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Flow equations have been proposed for hydroextractor cakes wherein the pores are 
Uled with moving liquid. These equations have been confirmed for the effect of each 
variable by use of merent experimental techniques. The critical wetting rate has provided 
the most informative steady state, in which the cake is fed with liquid to maintain the 
inner surface of the liquid at radius rL coincident with that of the cake at radius r,. Transient 
techniques have also been used either with a probe to time the movement of a liquid level 
between two radii less than re, or with a photoelectric detector to observe the coincidence 
of TL = r,. The tests have proved the validity of the hydrodynamic assumptions involved 
in the equations and have provided both precise methods for research and practical methods 
for industrial purposes. 

Analysis of the batch operation of 
centrifugal hydroextractors is compli- 
cated by the succession of hydrodynamic 
conditions which occur as a cake is built 
up at low speed, spun a t  high speed to 
remove liquor, washed, and spun again 
to remove adhering solvent. During the 
cake-building period it may well be that 
the pores run full of liquid, whereas in 
the spinning periods i t  is probable that 
the majority of cake interstices contain 
air, the liquid flowing over the bounding 
surfaces of the cavities. At least two 
hydrodynamic conditions thus require 
analysis. The operation of truly contin- 
uous hydroextractors should then respond 
to the application of the relationships 
derived from these analyses. The batch 
hydroextractor is governed by relations 
incorporating the same flow principles, 
where they are appropriate in the cycle 
of operation, but requires the solution of 
the transient equations for the varying 
centrifugal force during acceleration and 
deceleration periods of the cycle. 

A possible cycle is outlined in Table 1, 
the pumping force f moving the liquid 
increasing with increasing rotational 
speed and the hydrodynamic condition 
depending on whether the pores run full 
of liquid F or contain air 0. The sub- 
divisions shown are only approximations 
of the true system in certain periods but 
they suffice to show the necessity for 
analyzing specific cases involving selected 
hydrodynamic conditions, which can then 
be integrated to provide the whole cycle. 
The search for the best operating con- 
ditions in a particular hydroextraction 
problem can then be attempted on the 
basis of the known relationships govern- 
ing all parts of the cycle. The essential 
mechanisms requiring understanding are 
the steady states governing the flow of 
liquid through (a) full pores, e.g., at a 
moment in operation 1; and (b)  across 
the surfaces around open pores, e.g.. a t  
a moment in operation 3. These can then 
be modified for the time functions to 
cope with movement of the free liquid 
surface within the cake and with changing 
centrifugal forces. It is simplest first to 
study a steady state through which the 

actual operation passes. A most valuable 
condition is that of the “critical wetting 
rate,” a t  which a liquid surface is main- 
tained just at the inner surface of the 
cake for given cake thickness and hydro- 
extractor speed. 

Singularly little endeavor has been 
applied to the study of the fundamental 
mechanism of the hydroextraction proc- 
ess, despite its importance in chemical 
engineering. The researches on the 
subject conducted by the author and 
associates concentrated initially (1, 5, 6, 
21) on problems in which the fundamental 
mechanism is the flow of liquid through 
packed beds within a centrifugal field, the 
interstices between the cake particles 
being filled with liquid. The flow relation- 
ships derived from theoretical considera- 
tions were tested for each variable and 
found satisfactory. They were then 
applied successfully to the comparison of 
centrifugation and filtration in both 
hydroextractor cakes and incompressible 
porous structures of similar geometrical 
form. These tests showed that there was 
no idiosyncrasy in flow in a centrifugal 
field within the submerged cake. The 
present review shows how the first 
fundamental mechanism has been ana- 
lyzed and applied to the study of cake 
formation. The relationships can now be 
applied to the fl, r1 problems directly and 
to the fl*, rl* problems by appropriate 
modification for the transient variables 
with time. 

The second major mechanism is con- 
cerned with flow through open pores. A 
report is to be published of work (18) 
aimed at the problems associated with 
liquid movement and retention within 
cakes when the void space is not filled 
with liquid. Knowledge of these two 
groups of fundamental problems con- 
cerning f2, TZ and fz*, rZ should allow of 
considerable progress in the analysis and 
prediction of the course of complete 
hydroextraction cycles. 

THEORETICAL BASES 

The equations suitable for expressing 
the flow rates are founded on a mechanism 

requiring a number of limiting assump- 
tions. 

1. The effect of the gravitational field 
is negligible compared with that of the 
centrifugal field; therefore the liquid 
always flows through the cake in a plane 
normal to the axis of rotation of the 
basket. 

