aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Transport of particles, drops, and small organisms in
density stratified fluids
Arezoo M. Ardekani, Amin Doostmohammadi, and Nikhil Desai
Phys. Rev. Fluids 2, 100503 — Published 17 October 2017
DOI: 10.1103/PhysRevFluids.2.100503


http://dx.doi.org/10.1103/PhysRevFluids.2.100503

Transport of particles, drops, and small organisms in density stratified fluids

Arezoo M. Ardekani',* Amin Doostmohammadi?, and Nikhil Desail
LSchool of Mechanical Engineering, Purdue University,
West Lafayette, Indiana 47907, USA
2 Rudolf Peierls Centre for Theoretical Physics,
University of Ozford, Oxford OX1 3NP, UK
(Dated: June 13, 2017)

Sedimenting particles and motile organisms are ubiquitously found in oceans and lakes, where
density stratification naturally occurs due to temperature or salinity gradients. We explore the
effects of stratification on the fundamental hydrodynamics of settling particles, rising drops, and
small organisms. The results of our direct numerical simulations (DNS) of the sedimentation of
particles show that the presence of vertical density gradients in the water column can substantially
affect the settling dynamics of a particle, interaction between pair of particles, and settling rates
and micro-structure of suspension of particles. We show that elongation of particles affects both
the settling orientation and the settling rate of particles in stratified fluids, which will have direct
consequences on the vertical flux of particulate matter and carbon flux in the ocean. We further
demonstrate an unexpected effect of buoyancy, potentially affecting a broad range of processes at
pycnoclines in oceans and lakes. In particular, stratification has a major effect on the flow field,
energy expenditure and nutrient uptake of small organisms. In addition, the role of stratification in
pattern formation of bioconvection plumes of algal cells and in biogenic mixing is investigated. In
particular, the numerical approach allows for considering the effects of background turbulence and
hydrodynamic perturbations produced by swimming organisms, shedding light on the contribution
of organisms in the mixing process in aqueous environments.
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I. INTRODUCTION

Density stratification — due to salinity and/or temperature gradients — is a characteristic feature of
aquatic systems ranging from ponds to oceans [1, 2]. The layers, O ~ 1-1000 m in length, across which
there is a sharp change in the water density are called ‘pycnoclines’. These pycnoclines are associated with
intense biological activity (e.g., formation of algal blooms) and directly impact carbon fluxes into the ocean
by inhibiting the descent of marine snow particles (aggregates > 0.5 mm in diameter) [3]. An increase in the
vertical density stratification due to the climatic changes [4] promotes further accumulation of marine snow
[3], and consequently, the formation of phytoplankton blooms [5]. The latter leads to enhanced sequestration
of carbon dioxide as the phytoplankton in the ocean surface consume dissolved COs for photosynthesis, and
some of them sink to the ocean bed when they die. This “biological pump” is responsible for transferring
about 300 million tons of carbon from the atmosphere to the oceans every year [6, 7].

Algal blooms formed in freshwater systems are detrimental, and they are known to significantly disrupt
water supply systems [8]. On an ecological level, harmful algal blooms (HAB) have an adverse affect on the
coastal biota. Toxins released from unicellular marine algae (e.g., dinoflagellates and diatoms) accumulate
in the tissues of fish and invertebrates [9, 10], resulting in marine organism mortalities and fish kill. Density
stratification acutely affects algal bloom formation [3, 8, 11], leading to low dissolved oxygen levels, and
food web disruption. Events such as a sudden rain storm, discharge of submarine, and a fresh water run-
off from rivers can affect the formation of bioluminescent plankton blooms and harmful algal blooms [12,
13], concomitantly affecting hydrodynamic, acoustic and optical performances of sea platforms [14]. The
aforementioned environmental consequences make it imperative to develop a fundamental understanding of
transport, and accumulation, of particles and organisms in density stratified fluids.

In spite of the widespread implications of stratification on the swimming of micro-organisms and settling
of particles, the underlying hydrodynamic intricacies remain poorly understood. In oceans and lakes, the
ambient fluid density varies on a length scale of L, = Apg/y ~ O(1) in meters, where Apg is a reference
density variation (e.g., 27 kg m~3) and ~ (0-2 kg m~*) is the vertical gradient in fluid density. This length
scale is much larger than the characteristic size of the marine organisms and particles (in the range of ym to
cm). However, it has been recently shown that the appropriate length scale for incorporating density variation
effects is Ly = (uk/vg)'/*, where p is the dynamic viscosity of water,  the diffusivity of the stratifying agent,
and ¢ the acceleration due to gravity [15]. This length scale has been previously introduced in a different
context (diffusion induced flows along inclines in a stably stratified fluid) by Phillips [16]. Importantly,
typical values of v show that L, is often as small as a fraction of a millimeter (hence L, << L,), thus
overturning the notion that the fluid mechanics of aquatic organisms and small particles is unaffected by
stratification.

The presence of a density gradient leads to significant modifications in the flow physics as a particle
settles, or an organism swims, through the stratified fluid. In a homogeneous fluid with kinematic viscosity
v, the motion of a particle or organism of characteristic length L and characteristic velocity W), is well
described by the Reynolds number, Re = W, L/v. In a stratified fluid, the buoyancy force and the diffusivity
of the stratifying agent are also important. The buoyancy force is represented by the Froude number,
Fr =W,/(NL), where N = (vg/po)'/? is the Brunt-Viisili frequency, the natural frequency of oscillation
of a vertically displaced fluid particle in a stratified fluid. Moreover, the difference between the momentum
diffusivity and the diffusivity of the stratifying agent x impacts the settling of particles or swimming of
organisms in stratified fluids and their ratio can be characterised by the Prandtl number, Pr = v/k. In
addition to introducing new dimensionless groups, stratification causes major qualitative differences in flows
in the vertical and horizontal directions. The horizontal flows of stratified fluids have been extensively
studied [17-19] and the drag reduction due to internal waves are well-understood [20, 21]. Spherical particles
settling through sharp density interfaces show an increase in their drag coefficient [22-25]. Our recent studies
have explored the flow fields of organisms and dynamics of particles swimming or settling in stratified fluids.
The present manuscript discusses the fluid mechanics governing transport of organisms and particles in the
context of the following questions:

e How does stratification influence sedimenting particles, rising drops, and swimming organisms?
e Does density stratification lead to enhanced clustering in a suspension of particles/drops/organisms?
e How does elongation of particles and organisms modifies their motion in a stratified water column?

e What is the role of density stratification on bioconvection plumes in a suspension of algal cells?



Dimensionless number |Definition Description
Reynolds number Re |poWpd,/p Ratio of inertial to viscous forces
Froude number F'r Wyd, /N Ratio of inertial to buoyancy forces
Richardson number Ri [poN*d, /(W) Ratio of buoyancy to viscous forces
Prandtl number Pr v/K Ratio of momentum diffusivity to the diffusivity of a stratifying agent
Density ratio n Pp/ Po Ratio of particle density to the reference density of the fluid
Archimedes number Ar | pogd;(p, — po)/ 1 Ratio of gravitational to viscous forces
Volume fraction ¢ prdg /(6L3) Fraction of the domain occupied by particles

TABLE I: List of dimensionless parameters important in the study of settling particles/droplets in stratified fluids.
Here, p, denotes particle density and d is the particle diameter, po is a reference density of the background fluid, p
the dynamic viscosity of the fluid, v the kinematic viscosity, x the diffusivity of the stratifying agent, g is the
gravitational acceleration, and N = (fyg/po)l/2 is the Brunt-Vaisalad frequency. In the case of multi-particle systems,
N, denotes the number of particles and L is the system size.

e To what extent do swimming organisms contribute to biogenic mixing in stratified oceanic environ-
ments?

