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Predator-prey encounters in turbulent waters
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With reference to studies of predator-prey encounters in turbulent waters, we demonstrate the feasibility of
an experimental method for investigations of particle fluxes to an absorbing surface in turbulent flows. A
laboratory experiment is carried out, where an approximately homogeneous and isotropic turbulent flow is
generated by two moving grids. The simultaneous trajectories of many small neutrally buoyant polystyrene
particles are followed in time. Selecting one of these to represent a predator, while the others are considered as
prey, we obtain estimates for the time variation of the statistical average of the prey flux into a suitably defined
“sphere of interception.” The variation of this flux with the radius in the sphere of interception, as well as the
variation with basic flow parameters is well described by a simple model, in particular for radii smaller than a
characteristic length scale for the turbulence. Also the Eulerian counterpart of the problem has been analyzed,
and the particle fluxes from the two studies compared.
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Often the problem of turbulent diffusion in neutral turbu- scription found in[10]. The turbulence is generated by the
lent flows is analyzed in terms of an initial value problem motion of two plastic grids, in the top and bottom of a tank
[1,2]. However, for many applications, a boundary-valuewith 320X 320X 450 mn? inner dimensions. The motions of
problem is more relevant. As such an example we considesmall polystyrene particles of siz&=0.5-0.6 mm are fol-
here the turbulent particle flux to an absorbing spherical surtowed with 4 video cameras, and the simultaneous positions
face. The problem serves, for instance, as a model foof typically 500—1000 particles recorded at time intervals of
predator-prey encounters in turbulent waters, and seems 25 s. By a tracking procedure it is then possible to link the
be one of the applications of the problem that has receivegositions of particles, and thus follow their individual mo-
most attention recently. For small predators, fish larvae fotions in three spatial dimensions, and in particular also to
instance 3], it can safely be assumed that their self-induceddeduce their time varying velocity. It is ensured that the par-
motion is small or negligible, and that they are passivelyticles used in the experiment are neutrally buoyant. The av-
convected by the local flow velocity, at least to a good ap-erage distance between particles is much larger than their
proximation. Similarly, it can be assumed that their fgod- ~ diameter, and particle interactions can be ignored. To the
crozooplankton, for instangés also passively convected by given accuracy, we assume that the particles follow the flow
the same flow. The feeding process can be modeled by ags passive tracefg,11].
suming that any individual prey entering a suitably defined Since the records for simultaneous particle trajectories are
“sphere of interception” is captured with certainty. In turbu- available, we can now select one to represent the predator
lent waters, the predator-prey encounter rate is related to thend label all the others as prey. We then select a predeter-
problem of relative diffusion, but now considered as amined radiusk in the sphere of interception, and remove all
boundary-value problem, with the condition that the preythe particles which happen to be inside this sphere. During
concentration vanishes at the surface of the sphere of intethe subsequent Lagrangian motion of the reference “preda-
ception. This is the standard model for this particular prob+or,” we count the number of prey entering its comoving
lem [4—6]. The general interest in the problem arises essensphere of interception between successive time steps. Each
tially from the simple observation that the food concentrationtime a particle enters, it is “eaten” in the sense that it is
in the near region of a predator will rapidly be depleted, andemoved from the database. Of course, if the experiment is
without any self-induced motion a predator will be starving,carried out for long times, all particles representing prey will
unless the prey within its sphere of interception is replaceeventually be removed. Here we are only interested in the
by turbulent motions in the flow. Here, we propose and demtime evolution of the prey flux for times up to an eddy turn
onstrate the feasibility of an experimental method for a staover time. As long af is much smaller than the size of the
tistical analysis, and present results for varying parametersmeasuring volume, we can with negligible error assume the

The problem of predator-prey encounter rates has beeprey concentration to be constant at large distances, corre-
studied in controlled laboratory experimeh#, and also by sponding to ideally infinite systems. By choosing a large
numerical simulation$8]. The basic features of the present number of realizations, we can give an estimate for the en-
experiment are described elsewhg®¢ with a detailed de- semble averaged Lagrangian prey flux after time of release.
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FIG. 2. Time variation of the normalized fluxf(r
FIG. 1. Time variation of the estimate for the ensemble aver—:tel/S/Rm), obtained from Eq(2), where distance is normalized
aged particle flux for unit densitfd(t))/ 7o, to spheres with three  py R and time byR 23 €3, The flux is then calculated to a sphere
different radii, R= 15, 30, and 45. with unit radius. From the present result, we can derive the
temporal flux variation for arbitrary R and e by J
Experiments are carried out for different intensities of the= 7,e'*R "3 (teY¥R 2). The (unphysical singularity att=0 is
turbulent velocity fluctuations(v?). With the polystyrene due to the assumed infinite initial gradientrat R. Note that the
particles acting as markers for the local flow velocities, ex-variation off(7) is rather slow for parameters relevant here, imply-
perimental estimates for the power spectrum for the fluctuaing that the dominant parameter variations of the fluxre due to
tions in velocity can be determind®]. It was found that the coefficient.
these power spectra can be modeled by
a simple diffusion equation with a properly chosen diffusion
(Lk)* coefficient which depends on the simultaneous mean-square
(1) velocity differences obtained at given spatial separations, but
independent of tim¢6]. The equation proposed is actually

