LETTERS TO THE EDITOR

To the Editor

The vacancy solution model (VSM) of
Danner and coworkers (1980, 1985) for
adsorption of gas mixtures contains an er-
ror. At the limit of zero pressure, adsor-
bate-adsorbate interactions on the sur-
face of the adsorbent are negligible and
the specific amount adsorbed of any spe-
cies (n;) is given by Henry’s law:
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where y, is mole fraction of 7 in the gas
phase, and B, is the adsorption second
virial coefficient for the interaction be-
tween the ith species and the surface, ob-
tainable from the pure-gas isotherm by:
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It follows that the limiting value of selec-
tivity of 7 relative to j(s; ;) is given by the
ratio of virial coefficients:
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Selectivities measured at different gas-
phase compositions should all extrapolate
to the same limit (Henry’s law), Figure 1.
VSM violates Henry’s law.

In the version of VSM by Cochran,
Kabel and Danner (1985), the fugacity of
ith component is given by the equation:
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The notation is the same as that in the
original paper (1985). However, that pa-
per contains the typographical error that
the factor {[(n” — n2)/n,,] — 1} In (vix3)
is not exponentiated; this was noted in an
Erratum (1985) and corrected in the later
paper of High and Danner (1986).

From Eq. 4, the selectivity s,, for a
perfect (¢,— 1 as P— 0) binary gas mix-
ture is given by the ratio:
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AIChE Journal

N
3
2
=
k1] y, =01
2
[
@ 02
0.5

Pressure, P

Figure 1. Selectivity s,, of a binary
mixture at constant T.
Curves for different values
of y, must intersect at
P-=0.

In the limitas P—0:n,, — 0, x — 0, x
— 0,x;, — 1,and v, — 1. Also:
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Therefore, the limiting value of selectiv-
ity is:
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Application of L’Hospital’s rule yields
the limit:
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and Eq. 7 reduces to:
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Figure 2. Selectivity s,, of a binary
mixture calculated by Eq. 5
(vacancy solution model)
as a function of ¢ for dif-
ferent values of adsorbed-
phase composition x,. Val-
ues s,, do not intersect at
8 -=0.

ny and n3 are the saturation capacities of
the adsorbent for component nos. 1 and 2,
respectively. Except for the special case
where n7 = n3, Eq. 9 for VSM predicts
that the limiting value of selectivity is a
function of composition. This contradicts
Eq. 3. Equation 9 is also obtained for
other forms of VSM such as that of
Suwanayuen and Danner (1980).

Figure 2 shows a plot of selectivity
(s,2) from VSM as a function of the frac-
tional coverage of the surface 8 = n,/n;,
for values of adsorbed-phase composition
varying from O to 1 (cf. Figure 1). Selec-
tivity was calculated from Eq. 5 using the
constants in Table 1. Since the curves on

Table 1. Constants for Eq. 5
Component
No. ny b a,
1 2 10 3
2 1 1 1
1931



Figure 2 do not intersect at 6 = O, they
cannot represent the behavior of real sys-
tems.

Violation of Henry’s law by VSM
places it at a disadvantage with respect to
other theories that satisfy Eq. 3, e.g., that
of Ruthven, Loughlin and Holborow
(1973).
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The contents of the above letter
were originally included in the pa-
per by the same authors appearing
elsewhere in this issue. They were
published separately as a Letter to
the Editor at the Editor’s request.

To the Editor:

Ramachandran and Smith (1979)
showed that in principle the adsorption
equilibrium constant X for gaseous adsor-
bates in trickle-bed reactors could be ob-
tained from experimentally measured
zero and first moments of the effluent gas
stream, provided that the adsorption was
linear. This is an attractive possibility for
measuring K, since both moments m, and
m, can be evaluated from the same dy-
ramic response experiment. Sensitivity
analysis of the equations, however, shows
that a small uncertainty in m, and m,
leads to large errors in K. An uncertainty
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of +10% in m, can give errors in K up to
120%.