These questions are addressed by investigating the role of stratification on the suspension of particles and
organisms by utilizing three-dimensional fully resolved computational fluid dynamics tools. In Section II,
governing equations, relevant dimensionless parameters and the computational frameworks based on a semi-
analytic approach and DNS are introduced. In Section III, results of the fully resolved, three dimensional,
DNS of the unsteady settling of rigid and deformable particles in stratified fluids are provided. Settling
dynamics are discussed for individual particles, pair of interacting particles, and suspension of particles and
new mechanisms for aggregation of particles in the presence of background density gradient are introduced.
Moreover, one aspect of geometrical complexity is addressed by characterizing the effect of elongation of
particles on settling dynamics in a density stratified fluid. In Section IV, the results of modeling the full non-
linear effects of stratification on motility are presented and it is shown that a frequent feature of the physical
environment — density stratification — can have direct ecological consequences on motility-related traits,
including energy expenditure, nutrient uptake and predator-prey interaction. Furthermore, stratification
impact on bioconvection plumes of algal cells and biogenic mixing induced by swimming organisms in the
presence of background turbulence are investigated. Finally, in Section V, concluding remarks and future
directions are discussed.

II. GOVERNING EQUATIONS

The vast majority of organisms and particles being considered in our studies are ‘small’ (um — ¢m), and
their motion is predominantly in the viscous flow regime. The prevalence of small particles is apparent
from the observations of particle size spectra [26], which show that the abundance of marine particles and
organisms scales with the inverse of their size to the fourth power. Even then, the basics of particle/organism
motion (and/or accumulation) in the presence of density stratification have been marginally explored from
a fluid dynamics perspective, thus calling for fundamental research in this topic. In this section, we discuss
both a semi-analytical approach, based on point-force singularities, and fully resolved simulation techniques
to accurately capture the physics of the stratification impact on the settling of particles and swimming of
marine organisms in environmentally relevant setups.

The equations governing the fluid motion under the Boussinesq approximation are

V.ou=o, (1)
Po% + pou-Vu=—Vp+ uVu+pg+f, @)
U 4 u.VT = kg V2T, (3)

where u = (u,v,w) is the velocity field, ¢ is time, p is the pressure, p is the fluid density, g = —gk is the
acceleration of gravity, with k the vertical unit vector, positive upwards, and f; is an external body force.
The first equation states that the fluid is incompressible. The second equation expresses conservation of
momentum, under the assumption that the effect of variations in fluid density is only considered in the
body force pg (Boussinesq approximation). The last equation describes how temperature changes due to
advection and diffusion of the stratifying agent. Equations (2) and (3) are coupled as the fluid density is
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FIG. 1: Stratification dramatically alters flow fields of point force singularities. A vertical point force is shown (a)
in a stratified fluid, (b) in a homogeneous fluid and (c) between two horizontal walls. Black lines are streamlines,
colors indicate the magnitude of vertical velocity, w. (d) The results show that stratification induces a sharper
decay of fluid velocity, w®, with distance from the disturbance compared to the homogeneous fluid, for both a
Stokeslet (red, green) and a stresslet (blue). (Reprinted from [15] with the permission of APS Publishing.)

related to the temperature variation by p = po(1 — aT'), where « is the thermal expansion coefficient and
po is the reference density of the fluid chosen as the density of the background fluid at the initial location
of the particle. It should be noted that the same governing equations apply to salt stratified fluids. In that
case, T, k1, a represent the salt concentration, diffusivity, and salinity contraction coeflicient, respectively.

II.1. Fundamental singularities in a stratified fluid

The far-field velocity generated by a settling particle and a motile organism in the Re = 0 limit can
be described by the point-force singularities, a ‘Stokeslet’ and a ‘stresslet’, respectively. Here, we consider
steady viscous flow induced in a vertically stratified fluid by a point force f. In this case the external body
force in Eq. 2 is f, = £6(r) and inertial terms are neglected. The resulting linearized equations can be solved
analytically in Fourier space after linearization, followed by numerical inversion to recover the solution in the
real space [27]. The details of fundamental low- Re singularity solutions of the flow induced by a point force
and a force dipole are shown in [15]. These semi-analytical solutions hold for small isopycnal deflections and
do not account for the non-linear convection term in the transport equation.

The semi-analytical results reveal that stratification dramatically alters the flow field generated by a point
force (Stokeslet) by creating toroidal eddies (Fig. 1a), which stand in stark contrast to the mono-directional
flow of a Stokeslet in a homogeneous fluid (Fig. 1b). This is due to the suppression of the vertical motion
of the fluid, which leads to the formation of recirculation patterns. Eddy formation is consistent with the
tendency of stratification to hinder vertical motion, as highlighted by comparing the recirculating patterns
formed due to stratification with the case where stratification is replaced by two horizontal walls. In the
latter case, a qualitatively similar eddy occurs due to the confinement (Fig. 1c; see also [28]).

Point force singularities only provide information about the far-field flow generated by a moving particle
and swimming organism in small-Reynolds- and Péclet-number regimes, whereas a full description requires
numerical solution of the non-linear equations. To this end, Ardekani and co-workers have developed three-
dimensional, fully non-linear simulations, investigating the motion of a single settling sphere [29], a motile
organism [30], an elongated particle [31], a rising droplet [32] as well as suspensions of particles [33], drops
[34] and organisms in multi-body systems in the presence of stratification, as well as background turbulence



[35]. In this review article, we summarize some of those studies.

I1.2. Fully resolved numerical simulations

In this section, we discuss the numerical tools that are used to solve the full non-linear equations of
motion to understand the effects of stratification on the motion of suspension of particles and organisms.
Ardekani and co-workers have developed advanced numerical tools to study particle motion in viscous fluids
[36, 37] and extensively tested them against benchmark problems. The code is based on a finite-volume
method and the Navier-Stokes equations are solved on a nonuniform staggered grid, using an operator
splitting technique. Convection and diffusion terms are discretized using the QUICK (quadratic upstream
interpolation for convective kinetics) and central difference schemes, respectively [34, 38]. The time evolution
is obtained using a second-order Runge-Kutta scheme. Objects of general shape and multiple particles [37]
are resolved using a distributed Lagrange multiplier method [39], where the equations of fluid motion are first
solved for the entire computational domain including the inside of the particle, and then rigidity constraint
is implemented inside the particle by means of Lagrange multipliers. The details of the projection step and
calculation of the rigidifying force are provided in our previous publications [29, 37].

