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Abstract

Despite its importance for aquatic ecosystems, particle capture
by multiple collectors remains poorly characterized. Particle
capture in arrays is different from the single collector case in
many respects. First, particle capture is modified because col-
lectors are exposed to different fluxes due to the physical con-
strictions within the array. Second, vortex shedding promotes
an increase in capture because collectors are exposed to higher
fluxes. Commonly, array formulations for estimating dynamic
quantities are an adaptation of existing single cylinder formu-
las, using a redefinition of the characteristic velocity for the
array. Here we use two dimensional numerical simulations to
analyse the flow at the interior of moderately packed arrays and
understand the reasoning of the characteristic velocity concept.
The proposed characteristic velocities may be used for adapting
single cylinder formulations to be used for particle capture in
arrays.

Introduction

The capture of suspended particles by aquatic collectors is a
critically-important process governing the health, productivity
and propagation of some of the most productive, biodiverse and
valuable ecosystems on the planet. Key processes that rely on
the capture of particles in suspension include: the feeding on
seston by corals and other suspension feeders, the pollination of
seagrasses, the settlement of larvae on solid substrates such as
filamentous algae or kelp, and sediment removal by aquatic veg-
etation ([3, 4, 5] and references within). Despite its importance,
particle capture in aquatic ecosystems remains poorly charac-
terized due largely to the complexity of the dynamics and the
sheer number of variables that may govern the process.

For the problem to be tractable, many simplifications are typ-
ically employed in experimental [10], analytical [8] and nu-
merical [3, 4, 5] models of particle capture. Models typically
idealize collectors such as vegetation stems or the capturing ap-
pendages of suspension feeders as cylinders, while suspended
particles are idealized as spheres (Fig 1). The first step in parti-
cle capture is the physical contact between particle and collec-
tor, and the particle must be retained by the collector for cap-
ture to occur. This retention is often made possible by adhesive
layers on the particle or collector surfaces generated by, for ex-
ample, mucus [11] or the periphyton layer of aquatic vegetation
[10]. Retention may also occur due to electrostatic forces [11]
or with the aid of additional structures such as nematocysts [11].
In this study, we focus on the description of the rates of contact
and assume perfect retention.

The capture efficiency (η) of a cylindrical collector can be de-
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Figure 1: Schematic diagram of the capture due to direct inter-
ception of particles of size Dp by a collector with diameter Dc
in an upstream flow velocity U∞. Contact occurs when particle
centres come within one particle radius of the collector surface
(black streamlines). Particles are considered captured if they
are retained by the collector after contact; the model employed
here assumes perfect retention. The contact efficiency of the
collector (η) is defined as the fraction of particles approach-
ing the collector (in a window of width Dc) that make contact
(equation 1).

fined as the ratio of the number of particles captured (Nc) to the
number of particles whose centres would have passed through
the space occupied by the collector were it not present in the
flow (Na):

η =
Nc

Na
. (1)

As discussed by Espinosa et al. [3, 4, 5], direct interception
(where particle centres follow the fluid exactly and contact with
the collector occurs due to the finite particle size) has been rec-
ognized as an important capture mechanism in aquatic systems
(figure 1 displays the steady flow conceptualisation of particle
capture by direct interception). When compared with direct in-
terception, inertial and diffusive effects on particle capture are
typically neglected in the aquatic systems of interest, due to the
low Stokes numbers and high Péclet numbers of suspended par-
ticles, respectively [3, 4, 5].

Capture efficiency by direct interception of a single collector
depends on two different parameters [3]:

η = η(rp,Rebulk) , (2)

where rp is the particle size ratio and Rebulk is the Reynolds
number of the collector based on the upstream velocity. The
definition of these two parameters is

rp =
Dp

Dc
≡

Rp

Rc
(3)
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Figure 2: The three different type of arrays studied here: Single column, In-line squared and Staggered squared. Their solid fraction λ

is determined by equation 7.

and
Rebulk =

U∞Dc

ν
, (4)

where Rp is the particle radius, Dp is the particle diameter, Rc
is the collector radius, Dc is the collector diameter, U∞ is the
uniform upstream fluid velocity and ν is the fluid kinematic vis-
cosity.

In the steady flow conceptualisation of particle capture (figure
1), pathlines for low-inertia particles coincide with the stream-
lines and the capture efficiency by direct interception can thus
be defined as

η =
h

Dc
=

V F
U∞DcHc

, (5)

where h is the separation distance of the limiting streamlines
that allow capture of particles of a given size. In practice, η will
be estimated as a ratio of flow rates: the volumetric flux (VF)
that crosses towards the interior of an imaginary ring with ra-
dius Rc+Rp around the collector divided by the total approach-
ing volumetric flux (U∞DcHc), where Hc is the height of the
collector in the axial direction.