2. The interstices a t  all points in the 
cake are filled with liquid when rL _< r, 
(Figure 1, ref. 7 )  and the liquid moves in 
streamline flow through the cake. The 
latter is probably true for cake materials 
giving permeabilities of the order of 
10-7 g./sec.2 

3. The liquid flows (radially) outward 
from the hydroextractor basket, tan- 
gential movement being due only to 
liquid filling the expanding cross section 
to flow in moving outward. 
4. Kinetic energy changes due to 

changes of the radial component of the 
space velocity may be neglected, the 
only significant energy requirement being 
that to overcome frictional resistance to 
the liquid movement within the cake. 

5. The permeability of the cake may 
be considered uniform in a preliminary 
analysis of the system. As will be shown 
later, i t  may be necessary to assess 
permeability distributions for precise 
analysis in most systems in order to cope 
with compression or size distributions in 
cakes and with cloth-cake interface 
resistance. 

6. The highly permeable filter cloth 
between the cake and the basket wall 
does not run full of liquid, which means 
that atmospheric pressure is exerted on 
the liquid a t  the outer radius of the cake. 

These assumptions were used in the 
following derivations and the experi- 
mental work was designed to test all the 
variables independently as far as possible. 
This requirement led to the development 
of many methods of measuring the effect 
of certain variables for elaborate cross- 
checking rather than for industrial use, 
though certain techniques have proved 
preferable and can be recommended for 
specific purposes such as precise research 
or the testing of operational hydro- 
extractors. It was considered necessary 
to obtain both the correlation of hydro- 
extractor data with theoretical equations 
representing the mechanism and an 
agreement between centrifugation and 
filtration data. If the hydroextraction 
equations are sound, they must contain 
a permeability K c  which is very similar 
to the filtration permeability K F .  The 
probability is that they should be the 
same, but in some cases .secondary 
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Fig. 1. Tests based1on static rr. measurements (Method I), by use of a No. 1 cake of precipitated chalk of thickness 1.55 em. and a No. 6 
cake of cornstarch of thickness 0.98 em. (7). 

effects such as the Coriolis acceleration 
might lead to a flow mechanism signifi- 
cantly different from that in normal 
filtration (20). Apart from such unusual 
effects, the secondary intention of the 
work was thus to prove agreement be- 
tween Kc and K p  to the 1% level. It was 
considered that once checked with such 
precision the flow equations could form 
a sound basis for developed relationships 
such as the relationship for cake forma- 
tion. The simple equations developed do 
not include any effect of compressive 
stress on cake permeability. Though 
following the deviation of K c  from K P  
in early work extensive studies were 
made to test the effect of compressive 
stress in filtration cells and hydroextractor 
basket (5),  similar to the studies of 
Grace (3, 4), the present opinion is that 
compressive effects have been of minor 
importance in the work on kieselguhr, 
metal dust, cornstarch, chalk, and 
barium sulfate. The early results sug- 
gesting compressive effects have been 
found due to misapplication of critical 
wetting techniques and lack of attention 
to cake history. If cake materials are 
found which show effects of compression 
on permeability, analytical methods 
similar to those of Grace should prove 
valuable. 

FLOW EQUATIONS 

The fundamental equation providing 
the key for all developed forms is the 
steady state equation for flow through 
the cake when the positions of the liquid 
surface rL and the cake thickness (ro - r,) 
are invariant with time. With relatively 
low-permeability cakes and thus with 
relatively slow flow-rate changes, the 
developed forms such as for cake forma- 
tion can be found by neglecting accelera- 
tion terms and using the steady state 
equation as the differential form for 
integration over a range of rL or r,. 

The assumptions above lead to an 
energy balance between the pressure 
development due to the centrifugal 
field [Equation (l)] and the energy 
dissipation by friction over an elemental 
annulus of radius r and thickness 6, 
within the cake [Equation (2)] if the 
liquid is assumed in steady flow without 
significant energy terms owing to radial 
acceleration. 

The full-pressure differences across the 
system are developed from rL to 
1-0 and (PP) ,  required to maintain flow 
from rc to ro. 

(3) 
1 (27rn)2 
2 g  

(PJ0 = -.----.(ro2 - rL2) 

(4) 

For a balanced system, the values must 
be equal, (P& = (Pp)o ,  to maintain 
atmospheric pressure as datum level at 
the liquid faces at rL and ro. Throughout 
the cake there will be a pressure of 
(Pc - P F )  above atmospheric pressure 
as datum at the radius r within the cake, 
r, < r < To, depending on the relation- 
ships between the groups in Equations 
(3) and (4) with r in place of ro. This is 
discussed later in terms of the tests on 
banded cakes. 

The steady state leads to the flow-rate 
equation from the equality (Pc)o = (Pp)o 
when rL is not greater than r,, i.e., with 
the liquid filling all the cake voids. 

