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Résumé

L'investigation de I'hydrodynamique d'un module filation dynamique, dénommé Rotating and
Vibrating Filtration (technologie RVF), congu pdertraitement de fluides biologiques et alimensiie

été conduite a partir d'expérimentations pilotedetsimulation numérique. Le module RVF (surface
filtrante 0,048m2) se divise en deux chambres ltation accueillant chacune deux membranes, fixées
sur un support poreux, qui drainent le perméat.dispositif mécanique simple et en fonctionnement
continu (jusqu'a 50Hz) permet de maintenir une reomie de cisaillement élevée ainsi qu'une
perturbation de la couche limite hydrodynamiquelesarmembranes. Le présent article se focaliséesur
régime turbulent. Les champs de pression statiqugeevitesse, obtenus numériquement, permettent
d’'analyser les vitesses locales et la force motiegperméation. Les résultats, interprétés en tidee
distribution radiale de pression et coefficient rdfainement, sont qualitativement en accord avec
I'expérience. Des variations temporelles de vitesste pression trés importantes sont mises ereiéegd
selon la position radiale en fonction de la vitedserotation. Nous pouvons ainsi expliquer les lesnn
performances de filtration de cette technologier das interruptions périodiques de la pression
transmembranaire associées a la génération dimstatrités analogue a un écoulement pulsé.

Abstract

Laboratory experiments and CFD simulation have bgeriormed to investigate hydrodynamics of a
dynamic filtration technology, called Rotating a¥ibrating Filtration (RVF technology) designed to
treat biological suspensions. The RVF module &ilon area 0.048 m?) is divided into cells in sgrie
Each cell includes two flat disc membranes fixetbgmorous substrates which drain the permeate, and
three blades impeller-shaped rotating bodies athd¢h a central shaft. This simple mechanical devic
runs continuously (up to 50Hz) and maintains a lsilgbar rate as well as an unstationary hydrodyreamic
at the membrane surface. The present paper foonsesbulent flow regime. Static pressure and vigloc
fields (CFD) are reported and indicate local veipaind permeation driving force. CFD and experiraknt
measurements (radial pressure distribution, colecitg coefficient) with model fluids are qualitaély

in agreement. Velocity and static pressure fieliswsdrastic magnitude time variations with rotaéibn
speed and radial position. Filtration performanca® explained by periodic interruption of
transmembrane pressure associated to unstatiogarigration equivalent to pulsed flow.

Mots-clés :filtration dynamique, hydrodynamique, experimematisimulation numérique
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1. Introduction

Membrane separation technology has become wided s the food and bioprocess industry
(biotechnology, dairy, juice, wine, water) (Cheryd®98; Daufin et al., 2001). For the membrane
process, the choice of means of filtration (dead-emoss-flow or dynamic filtration) and membranes
(chemical nature, mean pore diameter) are cruBielention could be described by mechanical and or
physico-chemical retention but the mechanisms whten result from a complex balance between the
nature and structure of membranes, the local hyehamiic conditions and the product. In CFMF and
dynamic, a dynamic selective layer (particle inpgumsion, macromolecules, and complex) is creatdd an
plays an important role in retention mechanism. Pphepensity of retention, the contribution of the
different mechanisms, how they interplay on soluatel insoluble fractions, the quantification and
characterization of fouling are investigated. Imwentional cross-flow filtration, high tangentiduifi
velocities are generally necessary to limit thewgtoof cake on the membrane. These high velocities
require energy and produce large pressure dropg dlee membrane. Consequently the transmembrane
pressure remains high at membrane inlet, and thigs limit solute transmission into the permeate when
the cake layer on the membrane is compressiblésgratked by pressure.

