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Introduction: Definition of Convection
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Vertical motion of a fluid parcel caused by:
e Buoyancy Force % [Iree convection

e External Force ——p Forced convection




z [m]

Wind-driven Oceanic Convection : Processes
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Shear stress at the surface
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Wind-driven Oceanic Convection : Processes
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Wind-driven Oceanic Convection : Processes

Shear stress at the surface

Log layer / Ekman Layer E 2.
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Wind-driven Oceanic Convection : Processes

Shear stress at the surface
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Wind-driven Oceanic Convection: Scaling law
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Pollard et al, 1973: Assumption

Generation of
turbulence by
the wind

e Linear stratification

e Bulk consideration

u
e The entire stress at the bottom of ML deepen it

e Eixcess of energy by wind + rate of change of TKE + Dissipation = 0

usurface

> Upik

- Entrainment of
dh quiescent fluid

Figure modified from Cushman-Roisin, 1981

Pollard, RT., Rhines, P.B., Thompson, R., 1973. The deepening of the wind-Mixed layer. Geophysical Fluid Dynamics.



Wind-driven Oceanic Convection: Scaling law
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Pollard et al, 1973: Assumption

Generation of
turbulence by
the wind

e Linear stratification

e Bulk consideration 7

e The entire stress at the bottom of ML deepen it

e Eixcess of energy by wind + rate of change of TKE + Dissipation = 0

usurface > Upuik
z=-h===f—=-== e a— - Entrainment of
I dh quiescent fluid
dt

ML deepening scaling law

Figure modified from Cushman-Roisin, 1981

e Momentum of mixed Layer increase : uh « u’t
2A72
2N

142

. Marginal stability state =  Ri = = Ri,

U

N

1/4

By = [4(1 = cos(f7)]

Pollard, RT., Rhines, P.B., Thompson, R., 1973. The deepening of the wind-Mixed layer. Geophysical Fluid Dynamics.



Seminal Experiments
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Ficure 1. The experimental apparatus.

Kato - Philips 1969
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e Mixed layer deepening rate : h

, , dh/dt -
. Entrainment law : E(Ri) = =2.5Ri

U

e They did not considered rotational effects

e The torque applied was tuned « by hand »
e No direct measurement of the density

e No direct measurement of the velocity

Kato, H., Phillips, O.M., 1969. On the penetration of a turbulent layer into stratified fluid. Journal of Fluid Mechanics 37, 643-655



Coriolis Platform

Diameter: 13 m
Weight : 350 Tones at full load
Maximum Speed: 6 rpm

Max water height: 1m

Volume: 132 m°

U
Rossby Number Ro=—

Froude Number :

UL
Reynold Number: Re =—
v




Forced Convection Experiment: Apparatus
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- Acceleration of rotation (Spin-Up)

- Temperature stratification Thermal stratification :
3 Temperatures Probes 15°C - 35 °C

- Temperature probes
- 3 Vertical profilers

Camera 1 PIV

Camera 2-

- Vertical laser sheet (30x25)cm 4
Stereo PIV =

- PIV Stereo (2D - 3 components)

Control parameters

Friction : U Rotation : f Stratification N? = (AT)




Forced Convection Experiment: Apparatus
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- Acceleration of rotation (Sp’

All Scalings depends on this velocity friction

- Temperature stratification ification :

Camera 1 PIV

- Temperature probes
- 3 Vertical profilers

Camera 2-

- Vertical laser sheet (30x25) Sterco Py D

- PIV Stereo (2D - 3 componer A proper characterization is needed

II‘U IIIII

|
|/ ]
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Control parameters

| ux ~ 2mRC/20

Friction Rotation : f Stratification N2 — (AT)




Forced Convection Experiment: Vertical profiles of velocity
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Forced Convection Experiment: Vertical profiles of velocity
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Forced Convection Experiment: Vertical profiles of velocity
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Forced Convection Experiment: Vertical profiles of velocity
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Forced Convection Experiment: Characterization of friction
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Shear stress: turbulence + viscosity

Near the wall, the viscous and the turbulent stress

sum up to a constant value (Pope, 2000)
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Forced convection experiment: Characterization of friction