A useful experimental technique involves 
the detection of the critical wetting rate 

when rL =+ r,, the liquid surface coinciding 
with the inner face of the cake, 

where r, is the logarithmic mean of ro 
and r,. The verification of the postulated 
flow mechanism and related assumptions 
could be provided by testing Equations 
(5)  and (6) with rL independent of time, 
or rL could be allowed to vary and the 
resulting time functions applied to the 
analysis of the experimental data. Both 
methods were used in order to test the 
fundamental equations in every con- 
ceivable way. Nearly all the tests were 
carried out on a g-in.diam., 4%-in.-depth 
hydroextractor with a duck-weave cloth 
behind the cake, though the effect of 
was checked by experiments on an 18-in.- 
diam. hydroextractor. 

ANALYTICAL METHODS AND 
EXPERIMENTAL TECHNIQUES 

Method I, Based on YL Measurements 
When r~ Is Independent of Time 

For the use of Equation (6) in analyzing 
data, the experimental results must 
provide flow rate qw at which rc = rL for 
various speeds n. The early technique 
(1, 2, 6), probably similar to that of 
Smith (19), using visual observation of 
the critical wetting rate, proved danger- 
ously deceptive, and a far superior 
technique is the use of a photoelectric 
diffuse-reflection detector (16). The light 
from a lamp L is reflected back to the 
photocell C (Figure 2, ref. 15) in increas- 
ing intensity as the liquid thickness 
(r, - rL)  is reduced. Thus if a cake 
revolving a t  a speed n is fed with a 
constant liquor rate q so that rL < r,, 
the photocell output will represent the 
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Fig. 2. Tests based on measurement of rL variations with time (Method 11), by use of a 
No. 1 cake of precipitated chalk (7). 

steady state. If n is increased to a new 
steady value, rL will change to a new 
steady state at  a larger value of rL.  These 
positions may be plotted as a graph of 
photocell output against n. When the 
liquid film disappears into the cake 
surface the crll output, a curve nearly 
linear in n, changes abruptly to a value 
nearly independent of n. The break point 
gives a sensitive test of the critical speed 
n, a t  which q = qm is the critical wetting 
rate for the cake. This technique is 
valuable in industrial practice, where 
the more elaborate probe technique may 
not be available outside the research 
laboratory. The logarithmic plot of qm 
against n, for a given cake gives a clear 
confirmation of the power 2.0 for revolu- 
tion speed. There are experimental limita- 
tions which must be carefully observed in 
all hydroextractor tests. The cake must be 
formed under liquor and maintained 
under liquor throughout all tests. It must 
first be run a t  the highest test speed for 
a short time. Thereafter the results will 
be reproducible on a qm, n, line of gradient 
2.0 on a logarithmic plot for all values 
of nc (16). 
-4 valuable research technique of high 

precision is provided by the probe indi- 
cator developed by Haruni (6). For any 
steady state q and n, the position of rL 
could easily be measured to 0.01 cm., 
the probe I being moved vertically and 
radially by calibrated halid wheels ( D  
and llf in  Figure 1 ,  ref. 7 ) .  With this 
apparatus the variables in Equation (5)  
could be examined in various ways for a 
specific cake and liquid, i.e., for constant 
To, r,, XI p, K,, and for rI> < r,. 

From Equation (5)  for the steady state 
flow, for constant rL,  q should vary with 
n2. For constant n, the variation of rL 
being measured with q, each rL,  q pair 
being for a steady state, the plot of 
log (ro2 - rL*) against log q should be a 
straight line of gradient 1.0. For constant 
q, corresponding TI, ,  n pairs being 

against log n should be a straight line of 
gradient - 2.0. The agreement with 
Equation ( 5 )  is shown by the data (7) 
on Figure 1 and corroborates the form 
of the equation and the substantial 
constancy of r, and K,, notably with 
varying compressive stress for the test 
material. 

measured, a plot of log (ro2 - TI, *I 

Method II, from Drainage Timer 
Based on n Changing with Time 

The technique consists in stopping the 
feed of liquor to the basket when rL, is 
considerably less than r, and following 
the changes of rL with time. Using the 
probe, the time t is found for rL to increase 
from rLa a t  t = 0 to rL a t  t = t. If it is 
assumed that the steady state equation 
(5 )  can be used as the differential equation 
for the rate of change of VL,  the volume 
of liquor held between rL and r,, the 
variation of rL with t is given by 

whence with Equation (5 )  

For a selected value of rL, ,  a series of 
tests of rL against t with constant p, n, 
K,, To, r, should give a, straight line of 
gradient - 1 for the plot of log (ro2 - rL2) 

against t .  Figure 2 shows the agreement 
with this form for a cake for various 
hydroextractor speeds. 

