Basal Melting Driven by Turbulent Thermal Convection
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Convective flows and phase change
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Thermal convection in Arctic ice melt ponds
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Thermal convection in ponds is turbulent

HZlOcm}Ra_lo up to Ra ~10° with Pr~ 10

How does the heat-flux scale in a pond?

Nu ~ 0.04 Ral/g Malkus (1954) scaling

Taylor & Feltham, “A model of melt pond evolution on sea ice”, J. Geophys. Res. 109,(2004).

Luthje, Mikael, et al. "Modeling the summertime evolution of sea-ice melt ponds." J. Geophys. Res. 111 (2006). 3



A model system

Basal melting driven by natural thermal convection (CM)

time




Equations for the model system

Boussinesq equations
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Control parameters
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(Global heat budget

Effe Ctive Q (t) Ulvrova, Labrosse, et al.
Nusselt Nueff (t) — AT Phys. Earth and Planetary

number /00 Cp K W Interiors (2012)
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Conductive regime:

H (t) — 2)\\/& Aexp(A\?) erf () = S—:T .
Convective regime:
Nuin _ ﬁ A2 out 2)\2
ST s Nucpy = 7

independent of time and > 1 7



(Global heat flux: convection

NUeﬂ’[Raeﬁ, PI”, St] =7

Nulfs ~ Rals; Pr® St7

Conductive case and St small

a=0=v9=0

RB Malkus scaling
a=1/3

>

RB Ultimate regime
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A+1
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global
liquid fraction
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constant melt front speed
~ 1 L
Um = =7 (1) = const

constant melt front acceleration
am = ‘12(gb ) = const
m dtZ l



DNS results: convective melting in 2D
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Nusselt vs Rayleigh (2D)
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Reynolds vs Rayleigh (2D)

typical fluid

velocity amplitude
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Convective melting in 3D
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Nusselt vs Rayleigh (3D)
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same trend as in 2D-3D RB system (E.P. van der Poel ez 2/ JFM 2013)
® Nucs 3D > Nu @RB 3D (max increase 47% but transient effect)

® Ra exponent < 1/3
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Interface shape analysis (1)
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Ramar = 1.5 x 107, Pr =10, St =1
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Interface shape analysis (2)
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Interface shape analysis (3)
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Very small roughness,
ineffective on Nu modulation

(Zhu, Stevens, Verzicco, Lohse,
PRL 119, 154501 (2017)



Effect of Stefan number

Stefan ¢y & Z\T ( Note thatin ice melt ponds St~ 0.01)
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« At small-Ra St affects the convection onset: goes to RB (Rac. = 1708) for St -> 0
« At high-Ra only St weakly increase the heat flux: Nu ~ 5t%-0°



Summary

1. RB phenomenology is valid : RB heat flux captures the correct order of magnitude and
asymptotic scaling for Nuess in Convective Melting

Why? Urms >> Vm

Nuesf > Nugrg for moderate Ra -> not yet fully understood

Nuefr ~ Raerr® with a < 1/3 -> front speed vm(t) ~ t=° weakly decreases with time
2. Small roughness, and interface shape controlled by large-scale structures Ar=1
3. Weak Nu dependence on Stefan for St=[0.1,100]

Nu ~ Raer® St° -> implies front speed vm ~ St

Basal melting driven by turbulent thermal convection
B. Rabbanipour Esfahani, S. C. Hirata, S. Berti and E. Calzavarini
arXiv:1801.03694 - in press on Phys. Rev. Fluids (2018)




Perspectives

For more realistic modelling of melt ponds:
- Radiative heating (non-homogeneous volume term)
- Effect of wind stress

- Convection in a cavity and measure of vertical /lateral heat fluxes

- Simulating the merging of multiple melting cavities



