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Cake compressihility is an important factor to describe
thickeningy dynamic membrane formationy filtrationy centrifugationy
squeezing. It is characteristic of compressible cakes to change
their porosity starting from the upper boundary into the bulk
under the effect of newly formed underlying layers and the change
of hydrodynamic conditions inside the pores of o cake.

The problem of the cakes properties description is as follows:
existing empiric equations can be wsed in the limited ranges of
compression stress ( pq) (effective pressure) acting on the cake

skeleton. The lack of o method for cake properties interpretation
in a wide range of p‘5 changing (from pS over @ to pq)) 2.1 MFa)

deprives us of the possibility of effrective cake properties control
and 50 we cannot assure high effectiveness of separation equipment.
The attempt wos done for cake compressibility phenomenon analysis
at the position of nonequilibrium thermodynoamic. In this case the
critical volue of p_ can be considered as point of bifurcotion
o

whizn dependencies of cake properties wvs. effective pressure are
changed. For example it can take place when p  chonges from low

pod

p_to moderate values of p
<5

& - =)

or from moderate o high p .
%

Soy empiric corralotion equation of cake propertiss for wide
range of p  and cake compressibility phenomenon analysis at the
w )

htd

position of thermodynamic system are done below.

As shown by practices the use of the empiric equation of the
forms

Y = A*pB (1)
5
and form
c
Y = » 2

ax (1+p /p )
s sl

to characterize compressible cake propertiesy i.e. cake
specific resistancey £ v s0lid phase volume fraction in o cakas
£ v cake permeabilityr Ky gives the most sntisfactory agre-

2

ement of approximated correlations with the experimental data in
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the average pressure range pS 1%10 1%1¢° Fa. Herd ps

ef fective pressurer acting on the cake skeleton. For the floc-
culated cakes and other easily deformed structuresy howevery
there are two areas of property change which differ in nature.
Thaese areas are conventionally separated by Pai™ value that

characterizes some range of the effective pressures where a
transition from one kind of rules to another takes place.
According to often used model cake properties do not change

when p < p_ . v i.e. they remain constant (Y = const)y Fig.l»
5 &1

only when p_ > p_. the process of cake packing takes place
5

(equation 2) or in a more simplified way the change of cake
propaerties is expressed by the exponenticl equation 1y

(Tiller F.»1988).

As systemotic data on the behaviour of the compressible cakes
under the influence of low effective pressurey p, * are not
availabley we'll triy to make o qualitative analysis of the

phenomenon.
First of all it owght Lo beor in mind that the knowledge

of unloaded cake properties (p = @) is relabtiver as such para-
unloa “

meters as K and £ can b estimated only in the result of
movement, of a fluid through a cakey thereforey condition p_= @

=2

i not satisfied. K - estimates by Coseny-Carman equation based

on £ and Sﬁ(ﬁpecific surface area ) give approximate values
of £ ' K0 or £ ? for p = 0y as the accuracy of the estimates of
/ 5¢ & o :

a specific particle surface area is not great and depaenids on
many factors that are often uncontrollable.

Thereforey it is reasonable to speak about “conventional”
cake parameters at pg= 2 obtained by extrapolation of the

experimental data.

When investigating compressible cake propartiscs the
conditions of cake formation should be +alken into account.
Regardless of cake forwmntion on filtration (effect of forces of
friction of a moving liquid)s or sehtling under the action of
gravitation force or electrostatic settlingy cake is formed
from the dispersed particles under the action of the effective
pres§ure imposed on so0lid perticle carcass. The order nf the
magnitude of Py =an  changey but it differs from Zero0.

In some models a surface layer is regarded as an unloaded
layer of the cake being formedy e.g. during filtration or
settling. Thig approach has some shortcomings too.

. Nh@ﬁ settling the boundary between a cake and a sUspension
1% not distinct. There is a smooth transition from the properties
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of a rcondensed suspension in the area closer to the cake
properties for the fine dispersed suspensions. During
filtration the particles experience dynamic loads even at the
moment of their deposition onto the cake surface.

Despite all the complexity of the problemy the derivation
of the qualitative models of the compressible cake behaviour is
extremely important for the low ps— ranger as the great volumes

of commercial suspensions with flocculated dispersed phase are
processed in industry. The nature of properties change of such
suspensions with low P, ~ values often determines all the further

procedure of the dewatering processes® by settlingy filtrationy
el ectrostatic settlingr etc.

