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ABSTRACT 

In this study, the authors used a radiotracer detection system coupled to a frequency counter and the 
radioisotope, lmAu, to investigate the effect of several variables on the terminal settling velocity of goldparticles. 
The settling velocities of 35 manufactured gold particles (97 mg to 0.03 pg) were determined in order to produce 
working gold settling velocity vs. size-shape graphs for practical engineering application. 

Additionally, eight gold spheres were progressively flattened through 3 stages. At each flatness stage their 
settling velocity was determined. This highlighted the effect on settling velocity of decreasing shape factor 
for particles of constant mass (97 mg to 0.6 pg). The settling velocities of natural gold particles were also 
determined and compared to those of the corresponding manufactured particles. 

Finally, a generalized randomized block design was generated to explore the effects of three variables 
on the settling velocity of gold grains. The design was to be blockedaccording to gold size- shape combinations. 
The three variables (factors) studied were water temperature, clay concentration in the fluid, and the clay 
mineralogy of the suspended clays. This design was analyzed using a fixed effects analysis of variance model. 
The analyses show that al l  three factors had a significant @ < 0.001) influence on the settling velocity of gold 
particles. The data suggest that the clay mineralogy (viscosifying properties) of suspensions is perhaps the 
most influential parameter with respect to settling velocity determination. 
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Symbol Units Definition 

a,A 

b,B 

c,C 

c, 

cs 

cw 

CSF 

d 

dc 

cm, rnrn 

sec-' 

lbI100 ft2 

cm/sec2 

cm, mm 

cm, mrn 

- 

Major axis length of particle 

Intermediate axis length of particle 

Minor axis length of particle 

Drag coefficient 

Suspended solids concentration 

Percent by weight solids concentration 

Corey's Shape Factor 

Spherical particle diameter 

Diameter of a circle equal in area to the largest 
projected area of a particle 

Diameter of the smallest circle which encloses the 
largest projected area of a particle 

Nominal diameter. The diameter of a sphere which 
has a volume equal to that of the particle 

Inside diameter of a pipe, tube, etc, 

Shear rate 

Fann shear stress 

Acceleration of gravity 

Height above a referenced datum 

Fall distance 

Heywood's volume constant 

Coefficient of flattening defined by Saks 



DEFINITION OF SYMBOLS 

Symbol Unit. Definition 

- Number of observations 
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cm/sec Terminal settling velocity 

cm/sec Flow velocity 
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Specific gravity of a suspension 

Specific gravity of a solid 

centipoise Dynamic viscosity 
(gm/cm.s)x lo-' 

cen tipoise Apparent dynamic viscosity at shear rate, dvldy 

- Statistical degrees of freedom 

- Pi 

gm/cm3 Density of liquid 

gram/cm3 Density of suspension 

grarn/cm3 Density of solid 

dynes/crn2 Shear stress 



INTRODUCTION 

Recent years have seen the development of controversy 
between the Alaskan placer mining industry and state and 
federal envhonmental regulatory agencies. The major issue 
has been the quality and impact of the discharge of mine 
effluent waters used for processing the placer ores. Regu- 
latory agencies have suggested that the most practical way 
for miners to comply with the current effluent standards is 
for mines to modify their recovery systems to employ high 
recycle of their process water and perhaps even to adopt zero 
discharge operations. Miners contend that the high recycle 
of plant waters is accompanied by the build up of suspended 
solids in the fluid and that this increase of suspended solids 
lowers gold recovery by conventional sluice box recovery 
systems. 

Evidence given at EPA hearings suggests that the use 
of recycled placer plant water may lower gold recovery by 
as much as 30%. However, a recent study performed for 
Alaska's Department of Environmental Conservation failed 
to show a significant effect on gold recovery by water 
containing a large amount of suspended solids('). This study 
looked at the recovery of 30 x 70 mesh gold using a small 
test sluice (6 inches wide x 8 feet long) and water containing 
as high as 200,000 mg/liter suspended solids. Nevertheless, 
the placer mining industry maintains that gold recovery is 
lowered with recycled water and contends that the DEC 
study failed to show this due to the size and shape of the gold 
used and because of the limited size of the sluice box and 
the small quantity of material processed per test. Miners cite 
the effects of the increase of fluid viscosity, fluid specific 
gravity, and possible clay-gold surface phenomena on the 
settling velocity of fine gold as reasons for poorer gold 
recovery where recycled plant water is used. 

These arguments by both miners and regulators indi- 
cated the need for a detailed scientific study of the influence 
of suspended solids on the settling velocity of fine gold. The 
recent development by the Mineral Industry Research 
Laboratory (MIRL) of the University of Alaska, Fairbanks, 
of a gold detection system employing the gold radioisotope 
AU'~', improved the feasibility of such a study(". Previous 
gold settling velocity work has been as has work 
with the settling velocity of other rn ine ra l~(~ .~ .~*~~ . '~ ) ,  AU of 
these studies, however, relied on theoretical settling velocity 
calculations or used optical measurement methods which 
restricted them to fairly coarse particle sizes (2 2mg gold) 
and to clear water conditions. The present study removed 
both of these restrictions due to the radiotracer technique 
employed. 

In addition to extending the scope of previous settling 
velocity work and confirming its accuracy, MIRL desired 

to provide, from direct measurement, gold settling velocity 
data which could be used for recovery plant design. Such 
data should be of considerable use to the mineral processing 
industry due to the range of particle sizes and shapes studied, 
and because much of data was obtained for particles which 
settled at velocities placing them in the transitional settling 
velocity range; that range which lies between the Stokes and 
Newtonian settling regimes. Additionally, that portion of 
this study which focused on the effects of clay mineralogy 
and clay concentration on the settling velocity of gold 
particles has provided useful results and pointed to the need 
for additional work in this area. 

BACKGROUND INFORMATION 
REVIEW 

Settling Velocity Theory 
A useful concept in understanding the characteristics of 

gold particles and of associated minerals found in the various 
alluvial placer deposits throughout the world is that of 
hydraulic equivalence. According to ~ourtelot(~), hydraulic 
equivalence is the concept that describes the relationship 
between different mineral grains of varying size and specific 
gravity which are deposited in the same hydrodynamic 
environment Mineral grains are said to be hydraulically 
equivalent if they have the same settling velocity under the 
same conditions. In some Soviet literature the term "hydrau- 
lic size" is used as a synonym for settling velocity. 

Sedimentation theory, and hence the concept of hydrau- 
lic equivalence, are based on the laws of fluid mechanics. 
These laws are derived for spherical particles and consider 
a balance of buoyant, gravitational, and viscous drag forces 
acting upon particles. 

Stokes' Law states that settling velocity increases as the 
square of the diameter of the particle. With decreasing 
particle size the settling velocity drops off very rapidly. 
Settling velocity also varies with density. This law is 
applicable for particles with Reynolds numbers (Re) less 
than one; for particles so small that the liquid flows around 
them in a laminar fashion: 

Stokes' Law is then stated as: 

Eq. 1 

Eq. 2 

Newton's Law applies to coarser spherical particles that 
settle in the turbulent flow regime. Newton's Law states that 
terminal velocity varies as the square root of the diameter 



of a particle. Consequently increase in settling velocity is 
not as rapid with size as it is with Stokes' Law. This law 
applies to particles with Reynolds numbers greater than 
1,000. For Newton's Law: 

Vt = [3-33 g ( Ps - P ~ I ~ ]  lR Eq. 3 
PI 

Between the ranges of Stoke's Law and Newton's Law, 
there is no single equation that can be applied to calculate 
settling velocity. Such settling velocities can be determined 
indirectly, by iteration, using the equation: 

Eq. 4 

The drag coefficient, G, is a function of particle shape 

and the flow characteristics about the particle. Values of C,, 
are generally available in graphical form as plots of C,, vs. 

the Reynolds number for given shapes. Such a graph is 
shown in Figure 1. 

