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Limits of mechanical filter cake deliquoring

H. Anlauf

The mechanical deliquoring of filter cakes can be realized either by reducing the pore volume, by displacing
the pore liquid with gas or by a combination of both. However the mechanical deliquoring is physically
limited. Depending on the deliquoring forces an equilibrium state or an ultimative limit can be reached. In the
presented paper the state of the art regarding the methods of measuring the limits of mechanical deliquoring
and their interconnections are summarized, the related laboratory techniques are described, still open
questions are formulated and technical examples are given.

1. Introduction

The mechanical displacement of liquid from the pore
system of filter cakes is limited by physical means. Its
residual moisture content at the final end depends on
particle characteristics, liquid properties, the structure
and behaviour of the filter cake and the type and extent
of the acting forces. A certain lower limit of cake mois-
ture content cannot be underrun unless by thermal dry-
ing. This mechanically not removable liquid is bound
in the pore system in form of interstitial liquid at the
particle contact points, as adhesive liquid at the particle
surfaces and as inner liquid in case of micropores
inside the particles themselves.

The respective physical limit of mechanical demoistur-
ing gives important hints about the filtration behaviour
of the slurry to be separated as well as for the choice
and the operational parameters of the apparatus to solve
a given separation problem.

The demoisturing of filter cakes takes place either by
displacement of the capillary liquid by gas (desatura-
tion), by reduction of the pore volume (consolidation)
or by a combination of both mechanisms. For cake fil-
tration therefore very different apparatuses like discon-
tinuously oder continuously operating vacuum filters,
gas overpressure filters, press filters with hydraulic or
mechanical cake squeezing or filter centrifuges are
applied. For this reason from the physical point of
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Fig. 1: circular model pore

view as well as from historical tradition very different
methods are existing to measure and describe the
respective accessible limits of deliquoring.

2. Desaturation of incompressible filter cakes
2.1 Capillary pressure and capillary pressure
distribution
A comprehensive description of capillary effects in
porous systems of solid particles is given in [1]. If two
molecular mutually not miscible fluids, such as liquid
and gas, have a common and freely movable phase
boundary, an interfacial tension of y, , originates. If the
boundary surface is bent, the pressures p, in the
gaseous phase and p, in the liquid are different. The
resulting pressure difference (p, - p,) is called capillary
pressure p.,,. In the case of lower pressure in the phase
of higher spec. weight (liquid) the capillary pressure is
defined as positive. A moist filter cake in gaseous envi-
ronment represents a three-phase system of solid, lig-
uid and gas. Where solid, liquid and gas are meeting a
three-phase contact line originates and the angle with
which the liquid touches the solids is called wetting
contact angle 8. A virtual transformation of the porous
system in a filter cake to circular-cylindrical model
pores leads to the equilibrium situation shown in fig. [.
The formulation of a force balance in the vertical direc-
tion leads in this case to the simplified form of the so-
called “Laplace equation”, which describes according
to eq. (1) the capillary pressure p,., in dependence of
the capillary radius r, the wetting contact angle ¢, the
surface tension y, and the radius of boundary surface
curvature R,
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[f one calculates after measurement of the capillary
pressure the radius of an arbitrarily formed filter cake
pore from eq. (1), the resulting capillary radius corre-
sponds to the radius of a circular pore with the same
capillary pressure, like the measured one. Hence this
radius is called equivalent or hydraulic pore radius.
Between the hydraulic pore radius and the radius of a
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Fig. 2: capillary pressure curve (according to (1))

sphere, which just can penetrate this pore, an explicit
relationship exists with knowiedge of the pore geome-
try [2]. One makes use of these physically definite cor-
relations in particular in the pore size analysis of filter
media by means of bubble point tests 3], forward flow
tests [4] or in general for porous bodies by mercury
intrusion [5], [6].

