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The settling behavior of irregular particles were studied in
two sets of experiments covering two different ranges of grain sizes.
Analyses were made to quantify the grain irregu]aritiesAsuch as
sphericity and grain roundness. In each study empirical relationships
were developed for the prediction of settling ve]ocit{es of irregh]ar
grains.

In the first set of experiments, irregular glass particles
collected from Qregon beaches, showing various degrees of roundness,
were settled in a tube filled with g]ycefine; yielding Reynolds numbers
equivalent to the settling of silt to very fine quartz sand in water.
Each grain was measured for its weight, roundness and sphericity.
Grain roundness was determined using Power's scale, and sphericity was
defined by Janke's E shape factor. During the experiments, most of
the particles showed almost no irregular motions, and settled with
their maximum projection areas perpendicular to the fall direction.

Analysis of the data showed almost no correlation between grain



roundness and settling velocity, the main factors being sphericity
and the Reynolds number. The data yield the modified Stokes eguation

for the prediction of the settling velocity, W o

T
w, = — — (p_ - p)gD? (0.672 + 0.318E)
3 18 u S n

where o and ¢ are respectively the particle and fluid densities,
Dn is the grain nominal diameter, u the fluid viscosity, and E is
the grain shape factor {sphericity).

In the second experiments, settling velocities of natural guartz
sand grains were measured in the settling tube containing water. Sand
samples were sjeved into 10 quarter-phi size ranges (-0.75 to 1.50¢).
Each grain was measured under a microscope for its longest axial
diameter, D] » intermediate diameter, Di ,» and grain roundness. It was
found that the average Di values are slightly smaller than the diagonal
openings of the sieve screens. Ouring the settling experiments, most
of the grains showed very irregular motions such as oscillations and
spinning. The larger the grain size, the larger these irregular motions.
Analyses of the data showed almost no effect of roundness on the settling
velocities. The intermediate diameters of the grains, Di s showed the
most consistent relationship to their settling velocities. An analysis
procedure was arriveq at wherein either Di or the sieve diameter can
be used in the equation of Gibbs, et al. (1971) tc evaluate the settling
rate of an "equivalent sphere”, and then that value correated to yield

the average settling velocity of the natural sand grains.
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PART I

SETTLING VELOCITIES OF IRREGULAR GRAINS
AT LOW REYNOLDS NUMBERS



SETTLING VELOCITIES OF IRREGULAR GRAINS
AT LOW REYNOLDS NUMBERS!?

JUMPET BABA and PAUL 0. KOMAR

School of Oceanography
Oregon State University
Corvallis, Oregon 97331

ABSTRACT: Settling rates of irregular glass particles were measured in

a settling tube containing glycerine, yielding Reynolds numbers equivalent
to silt to very fine sand guartz grains settling in water. The glass
particies were collected from beaches and so show varying degrees of
rounding due to sand-blasting in the surf. Each was measured for its
weight, roundness and grain shape (sphericity). Roundness was determined
using Power's scale, having values from 0 to &, corresponding to very

- angular particles to well rounded particles. Grain shape was defined

in terms of the £ shape factor of Janke. The ranges of particle weights,
roundnesses and E shape factorsare respectively 0.16-5.18 grams, 0.5-5.4
and 0.239-0.809.

The settling grains showed some irregular behavior such as oscillations,
but generally maintained their maximum projection areas orien;ed perpen-
dicular to the fall direction. Analysis of the data demonstrates q]most
no correlation between the settling velocity and the grain roundness, the
main controlling factors being the grain shape and Reynolds number. Analysis
of the data shows that the settling velocity W, can be calculated with the

modified Stokes equation

- p) 907 (0.672 + 0.3188)"

Manuscript received ; revised



for particles having Reynolds numbers less than 0.5, where o and o
are respectively the particle and fiuid densities, Dn is the grain
nominal diameter, u the fluid viscosity, and E is the grain shape factor.
A more complex relationship is presented that is applicable at higher

Reynolds numbers.

INTRODUCTICN

Matural sedimentary particles are irregular in overall shape as
well as having a smaller-scale surface roughness {pits, groves, etc.).
Such irreqularities can of course affect the rate at which they settle
ih a fluid such as water. Yet nearly all previous studies have employed
fairly regular if non-spherical grains: ellipsoids {Komar and Reimers,
1978), cylinders {McNown and Malaika, 1950; Komar, 1980), and evazn
octahedrons énd tetrahedrons (Pettyjohn and Christiansen, 1948). There
have been few studies that employed irregular grains, probab]y due to
the difficulty of quantifying the irregularities in a manner meaningful
to grain settling. Albertson {1953) reported on measurements that
included crushed gravel as well as naturally rounded gravel and noted
that the angg]arity of the crushed gravel resulted in Targer drag
coefficients (reduced settling velocities). The measuremehts of Briggs,
et al, (1962} using crushed heavy minerals included both shape and

grain irregularity effects, but the two were not distinguished in the

analysis. Only the study of Williams (1966) can be said to have approached

the effects of particle roundness and surface texture in a systematic

manner. But even in his study artificial (plastic) cylinders, disks and
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spheres were employed with their edges having varying degrees of rouhding
and their surfaces uniformly pitted or groved.

The purpose of this study is to investigate the settling behavior
of irregular particles that include the effects of non-sphericity, grain
roundness, and grain asymmetries. A set of settling experiments has been

undertaken for this purpose.

EXPERIMENTS

The experiments involved the settling of glass particles in glycerine.
As in the experiments of Komar and Reimers (1978) with basalt pebbles
settling in glycerine, the Reynolds numbers of the settling glass
particles make the experiments hydraulically equivalent to the settling
of silt to very-fine quartz sand in water. Thus the results will be
applicable to sedimentary materials. The advantage of using the large
glass particles rather than quartz silt grains directly is that the
glass grains are large enough ta make their weights directly measureable
as well as increasing the accuracy of their size measurements.

