
To the Editor: 
In “Validation of a New Filtration 

Technique for Dewaterability Charac- 
terization,” (July 2001), Usher et al. re- 
ported cake filtration data with incre- 
mentally increasing applied pressure 
and presented a model for data inter- 
pretation. This model was also applied 
in a subsequent study (de Krctscr ct. al., 
2001). 

The model was similar to the conven- 
tional cake filtration theory with some 
modifications. The purpose of this let- 
ter is to present our concerns about the 
work and to offer an alternative ap- 
proach. 

Our reservations can be summarized 
a s  follows: 

(1) The omission of the medium 
(membrane) resistance is questionable. 
Regardless of its rnagnitudc, it is the 
dominant resistance initially since there 
is no cake at I = 0. 

(2) The cake solidosity (4) was as- 
sumed to be uniform and at a value cor- 
responding to a compressive stress equal 
to the opcrating pressure. This is con- 
trary to the characteristic feature of 
compressible cake filtration, namely, the 
nonuniformity of 4 across the thickness 
of a cake. 

(3 )  It was assumed that during cake 
compaction no suspended particles were 
added to the cake/suspension interface. 
This assumption was at  variance with 
the manner with which the experiments 
were conducted. 

This new modcl gives a linear rcla- 
tionship between t (time) and V 2  (V 
being the cumulative filtrate volume), 
the gradient of which can be used to es- 
timate the specific cake resistance (or, 
in thc authors’ terminology, the hin- 
dered settling function R). By using this 
procedure, consistent values of R were 
obtained, which was construed as a pos- 
teriori validation of the model. 

The writers are of the opinion that 
instead of dcvcloping a new model, the 
conventional cake theory could very well 
be used for the authors’ purpose as a 
basis of their data treatment. For the 
clarity of subsequent discussions, Eq. 2 
of Usher et al. may be rewritten as 

whcrc it,,, is the medium resistance and 
M’ is the dry cake mass. aau is the aver- 
age specific cake resistance defined as 

hp,. is the pressure drop across the cake 
and p,, , ,  is the cake comprcssivc stress 
p, at the cake/mcdium interface. If one 
assumes d p f  + dp, = 0 ( p t  pore liquid 
prcssure), p,, , ,  = A p t .  

For constant pressure filtration, P = 
P,, = constant, integrating Eq. 1 yields 

and 

From Eq. 2 it is clear that (cY,,)~, ,  is 
a function of A p c  (and, therefore, f or 
V ) .  The quantity (w/V),  based on mass 
balance considerations can be ex- 
pressed as 

and 

- 1  
4= j L4dY (5b) 

Since the cake is progressively com- 
pactcd during filtration, 4 increases 
with time and (w/V)  is, therefore, a 
function of time as well. However, both 
( C Y , , ~ , ) ~ ~ ) ,  and ( i v /V)  have their asymp- 
totic values as time increases. Since 
A p [  4 p,, with increasing time 

0 

- 

(anc),,>, + ( Q U U ) P ”  (Ga) 

Similarly, the ultimate value of 7 is 4 
at p., = P,,, or 

Accordingly, if the data were taken un- 
der the condition that Eqs. Ga and 6b 
are valid, one has 

(7) 

With the above approximation, Eq 3 
suggests a linear relationship between 
I/V vs. V ,  the slope of which can be used 
to obtain the value of (aau) at p s  = 4,. 
This procedure has been used exten- 
sively during the past five decades. 
Equation 32 of Usher et al. is simply a 
re-statement of the above. 

One can readily apply Eq. 5 to the 
case where P is increased incremen- 
tally. The results are 

or 

V - Y - ,  
X- 2 + It,,,] 

1 = 1 , 2 ,  ... (8) 

where P, is the applied pressure for 
I , - ,  < I  < f, and y - ,  is the value of V 
at t = t , -  ,. 

