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ABSTRACT

Concentration polarization and fouling are the major bottlenecks
preventing the large scale industrial implementation of membrane technology.
One of the common approaches taken to combat concentration polarization and
fouling is to improve the hydrodynamic conditions at the membrane surface. This
is achieved most simply by operating with turbulent cross-flow or by modification
of the channel geometry.
An alternative approach has been taken in this study based on the vortex
mixing technique developed by Mackley for enhanced mixing. The feasibility of
using periodically spaced baffles of a disc and doughnut shape alone and in
combination with pulsed flow in a tubular membrane system has been investigated
using a 10-25 gl'1 solution of Bipro, a purified 95% whey protein isolate, and
FP100 ultrafiltration membranes. Transmembrane pressures up to 5.5 bar and
Reynolds numbers corresponding to laminar and turbulent cross-flow rates were
investigated using a "snapshot" technique. The fluxes obtained within the baffled
systems were compared with a conventional system operating under identical
conditions.
A significant improvement in flux was observed with the baffled systems
under both steady and pulsed flow conditions. The relative improvement reached
a maximum in the Re range 750-2200 and 350-1550 at (^, = 10 and 25 gl'1
respectively. At a higher Reynolds number of 6450, fluxes were greater than or
equal

in

magnitude

to

fluxes

corresponding

to

fully

conditions(Re = 16000-50000) in a conventional system.

turbulent

flow

In pulsed flow,

comparative fluxes could be obtained at relatively low net cross-flow velocities
when the pulsed flow Reynolds number, Rep=6450, where Rep is calculated from
xviii

the maximum velocity in pulsed flow.

At Ptm=4 bar, fluxes varied from 60-70

lm'2h_1 for a conventional system at Re = 16000-50000 to 75-95 lm^h'1 for the
different disc baffled systems.

The "decoupling" of flux from net cross-flow

velocity offers the opportunity for use of this system in a single pass, continuous
mode of operation for thickening purposes or to avoid the pumping costs
associated with recirculation.
The frequency and amplitude needed to be above certain minimum values
for an optimum improvement in flux to be observed. At the same Rep value, it
was more effective to improve fluxes using short strokes rather than long strokes,
as the frequency was higher in the former situation.

In general, a greater

improvement in mass transfer, mixing and flux was observed with "short, fast"
strokes rather than "long, slow" strokes.

Further improvements in flux were

obtained by increasing Rep(higher frequencies and/or amplitudes (lower St)) until
the onset of pressure dependent behaviour.
Disc shaped baffles with a centre to centre baffle spacing of 1.6 times the
tube diameter were found to give the best all-round performance of the baffled
systems investigated. Baffles were shown to be dissipating energy more effectively
than a conventional system. An optimum flux/power range was identified for the
baffled systems corresponding to R e =700-1450. Within this range, the power
consumption was a maximum of 1 Wm'2. Fluxes of similar magnitude could be
obtained in a conventional system but only at a much greater power consumption
of approximately 20 and 45 Wm"2 at Ptm=2 and 4 bar respectively.
Flow visualization was used to study the flow patterns in the conventional
and baffled systems under pulsed and steady flow conditions. In steady flow,
baffles increased local mass transfer rates by promoting turbulence and
interrupting development of the boundary layer. Vortex mixing occurred with
pulsed flow in the baffled systems enhancing mass transfer and preventing the
development of velocity and concentration boundary layers.

CHAPTER 1
INTRODUCTION
1.1 Fouling in Membrane Filtration:

Membrane filtration is a technique for the concentration of dissolved
solutes(or suspended matter) and/or the purification of the solvent. Normally,
the flow across the membrane surface is tangential.

With all cross-flow

membranes, the presence of either a suspension or a solution causes, at constant
transmembrane pressure, a decline in permeate flux. Firstly, there is a rapid
decline in flux followed by a slower change over a period of several hours.
Secondly, particularly in cases of ultrafiltration, a limiting flux condition is
reached. The limiting flux is independent of transmembrane pressure and is
much smaller than the pure water flux that would be achieved under similar
hydrodynamic conditions. Aimar and Sanchez(1985) attributed the existence of
the limiting flux to variations of the physico-chemical properties and particularly
the viscosity, in the boundary layer, superimposed on the osmotic pressure.
One of the dominant features associated with fouling is the well recognized
phenomenon of concentration polarization. The flux of permeate through the
membrane causes a convective flow of both permeate and retained material
towards the membrane surface. The retained material close to the surface is at
a concentration greater than the bulk concentration and so a diffusive back-flow
is generated.

Steady-state conditions are rapidly obtained; Howell and

Velicangil(1982) have computed a time of no more than a few seconds. Thus, the
convective flow towards the membrane and the associated transmembrane flux is
limited by the magnitude of the back-diffusion.

1

In other words, one factor

limiting permeate flux is the mass transfer of retained material back into the bulk
flow. This transfer depends on the solution rheology and the hydrodynamics.
There is a considerable range of opinion on the nature of the flux decline
process. Suki et al(1986) have shown that protein deposits on membranes are
highly stratified with a dense layer at the membrane surface.

Turker and

Hubble(1987) consider that the initial layer on the membrane itself is denatured
but caution against the assumption that all the bound material is denatured. Pore
plugging, the formation of a slowly consolidating gelatinous layer on the
membrane surface(Michaels, 1968), or protein polymerization(Velicangil, 1979)
are other mechanisms that have been proposed. In this investigation, the material
adjacent to the membrane responsible for this flux decline is considered to consist
of three layers(Field and Finnigan, 1988):
a) a monolayer of adsorbed material at the membrane surface which forms
rapidly and is relatively tightly bound;
b) an outer layer due to concentration polarization which forms rapidly but is not
bound;
c) in between the two, a middle layer of accreted material which is gradually
deposited upon the bound layer.
Whilst all three will modify the flux, only a) and c) can be called fouling
layers. At low flux conditions, the middle layer may be absent and fouling greatly
reduced.
A further implication of this flux decline is that the membrane itself
seldom controls the separation process. Intrinsic membrane properties, in terms
of flux and rejection, are relevant for only a veiy brief initial operational period.
The relevant properties of the membrane are in the first place, mechanical and
chemical resistance and chemical compatibility rather than filtration properties.
Murkes and Carlsson(1988) state that these fouling layers, (a) and (c), sometimes
referred to as a "secondary" or "dynamic" membrane, control the filtration process.
In general, the flux declines and the rejection increases as the secondary
membrane is formed. In addition to this reduction in throughput capacity and
compromised separation

capability, fouling results

in

increased power

consumption, time consuming and expensive washing and cleaning operations and
2

reduced membrane service life. Murkes(1978) thinks that fouling is the major
bottleneck preventing the large scale industrial implementation of membrane
technology.

Murkes and Carlsson(1988, pg 69-70) state "The successful

development o f "better" membranes has, however; not been accompanied by a
corresponding development o f methods o f combatting the fouling o f these
m e m b r a n e s Many membrane practitioners would agree with these statements.
Means of combatting membrane fouling and concentration polarization can
be divided into three main categories:
a) improved hydrodynamics;
b) membrane modification;
c) feed pretreatment.
This investigation is a response to the challenge of Murkes and focuses on
the hydrodynamic approach of combatting fouling. Consequently, these other
categories are not discussed. Instead, common techniques used for membrane
modification and feed pretreatment are summarized in Table 1.1.

1.2 Improved Hydrodynamic Conditions:

Before describing the nature of this work, different approaches that have
been taken to improve the hydrodynamic conditions in membrane filtration
systems are reviewed. The hydrodynamic approach to reducing fouling is based
on increasing the wall shear rate and/or scouring the membrane surface. This is
achieved most easily by simply increasing the cross-flow rate either directly, so
that the flow changes from laminar to turbulent, or indirectly, by modification of
the channel geometry. Prior to the 1960’s, the principle geometric configurations
of available membranes were flat sheet or tubular structures. The number of
configurations has expanded since then to include spiral wound, hollow fibre, thin
channels and plate and frame modules. For a discussion of these modules and
their relative advantages and disadvantages, the interested reader is referred to
Michaels(1968),

Harper(1980),

Bell(1985),

3

Le

and

Howell(1985)

and

Belfort(1988). The literature reviewed concentrates on other less conventional
techniques for improving the hydrodynamic conditions.

Membrane Modification
1) Charged membranes: Hanemaaijer(1987), Reed and Dudley(1987), Gregor and
Gregor(1978)
2) Membrane precoating: surfactants(Randerson, 1983, Fane et al, 1985); high
MW polymers(Michaels et al, 1983); PEG(Le and Howell, 1983); Polyacrylonitrile
or carbon coatings(Bauser et al, 1982)
3) Protective covers: Belfort and Marx(1979)
4) Langmuir-Blodgett layers: Speaker(1985)
5) Immobilized enzymes: Howell and Velicangil(1977, 1981); Wang et al(1980)
6) Electric Fields: Wakeman(1986), Bowen and Sabuni(1987)
7) Membrane electrets: Wallace and Gable(1974)
8) Piezoelectric membranes: Benzinger et al(1980)

Feed Pretreatment
1) pH adjustment: Muller et al(1973), Hayes et al(1974), Melling(1974)
2) Precipitation/Heat Treatment: Hayes et al(1974), Hickey et al(1980)
3) Demineralization: Delaney and Donnelly(1975), Merin and Cheryan(1980),
Hiddink et al(1981)
4)

Complexing

Agents:

Hayes

et

al(1974),

Lee

and

Merson(1976),

McGregor(1986), Melling(1974)
5) Filtering Aids: Fane(1983), Zahka et al(1985)
6) Clarification: de Wit et al(1978)
7) Prefiltration: Lee and Merson(1976), de Boer and Hiddink(1980)
8) Sterilization: Belfort(1977), Winfield(1986)
9) Adsorption: Belfort(1977), Winfield(1986)

Table 1.1: Common techniques used for membrane modification and feed
pretreatment to improve filtration performance.
4

1.2.1 Turbulence/Convection Promoters:

Most attention has been devoted to fixed or static turbulence promoters.
Static rods(Peri and Dunkley, 1971), wire spirals(Thomas and Watson, 1968),
metal grills(Poyen et al, 1987) are examples of some of the many different types
of turbulence promoters available.

These alter the flow field in two ways:

obstructing the flow increases the average flow velocity over that in an otherwise
empty tube and the shear rate in the neighborhood of the membrane wall is
increased. At sufficiently high Re numbers, secondary flows and turbulent eddies
may be established which enhance mixing at the membrane surface and therefore
reduce concentration polarization and/or fouling.
Some general conclusions concerning the use of turbulence promoters can
be drawn from the literature studied:
a) the maximum increase in the rate of forced convection and the degree of flux
enhancement is dependent upon Re. This dependency on Re is system and/or
feed specific(Thomas and Watson(1968), Copas and Middleman(1974), Hiddink
et al(1980)).
b) optimum spacing between promoters and optimum distance from the transfer
surface depends on the particular flow configuration(Thomas and Watson, 1968).
c) most of the convection promoters studied occupy a sizeable volume
fraction(typically 20-50%). This will increase the frictional pressure drop by
factors as large as several hundred resulting in reduced volumetric flowrates.
However, turbulence promoters generally produce the same flux as conventional
units at a much lower velocity. Operation at this optimum velocity means for the
same flux the frictional pressure drop may be of similar or even smaller
magnitude for turbulence promoters compared with normal systems.
d) ideally such devices should introduce no stagnant regions, cause no damage to
the membrane, act continuously and be economically justifiable in terms of
energy, installation and maintenance costs.
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1.2.2 Rotating Membranes:

A rotating module design represents another approach of minimizing the
concentration polarization problem. The major advantage of a rotating unit is
that the perm eate flux becomes independent of the circulation flow, as the shear
rate at the membrane surface is controlled by the rotational velocity. This means
higher viscosity or concentrated feeds can be treated in single pass flow, reducing
circulation pumping costs. Hallstrom and L6pez-Leiva(1978) describe their own
rotary module consisting of an external fixed pressure shell and an internal rotary
perforated stainless steel tube which acts as the support for a semipermeable
membrane. Between the external shell and the inner rotating tube a narrow slit
is formed-this 0.7 mm wide annular space forms the holdup volume for the
feed/concentrate. This width is typical of such devices and means scale-up to
industrial filtration may be difficult. For the ultrafiltration of skim milk they
found that significant flux improvements occurred as rotational speed increased.
No limiting flux behaviour was observed within the experimental range of velocity
gradients( up to 8000 Is'1).
Rebsamen(1981) describes how the velocity gradient in the annular gap is
determined by two important flow directions; namely, the field of vortices caused
by the rotation of the inner cylinder and the flow forced by the axial pressure
difference along the annular gap. The two overlying velocity fields are governed
by stability criteria. An immediate transition to turbulence does not occur above
a critical shearing intensity-instead the flow in the annular gap builds a regular
three dimensional vortex field classified as laminar field, thus achieving radial
mixing of the suspension. These Taylor vortices, as they are commonly known,
form an ideal plug flow which prevents reverse flow or bypassing in the annular
gap.
Long term tests have shown that as static residual layers are missing, the
output capacity only decreases slightly. With this device, membranes may be
located on both the outer stationary cylinder as well as the inner rotating drum.
Murkes and Carlsson(1988) state that this filter can be used for
clarification, ultrafiltration and microfiltration purposes and also in thickening
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operations. Kroner and Nissenen(1988) studied direct concentration(single pass
thickening,

constant

flux)

and

compared

it

with

recycle

batch

concentration(constant pressure) under similar conditions for Baker’s yeast. The
average flux after 90 min in the recycling mode was slightly higher at 160 lm'2h_1
compared with 150 lm"2h_1 for direct thickening.

The flux rate for direct

thickening remained stable over a 23 hr period with a slight increase in pressure
of 0.5 bar. In their opinion, much longer operational times should be possible by
using the internal back pressure generated by the centrifugal force from rotation
to clean the membrane periodically.

1.2.3 Pulsed Flow:

In an excellent review article, Edwards and Wilkinson(1971) discuss how
heat and mass transfer rates can be enhanced in laminar pipe flows by the
imposition of a fluctuating pressure gradient.

The studies discussed here

concentrate on those that have investigated the use of pulsed flow for improving
fluxes in membrane filtration. Kennedy et al(1974) summarized the main findings
of Edwards and Wilkinson’s work relevant to membrane filtration processes:
Pulsed flow in pipes will:
a) enhance mass and heat transfer;
b) modify the lam inar/turbulent transition;
c) heighten the migration of solid particles away from the wall;
d) shift the maximum velocity under laminar flow conditions to the wall region.
They observed flux increases of up to 70% for pulsing frequencies up to
1 Hz in reverse osmosis of a 10 wt% sucrose solution. They attributed the gain
in flux to a reduction in concentration polarization due to convection. Most of
the experiments of this paper were in the turbulent or laminar-turbulent transition
regimes.
Milisic and Bersillon(1986) investigated the use of pulsed flow as an antifouling technique in cross-flow filtration of a 0.1-1.0 gl'1 bentonite solution in a
rectangular channel. Pulsations were produced by an air-driven valve located
upstream from the filtration cell, fully automated for this purpose.
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Unlike

backflushing, neither filtrate nor much energy is required for this system to be
operated. The flux was increased by as much as 5 times compared with the flux
in a standard run and there is an optimum range of values for the frequency and
pulse duration; higher fluxes being favoured by higher frequency and shorter pulse
duration.

Pulsed flow does not appear to solve the important problem of

membrane clogging by colloids or macromolecular material likely to occur in
natural water.
Bauser et al(1982) state that pulsed flow may be used to improve
membrane performance under experimental conditions where a non-linear
relationship between flux and wall shear rate exists. They applied a periodic
sequence of pumping pulses keeping the mean flow constant by simultaneous
adjustment of the frequency and amplitude. Results for the microfiltration of
whey under conditions of constant transmembrane pressure showed 25%
improvements in flux after one hour and 38% after 2-3 hours. Similar results
have been obtained for blood serum filtration, the maximum gain in this case
being about 30%.
Subsequently, Bauser et al(1986) took a different approach, applying a
pulsatile negative pressure to the filtrate side of the test module. Gains of about
50% were achieved with feasible pressure amplitudes and frequencies for the
ultrafiltration of whey. Long term tests over several days detected no membrane
damage due to pulsed flow.
Pulsed flow may be induced by other means such as vibration of a porous
plate above the membrane surface(Charm and Lai, 1971), pump vibration(Nakao,
1979) or ultrasound(Semmelink (1973), Fairbanks (1973), Lozier and Sierka
(1985)). High frequency vibrations, both electrically and acoustically produced,
(Hermann, 1982) have also been investigated for the mitigation of fouling with
little if any success.

1.2.4 Dimpled/Furrowed Membranes:

Bellhouse et al(1973) rejected pulsed flow by itself as a means of improved
mass transfer.

Most of their work(1973-1987) has concentrated on the
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development of membrane lungs for oxygen and carbon dioxide transfer between
air and blood. These membranes consist of a large number of small, partly
spherical dimples concave to the fluid channel(Dorrington et al, 1986).
Alternatively they may be furrowed( Bellhouse et al, 1973). When pulsed flow
is used in this system, significant improvements in gas permeation rates were
observed. Sobey(1980) investigated the mechanism of mixing in the membrane
oxygenator device of Bellhouse et al(1973).

The dimensions chosen for the

membrane oxygenator were shown to be near optimum in terms of mixing
performance. It appears that in steady flow vortices form in the furrows, but
remain trapped there, and little or no fluid exchange occurs between the vortices
and the mainstream. For vortex mixing to be effective, the flow must be pulsatile
and reversing. On flow reversal, these vortices are ejected from the furrows and
immediately replaced by a set of counter-rotating vortices. It is this combination
of vortex motion in the hollows and vortex ejection which was thought to
eliminate fluid boundary layers and augment mass transfer.
In a practical mass transfer device there will be a mean flow superimposed
on the oscillatory flow. Sobey(1980) also investigated the influence of the ratio
of net forward to maximum flow, NFR(defined in equation (1.6)), on the flow
patterns. When this ratio is small the basic mixing mechanism remains unaltered.
Alternatively if this ratio is large, then the flow becomes unidirectional and no
vortex ejection occurs. When both flow components are of the same order of
magnitude, (NFR=0.4-0.6), the flow patterns become complicated and it is
impossible to decide a priori whether high or low convective mixing would be
obtained.

These results were verified by Stephanoff et al(1980) using flow

visualization.
A drawback of this technique was demonstrated by Abel et al(1981) in
their haemodialyzer work. Pulsed flow enhanced diffusion in both the radial and
axial directions. The latter is undesirable, as it reduces the mean concentration
difference between blood and dialysate and raises the apparent resistance to
transfer. This may be overcome by increasing mean velocities and increasing the
dialyser flow path length-the utilization of long and narrow blood and dialysate
channels is an effective means of achieving both changes together.
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Wyatt et al(1987)successfully applied this technique to the harvesting of
microorganisms using E.coli and a 0.2 micron polysulfone membrane. Volumetric
efficiencies of the order of 300-400 lm'2h_1were achieved with no pressure applied
to the system.
increased fluxes.

The application of low pressures to the retentate line also
An increase in pressure from 0-56 mm Hg increased the

percentage of permeate obtained from 49-94% using repeated single pass
filtration. Optimal permeate flux was achieved with a dimpled membrane with
pulsed flow. Fluxes increased with increasing frequency over the range 2-5 Hz.
With both flat and dimpled membranes, water fluxes after each experiment were
the same, equalling about 25% of the initial clean water flux for no pulsing; with
pulsing, the corresponding values were 51 and 75% respectively. They described
a number of other potential applications: removal of cell debris; the harvesting
of shear sensitive cells; prefiltration of water and media; ultrafiltration(eg. to
separate enzymes); and the clarification of solvents.
Racz et al(1986)stated that the low flow rates and pulsating flow means the
mechanism of vortex mixing is not directly applicable to reverse osmosis. They
used self-made membranes with periodically spaced semi-cylindrical corrugations
in a rectangular channel. Turbulence promotion was thought to be achieved by
the fluid eddies following each other quickly, leaving insufficient length of channel
through which the fluid can flow undisturbed thus reducing the buildup of a
boundary layer at the membrane/salt solution interface. The membranes were
self-made. They were cast on a polyester nonwoven support, had fluxes of about
30 lm^h'1 and a retention of about 75% using feed containing 5 gl'1 NajSC^ at
Ptm=40 bar. These values are a different order of magnitude from those used by
Bellhouse et al(1973-1987). Corrugations were shown to achieve the same mass
transfer at much lower velocities than flat membranes.

Pressure drop and

pumping power were also reduced under these conditions. Further results were
given for mass transfer and hydrodynamics by van der Waal and Racz(1989). Van
der Waal et al(1989) applied this technique to polysulfone ultrafiltration
membranes and obtained similar results. Corrugating these membranes improved
the flux without changing the rejection behaviour.

It appears that a critical

distance between corrugations exists below which the presence of corrugations
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results in decreased performance compared to a flat membrane. They concluded
from these studies that the corrugations increase mass transfer in a more effective
way than an increase in the flowrate. Racz also felt that this technique would be
applicable to microfiltration and adaptable to tubular systems.

Several important features of the "ideal" membrane module and
hydrodynamic conditions are illustrated by the literature already discussed and it
is appropriate to pause at this stage and summarize these features.
The hydrodynamic conditions should:
a) generate high shear rates/scouring at the membrane surface;
b) produce good radial mixing avoiding stagnant regions;
c) produce minimal axial dispersion which is especially important for thickening
operation where plug flow is desirable;
d) generate higher fluxes for the same energy consumption as a conventional
system.
In addition:
e) it is desirable to operate at low net cross-flow velocities without a loss in flux,
reducing circulation pumping costs;
f) the membrane should be able to tolerate the operating conditions, particularly
pressure, typical of normal ultrafiltration and microfiltration applications;
g) any alterations to the module and/or the membranes must be acceptable in
economic and hygienic terms.
Of the techniques discussed to date, only the rotating filter satisfies all
these criteria. For practical reasons it was decided not to modify the membrane
surface in any way. Production of dimpled, furrowed or corrugated membranes
is expensive and painstaking.

Racz et al(1986) found that their preparation

procedure was not very reproducible and that corrugations will change the
membrane morphological structure, thickness, surface area and performance.
Bellhouse et al’s membranes are ideally suited for the membrane oxygenator
application. However, the low throughputs, operating pressures and delicate
nature of the membranes are limitations that must be considered in ultrafiltration
applications. Instead, this project has taken a different approach based on the
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work of Mackley and his colleagues. The ensuing discussion shows how Mackley’s
approach satisfies the first three criteria above and possibly all seven.

1.3 Mackley’s Approach: Vortex mixing in Baffled Systems:

Mackley(1987) looked at the combined effects of pulsed flow with suitable
tube geometry on mixing. The channel used consisted of a right angled series of
bends. The vortex mixing mechanism is similar to that described by Sobey(1980).
Pulsatile, reversing flow in this channel provides a mechanism for forming eddies
and of equal importance, a mechanism for convecting the eddy from the wall to
the main body of the fluid. The overall result in the channel is a complex, well
mixed eddy system with mean radial and axial velocity components of the same
order of magnitude.
Brunold et al(1989) extended this work, showing that vigorous eddy mixing
can be achieved in a tube by introducing periodically spaced, sharp edged,
transverse baffles into the tube and applying a pulsatile, reversing flow. A baffle
spacing of 1.5D, where D is the pipe I.D.(46mm) gives the most effective mixing
over the greatest range of amplitudes. A baffle spacing of ID seems particularly
prone to large scale channelling of the flow through the middle of the tube with
minimal separation and mixing. A spacing of 2D is too great for satisfactory eddy
interaction to take place on flow reversal except within a closely defined range of
amplitudes.

This optimum amplitude range is about 3-7 mm.

Under these

conditions, the channelling problem is minimized.
Brunold et al modelled the energy losses in the system. The total energy
losses were very low for the apparent high level of mixing observed from flow
visualization studies. They showed that increasing the number of baffles causes
only a small increase in the total energy lost in the system. There is however, a
significant redistribution of the energy loss from viscous to eddy losses as the
number of baffles increases.

Increasing the amplitude of oscillation greatly

increases the energy lost from the system.
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The next four studies all used the same geometrical configuration,
hereafter referred to as the baffled tubular system: sharp edged circular baffles
having a flow area approximately 33% of the tube area and a baffle spacing of
1.5D. This "best" configuration is based on the work of Brunold et al(1989)
described above and that of Howes(1988) who studied the flow patterns in the
baffled tubular system using numerical simulation and flow visualization. Howes
investigated circular baffles having a flow area of 20-80% of the tube area and a
baffle spacing of 0.5-3D in steady flow. In pulsed flow, Howes concentrated on
a 40% flow area, 1.5D spacing geometry. Howes results agree with those of
Brunold and are discussed further in Section 1.4.2. Howes stated that other
geometries, such as spiralled baffles and periodic central tube constrictions are
likely to decrease dispersion when pulsed flow is superimposed on steady flow in
these systems. The advantage of sharp edged baffles compared with smoother
baffles is discussed in Section 1.4.2.
Dickens et al(1989) studied the residence time distribution(RTD) in the
baffled tubular system. They found that for a fixed net cross-flow(Re=110) and
fixed frequency of 3.5 Hz, an optimum amplitude of oscillation exists where near
plug flow characteristics can be obtained.

This optimum amplitude is

approximately 1 mm in a 23 mm I.D. tube. This value is modest in magnitude
and would reflect a very low power consumption for the device. The eddy mixing
is generated primarily from the oscillatory motion. This means the mixing can be
decoupled from any net cross-flow velocity that might be applied through the
tube. If the objective is to achieve good mixing alone, then it would appear
desirable to increase the amplitude above this optimum value.

If plug flow

characteristics are also required, then the device should be operated at this
optimum value.

In both situations, eddies of sufficient intensity are being

generated to give good mixing between individual baffles but at higher
amplitudes, larger scale eddies are being generated and these are responsible for
strong axial dispersion along the length of the tube. For membrane filtration,
Mackley(private communication, 1988) recommends operating at amplitudes
greater than or equal to the optimum amplitude for minimal dispersion.
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Mackley et al(1990) reported experimental heat transfer measurements for
the flow of a lubricating oil on the tube side of a shell and tube heat exchanger
for the baffled tubular system.

Within the Re range investigated which

corresponds to laminar flow conditions, they found that the pulsed flow had very
little effect on the heat transfer in an empty tube. The incorporation of baffles
increased the heat transfer coefficient up to a factor of 2.5 and 10 times in steady
and pulsed flow respectively over the experimental range tested.

The

incorporation of baffles increases the heat conduction surface area and also
modifies the flow pattern. They felt that the flow pattern modification is the
dominant factor increasing heat transfer. The effectiveness of this technique
would be better judged if the heat transfer coefficient obtained in baffled and/or
pulsed flow could be compared with that in an empty tube under fully turbulent
flow conditions.
Bradley et al(1989) studied the fouling behaviour of this tubular baffled
system in the heating of a whey protein concentrate solution. They demonstrated
that pulsed and steady flow in the baffled system reduced deposition rates
compared with an empty tube when the deposit rate is primarily boundary layer
controlled but when the fouling rate becomes mass transfer controlled, the
deposition rates increase by between one to two orders of magnitude.
McKeever and Kemp(1986) conducted a preliminary investigation into the
feasibility of using this baffled tubular system(but with a flow area of 67% of the
tube area in this case) to improve fluxes in the ultrafiltration of reconstituted skim
milk. They were unable to demonstrate any enhancement in fluxes due to the
imposition of baffles under steady or pulsed flow conditions. The experimental
conditions used by them correspond to R e =8600 and f=12.5 or 35 Hz for full
strength skim milk and to R e =860 and f = 18 Hz for l/1 5 th natural strength skim
milk. In both cases, the amplitude, X, was 1 mm. Their quoted frequency values
are very high and it is possible they are in rpm and not Hz.

Variations in

membrane performance were generally more important than any variation in the
imposed hydrodynamic conditions.
One further study illustrates the potential of this technique for membrane
filtration applications. Colman and Mitchell(1990) investigated vortex mixing
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generated by pulsed flow to enhance membrane performance. A system was
designed in which 3 mm high baffles were spaced away from the surface of a flat
sheet membrane in a 6 mm high rectangular channel. An interbaffle spacing of
12 mm was found to be optimal for mass transfer. The flow structure associated
with pulsed flow in this baffled system shows the same sequence of vortex
creation, expansion and ejection each cycle, as described by Sobey(1980) and
Mackley(1987). As frequency is increased the flow becomes chaotic but this basic
vortex mixing mechanism remains unchanged. The RTD was shown to exhibit
plug flow characteristics with low axial dispersion. A mass transfer coefficient,
measured at zero flux, equivalent to steady flow at Re >10000 in an empty
channel was achieved by using pulsed flow in baffled channels when the net crossflow rate is Re = 100-200.

Thus, the mass transfer coefficient can be made

independent of the net cross-flow velocity and is relatively constant, provided flow
reversal occurs. When there is no flow reversal, the effect of the superimposed
oscillations diminishes and the mass transfer becomes mean flow dominated.
A flux, equivalent to that from turbulent cross-flow was achieved using this
technique with pervaporation membranes. This technique was also applied to the
ultrafiltration of a 1 wt% solution of Dextran T500(MW=500000) using DDS
GR40 PP membranes(MWCO = 100000). Dextran is a low fouling solute and no
permanent fouling of the membrane was observed. Fluxes were enhanced by a
factor of three when pulsed flow at a pulsed Reynolds number, R ep, of 800
(defined in equation (1.2)), is superimposed on a low net cross-flow(Re=200) in
a baffled channel relative to the flux in an unbaffled channel with steady
flow(Re=200). The pulsed flow flux is equivalent to the flux for steady flow in
the baffled channel at Re = 1000 and greater than the flux in the unbaffled
channel at the maximum cross-flow velocity attainable in the test rig(Re=3000).
Limiting flux behaviour is demonstrated by each system and is reached at
approximately 0.5 and 1.0 bar for the unbaffled and baffled systems respectively.
By incorporating this technique into membrane module design, it will be possible
to control mass transfer to the membrane surface independently of the net crossflow and permeate driving force. No assessment of the power requirem ent was
made.
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The essential features of the vortex mixing technique in baffled systems
relevant to ultrafiltration and microfiltration processes can now be summarized:
a) good radial mixing is achieved with the radial and axial velocity components
being of similar magnitude;
b) near plug flow characteristics can be obtained with low axial dispersion thus
maintaining axial concentration gradients along the length of the module;
c) the mixing effect, mass transfer and flux can be decoupled from the net crossflow rate;
d) energy consumption within this system is expected to be small;
e) fluxes in pulsed flow in the baffled system are similar in magnitude to steady
flow turbulent fluxes in an unbaffled tube;
f) the best geometrical configuration for a tubular system appears to be sharp
edged circular baffles with a flow area approximately 33% of the tube area and
a baffle spacing of 1.5D.