The glass particles used in the experiments are "beach glass",
fragments of broken bottles obtained from Oregon beaches. These have been,
to varying degrees, rounded by the natural sand-blasting in the surf. Sharp
edges tend to be rounded, and the surfaces may be frosted. Particles
employed represent a wide range from shargly angular fresh glass to well
rounded frosted grains. The grain roundness was quantified using the
grain images provided by Powers (1953). The o logarithmic scale of
Folk (1955) was employed which ranges from 0 (very angular) to 6

(w21l rounded) [see Blatt, et al. (1972, Fig. 3-18)]. Roundness
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values for the 72 particles used in the study are given in Table 1, and
are seen to range 0.5 to 5.4,

The weights and dimensions of the 72 grains are also given in
Table 1. The three axial sizes of each paftic1e were measured with a
micrometer, D1 the longest axis and Di and DS the intermediate and

shortest axes. In most cases the particles are roughly ellipsoidal in

shape and so these three axial diameters are approximately mutually

perpendicular. These axial diameters were used only to define the
particle shape, not to define the nominal diameter of the particle, Dn s
which was used as the length scale in the analysis of the grain settling.
The nominal diameter was instead calculated from the more accurately
measurad particle weight, the nominal diameter being defined as the
diameter of a sphere having the same weight and vo]hme.

Several measures of grain shape have been proposed. Komar and
Reimers (1978) demonstrated that in application to the settling of
ellipsoidal grains the Corey shape factor is preferable to the
Wadell sphericity definition. Komar (1980) in turn showed that
if cylinders as well as ellipsoidal partic]eé are included, the E
shape factor introduced by Janke (13966) is preferred over the Corey
shape factor. As defined by Janke, the E shépe factor is given by
I D2 + D? + D} w -1/2

3

E = DS

(1)

For a sphere, E = 1.0; for non-spherical grains, 0 < E < 1.0. Although
the E shape factor is more complicated than the Corey shape factor

and lacks any fluid mechanics basis, it will be employed in the analyses




TABLE 1.~ ¢glass particles settling data

DD, D, D, WEIGHT ESF P, W REYNS.,
i {cm) {cm) {em) (gm) {cm/sec) NO.
1T 2.337 1.132 1.044  4.329 0.6471 4.8 10.58 1.921
2 2.360 1.132 0.863  2.559 n.4255 4.4 7.02 1.07
3 1.438 1.036 0.626  1.660 0.5550 4.5 6.28 0.829
4 2.311 1.120 0.689  2.569 0.4487 4.7 7.99 1.220
5 1.729 1.0%9 0.804  2.001 0.5327 4.5 6.92 0.974
6 2.008 0.776 0.329 . 0.783 0.2618 2.2 3.36 n.345
7 1.676 1,248 9.483  1.759 0.3899 4.7 5.99 0.806
8 1.979 1.404 1.083  3.319 0.7057 3.1 9.45 1.569
9 1.645 1.040 0.592  1.636 0.5037 4.8 6.02 0.799

10 1.479 1.045 0.459  1.230 0.4256 4.9 5.00 0.597

11 1.715  0.950 0.529  1.096 0.4512 4.1 4.49 0.516

12 2.453 1.%85 0.721  5.182 0.3838 4.6 10.46 2.018

132,399 1.337  9.590  3.754 0.3402 4.7 8.62 1.493

14 1.961 1.620 0.35  1.873 3.2334 5.1 5.34 0.734

15 2.288 1.598 0.557  2.788 0.3387 4.2 8.14 1.277

16 2.018 1.599 0.557 2.6 0.3662 5.5 7.33 1.132

17 1.645  1.011  0.444  1.181 0.3777 4.2 5.04 0.593

18 1.919  1.221 0.320  1.405 0.2413 3.8 4.47 0.558

19 1.566 1.146 0.537  1.44) 0.4622 4.3 5.44 0.685

20 1.243  0.912 0.555  0.844 0.5882 4.2 4.23 0.446

21 1.957 1.180 0.431  1.258 0.3235 4.0 4.54 0.547

22 1.082 0.701 0.244  0.167 0.3222 0.5 1.32 n.081

23 1.069 0.333  0.33¢  9.160 0.4888 1.8 1.30 0.979

24 1.701  1.215 0.508  1.246 0.4305 5.0 5.13 0.615

25 1.061 0.585 0.327  0.211 0.4515 2.7 1.55 0.103

26 1.080 0.858 9.460  0.642 0.5481 4.8 3.63 0.349

27 1.072 0.920 0.460 0.714 0.5360 5.1 3.73 0.371

28 1.427 0.736 0.562 0.816  0.5719 4.8 4.00 0.417

29  1.408  0.851 0.579  0.965 0.5757 4.8 4.7 0.519

30 0.685 0.586 0.311  0Q.176 0.5651 4.1 1.44 0.090

31 1.836 1.408 0.564  2.1949  0.4100 3.8 6.96 1.009

32 1.859 1,071 0.486  1.402 0.3826 4.0 5.30 0.662

33 1.867 0.968 0.513  1.241 0.4108 4.1 4.83 0.579

34 1.609 0.631 0.496  9.831 0.4781 4.4 3.89 0.408

35 1.938 0.947 0.518  1.3%9 0.4045 5.4 . 4.9 0.606

36 1.369 0.897 0.448  0.809 0.4570 4.2 3.81 0.396




TABLE 1.— Continued

12 D, i . WE TGHT ESF . W, REVNS.
(cm) {(cm) (cm) {gm) (cm/sec) NO.

37 1.070 0.776 0.641  0.706 0.7558 4.1 3.90 0.388
38 1.632 0.863 0.367 0.861 0.3363 4.2 4.04 0.429
39 1.753 0.830 0.388  9.886 0.3395 5.1 4.04 0.432
40 1.407 1.101 0.380  0.933 0.3589 4.2 4.06 0.451
41 1.355 0.666 0.479  §.569 0.5239 3.9 3.18 0.294
42 1.250 0.522 0.409  0.358 0.5002 3.6 2.51 0.199
43 1.126 0.885 0.381  0.458 0.4451 4.7 2.92 0.251
44 1.407  1.209 0.557 1.364 $.4383 4.1 5.48 0.673
45 1.458 1.165 0.532 1.0%% 0.4751 4.2 5.00 0.562
46 1.272  0.754 0.380 0.562 0.4310 4.1 3.32 0.306
47 1.971  0.821 0.354 Q.47 0.4391 3.9 2.80 0.232
48 1.501 1.138 0.376  0.963 0.2389 4.0 4.18 0.460
43 1.093 0.669 0.249  q.271 0.3308 4.3 1.99 0.144
50 1.475 0.961 0.371  9.78] 0.3572 4.3 3.76 0.386
51 1.145 0.848 0.353  0.573 0.4168 3.1 3.3 0.307
52 1.487 1.192 0.371  0.959 0.3816 3.7 4.14 0.456
53 1.275 0.454 0.355  Q.229 0.4398 3.4 1.39 0.095

