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Abstract

The deposition of colloidal particles onto the collector surfaces of porous media is investigated using the Brownian dynamics simulation
method. The pore structure in a filter bed was characterized by the constricted tube model. The effects of various shapes of the total interactic
energy curves of DLVO theory and the effects of different particle diameters on the collection efficiencies of particles are examined. The
simulation results show that the particle collection efficiency is strongly dependent on the geometry of the tube and on the shape of the tota
interaction energy curve. In a comparison with the available experimental measurements of the filter coefficient, it is found that the present
model can give a smaller discrepancy than that of the convective diffusion model in the unfavorable deposition region.
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1. Introduction tube model is the only model takes the joint effect of neigh-
boring grains and the shape and size of the nodes connecting
Granular filtration is a useful fluid—solid separation pores into consideration. So the constricted tube model is
process for removing various sizes of colloidal particles adopted for modeling the porous media in the present paper.
from fluids—for example, the removal of hydrosols from Also, the Brownian diffusion force was not considered
water treatment and aerosols from gas. When colloidal par-in earlier works of trajectory analysis; hence the force bal-
ticles are transported through the porous media of a filter ance equations obtained in these analyses were determinis-
bed, the complicated interactions between the surfaces oftic. However, when Brownian diffusion is the dominant force
particles and the granular collectors are the most importantof the deposition process, the deterministic calculation of
factors to be considered [1]. The method of trajectory analy- particle trajectory is no longer possible. Inclusion of these
sis [2], which takes into account the molecular dispersion Brownian random forces in this Lagrangian type force bal-
and electrokinetic and hydrodynamic forces, is a useful tool ance equation leads to a Langevin type equation, which was
to describe the deposition behavior of colloidal particles on splved successfully by Kanaoka et al. [12] in their simula-
the collector surfaces, by adopting the concept of the lim- tion model of the aerosol filtration. This Brownian dynamics
iting trajectory [3]. In this trajectory method, in order to  simulation method proved to be useful when the inertia and
properly describe the hydrodynamic flow field around the |ong-range forces (i.e., van der Waals attraction and elec-
collector surface, a number of different unit cell models are trical double layer repulsion) are of the same order as the
adopted to describe the geometry of pore structure in the grownian diffusion force [13,14]. Combining the concept of
porous media, such as (a) the capillary tube model [4,5], control window with this dynamics method, a stochastic pro-
(b) the single sphere model [6-8], (c) the sphere-in-cell cedure was established successfully in our previous papers
model [3,9,10], and (d) the constricted tube model estab- tg simulate the initial deposition behavior of colloidal parti-
lished by Payatakes etal. [11]. Among which, the constricted ¢les [15,16]. In these papers, the effect of various shapes of
the total interaction energy curve of DLVO theory [17] on
~* Corresponding author. the collection efficiency of colloidal particles was simulated
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that the height of the primary maximum and the depth of Table 1
the secondary minimum in the total interaction energy curve Summ_ary of expressions for porous media characterization based on the
play important roles in determining the collection efficiency constricted tube model

of Brownian particles at low Reynolds numbers. Quantity Expression
In the first part of this paper, in order to investigate the Lenath of periodicit x Y3
effect of wall geometry on the deposition rates of Brown- "ot ofperiodicity/ [6(1—5)] dr)
ian particles, the parabolic constricted tube (PCT), the Sinu- yymper of unit cells per Be(L— Syi) [ (de) —e(dd) 123
soidal constricted tube (SCT), and the hyperbolic constricted ynit bed elementy, 3 [ 3 ]
. . . . ¢ 7 (dZ) e(1— Syi){de)
tube (HCT) are adopted in the Brownian dynamics simula-
tion method. In these simulations, the effects of the various He'9"/ af
shapes of the total interaction energy curves and the effects . . (de)
. . . . Minimum diameterd, r
of the particle diameter are also considered. Theoretical pre- {dr)

dictions obtained by the present model are compared with £(1— Sui)(dd) 113
experimental data reported by Elimelech and O’Melia [18], Maximum diameterdmax [ ] e
as well as by Bai and Tien [19]. Furthermore, results ob- ., .« rate in a given 1,

tained with the previous convective diffusion model [20] are type of unit cellg; N,
presented in the second part of this paper.

