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The effect of pulsatile flow on particle deposition during cross-flow microfiltration
was studied to establish the degree to which backflushing and shear-rate changes in-
duced during pulsation alter cake formation. The minimum transmembrane pressure
and maximum absolute cross-flow velocity derivative were chosen to quantify the back-
flushing and shear effects, respectively. Experiments were conducted for pulsatile flows
with four distinct types of transmembrane pressure and flow-rate waveforms. In the
absence of backflushing, the cake resistance was reduced at high values of shear rate,
but not significantly affected at low values compared with steady flow. Tests at constant
shear rate demonstrated that the cake resistance was reduced when backflushing was
imposed on the system. In tests with two transmembrane pressure waveforms, cake
deposition was almost completely eliminated by instantaneous backflushing. Although
both backflushing and shear-rate changes reduce cake deposition in microfiltration,
backflushing achieved the greatest reductions.

introduction

Cross-flow microfiltration has grown to be a mature indus-
trial process in the past 30 years. Many inexpensive tech-
niques have been developed to reduce the decline in flux
usually observed during cross-flow microfiltration. Several re-
view papers (Ilias and Govind, 1990; Spiazzi et al., 1993;
Winzeler and Belfort, 1993) have summarized strategies for
controlling flux decline. Depending on the factors causing flux
decline in specific applications, the control can be placed in
one of three categories: modification of membrane, modifica-
tion of feed, and modification of fluid dynamics in the mem-
brane module. Among these approaches, modification of the
fluid dynamics has been the most popular.

Inducing pulsatile flow in membrane modules is one of the
most promising techniques for modifying the fluid dynamics.
Many successful examples have been reported over the last
ten years (Bertram et al., 1993; Ding et al., 1991, 1993; Gupta
et al., 1986, 1992; Jaffrin, 1989; Jaffrin et al., 1987, 1989, 1992,
1994; Rodgers and Sparks, 1991, 1992; Wenten et al., 1994).
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Among the mechanisms proposed to explain enhanced per-
formance in microfiltration, Ding et al. (1993), Gupta et al.
(1986), and Jaffrin et al. (1994) suggested that pulsation pro-
duced enhanced shear when flow reversal of the bulk solu-
tion was achieved. Spiazzi et al. (1993) suggested that the flux
was affected by the maximum of the cross-flow velocity.

In a detailed comparison of the filtrate flux and pressure
waveforms and pressure wave, Gupta et al. (1992) reported
that flux enhancement with a pressure wave involving a
short-duration (relative to cycle length) minimum followed by
a short-duration maximum was higher than when the maxi-
mum preceded the minimum. They postulated that, after a
stable pressure period during which a cake was formed, a
low-pressure peak caused destabilization of the cake layer.
Then during the high-pressure peak, high shear removed
many particles from the cake layer. With a waveform in which
the high-pressure peak followed the stable pressure period,
the high maximum shear removed fewer particles from the
cake layer than when the boundary layer was destabilized first.

Rodgers and Sparks (1991, 1992) reported that transmem-
brane pressure pulsing was more effective than the shear rate
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in increasing permeate flux. They showed that pulsing of the
permeate prevented the development of a cake on the mem-
brane surface, thereby reducing filtration resistance and in-
creasing flux. They attributed the effect of the pulsatile flow
on the flux enhancement to a translation of body force
through the membrane altering the concentration polariza-
tion boundary layer. A similar “backshock process” was ap-
plied by Wenten et al. (1994) to the filtration of yeast.

A previous report from this laboratory (Bertram et al., 1993)
presented the experimental investigation of collapsible-tube-
generated pulsatile-flow cross-flow microfiltration. That study
demonstrated that the collapsible-tube-generated pulsatile
flow was efficacious in the cross-flow microfiitration process
over a wide range of operating conditions of cross-flow veloc-
ity, transmembrane pressure, and solids concentration. In ad-
dition, analysis of the pulsatile parameters provided the fol-
lowing insights into the relationship between flux enhance-
ment and pulsatile parameters: (1) the ratio of the cake re-
sistance in pulsatile flow to that in steady flow was more
strongly correlated with pressure-related variables than with
flow-related variables, and (2) the cake resistance ratio was
most strongly correlated with the minimum pressure.

This article presents a further study on the effect of pul-
satile flow on particle deposition in the cross-flow microfiltra-
tion. This study has demonstrated that it is possible, by suit-
able choice of pulsatile conditions, essentially to eliminate the
formation of cake during cross-flow microfiltration. The cake
resistance can be reduced at high values of shear-rate-related
parameters, as well as when backflushing is imposed on the
system, compared with steady flow. Although both backflush-
ing and shear-rate changes can be utilized to reduce cake
deposition in microfiltration, backflushing achieves the great-
est reductions.

Proposed Mechanisms
Backflushing mechanism

In our previous work (Bertram et al., 1993) we found a
direct correlation between cake reduction and increasing
negative values of minimum transmembrane pressure P .
We reasoned that during the period of negative transmem-
brane pressure, the transmembrane flow was from the per-
meate side to the feed side. This back flow of the permeate
then carried the particles deposited on or near the mem-
brane surface back to the bulk feed flow. In this way the cake
on the membrane surface was eliminated or reduced.

