ARTICLES

Hydrodynamic interactions in deep bed filtration

Claude Ghidaglia
Laboratoire de Physique et Manique des Milieux Hérogenes, URA 857 au CNRS, ESPCI, 10 rue
Vauquelin, 75231 Paris Cedex 05, France

Lucilla de Arcangelis

Laboratoire de Physique et Manique des Milieux Herogenes, URA 857 au CNRS, ESPCI, 10 rue
Vauquelin, 75231 Paris Cedex 05, Franceand Dipartimento di Fisica, UnivedsittAquila, via Vetoio,
67010 Coppito L’Aquila, Italia

John Hinch
Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Silver Street,
Cambridge, CB3 9EW, United Kingdom

Elisabeth Guazzelli
Laboratoire de Physique et Manique des Milieux Hérogenes, URA 857 au CNRS, ESPCI, 10 rue
Vauquelin, 75231 Paris Cedex 05, France

(Received 15 May 1995; accepted 7 September 1995

Deep bed filtration has been studied experimentally and numerically for small non-Brownian
particles flowing into a random packing of monosize glass spheres at low Reynolds number. It was
discovered that packets of particles penetrated further than the same number of particles released
one at a time. These collective effects are attributed to hydrodynamic phenomena, one plausible
explanation being the existence of relaunchable “hydrodynamic captures” in addition to “geometric
captures.” © 1996 American Institute of Physids$51070-663(196)00701-3

I. INTRODUCTION important factors for small particles. A final mechanism,

Deep bed filtration is a long-established engineering proWhICh plays a dominant role in our experiments, is known as

cess in which small suspended particles in a fluid deposit attraining or sieving and is due to a steric effect. It arises

various depths within the pores of a bed of granular materiaYVhen the particles are retained in the pore constriction of the
(see, for instance, the full-length survey by Tieand the granular media. In most situations of practical importance, a

more focused reviews by Herzég al.2 Tien and Payatakes, number of thes_e mgcha\_nigms are operating simultaneously.
Doddset al,* and Hou?). It is generally used to clarify di- Deep bed filtration is inherently an unsteady-state pro-
lute suspensions of small particldess than 1Qum) in low €SS because the_pore space is contlngously modified by the
concentrationgless than %10~ g/cn?). The flow rate of motion and (_jeposmon of the small particles and thereby the
the suspension in the filter is in the order of one mm/s, andlow pattern is continuously changing. In most of the experi-
cleaning may be achieved by simply reversing the directiofmnental studies,the process evolution has been followed by
of the flow. measuring the pressure drop between the entrance and the
During the filtration process, the transportation and cap€nd of the filter(or the permeability of the filtgrand the
ture of the solid particles in the filtering medium are due to€fficiency of the filter(the ratio between the influent and
several forces and interactions. The relative importance offfluent particle concentration Visualization experiments
these forces is determined by the size of the particle. Whefave also provided information regarding particle
the diameter of the suspended patrticles is larger thanm0 deposition® and the influence of the filter structure on the
the dominant forces are the hydrodynamic and gravitationgflow pattern’
forces, i.e., the drag force, the lubrication force, the gravita- Deep bed filtration has been modeled as a deterministic
tional force, and the inertial force. When the particles areprocess. Macroscopic equations based on the conservation
smaller, the electrochemical forces such as the Van der Waagginciple are then solved by assuming particular laws for the
and double-layer forces and the Brownian diffusion domi-filtration rate. It has been also described as a stochastic
nate. Six common capture mechanisms are found in thprocess. It is then necessary to define a set of random vari-
literature! One of the major mechanisms for aerosol collec-ables describing the empirical process whose evolution is
tion for particles with diameter larger thangm and in the  governed by probability laws. Four types of numerical mod-
absence of applied external forces is inertial impaction. Parels related to these approaches have been classified in the
ticle deposition by interception can occur because the patiterature (see, for instance, the reviews by Herazgal,?
ticles are finite in size, while deposition by sedimentationTien and Payatakesand Sahimiet al®). In empirical mod-
occurs when the particle density is different from that of theels, mass balance equations are solved without trying to
fluid. Electrostatic forces and Brownian diffusion can also bemake explicit the physics of the deposition processes. Em-