If liquid rises up in a capillary to an equilibrium value,
this capillary height #,,, can be calculated by a force
balance between capillary pressure and hydrostatic
pressure according to eq. (2).
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In this equation p, means the spec. liquid weight, g the earth
acceleration and C multiples of g during centrifugation.
As a result of a stochastic arrangement of particles in a
filter cake, a pore size and thus a capillary pressure dis-
tribution exists. The capillary pressure distribution in a
filter cake of approximately incompressible, homoge-
neous and isotropic structure is characterized usually
by the so-called “capillary pressure curve” shown
schematically in fig. 2.
This function shows for mechanical equilibrium the
relationship between capillary pressure p,,, and liquid
saturation degree S. For ftilter cakes with constant pore
geometry the liquid saturation degree is particularly
well suited, because it describes the moisture content
very clearly and also varies as standardized parameter
within the fixed limits of 0 and 1. The liquid saturation
degree is defined as relation of the actual liquid volume
V, in the filter cake to its total void volume V.
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To be able to quantity the void volume in the filter cake
the porosity € as ratio of void volume to the total vol-
ume of the filter cake V,, has to be determined.

Void. _ . Woid_

‘ Viot i Vs +Void (4)

If the porosity changes like in the case of squeezing the
liquid loading 6 can be used. It represents the relation
of liquid volume in the cake to its solid volume.

Vs (5)

However, beside the saturation degree and the liquid
loading @ other definitions, like the easy to measure
residual moisture content MC or dry substance DS can
characterize the liquid content of the filter cake.

The moisture content relates the actual mass of liquid
m, to the total mass of the moist filter cake (m,+m,).

(6)

The dry substance uses the relation of solid mass m, to
the total mass of the moist filter cake (m,+m,).
Ms

DS = —S—.
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(7
At full saturation the liquid covers the cake surface in
form of a flat boundary surface. This means, that the
pressure on both sides of the boundary layer is equal
and thus no capillary pressure exists. With a gradual
increase of the differential pressure the liquid between
the particles first is pressed a little bit into the cakes
surface, what leads to a marginal reduction of satura-
tion without real desaturation ot pores. As can be seen
in fig. 2 a significant reduction of the saturation can be
registered only after exceeding the capillary entry pres-
sure p,,... With further increasing ditferential pressure
smaller and smaller pores can be emptied. The capil-
lary entry pressure is defined as intersection of two tan-
gents attached to both curve segments at the beginning
of desaturation. If finally the complete hydraulically
connected capillary liquid is displaced by gas, the
mechanical limit of desaturation S, is reached. Further
increase of the differential pressure does no longer
decrease the saturation degree, because according to
fig. 3 the remaining liquid in the filter cake is now
hydraulically isolated and bound at the contact points
of the particles as liquid bridges, on the surface of the
particles as adhering layer and inside of micropores in
the solid matter as internal liquid.

[f the liquid can penetrate back into the filter cake due
to stepwise reduction of the pressure difference, an



PR %% % %% % % —

inner liquid

adhering liquid

liquid bridges

capillary liquid

Fig. 3: different bound components of I|qu|d in the cake

imbibition curve below the desaturation curve results
according to fig. 2. A complete remoistening of the fil-
ter cake does not succeed due to unavoidable gas inclu-
sions during the resaturation process. If desaturation is
started again after maximal imbibition, the new desatu-
ration curve meets the initial desaturation curve at a
certain point and a hysteresis loop develops. Within
this hysteresis loop any point can be set in the equilib-
rium state by appropriate de- and resaturation. To have
an unambiguous definition the capillary pressure curve
has to start from full saturation S=/ and ends at the
mechanical limit of desaturation S=S§,. The capillary
pressure curve is independent of the filter cake dimen-
sions and the procedure of desaturation. It is a material
characterizing function of the respective filter cake.

2.2 Desaturation of incompressible filter cakes

by gas pressure difference
For vacuum and gas overpressure filters like continu-
ously operating drum, disc, belt and pan filters or dis-
continuously operating stirred nutsch filters, candle
and sheet filters the gas pressure difference for cake
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deliquoring generally is held constant. Thus in case of
sufficient time all hydraulically with the filter medium
connected pores and a capillary pressure, which is
lower than the gas pressure difference can be deli-
quored. Fig. 4 illustrates this case, but shows also con-
sequences of an inhomogeneous cake structure, as can
occur due to different sedimentation velocity of parti-
cles during cake formation. On the left side of fig. 4
one can see the principal course of time dependent
demoisturing. It starts for constant pressure difference
at full saturation and then runs horizontally to the left
until the equilibrium value on the capillary pressure
curve has reached. With higher pressure difference an
accordingly lower equilibrium value of the saturation is
accessible. The right side of fig. 4 makes clear, that the
capillary pressure curve can change its course remark-
ably with changing cake structure.