To examine the effect of backflushing on cake reduction,
the transmembrane pressure waveform, which indicates both
the duration and the magnitude of the negative pressure, can
be parameterized. In this article, we have again chosen the
minimum value of the instantaneous transmembrane pres-
sure, P, (1), to quantify the extent of backflushing.

Shear-related mechanism

For techniques involving pulsatile flow without a negative
pressure peak, various researchers (Jaffrin, 1989; Jaffrin et
al., 1987, 1989, 1992, 1994; Kennedy et al, 1974) have re-
ported that the filtration performance was still improved over
that obtained for steady flow. These researchers have sug-
gested that, in pulsatile flow, the shear rate near the mem-
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brane wall was increased. According to the well-known
shear-induced diffusion model (Davis and Birdsell, 1987;
Zydney and Colton, 1986) or scour model (Fane, 1986), it is
assumed that more particles are carried back to the bulk flow
by higher shear.

To examine the effect of shear, the shear waveform at the
membrane surface should be measured and the mean, root
mean square (rms), or maximum wall shear evaluated. How-
ever, the temporal maximum in the shear is probably the main
factor responsible for flux improvement. Since the shear
scouring effect is not direction-dependent, the maximum of
the absolute value of shear can be used.

In our experiments we did not measure shear directly, but
determined it indirectly by measurements of flow-rate and
pressure as follows. It must also be noted that the crossflows
were turbulent in our microfiltration system (Li, 1995). Thus
shear at the membrane wall could not be estimated directly
from theoretical equations. Studies of velocity profiles for
laminar pulsatile flows at high Womersley numbers [a =
r(w/v)¥? > 1] in straight tubes show that the greatest veloc-
ity gradients occur in the fluid layer near the wall (Mc-
Donald, 1974). Therefore studies of fluid dynamics in the
Stokes layer have been adapted to provide insights into how
the shear near the wall can be related to other measurable
parameters.

Batchelor (1970) showed that pressure is approximately
uniform across the boundary layer. Therefore the pressure
gradient along the boundary layer is the same as the pressure
gradient of the bulk solution in the axial direction, approxi-
mated in this study by [P, (£)— P,,,()]/L,,,, where L, is the
(fixed) membrane length. For a given pressure gradient, since
the momentum of the fluid in the boundary layer is smaller
than that in the bulk solution due to the viscous effects at the
wall, the changing velocity in the momentum boundary layer
responds more rapidly to the pressure gradient than does that
of the bulk solution. Thus flow in the boundary layer con-
forms more closely to the pressure-gradient variation than
does flow outside the boundary layer. At the limit, where the
wall enforces zero momentum, the shear is in phase with the
pressure gradient.

Thus in circumstances where shear is related instanta-
neously to the axial pressure gradient, the maximum shear
can be regarded as being proportional to the maximum pres-
sure gradient along the membrane module, [P, (#)—
P, 5 ()] yax/L - Even in turbulent flows, where the local pres-
sure gradient varies chaotically, the overall pressure gradient
can be expected to provide a measure of the shear at the
membrane surface. Therefore the maximum of the absolute
pressure difference along the membrane module, | P, ()~
Py ()] ay» is usable as an empirical relative measure of the
effect of shear on particle deposition.

In deriving | P, (£)— P,,(t)| 4. from experimental
recordings, it was found that the pressure difference along
the membrane module in this study was relatively small com-
pared with the transmembrane pressure. Due to zero drift in
the pressure transducers, the experimental error involved in
measuring the pressure gradient could become large. Hence,
it was decided that the maximum of the absolute derivative
of cross-flow velocity, |dV, (¢)/dt|,,,, which was deter-
mined to be linearly related to | P, (t)— P,,()| pax
(Bertram, 1980), could be used to evaluate the effect of shear
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Figure 1. Maximum absolute value of velocity derivative
vs. pressure gradient along the membrane
tubes, showing a linear relationship between
these two parameters.

Those pulsatiie flows were used in the filtration experiments
(Figures 2 and 4). A, D = rig configurations (Figure 4); P,
Q = servo inputs for the defined waveshape of pressure and
flow rate, respectively; and 1, 2, 3, 4 = waveforms (Figure 2).
The line is the linear regression of all data.

on filtration behavior. The relationship between |dV, 1)/
dt] pa and | P, (£)— P, ()] .., for 16 pulsatile flows is il-
lustrated in Figure 1.

Experimental Method
Selection of idealized waveforms

To characterize the ways in which waveform shape can in-
fluence the effectiveness of a pulsatile flow, and to reduce
the number of experiments, we chose a small number of dis-
tinct waveforms for transmembrane pressure and cross-flow
velocity. Since the effectiveness of any given waveform shape
is likely to increase with frequency, frequency was main-
tained constant, at 2 Hz. The mean values of transmembrane
pressure and cross-flow velocity were also maintained con-
stant, at 100 kPa and 1 m/s, respectively.