54 0.947° 0.637 0.497  0.283 0.6910 4.2 2.06 0.151
55 0.801 0.582 0.253 Q.16 0.4278 3.0 1.18 0.072
56 0.800 0.462 0.308  0.145 0.5486 3.2 1.24 0.072
57 1.051 0.599 0.413  0.339 0.5589 4.4 2,04 0.159
58 0.700 0.677 0.305  0.239 0.5174 4.0 1.71 0.118
59 0.689 0.520 0.456  0.202 0.8093 4.4 1.71 0.112
60 1.118 0.456 0.315  0.25] 0.4358 4.1 1.87 0.132
61 0.731 0.510 0.420  0.198 0.7388 3.2 1.58 0.103
62 0.916 0.569 0.325  0.166 0.4995 3.7 1.44 0.088
63 0.381 0.551 0.376 0.288°  0.5619 4.1 1.85 0.136
64 0.739 0.466 0.188  0.121 0.3643 4.1 1.0 0.056
65 1.044 0.718 0.252  0.249 0.3371 3.9 1.65 0.116
66 0.948 0.650 0.298  (.734 0.4352 4.3 1.55  0.106
67 0.920 0.507 0.315 Q.19 0.4970 3.7 1.52 0.098
68 0.683 0.568 0.444  9.227 0.7744 3.8 1.90 0.128
69 0.703 0.497 0.321  0.125 0.6027 4.3 1.14 0.063
70 0.828 0.351 0.280 0.110 0.5146 3.6 1.08 0.058
71 0.917 0.480 0.178  9.079 0.2443 4.1 0.79 0.038

72 0.795  0.409  0.327 9.119 0.5945 2.8 1.18 0.065 -
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to follow since it has been demonstrated to be applicable to a wide range
of grain shapes (Janke, 1966; Komar, 1980). Table 1 Tists the values
of & for the 72 glass particles, calculated from the DS s Di and 01
measurements using equation (1); the complete range is 0.239-0.809.

Roundness and sphericity are conceptually different measurements of
grain shape {Wadell, 1932).. This is demonstrated in Figure 1 for the
glass particles, plotting the measured roundness ( Pr ) values versus
the E shape factors. This lack of corralation between the two is also
important in the analyses to follow.

No attempts have been made to quantify the grain surface texture,
that is, the degree to which the particle surfaces are pitted or groovad.
Williams (1966) demonst;ated that grain roundness and shape (sphericity)
are much more important than surface roughness, and this is also to be
expected from a fluid mechanics analysis of drag. Of importance tc the
grain settling behavior are the asymmetries of the particles. Such
asymmetries w{11 be the main cause of an unbalance of forces acting on
the particles that sets them to oscillating or tumbling. Only a very
detailed analysis of each grain might resolve the balance of forces
acting on the asymmetric grain as it settles and continuously reorients
itself. Such an analysis is beyond the scope of the present study. These
effects can be expected to be greater at higher Reynolds numbers than
included in the present experiments. This will be discussed later in

the paper following the data analysis.

Grain densities are required in the analyses, but the grain
irregularities precluded their direct determinations. The colors of the

particles were various shades to browns, greens, and transparent, indicating



Figure 1: Grain shape as defined by E of equation (1)
versys the grain roundness Py for the 72 glass

particles used in the experiments.
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a source from broken beer, wine and pop bottles (in spite of Oregon's
bottle bill). The densities of several popular beverage bottles were
determined by weighing them and cbtaining their volumes by immersion

in water contained in a graduated cylinder. The average density was
found to be 2.41 g/cm® (total range 2.39-2.44 g/cm®). This average value
is used throughout the analyses for tha particle densities.

The experimental procedures for measuring the settling velocities
were the same as those reported in Komar and Reimers (1978). The same
216~cm long, 33-cm inside diameter cylindrical settling tube was employed,
again filled with glycerine. A1l particles were found to settle with their

maximum projection areas (defined by Dl and Di) perpendicular to the

settling direction. In order to insure that the particles quickly
achieved their steady terminal velocities, they were released with
this orientation. Although on average they maintained this orientation
while settling, due to their shape irregularities the particles usually
had secondary motions superimposed on the direct sétt]ing. This
usually involved a slight oscillation to-and-fro at right angles to
the settling direction. Such excursions from direct settiing were Tn
all cases small. The particles were not observed to tumble or spin.
The resulting measured settling velocities are given in Table 1.
Also given are the Reynalds numbers of the form Re = prDn/u » pand u
being the fluid density and absnlute viscosity. The Reynclds number
range is 0.04 to 2.02 so that much of the data is in the Stokes range
(Re < 0.5). As already indicated, these Reynolds numbers approximately

correspond to quartz grains in the silt to very fine sand sizes settling

in water.
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DATA ANALYSIS

Preliminary multiple regression analysis of the data indicated that
the grain shape, E, is much more important than the grain roundness, e s
in determining the grain settling velocity. For this reason, the analysis
procedure has been to first concentrate on the effects of shape, remove
those effects, and then to assess any residual influence due to the
grain roundness or the value of the Reynolds number.

Based on the ellipsoidal-pebble data of Komar and Reimers (1978)
and additional data on the settling of cylinders, Komar (1980)

determined empirically that

3]
~—

ug = ——— (o, = p) g D2 E?3%0 (

for Reynolds numbers Re < 0.5 (Stokes range). For a sphere £ = 1.0
and Dn becomes the grain diameter, so that equation (2) reduces to the

well-known Stokes equation

W -Stokes = —— — (p_ - p) g D; (3)

The presence of the E shape factor in equation (2) broadens its application
to ellipsoidal and cylindrical shapes as well as spheres.