(1—e)(d3)

wheree denotes the porosity of porous mediéy) and(d.)
are the mean values of the diameter of spherical collectors

In this model, the filter bed is considered to be composed and pore constrictions, respectively, a(ral;) and (d?) are
of a number of unit bed elements (UBE) connected in series. the mean values af? andd?, respectively. In Eq. (2)Su;
The unit bed elements are uniform in thickness and are sta-represents the fraction of the irreducible saturation of porous
tistically similar. Each unit bed element contains a number media, and its value is 0.111 for glass bead collectors and
of unit cells of the shape of the constricted tube with a given 0.127 for sand grain collectors [11]. In the present study, the
size distribution. To simplify the analysis, these unit cells filtration bed is assumed to be packed with sand grains.
contained in a UBE are assumed to be of the same size inthe Three different geometric structures are considered for
present study. The dimension of the constricted tube is char-the constricted tube model in the present study: the par-
acterized by three quantities: the height,the maximum  abolic geometry (PCT as parabolic constricted tube) used by
diameterdmax, and the constriction diametek,. The radius Payatakes et al. [11] in their original formulation, and two
re andrmax ared, /2 anddmax/2, respectively. Expressions subsequent models of the sinusoidal (SCT) and hyperbolic
for the determination of these quantities are summarized in (HCT) geometry considered by Fedkiw and Newman [21]
Table 1. A schematic representation is shown in Fig. 1. For and Venkatesan and Rajagopalan [22], respectively. The ex-
a spherical collector with diametél, the relationship be-  pressions for the wall radius, corresponding to these three

2. Theconstricted tube model

tweenr., rmax, anddy is defined as [2] geometric structures are given in Table 2. With the assumed
d. 1d.) values for a filter bed given in Table 3, the schematic dia-

re=—==-—"djy, (1) grams of these three constricted tube models are shown in
2 2{dy) Fig. 2, with whichdmax = 80, d. = 36, andi = 100 pm.

’ _dmax_}
T2 T2l (1-e)(dd)

e(1- Swi)(dfc> 173 From these three geometric structures, it can be found that
f> (2) the tube wall of PCT exhibits the highest slope at the en-
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Fig. 1. The schematic diagram of the control window for simulating deposition of Brownian particles in a constricted tube model.
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Table 2
Equations describing the wall geometry for different types of the constricted
tube structure

PCT (parabolic constricted tube)

2
Iy )
SCT (sinusoidal constricted tube)

[ () oors )]

HCT (hyperbolic constricted tube)

LGy —20.5)2]1/2’
§

0
where

-1/2

-y

o= 14¢ —-1(+1 ,
r'c

{4r2[(rmax/rc)? — 1] + 1j/?

rw =rc + 4(rmax—re) (O.S - i for0 < li <1,

!

re + max

2

max — I'c

rw =
max+ ¢

rw=(1- ¢g>1/2[ag

_ 2Armadr)? - 1Y2
Table 3
Parameter values adopted in the theoretical simulation of the
present paper
Parameters Ranges
Ngp 0-10°
Ng2 —-1-1
NiLo 1073-10%
NpL 5-1¢
kg 1.38 x 10716 erg k1
€ 0.39
n lcp
T 293K
of 1.0gem3
op 25gcnr3
dy 100 pm
dp 1pm
Swi 0.111

trance and the lowest slope at the constriction part of the
tube, andvice versa for SCT. The flow fields corresponding

to these three geometric structures are different. For exam-

ple, for SCT, the streamlines at the entrance of the unit cell
are parallel to the axial direction, and persist along that di-
rection over a certain distance before they move toward the
center of the tube. This puts particles in a more favorable sit-
uation for collection than that of a PCT, at which the stream-
lines at the entrance are parallel to the axis, but change thei
direction very quickly as they move into the cell center [23].
In the present study, the flow field equations established by
Chow and Soda [24] and modified by Chiang and Tien [25]
are adopted, which is briefly described as follows.

By assuming the wall radiug, as an arbitrary function of
the axial distance in the constricted tube, the stream function
of flow can be expressed as

v
T =y + Rui + R2 V3,

mim

Y= ®3)
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at which the zeroth, first, and second order solutions of
stream functions are given, respectively, as

¥ = 0.5(R* - 2R?), (4)
dRy/dZ[1
v = 0.25Npe,, LR/ 42| 1 (R®— 6R® +9R* — 4R?) |,
Ryo |9
(5)
dRy\? d?R, | (R? — 1)2R?
vt = 05| s( R\’ _ g, 4*Ru | )
dZ dz2 3
dRy/dZ\?
— 0.125NRenm (“’7/)
Ry
x[32R*? — 305R"? + 750R®
— 713R® + 236r*] /3600 (6)
where
Z=Z/lf, Ry =ry/rm, R=r/ry,
Ly
1 .
Rm:rm/lfv I'm = — :M

7

/ rwdz, NRe,m
Ly
0

The relationship between, and the superficial velocity
through the filter bedy;, is

us = (um) (r2)Ne, @)

where N, is the number of the constricted tubes per unit
cross section of the bed, and its definition is given in Table 1.
The expressions of the velocity componentandu, are