The same numerical approach can be applied to self-propelled organisms, for which the kinematics of
deformation are specified as an input and the flow field is computed by solving the momentum equation
with an added body force f; [40], which models the presence of the organism (see below). The density in the
inertial terms of the momentum equation would be equal to p, in the ‘organism domain’ and ps in the fluid
domain. By defining the body force as

fb:fﬁ—l—Cg—i(Up—i—wpxr—i—ui—u), (4)
inside the organism (and zero elsewhere), we can enforce the organism to move with the desired deformation
kinematics, where f; is the force computed from the previous iteration, C' is a dimensional constant (whose
value does not affect the final converged solution), and ¢ is an indicator function defined to be ¢ = 1
inside the particle and ¢ = 0 outside. The organism velocity is decomposed into a rigid velocity, u,, plus
a solenoidal velocity, u;, imposed inside the swimmer causing its propulsion. The former is calculated as

u, = U, +w, xr, where U, and w,, are the organism translational and angular velocities calculated as
[29, 40]

1
U= 3r [ ota—w)av. and T, = [ prxw-ujav. (5)
M, Jv,

P

where V,, M, and I, are the volume, mass, and moment of inertia of the organism. It is important to
mention here that an appropriate choice of u; will enable us to model the complex movement of organisms
ranging from algae to jellyfish. The details of the computational method are given in recent publications on
the suspension of squirmers in a homogeneous fluid [40, 41], rod-shaped swimmers [42], and motion of an
undulatory flagellated swimmer [43].

IIT. SETTLING/RISING OF RIGID PARTICLES AND DEFORMABLE DROPS IN
STRATIFIED FLUIDS

IT1.1. Individual particles
II1.1.1. Settling of spherical particles in sharp and continuous stratifications

Gravitational settling of a single particle and droplet has been extensively studied in sharp density gradients
[22, 44-46]. In particular, it was shown experimentally that a sphere settling through a sharp density
interface experiences an order of magnitude larger drag force due to buoyancy effects compared to settling
in a homogeneous fluid [22] and that the sphere is subject to long residence times at the sharp interface
[44]. In linear stratified fluids, the study of steady state settling motion showed that both in inertial and
viscous regimes the drag on the spherical particle significantly increases [23, 25]. We have recently conducted
numerical simulations of the settling of a rigid sphere in linearly stratified fluids, investigating the transient



dynamics of particle sedimentation. Our simulation results reveal a wealth of dynamics offered by the
combination of buoyancy forces and inertial effects on the particle settling under gravity (see Fig. 2a) [29].
We report that unlike the settling in a homogeneous fluid, where the particle velocity monotonically increases
before reaching a constant settling speed, settling of a particle in stratified fluids shows a maximum in
the settling velocity, with the magnitude of this maximum being reduced at stronger stratifications. This
suppression of vertical motion is then followed by distinct dynamical behaviours depending on the strength
of the stratification: (i) At weak stratifications, after reaching a maximum, the settling velocity drops
continuously until the particle stops (Fig. 2a, blue line). (ii) Stronger stratifications lead to emergence of
oscillations in the particle velocity (Fig. 2a, light green line). We found these oscillations to be induced by
the formation of primary, secondary and tertiary vortices behind the particle; such vortex structures around
a settling particle are absent in homogeneous fluids. (iii) At even stronger density gradients, oscillation
amplitude grows such that the particle stops settling momentarily, levitates for a short time, and then
reverses its motion to the point where buoyancy begins to once again dominate drag (Fig. 2a, red line). At
this point, the particle experiences monotonic deceleration, oscillation, or even levitation depending on the
strength of the stratification. A classification of particle’s dynamical behaviour can be obtained from a phase
diagram based on the Froude number and the density ratio (see Fig. 2b).

Furthermore, a closer look into the oscillations in the particle settling velocity reveals that the oscillation
frequency scales with the Brunt-Vaiséla frequency (see Fig. 2¢). In addition to a rigid particle, we have also
studied the rising motion of a deformable drop in linearly stratified fluids [32]. We found that much like the
descent of a rigid particle, the ascent of a deformable drop is markedly suppressed by the presence of density
stratification, and secondary vortex structures are seen to manifest around the drop (see Fig. 2d). More
importantly, stratification effectively hampers the deformation of drops and for strong stratifications a drop
remains closely spherical (see Fig. 2¢). In addition to rigid particles and deformable drops, the rising motion
of bubbles has been recently studied through experiments on sharp density interfaces [47]. It was shown
that depending on the size of the bubble, it can experience straight or zig-zag trajectories at the interface
leading to stable and unstable drift volumes behind the bubble, potentially impacting the mixing induced
by rising bubbles in stratified fluids.

II1.1.2.  The impact of the particle elongation

For a long time, the understanding of particle motion in stratified fluids remained limited to the motion
of spherical particles but it is known that many marine particles and organisms are not perfectly spherical
[48]. In fact, a majority of phytoplankton are spheroid-shaped (aspect ratio ~ 5) [49], and slender shapes
(rods or needles) outnumber shapes such as spherical and disc-shaped. The sedimentation of such elongated
particles in homogeneous fluids has been studied in detail [50-53], but their behavior under stratification
remained unexplored/elusive for quite a long time. In the Stokes regime, the orientation of an ellipsoid does
not change as it settles in an unbounded quiescent fluid (due to the ‘reversibility’ of the Stokes flow) [54].
Drag anisotropy dictates that the hydrodynamic drag on an ellipsoid settling parallel to its shorter axis is
larger than the one descending parallel to the longer axis. This means that the settling rates in Stokes flows
are orientation dependent. However, inertial effects significantly modify the settling dynamics — due to
upstream wake formation — by causing rotation of the elongated particles as they settle. Thus any ellipsoid
that begins descending along a narrower side (minor axis) in an inertial regime ultimately settles along its
broadest side (major axis) [53].

For a particle settling at Re < 1 in a stratified fluid, we find that the settling dynamics is affected
differently. A torque acts on the particle due to the differential buoyancy experienced by its opposite ends
[31]. This buoyancy-induced torque can have important consequences on the retention of particles at density
interfaces which affects the formation of thin particle layers and algal blooms [2]. Our simulations for the
motion of an ellipsoid settling through a sharp density interface are shown in Fig. 3a. As stratification
is increased in the form of a buoyancy jump, the ellipsoid’s minor axis aligns with the vertical direction
near the interface and then retains its original orientation after crossing the density divide (see Fig. 3b).
The results are very different though, for linear stratification. Here the ellipsoid re-orients, once again
due to stratification effects, but this time it is the major axis that aligns itself with the vertical direction.
Thus, depending upon the intensity (density gradient magnitude) and type of stratification (sharp jump vs.
continuously varying) we observe qualitatively and quantitatively different settling behaviors of elongated
objects.
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FIG. 2: Settling dynamics of a rigid particle and a deformable drop in linearly stratified fluids for various Froude
numbers Fr (smaller Fr corresponds to stronger stratification). (a) The temporal evolution of the settling velocity
of a rigid particle for various strengths of the stratification. 7 = v/gd denotes the characteristic time and
W = (pp — po)gda/(18u) is the Stokes terminal velocity. (b) A phase-diagram of distinct deceleration dynamics. (c)
Generation of lee waves around the particle, evident form contours of the velocity magnitude. Green lines show the
lines of constant phase calculated from the method of stationary waves. y, denotes the transverse position of the
particle. (d) Rising motion of a deformable drop in a linearly stratified fluid over the course of time (t* = t/7).
Colourmaps show dimensionless vorticity w* = w7 contours and solid lines illustrate constant density lines. (e) The
effect of stratification on the deformation of a drop. The drop deformation is quantified by x = I1/I2, where I; and
1> are the largest and smallest eigenvalues of the second moment of inertia tensor, with x = 1 corresponding to a
spherical drop. Stronger stratification (smaller Froude number) leads to a more spherical drop (x ~ 1). ((a)-(c)
reprinted from [29] with the permission of Cambridge University Press and (d), (e) reprinted from [32] with the
permission of AIP Publishing.)

