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lots of action!



Convection

Internal gravity waves — how efficient is 
excitation? what types of waves excited?
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momentum transport: e.g., QBO
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mixing — how to parameterize??
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negative in conv 
VERY positive in stable
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BC’s: no slip, no temperature perturbation 
3D domain, 4H x 4H x 2H
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Dedalus code
problem.add_equation("dx(u) + dy(v) + dz(w) = 0") 

problem.add_equation("dt(u) - ν*(dx(dx(u)) + dy(dy(u)) + dz(uz)) + dx(p)      
                                = -(u*dx(u) + v*dy(u) + w*uz)") 

problem.add_equation("dt(v) - ν*(dx(dx(v)) + dy(dy(v)) + dz(vz)) + dy(p)      
                                = -(u*dx(v) + v*dy(v) + w*vz)") 

problem.add_equation("dt(w) - ν*(dx(dx(w)) + dy(dy(w)) + dz(wz)) + dz(p) - b  
                                = -(u*dx(w) + v*dy(w) + w*wz)") 

problem.add_equation("dt(b) - κ*(dx(dx(b)) + dy(dy(b)) + dz(bz))              
                             = -(u*dx(b) + v*dy(b) + w*bz) - H") 

problem.add_equation("bz - dz(b) = 0") 
problem.add_equation("uz - dz(u) = 0") 
problem.add_equation("vz - dz(v) = 0") 
problem.add_equation("wz - dz(w) = 0") 
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Ansatz:



Passive Scalar Field
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Turbulent Diffusivity
Solve: 

Does it 
work?

fit





Turbulent Diffusivity
Solve: 

Turbulent 
diffusivity is a good 

approximation!
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c(x, y, z, t) = c(z, t) + c̃(x, y, z, t)

Why Turbulent Diffusivity?



c(x, y, z, t) = c(z, t) + c̃(x, y, z, t)

Why Turbulent Diffusivity?

@tc�D@2
z c̄ = �hr · (uc̃)i = �@z hwc̃i

@tc̃�Dr2c̃ = �w@zc� @z (wc̃� hwc̃i)



c(x, y, z, t) = c(z, t) + c̃(x, y, z, t)

Why Turbulent Diffusivity?

@tc�D@2
z c̄ = �hr · (uc̃)i = �@z hwc̃i

@tc̃�Dr2c̃ = �w@zc� @z (wc̃� hwc̃i)
“pain in the neck”



Why Turbulent Diffusivity?

c

c

w

c

c̃ w

@tc�D@2
z c̄ = �hr · (uc̃)i = �@z hwc̃i

c̃

wc c̃

c̃

w

@tc̃�Dr2c̃ = �w@zc� @z (wc̃� hwc̃i)

Quasilinear 
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Summary

1. Penetrative convection mixes fluid like a 
turbulent diffusivity (as least in these sims) 

2. Very little mixing in regions which are very 
stable (Dt ~ gaussian) 

3. Passive scalar field good for diagnosing mixing



Physical Model of Overshoot
Kelvin-Helmholtz 

instability?

Ri =
N2

(dU/dz)2

Ri ⇠ 103

Woodward et al 2014



Physical Model of Overshoot

Miles instability

U(z0) = cp

resonance



Physical Model of Overshoot
(a) (b)

Figure 2: (a) Mixing process induced by surface-gravity waves in the vicinity of the interface (15 ⇥ 20cm2 ) and (b) of the
dome head (15⇥ 8cm2 ). The heavy fluid has been dyed by rhodamine and corresponds to the bright region.

induced by the breaking of surface-gravity waves (figure 2.(a)) and the eddies play only the role of waves generator. We have
investigated in details the different steps of this process: the generation, the amplification and the breaking of the waves.

