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PHYTOPLANKTON IS THE PHOTOSYNTHETIC PART OF PLANKTON

*  PRIMARY PRODUCTION: ORGANIC COMPOUNDS FROM CO,,
e IMPORTANT PART OF THE GLOBAL CARBON CYCLE

* PROVIDES 50% OF THE EARTH'S OXYGEN

* SUSTAINS THE AQUATIC FOOD WEB



MOTIVATION: PLANKTON
DYNAMICS NEAR A FREE SURFACE
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BRIDGE THE GAP:

, SWIMMING ‘
, COLLECTIVE POPULATION DYNAMICS 10° m
» TURBULENT TRANSPORT

ROLE OF SURFACE TURBULENCE STILL UNCLEAR!



OUTLINE OF THE
PRESENTATION
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PHYTOPLANKTON CELLS PASSIVELY
TRANSPORTED BY THE FLOW

DYNAMICS OF CLUSTER AT FREE-SURFACE
TURBULENCE SUBJECT TO WIND STRESS

PART 2. ACTIVE PARTICLES AT A FREE-SURFACE

SELF-PROPELLED PHYTOPLANKTON CELLS

INFLUENCE OF WIND STRESS ON PLANKTON
SURFACING
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PART 1:

PASSIVE PARTICLES AT A FREE-SURFACE



PHYSICAL PROBLEM AND
MODELLING APPROACH
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ou. Periodic Free-slip Periodic
Flow solver: * —_—L— — '\\‘/
‘) ( 0 u, . 0 u, )__ OP ey O u, " ‘: y

ot '0x; 0 X, @xi (M- L.=h
Y
T

4
+ 3D TIME-DEPENDENT Z'Vfl 7/3.\/ e A L,=nh
//’///////////////////_4_}7777'

TURBULENT WATER FLOW X L, =2mh No-slip

* SHEAR REYNOLDS NUMBER:
Re =171, 509
. CHANNEL SIZE:
L, x L, xL, =4rxh x 2rh x 2h
* PSEUDO-SPECTRAL DNS

. TIME INTERGRATION:
ADAMS-BASHFORTH (CONVECTIVE TERMS)

CRANK-NICOLSON (VISCOUS TERMS)
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PHYSICAL PROBLEM AND
MODELLING APPROACH

dx;
Lagrangian particle tracking: * d—t'=v,-
. dv, o u,—V; 0.687
—=(1—-—+)g,+ (140.15Re. ™)
dt P, T, P

PARTICLE TIMESCALE — T, = d 2 p./ 18 u

FLow TIMESCALE -t. = L/U =v/U?

PARTICLE STOKES NUMBER, ST = 1,/ T

ONE-WAY COUPLING

FULLY-ELASTIC PARTICLE-WALL
COLLISION

TIME INTEGRATION: 4™ ORDER
RUNGE-KUTTA

FLUID VELOCITY INTERPOLATION:

6™ ORDER LAGRANGE POLYNOMIALS

Re..

171

509

S=PARTICLE-TO-FLUID
DENSITY RATIO
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TOPOLOGY OF
FREE-SURFACE TURBULENCE

V- iilyp >0 V- iilp <0

/ SOURCE “SINK

UPWELLING DOWNWELLING

-0.05

-0.15

MOVIES




Multiphase Flow_ TOPOLOGY OF PARTICLE

CLUSTERS AT THE FREE SURFACE

PARTICLES DISTRIBUTED:

® UNIFORMLY OVER A SURFACE
N(r) ~ 2

® UNIFORMLY ALONG A LINE
N(r)y~r

® IN GENERAL

N(r)~r"

V IS THE CLUSTERS’
FRACTAL DIMENSION
(CORRELATION DIM.)




TOPOLOGY OF PARTICLE
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RESULTS FROM LOVECCHIO ET AL., PHYS. REV. E (2013)



TOPOLOGY OF PARTICLE
CLUSTERS AT THE FREE SURFACE
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dt’

Tt /oo <“,f,i(t,v xf(t,)“,f,z‘(tﬂv xf(to))s
0 ("“"f.i(tov xf(tO)'“"f,i(tOv xy(to)) s

T, >>T

|

CLUSTERS ARE
LONG-LIVED
STRUCTURES!