An alternative approach to the iterative method of 
solving for transitional settling velocities of spheres is 
provided by Wasp (9. Equations 5,6, and 7 provide the basis 
for his approach: 

Eq. 5 

c D ~ e 2  = % ( P s -  pl)hd3 
3 p2 

Eq. 7 

Wasp notes that Eq. 6 is independent of particle diame- 
ter whileEq, 7 is independent of aparticle's terminal settling 
velocity and states that the equations are general and apply 
over the whole range of Reynolds numbers. 

With the aid of graphs of C p e  and C, ~e~ as functions 
of Re for spherical particles (Figure 2) and Eq. 6 and Eq. 7, 
transitional settling velocities andlor drag coefficients may 
be determined. For example, if one desires a particle's 
terminal setting velocity, given only a spherical particle 
diameter, cD~e2 may be calculated using Eq. 7. This cal- 
culated value may then be used with Figure 2 to find Re. The 
final step requires rearrangement of Eq. 1 to solve for the 
terminal settling velocity, Vt. 

WdP REYNOLDS NUMBER (Re =--$ 

Figure 1. Drag coefficient (C,) for spheres as a function of the Reynolds Number@). 



Flgure 2 CdRe and C,Re2 versus Re for spheres(9). 

Measures of Particle Shape 
Not only does the size and specfic gravity of a mineral 

gain affect its settling velocity, but shape too has a pro- 
nounced influence. For particles which obey Stokes' Law, 
the effect of particle shape is proportional to the degree that 
the grain shape departs from that of a sphere flourtelot('3. 
Several ways exist of describing the non-sphericity of 
particles and the more common ones are listed below. In 
describing these, the following convention of particle 
dimensions is adopted: A2 B2 C, so that for nonequidimen- 
sional grains, C corresponds to the grain thickness and A and 
B dimension of the grain's surface of largest projected area. 

(1) The Flatness  actor(^) is defined as: J?F = (A+B)/ 
2C and can be thought of as the arithmetic average 

where the projected diameter is defined as 
(~(AB) /R)~ .~ .  K equals 0.524 for a sphere and 
becomes smaller as the flatness of the particle 
increases. 

(3) Coefficient of flattening, K, is defined by sakd6) 
as: Kt= Gc. 

(4) Corey's Shape  actor(") is defined as: C.S.F. = 

C I ~  and can be thought of as the particle 
thickness divided by the geometric average of the 
particle's other two dimensions. Corey's shape 
factor equals 1 for a cube or sphere and decreases 
as the flatness of a grain increases. 

of the two largest dimensions divided by the Corey discusses the measure of shape which bears his 
particle thickness. The flatness factor equals 1 for name as follows: 
a sphere or cube and gets progressively larger as 
particles become flattened. 

(2) Heywood's shape constant(lO), K: 

K =  Particle Volume 
(projected diameter? 

"The shape factor c& is probably not as corn- 
plete from the theoretical standpoint as the volume 
constant of Heywood because it does not take round- 
ness into account. Furthermore, the value for bolh 
spheres and cubes is 1.0, therefore this shape factor 



cannot accurately be called a sphericity. However, 
it has a decided advantage in that it does not involve 
the tedious and time consuming process of measuring 
stuface or sectional areas of irregular particles and yet 
it does describe the flatness. For this reason the ratio 
c& was used to express shape in this study. 

Other ratios were considered for use in this inves- 
tigation but were eliminated because of theoretical 
and practical considerarions, One of these is the ratio 
[@/a + c/a + c/b)/3] which seemed to have no advan- 

tage over the ratio c& and is less convenient. 
Another was the ratio d,.,& which was elirni- 
nated because it gives a value for spheres less than 
the value for cubes. The ratio c/d, was not used 

because an angular particle can give a high value to 
a non-spherical particle, 

A shape factor analogous to the volume constant 
of Heywood (1:27) was considered. Heywood's 
volume constant is expressed by the ratio: 

where d is the diameter of a circle having an area equal 
to the largest projected area of the particle. The 
possibility of replacing d3 with (abl3I2 was studied 
since (ab)ln is roughly related to d. However, 

(ab)ln is normally somewhat greater than d and the 
discrepancy is considerable in the case of round 
particles which should have higher values of the ratio 
if it is to correlate with fall velocity. 

It is not probable that a simple ratio can be found 
that adequately expresses shape from the theoretical 
point of view. However, it is believed that the shape 
factor used in this study is superior to the simplified 
ratio suggested by Wadell (9:264): 

where dc is the diameter of a circle equal in area to 
the largest projected area and Dc is the diameter of 
the smallest circle cjrcumscribing this area. this ratio 
not only gives values of shape for disks and spheres 
that are identical, but it also is difficult to measure." 

~lbertson('~) concluded that while it was unlikely that 
particle shape could ever be fully described by a single 
parameter, Corey's shape factor adequately described par- 
~ c l e  shape to the degree of refinement required to discuss 

a particle's shape influence on settling velocity. The authors 
of the present study chose to use Corey's shape factor for 
the above quoted reasons and because Corey's shape factor 
has consistently been usedin previous MIRL studies involv- 
ing gold shape since 1973. 

Effects of Shape on Settling Velocity 
The effect of particle shape on the settling velocity of 

constant mass particles can be seen by examining Figure 3. 
This data, compiled by Corey, shows that particles with a 
shape factor of 035 have an average terminal settling 
velocity of nearly twice that seen for particles of shape factor 
0.35. Spherical particles settled at velocities thre times 
those observed for particles of 0.35 shape factor. The size 
mnge of particles studied by Corey was 4 mesh to 14 mesh 
(4.8mm to 1,4mm). 

In summarizing Corey's work as well as that of other 
researchers, Albertson developed the graph of C, vs Re for 

different shape factors shown in Figure 4. Both C, and Re 
have been defined by Albertson as: 

Eq. 8 

Eq. 9 

These definitions are identical to Equations 5 and 1 
respectively in all respects except that dn, nominal diameter, 
is used in place of d, spherical diameter. Nominal diameter 
is defined as the diameter of a sphere having the same 
volume as the particle itself. 

Using Figure 4 and equations 2, 3, and 4 one can 
calculate settling velocities for particles of different shape 
factors. The option exists to use the values of Figure 4 and 
the approach of Wasp to construct CJRe and CD ~e~ vs Re 
plots for each shape factor. This would allow more rapid 
evaluation of settling velocities for particles settling in the 
transitional range. 

With respect to the effect of shape on the settling 
velocity of gold particles, Shilo and ~humilov(~) have pre- 
sented the data shown in Table 1 and Figure 5. These Soviet 
scientists measured the settling velocity of gold spheres of 
mass ranging from 600 mg to 2 mg. They then progressively 
flattened these spheres to obtain particles with lower Corey 
shape factors and larger sieve sizes, measuring the settling 
velocity at each stage of flatness. It is quite clear that 
although each particle remained constant in mass, their 
settling velocity was significantly decreased by even a slight 



Figure 3. Fall velocity as a functlon of particle shape and mass(''). 

Figure 4. Drag coefficient versus Reynolds Number for different Corey's Shape Factors(s). 



Table 1 
Main characteristics of gold particles used in Soviet 

laboratory settling velocity 

Particle Particle Wt, Particle Flatness Factor (FF) 
No. (mg) Beginning of Test End of Test 

= (A+B)/2C A$, and C are length, width, and 
thickness respectively 

increase in their flatness. Shilo and Shumilov note that the 
settling velocity of large flat patticles may be the same as 
that of small, but more spherical ones. They continued their 
work by looking at the gold from 12 placer deposits in the 
northeastern part of the Kolyma region and found that native 
placer gold particles of various sizes and shapes followed 
the same pattern as shown for their laboratory results (Figure 
6). 

Densitiw and Viscosities of Clay Water Suspensions 
A review of the basic settling velocity equations pre- 

sented in an earlier section shows that for solid particles the 
primary parameters affecting settling velocity, other than the 
particle's density, shape and nominal diameter, are the 
density and viscosity of the liquid or suspension. These two 
physical properties of suspensions are discussed in this 
section. 