4’— ¥

=
&’f—:—— ——————

Velocity decay EXP15

1.2 1 .
""""""" 4 A 7\ e .
w“‘uu Conservation of angular
l“‘
1.0 1 S L™
SN momentum
—_ I | E N E ____________ ______________________________
) 0.8 LS
) VWA
g h’v‘..-"’ HdU _ 2
[— .""“‘q_‘~ — T — u*
2 0.6 ra. It
3
K,
>
0.4 -
—— U,/20 measured (14 cm)
0.2 - — Linear fit
—— ux - from u'w'(z=0)
-== 2NMRQ
0.0 - ~—-—-~J -== u* from decaying law
0 200 400 600 800

Time [s]




— ~ -
T S~ T

Time = 100s/R=5m

Time = 0s/R=5m

50
40
30
E
S,
20

10

0 -

EXP

24

26

28

T°(C)

30

32

z [cm]

>
/
/

Forced Convection Experiment: Different Boundary layers
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Forced Convection Experiment: Different Boundary layers
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Forced Convection Experiment: Growth of the mixed layer
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Growth of the mixed layer by
momentum turbulent flux

e Accordance at short time with Pollard et al, 1973

/ 1/2

« Consistency between hy and dy5 at short time

o At longer time — different dynamics

e Spin-up

o Ikkman dynamic




Longer time behavior of the ML: Slab model (Pollard et al, 1973)
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e Uniform moving layer:

T, T % — fv) = ui (u) = %Sin(ft) .
R A N _ > > Egap = [<U>2 + <’U>2] /2 = U—Z(l — cos ft)
Generation of d (v) 2 f
z=0 turbulence by + f(u) = 0. (v) = —7*(1 — cos(f1)) dE.p
the wind dt % = (u)

u

- Entrainment of
dh quiescent fluid




Longer time behavior of the ML: Slab model (Pollard et al, 1973)
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e Uniform moving layer:

2

T, T % — fv) = ui (u) = %Sin(ft) .
=:‘——.=y.£ ) > - Eguwp = [(u)2 + ('v)z] /2 = u—;(l — cos ft)
- Generation of d (v) u? f
2=0 turbulence by + f{u) = 0. (v) = =~ (1= cos(ft)) dE.
the wind dt % = (u)

o Potential energy: (from geometrical considerations)

0 —h 0 3 3 3
h h> — H® h

Epot = —/ bzdz = —/ NEz%dz + NOZ—/ zdz = NE| — —]
u T 2/, 3 4

u

- Entrainment of
dh quiescent fluid




Longer time behavior of the ML: Slab model (Pollard et al, 1973)
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e Uniform moving layer:

2

T, T —d;::> — fv) = ui (u) = %Sin(ft) .
=:‘——.=y.£ ) > - Eguwp = [(u)2 + ('v)z] /2 = u—;(l — cos ft)
_ Generation of d (v) 2 f
2=0 turbulence by + f (u) = 0. (v) = _7*(1 — cos(ft)) dEsiab
the wind dt % = (u)

« Potential energy: (from geometrical considerations)

0 —h 0 3 3 3
h h> — H® h

Epot = —/ bzdz = —/ NEz%dz + NOZ—/ zdz = NE| — —]
u T 2/, 3 4

u

o Kinetic energy: (Since E;, = E ,/h)

- Entrainment of dEw;,  dEgq dh

dh uiescent fluid — — E
at 1 dt hdt  h2dt Sl




Longer time behavior of the ML: Slab model (Pollard et al, 1973)
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e Uniform moving layer:

2

T d(u) f(v) = 2 (u)y = %sin(ft)
x’ 'y dt o [ 2 2 U
é> ) > v Egap = [{(w)” + (v) ] /2 = —2(1 — cos ft)
- Generation of d (v) u? f
2=0 turbulence by + f (u) =0. (v) = —7(1 — cos(ft)) dEgqp
the wind dt % = (u)
7 « Potential energy: (from geometrical considerations)
0 —h 0 3 173 3
Epot = —/ bzdz = — NEz%dz + Nozﬁ/ zdz = Ng[h HY _h ]
—H —H 2 —h 3 4

o Kinetic energy: (Since E;, = E ,/h)