II1.2. Dynamics of suspensions

While the effects of the density stratification on the reduced settling velocity of a single sphere have gained
significant attention in the research community [22, 25, 29, 44, 55|, the same can not be said about the settling
rates and accumulation trends of a suspension of particles and/or organisms in stratified fluids. This is in
part due to the complexity of the problem which involves coupling between particle-particle hydrodynamic
interaction and density stratification. We employed DNS to resolve the motion of particles and organisms,
and quantify the effect of density stratification on possible cluster formation. We quantified the flow field
around a suspension of particles settling in stratified fluids, and provided a correlation between the mean
settling velocity of the suspension and the extent of density stratification.

The relative velocity of the particles with respect to the surrounding stratified fluid is represented by the
‘average slip velocity’, Wy = W), — wy, where W), is the mean velocity of particles averaged over the particle
assembly and w; denotes the volume averaged velocity of the fluid phase in the suspension. The normalized
slip velocity W, when scaled by its homogeneous counterpart Wy, is significantly reduced (Ws/Wgy < 1.0).
The best fit of the data for different volume fractions is obtained as Wy /Wg = 1 — 61.1Fr=2%7, Our results
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FIG. 3: The settling motion of an ellipsoid at (a) a sharp density interface and (b) a linear stratification. Shown in
(a) are the normalized density contours. In (b), the solid lines show the isocontours of density and the colormap
shows the normalized vorticity contours. (Reprinted from [31] with the permission of APS Publishing.)

for a swarm of particles in a stratified fluid show that their motion is significantly slowed down, and that they
are more aggregated as compared to the same swarm in a homogeneous fluid. We observe a similar behavior
(of slower ascent, and an enhanced aggregation) for a swarm of deformable drops ascending in linearly
stratified fluids (see Fig. 5b) [34]. In fact, the slowing down of a swarm of rising drops can even be predicted
by analyzing the motion of a single drop, rising in a stratified fluid. Fig. 4 clearly shows the similarity in
the time evolution of the instantaneous rise Reynolds numbers for a single drop, and a swarm of drops, for a
range of stratifications. It is seen that the rise is substantially slowed down in both cases; although this effect
is much stronger for the swarm of drops. We characterize the micro-structure of the particle assemblies by
comparing the pairwise probability distribution functions (both radial and angular) between homogeneous
and stratified fluids. The tendency of horizontal alignment in a suspension of particles/drops is evaluated
by measuring the angular pair probability distribution function G (#), which quantifies the probability of
finding two particles that are oriented at a specific angle with respect to each other, and separated by a
prescribed distance 7:

p NP
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where, AV () = (2m1%/3) [cos (0 — AB/2) — cos (8 + AB/2)], is the volume of a spherical sector of radius 7,
and azimuthal angle 0, between [0 — A0/2,0 + Af/2]. Therefore, higher probability of horizontal clustering
will be associated with peaks in the value of G (), observed at angles close to § = 7/2. In light of this
reasoning, the results shown in Fig. 5d,e illustrate that density stratification leads to the formation of clusters
that are predominantly aligned horizontally across the fluid column; both for rigid particles, and for a swarm



of drops. In addition to peaks around 6 = 7/2, we observe increasingly higher values of G (0) and G (7),
for reduced F'r, for a suspension of rigid particles (Fig. 5d). All these peaks are “specific to short range
interactions”, i.e., these are only found when G () is evaluated for r ~ d, and are seen to disappear when
r > 5d (see [33, 34] for details). This means that vertical (for rigid particles) and horizontal (for rigid
particles, and for drops) clustering is observed only at smaller length scales. As opposed to the horizontal
configuration (6 = 7/2), the vertical configurations are unstable. The unstable nature of ‘short range vertical
interactions’ is consistent with our recent study [56] on the interaction of an isolated pair of rigid particles
in stratified fluids for both side-by-side and in-tandem configurations. It is interesting to note that the
clustering behavior of a suspension can also be deduced by examining the motion of a pair of particles, or
drops. A pair of rigid particles sedimenting side-by-side in a stratified fluid are attracted toward each other,
after initial repulsion due to inertial effects. This is dramatically different from the side-by-side sedimentation
in a homogeneous fluid, where the inertial repulsion persists up to a certain distance after which the rigid
particles sediment with an offset in their horizontal separation distance. The enhanced attraction in a
stratified fluid helps explain the higher “short-range” peaks observed at 8 = 7 /2 (for lower values of Fr),
for the case of a sedimenting suspension of rigid particles. The behavior of particles settling in tandem
in a weakly stratified fluid is characterized by drafting-kissing-tumbling with a prolonged kissing time and
reduced separation as compared to a homogeneous fluid. This regime can change to either drafting-kissing-
separation, or even drafting-separation in stronger background density gradients [57]. There is a noticeable
absence of the tumbling behavior. This behavior reinforces the understanding of the more complex response
of a suspension of rigid particles, i.e., the existence of peaks at § = 0, m. The dynamics of the particle pair
interaction in stratified and homogeneous fluids is summarized in Fig. 5a. The behavior of an ascending
swarm of drops can also be understood by a closer examination of the motion two drops rising in a stratified
fluid column [58]. We observe that greater stratification leads to an enhanced attraction between two drops
ascending side-by-side, just like it results in higher values of G (7/2) for a swarm of drops. The tendency
of drops to horizontally cluster in stratified fluids is so high that the vertical configurations become less
probable with increased stratification. This is in stark contrast with the behavior of rigid particles, wherein
we see higher values of G (6) even for § =0, .

In addition to the mean settling velocity and the micro-structure of a suspension, stratification also impacts
the fluctuations in particle velocity. In a homogeneous fluid, there have been several contradictory predictions
of the dependence of velocity fluctuations on the system size (system size refers to the number of particles for
a prescribed volume fraction of the ‘particle phase’) [59]. Our DNS results show that density stratification
inhibits both vertical and horizontal velocity fluctuations and suppresses the ‘growth rate’ of fluctuations with
increasing system size (compared to the corresponding responses for a homogeneous fluid). This reduction in
fluctuations is also apparent in Fig. 4, where we see oscillations of much smaller magnitudes as F'r decreases.
Moreover, it could have been predicted from the results show in Fig. 1, where we saw that vertical flow
disturbances — and hence vertical velocity fluctuations — are significantly hindered in case of stratified fluids.
Furthermore, even though the growth rate of fluctuations reduces progressively with increasing system size
(see the slopes of the curves in (Fig. 5¢)), the actual value of said fluctuations does not seem to saturate,
at least for the range of particle numbers considered (N, = 8 to N, = 64) (Fig. 5¢). Future studies should
investigate the existence of such a ‘thermodynamic limit’ for particle velocity fluctuations by considering even
larger systems. Finally, the velocity fluctuations for a swarm of drops rising in a linearly stratified fluid show
drastically different behavior as compared to the homogeneous case (see Fig. 5f). At low volume fractions,
velocity fluctuations are more uniformly distributed between vertical and horizontal directions in a linearly
stratified fluid ((Rew) / (Reys+v+) is closer to unity). This is most unlike the noticeable anisotropy of the
‘homogeneous fluid case’, where fluctuations in the vertical direction are almost twice as intense. The reason
behind this enhanced isotropy in stratified fluids can be attributed to the suppression of vertical motion,
leading on to a uniform energy transfer across the flow. Once again, we stress that this suppression was also
seen in the semi-analytical results of Section II.1 (Fig. 1), and therefore, it is important to view the results
of more complex systems in light of the fundamental understanding imparted by the simpler problems.

