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Introduction: Definition of Convection

Pictures of the bottom boundary layer
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Vertical motion of a fluid parcel caused by: 

•Buoyancy Force            Free convection 

•External Force             Forced convection 



Forced Convection (Momentum Flux) 

Wind-driven Oceanic Convection : Processes
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Forced Convection (Momentum Flux) 

Shear stress at the surface 

Log layer / Ekman Layer   
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Erosion of the Stratification  

Wind-driven Oceanic Convection : Processes



•Linear stratification  

•Bulk consideration 

•The entire stress at the bottom of ML deepen it  

•Excess of energy by wind  + rate of change of TKE + Dissipation = 0 

  usurface > ubulk

Wind-driven Oceanic Convection: Scaling law

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

Figure modified from Cushman-Roisin, 1981 

Pollard et al, 1973:  Assumption
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ML deepening scaling law

•Momentum of mixed Layer increase :  

•Marginal stability state    

           

uh ∝ u2
* t

⇒ Ri =
h2N2

0

u2
= Ric

h(t) =
u*

N0 f
[4(1 − cos( ft)]1/4

h(t) ∼ 21/4u*
t
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Seminal Experiments

Kato - Philips 1969 

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

• Mixed layer deepening rate :  

• Entrainment law :  

       

h ∼ t1/3

E(Ri) =
dh/dt

u*
= 2.5 Ri−1

• They did not considered rotational effects 

• The torque applied was tuned « by hand » 

• No direct measurement of the density 

• No direct measurement of the velocity  

       



Coriolis Platform

- Diameter:  

- Weight : Tones at full load  

- Maximum Speed:    

- Max water height:     

- Volume:         

13 m

350

6 rpm

1 m

132 m3

- Rossby Number     

- Froude Number :     

- Reynold Number:   

    

Ro =
U
fL

Fr =
U

NL

Re =
UL
ν



Forced Convection Experiment: Apparatus 

- Acceleration of rotation (Spin-Up) 

- Temperature stratification 

- Temperature probes  
- 3 Vertical profilers 

- Vertical laser sheet  (30x25)cm  
- PIV Stereo (2D - 3 components)  

Friction :                                  Rotation :                Stratification u* f N2 ≡ (ΔT)
Control parameters 



Forced Convection Experiment: Apparatus 

- Acceleration of rotation (Spin-Up) 

- Temperature stratification 

- Temperature probes  
- 3 Vertical profilers 

- Vertical laser sheet  (30x25)cm  
- PIV Stereo (2D - 3 components)  

Friction :                                  Rotation :                Stratification u* ∼ 2πRΩ/20 f N2 ≡ (ΔT)
Control parameters 

All Scalings depends on this velocity friction  

A proper characterization is needed 



Forced Convection Experiment: Vertical profiles of velocity 
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Forced Convection Experiment: Vertical profiles of velocity 

u = u . x1 + v . x2 + w . y

w = w + w′￼u = u + u′￼

u′￼w′￼

v = v + v′￼

v′￼w′￼

Momentum turbulent flux



Friction velocity

Figure 4 – Profil vertical du flux turbulent de quantitée de mouvement EXP12 à deux
instants de l’expérience. Le comportement proche de la paroi n’est pas accessible à cause
de la résolution de la caméra et de restriction techniques.

Les deux derniers points ne sont pas directement impliqués dans la loi de décroissance et
dans le bilan de moment angulaire mais sont essentiels à la compréhension de la distribu-
tion et à la dissipation d’énergie au cours du Spin-up.
De plus, étant donnée que la vitesse relative a la cuve se réduit à mesure que le Spin-up
s’e!ectue, la friction qui s’applique est diminuée. Toutefois la durée de nos expérience est
courte devant le temps de Spin-up complet (O(1h)). Si on compare la Figure 5 avec la
Figure 4 de S13 nous nous situons sur le tout début de l’expérience. Ainsi si on considère
u→ comme variant peu au cours de l’expérience, d’après l’eq. 1 une première estimation
de : u→ = 0.86cm s↑1 pour l’EXP15 est donnée par la pente dU

dt .

