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Abstract 0 Aside from the phenomenological equation by Egolf 
and McCabe and by Robinson, no attempts have appeared in 
literature in the past to quantitate terminal sedimentation char- 
acteristics of flocculated suspensions. The physical factors involved 
are suggested here, taking into account electrical effects and geo- 
metric factors contributing to friction. The equation of settling 
emerges as a linear combination of exponential decays-uiz., 
[x - H,] = AIe-Wir + A2e-W*rr where x is the height of thesedi- 
ment at time T, H ,  is the final height, and A and w are constants. 
From the data it would appear that the friction, B, exerted is both 
viscosity (7) and dimension ( R )  dependent and of the form B(7,R) = 
r . e h r R ,  where p, 6, and r are system-dependent constants. 

Keyphrases 0 Sedimentation kinetics-flocculated suspensions, 
equations Kinetics, sedimentation, flocculated suspensions- 
critical height, equations derived Suspensions, flocculated-sedi- 
mentation kinetics, equations 

Sedimentation of flocculated suspensions has been 
the subject of several publications in the past (1-12); 
such systems have been shown (1, 7, 9-13) to sedi- 
ment first at a rapid rate, primarily governed by gravita- 
tional and frictional forces. At a particular, well-repro- 
ducible point, the rate changes abruptly, and further 
sedimentation appears to be governed by forces over 
and above those just mentioned. With a few exceptions 
(1, 3, 13), all of the cited references attempt to modify 
Stokes’s law to explain experimental data. In no case 
[except indirectly by Robinson (7)] has cognizance been 
taken of interparticle forces in relation to sedimentation 
rates. 

Since the authors are dealing with the phase of sedimentation 
which occurs at a critical height, Ho, it may be advantageous, at the 
onset, to use a coordinate system slightly different from the one cus- 
tomarily used. Usually the position of the boundary is measured from 
the bottom of the tube and denoted x; time, t ,  is measured from the 
time sedimentation starts. Here, if the height Ho occurs at time t o ,  
the position and time axes arechosen with the points to and HO as the 
origin. Distance is now denoted y (y = HO - x), i.e., positive in down- 
ward direction and positive for the times r (T = t - to) in question. It 
shall be assumed that the center of gravity of the sediment is at one- 
half the height of the boundary of the sediment, i.e., its position is y 
= H0/2 originally, and at timer it is HO - x f x/2 = Ha - x/2 = y. 

The forces exerted on the sediment are gravitational forces, 
frictional and reactional forces, and forces that are electrical in 
nature. The gravitational force is in the y-direction and of magni- 
tude M [ l  - (po/p)]g,  where p and pa are the densities of solid and 
liquid, M is the mass of the sediment, and g is the gravitational 
acceleration. The frictional and reactional forces are in a direction 
opposite toy  and must be related to viscosity and to wall and bottom 
effects, i.e., to the geometry of the vessel. The functional relation- 
ship is not equated to 67rqr, nor is an attempt made at this particular 
point in the development to formulate the diameter dependency, 
but the force is described as a velocity-dependent [- B(~,R)dy/&l 
and a velocity-independent [ - +(R)] component. The electrical force 
is assumed to be a repulsion (i.e., in a direction opposite to the 
direction of the y-axis) and with regard to magnitude it is assumed 
to increase the closer the floc-aggregates are to one another; they 
are related to distance between flocs which in turn is related to the 
liquid volume of the cake, i.e., ?rR2(x) - 4nr3n/3, where R is the 
radius of the tube, and where N is the number and r the “radius” 
of the floc-aggregates. These forces are assumed to be of the form 
8y. The sum of all the forces then equals the mass of the sediment 
times its acceleration, i.e., 

The treatment to follow deals with the second phase of 
sedimentation of flocculated suspensions of intermediate This may be rewritten 

concentration, and attempts to account for the effect of 
such forces. 

As shall be shown the final sedimentation pattern 
follows a linear combination of exponential decays. No 
previous treatment has led to such a pattern for the 
second stage of sedimentation or to the type plot en- 
countered in concentrated suspensions, although the data 
in several examples in literature (2, 6, 7, 9)  imply such 
a relationship. 

THEORETICAL 

London-van der Waals forces (14, 15) are responsible for the 
stability of the flocculated state, and in general, at small separations, 
the potential energy between two particles will be negative. At 
intermediate distances (1&19), however, the potential energy 
becomes positive because of the repulsion of double layers. Since 
the true charge of the particle surface cannot be determined by 
experiment, quantitation of such forces is difficult, and the upper 
limit for distances over which these forces will be effective cannot be 
stated u priori. 

