CONSIDERATIONS ON OPTIMISATION OF AN INTERMITTENT CROSS-
FLOW FILTRATION PROCESS

CONSIDERATII PRIVIND OPTIMIZAEA PROCESELOR INTERMITENTE
DE FILTRARE PRIN MEMBRANE

Abstract: This paper investigates the possibility of
finding periodic flow regimes consisting of
alternate phases of filtration and membrane
cleaning leading to large steady state permeate
fluxes, at least when the flux decline is mostly due
to the deposited cake layer on the membrane
surface.
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INTRODUCTION

Although membrane fouling is diminished in cross-flow filtration, it remains often
sufficient to dramatically decrease the steady state permeate flux. Many techniques have been
developed recently to reduce this disadvantage and to enhance micro filtration performance by
improving the mass transfer at the membrane surface of the retained species. Recent membrane
modules have been designed to include turbulent promoters, inserts to induce mixing, back-
pulsing and fluid instabilities. All these techniques have in common the battle against the
membrane fouling in the steady or non-steady regime. They aim at increasing back-migration
of solute to the bulk flow region and limiting the growth of the particle layer deposited on the
membrane.

Many methods have been used to increase turbulence in micro filtration. KNops et al.
used hollow fiber membranes themselves as turbulence promoters by placing them
perpendicular to the feed stream. COSTELLO et al. used a similar technique to that of Knops et
al. except that tests were performed on axial flow hollow fiber modules of varying packing
density and the presence of a generated transverse flow has been proposed to explain the
observed performances enhancement.

Turbulence can be increased by incorporating baffles in a tubular membrane which
create a secondary flow, fluid instabilities and local increase of the velocity. A periodically
spaced baffle has also been used in combination with a pulsatile flow by MACKAY et al. and
WANG et al. BOoTH concluded that the baffles and pulsatile flow enhance significantly micro
filtration performance.

Pulsatile flow techniques have been performed by MiLisic and BERSILLON and GUPTA
et al. and their efficiency is confirmed by many researchers among which Spiazzi et al. who
used a rotating perforated disc placed in front of the entering section of a tubular membranes
bundle to create temporary velocity increases in the various tubes successively. BELFORT,
demonstrated that at high frequencies the maximum velocity increases in amplitude and moves
away from the centre line and that the pulsative flow increases substantially the wall shear-rate.
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BELFORT and WINZELER and BELFORT have given an interesting review about the use
of TAYLOR and DEAN instabilities in boundary layers along curved walls to enhance the cross-
flow performance. The vortices produced in the flow result in very high wall shear-rate and the
performance improvement has already been tested on the laboratory scale.

Intermittently operated micro filtration has been reported by WHITE and LESECQ and
YAzHEN et al. according to different procedures. White and LESECQ used magnesium
hydroxide slurries in periodic operation during which filtration and cleaning stages are
imposed. Because of the reversible fouling involved with such a suspension, the cleaning phase
is realised by stopping the flow. When the flow is resumed, the permeate flux is not entirely
recovered and the initial flux of the cycle decreased linearly and a time-averaged steady state
was not reached. The time after which the operation is stopped for membrane regeneration is
determined according to the procedure used in dead-end filtration optimisation. The results
showed that such a procedure could increase the permeate production by quite significant
amounts in the case of reversible fouling but the optimisation procedure relied on many
hypotheses which are not experimentally confirmed. Yazhen et al. developed a theoretical
optimisation of a dead-end filtration with a periodic backwash to remove the cake and restore
filtrate flux similarly to that of the filter-press operation. The imperfectly removed internal
fouling causes the permeate flux to decrease from cycle to cycle and the required washing time
also varies and should be determined for each cycle. This time has been determined neglecting
the fact that the backwash flux increases progressively as the internal fouling is removed. In
addition, they did not take into account the fact that because of progressive fouling from a
cycle to another the membrane should be regenerated when too low a flux is obtained.

MATERIALS AND METHOD

2. THE PROPOSED EXPERIMENTAL SYSTEM

A proposed schematic of the experimental set-up is presented in Fig. 1.