For the pressure waveform, the major concerns were the
minimum value of the transmembrane pressure, P, ; the du-
ration of the negative pressure; and the rate of pressure vari-
ation. Four basic waveforms were selected for the experimen-
tal tests in this study, as illustrated in Figure 2. Wave-type 1
had a long steady-pressure phase and a short, negative low-
pressure pulse, akin to what is provided by collapsible-tube
pulsation. For this wave, when the pressure was lower than
zero, backflushing was expected to take place. The duration
of the negative pressure was short compared to the period of
the waveform. Wave-type 2 had an approximately sinusoidal
form; it provided smooth variation of the pressure. The dura-
tion of the negative pressure was longer than in wave-type 1,
and the rate of pressure change was lower than in wave 1,
but the minimum pressure reached was the same. Wave-type
3 was approximately square shaped, having the same ampli-
tude of pressure variation as wave 2, and the same minimum
pressure as both waves 1 and 2, but the longest negative pres-
sure duration. Wave-type 4 had a shortened sinusoidal dis-
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Figure 2. Designed waveforms for pressure and flow
rate.

Wave 1, dash-dot; wave 2, dotted; wave 3, dashed; wave 4,
solid line. All the waves had the same mean values and the
same minimum; except for wave 1, all the waves had the
same amplitude.

turbance, providing rates of pressure change comparable to
(but slightly higher than) those in waves 1 and 3, but without
the asymmetry of wave 1. These four pressure waveforms
represented the smallest number that would allow independ-
ent variation of each of the features of the pulsation deemed
important, so that the relative importance of these features
in terms of cake reduction could be determined.

For the flow-rate wave, the concern was to provide a
wide range of shear variation in terms of the parameter
| dV, [(t)/dt| ,,, through variation of the flow-rate waveform.
The important features of the waveform were the suddenness
of flow-rate change, amplitude, and the shape, which all re-
late to the rms shear. Four waveforms of flow-rates corre-
sponding approximately in shape to the four waveforms of
pressure presented in Figure 2 were developed; however,
these flow-rate waveforms necessitated quite different inputs
to the servo-controlled actuator than did their pressure coun-
terparts.

Independent variation of shear and backflushing

In order to distinguish between the two proposed mecha-
nisms, it was intended to maintain one effect (shear or back-
flushing) constant while changing the magnitude of the other
effect for each waveform shape. A simulation of the fluid
circulation in the system was conducted to demonstrate the
possibility of independent variation of the selected parame-
ters (Pp, and | dV, (1)/dt] ). The computer simulation of
an equivalent electrical analog circuit with only linear compo-
nents is described in the Appendix. Figure 3 shows the filtra-
tion apparatus that was simulated.

The simulation results suggested that a given pressure
waveform, shape, and amplitude could indeed be held con-
stant, while the flow-rate waveform was free to vary and vice
versa. This could be achieved by a combination of changes in
rig configuration along with carefully devised input signals
for the servo actuator.

The configuration changes explored in the simulation
amounted to changing the reservoir compliance and the fluid
inertance downstream of the membrane. Equivalent realiz-
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Figure 3. Filtration apparatus.
PI = pressure indicator; PC = pressure controller; LC =
level controller; R, R = variable pressure-relief valve; R =
ball valve.

able variations in the configuration of the filtration apparatus
shown in Figure 3 were bypassing or including the receiving
vessel tank in the flow circulation, and placing the membrane
module upstream or downstream of a one-meter-long flexible

From supply vessel

Flexible tube
00
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hydraulic pump
membrane
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membrane
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Figure 4. Selected rig configurations for the filtration

tests.

The main pump and the holding tank in the flow circulation

are not shown, but were the same for both configurations.
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Figure 5. Rate of velocity change vs. the minimum

transmembrane pressure for four waveforms
and two rig configurations.

The amplitude of each flow-rate waveform was kept approx-
imately the same (200 +5 mL/s) by changing the command
signal for each rig configuration. The figure shows values for
duplicate tests: A, D = rig configurations. The numbers indi-
cate the waveforms in Figure 2.

connecting tube (not shown). Among these possibilities, in-
cluding or omitting the receiving vessel was found experimen-
tally (as in simulation) to provide wider parameter variations

than varying the inertance downstream of the membrane
module. Two configurations, A with the membrane module
downstream of the flexible tube and with the downstream
tank in the circulation line, and D with the membrane mod-
ule upstream of the flexible tube and the downstream tank
bypassed, were selected for the filtration tests. Figure 4
shows these two rig configurations. Figures 5 and 6 present
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Figure 6. Rate of velocity change vs. the minimum
transmembrane pressure for four waveforms
and two rig configurations.

The amplitude of each pressure waveform was kept approxi-
mately the same by changing the command signal for each
rig configuration. Duplicate measurements are shown: A,
D = rig configurations. The numbers indicate the waveforms
as in Figure 2.
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experimental measurements of the variation of P, and
| dV, ((t)/dt | ,,, for various combinations of rig configuration

and flow-rate and pressure waveform.

Experimental apparatus

The components in the experimental apparatus were illus-
trated in Figure 3. The exact rig configuration for each exper-
iment varied as described in the previous section. The main
pump fed the supply vessel through a level control valve at
the inlet of the vessel. The supply vessel was pressurized with
air. When required (configuration A), a closed receiving ves-
sel was inserted downstream of the membrane module before
the fluid returned to the holding tank. By manipulating the
pressure in the supply tank and the resistance to flow back to
the holding tank, the mean transmembrane pressure and
cross-flow velocity in the membrane tubes could be adjusted
independently. A ceramic membrane of 0.2-um pore size
(Ceraflo, Millipore) was used for the experiments. The mem-
brane was in the form of a monolith, with 19 cylindrical bores
of 2.5-mm and 405-mm length, cut to fit an available stain-
less-steel housing.