Dynamic filtration, which consists of creating rel@ motion between the membrane and its housing,
avoids this problem, since high shear rate prodiumethe relative motion are independent of the feed
flow, which can be kept low. In cross-flow filtrati, the aim is to reduce the impact of fouling.afgle
number of hydrodynamic techniques, based on flogtabilities, have been investigated such as co-
current mode, pulsating flow, periodic stop of ttensmembrane pressure, periodic back-flush ock-ba
shock process, generation of Dean or Taylor vatiéetroduction of turbulence promoters (baffled
channel, stamped membrane) or the use of a tweepfiaw (gas—liquid, liquid—solid). In order to
improve performances and to increase shear rate,systems called dynamic filtration systems have
been studied in food and biotechnological applcatiover the last decade. The specificity of dygami
filtration is that a mechanical device has beemothiced in order to promote turbulence at membrane
surface independently of retentate flow-rate. Dyigafiitration modules could use either a vibrating
(Schneider et al., 2001) and rotating membranergSstral. 1999), or the motion of a mechanical devi
with a rotating (Jaffrin, 2008) and/or vibrationsdior impeller (Ermolaev et al., 2002) close to the
membrane surface. Several dynamic filtration devibave been reported by manufacturer: Artisan
(Artisan Industries), cross-rotational flow (ABBeeitek), centrifugal membrane filtration (Spintek),
cross-rotational membrane filtration (Komline-Sarst@), Hitachi (Hitachi), dynamic membrane filter
and vibrating membrane filter (Pall society).

Laboratory experiments and CFD simulations havenlpesformed to investigate hydrodynamics of a
dynamic filtration technology, called Rotating aWbrating Filtration (RVF technology) designed to
treat biological suspensions. Global theoreticallysis and literature overview highlight that thesdl
variables (shear rate, velocity and pressure) cooldbe easily estimated in the RVF module. CFD
simulation enables to gain insight in the complggrbdynamics fields and to explain fouling resisen
reduction with food and biological fluids. Both larar and turbulent flow regimes were investigatftdra
preliminary mesh optimisation and best choice dfahand boundary conditions.

In present paper, our discussions focus on turbulew regime. Static pressure and velocity fields
(CFD) are reported and indicate local velocity gameation driving force. CFD and experimental
measurements (radial pressure distribution, colecitg coefficient) with model fluids are qualitaély

in agreement. Velocity and static pressure fieliswsdrastic magnitude time variations with rotasibn
speed and radial position. Filtration performanca® explained by periodic interruption of
transmembrane pressure associated to unstatiogangration equivalent to pulsed flow.

2. Materials & Methods
2.1 Experimental fluids and set-up
The RVF laboratory module (filtration area 0.0481s2fivided into two parallel cells including twiaf

disc membranes fixed onto porous substrates whiam dhe permeate, and impeller-shaped rotating
bodies attached to a central shaft (Fillaudeau let28007). This simple mechanical device runs
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continuously and maintains a high shear rate ab ageh hydrodynamic perturbation at the membrane
surface. The impeller is made of three blades£142mm, thickness=8mm) included in a horizontal
plane between two membranes. The dimensions ofhoelsing are 14mm in height and 143mm in
diameter. The gap between the blade and the memlisasmall and equal to 3 mm. Transmembrane
pressure (up to 300kPa) and rotational frequenpyt@u50Hz) can be adjusted to reach the optimal
conditions for filtration. The two separated cetiake it possible to work with two different membean

in similar conditions. The membranes were flat slisith an external diameter of 142mm and a thicknes
of 0.25mm. Filtration area per membrane is equdl.@12m? and forms a crown shape with an internal
diameter of 62.25mm and an external diameter ofSi86 (including corrections due to the gasket). The
determination of hydrodynamic performances (radiakssure distribution, core velocity coefficienasv
carried out with water (softened water filteredotigh three cartridges: activated carbon, 0.20 and
0.50pm) by measuring the flux versus radial perfeeatmwns (25<r<68mm, drg-ri=5mm, i=0-8, and
rigfe=3mm) on the membrane (organic membrane PVC,2 mdh)rapeller velocity (Fig. 3).