The present data on the settling of glass particles could be
compared directly to equation {2). Instead of this direct approach,
Figure 2 compares the measured We value,divided by wS-Stokes of
equation (3), to the grain E shape factor. The curve of equation (2) is

shown for comparison. -1t is apparent that the new data follow




w,-measured

w,-stokes
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Figure 2: Comparison of the settling velocity to the E shape factor.
The straight-line fit to the data yields equation (4). The curve is
that obtained by Komar (1980) for regularly-shaped particles.
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the trend of equation (2) but also show a systematic departure. Such a
departure from equation (2) is not surprising in that it was based on
compietely ragular, symmetric grains. What is surprising in Figure 2

is that the measured settling velocities of the irregular grains are
greater than predicted by equation (2). It was anticipated that the
grain irregularities would reduce the grain settling velocities, both
because of the induced oscillations in the settling and because of the
increased surface area per unit grain weight, tending to incfease the
surface drag. The only way we can think to explain the increased
settling rate is in the reduction of the true projection area. For a.
completely regular ellipsoidal grain the projection area is the full
ellipse ' defined by the D] and D, axes. For the irregular grains,.
the actual projection area is somewhat less than this ellipse, the

amount of the departure probably increasing with decreasing E. It should
pe pointed out tﬁat the grains are settling more slowly than- spherical
grains of the‘same weight, but this reduction in settling velocity is

due to the overall non-sphericity of the grains, nof because of their
irregularities. The conclusion is that the regular, symmetric non-spherical

grains have greater reductions in settling velocities from spneres than

do the irregular, non-spherical grains. It is nossible and probable
that this conclusion applies only to the Tow Reynoids numbers of the
experiments in this study {the Stokes region). At higher Reynolds
numbers the grains are more apt to spin, tumble and have larger
oscillations, and these irregularities may be expected to cause a

decrease in their settling velocities.



15

Linear regression of the data of Figure 2 yields' the straight Tine
shown, having the equation
1 1

wg = —— (o

) - p) g D2 (0.672 + 0.318E) (4)
n
18 u

S

It i5 seen that zquation (4) nearly becomes the Stokes

relationship, equation (3), when E = 1.0 (spheres): this is also seen

in Figure 2 where ws—measured/ws-Stokes = 1.0 when £ = 1.0. Figure 3
compares the measured settling velocity with W, predicted by equation (4).
It is seen that there is a progressive departure at higher values of W
and that this departure results from the Reynolds number being beyond the
range of Stokes settling. Thus equation {4) should be limited in
application to Re < 0.5. In that range R? = 0.986.

Equation (4) can be used to account for much of the shape effects
on the grain settling, allowing an improved chance of detecting any
influence the grain roundness might have. Figure 4 plots the ws;measured
divided by the ws—predicted of equation (4) versus the measured grain
roundness, Pp - There is a lack of any significant correlation, reconfirming
the results of the multiple regression analysis.

A similar plot is presented in Figure 5 for an analysis of the
Reynolds number dependence. This figure further demonstrates the departure
from equation (4) as the Reynolds number increases above Re = 0.5 and the
Stokes range. For Re > 2.5 the §traight-]ine fit to the data yields

1 1

w = ———— (p_ - p)gD? (0.672 + 0.318E)(1.057 - 0.111Re) (5)
S 18 1 S n
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Figure 5: Dependence of the settling velocity on the Reynolds number,
showing an approximate linear departure from equation (4) for Re > Q.5.
The straight-line fit shown yields equations (5) and (6).
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Tnis form of the equation is inconvenient to use since Re = prDn/u
contains the settling velocity W However, equation (5) can be solved
for We o yielding

1.0587w
e

1.0 + O.111pane/p

where Wy is the settling velocity as calculated with eguation (4),

taking into account the grain shape as defined by E. In Figure 6 the
measured W values are plotted against We predicted with equation (6).
There is seen to be a very good correlation (R%= 0.99)}. A comparison

with Figure 4 shows that equation (6) is applicable to higher Reynolds
numbers than equation (4), at least up to Re = 2.0, the Timit of our

data. The simpler equation {4) can be used rather than equation (6)

when Re < 0.5 (Stokes region).

SUMMARY OF CONCLUSIONS

1. The effects of grain roundness on the settling velocity are much
smaller than shape effects (non-sphericity), being undetectable in the
present experiments.

2. Irregular grains settle faster than regular, symmetrical grains of
the same weight and having the same general shape as defined by the

E shape factor. This is probably due to the smaller projection areas
of the irregular grains perpendicular to the fall direction.

3. The above conclusions may be true only for low Reynolds numbers
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Figure 6: The measured settling velocity versus W vredicted by equation (6).
A comparison with Fig. 3 shows that equations (4) and (6) are equally good
for Re < 0.5, but equation (6) gives much better results for Re > 0.5.
The over-all fit is R?*= 0.99.
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(Re < 2.0). At higher Reynolds numbers where grains tend to spin, tumble

or have larger oscillations, the conclusions may be different.

4. Equation (4) can be used to predict the settling velocities of irregular
grains for Re < 0.5 (Stokes settling). The more complex equation {6)

axtends the application to Rz < 2.0,
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VELOCITIES OF NATURAL QUARTZ SAND GRAINS'
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ABSTRACT: Settling velocities in water were measured for natural quartz
sand grains in the size range -0.75 to 1.50¢ (0.35-1.68 mm). Obtained
from beach sands, the grains were selected so as to provide a wide range
of roundness from very angular to very well rounded (pr = 0.6 - 5.1).
For each grain two axial diameters were measured under a microscope, the
longest axial diameter, D] , and the intermediate diameter, Di . Settling
velocities were measuréd in a 6-meter lang settling tube.

The axial diameters Di and D, are compared with the dimensions

1
of the screen. openings of the sieves, and it is found that on average D,

i
is slightly less than the diagonal of thé screen opening. The measured
settling velocity, L is then compared with the settling velocity of

a sphere, W, » calculated using Di as the sphere diameter, and the
relationsnip W = O.761wS is found to be consistent with the data. The
analysis shows that the grain roundness has no measureable effect on the_
settling rate. It is believed that the measured settling velocities are

less tian those of spheres because the natural grains are nonspherical

and asymmetric, factors whicn cause them to oscillate and spin as they

settle.

IManuscript received ; revised
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The results provide graphs and empirical equations which permit
the evaluation of actual grain settling rates (rather than settling
velocities of spheres) from sieve sizes or from microscopic measurements

of Di for individual grains.

INTRODUCTION

A knowledge of the settling rates of natural sand grains is basic
to sediment transport considerations and to the determinations of grain
size distributions through grain settling. In most appiications we are
satisfied to assume that the grains are spherical in order to utilize the
well-established equations or curves based on the perfect sphere. Natural
sand grains are of course highly irreguiar in shape and in the degree of

roundness, factors which will affect their settling behaviors and rates.