If caused by segregation etfects in the slurry a filter
cake with a top layer of finest particles forms, its cap-
illary entry pressure can rise dramatically in compari-
son to a homogeneously structured filter cake and in
the worst case, fully saturated mud is discharged from
the filter. In the case of such a bottleneck also the
mechanical limit of deliquoring is shifted to higher sat-
uration degrees. While overcoming locally the capillary
entry pressure of the fine particle layer a spontaneous
desaturation of the underneath located coarse pored
particle layer occurs. Thereby hydraulically isolated
zones in the fine particle layer are remaining fully sat-
urated.

The capillary pressure curve must be measured as a
material function till this day for every case separately.
For this measurement of gas pressure deliquoring two
methods are available. Both of them require a pressure
filter cell with a filter area of at least 20cm® like it is
described in the VDI guideline 2762 [7] for the filter
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cake formation and is shown exemplarly in fig. 5. The
first method is based on a filter cake formed in the fil-
ter cell. Starting from fully saturated pores the pressure
is increased stepwise from zero to the maximal value.
The pressure of each stage is maintained until no more
filtrate is registered on a balance. Because this meas-
urement needs some hours no gas flow through already
emptied pores is allowed to avoid thermal drying. This
can be achieved by using a microporous membran as
filler medium. Its capillary entry pressure must be
higher than the maximum of the applied pressure dif-
ference. The long measurement times require an auto-
mated measurement proceclure.

The second method is related very close to the techni-
cal practice. Several independent filter experiments
with different filtration pressures have to be carried out
and conventional filter tabrics can be used. Each exper-
iment is stopped after some minutes, when no more fil-
(rate flow can be observed. The thus determined data
are locuted on the capillary pressure curve, which than
can be approximated by an appropriate mathematical
function.

Both methods should have an identical course to the
greatest possible extent.

The question arises how the particle size distribution
influences the capillary pressure curve. Experiments
with limestone particle fractions of different mean par-
ticle size and variance, which had been stable dispersed
in water, have proved, that all measured capillary pres-
sure curves could be represented by one master curve
(8]. [9]. For this purpose the RRSB (Rosin-Rammler-
Sperling-Bennet) distribution, well known from the
characterization of particle size distributions, turned
out to be useful. This equation must be adjusted by
three physically interpretable parameters.
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They can be interpreted as limit of mechanical desatu-
ration S,. mean characteristic capillary pressure p, and
pore size distribution index §. S, represents the meas-
ured equilibrium saturation degree for the respective
capillary pressure p,,,. A detailled investigation how
each of these three parameters is depending on the par-
ticle size distribution is still missing. Fig. 6 shows the
result of the above mentioned capillary pressure meas-
urements for different lime stone fractions, which can
be distinguished by the Sauter mean diameter D;,; and
the geometric variance 0.
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Fig. 5: laboratory pressure filter cell

2.3 Desaturation of incompressible filter cakes
in the centrifugal field

During the deliquoring phase of centrifugal filtration
processes like continuously operating pusher, worm
screen or vibrating centrifuges or discontinuously oper-
ating peeler or inverting centrifuges the rotation speed
besides few exceptions normally remains constant. The
sieve basket of filter centrifuges is cylindrical, cylindri-
cal-conical or concial with enlarging radius towards the
solids outlet. This facilitates not only the product trans-
port due to the component of the centrifugal force in
transport direction but the centrifugal force itself is
increased by increasing the radius. The centrifugal
acceleration «,,, depends according to eq. (9) on the
radius r and the square of the angular velocity @
respectively the rotational speed .

2 2 2
Goent(r)=r w®=r-47°-n 9)

Fig. 7 shows for a beaker of a lab scale filter centrifuge
the essential parameters to describe the [iltration
process.

According to eq. (9) the centrifugal acceleration rises
from the inner radius r, at the cakes surface to the outer
radius r, at the filter medium. If the cake thickness A, is
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Fig. 6: representation of capillary pressure curve by RRSB-
function (acc. to [9])

small in comparison to the outer radius r,, the so called
“long arm approximation” with constant mean centrifu-
eal acceleration d,,,, can be applied.

&gﬂ). 02
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(10)

The filtration pressure Ap,,,, originates from the hydro-
static pressure of the liquid column h in the centrifugal
field, whereby the spec. weight of the gas p, is neglected.