These results hint at intriguing and non-trivial behavior of suspensions in stratified fluids. The dynamics
discussed thus far will be even more significantly altered if the particles/drops are replaced by motile or-
ganisms. In this case, the self-propulsion of organisms modifies the flow field, leading to altogether different
clustering behavior.
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FIG. 4: The time evolution of the instantaneous rise Reynolds number of (a) a single drop, and (b) multiple drops
in a stratified fluid at different F'r. (Reprinted from [34] with permission of Elsevier.)

IV. HYDRODYNAMICS OF ORGANISMS AT PYCNLOCLINES
IV.1. Stratification affects swimming dynamics of a single organism

The impact of planktonic micro-organisms on marine ecology is apparent, and well-studied [60-63]. How-
ever, the same cannot be said about the impact of density stratification on the many fundamental aspects
of micro-organism motility, their energetic expenditure and nutrient uptake rates. The first attempt in
this direction, via a series of numerical simulations of a swimmer in stratified waters, was carried out by
Doostmohammadi et al. [30]. The results show that stratification has potential benefits, as it may render a
micro-organism less prone to be detected by predators, but on the flip side it demands more energy during
locomotion. As a first approximation, the classic ‘two-mode squirmer’ model is employed as a representa-
tive swimming micro-organism [64]. This model consists of a spherical swimmer body with a prescribed
tangential ‘slip’ velocity that represents the effects of surface deformations due to flagella or cilia

B
ug = Bysinb + 7251'7129, (7)

where 6 is the inclination angle measured from the swimming direction. The parameters B; and Bs determine
the organism velocity and stress field around the organism, respectively. The sign of the ratio of 5 = Ba/B;
distinguishes puller (generating thrust behind the body) and pusher (generating thrust in front) swimmers
with § > 0 for pullers (e.g., algal cells) and 8 < 0 for pushers (e.g., bacteria).

The results show that the stratification has major consequences on the motility of organisms and causes a
dramatic reduction in their speed (~ 50%, when compared to a homogeneous fluid [30]; see Fig. 6b). There
are two mechanisms responsible for reduced motility (alternatively, enhanced energetic needs): (i) viscous
‘trapping’ of lower-density fluid from upper layers, resulting in the formation of a ‘shell’ of lighter fluid
around the organism. The negative buoyancy of this fluid shell reduces the speed of the organism (Fig. 6b);
(ii) the ‘tail’ of perturbed isopycnals in the organism’s wake, which induces upward moving flows due to the
tendency of isopycnals to restore to the unperturbed configuration.

The significant reduction in motility implies that the ‘flow signature’ of organisms can be markedly altered
by stratification. This is because of the suppression of vertical fluid flow — and thus reduced fluid disturbance
in the ambient — as discussed in Section II.1. It is quantified by calculating the volume wherein a fluid
disturbance exceeds a threshold, i.e., a detection volume. Calculations show that the flow signature in a
stratified fluid can be less than half of that in a homogeneous fluid, i.e. detection volumes can be ~ 60%
smaller. A direct consequence of low detection volumes is a possible safety offered against predators, due to
reduced mechanosensing. Moreover, measurements of the energy expenditure by the microswimmers show a
significant increase of up to 300% and 500% for pushers and pullers, respectively. This is because in addition
to working against hydrodynamic resistance, the organism also consumes energy as it mixes the ambient
fluid, i.e., homogenizes the ambient density gradients. It is noteworthy that the disparity in the energy
expenditure between pullers and pushers can not be captured by the semi-analytic point-force singularity
method, discussed in section II.1, and this highlights the necessity of full numerical simulations. In addition,
the results show that nutrient uptake of the organism can be largely affected by stratification. The nutrient
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FIG. 5: (a) Schematic of inertial pair-particle interaction in homogeneous and stratified fluids. (b) Dispersion of
particles and drops in a stratified fluid is significantly reduced. (Left) homogeneous fluid, (middle) Fr = 10.2,
(right) Fr = 7.26. (c) The growth of velocity fluctuations as a function of the system size (number of particles N,)
is suppressed in a stratified fluid (open symbols) compared to the settling in a homogeneous fluid (filled symbols).
Here, W, denotes the average settling velocity. (d,e) Stratification leads to a strong horizontal cluster formation in a
suspension of (d) particles and (e) drops as shown in plots of angular pair probability distribution function. (f)
Density stratification reduces fluctuations in vertical and horizontal velocity components, denoted by
Reyw: = W'd,/v and Rewr vy = (U +V')dp/v. ((a), (c), (d) reprinted from [33] with the permission of AIP
Publishing and (b), (e), (f) reprinted from [34] with the permission of Elsevier.)

concentration, C, is computed by solving the following conservation equation

9¢ +u-VC = kyV3C, (8)

ot
where ky is the nutrient diffusion coefficient. The effect of stratification is quantified by comparing the
Sherwood number — representing the ratio of the total nutrient uptake to the nutrient uptake by diffusion
alone — for stratified and homogeneous fluids. It is seen that for the parameter values considered, and at a
fixed swimming speed, stratification leads to thinner concentration boundary layers around a swimmer (as
compared to a homogeneous fluid; for both a pusher and a puller), implying enhanced diffusion of nutrients
into the swimmer body. As a result, the Sh for a stratified system is larger than Shy for a homogeneous
system, or Sh/Shy > 1 (see Fig. 6d). But a higher Sh doesn’t translate to more efficient foraging, because of
the increased energetic expenditure discussed earlier. In other words, the ‘foraging efficiency’ (nsor. = Sh/P;
P is the energy expended by the swimmer) for a stratified fluid is always less than that for a homogeneous
fluid (nfor..m = Shu/Prm) and the ratio nyor. /Nfor. m continues to reduce for greater stratifications. These
results are a reflection of the fascinating effects that stratification has on the livelihood of marine organisms.
In conclusion, we re-iterate that residing at pycnoclines leads to many fundamental changes in an organism’s
bio-physical dynamics, the major ones being a reduction in the cell motility, as well as in the risk of their
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FIG. 6: Motility of microorganisms is affected by density stratification. (a) Stratification impact on the velocity
field generated by squirmers. The color map shows normalized density. Black lines with arrows represent
streamlines. (b) The speed of an organism in a stratified fluid, U, normalized by the speed in a homogeneous fluid,
Un, as a function of the Richardson number Ri = Re/Fr? (higher Ri correspond to stronger stratification). (c)
Stratification leads to a significant reduction of the detection volume compared to a homogeneous fluid. (d)
Stratification increases nutrient uptake compared to the homogeneous fluid. The nutrient uptake is quantified by

the Sherwood number Sh = — [ n.VCdS/(4maCs), measuring the ratio of the nutrient flux at the swimmer surface
to the nutrient uptake by the diffusion alone. (Reprinted from [30] with the permission of National Academy of
Sciences.)
predation.

