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ABSTRACT

With the advent of mechatronics it is now possible to move away from heuristics and develop well
controlled and instrumented pressure filtration apparati capable of computerised data acquisition.
The result is a filtration apparatus capable of automated constant, variable and stepped pressure
filtrations. In this paper it is shown how the latter can be used to significantly shorten the testing
time required for filter scale-up. Data are presented for the stepped pressure methodology and
these are favourably compared with results obtained from individual constant pressure
experiments.
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INTRODUCTION

Basic filtration data can be derived in laboratories with relatively elementary equipment, an
example being the single leaf filter operating at either constant under- or over- pressure. In some
cases it is possible to obtain data for sequential operations such as those constituting a filter cycle,
though performing such experiments manually gives limited information and can introduce
significant errors unless great care is taken. The need to manually perform tests and adjust
operational parameters to maintain chosen experimental conditions are variables that have led to
the widespread use of heuristics or ‘rules-of-thumb’ by filter manufacturers.

By introducing more sophisticated test apparatus where operator interference is replaced by a
philosophy that integrates electronics, computer technology and automatic control variable
pressure experiments can be performed with more confidence. Moreover, by correct sequencing
and software implementation a stepped pressure regime can be used to advantage. In a single
test the pressure is maintained at a constant level for an initial period and then stepped up to a
new higher level. The process is repeated with subsequent equal pressure increments. This
paper illustrates how the use of stepped pressures can significantly reduce testing times and aid
scale-up.

EXPERIMENTAL ARRANGEMENTS

The schematic in Figure 1 shows the principal components of a laboratory scale pressure filtration
apparatus capable of automated data acquisition over the range of pressure/flow regimes of
commercial interest. The level of hardware and software sophistication as well as equipment form
can be varied according to requirements as previously described**.

Briefly, the basic hardware comprised a stainless steel (s/s) dead-end Nutsche filter (of area up to
500 cm?) and a s/s suspension storage vessel connected by s/s piping and computer controlled
electro-pneumatic valving. A heater/cooler system regulated the temperature of the filter cell and
storage vessel between -5 and 70°C. Various transducers attached to the apparatus allowed
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pressures and other measured parameters to be recorded and/or controlled by the interfaced
computer and dedicated software.

In order to monitor the changing properties of a filter cake during a test, series of small electrodes
were fitted internally within a filter cell. The electrodes protruded a short distance into the cell and
were arranged in single vertical planes and the 15 diametric pairs were situated at 1 mm intervals
above the filter medium. Signals to the electrode pairs were switched by the computer via
electronic circuitry to give electrical resistance measurements of transient cake thickness and
solids concentration. Also positioned within the cell were 10 micro-pressure transducers. These
were capable of measuring the liquid pressure transients generated inside the forming cake and
filtering suspension within 500 ym of the filter medium.

The pressures required to progress filtrations were provided by compressed air and an electronic
pressure regulator over the range 10-600 kPa. The regulator was adjusted by electrical control
signals from the computer. The filtrate flow rate was semi-continuously transmitted to the
computer via successive timed readings of mass from an electronic balance.

A fixed (constant) pressure filtration was performed by providing a constant control signal to the
regulator. By monitoring flow rate, use of a closed loop IP negative feedback control algorithm
facilitated variable pressure filtration without changing suspension properties. The use of
sequentially incremented control signals, and hence constant pressures, allowed stepped pressure
experiments to be performed such that different pressure levels were applied for set times during
the duration of a test.

The experimental arrangement allowed consistent and repeatable experiments at either constant
pressure, constant flow (variable pressure) or stepped pressure conditions. The rate and
magnitude of any required pressure adjustments were dependent on the nature of the feed solids,
the compressibility of the filter cake and the desired process conditions.

Suspensions of calcite, talc or zinc sulphide dispersed in distilled water were used in the
experiments reported. By way of example, Table 1 shows some basic properties for talc. The filter
medium was either a Gelman Versapor 0.2 um membrane or a Madison Filter Primapor filter cloth.
In all experiments, the filtrate was visually clear.