Apeent = (PL *Pg)' Boent.m’ h= pL- ent,m- h (1)

Fig. 8 makes clear, that the most extensive deliguoring
takes place at the surface of the cake at h=h,, because
there the length of the liquid column h is maximal.

The more the liquid is displaced from the pores of the
cake, the more the liquid column is shortened, the
smaller the centrifugal pressure becomes and the less
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pores can be emptied. Thus in comparison to the gas
differential pressure deliquoring the filter cake shows
now a saturation gradient along the cake height in the
equilibrium state. At h=h,, (ct. eq. (2)) the capillary
entry pressure p,,,. 1s no longer overcome and the cake
remains completely saturated.

This allowes a comparatively quick and so called
“incremental’” measurement of the capillary pressure
curve in principle by one experiment with constant
rotational speed (cf. [1]). After reaching equilibrium
state the cake must be discharged quickly to avoid lig-
uid migration in the cake and cut radially into thin
slices. Each slice then represents one point on the cap-
illary pressure curve p,,.(S5).

The capillary curve also can be measured by the so
called “cumulative” method by several independent
experiments with constant cake height but varied rota-
tional speed. After reaching equilibrium the integral
mean saturation degree S has to be determined and the
centrifugal pressure has to be calculated for A=/ This
“capillary pressure curve” is not identical with the true
capillary pressure curve and allows no longer an
explicit correlation of capillary pressure and saturation
degree due to the averaging of the saturation gradient in
the cake. Fig. 9 illustrates, how the true capillary curve
S(p..,) however can be found from the experimentally
determined function S(p....J) (cf. [1]).

At point C on the measured curve a tangent is applied.
To point C are belonging point A on the ordinate and
point D on the abszissa. A parallel shift of the tangent
from point C to point A leads to an intersection point B
on the straight line CD. Finally point B is located on
the true capillary pressure curve. A related theoretical
derivation of this graphical method can be found in [1].
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Capillary pressure curves, which are measured by gas
differential or centrifugal pressure from the physical
point of view should be comparable, if the cake struc-
ture is identical. This unfortunately often is not the case
and so the analytical experiments should be carried out
with the technique, which is forseen for the practice.
For centrifuge operators it is common for reasons of
easy use to represent integral equilibrium saturation
degrees S as function of the so called “Bond number”
Bo. This number corresponds to a centrifugal force,
which is made dimensionless with a capillary force
[10]. The filter cake is considered here as a bundle of
parallel circular tubes of same diameter in the direction
of the centrifugal field. The pore size distribution of the
filter cake is characterized by a mean hydraulic pore
diameter d,.

. (32
& Ie (12)

This pore diameter is calculated from a combination of
the Darcy equation to describe the flow through a
porous packed bed and the Hagen-Poiseuille equation
to describe the flow through a circular pipe. As materi-
al function the experimentally determined spec. filter
cake resistance r, (cf. [7]) and the porosity ¢ (cf. eq.
(4)) is implemented into the equation. The Bo number
is calculated as ratio of the mean capillary force F, to
the counteracting mass force F,,, which is calculated
with the cake height in the centrifugal field.
_ 4 Feont _ 4he P9 Cdy he

Bo P e
Feap Neap ¥, COSO

(13)
This kind of representing the measurement results of
the saturation degree is no more independent on the
cake height. The capillary height remains constant for
cakes of ditferent thickness. However the integral
moisture content of the filter cake is decreasing with
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increasing cake height, because the portion of deli-
quored cake becomes greater. Fig. 10 shows the repre-
sentation of the Bond curve.

In the range (I) the cake remains fully saturated. In the
declining range (II) a capillary height remains in the
cake, which becomes smaller for increasing Bond num-
bers. For constant Bond numbers the integral cake
moisture decreases with increasing cake thickness, In
range (I11) the hydraulically interconnected pores of the
cake are desaturated to the greatest possible extent, the
capillary height disappears and the saturation degree
reaches the mechanical limit of deliquoring. At very
high Bond numbers in the range (IV) under circum-
stances a very small part of the liquid bridges, which
are bound very strongly by high capillary forces at the
contakt points of the particles, can be removed.