2
r
Ur =t (o + Ry + REu’,) . "l’f . (8)
w
2 r
Uz =um(u;‘0+ Rmu;kl_i_RmMZZ)r_n;’ (9)
w

where the zeroth, first, and second order dimensionless ex-
pressions of the two components andu, are given, re-
spectively, as

dRy/dZ
uro= —2;7/(1%3 —R), (10)
w
0.25 d?Ry,/dZ? (dR,/dZ\?
* —
|J’lrl_ R NRe,m{F|: R, < R, )
dF dRy/dZ
_“’7/ , (11)
dZ R,
dR, d°R d®Ry\ G
* =—-05{[90—2 Lo Y=
“r2 {( dz dzz ~ ""4z3 )R
s dR, 2_ d’R, | dG
dZ “d72 |RdZ
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Fig. 2. Geometric figures of three different constricted tube structures adopted in the present paper, &hwhicBO0, d. = 36, andh = 100 pm: (a) the
parabolic constricted tube (PCT); (b) the sinusoidal constricted tube (SCT); (c) the hyperbolic constricted tube (HCT).

dRy/dZ | d*R,/dZ?
— 0.125NRes {2 ;/ [ 1";/ where
v v F = (R® —6R®+9R* — 4R?) /9,
dRy/dZ\?*|E  (dRy,/dZ\? dE
(%) |7t (5R ) raz @2 2_ 1)x2
Ry R Ry RdZ G=(R°—1)R /3,
w'o=2(1—R?), (13)  E=(32rR™+305R™+ 750r® — 713R® + 236R") /3600
. 0.25 dF dRy/dZ
I T O T (14) 3. Simulation procedure
dR.\2 2R dG Similar to the previous papers of Ramarao et al. [14] and
ui=055—) —Ru——n |75 authors [15,16], the principle of trajectory analysis and the
dzZ dZ4 |RdR . ; .
concept of control window are adopted in the present sim-
dRy,/dZ\? dE ulation. Assume that the distribution of the initial position
+0'125NRe-m< R, _> RdR’ (15) (rin, 6in) of each approaching particle of the same size is
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assigned by the random number generator in the flow field with

simulation. Note that the inlet positions of particles are lo-
cated at O< rin < ro and O< 6in < 27 (see Fig. 1), at which

ro is the radial distance beyond which no particle can be

placed at the tube inlet (or control window), angcan be
found to be

_dmax—d)p

ro= 5 (16)

_ 2(H+1)
$Lo = NLO[H(H 2 +InH —In(H + 2)}
(with the unit ofkpT)

Lt exp=X)
1—exp(—X)
(with the unit ofkT);

¢pL = NEl{NEzm[ } +In[1- exp(—2X)]}

With consideration of the inertia term in the force balance hence

equation and of the specification of the flow fluid around 24 1
the collector, the particle trajectory can be determined by Fio = —y[m} (20)
integrating the Langevin equation as shown below. P
The particle velocity vector is represented as kT Ngg— e~NoLH
FpL = NEl(NDLe_NDLH) - (> (22)
4 p p 1— e—2NoLH
_ —Bt Bt
V=_[Voe #" +U(1—eP")]|F2(H) + Ry(1) where
hs
1 Fi Fi H= _" Ni =—), N, — ,
5 <M> s } Fi(H)Fs(H)  (17) . LO= T DL =T
"r X =NpLH,
with _vrp(pf +¢d) _2AR)
=21 7o = 5>
o [2+(2)]

t
Ry(1) = / PED A de,
0

whereVj is the initial velocity of particlesy:, is the mass
of the particle,U is the fluid velocity vectorg is the fric-
tion coefficient per unit mass of particle, aRgd( H), Fo(H),
and F3(H) are the retardation factors of normal vector, drag
force, and shear vector, respectively [3]. Substitutidy d+

for V with the initial conditionS = Sg atz = 0, the trajectory
equation of particles can be expressed as

Z=70+ {%(1—e_ﬂ’)+U|:t— %(1_6—&)}

x (H)F2(H)F3(H)

Fio + FoL e P 1)
R, JoT oL _ =
+{ (M( pmy ><’+ BB

x F1(H)F3(H),

(18)
with

t n

R (1) = / [ / Pt A@)d;}e‘ﬂ” dn,

0 -0

In the above equatior, is the smallest separation dis-
tance between the particle and the collector surfacés
the Hamaker constant is the Boltzmann constant; is
the absolute temperature, is the reciprocal of the elec-
tric double layer thickness; is the dielectric constant of
the fluid, andg1 and ¢» are the surface (zeta) potentials
of the particle and the collector, respectively. The algebraic
sum of the van der Waals and double-layer potentials gives
the total interaction energy curve of the DLVO theory (i.e.,
Vr/kpT = ¢Lo + ¢pL). In this total interaction energy pro-
file, the existence of two characteristic energy barriers (i.e.,
the height of the primary maximum and the depth of the sec-
ondary minimum) is important in determining the collection
efficiencyn;, as discussed below.

