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Flexible-membrane plate-and-frame filter presses are used by many industries to
dewater compressible slurries. The dewaterability of such materials is described well
by compressional rheology theory. The one-dimensional numerical model of fixed-cav-
ity plate-and-frame filtration described recently (Stickland et al. Chem Eng Sci.
2006;61:3818–3829) is extended here to include the squeeze phase employed by flexi-
ble-membrane filter presses. The model is validated by comparing full-scale plant data
from an industrial waste slurry with model predictions based on the fundamental mate-
rial properties of the feed slurries (measured using laboratory-based filtration tests),
the operating conditions and the press dimensions. The model is then used to investi-
gate the optimization of the throughput and final cake solids for flexible-membrane fil-
ter presses. By providing an accurate model based upon the material properties under
the filtration environment seen by the material, the need for pilot-scale tests is elimi-
nated. � 2007 American Institute of Chemical Engineers AIChE J, 54: 464–474, 2008

Keywords: filtration modeling, filter optimization, waste slurries, dewatering, separa-
tions

Introduction

A wide range of industries (including minerals processing
and water and wastewater treatment) use flexible-membrane
plate-and-frame filter presses to dewater slurries. Such
presses consist of concertinas of indented plates, which form
cavities between the plates when the press is closed. The
plates have flexible membranes or filter cloths mounted on

the internal faces. When a pressure is applied to a suspension
in the cavity, dewatering occurs and a cake forms against the
membrane. The membrane separation is constant and equal
to the cavity width during loading and fixed-cavity filtration,
and varies when the membranes are pushed together during
the air- or water-driven squeeze phase.

Plate-and-frame presses are used to recover valuable fil-
trate or reduce the water content in waste slurries. The per-
formance is measured in terms of throughput and final cake
solids, which depend on the press dimensions, applied pres-
sure, membrane resistance and feed slurry material charac-
teristics (including solids concentration, compressibility
and permeability). A one-dimensional model of fixed-cavity
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filtration for compressible materials was developed in previ-
ous work,1 based on the piston-driven filtration model of
Landman et al.2 This work extends this model to include the
squeeze phase exhibited by flexible-membrane presses. The
governing equation and appropriate boundary conditions are
outlined, scaled to the operating conditions, and solved using
a Runge-Kutta numerical method.

The flexible-membrane model is validated using onsite
data from a water treatment plant (WTP) in the United King-
dom, which uses an inorganic coagulant to clarify raw water
and employs a flexible-membrane press to dewater thickened
slurry. Model predictions using the phenomenological mate-
rial properties3 of the feed slurries (measured using labora-
tory-based filtration tests4), the operating conditions and the
press dimensions are compared with onsite results to show
that the flexible-membrane model represents the appropriate
filtration dynamics. The model is then used as a prediction
tool to optimize the design and operation of flexible-mem-
brane filter presses, focusing on the variation of solids
throughput with cake solids for different feed concentrations,
membrane resistances, applied pressures, cavity widths and
handling times. This work illustrates that, if the dewatering
properties of a material are known, model predictions can be
made with confidence and the need for pilot-scale testing is
eliminated.

Theory

The filter press cycle

The batch process of flexible-membrane plate-and-frame
filtration consists of four stages, as illustrated in Figure 1.
The first two stages involve loading the cavities with slurry
at constant solids volume fraction, /0, for time tL (see Figure
1a), followed by fixed-cavity filtration until time tF (see Fig-
ure 1b) using positive displacement pumps. Slurry is fed to
the cavities through central inlet ports and filtrate flows out
through peripheral ports. The applied pressure during fixed-

cavity filtration is DPF and the time taken to reach DPF is tP.
The third stage involves squeezing the membranes together
using air or water pressure (DPS) for time tS (see Figure 1c).
For this work, DPS � DPF and is assumed to be instantane-
ous in reaching its set point and constant thereafter. Variable
pressure (as a function of time or flow rate) may be incorpo-
rated but it must be monotonically increasing. At the end of
the cycle, the press is opened and the filter cake (with aver-
age solids concentration, /S) is discharged (see Figure 1d).
The handling time, tH, is the time taken to open, empty and
close the press, ready for the next cycle to begin. The total
cycle time, tT, is

tT ¼ tF þ tS þ tH (1)

Other stages such as bladder inflation or cloth washing can
be incorporated within tH, provided that the process does not
affect the cake. Processes that may affect the cake, such as
cake washing and cake desaturation (via vacuum or air-
blow), are not considered in this work.

