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Preferential concentration of marine particles in isotropic
turbulence
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Abstract-—The effect of small-scale turbulence on marine and aquatic particle transport has
traditionally been thought to act as a mcans for creating homogeneous distributions. However,
previous numerical simulations of heavy particle transport in turbulent flows have shown that
particles are preferentially concentrated by turbulence and that cffects of preferential concen-
tration are most pronounced for particle parameters comparable to the Kolmogorov scales.
Therefore, the focus of the present work is examination of the preferential concentration of marinc
particles. Application of Kolmogorov scaling indicates that effects of preferential concentration
may be important for marine particles with diamcters of order 1 mm in the upper mixed layer.
Numerical simulations of unstratified isotropic turbulence are then used to support the notion that
preferential concentration of particles possessing material characteristics representative of those
encountered in marine cnvironments can occur. In the simulations, particles of order 1 mm
diameter are idealized as rigid spheres with a density ratio of 1.005. Simulation results demonstrate
preferential concentration with peak particle number densities ranging from 10 to 60 times the
global mean valuc. Implications of preferential concentration are also discussed. together with the
limitations of the approach employed in the present study.

1. INTRODUCTION

Once of the most complex physical processes shaping upper ocean and freshwater aquatic
environments is turbulence. Of the many areas in which turbulence is an important factor,
it is the interaction between suspended particles and the surrounding turbulent flow which
is the focus of this work. Though the interactions are numerous and complicated. an
improved fundamental understanding of the physical processes governing particle-
turbulence interactions is needed and will ultimately shed new light on problems of
biological and physical coupling.

In considering the range of interactions between turbulence and particles, one of the
most fundamental issues is simply the influence of a turbulent environment on particle
transport. For example, does turbulence act simply as a means of maintaining a homo-
geneous distribution of particles within a flow? This question and the associated areas of
research constitute an important subset in the growing field of determining the influence of
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turbulence on plankton ecosystems (e.g., see Costello et al., 1990; Marrase et al., 1990;
Mann and Lazier, 1991; Yamazaki and Kamykowski, 1991: Granata and Dickey, 1991;
Madden and Day, 1992; Kigrboe, 1993).

It is noteworthy that the present understanding of turbulence incorporated into most
aspects of marine and freshwater biology is that turbulence has an essentially random
effect on transport. This view is predicated on the assumption that transport in a turbulent
flow is similar to molecular transport and diffusion and is consequently reflected in
plankton transport models (e.g., Okubo, 1986; Rothschild and Osborn, 1988; Yamazaki,
1993), as well as other areas in which turbulence is important (e.g.. see McCave, 1984;
Davis er al., 1991; Yamazaki and Haury, 1993).

The view that turbulence is a homogeneous mixer of suspended particles is today
inconsistent with the fact that turbulent flows are recognized to be characterized by
structure and underlying coherence. This has been facilitated in part by the use of direct
numerical simulation (DNS). Direct numerical simulations are computationally intensive
and limited to relatively simple flows, but have become an increasingly powerful tool for
improving our fundamental understanding of the dynamical and kinematical processes in
turbulence. Because of the highly accurate techniques which may be employed in these
calculations, numerical errors are small and DNS results may be analyzed in much the
same fashion as data obtained from laboratory experiments or field measurements.

For marine applications, the important role of the underlying coherence and structure of
turbulent flows has been given relatively little attention. Yamazaki (1993) considered the
role of the organized nature of turbulent flows and its subsequent influence on the
transport, evolution and concentration of planktonic organisms in the ocean. As discussed
by Yamazaki (1993), the presence of coherent structures in turbulent flows must be
important, since these structures have a spatial and temporal structure similar to algae and
animals inhabiting the lower levels of the trophic pyramid. Yamazaki (1993) also argued
that, while the effect of organized structures on particle transport was important. the
degree to which turbulence influenced particle concentrations had not been quantified.

Relevant to studies of the effect of turbulence on marine particle transport is previous
research which has demonstrated a preferential concentration of heavy particles (i.c.,
particles with large material densities relative to the surrounding fluid) by turbulence into
regions of low vorticity or high strain rate (Squires and Eaton, 1991: Wang and Maxey,
1993). The work of Wang and Maxey (1993) is especially illuminating, since they have
demonstrated the importance of small-scale fluid dynamics, i.e. effects of preferential
concentration are the most pronounced for particle parameters comparable to the smallest
scales, the Kolmogorov scales, of the flow.

