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carbon dioxide
Phytoplankton Zooplankton
;ﬁ carbon uptake ok respiration
?\Q\ grazing p 47‘* excretion
physical ‘.'-;:. :.‘
mixing B

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

Multiphase FIo A

BRIDGE THE GAP:

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

ROLE OF SURFACE TURBULENCE STILL UNCLEAR!



OQUTLINE OF THE
PRESENTATION

Multiphase FIo ‘

PHYTOPLANKTON CELLS PASSIVELY
TRANSPORTED BY THE FLOW

1A. CLUSTERING AT THE FREE-SURFACE
TURBULENCE SUBJECT TO WIND STRESS

1B. CLUSTERING AT THE FREE-SURFACE
TURBULENCE SUBJECT TO STRATIFICATION X

PART 2. ACTIVE PARTICLES AT A FREE-SURFACE

SELF-PROPELLED PHYTOPLANKTON CELLS

2A. INFLUENCE OF WIND STRESS ON PLANKTON
SURFACING

2A. 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, 510
. 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

Multiphase FIo

‘ University of Udine

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)
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PART 1A:

CLUSTERING AT A WIND-SHEARED FREE SURFACE



EFFECT OF WIND ON PARTICLES
AT THE FREE-SURFACE

Multiphase FIo '
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« MEAN STREAMWISE
. . ‘A" 50 |
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Multiphase Flow EFFECT OF WIND ON PARTICLES

AT THE FREE-SURFACE

.. MEAN STREAMWISE ]
.| VELOCITY _
350 - i
[ H e
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EFFECT OF WIND ON PASSIVE
PARTICLES AT THE FREE-SURFACE

<q@===11 WIND ne WIND

0.2
0.04
1000 0.15
0.1
800 0.02
0.05
600 f o o
400 -0.05
-0.02
-0.1
200
-0.04 015
0.2

o] 500 1000 1500 2000

DIFFERENT TOPOLOGY OF FILAMENTS AT THE SURFACE
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PART 1B:

CLUSTERING AT A FREE SURFACE
IN THERMALLY-STRATIFIED TURBULENCE



FIL ROUGE

* PHYSICAL PROBLEM AND MODELLING APPROACH

* CHARACTERIZATION OF FLOW AND TEMPERATURE FIELDS
* STRATIFICATION EFFECTS

* STRUCTURES AT SURFACE

* PARTICLE SURFACING AND SEGREGATION
* SURFACE DIVERGENCE
* VORONOI ANALYSIS

e TIME SCALES

* CONCLUSIONS



PHYSICAL PROBLEM AND
MODELLING APPROACH

e University of Udine :

Free-slip —— %Constant Heat Flux
T . | S AVAN S—
SKETCH OF THE < \ﬁ/ ; S/
CONFIGURATION: . R P i
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Multiphase Flow

PHYSICAL PROBLEM AND

A
o MODELLING APPROACH
Free-slip ﬁ S ?Conatant Heat Flux
SKETCH OF THE — §/ v §/
CONFIGURATION: | T § B o
<u> — g R (<o :
s » »> ' i -
‘5]‘ ____________________________ H—
Z\U, 4
SIMULATION ju 7/7|\ L,=mh
PARAMETERS ///"////// y S SRV SR (I G EET ST A GNP SRV SNV (N G SN SNV N Sk
S No-slip-——'/ L.=2mh Adiabatic

FOR THE FLUID:
Re; 171
ur (m/s) 1.5-107° Cr— gph® o0
height channel (m) 2.-107~ V2 9z
Ri, 165 500
Pr 5 Pr — HCp
Ra 4.82-10° | 7.23-10° )




PHYSICAL PROBLEM AND
MODELLING APPROACH

== University of Udine ‘

e ONE-WAY COUPLING

dx. * FULLY-ELASTIC PARTICLE-WALL
Lagrangian particle tracking: * d—t'zv,- COLLISION
v ) —  TIME INTEGRATION: 4™ ORDER
"—=(1--L)g,+——(1+0.15Re,*) RUNGE-KUTTA
dt Py Tp « FLUID VELOCITY INTERPOLATION:

6™ ORDER LAGRANGE POLYNOMIALS

PARTICLE TIMESCALE — 1, = d 2 p./ 18 u

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

PARTICLE STOKES NUMBER, ST = 1,/ T
SIMULATION PARAMETERS
FOR THE BUOYANT FLOATERS

PARTICLE-TO-FLUID

DENSITY RATIO St(Rer =171) 0.06 | 0.09 | 0.1 | 0.11 | 0.12
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TEMPERATURE FIELD

Ri=165

Riz=500

Thermocline
(density barrier):

Upwellings are blocked by the
thermocline and cannot reach
the free surface!