One-dimensional filtration

The process is simplified to one-dimension, z, with the ori-
gin at the membrane (see Figure 2). The midplane of the
cavity at h(t) is the other boundary, since the cavity is sym-
metrical. With the one-dimensional simplification, the formu-
lation for piston-driven filtration with membrane resistance2

can be applied to the fixed-cavity and flexible-membrane sit-
uations. The formulation for the loading and fixed-cavity fil-
tration stages (0 � t � tF) is detailed in previous work,1

along with a discussion of the impact of the one-dimensional
approximation. The formulation for the squeeze-phase (tF \ t
� tF 1 tS) of flexible-membrane presses is outlined later.

The volume of the press at maximum cavity width, Vpress,
is approximately h0 multiplied by the total membrane area of
the press, Apress, where h0 is the midplane of the cavity dur-
ing fixed-cavity filtration. The error arises due to the baffles

Figure 1. Flexible-membrane plate-and-frame filter press cycle.

(a) Load; (b) fixed-cavity filtration; (c) flexible-membrane filtration; and (d) unload.
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used to keep the membranes apart and the feed and filtrate
ports. The average suspension throughput per unit membrane
area, Q, is given by the ratio of the total suspension through-
put to the total time:

Q ¼ VðtÞ þ hðtÞ
tT

(2)

V(t) is the filtrate volume per unit membrane area. Q is an
averaged quantity for the cycle with a maximum, Qmax, that
depends upon the behavior of V(t). The average solids
throughput per unit membrane area is /0Q. The conservation
of fluid volume during flexible membrane filtration is

VðtÞ � VF ¼ h0 � hðtÞ (3)

VF is the specific filtrate volume at the end of the fixed-
cavity stage. Substituting Eq. 3 into Eq. 2 gives

Q ¼ VF þ h0
tT

(4)

The throughput per run (VF 1 h0) is unaffected by the
squeeze phase, since slurry is not fed to the press during this
time. In the approximation that t is proportional to V2 during
fixed-cavity filtration (which requires negligible membrane
resistance, tL and tP to be zero and that the process remains
in cake formation) and tS is constant, Qmax is when tF equals
tH 1 tS.

5 This rule of thumb for flexible-membrane presses is
useful for finding the timescale of the optimum operational
regime, but is only an approximation since t is not always
proportional to V2 and tS is a function of tF.

Depending on the material characteristics, operating condi-
tions, and press dimensions, Qmax may equal either the fixed
or flexible limit. The fixed limit represents the throughput
when the squeeze is not employed (tS 5 0) while the flexible
limit represents the throughput when the squeeze begins as
soon as the cavities are loaded with slurry (tF 5 tL). The
relationship between Qmax and the limits and its implications
are explored in detail later.

Solid–liquid separation

The phenomenological model of compressional dewatering
developed by Buscall and White3 describes flocculated sus-
pensions as yield stress materials that dewater when the par-
ticulate network strength is exceeded. This strength is called
the compressive yield stress, Py(/), where / is the local sol-
ids volume fraction. Py(/) is zero at the gel point, /g, the
concentration at which the network forms. The rate of dewa-
tering is determined by the hindered settling function, R(/),
which is the hydrodynamic drag between the solid and liquid
phases and is the inverse of the permeability. Assuming neg-
ligible acceleration (gravitational or centrifugal), the relevant
governing equation to describe one-dimensional compres-
sional dewatering is3

@/
@t

¼ @

@z
Dð/Þ @/

@z
þ /

dV

dt

� �
(5)

D(/) is the solids diffusivity, which is defined as2

Dð/Þ ¼ dPyð/Þ
d/

ð1� /Þ2
Rð/Þ (6)

Initial and boundary conditions

The solution of Eq. 5 requires the appropriate initial and
boundary conditions. The initial conditions for the squeeze
phase are given by the filtrate volume, the cavity width and
the volume fraction distribution at the end of the fixed-cavity
stage:

VðtFÞ ¼ VF (7)

hðtFÞ ¼ h0 (8)

Zh0
0

/ðz; tFÞdz ¼ /0ðVF þ h0Þ ¼ /Fh0 (9)

/F is the average volume fraction at tF. There are no more
solids fed to the press; therefore, the global volumetric bal-
ance is given by a constant:

ZhðtÞ

0

/ dz ¼ /0ðVF þ h0Þ (10)

The solids pressure at the membrane, Py(/(0,t)) (which
gives /(0,t)), is the difference between DPS and the pressure
drop across the membrane2:

Pyð/ð0; tÞÞ ¼ DPs � gfRm

dV

dt
(11)

gf is the fluid viscosity and Rm is the membrane resistance.
The concentration gradient at the membrane, (@//@z)|z50, is
given by assuming that the membrane is impermeable to sol-
ids such that the solids velocity is zero:

@/
@z

����
z¼0

¼ � /ð0; tÞ
Dð/ð0; tÞÞ

dV

dt
(12)

Figure 2. One-dimensional filtration.