An electrohydraulic-controlled-position servo system
(Moog Australia) was applied to a piston-in-cylinder as the
pulsatile-flow generator. This generator was connected as a
branch on the main fluid-flow recirculation conduit. In this
way, flow oscillation from the hydraulic pump branch was su-
perimposed onto the main flow. The command waveform to
the piston pump for each required flowrate or pressure wave-
form in the membrane module was obtained by system iden-
tification and modification through experimental iterations.
The waveform was synthesized digitally and converted to an
electrical signal using a 12-bit digital-to-analog (d/a) con-
verter.

The mean values and waveforms of P,,, and cross-flow-rate
@ were monitored using voltmeters and oscilloscopes, re-
spectively. The instantaneous pressures (P, P,,, and the
pressure upstream of the hydraulic pump) were measured
with wide-band pressure transducers (Kulite XTM-190). The
transmembrane pressure was obtained by connecting signals
from transducers at P,; and P,, to an analog summer to
produce the output signal P,,, = (P, + P,,)/2. The instanta-
neous flowrate into the membrane module was measured with
an SWF-5 square-wave electromagnetic (EM) flowmeter
(Zepeda Instruments). The instantaneous permeate flux was
measured using another EM flowmeter probe. The signal was
fed to both the main digitizing system and a separate analog-
to-digital (a # d) board (DT2814, Data Translation) for calcu-
lation of the average permeate flux over 30 s.

The instantaneous input signal to the hydraulic pump, the
pressures upstream of the hydraulic pump, up- and down-
stream of the membrane module (P, and P,,), flowrate up-
stream of the membrane module (Q), and permeate flux (J),
were digitized simultaneously by a 12-bit data-acquisition sys-
tem (DT 2752 and DT 2769, Data Translation). The sampling
rate was 500 Hz. The recordings were normally made over
2-s time periods. Thus, with a fluid oscillation frequency of 2
Hz, four complete waveforms were recorded.

Control tests

Control tests of filtration using distilled water as feed were
carried out for all pulsatile flows, that is, all waveform and
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rig-configuration variations. The flux under steady-flow con-
ditions was measured before and after each pulsatile-flow
condition. All the flux measurements at steady and pulsatile
conditions were taken for 45 min. After each 45-min mea-
surement, the membrane module was taken out of the rig
and backflushed with distilled water to measure the mem-
brane resistance.

Filtration tests

A 0.5 g/L silica suspension was used for the microfiltration
experiments. The mean particle size was 3.85 um, with a
standard deviation of 3.75 um, as measured by a Master-
sizer/E (Malvern Instruments, England).

For each pulsatile flow, filtration under steady-flow condi-
tions was conducted both before and afterwards. As for the
controls, all the filtration tests were conducted for 45 min.
The membrane was backflushed after each 45-min test. The
membrane resistance was estimated from the backflushing
flowrate. Before each steady—pulsatile—steady test series, the
membrane was chemically washed by soaking in hypochlorite
solution for 30 min, then backflushed with 2 L of MilliQ
water. In this way, the membrane resistance at the com-
mencement of each test was approximately constant.

Cake resistance was calculated from the filtration flux
measurement, using the resistance model

P,
R.=——R (1

where R_ is the cake resistance, P,,, is the transmembrane
pressure, u is the viscosity, J is the flux, and R,, is the mem-
brane resistance. Note that flux J is a time-varying parame-
ter. Thus, the value of R, changes over time. For the pur-
poses of determining the effect of pulsatile flow in the exper-
iments, the cake resistances for steady and pulsatile flow were
determined at 45 min. The cake-resistance reduction for pul-
satile flow compared with the corresponding steady flow was
calculated as

Rc,s - Rc,p

§=—‘T‘—, )

C,§

where R, =(R, , + R, ,)/2; R, ,, R,  and R, , are cake
resistance in the pulsatile flow, and in the first and second
steady flows. The reason for using cake-resistance reduction
rather than flux enhancement to represent the effect of pul-
satile flow is explained in the Discussion section.

Results
Control tests

Figure 7 presents the results of the control tests for four
pressure waveforms with rig configuration D. Similar results
were obtained for other pulsatile flows. It can be seen from
Figure 7 that, as expected, fluid pulsation did not affect the
flux of a pure liquid. The slight decline in flux over the total
testing time was not affected by changing from steady to vari-
ous pulsatile flows, or by the interruption of the test and
backflushing of the membrane. The membrane resistance
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Figure 7. Flux during filtration of distilled water for pul-
satile flows with four pressure waveforms and
for steady flows in between the pulsatile flows,
all at rig configuration D.

The membrane was backflushed and membrane resistance
measured in between the changes in the cross-flow condi-
tions. BF = backflush; ST = steady-flow.

measurement confirmed that the flux decline was indeed due
to increasing membrane resistance.