- Entrainment of dEw;,  dEgq dh

dh uiescent fluid — — E
at 1 dt hdt  h2dt Sl

e Equation for energy:

dEgin dEpot 2

4
u*
h2 2

2
1—cosft)+N02hZ Ccii_};:




Longer time behavior of the ML: Slab model (Pollard et al, 1973)
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At longer time deepening continue

N\ 0022 /0 0.18
LES:  h=15L,; (—O> (—)
f Iy

Ushijima et al, 2020

2.5

Initial Rotating regime

regime
2.0 1

Pmax [
1.5 - :
™M 1
E | Pollard et al, 1973 fail after 1/2 T,
S~
< 1
1.0 1, : They consider at ¢t > z/f that
: 2
: uz (u)y <0
I
0.5 - : - —
: ---- Pollard et al. 1973 [— hg}2(1 — cos ft) + N(?Z] — =0
: —— Ushijima et al. 2020
0.0 .

0 057, 1 2 3 4 5




Longer time behavior of the ML: Extended Slab model
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e Slab energy: dEslab ui (u)
dt
« Potential energy: 3 _ H3 B3
Epot = Ng [ 3 - Z]

« Kinetic energy:

Ekin = slab/h T UEE(M




Longer time behavior of the ML: Extended Slab model
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. ES a r- . . 5 .
» olab energy: d ~ tl b = u? (u) E, expresses the kinetic energy associated with the
« DPotential energy: 13 _H3 p3 deviation of the velocity from the uniform slab
Epot = Nj| 3 - Z] velocity:.

4

S . ~ 1 (u) 1 u
o Kinetic energy: ~ P / _ W, o U 0
Ekz’n — slab/ h UEE(M 2u2 (u h ) dz u2 Ekin f2h (1 cos(f t)




Longer time behavior of the ML: Extended Slab model
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o : Es a r— . . . :
slab energy: d dtl > =2 (u) E, expresses the kinetic energy associated with the
« Potential energy: 133 B3 deviation of the velocity from the uniform slab
Epot = Nj| 3 - Z] velocity:.

Inet] : a 1 (u) 1 ul
e Kinetic energy: ~ E — / N N2, e S I
Eiin = Egap/h HU2E ) 22 (u 3 )“dz 2 Ekin 2h (1 — cos(ft)

2 272
° : . Uy NO h <'U,> d ~ d -~
Exact equation for energy: ~wp (1 — cos(ft)) + e (u (=0.4) — T) _ - + E 4+ - B,y
"\ ~ \’:/_/ N ~ ., <« ¥, N~ N—_——
. SLAB POTENTIAL - EXTRA PROD DISSIPATION DEVIATION  IMBALANCE




Longer time behavior of the ML: Extended Slab model
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o : Es a r— . . . :
slab energy: d dtl > =2 (u) E, expresses the kinetic energy associated with the
« Potential energy: 133 B3 deviation of the velocity from the uniform slab
Epot = Nj| 3 - Z] velocity:.

Inet] : a 1 (u) 1 ul
e Kinetic energy: ~ E — / N N2, e S I
Eiin = Egap/h HU2E ) 22 (u 3 )“dz 2 Ekin 2h (1 — cos(ft)

2 212
. ° : Uy Ny h (u) d -~ d -~
Exact equation for energy: _h2f2(1 — cos(ft)) + ug T (u (=0.4) — T) _ B + E 4+ = B,y
N ~~ \i/_/ N -~ J \j_/ N~ e
- SLAB POTENTIAL - EXTRA PROD DISSIPATION ~DEVIATION  IMBALANCE
s
e Residual terms: R m,—
hf
X is a fraction my, of the turbulent kinetic energy

production in the entrainment layer




Longer time behavior of the ML: Extended Slab model

>
/\/4
X/

Slab energy: dEsiap uz ()
dt
Potential energy: 3 3
h> — H
Epot — N02[ 3

Kinetic energy:

Exact equation for energy:

Residual terms: R ~m —

u;

 h2f2

h3
_ Z]

(1 — cos(ft)) +

SLAB

AR is a fraction m_ of the turbulent kinetic energy

P
production in the entrainment layer

Ng h*
u2 4
N——

POTENTIAL -

|

"— ¥

\/_7

E(h) expresses the kinetic energy associated with the

deviation of the velocity from the uniform slab

velocity:.

