
Validation of a New Filtration Technique for 
Dewaterability Characterization 

Shane P. Usher, Ross G. De Kretser, and Peter J. Scales 
Particulate Fluids Processing Centre, Dept. of Chemical Engineering, The University of Melbourne, 

Victoria, 3010, Australia 

Characterization of the compressibility and permeability of flocculated suspensions is 
a time-consuming experimental process that often takes days to pe$orm. A new pressure 
filtration method developed characterizes a sample only in hours. Using stepped pres- 
sure filtration, the compressive yield stress P,. (4) and a hindered settling jiinction R ( 4 )  
of flocculated suspensions are determined as- a function of the solids volume ,fraction 4. 
Traditional pressure filtration experiments involve the pressure filtration of a particulate 
suspension in which the time of filtration t is monitored as a function of piston height 
from which the specific volume of filtrate V is determined. P,.($) is determinedfiom the 
equilibrium solids volume fraction. The gradient d(t/V)/dV is traditionally used to de- 
termine R($)  using a suspension filtration theory developed by Landman and White. 
The new method uses only one stepped pressure compressibility filtration test and one 
stepped pressure permeability filtration test to determine P,.(+) and R(4)  for multiple 
solids volume fiactions and substantially decreases the time required for sample charac- 
terization. To eliminate the influence of a stepped pressure on calculated permeabilities, 
the analysis of experimental results was modified using the gradient dt/dV2. Results are 
presented for a zirconia suspension comparing both single and stepped pressure filtra- 
tion. 

Introduction 

The mineral, pigment, water and wastewater industries 
produce millions of tons of wet particulate suspensions as 
process intermediates, wastes, and final products. It is usual 
to increase the solids concentration of these suspensions at 
some point in the process through methods including gravity 
settling. vacuum filtration, centrifugation, and pressure filtra- 
tion. Flocculants are added to encourage floc formation and 
thus enhance settling and compression rates. Flocculant se- 
lection and dose is often based on measurement of settling 
rates, while ncglecting to characterize the dewaterability of 
the sediment. 

A mathematical theory of the dewatering of flocculated 
suspensions has been developed by Buscall and White (1987) 
using the conccpt of a flocculated particle network structure. 

They established compressibility and permeability as physical 
properties that determine the dewaterability of flocculated 
suspensions. Compressibility is defined as a compressive yield 
stress Pv(4) ,  which is the minimum compressivc stress re- 
quired for the network structure to yield and compress irre- 
versibly for a given solids volume fraction I$. Permeability is 
determined from the hindered settling function R(+) = 
(A/Vp)r($), with units Pa.s.m--’. A/Y, represents the Stokes 
drag coefficient, with units Pa . s .m,  divided by the average 
particle or floc volume. The hindered settling factor Y( 4) is a 
dimensionless quantity which accounts for the influence of 
hydrodynamic interactions between particles on the rate of 
dewatering relative to the Stokes settling velocity for a single 
settling particle or floc. More specifically, R ( 4 )  is defined as 
the hydrodynamic resistance to flow through the suspension 
network structure as a function of solids volume fraction 4. 
R($)  is related to the traditional permeability k ( 4 )  with units 
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nil .  xcording t o  the following equation (Green. 1997) 

Thcsc nmaterinl properties can be used t o  predict dcwatcr- 
ing behavior in batch settling (Howells ct al.. 1990: Landman 
and White, 19941, continuous flow gravity thickening (Green, 
1997: Landman et al.. 1988) and pressure filtration (Land- 
man. Sirakoff. and White, 1991; Landman and White, 1994, 
1997; Landman, White, and Eberl, 19%). 

A limitcd number of methods have been proposed to char- 
acterizc P,.( d,) and R( d,) ;IS ;I function o f  solids volume frac- 
tion (/A P \ ( d )  can be dctermined using ;I centrifuge, as shown 
by Green (1997). but the measurements take from days t o  
weeks to perform. Detcrmination of R(4t,) from the nonhin- 
dered settling rate is possible at low solids concentrations be- 
low the gel point d3. which is the conccntration at which a 
flocculated suspension of particles first becomes fully net- 
worked. A pressure filtration rig can be used to determine 
both P , ( 4 )  and R(cb) at concentrations above thc gel point 
(Green. 1997: Landman et al., 1999: Landman and White, 
1994: Landman et al., 1995). 