(a) Fixed-cavity filtration and (b) flexible-membrane filtra-
tion.
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As time gets very large, /(z,t) approaches the compressive
limit of the filter cake, /1,S, which is given by the applied
pressure:

Pyð/1;SÞ ¼ DPS (13)

As t ? 1, V(t) approaches the equilibrium filtrate volume,
V1,S, which depends on the preceding fixed-cavity filtration:

V1;S ¼ ðVF þ h0Þ 1� /0

/1;S

8>>>:
9>>>; (14)

Scaled equations

The problem is simplified by scaling z, V(t), h(t) and t to
Z, c(T), H(T) and T:

Z ¼ z

h0
(15)

cðTÞ ¼ VðtÞ
h0

(16)

HðTÞ ¼ hðtÞ
h0

(17)

T ¼ Dð/1;SÞ
h20

/1;S

/F

8>>:
9>>;

2

t (18)

Substituting these scalings into Eq. 5 gives the scaled gov-
erning equation during the squeeze phase:

@/
@T

¼ @

@Z
DSð/Þ @/

@Z
þ /

dc
dT

� �
(19)

DS(/) is the scaled diffusivity:

DSð/Þ ¼ /F

/1;S

8>>>:
9>>>;

2
Dð/Þ

Dð/1;SÞ
(20)

The scaled conditions at TF are

cðTFÞ ¼ cF
HðTFÞ ¼ 1

Z1

0

/ðZ; TFÞ dZ ¼ /0ðcF þ 1Þ ¼ /F

(21)

Note that the time scalings for the fixed and flexible stages
are based on the applied pressure and average initial volume
fraction of the individual stage and are therefore different.
The scaled membrane resistance during the squeeze phase,
bm,S, is

bm;S ¼ Dð/1;SÞ
h0DPS

/1;S

/F

8>>:
9>>;

2

gfRm (22)

bm,S gives an indication of the magnitude of Rm compared
to the material characteristics at the applied pressure. If bm,S

is very small, Rm is negligible compared to the resistance of
the filter cake and can be ignored. If bm,S is very large, the

filtration dynamics are determined solely by Rm. Substituting
Eq. 22 into Eq. 11 gives

Pyð/ð0; TÞÞ
DPS

¼ 1� bm;S

dc
dT

(23)

The concentration gradient at the membrane (Eq. 12)
becomes

@/
@Z

����
Z¼0

¼ � /ð0; TÞ
DSð/ð0; TÞÞ

dc
dT

(24)

From Eq. 9, the scaled conservation during the squeeze phase
is

ZHðTÞ

0

/ðZ; TÞdZ ¼ /F (25)

An iterative solution is needed since both /(0,T) and (@//
@Z)|Z50 are dependent upon dc/dT, which is determined from
the governing equation (Eq. 19). The iterative method is
detailed later.

In the case where /0 � /g, the feed slurry is networked
and the concentration at the top of the cake, /c, is /0. In the
case where /0 \ /g and the cake has not reached the mid-
plane during fixed-cavity filtration, an internal discontinuity
at Zc(T) may exist at the boundary between the feed slurry
and consolidating cake. /c 5 /g while the concentration
above Zc(T) is constant at /0. Equation 25 becomes

ZZcðTÞ

0

/ðZ; TÞdZ ¼ /0ðcðTÞ þ ZcðTÞÞ (26)

Numerical algorithm

The inputs to the model are the material characteristics
(Py(/), D(/), /g, and gf) and the operating conditions (h0,
/0, Rm, DP(t), tL, tP, tF, and tS). The fixed-cavity model1 is
used to evaluate /(z,t) and V(t) up until tF [giving VF and
/(z,tF)]. /1,S and V1,S are calculated, the scalings applied
and the conditions at TF set.

An iterative Runge-Kutta numerical algorithm6 is used to
solve the squeeze-phase governing equation, subject to the
appropriate boundary conditions. As with the fixed-cavity
algorithm, the scaled governing equation (Eq. 19) is simpli-
fied to two coupled ordinary differential equations by intro-
ducing the scaled solids flux, w(Z), and making a backward
difference approximation in time. The concentration gradient
at a particular time is

d/
dZ

¼ 1

DSð/Þ wðZÞ � /ðZÞ dc
dT

� �
(27)

The solids flux gradient at a particular time is

dw
dZ

¼ /ðZÞ � /<ðZÞ
DT

(28)

/\(Z) is the value of /(Z) at the previous time step.