Going back to the model of constant cake properties in the
range of P, { Py ( eq.1) the following disadvantages should

be noted?® First of all there is a jump in cake properties at the
point p » where | dY/dpwl changes from zero to maximum. This

S 1

means instantaneous displacement of the particles at P.= Py
- -

or instantaneous failure of an original structurey howevery in real
coakes thers are grodual qualitative changes with p  increase.

5

Furthermore s aodel poraseters ot p P, are not functionally
B P

Y

related to Lhe cake behaviogr in the range of p b op o and are

peaseat in Lhe agquotions 1 oand 2 as the coefficrients & and a
oniy (soale coefficignts).
Thansing an aquation we’tl aviginate fron ihie Sadt that

in the point p 0 therse should Be o seaooth frapsition from one

o
mt

rule of a cake deformation Lo another. For o and éQF it is

5
an dnoeeasing fonction and for - 2t g a decreasing function.
Ag a cake ds an arrarged systea ib brhoves ez non-Newhonic
body under thae influence of the effective stressy thol can be
charocterized by dY/dpq at point Psm ¢

To cover all range of possible rheological properties of a cakers

which is a decreasing functiony the chosen equation should satisfy
the condition® dY/dp can have any value from ¢ to o0. As a
S

ra@sulty a graphic interpretation of the equation to be chosen

will be as shown in Fig.2y if equation 1 is taken as an approx--

imate function for p > pc)i range ( as mentioned before in many
=1 % :

practical cases equation 1 is valid for this range J.
For different kinds of the curve in range I shown in Fig.2y
the following values of dY/dp at. p = @ are valid® curve 3 -
5 %

dY¥/dp _= @3 4 - dY/dp - final positive values 2 - dY/dp_= oo.
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lLet.’s assume that the change of a compressible cake parameter
in range I is described by the function Y = F](pg)v ps$ Pey?

and in range II - by the function y = f?(ps)y P_Y¥ psi

respectively. For a smooth transition of one function into

another the following conditions should be satisfied at the
point. p= psj=

Fatpgy) = fatpgydy (3)

df (p_.)/dp_ = df ,(p_ ) /dp_.

An analysis of various functional correlations has shown
that the function given below satisfies the above conditions:

¥
= ; = a%e »* (4)
Y fl(ps) axexp (h ps)v
for which
dY/dp = m*b*g*(pxml)*@xp(b*px).

=3 &

[
Thusy the point pgi can be conventionally regarded as a

trangition point from one mechanism of cake consolidation to
another. In the range psnu pci the contribution of the mechanisms
. =)

-

that determine the nature of cake consolidation isuappﬁbximatelg

the same.
When X = o dfl(psi)/dpsi df‘z(pgi)/dp5 » function Y=const

when pgé pSi vy and model going in equation 1 under restriction

p$¢ psi' Y=const.

The correlation between the cake characteristics in area I
and II under effective pressure.
Using (3) and (4) let’s establish the correlation between

equation (4) and (1) terms in the point P Py -

a*exp(b*p:i) = A*p:i

B

-1
s1

a*b*&*pggi *exp(b*pgi) = A¥Bxp

s

If psi and B are known from experiencer then



.1
= B/ (x% .
b $*p3,) (5)

It is difficult to apply the eq. S as it requires the
eastimation of X - value that can be found from experimental
results by the successive approximation method or by generalization
of the experimental data for various suspensions.
The coefficient (a) in the equation 4 can be represented as

follows

a = A*pzi/exp(B/s) (6)

In a particular case when X = 1 we have
B
= o= 3 -
b B/aP&a A psi/exp(B) (7

When ¥ = @ df )/dps = dr°(psi)/dps' function Y=const

.

(p .
1 psl
whean pS N quv and model going in equation 1 wunder restriction

Y=const,.
P Py v Yrcons

Fassing from a generalized formulation to o und<fg r we’ll

obtain a formula for the specific cake resistance

N
- #@wp (b )
A d.okexp(b*pﬁ Yoy P Py
i . 8)
L = K *pg ’ Pe 1 Pgi,
n N
where & = o #p . /exp(n/N)y b = n/(N¥p ).
a i osi 51
For the parameter £ . We have
E =& *exp\(b *pB) v P«
S 1% 1 's s a1
()
=& xpP
£s £i ps ’ ps ” psi

. \ B
k = ¥* B 2 = -
where & é.i pL;/exp(p /B ) and b, B/ *p_.)