According to there are three density terms 
involved in the specification of any suspension; namely, the 
density of the particles, the density of the suspending 
medium, and the density of the suspension itself. Suspen- 
sion densities may be measured directly using hydrometers, 
specific gravity bottles, pulp density scales, and other 
conventional techniques. Alternatively, the density of a 
suspension of a given concentration may be calculated if the 
densities of the fluid and the suspended solids are known. 
The density of a suspension in terms of its component 
densities is given by equation 10. 

Cw is the concentration of solids in percent by weight. When 

dealing with water-clay suspensions, it is often more con- 
venient to define solids concentrations in terms of the 
suspended solids units, rngfliter. Equation 10 may be 
rewritten as: 

r 1 

where Cs is suspended solids concentrations in mgfliter. 
Equation 11 may be further reduced if terms of specific 
gravity are substituted for the density terms: 

P 1 

Figure 7 shows plots of Equation 12 for various specific 
gravity solids. 

From a theoretical point of view, the effect of increasing 
suspension density on the terminal settling velocity of a gold 
particle can be seen by rearranging Eq. 8 to yield: 

4g(ps - ~ m )  d n I '" Eq. 13 
~ C D  pm 

An increase in pm decreases the numerator and increases the 
denominator. C, will undoubtably be altered given a change 
in suspension density. In the case of S tokes' settling the ratio 

0 
of settling velocities of a particle in a suspension of Pm 
compared to that of A, given , is described by: 

0 0 v, (h - P,) (YS - Y:) 
A- - - - Eq. 14 

For the Newtonian settling regime, this same ratio of settling 
velocities is given by: 

Eq. 15 

How would a change in suspension density affect a gold 
sphere's (ys = 18.0) settling velocity? As an example, 

consider a change in fluid density h m  that of water at 
0 

standard condition (y, = 1.00) to that of water at standard 
conditions with a suspended solids (ye = 2.65) concentration 
of 50,000 rngfl. Equation 12 yields y A  equal to 1.032. 

Eq. 10 0 Using these values of y and A in Equations 14 and 15 
--- 

Ps ' PI gives: 
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Figure 5. Mass of gold particles (a) and their settling velocity (b) versus their flatness factor(4). 
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Flgure 6. Settllng velocity of natural gold particles versus their flatness factor. Gold from six placers in the 
northeastern Kolyma region(4). 

V: / V; = lllO2 for Stokean Setding For some fluids shear swss (z) is directly proportional 
to shearrate (dvldy). A fluid of this type is called Newtonian. 

V: 1 vi = 1.017 for Newtonian Settling Water is a Newtonian fluid. Newtonian fluids satisfy the 
differential equation: 

Thus a gold particle's settling velocity is reduced as the 
suspension density is increased. With the assumed density 
changes in the above example, this decrease ranges from 
0.2% for Stokes' settling to 1.7% for Newtonian settling. 
The percent decrease in settling velocity for particles settling 
in the transitional regime should fall between these values, 
is. 0.2% I transitional regime % decrease S 1.7%. Non- 
spherical particles should be similarly affected by changes 
in suspension density. 

Unlike suspension density, the viscosity of a suspension 
is not related only to the suspended solids concentration. It 
is a function of the suspended particles' size, shape, and 
mineralogy, and the suspension temperature as well. Vis- 
cosity of a fluid is a measure of its internal resistance to 
movement. Molasses, for instance, is more viscous than 
water. Viscosity is defined in terms of the shear stress-shear 
rate relationship for the fluid. Shear s&ss and shear rate are 
physical concepts that pertain to the deformation of matter. 

z = P (dvldy) Eq. 16 

where p is some constant. The graph of this equation is a 
straight line through the origin (Figure 8a). 

The viscosity of a fluid is defined to be shear stress 
divided by shear rate. Thus, the viscosity of the fluid 
described by the preceding equation is p. The viscosity of 
a Newtonian fluid is constant If we plot it as a function of 
shear rate, we get a horizontal line (Figure 8b). 

There is an important group of fluids whose shear 
diagrams or rheograms, as the shear stress-shear rate curves 
are called, do not conform to Equation 16. These fluids, for 
which the rheogram is not linear through the origin, are 
known as non-Newtonian fluids. Typical of this group are 
a great many suspensions of solids in water. 

Figure 8c is a rheogram for a typical clay-water suspen- 
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Figure 7. Theoretical reiatlonshlp between suspended solids concentration and suspension specific gravity('). 
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sion. Two things in this rheogram are different from the one 
for a Newtonian fluid. First, the relationship is given by a 
curve instead of a straight line. Second, the fluid exhibits 
a yield stress; a certain amount of internal resistance must 
be overcome for the fluid to flow at all. 

A Newtonian fluid has a constant viscosity that is 
inherent to the fluid at a fixed temperature. For instance, 
pure water has a viscosity of 1 centipoise at 20°C. However, 
a non-Newtonian fluid does not have a constant viscosity. 
Its viscosity depends on the rate at which it is sheared. Fig. 
8d is a plot of viscosity versus shear rate for the suspension 
with the rheogram shown in Figure 8c. At any particular 
shear rate a fluid has a viscosity that is called the apparent 
viscosity (wa) of the fluid at that shear rate. It is obvious that 
the apparent viscosity of anon-Newtonian fluid is dependent 
on the shear rate at which it is determined. 

To determine exactly the rheogram for a Newtonian 
fluid, it is only necessary to know the shear stress at a single 
shear rate. That point then is platted on rectangular coor- 
dinate paper, and a straight line is drawn through that point 
and the origin. To determine exactly the rheogram for anon- 
Newtonian fluid, it would be necessary to use an infinitely 
variable-speed viscometer. 

Thus, in attempting to assess the effect of increasing 
viscosity due to increasing clay concentrations in recycled 
placer mining process water on the settling velocity of gold 
particles one must consider several points. First, the nature 
of the rheogram which describes the suspensions viscosity, 
i.e. does the suspension behave as a Newtonian as a non- 
Newtonian fluid. 

If the fluid shows non-Newtonian behavior then it must 
be realized that its viscosity will vary depending upon the 
rate at which it is sheared. With respect to gold particles 
settling through a non- Newtonian suspension, this means 
that a large particle, with a high settling velocity. will be 
affected by a much different viscosity than a fine gold grain, 
which settles more slowly through the same suspension. 

Finally, the fact that clay-water suspensions may dis- 
play a yield stress intercept in their rheogram, emphasizes 
that there is a certain size (mass) below which no settling 
will occur. Hence, it seems highly desirable to define 
recycled placer process fluids with respect to their equilib- 
rium levels of suspended solids and to describe the viscous 
properties of these suspensions. 

In the course of the present study a Fann Viscorneter 
(model 35A) was used to determine the suspensions' appar- 
ent viscosities at varying shear rates. Figure 9 shows a 
schematic of such a viscorneter. The fluid to be tested is 
placed in a container and raised to submerge the rotating 

sleeve and the bob within it. The fluid in the annulus between 
the bob and the sleeveis sheared by therotation of the sleeve. 
The outside layer of fluid moves at the same speed as the 
sleeve. Inner layers move more slowly. The innermost layer 
imparts a torque on the bob. The shear rate is related to the 
rotary speed of the sleeve. At a constant rotary speed the 
amount of torque imparted to the bob is governed by the 
resistance of the fluid. 

The formula for apparent viscosity is: 

Eq. 17 

where R = Fann Viscometer rotary speed, rpm 

F = Fann Viscometer dial reading at rotary 

speed R, lb1100 fi? 

pa= apparent viscosity at R in centipoise. 

In assessing the impact of increases in fluid viscosity 
on the settling velocity of gold particles, Figure 1 and Eq. 
13 are again helpful. In theNewtonian range Eq. 13 reduces 
to Eq. 3, in which no viscosity term appears. Hence, an 
increase in fluid viscosity in this settling regime should 
cause no decrease in a particles terminal settling velocity. 

At the other end of the settling range, Stokes' settling, 
viscosity is inversely proportional to terminal settling veloc- 
ity (Eq. 2). It follows then that a doubling in the fluid 
viscosity would cause a 50% decrease in settling velocity. 