Method 111, Bared on Drainage Times 
for a Specific Volume of liquid 

With the basket running a t  a constant 
speed n, with rL = r,, the feed can be 
stopped and simultaneously the volume 
VLl added to the basket. If this volume 
of liquid is assumed to accelerate to the 
appropriate basket speed immediately, 
functions can be derived from Equation 
(5 )  to show the time required for the 
liquid surface to attain a selected position 
in terms of the cake volume V ,  and the 
volume of liquid held within the cake 
radius r,. 

From Equation (5)  

where y is a constant for given cake, 
liquor, and speed. One method consisted 
of an analysis of the variation of flow 
rate with liquid volume V L ,  which should 
give for constant y a straight line for q 

against V L  with an intercept q = y * V c ,  
when TIL = 0 and rL = 7,. The experi- 
mental data are compared (9) with a 
lattice of straight lines of parameter y, 
each line having its gradient y linked 
with its intercept y.V, a t  V ,  = 0. 
These rate data are less readily obtained 
than*the time t for the liquid volume to 
attain V L  from an initial volume VL1 

when t = 0. In  this case the volume 
Vr,l would be added to a critically wetted 
cake with rL = r,. and time t found for r, 
to attain a selected position, 

or if liquid is allowed to drain to rL = re 
and V L  = 0 

An example of such a data series for 
various VL1 for constant y and V ,  is 
shown in Figure 3 and also in Figures 
2, 3, and 5 of ref. 15. The critical wetting 
condition can be found by using the 
photoelectric detector, the output of 
which will show a clear break point when 
TI, = r,. Figure 2 (15) shows a photocell 
fitted to a porous ceramic cylinder used 
as an incompressible hydroextractor cake; 
Figure 3 (15) shows a series of critical 
wetting tests at constant n for various 
added volumes VL1; the break-point 
data transferred to Figure 5 (15) indicate 
the straight-line relationship between 
In (V,  + VLl) and t 1  from Equation 
(12) with an intercept a t  In Vc  when 
t 1  = 0. The change of gradient y with 
speed n is clear from Figure 5 of ref. 15 
and on Figure 4 the data confirm the 
expected relationship y a n2. Even with 
visual observation, this method can be 
used to obtainy and hence K ,  for selected 
conditions on operating plant. The 
assumption of negligible time for the 
liquid VL1 to be accelerated to the basket 
speed is sound for the materials used here 
but would lead to curvature in these 
plots for high-permeability cakes giving 
low t1 values of the same order as the 
acceleration time required. 

HYDROEXTRACTION AND FILTRATION 
PERMEABILITIES 

The methods described above have been 
used for testing the fundamental equation 
in detail (7) and show good agreement for 
a given cake and liquor. These tech- 
niques involve the variation of rL,  q, n, 
but not the variation of ro or p. By use 
of centrifuges of different ro and liquids 
of various viscosities, the effect of these 
variables has been shown to fit Equation 
(5 )  and its derived forms. The depend- 
ance on the first power of p confirms the 
assumption of streamline flow and the 
negligible effect of radial acceleration 
kinetic energy terms (7) .  
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The success of these methods means 
that the assumptions and derived equa- 
tions are probably correct in that they 
lead to a complete correlation of hydro- 
extraction data in terms of a permeability 
K ,  for a given cake, the same value being 
obtained by various methods. The effect 
of compressive stress appears negligible 
with the materials used. The proof of 
the correctness of the equations still 
lacks agreement between K,  and K F .  
Much experimental work has been done 
on this, leading to detailed analyses of 
many forms of experiment specifically 
designed to test this agreement to 1% 
accuracy (8 to 15). The comparison of 
K ,  in a g-in.-diam. hydroextractor with 
K F  from samples cut from the cake 
proved unsatisfactory (9, 5 ,  6) .  

In a cylindridal cell of 1 %-in. diam. small 
cakes of thickness up to about 1% in. were 
made which could be tested in both the 
centrifugal field and the gravitational field 
(8), both K, and KF being obtained from 
the cake without disturbing it. The cell 
(shown diagrammatically in Figure 8, 
ref. 8) was held in a carrier within the 
hydroextractor and whirled about the 
center line, a liquid level being maintained 
at G, while the liquor discharged freely into 
the atmosphere a t  the perforated base of 
the cell. The cell was filled completely with 
1iqu;d. The cake B held on cloth C had to 
be protected during formation and testing 
(8) oping to the strong secondary circula- 
tion in the space A .  For filtration tests the 
cell was connected to a head tube and KF 
obtained from the time for the liquid level 
to  fall from HI to H,: 

where A is the cross-sectional area of the 
cake face, and the thickness of the cake is 
(TO - rc) .  

