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Abstract

The effect of vibrations on oil emulsion ultrafiltration was studied as a function
of frequency (in the 0-50 Hz range) and of amplitude (0.0016~0.045 m). The experi-
mental date obtained show that a minimal (“critical”) frequency must be reached
in order to achieve effective ultrafiltration of oil from water. This “critical” fre-
quency depends only on vibration amplitude. It was also found that the permeate
flux increases with frequency and reaches a plateau value which depends only on
the applied pressure. A mathematical relation is proposed in order to relate these
parameters and to predict the behavior of the vibrating module in conditions dif-
ferent from the experimental ones. The energy consumption of such a module was
evaluated as a function of the operative variables in order to determine the optimal
working conditions.

INTRODUCTION

The ultrafiltration (UF) process is increasingly applied by industry for
separation or pollution abatement purposes (/). The choice of this tech-
nique is suggested for both technical and economic reasons. The latter
reason may sometimes advise against its application as, for example, in
the case of pollution control which normally is not a pay-back process.
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UF still has some drawbacks limiting its feasibility: cost of membranes,
poor performance connected with membrane fouling and damage, and
energy losses connected with the need to recycle large volumes over the
membranes.

The cost of membranes and their properties are a concern of chemists.
Studies still in progress have produced promising results (2).

The efficiency of a membrane, the energy consumption, and the size of
the treated volumes are directly related to the type of module and its hy-
drodynamic conditions. '

In previous work (3, 4) we demonstrated that nonconventional modules
can be used in the UF process with appreciable advantages. In particular,
we studied the performances of rotating modules with the aim of reduc-
ing both the volumes involved and the energy losses. The good results we
obtained were ascribed to the formation of “Taylor vortexes” (5) able to
destroy the boundary layer (6) which is responsible for UF efficiency
reduction and membrane fouling.

The “Taylor vortexes” are typical of fluids subjected to cylindrical mo-
tion (Couette motion) and cause a very efficient mass exchange, prevent-
ing the build-up of concentrated layers on the surface of the membrane
(7). They have a similar effect on the heat exchange coefficient (8), and it is
also reported (9-12) that the vibrations can do the same thing.

The effect of vibrations on the mass transfer coefficient during mem-
brane processes has been both studied and applied. Acoustical vibrations
have been used to improving performance in separation processes involv-
ing membranes (/3). In some cases the vibrations were applied to the
membrane by means of an electromagnetic coupling (74, 15), while pulsat-
ing flows were employed at other times (16).

Our intent was to explore a range of low frequency vibrations (0-50 Hz),
tangentially applied to the membrane surface by means of a mechanical
coupling, with the aim of creating a new type of device useful for practi-
cal application in the UF processes.

EXPERIMENTAL
Ultratiltration Module
We used the membrane permeator described in earlier papers (3, 4). It

consisted of a drum carrying a Celgard 3500 membrane and moving in a
cylindrical shell of 0.005 m diameter. The membrane area was 0.07 m*.
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This modlule was connected with a mechanical device which forced it
to move in a reciprocating motion.

The purposes of our study required the application of a periodically os-
cillating motion to the membrane axis. The choice of the drive depended
on several factors (the fluctuation of the acceleration value and the related
inertial forces with frequency and amplitude, system balancing problems)
which prevented the application of some theoretically suitable solutions
(for instance, cam and spring, linkages).

We adopted the face cam-follower device as the best compromise be-
tween performance and ease of execution. We took great care to limit fric-
tion at the contact points.

The apparatus was driven by a 560-W dc electric motor. The frequency
of the oscillations could be varied continuously from 0 to 50 Hz, while the
amplitude was determined by mechanical adjustments to the device
reported in Fig. 1. Amplitudes (at the membrane surface) of 0.0016, 0.0032,
0.01, and 0.045 m were tested.