Transport and dynamic coefficients in arrays

A common practise in engineering for the prediction of trans-
port and/or dynamic coefficients (such as heat-transfer or drag)
in arrays is the adaptation of single cylinder formulations with
a redefinition of the characteristic Reynolds number. In other
words, a useful characteristic velocity (Uchar) for the flow within
the array defines a new characteristic Reynolds number (Rechar)
which can then be “plugged” into the existing single cylinder
formulations [6, 2, 1].

The characteristic velocities are usually based on conservation
of mass principles and the array geometry. Once a characteristic
velocity has been identified, the redefinition of the Reynolds
number is straight forward:

Rechar =
UcharDc

ν
. (6)

If the chosen characteristic velocity is correct, then the curves
of the analysed coefficients should collapse towards the single
cylinder curves. This practise has proven to be very success-
ful for the estimation of drag coefficient in arrays [6] and heat
transfer in tube bundles [2, 1].

Following the same approach, a Uchar was defined for the arrays
and was used in equation 5 for calculating capture efficiency
from the numerical experiments. Equation 6 was used for ob-
taining capture efficiency estimates for arrays while using the
single cylinder formulations developed by Espinosa-Gayosso et

al. [3, 4] and they were compared with the numerical calcula-
tions.

Arrays

Array characteristics

Three types of arrays have been studied: single column, in-line
squared and staggered squared (figure 2), although here we just
present results for staggered arrays. The geometry of all them
is characterized by the Dc and the linear distance between cen-
tres along the squared alignment (L). For staggered arrays, the
distance between centres of collectors in the same column (S)
is also of practical use. The solid fraction of these arrays can
easily be determined by:

λ =
π

4
(

Dc

L
)

2
. (7)

The number of columns in the flow direction (x) for the in-line
arrays and staggered arrays was 20 and 24, respectively. The
number of rows in the lateral direction (y) was 6 and 10, re-
spectively. Although they were effectively of infinite size in the
lateral direction, as the computational domain had cyclic bound-
aries.

Constrained velocities

For the single column and the in-line array the natural con-
stricted velocity is:

UL =U∞
L

L−Dc
. (8)

For the staggered array, in addition to UL, two other constricted
velocities are candidates to be considered:

US =U∞
S

S−Dc
, (9)

and
UM =U∞

M
M−Dc

, (10)

where UM is the constricted velocity that may occur in the “free
channels” in between regions blocked by collectors. US has
been used with great success by [6] as the characteristic velocity
for analysing the effective drag coefficient in staggered arrays.
For heat transfer applications in tube bundles, Bejan [2] recom-
mends the usage of UL for both squared in-line and staggered
arrays. As will be explained below, here we found a different
characteristic velocity for staggered arrays in the context of par-
ticle capture.



Figure 3: Snapshot of magnitude of the normalized velocities (u/U∞) for a staggered array with λ = 0.08 and Re = 100.

Basic equations of motion and numerical methods

The continuity and the Navier-Stokes equations were solved
with a finite volume method of second order in space [7] to-
gether with a three-level backward scheme in time (which is
also of second order [7]) using OpenFOAM. The time step
was small enough to keep the maximum Courant number be-
low 0.20. The pressure-velocity coupling was solved with the
PISO algorithm [9] in which convergence was deemed to be sat-
isfied when the initial residuals of the pressure and momentum
equations fell below 1×10−6. The resolution of the grid is the
same as in previous studies [3, 4, 5] which has proven to be ac-
curate enough for Direct Numerical Simulations and properly
validated.

The following velocity boundary conditions were applied: (i)
no-slip no-flux boundary conditions at the collector surfaces,
(ii) a fixed uniform free-stream at the upstream boundary
(ux,uy) = (U∞,0) at the inlet, (iii) a zero-gradient condition
perpendicular to the downstream boundary at the outlet, (iv)
cyclic boundary conditions at the lateral boundaries (y direc-
tion). For the pressure, a zero-gradient condition was applied
at all boundaries except the outlet, where a fixed value of
poutlet = 0 was set, and at the cyclic axial boundaries.

Results and discussion

Staggered squared

The flow within the array changes dramatically as the number of
columns progresses. Here we describe the case of λ = 0.08 and
Rebulk = 100 (figure 3). Vortex shedding seems to be suppressed
in the first column. Clear patches of very high velocity seem
to appear until the fifth and the sixth column but the velocity
patterns are still “very ordered”. At around column 10 more
random patterns of vortex shedding are clearly visible (which
indeed cause an increase in capture, as can be seen in figure 4),
in agreement with the heat-transfer variation observed in arrays
[2].

We also investigated which were the collectors with higher in-
coming volumetric flux (higher capture rate). Figure 4 shows
the collector ranking for λ = 0.08, Rebulk = 100 and rp = 0.01
(the same ranking was observed for all the particle sizes tested).
It is clear that the collectors within the first column have a very
low rank and that those within the second column show a clear
increase in VF. This can be easily explained by the fact that
the first column “feels” an upstream velocity U∞ whereas the
second column receives an enhanced velocity US due to the con-
striction of the flow. But much more interesting is the fact that
the ranking of the columns keeps alternating up and down; that
is, third column has a low ranking, fourth high, fifth low, etc.