We draw a global picture of the mechanism of erosion. The jet impinges the interface between both fluids and the
time averaged impact describes a parabolic dome (figure 1.(b)). Inside the dome, the surface is convoluted by the turbulent
fluctuations of the jet. Our measurements shows that the Kelvin-Helmholtz instability is inefficient to trigger perturbations,
because the local shear is very weak in the vicinity of the dome head. The waves are rather generated by the turbulent
eddies coming from the jet. The vortices excite surface-gravity waves, which propagate outward the impinged region, but the
eddies do not contribute directly to a significant mixing as expected from the scenario of eddy engulfment. Theses waves are
identifiable on figures 2.(a) and 2.(b). During the propagation, the height of the waves increases until they breakdown close
to the border of the dome. This process is illustrated on the three successive pictures of the interface of the figure 2.(b), with
waves propagating from left to right. As the Kelvin-Helmholtz instability is not able to amplify the waves, an other mechanism
must transfer the energy to the waves.

For the first time, we show that the amplification of the waves is caused by an energy transfer from the mean flow via
a mechanism similar to the one described by Miles [5] in shear flows. Indeed, we observe a critical region where the phase
velocity of the waves matches the time-averaged tangential velocity following the interface. As described by Miles [5] , the
waves are amplified below the critical layer. Finally, the breaking of the waves induces a strong mixing due to the wrapping of
filaments. The heavy fluid is then transported in the bulk flow where the turbulence of the jet mixes both fluids (figure 2.(a)).

CONCLUSION

Our work shows the key role played by the waves in the erosion process at low Froude. The waves are amplified by
a mechanism involving a critical layer [5] and this amplification leads to the breaking of the waves, which is here the main
source of erosion. Waves being the primordial mechanism for mixing, we define a new scaling law for the entrainment rate as a
function of local Froude number, based on waves properties. This law is in good agreement with present and past experimental
measurements, hence solving a long standing problem [4]. This work is detailed in [1].
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Summary We investigate experimentally the mechanism of erosion by a turbulent jet impinging a density interface with moderate Reynolds
numbers and low Froude numbers. From our measurements, we present a new scenario of turbulent mixing. The turbulent eddies contribute
indirectly to the mixing by generating surface gravity waves. The waves are then amplified by a mechanism similar to the Miles instability
characterized by the presence of a critical layer, where the phase velocity of the waves matches the velocity of the mean flow. This
amplification leads to the breaking of the wave, which mixes efficiently both fluids.

INTRODUCTION

Mixing between fluids with different density occurs in geophysical, in astrophysical and in industrial context [1]. It relies
on a complex process where the kinetic energy is irreversibly converted into potential energy. Our work is motivated by the
industrial applications in the nuclear safety context, where a lighter fluid (hydrogen) must be mixed with the ambient fluid
(air) to avoid the ignition of explosive reactions [2]. We consider the case of a sharp density interface impinged by a turbulent
round jet. The turbulent jet of light fluid (water) of density ⇢1 impinges a volume of heavier fluid (salty water) of density
⇢2 > ⇢1, such that the outflow of the jet is orientated in the gravity direction and orthogonal to the density interface. The jet
is driven by an upstream pump and the buoyant effect are initially localized in the region of the impact (figure 1). The salty
water is progressively mixed with the fresh water until the gradients of concentration disappear. We investigate the mechanism
of erosion of the density interface by a turbulent jet for moderate Reynolds number Re = uibi/⌫ (Re 2 [2 � 3] ⇥ 103) and
low Froude number Fri = ui/

p
big0 (Fri < 2) with ui and bi the typical velocity and width of the jet at the interface

and g0 = g(⇢2 � ⇢1)/⇢1 the reduced gravity acceleration. The velocity field is measured by particle image velocimetry
(PIV) process in the vertical plane of the laser sheet, which crosses the nozzle of the jet. The density is measured by planar
laser-induced fluorescence (PLIF).

(a) (b)

Figure 1: (a) A schematic of the experimental set-up showing a rectangular tank (30x30x50cm) filled with water (h1) and a
saline solution (h2). The nozzle is located at a height h from the interface. (b) Streamlines (black curves) of the mean flow,
superimposed on the vertical component of the mean velocity field huzi (cm/s). The black dotted curve corresponds to the
time-averaged location of the interface separating both fluids.