Thus, it scems plausible that turbulence can have a significant effect on marine particle
distributions. Furthermore, it may also be possible to estimate a priori the range of
parameters, e.g., particle response time, diameter, etc., for which preferential concen-
tration of marine particles could occur. However, unlike the studies of Squires and Eaton
(1991) and Wang and Maxey (1993), particles encountered in marine and aquatic
environments have material densities only slightly larger than that of the surrounding flow.
The primary objective of the present contribution is to raise the issue of the importance of
the coherent nature of small-scale turbulence and its effect on marine particle transport
and preferential concentration.

A discussion of the parameter ranges in which preferential concentration may occur in
marine and aquatic environments is presented in Section 2; also contained in that section is
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an overview of the numerical simulations performed in this work. The results presented in
Section 3 demonstrate that particles with material characteristics similar to marine
particles can be strongly affected by turbulence. Implications of preferential concen-
tration, a discussion on the limitations of the present study and directions for future
research are then presented in Section 4.

2. BACKGROUND

2.1. Preferential concentration of particles by turbulence

Wang and Maxey (1993) studied the effect of turbulence on the settling velocity and
concentration distribution of heavy particles in isotropic turbulence. One of the significant
findings from their work was that preferential concentration of heavy particles follows
Kolmogorov scaling, i.e., particles with parameters comparable to the Kolmogorov scales
exhibit the greatest effects of preferential concentration. Thus, it is possible to estimate
quantities such as the particle response time for which preferential concentration is
significant. Of interest in this section is the use of Kolmogorov scaling to estimate
parameters for which preferential concentration of marine particles may then be
important.

For the sake of both parameter estimation as well as the numerical simulations
presented in Section 3, marine particles are idealized as rigid spheres. This is a significant
simplification since in general marine particles are both non-spherical and deformable.
Thus, care must be exercised in estimation of particle parameters as discussed here as well
as in interpretation of the results presented in Section 3. However, as discussed above, the
principal goal of this study is to gain insight into preferential collection of marine particles
in turbulent flows. Therefore, treatment of marine particles as rigid spheres is justified as a
first approximation. For a rigid sphere in a non-uniform velocity field, the particle
equation of motion is:

dv _ | P Du 1 Du dv d{5a’V?u
m],a—éﬂa,u(u V+—6“aV u)+mfﬁ+§mf *‘l“)—t E‘FT (1)
' duw/dr — dv/t + d§a’V*/dr ,
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(Maxey and Riley, 1983). In (2), v is the vector-valued particle velocity and u is the fluid
velocity at the instantaneous particle position. The particle mass and fluid mass displaced
by the particle are m, and my, respectively. The particle radius is a and # and v are the
dynamic and kinematic fluid viscosities, respectively. The acceleration of gravity is
denoted g and the material derivative D/Dr is measured following the particle. The forces
on the right-hand side of (2) correspond, in turn, to viscous drag, the pressure gradient in
the undisturbed fluid, added mass effects of the form given by Auton et al. (1988), the
Basset history force and gravity. It should be noted that the Basset force is derived for the
case in which the Reynolds number based on particle radius and slip velocity is zero.
Departures from this condition result in a more quickly decaying kernel of the Basset term.
Therefore, in most practical applications, including the present work, it is justified to
neglect this term (see Mei et al., 1991 for further discussion).
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Neglecting the Basset history term and Faxen corrections permits one to express (2) in a
more compact form:
dv 3 _Du
—=alu—v—we|+-R—, 3
il A+5RE; 3)
(gravity is considered to act along the x; direction). As may be observed in (3), there are
three parameters relevant to particle motion. The inertia parameter a, mass ratio
parameter R, and settling velocity parameter w, defined as:

_  Gmau R—_ M w = (m, — myg (4)
m, + sm; m, + smy brau

The inertia parameter o reflects the relative importance of viscous to inertial effects and is
significant for marine and aquatic applications in which viscous forces are important. The
mass ratio parameter R reflects the difference in fluid and particle densities and the settling
velocity parameter w represents the ratio of gravitational to viscous forces.