6 Phys. Fluids 8 (1), January 1996 1070-6631/96/8(1)/6/9/$6.00 © 1996 American Institute of Physics

Downloaded-13-Jul-=2009-t0-131.111.16.20.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://pof.aip.org/pof/copyright.jsp



pirical correlations are used to describe rate laws for deposspheres of equal size and density. Two batches of glass beads
tion and the evolution of the particle concentration. Althoughwere used with diametersD;=4.0=0.1 mm and
they are mathematically simple, the stochastic models too dB,=5.0+0.1 mm. The first layer of the packing was
not provide a precise description of the deposition mechapartially filled with larger glass spheres of diameter
nism. They do not consider the effects of pore size and part0.0=0.1 mm, which induced a roughness at the entrance of
ticle size distribution, or the deposition morphologies, on thehe bed. This local roughness induced disorder throughout
filtration processes. Trajectory analysis models represent thie bed and avoided the formation of a crystalline zone that
filter as unit bed collectors. The trajectory of each particlewould alter the random structure of the packiid uniform
within the unit bed is calculated using streamline functionsporosity of 0.3%-0.01 was measured along the cell. This
combined with the forces acting on the particles. While theseshowed the homogeneity of the packing. This measured po-
approaches have been fairly successful in describing the phessity is equal to that of a random packing of spheres.
nomenon at the pore size, they fail to predict the permeabil- The small particles to be filtered were made from acrylic
ity change during the filtration process. In network models, resin with a density,=1.19+0.01 g/cnt. These particles
the pore space is modeled as a network of tubes and thgere coated with a uniformly smooth thin layer of gold using
particle propagation is essentially governed by the flow fielda metal deposition devic@olaron High Resolution Sputter
Network models can account for the effect of pore spaceCoater E540Dso they could be clearly tracked in the filter.
morphology in a realistic manner and therefore seem to b&he thin coating has inconsequential effects on the particle
most successful in providing fundamental insight into theweight. The particle size distribution was analyzed using a
filtration proces$§ 12 digital imaging system. From the measurements of the pro-
The present work concerns the deep bed filtration ofected particle surfaces, the particle diameter distribution was
non-Brownian particles carried inside a model porous mefound to be approximately Gaussian and the mean diameter
dium under laminar flow conditions. The porous mediumand standard deviation were determined. Two batches
consisted of a random packing of monosize glass spheresef marked beads were used. The first batch had a
Small marked particles were tracked inside the packing maddiameter d;=650+40 um and the second a diameter
optically transparent by matching the index of refraction ofd,=830x=30 um. The error in the diameter of the small
the fluid to that of the glass spheres of the pacRihhe particles is one standard deviation of the size distribution.
objective of this study is to characterize the particle penetra- Two combinations of particles and glass spheres were
tion depths by considering only the hydrodynamic and gravi-chosen to study the particle capture inside the random pack-
tational forces along with the important sieving from theing. In the first combination, the particles of diametbr
geometric structure of the packing. We should emphasiz&vere injected into the random packing of glass beads with
here that in practical deep bed filters other mechanisms casiameterD ;. This combination corresponds to a value of the
also be important. The penetration depth distributions areatio between the small particle diameter and the large sphere
examined for different particle injection methods, i.e., indi- diameter6,=d;/D,;=0.162+0.009. Thesecond combina-
vidually or in packets. A Monte Carlo simulation that ap- tion corresponded to particles with diamety and glass
proximated the packing by a two-dimensional square netspheres with diametebD,, i.e., a value#,=0.166+0.007,
work of cylindrical tubes was developed jointly with the close to the value of;. In both combinations, the dimen-
experimental study. Direct comparison with experiments alsionless parametét=d/D is larger than the capture thresh-
lows one to test the validity of the various basic ingredientsold value, and thereby the particles were always captured
introduced in the numerical model. The problem of the parinside the filter. The error i¥ is based on consideration of
ticle capture transition is examined in another sttfdy. the errors in the diametes andD of the particles and the
The present paper is organized as follows. The experipacking spheres, respectively.
mental techniques are presented in Sec. Il. Experimental ob- The carrier fluid was an organic mixture of 60%
servations and statistical analyses of the particle penetratiadibutyl phthalate and 40% butyl benzyl phthala®anti-
depths are described in Sec. Ill. The numerical model is incizer 160 produced by Monsantowith a density
troduced in Sec. IV. In Sec. V, the predictions of the modelp;=1.07+0.05 g/cn?, a kinematic viscosityy=29+1 ¢S
are compared to the experimental observations and the ingrand a refractive index of 1.52(0.005, equal to that of the
dients of the model are discussed. Conclusions are given ilarge glass spheres at 25 °C. The fluid viscosity was mea-
Sec. VI. sured with a viscosimeter and its Newtonian behavior was
also checked. This fluid dissolves plastics, which led to the
choice of resistant materials such as stainless steel, glass, and
teflon in the construction of the celsee the following sec-
A. Filter, particles, and fluid tion).