F1G. 1. Experimental apparatus.
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(continued).
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The UF circuit was fed with a 20% cutting oil/water emulsion by means
of a gear pump which could operate up to 800 kPa. The temperature was
kept at 313 K during all the experiments. The power consumption was
checked by current-voltage measurements. The rejection of oil was
measured by turbidimetry and periodically checked by infrared spectros-
copy (17). The permeate flux was volumetrically metered. Both parameters
were evaluated after a period of time sufficient to exclude further
variations due to membrane conditioning.

RESULTS AND DISCUSSION
Influence of the Frequency

Rejections and permeate fluxes were measured as functions of the vib-
ration frequency at 4 different vibration amplitudes. The experimental
values were recorded both with increasing and decreasing frequencies.
During these runs the pressure was kept constant at values ranging be-
tween 50 and 800 kPa. A set of plots similar to that reported in Fig. 2
was obtained.

The data were manipulated in order to determine what mathematical
relation related the various parameters. The logarithmic plotting of per-
meate flux values, for example, those reported in Fig. 3, allowed us to
determine two interesting quantities: H, (“critical frequency”), which is the
frequency value at which the permeate flux starts increasing with fre-
quency, and a, the exponent value at which the frequency influences the
permeate flux increase. The plot also showed that H, is the same for all
pressures, depending only on the amplitude (8) value when the other
parameters, such as temperature and oil concentration, are kept constant.
The a value depends on pressure (P) but remains constant at a mean value
close to 1 while varying the vibration frequency (F).

Analysis of the experimental plot in Fig. 2 allows identification of the H,
value which represents the minimum or “optimal” frequency at which oil
rejection reaches 99.9%. H, depends on the pressure and vibration am-
plitude, as will be shown later.

Finally, the F plots in Fig. 2 seem likely to converge to the same plateau
in spite of different & values. We called this limiting value Foo and noticed
that it depends only on P.
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FIG. 2. Influence of the frequency H on the permeate flux F and the oil rejection R% at dif-
ferent vibration amplitudes (8) and a pressure of 200 kPa. Full lines: experimental data.
Dashed lines: calculated values.
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FI1G. 3. Graphic evaluation of the “critical” frequency H, and the exponenta in the case of 6 =
0.010 m and 200 kPa pressure.

At first glance, these behaviors can be interpreted as follows: Before
reaching the “critical” frequency, the polarization layer on the membrane
(the so-called “boundary layer”) hinders the permeation of water (the low
values of flux measured in this region are attributed to the passing of the
emulsion through the largest membrane pores). At H, the boundary layer
starts being destroyed, and both the flux and rejection increase.

A similar behavior was found in previous work conceming rotating
modules (3, 7).

The “plateau” value Foo, which depends on pressure (at constant tem-
perature), is reasonably connected with the specific hydraulic head loss
across the membrane and the aqueous phase viscosity. In other words,
when a minimum thickness (ideally zero) of the boundary layer is
reached, the permeate flux increase stops and only pressure enhance-
ments can further affect it. The dependence of H, and flux slope on & is
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probably due to speed fluctuation rather than to speed itself, as in the case
of rotating modules (3). This can also be inferred from calculation of the
average speed (2H8) which under no circumstances exceeded 1 m/s. A
similar behavior was noted by Raben (/1) for the heat transfer co-
efficient.

The following relation was then proposed in order to bind together the
main parameters:

F(H) = kP8°[1 — (1/HD))° (1)

where F(H) = permeate flux F expressed as a function of H

H = vibration frequency (Hz)
P = pressure (kPa)
8 = vibration amplitude (m)

In order to check the fitness of Eq. (1), we tried to obtain the p and d ex-
ponents by measuring the experimental influence of pressure and vibra-
tion amplitude on F. The k value was evaluted both by analytical and
iterative ‘'methods.