1.4 Theory:

The theoretical development presented here is restricted to material
relevant to this investigation.

It describes the hydrodynamic and geometric

parameters used to characterize the baffled tubular membrane system under
steady and pulsed flow conditions.

1.4.1 Hydrodynamics:

For a conventional tubular membrane system the Reynolds number, Re,
which represents the ratio of inertial to viscous forces, is sufficient to fully
describe the flow conditions existing within the membrane tube. This is defined
as:

Re

(i.i)
V-
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where D is the membrane I.D.; used in the experiment; v is the velocity based on
the volumetric flow rate, Q, divided by the tube cross-sectional area, \ t.
However this is no longer true when baffles are present in the tube and/or
pulsed flow is superimposed on the steady flow. Consequently several additional
parameters have been defined to fully describe the hydrodynamic conditions
existing within the tube.
The pulsed Reynolds number. Rep. is defined as:

Re =

p vnD

P

p

a-*)

H

where vp is the maximum pulsed velocity defined as:

V = 2 7ifX

(1-3)

where X is the peak-centre amplitude(mm) and f is the frequency of
oscillation(Hz). X is calculated from the volume displacement, Vp, divided by \ t.

The Strouhal number. St, is defined as:

fJ D
St _
=

_=

2vp

D
4nX

( 1-4 )

The Valensi number. Va. is defined as:

Va = P(2ir/> D2
4p
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The N et to peak flow ratio. NFR. is defined as:

NFR =

Re
Re + Rep

V
V+V
P

(1.6)

Rep represents the ratio of inertial to viscous forces in pulsed fiow(Sobey,
1980). Sawides and Gerrard(1984), who studied the flow patterns in pulsed flow
in a tube with triangular corrugations, interpreted Rep as governing the stages in
the cycle at which separation takes place and determining convective transfer
within the corrugation.
St is inversely proportional to the amplitude of oscillation. Sawides and
Gerrard(1984) interpreted St as characterizing the relative axial motions of
particles at different radii within their tubular system.
Va is proportional to frequency and describes the nature of the velocity
profile in pulsed flow. Brunold et al(1989) state that a parabolic velocity profile
is found for Va<20, a transition regime for 20 < Va<70 and plug flow for Va>70.
The transition from laminar to turbulent flow is usually expressed in terms of
critical Reynolds numbers.

Two correlations are given by Ury(1962) and

Sergeev(1966):

R ec n. tt = 180 Fa2/3

(Ury)

(1.7)

R e.^ = 700 Va 1/2

(Sergeev)

(1.8)

Sawides and Gerrard(1984) used a similar parameter called the Stokes
number which is equal to the square root of Va. They state that the Stokes
number represents the ratio of tube diameter to the distance that vorticity diffuses
from the wall in one period of oscillation.
NFR is the ratio of net forward flow to maximum flow. The magnitude of
this ratio affects the flow patterns within the tube as already described in Section
1.3(Sobey, 1980).
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The definitions of Rep and St are identical to those used by Mackley and
his colleagues. These definitions are based on the tube cross-sectional area.
Colman and Mitchell(1990) also used the same basis, evaluating corresponding
hydrodynamic parameters using the channel height in their system. The same
parameters are also defined by Sobey and colleagues but are based on the
conditions at a constriction. Ralph(1987), who extended Sobey’s work argued that
it is best to base these definitions on the conditions at a constriction because most
of the pressure drop and vorticity generation occurs at the constrictions. Defining
a baffled pulsed Reynolds number. R e^, as:

(1.9)

(1.10)

where vbp is the maximum velocity based on the cross-sectional area at the
baffle, Dhy is the hydraulic diameter, and \ t/ \ is the baffle flow area ratio
defined in equation (1.13); then it can be shown that:

(1.11)

Ren
p
where

D + d O+ d.I

and dG are the inner and outer diameters of the baffles used in these

experiments. Note: dj=0 for disc shaped baffles. This shows that Rebp/R e p is
always less than one. This ratio is also the same for steady flow conditions.
Expressing the results on this basis does not facilitate a better understanding of
the experimental results. Consequently, all results are expressed in terms of Re,
Rep, vp, St and Va as defined in equations (1.1) to (1.5), based on the tube crosssectional area. The definitions used in this work are summarized in Table 1.2 and
compared with the definitions used by the other groups mentioned above.
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Mackley

Rep

Sobey

Re0

p (2 izfX)Dp(2 TifX0)h

Colman and Mitchell

Rep

p (2 nfX)d

|i

p

p

St

St

Th

D
4 nX
Va

p tzf D 2
2p

h
2 nXo

X
d

a2

PuRe

pf h 2
p

p2 nfd2
p.

Some additional symbols need to be defined. For Sobey: h is half the
minimum channel width; XGis the peak-centre amplitude evaluated at the point
of minimum channel cross-sectional area; Re0 is the peak Reynolds number and
a2 is the pulsatile Reynolds number. For Colman and Mitchell: d is the channel
height; Th is the Thomson number and PuRe is the Pulsatile Reynolds number.

Table 1.2: Comparison of the definitions of Rep, St and Va used by Mackley and
colleagues(including this work), Sobey and colleagues and Colman and Mitchell.
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1.4.2 Effect of Rep and St on the Flow Patterns:

The results discussed here are specific to the geometries investigated by
Ralph and Howes and also strictly valid for N FR=0. Plotting the experimental
results of this study on the same basis as Howes is not justified(see Section 6.4.4)
but a qualitative understanding of the effect of Rep, St and baffle geometry on the
flow patterns can be gained from the ensuing discussion. Some final comments
on the vortex mixing mechanism are also included.
Ralph(1985) extended the Rep and St range investigated by Sobey(1980)
for the "wavy-walled tube" geometry of the membrane oxygenator device using
numerical simulation and identified eight different flow structures. Howes(1988),
also used numerical simulation to characterize the flow patterns in the baffled
tube geometry of Mackley for Rep= 5-640 and S t=0.25-4 and identified seven
different flow regimes.

In both cases, the flow patterns predicted by the

numerical simulation agreed reasonably well with those observed experimentally
using flow visualization. Although no systematic experimental study was made,
Howes observed that for Rep>200, the observed flow patterns show increasing
complexity which the numerical simulation was unable to predict. Both authors
plotted their results on a Rep/S t diagram, where Rep and St are defined in Table
1.2. The results are qualitatively similar and can be summarized as:
a) as Rep is increased, the flow becomes more complicated. The vortex strength
and disordered nature of the flow increases until a point is passed where the
motion becomes chaotic. The flow was considered more complicated by Howes,
when more vortices exist in each cell at flow reversal. The definition of a chaotic
region adopted here is that an element of fluid will eventually visit every point
within the region. Aref(1984) showed that chaotic regions can exist in extremely
simple unsteady flows using a very simple stirred tank model and concluded that
for unsteady flows in general one must expect to observe chaotic particle motion
leading to efficient stirring.
b) the dependency on St is less straight forward but in very simplistic terms the
graph can be divided into two regions where the vortex mixing process is inertia
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dominated at low St and viscous dominated at high St.

Howes stated that

increasing St while keeping Rep constant increases the complexity of the flow.
When Mackley’s results are plotted on Ralph’s Rep/S t diagram they lie in
the viscous dominated region whereas Sobey(private communication, 1988) states
Mackley’s results appear to be due to inertial effects. Howes(1988) explains that
the vortex mixing process is qualitatively similar in wavy-walled and baffled tubes
but that the presence of a sharp edge introduces a fundamental difference. Best
conditions in wavy-walled tubes correspond to oscillation stroke lengths greater
than the wave period of the channel(low St) as the separation vortex is very weak
in viscous dominated flows when the stroke is short. When a sharp edge exists
this is not necessarily the case and in general vortex mixing is present in the
baffled tube for stroke lengths considerably less than the baffle spacing(higher St).
Hence, sharp edges shift the transition from inertial to viscous dominated flows
to higher St values.
Ralph(1985) used a simple order of magnitude argument based on the time
scale of the vortex ejection process to show that this process is predominantly a
convective one although diffusive action is also involved.

This agrees with

Sawides and Gerrard(1984) who computed particle paths which showed that the
vortex motion is convective rather than viscous. Howes(1988) stated that one
mechanism in vortex mixing devices, also observed by Ralph(1986), is by the
steady streaming caused by periodic vortex formation, growth and erosion. This
causes fluid in the left of each cell to move anticlockwise from cycle to cycle while
fluid in the right of each cell moves clockwise from cycle to cycle. This supports
Sobey’s comments(1985) that the actual mixing mechanism is more complex than
the streamlines alone would suggest.

Howes suggests it is possible that the

dominant mechanism for transport from the tube wall to the bulk of the flow will
be steady streaming when two vortices exist in each cell at flow reversal, while
direct convection of fluid in the ejected vortices will be the major mechanism
when only one vortex exists at flow reversal.
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1.4.3 Geometrical Parameters:
The baffle geometry is specified in terms of the shape and the four
parameters:
a) the interbaffle spacing ratio:

L

(1.12)

D
b) the amplitude ratio:

x

(1.13)

L
c) the baffle flow area ratio:

(1.14)

d) the Keulagen Carpenter number. K,,:

(1.15)

where X is the peak-centre amplitude in mm, L is the centre to centre distance
between adjacent baffles in mm, r is the radius of curvature at the baffle tip in
mm, and A*, and \ t are the flow area of the baffle and empty tube respectively.
Only the Keulagen Carpenter number requires an explanation.

Kc

represents the dependence of separation on the amplitude of oscillation and
radius of the geometrical insert. Separation is obtained when K,.>3. K,, provides
a theoretical basis for using sharp edged baffles.
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1.5 Scope o f this Study:

1.5.1 Objectives:

Mackley’s approach has been applied to a tubular membrane system by
fitting geometrical inserts of a doughnut or disc shape to create a periodically
grooved channel. Membrane performance for these baffled systems alone and in
combination with pulsed flow has been investigated and the results compared with
a conventional unbaffled or empty tube system operating under the same
conditions of cross-flow velocity and transmembrane pressure.

1.5.2 Experimental Design:

The filtration experiments have been divided into two main stages. The
preliminary studies were carried out in Stage 1(Chapter 3) under laminar flow
conditions and transmembrane pressures up to 2.4 bar to establish the feasibility
of using baffles and/or pulsed flow for improving membrane filtration
performance. In Stage 2(Chapter 4), a number of different baffled systems were
investigated and the operational range was expanded to include turbulent flow
conditions and higher transmembrane pressure values. Chapters 5 and 6 describe
the evaluation of the system power consumption and the flow visualization results
respectively. A "snapshot" technique was used for most of the experiments. The
development of this technique and its validation was an ongoing process
throughout both stages and is discussed in Appendix A l.

1.5.3 Parameter Space Investigated:

(A) Hydrodynamics:

The values of Rep, St and Va are listed in Table 1.3 for Stages 1 and 2.
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Stage

St

Re,p

Va

1

0-950

0.22-1.24

100-650

2

0-6450

0.033-0.63

110-670

Table 1.3: Values of Rep, St and Va for Stages 1 and 2 of the filtration
experiments.

The criteria of Ury and Sergeev have only been applied to the empty tube
situation.

For all values of Va in Table 3.1, Rep<R ecrit, according to both

correlations (1.8) and (1.9). Hence, in an empty tube, the fluid should be in
laminar plug flow for all conditions of pulsed flow used in these experiments.

(B) Geometry:

Two circular inserts have been designed based on the recommendations
of Mackley. These consist of sharp edged, disc and doughnut shaped circular
baffles, ideally with A h/A ^O .4, L/D=0.2-3.2 and ^ > 3 . The final geometrical
parameters differ slightly from these values due to practical considerations. In
order to avoid any contact of the doughnut shaped baffle with the membrane, the
outside diameter has been made slightly smaller than the membrane internal
diameter leaving a small annular gap between the membrane and the wall. Full
details of the baffle specifications are given in Table 2.1.
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CHAPTER 2
APPARATUS AND EXPERIMENTAL METHODS
2.1 Materials:

FP100 membranes supplied by Paterson Candy International Ltd,
Whitchurch, Hampshire, England were used throughout this work. These were
made from polyvinylidene fluoride(PVDF) and are available in the form of 12.5
mm tubes rated as allowing 100% passage of 100K dextran.
The feed solution used in most of this work was a purified 95% whey
protein BiPro(BIO-ISOLATES Pic., Swansea, U.K.) and was used as a solution
of 5-25 gl"1 Bipro at 25-30°C and pH 7.0.

This solution needs no additional

buffering under the experimental conditions used. It is comprised primarily of
alpha-lactalbumin and beta-lactoglobulin with smaller amounts of IgG and BSA
and a small amount of salt and lactose.
The other feed material used in the concentration experiments was a 93%
soya protein isolate, Ardex D, supplied by The British Arkady Company Ltd.,
Manchester.

This is manufactured from selected defatted soya flakes by a

precipitation process for separation from the non-protein components and has a
pH of 7.0. This was used at concentrations in the range 2-100% and the viscosity
and density information is presented along with the corresponding information for
Bipro(3-150 gl'1) in Table 4.2 of Section 4.2.3(C).
The cleaning chemicals used were Terg-A-Zyme enzyme detergent(Alconox
Inc.) and Ultrasil, a caustic detergent supplied by Henkel.
All solutions were made up using distilled water.
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2.2 Apparatus

2.2.1 Cross-flow Ultrafiltration Unit:

A schematic diagram and photograph of the experimental system are
shown in Fig 2.1 and 2.2 respectively. The cross-flow ultrafiltration unit consists
of two tubular membranes each 360 mm long and 12.5 mm I.D. contained within
two perforated stainless steel tubes, 376 mm long and assembled in a U-tube
arrangement to facilitate the superposition of a pulsed flow on the net forward
flow. Rubber gaskets hold the membranes in place inside the stainless steel tubes
and seal the unit. Each membrane unit is housed within a perspex tube of 1" I.D.
which collects the permeate and drains it out continuously from one end into two
conical flasks seated on an Avery model 1763 balance. Two flasks were used to
collect the permeate from each tube separately in order to monitor any variation
in membrane permeability and to detect any anomalous permeation behaviour
that may occur if the unit is not properly sealed. For most experiments the feed
volume is 2 1 and the permeate is periodically returned to the feed vessel after
250-300 ml has been collected. This 15% reduction in feed volume means the
feed concentration increases as the flasks fill as very little protein goes through
the membranes. This change in concentration was not observed to have any
effect on flux for the experimental conditions used. Hence, the system can be
assumed to be operating under constant volume conditions.
The feed solution was pumped via a centrifugal pump(Stuart Turner Ltd
302X, Henley on Thames, England) through

a non-return valve(NRV) and

through the membrane unit with the retentate being recycled to the feed vessel,
passing through a fine needle control valve and calibrated rotameter(GEC Elliott
Process Instruments Ltd, England Metric 10S). Ideally, the NRV should prevent
any backflow through the inlet leg due to the superposition of pulsed flow on
steady flow at the two Tee positions shown in Fig 2.1. The pump was rated for
54.5 and 11.4 Limn"1 at a head of 3 and 13.7 m respectively.

A variable

transformer(Zenith Electric Co Ltd, Milton Keynes, England) was used to control
the pump speed. Alteration of the pump speed and the control valve constriction
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allowed the transmembrane pressure and cross-flow velocity to be set to the
desired values. The inlet and outlet pressures were measured using PDCR 810
absolute pressure transducers(Druck Ltd, Leicester) interfaced to an Opus PC via
an A to D interface(Linkon).

The feed solution was kept at a constant

temperature of 25°C by a stainless steel coiled heat exchanger positioned inside
the cylindrical perspex feed vessel.

The piping between the NRV and the

rotam eter consisted of Stainless steel tubing of 0.5" I.D. connected by Swagelok
fittings. Rigid tubing was used here to avoid any contraction/ expansion of the
tubing due to the pulsed flow. The remainder of the pipework consisted of clear
reinforced PVC tubing of variable diameter.
deliberately kept as small as possible.

The hold-up volume was

A drain line and valve was fitted

immediately after the NRV.

RETENTATE
PULSATILE
PUMP
FEED

U TUBE
MEMBRANE
UNIT

PERMEATE

BALANCE

Fig 2.1: A schematic diagram of the experimental system.

The pulsed flow was produced by a dual head Metripump(MPL
E3B/PG10L, MPL Ltd, Slough, England) with a maximum capacity of 9.6 lh'1.
The pumpblock was redesigned as shown in Fig 2.3. The conventional inlet and
outlet ports are now used as liquid drain and air bleed valves respectively. A
central circular opening has been machined out of the perspex block, aligned on
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Fig 2.2: The experimental system used in Stage 1 of the experiments.
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Fig 2.3: The original(top) metering pumphead and redesigned(bottom) pumphead
for producing pulsed flow. A similar modification was made to the diaphragm
pumphead in Stage 2.
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the same axis as the plunger assembly.

Connecting these two plungers in

antiphase means that the fluid is pushed backwards and forwards through the
circular opening to create the pulsed flow without any change in the system
volume and hence in the net forward cross-flow rate measured by the rotameter.
A Kestrel Whisper Control Model 2150 AC Invertor(Allspeeds Ltd, Lancashire,
England) was used to control the frequency of oscillation in the range 0-2.5 Hz
and the peak-peak amplitude could be manually adjusted between 0-14.2 mm. As
the tubular membrane has a larger diameter than the plunger pumphead, the
maximum attainable peak-centre amplitude in the tubes was 4.6 mm.

2.2.2 Staae 2 Modifications:

Several modifications were made to the apparatus in Stage 2 in order to
achieve the experimental objectives. The centrifugal feed pump was replaced by
a Verder V096.07/2030 gear pump which made it possible to investigate Ptm up
to 5-5.5 bar although the maximum Reynolds number that could be reached at
these pressures was reduced to 2200.
To reach cross-flow rates in the turbulent regime the membrane rig was
connected to a rotary trilobe pump(SSP Pumps Ltd, Size AP12.5/BS) capable of
reaching a head of 8.5 bar. To measure the higher flow rates achieved with this
pump a Metric 24P rotam eter(Rotameter Mfg. Co Ltd) with a maximum capacity
of 20.9 Is'1 was used.
The E3B/PG10L plunger pumpheads were also replaced with E2B(short
stroke)/D50P diaphragm pumpheads. The maximum capacity of these was 68 lh'1
compared with 9.6 lh'1 for the former, meaning that flow reversal could always be
achieved for the Re range investigated. The maximum attainable amplitude in
this case was 30.5 mm.

2.2.3 Baffles:

These are pictured in Fig 2.4. The designation adopted here is made up
of two parts; a letter code ET or DO or DI referring to an empty tube(the
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conventional or unbaffled system) doughnut or disc shape respectively and a
number X.X. This number refers to the ratio L/D , defined in equation (1.12),
where L is the centre-centre distance between adjacent baffles, and D is the
membrane internal diameter(12.5 mm). An extra letter code P means that pulsed
flow was used in this instance; hence D02.2 and D02.2P refer to steady and
pulsed flow respectively for the doughnut baffles with an L /D ratio of 2.2.
Two types of baffle inserts were constructed for Stage 1: a doughnut or
ring shape(D02.2) and a disc shape(DI1.6). The specifications for these inserts
appear in Table 2.1 below. The first doughnut baffles were made from perspex
rod which placed a practical limit on the minimum thickness of 2 mm. These
were glued to three perspex rods spaced equidistantly around the perimeter of
each doughnut. All other baffles were made from stainless steel(SS) or brass as
specified in Table 2.1. The DOl.5 baffles were silver soldered on opposite sides
to two stainless steel rods. The disc baffles were silver soldered to a central rod
3.2 mm in diameter.

O.D.(mm)

I/m m ) t(mm)

A JA *

Material

11.5

27.6

2.0

0.35

Perspex

9.7

19.4

0.8

0.4

SS

DI0.8

9.7

9.7

0.8

0.4

Brass

DI1.6

9.7

19.4

0.8

0.4

SS

DI3.2

9.7

38.8

0.8

0.4

Brass

11.5

18.8

0.8

0.55

SS

Baffles

I.D.(mm)

Stage 1:
D02.2

5.6

DI1.6
Stage 2:

DOl.5

7.9

Table 2.1: Specifications of the different baffles used in Stages 1 & 2. t is the
baffle thickness; A^/A^ is the baffle flow area ratio as defined in equation (1.14);
SS refers to stainless steel.
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Fig 2.4: The disc and doughnut shaped baffles used in a) Stage 1 and b) Stage 2
of the experiments. From top to bottom, the baffles are a) D02.2, DI1.6, b)
DI3.2, DI0.8 and DOl.5.

For fitting inside the membrane tube, end connections were soldered or
glued onto the axial support rod(s) so that the baffles rested securely against the
rubber gaskets holding the membrane in position to prevent any axial motion of
the baffles which could possibly damage the membrane. Gaskets at one end of
both tubes had to be shortened to ensure the baffles did not move. This reduced
the membrane length and area available for permeation to 347 mm and 274.9 cm2
respectively for D02.2.

For the other baffled systems, the corresponding

parameters were 350 mm and 272.5 cm2 respectively.

2.3 Methods:

2.3.1 Flux measurement:

Fluxes were measured from the change in mass of perm eate collected in
the flasks. For most of Stage 1 experiments this data was recorded manually at
intervals of 20-30s. The purchase of a top loading electronic balance(L2200P)
from Sartorius Ltd, Epsom, Surrey, England and RS232/423 computer link data
output to replace the Avery balance enabled the flux data to be logged by a BBC
microcomputer onto disc and then transferred to an IBM PC using a file transfer
package(Kermit) to allow analysis and plotting. As described in Section A1.3, the
error in flux values is estimated to be 5%.

2.3.2 Transmembrane Pressure. P ^ :

Logging software that has been developed within the department allowed
the inlet and outlet pressures measured by the transducers to be recorded at user
defined intervals of 20s. The transmembrane pressure, Ptm, was evaluated as the
average of the inlet and outlet pressures. These values could then be averaged
within the program over longer periods of time to provide smoothed data. The
maximum error in Ptm values is estimated to be 5% and 10% for steady and
pulsed flow respectively.
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2.3.3 Reynolds Number. Re :

The net cross-flow rate measured by the rotam eter was used to calculate
the Reynolds number, Re, defined in equation (1.1). The maximum error in Re
is 10% and Re values have been rounded accordingly in the text to reflect this
accuracy.
Note: The raw and rounded Re values are found in Appendix A2. The
raw Re values have been used in all calculations.
A further rotameter was purchased from Platon Flowbits Ltd, Basingstoke,
England(50520-200/GI/0.25"S) with two interchangeable tubes(No 22112 and
22112) to measure flows in the range 20-280 and 50-800 ml.min'1 respectively.
Connecting this rotameter in parallel with the GEC rotameter increased the
system flexibility as small flowrates could now be measured accurately and the
range of flowrates that could be measured was greater.

2.3.4 Pulsed Reynolds Number. Rep :

To evaluate the pulsed Reynolds number, Rep, defined in equation (1.2),
the peak-centre amplitude, X(mm), and frequency of oscillation, f(Hz), are
needed. These were evaluated directly from the percentage amplitude of the
pulsing pump and frequency controlled setting respectively after calibration of this
equipment.

The amplitude in mm differs in Stages 1 and 2 at the same

percentage amplitude due to the different capacity of the plunger and diaphragm
pumpheads respectively.

2.3.5 Cleaning:

In Stage 1, the membranes were chemically cleaned under steady flow
conditions for 1 hr at 55°C using a 3 gl_1 solution of Terg-A-Zyme enzyme
detergent. In Stage 2, the cleaning cycle was modified to improve the efficiency
of cleaning under the harsher operating conditions used in Stage 2(see Section
A1.5) and because of the smaller flow capacity of the pump(see Section 2.2.2).
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A 2.5 gl'1 solution of Ultrasil, a caustic detergent, was added to the Terg-A-Zyme
solution used in Stage 1 and pulsed flow was superimposed on the steady flow.
In all experiments, on the completion of cleaning, the membranes were rinsed
until the pH of the permeate was approximately 6.0 and the water flux was then
measured as described in Section 2.3.6.

2.3.6 Membrane Resistance. Rm :

The membrane resistance was measured immediately prior to an
experiment and after rinsing with distilled water on the completion of an
experiment. With all membranes used in these experiments a linear relationship
between water flux and transmembrane pressure existed up to at least two bar.
Above this point some deviation from linearity did occur. Consequently it was
decided to evaluate Rm at Ptm= 1-1.2 bar.
The water flux was then measured over a 5 min period using fresh distilled
water and a logging period of 20-30s. An average water flux value was calculated
from these readings and corrected to 20°C by applying a 2.5% correction/°C
temperature difference to account for the variation in viscosity of water with
temperature. The membrane resistance was then calculated using:

p

3.593 * 1014 P ^

____________________ 5L

(2.D

J
where R m is in m'1, J is in lm^h*1 and Ptm is in bar.

2.3.7 Rejection:

The composition of the permeate samples was determined using HPLC
analysis on a Gilson Holochrome UV-Detector(Anachem Ltd) at 280 nm fitted
with a Tosoh TSKgel G3000 SW XL column. A 0.1N phosphate buffer/0. IN
sodium sulphate/0.5 % sodium azide solution was circulated throughout the system
with 20 microlitre samples being injected every 20-30 min.
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The permeate

concentration and hence the membrane rejection for the 4 main proteins in Bipro
was determined by comparison of the peak heights with those of a standard 1 gl"1
solution of Bipro.
The membrane resistance and rejection results are described in Section
A1.8.

2.3.8 Protein Concentration:

The concentration of the retentate/feed solutions was determined for
concentration experiments using 2 of 3 methods:
a) mass balance: based on the feed volume and the total volume of permeate
collected.
b) HPLC: after appropriate dilution of the sample to be in the 1 gl'1 protein
range.
c) UV Absorption: The amount of protein in a clear solution was estimated by
measuring the UV absorption at 278 nm. Each sample was diluted to a maximum
concentration of 1 gl'1 and duplicate samples read in a Cecil CE272
spectrophotometer using a quartz cell with a 1 cm path length. The concentration
was calculated from a standard curve of absorbance versus concentration. The
Ardex solutions were not completely homogeneous and constant readings could
not be obtained with a conventional cell. Hence a flow cell was used for these
samples.

2.3.9 Kinematic Viscosity:

The kinematic viscosity of different concentration solutions of Bipro and
Ardex D was measured using a combination of Canon-Fenske viscometers(No,s
100 and 150) and U-tube reverse flow viscometers(No,s 4, 5, 6 & 7) at 25°C.
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CHAPTER 3
STAGE ONE FILTRATION EXPERIMENTS
3.1 Introduction:

Preliminary studies have been carried out in Stage 1, investigating the
feasibility of incorporating periodically spaced baffles of a doughnut and disc
shape(described in Table 2.1) within the membrane tubes to improve the
membrane filtration performance under steady and pulsed flow conditions. The
objectives were:
a) to compare the fluxes obtained in the baffled systems with a conventional
system at the same conditions of Ptm and Re for steady and pulsed flow.
b) to investigate the performance of these systems under laminar flow conditions
(R e =0-3300) and over the Ptm range 0-2.5 bar.
c) to determine if a threshold Reynolds number has to be exceeded before baffles
improve the flux compared with a conventional system.
d) to investigate the effect of frequency and amplitude on filtration performance.
e) to carry out a series of long term fouling experiments concentrating on the
operating conditions where the most interesting snapshot results were obtained.

3.2 Experimental Design:

3.2.1 Doughnuts (DQ2.2):

In order to assess quickly the feasibility of the pulsed approach for
improving membrane filtration performance, a ''snapshot” technique was used to
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obtain flux data for a 25 gl'1 solution of Bipro at 25°C under varying conditions
of transmembrane pressure and cross-flow velocity for each system as summarized
in Table 3.1 for the empty tube(ET) and baffled(D02.2 & D02.2P) systems. In
this technique, after allowing sufficient time for the initial rapid flux decay to have
stabilized, many operating conditions are each used over a short period of time,
called a frame, and the resultant fluxes measured. The conditions are randomly
selected.

The initial operating conditions are returned to at the end of an

experiment and if the extent of long term fouling is less than 15%, the results are
considered acceptable as variations based on the major parameters of influence
are greater than 300%. This technique is fully described in Section A1.2. A feed
concentration of 25 gl'1was chosen in order to obtain limiting flux conditions for
the conventional system under these operating conditions.

The pulsed flow

conditions were determined by the capacity of the metering pump.

For the

R e/P tmexperiments an amplitude of 100%(4.6 mm) and frequency of 2.5 Hz were
selected which correspond to Rep=950(vp=7.3 cm.s'1) and S t=0.22.
The long term fouling behaviour at R e =1050 and Ptm= 1.2 bar was also
investigated for ET, D02.2 and D02.2P. A further "snapshot" experiment was
carried out at R e =350 and 1050 at the different amplitudes and frequencies
tabulated in Table 3.1.

3.2.2 DiscsfPI1.6l:

These membranes were replaced when the doughnut baffles were
exchanged for the disc baffles. The snapshot technique was again used to obtain
flux data under the conditions of Ptm and Re tabulated in Table 3.1 for ET, ETP,
DI1.6 and DI1.6P in Stages IB and 1C. Several snapshot experiments were
carried out in Stage 1C at Re = 10, 50, 100 and 200 at Q, =25 gl'1 at the
amplitudes and frequencies tabulated in Table 3.1.
A series of long term fouling experiments of 2 hours duration
concentrating on R e =350 and 700 were also carried out. Further long term
fouling experiments were carried out with the recycle valve completely closed.
At the end of the 2 hour time period the flow conditions were changed from
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pulsed to steady flow or conversely from steady to pulsed flow for a further 10
min of operation.

1A) D02.2 v (cims"1)
Re

|

4.1

8.1

12

22

|

500

1050

1550 2800

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Ptm (bar)

|

0.4

Re

|

350

0.8

1.2

1.6

2.0

2.3

1050

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IB) DI1.6

f (Hz)

|

0.4

1.4

2.5

X (mm)

|

0.8

2.6

4.6

v (cm.s'1)

|

2.7

5.4

9.4

12

Re

|

350

700

1200

1550

26
3300

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Ptm (bar)

|

0.4

0.8

1.2

1C) DI1.6 v (cm.s4)

|

0.4

0.7

1.4

2.7

|

50

100

200

350

Re

1.8

2.2

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Ptm (bar)

Re

|

|

0.4

0.8

1.2

1.8

10

50

100

200

2.4

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

f (Hz)

|

0.4

1.4

2.5

X (mm)

|

0.8

2.6

4.6

Table 3.1: The experimental conditions investigated in each of the snapshot
filtration experiments, where for every Re value, all combinations of f and X or
every Ptm value was investigated.
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Finally, the first long term fouling experiment was repeated to determine
if the membrane performance had changed in any way. A variation of 19% in
steady state flux values had occurred and this was judged to be satisfactory.