We have investigated this observation
with experimental pulse-response mea-
surements for adsorption of SO, from He
carrier gas onto activated carbon in a
trickle bed with water as the liquid. For
this system at 298 K, the adsorption equi-
librium constant K is 30 x 10* m*/kg
(Komiyama and Smith, 1975). Our ex-
perimental results, a set of six different
experimental conditions, allowed us to
calculate an average K value of 37
{+7) x 107* m*/kg. The large random
errors associated with the response mea-
surements call into question the calcu-
lated value of K.

Unless very accurate moment values
can be determined, results for K by this
dynamic method will be uncertain and
questionable. Accurate moments for the
bed of adsorbent particles are difficult to
obtain because significant mass transfer
can occur in the regions before and after
the bed. Such end effects must be ac-
counted for in calculating the moments
for the bed alone. When end effects are
included, certain information can be ob-
tained from the zero moments of dynamic
response experiments. However, first mo-
ments, more sensitive to random errors in
the trickle-bed reactor, must be used with
caution.
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To the Editor:

In the paper entitled “The Continu-
ous—Flow Gravity Thickener: Steady-
State Behavior” (Feb., 1988, p. 239),
White, Landman, White, and Buscall
take a fresh mathematical approach to
steady-state thickening. Most of the as-
sumptions and conclusions they reach
turn out to be not fundamentally different
from those already in the literature. Some
of their conclusions, however, derive from
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misinterpretation of their mathematical
model and would be misleading.

They conclude that, to attain any given
underflow concentration ¢, in diverging
thickeners, “the corresponding bed height
is smaller than for cylindrical and con-
verging thickeners.” This comparison,
however, is based on having the same
thickener radius at the top of the com-
pression zone for each case. In the case of
diverging thickeners, the cross-sectional
area, A4,, at any depth z is greater than
that at the top of the compression zone.
Where the area is greater, the solids flux
through the level in a continuous thick-
ener is less than that through a cylindrical
or converging thickener at the same level.
Therefore, the distance, dz, which takes
to produce a given increment d¢,, is less.
(See below.) Under such a comparison, it
would indeed follow that the bed height in
a diverging thickener would be less than
that in a cylindrical or converging one.
But the thickener would have a larger
maximum diameter and would be a big-
ger thickener.

If the comparison is made among
thickeners with the same maximum ar-
eas, the area A, at any other level z would
be lower for both converging and diverg-
ing thickeners than for cylindrical ones.
Therefore, the distance, dz, needed to
produce a given increment to any given
concentration would be greater in both
the noncylindrical ones. Thus, the total
height needed to develop a given total
concentration difference (i.e., from ¢, to
¢,) would be greater.

Although the comparison made in the
paper is mathematically valid, it is mean-
ingless (or naive) from a technological
standpoint. It would be easier and usually
cheaper to build a cylindrical thickener
than one of the same diameter with tum-
ble-home sides, and the cylindrical one
would be more effective. There is no basis
for concluding that reducing the diameter
of a thickener at the top, as is shown in
Figure 2 of the paper, would increase its
capacity.

The authors also conclude that there is
no limit to the underflow concentration
that can be attained with a given solids
throughput in a diverging thickener. This
is obviously wrong. It follows their math-
ematical model, but is a case of misappli-
cation. The constitutive relationship they
assume for connecting network stress to
local concentration entails that the net-
work be infinitely compressible. Such is
not the case. Their assumed relationship
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is not valid for high stresses. (What is
true is that there would be no limit to the
network stress attainable in an un-
boundedly diverging thickener.)

The authors further conclude that
there is no limit to the amount of solids
that can be fed through a (boundlessly)
diverging thickener, while still maintain-
ing a given underflow concentration. This
is true enough. But, with very high solids
throughputs, the ultimate diameter
needed at the bottom of the thickener
would be correspondingly very large. If
no limit is placed on the size of the thick-
ener, obviously there is no limit to the
amount of solids it will handle. In such a
case, the narrow top portion would act as
little more than a conduit to pass the feed
to the greatly expanded regions far below.
If, on the other hand, the area at the bot-
tom of the thickener is limited or held to a
fixed value, there would indeed be a limit
to its flux-handling capacity, just as there
is for cylindrical and converging ones.
(These limitations form the standard ba-
sis for thickener design.)