The cumulative solids volume fraction, UðZÞ ¼ RZ
0

/ðZÞdZ,
is used to evaluate the conservation of solids volume (the
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nomenclature has changed from Q(Z) in Stickland et al.1 to
avoid ambiguity):

dU
dZ

¼ /ðZÞ (29)

For a given time step, DT, there is one unknown, dc*/dT,
which is solved using an interval halving technique. The ini-
tial upper bound is given by the inverse of bm,S, while the
initial lower bound is zero. An estimate of c, c*, is given by
a first-order approximation using DT, dc*/dT and c\ (the
value of c at the previous time step):

c� ¼ c< þ DT
dc�

dT
(30)

An estimate of H, H*, is given by Eq. 3. Equations 27–29
are solved using fourth-order Runge-Kutta steps of DZ from
Z 5 0 (where /(0,T) is given by Eq. 23 and w(0,T) 5
F(0,T) 5 0) until / 5 /c, Z 5 H*, or d//dZ[ 0. The accu-
racy of each step of DZ is checked using the truncation error
from the fifth-order Runge-Kutta step, and DZ reduced if
necessary. If d//dZ [ 0, dc*/dT is too low and becomes the
lower bound for the next iteration. If / 5 /c or Z 5 H*, a
test value for c(T), ctest, is given by F(Z) (from Eq. 26):

ctest ¼
UðZÞ
/0

� Z (31)

If ctest [ c*, dc*/dT becomes the lower bound for the next
iteration. Conversely, if ctest \ c*, dc*/dT becomes the upper
bound for the next iteration. dc*/dT is iterated upon until ctest
5 c* to within a user-defined accuracy (1028 was used
here). The algorithm then proceeds to the next time step,
until T 5 TS.

In the case where /0 \ /g and the cake does not reach
the midplane during fixed-cavity filtration, the transformation
to X 5 Z/Zc(T) must be made to avoid the discontinuity at
Zc. The method outlined for fixed-cavity filtration1 is used
here with the flexible-membrane boundary conditions.

Materials and Methods

Flexible-membrane filter press results from a full-scale
WTP were used to validate the model. The press dimensions
were Vpress 5 4.10 m3, Apress 5 324 m2, and d 5 0.032 m
(h0 5 0.016 m). The difference between Vpress and Apressh0
arises from the size of the baffles and the feed and filtrate
ports. DPF was 0.6 MPa and DPS was 1.0 MPa. The material
was a flocculated, inorganic coagulant-rich water treatment
slurry. The validation work for four runs consisted of using a
constant pressure filtration device to determine the compres-
sional properties of the feed slurry, Py(/), D(/), and /0,

4,7,8

and monitoring the press performance by measuring the final
average cake solids, /S, and the feed volume with time
(given by the number of strokes of the positive displacement
pumps and then converted to V(t)).

Results and Discussion

Validation results

A total of four filter press runs were analyzed, as summar-
ized in Table 1. tF varied from 4 to 16 h and tS was 1 or

1.5 h. tL and tP were constant at 20 and 30 min, respectively.
The average Rm, measured from the slope of dt/d(V2) vs. 1/
V,7 was (8.46 6 2.87) 3 1013 m21.

Two feed slurries from runs 1 and 2 were characterized
using stepped-pressure filtration testing. The material was
flocculated and above the gel point, such that the characteris-
tics of the individual particles were not significant. It was
screened upstream to remove all large objects such as twigs
and rags, and was thus assumed to be homogeneous on the
length scale of the flocs. The Py(/) and D(/) results, along
with parameters for power-law fitting functions, were pre-
sented previously1 as samples L1 and L2. Sample L2 was
also the feed for runs 3 and 4. /S averaged 0.1050 v/v com-
pared with /1,S 5 0.1346 v/v from extrapolations of Py(/)
using the power-law fits, suggesting that the runs did not
reach the compressive limit of the material.