The prohleni with characterizing the compressibility and 
permeability of particulate suspensions has historically been 
that the characterization time is too high. Standard constant 
pressure filtration requires five or more individual filtration 
tests to characterize a suspcnsion across ;I range of solids 
conccntrations. This is a laborious process that can take maliy 
days to analyze a large number of samples. A new stepped 
pressure filtration technique has thus been developed where 
a sample may he characterized from just one complete 
stepped pressure compressibility filtration test and one trun- 
cated stepped pressure permeability filtration test using the 
fundamental theory of Landman ct al. (1999). Full treatment 
of the technique and its application to characterizing dewa- 
tering behavior is presented separatcly (de Kretscr et al.. 
7001). This article uses the assumption of ii uniform cake 
porosity t o  enable a simple physical understanding of why 
stepped pressure filtration is used. The validity of  the stepped 
pressure filtration method is then backed up by experimental 
resul ts. 

Pressure Filtration 
The filtration rig used in this study is shown in Figure 1. 

The apparatus includes a cylinder filled with a flocculated 
suspension of particles at an initial volume fraction q+,. A 
pressure is applied to the top of the suspension via a down- 
ward moving piston with a pressure transducer mounted flush 
with the piston face. The pressure at the piston face P is 
used in  a feedback control loop with a computer and pneu- 
matic cylinder to maintain a constant applied pressure. When 
the cylinder diameter is small, the influence of wall friction 
can be significant. but the work of Green (1997) suggests that 
a cylinder diameter of 26.5 mm should be sufficient to mini- 
mize this effect. In the experiments described in this article. 
the cylinder diameter is 40 mm and wall friction has been 
ignored. The experimental setup used alao has the advantage 
that the controlled pressure is the pressure measured at the 
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Figure 1. Pressure filtration rig. 

piston face, as measured by a pressure transducer in  contact 
with the suspension. A permeable membrane at the base of 
the cylinder allows liquid to pass through hut retains the 
solids, gradually building up a filter cake. Filtration progress 
is measured over time t a s  a function of specific filtrate v o -  
unie V which is calculated from a measured piston displace- 
ment using a linear encoder. 

Siiigle pressure filtration 
Standard pressure filtration involves the application of a 

single constant pressure and enables determination of one 
compressibility and one pcrnmeability value for each test. A 
combination o f  individual tests can be completed to establish 
;I compressibility and permeability profile for a sample. In a 
standard single pressure filtration test, a constant pressure P 
is applicd until the filter cake stops compressing. The com- 
pressive yield stress PJb) at the equilibrium solids volume 
fraction 6 is cqual to-the applied pressurc, P. The gradient 
d(r/V)/dV is relatively constant during the middle stages of a 
filtration test. A single value of the hindered settling function 
R(d,6) is calculated for each gradient as demonstrated by 
Green et al. (1998). Landman and White (1997) have shown 
that this is sufficient to fully characterize. predict and opti- 
mize a filtration process. This singlc pressure method is ade- 
quate, but requires significant time with five or more individ- 
ual filtration tests required to effectively characterize ;i sam- 
ple. 

Stepped pressure filtration 
To reduce characterization time, a new stepped pressure 

filtration technique has been dcveloped. Stepped pressure 
filtration provides the option to fully characterize a sample 
from only onc compressibility filtration test and one trun- 
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cated permeatiility filtration test. The first test determines the 
compressibility at a rangc of pressures and another truncated 
pcrmcability test determines the hindered settling function 
over the same rangc of pressures. The step technique makes 
efficicnt LISC of time in terms of equipment use and labor. 

In thc compressibility test, the lowest pressure is applied 
until t h e  filter cake stops exuding liquid and then the pres- 
sure is stepped and so on. The data obtained give the com- 
pressivc yield stress P,.(4) for a number of solids volume 
fractions. Time is saved in that the cake formation time is 
avoided for all but the initial pressure. 

In the permeability test. the first pressure is applied until a 
specified gradient is stable, then the pressure is incremented. 
The hindered settling function R ( d )  is traditionally calcu- 
lated from the gradient of a t/V vs. V plot for a single ap- 
plied pressure. I t  will be shown that this method is not math- 
ematically justified when a number of pressures are applied 
in the one test. Experimentally. the t/V vs. V method pro- 
ducts crroncous gradients and subsequently incorrect R( d )  
v:iIues when the pressure is stepped. It will be shown that the 
problem hecomes progressively worse with the number of 
prcssui-e steps applied. Thus, the t/V vs. V method is not 
applicable t o  thc stepped pressure technique and another 
calculation mcthod using t vs. C'' is proposed. 