For transitional settling, viscosity enters equation 13 
through the drag coefficient, C,. C, is a function of the 
Reynolds number as shown in Figure 1. Since the Reynolds 
number is inversely proportional to the viscosity of the fluid 
(Eq. 2), an increase in fluid viscosity leads to a decrease in 
the Reynolds number. As Figure 1 shows, a decrease in the 
Reynolds number correlates to an increase in the drag 
coefficient, C,,, and hence a decrease in the terminal settling 
velocity. 

LABORATORYPROCEDUREAND 
EXPERIMENTAL DESIGN 

Settling Velocity Measurement System 
Figure 10 shows a schematic of the settling velocity 

measurement system designed and used by MIlU during the 
course of the study. Shielded NaI (Tl) scintillators moni- 
tored the settling column through detection slits at heights 
h, and hz. The distance between the detection slits is 
designatedbh. Water is fed to the base of the settling column 
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from a head tank at a flow rate, Q, which is measured by the 
circuit's flowmeter. Given the settling column with inside 
diameter, D, the upward flow velocity (VQ) of the water is 
given by: 

V, = 4(Q)lxd Eq. 18 

Aneutron activatedgoldparticleintroduced through the 
funnel at the top of the settling column will reach its qui- 
librium settling velocity above h, and continue to settle 
passed the detectors, settling through the distance Ah in time 
period t, obtained from the timer, The settling velocity of 
the gold particle is given by Equation 19. 

Vs = Ah/t + V, 
= Ah/t + ~(Q)/xD~ 

= c,/t + C,(Q) Eq. 19 

C, and Cz are system constants. C, equals the distance, 
Ah, between detectors and C, is equal to the quantity 41lr(D)~. 

The system as developed by MIRL consisted of a 46.4 
mm inside diameter glass tube of 183 cm length. The head 
tank was placed 305 cm above the base of the settling 
column. Fluid was cycled between the head tank and the 
return tank by means of a varistaltic pump. A Gilmont ball 
type flowmeter was used to monitor the fluid flowrates to 
the settling column. It was calibrated by weighing timed 
samples taken of each of the fluids used in the course of this 
project. 

Neutron activated gold ( lg8~u)  emitted 0.410 MeV 
gamma radiation which was detected by Canberra 51 cm x 
51 cm NaI (Tl) scintillators and associated electronics. The 
start and stop detection pulses produced by the electronics 
controlled a frequency counter, which acted as the system's 
timer. The frequency counter was an Intersil kit with 8 place 
digital readout. 

Prior to finalization of system design, an uncertainty 
analysis(13) of anticipated experimental results was run. The 
following system parameters were used to run the analysis: 

a) System fluid flow rate (Q): 10 cm3/sec * 1 cm3/sec 

b) Column inside diameter (d): 46.4 mm + 0.1 mm 

c) Measured settling distance (Ah): 121.9 cm f 0.1 crn 

d) Settling time (t): t f 0.001 sec. 

The settling time entered into the analysis was of course 
dependent upon the size and shape of the gold used. For 
preliminary estimates of the systems accuracy, Stokes' and 
Newtonian settling velocity equations were used to estimate 
the settling times for 37 micron diameter and 2.38 rnm 
diameter particles respectively. Using these values the 
uncertainty analysis indicated that actual settling velocities 
measured by the system would be subject to less than a 1 % 
error. 

In order to determine at what distance from the water 
surface level at the top of the column to place the first 
scintillation detector, to assure that a particle reached its 
terminal settling velocity prior to starting the timer, a 
computer program was written. The program simulated the 
settling behavior of a2.38 mm gold sphere, the most massive 
particle used in this study, taking into account the variable 
acceleration acting on the sphere over time. This program 
indicated that the sphere would reach 99.5% of its terminal 
velocity at a distance of 20.5 cm below the water surface. 
As the system was finally set up, the upper detector was 
positioned approximately 30 cm below the water level 
surface. 

Description of Gold Particles Used in the Study 
The gold particles used during the course of this project 

were of two types, (1) manufactured gold particles and (2) 
natural gold particles. The manufactured particles were used 
in order to: 

1) Keep surface roughness and porosity to a mini- 
mum; 

2) Maintain a constant density between gold par- 
ticles; 

3) Approach a spherical shape where required; 

4) Approach a disc-like shape during flattening; and 

5) Allow more accurate measurement of gold grains 
due to the absence of edge-roughness. 

Natural gold grains were used to check how closely their 
settling behavior corresponded to the ideal case of their 
manufactured counterparts. 

The manufactured grains were formed from -100 mesh 
(-149 microns) gold with a fineness of approximately 850. 
The gold was obtained from Del Ackels' mine located on 
Gold Dust Creek, Circle Mining District, Alaska, Gold 
particles of the following nominal sizes were manufactured 
for the study; 8 mesh (2.38 mm), 14 mesh (1.49 mm), 30 
mesh (595 microns), 50 mesh (297 microns), 100 mesh (149 
microns), 200 mesh (74 microns), 270 mesh (53 microns), 



400 mesh (37 microns) 26 microns, 18 microns, and 15 
microns. For the sizes 8 mesh through 400 mesh, four 
different particle shapes were made for each size. These 
shapes corresponded to Corey's Shape Factor values of 1.0 
(spherical), 0,7, 0.3, and 0.1. For the three smallest size 
particles used, 26 microns through 15 microns, only a single 
spherical particle was manufactured, Table 2 gives the 
descriptive data of each of the manufactured gold grains. 

As a practical guide to the sizes and shapes of gold 
studied in this project, the authors relied primarily upon 
personal experience with Alaskan gold and the previous gold 
settling velocity work done by S hilo and ~hurnilov(~). It can 
be seen from Figure 6 that the majority of natural gold 
studied by the Soviet scientists fell into a flatness factor 
range of from 1 to 10, corresponding to a Corey's shape 
factor range of 1 to 0.1. A predominance of Alaskan gold 
also falls in this range, with the exception of some marine 
placers which possess Corey 's shape factors below 0.1. 

With respect to the size of gold studied, the authors 
wished to extend the work of previous researchers well 
below the 2 mg lirnit, but work with large enough particles 
to overlap settling velocity data available in the literature. 
From previous work with the radiotracer 19'~u, in evaluat- 
ing gold concentration by compound water cyclones, the au- 
thors were given confidence that they could accurately 
detect extremely fine gold grains, i.e. 400 mesh (37 microns) 
and perhaps finer. A practical lower size limit was imposed 
more from the technical realities of handling, measuring, and 
shaping the particles, than from their detection. 

The particles were made using one of two techniques 
depending upon the size of the grain. For particles of 100 
mesh size and larger, a calculated gold mass was weighed 
out and wrapped in lead foil, then fired in a bone ash cupel. 
The resulting spherical grain was removed, rinsed clean with 
acetic acid and distilled water and stored. Grains which 
required a final spherical shape (CSF = 1.0) were measured 
using either a dial caliper (rt 0.02 mm). for 8 mesh and 14 
mesh grains, or a Leitz Ortholux ore microscope, fitted with 
a Leitz Vickers hardness tester micrometer eyepiece (k 2 
micron), for 30 mesh to 100 mesh particles. Grains requiring 
a Corey's shape factor of less than unity were flattened in 
an Infra Red pellet press using machinist thickness gauges 
as a press stops. 

The process of forming particles of less than 100 mesh 
size began by sprinkling natural gold grains of an appropri- 
ate size range into a lithium metaborate flux and firing them 
in agraphite crucible. The resulting molten mass was poured 
hot into a porcelain crucible containing a 10% HNO, solu- 
tion. After the flux was dissolved by the acidic solution, 
spherical gold grains remained. The resultant particles were 

observed under a binocular microscope to locate particles 
of approximately the correct size. These chosen particles 
were then measured more precisely using the Leitz Ortholux 
microscope. Grains which required flattening were pressed 
using a machinist depth micrometer and anvil arrangement 
designed by the authors. The process of forming the grains 
finer than 200 mesh was tedious and time consuming. 
Approximately 2 to 4 hours were required to fabricate each 
of these fine grains. 

