77 I SPAN = 5.1 3 I 
---------------------------------------------------------------------1 

Slurries 2 and 3 - 300nm Lens 

• 
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_J8RA1ION STANDARDS 63MM LENS B.9 
PARTICLE SIZER VF.6 r • _ • ••• • E F.: t-~ 

--------------------------------------
MALVERN INSTRUMENTS LTO,SPRING LANE,MALVERN,ENGLAND. 

I ---------------------------------------------------------------------1 
I . RESULTS FROM BLOCK 1 I 
,---------------------------------------------------------------------1 

, F.:Ut·~ HUMBEF:= 6 TI ME=0C1-45-2(1 LO(; DI FFEF:Et~CE= !5. 04 I 
! ---------------------------------------------------------------------1 

!SAMPLE% VOLUME CONCENTRATION= 0.0206 BEAM OBSCURATION= 0.18 I 
-·---------------------------------------------------------------------1 

SIZE ~~EI CiHT I ~·JE I CiH1 IN BAt·m I LIGHT ENERCN I 
I MI CRONS % UNDER I MICRONS % I CALCULATED MEASURED! 

.1---------------------------------------------------------------------I 
11 r:: . 4 100. 0 I I I 
54.9 5.6 I 118.4- 54.9 94.4 I 2047 2047 I 
33.7 5.6 I 54.9- 33.7 0.0 I 871 700 I 
2 ::::. 7 2. c1 I ~: :;: . 7- 2 ::::. 7 :;: . 5 I :;:5(1 1t:1 I 
1 7. 7 1 . o I 2 ::::. 7 1 7. ·;:, 1 • 1 I 2::::5 :;: ::::6 I 
1 ~: . 6 1. (1 I 1 7. 7- 13 . 6 0. o I 277 134 I 

·'· 10. 5 0. 9 I 1::::. 6- 10. 5 0. 0 I 186 17::: I 
I f:. 2 0. :::: I 10. 5- f:. 2 o. 2: I 165 15:::: I 
l I 6. 4 0. 7 I :::. 2- 6. 4 o. o I 15::: 140 I 
J 5. 0 0. 7 I 6. 4- 5. 0 0. o I 1 71 155 I 
I ::::. 9 0. 7 I 5. 0- 3. 9 0. 0 I 201 177 I 

3.0 0.7 I 3.9- 3.0 0.0 I 253 225 I 
I 2.4 0.7 I 3.0- 2.4 0.0 I 360 306 I 

1· 1.9 c1.7 I 2.4- 1.9 0.(1 I 517 447 I 
[ 1 • 5 0. 7 I 1. 9- 1 . 5 c1. (1 I 746 66:2 I 

I 1 • 2 0. 7 I 1. 5- 1. 2 0. 1 I 1 (1::::5 97·7· I 
r•---------------------------------------------------------------------1 

0(50%) (UM)= 84.81 I V MO (UM>= 83.12 I SM O (UM)= 42.11 I 
---------------------------------------------------------------------1 

I 0(10%) CUM)= 57.90 I D(90%)(UM)= 111.71 I SPAN = 0.63 I 
[ ----------------------------------------------------------------------1 

[ 

r 
L 

r; 
! 
l, 

! 
!. . 

Calibration Standard - 63IIIn Lens 

I8RATION STANDARD 100MM LENS 
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B.1 G ( 
;:F.:R1 I ON ~:TAtmRF:[1 1 (1C1MM LEN '.: : 

: . '•.•'E ~'. t -~ PARTICLE SIZER VF.6 
------------------------------------- ( 

MFIL './EF:t~ I t~'.:::TF.:UMEtH:::: LTD .• :::F·F: I t·Ki u=1t~E .• MALVEF.:t~ .• Et·WLAt·m. 

---------------------------------------------------------------------- ( 
RESULTS FROM BLOCK 1 

. _,:Ut·~ tKIMBEF:= ::: TI ME=[1[1--55-50 LOG [I I FFEF~Et~CE= 5. 14 ( . 
,---------------------------------------------------------------------

::AMPLE :.-~ VOLUME COtK:EtHRAT I Ot·~= (1, 0374 

' 

f:IZE 
MI CPON::: 

1 :=: :=: . [1 
C•? ·-· · . 2 
~- .-. C' ._, . .:,. ·-· 
...... ~ .:., .. . 6 
....... -. c:.,:,. 1 
21 . 5 
16. 7 
13. 0 
1 o. 1 

"7 9 I . 
6. .-, . ,:.. 