After considerable discussion, the au-
thors accept the assumption that the sol-
ids pressure at any point will be essen-
tially equal to the yield value of the solids
structure in the pulp: p = P,(¢). They
also accept that the hydraulic conductiv-
ity of the solids structure will be a func-
tion of concentration: K = K(¢). These
are the conventional assumptions, made
intuitively without the mathematical jus-
tifications advanced by the authors, by al-
most everyone since introduced by Mi-
chaels and Bolger (1962). Under these
assumptions, it is easily shown (Fitch,
1966, 1979) that:

(dz/de) = (dz/de)*[S/(S — G)] (1)
where

(dz/d¢)* = solids concentration gradient
attained after subsidence is
complete

S = Kynch settling flux in the ab-
sence of solids pressure gradient
G = actual settling flux

All being functions of concentration ¢.
The term [S/(S — G)] can be consid-
ered a “stretch factor,” that determines
how much larger a height increment dz
must be in an actively compressing bed
than it would be in a fully compressed one
to obtain a given concentration increment
d¢. And the smaller G is at any given con-
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centration, the smaller the stretch factor.
But if G becomes equal to S at any con-
centration in or out of the compression
regime, the stretch factor becomes infi-
nite and the specified thickener is too
small to handle the specified throughput
while producing the specified underflow
concentration.

In a cylindrical thickener G =
G,(1 — ¢/¢,), where G, is the total solids
flux through the thickener. More general-
ly, and thus for noncylindrical ones, G
would equal (Q,/A4,)(1 — ¢/¢,). The
larger A4,, the smaller the actual settling
flux G, and the smaller the stretch fac-
tor.

Since A, is a function of z, and all the
rest of the variables are functions of ¢,
these functions can be substituted in Eq.
1, which can then be solved numerically
to obtain concentration profiles. Calcu-
lated profiles for a hypothetical case are
shown in Figure 1. As will be seen, the
profiles for both diverging and converging
designs run above that for the cylindrical
thickener.

The significance of the profiles for di-
verging thickeners shown in Figure 1 may
not be obvious without explanation of
how they are obtained. In order to calcu-
late profiles for conical thickeners, it
turns out to be mathematically expedient
to integrate numerically from ¢, at the
bottom of the thickener to ¢, at the top of
the compression zone. By this procedure,
the maximum thickener area at the top of

Distance Above Thickener Bottom

Concentration

A: cone thickener, 30° side slope

B: cylindrical thickener

C: diverging thickener, 6.2° side slope
D: diverging thickener, 6.5° side slope
E: diverging thickener, 30° side slope

Figure 1. Concentration profiles.
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the compression zone is free to reach
whatever value is necessary to meet the
specified solids throughput and under-
flow concentration. There are no pinch
points, and there is always a solution.
When the same computer program is
used to calculate profiles for a cylindrical
or a diverging thickener, the maximum
area is specified and is not free to come to
whatever value is necessary. But, if G
becomes equal to S at any concentration,
the calculated stretch factor, and hence
dz/d¢, will become infinite. This will
show that no solution is possible. The
thickener is just too small to meet the
specified throughput and underflow con-
centration.