The t vs. V2 results for the four runs at the WTP are pre-
sented in Figure 3. The results for both the fixed-cavity and
flexible-membrane stages are shown, since the outcomes dur-
ing last stage depend on the preceding filtration. The results
during fixed-cavity filtration were used to validate the fixed-
cavity model.1 After loading the press with slurry (0 � t �
tL), the transient data show an initially decreasing slope cor-
responding to constant flow-rate behavior because of the
ramping pressure (tL \ t � tP) and the effect of Rm. A linear
section follows, representing constant pressure cake forma-
tion. Toward the end of the cycle (t � tF), the results deviate
from linearity, and the process enters cake compression. The
fixed-cavity model shows all these characteristics, except that
the onset of cake compression is predicted at a later time
(not shown in Figure 3), because of the one-dimensional
approximation of a feed plane rather than the reality of a
feed point.1 The errors between the results and predictions
are smaller at shorter times.

To fully validate the flexible-membrane model would
require measurement of V(t) during the squeeze phase (tF \ t
� tS), which could not be measured at the WTP utilized
herein. Instead, VS was calculated from /0, /S, h0 and VF

using Eqs. 3 and 10 and connected to VF by a straight line in
Figure 3. Despite the lack of transient onsite data, the results
and predictions show similar trends. The differences predom-
inantly relate to the shift in VF due to earlier than predicted
compression rather than differences in the squeeze phase,
although cake unevenness due to transport of material from
the central feed inlet may begin to introduce errors in the
squeeze phase for large tF. The model predictions do show
the transient behavior, which indicates that the process enters
cake compression in some cases during flexible-membrane
filtration.

The onsite results and model predictions of cake solids
and throughput are given in Table 2. The model accurately

Table 1. Flexible-Membrane Filter Press Runs

Run
tL
(s)

tP
(s)

tF
(s)

tS
(s)

/0

(v/v)
/S

(v/v)
Rm

(1013 m21)

1 1,200 1,800 56,400 3,600 0.0091 0.1219 9.61
2 1,200 1,800 46,800 3,600 0.0104 0.0993 6.20
3 1,200 1,800 39,600 4,500 0.0104 0.1042 9.79
4 1,200 1,800 15,600 4,500 0.0104 0.0946 8.25
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predicts the throughput to within 7.6%, and the final solids
compare well to those measured onsite, especially for runs 2
and 3. Comparisons based upon final solids are limited, since
the cake varies within the cavity, although efforts were made
to get representative sampling of the cake. The accuracy of
the measured /S also affects the onsite calculation of Q, but
to a much smaller amount. Overall, the case study at the
WTP shows that by measuring the material properties in the
laboratory, the model is a useful predictive tool for design
and operation. For example, the effect of different floccu-
lants, flocculation conditions and operating conditions on
press performance can be predicted without relying on pilot-
scale tests.

The benefits of performance optimization are illustrated by
the onsite results in Table 2 without requiring any model-
ing—run 4, with the shortest tF, has almost twice the
throughput as run 1. As a result of this work, shorter fill
times were instigated at the WTP with corresponding
increases in press and plant throughput.

Flexible-membrane optimization

The flexible-membrane model was used in conjunction

with the dewatering characteristics of a water treatment

slurry in order to investigate the variation of throughput and

final cake solids with operating conditions. In general, flexi-

ble-membrane filter presses possess greater versatility com-

pared to fixed-cavity presses. The squeeze phase allows the

press to reach any desired cake solids below /1,S, such that

tS is a function of tF for a given /S under specified operating

conditions, compared with a set tF to reach a given /F during

fixed-cavity filtration. Figure 4a shows the squeeze time

required to reach selected values of final cake solids between

0.100 and 0.175 v/v (/1,S for this material at 1.0 MPa is

0.1794 v/v). tS for a given /S initially increases with tF from

the flexible limit at tF 5 tL since /F is larger (that is, the av-

erage concentration at the start of the squeeze phase is

greater and, therefore, the rate of filtration decreases). tS
passes through a maximum and begins to fall with longer tF

Figure 3. Transient filtrate volume results and model predictions for filter press runs 1–4.

AIChE Journal February 2008 Vol. 54, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 469



as /F nears /S, that is, the fixed-cavity stage is performing

all the work. The process is at the fixed limit (that is, tS 5
0) when /F 5 /S. Note that the results for /S 5 0.150 v/v

are curtailed and do not show the fixed limit, and the results

for /S 5 0.175 v/v do not show the maximum in tS.
Figure 4b shows the variation of the average solids

throughput, /0Q (from Eq. 4), with tT to reach the selected
values of /S. The flexible limit is at the shortest cycle time
and the fixed limit is at the longest cycle time (off the scale
for /S 5 0.150 and 0.175 v/v). An optimum cycle time
exists when the throughput is at Qmax. Q is low at small tT
since tS and tH are large compared to tF, and low at large tT,
since the rate of filtration during the fixed-cavity stage is
continuously falling. Q decreases slightly as /S increases due
to the extra squeeze time required. Despite changing ratios
of tF and tS, the optimum time is approximately constant for
the conditions presented.