IV.2. The role of stratification on bioconvection plumes of a suspension of gyrotactic algal cells

In this section, we discuss that not only does density stratification affect organisms individually, but that it
also does so collectively, by hindering bioconvection and effecting aggregation. Bioconvection plumes emerge
as groups of bottom-heavy micro-organisms swim against gravity following an external stimuli such as light
or oxygen. This leads to an overturning instability ¢ la Rayleigh-Bénard, as a heavier layer of swimmers
over a lighter fluid creates ‘top-heavy’ situation (an unstable density gradient) [65]. Such bioconvection
plumes have been observed in bacterial, flagellate, plankton, ciliate cultures, and algal cells [66]. We
first focus on a particular form of bioconvection, which occurs for bottom-heavy algal cells, and is termed
gyrotaxis. In gyrotaxis, an interplay between the viscous (due to fluid flow) and gravitational (due to bottom-
heaviness) torques acting on the cell body determines the swimming direction of the cell [67, 68]. Towards
this, we study the impact of density gradients — caused by heterogeneities in cell and salt concentration
(or temperature distribution) combined — on bioconvection. We note that the stratification can be induced
either by temperature, or, by salinity gradients. We emphasize here that since gyrotaxis induced stratification
is affected/controlled by cellular motility, gyrotactic bioconvection behaves differently as compared to the
phenomena of double diffusion (where the scalars being transported are ‘passive tracers’, as opposed to
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FIG. 7: (a) Space-time plots of the horizontal average of the cell concentration in a salt-stratified fluid. (b) The
isosurface of cell concentration for different values of density stratification. Density stratification hinders the
bioconvection plumes and leads to the accumulation of algal cells at pycnoclines. (Reprinted from [56] with the
permission of Cambridge University Press.)

‘active swimmers’) [69, 70].

1V.2.1. Continuum numerical approach

Karimi & Ardekani used coarse-grained three-dimensional computational modeling to investigate the dy-
namics of an algal suspension in a stratified fluid [56]. At the coarse-grained level, the cell concentration
(number density, denoted by n(x,t)) is assumed to be continuous, with the condition nv < 1 where v is
the average volume of a single algal cell. The ambient fluid velocity u is governed by the continuity and
Navier-Stokes equations under the Boussinesq approximation:

0
8—‘: fu-Vu=-Vp, —Sc(Rn+ LeR,T)z + ScV2u, V-u=0, (9)
on 9
E%—u-Vn:—V-(TLch)—FV n, (10)
T
or +u- VT = LeV?T, (11)
ot
where the dimensionless numbers are defined as follows: Schmidt number Sc = £, Lewis number Le = 3,
dimensionless motility V, = WBL , bioconvection Rayleigh number R = %, and salinity /temperature
_ gBATL?

Rayleigh number R, , where Ap is the excess density of the cells, 7 is the mean cell concentration,
v is the average volume of a cell, W, is the speed of the motile cells, p is the unit vector along the swimming
direction, and the cell diffusion coefficient D is assumed to be constant. The cell orientation p is governed
by [71],

. 1 . . 1 r2—1
p=55E- (@ ppl+ywxpt ——p E-(I-pp) (12)
where w is the local vorticity field, B = 47ua®/mgh is a time scale for gyrotactic reorientation with a and
m denoting cell radius and mass, respectively, E = (Vu + Vu?)/2 is the rate of strain tensor, and r is the
aspect ratio of the cells. The center of mass of the cell is offset by a distance h from the center of buoyancy.
The dimensionless gyrotactic parameter BD/L? is introduced to represent the ratio of the reorientation
time of the gyrotactic cell to the required time for diffusing across the length L. In deriving Eq. 12, inertial
effects are neglected and the balance between the torques induced by gyrotactic effects and viscous effects is
incorporated [71].
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The kymographs of cell dynamics are illustrated in Fig. 7a, and the isosurfaces of n for different levels
of stratification can be seen in Fig. 7b. When Ry is small, the negative buoyancy due to stratification
is dominated by the viscous forces, and thus the plume dynamics is similar to the case of a homogenous
fluid (Rs = 0). At higher Ry, stronger buoyancy suppresses downwelling of the algal cells — and concomi-
tantly, bioconvection — leading to the cell accumulation at the top (free) surface. Karimi & Ardekani [56]
noted that this transition in the dynamical behavior of the system is best represented by the ‘buoyancy
ratio’ R, = LeRs/R = pofSAT/(nvAp), characterizing the relative effects of buoyant forces due tempera-
ture/salinity and cell concentration. Numerical simulations for different values of Rayleigh number, Lewis
number (corresponding to both temperature (Le > 1) and salinity stratification (Le < 1)), Schmidt number,
and motility (representing various planktonic species) were performed for both sharp and linearly stratified
fluid domains. Finally, Karimi & Ardekani [56] also performed a linear stability analysis, providing the
threshold for the onset of gyrotactic bioconvection instability in the presence of stratification.

1V.2.2.  Accumulation of algal cells in stratified fluids: Experimental approach

A biflagellate gyrotactic organism, Heterosigma akashiwo forms toxic algal blooms in temperate waters
[72]. The flagellum along the direction p is responsible for generating a propulsion velocity in that direction.
A second flagellum, along n, generates an intrinsic torque which creates the helical motion of the cell (see
Fig. 8). It has been shown that changes in salinity of the environment trigger the formation of Heterosigma
blooms, for instance after a fresh water runoff from rivers or a sudden rain storm [12]. Despite this, the role
of stratification on the cell distribution is poorly understood, with only a few experiments focusing solely on
collective cellular motion in stratified domains.

FIG. 8: A schematic of an algal cell like Heterosigma akashiwo, that utilizes two flagella — directed along the unit
vectors p and n — for swimming. (Reprinted from [73] with the permission of AIP.)

Hershberger et al. demonstrated that Heterosigma akashiwo cells aggregated below the interface (halo-
cline) between a high salinity fluid (at the bottom) and a low salinity fluid (at the top) [74]. They did
not observe any such aggregation in cases where an interface was absent, i.e., when the fluid in the test
tubes was either salt-free (freshwater), or had a constant salinity. This latter observation might have been
due to bioconvective mixing, because a subsequent study by Bearon et al. did report the occurrence of
surface aggregation, even in unstratified fluids, within ~ 2 hours after the initial injection of the algal
cells into the water column [75]. This aggregation soon lead to an overturning instability leading to the
formation of bioconvection plumes, and subsequent fluid mixing. The objective of Bearon et al.’s study
was to analyze the effect of a sharp salinity stratification on the swimming behavior of Heterosigma cells
[75]. The sharp stratification was realized by overlaying a heavier fluid column with a lighter one, with the
strength of stratification dictated by the corresponding salinities. They estimated the cell concentration by
observing /recording the number of 2D trajectories of up-swimming cells in the water column; with the main
conclusion being that the cells’” swimming behavior depended on the strength of the “salinity jump”. The
behavior did not change appreciably when the jump was from a 28% saline solution to a 16% saline solution.
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But when the jump was from a 28% saline solution to fresh water (0% saline), strong aggregation (one order
of magnitude difference between top and bottom algal concentration) was observed, with the cells stopping
altogether at the halocline. They attributed this behavior to an increase in the cell diameter in regions of
low salinity — due to osmosis of the ‘fresher’ water into the cell bodies — leading to increased drag, and
hence reduced velocity. Based on this hypothesis, their calculations of the Stokes drag agreed well with the
experimental observations. In a later study, Bearon and Griinbaum studied the formation of bioconvection
patterns of upswimming Heterosigma in stratified fluids [76]. They carried out experiments in (i) a weakly
stratified fluid, and, (ii) in a sharply stratified one (like the study of Hershberger et al.). In case (i), they
observed the classic overturning instability and the formation of bottom-standing bioconvection plumes. In
case (ii), initially, in absence of stratification, the algal suspension was well-mixed due to aforementioned
bioconvection. But the addition of a low salinity fluid onto the upper surface resulted in a rapid (~ minutes)
upswimming of cells, followed by visible aggregation below the air-water interface.