Mathematical Modeling 
The cxperiniental observation that a plot of t/V vs. V is 

approximately linear, in the initial stages of filtration, sug- 
gests that the Ixhavior is similar in form to Darcy's law based 
on the Hagcn-Poisseuille equation (Dahlstrohm et al., 1997) 
given by 

P 
- 

fi v 
rlt v( LY,,,M/V + r )  
_-  

whcre q is the filtrate viscosity, L Y , , ~  is the specific mass filter 
cake resistance. M' is the weight of cake solids per unit vol- 
ume ot filtrate. and r is the mcmbrane resistance. 

A modified differential equation has been developed to 
rnodcl the filtration behavior of a compressible networked 
suspension. The spccific mass filter cake resistance has been 
transformed t o  a specific volume filter cake resistance A 
which is a function of the applied pressure P. The specific 
filtrate volume V has been related to a physical filter cake 
height N .  a n d  membranc rcsistance redefined as LY to mini- 
mize confusion with the hindered settling factor. This gives 

rlV P 
dt q ( A B + c u ) '  
_ -  - 

Neglecting menihranc resistance, Eq. 3 becomes 

riv P 

dt qAB 
_-__ - 

Filter cuke compaction. After the pressure is stepped, a 
new filter cake at higher solids volume fraction develops up- 
wards by compression of the filter cake already present. 

Once the previous filter cake has been 
completely compressed to the new filter cake solids volume 
fraction. the new filter cake develops upwards by compres- 
sion of the initial suspension. 

Filter cuke growth. 

Initial filter cake formation 
A pressure PI = P, (d , ) .  is applied to a suspension a t  solids 

volume fraction 4(1 and the suspension is assumed to com- 
press to 4, from the base of the cylinder. This filter cake 
with constant volume fraction 4, grows as the pressure PI is 
maintained and the filtrate passes through the mcmbrane on 
the bottom plate of the cylinder. Given the filter cakc rcsist- 
ancc A, ,  corresponding to the application of pressure PI. Eq. 
3 becomes 

A solids mass balance relating the d j ,  filter cake thickness R 
to the specific filtrate volume V gives 

Thus. substituting Eq. 6 into Eq. 5 and then integrating from 
time t,, to t .  and specific filtrate volume k:l to li gives 

( 7 )  

Assuming b',l) = (0,O) corresponds to the siart of the 
filtration test gives 

Consequently. it  is predicted that during filter cake formation 

I f  however, ( t o ,  V,,) does not correspond to the 5t'irt of a fil- 
tration test. then dt/dV' remains unchanged but 

(4) Filter cake compaction 
At timc t = I ,  and specific filtrate volume V= Vl. the cb, 

The application 0 1  these concepts to the modeling of stepped 
pressure filtration involves three stages as defined below. 

filter cake thickness B, .  derived from Eq. 6 ,  is given by 

( 1 1 )  
Itiitial filter c ~ r k o  formation. Filter cake development up- +,I 

wards from thc base of the suspension by compression of  the B ,  = ~ ", . 
4 ,  - 40 initial suspension. 
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At this time, the pressure is stepped from P ,  to P1 = 

P, (&)  and filter cake compaction begins. A new filter cake 
with thickness B' and solids volume fraction I$? begins to 
form. The filter cakc develops from the base of the cylinder 
by compression of the 4 ,  filter cake. With the application of 
pressure P3 and the corresponding filter cake resistance A,. 
Eq. 4 becomes 

dV P3 
- 

dt qA,B' 

A solids mass balance relating the 4. filter cake thickness 
B' to the specific filtrate volume V gives 

Thus, substituting Eq. 13 into Eq. 12 and then integrating 
from time I ,  to t and specific filtratc volume V, 10 V ,  gives 

Thus. it is predicted that during filter cake compaction 

and 

ing gives 

( 2 0 )  

Equations 17-20 describe the material balance to calculate 
V2 in terms of V ,  for use in the filter cake growth Eqs. 21-25. 