3.3 Results:

3.3.1 Terminology:

The following terminology is used to describe the filtration results. At a
constant Reynolds number, Re; at low transmembrane pressure, Ptm, the flux, J,
increases with increasing Ptmuntil a threshold pressure value, Pth, is reached. Any
further increase in Ptm will not result in an increase in flux-this flux is called the
limiting flux. The region of increasing flux is known as the pressure dependent
region; the plateau flux region as the pressure independent or limiting flux region.
The experimental data from Stage 1 has been plotted in Fig 3.1-3.7 and the
Reynolds numbers corresponding to each set of data are shown in the legend. In
Fig 3.1-3.3, the data is represented as a vertical bar representing the raw average
plus and minus one standard deviation.

Calculation of the raw average and

standard deviation is described in Section A1.3. The results are expressed in
terms of a change(usually an improvement) in flux, relative to ET. unless
otherwise stated.

3.3.2 Summary:

These experiments demonstrated the feasibility of using baffles and/or
pulsed flow for improving membrane filtration performance.

Pulsed flow(ETP) resulted in a small flux improvement for Re<350. This
coincided with the conditions under which flow reversal occurred.
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Both sets of baffles improved fluxes at the same Reynolds number. The
extent of improvement reached a maximum in the Re range 350-1550 where
concentration polarization was most severe for ET.

With DI1.6, a Reynolds

number of approximately 200 had to be exceeded before any improvement in flux
was observed relative to ET.

For both baffled systems a further improvement in flux occurred with
pulsed flow when the baffled systems were operating under limiting flux
conditions. For DI1.6, the net cross-flow velocity had to be increased beyond
Re = 150 for the improvement in flux with pulsed flow to be maximized. Between
this point and the position of flow reversal, the flux became decoupled from the
cross-flow velocity and was of similar magnitude to the steady flow flux in the
baffled system when the steady flow velocity was similar in magnitude to the
pulsed flow velocity(Re=Rep). For DI1.6, there was no advantage of using pulsed
flow once the point of flow reversal was passed.

Limiting flux behaviour did not appear to be reached for either baffled
system in steady flow(Re>350) and in pulsed flow within the experimental range
investigated.

The fluxes under steady and pulsed flow conditions were

significantly greater than for ET at the highest Re used in these experiments of
3300.

In the variable frequency and amplitude experiments, fluxes were increased
for f>1.4 Hz and X>2.6 mm(Rep>300, St<0.38). For the same Rep value, fluxes
were consistently higher at f=2.5 Hz and variable amplitude than at X=4.6 mm
and variable frequency.

The results of long term fouling experiments supported the snapshot
experiments.
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It has been suggested that pulsed flow in a baffled system could be used
in a single pass continuous system either for thickening purposes or to avoid the
pumping costs associated with recirculation.

3.3.3 Flux and Pressure:

In these experiments, with pulsed flow, the frequency and amplitude are
2.5 Hz and 4.6 mm respectively which corresponds to Rep=950 and St = 0.22.

(A) Douahnuts(DQ2.2):

Fig 3.1(a)-(d) compares the "snapshot" results for ET, D02.2 and D02.2P
at R e =500, 1050, 1550 and 2800 respectively. For ET, limiting flux behaviour
begins in the region 0.8-1.2 bar for all Reynolds numbers investigated. D02.2
increases fluxes for R e =500, 1050 and 1550(Fig 3.1a, 3.1b, 3.1c).

At

Re=2800(Fig 3. Id) a smaller flux improvement was observed, especially within
the pressure dependent region.
When pulsed flow is used with the baffled system a further improvement
in flux occurs for all Ptm at R e =500 and at Ptm>1.2 bar at Re = 1050.

The

improvement in flux, relative to D02.2, is greatest at R e =500, the only case
where flow reversal occurs(NFR=0.36).
With D02.2 in steady and pulsed flow, limiting flux behaviour is not
occurring at Ptm< 1.6bar. In fact, it is uncertain whether a flux plateau has been
reached at 2.2 bar or if the slight upward trend shown by the data points at all
Reynolds numbers is genuine.

(B) Discs(DI1.6):

Fig 3.2(a)-(h) compares the "snapshot" results for ET, ETP, DI1.6 and
DI1.6P at R e =50,100, 200, 350, 700, 1200,1550 and 3300. In Fig 3.2d, the data
is represented by different symbols and smoothed curves. This was done as two
independent sets of data from Stages IB and 1C corresponding to R e =350 have
43

Flux v Pressure
to

CO

D 0 2 .2 P
D 0 2 .2
ET_____

o
CO

in

CM

O

CM

m
o
in
o

0.0

0.5

1.0

1.5

2 .0

2.5

2.0

2.5

Ptm (bar)
25g/1 Bipro, R e=500

"
~
-

o
CO

in

CM

D 0 2 .2 P
D 0 2 .2
ET

o
CM

in
o
in
o

0.0

0.5

1.0

1.5

Ptm (bar)
25g/l Bipro, R e= 1050

Fig 3.1: Comparison of "snapshot" ultrafiltration fluxes for ET, D02.2 and D02.2P
at R e= a) 500 and b) 1050. NFR=0.36 and 0.53 respectively. Rep=950 and
St = 0.22 for pulsed flow.
44

Flux v Pressure
o

o

o

0.0

0.5

1.0

1.5

2 .0

2.5

2.0

2.5

Ptm (bar)
25g/l Bipro, R e=1550

o

o

D 0 2 .2 P
D 0 2 .2

CO

J E I_ _ _ _
o

c\ j

o

o

0.0

0.5

1.0

1.5

Ptm (bar)
25g/l Bipro, R e= 2800

E g 3.1: Comparison of "snapshot" ultrafiltration fluxes for ET, D02.2 and D02.2P
at R e= c) 1550 and d) 2800. NFR=0.63 and 0.75 respectively. Rep= 950 and
St = 0.22 for pulsed flow.
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been plotted here. The agreement between the 2 sets of data is excellent. Fig
3.2 shows:
Pulsed flow(ETP) improves fluxes for Re<350. The extent of improvement
is reduced as Re is increased until at Re>700, fluxes obtained with ET and ETP
are the same.
A threshold Reynolds number, Ret, of approximately 200 must be exceeded
before DI1.6 has a beneficial effect on flux. At R e =50 and 100, the ET and
DI1.6 fluxes are identical. At R e =200 there is a flux enhancement effect above
1.6 bar and at R e =350 over the entire Ptm range. This is consistent with Wyatt
et al(1987) who observed that in steady flow, the flux through both dimpled and
flat membranes is approximately the same at low Ptm and Re.
For Re>350, the improvement in flux is significant and reaches a maximum
in the Re range 350-1550. At R e =3300, the relative improvement is slightly
smaller as the ET fluxes have increased from Re = 1550.
When pulsed flow is used, a further improvement in flux occurs for DI1.6P
relative to DI1.6 at R e =50-350 over the entire Ptm range. Flow reversal occurs
at these low Re values: N FR= 0.04-0.27. At Re=700-1200(NFR=0.43-0.56) the
DI1.6 and DI1.6P fluxes are the same. For Re = 1550-3300(NFR=0.62-0.78) the
DI1.6P fluxes are less than the DI1.6 fluxes.
For DI1.6 at Re>350, limiting flux behaviour is not occurring for Ptm< 1.6
bar. As with D02.2, it is not certain whether a flux plateau has been reached at
Ptm=2.2 bar for DI1.6(Re>700) and for DI1.6P(at all Re) or if further increases
in flux are possible.

3.3.4 The Effect of Amplitude and Frequency:

Fig 3.3(a)-(b) shows the snapshot results for the effect of frequency and
amplitude on flux for D02.2 at R e =350 and 1050 respectively. The numbers
indicate the random order in which the experimental conditions were changed for
the snapshot experiments. The fluxes at points 1 and 11 agree as the vertical bars
representing the raw average plus and minus one standard deviation overlap.
These points represent the initial and final data points which correspond to the
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same operating conditions. This agreement shows that the extent of long term
fouling occurring during each experiment is insignificant.
At Re = 1050(Fig 3.3a) there is no improvement in flux as the amplitude
and/or the frequency is increased. The variation in fluxes illustrated here is due
to experimental error. At Re=350(Fig 3.3b), for f=0.4 Hz, there is virtually no
effect of amplitude on flux. As the frequency increases to 1.4 and then 2.5 Hz
this results in a moderate improvement in flux of similar magnitude for
amplitudes of 2.6 mm(60%) and 4.6 mm(100%) but no significant improvement
at 0.8 mm(20%). Flow reversal only occurs at positions 5, 10 and 4 in Fig 3.3b.
The DI1.6 results at Re = 10, 50, 100 and 200 are not presented here on a
flux v f/X basis as they show exactly the same trends as Fig 3.3b; the only
difference being the positions where flow reversal occurs. Instead, the DI1.6
fluxes corresponding to a) X=4.6 mm(100%), variable frequency and b) f=2.5 Hz,
variable amplitude, have been plotted together with the ET, DI1.6 and DI1.6P
J(l/m*2h)
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Fig 3.4: A comparison of the "snapshot” ultrafiltration fluxes for ET and DI1.6
with DI1.6P fluxes at Ptm= 1.2 bar and Rep=150, 500 and 950. The suffix, X or
f, in the legend indicates the dependent variable for each set of pulsed flow data.
For variable f, X=4.6 mm(St=0.22); for variable X, f=2.5 Hz.
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snapshot data from Fig 3.2 in Fig 3.4 against Re. Each set of data corresponds
to a particular Rep value, tabulated in the legend of Rep=150,500 and 950(f=0.4,
1.4 and 2 5 Hz at X=4.6 mm and X=0.8, 2.6, and 4.6 mm at f=2.5Hz
respectively). The letter, X or f, in the legend indicates the dependent variable
for each set of data. The dashed line indicates the point of flow reversal for each
Rep value in Fig 3.4. At Rep= 150, the DI1.6 and DI1.6P fluxes are similar. At
the higher Rep values, fluxes increase rapidly with Re until a plateau level is
reached around R e =200. These fluxes are significantly greater than the DI1.6
fluxes at the same Re. Once this plateau level is reached the flux becomes
independent of the net cross-flow velocity and of similar magnitude to the flux
obtained in steady flow for DI1.6 at a velocity similar in magnitude to the pulsed
flow velocity. As the point of flow reversal is passed there appears to be no flux
advantage to be gained by using pulsed flow.
These fluxes are significantly greater than the ET fluxes which remain
relatively constant over this range. For the same Rep value, the limited amount
of data points show that the fluxes at f=2.5 Hz and variable amplitude are
consistently higher than those at X=4.6 mm and variable frequency.

3.3.5 Long Term Fouling Experiments:

In this section, the results of long term fouling experiments for D02.2 and
DI1.6 under steady and pulsed flow conditions are presented. The flux data has
been exponentially smoothed using a =0.2 as described in Section A1.3.
In Fig 3.5 and 3.6, the long term fouling steady state fluxes are consistent
with snapshot fluxes corresponding to identical operating conditions from Sections
3.3.3. and 3.3.4. A more quantitative comparison of corresponding long term and
snapshot fluxes is made in Section A1.4. Each graph shows that the period of
rapid initial flux decay is virtually complete after 30 min for each system. The
flux continues to decline gradually. The implications of this gradual flux decay
on the validity of the snapshot technique is discussed in Section A1.4.
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(A) Douahnuts(DOP.P):

Fig 3.5 shows the results of the long term fouling experiments for ET,
D02.2, and D02.2P at Re = 1050 and Ptm= 1.2 bar. The steady state flux for
D02.2 is 93% greater than for ET . There was no significant difference in flux
behaviour between D02.2 and D02.2P.
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Fig 3.5: Long term flux behaviour of the ET, D02.2 and D02.2P systems at
Re = 1050. Rep=950 and St=0.22 for pulsed flow.

(B) Discs(DI1.6):

Fig 3.6(a)-(b) shows the results of the long term fouling experiments for
ET, ETP, DI1.6 and DI1.6P at Ptm= 1.2 bar and at the Re values indicated in the
legend. In Fig 3.6a at R e =700, the DI1.6 steady state flux is approximately 150%
greater than the ET flux. The steady state fluxes are virtually the same for ET
and ETP and also for DI1.6 and DI1.6P. Fig 3.6b shows that at R e =350, pulsed
flow improves the fluxes for ET and DI1.6; the ratio of the steady state fluxes for
pulsed/steady flow is approximately 1.45 for both ET and DI1.6.
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Results for R e =1200 are also included in Fig 3.6b. At R e =1200, the
steady flow velocity in the tube is similar to the pulsed flow velocity for R e =350
(Rep=950). For ET the steady state flux is slightly greater at 950P than at 1200
while with DI1.6, the converse is true.
The fluxes of the baffled systems at R e= 350,700 and 1050(Figs 3.6b, 3.6a
& 3.5 respectively) are greater than for ET at Re=3300(Fig 3.6a).

(C) Closed Outlet Valve Experiments and the Effect of Switching Between
Steady and Pulsed Flow:

For long term fouling experiments with the retentate outlet valve closed
steady state fluxes were obtained over the last 60 min of operation. A t the end,
the flow conditions were changed from steady to pulsed flow or vice-versa and
filtration continued for a further 10 min and average fluxes were calculated.
These results are shown in Table 3.2 and the flux/time behaviour shown in Fig
3.7.

Each symbol shown in Table 3.2 and Fig 3.7 refers to a particular

experiment; the code shown in Table 3.2(eg. ET) is used to indicate whether the
flow is steady or pulsed and changes in the final 10 min period of operation(in
Table 3.2, ET becomes ETP, etc). The symbols shown in Fig 3.7 remain the
same.
The 2 hour time period results are described first. The DI1.6 and ET flux
behaviour is identical. The ETP and DI1.6P steady state fluxes are 30 and 191%
greater than the ET flux respectively. Pulsed flow should promote better mixing
when the system is operated in this mode which will help to alleviate
concentration polarization particularly in the end region of the membrane module
where the highest concentrations in the module will be reached in steady flow.
The steady state fluxes calculated over the last 10 min agree with
corresponding 2 hour values within plus or minus one standard deviation, as
shown in Table 3.2 except for DI1.6P where the difference is significant. On the
completion of this experiment the retentate valve was reopened and a sample of
the retentate taken to determine the degree of concentration that had been
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over the last 10 min of operation when the flow conditions were changed, o is
the standard deviation.
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reached in the module for the DI1.6 and ETP experiments. These were found to
be 4.7 and 5.4 for lactoglobulin and 3.4 and 4.3 for lactalbumin respectively.

3.4 Discussion:

These results are related to the power consumption and flow patterns in
each system in Chapters 5 and 6 respectively.

3.4.1 Emotv TubefETPl:

For ETP, pulsed flow(Rep=950) increases fluxes to a small extent for
Re<350 where flow reversal occurs. The pulsed fluxes over the Re range 50-3300
are equal in magnitude to steady flow fluxes for R e =700-3300. Hence the ETP
fluxes are comparable in magnitude to ET fluxes when the pulsed flow velocity
is similar in magnitude to the steady flow velocity(Re=Rep). Long term fouling
experiments at Ptm= 1.2 bar support this as fluxes were similar for ETP at R e =350
(Rep=950) and Re = 1200 for ET.

The occurrence of flow reversal and the

magnitude of the maximum velocity in the tube are two observations that help to
explain these results. The actual mechanism is not well understood but some
insight can be gained from similar work, which is described in more detail in
Section 1.2.3.
One possible mechanism is the Richardson’s effect which occurs in laminar
pipe flows. Edwards and Wilkinson(1971) explained that for Newtonian fluids
with pulsed flow at low frequencies, the velocity profile is nearly parabolic with
the maximum at the tube axis.

As the frequency increases this maximum

increases in amplitude and moves towards the tube wall. This velocity overshoot
is known as the Richardson’s effect.

The actual mechanism will be more

complicated in filtration processes due to the presence of a flux through the
membrane.

Milisic and Bersillon(1986) stated that this velocity overshoot is

believed to affect the shear stress at the surface of the filtration cake, helping to
stabilize its thickness. Most of the experiments of Kennedy et al(1974) were
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carried out in the laminar-turbulent transition or turbulent regimes and
consequently, the Richardson’s effect can not be used to explain these results.
Instead, Kennedy et al attributed the improvement in flux to a reduction in
concentration polarization due to greater convection in pulsed flow compared
with steady flow. Bauser et al(1986) partly attributed the improvement in flux
they observed for pulsed flow to greater convection like Kennedy. In addition,
they stated that a reduction in the protein deposits could have occurred due to
shear forces in pulsed flow. As the maximum in the velocity profile increases in
amplitude and moves towards the wall with increasing frequency, this will result
in greater convection of fluid in the wall region and an increase in the local shear
rate, resulting in a reduction in the boundary layer thickness. The occurrence of
flow reversal may also have a significant effect on local shear. These effects may
be more significant in microfiltration applications where fouling occurs via a
different mechanism.

3.4.2 Baffles:

Both sets of baffles improve fluxes relative to ET at the same Re value.
The relative improvement is most significant in the Re range: 350-1550, where
concentration polarization is most severe for ET.
Intuitively, addition of periodically spaced baffles will not only increase
turbulence in the bulk fluid stream but will also interrupt development of the
boundary layer at the membrane surface. Both these effects will tend to reduce
concentration polarization. This is discussed further in Section 6.4.3.

3.4.3 Baffles and Pulsed Flow:

For both baffled systems, a further improvement in flux occurs with pulsed
flow(Rep=950, S t=0.22) when the baffled systems are operating under limiting
flux conditions. This corresponds to low Re values where flow reversal occurs.
One mechanism causing this improvement will be vortex mixing as described by
Sobey(1980), Mackley(1987) and Colman and Mitchell(1990). The maximum
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fluxes with pulsed flow in the Re range 50-3300 are equivalent to the DI1.6 fluxes
at R e =700-1200 and greater than the ET fluxes at R e =3300. Hence, as in the ET
case, the DI1.6P fluxes are similar in magnitude to DI1.6 fluxes at R e= R ep. This
is supported by the long term fouling experiments where fluxes of similar
magnitude were obtained at Re=350(Rep=950) and Re = 1200 for DI1.6. At
Re>700, the system is also approaching pressure dependent behaviour so that any
further improvement in flux will be nominal. These observations are consistent
with the results of Colman and Mitchell(1990) who found that fluxes in pulsed
flow(Re=200, Rep=800, S t=0.11) were similar to those in steady flow in the
baffled channel(Re = 1000) and greater than those in steady flow in an unbaffled
channel at R e =3000. It is surprising that McKeever and Kemp(1986) observed
no flux improvement in steady and pulsed flow in their baffled system. Assuming
their stated values of frequency are correct, their experimental conditions
correspond to Rep=2700 and 1400(f=35 and 18 Hz respectively; X =1 mm,
S t=0.99) for R e =8600 and 860 respectively. The relatively large magnitude of
the net cross-flow rate, especially at R e =8600, and high St value compared with
the Stage 1 experiments and the results of Colman and Mitchell, may explain why
they observed no improvement with pulsed flow in their system. This still does
not explain why McKeever and Kemp observed no flux improvement at all for
steady flow in their baffled system at R e =860-8600, as this contrasts with the flux
improvements observed for steady flow in a baffled system in this study and in
Colman and Mitchell’s work at moderate Re values.

3.4.4 Frequency and Amplitude:

As stated in Section 3.4.3, pulsed flow only causes an increase in flux when
the baffled systems are operating under limiting flux conditions. This explains
why no improvement in flux was observed at Re = 1050 in Fig 3.3a, as under these
conditions(Ptm= 1.2 bar and Re = 1050) Fig 3.1b shows D02.2 is only beginning to
demonstrate limiting flux behaviour and, in fact, there is very little difference in
the D02.2 and D02.2P fluxes shown in Fig 3.1b. Whereas, at R e =350 for D02.2
and Re = 10-200 for DI1.6, inspection of Fig 3.1a and 3.2a-d shows that each
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baffled system is operating under limiting flux conditions and an improvement in
flux should be observed with pulsed flow. This is true as Fig 3.3b and 3.4 show
for D02.2 and DI1.6 respectively. Both these graphs show that fluxes increase
with increasing amplitude for X>2.6 mm(60%) and f>1.4 Hz.
The rapid increase in flux observed at low Re values, shown in Fig 3.4,
suggests that the net cross-flow velocity must be above a certain minimum value
for pulsed flow to be effective. It is possible that if the residence time in the
module is too long, then an axial concentration gradient will develop. For higher
Re values, but still within the range where flow reversal occurs, the flux becomes
decoupled from net cross-flow velocity and of similar magnitude to the steady
flow flux at R e= R ep.

3.4.5 Closed Outlet Valve Experiments and the Effect of Switching
Between Steady and Pulsed flow:

Some interesting results were obtained in these experiments. Changing the
operating conditions from steady to pulsed flow or vice-versa showed that the flux
behaviour was reversible except for changing from DI1.6 to DI1.6P. This may be
due to fouling being greater for steady flow compared with pulsed flow for DI1.6
when operated in this mode.
More importantly, the flux of 16.2 lm'2h_1is comparable with the DI1.6 flux
at R e =700 at the same Ptm value of 1.2 bar(see Fig 3.2e) and quite high
concentration factors were reached within the module. These observations are
significant and suggest that it is possible to operate the baffled module in
continuous single pass mode with pulsed flow for thickening purposes or to avoid
the pumping costs associated with recirculation.

Colman and Mitchell(1990)

made a similar suggestion on the basis of their pervaporation results. Kroner and
Nissenen(1988) showed that this approach was feasible with the rotating filter.
Murkes and Carlsson(1988, pg 80-81) discuss in more detail the practical ways of
controlling the intermittent opening and closing of the outlet valve. Another
option is to operate at a sufficiently low net cross-flow velocity to give the desired
outlet concentration. One possible advantage of the former approach compared
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with the latter is that dissipation of the pulse is less likely to occur(see Section
4.1.3(C)). According to Dickens et al(1989) and Colman and Mitchell(1990), the
RTD will exhibit plug flow characteristics with minimum axial dispersion by
appropriate choice of the amplitude.

In this mode of operation an axial

concentration gradient will develop due to the residence time in the module. The
valve opening interval and cross-flow velocity must be chosen to balance the
desired outlet concentration with flux considerations.
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CHAPTER 4
STAGE 2 FILTRATION EXPERIMENTS
In Stage 1(Chapter 3), the feasibility of using baffles alone and in
combination with pulsed flow for improving membrane filtration performance has
been demonstrated.

Stage 2 extends this work, investigating the filtration

performance of four different baffled systems. Higher Ptm values up to 5-5.5 bar
are investigated and the hydrodynamic conditions are extended to include fully
turbulent flow conditions. Rep is also increased to 6450 so that flow reversal can
be achieved over a much wider range of operating conditions. This chapter has
been divided into four sections. Section 4.1 deals with characterization of the
system.

Section 4.2 describes the "snapshot" filtration experiments for four

different baffled systems. Section 4.3 investigates the effect of frequency and
amplitude on flux for the disc baffled systems. Section 4.4 describes the filtration
experiments for variable concentration and two different feed solutions.

4.1 System Characterization:

4.1.1 Introduction:

Two additional parameters have been defined in order to help explain the
filtration results. These are:
a) the pulsed velocity waveform, Vp(t). The pulsed velocity waveform is the
"trace" which shows how the volume displacement of the fluid in pulsed flow
varies as a function of time and percentage amplitude.
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It is important to

characterize the waveform as its nature and magnitude could affect the filtration
results.
b) the pulsing pressure, Pp. In pulsed flow the pressure measured by the inlet and
outlet transducers changes with time in a similar manner to the volume
displacement. The peak-centre amplitude of the pressure pulse is defined as the
pulsing pressure, Pp.
The objectives in this section were:
a) to determine the waveform, Vp(t), as a function of amplitude and time.
b) to determine the magnitude of Pp as a function of Ptm at X=30.5 mm(100%)
and f =2.5 Hz.

4.1.2 Materials and Methods:

(A) Characterization of the Waveform. Vp(t):

The waveform is a characteristic of the pump drive and not the type of
pumphead. Hence although two different pumpheads were used in Stages 1 and
2:(plunger and diaphragm respectively); the waveform was exactly the same shape
for each pumphead, the only difference being the actual amplitude of the wave
due to the different capacities of the 2 pumpheads.

Consequently, a simple

method was used to measure the volume displacement, Vp, as a function of time
and amplitude for the larger capacity E2B(short stroke)/D50P diaphragm
pumpheads only.

The metering pump was disconnected from the filtration

module and the "volume displacement" circuit connected to each pumphead as
shown in Fig 4.1. The "volume displacement" circuit consisted of two 10 ml
pipettes mounted side by side and connected independently via flexible tubing to
the inlet and outlet pumpheads. The plug valve enabled the system to be filled
using distilled water at 18°C with the seal cap on the pumphead being opened to
allow air to escape from the system. The water levels in each manometer could
be adjusted independently allowing a common zero to be set corresponding to
zero displacement.
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The rotating disc attached to the drive shaft of the metering pump was
graduated at 45° intervals allowing the liquid level in each pipette to be measured
at each of 8 positions on the disc for amplitudes ranging from 10-100%.

level
control
valve

graduated 10 nl
pipette

flex ib le

} tubing
plug valve
cap(air bleed)

water
in/out
punphead

Fig 4.1: Schematic diagram of the "volume displacement" circuit.

(B) Measurement of the Pulsing Pressure. Pp:

Pp was measured using the same 2 PDCR absolute pressure transducers
used for measuring Ptm. These were connected to a U /V trace recorder(Type
S.E. 3006 manufactured by S.E. Laboratories Ltd, Middlesex, England). Traces
of pulsing pressure using distilled water at 18°C for both inlet and outlet sides
were obtained at different Ptmvalues. Pp was measured from these traces directly
in mm as the peak-centre amplitude and converted to Pp in bar by correcting for
the signal amplification and using the transducer calibration data.

When a

transmembrane pressure is applied this causes the trace to be offset from zero.
Ptm was evaluated directly from the voltage applied to correct this offset and
converted to Ptm in bar in the same manner as Pp.
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4.1.3 Results and Discussion:

(A) Summary:

The pulsed velocity waveform has been described as being truncated
triangular in nature, where truncated means that as the amplitude is decreased
below 100%, there are increasingly larger proportions of the cycle over which no
motion occurs.

The pulsing pressure increased with Ptm, reaching a maximum value of
approximately 1.6 bar for all systems at Ptm=4 bar.

(B) Waveform. Vp(t):

Fig 4.2 shows the nature of the pulsed flow at different amplitudes for two
complete cycles for the inlet(top) and outlet(bottom) pumpheads. Each wave
begins at the point of maximum volume displacement for the outlet plunger
(minimum for the inlet) and has been offset so that the zero position on Fig 4.2
corresponds to the position of zero displacement(maximum forward velocity for
inlet; maximum reverse for outlet).

Fig 4.2 shows that the waveform is

’’triangular" rather than sinusoidal. As the amplitude is decreased the waveforms
consist of progressively smaller fractions of the full wave observed at 100% until
at 10% only the very top fraction of the 100% wave is seen.

Hence, the

waveform is periodic but truncated. As the amplitude is decreased below 100%,
the truncation of the pulsed waveform results in an increasingly larger proportion
of the cycle over which no motion occurs. These are the horizontal sections of
each waveform.

In further discussion, the waveform is referred to as being

truncated triangular.
This behaviour can be explained by considering how the amplitude is
altered: the displacement of the pumphead is controlled by an eccentric
mechanism. Hence as the eccentric rotates the plunger or diaphragm rod is
pushed forward to the position of maximum displacement; its motion being
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controlled by a spring on the backward movement. As the amplitude is reduced,
the rod is pushed forward so that a gap occurs between the eccentric and the rod
resulting in a larger proportion of the cycle over which no rod motion occurs.

Pulsed Flow Waveform
at different am plitudes

20

40
60
80
Two periods for X= 10-100% (Left-Right)

inlet(top)

100

120

outlet(bottom)

Fig 4.2: The volume displacement as a function of amplitude and time. Two
complete periods are shown for X = 10-100%. The inlet and outlet waveforms are
shown at the top and bottom respectively.
(C) Pulsing Pressure. Pp:

For each system, at Ptm=0, a small but finite Pp exists. As Ptm is increased,
Pp also increases, especially above 1.5 bar. Maximum values of Pp are
approximately 1.5 and 1.7 bar for the inlet and outlet sides respectively for all
systems at Ptm=3-4 bar.

The error in Ptm under pulsed flow conditions is

estimated to be 10% from experimental observations. The outlet pulsing pressure
is greater than the inlet for all systems except ET.
Wyatt(1988) noted that when oscillatory flow was used, the rotameter bob,
measuring the cross-flow, dropped and also vibrated up and down. Vibration of
the rotameter bob was also observed in these experiments. This is due to the
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flow around the bob being disturbed and possibly due to an increase in the
pressure drop. It is to be expected that as Ptm increases the pressure drop across
the retentate control valve will rise and this may explain the increasing magnitude
of Pp with Ptm. The vibrations mean some of the pulsed flow is being dissipated
down the outlet tubing.
On the inlet side some dissipation of the pulsed flow due to backflow
through the non-return valve is also occurring and this may explain why the
pulsing pressure was greater for the outlet side compared with the inlet.

In

future, it may be possible to purchase a pulsed flowmeter such as a Gould
Statham Flowmeter which employs electromagnetic probes and is typically used
in medical applications to measure the pulsed flow in situ. This will give a more
accurate measurement of the pulsed flow velocity and will enable the extent of
pulse dissipation to be determined.

4.2 Filtration Experiments:

4.2.1 Introduction:

The objectives were:
a) to investigate the filtration performance of 4 different baffled systems,
described in Table 2.1, using pulsed or steady flow. The performance is to be
compared with a conventional system operating under the same conditions of
cross-flow velocity and transmembrane pressure. It is hoped to determine the
optimum baffle configuration and the best operating conditions.
b) the Pan range is extended to 5-5.5 bar to investigate whether the slight upward
trend in the flux data at Ptm=2.2 bar that was observed in Stage 1, is indicative
that higher fluxes can be obtained at higher Ptm values or alternatively, that
limiting flux behaviour will be demonstrated. The flow regime is also extended
to cover fully turbulent flow conditions to compare the fluxes with pulsed flow
with steady flow fluxes for the ET and baffled systems.
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c )R e p is increased to 6450 to investigate if the decoupling of flux from cross-flow
velocity observed in Stage 1 means it is possible to obtain fluxes similar to those
in turbulent operation, through the use of pulsed flow of sufficient magnitude but
at relatively low cross-flow velocities. For pulsed flow of this magnitude, flow
reversal can be achieved over a much wider range of Re values.