It will be noted from Table 2 that the mass of each 
particle is listed. Those values not marked with an asterisk 
(*) are actual weighed values. A Perkin-Elmer TGS-2 
balance from a thermogravirnetric analysis system was used 
to weigh the gold grains to -1- 0.1 microgram accuracy. The 
calculated gold masses of Table 2, those values marked with 
an asterisk, were derived from volume calculations of the 
measured grains and the average gold density obtained from 
the direct weighing of the larger particles. 

Three sizes of natural gold particles with two shape 
factors per size (a total of six size-shape combinations) were 
sorted for the project. These were 14 mesh (1,41 mm), 50 
mesh (297 micron), and 100 mesh (149 micron) nominal size 
grains with Corey's shape factors of 0.7 and 0.1 for the 14 
mesh gold and 0.7 and 0.3 for the other two sizes. 

The process of sorting the gold took place in three steps. 
Grains were visually observed to choose those particles with 
regular shape, rejecting those with highly porous surfaces, 
unusually rough edges, or highly irregular form. Disc like 
shapes were the guide for particle choice. The conforming 
grains were then measured; the 14 mesh particles using a dial 
caliper and the finer grains using the Ortholux microscope, 
Any particle which had an average projected surface dimen- 

sion 6) of nominal size t 10% nominal size was noted 
for subsequent thickness measurement. Other grains not 
meeting this criteria were discarded. After thickness 
measurements were completed, a Corey's shape factor was 
calculated for each grain. If the calculated shape factor fell 
within the mnge of nominal shape factor f 0.05, the particle 
was accepted for future test work. otherwise it was rejected. 
Between 30 and 40 grains for each natural size-shape 
combination were collected. 

Both manufactured and natural grains which were 
chosen as acceptable, were stored in individually labeled 0.4 
dram polyethylene vials or pure quartz glass vials depending 
upon which nuclear reactor was receiving them. The grains 
were neutron activated for a specified period of time to yield 
~II initial activity of approximately 1 x lo6 disintegrations 
per second (dps). This activity allowed for 2 to 3 weeks of 
useful working life in the laboratory. The half life of ' 9 8 ~ ~  

is 2.7 days. 
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Description (microns unless s (micrograms 
ASTM Mesh otherwise labeled) Factor unless other- 

(microns) a b c (&) wise labeled) 

loo 
(149) 



Experimental Phases of the Study 
The original experimental design of the laboratory test 

work of this project was broken down into the four phases 
listed below: 

Phase 1. The settling velocities for the 35 manufactured 
gold particles would be determined. The goal of 
this phase of the study was to produce working 
gold settling velocity vs. size-shape graphs for 
practical engineering application. 

Phase 2. Gold spheres would be progressively flattened 
through 3 stages. At each flatness stage their 
settling velocity would be determined. This phase 
would highlight the effect on settling velocity of 
decreasing shape factor for particles of constant 
mass. 

Phase 3. The settling velocity of natural gold particles 
wouldbe determined. This phase would allow the 
settling velocities of natural particles to be 
compared to those of the corresponding manufac- 
tured particles. Inferences could be drawn con- 
cerning settling velocity discrepancies, if any. 

Phase 4. A generalizedrandomized block design would 
be generated to explore the effects of three vari- 
ables on the settling velocity of gold grains. The 
design was to be blocked according to gold size- 
shape combinations. The three variables (fac- 

tors) to be studied were water temperature, clay 
concentration in the fluid, and the clay mineralogy 
of the suspended clays. 

Each of these phases is discussed below in detail. 

Phase 1 
Each of the 35 manufactured gold particles was ran- 

domly selected and processed through the settling velocity 
measurement system (Figure 10) eleven times. After com- 
pleting all 35 particles, the process was repeated, using a new 
random order, This process was repeated a third time, after 
which each particle had 33 recorded settling times. It was 
desirable to make at least 30 observations of settling times 
for each particle in order to obtain an accurate estimate of 
settling velocity variance per particle. The three extra 
observations per particle allowed for discarding outlier 
values if they were present. The estimate of settling velocity 
variance per particle would be useful in planning phase 4 of 
the study, i.e. the generalized block design. 

AU of these settling velocity measurements were made 
in clear, ambient temperature water with no inducedupward 
velocity in the settling column, though thermal currents were 
perhaps present. The actual fluid temperature was recorded 

during each series of eleven settling times. Using the 
measured distance of fall (to the nearest millimeter) and the 
settling times, settling velocities were calculated for all 
particles, 

From the variance of the settling velocities, the number 
of observations, and the mean settling velocities, confidence 
interval estimates of the true mean settling velocity for each 
paxticle were tabulated. The data was presented graphically 
for ready use by the gold processing industry, 

Phase 2 
In order to evaluate the effect of shape on a particles 

settling velocity for gold grains of constant mass, eight of 
the spherical particles (8 mesh through 400 mesh) used in 
phase 1 were progressively flattened. The degrees of flat- 
ness were chosen in advance at 1.0 (phase 1 values), 0.5,0.1, 
and 0.05, Particles, depending upon their size, were flat- 
tened by one of the two methods previously described. Table 
3 shows the dimensions of these particles. 

It was originally planned to make 33 observations of 
settling velocity at each degree of flatness for each particle. 
However, after the completion of phase 1 showed such low 
standard deviations about mean settling velocity values 
( 4 %  of the mean value) it was decided to limit the number 
of observations to eleven per degree of flatness per particle. 
Again, the order of observations was randomized. Results 
were both tabulated and plotted in graphical form. As in 
phase 1, these settling velocity measurements were observed 
in clear, ambient temperature water with no upwardvelocity. 

Phase 3 
Initially it was planned to determine settling velocities 

for six size-shape combinations of natural gold particles, i.e. 
14 mesh (0.7 and 0.1), 50 mesh (0.7 and 0.3) and 100 mesh 
(0,7 and0.3). However, due to adelay in thegold's shipment 
after neutron activation, the 100 mesh gold was no longer 
active enough for laboratory use after arrival. Because of 
the additional expense of another activation and the sched- 
uling of the project, the 100 mesh gold was dropped from 
the design. 

For each of the four remaining particle classifications 
there were at least 30 grains of gold per grouping. Settling 
velocities were determined in clear, ambient temperature 
water with no upward velocity, Each grain was passed 
through the system only once. A mean settling velocity for 
a size-shape combination was determined by averaging the 
settling velocities for the individual grains of that grouping. 
These mean values were tabulated and compared to those 
settling velocities of the manufactured gold grains. 

Phase 4 
Of primary interest to this project was the study of the 



Table 3 
Characteristics of Manufactured Gold Particlw 

Used in Phase 2 

Measured Particle 
Dimensions Corey 's 

(microns unless shape 
Mass of othenvise labeled) Nominal 
Particle a b c CSF 

97.0 mg 
(8 mesh 
sphm) 

23.6 mg 
(14 mesh 
sphere) 

1.9 mg 
(30 mesh 

sphere) 

0.3 mg 
(50 mesh 
sph=) 

31.0 pg 
(100 mesh 

sphere) 

3.7 Pl3 
(200 mesh 

sph=) 

1.1 Pg 
(270 mesh 

sph=) 

0.6 vg 
(400 mesh 

sphf=) 

2.40mm 2.40mm 2.40mm 
2.52mm 2.45mm 1.48mm 
3.90mrn 3.74mm 0.46mm 
5.10mm 4.50mrn 0.30mm 
1.38mm 1.38rnm 1.38mm 
1.60mm 1.44mm 0.92mm 
2.92mm 2.12mm 0.26mm 
3.50rnm 2.68mm 0.17mm 

590 590 590 
700 620 360 

1140 1060 100 
1560 1360 75 
312 312 312 
360 340 200 
630 495 70 
730 675 3 5 
162 162 162 
162 162 92 
395 330 25 
450 370 20 

75 75 75 
85 80 42 

145 140 14 
225 210 9 
52 52 52 
75 58 20 

145 100 10 



effects of suspended clays on the settling velocity of gold 
particles. In order to attempt to definitively describe these 
effects a generalized randomized block design was em- 
ployed with particle size-shape combinations as the block- 
ing variable. There were a total of eight blocks. These 
consisted of four manufactured particles (14 mesh (0.7 and 
0.1) and 50 mesh (0.7 and 0.3)) and four natural particle 
groups of 10 particles each (14 mesh (0.7 and 0.1) and 50 
mesh (0.7 and 0.3)). As in phase 3, it was originally planned 
to include 100 mesh gold in this factorial design, but it was 
dropped due to an extended delivery time. 