RESULTS AND DISCUSSION

The experimental data in Figures 2-6 represent typical results from the apparatus. Other results
have been obtained to confirm those shown and some aspects of accuracy and repeatability for
parts of the apparatus have previously been described®?#¢,

Figure 2 shows constant pressure filtration data for three different suspensions. The data
emphasise the correct sequential nature of experiments when a mechatronics approach is taken.
Figure 3 illustrates that by computer switching of diametrically opposed electrode pairs within a
filter cell, transient solids concentration profiles could be measured and displayed throughout a
range of cake formations. Low compressibility cakes form with a near uniform solids concentration
throughout the cake thickness giving a relatively sharp transition from suspension to cake.
Conversely, cakes that exhibit increased compressibility show a greater range of solids
concentrations, and hence specific resistances, throughout the cake thickness and a more obscure
transition from suspension to cake.

Design equations based on classical filtration theory are used for illustrative purposes in Figure 4.
For constant pressure filtration, the principal design equation is:
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where t is the cake formation time, V the cumulative volume of filtrate, p the filtrate density, ps the
solids density, Ms the solids mass fraction in the feed, A the filter area, v the filtrate dynamic
viscosity, Ap the filtration pressure and R, the filter medium resistance.

The concepts of specific cake resistance (a) and cake voids ratio (e) provide a practical indication
of cake form and structure and through eqn. (1) relate the ease of separation to process variables.
When a degree of compressibility exists in a growing cake the use of a and e becomes more
abstract as values vary locally throughout the cake height to an extent dependent on the degree of
compressibility. In such cases (i.e. the majority of practical filtrations) our present level of filtration
knowledge necessitates the definition of average values such that:

a,, =a,(1-n)(Ap, )’ 2
e,, =€, —b,.log(Ap,) 3)

where Apc is the pressure gradient across the cake (which for design purposes can be
approximated to Ap) and ao, n, €0 and b; are empirical scale-up constants derived from sequences
of individual constant pressure experiments. In Figure 2 the appropriate scale-up constants for
each suspension have been used in combination with egns. (1)-(3). The predictions of V vs. t
performance are good in comparison with the experimental data for each of the three very different
suspensions and certainly adequate for filter design purposes; predictions of cake growth rate have
previously been reported by the author®. The significance of the mechatronics approach becomes
more apparent, however, when it is realised that the scale-up constants used in the calculations
were obtained using a separate mechatronic filtration apparatus. The approach indicates a basis
from which to develop standard test procedures, test equipment and filter design procedures.

The determination of scale-up constants from sequences of individual constant pressure
experiments is currently fundamental to the design and process simulation of filtration equipment®.
Due to the length of time required to perform these experiments, some researchers have
suggested the use of the stepped filtration test where a single filtration experiment is performed at
a number of incremented pressures’®. Each individual constant pressure phase of an experiment
is subsequently analysed to give a sequence of specific cake resistance and porosity values that
are correlated to give the required scale-up constants. Such tests have not been widely adopted in
filter design, however, the use of mechatronic filter test equipment offers the potential for more
widespread application provided predictions of variable pressure filtrations are suitably accurate.

Figures 4 and 5 show dt/dV vs. V plots for two examples of stepped pressure (SP) tests and
comparisons with data obtained from individual constant pressure (CP) experiments. In Figure 4,
50 kPa pressure increments were employed with a step in pressure occurring after each 240 s of
filtration. Although the stepped pressure data at 220 kPa and 420 kPa compare reasonably well
with the respective individual test data (in terms of gradient), it was difficult to establish sufficiently
accurate values of gradient and hence scale-up parameters for cake resistance. These difficulties
were manifested, for instance, by poor predictions of constant rate filtration when the scale-up
coefficients (e.g. apo and n) obtained from the stepped pressure experiment were used.

Figure 5 shows that if the step-up filtration was run with a time of 300 s between 100 kPa pressure
increments more reliable, though still relatively scattered, data were obtained. Figure 6 shows that
when these data were manipulated and re-plotted in the form of (t-t;)/(V-V;) vs. V then significantly
better data could be obtained. Such plots have the potential for more accurate calculation of scale-
up constants. In stepped pressure experiments, longer constant pressure phases generally give
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better scale-up predictions of, for instance, constant rate filtration performance that are close to
those obtained with sequences of individual constant pressure experiments?®,

Table 2 compares some of the scale-up parameters obtained from the different types of
experiment. This information, in conjunction with previous work®°, serve to confirm that relatively
small differences in empirical scale-up constants can make a significant difference to predicted
filtration behaviour and emphasise the need to perform experiments as carefully and accurately as
possible.