In order to estimate the cell concentration as a function of position in HABs, it is important to measure
the spatial heterogeneity in the cell population. The lack of quantitative experimental studies on HABs
motivated us to estimate the concentration of Heterosigma aggregates in a salt-stratified environment, using
dark field image analysis. Heterosigma akashiwo (strain CCMP452, Bigelow Laboratory) was cultured in
f/2 medium and synchronized via a 12:12 light:dark (LD) photoperiod at 25°C. Exponentially growing cells
at a concentration of 2.5 x 10° cells/cm? were visualized in a cuvette cell. A sharp stratified environment was
created by slowly adding a distilled water on top of algal suspension. The relative density of the medium and
distilled water was measured by a density meter (Densito 30PX, Mettler Toledo). The dark field illumination
was provided with a circular LED array (3.6 cm diameter, 655 nm emission; Advanced Illumination), to which
the algal cells are insensitive, i.e., the possibility of phototaxis is prevented. The cells were observed in a
dark and unstratified condition first, to confirm the upward swimming. All images were captured by a high
speed camera (Vision Research M340, Phantom) at 60f/s with a 24x objective. The results clearly show the
accumulation of cells at the density interface (Fig. 9).

'
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FIG. 9: Aggregation of Heterosigma akashiwo at the halocline. Conditions: cell density 2.5 x 10° in f/2 media
(1.024 g/cm?®).

The behavior of organisms (dinoflagellates and Heterosigma akashiwo) in stratified fluids encompasses
many other non-trivial aspects that are unexplored so far. The phenomenon as a whole is governed by
interactions between inertial, viscous and buoyancy forces, but there are a number of additional underlying
complexities that must be unraveled. The most important one is turbulence, which is ubiquitous in marine
environments. There are a number of organisms in the oceans that have characteristic dimensions larger
than the Kolmogorov length scale; consequently the effect of turbulent flow regimes on the motion of these
organisms should be considered. It is expected that the velocity fluctuations in space and time will be affected
by background density gradients as well as the swimming motion, and care must be taken to account for
this. The density gradient will have a stabilizing effect, while the swimming motion coupled with turbulent
velocity fluctuations will tend to enhance the randomness; thus giving rise to a unique confluence.
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IV.3. Biogenic mixing and the role of stratification and turbulence

The energy input of biological activities in the oceans has been claimed to be of the same order as major
storms [77]. Tt is argued that marine organisms whose swimming Reynolds numbers range from O(1 — 100)
contribute significantly in global ocean mixing [78-83] through biogenic turbulence or drift mechanism.
However, there are contradictory arguments dismissing the idea by attributing a low mixing efficiency to
biogenic mixing and a small drift volume due to restoration of deflected density levels [84, 85]. The problem
is yet to be resolved since the comprehensive knowledge of fluid-organism interaction is not available to
fully understand the relevant mechanisms involved in biogenic mixing. Moreover, the fluid dynamics of the
ocean is largely affected by density stratification, and an accurate quantification of biogenic mixing requires
a consistent incorporation of these effects. Studies on suspensions of particles have shown that particle
assembly can enhance mixing in temperature stratified fluids through hydrodynamics of the particle motion
coupled with the tendency of the particles to themselves act as heat carriers [86]. However, whether this
enhancement is large enough to contribute to ocean mixing is subject to further investigation. Recently, Wang
& Ardekani [35] have tackled the problem of biogenic mixing, by conducting direct simulations of suspensions
of squirmers, taking into account the effects of viscous and inertial forces, hydrodynamic interactions between
the swimmers, density stratification and also background turbulence in the fluid. The results are presented
for a range of Reynolds numbers Re ~ O(1 — 100) that is relevant to the zooplankton that are abundant in
the ocean.

The following three measures were computed, to quantify the impact of the swimming organisms on
biogenic mixing:

e the efficiency of biogenic mixing I', which is the ratio of the rate of energy removal by buoyancy forces
to the total kinetic energy in the fluid domain,

e the diapycnal eddy diffusivity K,, which characterizes the mixing induced by the vertical transport of
the organisms, and

e the Cox number COX, which quantifies the variation in the temperature gradients in the fluid and is
an indicator of the temperature micro-structure.

The impact of inertia on the biogenic mixing is quantified by calculating the variation of I', K,, COX as a
function of the Reynolds number (see Fig. 10a-c). As evident from Fig. 10, larger inertia of the swimming
organisms leads to enhanced mixing by increasing the mixing efficiency, the extent of vertical transport and
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FIG. 10: (a-c) The effect of the Reynolds number on (a) the mixing efficiency I', (b) the diapycnal eddy diffusivity
#p, and (c) the COX number. (d) The comparison of the turbulent activity parameter ¢/vN?  between the
swimmer-induced mixing and the shear-driven turbulence (black circles). (e-g) The impact of density stratification
on (e) mixing efficiency, (f) diapycnal eddy diffusivity, (g) the COX number. (h) The temporal evolution of the
active biomixing number for pushers and pullers. (Reprinted from [35] with the permission of Nature Publishing
Group.)
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the average temperature variations in the domain. It was further shown by Wang and Ardekani that the
mixing is more pronounced for vertically swimming squirmers, than for the horizontally (perpendicular to
gravity) swimming ones, with K, and COX being two orders of magnitude larger [35]. Moreover, in order to
characterize the vertical transport by biogenic mixing with respect to the pseudo-turbulence effects that are
generated by the fluctuations in the organisms velocities, the turbulent activity parameter R, = ¢/vN? is
plotted as a function of normalized diapycnal eddy diffusivity (K, + v/)v (see Fig. 10d). Here, e = 2VE : E
is the viscous dissipation defined based on the strain rate tensor E for fluctuating velocities. Small (R, < 7),
moderate (7 < R, < 100), and large (R, > 100) activity numbers correspond to decaying, stationary, and
growing turbulence in stratified fluids, respectively. The results show that mixing predominantly occurs at
large activity numbers, indicating that the strong eddy diffusivity generated by swimmers corresponds to
larger energy dissipation as compared to turbulent mixing. It should be noted that the mixing efficiency
of swimmers is found to be much smaller than the mixing efficiency measured in the ocean for turbulent
mixing. Wang & Ardekani [35] also considered the impact of density stratification on the mixing induced
by organisms (see Fig. 10e-g). As the strength of the stratification is decreased (i.e., as the Froude number
is increased), the mixing efficiency is significantly reduced, while the vertical flux and temperature micro-
structure reach steady values and become independent of stratification for F'r ~ 20. This value of the Froude
number corresponds to the stratification length scale being larger than the organism size.

In natural waters, the background turbulence in the fluid can interfere with stratification effects. The
strongest velocity gradients due to turbulence occur at a length scale of (10 — 50)Lg, where Ly is the
Kolmogorov scale, Lx = (v%/€)'/4, and e is the turbulent dissipation rate [87]. For ¢ = 10~% W /kg [88-90],
this length scale is 32 — 158 mm. The scalar gradient length scales are smaller than the velocity gradient
length scales by a factor of Pr'/2, leading to the length scales of 1 — 6mm (10 — 60mm), at which turbulence
can impact velocity fields of motile organisms in stratified fluids caused by salt (temperature) gradients.
The weaker turbulence observed in inlets [82], lakes and reservoirs [91], increases these length scales. The
intermittent nature of the turbulence [87], is expected to occasionally destroy the flow field of millimeter-
sized organism in weakly turbulent flows. On the other hand, under strong turbulent flows, the flow field is
significantly modified and turbulence can affect the transport of particles and organisms.