From the trajectory of a given particle, one can then de-
termine whether this particle will deposit on the collector
or not. With these simulation steps, the single collector col-
lection efficiency describing the initial deposition rate of
Brownian particles can be defined as [14]
ns = <&>P(yo) with P(yo) = NdEp,
ry N

gen

(22)

where Ngen is the number of particles entering the control

where A(¢) represents a Gaussian white noise process in Window andNgep is the number of particles deposited. To

stochastic termsR,(t) and R, () are two random devi-

calculateP (yg), the value ofNgen= 1000 and the average

ates which are bivariate Gaussian distribution. The details value ofn, from 10 trials are used in the present case.

of R,(¢) andR,(¢) can be found in Kanaoka et al. [12] and
Ramarao et al. [14].
In Egs. (17) and (18)F o0 and FpL are the van der Waals

4, Simulation resultsand their comparisons

force and the electrostatic repulsion force interacting be- With experiments

tween the particle and the collector surface, respectively;

Fio =—VéLo. FpL =—VépL (19)

The estimation of the collection efficiency describing par-
ticles’ initial deposition behavior from the trajectory equa-
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tions based on the above stochastic simulation procedures The simulation results for SCT are shown in Fig. 4a,
for the different interaction energy curves, and for the dif- which indicate that the order of the magnitudegoin gen-
ferent constricted tube structures are given below. The cor-eral is curve D> curve C> curve B> curve A, with the
responding electrokinetic data and other simulation para- exception that curve B- curve C whenVge > 1.8. Since no
meters are given in Table 3. The present simulation is energy barrier exists, the collection efficiencies of curve D
compared with the experimental data reported by Elimelech are always greater than those of the other three curves, and
and O’Melia [18] and by Bai and Tien [19] first, and then a maximum is observed &fre = 0.3. Since the deposition
with the results of the convective diffusion model [20]. The mechanism of particles is controlled by the Brownian diffu-
accuracy of the above simulation method will be discussed sion effect wherVge < 0.3, as the particle inertia increases,

in a later section. these particles will be more likely to retain their initial di-
rection toward the tube wall at the entrance of the SCT tube.
4.1. Effect of the interaction force This implies that the capture possibility of particles will be-

come greater with increased Reynolds number. However,

The effects of the four types of interaction energy when Nge > 0.3, the inertial effect becomes dominant and
curves [26] on the collection efficiencies of Brownian par- those particles at the entrance will move away from the tube
ticles will be investigated in the present section. As shown wall toward the center of the tube. Consequently, collection
in Fig. 3, curves A exhibits a large primary maximum and efficiency of particles will decrease with the increase of the
a deep secondary minimum; curve B displays a large pri- particle inertia wherVge > 0.3. This explains why there is a
mary maximum and a negligible secondary minimum; while maximum in this “barrierless” curve D as shown in Fig. 4a.
curve C owns a deep secondary minimum only and a “bar-  Contrary to the decreasing tendency observed in curve D,
rierless” interaction energy curve is represented by curve D. the values ofj; of curves A, B, and C increase with the in-
In this figure, Ng1 = 1050 and Np. = 10.75 for curve A, crease ofNge as shown in Fig. 4a, because the increased
Ng1 = 50.0 and Np = 5.02 for curve B,Ng1 = 77.0 and inertia forces can overcome the energy barriers shown in
NpL = 10.0 for curve C,Ng1 = 0.0 and Np_ = 0.0 for Fig. 3. Comparing curve A with curves B and C, it is found
curve D, andNVg2 = 1.0 and N o = 7.0 for all four curves. that, even with the presence of the deep secondary minimum
Corresponding to these four types of interaction energy which increases the accumulation of particles for curves B
curves with the defined values 8fg1, Ng2, N o, andNpL and C, the steep slope between the secondary minimum and
and the three different porous media models (i.e., SCT, HCT, the primary maximum energy barriers of curve A is still
and PCT), the simulation results of the collection efficiencies the main reason for its lowest collection efficiency among
n, at various values of Reynolds number (i.e., based on thethe three curves. But whelge > 1.8, because of a greater
tube diameter and fluid velocity) are given in Figs. 4a, 4b, sweep away probability caused by the tangential fluid con-

and 4c, respectively. vection force acting on those particles accumulating at the
secondary minimum, thg of curve C is smaller than that
OF 7, of curve B.
sE(\ - g::zg As shown in Figs. 4b and 4c, similar results are obtained
- Case C for PCT and HCT, respectively. The reasons given in Fig. 4a
6 ' —— - CaseD can be drawn to explain these variations observed in these
A ‘\ two figures. For PCT and HCT, the maxima of curve D occur
\ at Nre = 0.7 andNge = 0.4, respectively. And the inverse of
5 \ the magnitudes ofj; for curve B and curve C happens at