Considering the fundamental importance of sand grain settling, it
s surprising how few measurements have been made to assess the effects
of natural grain irregularities. Lane {1938) presents a graph of the
settling rates of quartz sedimentary particles versus grain diameter. The
data were obtained by the U.S. Bureau of‘Reclamatibn, but no details are
given as to the measurement techniques. Below a grain diameter of about
0.5mm the data show good agreement with the expected settling rates of
perfect spheres. Above that size there is a marked departure with the
natural sand grains settling at significantiy slower rates than the spheres.
Mamak (1964) presents a table of average settling rate vefsﬁs grain
diameter, but without giving the actual data upcn which the table is based.
His results also show that the settling rates of natural grains smailer than

0.1mm are in good agreement with the settling rates of spheres, but for
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larger grains there is a considerable reduction of the
settling rates of the sedimentary grains versus the spheres. In their
general review of settling-velocity curves, Graf and Acaroglu (1966)
mentioned that their data are in good agreement with that of Mamak (1964),
but without actually presenting any data.

These former studies have established that above a grain size of
about 9.1-0.5 mm, the settling velocities of natural sand grains depart
markedly from the settling rates of spheres. The purpose of this present
study is to obtain additional data on the settling behavior and rates of
natural sedimentary grains, and to examine the importance of grain
irregularities in producing the observed reduction in settling velocities

from those of spheres.

- EXPERIMENTS

The particles employed in this study are natural quartz sand
grains co]]eéted from Orégon beaches. A.composite sample was accumulated
to provide a wide range of grain sizes. This sample was carefully sieved
using standard sieving tecnhniques (Folk, 1964) into ten quarter-phi
intervals ranging from -0.75 to 1.50¢ (0.35-1.68 mm). Each sieve fraction
confained various types of minerals. Only transparent quartz grains were
selected so as to give a constant grain density in the analyses and
because of the particular importance of quartz in most sediment transport
considerations. From each sieve fraction a number of grains were selected
so as to give a large range in degree of grain roundness. The roundness of
each grain was determined using the images introduced by Powers {1953)

together with the P Togarithmic roundness scale of Folk (1955) [see
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Blatt, et al. (1972, Fig. 3-18)]. The roundness values for the 229 grains
selected are given in Table 1, and range from 0.6 (very angular) to 5.1
{very well rounded)}.

Particle sizes were then measured under the microscope. Since the
particles are roughly ellipsoidal, they tend to rest in positions with
their Targest projection areas parallel to the glass slide. Therefore,

readily
two axial diameters can be,measured for cach grain by simple microscopic

A

observations, the particle's Tongest axis, D, , and intermediate axis,

1
Di . No attempt was made to measure the shortest axial diameter, that
perpendicular to the glass slide. This unfaortunately precludes the
possibility of analyzing the data for grain sphericity effects, known to

be important to grain settling (Komar, 1980 ; Baba and Komar, in press).
Values of D, and D, for the 229 grains are given in Table 1.

The settling velocities were measured in a 6-meter long, plastic,
cylindrical tube, 11.4 cm inside diameter, filled with fresh water. Times
of descent were measured over a 5-meter length oflthe tube, the upper line
peing 65 cm from the top of tne tube so as to insure that tne grains
reach tefmina] velocity before timing their fates. The long tube length
was necessary to yield accurate heasurements'of the faster settling rates.
The largest grains settle at rates up to 20.7 cm/sec {Table 1), which
involves an elapsad ' time of 24.2 seconds over the S—ﬁeter interval. The
smallest grains took some‘1.75 minutes. A Hewlett-Packard 55 pocket
calculator with a digital timer was used in the experiments, permitting
time measurements accurate to about 0.1 sec. Repeated settlings of a
single grain were notattempted ?so we are unable to assess the repeatability

of tha measured rates. However, in their experiments on the settling of
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TABLE 1.
P size NO. D D, W W/ W
, (mm]) (mm) F"r (em/Sec) m S
- 0.75 1 1.94 1.50 4,8 20.64 0.943
2 3.10 1.40 4,2 18.73 0.907
3 2.50 1.70 3.4 19.00 0.785
4 2.40 2,00 3.1 20.65 0,751
- 0.50 5 1.54 1.42 5.1 17.66 0.845
6 1.60 1.54 2.1 17.78 0.795
7 1.64 1.44 2.2 17.94 0.848
8 1.80 1.56 2.8 16.72 0.740
9 1.76 1.50 3.7 19.74 0.902
10 2.23 1.72 1.7 19.73 0.807
11 2.05 1.92 4.3 %
12 2.38 2.12 1.5 15.64 0.544
13 2.30 2,23 3.2 17.58 0.589
14 2.00 1.95 3.1 18.10 0.671
15 2.30 1.77 2.2 15.31 0.612
16 2.12 1.72 4.1 19.10 0.782
17 2.25 2.00 2.7 17.56 0.638
18 2,53 2,00 3.3 19.28 0.701
19 2,61 1.61 2.2 18.34 0.791
20 1.61 1.54 3.9 19.94 0.892
21 2.70 1.95 3.2 18.07 0.670
22 1.79 1.74 3.3 17.94 0.727
23 1.66 1.51 2.9 19.30 0.877
24 1.94 1.64 2.7 19.16 0.814
25 2.28 1.59 4.0 19.14 0.834
26 2,51 1.87 2.7 %
27 2.27 1.61 3.4 18.37 0.775
28 1 74 1.57 3.7 17.63 0.776
29 2.15 1.92 3.1 17.19 0.645
- 0.25 30 1.74 1.64 4.3 14.93 0.635
31 2.28 2.07 0.7 11.65 0.413
32 1.69. 1.48 3.2 17.79 0.794
33 1.72 1.38 2.7 15.77 0.772
34 2.00 1.72 2.6 17.01 0.696
35 1.95 1.59 3.4 ?
36 1.74 1.66 3.6 7
37 1.89 1.79 1.8 15.38 0.610
38 2.10 1.59 2.8 17.58 0.766
39 1.59 1.46 3.3 17.60 0.822
40 1.84 1.80 3.8
41 2.28 1.43 2.7 16.78 0.798
42 1.66 1.66 3.3 18.10 0.762
43 1.79 1.51 2,1 17.15 0.780
44 1.77 1.69 2.2 15.14 0.628
45 1.95 1.48 3.2