In order to study the hydrodynamic interactions between turbulence and the disturbances induced by
the swimmers, a statistically steady stratified turbulence is numerically generated and treated as the initial
background flow. For generating the statistically steady stratified turbulence, equations (2), (3), and con-
tinuity equations are solved. A direct forcing term, f = ppe/w-w, is added to the momentum equation to
achieve statistically steady state stratified turbulence [92, 93]. The initial temperature field varies linearly
with depth and the initial velocity field is generated using the open source code NTMIX-3D [94]. The initial
velocity profile has the following energy spectrum E(k), (see Passot and Pouquet (1987) [95]),

s - () o (2 () ) e

where k is the wave number, k. is the most energetic wave number and A = (16u2,,,/k?)\/2/7 with
Urms being the root-mean-squared value of the fluid velocity. The statistically stationary state for the
turbulence is reached, as both u2, . and e reach their quasi-steady values. The grid size is chosen such
that the Kolmogorov scale is well resolved in the simulations. One of the main advantages of the DNS of
biogenic mixing in stratified turbulence is that it allows for dissecting the effect of swimming organisms on
mixing from the impact of the background turbulence. To achieve this, a “biomixing active parameter”
B = K, pio/ Ky turs is defined, as the ratio of the diapycnal eddy diffusivity due to biogenic mixing K, pio to
its counterpart due to turbulent mixing K, ;,-5. The temporal evolution B(t) reveals the existence of two
distinct regimes for both pushers and pullers (see Fig. 10h). During the early stages of mixing, hydrodynamic
interactions between the fluctuations induced by swimmers and by the background turbulence generate a
large biomixing activity number (B > 0.2). As time progresses, the background turbulence decays, leading
to the mixing being primarily controlled by the swimming organisms. Interestingly, during the first stage,
the turbulence-induced mixing is amplified more by the pushers than by the pullers. This is due to the
difference in the nature of hydrodynamic interactions between pushers and pullers, which leads to rectilinear
trajectories of the former as opposed to helical trajectories of the latter [41]. Taken together, these results
show that although swimming strategy is important at local swimming scales in producing efficient biogenic
mixing and enhancing the vertical transport, it does not play a significant role at global scales.
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V. CONCLUDING REMARKS

The presence of density gradients in the water column (density stratification) is an important factor in
governing the hydrodynamics of settling and swimming in environmental flows, irrespective of whether it is a
single particle settling in the ocean or an assembly of motile phytoplankton forming large-scale blooms. In an
aqueous medium, the density stratification can be caused by temperature or salinity variations, and manifests
in the form of a sharp density interface or a continuous density gradient (e.g., linear stratification). There
is now a growing evidence on the correlation between local hot-spots engendered by density stratification,
and accumulation of particles and/or increased activity of organisms in the vicinity of these hot-spots. Here,
we provided an overview of recent works on settling of particles and swimming of organisms in stratified
fluids. We presented a comprehensive computational study of settling dynamics in stratified fluids, from
rigid particles and deformable drops to self-propelled organisms. In addition to individual particles and
organisms, our studies shed light on the hydrodynamics of particle suspensions and on organism blooms.

We began by considering a linearised set of the governing equations and using point-force singularities to
account for the presence of a single particle or a force-free swimmer. This allowed a tractable semi-analytical
approach to tackle the problem of settling and swimming in stratified fluids, providing qualitative predic-
tions on the impact of density stratification on the vertical motion of particles and microswimmers. Next,
we complemented the semi-analytical approach by simulations of full non-linear equations accounting for
the interactions between a stratified medium, and rigid/deformable/self-propelled particles. The numeri-
cal simulations, for a single spherical particle settling through sharp and linear stratifications, provided a
quantitative understanding of different regimes of settling dynamics and the emergence of vortex structures
and lee waves around the particle. We then studied the dynamics of a pair of particles in a stratified fluid,
exploring the impact of the fluid density variations on the interaction between the two particles as a building
block to study particle suspension in stratified fluids. In the end, we introduced self-propulsion as an extra
complexity to explore the effect of density stratification on the vertical migration of a micro-swimmer and
on the mixing induced by a suspension of small organisms. In addition to DNS of multiple swimmers, we
developed a continuum approach to characterize the bioconvection patterns of swimmer suspensions in strat-
ified fluids, and finally summarized some of the relevant experimental studies in the realm of bioconvection
in stratified media.

A noteworthy aspect of the present review is that certain characteristics of the motion of multiple par-
ticles/drops can be inferred by a careful examination of the motion of a single particle/drop, and of the
interactions between a pair of particles/drops. In fact, the idea of suppression of vertical motion, conveyed
in Section II.1, is a fundamental mechanism underpinning the major results discussed in the subsequent
sections: from the slower terminal velocity of a single settling particle, to the reduced vertical velocity fluc-
tuations in a suspension of settling particles. It is also seen that stratification affects a single drop and a
swarm of drops in a similar manner, i.e., by reducing the average rise velocity in both cases. However, it must
be noted that this reduction is much more significant for the swarm, particularly at higher stratifications.
The similarity between multiple particle/drop systems and a pair of particles/drops was also highlighted
in Section II1.2, where we saw peaks in the values of pairwise probability distribution function (G (6)) for
a suspension of settling particles, for § = 0, 7/2, w. These peaks were explained based on the results
obtained for the motion of a pair of particles, i.e., (i) enhanced attraction in side-by-side configurations
explained the enhanced peaks at 6 = /2, and (ii) absence of a tumbling regime in tandem settling (at high
stratifications) explained the peaks at § = 0, w. The same reasoning can also be given for the values of
the angular pair probability distribution function in case of a rising swarm of drops. Finally, the emerging
coherence between the theory of suspensions and that of pairwise interactions leads us to postulate that the
even more involved phenomena seen in suspensions of micro-organisms in stratified fluids can be explained
if the pair-wise interactions of said micro-organisms are investigated under identical conditions of fluid flow
[41] and stratification.

Our studies have shown that by suppressing the vertical motion of particles, drops and organisms, density
stratification plays a key role in the formation of particle/drop/organism clusters. Moreover, the bioconvec-
tion plumes of algal cells are shown to be markedly affected by temperature or salinity gradients, indicating a
potential mechanism of affecting algal bloom formation. In addition, the ecological traits of a single organism
— e.g., its nutrient uptake, detectability and energy expenditure — are shown to experience dramatic changes
due to the modification of its flow signature in a linearly stratified fluid. It is further shown that while the
swimming dynamics is affected by stratification in the fluid, a feedback from organisms leads to prominent
changes in transport properties such as mixing, providing an intricate coupling between organism-behavior
and stratification. The presence of background turbulence adds to this complexity by contributing to the



mixing of the fluid. The numerical approach presented in this paper provides a tractable means for dissect-
ing impacts of these interconnected mechanisms by accounting for inertial and viscous forces, stratification,
organism-induced mixing, and turbulence-induced mixing. It is found that at the local scale, the diapycnal
eddy diffusivity due to interacting swimmers, is comparable with the one from internal waves in the mid
ocean. However, this is a local effect and at the global oceanic level, swimming organisms are expected to
have a small contribution to the overall ocean mixing.
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