3. Consolidation of compressible filter cakes
by expression

If the particles to be separated are becoming smaller
than about 10pum and if the attracting van der Waals
forces are predominating the repelling electrostatic
forces, the particles are agglomerating and compressi-
ble filter cake structures are formed. Such suspensions
in the area of cake filtration commonly are separated
with press filters like discontinuously operating cham-
ber, diaphragm or piston filter presses or continuously
operating screw or double belt presses. The pressure
difference necessary for the cake formation and deli-
quoring (consolidation, expression) is realized either
hydraulically by the feeding pressure of the slurry
pump or mechanically by a pressing tool. Beside the
uniaxial compression of the filter cake (chamber,
diaphragm, piston filter press) an additional shearing of
the cake structure can be effected by applying a shear
stress T (screw and double wire presses). This can pro-
mote a further cake compaction. A deliquoring of the
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Fig. 9: cumulative centrifugal method and real capillary pressu-
re curve (acc. to [1])
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filter cake in every case takes place only by reducing
the pore volume and not by desaturation. For this rea-
son the quantification of the remaining liquid in the
cake by the saturation degree S (cf. eq. (3)) here is
senscless. However the residual moisture content MC
(cf. eq. (6)), dry substance DS (cf. eq. (7)) and espe-
cially the liquid loading 6 (cf. eq. (5)) can be used.

After the filter cake formation compressible cakes
exhibit a strong porosity gradient over the cake height.
The porosity at the filter medium already corresponds
approximately to the consolidation equilibrium for the
applied pressure, whereby the cake surface is signifi-
cantly more porous. As can be seen in fig. 11 the inte-
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Fig. 12: CP-cell and gas pressure filter cell in tandem design
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gral mean porosity for different filtration pressures dif-
fers relatively little directly after the cake formation,
A clear difference in the cake porosity arises for variced
pressure not before the consolidation equilibrium,
when the cake structure is homogeneous and the poros-
ity minimal [11]. This pressure dependent function of
the quilibrium porosity normally is approximated by an
exponential approach with an exponent G, which is a
measure for the compressibility of the filter cake [12].
G

(1~¢)=(1-¢9) {1 o ;le
L APo (14)
For compressible filter cakes porosity & and [low
resistance ¢ are correlated, Both are measured in the
laboratory by means of a so-called “CP-cell™ (CP =
Compressibility-Permeability).
Fig 12 shows the CP-cell mentioned above in a tandem
arrangement with a pressure filter cell for gas pressure
filtration experiments [13].
A filter cake can be formed with gas differential pres-
sure and afterwards consolidated with the piston in the
CP-cell, In the CP-cell the filter cake is consolidated
between two porous plates and can be permeated to
determine its fow resistance. The measuring cell s
mounted floating on a load cell to measure the real
pressure on the cake, because some pressure gets lost
due to friction. As has been mentioned above devia-
tions from the result of pure uniaxial compaction can
occur due to further overlayed stresses of the cake
structure. To thal subject matter yet no systematic stud-
jes are available. But even if the purely uniaxial stress-
ing of a filter cake is considered. different consolida-
tion mechanisms can be identified according to fig. 13.
These are depending on the respective particle proper-
ties and the amount of applied pressure [14].
In range (1) at low compaction the particles still have a
relatively great mobility and can easily be rearranged.
In range (2) structures are destroyed, which had been
formed before under the influence of adhesive forces.
In range (3) the attacking forces are high enough to
destroy the particles themselves by breakage. The dot-
ted lines indicate, that the respective functional course
can vary dependent on the material.

4. Combined consolidation and desaturation of
filter cakes - shrinkage

Beside the exclusive desaturation of incompressible
and the consolidation of compressible filter cakes a
broad intermediate field exists for applications of vac-
uum and gas overpressure filters, in which moderately
compressible filter cakes are deliquored according to
both mechanisms. This case is also relevant for batch




filter centrifuges and sediments on the conical part of
decanter centrifuges. These filter cakes are frequently
compressible on one hand, but the capillary entry pres-
sure is exceeded on the other hand. Because they have
a boundary surface to the surrounding gaseous atmos-

here, this is acting like an impermeable diaphragm, if
[ [ 4

the capillary entry pressure is not exceeded. The con-
solidation becomes manifest in form of a cake shrink-
age. The resulting tensile stress in the cake structure
can be reduced, if the particles are able to rearrange
themselves. This is easily possible at the beginning of
the deliquoring phase with high porosity al the cake
surface. With proceeding liquid removal and especially
desaturation the inner resistance of the cake against
deformation rises fast and strongly. With desaturation
during the start of cake demoisturing also the tensile
strength of the cake rises steeply. If during this phase
locally a critical tension in the cake structure is exceed-
ed, shrinkage cracks are originating, which are dreaded
in the filter technology. The equilibrium moisture
dependent on the respective acting pressure difference
can be determined according to the methods for meas-
uring the capillary pressure curve described in chapter
2.2. Alternatively to the mechanical method of liguid
removal by stepwise increase of the gas differental
pressure could be demonstrated, that careful thermal
drying leads to nearly identical results [14].