In the filter cake growth stage. thc application of pressure 
P2 continucs and the 42 filter cake height B" continues to 
grow by compression of the original suspension at solids vol- 
ume fraction 4,,. Thus, in the filter cake growth stage. Eq. 4 
becomes 

A solids mass balance relating the d 3  filter cake thickness 
B" to thc specific filtrate volume 1.' during filter cake growth 
gives 

Thus, substituting, Eq. 22 into Eq. 21 and then integrating 
from time ( t ,  + t l )  to / and specific filtrate volumc ( V ,  + V ? )  
to V gives 

Conscqucntly. it is predicted that during filter cakc growth 

___=_____  
dV 2 P ,  (/>? - (b,, 

(24) 

4 t / V )  7'4, dl1 ( 16) ~ - ~ _ _ _  - nv' 2P1 Cb2-4, 

Filter cuke growth 
Soon, at time t = ( t ,  + t,) and specific filtrate volumc V = 

( V ,  + V z ) ,  the d2 filter cakc reaches tlic top of  the c/), filter 
cake. At this point. Eq. 14 simplifies to 

and 

(it qA, ch,, 
(25) -- _____ - 

rlV' ?P? $,-(bo. 

77A2 41 [,?, 
I ? = - -  2P ,  d2 - </>, - ( I 7 )  The gradient dt/dV' in thc filter cakc growth stage given by 

Eq. 25 is o f  the same form as that in the initial filtcr cake 
formation stage given by Eq. 9. Thercforc, the gradicnt 
( i r / ( i ~ 2  i n  the fi l ter  cake growth stage could he used in  the 
calculation of  permeability in stepped pressure filtration. 

Also, at this time. the d13 filter cake thickness B1. is given by 

V2. dl B, = ~ 

42 - 4, ( ") Membrane resistance 
Mcmbranc resistancc contributes an error to the modeled 

filtration behavior. The filtration behavior with membrane 
resistance a is modeled using Eq. 3 \vith applied pressure PI 
and corresponding specific filter cake resistance A ,  to give 

Equating the solids in each filter cake at V = V ,  and I; = ( V ,  
+ V 2 )  yields 

+B2 = d > , U , .  (19) 

(26) 
ri  li PI 
d r  q ( A , B + C Y ) '  
-= 

Substituting Eq. 11 for B , ,  Eq. 18 for B, and then rearrang. 
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As calcula~ed for the filter cake formation stage, integrating 
from timc til to t and specific filtrate volume V, to I/ pre- 
dicts t v j .  V behavior of the form 

77“ 
(V’-P‘f)+-(V-V,,) .  (27) 1 - t  =-- 

77.4 I 4,) 
( I  2 P ,  61-40 P 

Thc gradientj are then calculated to be 

and 

The crror tcrm (qcr/? PI V )  in Eq. 29 diminishes with increas- 
ing extent of filtration due to the inverse V dependence and 
becomes imignificant at high extents of filtration. 

Modeling summary 
The derived filtration Eqs. 8, 14 and 23 are summarized in 

Tdbk I .  Inspection of the filtration equations for the initial 
filter cake tormation and new filter cake growth reveals that 

Table 1. Key Filtration Equations 

they are identical in form with the exception of a constant. 
This constant can be explained as a time correction. When 
the pressure is increased during a filtration test, the filtcr 
cake at solids volume fraction d,  that has already formed is 
gradually converted to a filter cake entirely at &?. This filter 
cake took time t to form, but would have taken a different 
amount of time if the second pressure had been applied from 
the beginning. Thus, modeling predicts that the normal t/V 
1’s. V analysis to determine the hindered settling function 
would be in error for subsequent pressures due to the incor- 
rect definition of zero time. 

The predicted gradients d(t /V)/dV for each filtration 
equation are also tabulated in Table 1. The predicted 1/V’ 
dependence of d(t/V)/dV in the filter cake growth stage 
shows how the gradients in stepped pressure filtration differ 
from those in single pressure filtration. For single pressure 
filtration (that is the filter cake formation stage), Eq. 9 pre- 
dicts that dt/dV’ is equal to d(t/V)/dV. Fortunately, in 
stepped pressure filtration, the predicted value for dt/dV2 is 
also constant in the filter cake growth stage, after filter cake 
compaction. Use of the gradient dt/dV2 eliminates the influ- 
ence of the time correction. This suggests that the gradient 
dt/dV2 be used in the calculation of R ( & )  from stepped 
pressure filtration. 