Another way to see this interesting effect is by rows: those rows
of collectors that start with a collector in the first column show
the lowest ranking of VF. (This effect can now be clearly seen
if the reader takes a second look to figure 3, where vortex shed-
ding suppression seems to propagate downstream for the col-
lectors in those rows.)

Figure 4: Ranking of the time-averaged incoming volumetric
flux (VF), which is a measure of capture rate. Each circle (cen-
tered at the centre of each collector of the array) represents the
ranking of that collector. That is, the largest circle represents
the collector with the largest VF and the smallest circle shows
the lowest ranking. (The circle sizes are proportional to their
ranking and not to the actual value of VF.)

Due to the constricted space within the array, the characteristic
velocity should be larger than U∞ and, therefore, the incom-
ing VF and capture should be larger than for the single collec-
tor case. This can be observed in figure 5 where the highly
variable instantaneous values of the normalized VF are almost
always greater than 1. (The incoming VF has been normal-
ized with the estimated VF for a single collector with particles
of the same rp = 0.01 and with the same Rebulk = 100.) Be-
jan [2] suggests that the characteristic velocity for this array
is UL, nevertheless, the collector-averaged VF lies between the
VF estimates using the single collector formulations [3, 4] with
(Re = ReL,rp = 0.01) and (Re = ReM ,rp = 0.01) (which are in-
dicated with the short marks on the right). This suggest that the
characteristic velocity lies in the range UL <Uchar <UM .

It is also important to notice that the collector-averaged VF
could not be obtained from a time-averaged velocity field be-
cause the effect of the lateral fluctuations would be cancelled.
When the time-averaged velocity field is used for the calcula-
tions, the collector-averaged VF coincides with the single cylin-
der estimate using US, which is the characteristic velocity used



by Etminan et al. [6] for their studies of the drag coefficient, a
quantity not affected by lateral fluctuations.

Figure 5: Instantaneous variation of the normalized incoming
volumetric flux VF (and therefore capture) for rp = 0.01 in a
staggered array with λ = 0.08 and Rebulk = 100. Values have
been normalized with the estimated VF for a single cylinder
with the same rp and Rebulk.The light-coloured lines in the
background are the instantaneous VF for each of the collec-
tors. The thick-blue line is the collector-averaged value, and the
thick-dashed-red line is the VF calculated from a time-averaged
velocity field. The three black marks on the right show the es-
timated values from single-collector formulation [3, 4] using
Rebulk, ReS, ReL and ReM .

The incoming VF was used to calculate capture efficiencies for
the staggered array using equation 5. When U∞ was used, the
η values were much higher than the capture efficiency for a sin-
gle cylinder (figure 6), stressing the fact that the characteris-
tic velocity for an array is higher. When Uchar = 0.5(UL+UM)
was chosen, the values collapsed towards the single collector
curve. The separation at higher Re may be attributed to the
two-dimensional restriction applied in the present study. Three-
dimensional simulations would be needed to further investigate
this issue.

Figure 6: Normalization of the capture efficiency in a staggered
array using Uchar = 0.5(UL+UM). The circles are the numeri-
cal capture efficiencies considering U∞ as the characteristic ve-
locity, which show a great deviation from the single cylinder
curve (black line). The triangles show the numerical capture
efficiency using the proposed Uchar. Results are for rp = 0.01.
Red-magenta are for λ = 0.08 while blue-cyan are for λ = 0.02.

Conclusions

The use of a characteristic velocity for estimating transport
and/or dynamic coefficients within arrays has been proven to
be of practical use for engineering [2, 1, 6]. Although the use
of UL and US has been used in the past as characteristic veloci-
ties for heat transfer and drag coefficient studies, we have seen
that another velocity may play an important role (UM) and that
it should be taken into account. In this case, for staggered ar-
rays we propose the use of Uchar,stag = 0.5(UL+UM). We have
also shown that lateral fluctuations due to vortex-shedding are
important and that capture efficiency estimates cannot be ob-
tained from the time-averaged velocity field, as is the case for
drag-coefficient studies.
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[7] Ferziger, J. and Perić, M., Computational Methods for
Fluid Dynamics, Springer, 2002, 3rd edition.

[8] Friedlander, S. K., Smoke. dust and haze. Fundamentals
of aerosol dynamics., Oxford University Press, 2000, 2nd
edition.

[9] Issa, R. I., Solution of the implicitly discretized fluid-flow
equations by operator-splitting, Journal of Computational
Physics, 62, 1986, 40–65.

[10] Palmer, M. R., Nepf, H. M., Pettersson, T. J. R. and Acker-
man, J. D., Observations of particle capture on a cylindri-
cal collector: implications for particle accumulation and
removal in aquatic systems, Limnol. Oceanogr., 49, 2004,
76–85.

[11] Shimeta, J. and Jumars, P. A., Physical mechanisms and
rates of particle capture by suspension-feeders, Oceanogr.
Mar. Biol., 29, 1991, 191–257.