Influence of the Pressure

In Fig. 4 we report the permeate flux as a function of pressure as
measured at three frequency values (5, 10, 15 Hz). The H = < value was
extrapolated. The experimental data indicate that the slope of the F/P
plots (p exponent value) approaches the value 1, provided that a sufficient-
ly high H value is reached. The following explanation is proposed: The
pressure affects the permeate flux but acts both on water and oil. This
means that the higher the pressure, the higher the flux. But this also ap-
plies to the contribution of oil accumulated on the membrane surface and
the boundary layer thickness. Such a situation causes both the specific
hydraulic permeability and the permeate flux limiting values to decrease,
as can be observed in Fig. 4, if the frequency is not high enough.
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FiG. 4. Influence of the pressure P on the permeate flux F at different frequencies. & =
0.045 m.

Vibration Amplitude

The vibration amplitude 8§ was varied by changing the cam schematized
in Fig. 1, and the permeate flux was recorded at 4 3 values as a func-
tion of frequency.

The data already reported (Fig. 2) clearly show that the vibration am-
plitude affects the slopes of the plots (that is, the frequency necessary to
have the same permeate flux). We therefore report in Fig. 5 the ratio F/H,
calculated at three different F values (20,25,30 1 m~?/h), as a function of .
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FIG. 5. The permeate flux/frequency ratio as a function of the amplitude 8. Pressure =
200 kPa.

Once more it was possible by logarithmic graphics to evaluate the § expo-
nent d. Values between 0.71 and 0.75 were found.

CHECK OF THE MATHEMATICAL MODEL

The experimental values obtained for the g, p, and d exponents were in-
troduced into the proposed mathematical relation (Eq. 1). Their fitness
was then checked by means of an iterative method (EUREKA software).
The best fit was obtained for the expression

F(H) = H3"P1 —(H,/H)| )
where H, can be expressed as

H. = 0.2857°7 (3)
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FI1G. 6. Logarithmic graph of the “critical” frequency H, vs the amplitude §.

This relationship can be drawn by plotting mean experimental values of
H_ vs & (see Fig. 6).

By solving Eq. (2) for various parameters, we obtained the curves
already reported in Figs. 2 and 3 (dashed lines) superimposed on the ex-
perimental ones, and made a comparison with experimental values for
most of the parameters cited above.

In Table 1 the calculated values of the maximum flux allowable are
compared, when possible, with the experimentally extrapolated values.

The plots of Figs. 7 and 8 report the experimental values of H, (“optimal
frequency”) as functions of oscillation amplitude 8 and pressure, respec-
tively. From the plots in these figures, H, values can be forecast for a wide
range of vibration amplitudes and pressures.

By introducing H, in Eq. (2), F; can be calculated. By so doing, the
minimal permeate fluxes necessary to assure 99.9% oil rejection can be
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TABLE 1
Comparison of Experimental Foo Values (1 m~%/h) with Calculated Values at Different &
and Pressure

]
0.045 0.010 0.0032 0.0016
P Exptl Calecd  Exptl Caled  Exptl Caled  Exptl Calcd
50 14 126 14 13.2 15 13.1 13 12.6
100 25 253 33 264 26 263 - 252
200 46 50.7 47 52.8 - 527 — 50.5
300 67 76 — 792 - L - 75.6
400 - 101 — 105 - 105 - 101
500 - 126 - 132 - 132 — 126
600 — 152 - 158 — 158 — 151
700 — 177 - 184 - 184 - 176
800 - 203 — 211 - 210 - 202
6
QP
w
5} 5
Q
20
o2
41
3r
2t
P
1 2”
- / ?
P (4
& 4
’ de. i 1 - A 1 i 1 1
-4 -2 -3 -4 -5 -6 -1 -8 -9

Iné

F1G. 7. Logarithmic graph of the “opﬁmal frequency” Hy vs the amplitude & at different
pressures.
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Fi1G. 8. Influence of the presure on the “optimal” frequency Hj at different 8 values.
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TABLE 2
Comparison of Experimental F; Values (1 m~2/h) with Calculated Values at Different &
and Pressure

8
0.045 0.010 0.0032 0.0016
P Exptl Caled  Exptl Caled  Exptl Caled  Exptl Caled
100 12 134 11.5 9.6 16 643 >13 4.7
200 35 32 26 259 23 20.5 - 194
400 50 722 39 64.9 — 62.4 — 61.2

predicted at any 8 and pressure values. Some calculated F, are reported in
Table 2 and compared, when possible with experimentally measured
data.