Filtration tests: Shear effect

Figure 8 presents the cake-resistance reduction results as a
function of the change in |dV,,/d¢| ,,, without backflushing,
that is, with positive P;,. The four pressure waveforms were
maintained constant when the rig configuration was changed
from A to D, while the flow-rate waveforms were free to
change. The pulsatile flow conditions are identified with an-
notations indicating the rig configuration and waveform. The
results in Figure 8 show that cake resistance always became
less as the value of the shear-related parameter |dV,_ /df|

increased.

Backflush effect

The effect of a periodic backflush on cake-resistance re-
duction was evaluated with tests in which the flow-rate wave-
form was maintained constant.

60
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Figure 8. Influence of |dV,,/dt| ., on cake resistance
reduction.

The pressure waveforms were maintained constant at con-
figurations A and D, with the amplitudes given in the leg-
end. Due to the nonsymmetric nature of wave 1, P ;. was
used to represent the magnitude of the wave.
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Figure 9. Cake resistance reduction vs. the minimum
transmembrane pressure.

The flow-rate waveform was maintained constant for each
pair of tests joined by solid lines. The data on the lefthand
side of the vertical dashed line were obtained with rig con-
figuration D, and the data on the righthand side with config-
uration A. The flow-rate amplitude for the first set of tests,
indicated by (i), was 215+ 15 mL/s, and the flow-rate ampli-
tude for the second set of tests, indicated by (ii), was 320+ 20
mL/s.

In Figure 9, the cake-resistance reductions are presented
against the minimum transmembrane pressure for pairs of
tests with constant flow-rate waveform. The amplitudes of
flow-rate waveforms were different for tests (i) and (ii). It can
be seen that, for a given flow-rate waveform, changing the
minimum transmembrane pressure from positive to negative
always reduced the cake resistance. Reducing the minimum
in transmembrane pressure from a positive value to a smaller
positive value had little effect on the cake-resistance reduc-
tion, as seen in tests with wave 2 (ii) and wave 3 (ii). Large
negative values of P, were more effective than small ones.

Discussion
Control tests

The increase in the membrane resistance can only be at-
tributed to the absorption of bacteria or other species from
the distilled water onto the membrane surface or in the
membrane pores. Observations by Elmaleh and Naceur (1992)
on the flux decline of filtration of a stored standard water
{obtained by prefiltration of tap water through a 0.8-um fil-
ter, followed by reverse osmosis and resin demineralization)
provide evidence that microorganisms can develop, and might
have developed, in the initially high-quality water.

The shear aspect of pulsation

Figure 8 demonstrates that, for each given pressure wave-
form, the cake resistance was significantly reduced at high
[dV,;/dt} . value, whereas at low {dV,,/dti,,, values no
significant change in cake resistance was observed under
steady-flow conditions. It is also obvious that the shape of the
pressure waveform had a significant effect on the reduction
of cake resistance. For instance, with waveforms 2 and 3, al-
though the variation of [dV ./df|,,, was smaller, much
larger variations were obtained in the cake-resistance reduc-
tion than with waveforms 1 and 4.
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A possible explanation can be found in the fluid dynamics
of the pulsatile flows. To begin, because the flows were tur-
bulent (Li, 1995), viscous momentum diffusion would have
dominated only in the boundary layer. Particle deposition at
the membrane surface takes place in the boundary layer.
When the pressure gradient produces acceleration of the
fluid, the thickness of the boundary layer is decreased. In this
way accumulated particles, brought into the boundary layer
by permeate flow through the membrane, can be partly trans-
ported back to the bulk flow by turbulence outside the
boundary layer. Hence particle back-transport will be en-
hanced during periods of fluid acceleration. In this study,
higher {dV,,/dt]|,,,, reflects a thinner boundary layer
achieved by the pulsatile flow and greater removal of the par-
ticles from the membrane surface region. Observing the ve-
locity derivative dV,,/dt of the four waveforms for rig config-
uration A presented in Figure 10, the duration of peak accel-
eration and deceleration was much longer for waveforms 2
and 3 than for waveforms 1 and 4. By offering more opportu-
nity for momentum diffusion in the boundary layer, this longer
time apparently led to greater cake-resistance reduction for
waveforms 2 and 3.

The backflush effect of pulsation

Figure 9 shows that negative P, values were an impor-
tant factor in the reduction of cake resistance. These results
suggest that instantaneous backflushing is an effective way of
interrupting the particle deposition at the membrane surface.
The results also show that for a given waveform with negative
P_.., the greater the negative P, the more the cake-resist-
ance reduction.

Comparing the four pressure waveforms for rig configura-
tion D presented in Figure 11, it is concluded that the shape
of the negative-pressure waveform also had an impact on the
cake-resistance reduction. Having the shortest backflushing
time, waveform 4 gave a much smaller cake-resistance reduc-
tion than did waveform 3, which has the longest backflushing
time. This suggests that even with backflushing occurring
transiently twice per second, the removal of particles im-
proves with the increasing duration of backflushing. In one
particular test with waveform 3, the cake-resistance reduction
reached 91%. In general, the optimal duration and form of
negative P, would be expected to depend on the accumula-
tion rate of particles near the membrane, the nature of the
particles, and the frequency of the backflushing.
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Figure 11. The waveforms of the transmembrane pressure and the cross-flow rate in flow-rate waveform-controlled

tests.
Rig configuration D.