PERMEAT MEMBRANE

QBR, QP1 et QP2 : Débitmeétres

TER, TSR, TP : Températures

PRE et PP : Pressions relatives

DP, TM1 et TM2 : Pressions différentielles
F : Tachymetre W: Wattmétre

Figure 1. Schematic flow diagram of the RVF moduté 8 instrumentation and impeller surface meshi@gD).

2.2 CFD Model

We are especially interested in computing the tierituflow in a unit filter element of the RVF moeul
which consists of one cassette (Fig 1). We thuarasshat each filter element works identically. Whi
subsequent periodic boundary conditions at botls €ad be reasonably assumed in laminar regime, they
are questionable in turbulent regime. Thereforeositf pressure conditions at the inlet and outlet,
respectively, are preferred, meaning that we cemsal single cassette. Moreover angular periodic
boundary conditions, which seem to be natural duihé particular geometry of the impeller (3 blgdes
need also to be discussed in turbulent regime. Thosgeometrical domains are studied: 120° (with
angular periodic boundary conditions) and 360° daomaFinally we study the fluid flow in a rotating
frame at the speed of the impeller. We considerstaadard ke model for the fluid flow derived from
incompressible Navier Stokes equations (Launder $palding, 1974). The corresponding governing
equations and associated boundary conditions gnessed in cylindrical coordinates and solved using
Gambit for meshing and Fluent software (ANSYS, 20@&urthermore we assume that the flow is
isothermal, i.e. the thermo-physical propertietheffluid remain constant.

It can be seen in fig 1 that the geometrical donmicomplex. The associated flow is also expeateakt
complex, i.e. the main flow direction is difficuth anticipate. Indeed either in the annular endgreor
past the impeller, the fluid velocity componentdl wliepend on one relevant parameter of the RVF
module which is the rotation speed, N. Thereforebwid a triangular meshing instead of a quadrasgul
meshing (less memory consuming). In addition, tleximum size of an elementary mesh is fixed at 1
mm. To take into account the expected high velogitydients at the walls we impose a progressive
refinement of the mesh size up to 0.17 mm at th#éswa@he resulting meshing used in the whole
simulations consists of about 1,000,000 mesheis. dbtained from preliminary computations using 4
different meshes from 270,000 to 1,300,000 elenmgmteeshes in which results are compared in terms of
macroscopic values such as overall pressure drap ret viscous dissipation. We assume the
convergence of the calculations when the resichedtsme lower than 10
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3. Results

3.1 Experiments

The flow field between a static membrane and airgdlat disk has been extensively studied as meypo
by Tu, 2009. The fluid flow encountered in this dinf confined dynamic filtration module is highly
three-dimensional and axisymmetrical. Numericakcuwigtions of the flow field between two infinite
disks show that the boundary layers that develdp ba the rotating and on the stationary disks aoul
have different thicknesses. These various flowmegi have been identified as a function of geonadtric
and operating (flow-rate, mixing) conditions. Thentrifugal force generates a radial outward flovame
the rotating disk, which gives rise to an inwardiaaflow near the static membrane. The boundaygria
are separated by an inviscid fluid core region Whimtates at an angular velocitig4.2.7zN) with a core
velocity coefficient inferior to 1.The core velogitoefficient depends on the disk geometry andhen t
membrane to disk gap. The radial pressure gradiethte boundary layer is equal to that in the ions
core and is given by:

%:m Hkrp 2PN (1)

The pressure, uniform whatever the angular posii®obtained by integration of Eq.1 over membrane
area from 0 to r assuming tHa, is independent of the radius:

p(r) = 20p Hkrp CTIN)? 2 + pg )
In the RVF module, the flow field between the meantw and the rotating flat impeller is necessary

different from a rotating flat disk system. The ipr induces high local variations related to tiotzal
frequency of the impeller. Identically, the pressuaries along the angular position at time t. Agals

to the rotating flat disk system, we assume thatriean pressur(ep(r»gat a given radius position can
be derived from Eq.1 defining a core velocity caét, kg, between the impeller and the membrane.
The additional mean pressu(ep(r))g - pp was measured using an indirect method. Let usidens

membrane with a narrow permeable crown of willitlat r position.
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Figure 2. Determination of hydrodynamic performasaevolution of the radial pressure distributionsies the
radius and the rotational speed and semi-empirigation curve, Da/Dao versus R&'IRe,"%.