AN NEW SCENARIO OF TURBULENT MIXING

The classical models of erosion (see e.g. [3, 4]) are commonly based on the mixing capacity of vortices, which engulf the
heavy fluid at the interface before being advected by the mean flow outside the impinged region. However no experimental
study has demonstrated quantitatively such mechanism in a non-buoyant jet. Our experimental results show that the mixing is
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Figure 2: (a) Mixing process induced by surface-gravity waves in the vicinity of the interface (15 ⇥ 20cm2 ) and (b) of the
dome head (15⇥ 8cm2 ). The heavy fluid has been dyed by rhodamine and corresponds to the bright region.

induced by the breaking of surface-gravity waves (figure 2.(a)) and the eddies play only the role of waves generator. We have
investigated in details the different steps of this process: the generation, the amplification and the breaking of the waves.

We draw a global picture of the mechanism of erosion. The jet impinges the interface between both fluids and the
time averaged impact describes a parabolic dome (figure 1.(b)). Inside the dome, the surface is convoluted by the turbulent
fluctuations of the jet. Our measurements shows that the Kelvin-Helmholtz instability is inefficient to trigger perturbations,
because the local shear is very weak in the vicinity of the dome head. The waves are rather generated by the turbulent
eddies coming from the jet. The vortices excite surface-gravity waves, which propagate outward the impinged region, but the
eddies do not contribute directly to a significant mixing as expected from the scenario of eddy engulfment. Theses waves are
identifiable on figures 2.(a) and 2.(b). During the propagation, the height of the waves increases until they breakdown close
to the border of the dome. This process is illustrated on the three successive pictures of the interface of the figure 2.(b), with
waves propagating from left to right. As the Kelvin-Helmholtz instability is not able to amplify the waves, an other mechanism
must transfer the energy to the waves.

For the first time, we show that the amplification of the waves is caused by an energy transfer from the mean flow via
a mechanism similar to the one described by Miles [5] in shear flows. Indeed, we observe a critical region where the phase
velocity of the waves matches the time-averaged tangential velocity following the interface. As described by Miles [5] , the
waves are amplified below the critical layer. Finally, the breaking of the waves induces a strong mixing due to the wrapping of
filaments. The heavy fluid is then transported in the bulk flow where the turbulence of the jet mixes both fluids (figure 2.(a)).

CONCLUSION

Our work shows the key role played by the waves in the erosion process at low Froude. The waves are amplified by
a mechanism involving a critical layer [5] and this amplification leads to the breaking of the waves, which is here the main
source of erosion. Waves being the primordial mechanism for mixing, we define a new scaling law for the entrainment rate as a
function of local Froude number, based on waves properties. This law is in good agreement with present and past experimental
measurements, hence solving a long standing problem [4]. This work is detailed in [1].

References

[1] Herault, J. and Facchini, G. and LeBars, M. :Erosion of a sharp density interface by a turbulent jet at low Froude number. Submitted to J. Fluid Mech.
[2] Studer, E. and Brinster, J. and Tkatschenko, I. and Mignot, G.and Paladino, D. and Andreani, M.: Interaction of a light gas stratified layer with an air jet

coming from below : Large scale experiments and scaling issues. Nuclear Engineering and Design, vol. 253, pp. 406-412, 2012.
[3] Cotel, A. J. and Gjestvang, J. A. and Ramkhelawan, N. N. and Breidenthal, R. E.: Laboratory experiments of a jet impinging on a stratified interface.

Exp. Fluids, 23(2),155-160, 1997.
[4] Shrinivas, A. B. and Hunt, G. R.: Unconfined turbulent entrainment across density interfaces. Journal of Fluid Mechanics 757, 573-598.
[5] Miles, J. W.: On the generation of surface waves by turbulent shear flows. J. Fluid Mech 7(03):469-478, 1960.

Herault et al 2018