Il. EXPERIMENTAL TECHNIQUES

The conceptually simple experimental model used to
study deep bed filtration is based on a visual observation o?'
small marked particles in a random fixed bed of larger glass Experiments were performed in a cell of rectangular
spheres, made optically transparent by matching the refracross section with an inside width of 125 mm, an inside
tive index of the suspending fluid to that of the larger glassdepth of 39 mm, and a height of 430 mm. A few earlier
spheres. experiments were also carried out in another cell having in-

The filter consisted of a fixed random packing of glassner dimensions of 100 mm by 39 mm by 550 mm. The width

Experimental procedure
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and depth of the vessel were uniform to within 0.05 cm. Thdll. EXPERIMENTAL RESULTS

restriction on the depth of .bth cells comes fro_m the diffi- A. Particle propagation

culty of seeing a long way inside the filter, despite the good

index matching. The front and back of both cells were made ~ When the particles were injected one by one, their tra-

of glass to allow visualization. The fluid was usually circu- jectories inside the filter were observed to be very straight.

lated upward through the cell. A few experiments were alsol his finding was confirmed by measuring the particle lateral

undertaken using a downward flow circulation. At the en-dispersion. The lateral dispersion distributions were found to

trance of the cell, the flow was made laminar by using dif-be centered on the zero value and to be very narrow with a
ferent layers of porous materials. The flow rate was mainWidth smaller than a diameter of the large glass spheres.
tained constant by means of a pump and the interstitiayvhen the particles were injected by packets, the packet was
velocity wasU=0.43+0.01 cm/s. The Reynolds numbers also observed not to spread much along the cell width direc-
based on the length scale of the particles or that of the gladion- These experimental findings suggest that the particles
spheres were then always kept at a value smaller than unity€ré convected inside the packing and that steric effects and
The particles Brownian Réet number was always very ydrodynamic and gravity forces were dominant. Smce the

large. cell depth was of the order of ten glass sphere diameters,

The random packing was maintained by two grids insigdhese findings also show that wall effects were negligible in
the cells. The small particles were injected with a syringeln€se experiments.

into a layer of fluid of 50 mm below the packing and then .
carried by the flow into the packing. Two kinds of particle B. Particle capture

injection were used. In the first, the particles were injected  gne of the objectives of this work was to analyze the
one by one. Each particle was injected as soon as the preyrticle capture mechanism when steric effects and hydrody-
ceding particle was captured or left the filter and thereforg,gmic and gravity forces were dominant. It is, however, im-
propagated alone in the filter. There was no interparticle inportant to estimate the influence of other forces, such as in-
teraction in this type of injection. Conversely, in the secondertia|, electrostatic, Brownian, and molecular forces in this
kind of injection, the particles were injected in packets. Thisprocess. Since the particle Reynolds number and also the
type of injection was much trickier to perform since it was stokes number were small, the inertial force was negligible
difficult to inject the packets in such a way that all the par-compared to the viscous forces and the particles followed the
ticles would flow into the packing at the same time. Theremotion of the fluid. Electrostatic forces were also negligible
was a spread of the order of 1-3 s between the entrance gf the experiments because the particles were gilded and the
the different particles into the packing. It should also beorganic carrier fluid contained no charges. Brownian motion
mentioned that the particles never came into very close conwas also negligible compared to convective motion since the
tact and were never found to aggregate as they propagat@townian Pelet number was very large. The following con-
inside the filter. In both injections, the particles remainedsiderations provide an estimate of the relative importance of
inside the packing after capture. It should be noted that ithe molecular forces. Since the sphere of the packing is
seldom occurred that two particles were captured in the samgreater than the particle, then the former can be approxi-
site. mated by a plane and the Van der Waals force can be ex-
The cell was lit from behind and the particles were thenpressed agqy=mHd*/[12h?(d+h)?], where H is the
easily tracked inside the packing. The initial position of aHamaker constant~10"'° J) andh is the distance between
particle as it entered the packing and the final position whefthe particle and the large glass sphere. The gravity force is
it was captured were recorded. Only the final capture posiFg:Trd3(pp—pf)g/6 and the drag force s
tions were recorded when the particles were injected by, =37vp;Ud. It should be mentioned that the expres-
packets. The precision of the measurement of the positiogions for these forces do not take into account the direction
was limited by parallax errors of the order of a millimeter of the forces that are, except for the gravity force, very dif-
caused by the thickness of the cell wall and variations in thdicult to determine. Taking the distance between the particle
glass sphere indices. The penetration depth was defined aad the glass sphere to bewn, which was typically the
the difference between the initial and final vertical coordi-particle roughness as measured from photos obtained by
nates,AZ, and the lateral dispersion as the difference be-electronic scanning microscopy, the gravity force was 8000
tween the initial and final horizontal coordinatésX. From  times the Van der Waals force and the drag force was 20 000
these measurements, the particle penetration depth distribtimes the Van der Waals force. This calculation shows that
tion was determined. In the case of the one by one injectionyhen particles flowed inside the filter the Van der Waals
it was also possible to measure the particle lateral dispersioiorce was negligible. Conversely, when the particles were
distribution. Particles flowing along the cell walls were not captured, the distance between the particle and the glass
taken into account in the statistical results because the porgphere could become small enough to yield a Van der Waals
sizes along the wall were much larger than those inside théorce of the same order as the drag force the gravity
packing. A number of 200 particles was injected for eachforce). This last effect is supported by the fact that captured
experiment to give good statistics. Dismantling the experijparticles were not observed to fall under gravity force when
ment involved cleaning the cell, filtering the fluid, and wash-the upward flow was stopped.
ing and drying the glass spheres, in preparation for the next The main capture mechanism was sieving due to the
experiment. geometrical structure of the filter. Particles were indeed gen-
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erally captured in constriction sites. However, the following