4. a:;, 
·-· 

-=· C• ·-·. ·-· 
•:, ·-· . 0 
. -. 4 .::. . 
1 . 9 

~JE I (;HT 
:.-~ UNDER 

100. (1 

94 . 6 
o. (1 

(1, (1 

(1. (1 

0. 0 
(1, (1 

(1, (1 

o. (1 

o. 0 
o. (1 

o. (1 

(1, 0 
o. 0 
0. 0 
o. 0 

~JE I GHT IN E:At·m 
MI CF:Ot-~::: 

1 :::::::. (1-

C' .-. C" ._, .:., .. _,-

21. 5 -
16.7-
1 :::: . (1-

1 [1, 1 -
7.9-
6.2-

:::: • [1-

2.4-

C•--::' ....., . 
e ,-, ._, . .:,. -.-, .;, ... 
,:.c, -=-·-·. 
21 . 
16. 
1 :;: . 
1 o. 

"7 
I . 
6. 
4. 
·:, ·-·. 
·:, ·-· . .-, ~-
1 . 

,.._, 
c.. 
c-~· 
6 
1 
C" ~· 
7 
(1 

1 
9 
•"':• 
,:.. 

C• ·-· 
C• ·-· 
0 
4 
9 

5. 
94. 

[1, 

(1, 
[1, 
(1. 
[1, 

o. 
(1, 
o. 
o. 
o. 
o. 
o. 
o. 

BEAM OBSCURATION= (1.20 

4 
6 
0 
(1 

(1 
(1 

(1 

(1 

0 
(1 

[1 

(1 

[1 

(1 

0 

I LIGHT ENERGY 
I CALCULATED MEASURED 

1827 
2047 

667 
2:34 
:::19 
:;:(17 
244 
246 
1::::0 
18(1 
2(15 
245 
::::25 
4 ::::1 

1725 
2047 
1 :;:9(1 
409 
207 
4 .-.. -. .;, . .:, 

169 
.-.. -.~ .:::.::.f 

1 :::O 
160 
167 
182 
2 :;: 1 

444 
---------------------------------------------------------------------

D ( 5(1;-~ > (UM::,= 71.28 I V MO (UM ::O = 73.94 I SM O <UM::O= 

0(10% ) (UM)= 57.01 I 0 ( 90%::0(UM ::O = 85.55 SPAN = 0.40 I 

C 

( 

f', 

( • 

( 

( , 

C' 

~---------------------------------------------------------------------1 ( · 
{ 

0 

Calibration Standard - 100nm Lens 
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, .E:F::AT I Ot-~ :;:;Tflt~[lf1F:[1:;:; :::0(.1MM LEt·l::.; -
_ • ... • E F: t ·-1 2 e:::: a:..::'1 a..::::-t .-··' ::;:: 6 a..::::'1 ~-t 

B.11 

PARTICLE SIZ~R VF-6 

MHL '•,•'EF.:N I t~::=;TF.:UMEtn::; LTD .. ::;PF.: I tKi LAt~E .• MAL VEF.:N ·' Et·mLAtm. 

----------------------------------------------------------------------1 
I RESULTS FF.:OM BLOCK 1 I 
.t---------------------- ---- -------------------------------------------1 

~UN NUMBER= 10 TIME=01-08-20 LOG DIFFERENCE= 4.76 I 
1----------------------- ----------------------------------------------1 
ISAMPLE % VOLUME CONCENTRATION= 0.0389 BEAM OBSCURATION= 0.19 I 
--------------------· -------------------------------------------------1 

~; I ZE ~·JE I GHT I ~·JE I GHT It-~ BAND I LIGHT Et-~EF.:G\' I 
I MICRONS % UNDER I MICRONS % I CALCULATED MEASURED! 
---------------------------------------------------------------------1 

564.0 100.0 I 
261.6 100.0 564.0- 261.6 0.0 375 366 I 
160.4 100.0 261.6- 160.4 0.0 654 636 I 
11 2.8 100.0 160.4- 112.8 0.0 996 977 I 
84. :::: :::5. ::: 112. :::-- 84 . :::: 14. :? 1 39::: 1 ::::90 I 
64. 6 (1. 0 :::4. ::::- 64. 6 :::5. ::: 1 :::30 1 ::: l '5 I 
50.2 0.0 64.6- 50.2 0.0 2047 2047 I 
39.0 0.0 50.2- 39.0 0.0 1747 1730 I 
30.3 0.0 39.0- 30.3 0.0 836 740 I 
23.7 0.0 30.3- 23.7 0.0 236 235 I 
18.5 0.0 23.7- 18.5 0.0 535 696 I 
14. 5 0. (1 1::::. 5- 14. ~; 0. 0 429 ::::50 I 
11.4 0.0 14.5- 11.4 0.0 34 1 383 I 
9.1 1.).f1 11.4·- 9.1 t1.(1 :3:;:c1 27~, I 
7.2 0.0 9.1- 7.2 0.0 222 280 I 

l 5.8 0.0 I 7.2- 5.8 0.0 I 200 282 I 
~--------------------------------------------------------------------, 