TABLE 1. - (Continued)
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g size NO. D D, W
1 i Pr J
(mom) (mm) (cm/gec)
- 0.25 46 2.20 1.72 2.2 .
47 1.93 1.54 2.6
48 1.95 1.43 4,2 16.30
49 1.93 1.41 3.2 15.36
50 2.10 1.38 2.8 17.48
51 1.79 1.74 3,1
52 1.87 1,46 3.5 18.39
53 1.88 1.50 1.6 16.82
54 1.81 1.54 3.2 19.49
+ 0.00 55 1.56 1.28 3.2 16.46
56 1.69 1.42 3.0
57 1.79 1.44 3.1
58 1.51 1.46 3.4
59 1.84 1.56 3.2 16.39
60 1.92 1.15 3.6 15.16
61 1.66 1.43 4.1 15.36
62 2.28 1.05 1.7 14.35
63 1.92 1.46 3.0 14.57
64 1.41 1.23 2.7
65 2.05 1.20 3.9 14.12
66 1.59 1.43 3.0 14.74
67 1.59 1.32 4.4 12.92
68 1.74 1.13 1.8 14.78
69 2.05 1.36 2.1 14.81
70 1.46 1.24 3.2 15.02
71 '1.77 1.13 3.6
72 1.46 1.16 2.2 14 .48
73 1.84 1.43 3.0 l16.14
74 1.84 1.46 2.1 16,21
75 1.66 1.15 4.6 15.55
76 1,51 1,23 2.6 16.40
77 1.66 1.28 2.5
78 1.72 1.31 2.9 16.06
79 1.64 1.23 1.3 13.94
+ 0.25 80 1.72 1.15 3.1 14.41
81 1.84 1.13 1.8 12.92
82 1.20 1.18 3.9 13.46
83 1.43 1.41 1.7 10.23
84 1.87 1.13 2.2 15.31
85 1.97 1.15 1.1 9.96
86 1.41 1.13 3.8 13.85
87 1.77 1.23 2.8 12.53
88 1,56 1.10 2.9 13.58
89 1.64 1.02 2.6 12.89
90 1.51 1.38 2.2 12,21
91 1.31 1.02 3.3 14,42




TABLE 1. - (Continued)

D size NO. D D, W W/W
(m}n) (om) Or (cm/f8ec) ™ °
+ 0.25 92 1.59 1.11 1.9 11.88 0,720
_ 93 1.23 1.13 3.7 16.04 0.933
94 1.63 1.36 2.8 *
95 1.41 1.15 2.3 13.27 0.760
96 1.25 1.05 3.2 14.96 0.929
97 1.56 1.23 2.9 *
98 1.38 1.01 2.8 *
99 1.41 1.32 1.0 12.48 0.635
100 1.51 1.05 3.6 14,81 0.920
101 1.36 1.08 3.2 12.74 0.772
102 1.33 1.05 3.0 13.38 0.831
103 1.36 1.20 2.8 14,52 0.802
104 1.36 0.97 4,2 14.87 0.993
+ 0.50 105 1.43 1.00 1.8 12.01 0.780
106 1.10 0.97 2.0 11.32 0.756
107 1.20 1.02 1.8 9.68 0.618
108 1.08 1.00 3.1 11.13 0.723
109 1.23 0.96 1.6 10.27 0.692
110 1.31 0.92 3.4 %
111 1.23 0.96 1.6 10.27 0.930
112 1.45 0.92 3.1 11.34 0.787
113 1.36 1.06 1.9 11.94 0.736
114 1.10 0.90 3.8 12.17 0.871
115 1.05 0.87 2.3 11.05 0.817
116 1.05 0.95 3.7 *
117 1.41 1.25 2.7 11.72 0.625
118 1.15 0.92 3.1 10.98 0.762
119 1.20 0.85 2,2 10.62 0.802
120 1.25 1.01 3.8 11.32 0.729
121 1.22 1.01 2.3 12.85 0.827
122 1.02 0.90 3.8 13.29 0.951
123 1.23 1.00 2.8 12.06 0.783
124 - 1.16 1.08 1.7 12.35 0.748
125 1.40 0.93 3.2 13.17 0.914
126 1.31 0.91 3.4 12.19 0.864
127 1.41 1.00 2.9 13.19 0.857
128 1.20 0.82 2.2 11.60 0.907
129 1.14 - 0.92 4.4 12.60 0.875
+ 0.75 130 1.28 0.77 1.5 10.58 0.879
131 0.92 0.86 2.7 *
132 1.10 0.87 2.0 %
133 0.96 0.93 3.4 10.18 0.707
134 1.11 1.05 1.4 *
135 1.04 0.79 3.1 10.53 0.853
136 0.87 0.78 1.2 9.99 0.820
137 0.97 0.77 2.7 %*




TABLE 1 - (Continued)

¢ size NQ, D1 Di Oy wm
{mm) {(mm) {cm/sec)
+ 0.75 138 1.08 0.84 1.3 10.13
139 0.97 0.84 2.5 9.26
140 1.05 1.00 3.1 10.25
141 1.08 0.79 3.7
142 1.00 0.90 3.1 - 10.55
143 0.86 0.77 3.4 7.65
144 0.93 0.74 2.2 9.86
145 1.02 0.82 3.1 10.53
146 1.10 0.67 4.2 11.40
147 1.08 0.77 2.2
148 0.96 0.77 4.4 9.57
149 1.11 0.77 2.8 11.55
150 0.95 0.80 2.5 9.80
151 1.11 0.78 2.3 9.83
152 0.92 0.90 1.5 9.43
153 1.02 0.74 2.9 9.89
154 1.18 0.82 2.4 10.58
+ 1,00 155 0.98 0.86 2.8 7.89
156 0.77 0.64 2.9 8.51
157 0.82 0.64 1.7 8.18
158 1.02 0.73 2.2 6.41
159 0.96 0.74 2.7 8.44
160 1.00 0.70 4,0 8.71
161 0.67 0.61 4,2 8.22
162 0.84 0.65 2.0 8.29
163 “0.96 0.67 1.3 7.39
164 0,90 0.72 0.8 8.51
165 0.80 0.67 2.7 7,97
166 0.80 0.63 3.1 8.26
167 0.95 0.72 1.0 7.78
168 0.93 0.9 1.7
169 0.76 0.55 3.2 9.02
170 0.90 0.64 4.2 8.98
171 0.90 0.60 2.3 7.90
172 0.77 0.56 2.4 8.03
173 0.76 0.66 2.3 8.45
174 0.76 0.59 2.6 9.37
175 0.76 0.67 3.2 -
176 0.90 0.69 4,2 7.11
177 0.87 0.77 2.6 7.02
178 0.95 0.65 2.3 8.93
179 0.76 0.61 2.8 8.25
+ 1.25 180 0.74 "0.54 1.1 6.88
181 0.61 0.60 3.5 6.38
182 0.72 0.55 2.7 7.10
183 0.74 0.69 2.1 6.61