MEAN TEMPERATURE AND
VELOCITY STATISTICS

Mean velocity ' _Mean shear
i 0o
|‘.‘ S5
I N g
| ¢
JM: 200 = ]
| ; / ’
: 1 s
' I
Poz+40 | ! :
' .'
4 L I -
EH |
60 | |
120 . 1 %0 o1 o2 -
Mean shear

—O.I75 —OI.S —O.I25
{(6-6)/A 6)




FLOW FIELD DYNAMICS
AT THE FREE SURFACE

SURFACE TEMPERATURE
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FLOATER SURFACING

niversity of Udine

f?' _{) SURFACE DIVERGENCE
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Riz=500

0 - L . . L s 7 350
4218 - 100 200 300 400 500 600 700
60 |
80 |
100 |
120 |« SURFACE TEMPERATURE
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Multiphase FIo A

FLOATER CLUSTERING
AT THE FREE SURFACE

0.1 V -idlzp >0 V-idl2p <0
50
0.05 SOURCE “SINK
100 =T . e
0
150
500 0.05 UPWELLING DOWNWELLING
250 0.1
300 0.5 . . .
! ’ : ; 350 L
100 200 300 400 500 600 700 VZ D < 0 i\ VQ D > O
02} \ -
IN STRATIFIED FLOWS, 0.15 | :
FLOATERS DO NOT FOLLOW &
FAITHFULLY THE FLOW FIELD & . |
NO INTENSE UPWELLING Ri‘L’
EVENTS OCCUR AT THE 0.05 - 1
FREE SURFACE (DUE TO THE ot
PRESENCE OF THE SUBMARINE jovesz™) s

THERMOCLINE) -0.2 -0.15 -0.1 -0.05 . 0 0.05 0.1 0.15 0.2
SURFACE DIVERGENCE



Multiphase Flow,

FLOATER CLUSTERING:
A VORONOI ANALYSIS

THE SEGMENTS IN A . *
VORONOI TESSELLATION
CORRESPOND TO ALL . ’
POINTS EQUIDISTANT TO |
THE TWO NEAREST . . ’
FLOATERS. —




i vy FLOATER CLUSTERING:

A VORONOI ANALYSIS

0.1 T T T T :
S STRATIFICATION
0.01 £ ]
E 0.001 STRATIFICATION -
0.0001 |
le- , e ) e . e . e - -
50001 0.001 0.01 0.1 1 10 100

Area

STRATIFICATION REDUCES (RESP. INCREASES) THE PROBABILITY OF FINDING VORONOI
CELLS WITH SMALL (RESP. LARGE) AREA. THIS MEANS THAT STRATIFICATION REDUCES
PREFERENTIAL CONCENTRATION INTO DENSE CLUSTERS
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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
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PART 2A:

PLANKTON DYNAMICS IN
WIND-SHEARED FREE-SURFACE TURBULENCE



EFFECT OF WIND-SHEARED SURFACE
TURBULENCE ON SWIMMER DYNAMICS

]
<=0 WiND » WIND oo . vor
600 ;, 0
N B s ' 400 bR
. y LA » -0.02
"- / . r .'. I/ T
- Y 200 -
I Y 1t il ] 0,04
: kL .
Wind opposite J' Wind along 0 m—
E
I 17 mean flow T

to mean flow

0.2

1000 015

0.1
800 bl
™ 0.05

600

'+ .0.05

400 Eu S

Mean streamwise velocity and mean shear 0.1

200 F
-0.15

-0.2




EFFECT OF WIND-SHEARED SURFACE
TURBULENCE ON SWIMMER DYNAMICS

m 7 No wind

Multiphase Flow,

=27 Wind
Pl opposite

r=7| to mean
| flow

N
i Wind along
17 ' mean flow

- 1
. . 1
Wind opposite !
to mean flow !
l’
I
1
1
i
i1
I/
1
Wind fi
along [:*
mean | °
flow F%

Mean streamwise velocity and mean shear

WIND DETERMINES DIFFERENT CLUSTER TOPOLOGIES!



Multiphase Flow
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EFFECT OF WIND-SHEARED SURFACE |
TURBULENCE ON SWIMMER DYNAMICS %

ORIENTATION AND VERTICAL DISTRIBUTION (¥, INTERMEDIATE GYROTAXIS CASE)

p,=1

l —

1

0.9
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0.7}

.6 F l g
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e
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160 140

120

100

30
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v No wind
: p,=1 W| nd opposite
047 . to mean flow
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EFFECT OF WIND-SHEARED SURFACE
TURBULENCE ON SWIMMER DYNAMICS %

ORIENTATION AND VERTICAL DISTRIBUTION (¥, INTERMEDIATE GYROTAXIS CASE)

1
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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



Multiphase Flow 8% EFFECT OF WIND-SHEARED SURFACE

TURBULENCE ON SWIMMER DYNAMICS

University of Udine

CONCLUSIONS:

1. WIND-SHEARED TURBULENCE REDUCES ACCUMULATION OF
MOTILE MICRO-SWIMMERS AT THE FREE SURFACE

2. SWIMMERS START TUMBLING AND GET TRAPPED JUST BELOW THE
FREE SURFACE

3. BLOCKING MECHANISM: SHEAR-INDUCED DESTABILIZATION

FUTURE DEVELOPMENT.