The calculation procedure is then to
first determine the profile for a conical
thickener with a specified solids through-
put rate and underflow concentration.
The solution will show the thickener di-
ameter needed, namely that at the top of
the compression zone. Then a profile for
the cylindrical thickener, having the same
diameter, is calculated. It shows no pinch
point, and a concentration profile far be-
low that for the conical thickener. But the
profiles calculated for diverging thicken-
ers having a wall slope of more than 6.2
degrees do show pinch points. When the
walls slope inward more than this, the
area at some level becomes critical. Such
thickeners would have to be made larger
to handie the load. Clearly, then, sloping
the walls inward decreases the effective-
ness of a thickener.
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Reply:

Fitch has not, we think, fully appre-
ciated the rationale for this work. In our
reading of the thickener literature, there
does not appear to have been a satisfac-
tory discussion of the role of the rheology

1933



of the suspension in the thickening pro-
cess. We tried to redress this situation by
establishing that the usual constitutive
assumption that the network pressure is a
function of volume fraction (or voidage),
and volume fraction only, is valid only
when certain kinetic constraints are
obeyed. In particular, when the collapse
process itself is not rate-limiting, the net-
work pressure stays close to the network
yield-stress, this being regarded as a
function only of concentration. In this
way, we have given the standard em-
pirical constitutive assumption a sound
physical basis and have provided a quan-
titative criterion for its applicability.

We do not mean to suggest that there is
no limit to the underflow concentration
that can be achieved in a diverging thick-
ener. Clearly there must be since the yield
stress has to diverge as the particles close-
pack. This limit was not included in our
constitutive law and thus our remark
about there being no limit should not be
taken to apply outside the concentration
range over which the suspension is com-
pressible. With hindsight, it may, how-
ever, have been helpful to have been ex-
plicit on this point.

We refute the suggestion that we have
misinterpreted our model, although it
would appear that we have misled Fitch.
The apparent conflict between what is
shown by our Figure 8 and what Fitch
shows in his Figure | arises from a dif-
ference in what is held constant in the
comparison of parallel and nonparallel
thickeners. We have chosen to fix the un-
derflow concentration and the flux per
unit area at the top, whereas Fitch has
chosen to fix the underfiow concentration
and the flux per unit area at the bottom.
Under the latter circumstance, a solution
in terms of the required height of the con-
ical thickener can always be found,
whereas in the former case there is a lim-
iting value of the underflow concentration
above which no solution exists. There is,
however, no inconsistency between these
two observations and from the point of
view of a fundamental study there would
seem to be no reason to prefer the use of
one point of reference to the other. Indeed
when it comes to practice, it is not clear to
us that specifying the flux per unit area at
the bottom is the appropriate way to ap-
proach the design of a conical thickener
because it places no constraint on the
maximum diameter. We thus emphasize
that there is no conflict between our con-
clusions and those of Fitch, there is no
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misinterpretation, and the choice of the
point of reference would appear to us to
be a matter only of convenience.

Although it was not part of our brief to
consider the economics of thickener de-
sign, Fitch may well be correct in saying
that the diverging thickener would be
more expensive than a cylindrical one for
a given set of input parameters. There
may, however, be good reasons for choos-
ing this shape in certain circumstances—
for example, to avoid hold-up on the walls
in the case of sediments with large yield
stresses in shear and the reduction in
effective cross-section that this implies.
This is, however, only a tentative sugges-
tion and we leave it to the practitioners to
decide upon its worth. We do not, for
example, suggest what is shown in Figure
2 as an optimum profile as Fitch seems to
think.

Richard Buscall
ICIPLC

The Heath, Runcorn
Cheshire, England

Lee White
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University of Melbourne
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Australia

To the Editor:

Landman, White, and Buscall (Feb.,
1988, p. 239) considered the capacity not
only of cylindrical and inverted-conical
thickeners, but also of upright-conical
thickeners. In analyzing the thickening
process, the equations used were, to the
degree of detail needed for the present
discussion, the same as used previously by
the writer (Dixon, 1980). However, the
clarification-capacity criterion, as given
by Hazen (1904), and extended by Fitch
(1956), was not considered. Primarily be-
cause of this, they reached, it must be
said, incorrect conclusions.

Clarification criterion and
under-capacity operation

In the most common situation, the feed
volume fraction concentration, ¢,, is less
than the gel or critical concentration, ¢,.
For this case, Landman, White, and Bus-
call concluded that for a given underflow
concentration, ¢,, there is only one possi-
ble solids throughput rate. That is, if the
feed rate is reduced below the capacity
limit, it is not possible to avoid producing
a higher underflow concentration. How-
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ever, this unexpected conclusion is the re-
sult of not taking into account the clarifi-
cation process.