Étant donné que toutes les expériences sont e!ectuées avec un même ”# dans la
période de rotation et donc un même stress. On peut faire la moyenne des pentes de
décroissance de U et on obtient une première estimation plus robuste u→ = 0.79 cm s↑1.
Cette valeur est un peu supérieur a la valeur moyenne mesuré de u0→ (détail section
suivante). Cette déviation correspond est du a l’angle ”cross-isobar” qui est due a la
déviation du vecteur de vitesse dans la couche limite

u2
→ = u2

0→ cosω0 (2)

Nb : Dans la suite du document (et dans les graphe) si cela n’est pas explicité, u→
correspond par défaut à u0→

5

Forced Convection Experiment: Characterization of friction

−u2
* = u′￼w′￼− ν

∂u
∂z

Shear stress:  turbulence + viscosity 

Near the wall, the viscous and the turbulent stress 
sum up to a constant value (Pope, 2000) 

u2
*(t)



H
dU
dt

= − u2
*

Forced convection experiment: Characterization of friction

Conservation of angular 

momentum  



Forced Convection Experiment: Different Boundary layers

Boundary layer based on 

Thermodynamical quantities 

N2(hT) = max (N2)



Forced Convection Experiment: Different Boundary layers

Boundary layer based 
on dynamical quantities 

With  the velocity of the 
fluid in the reference frame of 
the plate far from the wall 

U∞

U(δ95(t)) = 95 % U∞

Boundary layer based on 

Thermodynamical quantities 

N2(hT) = max (N2)



Growth of the mixed layer by 
momentum turbulent flux 

Figure  :Evolution of the vertical  
turbulent flux profile for an experiment  
without initial rotation 

Forced Convection Experiment: Growth of the mixed layer

• Accordance at short time with Pollard et al, 1973 

                          

• Consistency between  at short time 

• At longer time      different dynamics

h(t) = 21/4u* ( t
N )

1/2

hT and δ95

• Spin-up  

• Ekman dynamic  

       



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

• Uniform moving layer: 

T

u
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Longer time behavior of the ML: Slab model (Pollard et al, 1973)

• Uniform moving layer: 

•  Potential energy: (from geometrical considerations) 

•  Kinetic energy: (Since ) 

• Equation for energy: 

Ekin = Eslab/hT

u



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

Pollard et al, 1973 fail after   

They consider at  that  

 

1/2 Tf

t > π/f

u2
* ⟨u⟩ < 0

At longer time deepening continue 

    LES:  h = 1.5Lp73 ( N0

f )
0.022

( t
Tf )

0.18

Ushijima et al, 2020 



Longer time behavior of the ML: Extended Slab model

• Slab energy: 

•  Potential energy: 

•  Kinetic energy: 



 expresses the kinetic energy associated with the 
deviation of the velocity from the uniform slab 
velocity.

Ẽ(h)
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Longer time behavior of the ML: Extended Slab model

• Slab energy: 

•  Potential energy: 

•  Kinetic energy: 

•  Exact equation for energy: 

• Residual terms: 

> 0

 is a fraction   of the turbulent kinetic energy 
production in the entrainment layer
ℛ mp

ℛ ≃ mp
u4

*

hf
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Longer time behavior of the ML: Extended Slab model

• Slab energy: 

•  Potential energy: 

•  Kinetic energy: 

•  Exact equation for energy: 

• Residual terms: 

> 0

 is a fraction   of the turbulent kinetic energy 
production in the entrainment layer
ℛ mp

ℛ ≃ mp
u4

*

hf
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



Next step : Free / Mixed Convection 



LES: Numerical Twins

- Strong radial effects  

- Wavy dynamics  

• At longer time different dynamics

LES - 1024 x 1024 x 32 

Basilics 



• Considering a fully mixed layer and an entrainment layer   

Mixing occurs only in the entrainement layer        Marginal stability  

  

he

Longer time behavior of the ML: Entrainment layer model
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dEp/dt ∝
u4

*

hf
mp < P >e
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