The relationship between Qmax and the fixed and flexible
limits with /S (see Figure 5) provides valuable insight into
the optimization of plate-and-frame filters. Qmax for flexible-
membrane presses approaches the throughput for fixed-cavity
presses at low /S since tS approaches zero. At high /S, tS is
large compared with tF and Qmax approaches the flexible
limit. At intermediate to high /S, flexible-membrane presses

have greater throughputs than fixed-cavity presses, and
improved cake solids are possible due to the higher pressure.
This reflects the nature of fixed-cavity presses, such that both
throughput and cake solids are achieved over a fixed cavity
width, whereas for flexible-membrane presses, the fill-stage
gives the throughput while the squeeze phase is used to
achieve high cake solids.

Feed Concentration. The model was used to investigate
the effect of varying the feed concentration. Figure 6a shows
the squeeze time required to reach /S 5 0.15 v/v for
selected values of /0 from 0.005 to 0.020 v/v. tS at the flexi-
ble limit and at low tF is longer as /0 increases, correspond-
ing to greater cake solids at the beginning of the squeeze
phase. This trend reverses at long times since the fixed limit
(beyond the scale in Figure 6a) is reached earlier for higher
/0.

Figure 6b shows /0Q as a function of tT, again illustrating
the existence of an optimum cycle time when the throughput
is maximized. The effect of /0 on solids throughput is very
large—even though the filtration rate decreases with higher
/0, the volume of solids increases. Therefore, press perform-
ance is highly dependent on the performance of prefiltration
thickening or clarification. The highest solids throughput
occurs when the feed concentration is maximized. However,

Table 2. Onsite Measurements and Model Predictions of Final Cake Solids, /S, and Average Specific Solids
Throughput, /0Q, for Filter Press Runs

Run

Onsite Results Model Predictions

/S (v/v) /0Q (1028 m/s) /S (v/v) /0Q (1028 m/s) /0Q % Diff. (%)

1 0.1219 1.583 0.0926 1.702 7.52
2 0.0993 2.152 0.0988 2.106 22.14
3 0.1042 2.035 0.1096 2.089 2.65
4 0.0946 2.859 0.1186 2.642 27.59

Figure 4. Model predictions for an inorganic coagulant rich water treatment slurry for /0 5 0.02 v/v and varying
final cake solids.

(a) Squeeze vs. fill time and (b) solids throughput vs. total cycle time (DPF 5 0.6 MPa, DPS 5 1.0 MPa, h0 5 0.015 m, tL 5 1200 s,
tH 5 3600 s).
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the increase with improving /0 is less than proportional to
the benefit in /0Q—if the filtrate is valuable, Q is largest
when /0 is minimized (with the caveat that thickening or
clarification may be more economically feasible processes
than filtration).

The model predictions for the variation of /0Qmax with /S

for a range of /0 values are shown in Figure 7, along with
the fixed and flexible limiting behaviors of flexible-mem-

brane filter presses. Qmax is at the fixed limit for low /S and
approaches the flexible limit for high /0 and high /S. Figure
7 shows that the highest solids throughput is when the feed
concentration is highest, and that the benefits of improving
/0 on /0Qmax are consistent across the /S range.

Membrane Resistance. The model was used to investi-
gate the effects of membrane resistance. /0Qmax is plotted in
Figure 8 as a function of /S for various Rm values from 0 to
1015 m21. The results show that Rm 5 1013 m21 has little
effect on throughput, such that cleaning would be unneces-
sary. Rm 5 1014 m21 has some effect on Qmax, especially at
high /S where the flexible limit becomes important. Rm has
a greater effect on flexible-membrane filter presses than
fixed-cavity filter presses, since Rm has an influence at small
times when the cake resistance is smallest. For example, at
Rm 5 1014 m21 and /S 5 0.14 v/v, /0Qmax is 82% of the
Rm 5 0 case, whereas the corresponding value is 90.4% for
the fixed case. Therefore, cleaning may be beneficial at lower
membrane resistances for flexible-membrane presses than for
fixed-cavity presses. The results show that, at Rm 5 1015

m21, tS is always so large that the press must always operate
at the flexible limit, regardless of the desired cake solids.