For heavy particle transport m,/m,>> 1 and the last term of (3) is negligible since R is
0(107%) (e.g., see Squires and Eaton, 1991). For this class of flows, preferential concen-
tration of particles by turbulence is the most significant when:

a = g, W= vy, (5)

In (5), 7, and v, are the Kolmogorov time and velocity scales, respectively, and are defined
as:

oG P
e={=] » =) (0)

)

where ¢ is the turbulence dissipation rate. Assuming that Kolmogorov scaling is applicable
also for preferential concentration of marine particles, it is then possible using (4)—(6) to
predict the particle parameters for which preferential concentration may be most signifi-
cant. In the upper ocean, the turbulence dissipation rate ¢ varies over a wide range, i.e.
from roughly 10~*to 1077 W kg~ !in the upper mixed layer and 10~ to 10" Wkg ' in the
seasonal thermocline (see Yamazaki and Osborn, 1988; Gargett, 1989). Thus, parameters
such as response time and diameter for particles, which may be strongly affected by
turbulence, will also vary. For example, the mass ratio of particles having a radius a of
roughly 150 um is approximately m,/m, = 1.02 (McCave, 1984). The inertia parameter o
from (4) is then about 100 s~ '. Similarly, for particles with @ = 500 gm, m,/m, = 1.004
(McCave, 1984) and the inertia parameter from (4) is roughly 10 s, For a value of the
dissipation rate in the upper mixed layer of 107* W kg~ ' the Kolmogorov timescale from
(6) is roughly 0.1 s. Thus, for particles in this size range ary varies from 10/7, to 1/7, and,
based upon Kolmogorov scaling, these particles should be expected to exhibit effects of
preferential concentration by turbulence. Furthermore, as also shown in McCave (1984),
the settling velocities of these particles are order 1 mm s~ ! which is comparable to v, from
(6)fore = 10"*Wkg™'.

Using a similar analysis for the seasonal thermocline, with ¢ = 107" W kg™ ', a variation
of the inertia parameter from 10/, to 1/7, corresponds to a variation in the particle radius a
from roughly 1 to 3 mm, respectively. For particles in this size range the mass ratio m,/m,is
approximately 1.003 (McCave, 1984). As also shown by McCave (1984) the settling
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Table 1. Flow field parameters

v q 3 Ly Re; Kenax?] ATIT;

0.00314  0.108 0.00346 0.942 42.4 1.24 5.11

velocity for particles in this size range is about 1.5 mm s~ ', which is roughly twice the

velocity scale v, from (6). Thus, for the upper range of dissipation rates encountered in the
seasonal thermocline, strong interactions with the local turbulent flow field should be
observed for particles in this size range.

2.2. Simulation overview

The effect of preferential concentration was investigated with DNS of the incompress-
ible Navier-Stokes equations:

on

'—+U’Vu=—l
ot

Py
V-ou=0. (8)

In (7) and (8), u is the vector-valued velocity, P the fluid pressure, v the kinematic
viscosity, and p; the fluid density. The governing equations (7) and (8) were solved by a
pseudo-spectral method in which the dependent variables are represented by series
expansions (Rogallo, 1981). The principal advantage of pseudo-spectral methods is that
series expansions permit extremely accurate evaluation of spatial derivatives. In this
method, the differential equations for the Fourier coefficients are time advanced using
second-order Runge-Kutta; de-aliasing of the non-linear terms is accomplished through a
novel combination of truncation and coordinate shifts. The flow field obtained through
solution of (7) and (8) is represented directly on the computational grid, i.e., without
resorting to ad hoc modeling of turbulent motions at any scale. Because of the rapid
increase in the range of length scales with increasing Reynolds number, however, DNS is
restricted to relatively low Reynolds number canonical flows.

The simulations performed in this study were of homogeneous, isotropic turbulence. A
non-uniform body force was applied to the largest scales of motion in order to maintain a
statistically stationary flow. The particular method used was developed by Hunt er al.
(1987) in which a spatially non-uniform, time-independent body force is added to the
Navier-Stokes equations at every time step. The flow field was resolved using 48’
collocation points, corresponding to a maximum computational wavenumber of
(V'2/3)48 = 23 (the maximum computational wavenumber is dependent on the de-aliasing
scheme; see Rogallo, 1981). The force field was applied to all modes with wavenumber
magnitude k < V2.