In the results of cake-resistance reduction in Figures 8 and
9 some negative values exist, although the absolute values of
these negative cake reductions are relatively small ( < 13.5%).
This appears to mean that the cake resistances for those pul-
satile flow filtrations were higher than the cake resistances
during their accompanying steady-flow filtration. This phe-
nomenon can be explained in terms of cake formation at the
membrane surface. As shown in Figure 9, the cake resis-
tances were significantly reduced when the shear-related pa-
rameter |dV,,/dt|ma. exceeded a particular value for each
given pressure waveform. When the shear effect is not great
enough to remove all particles from the cake layer, however,
it is possible that the increased and time-varying shear due to
pulsatile flow caused the removal of only the bigger particles
from the top of the cake. Therefore the particles in the cake
layer during pulsatile flow would have been smaller than the
particles in the cake layer during steady flow. Although the
cake layer during pulsatile flow might be thinner, if it were
composed of smaller particles, the resistance could actually
be higher. The phenomenon has been called “particle classi-
fication.” Changes in the particle-size distribution influencing
cake resistance have already been reported (Baker et al., 1985;
Fisher and Raasch, 1985; Hoogland, 1994; Mackley and Sher-
man, 1992) in studies of steady-flow microfiltration.
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Method of assessment of pulsatile flow

In this article, cake-resistance reduction is used to mea-
sure the degree of influence of the pulsatile flow. In the past,
the flux during pulsatile flow has commonly simply been com-
pared with the flux during steady flow.

The relationship between the cake-resistance reduction and
the flux can be demonstrated as follows.

Combining Eq. 2 for the cake-resistance reduction with Eq.
1 for cake resistance, and the following equation for initial
water flux

- (3)

the cake resistance reduction can be expressed as

o I,
A

§=}——‘£—. )
|
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Figure 12. Comparison of cake resistance reduction
and flux enhancement for the filtration.

It includes all the data from the experiments in Figures 8
and 9.

This equation relates the cake-resistance reduction to J; and
J,, the fluxes for steady flow and pulsatile flow, and J,,, the
maximum flux the membrane can achieve under the given
mean values of P, and V..

When J = J,, the flux cannot be improved by any means.
When J,=J,, {=1, and there is no cake resistance during
filtration. When Jo=1;, (=0, and the pulsatile flow has no
effect on the cake resistance. Flux enhancement is of course
defined as J,/J; —1. Figure 12 shows that a linear relation
existed between flux enhancement and cake-resistance reduc-
tion for all the filtration tests conducted in this study.

The advantage of using cake-resistance reduction instead
of flux enhancement is that it gives a measure not only of
how much cake resistance was reduced by pulsatile flow, but
also of the extent of the flux enhancement compared to the
maximum flux achievable in the absence of slurry particles,
J,. In two of the tests the cake-resistance reductions were
91% and 79%, which we immediately know is close to the
maximum achievable. The same cannot be said for flux en-
hancements, which have no absolute reference point. Thus,
while some investigators have reported that flux was in-
creased severalfold by the application of pulsatile flow (Col-
man and Mitchell, 1990), it is difficult to evaluate how well
these pulsatile systems were performing in comparison to the
maximum achievable flux. As Figure 12 shows, however, flux
enhancement and cake-resistance reduction are different
measures of system performance; one is not derivable from
the other. The relationship between them is likely also to be
system specific. This implies that both have their place in
evaluating system performance, and particularly in compar-
ing different systems, and it would probably be best to enu-
merate both factors.

Conclusions

This investigation of the effect of pulsatile flow on particle
deposition has demonstrated that it is possible, by a suitable
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choice of pulsatile conditions, essentially to eliminate the for-
mation of cake during microfiltration.

The filtration tests with 0.5 g/L silica suspensions with
variation of shear while maintaining pressure waveforms con-
stant demonstrated that without backflushing, cake-resist-
ance reduction occurred for all four types of flow-rate wave-
form when sufficient values of the shear-related parameter
ldV,p/dt] . Were reached. With lower |dV, /dt] ,,, values,
the shear effect on cake resistance was either insignificant or
even negative. It was observed that the effect of shear on
cake resistance differed with the shape of the pressure wave.
For the pulsations with more gradual pressure variation,
the cake-resistance reductions were greater, although their
| dV, /At ] a values were lower compared with the waves in-
volving more abrupt pressure changes over a shorter time.

The filtration tests with and without backflushing while
maintaining the flow-rate waveform constant demonstrated
that, given similar levels of shear, the cake resistance was
reduced when the minimum in transmembrane pressure be-
came negative. For a given waveform, the cake resistance was
reduced more with more negative P, values. In two tests,
the cake resistance was almost completely eliminated by in-
cluding backflushing in the pulsatile flow.

Comparing the cake-resistance reductions attributable to
shear and to backflushing, greater reductions were obtained
through backflushing. In all tests, it was demonstrated that
with the quasi-square pressure waveform the backflushing and
fluid deceleration times were both longer than for the other
waveforms, and cake resistance reduction was high. Pulsatile
flows with briefly interrupted flowrate or pressure waveforms
were not so effective in reducing cake resistance.