Similar to Eq. 3, Eq. 8 suggests a lin- 
ear relationship between ( f  - t , -  ,)/(V 
- y -  I )  vs V. This relationship, in prin- 
ciple, can be used to obtain the values 
of (a,!,) at various P,’s. The derivative 
of (eat,) with P, then gives the constitu- 
tive relationship between a and p.\. 

The practidity of applying the sug- 
gested alternative, of course, remains to 
be tested. However, it is obvious that 
Eq. 8 is based on less assumptions than 
those given by Usher et al. The linearity 
of ( I  - ~ , . ~ ) / f V - y - ~ )  vs. V requires 
that data used in establishing this rela- 

AIChE Journal October 2002 Vol. 48, No. 10 2417 



tionship be taken at the condition that 
Ap,. = p i  and some criteria for assessing 
data should be developed. The medium 
resistance R,,  can be estimated from 
the value of dV/h  and t = 0. Oncc It,,, 
is known, the pressure drop across the 
medium Ap,,, can be found as Ap,,, = 
(dV/dt)q It,,, and Ap,.,= pi - Ap, , , .  The 
specific cake resistance can then be dc- 
termined based on data with A p c  being 
within it certain precentage of Pi. This 
proccdurc can bc repeated with in- 
creasingly stringent requirement on A p c  
until similar results are obtained. An- 
other requirement for Eq. 8 being valid 
is the accuracy o f  the values of t i-  and 
y.- I to be used. The fact that the prcs- 
sure increase did not occur instanta- 
neously may, therefore, present proh- 
Icnis in applying Eg. 7. 

Another issue of our concern is the 
on?ission o f  the wall friction effect in the 
determination of PY( 4). This omission 
was justified on thc.basis that the diam- 
eter of the test cell used was sufficiently 
large. Previous studies havc shown that 
the ratio of the cake thickness to thc 
cell diameter L/D and not D alone is 
the relevant quantity in determining the 
cffcct of the wall friction. Shirato ct al. 
( I  968) and Tiller ct al. (1972) reported 
that up to 20% o f  the applied pressure 
was consumed as wall friction with L/D 
less than 0.2. More recently, Tcoh ct al. 
(3,0()1) found that the wall friction of 
their niultifiinction test cell may ac- 
count for 16-35% of  the applied pres- 
sure ;is I./D increased for 0.19 to 0.25. 
The accuracy of the data reported can 
he better assessed if similar information 
can be supplicd by the authors. 

As :i final remark, i t  was stated in the 
introductions of both articlcs that PV( J,) 
and It(4) arc two fundamental quanti- 
tics characterizing the cake filtration 
process. They itre, however, directly rc- 
latcd to d) = + ( / I , , )  and cr = u ( p v )  
which havc I~ccri used in cake filtration 
studies over the past several decades. 
Hccause o f  this corrcspondcncc, one 
cannot arguc that one set of the entities 
is more physically significant than the 
other. On the other hand, using the 
constitutive expressions (J, = b,( p , J )  
and (Y = ( u ( p c )  docs havc one distinct 
advantage as they have been used in 
most filtration studies. The body of in- 
formation on J, and a available in the 
literature makes it easier to compare the 
results of future and past investigations. 
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Reply: 
I ten and Kamarao havc raised con- 

cerns over the validity of the “stepped 
prcssurc filtration” dcwatcrability char- 
actcrization technique, validated antl 
utilized in Usher ct al. (2001) and dc 
Krctscr et al. (200la). Their concerns 
relate to the simplistic filtration model 
applied to justify the use of the gradient 
dt/dV’ and the potential for errors due 
to niembrane resistance and wall fric- 
tion. Tien and Ramarao propose an al- 
ternative approach. They also qucs- 
tioncd the use of the compressive yield 
stress f’,,(G) and the hindered settling 
function It(d>) BS fundamcntal dewatcr- 
ing parmnetcrs. These concerns arc ad- 
dressed in  this lcttcr together with a 
critical response to the alternative ap- 
proach. 

Stepped pressure filtration 

. .. 