o _ ) ) ) identical to the one suggested by Richardson in his study of
to a good approximation, witlr being a universal numerical djstance-neighbor functiord.2]

constant, anct the mean rate of dissipation of specific ki-

E(k :a62/3|_5/3
( ) [1+(Lk)2]17/6

netic energy. The expressigh) serves also to define as a 3
22 ; . J € J
characteristic length scale, which will be referred to later on. — =C— —rlok_ 2
; . : n(r,t) > T n(r,t). 2
The experimentally obtained velocity power spectrum con- ot r2 or ar

tains the characteristik~*® Kolmogorov Oubokhov sub-
range in the limit of large wave numbers. For very largewritten for spherically symmetric geometry, wittbeing the
wave numbersk, the model has to be completed by a vis- radial coordinate, here taken from the position of the preda-
cous subrange, but these small scales are beyond our resotor, andC the numerical constant, which is assumed to be
tion limit. All parameters entering Eq1) can be determined universal. The derivations of E(R) reported in the literature
experimentallyf9]. For instance, for the case discussed in theg6,12] assume that is a deterministic constant, and thereby
following, we found(v?)*?=19 mm/s,L=28 mm, «e?®  ignore intermittency correctiong 3]. Although the relation
=56 mnf¥<?, and e=225 mn?/s’. For the Kolmogorov  (2) had some experimental support from the time it was pro-
length scale (%/€)Y* (at times called the inner scaleve  posed[12] and also supported more receni8}, its validity
found 0.24 mm, which is smaller than our spatial resolutionhas been criticizedl1,2], see also the summary [®]. The

In Fig. 1 we show examples for the time varying particle range of validity of Eq.(2) is not fully explored, keep in
flux to a self-consistently moving sphere of interception withmind that for large separations a simple diffusion equation,
a given radiusR. This flux is the result of a competition with constant diffusion coefficient, is expected to apply, as
between on the one hand the depletion of polystyrenéndicated for instance by experimental resuiltd] for initial
spheres labeled “prey” in the near vicinity of the reference conditions having scales larger than the integral length scale.
particle, and on the other hand the inward flux of such parThese two casef9,14] referred to releases considered as
ticles due to the turbulent motions in the flow. In each real-initial value problems. It seems that a diffusion equation such
ization, we divide the flux by the prey density for that appro-as Eq.(2) can indeed be applied for analyzing relative two-
priate realization, and the result thus represents the prey fluparticle diffusion in certain variable rangg, but it is well
for unit density. For small radilR<L, we find that the flux known, on the other hand, that one cannot expect that a
level is almost constant in time. A decreasing trend becomediffusion coefficient depending solely on relative times or
conspicuous as the radius is increased, antkforl we find  spatial separations is universally applicable for this problem
a significant flux reduction for times approaching the eddy{2].
turnover time,rg=L/(v?)'2. From Eq.(2) is easy to derivé6] a steady-state flux to a

The prey flux to a sphere of interception moving self- sphere with radiugR asJ=(28/3)7C 7,e**R "3, where 7,
consistently with the flow has been modeled by, for instanceis the constant prey density at-. In Fig. 2 we show a
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FIG. 3. The prey flux measured at 1/2 eddy turnover titne, FIG. 4. Variation of the normalized flux with varying for a
=37, to a given sphere of interception is shown with open circlesfixed value ofR=25 mm. The measured points are obtained at a
for different radii. The full line gives the theoretical results from time t=3R ?¥¢Y3. The full line gives the theoretical results ob-
(2). Parameters ar@?)¥?=19 mm/s,L=28 mm,7z=1.6 s,and tained from Eq(2). See also Fig. 3.
€=225 mnt/s®. The fluxes are normalized to unit density. An error
bar on the curve gives the uncertainty dueGoThe size of the
symbols gives approximately the uncertainty on the measure
points.

q We also present results for the flux variation for a fixed
value of the radius of interceptio® =25 mm, and varying
€, see Fig. 4. The data are presented for a selected ttime
numerical solution of the normalized E@®). More generally =(1/2)R?¥ €3 and the theoreticak variation is shown
it can be argued by purely dimensional reasoning that thgith a full line. Within the range of variability, we find the
turbulent flux for unit densﬂy must have the fordi 7 scaling for e* with 0.3<a<0.6, which accommodates the
= e PR B3t (1YY R ?3), with f being a dimensionless func- , . .