Three factors, in addition to the blocking variable, were 
included in the design. These were: 

1) Two factor levels of the mineralogy of the sus- 
pended clays, i.e. Georgia Kaolin and Wyoming 
Bentonite. 

2) Four factor levels of suspended clay concentra- 
tion. The nominal concentration levels targeted 
for study were 0 g/l (clear water), 10 d, 25 gfl 
and 50 gP. In laboratory practice however, 
because of some settling in the head and return 
tanks and screening the clay-water suspension at 
400 mesh (37 microns) prior to using it in the 
settling velocity measurement system, the actual 
clay concentrations during the test were approxi- 
mately 20% less than the planned levels. 

3) Two temperature factor levels were studied; 
ambient temperature, which varied from 18OC to 
22OC and a cold temperature which ranged from 
3°C to 10°C. The cold temperature treaunent 
levels were achieved by placing ice baths about 
the head and return tanks and using cold water 
(2OC) to make up the clay-water suspension. 

This design consisted of 16 treatment levels (2 x 2 x 4) 
all of which were assigned to each of the eight blocks. The 
factorial design was randomized to an extent which still 
allowed it toremain practical to run in a timely fashion. This 
randomization consisted of the following steps: 

1) A clay mineralogy was selected at random. 

2) A temperature level was selected at random. 

3) With the previous two factor levels set, the four 
clay concentrations were randomly assigned. 

4) Within each of the 16 treatments, the blocks were 
randomly assigned position. A single replication 
(n=2) was run sequential to the initial settling 
velocity observations of the eight size-shape 
combinations (blocks). 

Hence, once a clay mineralogy-temperature level had 
been assigned all clay concentratian and block levels, with 
replication, were xun prior to moving on to the next clay 
mineralogy-temperature level. This practice kept clean-up 
time between clay types to a minimum and allowed the 
system to remain at a low temperature during a cold tem- 
perature factor level. 

The design of the settling velocity measurement system 
allowed for rapidcirculation of slurry between the head tank 
and the return tank in order to help keep the minus 37 micron 
material in suspension. When suspensions of kaolin were 
being run, an upward flowrate of approximately 525 mumin 
was maintained in the settling column. Where bentonitic 
suspensions were used an upward flowrate of 150 to 550 ml/ 
min was maintained for 14 mesh particles. However, due 
to the slowing effect bentonite-water suspension exhibited 
on 50 mesh particles, the upward flow rate was completely 
eliminated in order to allow more timely testing. In such 
cases, the system was frequently circulated in the absence 
of gold particles, to assure good mixing of the slurry and 
even temperatures. 

During the tests, 200 rnl samples of the clay-water 
suspension were taken at three times for each clay rniner- 
alogy-temperature- concentration level. The first sample 
was taken prior to settling any particles, but after the system 
had circulated for some time. A second fluid sample was 
taken between replications and a final sample was collected 
at the completion of the concentration level. This yielded 
a total of 36 samples (12 levels x 3 samples). 

For each sample, turbidity and total suspended solids 
were determined. The temperature of the fluid was recorded 
during the sectling of each particle group. Later, after the 
suspended solids levels of the suspensions had been ana- 
lyzed, suspensions with average suspended solid levels of 
grouped samples were made up, and their viscosities 
measured at the appropriate temperature. 

Where a block consisted of natural gold grains, 10 
grains were used. Each was allowed to seltle one time per 
replication. Thus, for natural particles, a replicate data value 
consisted of the mean of 10 settling velocities. For those 
blocks of manufactured particles, a single particle was 
settled 5 times per replication. These five settrig velocities 
were averaged, 

After phase 1 had been completed and the data analyzed 
it was obvious that while the variance, as a percent of the 
mean settling velocity, was fairly constant between gold 
size-shape combinations, it was highly variable between 
gold size-shape combinations on a velocity units squared 
(cmZ/sec2) basis. Since a fixed effects analysis of variance 

(ANOVA), model was being used and treatment sample 



sizes were all equal (n = 2) it was felt that heteroscedacity 
(nonconstant variance) posed no serious problem for the 
comparison of factor affects. However, heteroscedacity 
could prove a problem in contrast comparisons for data 
resulting from the randomized block design. This suggested 
that contrast comparisons should quite probably be confined 
within a block. Later, this became arather mute point, since, 
as will be seen in the next chapter, the highly significant 
interaction effects present among the factors, dictate within 
block contrast comparison at the very least. 

Regarding multiple comparison techniques, prior to the 
completion of the experiment it was not known by the 
authors which comparison of factor effects would be of 
interest, excepting of course the initial multiple comparison 
to determine which factors and interactions were significant. 
For this reason, the Tukey method should be used to maintain 
an experiment wise error rate for any family of comparisons 
made after concluding significant factor or interaction ef- 
fects. The Bonferroni method of multiple comparisons was 
used to maintain a family significance level for the initial 
joint statement concerning factor and interaction effects, 
since this testing process did not involve "data snooping". 

After the experiment was completed, the data was 
entered into the University of Alaska's Vax computer 
system and analyzed using SAS, SPSS, and MINITAB 
software. DISPLA software was used for graphic presen- 
tation of the data. 

EXPERIMENTAL RESULTS 

Phase 1 
The settling velocities for the 35 manufactured gold 

particles were determined. The goal of this phase of the 
study was to produce gold settling velocity vs. size-shape 
tables and graphs for practical engineering application. 

Table 4 presents the results of phase 1. Both individual 
and family confidence intmals are given for the mean 
settling velocities for alevelof significance, a, equal to 0.05. 
Figures 11 and 12 show plots of the mean settling velocities 
versus gold size and shape using two different scales: i.e. log 
and log-log scales respectively. 

Phase 2 
Gold spheres were progressively flattened through 3 

stages. At each flatness stage their settling velocity was 
determined in order to study the effect on settling velocity 
of decreasing shape factor for particles of constant mass. 
The results of phase 2 are presented in Table 5. As in phase 
1, both individual and family confidence intervals for the 
mean settling velocities areshown for aequals 0,05. Figures 
13 and 14 graphically display the data of Table 5. Note that 

settling velocity values for 1.1 pg x 0.05 CSF and 0.6 wg 
x 0.05 CSF particles are absent. These values were not 
obtained. During the flattening process these very fine gold 
particles were destroyed; i.e. fragmented. 

Phase 3 
The settling velocities for 4 different size-shape com- 

binations of natural gold particles were determined. This 
phase allowed the settling velocities of natural particles to 
be compared to those of the corresponding manufactured 
particles. 

Table 6 shows the results of phase 3. In each case, 30 
natural gold particles were settled and timed. The average 
mass af each 30 particles is also given, as well as the 95% 
confidence interval for the mean settling velocity of each 
size-shape group. 

Table7 compares the mean settling velocities of natural 
and manufactured gold particles of the same size-shape 
combination. It appears that the difference in particle mass 
between natural and manufactured grains of the same size- 
shape group is primarily responsible for variations between 
their settling velocities. 

Phase 4 
An ANOVA of the generalized randomized block 

design was run to explore the effects of three variables on 
the settling velocity of gold grains. The design was blocked 
according to gold size-shape combinations. The three 
variables (factors) studied were water temperature, clay 
concentration in the fluid, and the clay mineralogy of the 
suspended clays. 

Table 8 shows the results of h e  ANOVA. Note that all 
of the main effects (variables) are highly significant. As 
expected, the blocks accounted for a very large percentage 
of the main effects variance, hence the rationale for the 
employed blocking scheme. The remainder of the main 
effects variance is accounted for, in decreasing order of 
importance by clay mineralogy, clay concentration, and 
temperature. 