The additional mean pressure at r position andiostdrequency N can be derived from Darcy’s law,
measuring the permeate flux with and without imgretiotation. It can be seen from Figure 2 that the

quadratic variations 0( p(r))a - pg as a function of andN are well verified. Thus the effect of the

impeller velocity on the additional mean presswsecorrectly described by Eq.2, takikg, = 0.62
(R2=0.988) and 0<N<50rd/s. The core velocity caidfit exhibits a high value due to the specificify

the RVF module (narrow gap, impeller with 3 flaadés).

The lack of reliable models to describe the hydradgic parameter (pressure drop, power consumption)
of the RVF module led us to make the following ddagation: the RVF module can be compared to (1) a
pipe of complex section in which circulates a Nevidm fluid and (2) a stirred mixing tank with a paw
and a permanent withdrawal. For model system 1davaot know which criteria is needed to define the
characteristic dimensiondl{, S, [}, or the impact of the rotation speed of the ifgredn the net pressure
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drop per unit length. For model system 2, the mifice of feed rate of the fluid on the power
consumption, which also depends on the speed atioot remains to be determined. These two anaogie
are characterized by relationships between dimalsse numbers in laminar flow (theoretical system),
experimental measurements (pressure drop, powauogstion) led to identify dimensionless geometric
criteria (¢, Kp). The friction and the power consumption curveghe RVF module were reported by
Fillaudeau et al., 2007. However, the investigatbiocal hydrodynamic is required to better untind

the performances of the system. RVF technologydstais a complex device from a hydrodynamic point
of view, making difficult to access to the locabwl field from existing models, more specificallyeth
mean shear rate and pressure as well as their Jacations. Consequently, two additional approache
may be considered to bring new insight in hydrodyitaunderstanding: (i) Particle Image Velocimetry
(PIV) and (ii) Computational Fluid Dynamics (CFDRIV approach will constitute an alternative
experiment but will require designing of a complexd transparent module for optical measurement.
Numerical approach (CFD) enables us to directhaiobtocal information and to compare trends and
computation results with experimental data.

3.2 CFD Model

CFD enables to determine pressure and velocitgdielithin the whole module. Presented results are
limited to a rotational frequency of 25Hz, with waiand 100l/h. Our discussion will focus on cassett
region corresponding to the filtration area evenséful information may be extract for inlet andleu
area. ldentically, the wall shear rate along tHe&afion surface will not be presented whereas it
constitutes an important parameter to explairgfilbn performances.

3.2.1 Static pressure.
Figures 3 depict the static pressure profiles fametion of angular position for several radi80, 40, 50
and 60mm) and different z-planes close to membfar®1mm) and impellerzE2.9mm).

3.006403

p_statique 1.25¢+03 J p_statique -1.00e+03 4

-200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 -50 0 50 100 150 200
Angular Coordinate (deg) A Angular Coordinate (deg) B

Figure 3. Static pressure versus angular coordin@&0°), radii (30, 40, 50 and 60mm) and z-planipiass (0.1
and 2.9mm)

Global overview shows the periodic impact of impelicorresponding to three sharp peaks of meaic stat
pressure followed by a plateau. Their magnitudeoiselated with radial position, and the angle ceude

by the plateau with the geometry of the blade.alh be noticed that 360° simulation demonstrates the
periodicity of flow, which validates 120° model lading angular periodic boundary conditions.