In this cell the hydroextraction per- 
meability K, must be found from a 
relation similar to Equation ( 5 )  but 
appropriate to the constant cross-sec- 
tional area A of the cell. 

Tests on the small cell were undcr cen- 
trifugal and gravitational pressure heads 
similar to those in the large hydroextrac- 
tor, and the results showed disagreement 
of 5 to 20% between K ,  and KF. Many 
tests with this cell and with samples 
from the hydroextractor cakes of various 
materials (8) showed that though the 
proof was nearly complete, it could not 
be attained with the complex experi- 
mental conditions and possible cake 
changes with fine powders for bed 
material. Tests on incompressible porous 
ceramic cylinders of dimensions near 
those of the hydroextractor, of which the 
figures mentioned above are examples, 
showed reproducible agreement between 
K ,  and KF to 5y0 (15) but observable 
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Fig. 3. Break-point data for drainage tests in ceramic cylinders. Cylinder I1 was of maximum 
pore size, 2~ and thickness 0.79 cm. (25). 

local variations in the permeability of 
such material probably accounted for 
the remaining difference. Tests on small 
sintered metal plugs (Figure 9, ref. 15) 
comparable to the small cell work showed 
the consistent agreement to 1% (15), 
which is regarded as the final proof that 
the functions proposed are probably 
correct for the flow mechanism in sub- 
merged cakes of incompressible ma,terials. 

PRESSURE A N D  PERMEABILITY 
DISTRIBUTIONS IN CAKES 

Though the agreement between K ,  and 
KF from the ax'". ,ermeability func- 
tions describc,u above was near enough to 
show that the proposed mechanism was 
probably correct, the discrepancies were 
consistent, and in seeking their cause and 
greater precision i t  has been found that 
significant distributions of permeability 
may occur within the cake. Analyses of 
cakes of various thicknesses can be 
explained reasonably on the basis of 
relatively small changes in K ,  within the 
cake and a significant resistance a t  the 
cloth-cake interface (10). This seems 
clear from the examples shown in Table 
2 for cakes of various thicknesses. 

The layer permeabilities are found from 
the analysis of the complete cake per- 
meability K, in terms of the layer values 
K1, Kz,  K,, the inner radius of the 
n-th layer r ,  being T, ,  the inner radius 
for the cake. 

+ - . *  + --I In r,- I / r ,  (15) K ,  
The results show a high resistance in the 
layer next to the cloth, which can be 
ascribed to the cloth-cake interface. The 
cloth tested on its own, when in a dirty 
condition after use, showed only a flow 
resistance of about 1% of the cakes. 

An interesting study allied to the 
permeability distribution work is an 
assessment of the fundamental pressure 
distribution. The balanced operation in 
steady state flow requires to be 
equal to (PF)O.  Thus i t  is clear that there 
are likely to be positions in the cake 
where the pressure on the liquid is less 
than atmospheric. The maximum vacuum 
is probably equivalent to about 100 cm. 
of water and it is not likely to produce 
degassing of the liquid, which might 
cause discontinuities in the pressure 
distribution along the radial direction. 
However, it is necessary to test the pres- 
sure distribution indirectly so far as 
possible. By making cakes from layers of 
differing permeabilities, it is possible (11) 
to test whether the resultant flow rates 
fit those predicted from the known per- 
meabilities and the assumed pressure 
distribution of (Pc - PF).  