1 A sizable amount of information regarding interparticle forces has 
been obtained by rheological approaches, notably the studies by 
Higuchiand Stehle (25), Gillespie (26,27), Goodeve (28), and Vand (19). 

It is apparent from inspection of Eqs. 1 and 2 that 

is a particular solution to the differential equation. The remaining 
solutions are obtained by inserting an expected solution of the form 
y = --A.e-w‘ into the homogeneous equation corresponding to 
Eq. 2. This yields: 

When the expression in brackets is equated to zero, Eq. 3 is satis- 
fied; the characteristic roots are: 

The roots shown in Eq. 4 may be simplified if B(q ,R) /M >> 
8/B(q,R) in which case they are: 

Vol. 59, No. 5, Muy I970 0 671 



32 b 
- 

- 

- 

- 

- 

- 

- 

L I I L i -  1 

1 O6 
56, m 

5 2 g  
rn z 

48 -I 

5 
4 4 g  
I 

40 E 
G) 
I 

36 .+ 

3 32 . 
0 

~ 28 

$62 

W 
I 
E 

1.2 

1.0 

9 0 . 8  z 
I 
x v 
0.6 

s 
0.4 

t,,,,l,,,,i,,,,, 
135 140 145 150 

- 

- 

- 

- 

- 

MINUTES 

Figure 1-Graph showing the method for determining the critical 
height (Ho) in a 5.54-cm. i.d. tube, 10% u/v glycerin and I1 % w/o 
kaolin, and the critical time (to). 

and 

The complete solution, in terms of y ,  is: 

- - A1! . e -w ,~  - Azl.e-u2r (Eq. 7 )  
8 Y =  

where the exponents in Eq. 7 have the meaning denoted in Eqs. 5 
and 6. It is noted that y* = M[1 - po/p]g - +(R)/t9 corresponds 
to y m  by virtue of Eq. 7, and, therefore, is related to H,, the ulti- 
mate height, by the relation y m  = y* = Ho - H,/2. Inserting this 
into Eq. 7 and rearranging, yields: 

x - H,, = Ale-wiT + A2e-027 (Eq. 8) 

where A ,  = ZA,' and Az = 2A2'. 
It is apparent from Eq. 8 that the terminal sedimentation pat- 

tern should be characterized by a linear combination of two expo- 
nential decays. By the assumption leading to Eqs. 5 and 6, 
w1 >> w2 and the first term on the right hand side of Eq. 8 should 
be predominant at small values of T and the last term should pre- 
dominate at high values of r. 

EXPERIMENTAL. 

A previously described setup and methodology (1)  were used: 
tubes 1.25 m. high, and of inside diameter 2.46, 2.72, 4.60, or 5.54 
cm. were used as sedimentation vessels. The exact inside dimension 
was determined for each tube by introducing known amounts of 
water and checking heights with a precision cathetometer. The 
system studied was an 1 1  % weight per volume kaolin2 suspension 
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Figure 2-Sedimentation curue of I 1  % w/v of kaolin in water in a 
tube of 5.54-cm. i.d. Duplicate points are shown. 

* Colloidal kaolin NF, lot No. 781603, Merck and Co., Rahway, N. J. 
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Figure 3-Sedimentation pattern in a tube of 4.60-cm. i.d. of an I 1  % 
w/u suspension of kaolin in 5 v/u glycerin solution at heights below 
the critical height, Ho. The left ordinate is aa'justed for final height, 
H,; the right ordinate axis shows the actual heights (x). The curw 
shown in full is the theoretical curue; lU.e-o.31T + 20.e~0.0~33~.  
The points shown are experimenfalpoin{s. 