1theorencal valuea=1/3. The numerical agreement between

tion of a dimensionless variable. The physical dimension Oth N d tical its is better th ¢
JI 70 is lengtt/time. With viscosity being immaterial for the € Measurements and analytical results is better than a factor

flow dynamics for scale lengths larger than the Kolmogoro°f 2, the analysis predicting a slightly larger flux, also in

length scale £3/€)4 we only have one quantity character- agreement with Fig. 3. The selected valde=25 mm can

izing the turbulence, namely,e with dimension be taken as representative for the length scales smaller than

lengti?/ time®, and the length scal® characteristic for the or equal toL in the experiments.

particular problem. Out of these, the only combination giv- Finally we note that the turbulent flux to a moving preda-
1/3 tor can be significantly smaller than the flux to a stationary

ing a quantity with dimensiortime is R %% while
€*R 8 giveslength/time The actual form of, includinga  one. This can be argued by noting that the relative mean-

numerical constant, can here only be determined by a nusquare velocity of a prey convected past a stationary predator
merical solution as shown in Fig. 2, where we used the valués (v?), while it is {[v(r,t) —v(r +y,t)]%), for a passively
C=0.32+0.05 derived from the experimental resyigs10]. convected predator-prey pair, with separationFor small

The experimental uncertainty on a particle posifibf] is  separationsy<L, we have[6] that ([v(r,t)—v(r+y,t)]?)
approximately 0.02 mm, and the idealized step function in~=C’e?3%?®whereC’ is a constant, and the relative velocity
prey density assumed as an initial condition when obtainings small, implying a small flux to the passively convected
Fig. 2 is, therefore, not an exact representation for our expredator. For large separationgs>L, on the other hand,
perimental conditions. We, therefore, choose an illustrativer(r,t) andv(r+y,t) can be supposed to be statistically in-
time to be at a later stage, where the initial singularity in thedependent, and the mean-square relative velocity is then
solution in Fig. 2 no longer has any consequence. 2(v?). The flux in this latter case is expected to be larger

In order to compare our observations with analytical re-than to a stationary predator, although such large separations
sults, we show by open circles in Fig. 3, the flux value at acannot be achieved for the present experimental conditions.
time t=(1/2)7¢, with 7= being the eddy turnover time. The  The flux to a stationary predator can be analyzed in much
corresponding analytical curve from E) is shown by a the same way as we investigated the flux to a moving preda-
full line. Taking into account that we have not introduced anytor, although of course in this latter case we choose a fixed
free or adjustable parameters, we find that the agreemengference position, without requiring the presence of a poly-
between the analytical and experimental results is satisfacstyrene sphere in the center. We can define a “gain factor” as
tory, although we find a slight, but systematic, reduction ofthe ratio between the flux to a stationary predator divided by
the measured flux as compared to the analytical result. Wehe flux to the passively convected predator with the same
note that the model equations become inadequate for spatigphere of interception. In Fig. 5 we show this gain factor for
separations larger than the largest eddies in the turbulencearious radiiR. All points are obtained at the reference time
r=L, although we find that th& " scaling seems to have a (1/2)7¢ used before. We find that the gain in prey flux
wider range of validity (in particulay at early times,t  achieved for a small predator, given the possibility of being
<(1/2)7¢. anchored at a fixed position in the flow, is considerable for
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SE ' ' ] to be passively carried with the turbulent flow, and our Fig. 5

£ ] quantifies this disadvantage.
4F E In this correspondence we investigated the turbulent flux

: ] to a perfectly absorbing surface, with particular attention to
the problem of predator-prey encounters in turbulent flows.
We summarized the basic elements of an experimental
i ] method for investigating the prey flux to a moving predator.
2F 3 In the limit of small R, we found evidence for ar " flux

2 ] scaling (see Fig. 3 in terms of the radius in a sphere of
1E °°°° 6 o o E interception, and also found indications of aH® scaling

2 © o o ] with the turbulent dissipation ratsee Fig. 4, in agreement
with the predictions of a model Eq2). This model also
agrees quantitatively to some extent with the observations.
We suppose that the observations justify extrapolation to ra-
dii, R, smaller than those experimentally accessible. We ex-

FIG. 5. Variation of the gain factor for a stationary predator for pect that in order to obtain a general model, which can give

various radii in the sphere of interceptioR, The figure refers to a  results for extended time periods and &l we will have to
timet=37¢. allow for a diffusion coefficient which depends on time as
well as spatial separations, in particular, also including
memory effectg§2].
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small spheres of interception, using the length staks a
measure. FoR~L this gain factor is close to 1, and the prey Valuable discussions with Maria Bseli are gratefully ac-
flux is the same for a stationary as for the moving predatorknowledged. This work was in part supported by the Norwe-
For larger valuesR>L the flux to a moving predator ex- gian National Science Foundation under Contract No. NFR-
ceeds that experienced by a stationary one. Seen from thi36030/431, and by the Danish Technical Research Council
point of view, it is clearly a disadvantage for a small predatorunder Contact Nos. STVF-9601244 and 26-01-0087.
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