~ 1
E=2u§/(u_

(u)

h

)2dz = — | Ekin — fz_’;z(l — cos( ft)

u
(U(z=0,t) - <T> -

N

_J/

O

_fzhz

ug
~—

_I_

d -~ d ~
—F + EEturb

dt
—~—

EXTRA PROD DISSIPATION DEVIATION IMBALANCE

(1 — cos(ft)) +

N?2 h

dh

04

|

a

Consistant with scaling from LES

Paper in Prep



Next step : Free / Mixed Convection

—

- Heated floor [290-353] kW

- Inner cylinder (5m)

- Temperature probes
- 3 Vertical profilers
- 2 Fixed probes (z =0; 12cm)

- Vertical laser sheet (30x25)cm
- PIV Stereo

- Horizontal laser sheet (3x4)m
- PIV (z = 10cm)

- PIV in volume ( multi- layer )

- IR camera (3x4)m

/ B
L —— \

*_////

\
4 (@) ..
Conductivity > Conductivity
probe vertical probe l
1 slice
| — A
; T A
: (2) Glass cylinder
| . - ~punpp—
Ay _______Wl B H
|
o N h (mixed zone) horizontal slices
Alluminium | A 24 AA A A4 A -1 2via il -------------thh------------- - FATK RN i Ve a AN ALK Y
A — — = = e e e = e e e e e e - - T T T T T e = - - - - A= = =
Plate 3mln — . ."JZ'”"'”zvmﬂcvazvazr: | |
< > - L »\ Electric
Annulus 4m Inner cylinder Sm Annulus 4m .







LES: Numerical Twins

b / Tranche radial / t=0.0s

b /Tranche radial / t=600.0s \

-2 0
Time [s]
b / Tranche radial / t=100.0s

o At longer time different dynamics

-6 -4 -2 0 2 4 6
Time [s]
b / Tranche radial / t=700.0s

- Strong radial effects

-6 -4 -2 0 2 4 6
Time [s]
b / Tranche radial / t=200.0s

- Wavy dynamics

-6 -4 -2 0 2 4 6
Time [s]
b / Tranche radial / t=800.0s

) -4 -2 0 2 4 6
Time [s]
b / Tranche radial / t=300.0s

-6 -4 -2 0 2 4 6
Time [s]
b / Tranche radial / t=900.0s

-6 -4 -2 0 2 4 6
Time [s]
b / Tranche radial / t=400.0s

Basilics

-6 -4 -2 0 2 4 6

b/TrancheT:g:i?aIIS/]t=1000.Os LES - 1024 X 1024 X 32

-6 -4 -2 0 2 4 6

Time [s]
b / Tranche radial / t=500.0s

-6 -4 -2 0 2 4 6
Time [s]

0

Time [s]



Longer time behavior of the ML: Entrainment layer model

Initial stratification
=mm= Density Profile
=== MLD

Entrainement layer
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Mixing occurs only in the entrainement layer — Marginal stability
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o Considering a fully mixed layer and an entrainment layer 5,




Longer time behavior of the ML: Entrainment layer model

Initial stratification
=mm= Density Profile
=== MLD

Entrainement layer
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=== Cross-wind velocity
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o Considering a fully mixed layer and an entrainment layer 5,

Mixing occurs only in the entrainement layer — Marginal stability

Buoyancy drop
Ob/0z ~ NEh/(2he)

Velocity drop (Averaged over Ty)
(Ou/0z)* = 2uy/(f*he)




Initial stratification
=mm= Density Profile
=== MLD

Entrainement layer

p [kg .m~3]

Longer time behavior of the ML: Entrainment layer model
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=== Along-wind velocity
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o Considering a fully mixed layer and an entrainment layer 5,