discussion shows that additional capture sites were deter- :’1(2;)
mined by the hydrodynamic and gravity forces at work in- 02 L
side the filtering medium. When a large sharp variation of the

upward flow rate was inducegdy hitting the pump, the flow 0.15 +
remaining laminar, 15%—-20% of the captured particles left

the capture sites, propagated again in the medium until they
were captured once again at other sites. These relaunching of .05
particles were not observed when the flow rate was progres-
sively increased, although probably to more modest levels.

0.1 +

0

: , 1 5 9 13 17 21 25 29 33 37 41 45 49 53,57
This “relaunching phenomenon” seems to be due to a sharp A

pressure variation inducing hydrodynamic forces large
enough to dislodge the particles from their capture position,

Thi . | ob . | h FIG. 1. Experimental results for the particle penetration depths for
Is experimental observation also seems to suggest that t =0.162+0.009 when particles were injected one by one with an upward

lubrication forces did not have a significant action on thefiow.

particle since these relaunchings occurred at time scafes

the order of one minujemuch shorter than the time needed

for two surfaces to come into close contact under lubricationjecay law, exp-M/¢ with A\=AZ/D. Here and in the re-

forces. The surface roughness should also prevent the patiainder of the paper, all the lengths have been made dimen-
ticles from getting very close to a sphere surface. The exiskjonless by scaling with the diameter of the large glass
ence of this “relaunching” phenomenon shows the influencespneres. This law did not fit the whole histogram. The first
of flow variations on the stability of the capture sites andinree pars were eliminated, as they correspond to particles
supports the existence of capture sites, which are partialliaptyred at the entrance of the bed, where it is inhomoge-
hydrodynamic in nature. These sites could be, for exampleyeous due to the presence of a few larger spheres. In order to
stagnation points of the flow. A particle moving along thequantify the agreement with an exponential decayfhest
flow line near a collector could also be intercepted by theyas used. The normalized indicatgf, which measured the
collector or could settle under gravity in a site, where it latergifference between the actual values and the exponential dis-
became bonded by Van der Waals forces. The direction of thﬁibution, was found to be 0.91. Although the propagation
flow also had an influence on these relaunching. When thgyys and the capture mechanisms in the experiment were
flow direction was downwarcbarallel to gravity, more than  nore complex than a simple probabilistic model, the validity
50% of the particles were released under sudden flow ratgf the exponential fit was then ensured. This test also pro-
variations. This new observation demonstrates that the grayjiged a confidence interval for the characteristic length

ity forces also played an important role in the particle caponfidence level of 10% was chosen. The exponential fit was
ture mechanism and in the stability of the capture Sitesjudged reasonable if the value gf calculated is less than
Moreover, the measured , capturg threshold valuexz(lo%)' knowing that 90 experiments out of 100 would
6.=0.140+0.005, wasfound” to be slightly smaller than give an acceptable answer if the exponential law was true.
the geometric capture valuefy=0.155+0.006, corre- By varying the exponential decay coefficient, two values for
sponding to the smallest possible pore formed by three idenghich ¥*=x*(10%) were obtained, which gave the confi-
tical spheres in contaé. This last finding also supports the dence interval forg. The characteristic length was found to
existence of “hydrodynamic” sites. Finally, it was noticed pg £=5.5-0.9. The mean penetration deg) and the me-
that when packets of particles propagated inside the filter, gjgn value\,, for which =, -, n(A) = 1 wheren is the

part!cle captgred in a site GOUId be re]aunched by anOtheﬁumber (normalized by the total number of injected par-
particle passing nearby. This obsgrvatlon can be related tf?cles) of particles captured at a depthwere also measured.
the. relaupchlng phenomenon menfuoned gbove. The local V&he reason for considering both the mean and median is to
locity varlatlons_lnduced by amoving partu_:le could producetake into account particles that exit the bed, which is done
local “relaunching® of particle captured in a *hydrody- with our definition of the median, whereas the mean is de-

namic site. In contra_st, when the particles were |nje_ct(_ed ON&ermined only for captured particles. In the present case, the
at a time, we tentatively suggest that the slower 'nJeCt'Or}nean penetration wag\)=8.4 and the median value

procedure allowed time for the particles in hydrodynamlc}\ =6.0. It isimportant to notice that the median value is

capture sites to become bonded by Van der Waals .forces %q(n)se to the value of the decay length and provides a good
that they were not relaunched by later passing particles. characterization of the penetration depth of the particles in-
side the medium. For a given value 6f the experiments
were found to be perfectly reproducible.