Thus not all pulsatile flows are equally beneficial to the
filtration process. When there is no backflushing, shear alone
will only improve flux performance under certain conditions.
Therefore in the application of pulsatile techniques, it is ad-
visable to identify which pulsation factor will dominate.

For applications affected by shear alone, consideration
should be given to the following aspects:

1. If the materials in the suspension are shear-sensitive,
temporary high shear may harm the feed.

2. The effect of shear is most beneficial for suspensions
with a narrow particle-size distribution. For suspensions with
a large particle-size distribution, pulsation may cause particle
classification and lead to increased cake resistance and de-
creased flux.

3. Much of the beneficial effect of shear is associated with
higher-amplitude flow-rate variation, which implies higher
energy costs during operation.

For applications of pulsatile flow where backflushing is ap-
propriate, enhanced flux is almost guaranteed. The advan-
tages of using backflushing instead of shear to reduce cake
formation are as follows:

1. The effect of backflushing does not require specific mean
operating conditions. The process can be operated at lower
mean flowrates and transmembrane pressures, thereby re-
ducing operating costs.

2. Backflushing is independent of the particle-size distribu-
tion of the suspension, and should therefore be applicable to
the filtrations of difficult suspensions or solutions including
biomaterials. In fractionation applications, which require the
maintenance of a strict sieving factor at the membrane sur-
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face, backflushing should prevent particle deposition, thereby
maintaining the size separation.

Generally, pulsatile flow can be applied most easily to the
tubular and hollow-fiber membrane configurations. For other
membrane module configurations, more tests still need to be
conducted. Ceramic and other membranes with a rigid struc-
ture are likely to benefit most from the application of a pul-
satile flow. For nonrigid membranes the pressure changes
generated by the pulsation are partially dissipated by elastic
motion of the entire membrane and substrate. While such
motion itself may confer temporary advantages, it is likely to
lead to reduced membrane life.

Notation

iy,i,,i, =currents (ampere) simulating flowrate (m>/s) upstream of
the hydraulic pump, in the membrane module, and in the
hydraulic-pump branch
r =tube radius, m

t =time, s
vy, ., =voltage (V), simulating pressures across the capacitor C,,
and C,

(&
v = momentum diffusivity, m?-s”
o =radian frequency, s~!

V. ; =cross-flow velocity, m-s™! .
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Appendix: Simulation of an Electric Analog of the
Pulsatile Flow Circuit

In the electric-circuit simulation, voltage and current be-
have like pressure and flow rate, respectively, in the fluid
circuit. A network of resistors, capacitors, and inductors can
be devised to represent the viscous resistances, compliances,
and inertances in the pulsatile flow. The equivalence be-
tween the hydrodynamic parameters and the electric parame-
ters is given in Table Al. Well-known mathematical expres-
sions and the numerical simulation of the analog electrical
circuit itself through digital programming make a convenient
method for estimating the behavior of the pulsatile fluid sys-

Table Al. Equivalent Electric Circuit and Fluid Dynamic
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Parameters
Electric Variables Hydraulic Variables
Name and Unit  Relations Name and Unit Relations
Current (A) i Flow rate (m>/) o
Voltage (V) v Pressure (kPa) P
Resistance ({1) R=u/ Resistance (kPa-s/m’) R=P/Q
Capacitance (F) C =iAdu/dt) Compliance (m*/kPa) C =U,, /P

Inductance (H) L = uv(di/dt) Inertance (kPa-s*/m®) L = pl/S

U, = volume of air in a vessel; p = fluid density; ! = tube length; S = tube

cross-section area.
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Figure A1. Electric analog simulation of the fluid circu-

lation in the filtration rig with the fiexible tube
upstream of the membrane module.

tem. Such an electric analog can be used to compute the ef-
fects of any changes in system parameters on system perfor-
mance.

Since the fluid circulation was mostly in rigid tubes, and
the feed was an aqueous suspension, the velocity of wave
transmission in the fluid-flow system was high enough that
the distributed properties of the system could be neglected.
Therefore the use of a lumped-parameter model in this simu-
lation was justified.

Figure Al shows the electric circuit that is equivalent to
the filtration circuit. The flow in the hydraulic-pump branch
was simulated with an alternating voltage source V,, a re-
sistor R, and a capacitor C; in series to prevent dc in this
line. The constant pressure in the supply vessel was repre-
sented by a constant voltage source V; given that V' was con-
stant, no representation of the compliance in the upstream
tank was needed in the model. The valve upstream of the
hydraulic pump was represented by a resistor R;; the mem-
brane module was represented by a resistor R,,; and the
closed receiving vessel together with the pressure-relief valve
at the outlet were represented by the capacitor C, in parallel
with the resistor R,. The inertance of the fluid in the conduit
from the upstream to the downstream tank was divided into
two sections, one upstream of the hydraulic pump, L,, and
one downstream, L,.

The dynamic equations for the circuit were obtained from
the Kirchhoff equations for electrical circuits:

For the V-1 loop:

V—Ryi,— L(di,dt)+ Ri,—V,—v.=0,
For the V-V, loop:

U+ V, = R, — R0, — L.(di,/dt)~ v, =0.