From detailed analyses of tests with 
rL < r, on various cake thicknesses of a 
single material in the hydroextractor and 
in the small centrifuge cell it  is possible 
to assign a value for permeability for any 
layer of selected material a t  a particular 
position when compressed by a particular 
thickness of material nearer the axis of 
rotation (10, 11). Figure 5 exemplifies 
the assessment of such cases in the 
hydroextractor. The cakes were made 
from layers of cornstarch and kieselguhr 
of differing permeabilities (Table 2 ) .  The 
dimensions, permeabilities, and flow rates 
for specific speeds were known, and thus 
the P, distribution is known, rising from 
P ,  = 0 a t  rL = 8 cm. to a maximum 
(P& at rC = 10.8 cm. along the curve 
Aah. The PF curve can be calculated as 
rising almost proportionally to the radial 
thickness of the cake from zero a t  re to 
the total value for the particular cakc 
layer; eg., the PF requirement for the 
innermost layer of starch in cake No. 8 
is given by ab. The net value of (Pc  - PF) 
a t  the inner radius of the kieselguhr layer 
is given by the ordinate at b. The same 
flow rate leads to a pressure drop for the 
outermost starch layer of fg. The equiv- 
alent development of P, through this 
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layer would be el. Thus excess pressure 
at the outer layer of the kieselguhr is 
given by the ordinate a t  e,  when g is 
fixed at the atmospheric pressure datum 
for the outlet a t  re. If the kieselguhr layer 
runs full, the P, development is from b 
to c. Balanced operation would result 
if the pressure drop due to friction through 
the kieselguhr layer is ce. Actually in 
this example i t  would be de. The dis- 
crepancy cd can be explained ouly by the 
assumption that the kieselguhr layer did 
not develop the centrifugal pressure rise 
bc but only bd. This means that this layer 
was not running full of liquid, and i t  has 
been confirmed from many tests that this 
seems the true explanation, a constant 
pressure region occurring over part of 
the layer thickness. The case of cake 
No. 4 with the kieselguhr as the inside 
layer gives a good agreement. From the 
experimental q and known K values, the 
estimated and actual pressure curves 
comparable to bc and hd are very close 
together, an indication that the kieselguhr 
layer runs full. Cake No. 3 exemplifies 
cases in which a high-permeability layer 
on the outside will not run full. The 
q, K data for the inner starch layer run- 
ning full gives a value of P, - PF of zero 
a t  the inner layer of the kieselguhr, which 
means that the atmospheric pressure 
obtains a t  the outer radius of the starch 
layer, the high permeability layer running 
empty. This type of data from many 
different cases (11) is considered to  prove 
that layers of high permeabilities within 
a cake will not run full and thus will not 
develop their maximum centrifugal-pres- 
sure contribution and that such layers 
will not run full on the outside of a cake. 
This latter case justifies the assumption 
that the highly permeable cloth layer in a 
centrifuge cake does not run full and 
thus does not enter into the resistance 
functions leading to the flow equations. 
The conditions demonstrated as leading 
to these discontinuities in pressure 
development are absent in uniform cakes 
of a single material, which affords some 
indirect proof that the normal cake runs 
full as originally assumed. It seems 
unlikely from these tests that the vacuum 
developed in normal cakes would cause 
discontinuity in the liquid path sufficient 
to affect the continuous pressure develop- 
ment according to Equation (1). 

EFFECT O F  CAKE SHAPE 

The formation of cakes differing from 
the assumed form with constant ro and 
r, a t  all positions round the basket and 
along the vertical height will produce two 
effects: first, the obvious complication in 
deducing a flow function leading to the 
cake-formation function and, second, the 
problem of proper derivation of the 
steady state flow equation comparable 
to Equation (5) .  The latter problem has 
been assessed (26) by estimating the 
discrepancy between the flow through a 
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1 
2a 
2b 
2c 
3 
4a 
4b 
4c 

TABLE 1 
OPERATION SEQUENCh IN BATCH HYDROEXTRACTOR 

f = centrifugal pumping force 
R = flow resistance 

Pore flow 
Operation Speed Initial Final 

Cake formation Low 
Cake drainage Increasing 

High 
Decreasing 

Cake washing Low 

High 
Decreasing 

Wash water drainage Increasing 

F F 
F F 
F 0 
0 0 

O o r F  O o r F  
0 or F 0 

0 0 
0 0 

Hydrodynamic 
variables 

A*, Ri* 
fi*, Ri 
fi,  Ri t@fz, Rx 
fz*, Rz 

fi*, Ri to fi*, Rz 
f2, Rz 
fz*, Rz 

fi, R1 or fz, Rz 

*The major variable is altering during the period. e.g., as the cake forms, the pumping force f t  will increase 
aa the liquid bulk in the basket increasea and the flow resistance TI will increase with cake thickness. 

wedge-shaped cake from an Equation (5)  
based on a mean value of r,  and the true 
flow from a relaxation solution to the 
Laplace equations for filtration and 
centrifugation. These analyses show that 
in general the simple analysis based on 
Equation (5)  and the mean cake thickness 
will be satisfactory for most purposes, 
even with quite large deviations from the 
theoretical cake form. 

The second problem of cake formation 
has been assessed (14) in a manner 
different from that suggested by Maloney 
(17). It is clear that the method of 
feeding the slurry to the basket will be 
all-important. Cake formation by growth 
all over its inner face is not ensured by 
the cake being formed underneath a 
liquor layer or proved by the fact that a 
cylindrical cake, i.e., one with a vertical 
inner face, is produced finally. The data 
in Figures 1 to 5 of reference 14 show the 
very different type of growth found with 
slurry fed to the bottom of the basket 
with a liquor level maintained a t  a 
fixed rL. 