Figure 2 displays the penetration depth distribution of

Figure 1 shows the penetration depth distribution of 200200 particles injected in three packéemch containing about
particles injected one by one in the case of an upward flows5 particle$. In this case, the distribution is not at all expo-
and for,=0.162+0.009. Since a simple probabilistic model nential, as demonstrated by ty@test, and presents a much
without flow predicts an exponential decay of the slower decrease. In the previous case where particles propa-
histogram>17 the distribution was fitted to an exponential gate independently inside the filter, the penetration depth dis-

C. Penetration depth distributions in the case of an
upward flow
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FIG. 2. Experimental results for the particle penetration depths for
0,=0.162+0.009 when particles were injected by packets with an upward
flow.

FIG. 4. Experimental results for the particle penetration depths for
6,=0.162+0.009 when particles were injected by packets with no flow.

tribution presents a peak value of 0.17 and a very few parP- Penetration depth distributions in the case of no
ticles penetrate farther than a distance of 20 bea€s Fig. flow
1). Conversely, when packets of particles propagate, the Experiments were also performed without flow. The par-
value of the peak is 0.11 and a significant number of particlesicles were droppedfrom the top of the packinginto the
reaches distances larger than 20 be@#® Fig. 2 In this filter and only propagated under gravity forces.
later case, the median valuk,,=9.3 is larger than that Figure 3 shows the penetration depth distribution of 200
(=6.0 found in the case of the one by one injection. There-particles injected one by one in the absence of flow. The
fore, packets of particles penetrated further than the samdistribution can be fitted with an exponential law, as demon-
number of particles released one at a time. Although it wastrated by they® test. The characteristic length of the expo-
very difficult to control precisely the number of particles nential decay isé=3.4+0.6 and the median value of the
contained in a packet, the experiments were again found tdistribution is\ ,=4.0. Inabsence of flow the particles pen-
be perfectly reproducible. etrated slightly less deep in the medium than in the case of

Finally, although the particles remained inside the filterparticles convected by the flo@ee Fig. 1 Clearly, the flow
after capture, their presence did not affect the penetratiofeads the particles toward the biggest pores and therefore the
depth distribution. The number of captured particles was s@robability for a particle to be captured is lower when it is
small than they did not saturate the packing. Indeed, each afarried by the flow than when it just falls under gravity.
the 60 layers of the packing contained 250 pores, and only The penetration depth distribution of particles propagat-
200 moving particles were injected in the whole bed. More-ing by packets in the absence of flow has the same behavior
over, in the case of the one by one injection, the penetratioas that of particles injected one at a time without flow, as
depth distribution for the first 100 particles had the samelisplayed in Fig. 4. The distribution can be indeed fitted in
behavior and statistical characteristithean and median both cases by an exponential law and the particles penetrated
valueg as that obtained for the last 100 particles. In the caséess deep into the packing when they are injected by packet
of the injection by packets, the penetration depth distribuwithout flow than when they are injected by packets with a
tions corresponding to each packet were also similar. Theskow. The characteristic length of the exponential decay is
last findings also confirm the absence of saturation of th&=2.6+0.6 and the median value of the distribution is
filter. Am=2.8. These values are much smaller than those found
when packets of particles are flowing inside the filter.

These experiments show that the “packet effect,” i.e.,
the deeper penetration of packets of particles than that of
same number of particles released one at a time, found when

0.25 - .
n(\) the particles are convected by an upward flow is not ob-
02 ¢ served without flow. This finding suggests that the collective

effect when the particles are injected by packets is due to
015 = hydrodynamic phenomena.
0.1
E. Penetration depth distributions in the case of a

0.05 + downward flow

A few experiments were also performed for particles
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 . . ) o
2 propagating with a downward flown the same direction as
that of the gravity force In that case, the penetration depths
FIG. 3. Experimental results for the particle penetration depths forWEre not easy to measure because relaunChmgS_ (_)f part'des
6,=0.162+0.009 when particles were injected one by one with no flow. were very frequent and thereby the capture positions were
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TABLE I. Median values of the penetration depth distributiar,. The  Study. The network was inclined at an angle of 45° and its
values are made dimensionless by scaling with the diameter of the spherglimension was 40 wide by 120 in the direction of flow. The
of the packing. unit length was chosen to be the characteristic length of the
Number of particles in a packet 21 10 20 35 50 65 ©xperimental sphere packing, i.e., the diameter of the glass
bead. Since constriction sites were found to determine pri-
marily particle capture, the sizes of the tubes were deter-
mined by the sizes of the pore entrances instead of the sizes
3Particles injected one by one. of the cavity volume. The distribution of the tube radii was
chosen to be a power lawf £ 6,) ~°°, with a cutoff at the