The flow was started from an arbitrary initial condition and time advanced until it
attained a statistically stationary state and retained no memory of its initial conditions. At
this equilibrium condition, production of turbulence energy through the forcing scheme is
exactly balanced by viscous dissipation. The hydrodynamic properties of the flow
corresponding to the equilibrium condition are summarized in Table 1 (the quantities
shown in the table are ensemble averages over the duration of the calculation). The

VP + vV2u, (7)
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Table 2. Particle parameters

oy R wivy

Case 1 1.0 0.604 0.00
Case 2 1.0 0.664 [.25
Casc 3 1.0 0.664 2.50
Casec 4 2.0 0.664 1.25
Case 5 5.0 0.664 1.25
Case 6 10.0 0.604 1.25

Reynolds number. Re;, is based on the root-mean-square (rms) velocity fluctuation,
T - . . . - .
u' = V¢*/3 and Taylor microscale, 4. For isotropic turbulence, 4 is given by the relation:

A2
A= (5—1) q. 9)
£

Twice the turbulence kinetic energy, ¢-. and the viscous dissipation rate, ¢, are determined
from the three-dimensional energy spectrum:

7= I E()dk,  c— zVJ IRE(Kk)dk, (10)

B =

where k is the magnitude of the wavenumber vector k. Also shown in Table 1 is k.77,
where kp,,, is the maximum wavenumber of the simulation (defined previously) and 7 is
the Kolmogorov length scale, 7 = (v¥/¢)""*. The duration of the simulations has been
expressed in Table 1 in terms of the eddy turnover time, Tf, where T/ is defined in terms of
the rms velocity fluctuation, «', and longitudinal integral scale, L, i.e., T,= L Ju’.

One of the primary difficulties associated with using numerical simulation to gain insight
into marine particie transport are the limitations associated with DNS in general, i.c. low
Reynolds number and a limited range of length scales resolved in the calculation. As
discussed in Section 2.1, turbulence dissipation rates in the upper ocean span several
orders of magnitude and only the lowest values can be captured by DNS. In this work, the
governing equations were made dimensionless using a reference velocity scale U, = 1 cm
s~ ' and reference length scale L, = 20/2 cm. These reference scales, together with a value
for the kinematic viscosity of 0.01 cm”s ™", yield a dissipation rate in the DNS calculations
of e of 1077 W kg™ !, which is a realistic value in the seasonal thermocline.

2.3.  Particle parameters

As shown in Section 2.1, it is necessary to specify three parameters of particle motion,
the inertia parameter a, the mass ratio parameter R and the settling velocity parameter w.
The inertia parameter ¢ was varied from 10/z, to 1/t and the drift velocity was varied from
0 to 2.50v, (Table 2). For the current simulations corresponding to a dissipation rate ¢ of
approximately 1077 W kg™ ', the Kolmogorov length, time and velocity scales are roughly
2 mm, 3 s and 0.60 mm s~ !, respectively. Referencing the inertia and settling velocity
parameters to the Kolmogorov scales as in the current calculations results in variation of a
from 1 to 3 mm and velocity w from 0 to 1.5 mm s~ '. The corresponding value of the mass
ratio m,/m, for particles in this size range is about 1.003 (McCave, 1984). The resulting
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value of R from (4) used in the simulations was 0.664. It should be remarked that, while
these values for the particle parameters are representative of those encountered in marine
settings (McCave, 1984) and, more importantly, correspond to particles with time and
velocity scales similar to the Kolmogorov scales (for ¢ = 1077 W kg™"), the particle
diameters considered in the simulations are of the same order of magnitude as the
Kolmogorov length scale # for simulations with a = 10/r, and larger than » for simulations
with a = 1/r;. The particle equation of motion is formally derived for particle diameters
smaller than the Kolmogorov length scale. Results from application of (3) for the particles
considered in the present simulations should, therefore, be treated with caution, since the
effect of flow field non-uniformity may be important. However, correction of the equation
of motion is beyond the scope of this work, and we believe that the qualitative nature of the
findings obtained from the present study would not be significantly altered by the
modification.