Ngre = 1.2 andNge = 0.7, respectively. For curve A shown

I
1
1
1
1
> 0 ,', in Figs. 4a, 4b, and 4c, it is interesting to find that, because
SE[ of its lower slope of the tube wall at the constriction part
i of the tube, the collection efficiency for either PCT or HCT
4| is almost zero and is much smaller than that of SCT when
! Nre > 1.0.
6 : ’ When comparing the magnitudes @f at different
sHi il Reynolds numbers among these three tube structures, we
i ; found that SCT> HCT > PCT in general for curves A, B,
Aottt o o e and C, respectively, andce versa for curve D. The illus-
H trative examples for curves B and D are shown in Figs. 5a

, _ , _ ~and 5b, respectively. For curve B in Fig. 5a, since these par-
Fig. 3. Four types of total interaction energy curves adopted in the sim- _. . . -
ulation of the present paper, at whidkic; — 1050 and Np, = 10.75 ticles can persust a !onger' ghstance at thg entrance in the
for curve A, Ngq — 500 and Npi = 5.02 for curve B,Ngj = 77.0 and SCT tube, its collection efficiencies of particles are higher
NpL = 100 for curve C,Ngq = 0.0 and Np_ = 0.0 for curve D, and than that of HCT and PCT aSre becomes greater. When
Ngz=1.0andN o = 7.0 for all four curves. Nre > 1.50 (at which the inertia effect becomes dominant),
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Fig. 4. Simulation results of the collection efficiengy versus Reynolds numbeé¥re, corresponding to these three different constricted tube structures
described in Fig. 2 and four types of interaction energy curves shown in Fig. 3: (a) simulation results for the SCT model; (b) simulation resulSTor the
model; (c) simulation results for the HCT model.

because of its highest slope of the tube wall being at the en-predictions obtained by using the Payatakes model, which
trance, the collection efficiency of PCT becomes higher than indicates that the Brownian diffusion effect exhibits a neg-
that of HCT and close to that of SCT. Also, since the par- ative effect on the collection efficiency of particles for this
ticles at the entrance of the tube will collide with the tube type B interaction energy curve. However, for the barrier-
wall immediately (see Fig. 1), the collection efficiencies of less curve D, as shown in Fig. 5b, the Payatakes model's
these three constricted tube structures are much greater thapredication is higher than that of the present work, and this
that of the spherical collector model whaie > 1.0 [15], at difference becomes more profound when the Reynolds num-
which the Kuwabara fluid field model was adopted. Also, as ber of fluid is small indicating the Brownian diffusion effect
shown in Fig. 5a, the dashed lines represent the simulationis the dominant deposition mechanism. Contrary to these
results when the well known trajectory equations of the con- magnitudes of;; observed in Fig. 5a, as shown in Fig. 5b
stricted tube model established by Payatakes et al. [11] arewhen Nge is large, the collection efficiency of PCT is the
adopted, at which the Brownian diffusion deposition mecha- highest among these three tube structures, because of its
nism is ignored. It is found that the collection efficiencies of highest slope of the tube wall being at the entrance. Note
particles obtained by the present work are lower than thesethat there are no maxima observed for these curves with-
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ameterd,,, corresponding to these four types of interaction energy curves
Fig. 5. Simulation results of the collection efficiengy versus Reynolds shown in Fig. 3 when the PCT model is adopted: (a) simulation results for

numberNge, corresponding to these three tube structures described in Fig. 2 Nre = 0.1; (b) simulation results foNge = 1.0.
and the spherical collector model, at which the Kuwabara flow field model is

adopted [15]: (a) simulation results for the type B interaction energy curve . . .
shown in Fig. 3; (b) simulation results for the type D interaction energy and Nre = 0.1. For a chosen pamde diameter, since there

curve shown in Fig. 3. In this figure, solid lines represent the simulation iS NO energy barrier, the collection efficiency of curve D

results obtained by using the present Brownian dynamics model, and dasheds the highest. Also, for curve D wheNge < 0.2 um, the

lines represent the simulation results obtained by using the trajectory model q|lection efficiency of particles decrease, because of the

established by Payatakes et al. [11], in which the Brownian diffusion effect . . . o .

is ignored decreased Brownian diffusion effect with the increase of

particle diameter. After passing through this minimum at

o _ o d, = 0.2 um, the collection efficiency increases rapidly with

out considering the Brownian diffusion effect as shown by the increase of particle diameter, at which the inertia force

dashed lines in Fig. 5b. becomes more important and dominates others deposition
mechanisms eventually. The same results are obtained for
4.2. Effect of the particle size curve C, except that the values gf will only increase

slightly when 0.2 pmx d,, < 1.8 um, which is caused by the
Figure 6a shows the predicted collection efficiency as a easy accumulation of particles at the deep secondary min-
function of the particle diameter for the four types of inter- imum of curve C. Because of the existence of the primary
action energy curves, adopting the PCT geometric structuremaximum energy barrier, the collection efficiency of curve B
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is not obvious until/,, > 1.8 um. Since the height of the pri-

mary maximum is too high for particles to overcome, the o0
collection efficiency of curve A is almost zero as shown in