RESULTS FROM LLOVECCHIO ET AL., PHYS. REV. E (2013)



EFFECT OF WIND ON PARTICLES
AT THE FREE-SURFACE
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Multiphase Flow EFFECT OF WIND ON PARTICLES

AT THE FREE-SURFACE
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EFFECT OF WIND ON PASSIVE
PARTICLES AT THE FREE-SURFACE

<q@===11 WIND ne WIND
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DIFFERENT TOPOLOGY OF FILAMENTS AT THE SURFACE
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PART 2:

ACTIVE PARTICLES (SWIMMERS) AT A FREE-SURFACE



MODELLING MICRO-SWIMMERS
LESSON LEARNED FROM PLANKTON

GYROTAXIS: ANY DIRECTED
LOCOMOTION RESULTING FROM
COMBINATION OF GRAVITATIONAL
AND VISCOUS TORQUES IN A FLOW

ASSUMPTIONS :
DILUTE SUSPENSION OF NEUTRALLY-
BUOYANT MICRO-ORGANISMS
SUB-KOLMOGOROV SIZE
NEGLIGIBLE INERTIA
T . SWIMMING AT CONSTANT SPEED V.
IN THE DIRECTION P

X = u(X,t) + vsp

1 1
= —k — (k- —w X
SWIMMING PROVIDES A WAY p 2B [ ( p)p] T ) P
FOR MICRO-ORGANISMS TO I |
ESCAPE FLUID PATHLINES Reorentation term due to .
(KESSLR J.0., NATURE, 1985) gravitational torque Vorticity term



MODELLING MICRO-SWIMMERS
LESSON LEARNED FROM PLANKTON

TWO CONTROLLING PARAMETERS:

Vs ~ 10 — 1000pm/s

KA
|
C
V)
~~—
~
3

B ~ 0.1 — 10s 1 v

v

VALUES CONSIDERED IN OUR STUDY:

@ p— O. 048 DIMENSIONLESS SWIMMING SPEED

\I] L — O O 1 13 LOW GYROTAXIS (SLOW RE-ORIENT.)

. \I/I — O 1 ]_3 INTERMEDIATE GYROTAXIS

\IJ H = 1 . ]_ 3 HIGH GYROTAXIS (FAST RE-ORIENT.)
CHLAMYDOMONAS AUGUSTAE



Multiphase Flow % EFFECT OF WIND-SHEARED SURFACE

TURBULENCE ON SWIMMER DYNAMICS ®,
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EFFECT OF WIND-SHEARED SURFACE

TURBULENCE ON SWIMMER DYNAMICS

N
SWIMMER DISTRIBUTION O WIND

AT THE FREE-SURFACE
FOR Re =171 (¥, HIGH
GYROTAXIS CASE)
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EFFECT OF WIND-SHEARED SURFACE
TURBULENCE ON SWIMMER DYNAMICS ®,

ORIENTATION AND VERTICAL DISTRIBUTION (¥, INTERMEDIATE GYROTAXIS CASE)
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{ TURBULENCE ON SWIMMER DYNAMICS @,
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ORIENTATION AND VERTICAL DISTRIBUTION (¥, INTERMEDIATE GYROTAXIS CASE)
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EFFECT OF WIND-SHEARED SURFACE
TURBULENCE ON SWIMMER DYNAMICS

c Rotating Mylar belt 7 Injection tube % % 0 . %o

chamber Y
SCR

X y 5
. I(2)
linear shear e ®

IN AGREEMENT WITH DURHAM ET AL,
SCIENCE (2009): SHEAR CAN INDUCE

I)y = _Epypz + §pz
GYROTACTIC TRAPPING!

N PRI o

P = QB(I pz) 21’y
if Blr<1

pl = (0, BT, /1 — (BI)?)

else
tumbling: no equilibrium
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THANK YOU FOR YOUR KIND ATTENTION!