The trajectory of each particle was obtained through numerical integration of (3). Both
(3) as well as the particle displacement were advanced using the same scheme as for the
hydrodynamic field (second-order Runge-Kutta). Since it is only by chance that a particle
will be located at a grid point where the turbulence is available, the fluid velocity at the
particle position is obtained via trilinear interpolation. As has been shown by several
investigators (c¢.g., see Squires and Eaton, 1991), trilinear interpolation is sufficiently
accurate for resolution of lower-order statistics. In order to sufficiently resolve the number
density field, the trajectories of 165,888 particles were tracked in the simulations,
corresponding to an average number density of 165,888/48" = 1.5 particles per computa-
tional cell. The particles were initially seeded at random locations throughout the
computational domain; statistics of the particle cloud were obtained only after they had
become independent of their initial conditions.

3. RESULTS

The turbulence velocity and vorticity vectors from a single plane of the three-
dimensional computation are shown in Figs 1a and b, respectively. The x—z plane shown in
Fig. 1 is from the final time step of the simulation. The plane shown is a representative
snapshot of the vectors from other planes at different times and provides an illustration of
the structure and coherence of even a simple flow such as isotropic turbulence. It should
also be noted that the existence of structure in isotropic turbulence is not inconsistent with
that of isotropy since coherence describes identifiable fluid motions in turbulent flows
while isotropy is a statistical notion. Comparison of the three-dimensional energy
spectrum of the fluid velocity from the DNS calculations with the data of Comte-Bellot and
Corrsin (1971) is shown in Fig. 2. The experimental data were obtained downstream of a
turbulence-generating grid in a wind tunnel. The spectra shown in Fig. 2 have been plotted
in terms of Kolmogorov scaling, and it is evident that there is good agreement between the
DNS data and experimental measurements.

Contours of the particle number density field for Cases 1-3 are shown in Fig. 3. The x—z
plane shown in Fig. 3 is the same as in Fig. 1; the contour levels in cach of the figures are
also identical. It is apparent that the particles are not uniformly distributed throughout the
volume and that there are distinct regions of particle accumulation. The peak number
density for Case 1 is 25 times the global mean value, while for Cases 2 and 3 the peak
number densities are 41 and 65 times the global mean, respectively. In Cases 1-3, the
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Fig. 1. Velocity vectors (a) and vorticity vectors (b) in an x—z planc (y = x) from the three-
dimensional direct numerical simulation: vector length has been scaled by velocity magnitude in (a)
and vorticity magnitude in (b). The computational domain is defined in the region 0 = x = 27
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Fig. 2. Comparison of three-dimensional energy spectrum, E(k), from DNS computation to
cxperimental measurements of Comte-Bellot and Corrsin (1971), — DNS result; © exp.

Experimental data obtained downstream of turbulence-generating grid (with 2-inch mesh spacing)
at streamwise location Ut/M = 98 (U and M are the mean velocity and mesh spacing, respectively).
Taylor-microscale Reynolds number in the experiment at this location is Re, = 65.3.

settling velocity parameter is increased for a fixed particle relaxation time. The increase in
number density with increasing settling velocity is presumably linked to the phenomenon
of preferential sweeping discussed by Wang and Maxey (1993). Preferential sweeping of
particles arises from an inertial bias in the particle motion causing the particle to follow the
downflow (in the direction of gravity) regions in a turbulent flow.

Similar effects of preferential concentration may be observed in Fig. 4. The number
density contours shown in these figures are for Cases 4-6 and demonstrate the etfect of
variation in the particle inertia time for fixed settling velocity. The peak number densities
tfor Cases 4, 5 and 6 are 20, 10 and 6 times the global mean value, respectively. Further,
comparison of the number density field for varying values of the inertia parameterin Fig. 4
to Fig. 3b shows the most significant effects of preferential concentration occur forar, = 1.
consistent with the earlier work of Wang and Maxey (1993). Tt is also important to point
out that particles with larger inertia parameters (i.e., smaller particles) also exhibit effects
of preferential concentration, and the hydrodynamic influence of turbulence on particle
distributions cannot be discounted.