The feed flow to the module is measured by an electromagnetic flow meter and the
permeate flux is measured by an electronic scale connected to a microcomputer. The inlet,
outlet, and permeate pressures are
measured by Validyne transducers via

¥ a data acquisition system.
Reservor The test bench is also
T equipped with a timer to program the
duration of stepped pressure and
P”I“;P — velocity changes. This timer acts on
e pneumatic valves inserted in the
J, circuit in order to switch the retentate
Plvpr P Tlochule and permeate flows from a low
resistance circuit to a high resistance

one containing a partially closed
valve. As shown later the switching of
circuits will permit to generate step
transmembrane pressure changes at a
constant feed velocity or step velocity
changes  without changing the

Balance transmembrane pressure. Such a
system is needed since the pump is
Fig. 1. Experimental schematic not truly volumetric and a sudden rise

in outlet pressure would decrease the
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feed velocity.

3. CALCULATION OF SPECIFIC HYDRAULIC ENERGY UNDER
UNSTEADY CONDITIONS

Since the filtration tests will be run with changing velocities and pressures, it is
necessary to use time-mean parameters in order to compare the various tests. The average
transmembrane pressure and permeate fluxes will be defined respectively by

(B = = [P0t )
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where T is the period of a full cycle consisting in a filtration phase of duration t; and a cleaning
phase of duration t..
T=t+t 3)
The mechanical energy conservation principle indicates that the net energy entering a
control volume is equal to the power W consumed by the viscous forces and the variation of
the kinetic energy of the mass material in the control volume.
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V s the velocity vector of the flowing fluid, N the external normal to the control volume and
S is its outer surface. P is the total pressure:
P =P+pgz+1/2pV2 (5)
The outer surface of the control volume can be considered as the sum of the 2 cross-

sections Sc through which the suspension flows and the lateral surface Sp of the membrane and
the following equation can be written.
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where P is the permeate pressure.

Since the permeate flow rate is a small fraction of the flow entering the module the
velocity V can be regarded to be the same at the inlet and outlet of the module and if gravity
effects are neglected (for a horizontal module), we can replace the total pressure by the static
pressure P in Eq. (6). Moreover if the permeate pressure P( is atmospheric, it can be taken as
zero in Eq. (6) using relative pressures. Thus

J' P,V -nds =0 @)
SP

In addition, because of the periodicity of the process the variation of the kinetic
energy is equal to zero over a period.
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With these considerations, the integral over a period of Eq. (4) gives the hydraulic

energy dissipated during a period T in the filtration module as:

T . T
W = J'o Wt = J'O(Pl ~P,)Qdt (9)

where P, and P-, are, respectively, the inlet and outlet pressures of the module. The specific
energy consumption in the membrane volume is then calculated as the ratio of the energy
consumed and permeate volume produced.
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Eg. (10) corresponds to the case of a filtration module located inside a circulation

W, (10)

sm

loop.

In that case most of the hydraulic energy is supplied by the recirculation pump which
yields a much higher flow rate than the feed pump and the main part of the pressure drop in the
loop occurs in the filtration module. Thus the numerator of Eq. (10) is close to the hydraulic
energy generated by the recirculation pump.

However, in a simple circuit with a simple pump and no recirculation loop, the pump
head must be equal to the total pressure which is totally dissipated by the viscous losses in the
membrane, the circuit and the valve at the retentate outlet. In that case the specific energy
consumption is given by

[ros

TJ S.d
t
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Egs. (10) and (11) will be used to compare the specific energy consumption per m® of
permeate for an intermittent procedure with alternate filtration and cleaning phases and a
conventional steady state operation.

Wy =

11

DISCUTIONS
There are three possibilities:

Fig. 2. a. Transmembrane pressure steps at constant velocity; b. Velocity step changes under a constant
ptm; c. Simultaneous velocity at ptm step changes.