The experimental data reported in Tables 1 and 2 seem to fit better with
the calculated values at pressures lower than 300 kPa. This behavior is not
surprising if account is taken of the mechanical deformation that takes
place in membranes at high pressure. Compaction can occur and, conse-
quently, apparent pore diameter reduction, which positively influences re-
jection but lowers permeate flux. Beyond the usual experimental uncer-
tainty, this could explain Foo and F, values lower than the calculated
ones.

As far as pressures lower than 100 kPa are concerned, higher fluxes are
usually observed than are predicted. This behavior can be attributed to
spontaneous backdiffusion of oil from the membrane surface, aided by
the feeble recycle stream. This could lead to polarization layers thinner
than expected; that is, to higher permeate flux.

ENERGY CONSUMPTION

As in the case of a rotating module (3), three kinds of energy consump-
tion primarily contribute to different degrees to the overall power require-
ment for running a vibrating module:

(a) Energy necessary to feed the oil through the module.
(b) Energy spent to overcome the friction of the mechanical parts em-
ployed to generate the vibration.
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(c) Energy consumed by the oscillating (membrane-bearing) part of
the module.

The energy consumption of Type a (E,) is easily calculated by taking into
account the feed flux (10 times the permeate flux) and the working pres-
sure (ranging from 50 to 800 kPa) by means of the usual relationship for
pumping power evaluation. This figure ranges from 0 to 4 kWh/m’ of per-
meate and thus contributes little to the total energy consumption. Energy
consumption of Type b (E,) is due to the friction of the mechanical parts
listed in Fig. 1 as E (cam), R (connecting rod), N (bevel gears), and the
joint connecting the driving motor. This kind of loss can be evaluated by
running the module without connecting the membrane-bearing drum and
measuring the electric power. We checked this, and the experimental data
obtained are reported in Fig. 9 as a function of the vibration frequency.

This kind of consumption cannot be referred to the ultrafiltration
volume yield because it is independent, to a first approximation, of the
size of the module, provided that it has been rigorously centered on its

800}

600}

4001

200¢

10 20 30 40
H, Hz

FiG. 9. Energy loss Ej, as a function of frequency.
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supports. For this reason E, has been expressed as power (in watts). The
trend of the plot shows that, as was to be expected, the higher the fre-
quency, the higher the power required. The slope of the curve is the same
for all the amplitude values tried and, in our opinion, is mainly influenced
by the characteristics of the electric motor used.

The values reported in Fig. 9 are those used to calculate the energy con-
sumption E_, the net energy required to achieve the ultrafiltration of oil in
our module.

Energy consumption of Type ¢ (E.) was evaluated by adding the E, con-
tribution to the measured overall consumption and then subtracting the
E, term. The result was then referred to the specific energy spent to pro-
duce 1 m® of permeate (kWh/m®). Measurements and calculations were
performed for each oscillation amplitude and pressure as functions of
the frequency.

In Fig. 10 we reported the data obtained at different amplitudes while
keeping the working pressure constant. The trends of the plots show that
energy consumption reaches a maximum value near the “critical” fre-
quency and then decreases to a value that is almost the same for all of the
curves. This value does not remain constant with increasing frequency.

T

200

0.0016

100

10 20 30 40 50
H,Hz

FiG. 10. Specific energy consumption E, vs frequency at different & values. Pressure =
200 kPa.
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This behavior can easily be explained by taking into account that only
in the proximity of the “critical” frequency does the permeate flux start in-
creasing sharply (and the rejection as well). As a consequence, the energy
consumption/permeate volume ratio must decrease.