TABLE 1 - (Continued)
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@ size NO. D D W W/ W
1 i Pr m s
(o) (mm) (em/sec)
+1.25 184 0.65 0.53 2.2 5.99 0.737
185 0.68 0.51 2.6 6.42 0.824
186 0.70 0.61 2.9 *
187 0.73 0.57 2.8 6.94 0.789
188 0.70 0.67 3.2 6.55 0.629
189 0.68 0.63 2.3 6.40 0.657
190 0.85 0.51 3.1 6.52 0.883
191 0.64 0.59 2.4 %*
192 0.63 0.57 2.2 6.47 0.737
193 0.69 0.59 3.1 6.52 0.716
194 0.74 0.56 2.9 6.84 0.794
195 0.61 0.59 3.3 6.18 0.679
196 0.60 0.52 2.4 6.50 0.818
197 0.69 0.51 3.1 6.74 0.867
198 0.78 0.59 2.9 7.10 0.772
199 0.59 0.49 4.3 6.65 0.895
200 0.87 0.73 2.3 6.52 0.576
201 0.69 0.55 2.0 6.83 0.809
202 0.79 0.53 2.3 7.39 0.912
203 0.73 (.51 0.6 6.71 0.865
204 0.68 0.59 3.7 6.45 0.710
+ 1.50 205 0.56 0.54 2.1 5.65 0.684
206 0.69 0.51 1.3 5.54 0.715
207 0.74 0.49 2.7 6.23 0.841
208 0.60 0.41 - 3.5 *
209 0.74 0.46 1.8 5.45 0.791
210 0.60 0.36 2.3 5.07 0.983
211 0.58 0.49 2.8 4 .86 0.656
212 0.58 0.44 0.8 5.77 0.880
213 0.54 0.49 2.2 5.48 0.740
214 0.72 0.38 4.0 5.72 1.038
215 0.55 0.47 2.8 5.01 0.709
216 0.86 0.44 2.1 6.11 0.932
217 0.69 0.49 1.6 6.04 0.815
218 0.54 0.51 1.7 *
219 0.58 0.31 2.9 5.06 0.653
220 0.68 0.44 1.5 *
221 0.51 0.45 2.1 5.24 0.779
222 0.59 0.36 2.0 5.36 1.039
223 0.56 0.54 2.3 4,92 0.595
224 0.59 0.52 1.7 5.48 0.694
225 0.61 0.57 2.3 5.33 0.611
226 0.64 0.50 2.3 5.49 0.574
227 0.70 0.44 2.1 6.06 0.927
228 0.69 0.44 4.6 5.15 0.788
229 0.68 0.44 2.7 5.30 0.811
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spheres, Gibbs, et al. {1977) showed that errors are only about +1 to 2%
at a 95% confidence level, indicating that only minor errors are involved
in measuring settling velocities.

After filling the settiing tube with water, 30 hours elapsed before
conducting the measurements so as to allow time for the water to reach
equilibrium. A thermometer was hung within the tube in order to monitor
any temperature variations during the experiment. Na convection currents
or other water motions were observed during the period of measurements.

In addition to measuring the settling rates of the grains, any
irregular motions of the grains were noted. These consisted of large-
and small-scale spiral motions and oscillations, as well as particle
spinning. Within our present experimental techniques these secondary
grain motions could only be noted gualitatively, and no attempt was made
to quantify them. It was observed that the larger the grain size, the
larger the scale of these secondary motians. In a few cases, the largest
particles performed such large oscillations that fhey hit the wall of the
tube and had to be excluded from the analyses. Oue to the large inner-
diameter of the settling tube, corrections for wall effects are
negligible for the small grains (McNown, et al., 1951). In instances where
settling grains spent an appreciable time near the cylinder wall, the
results were again excluded. AItOgether; 33 grains had to be eliminated

due to such problems, leaving 196 to be included in the analyses (Table 1).



DATA ANALYSIS

It is well established that sieving does not accurately represent
the real dimensions of natural irregular grains (Hatch, 1933; Herdan,
1953; Ludwick and Henderson, 1968). Ellipsoidal-shaped grains tend to
drop through the screen openings with their longest axes vertical to the
plane of the screen, the intermediate axes approximately fitting into the
diagonals of the square screen openings. Ludwick and Henderson {1968)
studied the mechanics of sieving statistically, using artificial ellipsoids
having different ratios of the longest, intermediate and shortest axes.
It was found that when particles of various sizes are mixed and sieved,
the distribution of intermediate diameters shows much higher values than
the openings of the sieve screens, and the diétributions of grains for
each sieve size are bell-shaped and broad, and they overlap one another.
These previous findings are largely confirmed by our measurements.
Figure 1 p]ots'the intermediate diameters, Di’ of the guartz grains
versus the sieve diameter, the data presented in Table 1. The mean values
of Di for eﬁch sieve sfze were determined, and plotted as X's, and
the solid curve drawn through them. The two long-dashed curves show the
sizes of the sieve dfagona]s and sides of the square openings. Also plotted,
as the short-dashed curve, is the curve fit to the means of the longest
grain diameters, D]’ but without plotting the actual data upon which this
curve is based. Although few grains were measured for each sieve size, |
it would appear that the Di measurements do form bell-shaped distributions
about means, with many values of Di being Targer than the diagonals of the
sieves. The means of the Di measurements approximately correspond to
the sieve diagonals, being slightly less for the smallest grain sizes, and

increasingly smaller with the coarser grains. The mean lengths of the
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longest axial diameter, DT , are seen to be much larger than the diagonals
of the screen openings.

A basic question to be answered in this analysis is what grain-size
parameter or dimension do we use in order to obtain the most consistent
and accurate prediction of grain settling velocities. We have Di s D]
and the sieve diameters to choose- from since from a practical standpoint,
these are most easily measured. Ideally we would 1ike determine the
immersed weight of the grain as this most directly relates to the settling
velocity, but would obviously be difficult to determine on a routine basis.