After the pressure is stepped in a permeability test, the V 
at which compaction finishes can be calculated from Eq. 20 
using values of &, 4 ,  and d2 from a compressibility filtra- 
tion test. However, this condition is easily satisfied without 
such a calculation by waiting until dt/dV’ is stable. To detect 
stability, the variation in the gradient is monitored until the 
rate of change is below a certain level. In principle, this is the 
only control measure required because the gradient will not 
be stable during filter cake compaction. 

Materials and Methods 
To test the new method and modeling predictions, a coag- 

ulated zirconia suspension was characterized. 600 mL of zir- 
conia (ZrO,) suspension was prepared at a solids volumc 
fraction of (0.0991 +0.0006). The zirconia was obtained from 
ICI Australia Operations Pty. Ltd., Rockingham, Western 
Australia. This zirconia (ELECTRO-FINE 0.5 zirconia) has 
been characterized in the work of Green ( I  997). The average 
particle size by volume was determined as 0.47 p m  using a 
Leeds and Northrup Microtrac Particle-Size Analyzer. The 
solids density was taken as 5,720 kgam-j. A 0.01 M KNO, 
solution, made up from distilled and Milli-Q filtered water, 
was used as the suspending fluid. The suspension was initially 
adjusted to pH < 3 with concentrated nitric acid (HNO,) and 
dispersed with a high speed mixer. The p H  was then neutral- 
ized with concentrated potassium hydroxide solution (KOH) 
and allowed to stabilize over three months. The experimental 
pH was (6.63 0.07). The gel point &‘? is defined as the low- 
est solids volume fraction at which a suspension forms a con- 
tinuous network structure. At the test pH of 6.63. the gel 
point was calculated to be 0.06 using the equilibrium batch 
settling method proposed by Green (1997). 

The compressive yield stress and hindered settling function 
of the zirconia suspension were determined using single and 
stepped pressure filtration over a range of five pressures. The 
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initial solids volume fraction d,, was determined by weight 
loss on drying of a small sub sample. 

Single pressure filtration 
Five single pressure filtration tests, wi th  initial suspension 

heights of around 25 nim, were performed at pressures rang- 
ing from 50 kPa to 200 kPa. The equilibrium solids volume 
fraction d), for the applied pressure in cach filtration test 
was calculated from the initial solids volume fraction d,,, ini- 
tial suspension height h,, and equilibrium suspension height 
h ,  using 

’‘1, 
4, = 4 -  

I 
( 3 0 )  

The gradient d(//V)/clV was determined using the middle 
50% of data points in an effort to eliminate errors. Errors 
are due to the influence of membrane resistance, the time for 
the set pressure to be reachcd at the beginning of the test. 
and the compaction of the filter cake against the piston face 
at the end of the test. The term p’ was determined from the 
gradient using 

The p’ vs. P relationship was fitted to i i  power law ctirvc 
and the hindered settling function R(cb) was then deter- 
mined for each measured 4, using the following equation 
derived by Landnian et al. (1999) 

Stepped pressure filtration 
Stepped pressure filtration compressibility and pcrmcabil- 

ity tests were performed over the same pressures as the sin- 
gle pressure filtration tests. The stepped pressure tests were 
conducted twice. both before and after the single pressure 
tests. The compressibility tests also with initial suspension 
heights of around 25 mm. gave the equilibrium solids volume 
fraction for each pressure. The pcrmeability tests uscd an ini- 
tial suspension height o f  about 50 mni. During the test. cach 
data point was detected by a pulse sent from the linear cn- 
coder and corresponded to an increment in V o f  1.27X l o - ’  
m. The gradient dt/dV’ was calculated from lincar least- 
squares fits of the prcvious 30 (V .  t )  data points. At each 
pressure, the calculated gradient over the previous I20 data 
points was monitored until it was stable t o  within ii 1.75% 
tolerance. The average calculated gradient over these 120 
data points was recorded and the pressure stcppcd. Selection 

rate results and gaining results at enough pressures since 
waiting longer may give more accurate results. but reduce the 
number of  pressures that can be tested. For each set prcs- 

of t h r s c  stability cr i ter ia  a r c  a balance bctwccn gaining LLCCLI- 

6000 
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4000 - 
-!?. 3000 
)r 

2000 

1000 

0 
0 0.0001 0.0002 0.0003 0.0004 

V’ (m’) 
Figure 2. t vs. V 2  for a stepped pressure filtration com- 

pressibility test. 

sure. /J’ w s  determined from t/t/c/C” using 

(-33) 

For cach prcssurc. R( ch) was then calculated using Eq. 32. a h  

it w a s  fo r  single pressure filtration. 