Summing currents at the junctions,

i, =0,/R,+ Cy(dv,/dt)
and

ip=10+i,.

The system is fourth order, and with an additional equation
i, =C{dv,./dt), the preceding equations can be reorganized

1960 September 1998 Vol. 44, No. 9

in the standard simultaneous first-order differential form:

di,
Lz—dT=L)2+RSl'1—U2—(RS+Rm)im+U“. (A1)

di
L,—;i—tl=V—Vx(t)—(Rx+R1)i,+R,.i,n—u“. (A2)
dv, Uy

S . A3
ar T 'm TR, (A3)
dUCS . .

XE—="II+Z,". (A4)

While v, is not a variable with an experimentally measurable
counterpart, this set of dependent variables does result in a
particularly simpie form of the equations.

In the preceding equations, Ry, R,, R,,, C,, C,, L, L,,
and V are constants. R,, was estimated from the pressure
drop along the membrane module under steady-flow condi-
tions,

Rm=(Pm1 —Pm?_)/Q,

R, was estimated as P,/Q, where P, was the pressure in the
receiving tank, and was estimated for transmembrane pres-
sure P, under steady flow. The capacitance C, of the re-
ceiving tank was estimated as U, /P,, where U, was the

trapped air volume. L, and L, were estimated as
L'I = pln/Sn’

where n=1, 2, and /, and S, were the length and cross-sec-
tional areas of the flow channel. The estimation of Rg and
Cs was more arbitrary, but was based loosely on recognition
of the finite impedance the hydraulic system presented. The
simulated P, and V., signals were compared with the
recordings acquired experimentally. Several iterations were
needed to obtain realistic estimations of constant variables.

The ordinary differential equations (Eqs. Al1-A4) were
solved numerically using second- and third-order Runge-
Kutta formulas from the MATLAB ode23 function package.
The transmembrane pressure P,,, and the velocity derivative
dV,¢/dr were evaluated from the solutions of the equations.
Finally, P, and |dV, /dt|,,, were obtained.

Change in the rig configuration was simulated by changing
components in the simulation circuit. Four variations were
simulated. Configuration A is shown in Figure Al. In config-
uration B (not shown), interchanging the positions of R,, and
L, represented moving the flexible tube from upstream to
downstream of the membrane module. Configurations A and
B had the same differential equations for the selected vari-
ables. With the same input signal, the flowrate (i, in the
circuit) was the same. Therefore the velocity-derivative wave-
form remained the same. However, the transmembrane pres-
sure changed because P, in circuit A took the form

1
P,=uv,+ ERmi,,,, (A3)
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Figure A2. Simulation of independent variation of P,
and |dV_/dt| .., by changing the rig con-
figuration and the amplitude of the input sig-
nal.

A, B, C, D (connected with dotted lines) simulate the pos-
sible variations of |dV,/dr| . with changes in rig config-
uration while the pressure waveform was constant (mean
P, 100 kPa, and peak-to-peak amplitude 40 kPa). A, B,
C’, and D’ (connected with dash lines) simulate the possi-
ble variations of Pg;, with changes in rig configuration
while the flow-rate waveform was constant (mean 100
mL/s, peak-to-peak amplitude 170 mL/s).

while in circuit B,
1
P=v,+V.+ R, —i)+ ?Z—R,,,im. (A6)

Circuits C and D (not shown) represented the situations in
which the receiving tank was bypassed and the flexible tube
was placed upstream and downstream of the membrane mod-
ule, respectively. These circuits corresponded to circuits A
and B, but with the omission of C,.

The differential equations for circuits C and D are

di,
Ly— = 0 + V(O = (Ry + Ryipy = R (i = i) (AT)

Table A2. Values of the Constant Variables in the Circuit
Simulation for a Sine Waveform

Variable Value Variable

R, 03X10°(kPa-s-m~3) L,
R, 10x10°(kPa‘s-m~3) L,
R, 02x10°(kPa's-m~%) G,
R, 50x10°(Pa-s-m™%) C

Value

5,000 (kPa-s?-m~?)
9,750 (kPa+s*-m™?)
8.0x107° (kPa~!-m?)
0.8x 1077 (kPa~!-m?)

s

di
le—tl=V—Vs(t)—(RS+R1)i1+RSim—u” (A8)
v,

s ~im i (A9)

The velocity derivative of both circuits C and D was ob-
tained by differentiating i,,. The transmembrane pressure in
circuit C was

1
P,=v,+V.+R(i,—i)+ ERmim, (A10)
while that in circuit D was
1
P, = R2+5R"' B (Al11)

Using the simulation, Figure A2 demonstrates how the
changes in the rig configurations were used to manipulate
the parameters of interest. In this simulation, V,(¢) was a sine
wave,

V(t)=V,sinQ2nft)

where V,, is the amplitude, and f (=2 Hz) is the frequency
of the input signal. The estimated values of the constant vari-
ables are given in Table A2.

The simulations presented in Figure A2 demonstrate that
ldV,;/dt| nax could be held constant while P, was varied;
and that P_; could be maintained relatively constant while
| dV,../dt] . was varied. The simulation suggested that
switching from circuit A to circuit C would achieve the great-

est variation in the two parameters.
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