Stepped pressure filtration, utilized in 
de Krctscr et al. (2001a), involves the 
rapid characterization of suspension 
compressibility and permability over a 
range of pressures from one stepped 
prcssurc compressibility filtration tcst 
and one truncated stepped prcssurc 
permeability filtration test. Adoption of 
the technique enables significant reduc- 
tions in saniplc characterization time 
relative to the traditional method of 
multiple single pressure filtration tests. 
I n  the technique, a compressive yield 
stress f’,,(c/>) data point is determined 
from t h e  equilibrium solids volume 
fraction cf> for each applied pressure in 

the compressibility filtration test as a 
measure o f  compressibility. The gradi- 
ents dt/dV2 from each applied prcs- 
sure in the permeability filtration tcst 
iirc used with /’,,(&I data to determine 
hintlcrctl settling function R(J,), data 
points for cacti applied pressure, whcrc 
It( (/>I is inversely related to pcrnicabil- 
ity. The fundamental variation relative 
to traditional calculatiyn techniques is 
the use of dt/dV- rather than 
d(t/u)/dV. This clirninatcs the effect of 
stepped pressures o n  the gradient, but 
acids a membrane resistance effect in 
the early stages of filtration. Justifica- 
tion of tIic use of d t / d ~ ’  was prc- 
sented by Usher et al. (2001). 

Siniplietl Jiltrtrtion niorlditig. Highly 
simplified filtration modeling of prcs- 
sure filtration using a modified Darcy’s 
LAW was cniployed to provide some in- 
sight into filtration behavior during 
stepped pressure filtration. This simpli- 
fied modeling highlighted the differ- 
ences between the gradients dt/dV2 
antl cl(t/V)/CrV, when a stepped pres- 
sure was applied and also when mem- 
brane resistance was significant. The 
motlcling simplification of a uniform fil- 
tcr cake solids volume fraction b, is not 
valid for a compressible suspension. 
Ilowcvcr, during constant pressure fil- 
tration, fundamental dewatcring theory 
(Landnian and White, 1997) predicts 
that the average filter cake solids vol- 
iinic fraction is constant during ii filtra- 
tion tcst when membrane resistance is 
insignificant. As a result, the uniform 
filter cake simplification is justified for 
the purposes of understanding filter 
cake formation behavior. 

fti/luence or membrutie resistance and 
stepped pressure. The calculation 
method proposed by Usher et al. (2001) 
does n o t  account for membrane resis- 
tance and this has caused concern for 
Ticn and Kamarao. In most experimen- 
tal characterizations, membrane resis- 
tance rapidly diminishes in significance 
with an increasing extent of filtration V ,  
and can justifiably be ignored. In situa- 
tions whcrc membrane resistance rc- 
mains significant, simplified filtration 
modeling by Usher et al. (2001) sug- 
gests that a simple correction can be 
applied to the gradient dl/dV2,  with the 
effect of a previous stepped pressure not 
affecting the gradient dt/clV2 during 
filter cake growth. The correction 
method would involve subtraction of 
(qa /2PV)  from the gradient dt/dV2, 
given the extent of filtration V ,  pressure 
of filtration P, membrane resistance a ,  
and liquor viscosity q. 

1~roposed nlternatiucs to rlr/crV2. Ac- 
cording to the simplified filtration mod- 
cling employed in Usher ct al. (2001), 
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tradit ional use of the  grad ien t  
d t / V  )/dV in single pressure filtration 
is predicted to be superior to dr/dV’ 
becausc mcmbranc resistance is rc- 
movcd. I-lowcvcr, experimental results 
by Usher ct al. (2001) tlcmonstratcd that 
cf(r/V)/CrV is especially deficient whcn 
set pressures arc not attained instanta- 
neously and for stepped pressures. For 
stepped pressures, membrane rcsis- 
tancc also has a significant influence on 
d(t/V)/dV. Correction of the gradient 
d(//V)/dV to account for membrane 
resistance, stepped filtration pressures, 
an3 the time taken to reach pressure set 
points would not be experimentally fea- 
sible. As such, no practically applicable 
correct ion has been proposed. 