Applied Pressure. The effect of applied pressure on aver-
age throughput was also investigated. The pressure values
correspond to typical values at WTPs. Figure 9a shows the
results for various fill pressures (0.6–1.0 MPa) at DPS 5 1.0
MPa. Increasing DPF improves the fixed limit throughput
and /1,F, but the versatility of flexible-membrane presses
negates this advantage at high /S. Figure 9b shows the
results for various squeeze pressures (1.0–1.5 MPa) with DPF

5 0.6 MPa. Greater DPS reduces tS, but the reduction is
small compared with tT such that the increase in throughput
is minimal. However, greater DPS also increases /1,S, such
that higher final cake solids are possible. For example, DPS

of 1.2 MPa allows /S 5 0.18 v/v whereas 1.0 MPa does not.

Figure 5. Model predictions of maximum solids
throughput vs. final cake solids for an inor-
ganic coagulant rich water treatment slurry
(/0 5 0.02 v/v, DPF 5 0.6 MPa, DPS 5 1.0
MPa, h0 5 0.015 m, tL 5 1200 s, tP 5 1800
s, tH 5 3600 s).

Figure 6. Model predictions for an inorganic coagulant rich water treatment slurry for varying feed concentrations
and /S 5 0.15 v/v.

(a) Squeeze vs. fill time and (b) solids throughput vs. total cycle time (DPF 5 0.6 MPa, DPS 5 1.0 MPa, h0 5 0.015 m, tL 5 1200 s,
tP 5 1800 s, tH 5 3600 s).
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While these trends with changing applied pressure are ma-
terial-specific (for example, greater DPS will have little effect
on /1,S for incompressible materials and a large effect for
highly compressible materials), the model allows compari-
sons between the costs and benefits of changing the applied
pressure if the material has been appropriately characterized.
For this water treatment slurry, increasing DPF has very little
effect and would not be considered an option for improving
filter performance. Greater DPS has some effect but only at
high /S, and thus would only be considered if the existing
performance was nearing the compressional limit and the
benefits outweighed the extra capital and operating costs.

Cavity Width. The most common cavity widths used for
the filtration of water treatment slurries are about 3 cm (h0
5 0.015 m), although some manufacturers do offer alterna-
tives. The effect of cavity width was investigated using the
model with a range of h0 values. tL was adjusted proportion-
ally with h0 to represent the reduced press volume (assuming
the same number of cavities). The throughput results are pre-
sented in Figure 10. Changing h0 from 0.005 to 0.025 m has
a large effect on both the fixed and flexible limits. The fixed
limit increases at low /S due to longer time spent in cake
formation and decreases at high /S due to later and longer
cake compression. The maximum in the fixed limit also
shifts to lower /S with greater h0. The flexible limit
increases across all /S with larger h0 due to greater initial
loading, with less effect at high /S due to longer tS.

Figure 10 shows that, despite these large changes to the
limiting behaviors, varying h0 has only a small effect on
/0Qmax for flexible-membrane presses. The smallest cavity
width has the highest throughput at high /S and is subject to
the fixed limit at intermediate /S. The largest cavity width
has the highest throughput at low /S (at the fixed limit) and
is at the flexible limit for intermediate to high /S. When not
at either of the limits, increasing h0 increases tS, but the

throughput loss is reduced by the larger initial loading. For
/S from 0.10 to 0.17 v/v, the difference in throughput
between cavity widths of 0.005 and 0.025 m was under 5%
for the conditions examined. Thus, while cavity width has a
large effect on the throughput of fixed-cavity presses, it does
not necessarily impinge on flexible-membrane presses pro-
vided that the press is operating close to its maximum
throughput for the given operating conditions.

Handling Time. Figure 11 shows the effect of tH on
throughput as a function of /S. Either automating the press,
enhancing cake release or increasing staffing can improve tH.
Qmax grows with decreasing tH since extra cycles are used
and more time is spent on high rate filtration. Therefore, the
shortest possible handling time is always the best. However,
the optimum tF and tS change with tH, such that consistent tH
is also important.

The fixed limit is affected by decreasing tH at low /S but
less at high /S, since tH becomes a smaller proportion of tT.
The flexible limit has greater importance with decreasing
tH—as tH is made smaller, the optimum tF and tS are
reduced, but tF decreases quicker such that the limit is
reached where tS is too large and Qmax is when tF equals tL.

Conclusions

This work details the theoretical development of a one-
dimensional model of flexible-membrane plate-and-frame fil-
ter presses and presents a numerical algorithm to solve the
governing equation. The model is capable of predicting the
behavior with or without membrane resistance for networked
and unnetworked feed slurries using any functional forms for
the material characteristics and is able to predict cake com-
pression during fixed-cavity filtration.