Fig. 6a. When Reynolds number increase fridfg = 0.1 to

Nre = 1.0, as shown in Fig. 6b, no minimum is observed on

either curve C or curve D, because the Brownian diffusion
effect is no longer important. Curve D still has the highest 10" |-

collection efficiency among these four types of interaction
energy curves, and increases with the increase of the particle =
diameter. 'y

4.3. Comparison with the experimental data 10*

Experimental results of Elimelech and O’Melia [18] and
of Bai and Tien [19] for measuring the collection efficien-
cies of colloidal particles in a packed bed, are adopted here ', L N L
to compare with the predictions of the present deposition 10” 107
model using PCT, SCT, and HCT, respectively. KCI(M)

In the first StUdy of partide deposition with the presence Fig. 7. Comparison of the filter coefficients between the theoretical re-
of the repulsive double layer interactions (i.e., like curve B sults and the experimental data obtained from Elimelech and O’Melia [18].
in Fig. 3), the experimental data reported by Elimelech and Curve A represents the theoretical predictions when the PCT model is
O’Melia [18] are adopted. In their experimental work, the adopted, while curves B and C represent the predictions of using the SCT

. . . . model and the HCT model, respectively. Curve D is the simulation result
collection efficiencies of neqathEIy charged polystyrene la obtained by using the convective diffusion model [20]. Curve E shows the

tex We'.’e determined fro_m the part_icle deposition experi- predictions obtained by using the correlation equation established by Bai
ments in a packed-bed filter, at which the electrolyte con- and Tien [19]. Experimental data on the filter coefficients are shown by the

centrations of the suspensions were varied from 0.05 to symbol of @).
0.001 M and the negatively charged glass beads were used

as the spherical collectors. In order to consider the Brownian
diffusion behavior of particles described in the present pa-
per, only the experimental results of the particle diameter of
0.753 um are adopted to compare with the above simulation
theory. Corresponding to the experimental conditions given
in Table 4, the curves of the experimental and theoretical
collection efficiencies as a function of electrolyte concentra- A s

tion are presented in Fig. 7. In this figure, the experimental & = o = (24)

collection efficiency is calculated by the equation 0
In Fig. 7, curve A is the simulation result of using the PCT

Nsexp="4ry /[BL(1—&)]IN(Cin/ Cet), (23) model, while curves B and C represent the simulation results

wheree is the porosity of the packed-bed filtet, is the ~ ©f using the SCT model and the HCT model, respectively.
length of the packed-bed filte€in is the influent concen- The predictions of curve B are almost the same as curve C.

tration of the latex particles, an@ef is the effluent concen- Curve D represents the theoretical predictions of the filter
coefficient by the convective diffusion model. The complete

formulation of this convective diffusion model describing
Table 4 the deposition rates of Browni ticl be found |
Experimental conditions adopted in the study of Elimelech and O’Melia e .epOSI Ion rates o rownlgn pgr Ic es'can e ouna in
[18] detail elsewhere [20]. As described in the dissertation of Ra-
jagopalan [27], when the inertia term of the force balance

tration of the latex particles. And the filter coefficientis
defined by the ratio of the initial filter coefficient, to its
value in the absence of the repulsive energy barrier between
two interacting surfaces (i.e., when the ionic strength of the
colloidal suspension is high)g, or

KCI (mol/I) $p (MV) ¢y (MV) oL . : . ;
— 3 82 175 equation is ignored, there is a direct relationship between
EXS: 5 ol _410 293 the L:_;mggvin equat_ion qf the present paper and the convec-
Exp. 3 Q03 623 -390 tive diffusion equation via the Fokker—Planck—Kolmogorov
Exp. 4 Qo1 —-80.0 -475 equation and the equivalent form of the Stratonovich differ-
Exp. 5 Q003 —895 —564 ential equation. Curve E represents the correlation equation
Exp. 6 qoo1 —890 —600 established by Bai and Tien [19] for estimating the filter effi-
dr 200 um ciency based on four dimensionless parameférs,, Np,
dp 0.753 pm NE1, andNgy, as follows:
U 0.136 cny's
L 20cm

