Chaotic dynamics of a convection roll in a highly confined,
vertical, differentially heated fluid layer
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The air flow between two differentially heated, vertical plates is characterised by cat’s eye-like convec-
tion rolls when the Rayleigh number (Ra) is above a critical value. These convection rolls are found to
be connected by oblique vorticity braids in the case of a transversely confined domain [1,2]. In this work
we focus on the dynamics of a single convection roll by considering a small periodic domain, using direct
numerical simulation (DNS) [2]. Via a Hopf bifurcation, the roll and braids grow and shrink alternatively
and periodically [1]. As Ra increases, the flow becomes temporally chaotic through a period-doubling
cascade [3,4], which is a new result, as chaos usually occurs through quasi-periodicity in laterally heated
cavities [5]. The largest Lyapunov exponent of the flow [6] is found positive. The bifurcation diagram
displays periodic windows as well as interior crises. The Feigenbaum constant based on the first few
bifurcations is close to the theoretical value [4]. As Ra further increases, intermittency appears as the roll
randomly switches between two vertical positions distant half the wavelength of the coherent structure,
which is seen as an ”attractor-merging” crisis [7]. The jump of the roll between two locations suggests the
existence of a heteroclinic connection between two chaotic attractors, which form a O(2) x O(2) invariant
torus. A critical crisis exponent [7] is computed to characterize the mean time between the switches.

In the spirit of [8], we derive a low-order model for the time evolution of the three principal spatial
Fourier modes and show that some key features of the flow dynamics are correctly captured. The model
successfully predicts the limit cycles which are close to the ones observed in DNS. The addition of a
periodic perturbation to account for the effect of higher-order modes leads to a modulation of the cycles,
which is reminiscent of the chaotic regime. Finally, we show that the presence of random noise in the
system can generate strong excursions in phase space which mimic the roll shift observed in the simulation.

Références

[1] Gao, Z., Sergent, A., Podvin, B., Xin, S., Le Quéré, P. 2013 On the transition to chaos of natural convection
between two infinite differentially heated vertical plates 2013 Phys. Rev. E. 88 023010

[2] Randrianifahanana. S. 2013 Ecoulement de convection naturelle en grande cavité. Internship report, Master
1, Université Pierre et Marie Curie

[2] Xin, S., Le Quéré, P. 2002 An extended Chebyshev pseudo-spectral benchmark for the 8 :1 differentially
heated cavity Int. J. Num. Meth. in Fluids 40 981-998

[3] Eckmann, J.P. 1981 Roads to turbulence in dissipative dynamical systems Rev. Modern Physics 53 643-654

[4] Feigenbaum, M.J. 1980 Universal behavior in nonlinear systems Los Alamos Sciences 1 4-27

[5] Le Quéré. P 1994 Onset of unsteadiness, routes to chaos and simulations of chaotic flows in cavities heated
from the side : a review of present status. 10th Intl. Heat Trans. Conf., volume 1 I Chem E Symposium
Series 1 281-296

[6] Benettin, G., Galgani, L., Giorgilli, A., Strelcyn, J. 1980 Lyapunov characteristics exponent for smooth
dynamical system and for hamiltonian system : a method for computing all of them. Meccanica 15 9-30

[7] Grebogi, C., Ott, E., Romeiras, F., Yorke, J. 1987 Critical exponent for crisis-induced intermittency Phys.
Rev. A 36 5365-5380

[8] Simth, T.R., Moehlis, J., Holmes, P. 2005 Low-dimensional models for turbulent plane couette flow in a
minimal flow unit Journal of Fluid Mechanics 538 71-110, 9