4.2.2 Experimental Design:

In Stage 2 several modifications were made to the apparatus(see Section
2.2.2) and snapshot technique used in Stage 1 in order to achieve these objectives.
The snapshot modifications are described here.
In Stage 2A, the "snapshot" technique was used to obtain flux data under
the various conditions of cross-flow velocity and transmembrane pressure for 4
different baffle systems as shown in Table 4.1. A lower feed concentration of 10
gl'1 was chosen to obtain limiting flux conditions for the conventional system
under these operating conditions. The pulsed flow conditions were determined
by the pump capacity. For the Ptm/R e snapshot experiments an amplitude of 30.5
mm(100%) and frequency of 2.5 Hz were used which corresponds to Rep=6450
(vp=0.48 ms'1) and S t=0.033.
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Table 4.1: The experimental conditions investigated in each stage of the snapshot
filtration experiments, where for every Re value every Ptmvalue was investigated.
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For reasons explained in Section A1.5, the "snapshot" technique was
modified as follows:
a) the initial period was extended from 20 to 60 min.
b) the logging period was also changed from 20 to 30s.
c) with each set of baffles two experiments were carried out under steady flow
conditions consisting of 17 frames, a frame being a 6 min interval where the
operating conditions were maintained constant(see Section A1.2). These two
experiments were combined to give the overall flux/pressure relationship, the first
experiment used Re = 100, 750 and 2200; the second 350, 750, 1450 and 2750 for
Ptm up to approximately 5 bar. Identical starting and end conditions were chosen
for each part and a single frame corresponding to pulsed flow was included in the
steady flow snapshot experiment.
At least two snapshot experiments for each set of baffles using pulsed flow
conditions were also carried out consisting of 14 frames. These followed the same
form as the above experiments and included a single steady flow frame. In this
case the effect of cross-flow velocity over the range Re = 100-1450 and
amplitude(4.8, 17.7 and 30.5 mm) was investigated at different Ptm up to
approximately 5 bar.
In Stage 2B, further "snapshot" experiments were carried out under the
conditions of cross-flow velocity shown in Table 4.1 for ET, DI1.6 and DI3.2.

4.2.3 Results:

(A) Summary:

Baffled systems improved local mass transfer rates in steady flow over the
entire Re range investigated: Re = 100-50000. The relative improvement reached
a maximum over the range: R e =750-2200.

It has been suggested that a threshold number, Ret , exists (Ret< 100) in
steady flow, below which no improvement in flux is observed for the baffled
systems relative to ET.
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DI1.6 consistently gave the highest fluxes in this optimal range and at
Re>6450, the DI1.6 fluxes were greater than the DI3.2 fluxes. In pulsed flow
there was no significant difference in the fluxes between the DI systems. In both
pulsed and steady flow the DO 1.5 fluxes were lowest of all the baffled systems.
The DI1.6 baffles are considered to be the best configuration of the baffles
studied.

It would be impractical to operate DI1.6 and DI3.2 at R e>16000 because
the pressure drop becomes excessive in this Re range, causing a drop in Ptm,
which reduces any improvement in flux that would be observed.

Limiting flux behaviour was not demonstrated within the experimental
range in steady flow for Re>6450 and 16000 for (DI1.6 and DI3.2) and ET
respectively and in pulsed flow(Rep=6450) for all baffled systems.

High fluxes, similar in magnitude to steady flow fluxes in the baffled system
at R e =6450 and greater than ET fluxes at Re = 16000-50000 were obtained with
pulsed flow(Rep=6450) in the DI systems at very low cross-flow velocities,
providing further support for the use of pulsed flow in a baffled system in a single
pass, continuous mode of operation.

For ET, the flux in steady flow at R e =6450 was significantly greater than
in pulsed flow(Rep=6450).

(B) Effect of Re and Ptm on Flux for each System:

The results for Stages 2A and 2B have been presented together in Fig 4.3
and 4.4 for both pulsed and steady flow. DI0.8 and DO 1.5 were not used in Stage
2B for reasons explained in Section 4.2.4 and consequently, no data is shown for
these systems for Re>6450. In Fig 4.3 and 4.4, smoothed curves have been used
to represent the trends shown by the experimental data as explained in Section
A1.6. The legend in each graph refers to Re and the suffix P indicates this data
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corresponds to pulsed flow.

The same terminology is used to describe the

filtration results as defined in Section 3.3.1. The results are expressed in terms
of a change(usually an improvement) in flux relative to ET. With pulsed flow, the
frequency and amplitude are 2.5 Hz and 30.5 mm(100%) respectively which
corresponds to Rep=6450 and S t=0.033.
Fig 4.3(a)-(e) compare the flux performance for each system at different
Re and Ptmvalues. For each system, limiting flux behaviour is observed with the
magnitude of the limiting flux and Pth increasing with Re. Fluxes also increase
within the pressure dependent region as Re increases. The dependence of flux
on Re is weak for ET within the range 100-2750.

With each of the baffled

systems, there is a strong dependence of flux on Re. Little further improvement
in flux is observed for ET and (DI1.6 & DI3.2) for Re >16000 and 6450
respectively and limiting flux behaviour is not demonstrated within the
experimental range at these Re values.
The magnitude of the pressure drop and ratio of the mass of permeate
collected from the inlet to the outlet sides of the moduleCm^,) shows that it is not
practical to operate at Re >6450 for the baffled systems as any improvement in
fluxes that may occur at R e =16000 and 26000 is reduced by a drop in Ptm. At
R e =26000 the pressure drop is approximately 4.8 and 4.0 bar for DI1.6 and DI3.2
respectively and m ^ is 1.5-2.0. At Re = 16000, the corresponding pressure drops
are 1.9 and 1.5 bar respectively and m ^ is 1.1-1.3. At Re = 6450, the pressure
drop, is 0.43 and 0.40 bar respectively and the fluxes are the same from each side.
The pulsed flow data is also included in Fig 4.3. There was no dependence
of flux on the net cross-flow velocity for all systems over the range: Re = 100-1450.
The ETP flux(Rep=6450) is worse than the ET flux at Re = 6450. With DI1.6 and
DI3.2, examining the data scatter and the smoothed curves for Rep= 6450 and
Re = 6450 shows that in both cases the flux behaviour is similar, although the 6450
fluxes are greater than the 6450P fluxes for DI1.6. In addition, for each baffled
system, the fluxes obtained under steady flow conditions at the maximum Re
values used in Stage 2A of R e =2200 and 2750 are similar to the pulsed fluxes up
to around Ptm=2-3 bar. It is only above 3 bar that the fluxes are greater in pulsed
flow than in steady flow.
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The variability with the snapshot results is much greater in the case of
pulsed flow than with steady flow, especially for Ptm>3 bar. There are several
reasons for this:
a) the degree of concentration polarization is reduced and hence fluxes are more
sensitive to variations in membrane resistance(fouling) and/or operating
conditions.
b) the pulsing pressure, Pp, increases the error in the measured Ptm value(see
Section 4.1.3(C)) and may affect the flux directly if the system is operating in the
pressure dependent region. Pp reaches a maximum of approximately 1.6 bar for
P,m=4 bar.
In the variable amplitude(4.8, 17.7 and 30.5 mm) experiments the only
consistent difference in flux behaviour occurred at Ptm>3.5 bar where the flux at
X=4.8 mm(20%) was lower than the fluxes at 17.7 mm(60%) and 30.5
mm(100%). The X=17.7 and 30.5 mm fluxes were similar in magnitude.
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Fig 4.3: Comparison of "snapshot" ultrafiltration results for a) ET for Stage 2.
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for Stage 2.
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(C) Comparison of Different Systems:
Fig 4.4(a)-(i) compare the performance of each system for particular values
of Re. For each baffled system the extent of flux improvement increases with Re
in both the pressure dependent and independent regions, this improvement
reaching a maximum in the range R e =750-2200. DI1.6 and DO 1.5 consistently
give the highest and lowest fluxes for R e =350-2200 respectively. At Re>6450, the
ET fluxes have increased significantly and the difference in fluxes between ET and
the disc baffled systems is much smaller than at R e =6450.
These observations also apply to the pressure dependent region except no
significant difference was observed in the flux between different baffled systems
and under fully turbulent flow conditions, ET fluxes are approximately equal to
DI1.6 and DI3.2 fluxes.
Fig 4.4i plots the pulsed flow data from Stage 2A for each system together
with the ET data for Re = 16000-50000. The pulsed fluxes for the DI systems are
greater than the ET and DO 1.5 fluxes. At Ptm=4 bar, the flux varies from 60-70
lm'2h_1 for ET and DO 1.5 to 75-95 lm^h*1 for the DI systems.

Limiting flux

behaviour does not begin within the experimental range of Ptm values for the
baffled systems.

4.2.4 Discussion:

These results are related to the power consumption and flow patterns in
each system in Chapters 5 and 6 respectively.

(A) Baffles:

In steady flow, the observed improvement in flux over the entire
range:Re = 100-50000 shows that the baffled systems increase local mass transfer
rates and that this improvement is more effective than simply increasing the
velocity in ET to fully turbulent flow conditions(Re=50000). The occurrence of
an optimum Re range of 750-2200 for the relative improvement in flux is
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Fig 4.4: Comparison of "snapshot" ultrafiltration fluxes for ET, DI0.8, DI1.6, DI3.2
and DO 1.5 at Re= a) 100 and b) 350.
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Fig 4.4i: Comparison of "snapshot" ultrafiltration fluxes for ET, DI0.8, DI1.6, DI3.2
and DOl.5 at Re = 6450P(all systems) and 16000-50000 for ET.
consistent with Stage 1 results(see Section 3.3.2). The fluxes are quite high in this
range indicating high local mass transfer rates can be achieved at relatively low
Re values.
At Re = 100, the lower limit of the Re range investigated, fluxes were
greater for the baffled systems compared with ET over the entire Ptm range. This
contrasts with the Stage 1 results where a threshold number, Ret=200, existed for
DI1.6 below which no improvement in flux was observed relative to ET. Two
observations suggest that Ret does exist at Re < 100 for Stage 2:
a) the relative improvement in flux is smallest at Re = 100.
b) no difference was observed in DOl.5 fluxes at Re = 100 and 350(Fig 4.3e).
This suggests that Ret is a function of C5 and Re.
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(B) Optimum Baffle Configuration:

In steady flow the DI1.6 fluxes are consistently best in the Re range:3502200. With the pulsed flow data it is impossible to distinguish which baffled
system gives better performance although the DOl.5 fluxes are worse than the DI
fluxes. DOl.5 was not used in subsequent experiments because of their inferior
filtration performance and also for practical reasons. The DI baffles are much
easier to manufacture, install, fix in position, remove and are less likely to come
into contact with the membrane surface. DI0.8 was also eliminated because the
pressure drop increased much more rapidly with Re for DI0.8(see Section 5.1.2)
compared with DI1.6 and DI3.2 without any compensatory flux advantage being
demonstrated. Experiments were continued with the DI1.6 and DI3.2 systems.
The former gave better fluxes in steady flow for Re values up to 16000 while the
fluxes were approximately equal with pulsed flow. There was no dependence of
flux on frequency or amplitude for the DI systems as discussed in Section 4.3.4.
On the basis of these results, it is concluded that DI1.6 gives the best
performance.

(C) Pulsed Flow:

The pulsed flow fluxes in the baffled systems are independent of the net
cross-flow velocity over the range:Re = 100-1450, which corresponds to N F R =0.010.18. Sobey(1980) observed that when NFR is small, the basic mechanism in the
furrowed membrane oxygenator of Bellhouse et al(1973) remains unaltered from
pure pulsed flow and this is discussed further in Section 6.4.4. The magnitude of
these pulsed fluxes is similar to the steady flow flux at R e= R ep and greater
than(for DI systems) or equal to(for DOl.5) ET fluxes at Re = 16000-50000.
Hence, fluxes typical of turbulent operation can be obtained at very low cross-flow
velocities.

These results are consistent with Stage l(see Section 3.3.2) and

support the use of this system in a continuous, single pass mode of operation.
For ET, the flux in steady flow is significantly greater than in pulsed flow
at R e= R ep=6450. This result is related to the flow patterns in Section 6.4.2.
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When pulsed flow was used, the feed solution became much cloudier;
returning to steady flow resulted in the solution slowly clearing. The membrane
was observed to expand and contract in pulsed flow within the stainless steel
housing. The permeate chamber gradually filled with froth until this reached the
midpoint of the permeate housing. No foam was produced in a steady flow
experiment.
These observations suggest that denaturation due to air(cloudiness) in the
feed solution may have occurred.

Perhaps as the membrane expands and

contracts, this draws air into the space between the membrane and the stainless
steel support and possibly into the membrane module itself. This air will be in
intimate contact with the protein in the permeate stream. These conditions will
favour an interaction between the protein, air and permeate liquid to produce this
foam. This "backflushing" can be tolerated by microfiltration membranes and in
many cases, is highly desirable. However, with ultrafiltration membranes it should
be avoided.

This problem should be eliminated by flooding the permeate

collection chamber.

4.3 The Effect of Amplitude and Frequency:

4.3.1 Introduction:

The objectives were:
a) to determine the effect of frequency and amplitude on flux for the different DI
systems.
b) to determine if there is a relationship between flux and the ratio of amplitude
to baffle spacing(X/L).
c) to determine for a baffled system, if the pulsed flow flux is similar in
magnitude to the steady flow flux when R e = Rep.
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4.3.2 Experimental Design:

The conventional snapshot technique has been changed in these
experiments.

The Ptm and Re values were held constant throughout each

experiment at 3.8-4.1 bar and 100-250 respectively. Under these conditions there
is a significant difference in fluxes between steady flow(Re = 100-250 corresponds
to limiting flux conditions) and pulsed flow(at f =2.5 Hz and X=30.5 mm limiting
flux behaviour is only just beginning). This means that any effect of amplitude
and frequency on the flux should be clearly demonstrated.

Only one

parameter(frequency or amplitude) is changed in each experiment while the other
conditions are held constant and the snapshot conditions are varied in a
systematic rather than random manner.

For variable frequency, X=30.5

mm(100%) while for variable amplitude, f =2.5 Hz. The dependent variable(f or
X) was decreased systematically from frame to frame from its maximum value to
zero, and then back to the maximum value. Between each change in conditions,
the dependent variable was increased momentarily to its maximum value before
setting it at the desired value for that particular frame.
DI1.6 and DI3.2 were used in the variable frequency experiments. In the
variable amplitude experiments DI0.8 was also used to determine if there is a
relationship between flux and X/L.

4.3.3 Results:

(A) Summary:

The effects of frequency and amplitude on flux were similar for all the DI
systems. Frequencies needed to be above 1.4 Hz at X=30.5 mm(Rep>3500,
S t=0.033) and amplitudes above 5 mm at f=2.5 Hz(Rep>1100, St<0.20) for an
optimal improvement in flux to be observed. Increasing f or X above these values
resulted in nominal further improvement in flux due to the onset of pressure
dependent behaviour.

It is possible that the pulsed flow fluxes achieved in
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Section 4.2.3(Rep=6450) could be achieved at much lower Rep values of 3500 or
possibly even 1100.

At Rep< 1000, the fluxes were significantly greater at low X and high f(2.5
Hz) experiments than at low f and high X(30.5 mm, 100%). This means, that at
the same Rep value, short strokes are better than long strokes as the frequency
is higher in the former case. It has been suggested that, in general, a greater
improvement in mass transfer and flux, and minimum axial dispersion will be
observed using "short, fast" strokes rather than "long, slow" strokes. If minimum
axial dispersion is not a requirement, further improvements in flux can be
obtained by increasing Rep(higher f and/or X(lower St)) until the onset of
pressure dependent behaviour.

No relationship between flux and X /L was demonstrated for the DI
systems investigated.

Most importantly, the flux in pulsed flow in the baffled systems was
equivalent to the flux in steady flow when the steady flow velocity was of similar
magnitude to the pulsed flow velocity, further supporting the use of this system
in a single pass, continuous mode of operation.

(B) The Effects of Frequency and Amplitude:

Fig 4.5a and 4.5b show the flux behaviour as a function of frequency and
amplitude respectively for the DI systems. The same trends are shown in both
graphs. The high Ptmvalue of 3.8-4.1 bar maintained throughout each experiment
resulted in greater fouling than was observed with earlier snapshot experiments
so that there is a hysteresis effect and the flux behaviour is not reversible. The
systematic approach was used to compensate for this greater extent of fouling as
it is easier to separate the effects of fouling and frequency/amplitude on flux
when the operating conditions are varied in a systematic rather than random
manner.
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bar and Re = 100, 150 and 250 respectively.
86

Both DI1.6 and DI3.2(Fig 4.5a) show the same response of flux to
frequency. Between 1.4-2.5 Hz(Rep>3500), there is very little dependence of flux
on frequency.

As the frequency is decreased below 1.4 Hz, a gradual

deterioration in flux occurs, until at f= 0 Hz, the flux is equal in magnitude to the
corresponding steady flow flux value for this Ptm and Re.

On increasing the

frequency again, this process is reversed but full flux recovery is not achieved due
to the fouling that has occurred.
The effect of amplitude on flux is shown in Fig 4.5b. At X=30.5 mm there
is no difference in fluxes between each system which is consistent with the earlier
snapshot results of Section 4.2.3. As the amplitude was decreased the flux first
appears to drop for DI3.2 at X=20 mm(St=0.05). A more significant drop in flux
occurs for each baffled system at an amplitude of 5 mm(Rep= 1100, S t=0.20) and
on the return cycle as the amplitude is increased only this second change in flux
with amplitude was repeated. Significant fouling has occurred and increasing the
amplitude above 16 mm(Rep>3400, S t=0.06) results in negligible further
improvement in flux.

(C) Comparison with Steady Flow at Re=Rep:

In Section 3.3.2 and 4.2.3, it was stated that for pulsed flow in a baffled
system, the flux is of similar magnitude to the flux in steady flow in the baffled
system when the latter is operating at a velocity similar in magnitude to the
pulsed flow velocity(vp). This observation is supported in Fig 4.6a and 4.6b for
DI1.6 and DI3.2 respectively.

In each graph, the variable amplitude and

frequency data is plotted together with the snapshot data from Stage 2B(Section
4.2.3) against Rep and Re respectively. Rep is evaluated from f and X using
equation (1.2). The suffix, f or X, in the legend indicates the dependent variable
for each set of data.
A qualitative comparison of the variable f/X and steady flow flux data can
only be made due to the greater extent of fouling that occurred in the former
experiments compared with the latter. The fluxes in pulsed flow(at Rep) are
almost identical to the steady flow flux(at Re) for variable frequency experiments
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over the entire Re(Rep) range. With variable amplitude experiments, the fluxes
are similar in magnitude for Rep>3000 while at Rep< 1000, the flux is significantly
greater for low X, high f(2.5 Hz) compared with low f, high X(30.5 mm, 100%)
and steady flow fluxes.
Each graph can be split into two sections as done in Fig 4.5. The dividing
line between each section corresponds to Rep=1200 and 3500 approximately for
variable X and f experiments respectively which is consistent with the critical Rep
values determined in Fig 4.5.

4.3.4 Discussion:

These results are related to the flow patterns in Section 6.4.4.

The effects of frequency and amplitude on flux are similar for all the DI
systems.

Frequencies need to be above 1.4 Hz at X=30.5 mm(Rep>3500,

S t=0.033) and amplitudes above 5 mm at f=2.5 Hz(Rep>1100, St<0.20) for an
optimal improvement in flux. Increasing f or X above these values results in
nominal further improvement in flux.

This is consistent with the earlier

observations made in Section 4.2.3(B) that fluxes were similar in magnitude for
each baffled system at X = 17.7 and 30.5 mm at f =2.5 Hz. This flux plateau is due
to the system entering the pressure dependent region so that any further
improvement in flux is not expected. It is possible that the pulsed flow fluxes
achieved in Section 4.2.3 2(Rep=6450) could have been achieved at much lower
Rep values of 3500 or possibly even 1100.
At Rep< 1000, the fluxes are significantly greater at low X and high f(2.5
Hz) than at low f and high X(30.5 mm, 100%). This means that at the same Rep
value, short strokes are better than long strokes for improving fluxes, as the
frequency is higher in the former situation. Rephrasing this important concept,
at the same Rep value, it is more effective to improve fluxes by increasing the
frequency rather than the amplitude, while decreasing the other variable to
maintain Rep constant.

Hence, provided the frequency is fast enough, short

strokes are not deleterious, as shown by the low amplitude value of 5 mm that
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must be exceeded to observe an optimal improvement in flux. In general it is
suggested that the combination of "short, fast" strokes is more effective than "long,
slow" strokes. Further improvements in flux can be obtained until the onset of
pressure dependent behaviour by increasing Rep, either by increasing the
amplitude(at constant frequency) or the frequency(at constant amplitude) or
increasing both simultaneously.
Howes(1988) explains that best conditions in "wavy walled" tubes
correspond to stroke lengths greater than the wave period(L) of the channel(low
St). With sharp edged baffles in the system, separation occurs at much lower
amplitudes and in general, vortex mixing is present in the baffled tube for stroke
lengths considerably less than the baffle spacing(high St). This is supported by
Brunold et al(1989) who found that the optimal amplitude range is about 3-7 mm
in a tube of I.D.=46 mm and for L /D = l-2. Colman and Mitchell(1990) do not
directly discuss the effects of amplitude and frequency in their work. However,
f and X values can be calculated from values of the Thomson number, Th, and
pulsatile Reynolds number, PuRe, used by them to describe the hydrodynamic
conditions in their system and defined in Table 1.2. For their mass transfer
experiments, the mass transfer coefficient increases over the range X = 2.16-7.2
m m (Th=0.36-1.2 in their Fig 3) and f=4.8 and 9.6 Hz(PuRe=640 and 1280 in
their Fig 4)in a 6 mm high rectangular channel. The frequencies and amplitudes
used by them in their pervaporation and ultrafiltration experiments correspond
to(f,X)=(18.7 Hz, 1.1 mm) and (8.3 Hz, 4.2 mm) respectively. These studies
support the use of "short, fast" strokes rather than "long, slow" strokes for
improving mass transfer and flux. Colman and Mitchell’s work and the results
presented here, also show that further increases in mass transfer and flux will be
observed by increasing Rep(higher frequencies and/or amplitudes! until the onset
of pressure dependent behaviour. More work is needed to test these hypotheses.
Colman and Mitchell state that if there is a requirement for minimum axial
dispersion in a membrane system, for which there is an optimum at relatively low
X, this must be balanced with the requirement of good mass transfer, favoured
by high f and X(high Rep and low St). It is obvious that "short, fast" strokes will
meet both of these requirements but "long, slow" strokes will increase the axial
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dispersion. Otherwise, as Mackley(private communication, 1988) recommended,
the amplitude selected for membrane filtration should be greater than or equal
to the optimum value for minimum dispersion.
Most importantly, the flux in pulsed flow in the baffled systems is
equivalent to the flux in steady flow when the steady flow velocity is of similar
magnitude to the pulsed flow velocity. This means the flux can be decoupled
from the net cross-flow velocity supporting the use of this system in a single pass,
continuous mode of operation.

There appears to be no relationship between flux and X /L for the DI
systems investigated. This result is possibly a consequence of the truncated nature
of the waveform for amplitudes less than 100%. As explained in Section 4.1.3(B),
as the amplitude is decreased below 100%, there are significantly greater
proportions of the cycle over which no motion occurs. In these experiments, only
one of the parameters, f or X, were changed at the same time, the other being
maintained at its maximum value: 2.5 Hz for frequency and 100%(30.5 mm) for
amplitude.

Maintaining the amplitude at 100%, while frequency is varied

eliminates this truncated effect as the waveform is continuous at X=100%.
Maintaining the frequency at 2.5 Hz as the amplitude is varied should ensure that
although the truncated nature of the pulse becomes greater as the amplitude is
decreased, the actual time taken to complete a cycle is so short that any effect
this has on the filtration behaviour is minimal.

Ideally, the pulsed velocity

waveform should be continuous at all amplitudes so that the effects of X, X /L
and St on flux can be clearly resolved. An arrangement similar to that used by
Dickens et al(1989) where different cams were used to produce different
amplitudes may be more suitable for future experiments.
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4.4 Concentration Experiments:

4.4.1 Introduction:

Based on the superior performance of DI1.6 compared with DI3.2 under
steady flow conditions it was decided to use DI1.6 only in the concentration
experiments. The objectives were:
a) to investigate the effect of feed concentration on flux for two feed solutions:
Bipro and Ardex D.
b) to compare the flux performance for ET, DI1.6 and DI1.6P under the different
operating conditions described in Section 4.4.2.

4.4.2 Experimental Design:

In this section, flow conditions are expressed in terms of velocities as the
changing physical properties of the feed solution with changing bulk concentration
causes a corresponding change in Re and Rep. Re and Rep can be calculated
from these velocities using the viscosity data in Table 4.2 and equations (1.1) and
(1.2) respectively or evaluated graphically from Fig 4.10.
Two concentration experiments using Ptm= 1.2 bar and v = 0.014 ms"1 were
carried out for 2 1 of 25 gl"1 Bipro using DI1.6 under conditions of steady and
pulsed flow(vp= 0.073 ms"1) in Stage 1C. These were supplemented in this stage
with two further concentration experiments at Ptm= 1.2(05=25 gl"1) and 3.8 bar
(05=10 gl'1) and vp=0.48 ms"1 for DI1.6.
Concentration experiments were carried out for ET, DI1.6 and DI1.6P at
Ptm=2 bar and v=2.9, 0.48 ms"1 and vp=0.48 ms'1 respectively using Bipro and
Ardex D feed solutions. These cross-flow velocities were deliberately chosen to
give the same pressure drop of 0.43 bar in each system. Beginning with 21 of 10
gl"1 feed solution, ultrafiltration was carried out for 30 min under approximately
constant volume conditions. The concentration of the original solution was then
incrementally increased to 25,50,100 and 150 gl'1 and then progressively diluted
to near the original concentration with a further 20 min of ultrafiltration being
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carried out at each stage. With the Ardex D solution the maximum concentration
reached was 100 gl'1 as the fluxes were veiy low at this point. The concentration
of the feed solution at the end of each stage was determined accurately using UV
absorbance spectrophotometry. Measurement of the kinematic viscosity of the
feed solution at different concentrations enabled Re to be calculated using
equation (1.1) as a function of Q, and hence the hydrodynamic conditions to be
determined at each stage of the experiment. Between each stage, the system was
rinsed twice for 5 min using 21 of distilled water at minimal Ptm and maximum
cross-flow velocity prior to measuring the membrane resistance using distilled
water for 5 min at 1-1.2 bar. Average flux values were calculated using the last
10 min of data for each stage.

4.4.3 Results:

(A) Summary:

The mass transfer coefficient for vp=0.48 ms'1was greater than at vp=0.073
ms'1 by a factor of approximately three. The ET and DI1.6 fluxes were similar in
magnitude for Bipro over the entire concentration range while with Ardex D, ET
gave higher fluxes than DI1.6. The DI1.6 fluxes were greater than the DI1.6P
fluxes in the pressure independent region for both feed solutions.

One

explanation for these results and especially the improved performance of ET
relative to DI1.6, concerned the difference in the power consumption in each
system, as the power consumption ratio for ET:DI1.6:DI1.6P was 12:2:1 at v=2.9
ms'1, v=0.48 ms'1 and vp=0.48 ms'1 respectively.

These results were also

attributed to the increasing magnitude of viscous effects as Re and Rep decreased
with increasing Q,.

The ET, DI1.6 and DI1.6P fluxes agreed with corresponding snapshot
fluxes from Section 4.2.3 within the pressure dependent r e g i o n ^ <33 gl'1).
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The flux behaviour was reversible on increasing the concentration from its
initial to maximum value and then decreasing it to near the initial concentration
for both feed solutions.

(B) Effect of vp:

Fig 4.7 plots the results of five concentration experiments carried out in
Stages 1 & 2 including the DI1.6P data plotted in Fig 4.8(a). The DI1.6 data at
v = 0.014 ms'1(Re0=200, where Re0 is the Re value at the start of the experiment)
and with no pulsed flow, has been included to provide a basis for comparison.
The vp= 0.48 ms*1(RepO=6450) data in Fig 4.7 suggests that a flux plateau is being
reached at low concentrations although no firm conclusions can be made. At
higher Q,, fluxes decrease with increasing concentration and a line can be fitted
to the experimental data in accordance with the film model. The slope of this
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Fig 4.7: Flux v Ln(Ct,) for five concentration experiments from Stages 1 and 2 for
DI1.6.
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line is equal to the mass transfer coefficient. This region corresponds to pressure
independent behaviour as the similarity of the fluxes at Ptra= 1.2, 2.1 and 3.8 bar
demonstrates.
Fluxes increase with pulsed flow relative to DI1.6 at vp= 0.073 ms'1
(Repo=950) and especially at vp=0.48 ms'1. The slope of the graph, and hence the
mass transfer coefficient for the latter data is approximately 3 times greater than
for the former data.

(C) Comparison of the Different Systems:

Fig 4.8(a)-(b) summarizes the six concentration experiments for the Bipro
and Ardex D feed solutions respectively. The data has been plotted against
Ln(Cb) and subdivided into 2 sections corresponding to increasing and
decreasing(shaded symbols) concentration. The flux behaviour appears to be
reversible on increasing and then decreasing the concentration as both sets of
data for increasing and decreasing concentration for each system agree with one
exception. This is the final data point for DI1.6P(Ardex D) where a big flux drop
occurs. Problems experienced with the feed pump in this run meant that the total
run time was 50 min longer than for ET and DI1.6. Consequently, this flux decay
may be due to some time dependent behaviour of the feed solution. These
observations are supported in Fig 4.9 which plots the membrane resistance, R m,
at the end of each stage after rinsing with distilled water. The change in R m
during an experiment is generally small especially after the maximum
concentration is reached except in the final experiment. Here, Rm continues to
increase especially in the last 20 min period.
For Bipro(Fig 4.8a), there is very little difference in behaviour in flux over
the entire concentration range between ET, DI1.6 and DI1.6P although at high
concentrations the flux is smaller for DI1.6P than for ET and DI1.6. With Ardex
D(Fig 4.8b), the response is different and a much clearer distinction exists
between each system.

Unlike Bipro, this "solution" was not completely

homogeneous especially at high concentrations. The magnitude of the flux is
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Fig 4.9: Membrane resistance, Rm, at the end of each stage for the Bipro and
Ardex D concentration experiments.

greater over the entire concentration range in the order ET, DI1.6 and DI1.6P.