in water, 5 % v/v glycerin, or 10 v/v glycerin. The suspensions were 
made in a Waring blender and transferred to the sedimentation tubes. 
The tops of the tubes were connected by means of a 24/40 ground 
joint to a stopcock, and after transfer, the stopcock was attached 
to the tube, and the suspension thoroughly deaerated by means of 
aspirator vacuum. Once deaerated, the tubes were turned end-over- 
end 10 times, the stopcock opened, the tube placed vertically and 
securely on a stand, and the position of the sedimentation boundary 
noted every 5 min.; timing intervals were made shorter when the 
critical height, Ho, was approached. This height, as well as the 
critical time, to, was then determined by graphical interpolation 
as shown in Fig. 1. Following this the position of the boundary was 
noted every 5 min. for 0.5 hr., and then hourly for 50 hr. (except 
for necessary schedule interruptions). Subsequently, the sedimenta- 
tion height was recorded twice daily until a point in time had been 
reached where less than 0.2 mm. change occurred in a 24-hr. 
period; this usually required 7-13 days. Each set was obtained in 
duplicate. All sedimentation heights were determined by means of a 
cathetometer, and readings were accurate to 0.1 mm. The tubes 
used were not jacketed, but the experiments were carried out in a 
constant-temperature room at 25 + 0.6". The viscosity of the super- 
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Figure &Decay pattern of 11 % w/v kaolin suspension in 5 u/u  glyc- 
erin solution at high time ualues where w2 and A2 predominate. 
Test was performed in a tube of 4.60-cm. i.d. The curues are separated 
by 0.1 and 0.2 logarithmic units as indicated. The plots demon- 
strate estimation of3nal sedimentation height prior to the time when 
it is reached. Key: 0 ,  H, = 27.3 cm. (scale minus 0.2); 8 ,  H, = 
27.8 em. (scale minus O.I) ,  and 0 H, = 28.4 cm. 
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Table I-Theoretical Sedimentation Curve for 11 Z w/v Kaolin in 5 %  v/v Aqueous Glycerin in 4.6-cm. i.d. Tubea 

1 0.8630-1 0.730 7.30 0.9903-1 0.9780 19.56 26.86 
2 0.7260-1 0.532 5.32 0.980151 0.9563 19.13 24.45 
3 0.5890-1 0.388 3.88 0.9709-1 0.9352 18.70 22.58 
4 0.4520-1 0.283 2.83 0.96 1 2-1 0.9146 18.29 21.12 
5 0.3150-1 0.207 2.07 0.95 15-1 0.8944 17.89 19.96 
6 0.1780-1 0.151 1.51 0.9418-1 0.8746 17.49 19.00 
8 0.9280-2 0.085 0.85 0.9224-1 0.8361 16.72 17.57 

10 0 . 6 3 W 2  0.043 0.42 0.903&1 0.8000 16.00 16.43 
12 0.35&2 0.023 0.23 0.883G1 0.7649 15.30 15.53 
14 0 . 2 m 2  0.018 0.18 0.8642-1 0.7315 14.63 14.81 
15 0.9450-3 0.009 0.09 0.8545-1 0.7164 14.33 14.42 
20 0.260 -3 0.002 0.02 0.8060-1 0.6398 12.80 12.82 
40 0.6120-1 0.4093 8.19 8.19 
80 0.224 -1 0.1675 3.35 3.35 

160 0.448 -2 0.0281 0.56 0.56 

A1 = 10 cm., w1 = 0.31 hr.-1, A2 = 20 cm., wz = 0.0223 hr.?. 

natant was checked after each experiment by means of an Ostwald- 
Fenske viscometer. 

RESULTS 

A typical sedimentation curve is shown in Fig. 2; the shape is 
of the same nature as the one described elsewhere (1); the scale is 
selected so as to show both the initial and the beginning of the 
second phases of sedimentation, and the characteristic point 
separating the two curves. Even with the scale used it is apparent 
that some slight curvature exists in the second phase. In proper scale, 
all of the sedimentation curves have the shape shown in Fig. 3 when 
x is plotted as a function of 7. 

Once the ultimate height, H,, is attained, a first estimate of the 
parameters wZ and A2 can be made, by using values of 7 higher 
than 15 hr. In this case (as seen in Table I) A z e - W 2 7 > >  Ale-'4~1' and 
Eq. 8 becomes [x  - Hu] = AZe-azr. The logarithmic form of this is 

(Eq. 9) 

An example of this is shown in Table I1 and Fig. 4. It should be 
noted that the final height may be estimated well in advance of its 
actual occurrence from linearity as opposed to curvature of this 
type plot. Estimated values were always within 0.5 mm. of the 
actual, experimentally determined, final height. 