Results and Discussion 
Compressiw yield stress determination 

Data for ;I stcppcd pressure filtration compressibility test 
of ii zirconia suspension a t  pH 6.67 art‘ sho\+n in  Figure 2 
using :I plot of t vs. V2.  For the first pressure o f  50 kPa, the 
data shows the initial filtcr cake formation region predicted 
by Eq. S. followed by filtcr cakc compression until the whole 
suspension is at the equilibrium solids volume fraction for 
the applied pressure. The pressure is then stepped with the 
suspension compressed t o  equilibrium through the range of 
pressures up t o  20(1 kPa. 

The compressive yield stress P,( cb) nicasurcments using 
both single and stepped pressure filtration haw been col- 
lected and are shown i n  Figure 3. The measured solids vol- 
ume fractions at each pressure vary by an average of 0.7c+. 
Thew variations show no systematic difference between sin- 
gle and stepped pressure filtration. but arc due to random 
and precision cri-ors. in addition t o  variation of s m p l e  prop- 
erties w c r  time. 

Hindered settling junction determination 
Experimental t /V \ s .  I/ hehavior f o r  single pressure filtra- 

tion is shown in Fipurr 1. shouing I-casonably linear behavior 
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Figure 3. Compressive yield stress P,,( Cp) determined 

from single and stepped pressure filtration. 

once the 50 !&I set pressure has been reached (V = 0.035 m), 
followed by compression at the end of the test. The experi- 
mental gradients d(t/V)/dV and dt/dV' for the 50 kPa fil- 
tration test arc shown in Figure 5. It is noted that all experi- 
mental and predicted gradients, d(t/V )/dV and dt/dV2, 
shown in Figure 5 and Figure 6, were determined from least- 
squares fits o f  tcn consecutive data points to smooth out ex- 
perimcntal fluctuations. Equation 9 predicts that d(t /V)/dV 
should be constant until the piston face reaches the filter cake, 
but Figure 5 shows that this gradient is not stable until ap- 
proximatelv half way through the test. The problem is that, 

k 2.OE+05 

A 15E+05 50 kPa set pressure 
reached at V = 0.0035 

T h e I / '  E 
v 1.OE+05 k I 

c I 

t 
0 0.005 0.01 0.015 

v (m) 
Figure 4. t /V vs. V plot for single pressure filtration at 

50 kPa. 
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-u $ 5.OE+06 

v - 
.- 

O.OE+OO 

reached at V = 0.0035 
, , I , ,  

0 0.005 0.01 0.015 

v (m) 
Figure 5. Gradients dt/dV2 and d ( t / V ) / d V  for single 

pressure filtration at 50 kPa. 

on startup, the set pressure is not attained instantaneously. 
Initially, air pressure in the pneumatic cylinder must build up 
to overcome friction at the piston-cylinder contact. The pres- 
sure then slowly increases to the set point so as to minimize 
pressure overshoot. This leads to a miscalculation of the time 
when the experiment effectively starts. Equation 10 accounts 
for this time issue and predicts that d(r/V)/dL' undercsti- 
mates the desired quantity, even after the pressure set point 
has been reached. Fortunately, this time error is not intro- 

W 

4-4 5 6.OE+06 
n 
a 4.OE+06 

.- 
F 

2.OE+06 

O.OE+OO ~~ - 
0 0.005 0.01 0.015 

v (m) 
Figure 6. Experimental and predicted gradients dtldV2 

and d ( t / V ) / d V  for a stepped pressure filtra- 
tion permeability test. 
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duced when dt/dV' is used. The initially high experimental 
gradient clt/dV' is partially due to thc lower applied prcs- 
sure prior to reaching the pressure set point and the effect of 
membrane resistance. The influcncc of membrane resistance 
is predicted to dissipatc with the extent of filtration. accord- 
ing to Eq. 29, and Figure 5 shows that i t  is experimentally 
insignificant once the set pressure has been reached. Thcre- 
fore, modeling predicts that dt/c/V2 can produce results simi- 
lar to those using d( t /V ) /dV  for it single applied piston pres- 
sure. but experimental results suggest an improvement in ac- 
curacy because dt/dV' is unaffected by timc errors associ- 
ated with experimental startup. 