1. ADD THE EFFECT OF
CHANGE/REVERSAL
IN THE DIRECTION
OF WIND
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PART 2B:

PLANKTON DYNAMICS IN
STRATIFIED FREE-SURFACE TURBULENCE



EFFECT OF STRATIFIED

TURBULENCE ON SWIMMER DYNAMICS %
UNSTRATIFIED FLOW STRATIFIED FLOW

Multiphase FIo

R il '; : i
“oaes> University of Udine




EFFECT OF STRATIFIED
TURBULENCE ON SWIMMER DYNAMICS

Multiphase Flow .

Stratification
Unstratified Strongly stratified
O T T T TN - T T . T T T DRARREED
I { -
Ri =0 / / Ri.=165 ‘\ Ri.=500 :

40

80
+
z ;
120
Quick
160f,-7 " .. N R ]
10 02 04 06 08 1

0 02 04 06 08
(p,>

(p,» (p,?

PREFERENTIAL ORIENTATION OF THE SWIMMERS
MEAN ORIENTATION IN THE VERTICAL DIRECTION (P,)




Multiphase Flow

EFFECT OF STRATIFIED

TURBULENCE ON SWIMMER DYNAMICS %%

Stratification
0 Unstratified Strongly stratified
:.\| I 1 ) 1 ““\I\ 1 1 1 R T T T T
¥ 1 ¢
| o— ] 3
40 | \P| - 7] “ / 1 k¥
| : II . /
| Py oo s / : -' ,/
B I . / /
R oo /
80| v 1kl 1 F ! .
+ ' \ p | |
3 | |
\ \ \
. \ \ \\
12043 ) | 1 H _ 1t | .
S Ri.=0 - Ri,=165 . Ri,=500
‘; \ zl
N ... .
160 .7 e, . / L7 e § LT i
A 1 |.." 1 7 1 Lot ] ¢/ | , |..". \
0O 02 04 06 08 10 02 04 06 08 10 02 04 06 08 1
(px? (px ) (py?

PREFERENTIAL ORIENTATION OF THE SWIMMERS
MEAN ORIENTATION IN THE HORIZONTAL DIRECTION (P,)



EFFECT OF STRATIFIED
TURBULENCE ON SWIMMER DYNAMICS ¢

Multiphase FIo Ay

Stratification

Unstratified Strongly stratified

Mean' shear (C)

PREFERENTIAL CONCENTRATION OF THE SWIMMERS:
MEAN NUMBER DENSITY IN THE VERTICAL DIRECTION



EFFECT OF STRATIFIED
TURBULENCE ON SWIMMER DYNAMICS

B “‘ . N %
c Rotating Mylar belt z Injection tube \2 «‘ }‘ |S1<Scr

\
L=

1 :m [ ' SCR\%
Fiow / 7 om =5 o
chamber 216008
xMy u(z)

STRATIFICATION-INDUCED SHEAR
CAN KEEP THE SWIMMERS BELOW °‘8
THE THERMOCLINE

0.6

z(cm)

AGAIN, THIS IS IN QUALITATIVE -
AGREEMENT WITH THE GYROTACTIC ,
TRAPPING MECHANISMS PROPOSED ~ °2ff
BY DURHAM ET AL., SCIENCE (2009)  §

— t=5min' x=11.5cm
m— t=6min x=11.5cm
e t=8.5min x=16.5cm ||
— t=12min x=21.5cm
Numerical Model at

t=12min x=21.5cm

0 0.2 0.4 0.6 0.8 1
c/c

max




EFFECT OF STRATIFIED ,
{ TURBULENCE ON SWIMMER DYNAMICS &%’

Multiphase Flow,

W < b, 5
N O
“emss> University of Udine

CONCLUSIONS:

1. THERMAL STRATIFICATION MAY DECREASE (EVEN PREVENT)
SURFACING OF MOTILE MICRO-SWIMMERS

2. SWIMMERS MAY TUMBLE AND GET TRAPPED BELOW THE
THERMOCLINE

3. TRAPPING MECHANISM: SHEAR-INDUCED DESTABILIZATION

FUTURE DEVELOPMENT: -
Swimming
1. ADD THE EFFECT OF MORPHOLOGY (SHAPE) C recten
. 1 &
p=5plk—(k-ppl+ 0xp+pp-E-I-pp) ; B
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