By means of the estimates of Az and u2 the value of [x  - Hu] - 
A2e - W  can be determined at values of 7 less than 15 hr., so the two 

log [ x  - Nu] = - 3 2.3 + log A, (7 >15 hr.) 

other parameters may be estimated by rearrangement of Eq. 8: 

An example of this is shown in Table I11 and Fig. 5. By this plotting 
a better estimate of Az is obtained as shown in Fig. 5. The difference 
between this estimate and the original estimate was always within 
error of the graphical estimate in Fig. 4. With the estimates of A I ,  
WI, Az, and w Z ,  statistically best values may be obtained by computer, 
using iteration techniques (20-22). It should be noted, however, that 
graphical and manually generated estimates are quite good. Con- 
struction of the theoretical curve from the parameter estimates ar- 
rived at in Tables 11 and 111 and Figs. 4 and 5 is shown in Table 
I, and the curve drawn in full in Fig. 3 is taken from this table. 
It is quite obvious from the figure that the data fit the curve well. 
Averages of duplicate determinations of A1, WI, Az, and wz from all 
the sedimentation tests are listed in Table IV. 

DISCUSSION 

In not too concentrated suspensions the sedimentation pattern 
is characterized first by a settling pattern which is linear (9) or 
parabolic with time (1) caused, respectively, by free fall or constant- 
density plug descent (1, 9). Attempts to describe mathematically 
the phase that follows the initial settling have been made by Robin- 
son (7) and by Egolf and McCabe (13). Robinson found the de- 
pendency of the initial settling rates on concentration and then 

Table 11-Sedimentation Data for High Values of 7 when wZ and A2 Are the Predominant Terms 

Height, x ,  x - 28.4, log x - 27.8, log x - 27.3, log 
Hr. cm. cm. [x  - 28.41 cm. [x  - 27.81 cm. [x  - 27.31 

17.67 41.06 12.76 1.1059 13.36 1.1258 13.86 1.1318 
21.50 40.02 11.62 1.0652 12.22 1.0871 12.72 1.1045 
25.65 38.96 10.56 1 .0237 11.16 1.0477 11.66 1.0630 
30.42 37.88 9.48 0.9768 10.08 1.0035 10.58 1.0245 
34.20 37.12 8.72 0.9405 9.32 0.9694 9.82 0.9921 
42.70 35.56 7.16 0.8549 7.76 0.8899 8.26 0.9170 
47.22 34.87 6.47 0.8109 7.07 0.8494 7.57 0.8791 
53.98 33.90 5.50 0.7404 6.10 0.7853 6.60 0.8195 
59.30 33.23 4.83 0.6840 5.43 0.7348 5.93 0.7731 
66.70 32.32 3.92 0.5933 4.52 0.6551 5.02 0.7007 
75.23 31.51 3.11 0.4928 3.71 0.5694 4.21 0.6243 
82.30 30.93 2.53 0.4031 3.13 0.4955 3.63 0.5599 
90.18 30.39 1.99 0.2989 2.59 0.4133 3.09 0.4900 
98.90 39.90 1.50 0.1761 2.10 0.3222 2.60 0.4150 

107.12 1.70 
115.55 1.34 
132.23 0.92 
136.70 0.70 
155.12 0.52 
165.17 0.41 
176.93 0.32 
186.00 0.20 
193.50 0.19 

Vol. 59, No. 5, May 1970 673 



Table 111-Sedimentation Data at Low Values of T~ 

[~-27.8-  [~-27.8-  [ ~ - 2 7 . 8 -  
Height, x, [x - 27.81, Q =  19.2Q13, 20Q1, 20.5Q1, 

cm. cm. cm. Hr. cm. cm. 0.00977 e--0.022Pr 

0 58.3 30.5 0 1 1 1 . 3  10.5  10.0 .. _. . ~~ 

0.27 56.55 28.75 0.9974-1 0.9940 9.67 8.87 8.37 
0.52 55.33 27.53 0.9950-1 0.9885 8.55 7.76 7.27 
1.30 52.87 25.07 0.9874-1 0.9714 6.42 5.64 5.16 
1.97 51.41 23.61 0.9809-1 0.9570 5.24 4.47 3.99 
2.47 50.56 22.76 0.9760-1 0.9463 4.59 3.83 3.36 
2.92 49.85 22.05 0.9717-1 0.9369 4.06 3.31 2.84 
3.48 49.15 21.35 0.9662-1 0.9252 3.59 2.85 2.38 
4.05 48.49 20.69 0.9607-1 0.9135 3.15 2.42 1.96 
4.52 48.01 20.21 0.9562-1 0.9040 2.85 2.13 1.68 
5.02 47.54 19.74 0.951 3-1 0.8939 2.58 1.86 1.42 
5.52 47.12 19.32 0.9465-1 0.8840 2.35 1 64 i 20 ~ .. . _. 