Tien and Raniarao suggest that, in 
principlc, the gradient d((t - /;- I)/ lV 
- V,- ,))/dV could be used instead of 
the gradient dt/dV’ for permeability 
determination. A method of this kind 
was considered in the development of  
the pressure filtration technique, but 
was not applied o r  recommended bc- 
cause of inherent limitations that make 
it inaccuratc and unworkable in a prac- 
tical sense. The principle limitation is 
that the tinic and specific filtrate vol- 
ume, whcn the pressure is stcppcd fi- 
and V,-  I .  ;ire not relevant filtration pa- 
rameters. This is partly because the first 
applied pressure and subsequent prcs- 
sure step changes cannot be applied in- 
stontancously. In addition, the initial 
stages o f  filtration after a pressure step 
involve compaction of the old filter cake 
bcforc growth of the new filter cake (as 
was discussed and modeled by Usher ct 

Suggestion that the membrane resis- 
tance could be determined from the 
magnitude of the gradient dV/& at t = 
0 was also found to  experimentally im- 
practical because the set pressure could 
not be applied instantaneously. Efforts 
to apply set pressures instantaneously 
would have increased the likelihood of 
excessive pressures being applied for a 
short period and caused the test to pro- 
duce invalid filtration behavior. As a rc- 
sult o f  these practical limitations, there 
were too many cumulative error contri- 
butions that could not be adequately 
accounted for or corrected for when us- 
ing the gradient d(r  - t i -  I)/(V - 
V,- I )/dV. As such, the ideas suggested 
by Ticn and Kamarao have not bcen 
developed enough to show potential for 
practical application. It can be shown 
that both a modified Darcy’s Law (Eq. 
27 i n  Usher ct al. (2001)) antl convcn- 
tional cake theory (Eq. 8 in Tien and 
Rarnarao) basically predict the same 
quadratic I vs. V filtration behavior. As 
B result, the more complex conventional 
cake theory has not provided any new 

al. (200 I)). 

insights that the simplistic modified 
Darcy‘s Law approach could not pre- 
dict. As ii result, no reasonable justifi- 
cation has been provided for challeng- 
ing the appropriateness of using dt/dV’ 
in  stepped pressure filtration dewatcr- 
ability characterization. Furthermore, it 
should be pointed o u t  that expcrimcn- 
tal volitlation of the stepped pressure 
approach is presented i n  both Usher et 
al. (2001) and de Krctscr ct al. (2001a). 

Wall friction 
It is a further criticism of our work 

that not accounting for wall friction in 
pressure filtration characterizations will 
contribute to error in the determination 
o f  P , ( c / ) ) .  Sugestions that up to 20% of 
the applied pressure could be con- 
sumed as wall friction for cake height 
(L) to diameter (D) ratios o f  L/D < 0.2 
arc not discounted outright, but do rc- 
quire further investigation. For the 
compressibility filtration tests employed 
in Usher et al. (2001) and dc Krctscr ct 
al. (2001a), the final L/D ratio was gcn- 
crally in the range 0.17-0.23. An impor- 
tant consideration whcn evaluating 
these tests relative to many piston 
driven filtration tests is that the applied 
pressure was that measured by a pres- 
sure transducer at the piston face rather 
than a n  externally applied pressure. For 
externally applied pressures, the fric- 
tional loss between the cylinder wall and 
the piston has bcen monitored and 
shown to consume a very large propor- 
tion of the applied pressure, leading to 
significant errors. In this situation, the 
wall friction between the cylinder and 
suspension is usually less significant. 
The agreement between measurements 
of the compressive yield stress parame- 
ter using a centrifugation technique, 
piston driven filtration, where the fric- 
tional loss of the piston on the wall has 
been removed, and via sedimentation 
suggusts the concerns raised by Tien and 
Ilamarao arc unwarranted. As stated, 
this assumes that the delivered pressure 
t o  the sample is mcasuretl, as distinct 
from the applied pressure. Despite this 
statement, our fundamental under- 
standing o f  the effects of wall friction is 
poor and, until more research delivers 
this understanding, the influence of wall 
friction can be minimized by using the 
largest filter diameter practical for the 
application. 