[t is possible to further quantify the results discussed above by examining the probability
distribution function (pdf) of the particle number density field. Following Squires and
Eaton (1991) and Wang and Maxey (1993}, two pdfs have been used to quantify the effects
of preferential concentration. The first pdf measures the probability that the number
density in a computational cell is equal to a particular value c. This pdf is shown in Fig. 5.
Also shown for comparison in the figure is the pdf resulting from a random distribution of
particles throughout the computational domain, i1.e. the Poisson distribution:

—{)

pulk) = S-k,— (" (11)
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Fig. 3. Particle number density contours. The contour levels have been drawn from the global
mean (solid line) to four times the mean value (dashed line). (a) Case 1, (b} Casc 2. {c) Case 3.
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(b)

Fig. 4. Particle number density contours. The contour levels have been drawn from the global
mean (solid line) to four times the mean value (dashed linc). (a) Case 4. (b) Case 5, (¢) Casc 6.
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Fig. 5. Particle distribution p(k) and comparison to random distribution. ©—¢ random distri-
bution; ~———Case 1; ------ Case 2; ——— Case 3; —— Case 4; Case 5; ———~ Case 6.

The mean number density in (11) is denoted {¢) (= 1.5). The discrepancy between the
measured pdfs and the Poisson distribution illustrates the non-uniformity of the number
density field. For a random distribution approximately 22% of the computational cells are
expected to be devoid of particles (for a mean number density of 1.5). Because of
preferential concentration by turbulence, however, the fraction of the flow field devoid of
particles is increased over the value predicted from a Poisson distribution. As can be
observed from Fig. 5, the largest void fraction, 46%, occurs for Case 3 and is more than
twice the value of the Poisson distribution. Furthermore, the probability of finding a
computational cell containing two particles or less is 80% for Case 3. Since the total
number of particles in the domain does not change with time, large void fractions imply
that other regions of the flow will contain proportionally greater concentrations. This is
evident from the pdfs shown in the figures; for values of k greater than about four, the
measured pdfs are greater than the Poisson distribution. Thus, there are many more
occurrences of cells containing high concentrations of particles than would be predicted
from a random distribution.

Given the strong structural features of the number density field observed in both the
contour plots as well as the pdfs shown in Fig. 5, it is also of interest to quantify the effects
of preferential concentration using a pdf which measures the fraction of particles at those
grid points where the concentration is a given value. This pdf was used by Wang and Maxey
(1993) and relates the importance of a specific particle concentration in accounting for the
total number of particles. This probability, r(k), is related to the pdf p(k) shown in Fig. 5
through:

N,
r(k) = ngp(k). (12)
P

where N, = 48* and N, = 165,888. The measured probability r(k) for each of the cases
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Fig. 6. Particle distribution r (k) and comparison to random distribution. ©— random distri-
bution; ————-Case 1;------ Case 2; — —— Case 3: — — Case 4; Case 5; ———~Case 6.

examined in this study is compared to the pdf for a random distribution in Fig. 6. As was
the case with the pdfs in Fig. 5, there is significant difference between the measured pdfs
and that corresponding to a random distribution of particles. As was observed in Fig. 5,
80% of the computational cells for Case 3 contain two particles or less. This is also nearly
identical to the value for a random distribution. However, from Fig. 6 it may be observed
that the cells containing two particles or less for Case 3 account for only 31% of the total
number of particles (compared to 56% for a random distribution). Thus, the vast majority
of particles are located in a small region of the domain where the concentration is
significantly larger than the mean value. The spotty, intermittent nature of the number
density field is thus quite analogous to the intermittent nature of the dissipation in
homogeneous turbulence.

From the pdfs shown in Figs 5 and 6, a global measure of the effect of preferential
concentration of particles can also be obtained. This measure is the integrated square
deviation of each pdf:

Dy= p(k) = pulk)*. (13)
D, = r(k) = r,(k)’ (14)

and provides a measure of the variation from a random particle distribution. In (13) and
(14), p(k) and r(k) are the measured values and p,, (k) and r,(k) are the pdfs corresponding
to a random distribution of particles. The advantage of the measures given by (13) and (14)
is that both provide an integrated measure of the effect of preferential concentration as
well as a measure which directly facilitates comparison of the various cases. Shown in
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Table 3. D, and D,

D, D,
Case 1 6.840 x 107 4.946 x 1077
Case 2 8137 x 107 5.584 x 1072
Case 3 9.294 x 10 ° 6.094 % 107"
Casc 4 3.903 x 1077 2,948 x 10}
Case 5 5.605 x 107 * 1418 x 1077
Case 6 1110 x 1077 8117 x 107+

Table 3 are Dy and D,. Consistent with the number density contours discussed above and
the pdfs in Figs 5 and 6, both D, and D, show the effect of preferential concentration
increases for smaller values of the inertia parameter and larger values of the settling
velocity.