Mixing occurs only in the entrainement layer — Marginal stability

=== Cross-wind velocity

Velocity drop (Averaged over Ty)
(Ou/0z)* = 2uy/(f*he)

Buoyancy drop
Ob/0z ~ NEh/(2he)

« Relation Between active/entrainment layer thickness:
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V[m. s 1]

5 I T
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Longer time behavior of the ML: Entrainment layer model

Initial stratification
=mm= Density Profile
=== MLD

Entrainement layer
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o Considering a fully mixed layer and an entrainment layer 5,

Mixing occurs only in the entrainement layer — Marginal stability

Velocity drop (Averaged over Ty)
(Ou/0z)* = 2uy/(f*he)

Buoyancy drop
Ob/0z ~ NEh/(2he)

« Relation Between active/entrainment layer thickness:

he us
h h4Ngf2

o Local Buoyancy: N2 = NZh/(2h,)




Longer time behavior of the ML: Entrainment layer model

Initial stratification
=mm= Density Profile
=== MLD
-5 Entrainement layer
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Considering a fully mixed layer and an entrainment layer 5,

Mixing occurs only in the entrainement layer —— Marginal stability

Buoyancy drop
Ob/0z ~ NEh/(2he)

Velocity drop (Averaged over Ty)
(Ou/0z)* = 2uy/(f*he)

Relation Between active/entrainment layer thickness:

he us
h h4N3f2

Local Buoyancy: N2 = NZh/(2h.)

Turbulent Viscosity: (From dimensional argument)

4
N 1/2 Uy
vy ~ u2 /N, ~ 2\/51[22875 WINZ]

TKE Production: (integrated over the layer) < P >.~ vu? /he

u? = 2ul/(f7h)




Longer time behavior of the ML: Entrainment layer model

Initial stratification
=mm= Density Profile
=== MLD
-5 Entrainement layer
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Considering a fully mixed layer and an entrainment layer 5,
Mixing occurs only in the entrainement layer —— Marginal stability

Buoyancy drop
Ob/0z ~ NEh/(2he)

Velocity drop (Averaged over Ty)
(Ou/0z)* = 2uy/(f*he)

Relation Between active/entrainment layer thickness:

he us
h h4N3f2

Local Buovancy: N2 = NZh/(2h,)

Turbulent Viscosity: (From dimensional argument)

4
N 1/2 Uy
vy ~ u2 /N, ~ 2\/51[22875 WINZ]

TKE Production: (integrated over the layer) < P >~ I/tu2 / he

4 u? =~ 2ut/(f?h?)

U
Mixing efficiency dE,/dt h—mp < P>,




Longer time behavior of the ML: Entrainment layer model

//*_///

« Considering a fully mixed layer and an entrainment layer &,

0
—

° - i swatifaton ° T/— Aongwina vetocy ° —"cross-wind velocity Mixing occurs only in the entrainement layer —— Marginal stability
5 " eovnemenciyer | _ 5 Buoyancy drop Velocity drop (Averaged over Ty)
2 s 90 d /(£27,2
Ob/0z ~ NEh/(2he) (Ou/02)? =~ 2ul/(f2h2)
h « Relation Between active/entrainment layer thickness:
—15 1 —15 1
he ul
R e e === 20 — = 4R *
h RANZJ2
s _ . CON2 N2
25 25 Local Buoyancy: NZ = Ngh/(2h,)
—30 - -30
a b o Turbulent Viscosity: (From dimensional argument)
—351— | | ~35 | - ~ - ' 4
1013.6 1013.8 1014.0 -0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10 1/2 U*
2
0 [kg .m=3] Um. s~1] VIm. s=1] e ~ u2/N. ~ 2V2Ri
t */ e st h2 Ng f
’U,f: 2h2 dh ’U,i : : 2
7% (1 — cos(ft)) + N i mpﬁ » TKE Production: (integrated over the layer) < P >.~ vyu®/h,
2 ~ 4 272
4 u? ~ 2ut/(f2h2)

« Mixing efliciency dE,/dt Z—*mp <P>,