0 ( 50% ) ( UM)= 76.09 I V MD (UM)= 77.89 I SM [I (UM ) = 76.71 I 
1--------------------------------------------------------------------- 1 

0(10% ) (UM) = 66.93 I D(90%)( UM ) = 92.70 I SPAN = 0. 34 I 
-~--------------------------------------------------------------------1 

Calibration Standard - 300nm Lens 
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APPENDIX C 

DETAILED BB'lV TEST RESULTS 

~ 

Kaolin C = 7,83% C.1 
V 

Kaolin C = 12,08% C.6 
V 

Kaolin C = 14,88 C.11 
V 

Kaolin C = 17,71% C.16 
V 

Uranium Tailings Slurry 1 C.22 

" " 2 C.26 

" " 3 C.32 

" " 4 C.39 



APPENDIX C. 1 

Kaolin C = 7,83% 
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Kaolin C = 12,08% 
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APPENDIX D 

VERIFICATIOO OF VIscx:METER ~ SUITE BY HAND CALCULATIOO 

D.1 INTRODUCTION 

In order to ensure that a computer prograrrme contains no arithmetical 

errors, it is necessary to perfonn a parallel operation. Using a realistic 

set of input data, the necessary calculations are perfonned: 

(a) by the computer progranmes in the nonna.l way; 

(b) by hand. 

the output of these two 

arithmetical (or other) 

operations 

error will 

should be 

then be 

identical . 

manifested 

Any 

as · a 

difference between the output of the two operations. 

D.2 I~ DATA SEI' 

In order to ensure the validity of this verification, it is 

necessary to perfonn the parallel operation from the earliest 

possible stage. In this case, the earliest possible stage is the 

digitisation of analogue voltages from the transducers and power 

supply. The preparation of the input data was therefore effected as 

follows: 

D.2.1 Load Cell 

1, The viscometer vessels were approximately half filled 

with tap water. All valves were then closed. The dry 

mass of a measuring cylinder was detennined and the 

transducer was calibrated. 

2. The load cell and power supply voltages were noted. 

3. Using the drain tap on the L. H. vessel , approximately 

three litres of water was drained into a container. The 

mass of this water was detennined, 

transferred to the R.H. vessel. 

and then it was 
... 



D.2 

4. Steps 2 and 3 above were executed nine times. 

5. The final voltages were noted. 

D.2.2 Differential Pressure Transducer 

1. The transducer was calibrated. 

2. In this case, transducer readings yield pressure 

differentials directly from the calibration equation. 

The ref ore, the input data was generated directly from 

the calibration equation. 

D.2.3 Time 

D.3 RESULTS 

The time between readings was arbitrarily selected, and 

varied to yield realistic velocities. 

The following are the results of the data preparation and represents 

the input Data Set to be used for the parallel operation. 

D.3.1 Load Cell 

D.3.1.1 Load cell calibration 

Slope = -482414,245 N/(V/V) Constant= 940,58311 N 

D.3.1.2 Mass transfer data 

The power supply voltage remained constant at 5,9242V 



D.3 

Reading No. Load Cell voltage (V) Mass transferred (g) 

1 0,006402 
2887 

2 ,007097 
2886 

3 ,0079 
2903,5 

4 ,008492 
2869 

5 ,009186 
2892 

6 ,009889 
2878,5 

7 ,010587 
2925 

8 ,011296 
2957,5 

9 ,012015 
2916 

10 ,012723 

'Ibese ten readings were used successively six times to generate data 

for three rheogram points for each tube diameter. 

D.3.2 Pressure 

Differential pressure transducer calibration: 

Slope= -1488877,22147 Pa/V Constant= -60170,5907022 Pa 

Data selected for the three rheogram points were: 

Points No. 

1 

2 

3 

Transducer Voltage (V) 

0,042 

0,044 

0,046 



D.4 

D.3.3 Time 

The time intervals between load cell readings for the three rheograrn 

points were: 

Point No. 