6.03 46.68 18.88 0.941 5-1 0.8740 2.10 1.40 0.96 
6.50 46.33 18.53 0.937&1 0.8648 1.93 1.23 0.80 
7.02 45.96 18.16 0.93 19-1 0.8549 1.75 1.06 0.63 
7.45 45.66 17.88 0.9277-1 0.8466 1.63 0.95 0.52 
8.03 45.32 17.52 0.9221-1 0.8358 1.47 0.80 0.39 
8.62 44.97 17.17 0.91 64-1 0.8249 1.33 0.67 0.20 
9.45 44.50 16.70 0.9083-1 0.9097 1.15 0.51 0.10 

Q Eleven percent w/v of kaolin in 5 v/v glycerin in a tube of 4.60-cm. i.d. 

applied these findings to experimental data; since in that context, 
the sedimentation volume represents a suspension of time-de- 
pendent concentration (disregarding the supernatant) the settling 
rates should constantly change in a predictable fashion. 

Egolf and McCabe suggested a phenomenological log-log re- 
lationship between absolute height and time for the phase follow- 
ing the initial settling. Ward and Kammermeyer (8) tested both 
models in different type systems (carbonates, silica, and magnesium 
oxide), and found fair agreement with regard to the shape of the 
curves, but large (2&40 %) quantitative deviations in the second 
phase of sedimentation. These authors concluded that the applica- 
tion of the approaches of Robinson (7) and Egolf and McCabe 
(13) is limited to prediction of settling of only such systems that are 
closely related to the ones used to  develop the appropriate equations 
and factors. Reflecting on the later findings that the initial settling 
is in the form of a constant-density plug (1, 9-11), it would appear 
that it may be erroneous to assume that the sediment may be viewed 
as a uniform suspension of constantly changing concentration; this 
may be the source of the cited quantitative deviations. 

The approach taken here is to account for the forces involved 
(even though all of them cannot be expressed explicitly a priori) 
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Figure 5-Decay pattern of I1 w/u kaolin suspension in 5% v/u 
glycerin solution at low time values where w, and A1 predominate. Data 
pertain to 4.60-cm. id .  tube. The plots demonstrate refinement of the 
estimate of A2. Key: A ,  A2 = IY.2 cm.; B, A2 = 20.0 cm.; and C, 
A2 = 20.5cm. 

and then to try to gain insight into them, quantitatively and qualita- 
tively, by way of experimental results. Experimental variation 
limits the number of conclusions that may be drawn from the A1- 
and wl-values. It will be noted from Table IV that the coefficient 
of variation for these two parameters is 5 % ;  this prohibits any 
conclusions that may be drawn regarding the viscosity dependency 
of w1 (and, therefore, also of B[?,R]). The data would imply that 
either w1 does not vary with changing R, or, possibly, it decreases 
with increasing R. 

On the other hand, w2 is quite reproducible (=!= 1 %); it appears 
from theresultsinTableIV that w2(  U ~ = ~ . [ B ( ~ , R ) ] - ~ )  decreaseswith 
both increasing R- and ?-values, and suggest the radial dependence 
of B(7,R) to be of the form efiR; in this case Eq. 6 takes the form: 

log w2 = log 0 - log C* - -?- R (Eq. 11) 2.3 

where C* is a constant. Figure 6 shows the data plotted in this 
fashion, and the plots are fairly linear; the slopes (calculated by 
least-squares fit of the data in Table IV) are shown in Table V, and 
are, as seen, fairly close to one another. 

The data in Table IV would also suggest the dependence of w2 on 
viscosity to be an exponential decay; if this is the case, then B(v,R) = 
r.ePR&; inserting this in Eq. 6 yields: 

If log up is plotted as a function of viscosity, four straight lines 
should result, one for each tube. The data plotted in this fashion 
are shown in Fig. 7. It is seen that fairly good linearity is exhibited, 
and the values of the slopes as shown in Table V are close to each 
other. Least-squares values of the intercepts from Figs. 6 and 
7 are also shown in this table. The intercepts in Fig. 6 should be 
[2 + log 0/r - (g.R/2.3)] and the intercepts in Fig. 7 should be 
[2 + log 0/r - (r.q/2.3)]. It is, therefore, possible to get a crude 
estimate of log [0/r] by means of the intercept values. Results of this 
type cahlat ion are shown in Table V and values derived from the 

Figure &Plot of the logarithm of the 
smaller characteristic root, at, as a 
function of the tube diameter. 0, 
0.89 cps.; 8,  1.05 cps.; Q, 1.20 cps. 