Experimental and prcdictcd gradients for a stepped prcs- 
sure pcrmcability test are shown in Figure 6. The values of 
dt/dV' obtained from single prcssure filtration have bccn 
used to predict thc results in stepped pressure filtration using 
Eqs. 9. 16 and 25. During initial filter cake formation at 50 
kPa. the dt/dV2 prediction does not take membrane resist- 
ancc into account and therefore underestimatcs the experi- 
mental gradient. This influence is diminished with time. as 
predicted by Eq. 29. The gradient cit/dV' is well predicted 
during filter cake growth at higher pressures in accordance 
with Eq. 25. From Figure 6. it is cvident that the gradient 
cl(t/V)/dV in a stepped pressure test is not constant during 
filter cake formation or growth. Equations 10 and 24 predict 
that the gradient will vary with the inverse of the specific 
volume of filtrate squared ( l /V2) .  The predicted gradient 
d(t/V)/dV has been plotted against thc experimental results 
and correlates well with thc experimental data. During filtcr 
cake compaction, the dramatic changes in gradients pre- 
dicted by Eqs. 15 and 16 are observed, but not as strongly as 
prcdicted due to the step in pressure not bcing instanta- 

The observation that the gradients cl(t/V)/dV and df/dV' 
arc both well predicted using the modified Darcy's law equa- 
tions suggcsts that the modcl can predict steppcd pressure 

neous. 

8E+12 

6E+12 

4E+ 2 

2E+ 2 

1 .E+07 

- 

- 

- 

- 

8.E+06 

'' 6.E+06 0 
v 
4- 
S 
a, 

4.E+06 
2 
c3 

2.E+06 

O.E+OO 

A d(t/V)/dV (single pressure perm. tests) 
0 dtldVY (single pressure perm. tests) 
0 dt/dVY (stepped pressure perm. tests) 

I I I 

0 50 100 150 200 250 

Pressure, P (kPa) 

Figure 7. Gradients dtldV2 and d ( t l V ) / d V  determined 
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filtration behavior with reasonable accuracy. The shortcom- 
ing of the modificd Darcy's Law modeling is that it assumes a 
uniform solids volume fraction in the filter cake. The true 
situation involvcs a filter cake with a solids volume fraction 
distribution varying from the final volume fraction at the base 
to the initial volume fraction at the top. Fortunately, for the 
modeling conclusions to be valid. it is only required that the 
same solids distribution profile be obtained from different 
prcssure regimes. For example. the solids distribution profile 
o f  a suspension compressed 10 mm at constant pressure be- 
ing equal to that obtained if i t  was compressed to the same 
extent using stepped pressure filtration. How this issue af- 
fects the applicability of the stepped pressure calculations us- 
ing rlt/rlV2 rcquires verification with more comprehensive 
modeling tcchniques such as those employed by Landman and 
Russel (1 993). For now, experimental results are compared. 

Figure 7 compares experimental gradients from single and 
stcpped pressure filtration. As expected. all d t / V  )/dV gra- 
dients calculated from singlc prcssure filtration are signifi- 
cantly below the rlt/dV' valucs (18% on average) duc to the 
time error in Eq. 10. The single and stepped pressurc dt/dV' 
results are rcliable with an avcrage deviation of 3.6% for each 
applied prcssurc. Figure 8 compares experimental hindered 
settling functions K ( 4 )  for singlc and stepped pressure filtra- 
tion. Singlc pressure d(t /V)/dV values under-predict K( 4) 
values (27% on average) and thus significantly overpredict 
thc permeability of the suspension. dt/dV2 values in both 
single and stepped pressure filtration predict R ( 4 )  with an 
avcrage deviation of only 4.3'45. The data clearly indicates 
that d t /dV2  should be used for R ( & )  detcrmination. 