With zero effective pressuresy = @ A = = =K
when N > @ and B ) 0. Ps™ O Aot <= S 50" KKy

Equation Y A
1990) 3 for K can be found from conditions (Tiller F.y Yeh C.v»
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*K = *K = @)
oAk L *K =k E ¥t (1

Used eq. (8) and (9) when ps< psi we’ll obtain a formula

for the permeability as follows

.o N B
K = expl-(bp_+ blps)]/(o(ogso) (11

(n+p )

- * »* (12)
K,= exp /N + B/Br/ck & wp TP

Equation (11) can be represente as follows

o e b D
K = hoexp(~b2p5)v

where bo and & is coefficientsy

~

A N B .
= + b (1\5)
. bﬁp% bpﬁ 1p5
After some transformations
¢ K . &
h@ hiexp(b/A)/psi (14)
8/86 = n/N + p/b. (1%)

N mn+ YK f ( . Y.
whare &mn p’v K. 1/ 41‘551
Fig. 3y 4 shows the correlation equations for sode experimental

data.

Us we see if B and N values negative the parameters dov¢fsoand

KO can’t be reach e.g. dY/dps= oo . It is a shortcomin of this model.

Sar the suggested equation for effective pressures range ps(psi

allow to get some qualitative evaluations of cake properties
correlations when pg« psi and when pS) psi' They also permit to

extrapolate data to point p§->0’ when N > @ and B > ¢. However

t
to confirm or to refuse these correlations it’s necessary to carry
out systematic research into cake properties in the range of pg« psi'

It should be admitted however that without general theoretical
approach to the problem under consideration any empiric correlations
are limited in their possibilities. That’s why we suggest to discuss
propaerties of compressible cake from the point of view of
nonequil ibrium thermodynamics.

The preconditions for that are the following® compressible cake
can be considered as open thermodynamic system which has nonlinear
equations of dynamics for description and inside of which the



-7 -
7 - . .
cooperative movement of particles -takes place when the range of
parameters deviation from equilibrium reaches a critical value.
As a result the system from unstable position passes to the
stable position which is accompanied by generating of a more

regular structure.
The processes in the cake under p_action can be discribed

. . S, .
as follows. Cake properties changing is developed on thermodynamic
branch of solutions when small -systematic deviations of processes
from equilibrium take place. The appeared cake structure
variations are abtained by continuous deformation of equilibrium
structures and therefore have considerable likeness with them.

But after some critical value of Pe the thermodynamic branch

of solutions become unstable. In that case any small disturbence
takes the system from thermodynamic branch to the new status which
has mare high structure regularity ( bifurcation of solution).

We can expect that near the critical point of p_ @ new solution

would be dependent from pS nonanalytically which is the most typical
for critical point in the region of high P

In all likelihood research into the theory of compressible cake
from the point of view of nonequilibrium thermodynamics may enrich
substantially our ideas of mechanise of caoke deformations formed
in hydromechanical processes. The worked out empiric equations
acquiring physical value.
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"Illustrations

Fig.1l. Graphic representation of empiric models used to
dascribe compressible cake properties. 1 - equation 1} 2 -

equation 2§ 3 - equation 1 far condition p§5 Pey? Y=const.

Fig.2. Graphic interpretation of the model to be chosen:

I - PS\< pSZ rangey II - pS ) Pg; range (equation 1).
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1 - parameter change function in range II} 2-4 - parameter

change function in range I.

Fig«¥. Pata < ve, p_ (Oracey 19653 for

: 11 0.185

FINE ILMENITEs p .= 6 P.S.Iuy p_ % p_ . ok = 1.72%10 " %p "~ 3
51 s s1 =)

11 -1.725
= 2- 2* "‘2. o] g -
pé¢ Pey « 672%107 " %exp ( 3488ips )

Fig. 4. Data £s= (1-£) vs. P (Gracer 1953) for

?.0428,
FINE ILMENITE» Pei™ 6 P.S.I.vvpsb psiérs_ 0.333*1:)S ’

_2-
{po. 55.—- 0.3b6%exp (~1.244%p _ 36 .

Pl Pgy
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