] geometric threshold valugy, as suggested by the numerical
not found to be very stabléhis phenomenon was also ob- results of Masort® The cylinder length was made propor-
served when particles were dropped inside the packing withjonal to the pore radius since a correlation was expected
out flow). Therefore the penetration depth distribution waspetween the width and the length of the pores.
built from the recording of the first capture positions of the
particles. The “packet effect” was still observable, but it was
less perceptible than in the case of the upward flow, foB. Fluid velocity field
il e Sl posons e clean elemined I8 18 The fow rateQ,of e viscous flid was supposed t
distribution could again not be fitted,by an exponential IawObey Poiseuille’s law in each tub@=r" APy/8lvpy,
according to they® test, and the particles penetrated deepeyvhgreAPp was the pressure drop along the tubp. A perfec;t
into the packing than iﬁ the case of the one by one injectionmlxmg was also assumed at each node. The fluid velocity in

each tube was calculated as the mean velo€iyrr?. The

fluid-flow problem was then analogous to current flow in a

network of random resistors, whose conductance was ex-

The influence of the number of particles in a packet wagPressed in terms of the radius and length of the tube and
also examined. Experiments were undertaken where packe@”lm’s law could be substituted for Poiseuille’s law. Since in
of a given number of particles were injected in an upwardthe experiments the flow rate was maintained constant, the
flow. The size of the packet was varied. It was not possible t¢urrent between the top and the bottom of the network was
inject packets of larger size because the packet did not keegdS0 maintained constant. Periodic boundary conditions were
together in the medium, and so it was equivalent to injectingmposed in the other direction. Mass balance equations for
a packet of smaller size. The relative error in the number othe fluid need to be solved simultaneously at each node. This
particles in a packet was 20%. For each experiment withvas done by solving a standard Kirchoff's law formulation.
packets of a given size, a total 200 particles were injected®oth conjugate gradient and numerical relaxation methods
over several packets. Two close valuegtiut with different ~ were used. After convergendwith a 10°'° accuracy, the
values ofd and D were examinedf;=0.162+0.009 and pressures at each node were calculated. Once the flow field
6,=0.166+0.007. In both cases, the particles penetratedvithin the network was determined, particles, which were
deeper inside the filter when they were injected by packet§upposed to be spherical and whose radii were selected from
than when they were injected one by one. However, théhe experimental particle size distribution, were injected into
“packet effect” was not found to be very sensitive to the sizethe network.
of the packet. Indeed, the median value of the penetration
depth distribution did not vary much with the size of the
packet, as can be seen in Table I. It should also be noted th
although the values of; and 6, are very close, the “packet
effect” was found to be more pronounced in the first case

where the injected particles were smaller. This finding sug- Pa/ticle propagating alone in the network

6,=0.162 = 0.009 6.0 10.0 115 93
6,=0.166 = 0.007 36 5.0 5.6

F. Effect of the number of particles in a packet

gt Particle propagation mode and capture
mechanisms

gests that the parametérmay not be the only scaling pa- A single particle was injected into the network on the

rameter. upstream plane of the network. An inlet tube among the 80
available tubes in the 40 by 120 network was selected. The

IV. NUMERICAL MODEL probability for a particle to select a tube at the entrance or

inside the network was chosen to be proportional to the flow
rate in that tube. Therefore, the motion of a particle was
The porous medium was represented by a two-biased by the flow field in favor of the tubes that carried a
dimensional networkof cylindrical tubes of given radius, larger flux of the fluid. This assumption, which is called
and length]. A tube was assumed to represent a pore of théflow induced probability,” has been supported by experi-
filtering medium. The tubes intersected at points of mixingmental observaticf and has been used in previous numeri-
called nodes. Since a random packing has been usually repal network simulationgsee, for instance, the review of Sa-
resented as an ensemble of tetrahedrical units with a connebimi et al®). Another important assumption that has been
tivity of 4, a square network was chos&h'® It was checked already mentioned in the last section was the perfect mixing
by using a triangular networkwith a connectivity of §that  at each node. This assumption dictated that the choice for a
the connectivity was not a relevant parameter for the presengarticle to enter a tube was independent of the previously