Figure 7. Model predictions of maximum solids through-
put vs. final cake solids for an inorganic coag-
ulant rich water treatment slurry at differing
feed concentrations (DPF 5 0.6 MPa, DPS 5
1.0 MPa, h0 5 0.015 m, tL 5 1200 s, tP 5 1800 s,
tH 5 3600 s).

Figure 8. Model predictions of maximum solids through-
put vs. final cake solids for an inorganic coag-
ulant rich water treatment slurry with varying
membrane resistance values (DPF 5 0.6 MPa,
DPS 5 1.0 MPa, /0 5 0.02 v/v, h0 5 0.015 m,
tL 5 1200 s, tP 5 1800 s, tH 5 3600 s).
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The model was validated by comparing actual press per-
formance during a case study at a WTP, with predictions
based on the material characteristics of the feed slurries
(measured in the laboratory), the operating conditions, and
the press dimensions. Although onsite transient data during
the squeeze-phase was unavailable, the model predictions for
final cake solids and solids throughput showed close agree-
ment to the measured values (within 7.6% for the through-
put). The case study illustrated that, provided the material
properties are measured, the model is a useful predictive tool
for design and operation, providing quantification of the

effects of changing materials and operating conditions and
eliminating the need for pilot-scale tests.

The optimization of flexible-membrane filter presses was
investigated for a coagulant-rich water treatment slurry.
While the operating conditions were chosen as typical values
for this material and the model results are dependent upon
the material properties, the model trends are expected to be
general for a wide variety of slurries. For given operating
conditions, a unique combination of tF and tS exists to reach
a desired /S at maximum throughput. This maximum is re-
stricted at low /S by the fixed limit and at high /S by the

Figure 9. Model predictions of maximum solids throughput with final cake solids for an inorganic coagulant rich
water treatment slurry under various pressure regimes (DPF, DPS) (/0 5 0.02 v/v, h0 5 0.015 m, tL 5 1200
s, tP 5 1800 s, tH 5 3600 s).

(a) Varying fill pressure and (b) varying squeeze pressure.

Figure 10. Model predictions of maximum solids through-
put vs. final cake solids for an inorganic
coagulant rich water treatment slurry with
varying cavity widths (and loading times)
(DPF 5 0.6 MPa, DPS 5 1.0 MPa, /0 5 0.020
v/v, tP 5 1800 s, tH 5 3600 s).

Figure 11. Model predictions of maximum solids through-
put vs. final cake solids for an inorganic
coagulant rich water treatment slurry with
varying handling time (DPF 5 0.6 MPa, DPS 5
1.0 MPa, /0 5 0.02 v/v, h0 5 0.015 m, tL 5
1200 s, tP 5 1800 s).
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flexible limit. Depending on the material properties, press
dimensions and operating conditions, the fixed limit becomes
significant for incompressible materials at low /S and small
h0, while the flexible limit becomes significant for extremely
compressible materials (such as wastewater slurries) at high
/S, high /0, high Rm, large h0 and small tH.

The effect on performance of changing various operating
conditions indicated that high solids throughputs are achieved
when the feed concentration is highest and the handling time
is minimized, providing that the operating procedures are
adjusted accordingly. In contrast, high slurry throughputs are
achieved when the feed concentration is lowest. For the
coagulant-rich water treatment slurry, there are only small
improvements with increasing applied pressure and decreas-
ing cavity width. The inclusion of membrane resistance
allows the development of cleaning protocols.
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Notation

Apress5 total press membrane area (m2)
D(/); DS(/)5 solids diffusivity (m2/s); scaled solids diffusivity

d5 cavity width (m)
h(t); H(T)5 feed plane position (m); scaled feed plane position

Py(/)5 compressive yield stress (Pa)
Q5 average specific throughput (m/s)

R(/)5hindered settling function [(Pa s)/m2]
Rm; bm,S5membrane resistance (m21); scaled membrane resistance

t; T5 time (s); scaled time
V(t); c(T)5 specific filtrate volume (m3/m2); scaled filtrate volume

Vpress5 total press volume (m3)
z, Z5 spatial dimension (m); scaled spatial dimension
DP5operating pressure (Pa)
/5 solids volume fraction
/g5gel point solids volume fraction

F(Z)5 cumulative solids volume fraction
gf5fluid viscosity (Pa s)
w5 scaled solids flux

Subscripts/superscripts

c5 cake
F5fixed-cavity (fill) filtration
H5handling
L5 loading
P5 ramping pressure
S5flexible-membrane (squeeze) filtration

test5 test value
T5 total
05 initial
15 equilibrium
\5value at previous time step
*5 estimated value
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