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Oscillatory double-diffusive convection (semi-convection)

°

°

low temperature

high temperature

Double-diffusive convection: density variation comes from two different scalars, 7" and C'
Consider a heavy element in the fluid, e.g. salt in seawater, He in H-He mixture

Let C be the concentration of the heavy element, then:
p(T,C) = Pm[l —ar(T = Ty) + ac(C— Cm)]a ar,ac >0
What distinguishes 7" and C' is their diffusivities: k; > k¢

ODDC: temperature (fast diffusing) is destabilising, composition is stablising
Rayleigh numbers: thermal Ra, > 0, compositional Ra. < 0



Possible scenarios of ODDC in planetary and stellar interiors

Saturn ® Stabilising compositional gradient may form

~ 135K inside Saturn in two different ways:
molecular H 1 bar . . .
2 ® helium rain: at some specific temperature

and pressure, H and He become
immiscible, heavy He droplets falls inwards
and accumulates above the deep interior
(Salpeter 1973; Stevenson & Salpeter 1977)

~ 6,500 K o dilute/fuzzy core: recent observations

1-2 Mbar suggest the existence of an extended stably
stratified region created by heavy elements
dissolving from a compact inner core
(Mankom'ch & Fuller 2021)

® Composition gradient, and thus ODDC, may

~ 10,000 K cet
; also exist in:
10 Mbar )
layered structure + compact core (left), ® Jupiter
inhomogeneous structure + fuzzy core (right) #® core-convective main sequence stars

Fortney et al. in “Saturn: The Grand Finale”, K. H. Baines et al., eds., Cambridge University Press



Mathematical model: ODDC in a rotating spherical shell

low temperature Equilibrium profiles (at u = 0)
low concentration

of heavy elements,

Boundary condition

dT.
—=2 < 0 destabilising

fixed T' gradient: ar

high temperature

e somary gr| - oTl
or 7"1" orl,, % < 0 stabilising
fixed C' gradient: '
aC aC
orl,orl,, <° g

p(TS"CS) = pm[l - aT(Te - Tm) + Oéc(Cs - Cm)]
Consider a Boussinesq fluid in a rotating spherical shell of inner radius r; and outer radius r,

g d a7y N dcC,
Pm ar’ dr 9% gy

#® (equilibrium) buoyancy frequency: Nj = — (T, Cy) = NZ = ga,

ac|dCy/dr|

® inverse density ratio: R = AT, /dr]
a,|dTs/dr



Governing equations

Non-dimensional equations:
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Numerical simulations using XSHELLS by Nathanaél Schaeffer (Université Grenoble Alpes)



Phase diagram: top-heavy vs. bottom heavy
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® Ny=-— — + ———=,  Nj < 0: unstable stratification, Ny > 0: stable stratification
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® Rl = R, < 1: unstable stratification, R, ' > 1: stable stratification

Rar '’

® critical Rayleigh number for pure thermal convection ~ 1.77 x 10°



Phase diagram: global stability
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Three different Ra, and varies Rac

N

® Convection occurs for R;l < 1 (overturning convection)

® Convection occurs for Rp_1 > 1 at some moderately large |Rac| (double-diffusive effect)
o

For a given Ra,, system is stable when R,! (or [Rac|) is larger than some critical value



Kinetic energy

average kinetic energy Ra,; = 7x107
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For a given Ra:

® KE remains roughly constant for R;l less than some threshold R, > 1 (R,' = 7|Rac|/Rar)
® KE drops sharply at R;l ~ R, and remains small for R;l > R,

X ] R;l < R, : KE is dominated by the axisymmetric (m = 0) velocity

¥ ) R;l > R, : KE is dominated by the non axisymmetric (m # 0) velocity



Field morphology: thermal-like behaviour
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Field morphology: comparing to pure thermal convection
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® similar to pure thermal (overturning) convection—even though Rp_l >1

Pure thermal convection at Rar = 3 x 107
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Field morphology: oscillatory double-diffusive behaviour
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Rar =3 x 107, Rac = —7.5 x 108
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® overlapping of large-scale pattern and small-scale wave motions
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Buoyancy frequency (Ra, = 3 x 107)

s %107 Ra. = —4.5x10% <108  Ra, = —7.5%x10%

Equilibrium: NEg = gaT% — gacdd—c;s , NZ > 0 for both cases
d(T) d(C)

1 2w pmw
isticall o (N?) = goar——- — = |z
Statistically steady: (N?) = go 4 9ve— (f) /[47r/0 i f(r,0,6,t)dode| dt



Force balance (Ra, = 3 x 107)
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Summary

® R <1 (N§<0):
» Compositional buoyancy negligible
® Thermal-like overturning convection
® 1<R'<R., (N;g>0):
» Compositional buoyancy increasing, but ...
® Thermal-like overturning convection persists
o R;l ~ R, (NZ > 0) : thermal buoyancy ~ compositional buoyancy
® R;'>R. (N§>0):
» Compositional buoyancy > thermal buoyancy
® Oscillatory double-diffusive behaviour before the system becomes stable at large R;l

® Dynamo at R, ' > 17 Yes.
Dynamo at R;l > R,? Yes!