The Hazen/Fitch clarification crite-
rion is not always properly understood, as
has been discussed before by the writer
(Dixon, 1985). It states that the overflow
flux must be less than the free-settling
velocity of the solids in the feed (assumed,
as in the Landman, White, and Buscall
treatment, to be the same for all the sol-
ids). This result is derived very simply
from the requirement for the solids to set-
tle from the overflow stream during the
time that it takes a vertical element of the
latter to flow from the inlet to the over-
flow outlet.

When working at less than full capac-
ity, the solids have more time to leave the
overflow stream than necessary: that is,
the last solids (in a given vertical ele-
ment) leave the bottom of the stream be-
fore the outlet position is reached. Thus,
the solids leaving the overflow stream do
not cover the whole of the cross section of
the vessel.

If there is sufficient depth in the vessel,
these solids will spread out to cover the
whole cross-section before reaching the
sludge level: that is, before compression
effects are experienced. Since the total
solids flow is the same at all levels at
steady state, the solids concentration does
not remain constant during this spreading
process, but decreases to the value at
which the free-settling flux (acting over
the whole area) gives a solid flow equal to
that obtained over part of the area at the
feed concentration.

Most discussions are helped by refer-
ence to a graphical representation of the
relationships. The Yoshioka et al. (1957),
settling flux plot (Figure 1), is familiar to
most workers with thickeners. The volu-
metric solids settling flux, ¢,, is the prod-
uct of the concentration and the settling
velocity, u, relative to the volume-average
velocity of the suspension or sludge as a
whole. In the absence of a compressive
stress gradient (that is, when the concen-
tration is not changing), the solids settle
at their terminal velocity, u,, a decreasing
function of concentration. Thus, the ter-
minal or free-settling flux, ¢u,, is also a
function of concentration, starting from
zero at zero concentration, passing
through a maximum, and approaching
zero at volume fraction equal to unity, as
illustrated in Figure 1.

The actual settling flux (as distinct
from the terminal value, which is
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Figure 1. Flux plotincluding
cylindrical operating line.

achieved only in the absence of a com-
pressive stress or concentration gradient)
is related to the concentration by materi-
al-balance considerations, since the flow
rate of solids is the same at all levels of
the thickener under steady-state condi-
tions. By definition,

¢u=G$—cG,=G_,[1 —3]

u

QL :é
i ?[1 - m] M

where G, is the solids flux (relative to the
equipment), and G, is the total flux (de-
termined by the sludge pumping rate,
also relative to the equipment), G, equals
the solids volumetric feed rate, Q,, di-
vided by the cross-sectional area, 4. For
thickeners of nonconstant area, while Q,
is the same at all depths, G, and G, vary
with depth because the area varies. For
the simplest case of a constant-area thick-
ener, G, and G, are constant through the
thickener, so that Eq. 1 gives a linear rela-
tion between the settling flux and the con-
centration (the “operating line”). .
The Hazen/Fitch clarification crite-
rion translates easily into the terms used
on the flux plot: namely, the feed-concen-
tration point on the operating line must
lie below the free-settling line. That is,

du < pu,(¢) (2)

for ¢ = ¢,. Thus, for the operating and
free-settling lines shown in Figure 1, with
feed concentration as shown, the fraction
of the area over which solids leave the
overflow stream is AB/AC. If the clarifi-
cation zone were fully loaded, B and C
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would coincide; but, for the throughput
and underflow concentration shown, the
free-settling velocity at the feed concen-
tration is more than enough to remove the
solids from the overflow.