All two way interactions are highly significant @ < 
0.001) except for the non-significant temperature-clay 
mineralogy interaction. Three of the four three-way inter- 
actions are highly significant, the temperature-clay miner- 
alogy-clay concentration interaction being non-significant. 
The four way intewction was also non-significant. All 
significance tests were ma& using a level of significance 
of a = 0.05 and employing the Bonferroni technique for 
multiple comparisons. 

A Bartlett test for constant variance among treatments 
was run, yielding a highly significantF test, p < 0.001. Thus 



Table 4 
Settling Velocities of Manufactured Gold Particles 

95% Family Confi- 
Nominal Nominal Number of 95% Confidence dence Interval** 
Gold Size Gold Observa- Interval* of mean of mean Settling 
(ASTM Shape tions Settling Velocity Velocity 
Mesh) (CSF) (n) ( m / ~ )  (cmlsec) 

NOTE: For a more detailed description of particle size and shape seen Table 2. 



8 ............................................................................................. 
I 

a - CSF o f  1.0 
0 - CSF o f  0.7 
A - CSF o f  0.3 ---- 
+ - CSF o f  0.1 ----------- 

I C Y  - COREY SHHPE FACTOR1 

ASTM MESH 

1 

I 
I 

Pf3RTICLE SIZE [microns) 

Figure 11. Settling velocities for gold particles of various slzes and flatnesses (semblog scale). 





Table 5 
Settling Velocities of Gold Particles of Constant Mass 

at Various Flatnesses 

95% Family Confi- 
Nominal Number of 95% C ~ ~ d e n c e  dence Interval** 

Gold O b m -  Interval* of mean of mean Settling 
Gold Shape tions Settling Velocity Velocity 
M ~ S S  (CSF) (n) (cm/=) (cmlsec) 

97.0 mg 
(8 mesh 
sphere) 

23.6 mg 
(14 mesh 
sphere) 

1.9 mg 
(30 mesh 
sphere) 

0.3 mg 
(50 mesh 
sphere) 

31.0 pg 
(100 mesh 

sphere) 

3.7 
(200 mesh 

sphere) 

0.6 Pg 
(400 mesh 

sphere) 

* a = 0.05 t(a/2, 32) = 2.04: t(d2, lo) = 2.23 
** a = 0.05 t(a/2(30), 32) = 3.60; t(d2(30), 10) = 4-38 

NOTE: For a more detailed description of particle size and shape see Table 3. 



- 97.0 mg (8 mesh sphere) 
A - 23.6 mg (14 mesh sphere) 

0 - 1.9 mg (30 mesh sphere) 
0 - 0.3 mg (50 mesh sphere) 

I ---- T 

1.0 0.5 
(spherical) 

COIIEY'S SHAPE FACTOR 
(logarithmic scale) 

Flgure 13. Settling velocities for gold particles of constant mass at various flatnesses (97 mg to 0.3 mg). 





Table 6 
Settling Velocities for Natural Placer Gold Particles 

of Various Sizes and Shapes 
- . . . . -- - 

Particle 
Description 

(Nomid Size Number of Natural Average 
(ASTM Mesh) X Particles Natural 95% Confidence 
Nominal Shape Observed Particle Interval* of mean 

(CSF)) (n) Mass Settling Velocity 

Table 7 
Comparison of Mean Settling Velocities for Natural and 

Manufactured Gold Particles of Similar Nominal Size and Shape 

Particle Mean Settling Settling 
Description Mass Velocity Velocity 

(Size x Particle Mass Ratio (c~/s> Ratio 
Shape) N M (Nm N M (NM 

N = natural 
M = manufactured 



Table 8 
4 way ANOVA of Phase 4 data 

Source of Variation df MS Ftest F* comment 

A. Temperature 1 109.7 352.4 9.8 p<O.OOl 
B. Clay Mineralogy 1 1603.5 5153.1 9.8 p < 0.001 
C. Clay Concentration 3 752.0 2416.8 5.1 p < 0.001 
D. Blocks (8 gold size- 7 12262.3 39406.6 3.4 p < 0.001 

shape combinations) 

7. Wav Interac ti on^ 42 56.2 180.5 
A X B  1 2.9 9.3 9.8 n.s. 
AXC 3 4.3 13.9 5.1 p c 0,001 
A X D  7 6.4 20.7 3.4 p<O.OOl 
BXC 3 544.8 1750.9 5.1 p < 0.001 
B X D  7 26.6 85.5 3.4 p < 0.001 
CXD 2 1 22.7 73.1 2.3 p < 0.001 

3 Wav Interactions 52 7.8 25.0 
A X B X C  3 0.7 2.4 5.1 n.s. 
A X B X D  7 1.7 5.4 3.4 p < 0.001 
A X C X D  2 1 0.9 2.9 2.3 p < 0.001 
B X C X D  2 1 17.7 57.0 2.3 p < 0.001 

4 Wav Interactions 2 1 0.6 2.0 
A X B X C X D  2 1 0.6 2.0 2.3 n.s. 
Treatments 127 729.0 2342.7 1.7 p < 0.001 
Residual 128 0.3 
Total 255 363 -2 

Bonferroni B = 15, a = 0.05, (1 - WB) = 0.997 
F (1, 128, 0.997) 1 9.8 
F (3, 128, 0.997) 1 5.1 
F (7, 128,0.997) 5 3.4 
F (21, 128, 0.997) I; 2.3 
F (127, 128,0.997) 5 1.7 

significant heteroscedacity was indicated. As noted earlier, 
this was expected due to the large variance differences 
between blocks. Because of the significant three way 
interactions, the data was broken down by blocks and plotted 
in Figures 15 through 22. Note that the manufactured gold 
particles used in the tests are referred to as "synthetic gold" 
in Figures 15-18. 

Settling velocity data for phase 4 is presented in Tables 
Al-A8 of the appendix. Because of the heteroscedacity 
present (pc0.001), separate ANOVA's were run for each 
block (gold size-shape combination). Tables A1 -A8 include 
the squared, pooled standard errors (s2) from these 

ANOVA's as well as the Tukey T value at a 95% level of 
confidence (a = 0.05) for within block pairwise compari- 
sons. Bartlett Box F tests, to check for within block hetero- 
scedacity, were also run. 

Data, on the physical properties of the suspension 
samples taken throughout the generalized block testing, are 
shown in Tables 9 and 10. Because of the variations in 
temperature and also due to the variations in suspended 
solids concenfrations between the cold and ambient factor 
levels within a block, it is difficult to interpret the statistically 
significant temperature effect observed from the analysis. It 
may be a shadow of the concentration differences. However, 



















Table 9 
Physical Properties of Bentonite-Water Suspensions 

Sampled During Phase 4 Testing 

Suspended Solids Specific 
Concentration (mgfl) Gravity 

(at 6-ample 
Sample Temp. Per 6 sample Turbidity average SS 
Number ("0 Sample average 0 concentration) 

the consistent settling velocity decrease observed between 
ambient and cold factor levels with only water as the fluid, 
suggests that the observed temperature influence may be in 
part real. 

After the completion of all four phases of the study, six 
clay- water suspensions were made up; one for each of the 
6-sample average levels seen in Tables 9 and 10. The 
viscosities of these suspensions were then determined at two 
temperature levels. As previously noted, aFann Viscometer 
was used for these measurements. The apparent viscosity 
values obtained at various Fann shear rates are shown in 
Tables 11 and 12. 

CONCLUSIONS 

Phases 1 through 3 have demonstrated the usefulness 
and accuracy of using a radiouacer detection system to 
determine settling velocities of gold particles. The graphs 
and tables produced by these three sections of this study 
should find application in gold recovery plant design. 

The results of phase 4 have shown that not only the clay 
concentration in process water but more importantly its clay 
mineralogy will influence the settling velocity of fine gold 
significantly. The impact of mineralogy appears to be 
related to the variable viscosifying properties of clay min- 
erals. It was shown earlier that the influence of increases 
in suspension density on gold's settling velocity is slight. 
Increases in suspension viscosity are theoretically very 
influential for gold particles settling at velocities below the 
Newtonian range. The results of phase 4 seem in part to 
subs tantiate the theory. 