Leading and trailing edges are easily identifiedeaich curve. Mean static pressures sharply decrease
behind the impeller, their values are close to z&nmembrane surface and maybe negative in blahe pl
neighbourhood. The subsequent periodic transmerabpessure is probably one of the effects
responsible for good performance of this filtratjmmocess. The increase of rotational frequencydadu

an increase of these phenomena (results not pegent

3.2.2 Velocity fields

Figures 4-A and B illustrate the velocity magnituadds for two different z-planes (z=0.1 and 2.9/mm
Blade geometry is perfectly visible in figure 4-Bréen to red colours). At membrane surface, mean
velocity magnitude increases as a function of fag@sition, and exhibits high variations with araul
position for a given radius according to blade posiand geometry. As expected, the mean velocity
magnitude increases under the blade associatedheitfeduction of the gap.
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Mean static pressure and velocity magnitude aretsymised as both results indicate that pressude an
velocity achieve minimum values between bladesrmagimum under the blades. Velocity field indicates
that a maximum velocity (related to wall shear ya@d strong variations (unstationary flow) are
correlated to impeller rotational frequency. Botleamanisms are expected to highly favour filtration
performances. The core velocity coefficiert, lketween the impeller and the membrane may be éedduc
from static pressure field. Contrary to model digulcin Eq.2 and experimental measurements (fig.2),
CFD results show thaizkdepends on r (for r<45mm). A constant valge=8.26 can be estimated when
r>45mm which is significantly different asgk0.62 (R2 = 0.988) obtained from experimental
measurements. This difference could be attributedgaps between experimental and simulation
parameters (operating conditions, geometrical ateriatics) and/or to the choice of turbulence nhode
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Figure 4. Velocity magnitude (m/s) versus z-pla@e$.1 and 2.9mm).

4. Conclusion

The present paper reports the first CFD investigatif a complex dynamic filtration device focussomy
turbulent flow regime. Static pressure and velofigids were carefully examined. CFD and experiraknt
measurements (radial pressure distribution, cortcitg coefficient) with model fluids remain
qualitatively in agreement. Filtration performanaas be clearly explained by periodic interruptiafn
transmembrane pressure associated to unstatioloavyefjuivalent to pulsed flow. Numerical approach
(CFD) enables us to directly obtain local informatiand to compare trends and computation results wi
experimental data. This information will be usetoilcalculate local and average shear rates inigalat
with structuring and destructuring of food and bigital matrices. Moreover local and periodical
unstationary flow is also expected to manage bioldgactivity in bioprocesses. In the future, an
alternative approach based on Particle Image Vimletty (PI1V) experiment could be used to merge and
compare experimental and numerical investigations.

Références

Cheryan, M., 1998, Lancaster PN, USA, Technomiciphirig Company, 349- 484.

Daufin G., J.P. Escudier, H. Carrére, S. Bérot, llakileau, M. Decloux, 2001, TransIChemE 79 Part-A41

Ermolaev S., L. Fillaudeau, G. Ricatte, A. Moreau, Jariouk, A. Gourdon, 2002,°% coll PROSETIA,
Compiegne, France, 36-41.

Fillaudeau L., B. Boissier, S. Ermolaev, N. JitakpA. Gourdon, 2007, Ind. Alim. Agri. 124(9), 8-16.

Fillaudeau L., B. Boissier, A. Moreau, P. Blanpain-Av&. Ermolaev, N. Jitariouk, A. Gourdon, 2007Fdod Eng,
80, 206-217.

Jaffrin M., 2008, J. Mem. Sci., 324, 7-25.

Launder B. E., D. B. Spalding, 1974, Comp. Methodpligg Mech. and Eng. 3(2), 269-289.

Murkes J., C.G. Carlsson, 1988, Ed. John Wiley & Sbiesv York.

Schneider J., M. Krottenthaler, W. Back, H. Weisge01, In: 28 Congress of EBC, Budapest, Hungary.

Serra C.A., M.R. Wiesner, J.M. Lainé, 1999, Chemg.B. 72, 1-17.

Tu Z., 2009, PhD Thesis UTC, Compiegne, France.

AXX-6