Fundamental dewatering model 
Simplistic modified Darcy’s Law thc- 

ory was used iis part o f  the justification 
of d f / d V 2 .  I-Iowevcr, thc proposed 
stepped pressure filtration suspension 
dewaterability characterization tech- 
nique docs not utilize this simplified 

niodcling, but uscs the fundamentally 
based calculation method provided by 
Lmdnian ct al. (1999). tle Krctscr et al. 
(200 la) considcrs this process in detail. 
Additional verification of thc stepped 
pressure ;ippro:ich is also presented by 
tlc Krctscr ct ill. (200lb) using the full 
Lanclnian and White (1997) theory 
adaptcd for stepped pressure tests. In 
this article both a permeability and 
compressibility stepped pressure test 
arc compared and agree with full model 
predictions with no assumption o f  con- 
stant filter cake solids concentration. 

The suggestion that conventional 
cake theory could be used for data 
trcntmcnt ignores t he developing trend 
of using /’,.(d) and /<(&I as standard 
nicasirrcs o f  dcwatcrability. These pa- 
rameters ;ire used because o f  their ap- 
plicnhility t o  the prediction and charac- 
terization o f  a wide range o f  dewatering 
operations, not just filtration. These op- 
era tions include batch se t tling, con tinu- 
oils settling, and centrifugation. This 
enables application of the same dcwat- 
crability data to the prediction of indus- 
trial filtration, thickening, centrifuga- 
tion and tailings dam consolidation op- 
erations. 

Other issues 
An important issue relating t o  

stepped pressure filtration involves dc- 
tcrniining whcn filtration has ceased for 
a n  applied pressure in ii compressibility 
filtration test. This is adtlrcssctl by dc 
Krctscr ct al. (20011~) based o n  the dc- 
scription of cake compression provided 
in Landnian and White (1997). Thcorct- 
ical antl experimental application o f  this 
theory has demonstrated the practical- 
ity o f  predicting the final solids conccn- 
tration of an inconiplctc pressure filtra- 
tion test. Application to stepped pres- 
sure filtration comprcssibility tests has 
the potential to further reduce charac- 
terization time and also to improve the 
;iccuracy o f  P,,( data. 

Conclusions 
To suni up, the first principle prcdic- 

tivc capability for filtration processes 
(invoking the theory of Landman ct al. 
( 1999)), using the parameters measured 
with the stepped pressure filtration 
technique. demonstrate clearly that the 
method is neither flawed nor ineffec- 
tive. The technique was developed to  
overcome many o f  the problems inhcr- 
cnt i n  dcwatcrahility characterization 
tcs t s, na ni c ly that t he c haractcr iza t ion 
process was both slow :ind nonauto- 
mated. The current method, whcn ap- 
plied t o  filtration characterization ap- 
paratus, allows portable, automated, in  
field, noncmpirical dcwatcrability char- 
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acterization in a fcw hours (depcnding 
on the pressure regime of interest). AS 
stated, the parameters are  applicable to  
a wide range of dcwatcring operations, 
not just filtration. T h e  use of the simpli- 
fied Darcian modcl t o  analyzc thc 
CC//CW’, as distinct from d f / V ) / d V  ap- 
proach taken here, shows clearly that 
although membrane resistance reprc- 
scnts ;I small error in this casc, it can bc 
correctcd casily and retrospectively. 
Also, problems associated with nonin- 
stantancous pressure stepping and thc 
time takcn for cake rcarrangement af- 
tcr a pressure step is eliminated. The 
method of Tien and Ramarao docs not 
;ic h ievc t ti is goa I.  
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