The data produced by this study may be further ana- 
lyzed. This would expand the scope of this work. Some 
suggestions in this regard are presented in the following 
section. 

RECOMMENDATIONS 

Due to the constraints of both time and funding the 
authors wish to recommend additional work which should 



Table 10 
Physical Properties of Kaolin-Water Suspensions 

Sampled During Phase 4 Testing 

Suspended Solids 
Concentration (mgil) 

Speciflc 
Gravity 

(at &sample 
Sample Temp. Per 6 sample Turbidity average SS 
Number rC> Sample average wv concentration) 

be pussued with respect to this study. Some of these 
recommendations require only additional analysis of the 
data already generated by this project. These include but are 
not limited to: 

1) Use the settling velocities obtained for gold 
particles to calculate their respective drag coeffi- 
cients. Plot these against those given by Al- 
bertson(9 and compare. 

2) Make multiple comparisons between the within 
block treatment levels of the phase 4 data in order 
to establish the statistical significance of between 
munent  settling velocity differences. 

3) Calculate theoretical spherical settling velocities 
and compare them to the settling velocities for 
spherical gold particles generated in phase 1. 

4) Plot rheograms for the clay-water suspensions 
sampled in phase 4. 

The authors also wish to suggest additional laboratory 
and field work which should expand the scope of his study. 
This would include: 

1) The use of a constant temperature bath with 
subsequent settling velocity tests to better control 
the system temperature. 

2) Test additional clay mineralogies to determine 
their influence on the settling velocity of gold 
particles as their concentration in the fluid is 
increased. 

3) Test additional manufactured and natural gold 
grains with respect to the new and previously 
tested clay mineralogies and concentrations. 
These should include both coarser and finer grains 
than those used by the authors in their present 
work. 

4) CoIlect field samples of recycled placer mine 



Table 11 
Apparent Viscosities for Bentonite-Water Suspensions 

at Various Fann Shear Rates. 

Apparent 
Suspended 

Solids 
Concentration 

(mgn> 

Fann Shear Viscosity 
Temperature Fann S h e .  

rc) Rate 
ambientlcold @w 

Stress (h in cen- 
ubl1 00ft2) tipoise) 

ambientlcold arnbienUcold 

600 
300 

1814.5 200 
loo 

6 
3 



Table 12 
Apparent Viscosities for Kaolin-Water Suspensions 

at Various Fann Shear Rates. 

Apparent 
s ~ d e d  Farm Shear Viscosity 

Solids Temperature Fann Shear Stress (h in cen- 
Concentration PO Rate (lb1100ft2) tipoise) 

(mg/l) ambientlcold ww arnbientlcold ambientlcold 



process water in order to determine its physical 
properties, i.e, suspended solids concentration, 
density and viscosity, as well as the size distribu- 
tion of the suspended solids. Such field work 
should include tests to assess the plant's gold 
recovery as a function of suspension rheology. 
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APPENDIX 



TABLE Al. FACTORIAL, DATA FOR SYNTHF,TIC 
14 X 0.7 GOLD. 

Bartlett Box F Test: p = 0.023 
s2 = 0.77 
Tgs = 4.00 
S(Tg5) = 3.50 

CLAY TYPE 

K A O L r n  

BENTONITE 

WATER TEMPERATURE 

AMBIENT 

COLD 

AMBIENT 

COLD 

CLAY CONCENTRATION 

ZERO 
LOW 
MEDrCTM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
LDW 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

GOLD S E X I N G  
VELOCITY 
(cm/%) 

69.2 
68.9 
67.8 
66.4 

65.7 
66-1 
66.8 
65.6 

70.3 
67.1 
61.4 
41.7 

66.0 
63.7 
57.2 
38.9 



TABLE A2. FACTORZAL DATA FOR SYNTHETIC 
14 X 0.1 GOLD. 

Bartlett Box F Test: p = 0.069 
s2 = 0.063 
Tgg = 4.00 
S(Tg5) = 1 .oo 

CLAY TYPE 

KAOLINITE 

BENTONITE 

i 

WATER TEMPERATURE 

AMBIENT 

COLD 

AMBIENT 

COLD 

CLAY CONCENTRATION 

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

GOLD SElTL+ZNG 
VELOCITY 

( c I ~ / s ~ c )  

18.3 
18.3 
18.0 
18,l 

17.5 
17.3 
17.3 
17.4 

17.0 
18.1 
14.6 
8.0 

18.0 
16.1 
13.7 
7.6 



TABLE A3. FACTORIAL DATA FOR SYNTHETIC 
50 X 0.7 GOLD. 

CLAY TYPE 

KAOLINITE 

BENTONITE 

Bartlett Box F 

I 

ZERO I 19.6 

WATER TEMPERATURE 

AMBIENT 

COLD 

AMBIENT 

COLD 

Test: p = 0.671 

CLAY CONCENTRATION 

LOW 
MEDIUM 
HIGH 

s2 = 0.048 
Tg5 = 4.00 
S(T95) = 0.88 

GOLD SETTLING 
VELOCITY 

(cdsec)  

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
IXIGH 



TABLE A4. FACTORIAL DATA FOR SYNTHETIC 
50 X 0 3  GOLD. 

CLAY CONCENTRATION 

ZXRO 
LOW 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

GOLD SETTLING 
VELOCITY 

(cm/sec) 



TABLE AS. FACTORIAL DATA FOR NATURAL 
14 X 0.7 GOLD. 

CLAY TYPE WATER TEMPERATURE 

COLD 

AMBIENT 

I 

ZERO I 45.1 

CLAY CONCENTRATION 

LOW 
MEDIUM 
HIGH 

.- 

GOLD SETTLJNC 
VELOCITY 

(c~/sE) 

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
LQW 
MEDIUM 
HIGH 

Bartlett Box F Test: p = 0.132 
s2 = 0.189 
Tgg = 4.00 
S(Tg5) = 1.74 



TABLE A6. FACTORIAL DATA FOR NATURAL 
14 X 0.1 GOLD. 

CLAY TYPE 

BENTONITE 

WATER TEMPERATURE 

COLD 

ZERO 
LOW 

AMBIENT MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

CLAY CONCENTRATION 

18,3 
18.2 
18.1 
17.9 

GOLD SETLING 
VELOCITY 

(cm/a)  

COLD 

AMBIENT 

ZERO 
LOW 
MEDIUM 
HIGH 

Bartlett Box F Test: p = 0.004 
s2 = 0.057 
Tgg = 4.00 
S(Tg5) = 0.96 

ZERO 
LOW 
MEDIUM 
HIGH 

18.1 
17.3 
13.5 
8.4 



CLAY TYPE 

BENTONITE 

TABLE A7. FACTORIAL DATA FOR NATURAL 
SO X 0.7 GOLD. 

WATER TEMPERATURE 

- .- . 

GOLD SETTLING 
VELOCITY 

CLAY CONCENTRATION ( C ~ / S K )  

ZERO 17.2 
LOW 17.1 

AMBIENT MEDIUM 16.5 
HIGH 14.8 

COLD 

ZERO 
LOW 
MEDILTM 
HIGH 

AMBIENT 

ZERO 
LOW 
MEDIUM 
HIGH 

COLD 

ZERO 
LOW 
MEDIUM 
HIGH 



X A Y  TYPE 

BENTONITE 

3artlett Box F ' 

TABLE A8. FACTORIAL DATA FOR NATURAL 
50 X 0 3  GOLD, 

GOLD SETTLING 
VELOCITY 

WATER TEMPERATURE CLAY CONCENTRATION (cdsec)  

ZERO 8.8 
LOW 8.7 

AMBIENT MEDIUM 8.4 
HIGH 8 .O 

ZERO 
LOW 
MEDIUM 
HIGH 

ZERO 
Low 
MEDIUM 
HIGH 

ZERO 
LOW 
MEDIUM 
HIGH 

st: p = 0.519 
s2 = 0.023 
Tg5 = 4.00 
S(Tg5) = 0.61 