Better results seem to be obtained when higher frequencies are neces-
sary to reach the maximum permeate flux, as in the case of small oscilla-
tion amplitudes, but this could still be connected with the electrical
characteristics of the motor.

More information about the influence of pressure and frequency can be
obtained from the plots of Fig. 11, where E, is reported as a function of the

400

W

o

(=]
T

100

T

i 1 i i

10 20 30 40
H, Hz

FiG. 11. Specific energy consumption E, as a function of frequency H at different working
pressures. 3 = 0.010 m.
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vibration frequency at 4 different working pressures. It clearly appears
that the pressure negatively affects the energy required for the process at
low frequency. High pressure causes an increase in friction at the
mechanical seals in the module and, at the same time, facilitates a build
up of the polarization layer. As a consequence, the permeate flux below
the critical frequency is smaller and the energy/permeate flux ratio is
increased.

It must also be noticed that the E, value tends to increase again after
reaching the already cited minimum value; this is to be expected because,
while E, regularly increases with frequency (see Fig. 9), the permeate flux
tends to level at the Foo value.

The minimal energy consumption values in Table 3 are reported in
Table 3. They were measured at rejections above 99.9%, that is, at frequen-
cies above the already cited “optimal” value (Hy). This was not possible at
high pressures and low amplitudes in the range of frequencies we
scanned. The lowest energy values (rejection factor of less than 99.9%) are
listed in parentheses. Values recorded with & = 0.0016 have a fairly high
uncertainty due to the small permeate flux to be measured, and should be
considered with caution. Rejection was always less than 80% in this
case.

From both the graphs and the table it appears that the energy consump-
tion per cubic meter of permeate decreases with the oscillation amplitude.
This is an inverse function of pressure and frequency. Of course, the

TABLE 3
Minimal E, and Relative Frequency H Measured at Different Amplitudes and Pressures
)
0.045 0.010 0.0032 0.0016
P E, H E, H E, H E, H
50 150 5.8 86 10 79 41.6 (41) 41.6
100 81.6 32 56 29.1 36 41.6 (16) 41.6
200 60.4 133 37 29.1 34 50 (35) 50
300 57 133 30 333 41 50 W) 41,6
400 48 133 28 333 42) 50 (18) 416
500 4] 133 36 333 (41) 50 (42) 50
600 39 133 36 333 32) 50 49) 50
700 38 133 61) 333 (53) 50 27) 41.6

800 53 11.6 48) 333 (53) 50 29) 416
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minimal energy consumption values can be disregarded if a higher per-
meate production is required. In this case, higher specific costs are to
be expected.

CONCLUSIONS

The experimental data obtained in this study allow us to conclude that,
as expected, vibrations affect the efficiency of oil emulsion ultrafiltration.
This influence can be fairly well represented by a mathematical expres-
sion which allows prediction of the behavior of the vibrating module at
conditions different from the experimental ones. From the mathematical
model some typical (or “critical”) values can be drawn as H, (= minimal
frequency necessary to influence the process) and Foo (= maximum per-
meate flux attainable at the working pressure P).

Energy consumption is a function of the vibration frequency and am-
plitude. In our experimental conditions it ranges around the values
usually measured with different kinds of traditional UF modules, al-
though it seems to become lower with increasing vibration frequency.

Nevertheless, it must be pointed out that from the energetic point of
view, our experimental module arrangement is far from being the ideal
solution. In particular, unfavorable effects arise from the mechanical
couplings: better energy utilization is expected from electromagnetically
induced vibrations.

The influence of some important physical parameters, such as the gap
width between the membrane surface and the module inner wall, and the
wall roughness, is still to be investigated by us. We also plan to study the
influence of high frequency and the fluid dynamic conditions at the mem-
brane surface. Such work is in progress.
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