The solids leaving the overflow stream,
together with the liquid that does not
overflow, enter the thickening zone,
where both solids and liquid move down-
wards. If there were sufficient depth to
allow the solids to spread uniformly over
the cross-section before the sediment is
reached, the concentration will be ¢, (less
than ¢,), at the intersection of the operat-
ing and free-settling lines. This is the only
concentration at which the free-settling
flux matches the operating requirements.
Experimental studies of lightly-loaded
thickeners often have reported the occur-
rence of a top uniform zone at a concen-
tration less than that of the feed. [If the
solids stream leaving the overflow stream
were to remain at the feed concentration
during its spread over the cross-section,
the solids velocity would decrease, since
the solids flow is the same at all levels at
steady state. The solids would, thus, be
settling at less than their terminal veloc-
ity and so, in the absence of compression
effects, subject to an accelerating force.
This results in a decrease in the concen-
tration (Dixon, 1977).]

In a conical thickener or other thick-
ener in which the cross-sectional area is
not constant, the analysis is more compli-
cated, since the cross-sectional area at
which a given concentration occurs is not
generally known in advance. The operat-
ing line is not straight and can be ob-
tained only from solution (usually numer-
ically) of the differential equations
governing the thickening process. How-
ever, the basic Hazen/Fitch criterion still
applies. Inequality 2 must be satisfied
throughout the clarification zone. On the
Yoshioka plot, the operating line is not
straight for nonconstant area, but the ¢,
point must lie below the free-settling
value for ¢,.

Thus, Landman, White, and Buscall,
in concluding that for ¢, < ¢, there is one
and only one possible throughput rate,
overlook the fact that in their Eq. 49 the
area should be only the actual area A4,
when the clarification zone is fully
loaded. Their equation is equivalent to re-
quiring coincidence of points B and C on
Figure 1, or of ¢, with ¢,. However, at less
than full load, the area occupied by solids
at the feed concentration is less than the
available area, A,, by the same factor as
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Q, is less than its maximum value. Thus,
with the correct area used in place of 4,,
Landman, White, and Buscall’s equation
is still satisfied even when the clarifica-
tion zone is not fully loaded. There is
nothing to stop a thickener producing a
given underflow concentration when
operating at less than the maximum
throughput.

Upright-conical thickener capacity

Landman, White, and Buscall, having
concluded that thickener operation is in-
flexible when ¢, < ¢,, concentrated their
attention on the case where ¢, = ¢,: that
is, where the solids enter the thickener
already in compression. However, in view
of the preceding discussion, there is no
special need to distinguish between the
two cases. When ¢, > ¢, there will be the
“top-plug” effect, where thickening can-
not start until the yield stress at the feed
concentration is reached. However, this is
not central to the basic question.

Landman, White, and Buscall con-
cluded that upright-conical thickeners
can always achieve a desired value of ¢,.
In effect, their reasoning is that, even if
the area at the top is insufficient to pro-
duce thickening, as the solids progress
downwards the area increases so that
thickening will start at some level and
continue until it reaches the bottom. In
the case of cylindrical and inverted-coni-
cal thickeners, the area does not increase
downwards, and so if thickening does not
occur at the top it will not occur at any
level.

This means that at the start of the
thickening process the lefthand side of
Ineq. 2 can be larger than the right: that
is, the operating point can be above the
free-settling point on the flux plot. If the
thickening-zone equations are integrated
with respect to depth, the concentration
will initially decrease. However, since the
arca increases as the solids progress
downwards, a point is reached at which
Ineq. 2 becomes an equality, where the
operating line intersects the free-settling
line, and thereafter the solids concentra-
tion increases (having Ineq. 2 satisfied).

This is illustrated in Figure 2 for an
upright cone of 60° included angle, using
the studge data employed in the writer’s
previously-reported study (1980). The
solids throughput is 6 mL/s and under-
flow volume fraction 0.333. The critical
volume fraction has been taken as 0.2, the
top area chosen so that the operating flux
is 20% above the free-settling flux at this
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Figure 2. Impossible flux plot for
upright-conical thickener.

concentration, and the operating line cal-
culated, starting from that point.