Under constant pressure conditions, the typical length of a filtration tends to promote greater
accuracy because of the amount of data generated over the linear region of a t/V vs. V plot. For
the stepped pressure regime, the amount of data available within each constant pressure phase is
significantly reduced and so (potentially) is the accuracy of data manipulation. Experiments
suggest that each pressure phase must be sufficiently long to establish pseudo-equilibrium cake
conditions and thus establish linearity for each portion of t/V vs. V. Detailed examination of Figures
4-6 indicates that a finite time is required following a pressure increment before reasonable
linearity of a dt/dV vs. V or (t-t)/(V-V;) vs. V is re-established. With step-up tests in particular, the
ability to manually analyse data and determine scale-up constants must be questioned. Results
indicate that the use of automated, mechatronic based, equipment offers significant advantages
and removes a large degree of operator interference from experimental filtration. If step-up tests
are to be commonly used it also appears that a similar approach is needed for data manipulation
whereby dedicated, interactive computer software is used to provide for a consistent data analysis
based on well proven algorithms and theories*.

CONCLUSIONS

The information and methodologies presented in this paper indicate how mechatronics can be
used to provide for better and more versatile filtrations. It has been shown how experiments can
be performed in a consistent manner over a range of pressure/flow regimes through software
control. Moreover, both individual and stepped pressure tests can be used to successfully predict
scale-up in filtration, the stepped pressure test having the benefit of a significantly shortened test
time.

The removal of uncertainties in experimental filtration and data analysis forms the basis from which
filtration research can progress and points to the development of a new filtration philosophy that
integrates a package for filter selection, design and scale-up with experimental data (see Figure 7).
Use of the philosophy could prevent the implementation of equipment whose actual performance
falls below anticipated operating demands, and certainly enables the user engineer to perform
independent checks on equipment manufacturers design and performance claims.

There is potential widespread application of the underlying methodology within the process and
related industries.
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Figure 1: Schematic of the mechatronic filtration apparatus.
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Figure 2: Typical constant pressure filtrations and predictions from eqn. (1). Filter area - zinc
sulphide: 23 cm?; calcite and talc: 80 cm?.
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Figure 3: Tomographic scans of constant pressure cake formations that exhibit a range of
compressibilities. Filter area: 80 cm?.
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Figure 4: Comparison of constant and stepped pressure tests for talc suspensions - increments of
50 kPa initiated every 240 s in the stepped test.
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Figure 5: Comparison of constant and stepped pressure tests for talc suspensions - increments of
100 kPa initiated every 300 s in the stepped test.
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Figure 6: Comparison of constant and stepped pressure tests for talc suspensions — some of the
data re-plotted from Figure 5.
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Figure 7: Outline schematic of the integration of equipment selection, scale-up and process
simulation.
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Parameter Measured value
50% particle size (um) 8.5

Particle shape Platelet
Iso-electric pH 2t

Max. C-potential (mV) -55 (pH = 11)*

a,, =a,(1-n)Ap]
e, =€, —b,.log(Ap,)

Example scale-up constants*

ao = 1.23x10% n = 0.42
€0 =3.70; b1 =0.35

Analar grade HCIT or NaOH* used to alter pH; #Example values from
sequences of individual constant pressure experiments (pressures in Pa).

Table 1: Characteristic properties of talc dispersed in distilled water.

every 240 s)

Type of test(s) ao (M kgt Pa™) n Correlation coefficient
for aay vs. Ap sequence

Sequence of individual constant 1.23x10° 0.42 0.97

pressure

Stepped pressure (200 kPa 9.40x108 0.43 0.99

increment every 480 s)

Stepped pressure (200 kPa 5.14x108 0.51 0.99

increment every 240 s)

Stepped pressure (50 kPa increment 5.45x108 0.53 0.97

Table 2: Typical comparison of scale-up constants for talc and different types of experiment.
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