The uniform growth of the cake of 
permeability K,  at all facial positions 
starting from a layer of inner radius yo, 

outer radius r,, and permeability KO 
would be given by an  appropriate inte- 
gration of the steady state flow-rate 
equation: 

Shortly after the growth starting the KO 
layer ceases to run full if its permeability 
KO is, say, ten times K,, the term in KO 
becomes inoperative and (rwz - rL2) 

becomes (ro2 - rL2) .  For a cake growing 
on an existing cylindrical layer of the 
same material KO becomes K ,  and ro 
disappears from the final bracketed term. 
This equation is valid for cakes of ma- 
terials such as starch, chalk, kieselguhr, 
and barium sulfate, where the sedimen- 
tation rate is so high that the liquid layer 
from rI, to ro is effectively clear liquid 
rather than slurry. 

For a slurry volume V added from the 
start of cake formation 

and the relationship between slurry feed 
rate p8 and liquid drainage rate p for a 
fixed rL is 

whence 

TABLE 2 
PERMEABILITY OF LAYERS IN 9-IN. HYDROEXTRACTOR. 

Starch 

wt, g. 300 400 500 600 700 800 900 1,000 1,100 
Layer K ,  X lo7, 

gJsec.2 2.39 4.07 4 . 3  4 . 3  4.05 4.95 4.45 4.55 5 . 1  

Layer number* 1 2 3 4 5 6 7 8 9 

Mean K, for layers 2 to 9 is 4.6 X lo-' g./sec.2 

Kieselguhr 
Layer number* 1 2 3 4 5 6 
wt, g. 200 300 400 500 600 700 
Layer KO x 107, 

g./sec.2 11.8 51.7 42.07 44.6 47 57 
Mean K, for layers 2 to 6 is 50 X 10-7 g./sec.e 

*Layers built in their numerical order. 
tW-is the total mass of am dned sohd in the cake. 
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SPEED, n‘x lo-’ - R.P.M 

Fig. 4. The dependence of gradient y on speed of revolution 
R agrees with the expected power 2.0 from Equation (10) 

(151. 

w h w c  

‘I’hus 

m i l  iiitc.gr:iting from Y = 0 at t = 0 
to I -  = 1’ :it t = t with C and Cl assumed 
ir i t l i~pci i~l~~rit  of tinit. gives 

= 2f ’Xt  (21) 

Vol. 3, No. 4 

8 9 10 II 
RADIUS, r CM. 

Fig. 5. Pressure distribution with banded cakes in the O-in.-diam. hydroextractor, with 
n1 = 1,080 rev./&. and rL - 8.0 cm. (11). 

Thc r.xtrmit> casc of such growth is 
shown in Figure 1 (14), wherein the cake 
is picturd as growing vertically along 
an L axis while confined between the 
radii T ,  und r2. For this case 

SV - - T Z ( T l 2  - r:) (22) 
U U  

or .c = CZV, where C, = s;?ru,(rl* - rl*) 
and r2 < T , .  Assuming that the cake is 
being formed on an existing cylindrical 
cake of inner radius r,, outer radius ro, 
and penncshility K ,  results in 

4?i’7L2K,(ro2 - rL2) 
(I. = I-____^- --- - - 

1 g - ;r + E,,i,, (23j 

u-hmre 

= I t ,  1,- + h’? (25) 
wherc 

A.1.Ch.E. Journal 

Integrating from 1’ = 0 at t = 0 to 
V = V at t = t and assuming H, arid 1t.r 
independent of time gives 

The equation has signifirancc. c-inly for 
0 < 2 < x .  

Results for measured st:i.rch slrirry r:it,es 
y. to maintain a constant rL :ire shoi~ii in 
Figure 6 and also in Figure 4 of ref. I,$. 
The permeability of the c:ikr m:ttvrinls, 
initial cake geometry, anti slurry c:hxrac- 
teristics are all known (ref. 14, T:hIc 1) 
and one may c:tlciilatc the curves A .  A1 
in F i g r e  4 (.f4) based on I’;qu:ttion (“1) 
for cylindrical growth and ciirws K, H* 
based on Kqiiation (26). Tht. cxpcri- 
mental data show good ugrccnwn t ivitli 
the vert.ica1 growth ciirvt‘s. ‘rhr sct :I, B 
is for gron-th on an existing i*!klric:il 
starch cukc arid set -41, H1 for growth on 
cloth. T o  proviidc A cmipnrison 1,:qu:i tiom 
(91) a.nd (26) wcrc bn.sccl on :LII  initial 
crke tliickness of 1 ni i i i .  Furt,lirr ilnt:i i t 1  