A. Pore space

Phys. Fluids, Vol. 8, No. 1, January 1996 Ghidaglia et al. 11

Downloaded-13-Jul-=2009-t0-131.111.16.20.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://pof.aip.org/pof/copyright.jsp



selected tubes. This last hypothesis might not be entirely

realistic since particles might follow specific paths inside the = %25

filter. )
Using the conservation of the flow in a tube of radiys

the particle velocity could be approximated@émr? in that 0.15

tube. The particle velocity was determined by the pressure o1

forces acting on the particle in the tube, i.e., the pressure due

to Poiseuille flowAP,=8vp(l —d)Q/#r* and the pressure 0.05
due to gravity, AP = *4/3m(d/2)*(p,~ p;)g/mr? (with a

negative sign when flow and gravity were in the opposite
direction. This last term needed to be multiplied ©¥9/2 in

the case of a network inclined at an angle of 45°. Since the
inertial, electrostatic, Brownian, and molecular forces werée-IG. 5. Numerical results for the particle penetration depthstfe0.160
taken to be negligible in the experiments, they were I,]Of:O.Ol when particles were injected one by one with an upward flow.
taken into account in the numerical simulation.

Trlweg cap‘:[ure rn.ec'hanl\.c,ms" were f|mplemented n Neact mixing at each node was again assumed and the prob-
model. Since “constriction sites” were found to determine ;i that a particle selected the next tube was again pro-
primarily particle capture, they were modeled by poresportional to the flow rate in that tube

whose radii were smaller than that of the particle. If the The hydrodynamic interactions between particles inside

radius of the,g“be was larger than the radius of the particlg ., et were also modeled. In addition to the pressure due
(r—d/2=10"), the particle was not “geometrically” cap- i, pgiseyille flow,AP,, and the pressure due to gravity,

tured and the particle continued to propagate inside the l‘ilterA P, the extra pressure due to the presence of a particle in a

. _ 79 . “ ._ . . .
Otherwise (—d/2<107), the particle was “geometri- he Ap  was also taken into account in modeling the
cally” captured and the entrance to the tube was blocked

ropagation of particles. By applying the lubrication theory
After capture, the conductance of the blocked tube wa$0 the problem of the flow of a single particle in an isolated
modified and was multiplied by a factar. Since it was

. i .tube whose radius is close to that of the particle, this
shown experimentally that the filter was not saturated, th'%xtra pressure was estimated aSP., =4vp,(Q/rd)
n

factor was chosen to be=1. This means that each particle . [d/(r—d/2)]. The particle velocity was again approxi-
was released from_ the network after capture. It was, how'mated a2 in the tube. Therefore, every time a particle
ever, shown that different values afgave the same results entered a tube, the pressure drop in that tube was increased,
and therefore thatr was not a relevant parameter for the and thereby the velocity field was changed within the net-

present study. A particle could also be captured in a Iev'ta'work. When the particle left the tube, the tube recovered its

tion site.” This very rare event occurred when the drag force_ _ . :
: ; R revious conductandenless it had become blockeahd the
was smaller than the gravity for¢en the opposite direction D .

of the flow). Modeling the “hydrodynamic capture” found in flow field was changed again within the network. When the

th ; i far | byi : it ired thgacket of particles moves inside the network, the continuous
€ experiments was lar 1ess obvious since 1t require ntering of the particles in the tubé&s their plugging of the
knowledge of the complex flow structure inside the nodes

The followi imolest model imol ted. If ticl tubes necessitates the continuous updating of the flow field.
€ following simplest model was impiemented. If a particlé | o, 14 he mentioned that the relaxation time of the veloc-

'&?/ field was assumed to be shorter than the time for particles
to move through a tube, and so the velocity field was updated
s soon as a particle left a tube. In addition to the three
capture mechanisms described in the last section, the possi-
:}3i|ity of “relaunching” was also implemented. This phenom-
enon seemed indeed to play an important role in the propa-
gation of packets deeper into the filter. A simple model was
built to reproduce the “relaunching” of a captured particle
by another particle passing by. A length characterizing the
Since it was observed experimentally that packets of paraydrodynamic interactions between particle, was intro-
ticles did not spread over the entire first layer of the packingduced. Whenever a particle passed at a distance smaller than
packets of particles were injected numerically on the centrat* from a captured particle, the captured particle could be
upstream plane of the network corresponding to a third of theeleased and selected another tube. Again, the flow field had
total plane. Moreover, since it was also observed that twdo be continuously updated within the network.
particles never penetrated in the same pore at the same time,
this finding was implemented in the numerical simulation: if\y NUMERICAL RESULTS AND COMPARISON WITH
two particles selected the same tube, they could not enter EXPERIMENTS
at the same time, but one after the other. The second particIE Particles iniected b
had then to wait for the first to leave the tube before entering™ articles injected one by one
it. If the first particle was captured, the second selected a new Figure 5 presents the penetration depth distribution for
tube and then continued to propagate into the network. Pe2000 particles injected one by one in the network. This nu-

1 5 9 13 17 21 25 29 33 37 41 45 49 53)»57

same value within a 1%, it had the probabilipy to be
captured at that node. Because of a lack of information, a
ad hoc probability was adoptedp,=1—exp(—¢?). This
probability increased with particle size, as suggested by e
perimental observations. It reproduces the experimental fin
ing that very small particles were never captutéd.