4.1. Stepped transmembrane pressure changes at constant velocity

To achieve step changes in transmembrane pressure without changing the fluid
velocity it is necessary to follow the procedure indicated in Fig. 2.a. The reduction in
transmembrane pressure from Py is achieved by raising the permeate pressure from P, to P,
by closing the valve Ve and switching to the high resistance permeate circuit. In this operation
the retentate pressure is not modified and the fluid velocity is not changed even if the pump is
not perfectly volumetric.

A regime of periodic change in transmembrane pressure cannot lead to an increase in
the time mean flux in this case as compared to conventional steady cross-flow filtration at the
same time pressure. The time mean flux is given by
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While the steady flow value will be

r — Pim
m[Rm +Re ((Ptm )max )J (13)
While the steady flow value will be
P

I, = - (14)
* R, +R (P, )

The cake resistance Rc, governed by the maximum pressure will be higher than the
corresponding steady flow resistance at a pressure equal to the time average pressure of the
intermittent operation and Jt will be less than Jfs.

4.2. Velocity step changes at constant Py,

The procedure for achieving velocity step changes without change in Py, is indicated
in Fig. 2.b. The velocity is raised from V; to V, by closing the valve V| and switching the
retentate flow from a partially clamped circuit to a low resistance one but since the mean
pressure of the solution is lowered from P; to P, as a result of the lower resistance, the
permeate pressure must be lowered by the same amount from P, to Py to conserve the
transmembrane pressure.

4.3. Simultaneous pressure and velocity step changes

As mentioned earlier membrane cleaning may be more effective if the transmembrane
pressure is lowered at the same time as the velocity is increased. The procedure for achieving
such simultaneous pres-

sure and velocity changes is similar to that for velocity changes and is illustrated in
Fig. 2.c. The difference is that the valve V, is now closed during the high velocity phase in
order to raise the permeate pressure and obtain a reduced transmembrane pressure during this
phase.

RESULTS AND DISCUSSION

This work confirms that, in the case of superficial membrane fouling caused by
particles larger than the pores of the membrane, a procedure of intermittent filtration separated
by short phases of low pressure and high velocity can sustain a self cleaning regime. For the
cleaning mechanism to be effective, a critical stress must be attained at the cake surface so that
the top layer gets eroded and the particles diffuse back into the bulk solution.

This method can be regarded as a low frequency alternative to pulsatile flow
technique developed by Jaffrin et al. which produces periodic bursts of velocity and pressure
along the membrane at frequencies of about 1 Hz. It is probably easier to extrapolate at large
membrane areas than the pulsatile technique which requires a stroke volume of the order of the
membrane inner volume.

The energy calculations confirm that, in conventional steady flow filtration, a large
part of the hydraulic energy produced by the pump is wasted by the high kinetic energy
required to limit the cake growth. The intermittent filtration technique that we propose requires
in theory much less hydraulic energy to limit the cake growth.

However, our calculations based on experimental measurements of pressure and
velocities may not be representative of the actual electrical energy consumed by the pumps.

The reason is due to the large change in velocities required. If the reduction of
velocity is achieved by rerouting the flow in a bypass, not much energy will be saved at low
velocity. The same is true if the low velocity is obtained by increasing the load on the pump
through a partially closed valve. Obviously clever technical solutions must be found in order
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that the theoretical energy savings shown in Table 1 actually correspond to similar savings in
electrical energy supplied to the pump. Another difficulty lies in the fact that the high velocities
must be associated with lower transmembrane pressure while actually the pressure drop
increases.

It would be hazardous to extrapolate these data to the case of biotechnological fluids
containing colloidal particles. In that case the fouling phenomenon is more complex and not
exclusively on membrane surface. Thus the permeate enhancement obtained by this method
will be less.

6. List of symbols

Jr  permeate flux \ fluid velocity
Pm membrane average transmembrane pressure T period
P, total pressure W energy consumed during a period
P permeate pressure W, specific energy consumed in the whole
Q suspension flow rate circuit volume
R. cake resistance Wsm  specific energy consumed in the membrane
R, membrane resistance volume
Sc.  tubular membrane cross-section /X viscosity
S,  membrane lateral surface p fluid density
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