(D) Determination of the Flow Regime:
Fig 4.10 plots Re against Q, for ET and DI1.6 respectively for Bipro and
Ardex D. Values of the density and kinematic viscosity are shown in Table 4.2
for Bipro and Ardex D. These have been included here for completeness and
also because there is a dearth of such data in the literature.
The dependence of Re on Q, is much stronger for Ardex D than for Bipro.
For Bipro, a dramatic drop in Re occurs for Q, > 180 gl'1, due to a 2 order of
magnitude change in kinematic viscosity that occurs in the range 180-230 gl'1.
Adopting the criteria that laminar flow is established at R e =2000, this means that
for ET and DI1.6 the critical Q, values for laminar flow conditions to be
established are 225 and 190 gl"1 for Bipro and 84 and 34 gl"1 for Ardex D
respectively. For all the experimental data, 1 and 3 data points, corresponding
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Table 4.2: Measured values of the kinematic viscosity(cSt), and density(kg.m'3) for
Bipro and Ardex D at different concentrations. Re values are calculated for ET
and DI1.6 (v=2.9 and 0.48 ms"1 respectively) at each concentration at 25°C.
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to the highest concentrations, satisfy this criteria for ET and DI1.6 respectively for
the Ardex D feed solution only.

4.4.4 Discussion:

The number of concentration experiments carried out is relatively small
compared with the snapshot experiments and the results are not as well
understood, especially for Ardex D, as no other experiments were carried out
using this feed solution.
The Bipro fluxes for ET, DI1.6 and DI1.6P at low concentration (Cb<35
gl'1) are consistent with corresponding data at C ^ I O gl'1 from the snapshot
experiments of Stage 2B(see Section 4.2.3).
Considering the ET and DI1.6 results first. The ET and DI1.6 fluxes were
similar in magnitude for Bipro over the entire concentration range while with
Ardex D, ET gave higher fluxes than DI1.6. The improved fluxes obtained with
ET compared with the snapshot experiments of Section 4.2.3, is partly attributed
to a six-fold increase in power consumption relative to DI1.6 as the velocities used
in each case were 2.9 and 0.48 ms'1 respectively while the pressure drop was the
same for each system.
The increasing magnitude of viscous effects as the bulk concentration
increases and the consequent decrease in Re may also explain these results and
especially the differences between Ardex D and Bipro. Viscous effects become
more important at a lower Q, value for DI1.6 than for ET due to the six-fold
difference in velocity and hence Re. This is particularly true for Ardex D where
the dependence of Re on Q, is much stronger than for Bipro. This statement
needs to be qualified as the transition from laminar to turbulent flow occurs at
a lower Re for DI1.6 than for ET(see Section 6.4.1) which will compensate to
some degree for this difference in velocity. However, as significant increases in
viscosity occur, this may change the nature of the flow patterns. In Section 4.2.4,
it was suggested that Ret is dependent on Q,. It may be possible that separation
of the flow does not occur until very high Re values in viscous solutions.
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Now, considering the DI1.6 and DI1.6P results, where v=vp=0.48 ms"1.
The fluxes were greater in steady flow compared with pulsed flow at high
concentration for both feed solutions. The ratio of flux for DI1.6:DI1.6P reaches
a maximum of 1.4:1 for Ardex D and Bipro but the corresponding power
consumption ratio is 2:l(see Section 5.2). Hence the DI1.6P system performance
is better than DI1.6 when the results are expressed on a power consumption basis.
The increasing magnitude of viscous effects may explain these results and
also the difference in flux and mass transfer coefficient observed for DI1.6P at
vp= 0.073 and 0.48 ms'1, as viscous effects will be more significant in the former
case.

Sobey(1980) stated that in order to have vortex mixing, Rep must be

sufficient in magnitude to cause an equivalent steady flow to separate.

For

0,=10-25 gl'1, vp= 0.073 and 0.48 ms'1 correspond to Rep=950 and 6450
respectively. The difference in the flux/concentration behaviour at these 2 Rep
values apparently contradicts the statement made in Section 4.3.4 based on the
f/X results that it may be possible to achieve the same flux in pulsed flow at
Rep=6450 at a much lower Rep values of 3500 or possibly even 1100.

One

explanation for the apparent contradiction is that the wall viscosity may be more
sensitive to increasing bulk viscosity than to decreasing cross-flow velocity. This
will result in laminar flow conditions being established within the boundary layer
at higher Rep values for increasing viscosity compared with decreasing velocity.
These conclusions are preliminary only.

Flow visualization studies,

additional to those described in Chapter 6 would need to be carried out
investigating the effects of viscosity in steady and pulsed flow on the flow patterns
to test these hypotheses.

101

CHAPTER 5
POWER CONSUMPTION
The incorporation of baffles within the tubular membrane system increases
the pressure drop and hence at a given Reynolds number the power consumption
will be greater than in a conventional system. The use of pulsed flow further
increases power consumption. In this chapter, the power consumption of the
conventional and baffled systems under steady and pulsed flow conditions is
compared to determine whether the filtration performance of the baffled systems
is superior to that of a conventional system at the same power input.
This chapter is divided into two sections.

Section 5.1 describes the

evaluation of two further parameters needed to be able to calculate the power
consumption of each system for the experimental conditions used.

These

parameters are the steady flow pressure drop, dP, and the pulsed flow pressure
drop, dPp. Section 5.2 explains the power consumption calculation. The power
consumption has been expressed in terms of the power dissipated within the
membrane module and on a unit area basis to make scaleup to larger industrial
units easier.

The equations used to calculate the power consumption are

developed and applied to the data for steady and pulsed flow conditions.

5.1 Measurement of The Pressure Drop:

5.1.1 Introduction:

The pressure drop in a conventional system is primarily due to friction at
the wall. These losses are known as viscous losses. With baffles in the tube for
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steady flow the fluid accelerates and decelerates as it moves around or through
each baffle for the disc and doughnut systems respectively and eddies are
generated in the wake of each baffle. The pressure drop is made up of both
viscous and eddy losses in this case. The viscous losses are due to both friction
at the wall and at the baffle as the fluid moves past it. With pulsed flow in a
conventional system, the acceleration, deceleration and change of direction of the
fluid produces inertia losses. With baffled systems and pulsed flow viscous, eddy
and inertia losses add to produce the total pressure drop in the system. This
simplistic description illustrates why the theoretical evaluation of the power
consumption under the different operating conditions used in this project is not
easy.
The parameters measured in this section are the pressure drop in steady
flow, dP, and the pulsed flow pressure drop, dPp. The pressure drop, dP, is
defined as the difference between the inlet and outlet pressures. This is the
pressure drop through the membrane module as distinct from Ptm.
With pulsed flow, the pressure drop changes in a periodic fashion with
time with the same frequency as the pulsed flow. The peak-centre amplitude of
this wave is defined as the pulsing pressure drop, dPp. <p is defined as the phase
difference between dPp and the amplitude of the pulsed flow rate, Qp. Positive
values of <p imply that dPp is ahead of Qp.
An empirical equation relating the pressure drop, dP, to the Reynolds
number, Re, can be evaluated using linear regression from the experimental data.
This steady flow regression equation can be used to estimate dPp at R e= R ep. By
comparing the values of dPp calculated using this equation with the experimentally
measured values, the contribution of inertial losses to the pressure drop can be
assessed.
The objectives of this section were:
a) to measure the steady flow pressure drop(dP) as a function of Re for the
different systems over the experimental range.
b) to determine the transition from laminar to turbulent flow for each system.
c) to determine the pulsing pressure drop(dPp) at an amplitude of 30.5 mm(100%)
and f =2.5 Hz and to investigate if there is any dependence of dPp on Ptm and Re.
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d) to investigate if there is a phase difference, 4>, between Qp and dPp for each
system.
e) to compare dPp with dP at R e= R ep to assess the contribution of inertial losses
to dPp.

5.1.2 Materials and Methods:

The steady flow pressure drop, dP was measured using distilled water at
18°C by water and Hg manometers for the ET and baffled systems respectively
over the Re range 0-2500 in Stage 2A. No measurements of the pressure drop
were made for D02.2 as these baffles had been damaged during storage and
were no longer usable. The manometer was connected at the same location as
the pressure transducers thus measuring the total pressure drop through the
membrane module. In Stage 2B, the Re range was much higher and dP was
measured using the Hg manometer for ET, DI1.6 and DI3.2.
dpp was estimated at R e= R ep from the empirical relationship between dP
and R e for each system, obtained using linear regression on the experimental data
from Stages 2A(DI0.8 and DOl.5) and 2B(ET, DI1.6 and DI3.2):

dP(Pa) = BRe + CRe2

(51)

dPp was measured using distilled water at 18° C by a wet/w et differential
transducer(Type PDCR 120/WL manufactured by Druck Ltd) connected to the
inlet and outlet pressure tappings.

This was connected to the U /V Trace

recorder used for measuring Pp(see Section 4.1.2(B)). Traces of dPp as a function
of amplitude, Re and Ptm were obtained for each system. dPp was evaluated
directly from these traces in mm as the peak-centre amplitude and converted to
dPp(bar) after correcting for the signal amplification and using the transducer
calibration data.
The phase difference, <p, was measured from the traces as the distance
between the positive peak of the dPp curve and middle of the displacement blip.
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The middle of the displacement blip corresponds to the point of zero
displacement.

5.1.3 Results:

(A) Summary:

dP increased much more rapidly for the baffled systems compared with ET.
DI0.8 and DO 1.5 had the strongest and weakest dependency of dP on Re
respectively while the dP/R e behaviour was similar for DI1.6 and DI3.2.

The dP /R e behaviour suggested that the lam inar/turbulent transition
occurred at a much lower Re value for the baffled systems than for ET.

The measured and predicted values of dPp agreed well for the DI systems
but not for DOl.5 and especially ET. No conclusions were reached about the
contribution of inertial effects to dPp.

Hence, for evaluating the power

consumption in pulsed flow, measured values of dPp should be used for ET and
DOl.5 while the empirical dP/R e equation can be used to predict dPp for the DI
systems. The dPp waveform was more triangular than sinusoidal and a phase
difference existed between Qp and dPp that is dependent on system geometry.

(B) Steady Flow Pressure Drop:

Fig 5.1 shows the steady flow pressure drop as a function of Re for each
system for Stages 2A(Fig 5.1a) and 2B(Fig 5.1b). All the data has been presented
on two graphs for Stages 2A and 2B rather than individually to illustrate the
significant differences in the pressure drop response of each system. In Fig 5.1a
the pressure drop increases much more rapidly with Re for the baffled systems
compared with ET. The rate of increase in dP with Re is smaller for DOl.5
compared with the disc baffled systems. The increase in dP with Re for DI0.8 is
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Fig 5.1: The pressure drop as a function of Re for the different systems from
Stage a) 2A and b) 2B.
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substantially higher than DI1.6 and DI3.2, both of which show a similar
dependence on Re.
In Stage 2B(Fig 5.1b), the experimental range was extended to much
higher Reynolds numbers. The increase in dP with Re is very similar for both
baffled systems while dP only begins to increase significantly for ET at Re >20000.
The R e range for transition from laminar to turbulent flow was estimated
graphically from individual curves for each system and is tabulated in Table 5.2.
The transition range was assumed to be the Reynolds number 'band"
corresponding to the lower and upper Re bounds where a distinct change of slope
of the graph occurs, presumably, as the flow changes from being laminar to
turbulent in nature. The transition occurs at a much lower Re range for the
baffled systems compared with ET. The transition band is compared with that
estimated from the flow visualization studies in Section 6.4.1.
An empirical relationship between dP and Re was evaluated using
equation (5.1) for each system. Values of the coefficients, B and C, in equation
(5.1) for each system are tabulated in Table 5.1. The agreement of the regression
values with the experimental data is excellent: the regression coefficient varies
between 0.997-0.999 for each system.

System

Stage

ET

1, 2A

0.030420

0.000027

0.9984

2B

0.122331

0.000025

0.9998

1, 2A

0.195491

0.000938

0.9979

2B

0.316219

0.000993

0.9997

1, 2A

0.158287

0.000857

0.9976

2B

0.896663

0.000814

0.9976

DI0.8

1, 2A

0.496971

0.001530

0.9987

DOl.5

1, 2A

0.367868

0.000182

0.9970

DI1.6

DI3.2

B

C

regn. coeff.

Table 5.1: Values of B and C from equation (5.1) for each system.
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(C) Pulsing Pressure Drop:

Values of dPp and 0 , were measured from the U /V trace recorder and are
tabulated in Table 5.2. 0 is expressed as a fraction of the period. Under these
conditions, the dPp waveform is more triangular than sinusoidal. There was no
dependency of dPp on Re or Ptm within the range 0-1250 and 1-5 bar respectively.
The error in dPp is estimated to be 10% from experimental observations.
The predicted values of dPp using equation (5.1) are compared with
experimental values in Table 5.2. Table 5.2 shows that the values agree well for
the DI systems while with ET and DOl.5 the experimentally measured values are
670 and 75% greater respectively.

1

ET

DI0.8

DI1.6

DI3.2

DOl.5

0.34

0.31

0.08

a) regression
dPp (bar)

1

0.015

0.52

b) experiment
dPp (bar)
<P

1

0.10

0.50

0.34

0.27

0.14

1

0.45

0.25

0.25

0.25

035

c) transition to turbulencerRe range

lower |

3000

700

800

900

1400

upper |

7000

1400

1500

1600

2000

Table 5.2: For each system: a) predicted values of dPp at Rep=5700 using
equation (5.1); b) measured values of dPp and 0 at X=30.5 mm(100%) and f =2.5
Hz(Rep=5700); c) estimated Re band for the transition from laminar to turbulent
flow.

5.1.4 Discussion:

Two explanations are put forward to explain the difference in the dP/R e
behaviour for DI0.8 compared with DI1.6 and DI3.2. The first is based on an
analogy with the pressure recovery in orifice type meters(Coulson and Richardson,
1977). A certain distance downstream from the throat of such devices, a final
recovery pressure is reached, which naturally, is less than the upstream throat
pressure. It is possible that with DI0.8, but not DI1.6 and DI3.2, insufficient
distance exists between adjacent baffles for the final recovery pressure to be
reached. Secondly, the likelihood of channelling of the fluid, which will increase
the pressure drop, is greater for DI0.8 than for the other DI systems as Brunold
et al(1989) commented on. This is discussed further in relation to the flow
patterns in the DI systems in Section 6.4.3.
The existence of a phase difference, <p, between Qp and dPp is
acknowledged by Edwards and Wilkinson(1971) and Ralph(1985). The definition
of 0 is somewhat arbitrary. Consequently although the general trend of the effect
of geometry on <p is qualitatively correct, the quantitative accuracy is suspect. In
some cases, the dPp waveform was not symmetric which made it more difficult to
measure <p.
The difference in the measured and predicted values of dPp is significant
for DOl.5 and especially ET.

These results suggest that inertial effects are

insignificant for the DI systems, relatively important for DOl.5 and dominate dPp
for ET. This is thought to be false. Hence, the only conclusion that can be
reached is that the empirical dP/R e equation, (5.1), can be used to predict dPp
for the DI systems but measured values should be used for ET and DOl.5.

5.2 Power Consumption Evaluation:

The power consumption has been expressed in terms of the power
dissipated within the membrane module only and on a unit area basis to make
scaleup to larger industrial units easier. It does not include the power required
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to generate the transmembrane pressure.

This approach was used as, in a

commercial unit, about 80% of the retentate is recycled around a high pressure
loop. In the experimental rig, all of this flow is returned to the feed vessel losing
pressure energy. These losses and associated losses in the pipework are ignored
if only the power dissipated in the membrane module itself is calculated, which
can be scaled between the two rigs. Section 5.2.1 explains the development of the
equations and the evaluation of the parameters needed to calculate the power
consumption. The results are presented and discussed in Section 5.2.2 and 5.2.3
respectively. The objectives were:
a) to evaluate the power consumption for each system under steady and pulsed
flow conditions.
b) to assess which of the baffled systems give the best performance when the
fluxes for each system are expressed on a power consumption basis and whether
this performance is better than for ET.

5.2.1 Evaluation of The Power Consumption:

In steady flow, the measured values of the pressure drop, dP, and
volumetric cross-flow rate, Q, were combined to calculate the power(E) consumed
in the module on a unit area basis. This represents a specific power consumption
in Wm"2:

E
where

(5.2)

Am

is the membrane area.

In pulsed flow, the total power dissipated is the sum of 2 terms: one due
to the pulsing flow alone, Ep, and the second due to the net forward flow, E n.
The pulsed flow component was evaluated by assuming that the pulsing flowrate,
Qp(t), and pulsing pressure drop, dPp(t) are sinusoidal functions with the same
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frequency of oscillation and are in phase. Hence, the equations for Qp(t) and
dPp(t) are:

<2(0 = <2 + <2pSin(a)0
d P (t)

=

d P + d P p sm (u > t)

Integrating over one period gives:

Q dP

E

=

E

n

+

E

P

=

+ 0.5 Q

d P n

— ---------------------- —

A

£

( 5.3)

The pulsed flow term, Ep, in equation (5.3) represents the average power
dissipated per cycle. There is a direct analogy between this quantity and the
average power dissipated within an A C . resistive circuit with Qp and dPp being
analogous to electrical current and resistance respectively. Hence Ep can be
thought of as the product of the r.m.s. values of the amplitude of the pulsing flow
rate and pulsing pressure drop.

5.2.2 Evaluation of the Parameters:

a) Q was measured directly by the rotameter(see Section 2.3.3).
b) dP was evaluated using equation (5.1).
c) 0 P was evaluated as the product of the pulsed velocity, vp, defined in equation
(1.3) and Act, the area of the empty tube.
d) In Stage 1, dPp was evaluated using equation (5.1) for DI1.6 substituting
R e = R e p=950 in equation (5.1). Equation (5.1) was also used to evaluate dPp for
ET as no experimental data was available. This is in spite of the conclusion
reached in Section 5.1.3 that measured dPp values should be used for ET.
In Stage 2 R e= R ep=6450 was substituted in equation (5.1) for the disc
baffled systems. The measured values of dPp for ET and DOl.5 were used after
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correcting for the difference in the kinematic viscosity between distilled water at
18°C and Bipro at 25°C where Rep=5700 and 6450 respectively.
In earlier papers(Finnigan and Howell, 1989A, 1989B, 1989C), evaluation
of the power consumption included the power required to generate the
transmembrane pressure except for one(Finnigan and Howell, 1989D) where the
power consumption was expressed on the same basis as used here. In all cases,
the pressure drop was evaluated from the absolute transducer readings for ET,
DI1.6 and D02.2.

The pressure drop results obtained with the manometer

method described in Section 5.1.2 are more accurate than these earlier
measurements. For this reason, only these later results have been presented here.
Comparison of the two sets of results shows that the trends in each case remain
the same and hence the conclusions reached previously are qualitatively correct
but the earlier results are not quantitatively valid.

5.2.3 Results:

(A) Summary:

Baffles have been shown to dissipate energy more effectively than
turbulence in an empty tube(ET).

An optimum flux/power range has been

identified for the baffled systems. The fluxes were greater for the baffled systems
than for ET within this optimum range. This optimum range corresponded to
R e =700-1200 and 750-1450 for Stages 1 and 2 respectively. Within this range the
power consumption was a maximum of 1 Wm'2. These Re values are consistent
with the earlier conclusions of Chapters 3 and 4. Comparative fluxes can be
obtained for ET but only at a much higher power consumption of approximately
20 and 45 Wm'2 at Ptra=2 and 4 bar respectively.

DI1.6 gave the best performance when the flux results were expressed on
a power consumption basis.
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In the baffled systems, fluxes in pulsed and steady flow were of similar
magnitude for the same power consumption.

Once flow reversal no longer

occurred, there was no advantage from a flux and power viewpoint of using pulsed
flow.

It has been suggested that in order to be operating in the optimum

flux/power range, the pulsed flow velocity should be chosen so that Rep=7001500.

(B) Power Consumption:

The power consumption for each system over the experimental Reynolds
number range is tabulated for Stages 1 and 2 in Table 5.3. The D02.2 results are
not included here as no pressure drop measurements were obtained for this
system. For Stage 1, the pulsed flow power consumption, Ep, corresponds to
Rep=950 in Table 5.3 and is used to calculate the fraction of the total power
consumption due to pulsed flow, Ep/E , shown in Table 5.3. For Stage 2, R e =1001450 for pulsed flow at Rep=6450. Examination of the power data in Table 5.3
shows that the power consumption at Re = 1450 is 1-3% of the pulsed power
consumption at Rep=6450. Consequently, the steady term, E n, in equation (5.3)
is neglected for all Stage 2 data.
For both Stages, the power consumption has been evaluated for Re>350
as at smaller Re values the pressure drop measurements are considered to be
inaccurate and the power consumption is insignificant.
The flux v power results for Stage 1 at Ptm= 0 .4 ,1.2 and 2.2 bar are shown
in Fig 5.2(a)-(c) and for Stage 2 at Ptm=2 and 4 bar in Fig 5.3(a)-(d). Both
graphs are discussed together. Data from Stages 2A and 2B has been plotted
together in Fig 5.3. The fluxes were determined graphically from the Stage 2
flu x /P ^ /R e graphs in Section 4.2.3 at Ptm=2 and 4 bar over the Re
range:Re>350. Two graphs have been drawn at each Ptm value. This has been
done to display the trends in the data better for low values of the power
consumption.

Fig 5.3a and 5.3c plot the steady flow data for Re<2200 and

Re<6450 for the baffled and ET systems respectively. Fig 5.3b and 5.3d plot all
the data from Stages 2A and 2B except the fluxes corresponding to Re>40000 for
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ET and Re = 16000 for the DI systems as the power consumption becomes
prohibitive in these systems at these Re values without any significant flux
improvement(see Section 4.2.3(B)).

Specific Power Consumption (Wm'2)

1
Re

|

ET

ETP

Ep/E

DI1.6

DI1.6P

Ep/E

Stage 1
350

| 0.002

0.010

0.82

0.022

0.17

0.87

700

| 0.008

0.016

0.49

0.14

0.29

0.52

1200

| 0.032

0.040

0.20

0.66

0.82

0.19

1550

| 0.061

0.069

0.12

1.37

1.53

0.09

3300

| 0.46

0.47

0.02

950P

| 0.008

12.5

12.7

0.01

0.15

i

ET

DI0.8

DI1.6

DI3.2

DOl.5

350

i

0.002

0.047

0.024

0.021

0.019

750

i

0.009

0.29

0.16

0.14

0.089

1450

i

0.050

1.94

1.11

1.00

0.45

2200

i

0.14

6.15

3.60

3.25

1.22

2750

i

0.26

11.7

6.90

6.26

2.16

6450P

i

12.7

71.2

46.2

42.2

18.0

6450

i

3.89

92.3

84.4

—

16000

i

45.4

1410

1210

40000

i

613

50000

i

1123

Stage 2

—

Table 5.3: The specific power consumption as a function of Re for the different
systems in Stages 1 and 2. The suffix P refers to pulsed flow. Ep/E is the fraction
of the total power consumption due to pulsed flow.
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For all systems, each graph shows there is a flux/power optimum range,
centred about the sharp inflection point in the flux/power graph. For power
consumptions greater than this optimum, a flux plateau is reached, and further
increases in flux are relatively small and do not compensate for the much higher
power consumption required to achieve them. This flux plateau corresponds to
the system moving into the pressure dependent region. The magnitude of the flux
and power consumption in this optimum range increases with increasing Ptm and
decreasing concentration.
The fluxes for the baffled systems are much higher than for ET in this
optimum range for the same power consumption except at Ptm=0.4 bar where ET
and DI1.6 are both operating in the pressure dependent region. As Ptm increases
to 1.2 and 2.2 bar(Fig 5.2) and in Fig 5.3, from 2 to 4 bar, the relative difference
in fluxes between the baffled systems and ET is greater. Fluxes of similar
magnitude can be obtained for ET but only at a much higher power consumption
than the optimum power consumption for the baffled systems. Fig 5.3 shows that
as the power consumption is increased beyond the levels reached in Stage l(Fig
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Fig 5.2: Flux v Power Consumption for Stage 1 at Ptm= a) 0.4 bar for ET, ETP,
DI1.6 and DI1.6P.
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Fig 5.2: Flux v Power Consumption for Stage 1 at Ptm= b) 1.2 and c) 2.2 bar for
ET, ETP, DI1.6 and DI1.6P.
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Fig 5.3: Flux v Power Consumption for Stage 2 at Ptm=2 bar for ET and the
baffled systems. The same graph is shown in a and b, except that fewer data
points are plotted in a as explained in the text.
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Fig 5.3: Flux v Power Consumption for Stage 2 at Ptm=4 bar for ET and the
baffled systems. The same graph is shown in c and d, except that fewer data
points are plotted in c as explained in the text.
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5.2), little further improvement in flux occurs for the baffled systems, while for
ET, fluxes do increase. At Ptm=2 bar, the ET fluxes approach(Fig 5.3a) and
surpass(Fig 5.3b) the baffled system fluxes. At Ptm=4 bar, this observation is also
true except in this case, the ET fluxes are always less than in the baffled systems
even when the fluxes at R e =40000 & 50000 for ET and R e =16000 for DI1.6 &
DI3.2 not shown in Fig 5.3 are compared.
Fig 5.3 shows that for each baffled system, the fluxes are similar in
magnitude in steady flow at the same power consumption. Although the pressure
drop dependence on Re is weakest for DOl.5 of all the baffled systems, the flux
performance is still better for the DI systems on a power consumption basis.
Similarly, for DI0.8, the stronger dependence of dP on Re than for DI1.6 and
DI3.2 means the power consumption increases more rapidly for the former system
compared with the other 2 DI systems. DI1.6 fluxes are consistently greater than
DI3.2 over the entire range in pulsed and steady flow. It is concluded that DI1.6
gives the best performance on this basis.
For all systems, the fluxes in pulsed flow are similar in magnitude to the
steady flow fluxes at the same power consumption. Fig 5.2(Stage 1, Rep=950)
shows that this observation is true for ET and ETP(all data) and for DI1.6 and
DI1.6P(for E<0.5W m'2). For E > 0.5Wm'2, where flow reversal no longer occurs,
the DI1.6 fluxes are greater than the DI1.6P fluxes. Fig 5.3(Stage 2, Rep=6450)
shows for the same power consumption, the fluxes in pulsed flow are greater than
or equal to steady flow fluxes for all systems except ETP. There is some doubt
as to whether the power consumption values are accurate for ETP due to the
uncertainty in the values of dPp used(see Section 5.1.3).

5.2.4 Discussion:

Baffles are dissipating power more effectively than turbulence in an empty
tube(ET). An optimum flux/power range has been identified for the baffled
systems. The fluxes are greater for the baffled systems than for ET within this
optimum range. Comparative fluxes can be obtained for ET but only at a much
higher power consumption than for the baffled systems. Inspection of Fig 5.2 and
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5.3 and Table 5 3 shows that this optimum range corresponds to R e =700-1200
and 750-1450 for Stages 1 and 2 respectively. This is consistent with the optimum
Re range of 350-1550 and 750-2200 determined in the filtration experiments in
Stages 1 and 2 respectively(see Section 3.3.2 and 4.2.3(A)). Table 5.3 shows that
within this optimum range the power consumption is a maximum of 1 Wm'2. Fig
5.3 shows that to obtain comparative fluxes for ET requires a power consumption
of approximately 20 and 45 Wm'2 at Ptm=2 and 4 bar respectively. The average
total power consumption of large units using similar membranes are of the order
of 120 Wm'2 owing to the higher Reynolds numbers which are required in the
conventional systems. Some high velocity units are even operated at 1 kWm'2.
It is clear that power consumptions of the baffled systems are in fact quite small
when operated at these moderate velocities. This conclusion is consistent with the
work of Brunold et al(1989) and Dickens et al(1989) who stated that the power
consumption in pulsed flow should be very low compared with conventional
systems.
In the baffled systems, fluxes in pulsed and steady flow are of similar
magnitude for the same power consumption. Once flow reversal no longer occurs
there is no advantage from a flux and power viewpoint of using pulsed flow. The
pulsed velocity is possibly too large in Stage 2 at Rep=6450, as the power
consumption is becoming large and lies beyond the flux/power optimum. In
Sections 3.3.2 and 4.2.3(A), it was stated that in the baffled systems, fluxes in
pulsed flow are of similar magnitude to those in steady flow when R e= R ep. It
is suggested that in order to be operating in the optimum flux/power range, the
pulsed flow velocity should be chosen so that Rep= 700-1500.
The major advantage of pulsed flow is the "decoupling" of the net crossflow velocity from the flux. It may be possible to have a single pass system,
avoiding the pumping costs associated with recirculation. However, the use of
pulsed flow requires additional capital expenditure for the purchase of the "pulse
production unit", whether this be a pump, pneumatic valves or a cam
arrangement.
It is also important to measure the actual power consumed by the pulsing
pump and compare this with the power consumption predicted by the E p term in
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equation (5.3). The approach used in equation (5.3) is semi-theoretical in nature,
uses experimentally determined parameters and is felt to give a reasonable
estimate of the pulsed flow power consumption.

The assumptions made in

predicting Ep were that Qp and dPp are sinusoidal functions and in phase; neither
of which are correct. Qp and dPp are both triangular rather than sinusoidal in
nature(see Section 4.1.3 and 5.1.3 respectively) and a phase difference, 0, exists
between Qp and dPp. Ralph(1985) also found that the dPp waveform was not
sinusoidal and that there was a phase difference between Qp(t) and dPp(t). Ralph
evaluated the power consumption in a similar manner to equation (5.3) but
included an extra term cos(0) in the pulsed power expression to account for the
phase difference between Qp(t) and dPp(t):

E p = Q p (rm s) d P C r m s )

=

cos(cj>)

(s.4)

0 .5 Q p d P p cos(< b)

where rms denotes root mean square quantities. This expression only differs from
the Ep term in equation (5.3) by the cos(0) term, which has not been included in
equation (5.3) because of the doubts raised about the quantitative accuracy of <p
in Section 5.1.4. Hence, the pulsed flow power term, as presented in this chapter,
will be a maximum value.
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CHAPTER 6
FLOW VISUALIZATION
Flow visualization has been carried out under the same conditions of
steady and pulsed flow used in the filtration experiments to determine the flow
patterns in the ET and baffled systems.

There are a number of essential

requirements for a flow visualization system. In this chapter these are discussed
in Section 6.1, using examples of flow visualization studies similar in nature to the
present work. The materials and methods used for this particular application are
described in Section 6.2 and the results presented in Section 6.3. These are
discussed in Section 6.4 and related to the filtration results of Chapters 3, 4 and
5. The objectives were:
a) to determine the flow patterns in each system under the same conditions of
steady and pulsed flow used in the filtration experiments.
b) to relate the flow patterns to the experimental filtration results.

6.1 Introduction:

The essential requirements for a flow visualization system relate to the
particles and the apparatus:
a)

Merzkirch(1974) states that in selecting particles, a rule of thumb is that

they should be as small as possible and at least one order of magnitude smaller
than the fine structure of the flow under study. The particle size is also important
relative to that of the test geometry. Stephanoff et al(1980) used polystyrene
particles of diameter 15-125 micron and stated that some errors will be introduced
by using particles between 0.1-0.2 the minimum channel gap. Generally a low
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concentration of particles is used so that the fluid flow is not disturbed by the
particle’s presence.