The relationship between consolidation and desatura-
tion in the equilibrium state can be illustrated like to be
shown qualitatively in fig. 14. whereby here no infor-
mations about the capillary pressure are included.
Here the pore number ¢ is plotted over the liquid load-
ing 6. If exclusively consolidation takes place any
reduction of liquid loading corresponds with an equiv-
alent reduction of the pore volume and all measured
points are located on a straight line through the origin,
which represents the saturation degree S=/. If the
measuring points deviate upwards from the straight
line, the capillary entry pressure is exceeded and the
cake is consolidated and desaturated simultancously.
Within the range marked as “dangerous™ shrinkage
cracks can occur in the filter cake. Finally towards low
moisture content the curve passes into a horzontal
struight line. This means. that in this case liquid is
removed from the now incompressible cake only by gas
displacement. The diagram shown in fig. 14 was deter-
mined in its original torm for consolidated cakes in the
equilibrium state and following thermal drying. The
numbers from | to 6 indicate in each case higher pres-
sure during the preconsolidation. For example at pres-
sure “5” the cake already has reached the limit of
shrinkage by preconsolidation and is afterwards only
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Fig. 13: consolidation mechanisms (acc. to [14])

desaturated. An apparative example for combined
expression and following desaturation by gas differen-
tial pressure is the diaphragm filter press. The danger
of shrinkage cracks is given, if desaturation starts
before sufficient stabilisation of the cake structure.
Parallel occurring consolidation and desaturation are
influencing each other. Currently unfortunately no
detailled data are available on this subject. However
under the aspect of optimal transferability of the lab
scale data to a technical gas pressure filter it is recom-
mended to carry out the lab scale experiments as simi-
lar as possible to the technical process. This means that
cake formation and deliquoring gas pressure difference
should be held constant for each experiment,

pore number e = (V,,,/V,) [ -]

liquid content number 0 = (V /V,) [ -]

Fig.14: consolidation and desaturation in the ,shrinkage-dia-
gram* (acc. to [14])
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5. Summary

The mechanically achieved minimum residual moisture
content of a filter cake in the equilibrium state depends
beside the properties of the filter cake itself and the
magnitude of the driving forces on the applied process.
By mechanical means it is principally not possible to
produce a completely dry solid material. The variety of
boundary conditions, which can be given for a mechan-
ical deliquoring of filter cakes, is reflected in different
measurement methods and representations of the test
results. These are comparable and transferable only
with restrictions. The security for a successful predic-
tion of technically achieved deliquoring results increas-
es to the extent, in which the measuring procedure is
orientated on the technical process. Today still no gen-
eral guidelines are existing to measure the deliquoring
of filter cakes and there is still a lack of knowledge
regarding the answer to some basic questions.

6. Notation

Latin letters

a [m-sek?] acceleration

Bo [-] Bond-number

d [m] pore diameter

D [m] Sauter-diameter

g [msek?] gravity acceleration
G N [-] material parameters
M [kg] mass

n [sek'] rotaion frequency
p [Pa] pressure

r, R [m] radius

r [m?] spec. filter resistance
mMc /-] moisture content

S [-] saturation

DS [-] dry substance

Vv [m’] volumen

X [m] particle diameter

C [-] centrifugal factor

Greek letters

a [mkg'] spec. filter resistance
y [N-m'] surface tension

o [rad] wetting angle

A [-] difference

£ (-] porosity

n [Pa-sek] dyn. viscosity

0 [-] liquid content number
p [kg-m~] spec. weight

o [-] variance

T IN-m?] shear stress

£ [-] pore size index

w [rad-sek’]  angular velocity
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Subscripts

c, k  cake

cap  capillary
cap,e capillary entry
cent  centrifugal

8 gas

8 geometric

h hydraulic

L liquid

m meai

o, i outer, inner

r remanent

s solid

rot total

0 reference value
00 equilibrium
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