2. Packets of particles propagating in the network
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FIG. 6. Ratio between the extra-pressure in a tube due to a particle and the 0.2
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merical result has been obtained for 250 network configura- 0.05

tions. Only a total number of eight particles were injected 0
inside each network in order to avoid saturation of the net- 1 9 17 25 33 41 49,57 1 9 17 25 33 41 49).57
work. The particle size distribution was chosen to be a

Gaussian distribution with a mean valée-0.160 and stan- FIG. 7. Numerical results for the particle penetration depths6fe0.160
dard deviation 0.010 in order to model the experimental par--0.01 when particles were injected by packets with an upward flow for four
ticle size distribution. The numerical distribution could be different values of the interaction lengtfi=0, 0.3, 0.6, and 0.9.

fitted by an exponential law as demonstrated by jHe

test. The characteristic length of the exponential decay was Converselv. the second inaredient was found to be deter-
£=4.7+0.4 and the median value of the distribution was . .7 "7 24 . 9 . o
mining in giving the “packet effect.” An estimation of the

An=6.0. The predictions of the numerical simulation are 2 i .
found to be in good agreement with the experimental finol_characterlstlc interaction lengtf was needed. This length

ings (Fig. 1) in the case of particles injected one by one. it vas linked to the correlation length of the velocity fluctua-

should, however, be mentioned that the heterogeneity intrgionS 1N the network, and it was estimated to be of the same

duced at the entrance of the experimental packing induce?hrggirurﬁfl 'IEEies Iglrfptirst’wlgg bleegr?tgx C)e]cri:rzgtr:wi;ﬁ Igstiar‘n ;{2;022
smaller penetration depths at the entratsae the first three : g P y

bars of the histogram of Fig.) 1This was not observed in the 0.'6 tllmest';]he size IOf t?e g;altn %f the zaCkﬁ%thT]'S gl_spe(;- ¢
numerical distribution(Fig. 5) because the entrance of the sion length was also tound to depend upon the disorder o

. . the mediun?? Figure 7 shows the penetration depth distribu-
k h h an h g ) .
network did not have such an heterogeneity tions forr* =0, 0.3, 0.6, and 0.9. As mentioned above, for
r* =0 the distribution was found to be similar to that of Fig.
B. Particles injected by packets 5 and no significant change was observed. As soon as

In th ical simulation. the ratio betw h r*=0.3, theparticles penetrated deeper into the medium.
n the humerical simuafion, he ratio between e NUM-cq x — g 6 andr* =0.9, thedistributions were found to be

ber of particles in a packet and the number of entrance tUbEiZ

| 10% i d imic th ) i good agreement with the experimental distribution of Fig.
was ;et equal to 70 In orger to m|m|c_t e experimental, i i \yorth noting that the present unit length is the sphere
situation. The numerical results were obtained for 2000 Pargiameter that corresponds to the size of the grain of the po-
ticles injected by packets of 8 particles and for 250 networl§ous medium

configurations. The particle size distribution was again cho-
sen to be a Gaussian distribution with a mean va#6.160
and standard deviation 0.010. Two main ingredients, i.e., thv\a/l' CONCLUSIONS
extra pressure due to the flow of a particle in a tube and the In this study, some aspects of deep bed filtration have
relaunching of a captured particle by another particle passingeen visually and statistically studied for small non-
nearby, were present in the numerical simulation. Brownian particles flowing into a random packing of mono-
The first ingredient was not found to create a deepesize glass spheres at low Reynolds number. The particle
penetration of packets of particles into the filter. Althoughtransport was found to be convective in nature and steric
the extra pressure along a tube was found to diverge aasffects and hydrodynamic and gravity forces were found to
d/2r—1 for a tube in isolation, it remained of the order of be dominant. The penetration depth distributions were exam-
30% of the Poiseuille pressure dropithout a particle fora  ined for different particle injection methods, i.e., individually
tube embedded inside the network, as can be seen in Fig. 6r in packets. It was discovered that packets of particles pen-
Indeed, when a particle entered a tube within the networketrated further than the same number of particles released
there were several other tubes that could carry the fluid awagne at a time. However, when the experiments were repeated
from this partially blocked tube. without any flow across the medium, the penetration depth
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