Particles should also be neutrally buoyant and highly

reflecting. Of these criteria all but the last help to ensure that the particle motion
follows that of the streamlines.
b) The walls of the test section and the working fluid itself can act as a
strong lens preventing more than a fraction of the illuminated plane being held
in focus simultaneously. This can be avoided if the working fluid and material
have similar refractive indices and if the exterior cross-section of the model is
rectangular. It is also important that the working fluid has a similar density and
viscosity to that of the ultrafiltration test fluid. Perspex and glass both have
refractive indices of approximately 1.5 whereas most liquids that are not
excessively viscous are considerably less refractive. If water is used as the test
fluid its physical properties can be modified by adding glycerol, as done by
Ralph(1985). Another possibility is to use oil of turpentine which has a refractive
index of 1.47 and is not excessively viscous.
For a tubular system, fulfilling this second criteria is not possible.
However, Ralph(1985) overcame this problem by fitting a small rectangular box
around each test section and filling this with the working fluid. This also reduces
the lens effect of light waves travelling from the camera through air/m aterial/
water mediums as the refractive indices of air and water are 1.0 and 1.33
respectively.
c) There are three major considerations concerning construction of the test
section. It must be easy to remove flow visualization particles from the walls of
the model; a sufficient number of baffles should be incorporated to render
entrance effects negligible and if the geometry is scaled up, similarity of flow must
be maintained.

Ralph(1985) found that for a test section consisting of five

hollows and a further 50 mm of unformed tube on each end of the shaped section
the flow patterns observed in the central three hollows were indistinguishable
from each other. Stephanoff et al(1980) found that it was simpler to scale up the
membrane oxygenator geometry for flow visualization purposes. However in
unsteady flow this procedure is not as useful as in order to keep the two
governing parameters constant if h, half the minimum channel width, is increased
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by a factor, f, then the velocity and frequency must be increased by factors of 1/f
and 1/f2 respectively. In order to avoid veiy low operating frequencies a scale
factor of two was used in their studies.
d) The permitted range of frequencies may also be limited by constraints
on the photographic exposure time. Stephanoff et al(1980) found that exposure
of one side of the film occurred before the other as the shutter blind moved
across the film, this problem being worse at an exposure time of l/125s than at
l/60s. Ralph(1985) states that this problem may be avoided by using exposure
times of l/3 0 -l/60s.

This choice represents a compromise between the

requirement of achieving an adequate exposure level which imposes a lower limit
on exposure time and the desirability of using as short an exposure time as
possible. This latter requirement arises because in oscillatory flow, particle paths
do not generally coincide with streamlines but if the exposure times are small
compared with the time scale for significant changes in the streamline pattern,
there will be approximate coincidence. Such a compromise places restrictions on
the param eter range which can be investigated.
e) For pulsed flow, it is important to synchronize the initiation of each
exposure with the flow cycle if a comparison is to be made with numerical results
corresponding to different phases of the flow cycle.

6.2 Materials and Methods:

Taking the above considerations into account, the following materials and
methods were used for flow visualization purposes.
a) A dilute suspension(2.5 gl'1) of fine Hostalen 415 GU R polyethylene
particles was used as tracer. These particles were kindly supplied by Dr M.
Mackley of the Department of Chemical Engineering, Cambridge University.
They are highly reflecting and almost neutrally buoyant.

A few drops of

dishwashing liquid were added to wet the particles.
b) Distilled water at 18°C was used as the test fluid in a tubular glass test
section. The viscosity and density of water at this temperature are 1056* 10-6
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kg.m'V1 and 998.5 kg.m"3 respectively. The difference in physical properties
between Bipro at 25 and 10 gl'1 at 25°C compared with distilled water at 18°C
means for the same values of v and vp, the Re and Rep values differ by a
maximum of 13%. A rectangular box was built that could be fitted around the
tubular test section and filled with water. This was not used as preliminary
photographs taken without this box in position were satisfactory.
c) Precision bore glass tubing of 12.2 mm I.D., slightly smaller than the
membrane I.D. of 12.5 mm was used to make 2 flow visualization tubes 376 mm
in length with flanges at each end.

These test sections are identical to the

stainless steel membrane support tubes. Having the same geometry has two main
advantages:
1) the same geometrical inserts can be used for flow visualization and filtration
purposes.
2) the actual modules are interchangeable and can be mounted in the same rig.
d) Flow visualization photographs have been taken using a F3 Nikon SLR
camera with 105 mm lens and motor drive. Ilford 35 mm FP4 film was used.
The exposure times and aperture settings were determined for steady and pulsed
flow in a preliminary series of photographs and are tabulated in Table 6.1. A 150

supported on
tripod

canera

glass
K- tube
lig h t
Projector
Black backing sheet

Fig 6.1: A Schematic diagram showing the Flow Visualization Setup.
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W Pradovit R150 slide projector was used as a light source. Slides with a narrow
slit cut in them were made so that light from the projector illuminated a thin
horizontal diametric cross-section of the tube. A black backing sheet was used
to give a dark background.

The camera was positioned above the flow

visualization unit as illustrated in Fig 6.1.
e)

No attempt was made to synchronize the camera shutter with the phase

of oscillation although a method has been devised and the equipment designed
and built to do this.

Steady Flow:
Stage

2A

2B

t(s)

F

150-300

1

22,32

650-950

1/8

11,22

1300-1950

1/15

8,11

1/15

8,11

3850-5700

1/30

5.6,8

9450-31000

1/60

5.6,8

Re

2100

Pulsed flow:
X(mm)

f(Hz)

NFR

t(s)

F

30.5

0.4

0

1/8,1/15

5.6,8

30.5

1.4

0

1/15,1/30

5.6,8

30.5

2.5

0

1/30,1/60

5.6,8

17.7

2.5

0

1/30,1/60

5.6,8

4.8

2.5

0

1/30,1/60

5.6,8

30.5

0.4

0.34

1/8,1/15

5.6,8

30.5

0.4

0.52

1/8,1/15

5.6,8

30.5

0.4

0.62

1/8,1/15

5.6,8

Table 6.1: Exposure times(t) and aperture settings(F) used for flow visualization
photographs.
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6.3 Results:

6.3.1 Summary:

The flow patterns for ET showed a gradual change from laminar
flow(Re<2000), where a distinct fluid boundary layer existed, to turbulent
flow(Re>6000). With pulsed flow(ETP), laminar, plug flow existed for all values
of frequency and amplitude(Rep<5700).

For the baffled systems in steady flow, 3 distinct flow patterns were
identified for DI1.6 and DI3.2, differentiated by the number of vortices present
in each cell and the laminar/turbulent nature of the flow patterns. With DI0.8
and the DO systems, only 1 flow pattern was observed.

With all systems,

increasing Re resulted in better mixing, enhanced mass transfer and interrupted
development of the boundary layer. The transition to turbulence occurred at
much lower Re values than for ET. The mixing pattern appeared to "fill" the cell
better for DI1.6 than DI3.2 while channelling of the fluid along the wall region
was particularly strong for DI0.8. For DOl.5, the flow was generally less chaotic
than in the DI systems at identical Re values, with most of the bulk flow moving
through the middle of the tube.

For the baffled systems in pulsed flow, a vortex mixing mechanism was
observed, which enhanced mass transfer and prevented the development of
velocity and concentration boundary layers at the membrane surface. For all
systems, the "instantaneous" flow pattern resembled the steady flow pattern at
R e = R e p. The overall flow pattern was very similar to pure pulsed flow and
steady flow for NFR<0.2 and NFR>0.8 respectively. The flow was generally
more chaotic for the DI systems compared with DOl.5.

Good mixing has been shown to be a function of amplitude, frequency and
baffle geometry.

Increasing frequency increased the degree of chaos while

increasing amplitude increased the strength of the vortices and proportion of each
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cell occupied by the vortex motion. In Stage 1, the frequency and amplitude
needed to be at least 1.4 Hz and 2.6 mm(60%) respectively to achieve effective
mixing, while in Stage 2, little difference was observed in the flow patterns for
X=17.7 mm(60%) and 30.5 mm(100%) at f=2.5 Hz. For f>1.4 Hz at X=30.5
mm and for X >5 mm at f=2.5 Hz, chaotic fluid motion was observed. Sharp
edges promote separation at relatively low amplitudes so that "short, fast" strokes
achieved good mixing provided the f and X criteria for good mixing were satisfied.

These flow visualization results were used to explain many of the
observations made in the filtration experiments, illustrating the usefulness of this
technique, even though the effect of the permeation flux through the membrane
on the flow patterns can not be accounted for.

6.3.2 General Observations:

The observations and flow visualization photographs have been presented
together for each system. Each photograph shown corresponds to a horizontal
cross-section of the tube with the flow moving from right to left. Photographs
were taken of a mid-section of the inlet tube to minimize any end effects on the
flow patterns. Two series of photographs were taken corresponding to Stages 2A
and 2B. These differ in size. Some photographs from Stage 2A were developed
on 2 separate occasions and differ in magnification. This explains the different
size and magnification of some of the photographs in the text. For Stage 1, only
visual observations and sketches of the flow patterns were made for DI1.6 and
D 02.2 for a vertical cross-section of the tube. Due to the lens effect of the glass
water interface and the parallax due to the camera position, the baffle spacing to
tube diameter ratio, L/D , is not correct in the photographs.
Observations were made for pulsed flow looking at the effects of
amplitude, frequency and net cross-flow velocity on the flow patterns.

The

frequency and amplitude observations were made with no net cross-flow. The
retentate valve was closed to prevent any dissipation of the pulse in the retentate
line in this case. Unless otherwise stated the frequency was varied from 0.4, 1.4
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to 2.5 Hz at an amplitude of 100% for each system. As the frequency increases
it was observed that the flow patterns remain the same but the intensity of motion
increases. The increasingly chaotic nature of the flow at higher frequencies makes
it difficult to resolve the flow phenomena and for this reason the observations for
pulsed flow described here correspond to f=0.4 Hz unless otherwise stated.
The amplitude was varied between 100%, 60% and 20% and observations
were made at 0.4 Hz unless otherwise stated in the text. These percentage
amplitudes correspond for Stage 1 to amplitudes of 4.6, 2.6 and 0.8 mm and for
Stage 2 to 30.5,17.7, and 4.8 mm respectively. The actual amplitude is expressed
in mm in the text.

Percentage values are only stated where relevant for

explaining a certain feature of the flow. The Stage 2 results are described first
with the Stage 1 observations being included in Section 6.3.6 for the baffled
systems.

6.3.3 Empty Tube(ET):

(A) Steady flow:

The steady flow patterns in Fig 6.2(a-g) show a gradual change from
laminar flow in Fig 6.2(a-d)(Re<2000) to turbulent flow in Fig 6.2(eg)(Re > 6000). At all flowrates within the laminar range, there is a boundary layer
near the wall where the fluid is relatively slow moving.

This is particularly

prominent for Re <650.
The quality of the second series of photographs(Fig 6.2(e-g)) corresponding
to Re>3850 is poor. The flow patterns were more chaotic in nature but this is
difficult to tell from the photographs. The transition to turbulent flow could only
be predicted roughly and occurs in the range 2000-6000.

(B) Pulsed flow:

Laminar plug flow exists for all values of frequency and amplitude
(Rep<5700). No radial or axial dispersion was observed. When a net cross-flow
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A) Re =

B) Re =

C) Re =

D) Re =

E) Re =

F) Re =

G) R e= 31000
Fig 6.2:

Fig 6.3: Pulsed flow patterns for ETP with no cross-flow for X=30.5 mm(100%)
and for variable frequency: a) 0.4 Hz; b) 1.4 Hz; c) 2.5 Hz; and for f=2.5 Hz and
variable amplitude: d) 17.7 mm(60%); e) 4.8 mm(20%).
velocity is superimposed on the pulsed flow, the plug flow remains intact and
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moves forward with the cross-flow in a shunting fashion. Increasing frequency and
amplitude increases the speed and extent of the motion respectively. Fig 6.3(a-e)
captures the pluglike nature of the flow well but does not illustrate the effects of
frequency and amplitude on the flow patterns.

6.3.4 DiscfDfl Baffles:

(A) Terminology:

The nomenclature used throughout this discussion for the disc shaped
baffles is summarized here. Up to 2 vortices were observed in flow visualization.
These are labelled as VA and VB in the figures.

VA occupies a certain

proportion(x) of the distance between adjacent baffles, L.

Each interbaffle

spacing is called a cell. It is said to occupy xL. The mainstream flow is referred
to as the bulk flow. Flow is said to be chaotic when an element of fluid will
eventually visit every point within the region(see Section 1.4.2).

When the

streamlines detach or attach to the tube wall or the central support rod this is
referred to as separation. The flow is said to be laminar when the bulk flow
retains its streamline nature and turbulent when these streamlines become
disordered. With pulsed flow, laminar flow refers to unsteady laminar flow where
the flow maintains its laminar character over the accelerational and decelerational
phases of the cycle; turbulent flow refers to the flow being chaotic over most of
the cycle.

(B) Steady Flow:

DI1.6 and DI3.2: The flow patterns are similar for both these baffled
systems. Three distinct flow regimes exist. These are referred to as Type 1, 2
and 3 and are illustrated schematically in Fig 6.4-6.7. Photographs of these flow
patterns are shown in Fig 6.4(a-g) and 6.5(a-g) for Stage 2A for DI1.6 and DI3.2
respectively.
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laminar

TVpe 2
C) R e= 650

D) R e= 950

E) R e= 1300

G) R e= 1950

Fig 6.4: Steady flow patterns for DI1.6 for Stage 2A.
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Fig 6.5: Steady flow patterns for DI3.2 for Stage 2A.
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Fig 6.6: Steady flow patterns for DI1.6 for Stage 2B.
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Eig fr7: Steady flow patterns for DI3.2 for Stage 2B.
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D) R e= 950
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Fig 6.8;
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Type 1 flow exists for Re = 150 (Fig 6.4a, 6.5a) where the flow is almost
entirely laminar with only one vortex, VA, forming immediately downstream of the
baffle. Separation of the streamlines from the tube wall and central support rod
occurs but most of the streamlines remain relatively parallel to the central rod.
Flow is relatively slow moving in the wall region as particles gradually accumulate
at the top of the tube and form a "semi-stagnant" region where material moves
slowly from one cell to the next.
Type 2 flow exists for R e =300-1950. At Re=300(Fig 6.4b, 6.5b) a weak
vortex, VB, has formed at the wall and the semi-stagnant region has disappeared.
The bulk flow moves between these 2 vortices in a convoluted fashion which is
referred to as the snake effect. This snake effect is the dominant feature of Type
2 flow which is well established at Re=650(Fig 6.4c, 6.5c). As Re is increased
further(Fig 6.4d, 6.5d) the bulk flow loses its streamline nature and it is difficult
to accurately identify where separation occurs. The estimated laminar-turbulent
transition range is R e =950-1200 and 1050-1300 for DI1.6 and DI3.2 respectively.
As Re increases to 1950(Fig 6.4(e-f) & 6.5(e-f)) the streamlines become more
turbulent in nature and the general flow pattern becomes more chaotic. VA and
VB remain approximately the same size over this Re range but grow in strength
with increasing Re. For DI1.6 the snake motion seems to fill the cell better than
for DI3.2. For DI3.2, VB is more unstable and the flow pattern is generally more
disordered downstream of VA than for DI1.6.
Fig 6.6(a-e) and 6.7(a-e) presents the Stage 2B photographs for DI1.6 and
DI3.2 respectively. Type 3 flow is established at R e =2100.

Vortex VB has

disappeared and no separation occurs. VA is larger than in Stage 2A(Fig 6.4 and
6.5) and channelling of the bulk flow along the wall region is more prominent,
especially for Re>3850. As Re is increased further(Fig 6.6(c-e), 6.7(c-e)) the flow
becomes more chaotic.

DI0.8: The flow patterns are shown in Fig 6.8(a-g) for Stage 2A for DI0.8.
These baffles were more difficult to make than the other 2 sets of disc baffles.
Fig 6.8(a-g) show that L varies between 8-10 mm and some of the baffles are
skew. Despite this, the flow pattern is relatively uniform and remains unchanged
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over the R e range. At Re = 150(Fig 6.8a), a weak vortex, VA, forms occupying the
entire cell. As Re increases, VA becomes stronger and then unstable and chaotic
in nature. This is clearly shown at Re=650(Fig 6.8c). The estimated laminarturbulent transition range is R e =500-800. Channelling of the bulk flow along the
wall is stronger for DI0.8 compared with the other DI systems.

(C) Pulsed Flow:

DI1.6 and DI3.2: The flow patterns in pulsed flow are similar for these two
baffled systems. These observations were made at an amplitude of 30.5 mm and
f=0.4 Hz. In pulsed flow, vortices VA and VB form and grow in strength as the
flow accelerates. During deceleration, this flow pattern breaks up and on flow
reversal, these vortices are ejected into the bulk flow. This cycle is then repeated
in the opposite direction. The overall sequence is a see-saw motion from one side
of the baffle to the other. The flow pattern during acceleration and deceleration
resembles Type 2 flow. This mechanism of vortex mixing remains unchanged as
the frequency is increased but the flow becomes more chaotic in nature and it is
not possible to distinguish individual stages of this cycle.
As the amplitude is decreased the snake motion still occurs but VA and VB
are weaker and smaller. There is a greater proportion of each cycle over which
no motion occurs. The snake motion occupies a smaller proportion of each cell
as the amplitude is decreased as tabulated in Table 6.2, although there is little
difference between the flow patterns at X=30.5 and 17.7 mm.

X (mm)

|

4.8

17.7

30.5

DI0.8

|

0.5

1.0

1.0

DI1.6

|

0.5

0.65

0.7-0.8

DI3.2

1

0.2

0.4-0.5

0.5-0.6

Table 6.2: The proportion, x, of each cell occupied by the snake motion at f=0.4
Hz. For DI0.8, only VA is present!
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DI0.8: For DI0.8, the flow pattern is qualitatively the same except in this
case only one vortex, VA is present. The vortex mixing mechanism occurs and the
strength and size of VA increases with increasing frequency and amplitude. The
proportion of each cell occupied by VA is tabulated in Table 6.2. Once the cell
is filled, VA can not grow further in size.

Fig 6.9(a-e), 6.10(a-f) and 6.11(a-e) show the flow patterns for DI1.6, DI3.2
and DI0.8 respectively at X=30.5 mm at f=0.4(a), 1.4(b) and 2.5 Hz,(6.9c, 6.10(cd), 6,11c) and f=2.5 Hz at X=17.7 mm(6.9d, 6.10e, 6.lid ) and 4.8 mm(6.9e, 6.10f,
6.1 le).

The observations made above are not clearly captured in these

photographs, primarily because each photograph corresponds to an arbitrary stage
of the flow cycle and direct comparison of the intensity of the flow between
different photographs is misleading.

In addition, the variable amplitude

photographs correspond to f=2.5 Hz, where the flow is more chaotic than at 0.4
Hz, where the visual observations were made. This was done deliberately as this
frequency reflects the conditions used in the filtration experiments where the
amplitude was varied between 0-100% at f=2.5 Hz. However, several salient
features can be noted from the photographs:
a) Fig 6.9(a-b) and Fig 6.10(c-d) capture "opposite ends" of the see-saw effect as
they are approximately half a cycle apart.
b) The flow is less chaotic at X=4.8 mm(Fig 6.9e, 6.10f, 6.11e) than at X=17.7
mm(Fig 6.9d, 6.10e, 6.11d) and X=30.5 mm(Fig 6.9c, 6.10(c-d), 6.11c). There is
little difference in the flow patterns at X=17.7 and 30.5mm.
c) Fig 6.10(a-b) are near the point of flow reversal and show how the vortices
have broken up.
d) Fig 6.11c shows the chaotic nature of the flow for DI0.8 at f=2.5 Hz and
X=30.5 mm.

NFR: The effect of NFR on the flow patterns was investigated over the Re
range 0-1950 at X=30.5 mm for DI1.6.

The following observations and

photographs(Fig 6.12(a-g)) were made at 0.4 Hz. At low NFR(0-0.2) the flow
patterns are almost identical to pulsed flow. Three stages of a flow cycle that
140

Fig 6.9: Pulsed flow patterns for DI1.6 with no cross-flow for X=30.5 mm(100%)
and for variable frequency: a) 0.4 Hz; b) 1.4 Hz; c) 25 Hz; and for f=2.5 Hz and
variable amplitude: d) 17.7 mm(60%); e) 4.8 mm(20%).
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see-saw motion

Fig 6.10: Pulsed flow patterns for DI3.2 with no cross-flow for X=30.5 mm(100%)
and for variable frequency: a) 0.4 Hz; b) 1.4 Hz; c) 2.5 Hz(flow right to left); d)
2.5 Hz(flow left to right) and for f=2.5 Hz and variable amplitude: e) 17.7
mm(60%); f) 4.8 mm(20%).
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Fig 6.11: Pulsed flow patterns for DI0.8 with no cross-flow for X=30.5 mm(100%)
and for variable frequency: a) 0.4 Hz; b) 1.4 Hz; c) 2.5 Hz; and for f=2.5 Hz and
variable amplitude: d) 17.7 mm(60%); e) 4.8 mm(20%).
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Fig 6.12: Pulsed flow patterns for DI1.6 at X=30.5 mm(100%) and
f =0.4 Hz for N FR= a) 0.34; b) 0.52 flow from left to right(L-R) c) 0.52(near flow
reversal(FR); d) 0.62. At N FR=0; e) flow L-R; f) near FR; g) flow R-L.
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occurs at NFR <0.2 are shown in Fig 6.12(e-g) for 2.5 Hz and X=30.5 mm. Fig
6.12e shows flow moving in the direction left to right; 6.12f is near the point of
flow reversal and 6.12g shows flow moving in the opposite direction: right to left.
Fig 6.12a captures the forward phase of the cycle for N F R =0.34. As Re is
increased further the forward motion becomes stronger(Fig 6.12b), the reverse
weaker and of shorter duration. At N F R =0.52, flow reversal no longer occurs;
the flow momentarily stops each cycle and the vortex is ejected into the bulk
flow(Fig 6.12c) but does not move to the other side of the baffle as with pulsed
flow.

As NFR is increased the flow becomes unidirectional(Fig 6.12d) and

resembles the steady flow pattern, especially for NFR >0.8. The "instantaneous"
flow pattern is Type 2 in both the accelerational and decelerational phases,
resembling the corresponding steady flow pattern at R e= R ep, and becomes more
chaotic with increasing frequency.
The effect of NFR on flow patterns described here applies equally well to
the other baffled systems under the flow conditions of both Stages 1 and 2.

6.3.5 DouahnutfDO) Baffles:

(A) Steady flow:

DOl.5: The flow patterns shown in Fig 6.13(a-g) for DO 1.5 are very
different when compared with the DI baffles. The DO 1.5 baffles were difficult
to make. L varies; some of the baffles are slightly bent and it was difficult to
mount them vertically. The gap between the outer edge of the baffle and the
glass wall also varies so that 2 distinct situations were observed; namely, when
particles can and can not flow between the outer edge of the baffle and the wall.
The best position for flow visualization to be carried out was found to be with the
supporting rods at approximately a 45° angle to the horizontal so that neither rod
is in the same plane as the projector or camera.
Only one flow pattern was observed over the Re range investigated. At
Re = 150(Fig 6.13a) the flow is laminar with the bulk flow going through the
middle of the tube. There is a large semi-stagnant region extending almost the
145

entire length of each cell along the top of the tube. Viewed in the horizontal
plane, this region is a weak vortex, VB, in cells where there is no gap between the
baffle and the wall. Otherwise it is a region of very slow moving forward flow.
At Re=300(Fig 6.13b) there is increased flow between the outer edge of the
baffle and the wall where this is possible. A t Re=650(Fig 6.13c) the streamlines
are becoming wavier and there is more interaction between the bulk flow and the
wall region. Particles in the wall region are accelerated by the bulk flow as they
near the wall/bulk flow boundary. If not captured by the bulk flow these particles
remain in the wall region and move in a chaotic fashion along the wall until
merging with the rest of the wall flow.
disappeared.

The stagnant region has almost

Where there is a baffle/wall gap a small vortex, VA, forms

immediately downstream of the baffle.

This vortex is the only discernible

difference in the flow patterns for the 2 types of cell for Re>650(Fig 6.13(d-g)).
The flow pattern becomes more chaotic as Re is increased and the estimated
laminar-turbulent transition range is R e =1300-1600. At identical Re values, the
flow patterns are generally less chaotic than in the DI systems.

D02.2: No photographs were taken of the flow patterns for the baffles
used in Stage 1. These are sketched in Fig 6.14(a-d). The overall motion is
similar to DO 1.5.

The clearance between the baffle and the wall is more

significant in this case and the baffles are 2 mm thick compared with 0.8 mm for
DOl.5. The flow patterns are slightly different from those observed with DO 1.5
for Re>300. Here(Fig 6.14b), the interaction between the bulk flow and that
around the outside of the baffles results in a strong vortex, VA,

forming

immediately downstream of the baffle. As these 2 sets of streamlines meet this
causes a disturbance in the flow resulting in a strong mixing effect.

These

streamlines flow around region VB which forms at the wall and either through or
around the outside of the next baffle.

A chaotic movement of the fluid is

occurring in VB. Increasing Re above 600(Fig 6.14d) does not alter the flow
pattems-the degree of turbulence increases and VB becomes smaller.
estimated laminar-turbulent transition is R e =600-800.
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The

A) Re =

B) Re =

C) R e=

D) Re =

E) Re =

F) Re =

G) Re =

Fig 6.13: Steady flow patterns for DO 1.5 for Stage 2A.
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A) R e= 150

laminar

B) Re= 300

C) R e= 500

D) Re= 950

turbulent

II

Fig 6.14: Steady flow patterns for D02.2 for Stage 1.
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A)

B)

C)

D)

near flow reversal
E)

ejected

Fig 6.15: Pulsed flow patterns for DO 1.5 with no cross-flow for X=30.5
mm(100%) and for variable frequency: a) 0.4 Hz; b) 1.4 Hz; c) 2.5 Hz; and for
f=2.5 Hz and variable amplitude: d) 17.7 mm(60%); e) 4.8 mm(20%).
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(B) Pulsed Flow:

DOl.5: These observations apply to f=0.4 Hz and X=30.5 mm. In pulsed
flow, the flow pattern is similar to steady flow with most of the bulk flow going
through the middle of the tube. The see-saw motion extends 3-4 cells in each
direction. As the fluid decelerates, a vortex forms at the end of this motion which
is quickly eroded as the flow changes direction, resulting in the ejection of fluid
from the wall region of each cell. The vortex mixing mechanism remains the
same as frequency is increased but individual stages of the cycle can not be
distinguished as the flow becomes more chaotic. The flow pattern is generally
less chaotic than in the DI systems for identical pulsed flow conditions.
As the amplitude is decreased to 17.7 mm and then to 4.8 mm there is
virtually little difference from the 30.5 mm motion except that the see-saw effect
extends around 3 and 1-2 cells in each direction respectively and there is a greater
proportion of each cycle over which no motion occurs.
Fig 6.15(a-e) shows the flow patterns for X=30.5 mm at f = 0.4(6.15a),
1.4(6.15b) and 2.5 Hz(6.15c) and f =2.5 Hz at X= 17.7(6.15d) and 4.8 mm(6.15e).
The visual observations are not captured very well in these photographs.
However, several salient features can be noted:
a) Fig 6.15(a-c) show the increasingly chaotic nature of the flow as the frequency
is increased. The resemblance to the steady flow patterns(Fig 6.13) is clear.
b) Fig 6.15e shows the ejection of fluid from the wall region on flow reversal.

6.3.6 Staae 1:

For both systems, it was observed that the frequency and amplitude need
to be at least 1.4 Hz and 2.6 mm respectively for effective mixing.

(A) DU.6:

The smaller amplitude of the pulsed flow in Stage 1 compared with Stage
2 reduces the size and strength of the vortex motion. At f=0.4 Hz and X=0.8
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mm, fluid near the baffle moves backwards and forwards but does not move
around the edge of the baffle and a large semi-stagnant region forms at the top
of each cell. As the amplitude is increased, a vortex, VA, forms; the see-saw
motion begins and the semi-stagnant region decreases in size. At X=4.6 mm, VA
occupies approximately 0.2L. Hence, there is a large proportion of each cell
where the fluid is unaffected by the vortex motion and moves backwards and
forwards in a laminar fashion. As the frequency is increased, a secondary vortex,
VB, is formed and the snake effect begins at 0.6 and 1.4 Hz respectively. At 1.4
Hz it occupies 0.5L and at 2.5 Hz, the motion is chaotic.

(B) DQ2.2:

At f=0.4 Hz and X=0.8 mm, the see-saw motion occupies approximately
0.25L and there is a large proportion of the cycle over which no motion occurs
at all. A veiy large semi-stagnant region forms which is still prominent at 1.4 Hz
but has virtually disappeared at 2.5 Hz. At X=2.6 mm and 4.6 mm the motion
is more continuous and the see-saw motion occupies 0.5-0.7L. As the frequency
increases, at 1.5 Hz, these stagnant regions have disappeared and at 2.5 Hz the
motion is chaotic.

6.4 Discussion:

This discussion focuses on relating the flow visualization results to the
filtration results of Chapters 3 and 4 and the pressure drop results of Chapter 5.
It must be emphasized that all these mentions of vortex ejection in Section 6.3
are hard to verify. This is discussed further in Section 6.4.4 and 6.4.5.

6.4.1 Transition from laminar to turbulent flow:

The Re range for transition from laminar to turbulent flow for each
system, estimated from the flow visualization and pressure drop(see Section 5.1.3)

151

studies, are compared in Table 6.3. The agreement is satisfactory. The flow
visualization results are considered to be more accurate and are used in further
discussion.

dP

FV

ET

|

3000-7000

2000-6000

DI0.8

|

700-1400

500-800

DI1.6

|

800-1500

950-1200

DI3.2

|

900-1600

1050-1300

DOl.5

|

1400-2000

1300-1600

D02.2

|

600-800

Table 6.3: Comparison of Re range for transition from laminar to turbulent flow
estimated from pressure drop(dP) and flow visualization(FV) studies.

6.4.2 Empty TubefET):

For ET, there was very little dependence of flux on Re for Re <2000.
Significant improvements in flux only occurred at Re >2700. These results can be
related to the changing nature of the flow from laminar to turbulent over the
range 2000-6000, resulting in increased shear at the membrane surface and a
reduction in concentration polarization.
It was difficult to identify the transition range using the particle tracer
technique. Brunold et al(1989) also found this and discuss how for turbulent flow
in a tube, the particle trajectory is in general only a few degrees different from
the laminar flow trajectory parallel to the tube wall and hence the overall optical
effect of the two flow regimes is similar. The absence of the boundary layer and
a slight difference in the flow patterns between the two regimes can be used to
detect the transition.
With pulsed flow, the fluid moves in laminar plug flow for all values of f
and X, which is consistent with the calculated values of Va and Recrit in Section
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1.5.3(A).
The flux in steady flow is significantly greater than in pulsed flow at
R e = R e p=6450(see Section 4.2.3). The different nature of the flow patterns in
steady and pulsed flow(turbulent versus laminar plug flow respectively) at
R e = R e p=5700 will result in more effective mixing in the former case and hence
better fluxes.