4. SUMMARY

Application of Kolmogorov scaling has been used to estimate parameters in which
preferential concentration of marine particles may occur. Direct numerical simulations of
isotropic turbulence were used to demonstrate that turbulence can produce a highly non-
uniform particle number density field. The local particle number densities are as large as
10-60 times the global mean value. The pdfs of the particle number density showed that
void fractions in the particle distributions are much larger than would be obtained for a
random distribution of particles in the flow. Both the pdfs as well as integrated mean-
square measures of the difference between the actual pdf and that corresponding to a
random distribution show regions of significant preferential concentration; furthermore,
these regions were also shown to account for a large fraction of the total population of
particles. It is important to emphasize that these results, while obtained for particles
representative of those encountered in marine and aquatic environments, are consistent
with the previous findings for heavy particles obtained by Wang and Maxey (1993). This, in
turn, further underscores the importance of their work, since the universality implied by
Kolmogorov scaling of preferential concentration is not overly sensitive to particle and
fluid densities.

There are several implications of preferential concentration of particles in marine and
aquatic environments. For example, feeding experiments with calanoid copepods as
grazers and algae as food have traditionally been performed in environments in which the
influence of turbulence has not been considered. Whether the discrepancy in the clearance
rate observed in these experiments (Strickler, 1985) is a result of copepods tracking local
concentrations of food with mixed success is a question which can now be asked and, morc
importantly, answered. It is possible that preferential concentration will provide new
perspectives in the research on secondary producers as well. In addition, the effect of non-
random particle distributions may also have important effects on nonlinear concentration-
dependent processes such as phytoplankton coagulation (e.g., Jackson and Lochmann,
1993) and the encounter of a mate during sexual reproduction (Waite and Harrison, 1992).

Thus, while the present work has addressed the importance of the coherent nature of
small-scale turbulence on marine particle concentrations, the tendency of particles to
exhibit preferential concentration as demonstrated in this study should be qualified in
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several respects. The main sources of error are due to limitations of the turbulence
simulations as well as deficiencies associated with the particle equation of motion. The
numerical simulations represent the dynamics of incompressible turbulence in the dissipa-
tion range since the Reynolds number which can be accurately captured by DNS is low.
This is a severe limitation, since the Reynolds numbers encountered in oceanic appli-
cations vary over a considerably larger range. Thus, the importance of scales much larger
than can be accurately captured in DNS to particle transport remains to be evaluated
through laboratory experiments and field measurements. The simulations were also of
turbulence in which a steady force was applied to maintain a statistically stationary flow.
Wang and Maxey (1993) have shown that similar features of local accumulation of heavy
particles are observed when different forcing schemes are used and it is not expected that
significant differences would be observed in this work using different forcing schemes (see
also Ruetsch and Maxey, 1992).

Deficiencics associated with the particle equation of motion used in this work are
another area in which the present approach is limited. As discussed in Section 2.1, marine
particles are non-spherical and deformable but were idealized as rigid spheres in order to
perform numerical simulations. Similar to the limitations imposed by DNS on the
available Reynolds number range, the validity of this idealization awaits confirmation
from laboratory experiments and field measurements. A more significant drawback is
associated with the fact that marine particles which should exhibit preferential concen-
tration (based on Kolmogorov scaling) have diameters comparable to the smallest scales of
the flow. This, in turn, limits the applicability of the particle equation of motion, which is
formally derived for particles smaller than the smallest scales of the turbulence. Effects of
flow-field non-uniformity, neglected in the present study, as well as other effects such as
non-linear drag, could have an important influence on particle motion. Despite these
difficulties, it is hoped that this work marks the initial step towards an improved
understanding of the interaction between marine particles and turbulence.
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