Figure B show sinii1:trly gociil :igrctmicnt 
wit,h Eyurition (36). I t  is v1e:tr th:it it. 
cannot he assumed that c.:tkcs :tIrv:iys 
grow cylindrically. In c d i  (‘iirc i i q ) v n t  ling 
on nxiterial find feed rncthod it mi>- bc 
iieccssary to check (’a kc wiit.ours diiriiig 
growth a,rid protiurc? :in :ippropri:i.tc 
equation for a siinplifiid moilt4 of tlie 
growth mcch:inism. 
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DISCUSSION 

This review has shown that the author’s 
proposals as to flow mechanism and per- 
missible assumptions in submerged cakes 
were correct. The close agreement be- 
tween filtration and hydroextraction 
permeabilities is considered sound proof 
that the flow in hydroextractor cakes 
has no major peculiarity. The many 
analytical and testing methods have also 
provided various techniques for use a t  
all levels of industrial “accuracy,” from 
those suitable for application to research 
apparatus to those which can be applied 
to large-scale operating equipment. It 
must be emphasized that the work 
reported here covers only the first 
problem of centrifugation. The equations 
so far derived are all dependent on the 
pressure distributions in a cake wherein 
the pores run full of liquid. This requires 
that a t  all times the cake is submerged, 
the liquid surface rL never exceeding rc 
and the liquid filling the cake to the outer 
radius ro. 

There are many problems of liquor 
flow and liquor retention, the analyses of 
which require other fundamental rela- 
tionships. Cake formation methods are 
used which do not conform to the 
submerged cake mechanism, eg. ,  where 
the cake is formed by spraying a thick 
slurry or adding a crystal “mush” to the 
basket. Thr  significant basic relation- 
ships are those associated with “whiz- 
zing” to remove residual liquor from 
the cake. Washing the cake may be 
done with rl, < rc ,  but often it will 
consist of spraying water onto the cake a t  
a rate less than the critical wetting rate 
and the inner surface of the cake will 
not then run full. The flow problcm may 
then consist of two parts, the “full-flow” 
state in an outer layer of the cake, and a 

Fig. 6. Agreement be- 
tween practical results 
and Equation (26). 
The arrow indicates 
the volume of slurry 
equivalent to the cake 
volume to fill the bas- 

ket (14).  

25 

surface flow over the particles in an 
inner layer of the cake. The whizzing of 
cakes will present similar problems of 
surface flow, in which the significant 
mean variables include the “effective 
thickness” of the mobile liquid films on 
the particle surface and the retained 
quantities of liquid in the cake interstices, 
both problems depending on centrifugal 
field and details of particle arrangement 
in the cake. 
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NOTATION 

A = cross-sectional area of filter 
bed, sq. cm. 

a = cross-sectional area of falling- 
head tube, sq. cm. 

C, C1, Cz = constant groups 
9 = gravitational acceleration, cm./ 

H = hydrostatic head in filtration 

H I ,  H2 = limits of H 
h = static head a t  axial entrance to 

small spinning cell, em. water 
K = permeability, (gJsec.2) 
Kliy = permeability in filtration tests, 

K ,  = permeability in centrifugation, 

n 
n1 
n, 

tests, cm. water 

gJsec.2 

g./sec . 2  

= speed of revolution, rev./sec. 
= speed of revolution, rev./min. 
= speed of revolution a t  critical 

wetting condition, rev./sec. 

P ,  
P p  

= centrifugal pressure, cm. water 
= friction head, cm. water 
= drainage rate through cake, 

= drainage rate a t  critical wetting 

= slurry flow rate, cc./sec. 

= radius from basket axis, cm. 

cc./sec. 

condition, cc ./sec. 
qw 

q> 
R,, R2 = constant groups 

= radius from basket axis to inner 

= radius from basket axis to inner 

= radius from basket axis t o  

= radius from basket axis to inner 

= slurry concentration, g. air- 

= drainage time, see. 
= drainage time for V L 1 ,  sec. 
= volume of slurry, cc. 
= volume of cake = ?rX(ro2 - r,2) 

= volume of liquid = 
?rX(r,2 - rL2), cc. 

= volume of liquid added to 
basket for drainage test, cc. 

= mass of dry solid in cake, g. 
= depth of hydroextractor basket, 

= height of cake, cm. 
= viscosity of liquid, poise 
= n2X 

= 47r2Kc/~g In ( r d r J  
= density of air-dried solid, g./cc. 
= packing density of solid in cake, 

face of rake, cm. 

face of liquid, cm. 

outer face of cake, cm. 

face of basket mall, cm. 

dried solid/cc. slurry 

cc . 

em. 

g./cc. 
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