6.4.3 Steady flow in the Baffled Systems:

Section 3.3.3 indicates that a threshold Reynolds number, R et=200, has to
be exceeded for DI1.6 for an improvement in flux to be observed relative to ET
at Cb=25 gl'1. Section 4.2.4 indicates that R et< 100 at 0 , = 10 gl'1 for all systems.
At these low R e values, the flow is Type 1 for DI1.6 and DI3.2 and laminar in all
baffled systems. The existence of a semi-stagnant region for all systems, except
DI0.8, implies that fluid near the wall is relatively slow moving and mass transfer
will be poor. These semi-stagnant regions have disappeared at R e =350 for DI1.6
and DI3.2, but not for DO 1.5, which is consistent with fluxes being the same for
DOl.5 at Re = 100 and 350 while an improvement in flux was observed for the DI
systems over the same range(see Section 4.2.4).
Fluxes continue to increase with increasing Re, the improvement relative
to ET, reaching a maximum in the range R e =350-1500 and 750-2200 at 0^=25
and 10 gl'1 respectively. Over this range, which corresponds to Type 2 flow for
DI1.6 and DI3.2, the flow patterns change from laminar to turbulent in all the
baffled systems. Within each regime, the vortices present in the DI systems
increase in strength and the interaction between the wall and bulk flow becomes
stronger for the DO systems. These effects result in better mixing, enhanced mass
transfer and interrupt the development of the boundary layer.
DI1.6 consistently gives the best fluxes over this optimum Re range. The
flow patterns appear to fill each cell most effectively for DI1.6 compared with
DI0.8 and DI3.2 over this Re range and in general. The steady streaming of fluid
between the 2 vortices in the snake motion ensures good radial mixing and mass
transfer. For DI3.2, this snake motion still occurs but occupies approximately
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0.67L. For DI0.8, channelling of the fluid is much stronger than for the other DI
systems and radial mixing is not as good. Brunold et al(1989) also found that a
baffle spacing of L /D = l was more prone to channelling than L /D = 1.5 and 2.
This may explain the greater dependency of dP on Re for DI0.8 compared with
DI1.6 and DI3.2(see Section 5.1.4).
DO 1.5 consistently gave the worst fluxes over this optimum Re range. This
can be attributed to most of the bulk flow going through the middle of the tube.
The flow is generally less chaotic at the same Re value than in the DI systems
and it is only when the annular flow becomes more prominent that better radial
mixing occurs for DOl.5.
Experimentally, no flux improvement was observed for Re>6450 for DI1.6
and DI3.2. The flow patterns show that Type 3 flow is established at R e =2100.
Channelling of the fluid along the wall region is quite prominent in this regime.
The flow appears to be chaotic which suggests that there is little flux advantage
to be gained from increasing Re above 3850.

6.4.4 Pulsed Flow in the Baffled Systems:

For the DI systems, the vortex creation, growth and ejection stages of each
cycle ensure good fluid mixing.

For the DO systems, good fluid mixing is

achieved via a similar mechanism as the vortex formation and erosion motion that
occurs on deceleration of the flow and flow reversal causes ejection of fluid from
the wall region. A proviso must be added that with the flow visualization system
used, these vortex mixing mechanisms are difficult to verify as discussed further
in Section 6.4.5. This mechanism of vortex formation, growth and ejection is
similar to that described by Sobey(1980), Mackley(1987) and Colman and
Mitchell(1990).

This enhances mass transfer and destroys velocity and

concentration boundary layers at the membrane surface.

The vortex mixing

process appears to be convective in nature although steady streaming may also be
occurring as Howes(1988) suggests, especially for DI1.6 and DI3.2 where, under
most conditions of pulsed flow, two vortices are present in each cell.
The filtration results in Chapters 3 and 4 showed that fluxes in pulsed flow
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in a baffled system can be made independent of the net cross-flow velocity and
of similar magnitude to the steady flow flux at R e= R ep. There is no advantage
in using pulsed flow once the point of flow reversal is passed.
observations can be related to the flow patterns.

These three

For all systems, the

"instantaneous" flow pattern in pulsed flow resembles the steady flow pattern at
R e = R e p. Very little change in the overall flow pattern occurs for NFR<0.2 from
that observed for pulsed flow alone and for NFR>0.8, very little change occurs
from the steady flow pattern.
between NFR=0.2 and 0.8.

No dramatic change in flow patterns occurs
These are qualitatively the same during the

acceleration and deceleration stages of each cycle. The major difference is that
the flow is bidirectional for NFR<0.5 and includes a flow reversal stage while for
NFR>0.5, it is unidirectional.
The flow patterns also show that good mixing is a function of X, f and
baffle geometry.

Increasing frequency increases the degree of chaos while

increasing the amplitude increases the strength of the vortices and the proportion
of each cell occupied by the pulsing motion. The flow is generally more chaotic
for the DI systems than for DO 1.5 at f=2.5 Hz and X=30.5 mm. Four parallels
with the filtration results can be drawn immediately:
a) In Section 4.2.3(C), there was no significant difference in the fluxes at f=2.5
Hz and X=30.5 mm(Rep=6450, S t=0.033) for the DI systems while the DOl.5
fluxes were slightly smaller.
b) In Section 3.3.4, an improvement in flux was only observed for f>1.4 Hz and
X>2.6 mm(Rep>300 and St<0.38) which correspond to the observed values of f
and X which must be exceeded to avoid the formation of semi-stagnant regions
and to ensure that vortex mixing occurs(see Section 6.3.6).
c) In Section 4.2.3(B), the fluxes were similar in magnitude at X=17.7 and 30.5
mm at f=2.5 Rep>3770, St<0.056) in each baffled system. The flow patterns are
very similar at both these amplitudes.
d) In Section 4.3.3, f and X need to be above 1.4 Hz(at X=30.5 mm) and 5 mm
(at f=2.5 Hz) respectively for an optimal improvement in flux. These conditions
correspond to Rep>3500, S t=0.033 and Rep>1100, St<0.20 respectively. These are
conditions for which chaotic fluid motion is observed.
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These observations can be related qualitatively to the results of
Howes(1988) discussed in Section 1.4.2. The flow patterns for DOl.5 in steady
and pulsed flow have some features similar to those observed by Howes(1988)
who carried out numerical and flow visualization studies for this particular crosssection. However, in this study the annular flow between the baffle edge and the
wall significantly alters the flow patterns from those observed by Howes(see
Section 6.3.5 and 6.3.6).
Ignoring the differences in geometry for DO 1.5 and especially the DI
systems, the Rep and St values noted in observations(a), (c) and (d) correspond
to the "chaotic1' flow regime identified by Howes in his work which exists at
Rep=640 and all St values investigated in the range 0.25-4. Rep=300 and S t=0.38
in (b) correspond to a region of time asymmetric flow identified by Howes with
2 eddies being present at one flow reversal and 3 at the other. Excellent fluid
mixing and mass transfer is occurring in both these regimes.
The observed flow patterns show that with sharp edges, separation of the
flow occurs at relatively low amplitudes. Vortex mixing is present in the tube for
amplitudes significantly smaller than the centre-centre baffle spacing, L. Hence
"short" strokes are not deleterious and good mixing can be achieved, provided the
frequency is fast enough. From a membrane filtration viewpoint, good mixing
does not necessarily equate with good fluxes and it is better to take the approach
already discussed in Section 4.3.4 based on 3 criteria:
a) at the same Rep value, a greater improvement in flux can be obtained with
short strokes than long strokes as the frequency is faster in the former case.
b) in general, for sharp edged baffles, "short, fast" strokes are more effective for
improving mass transfer and fluxes and achieving minimum axial dispersion than
"long, slow" strokes.
b) if minimum axial dispersion is not a requirement, farther improvements in flux
can be achieved by increasing Rep(higher frequencies and/or amplitudes(lower
St)) until the onset of pressure dependent behaviour.
In Section 4.3.4, an optimum X /L value could not be identified from the
filtration results for the DI systems. The truncated nature of the waveform was
suggested as a possible explanation for this. The visual observations made here
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confirm that as the amplitude is decreased below 100%, significantly greater
proportions of each cycle exist over which no motion occurs.

6.4.5 General Remarks:

These flow visualization experiments do not account for the effect of the
permeation flux through the membrane on the flow patterns.

This may be

significant, especially in microfiltration applications, where the flux constitutes a
larger fraction of the net cross-flow velocity and the particles being filtered are
typically at least an order of magnitude larger than in ultrafiltration applications.
Nevertheless, the flow visualization experiments facilitate a greater understanding
of the filtration results by shedding light on the mechanisms by which an
improvement in flux is occurring.
Many of the photographs for pulsed flow failed to capture the important
flow features. This means the mentions of vortex ejection are difficult to verify,
imparting a subjective nature to the experimental observations. In future work,
the technique used could be improved by synchronizing the camera shutter with
the phase of oscillation. Another possibility is to use a high speed cine camera.
These improvements will make the observations more objective by helping to
identify the finer features of the flow that can not be detected via visual
observation and will facilitate a greater understanding of the vortex mixing
mechanism.
In addition, no RTD studies were carried out in this work. The flow
visualization apparatus could easily be adapted to measure the residence time
distribution for different baffled geometries under different conditions of pulsed
flow.
In the preliminary stages of this study, the FLUENT fluid flow software
package was used to predict the flow patterns in the baffled systems under
conditions of pulsed and steady flow.

It was hoped that after verifying the

accuracy of the FLUENT results by comparison with flow visualization results,
that this package could be used to determine the most promising geometrical
configurations

and

flow

conditions which
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could

then

be

investigated

experimentally. Howes(1988) found that for Rep>200, the observed flow patterns
showed increasing complexity which the numerical simulation was unable to
predict. This observation of Howes also applies to this study. As an optimum
improvement in flux was found to occur for Re and Rep values significantly
greater than 200 the FLUENT package was no longer used and the results are
not presented here. Numerical simulation does have some advantages. It can
provide a useful first estimate of the flow patterns and is a valuable tool for
assessing the velocity, shear and vorticity distributions for a particular geometry.
As FLUENT is a licensed, commercially available fluid flow simulation package,
access to the source code is not possible. It is recommended that further work
in this area should begin with development of a numerical code and not the use
of a commercial package.
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CHAPTER 7
CONCLUDING REMARKS
7.1 Summary and Conclusions:

The feasibility of using sharp edged baffles of a disc or doughnut shape for
improving filtration performance alone and in combination with pulsed flow has
been demonstrated.

Pulsed flow by itself(ETP) at Rep=950 has been shown to improve fluxes
to a small extent relative to ET within the laminar range for Re<350. This
coincided with the conditions under which flow reversal occurred. There was no
advantage in using pulsed flow(ETP) once turbulent flow conditions were
established as fluxes at R e =6450 were significantly greater than at Rep=6450.

With steady flow in a baffled system, an improvement in flux was observed
relative to ET. Stage 1 showed that at Q ,=25 gl'1, a threshold Reynolds number,
R et=200, had to be exceeded for DI1.6 before any flux improvement was
observed. The relative improvement reached a maximum in the Re range 3501550. Stage 2 showed for all the baffled systems at 0 , = 10 gl'1 that Ret< 100 and
an improvement in flux was observed over the entire Re range: Re = 100-16000
relative to ET(Re = 100-50000). The relative improvement reached a maximum in
the Re range: R e =750-2200, and fluxes were quite high within this range.
When these results were expressed on a power consumption basis, the
baffled systems were shown to dissipate energy more effectively than turbulence
in an empty tube(ET). An optimum flux/power range was identified for the
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baffled systems which corresponded to R e =700-1200 and 750-1450 for Stages 1
and 2 respectively. Within this range, the energy consumption was < lW /m 2.
Fluxes of similar magnitude could be obtained for ET but only at a much higher
power consumption of approximately 20 and 45 Wm‘2 at Ptm=2 and 4 bar
respectively.
The baffled systems promoted better mixing and increased turbulence
within the membrane tubes at much lower Re values than for ET. This increased
local mass transfer rates and fluxes by interrupting development of the boundary
layer which reduced concentration polarization and delayed the onset of limiting
flux behaviour.

Fluxes in pulsed flow within the baffled systems were similar in magnitude
to steady flow fluxes at R e= R ep. Stage 1 showed that for Rep=950, the net crossflow velocity had to be above Re = 150 for an optimal improvement in flux to be
observed. There was no advantage in using pulsed flow once the point of flow
reversal was passed. Within this range, fluxes were greater than for ET at the
highest Re value used in Stage 1 of R e =3300.

Stage 2 showed that for

Rep=6450, there was no dependency of flux on net cross-flow velocity within the
range Re = 100-1450 and fluxes were greater(for all DI systems) or equal(for
DO 1.5) to ET fluxes under fully turbulent flow conditions at Re = 16000-50000.
Within the optimum flux/power range, fluxes were of similar magnitude
in steady and pulsed flow in the baffled systems at the same power consumption.
It was suggested that the pulsed flow conditions should be chosen to lie within
this optimum range so that Rep= 700-1500.
The "decoupling" of mass transfer and flux from the net cross-flow velocity
provides the opportunity for use of pulsed flow in a baffled system in a single
pass, continuous mode of operation; avoiding recirculating pumping costs, with a
high concentration ratio from inlet to outlet and a lower hold-up volume with less
complicated pipework.

The pulsed flow conditions should be carefully selected. Stage 1 showed
that an improvement in flux was observed if the frequency and amplitude were
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above 1.4 Hz and 2.6 mm respectively(Rep>300, St<0.38). Stage 2 showed that
frequencies needed to be above 1.4 Hz at X=30.5 mm(Rep>3500, S t=0.033) and
amplitudes above 5 mm at f=2.5 Hz(Rep>1100, St<0.2) for an optimal
improvement in flux. At Rep<1000, fluxes were significantly greater at low X,
high f(2.5 Hz) than at low f, high X(30.5 mm, 100%).
Vortex mixing occurred with pulsed flow in the baffled systems, enhancing
mass transfer and preventing the development of velocity and concentration
boundary layers at the membrane surface.

Good mixing was found to be a

function of amplitude, frequency and baffle geometry. Increasing the frequency
increased the degree of chaos while increasing the amplitude increased the
strength of the vortices and the proportion of each cell occupied by the vortex
motion. Sharp edges promoted the occurrence of separation at relatively low
amplitudes.
It has been suggested that a greater improvement in mixing, mass transfer
and flux will be observed in general, with "short, fast" strokes rather than "long,
slow" strokes. Provided the frequency was high enough, short strokes were not
deletorious as in general, vortex mixing is present in sharp edged baffled tubes for
amplitudes significantly less than the baffle spacing(Howes, 1988). In fact, at the
same Rep value, it was more effective to use short strokes rather than long strokes
for an optimal improvement in flux as the frequency was faster in the former case.
This is particularly important when minimum axial dispersion is required for
which an optimum exists at relatively low amplitude values(Mackley, 1987). If
minimum axial dispersion is not required, further improvements in mass transfer
and flux can be obtained by increasing Rep(higher frequencies and/or
amplitudes(lower St)) until the onset of pressure dependent behaviour.

The DI1.6 system is considered to give the best all-round performance of
the baffled systems investigated on a flux and power consumption basis. DI1.6
consistently gave the best fluxes in steady flow within the optimum Re ranges of
Stage 1 and 2 and for Re>6450, the DI1.6 fluxes were greater than the DI3.2
fluxes. In pulsed flow there was no significant difference in the fluxes observed
between the DI systems. In both pulsed and steady flow, the DO 1.5 fluxes were
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lowest of all the baffled systems and these baffles were rejected because of this
and also for practical reasons. With DI0.8, the pressure drop increased much
more rapidly with Re than for the other DI systems. The flow pattern appeared
to fill the cell more effectively for DI1.6 than for DI3.2 while channelling of the
fluid along the wall was particularly strong for DI0.8.

The flow visualization experiments were able to explain many of the
observations made in the filtration experiments illustrating the usefulness of this
technique even though the effect of the flux through the membrane can not be
accounted for.

The snapshot technique has been validated with average flux values
obtained from any frame of a snapshot experiment being representative of steady
state fluxes from long term fouling experiments performed under identical
operating conditions.

7.2 Recommendations:

The only published work apart from that based on this work(Finnigan and
Howell, 1989A, 1989B, 1989C, 1989D) using this technique in ultrafiltration is that
of Colman and Mitchell(1990). Consequently, there are many areas one could
explore in future work. This discussion focuses specifically on two areas; namely
the weaknesses of this study and the areas where the most potential is seen for
future work.

This technique has considerable potential for use in ultrafiltration and
microfiltration applications in a single pass, continuous mode of operation for
thickening purposes or to avoid the costs of recirculation. In microfiltration,
fouling occurs via a different mechanism. It will be interesting to see what effect
this technique has on fluxes and whether the pulsing nature of the flow will
disrupt the formation and growth of the cake that forms on the membrane
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surface.

The rejection should also be monitored closely in microfiltration

experiments to determine if any change in the fractionation of proteins between
the feed and permeate occurs with pulsed flow. The expansion and contraction
of the membrane and presence of air(cloudiness) that occurred in pulsed flow is
another potential advantage as it suggests some "backflushing" is occurring.
Backflushing should be avoided with ultrafiltration membranes but can be
tolerated by microfiltration membranes and is generally desirable.

With

microfiltration, the effect of pulsed flow alone(ETP) may be more significant than
in ultrafiltration. Edwards and Wilkinson(1971) discuss how pulsed flow enhances
the tubular pinch effect

which is a well documented phenomenon in

microfiltration applications.

All of the snapshot experiments were carried out under constant
concentration(volume) conditions and using the same feed material and
membranes. Consequently, these results are specific to this system. This work
needs to be extended to other feed solutions and membranes than those
investigated here.
A systematic investigation using this technique for concentration and
thickening purposes should be made. The few concentration experiments carried
out suggest that the pulsed flow technique may not be as successful when viscous
effects become more significant than in the snapshot experiments.

Further

experiments investigating different feed materials under a wide range of operating
conditions are needed to test this hypothesis. Flow visualization studies should
also be carried out investigating the effect of viscosity on the flow patterns.

This work investigated two baffle configurations of a disc and doughnut
shape and a limited range of L /D values. Other geometries such as spiralled,
aerofoil, or propeller shaped baffles may be suitable. This technique is also
applicable to rectangular channel systems as the work of Colman and
Mitchell(1990) demonstrates. It avoids the need to use thin channels in order to
generate high shear rates at the membrane surface.
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In this work, a constant baffle flow area ratio was used based on the
recommendations of Mackley. The baffle flow area ratio may become more
significant in thickening applications as the local shear rate will reach a maximum
at the baffle tip and the pressure drop may increase to the point where flow
around the edge of the baffle will not occur.

Ideally, the pulsed waveform should be continuous over the entire range
of amplitudes investigated. The truncated nature of the pulsed waveform for
amplitudes less than 100% is a major weakness of this study and may explain why
no relationship between flux and X /L was observed. An arrangement similar to
that used by Dickens et al(1990) may be more suitable in future work so that the
effects of St, X /L and X on flux can be clearly resolved.
More work is needed to investigate the effect of frequency and amplitude
on mass transfer and fluxes. It has been suggested that:
a) short, fast strokes are more effective than long slow strokes for improving
mixing, mass transfer and fluxes;
b) the pulsed flow fluxes achieved in Stage 2 at R ep =6450 could have been
achieved at Rep=3500 and possibly Rep= 1100, by suitable choice of the frequency
and amplitude.
These hypotheses need to be investigated further.

The pulsed flow rate, Qp, was calculated from measurements of frequency
and amplitude. A pulsed flow meter, such as a Gould Statham Flowmeter, which
measures the pulsed flow velocity in situ should be used in future to give a more
accurate measurement of the pulsed flow velocity. A device like this will also
enable the extent of pulse dissipation to be determined.
The increase in pulsing pressure, Pp, with Ptm is due to the pressure drop
across the retentate recycle valve. With the present system, it is difficult to
eliminate this effect. This is a problem that should be considered in the practical
scale-up of this device.
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The approach used to evaluate the pulsing power consumption, Ep, is semitheoretical in nature and gives a reasonable estimate of the pulsed power
consumption. However, this calculation is based on the assumptions that Qp and
dPp are sinusoidal functions and in phase, neither of which are correct. In future,
it is important to measure the power consumed by the pulsing pump and compare
this with the calculated value.

Many of the flow visualization photographs failed to capture the important
flow features in pulsed flow. In future work, the initiation of each exposure
should be synchronized with the flow cycle or a high speed cine camera could be
used to obtain better quality photographs.
No measurement of the RTD was made in this work.

The flow

visualization rig could be adapted quite easily to determine the RTD and the
dependence of axial dispersion on amplitude and frequency.
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APPENDIX A1
SNAPSHOT VALIDATION
A l .l Introduction:

The "Snapshot" technique has been devised to assess quickly the feasibility
of the baffled/pulsed approach for improving membrane filtration performance.
In this technique, many operating conditions are each used over a short period
of time(frame) and the resultant fluxes measured. The conditions are randomly
selected.

The technique generates a lot of information on the filtration

performance of a system for several sets of operating conditions in a single
experiment. To be valid, this information must be representative of the system
filtration behaviour when operated in a conventional manner. The major aim in
this section is to validate the snapshot technique. To be valid the following
criteria must be satisfied:
a) stability of the flux within any frame, where a "frame" is defined in Section
A1.2 below.
b) negligible long term fouling occurring over the duration of an experiment.
c) no dependence of snapshot fluxes on the initial operating conditions.
d) the initial operating period is of sufficient length for fluxes to stabilize after the
initial period of rapid flux decline before the first change of the operating
conditions. The conditions should be changed once the flux decline over a 6 min
period is negligible, although some further flux decline may in fact occur.
If these conditions are satisfied, flux values will be consistent between
different snapshot experiments and should be representative of fluxes obtained
from long term fouling experiments performed under identical operating
conditions.
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These points are discussed below. The format used in this section is to
present the methods, results and discussion together as the development of the
snapshot technique was an ongoing process.

The snapshot technique is first

described in Section A1.2. Section A1.3 addresses (a) above and describes how
an "average'' flux value was evaluated for each frame of a snapshot experiment.
A statistical analysis has been used to see if the "average" chosen realistically
represents the data and an estimate of the experimental error in the flux is made.
(b)-(d) are addressed in Section A1.4 where snapshot results are compared with
fluxes from long term fouling experiments obtained under identical operating
conditions. Section A1.5 describes the modification of the snapshot technique to
check directly that fluxes from different snapshot experiments are consistent.
Section A1.6 describes the smoothing procedure used to generate a curve to
represent the pulsed flow data for each system from different snapshot
experiments. Section A1.7 describes some weaknesses of the snapshot technique.
Section A1.8 describes how the membrane itself is a potential source of error and
may result in inconsistent flux data being obtained in different snapshot
experiments. The main points are then summarized in Section A1.9.

A1.2 The Snapshot Technique:

A set of operating conditions of Ptm and Re for Stage IB are summarized
in Table A l.l. This table will be used to explain the "snapshot" technique more
fully.
Each pair of operating conditions was assigned a number(No.) and the
numbers placed in random order. The first pair of values of Ptm and Re were
imposed on the system and ultrafiltration initiated.

The conditions initially

selected were Ptm= 1.2 bar and Re = 1200(No.l3 in Table A l.l).

The initial

operating conditions were maintained for 20-30 min after which time the flux
decline over a 5 min period was negligible. Ptm and Re were then changed
according to the random ordering to eliminate the time dependent flux decline
as a systematic variable and the corresponding flux was measured over a 5-6 min
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Re

Ptm (bar)
1.2
1.8

v

|

cm.s_1

|

0.4

0.8

350

2.7

|

21

16

11

6

1

700

5.4

|

22

17

12

7

2

1200

9.4

|

23

18

13

8

3

1550

12

|

24

19

14

9

4

3300

26

|

25

20

15

10

5

2.2

Table A l.l: The experimental conditions used for "snapshot" ultrafiltration
experiments with DI1.6 in Stage IB. Each number corresponds to a particular
transmembrane pressure and cross-flow velocity.

period or frame using a logging interval of 20s as illustrated in Fig A l.l. Each
data point corresponds to the flux value for a particular 20s interval and the data
points are grouped together in 6 min intervals(frames). The number above each
6 min set of data refers to the operating conditions as summarized in Table A l.l.
For instance, after frame one(No.l3: Ptm=1.2 bar, Re = 1200); pulsed flow was
used in frame 2(No.P13) at the same conditions of Ptm and Re. In frame 3,
steady flow was again used at Ptm= 1.2 bar and Re=700(No.l2). The remainder
of Fig A l.l and Table A l.l can be interpreted in this manner. The experimental
loop was completed by returning to the initial operating conditions to determine
how much long term fouling had occurred. If the decline over the series of
experiments was less than 15% the results were considered acceptable as
variations based on the major parameters of influence were greater than 300%.
Average flux values were then calculated for each operating condition, as
described in Section A1.3, and used to plot a graph of flux versus transmembrane
pressure. A typical curve is shown in Fig A1.2 and is based on the data in Fig
A l.l.
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Fig A l.l: A typical "snapshot" ultrafiltration experiment for DI1.6. The numbers
refer to the operating conditions of Table A l.l.
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Fig A1.2: The "snapshot" ultrafiltration flux curve for DI1.6 constructed from Fig
A l.l at the Re values indicated in the legend.
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A1.3 Single Frame Data Analysis:

An "average" flux value needs to be evaluated for each frame. This is
possible if the flux data shows no systematic decline or rise within the frame. In
the snapshot experiments, 2-5 min were allowed after changing the operating
conditions between each frame for fluxes to stabilize before beginning data
logging. There should also have been negligible flux decline within any 6 min
frame. Examination of the experimental data shows that this was true.
The method adopted here to obtain an "average" flux value is one of the
simplest and involved calculating the average flux value from the raw data for
each frame and its sample standard deviation after rejecting any obvious spurious
values. The data was sometimes quite scattered resulting in large values of the
standard deviation. The data scatter was primarily due to:
a) not maintaining constant operating conditions for the duration of a frame.
b) if the flux was low the 20s logging interval was too short resulting in the
permeate flow from the collection chamber to the weighing flasks being more
erratic than at higher fluxes.
A statistical analysis has been used to assess if the average flux realistically
represents the data.

Two approaches were used:

a) leaf and stem analysis and data summaries.
b) exponential smoothing.
These are described below.

A1.3.1 Leaf and Stem Analysis:

(A) Method:

Leaf and Stem displays are a visual data display technique(Tukey, 1977),
which show:
a) separation of the data into groups;
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b) about where the data values are centred;
c) the data spread;
d) appearance of unexpectedly popular or unpopular values;
e) unsymmetric trailing off of data(going further in one direction than the other).
While leaf and stem analyses reveal details, data summaries are also
needed to reveal the trends. A three number summary was chosen using the
"median*1and the two "hinges". The median, is the middle number and is more
sensitive than the average for small data sets with a high degree of granularity.
where the granularity is a measure of the data spread(Cloake, 1988, pg 154) The
hinges, are the numbers located halfway between the median and the extreme
data points. It is relatively simple to evaluate these three parameters from a leaf
and stem display. In addition to these criteria the trimean was calculated. This
is defined as:

rr, .
Trim ean

hinges+ 2 median

---------------------------

......

(ai.i>

4

The trimean will differ from the median if the data is not symmetrically
distributed about the median.

(B) Results:

The data from three experiments from Stage 1C was analyzed using this
approach. The fluxes measured in these experiments were in the range 7-38 and
5-24 lm^h'1 at 5 and 25 gl'1 respectively. These fluxes are low and hence the data
is quite scattered as explained in Section A1.3. Two of these three experiments
(Expts 46 and 47, Cb=25 gl-1) exemplified the typical spread of the data while the
third experiment(Expt 34, Q =5 gl'1) represented a worst case. A sample leaf and
stem analysis is shown below for the worst case(Expt 34).
Note: The 5 gl'1 results have not been presented in the main text as
subsequent experiments at 25 gl'1 show the same trends as at 5 gl'1 in a clearer
fashion.
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Sample Leaf and Stem Analysis
The following data corresponds to 20s flux values(lm’2h'1) from a single 6
min frame(No.5) of Expt 34:
15.7,15.89,16.42,17.01,17.14,17.21,18.19,18.26,18.32,18.39,18.52,18.65,18.98,
19.05, 19.24, 20.49, 20.49, 21.28.
Each line in Table A1.2 is a stem, each piece of information on a stem is
called a leaf. For the above data in the form AB.XY the stem is AB and the leaf
is XY and the corresponding leaf and stem display is shown in Table A1.2.
Hence, the flux 15.7 has a stem of 15 and leaf of 70 and appears on the bottom
line of Table A1.2. The stems are chosen to cover equal data intervals. In this
case each data interval is l(eg. the stem 15 covers all data in the range 15.0015.99,16 covers 16.00-16.99 etc). The data is presented in ascending order from
bottom to top. The right hand column is a cumulative tally of the number of data
points on each line beginning at the bottom and counting upwards.

This is

referred to as the count. In this case, the total count, N, is 18.
To evaluate the median and hinges, the depth of these parameters is first
calculated from the count, N, as described below.

The depth refers to the

position of these parameters in the leaf and stem display.
Depth of median = 0.5(1+ N )= 9.5 (written as 9h)
Depth of hinges = 0.5(1+depth of median) = 0.5(1+ 9) = 5

Stem(AB)

|

Leaf(XY)

|

Count

21

|

28

1

18

20

|

49 49

1

17

19

|

05 24

1

15

18

|

19 26 32 39 52 65 98

1

13

17

|

01 14 21

1

6

16

|

42

1

3

15

|

70 89

1

2

Table A1.2: Leaf and stem display for the experimental data from Expt 34.
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The median and hinges can now be read from the display. In this case, the
median is the average of the 9th and 10th data points(9h); the lower and upper
hinges are obtained by counting to the 5th point from the bottom(the 5th) and 5th
from the top(the 14th ) respectively.

Median (M) = 0.5(1832+18.39) = 18.36
Lower hinge (L) = 17.14
Upper hinge (H) = 19.05
Trimean (T) = 0.5(2M +L+H ) = 18.22

These parameters are tabulated in Table A1.3 along with the raw average
and sample standard deviations for all the data from this experiment.

(C) Discussion:

The agreement between the average, median and trimean is satisfactory
as in all but 3 cases, the % diff, defined in Table A1.3 is less than 5% and
typically 1-2%.

Thus, the raw data average is a valid criterion for data

representation despite the relatively large magnitude of the standard deviation
that was calculated in some cases. All Stage 1 flux data has been plotted using
raw average flux values. The Stage 1 results are presented in Section 3.3.