1 

Time interval between readings (s) 

10 

2 

3 

D.3.4 other constants required 

other data required for calculations: 

D.3.5 

Tube diameter (large) 

(small) 

S (slurry relative density) 
m 

pw (density of water) 

L ( tube length) 

Input Data File 

5 

1,875 

31,625 nm 

13,37 mn 

1,2559 (realistic value) 

998,9 kg/m3 

4 m 

These results were then inserted into a data file in a fonn 

compatible with the computer progranmes. 

The parallel operations were then perfonned. 

D.4 HAND CALCULATIONS 

D.4.1 Mean slurry velocity (V) 
DI 

The mass transfer rate (dM/dt) is detennined from a least squares 

linear regression of [t;M] co-ordinates:- (From D.3.1.2) 



Reading Cumulative Mass Ctunulative time (s) 

No. (kg) Point 1 Point 2 Point 3 

1 0 0 0 0 
2 2,887 10 5 1,875 
3 5,753 20 10 3,785 
4 8,6565 30 15 5,625 
5 11,5255 40 20 7,5 
6 14,4175 50 25 9,375 
7 17,296 60 30 11,25 
8 20,221 70 35 13,125 
9 23,1785 80 40 15 

10 26,0945 90 45 16,875 

dM/dt (kg/s) 0,290 0,579 1,545 

Q = [:]/pm (m
1 
/s) 2,309x10-" 4,619x10-" 1,232xl0-1 

Large tube V = Q/A (m/s) 0,294 0,588 1,568 

Small tube V = Q/A (m/s) 1,645 3,290 8,773 

D.4.2 Pressure Differential 

From the calibration constants, and the voltage values: 

Point 1 Point 2 

llp (Pa) 2362 5340 

D.4.3 Pseudo-Shear Diagram Co-ordinates 

Large Tube 

DA p 8 V 
Point No. ID 

4 L D 

1 4,669 74,372 
2 10,555 148,996 
3 16,441 396,901 

Point 3 

8318 

D.5 



D.6 

Small Tube 

D b. p 8 V 
Point No. m 

4 L D 

1 1,974 985,490 
2 4,462 1970 
3 6,951 5253 

D. 5 CXl1PUT'ER OUTFUI'S 

D.5.1 Mean Slurry Vel~ity 

Figs. 1, 3 and 5 show the Mass vs. Time diagrams from which the 

vel~i ty is calculated in Fig. 7. Note that these diagrams (Figs. 

1, 3 and 5) are the same for both tubes. 

D.5.2 Pressure Differential 

Pressure differentials are the average of the points in Figs. 2, 4 

and 6. 

D.5.3 Pseudo-Shear Diagrams 

The pseudo-shear diagrams are shown in Figs. 8 and 9. 

D.6 CONCI1JSIONS 

The results differ by amounts which can be ascribed to truncation 

errors. Essentially the results of the parallel operations are 

identical. It can therefore be ass\.Ulled that the Viscometer 

programme suite contains no errors. 
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APPENDIX E 

OOI'ARY VISCXNETER 

E.1 CALIBRATION 

The readings for the absolute calibration (Ref. 23) are shown in 

Table E.1. 

The constants supplied by the manufacturers is shown in Table E.2. 

Switch Mass "S" 
Selling (g) (div) 

500 200 90 
500 100 45 
500 50 23,5 
500 30 14 
500 20 9,5 

50 20 85/88 
50 10 41/45 
50 5 20/24 
50 3 11/15 
50 2 6/10 

Table E.1 Absolute Calibration Results 
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HAAKE VISCOMETER TEST RESULTS 

PARTICLE SIZE RANGE 
VOLUl'IETRIC CONCENTRATION 

K•olin 
7.83 X 

!Shear StrR55!Shear Rate! 
No u s T dv/dy 

[Pal Cl/5] 
======================================================== 

1 162.000 32.500 9.783 6.000 
!------!-----------!-----------!-----------!-----------! 

2 ! 81.000 34.500 10.385 12.000 
!------?-----------!-----------!-----------!-----------! 

3 ! 54.000 36.000 10.836 18.000 
!------!-----------!-----------!-----------!-----------! 

4 ! 27.000 38.500 11.589 36.000 
!--~--!-----------!-----------!-----------!-----------! 

5 ! 18.000 40.350 12.145 54.000 
?------!-----------!-----------!-----------!-----------! 

