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Thermal plumes are an intrinsic feature of convection. Their long-lived shape can loosely be described by
a cylindrical conduit. Provided that they are not subjected to a shearing current, plumes will rise opposite to
gravity, whereas, in the presence of a velocity shear, they will tilt.
The idea that plumes are deflected from the vertical has especially been portrayed in the case of the Earth’s
mantle convection because of the large scale plate-driven shear flow [1]. In particular, laboratory experiments
[2-5] showed that gravitational instabilities of compositional plume conduits could occur if the conduits were
either horizontal or tilted by a background shear by more than 60 degree from the vertical. When thermal diffusion from plume conduits is considered, the development of the gravitational instabilities is not straightforward
[6]. If the instability of a rising horizontal cylindrical region of buoyant viscous fluid is unaffected by diffusion
when the thermal Rayleigh number Ra is greater than about 300, diffusion significantly increases the time for
instability when Ra is less than 300. In this later case, the rising fluid region needs to grow substantially by
both diffusion and entrainment before it becomes unstable.
The growth rate of instabilities developed by an initially horizontal, buoyant cylinder of fluid rising through
a denser fluid at low Reynolds number was further investigated through three-dimensional numerical experiments. Two series of experiments were carried out and analyzed as a function of the Rayleigh number, the
viscosity ratio between the inner cylinder fluid and the outer ambient fluid, and the dimensions of the domain.
In the first series of numerical experiments, a hybrid particle-in-cell finite element method was used to examine non-diffusing plumes at infinite Rayleigh number. These experiments show that 1) the timescale of the
fastest growing instability varies with viscosity ratio and 2) the growth rate slightly increases as the distance
between the cylinder and the free-slip boundaries that are vertical and parallel to the cylinder axis decreases.
In the second series of numerical experiments, the effect of thermal diffusion was investigated using a standard finite element method and an initial thermal disturbance condition. These experiments show that 1) initial
disturbances grow with rates that vary with the Rayleigh number and the viscosity ratio and 2) a range of
wavenumbers allows growth but one wavenumber, which depends on the viscosity ratio, is the most unstable.
Applied to the mantle, the results suggest that strongly tilted plume tails are likely to be gravitationally stable
as estimates of the time for growth are larger than 16 Myr and 300 Myr for an instability that would develop in
the upper and lower mantle, respectively.
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Figure 1. Snapshots at dimensionless times t̄ = 0, 40, 80 and 120 of the rise of an horizontal cylindrical region of buoyant
viscous fluid at infinite Rayleigh number. A front and a perspective view are shown. The dimensionless wavelength
λ̄ = λ/a, where a is the radius of the cylinder, is λ̄ = 11.1 ± 2.0.