A1.3.2 Smoothing:

(A) Method:

The leaf and stem form of statistical analysis is tedious and time
consuming. It does not affect the graphical display of the flux v time data. This
is not important with the snapshot experiments as normally only the flux v
pressure graph, which is obtained from the flux v time data, is presented.
However, for displaying the long term fouling results it is important to improve
the graphical data display. Consequently, a second statistical approach has been
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Flux Values (lm'2h_1)
1 Ptm Re

|
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a

|

M

L

H

T
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20.2

18.9
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1
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|
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3

1
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|
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|

18.4
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2

4

1

350

|
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|
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1

5
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|
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|
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1

6

1
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1.8

|
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1

7

1

200

|
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2.7

|
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17.9

21.9

20.6

2

8

1

350

|

20.6

1.9

|

21.0

20.1

21.9
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2

9

1 1-2

50

|

12.5

0.8

|

12.4

12.0

13.3

12.5

1

10

1

100 |

13.7

1.6

|

13.8

12.4

15.1

15.6

14

11
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200

|

17.3

1.8

|

17.0

16.0

18.7

17.2

2

11

| End

200

|

14.7

3.1

|

14.7

12.1

16.9

14.6

1

12

1

350

|

17.6

3.4

|

17.7

14.6

20.5

17.6

1

13

| 0.8

50

|

11.2

1.3

|

10.9

10.4

11.6

11.0

3

14

1

100 |

10.6

2.9

|

10.8

8.6

12.6

10.7

2

15

1

200

|

9.5

1.7

|

9.2

8.0

10.8

9.3

2

16

1

350

|

15.5

1.9

|

15.5

14.4

16.8

15.5

0

17

| 0.4

50

|

10.0

0.9

|

9.4

8.9

10.7

9.6

4

18

1

100

|

8.8

7.6

|

7.0

4.1

14.1

8.1

20

19

1

200

|

8.1

1.1

|

8.0

7.3

8.8

8.0

1

20

1

350

|

9.5

6.6

|

7.4

4.2

13.5

8.1

22

No.

%diff

Table A1.3: Summary of experimental data from Expt 34 showing the median(M),
upper(U) & lower(L) hinges, trimean(T), average(avg) and standard deviation(cr).
%diff is diff/avg*100% where diff is the absolute value of maximum [avg-M, avgn
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taken involving smoothing of the data resulting in improved graphical
presentation of the flux v time data. The smoothed data can also be used to give
a better estimate of the average and standard deviation.
Smoothing allows the analyst to check for relationships between X and Y
with the error redistributed; that is; the error is minimized. At any point the
errors are redistributed around the real value with equal probability of being high
or low.
Two approaches were used: moving means and exponential smoothing(or
filtering). Soper and Lee(1987). Moving means is a method of smoothing a time
series by averaging successive groups of data. The simplest involves calculating
the mean for overlapping groups of three data points.

These averages give

estimates of the trend values associated with adjacent data values. As the number
of data points incorporated in calculating the moving mean increases, the
smoothing effect is greater but the number of means is less. The disadvantage of
this approach is that equal weight is given to all constituents even though they are
of different ages and possibly relevance. Moving means of three and five were
used here.
Exponential smoothing avoids the above disadvantage by weighting using
the smoothing parameter, a, which lies between 0-1, (commonly 0.05-0.3) and
frequently set to 0.2. Values close to 0 give the most smoothing; values close to
1 the least. In this case, a prediction for one period beyond the end of the data
can be made. The formula used to evaluate the smoothed value is:

Smootht+l = adatat + (1 -a)Smootht (A1-2)
where smooth and data refer to the smoothed and raw data points
respectively and t is a counter.
The first data point is usually taken as the initial smooth. This means that
the trends shown by the smooth can be distorted by this first point if it differs
from the remaining data. Two situations in the experiments where this can occur
are in the initial rapid flux decay at the start of a filtration experiment where flux
values 20-30s apart can be significantly different and at the start of each snapshot
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frame if new steady state conditions have not been obtained. The first situation
is not a cause of concern as after several minutes any displacement of the
smoothed curve from the actual data is eliminated. In addition, it is the data
from the last six min of this first period that is used to calculate an average flux
value. The latter situation is more important-often the first(and sometimes the
second and third) data points seemed to be inconsistent with the remaining data.
In these cases the initial starting value used in smoothing was either the second
or the average of the first 2 points. Exponential smoothing with a = 0.1 and 0.2
was used here.

(B) Results and Discussion:
These methods were first applied to two concentration experiments: Expts
43 and 44 for DI1.6 and DI1.6P respectively. The flux v time data for Expt 44 has
been included here in Fig A1.3(a)-(e) to illustrate these different smoothing
methods.

The spread in the data decreases in the order: raw; means(3);

means(5); exponential smoothing(0.2); exp smoothing(O.l) as shown in Fig
A1.3(a)-(e).
J (l/m*2.h)
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Fig A1.3a: Flux v time data for Expt 44 showing the raw data.
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Fig A1.3: Flux v time data for Expt 44 showing smoothed data using b) means of
3; c) means of 5.
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Fig A1.3: Flux v time data for Expt 44 showing exponentially smoothed data with
d) a =0.2; e) a=0.1.
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Smoothing is easier to apply to the experimental data than the leaf and
stem analysis and this was subsequently adopted in Stage 2 to check the validity
of the raw average flux values with the smoothing parameter, a, set to 0.2. The
logging interval was increased to 30s and although this reduces the number of
data points used to calculate the average, the longer time interval reduces the
data scatter resulting in a smaller standard deviation. Fig A1.4(a)-(b) shows the
flux v time data for a steady flow snapshot experiment for DI3.2 from Stage 2A.
Fig A1.4b shows how exponential smoothing(a=0.2) eliminates most of the data
scatter demonstrated by the raw data(Fig A1.4a). Table A1.4 shows how the
smoothed average values agree very well with corresponding raw values and the
standard deviation is correspondingly reduced, further validating the use of this
method. In plotting the flux/Ptm/R e graphs the raw average values have been
used. On the basis of these analyses the error in the flux is estimated to be ±5%
in both Stages 1 and 2.

A1.4 Single Snapshot Analysis:

The average flux value obtained from any frame of a snapshot experiment
should be representative of the steady state flux from a long term fouling
experiment performed under identical operating conditions. This is true if:
a) the time dependent flux decay is insignificant compared with the variation in
process fluxes between different frames.
b) the fluxes are starting condition independent.
c) the initial period is of sufficient duration for fluxes to stabilize after the rapid
inital flux decay so that the flux decline over a 6 min period is negligible.
These 3 points are discussed in this section and a comparison is made of
steady state fluxes from long term fouling experiments with snapshot fluxes
corresponding to identical operating conditions.
Long term fouling experiments of 2 hours duration were carried out in
Stage 1.

The steady state fluxes(averaged over the last 40 and 60 min of

operation for D02.2 and DI1.6 respectively) and corresponding snapshot fluxes
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Fig A1.4: Flux v time data for a "snapshot" ultrafiltration experiment(No.74) for
DI3.2 from Stage 2A showing a) the raw data; b) the exponentially smoothed data
using a =0.2.
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0.3

1

7

1

5.7

750

|

40.8

1.3

3

I

40.7

0.3

1

8

I

2.1

100

|

14.5

0.8

6

I

14.4

0.3

2

9

I

4.9

2200

|

63.2

1.9

3

I

62.4

1.0

2

10

|

0.9

750

|

17.0

1.1

6

I

16.9

0.3

2

11

|

3.9

100

|

19.4

1.1

6

I

20.1

0.6

3

12

|

2.0

2200

|

39.6

1.3

3

I

39.2

0.5

1

13

|

1.0

100

|

12.7

0.9

7

I

12.3

0.4

3

14

|

4.1

750

|

36.8

1.0

3

I

36.2

0.5

1

15

|

2.1

2200

|

40.6

1.6

4

I

39.4

1.1

3

16

|

2. IP

750

|

50.7

2.4

5

|

49.9

0.8

2

17

|

2.2

750

|

34.6

1.3

4

I

35.1

0.5

1

Table A1.4: Summary of raw and exponentially smoothed(a=0.2) averages and
the corresponding standard deviations for the flux data obtained from Expt 74.
% err=cr/J*100%.
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are compared in Table A1.5 for the 2 sets of baffled systems and show reasonable
agreement. Most flux values agree within one standard deviation of each other.
The agreement is worst for the baffled systems under pulsed flow conditions. The
long term fouling values are consistently less than the snapshot values.
Consider the 3 criteria stated at the start of this section. For (a), the time
dependent flux decay was considered to be acceptable if the flux decline in any
experiment was less than 15% as variations based on the major parameters of
influence were greater than 300%. The flux decline was calculated from the
average flux values corresponding to the last 6 min of the initial period and the

Expt

Re

| Long Term Fouling

|

Snapshot

a

|

Jss

1

ET

Jss

a

1050

1

9.1

0.7

|

9.5

0.5

D02.2

1050

|

17.5

0.5

|

18.4

1.4

D02.2P

1050

|

18.3

0.2

|

22.5

1.0

ET

350

|

6.8

0.5

|

8.9

0.9

ETP

350

|

9.8

0.6

|

10.1

1.1

ET

1200

|

8.8

0.4

|

9.1

0.8

DI1.6

350

|

14.1

0.6

|

14.8

1.5

DI1.6P

350

|

17.6

0.9

|

20.9

0.9

DI1.6P

1200

|

20.2

0.9

|

22.9

0.9

ET

700

|

7.5

0.7

|

7.6

1.0

ETP

700

|

8.7

0.4

|

8.9

0.6

DI1.6

700

|

18.1

0.3

|

20.0

0.8

DI1.6P

700

|

19.7

0.9

|

22.1

0.3

Table A1.5: Comparison of long term fouling steady state and "snapshot" fluxes
for the two baffled systems at Ptm= 1.2 bar. a is the standard deviation in the flux.
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6 min final period, for which the operating conditions were the same. This was
satisfied in all but 5 cases; the results from these 5 experiments are not included
here. Fig A1.4 shows how the extent of flux decay during a typical snapshot
experiment is very small as the starting and end fluxes, connected by the
horizontal line, are almost identical in this experiment. Hence criterion (a) is
satisfied.
No systematic study was made of the dependency of snapshot fluxes on the
initial operating conditions.

However, comparison of different experimental

results from Stage 1 and 2 showed no such dependency existed, thus satisfying
criterion (b).
Finally the long term fouling results from Stage l(see Section 3.3.5) suggest
that the initial period of 20 min should be extended to 60 min to ensure that the
flux has stabilized after the initial period of rapid decay. It was also felt that
these long term fouling experiments had been too short as some snapshot
experiments took up to 3 hours to complete. Fouling behaviour can change with
time and it is possible that rapid flux decay could occur after 2 hours.
Consequently a long term fouling experiment of 5 hours duration was
carried out in Stage 2. This is shown in Fig A1.5. Average flux values calculated
over 20 min intervals are equal within one standard deviation over the period 50300 min. Thus, an initial period of one hour is sufficient to satisfy criterion (c).
This longer time period was used in all Stage 2 experiments. Again, the long
term fouling average is lower than the corresponding snapshot data and there is
no obvious reason for this result, unless it is simply that continuous changing of
flow conditions itself reduces fouling.

However, the agreement between

corresponding snapshot and long term fouling fluxes is sufficient to conclude that
the snapshot fluxes are representative of steady state fluxes from long term
fouling experiments performed under identical operating conditions.
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Fig A1.5: Long term fouling experiment of 5 hours duration for ET at Ptm=3.1 bar
and R e =400. The data has been exponentially smoothed with a = 0.2.

A1.5 Modified Snapshot Technique:

A series of snapshot experiments were carried out in Stage 2 for ET, ETP,
DI1.6 and DI1.6P using new FP100 membranes with an initial period of 60 min
and logging interval of 30s. Although the results of each snapshot experiment
appeared to be consistent, the fluxes were much lower than expected and more
importantly, there was a lack of consistency between individual experiments.
Long term fouling steady state fluxes did not agree well with corresponding
snapshot values. The water flux behaviour was also erratic. It was felt that one
possible cause for this behaviour may be the more severe operating conditions
used in Stage 2 which could result in greater fouling, rendering the snapshot
technique invalid. However, further experiments led to the conclusion that these
membranes were faulty.

No further problems were experienced when these

membranes were replaced.
The problems experienced here led to further modifications of the
snapshot technique used in Stage 2 of the experiments. These are described
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below and also in Section 4.2.2.

The cleaning cycle was also modified as

described in Section 2.3.5.
For each system two experiments were carried out for both steady and
pulsed flow conditions.

Each half of a pair had identical starting and end

conditions. For a steady flow snapshot experiment, a single pulsed flow frame
was included to see if the pulsed flow flux, calculated for this frame, was
consistent with corresponding fluxes from pulsed flow snapshot experiments: this
pulsed flow frame is identified in Fig A1.4. The other frames in this graph all
correspond to steady flow conditions.

Similarly in a pulsed flow snapshot

experiment, one steady flow frame was included. The 2 halves could be combined
to give the overall flux/pressure relationship.
Fig A1.6(a)-(d) illustrates the individual snapshot experiments for pulsed
and steady flow from Stage 2A for DI3.2. The numbers refer to the order in
which the operating conditions were changed as explained in Section A1.2; the
letter suffix P or S attached to the data points refers to pulsed or steady flow
respectively. The steady flow data(Fig A1.6a, A1.6b) and pulsed flow data(A1.6c,
A1.6d) is combined to give the overall flux v pressure relationship for this system
under these conditions of pulsed and steady flow in Fig A1.7. Only the pulsed
flow data for an amplitude of 30.5 mm(100%) from Fig A1.6d has been used in
the combined graph. The agreement between the 4 data sets is excellent. Fluxes
corresponding to the same conditions of Ptm for pulsed flow and Ptm and Re for
steady flow (N o.l and 17 only in Fig A1.6a and A1.6b) are almost identical.
Similarly the pulsed flow frame from each steady flow snapshot experiment
(N0.I6P in Fig A1.6a and A1.6b) agree well with the corresponding pulsed flow
snapshot results. The converse is also true. It is important to note that the
change in flux in going from pulsed to steady flow or vice-versa is rapid and
reversible, as demonstrated by the pulsed flow frame shown in Fig A1.4(a-b).
The compatability of these results illustrates the validity and usefulness of
the snapshot method. A considerable amount of information concerning the
membrane performance under different conditions of Ptm, Re and Rep has been
generated in only 4 experiments.
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Fig A1.6: Individual snapshot experiments for DI3.2 from Stage 2A corresponding
to steady flow at the Re values indicated in the legend for a) Expt 74 and b) Expt
75.
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Flux v P r e s s u r e
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Fig A1.6: Individual snapshot experiments for DI3.2P from Stage 2A
corresponding to pulsed flow at the Re and X values indicated in the legend for
c) Expt 76 and d) Expt 77.
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Fig A1.7: The combined snapshot ultrafiltration results for DI3.2 for steady and
pulsed flow conditions for the Re values indicated in the legend. This graph has
been constructed from the 4 individual graphs of Fig A1.6.

A1.6 Smoothing Stage 2 Flux/Pressure Data:

Fig A1.8(a)-(d) show the variation in the flux for different baffled systems
under the same conditions of pulsed flow. The numbers in the legend refer to:
Expt No.(Re). Re values without the suffix P in the legend refer to pulsed flow
frames from a steady snapshot experiment. This data agrees well with the pulsed
snapshot data in all cases.
The variation in the flux values is greater than for steady flow for Stage
2A, especially at high Ptm values. More data has also been collected for pulsed
flow.

For these 2 reasons, smoothing has been used to generate a curve to

represent all the data using the lowess function in the S software package. S is
an interactive environment for data analysis and graphics. Lowess(x.y.f.iter.deltal
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generates a smoothed curve from a scatter plot of (x,y) points. It uses the method
of robust locally weighted regression(Cleveland, 1979). The procedure involves
fitting values, yi? at each x using a polynomial fit to the data using weighted least
squares. A different set of weights are then defined for each (x,y) based on the
size of the residual y-y{.

Large residuals result in small weights and small

residuals in large weights. New fitted values are then computed and this is
repeated iter times.

The assumption of smoothness allows points in the

neighbourhood of (x,y) to be used in forming yj. Increasing f, the fraction of data
used for smoothing at each point, increases the neighbourhood and the
smoothness of the fit. The default values for f and iter are 2/3 and 3 respectively.
Delta is the interval size and the default value is 1% of the range of x.
The smoothed curves fit the data well. In Fig A1.8b and A1.8c, data from
Stages 2A and 2B has been plotted together. Different membranes were used
in each stage. Smoothed curves have been plotted for each stage and for the
combined data. The agreement is satisfactory especially for DI1.6.

FLUX vs PRESSURE

o
o

o
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Fig A1.8a: Variation in the flux for DI0.8 under the same conditions of pulsed
flow between different experiments. The data is represented by a smoothed curve
as described in the text.
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Fig A1.8: Variation in the flux for b) DI1.6 and c) DI3.2 under the same
conditions of pulsed flow. Experiment numbers in the range 72-90 and 97-106
correspond to Stages 2A and 2B respectively.
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Fig A1.8d: Variation in the flux for DO 1.5 under the same conditions of pulsed
flow between different experiments.
In Fig 4.3 and 4.4 of Section 4.2.3, the data points and smoothed curves are
plotted along with the steady flow data in the same graphs. The steady flow data
is also represented by a smoothed curve generated using lowess-This is
particularly relevant for Stage 2B where the data scatter is greater than in Stage
2A due to the more turbulent flow conditions used in the former case. This form
of graphical presentation is simpler than that used in Stage 1.

A1.7 Weaknesses of The Snapshot Method:

The weaknesses of the snapshot method are:
a) long term fouling steady state flux values are consistently less than
corresponding snapshot values.
b) this technique is only applicable to systems where the extent of long term
fouling is insignificant compared with the variation in process fluxes and "steady
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state" snapshot fluxes are starting condition independent. Bipro was the only feed
solution used in the snapshot experiments at C=5-25 gl'1 and appears to satisfy
these criteria with the FP100 membranes used here. Each system may respond
differently; certainly the snapshot method will not be universally applicable,
c) in the pressure dependent region the data becomes quite scattered especially
at high p tm and for pulsed flow or turbulent steady flow. Variations in membrane
resistance between different experiments is one factor causing this data scatter as
under these conditions the membrane resistance constitutes a greater proportion
of the total resistance to permeation. Another factor is the variation in Ptm due
to Pp(see Section 4.2.3(C).
If the extent of flux decline is significant it may be possible to correct the
data to compensate for this. Two approaches are suggested:
a) The method of Devereux and Hoare(1986) for correcting fluxes to compensate
for the effects of flux decline may be applicable. They observed the decline in
flux with time over a period of 1-2 hours during the processing of a nonwashed
protein precipitate suspension for ultrafiltration PM50 and microfiltration 0.2
micron membranes. They used these flux decline(FD) curves to correct for the
experimental time involved in measuring the flux/Ptm characteristics.

The

corrected flux is given by the measured flux divided by the fractional decline
observed in these FD curves for equivalent time span of the experiment.
b) This approach is similar to (a). However, instead of collecting additional long
term flux decay data as done by Devereux and Hoare(1986), the extent of flux
decay may be fitted by a model and the model predictions can be used to correct
the flux. Wu et al(1990) developed an empirical method for modelling the flux
decline with time for protein ultrafiltration.

This is particularly suitable for

applying to the snapshot method as the model requires knowledge of the initial
rapid flux decay period until fluxes stabilize and the long term steady state flux.
These periods correspond to the initial and final frames of a snapshot experiment
and hence this data is readily accessible.

Once the model parameters are

determined from the experimental data, the model can be applied to calculate the
flux at any time, t.
The experimental fluxes can then be corrected to t=60 min(or any arbitrary time)
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using:

7e(60) - 7 (0 -=
I
where J(t) is the experimental raw average flux value at time, t;
Jm(60) and Jm(t) are the model fluxes at time 60 min and t respectively and Jc(60)
is the corrected experimental flux at t= 60 min.
This model was applied to experimental data obtained with the dud
membranes, discussed in Section A1.5, where the flux decline during a snapshot
experiment was greater than 15% in some cases.

It fitted the data well,

suggesting that this approach is feasible.

A1.8 Membrane Variability:

The other main cause of experimental error is the membrane itself. The
filtration performance may differ:
a) between different membranes.
b) due to deterioration in the membrane performance as demonstrated by
changing rejection behaviour and membrane resistance.
c) if the system is not sealed properly so that leaks occur.

A1.8.1 Different mem branes:

The manufacturer acknowledges that there can be considerable variability
in the filtration performance of their FP100 membranes even when they come
from the same 10 ft length and this was observed experimentally. The water flux
behaviour of the 2 membranes to be used in each side of the ultrafiltration
module was measured over the experimental Ptm range. If the variation was less
than 5%, the membranes were considered suitable for use. Once new membranes
have been fouled,

differences in behaviour are less significant as virgin
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performance is never regained on chemically cleaning the membrane.

More

importantly, in process runs, the filtration performance will be governed by the
fouling layer, referred to as the secondary membrane which forms on the
membrane surface. Experimentally, after fouling and chemically cleaning the
membrane once or twice, reproducible data could be obtained. Consequently, the
first and sometimes the second experiments were used to obtain qualitative
information only.

A1.8.2 Deterioration in Membrane Performance:

The membrane resistance and rejection behaviour was monitored to check
for any deterioration in performance. A natural deterioration with time will
occur.

In this work, there is also potential for the baffles damaging the

membrane during the filtration experiments and more probably on their
installation and removal. The rejection behaviour is controlled primarily by the
secondary membrane(Murkes and Carlsson, 1988) formed on the surface and will
not detect any deterioration in the membrane performance unless this affects the
nature of the secondary membrane itself. No systematic changes in rejection
behaviour or post-experiment membrane resistance were observed. This suggests
that baffles and/or pulsed flow do not affect the extent of fouling.

The pre-

experiment membrane resistance gives a better indication of any change in the
membrane performance.

The variation in the pre-experiment membrane

resistance was a maximum of 20% for each set of membranes used.

No

systematic decline or rise occurred, indicating the baffles have not damaged the
membrane. Changes that did occur may have been due to ineffective chemical
cleaning. These changes did not affect the flux performance, again this being
attributed to the secondary membrane controlling the filtration process.
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A1.8.3 Leaks:

These two parameters can also be used to check if any leaks occurred
resulting in false flux values being obtained. In 4 pulsed flow experiments under
conditions of high Ptm up to 50% more permeate was collected from the outlet
perm eate chamber than from the inlet.

This was supported by rejection

measurements. The pre and post water flux measurements did not reproduce
these results presumably because the water flux is measured at Ptm= 1-1.2 bar.
This behaviour was attributed to a leaky seal and the flux data from these
experiments was rejected. In all experiments if the variation in the amount of
perm eate collected from both tubes was less than 10%, the flux data was
considered acceptable.

A1.9 Summary and Conclusions:

The snapshot technique has been validated in this section:
a) For each frame of a snapshot experiment, the raw average flux value has been
shown to be a valid criterion for data representation despite the relatively large
magnitude of the standard deviation in some cases. Two statistical methods were
used to verify this: leaf and stem analysis and exponential smoothing(a=0.2).
Increasing the logging interval from 20 to 30s in Stage 2 reduced the data scatter.
The error in the flux was estimated to be 5%.
b) Negligible long term fouling was judged to have occurred over the duration of
an experiment if the overall flux decline within any experiment was less than 15%.
Only 5 experiments did not satisfy this criteria and these results were rejected.
c) Snapshot fluxes appeared to be independent of the starting conditions used.
d) An initial operating period of 20 min was used in Stage 1 for fluxes to stabilize
after the initial period of rapid flux decay before changing the operating
conditions. This period was extended to 60 min in Stage 2. In both cases, the
flux decline over any subsequent 6 min period was negligible.
e) Flux values were consistent between different steady and pulsed flow snapshot
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experiments.
f) The average flux values obtained from any frame of a snapshot experiment
were representative of but consistently greater than steady state fluxes from long
term fouling experiments performed under identical operating conditions.
g) The snapshot technique is not universally applicable but depends on conditions
a-d being satisfied. When operating in the pressure dependent region, the data
is likely to be more scattered, especially for pulsed flow. Differences in the
filtration performance of different FP100 membranes can also be a source of
experimental variation.
h) The use of baffles and/or pulsed flow does not appear to affect the nature of
the fouling layer formed on the membrane surface. Baffles were installed and
removed without damaging the membrane.
i) It may be possible to apply the snapshot method to situations where the overall
flux decline is significant but measurable, by correcting for the extent of flux
decay either using experimental long term flux/time data or an empirical flux
decline model.
j) The snapshot technique generates a considerable amount of data on the
membrane filtration behaviour under different operating conditions of Ptmand Re
for both steady and pulsed flow in relatively few experiments.
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APPENDIX A2
RAW REYNOLDS NUMBER DATA
Table A2.1a and A2.1b shows the measured values of the volumetric flow rate,
Q, for Stages 1 and 2 of the experiments and values of the velocity, v and
Reynolds number, Re calculated from Q. Two Reynolds numbers are tabulated:
the raw value, used in all calculations; and the rounded Re value, which is stated
in the text.

Stage 1: <1^=25 gl'1; Density=1002.8 kg.m'3; viscosity=9.802E-04kg.m'3
Q(l.min‘1)

v(ms'1)

|

Re(raw)

Re(text)

0.005

0.00068

1

9

10

0.025

0.0034
0.0068

43
87

50

0.05

1
|

100

0.1

0.014

|

174

200

0.2

0.027

|

347

350

0.3

0.041

|

521

500

0.4

0.054

|

695

700

0.6

0.081

|

1042

1050

0.69

0.094

|

1198

1200

0.9

0.12

|

1563

1550

1.6

0.22

|

2779

2800

1.9

0.26

|

3300

3300

0.5P

0.073P

|

934P

950P

Table A2.1a: Q data used for calculation of v and Re for Stage 1. Raw and
rounded R e values are shown here.
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Stage 2: C ^ I O gl1'1; Density=999.2 kg.m'3; viscosity=9.278E-04kg.m*3
Flow Visualization:H20 at 18°C Density=998.5 kg.m*3; viscosity = 10.556E-04kg.m'3
Filtration Re values
Q(l.min-1) v(ms‘1)

|

raw

0.05

0.0068

|

91

0.1

0.014

|

0.2

0.027

0.4

text

FV Re values

|
|

100

|

—

—

|

366

0.054

|

0.8

0.11

1.2

raw

text

—

—

1

160

150

350

|

321

300

731

750

|

642

650

|

1463

1450

|

1285

1300

0.16

|

2194

2200

|

1927

1950

1.5

0.20

|

2742

2750

|

2.4

0.32

|

3.5

0.48

|

5.9

0.80

|

8.8

1.2

|

14

1.9

|

19.3

2.7

|

22.1

3.0

|

27.2

3.7

3.5P

0.48P

—

—

1

3853

3850

6450

|

5717

5700

—

1

9458

9450

16154

16000

|

—

—

25578

26000

|

—

—

40386

40000

1
|

|

49809

50000

|

|

6462P

6450P

|

—

6462
—

—

31056

31000

—

—

—

—

5717P

5700P

Table A2.1b: Q data used for calculation of v and Re for Stage 2 and for the flow
visualization experiments. Raw and rounded Re values are shown here.
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NOMENCLATURE

Dimensions are given in terms of mass[M], length[L] and time[T]. The
section where each term is first used or defined is also stated.

A>

baffle cross-sectional flow area

L2

1.4.1

Art

cross-sectional area of the empty tube

L2

1.4.1

An

Membrane Surface area

L2

5.2.1

a

smoothing param eter

—

Cb

bulk concentration

D

membrane tube internal diameter

L

1.4.1

Dhy

hydraulic diameter

L

1.4.1

di

inner diameter of baffle

L

1.4.1

do

outer diameter of baffle

L

1.4.1

d

channel height(Colman and Mitchell, 1990)

L

1.4.1

dP

pressure drop

ML'lrT 2 5.1.1

dPp

pulsing pressure drop

ML'lrT 2 5.1.1

E

specific power consumption

M T3

5.2.1

E„

specific net forward flow power consumption

M T3

5.2.1

Ep
f

specific pulsed flow power consumption

M T3

5.2.1

frequency

T1

1.4.1

h

half the minimum channel width(Sobey, 1980)

L

1.4.1

J

permeation flux

LT1

3.3.1

Jc

corrected experimental permeation flux

LT1

A1.7

Jm

permeation flux calculated from model

LT1

A1.7

Jss

steady state permeation flux

LT1

3.3.5

Kc

Keulagen Carpenter number

—

1.4.3

L

centre to centre baffle spacing

L

1.4.3

ML'3
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Al.3.2
3.3.2

L

lower hinge

—

Al.3.1

M

median

—

Al.3.1

“ i/o
N

inlet/outlet permeate ratio

—

4.2.3

total count

—

Al.3.1

—

1.4.1

NFR net to peak flow ratio
P

p

p th

pulsing pressure

M L lrr 2 4.1.1

threshold pressure

M L 1T 2 3.3.1

Ptm transmembrane pressure
PuRe Pulsatile Reynolds number(Colman and Mitchell, 1990)

ML'1!"2 2.3.2
1.4.1

—

Q

volumetric flow rate

l 3t

1

1.4.1

Qp

pulsed volumetric flow rate

L3!" 1

5.1.1

Rm

membrane resistance

L1

2.3.6

Re

Reynolds number

—

1.4!

R^crit critical Reynolds number

—

1.4!

R ebP Baffled Pulsed Reynolds number

—

1.4!

Re0

Peak Reynolds number(Sobey, 1980)

—

1.4!

Rep

Pulsed Reynolds number

—

1.4!

Re0

Reynolds number at t= 0 in a concentration experiment

—

4.4.3

R et

threshold Reynolds number

—

3.3.3

r

radius of curvature

L

1.4.3

St

Strouhal number

—

1.4!

T

trimean

—

A 1.3!

Th

Thomson number(Colman and Mitchell, 1990)

—

1.4!

t

baffle thickness

L

2.2.3

U

upper hinge

—

A 1.3!

Va

Valensi number

—

1.4!

Vp

pulsed velocity waveform

L3

4 .1 !

V

velocity

LT1

1.4!

%

baffled pulsed flow velocity

LT1

1.4!

VP

pulsed flow velocity

LT1

1.4!

X

peak-centre amplitude

L

1.4!

Xo

peak-centre amplitude(Sobey, 1980)

L

1.4!
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a2

Pulsatile Reynolds number(Sobey,1980)

--

1.4.1

0

phase difference between dPp and Qp

—

5.1.1

a

standard deviation

-

3.3.5

H

dynamic viscosity

ML-1!" 1

1.4.1

o

density

ML'3

1.4.1
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