6 ! 9.000 44.000 13.244 108.000 
!------!-----------!-----------!-----------!-----------! 

7 ! 6.000 46.500 13.997 162.000 
!------!--~-------!-----------!-----------!-----------! 

8 ! 3.000 52.500 15.803 324.000 
! .-----!-----------!-----------!-----------!-----------! 

9 ! 2.000 56.000 16.856 486.000 
!------!-----------!-----------!-----------~-----------! 

10 ! 1.000 65.000 19.565 972.000 
!------!-----------!-----------!-----------!-----------~ 

HAAKE VISCOMETER TEST RESULTS 

PARTICLE SIZE RANGE 
YOLUl'IETRIC CONCENTRATION 

Kaolin 
12.08 X 

!Sha.v- Stras.!Shear R•ta! 
Na u s T dv/dy 

CPA] [l/5] 
---=~a-:z=-------------=-------=--c------===-a--:et=-~= 

1 162.000 11.000 30.580 6.000 
!~----!-----------!-----------!-----------!-----------! 

2 ! 81.000 12.000 33.360 12.000 
!~~~-!-----------!-----------!--------~-!-----------! 

3 ! 54.000 12.500 34.750 18.000 
!------!-----------!-----------!-----------!-----------! 

4 ! 27.000 13.400 37.252 36.000 
!------!-----------!-----------!-----------!-----------~ 

18.000 14.000 38.920 54.000 
!~~--!--~-------!-----------!-----------!-----------! 

6 ! 9.000 14.500 40.310 108.000 
!------!-----------!-----------!-----------!-----------! 

7 ! 6.000 15.000 41.700 162.000 
·~----!-----------!-----------!-----------!-----------! 

8 ! 3.000 16.000 44.480 324.000 
!------~-----------!-----------?-----------?-----------! 

9 ! 2.000 17.500 48.650 486.000 
!------!-----------!-~--------!-----------!-----------! 

10 ! 1.000 19.500 54.210 972.000 
!~----!-----------!-----------!-----------!-----------! 
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HAAKE VXSCOMETER TEST RESULTS 

PARTICLE SIZE RANGE I Kaolin 
VOLUHETRIC CONCENTRATION 1 14.88 X 

:-:-c&szz--z-~•••=-z---=---=----------------:-=---------
'Shear Stress!Shear Rate! 

No u s T dv/dy 
(Pal Cl/sJ 

1 ! 162.000 22.500 62.550 6.000 
!------!-----------!-----------!-----------!-----------! 

2 ! 81.000 24.000 66.720 12.000 
!------!-----------!-----------!-----------!-----------! 

3 ! 54.000 25.000 69.500 18.000 
!------!---------~!-----------!-----------!-----------! 

4 ! 27.000 26.500 73.670 36.000 
!------!-----------!-----------!-----------!-----------! 

5 ! 18.000 27.500 76.450 54.000 
!------!-----------!-----------~-----------!-----------! 

6 ! 9.000 28.700 79.786 108.000 
!------!-----------!-----------!-----------!-----------! 

7 ! 6.000 29.300 81.454 162.000 
!------!-----------!-----------!-----------!-----------! 

8 ! 3.000 30.500 84.790 324.000 
!- .----!---~~----!-----------!-----------?-----------! 

9 ! 2.000 32.000 88.960 486.000 
!------!-----------!-----------!-----------!-----------! 

10 ! 1.000 34.750 96.605 972.000 
!------!-----------!-----------!-----------!-----------! 

HAAKE VXSCOMETER TEST RESULTS 

PARTICLE SIZE RANGE 
VOLI.Jt1ETRlC CONCENTRATION 

l 

1 K•olin 
17.71 'X 

!Shear Stres5!Shear R•te! 
No u s T dv/dy 

[Pal [l/5J 
•--•=--=-==sss--===---------------------==---=----------

1 ! 162.000 40.SOO 112.590 6.000 
!--- . !-----------!---------!-----------!--. --------! 