With respect to simply plotting the measured settling velocity,
W, » Versus the grain size, the intermediate diameter Di gives the best
results when compared with the data of Lane (1938) and the tabulatead
average values of Mamak (1964). This is shown in Figure 2 where we have
plotted our data as W versus Di . This comparison with the previous
data sets of settling velocities of natural sand grains is uncertain in
that neither‘Lane (1938)>nor Mamak (1964) specified what they took as the
grain "diameter”. Using D, rather than Di shifts our data too far
to the right of the other data sets. Using the sieve diameter places our
data too far to the left, although it is in closer agreement with the
curve for the settling of spheres. As we]lras not agreeing with the data
of Lane and Mamak, plotting our data using the sieve diameter places many
of the points above the curve for the settling of spheres, an unlikely
position since the irregularities of the natural sand grains can be
expected to cause them to settle more slowly than spheres, not faster.

The graph of Figure 2 could be used directly to predict the settling

rate of a grain from its measured Di axial diameter. An alternative and
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more accurate approach is to relate the measured settling velocity, W

to the settling velocity of the "equivalent sphere”, We o calculated

with the empirical equation of Gibbs, et al. (1971),

3y + o2 + grplo, - 0)(0.015476 + 0.19841r) 0
W =
; p(0.011607 + 0.14881r) .

where U "is the dynamic viscosity of the water in poise units, g is
the acceleration of gravity (981 cm/sec?), p is the water density (g/cm?),
o, 1s the grain density (2.65 g/cm® for quartz sand), and r 1is the
sphere radius (cm). This relationship provides a good evaluation for

the settling velocities of spheres.

Figure 3 compares the measured settling velocity, L to the
settling velocity of a sphere, We o ca]cu1éted with equation (1) using
r= 01/2. [t is seen that as in Figure 2, W is consistently smaller
than We s progressively departing from the W, T W equivalence as the
grain size and settling fates increase. .Similar progressive departures

are observed in the Lane (1938) and Mamak (1964) data (Figure 2). A

Yinear regression of 1og(wm) VEersus 1og(ws) yields the relationship
w_o= 0.977w0-°13 (2)
m S

with R? = 0.87. Equation (2) is plotted in Figure 3 as the dashed curve.
We also regressed W Versus w_ , but the resulting relationship was
unsatisfactary. Instead, a straight line was fitted by eye to the data
las shown in Figure 3, yielding the equation

W = 0.761wS (3)

This very simple relationship is seen to EorreSpond closely to the curve
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of equation {2) in Figure 3. Equation {3) is also shown in Figure 2
where it is seen to represent a simple downward shift in the settling
velocity curve, a 0.761 factor below the curve for the settling of
spheres. FEquations (2) and (3) obviously provide a very simple means
for determining the average settling velocities of natural irregular
grains, W from the more easily determined rates for spheres,_wS
Thus from simple measurements of D1 , we can calculate W using
equation (1), and then estimate what its actual settling velocity will
be according to equations (2) or (3).

Although the use of Di is preferable to the sieve diameter for
the relationship to the settling velocity, in some applications we may
wish to go straight from a sieve diameter to a settling velocity without
making microscopic measurements of Di . Thus the same procedure to
that above was employed, but using the sieve diameter to calculate the
sphere settling rates, W s of equation (1). This is plotted against tne
measured rates in Figure 4, similar to Fiqure 3 where Di was used. As
discussed earlier, using the sieve diameter results in many cases where
the predicted wS is larger than W an unlikely situation. But the
curve of Figure 4 does provide a graphical means by which sieve diameters
can be equated to settling velocities of the natural grains without
assuming they are spherical.

Although the above procedures provide methods for determining
settling velocities of natural sand grains, we have as yet not examined
the causes of the departure of W from W We can be fairly certain
that W is less thnan W, because of the irregu]arities of the natural

grains which caused them to oscillate and spin as olLserved in the experiments.
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These irregular motions were negligible in the smallest grains settling
at the slower rates, and progressively increased in scale with increasing
grain diameter. This increase in irregular motions with increasing grain
size probably accounts for the progressive departure from the curve of
settling of spheres as the grain size increases, seen in the data sets of
Lane (1938) and Mamak (1964) as well as in our data {Figure 2).

The nossible grain irregularities involved are the degree of grain
roundness, sphericity, and grain asymmetries. With the present limitations
of our measurements, only grain roundness effects can be examined

quantitatively. In Figure 5 we plot our data as grain roundness, p

r
versus wm/wS » Where W, is calculated with equation (1) using Di' There

appears to be no dependence, supporting the conclusion of Baba and Komar
(in press) that grain roundness has no measurable effect on their settling
velocities as compared with other effects. Therefore, none of the scatter
of our data can be attributed to grain roundness,‘nor can the result that
in nearly all cases W< W have been caused by increased grain surface
drag produced by the grain angularity.

Previous studies of grain shape effects (McNown, et al., 1951; Komar
and Reimers, 1978; Komar, 1980 ) all demonstrate that the non-sphericity
of a grain can cause its settling velocity to be smaller than that of an
equivalent sphere. The data of those previous studies are generally at
Tower Reynolds numbers than the present measurements, but the results do
indicate that all or nearly all of the reduction in the settling velocity
from that of spheres can be accounted for by grain shape effects. At the
higher Reynolds numbers of the present experiments, departures from a

spherical shape begin to induce the observed oscillations while settling.
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Also important, however, are the grain asymmetries which will cause an
imbalance of forces acting on the grains while settling, also inducing
them to oscillate and spin. In the present experiments we are unable to
distinguish between the effects of grain shape (symmetrical) versus the
unsymmetrical irregularities of the natural sand grains. These effects
probably also account for the scatter of the data, the more nonspherical

or irregular the grain, the greater its reduction in settling velocity

from that of a sphere. A range of grain sphericities and irregularities

in the sand could thus produce the data scatter seen in Figures 2 through
5. Our above procadures using equations (2) and (3) yield only the average

settling rates of the grains, corresponding to an average sphericity and

other irregularities found in natural sands.

SUMMARY

The measured settling velocities of natural sand grains are
significantly lower than the rates of sphieres. This appears to be due to
the nonsphericity of the grains and their asymmetries, both of which
jnduce irreqgular oscillations and grain spinning while settling. Grain
roundness was shown to have a negligible effect.

The intermediate diameters of the grains, Di , showed the most
consistent relationship to their settling velocities. An analysis
‘procedure was arrived at wherein either Di or the sieve diameter can be
used in the equation of Gibbs, et al. {197T) to evaluate the settling rate
of an "equivalent sphere", and then that value corrected to yield the

average settling velocity of the natural sand grains.
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