@ =2.527x 107 3N208N D312 2 5111y 1352 (25)
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As shown in this Fig. 7, a common feature of curves A, Table 5
B, and C is the drastic drop of the filter coefficient when Experimental conditions adopted in the study of Bai and Tien [19]
the electrolyte concentration is smaller than 0.01 M. This is NaCl (moy/l) ¢p (MV) ¢ (MV) dp (Hm)
caused by anincrease in the range of electric double layer regyp. 1 Q0001 207 _oo8 0.802
pulsion force and the height of the primary energy barrier in Exp. 2 Q001 -193 —212 0.802
the total interaction energy curve as the electrolyte concen-Exp. 3 Q01 —-157 —-181 0.802
tration of the solution decreases. This particular electrolyte &®- 4 a1 -7.0 -112 0.802
concentration, 0.01 M, is then referred to as the critical de- U
position concentration, which demonstrates the unfavorabledy
deposition of particles onto the collector surfaces. Curve £
D is the convective diffusion model, a drastic drop of the
collection efficiency to zero is also observed when the elec-
trolyte concentration of KCl is smaller than 0.1 M. Com- i _-
paring with the experimental data, it is found that there is oo -
a disparity between theory and experiment with respect to -
the magnitude of the filter coefficient, when the electrolyte
concentration is dropped in the unfavorable deposition re-
gion. However, since the inertia term is considered in the
force balance equation of the present model, hence the fil-
ter coefficients of curves A, B, and C are much higher than 3

0.103 cm's
460 um
10.3cm

e

10"

that of curve D. Therefore, the present model can reduce
these differences observed between theoretical predictions
and experimental results in the unfavorable deposition re-

-2

EERER |
\-

‘n

gion. Also, as shown in Fig. 7, the filter coefficient of curve
A is higher than those of curves B and C in this unfavor-
able deposition region. This result can be explained by the
fact that, instead of its higher value gf obtained for ei- i
ther SCT or HCT, because of its much higher value;@f
obtained for these two structures, therefore the filter coef-
ficients of curves B and C are smaller than that of curve
A as calculated by using Eq. (24). Curves A, B, C, and D Fig. 8. Comparison of the filter coefficients between the theoretical results
can give good predictions when the electrolyte concentra- and the experimental data obtained from Bai and Tien [19]. Curve A rep-
tion of KCl is greater than 0.1 M, at which the double layer resents the theoretical predictions when the PCT model is adopted, while

interactions are attractive. Heterogeneity of surface char ecurves B and C represent the predictions of using the SCT model and the
’ g Yy 9 HCT model, respectively. Curve D is the simulation result obtained by using

and potential [28], surface rQUthess [29], and possible ad-he convective diffusion model [20]. Curve E shows the predictions obtained
ditional forces between particles and collectors [30] can be by using the correlation equation established by Bai and Tien [19]. Experi-

the reason for these well-known discrepancies between themental data of the filter coefficients are shown by the symbdiiyf (
theoretical results and the data measured experimentally, as
shown in Fig. 7. Curve E in Fig. 7 indicates that the corre-
lation equation obtained by Bai and Tien [19] fits well with of low electrolyte concentrations. Since those particles at the
the experimental results of this study. entrance of the tube will collide with the tube wall immedi-
In the second study, the experimental data obtained byately in the present model, curves A, B, and C overestimate
Bai and Tien [19] are compared with the predictions of the the collection efficiencies of particles when the concentra-
present deposition model. In this experiment, the collection tion of NaCl is smaller than 0.1 M. Different with what
efficiencies of polystyrene latex of various sizes through a obtained in the theoretical simulations of Fig. 7, theal-
Bollotini glass beads packed column were measured, andues of curves B and C are slightly higher than that of curve A
the experimental condition is listed in Table 5. The typical When the concentration of NaCl is smaller than 0.01 M. As
sets of experimental results are shown in Fig. 8, while the mentioned above, curve D is the simulation result obtained
diameter of latex is 0.802 um and the double layer interac- when the convective diffusion model is adopted. Except in
tion force is repulsive. It is found that the filter coefficient the unfavorable deposition region, curve D coincides well
« increase with the increase of ionic concentration (i.e., be- with the experimental data when the concentration of NaCl
cause of the compression of the double layer thickness), ands greater than 0.01 M, at which the interaction forces are at-
the values ofx are as high as 1.0 when the concentration tractive and the collection efficiencies of particles are very
of NaCl is at 0.1 M. This coincides with Fig. 7, where both high. Also, it is found that Bai and Tien’s predicted/alues
curves A, B, and C show discrepancies between predictionsshown by curve E are slightly higher than those of experi-
and experimental data at the unfavorable deposition regionmental results in Fig. 8.