0 

N 0.3 

1 8  

1.5 2.0 2.5 
RADIUS,  crn. 
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Table IV-Value of A1, A2, wl, and w2 as a Function of Viscosity and Tube Diameter 

Glycerin, Viscosity, Radius, A1, cm. wl, hr.-l At, cm. w2, hr.-l 
7?3 v/v poises cm. +lo% *lo% *6% f l  z 

0 0.0089 1.23 4 .9  0.42 24.1 
- 1.86 10.3 0.38 16.0 
- 2.30 10.2 0.29 18.7 

0 
0 
0 - 2.77 8.2 0.13 20.0 
5 0.0105 1.23 6.0 0.41 31.2 
5 - 1.86 9.3 0.38 31.3 
5 - 2.30 10.0 0.31 20.5 
5 - 2.77 9.8 0.29 18.6 

10 0.0120 1.23 7.1 0.38 41 . O  

5 
5 

9.3 0.38 31.3 
- 2.30 10.0 0.31 20.5 
- 3 I1 9.8 0.29 18.6 

7.1 0.38 41 . O  
- 1.86 9 . 6  0.30 19.3 
- 2.30 8 .6  0.33 17.4 

10 
10 
I0 - 2.77 8 . 8  0.15 20.0 

0.0276 
0.0260 
0.0242 
0.0229 
0.0248 
0.0230 
0 I 0220 
0.0202 
0.0216 
0.0197 
0.0190 
0.0175 

Table V-Slopes and Intercepts from Figs. 6 and 7 

Slove Slooe 

R = 1.23 cm. 7 -0.36 0.77 0.  84-2a 
R = 1.86cm. 7 -0.40 0.78 0. 88-2a 
R = 2.30 cm. 7 -0.35 0.70 0. 82-2a 

q = 0.89cps. 6 -0.054 0.51 0.88-2' 
q = 1.05 cps. 6 -0.057 0.46 0.85-2' 
q = I .  20 cps. 6 -0.057 0.40 0.  84-2b 

T = 2.77 cm. 7 -0.39 0.71 0.86-2" 

a Based on an average value of pi2.3 = 0.055. b Based on an average value of (/2.3 = 0.37. 

two figures show acceptably good agreement, especially considering 
that they have been obtained from extrapolated figures (intercepts). 

This fact in combination with the linearity of the plots in Figs. 6 
and 7, the closeness of the values of the slopes, and the ad- 
herence of all the data to an equation of the type of Eq. 8 lends 
credence to the views presented here. 

It should be mentioned, qualitatively, that increasing concentra- 
tions tend to decrease (or mask) the values of AI, and that this 
parameter eventually is of such small magnitude that it can no 
longer be detected within experimental error. In the same vein, 
Ha becomes larger with increasing solids content and, eventually, 
at a critical concentration the initial constant-density plug phase 
will disappear, and at a second critical concentration, the A1-term 
will disappear. The entire sedimentation pattern will then be a 
simple logarithmic decay curve. The critical concentration for 
kaolin in 10% v/v glycerin in a tube of 2.5-cm. i.d. is 8-10 w/v 
percent. Data of this nature have been reported occasionally in 
literature in the past, the data by Haines and Martin (6) being a 
notable example. 

The final height, H,, as reported here, may still be subject to some 
decrease by consolidation processes such as described by Ratcliff 
(23,24). This phase has not been a subject of this investigation. 

SUMMARY 

The sedimentation of flocculated suspensions takes place in suc- 
cessive stages; the sedimentation phase following the initial phase 
has been studied and found, based on consideration of the forces in- 
volved, to be confined to follow the following equation: [x - Hu] = 
Ale-WiT + AzecW2'. Experimental data have supported the presented 

Figure I-Plot of the logarithm of 
the smaller characteristic root, w2, 
as a function of viscosity. Key: 0, 
2.46-cm. i.d. tube: 8, 3.72-cm. i.d. 
tube; 8,  4.60-cm i.d. tube: and (3, 

N !:pi$ 5.54-cm. i.d. tube. 

0.9 1.0 1.1 
VISCOSITY, cps. 

concepts and suggest that the frictional term in the equation of 
motion is of the form B(q,R) = r.epRer?. 