2 ! 81.000 43.000 119.540 12.000 I 

! ----- ! --------- ! ----------- ! ------·--- ! --------- ! .. 
:s ! :54.000 4S.SOO 126.490 18.000 

!-----!-----------!-----------!-----------!-----------! 
4 ! 27.000 S0.000 139.000 36.000 

!----!-----------!----------!-----------!-----------! 
18.000 S2.000 144.560 S4.000 

!-----!-----------!-----------!-----------!-----------! 
6 ! 9.000 55.500 1:54.290 108.000 

!-----!-----------!-----------!-----------!-----------! 
7 ! 6.000 57.500 159.850 162.000 

!-----!----------!-----------!-----------!-----------~ 
8 ! :S.000 60.500 168.190 324.000 

!------!-----------!-----------!-----------!-----------! 
9 ! 2.000 62.000 172.360 486.000 

!-----!-----------!-----------!-----------!-----------! 
10 ! 1.000 68.000 189.040 972.000 

!------!-----------!-----------!-----------!-----------! 
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HAAKE VISCOMETER TEST RESULTS 

PARTICLE SIZE RANGE 
VOLUNETRIC CONCENTRATION 1 

Slurry 1 
22.47 X 

!Shear Stress!Shear Rate! 
No u s T dv/dy 

[Pal [1/sl 

1 ! 162.000 38.250 11. 513 6.000 
!------!-----------!-----------!-----------!-----------~ 

2 ! 81.000 40.500 12.191 12.000 
!------!-----------!-----------!-----------!-----------! 

3 ! 54.000 42.500 12.793 18.000 
!------!-----------!-----------!-----------!-----------! 

4 ! 27.000 47.750 14.373 36.000 
!-----~!-----------!-----------~-----------!-----------! 

5 ! 18.000 52.750 15.878 54.000 
!------!-----------!-----------!-----------!-----------! 

6 ! 9.000 61. 750 18.587 108.000 
!------!-----------!-----------!-----------!-----------! 

7 ! 6.000 68.500 20.619 162.000 
!------!--~-------!-----------~-----------!-----------! 

8 ! 3.000 86.000 25.886 324.000 
!------!-----------!-----------!-----------!-----------! 

9 ! 2.000 10.350 28.773 486.000 
!------!-----------!-----------!-----------!-----------! 

10 ! 1.000 15.000 41. 700 972.000 
!------!-----------!-----------!-----------!-----------! 

HAAKE VISCOMETER TEST RESULTS 

PARTICLE SIZE RANGE : Slurry 2 
\IQL.lJ'IETRIC CONCENTRATION 1 28.:59 X 

! 

!She~r Stress!Shear R~te' 
No u s T dv/dy 

[Pal Cl/sl 

1 ! 162.000 46.000 13.846 6.000 
!------!-----------!-------~--!-----------!-----------! 

2 ! 81.000 46.000 13.846 12.000 
!------!-----------!-----------!-----------!-----------! 

3 ! 54.000 49.500 14.900 18.000 
!------!~---------!-----------!-----------!-----------! 

4 ! 27.000 54.000 16.254 36.000 
!------!-----------!-----------!-----------!-----------! 

5 ! 18.000 57.000 17.157 54.000 
!------!---~------!-----------!-----------!-----------! 

6 ! 9.000 65.000 19.565 108.000 
!--~--?-----------!-----------!-----------!-----------! 

7 ! 6.000 74.000 22.274 162.000 
!------!-----------!-----------!-----------!-----------! 

8 ! 3.000 91.000 27.391 324.000 
!------!-----------!-----------!-----------!-----------! 

9 ! 2.000 10.800 30.024 486.000 
!------!---~------!-----------!-----------!-----------! 

10 ! 1.000 16.500 45.870 972.000 
!------!-----------!-----------!-----------!-----------! 

E.5 

• Sl. l..lrry 1 

• Sl.1.J.rry 2 



APPENDIX F 

lffi STANDARD ERRlE DETERMINATIOOS 



APPENDIX F 

LOG STANDARD ERR(E DETERMINATIONS 

Comparison of correlation errors was perf onned using the log 'Standard 

error: 

LSE = 
~ [10g ( i ) - log ( i ) ] 

2 

1 mo me 

(n - 1) 

where LSE is the root mean square deviation of the log of observed points 

from the log of calculated points. 

Calculations were perfonned using the equations in Chapter 2 for the yield­

pseudoplastic model for laminar flow and the equation of Torrance for turbu­

lent flow. The observed points were BBTV data points. The individual i 
m 

values are presented in the following pages. 

REFERENCE 

Lazarus, J. H. and Neilson, I. D. ; A generalised correlation for friction 

head losses of settling mixtures in horizontal smooth pipes~ Hydro­

transport 5; 1978. 
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Fig. F.11 : Energy Gradient Calculations - Uranium Tailings - Slurry 2 -

BBTV Rheology 
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Fig. F.12 : Energy Gradient Calculations - UranilDil Tailings Slurry 2 -

Rotary Viscometer Rheology 