I.\\IH'
-~

L L L Ll II l"l L - II L
10° 10~
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5. Conclusion

A
By assuming that the constricted tube model character- 4 )

izes the filter bed, the deposition behavior of colloidal parti- 4.
cles is investigated by using the Brownian dynamics sim- ¢,
ulation method in the present paper. The contributions of Cegg
different constricted tube structures, PCT, HCT, and SCT, d.
various shapes of the total interaction energy curves anddy
the different particle diameters, to the collection efficiencies dmax
of Brownian particles are examined. The simulation results d,

Appendix A. Nomenclature

Hamaker constant

Gaussian white noise process in stochastic terms
constriction diameter

influent particle concentration

effluent particle concentration

constriction diameter of a constricted tube
filter-grain diameter

maximum diameter of constricted tube

diameter of particle

show that the height of the primary maximum and the depth Fi(H), F2(H), F3(H) retardation factors of normal vector,

of the secondary minimum in the total interaction energy
curve of DLVO theory play an important role in determin-
ing the collection efficiency of the Brownian particles. When
comparing the values of the collection efficiencies at differ- Lo
ent Reynolds numbers among these three tube structures, we
found that SCT> HCT > PCT in general for those interac- H
tion energy curves with different primary maximum heights h
and secondary minimum depths, amck versa for the curve hs
without any energy barrier. When comparing with the avail-
able experimental data of measuring the filter coefficient, we ki
found that the present model can give a discrepancy betwee
theoretical predictions and experimental data smaller than U
that of the convective diffusion model in the unfavorable de- n]f]”
position region. N;e
Because the present model only considers the initial de-N
position behavior of Brownian particles and is deficient in
describing the multilayer adsorption behavior of particles,
it cannot predict the collection efficiency at the unfavorable
deposition region well. According to the theoretical model
established by Choo and Tien [31], when the degree of mul-
tilayer adsorption of particles and cake formation at the tube
entrance is taken into account, the extent of deposition of
particles goes through a three-stage deposition process: indi-
vidual deposition on the pore surface, multilayer deposition, Ngen
and the formation of a deposit layer at the tube entrance. NLo
Therefore, in order to describe the particle deposition be- Nre
havior in a more realistic way, the model of the present paper Nre.m
will incorporate the three-stage deposition process in our fu- P (yo)

ture work. R
Rm

Ry (1)

FpL

p

Ng2
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drag force, and shear vector, respectively
dimensionless electrostatic repulsion force, defined
by Eqg. (21)

dimensionless van der Waals force, defined by
Eq. (20)

defined as;/r,

height of constricted tube

the smallest separation distance between the parti-
cle and the collector surface

Boltzmann constant

length of the filter bed

length of the unit bed element

mass of the particle

number of unit cells per unit cross-sectional area
number of particles deposited

double-layer force parameter, definedag

first electrokinetic parameter, defined as

vrp(9f + ¢3) [ 4kpT
second electrokinetic parameter, defined as

(2)/1++(2)]

¥2 ¥2

number of particles generated at tube inlet
defined asA /6kp T

Reynolds number, defined agd o/

Reynolds number, defined agr, 07 /1t

initial deposition rate of Brownian particles
defined as/ry

defined as,, /1y

random deviates of velocity increment due to
Brownian motion, which are bivariate Gaussian
distribution

random deviates of displacement increment due
to Brownian motion, which are bivariate Gaussian
distribution

defined asRy, =ry /1

remotest radial position at the constriction tube in-
let which can be reached by a particle

constriction radius

filter-grain radius

radial coordinate of the particle position at tube in-
let
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defined as il [/ r, dz

I'm

T'max maximum radius of constriction tube
F'w wall radius

S position vector

So initial value of §

Swi fraction of saturation

T absolute temperature

t time

U uniform velocity entering constriction tube

U average axial velocity across the constriction in a
constricted tube

Uy velocity component along the radius direction

uyy, ury, ut, the zeroth, first, and second dimensionless ex-
pressions ofi,, defined by Egs. (10), (11), and (12),
respectively

Uy superficial velocity

u; velocity component along the axial direction

ulg, uly, ul, the zeroth, first, and second dimensionless ex-
pressions ofi;, defined by Egs. (13), (14), and (15),
respectively

Vv particle velocity vector

Vo initial velocity of V

Z particle position vector

Zo initial value of Z

Greek symbols

o filter coefficient, defined by Eq. (24)

B friction coefficient per unit mass of particle

€ filter porosity

DL dimensionless van der Waals attractive energy

¢Lo dimensionless electrostatic repulsive energy

@1, 2 surface (zeta) potentials of particle and collector,
respectively

no value ofrn; under favorable surface interaction

s initial deposition rate of Brownian particles

nsexp  €xperimental data of;

Oin angular coordinate of the particle position at tube
inlet

K reciprocal of the electric double layer thickness

A initial filter coefficient

%) initial value ofA under favorable surface interaction

m viscosity of fluid

v dielectric constant of the fluid

density of fluid

59

v stream function

Vg, ¥i, ¥, the zeroth, first and second order solutions of
stream functions, defined by Egs. (4), (5), and (6),
respectively.

Other symbols

()
\%

average value
gradient operator
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