Sample characterization time 
For the five single pressure filtration tests. the total char- 

acterization time was around 7 h ,  including a sample 
changeover time of 40 min per test. Figures 2 and 6 show 
filtration data for steppcd pressure filtration compressibility 
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and permeability tests. These two tests alone enable charac- 
terization of compressibility and permeability of the zirconia 
suspension in a time that is halved to 3.4 h. When results 
from more than 5 pressures are required, the time saving be- 
comes even more significant. This quicker characterization 
reduces the likelihood that suspension properties will change 
due to influences such as flocculation degradation, p H  drift 
or chemical reaction. Thus, characterization via stepped pres- 
sure filtration is clearly advantageous. 

Conclusions 
Stepped pressure filtration allows characterization of sus- 

pension compressibility and permeability using only one 
stepped pressure compressibility filtration test and one trun- 
cated stepped pressure permeability filtration test. The com- 
pressibility test determines the compressive yield stress P y ( 4 )  
for a range of  solids volume fractions 4. The permeability 
test determines the hindered settling function R ( 4 )  for the 
same solids volume fractions. A new calculation method uses 
dt/dV2 to accurately determine R(4) .  The new dt/dV2 
method is more accurate than the previously used d( t /V ) /dV  
method because d(t/V)/dV becomes a function of specific 
filtrate volume 1.’ with pressure variations. 

Further Work 
At low pressures, the influence of membrane resistance can 

become significant. In the proposed stepped pressure filtra- 
tion technique, waiting for the membrane resistance to be- 
come insignificant in the calculated gradient increases filtra- 
tion time. When sample availability is limited, this limits the 
number of pressure steps that can be performed. If this error 
is predicted and corrected for, then more pressures can be 
tested with the same quantity of sample. 

Values of P and I/ are readily available during a filtration 
test so only the filtrate viscosity 7, and membrane resistance 
a ,  need to bc determined in advance to apply a correction to 
the gradient. The filtrate viscosity 7 can be determined from 
a range of standard rheological techniques. The membrane 
resistance a can be determined from the filtration of a liquid 
with no suspended solids. Solids free filtration behavior using 
Eq. 3 with filter cake height B = 0 predicts constant velocity 
filtration 

dV P 

dt r p  
- 

Therefore, thc membrane resistance is calculated using 

P 
dV . 

a = -  

5 

(34) 

( 3 5 )  

As a consequence, membrane resistance in stepped pressure 
filtration can be predicted and eliminated. Alternatively, if 
this influencc cannot be quantified accurately, then the final 
results should just take longer, but not be affected in terms 
of accuracy. 
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Notation 
A =specific volume filter cake resistance 

A I =specific volume filter cake resistance corresponding to the 

A >  =specific volume filter cake resistance corresponding to the 
application of pressure PI 

application of pressure P2 
B = c $ ~  filter cake height 

B’ = 42 filter cake height during 
B” =I& filter cake height during filter cake growth 
B ,  
BZ = 42 filter cake height at time t I  + t 2  
/ I , ,  =initial suspension height 
h f  =equilibrium suspension height 
P =piston pressure 
PI =applied piston pressure. 
P2 =applied piston pressure, <,,(4,) 

P , ( 4 )  =compressive yield stress 
r =membrane resistance 

r ( 4 )  = hindered settling factor 
R ( 4 )  = hindered settling function, ( A / y I ) r ( 6 )  

filter cake compaction 

filter cake height at time t l  

/ =time of filtration 

t i  =time when pressure is stepped 
t 2  =time for filter cake compaction 
V = specific filtrate volume, volume of filtrate dividcd by mem- 

FI =initial specific filtrate volume 
V,  =specific filtrate volume when pressure is stepped 
V2 =specific filtrate volume required to compact filter cake from 

w =weight of cake solids per unit volume of filtrate 
a =membrane resistance 

=initial filtration time 

brane area 

4 , . t o  42 

a,,, =specific mass filter cake resistance 
p ’ =filtration parameter 
4 =suspension solids volume fraction 
4,, =initial suspension solids volume fraction 
4I =filter cake solids volume fraction corresponding to applied 

4, =filter cake solids volume fraction corresponding to applied 
pressure P, = P&+, 1 

pressure P, = P, , (4z)  
=gel point 

4f =equilibrium solids volume fraction 
q =filtrate viscosity 

A,’?> =Stokes drag coefficient divided by average particle or floc 
volume 
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