The concentration initially decreases,
as concluded by Landman, White, and
Buscall. While the compression of flocs is
expected to be inelastic, it is also expected
that there will be at least a transient resis-
tance to reexpansion. For the purpose of
the illustration in Figure 2, the solids
stress variation with concentration was
taken as the same for compression and
expansion. (The compressive stress de-
creases initially so that solid structure is
effectively in tension.)

However, the operation shown in Fig-
ure 2 is impossible, no matter what the
shape of the thickener, because the oper-
ating line cannot lie above the free-set-
tling line. To satisfy the clarification re-
quirements the area at the top must be
sufficient so that Ineq. 2 is satisfied.
Thus, it is not true that an upright cone
can be as narrow as one likes at the top
and still achieve any specified throughput
and underflow concentration, provided
that its depth is sufficient to provide
enough area below. This denies the basis
for the Landman, White, and Buscall
claims about the superiority of upright
conical thickeners.

Further, even if a thickener could oper-
ate this way, does it really show an
upright cone to be superior to a cylinder
or inverted cone? All that is involved is
that insufficient area is provided at the
top, but sufficient below. Why not simply
have sufficient area all the way down?
(The capital cost is probably no less for a
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conical thickener). The portion of the
depth over which the area is too small
involves concentration decrease, and so
serves no useful purpose,

Sludge depth

While it cannot be accepted that
upright cones are inherently superior and
have no throughput limit for given ¢,, it
still might be possible that they require
smaller sludge depth. The comparisons
given by Landman, White, and Buscall
are on the basis of equal top areas, A4,.
There is no question that an upright cone
requires less depth than a cylinder or
inverted cone on this basis. With the same
area at the top in all cases, the upright
cone provides more area at lower levels,
so that there is less hydrodynamic support
of the solids (the operating line is further
below the free-settling line}, and so thick-
ening occurs more rapidly with respect to
depth (assuming no sludge funneling).

However, one of the primary consider-
ations in thickener selection is the ground
area occupied. Thus, for upright cones
and cylinders a more meaningful compar-
ison is on the basis of equal bottom areas.
In this case, the cylinder (assuming no
funneling in both cases) will be superior.
It provides the same area all the way up,
while in the upright cone the area de-
creases with height, moving the operating
line closer to the free-settling line and
increasing the sludge depth required. An
upright conical thickener has no thicken-
ing advantage over a cylindrical thick-
ener and is no less likely to be affected by
funneling, putting it out of contention.

Notation

A = cross-sectional area, L’
A, = value of A4 at the top (at which ¢ = ¢,)
G, = solids volumetric flux, LT !
G, = total volumetric flux, LT !
0, = solids volumetric flux rate, L’T
u = settling velocity, relative to the volume-
average velocity, LT
u, = terminal settling velocity, with no com-
pression effects, LT !
¢ = solids volume-fraction concentration,
dimensionless
¢, = feed value of ¢
¢, = critical or gel value of ¢
¢, = ¢ at the intersection of operating and
free-settling lines
¢, = underflow value of u
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Reply:

Dixon is correct in saying that we do
not discuss the clarification criterion of
Hazen. We did not wish to deal with the
complications of the clarification zone
and the overflow stream. In Dixon’s ter-
minology, we deal only with fully loaded
thickeners. We assume that ¢ = 0 in any
overflow, so that in our problem the feed
concentration is equal to the free-falling
zone concentration ¢,. (This is illustrated
in our Figure 2). Our analysis works for
thickeners which are not fully loaded
when ¢, is taken to be the concentration
at the start of the free-falling zone, but
not the feed concentration. The clarifica-
tion zone and overflow stream above the
falling zone would have to be treated sep-
arately.

We agree with Dixon’s comments on
our statement that a diverging thickener
can achieve any specified throughput and
underflow concentration provided suffi-
cient depth is provided. Our statements
were naive and we appreciate his com-
ments on this matter.

Dixon’s other comments regarding eco-
nomics of thickener design are similar to
Fitch’s and are dealt with in our previous
reply. We have not considered this aspect
of the problem.

L. R. White
K. A. Landman
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