NOMENCLATURE 

preexponential factors in descent of sedimentation 

viscosity dependent component of frictional force 
preexponential factor for radial dependence of wz 
gravitational acceleration 
critical height 
mass of sediment 
radius of floc 
radius of tube 
time measured from start of sedimentation 
critical time 
height of sedimentation boundary above bottom of 

distance of sedimentation boundary from critical 

y-value at infinite time ( = Ho - HJ2) 
viscosity independent component of frictional force 
density of fluid 
density of suspended solid 
time measured from critical time ( = t - to) 
exponential factor to radial dependence of w z  
preexponential factor to radial dependence of wz 
dimensional factor in electrical repulsion term 
exponential factor to viscosity dependence of wz 
exponential decay constants in descent of sedimenta- 

boundary 

tube 

height (= HO - x/2) 

tion boundary 
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Cholesterol Biosynthesis and Lipid Biochemistry in the 
Scolex of Echinococcus granulosus 

GEORGE A. DIGENIS”, RALPH E. THORSONT, and ARPINE KONYALIAN 

Abstract 0 When live scolices of Echinococcus grunulosus were in- 
cubated with labeled mevalonate in vitro, no radioactivity was in- 
corporated into the parasites’ cholesterol fraction. However, labeled 
cholesterol was recovered after a scolices’ homogenate was in- 
cubated with 4-14C-cholesteryl acetate. It is suggested that the 
scolex of E. grunulosus is unable to biosynthesize cholesterol and 
that it obtains cholesterol in an esterified form from the host, which 
is subsequently hydrolyzed within the scolex to free cholesterol. 
The fatty acid content of E. granulosus was examined by gas- 
liquid chromatography. 

Keyphrases Echinococcus granulosus scolices-cholesterol bio- 
synthesis 0 Cholesterol biosynthesis-E. grunulosus scolices 0 
Lipid biochemistry-E. grunulosus scolices 0 Hydrolytic activity, 
E.  granulosus scolices4-14C-cholesteryl acetate 0 TLC-separa- 
tion 0 GLC-identity Scintillometry-analysis 

It is a well-known fact that, in vertebrates, cholesterol 
is biosynthesized from acetate or mevalonate. In many 
insects, however, radioactive acetate or mevalonate is 
not incorporated into cholesterol; some insects do not 
even synthesize squalene, the noncyclic precursor of 
sterols (1, 2). 

In 1954, Butenandt and Karlson (3) first isolated 25 
mg. of ecdysone, the molting hormone, from 500 kg. of 
silkworm pupae. The compound [shown later to be a 
steroid (4)] was effective in accelerating molting, even in 
quantities below 7.5 X mcg., when injected into 
ligated fly abdomens. In 1963, Karlson and Hoffmeister 
( 5 )  demonstrated the incorporation of radioactivity 

from tritium-labeled cholesterol into ecdysone in 
Calliphora larvae, indicating that cholesterol is a pre- 
cursor to ecdysone. Clark and Bloch (6) showed that 
95% of the dietary cholesterol in the beetle Dermestes 
uulpinus could be replaced by p-sitosterol for structural 
utilization, but 5 %  of it remained essential for meta- 
bolic function; Clayton (7), working with the cockroach 
Blattella germanica, obtained similar results. According 
to Karlson (8), only a small part of the cholesterol in- 
jected into insects was converted to ecdysone; the major- 
ity still fulfilled cellular functions. Smissman et al. (9) 
isolated dehydroepiandrosterone, pregnenolone, and 
progesterone as the products of normal insect metabo- 
lism of dietary sterols in the confused flour beetle, 
Tribolium confusum. Horn et al. (4) isolated crustecdy- 
sone from crayfish, a compound which proved to be 
both chemically and biologically similar to ecdysone. 
Carlisle (lo) demonstrated the biological activity of 
extracts from crabs, copepods, and locusts on the im- 
mature shore crab Carcinus maenas, indicating the pres- 
ence of a common set of interactive ecdysones in 
crustaceans and insects. 

The hormone that has an effect opposite to that of 
ecdysone on the molting stages of insects was first 
isolated from the abdomens of Cecropia males by 
Williams (1 1). Karlson and Schmialek (12) injected 
extracts of the excretions of the beetle Tenebrio molitor 
into mature larvae of the same species and noted the 
retardation of pupation in 88 % of the treated larvae. In 
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