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Brief Summary of Doctoral Research

In the following a brief summary of the work done for doctoral Thesis is presented. The
main aim of my thesis was to understand the various aspects of dynamics of Rayleigh-
Bénard convection that appears near the onset and in a fully developed turbulent regime
using direct numerical simulation that solves the Navier-Stokes equations coupled with
heat equation and further the development of some phenomenological models based on
the information obtained form the numerical simulation. Rayleigh-Bénard convection
(RBC), in which a thin layer of the fluid in a box is heated from below and cooled from
the top is an active area of research in fluid dynamics. As the fluid is subject to a
constant temperature gradient due to heating a unstable configuration of the fluid having
top heavy and bottom light configuration is generated. However, there are two stabilizing
factor one is the viscous diffusion and another is the thermal diffusion that stops the
motion in the fluid. As the destabilizing factor which is generated due to buoyancy of
the fluid overcomes the stabilizing factor due to the viscous and thermal viscosities of
the fluid the fluid-particles sets into the motion know as convection. The dynamics of
RBC is governed by two non-dimensional parameters, Rayleigh number (R), which is the
ratio of the buoyancy and the dissipative terms and Prandtl number (P), which is the
ratio of the heat diffusion time scale and the viscous diffusion time scale. Generally a
particular fluid is characterized by its Prandtl number. The Prandtl number of the fluid
in the natural, atmospheric and engineering flow varies in a wide range. As for example
the Prandtl number of the fluid in Earth and Sun is very small (of the order of 107%), the
Prandtl number of the atmospheric flow is of the order one, the Prandtl number of Silicon
or organic oil ranges from 10-10*, while the Prandtl number for the Earth’s Mantle is of
the order of 10%.

The first part of my thesis deals with the dynamics of non-linear interplay of active
modes present near the onset of convection. We addressed the nature of energy cascade
in the inertial range of isotropic and homogeneous turbulent thermal convection in second
part of the thesis. In the final part of my thesis, we corroborated the observations made
in some of the state of the art experiments in turbulent convection that is devoted to
understand the dynamics of large scale circulation (e.g. reversal, reorientation).

1. Bifurcation and Chaos in Low Prandtl Number and Zero Prandtl Number
Convection: One of the interesting aspect of RBC is the systematic transition of
the flow from the regular circular roll state to the chaotic state as the Rayleigh num-
ber is increased for a given Prandtl-number fluid. Near the onset the roll structure
becomes unstable due to time dependence wavy instability. This wavy instabili-
ties further results the appearance of the 3-D periodic structure of the flow as the
control parameter Rayleigh number is increased. This periodic structure make the
tran<ition to the aneriodic or chaotic state on fiirther increase of the narameter



In the experiment it is observed that the range of the Rayleigh number in which
the flow exhibits roll structure shrinks as the Prandtl number is decreased. The
question arises what is the instability mechanism of the flow as the Prandtl number
is decreased to a very low value of the Prandtl number or even for zero-Prnadtl
number convection.

In order to have a clear picture of the detailed dynamics near onset for zero and
low-P, we performed direct numerical simulations (DNS) of convective flows for
P =0,0.02,0.005,0.002, and 0.0002 for R ranging from 657.5 to 800 on 64> rectan-
gular grid. We used a pseudo-spectral procedure with fourth-order Runge-Kutta as
the time-stepping scheme. The aspect ratio of our simulations was I', = 2v/2, ry=
2v/2. Using DNS as our guide to choose the active modes, we constructed a low-
dimensional model to study the detailed bifurcation scenario and route to chaos
for low-Prandtl number and zero-Prandtl number. Using the Galerkin projection
technique, we developed a 13-mode model for zero-P and 30-mode model for low-P
and perform a detailed bifurcation analysis for both the models near the onset. We
obtained that the results for the low-dimensional models were in very good agree-
ment with those obtained from DNS. Interestingly, we observed that the system
attains chaos just at the onset of convection for zero-P. Furthermore, we demon-
strated that the bifurcation diagram for low-P convection was very similar to the
zero-P convection, except near the onset of convection where 2D stationary rolls,
stationary asymmetric squares, and oscillatory asymmetric squares are observed for
nonzero Prandtl numbers. We this study we established that the zero-P convection
may be treated as a limiting case of very low-P convection. The range of Rayleigh
numbers for which 2D rolls are observed appeared to shrink rapidly (~ P?) as P
was decreased, which was very much consistent with earlier reported results.

The detailed results for zero-P and low-P convection are published in Europhys.
Lett.(2009,2010).

. Energy Spectra and Fluxes of Convection: Another interesting problem in
Rayleigh-Bénard convection is the behaviour of energy cascade in the inertial range
of turbulence regime. It has been observed both theoretically and numerically that
above the Bolgiano length, the buoyancy term dominates over the inertial term and
the energy cascade is carried by the thermal flux. In this range energy cascade
follows Bolgiano-Obukhov(BO) scaling. Below the Bolgiano length scale, energy
cascade is carried independently by kinetic and thermal flux and hence the cascade
of both temperature and energy follow the Kolmogorov-Obukhov( KO) scaling. It is
observed that the Bolgiano length becomes of the order of container’s size for low-P,
hence only KO scaling is expected for low-P, however, both KO and BO scalings
are expected for high-P.

In order to further explore earlier phenomenological theories and experimental ob-
servations, we numerically computed the spectra and fluxes of the velocity and
temperature fields of convective turbulence using a pseudo-spectral method in 3-D
box on 5123 grid sizes. The numerical simulations were performed for a large range
of Prandtl numbers—=zero-P, low-P, and large-P. In order to void the extra effect
of the velocity boundary layer on the energy cascade we considered the Free-slip
boundary condition for the velocity. However, we retained the thermal boundary
condition and considered the isothermal boundary conditions for the temperature.
We observed for zero-P and low-P convection the energy cascade was mainly gov-
erned by the inertial term and hence the observed scaling was Kolmogorov-Obukhov
scaling. However, large-P convection, the numerical results could not be able to give



convincing result, yet the BO scaling appeared to be most convincing for the energy
cascade than the KO scaling. This result was indeed helped to ascertain some of the
laboratory experiments performed by the researchers mainly in Europe and United
states.

The detailed study related to this work is reported in manuscript “ Energy spectra
and fluxes for Rayleigh-Bénard convection”.

3. Dynamics of Large scale Circulation in Convection: Large Scale Circula-
tion (LSC), also known as ‘mean wind’, appears at large length scales in turbulent
Rayleigh-Bénard convection. It is a coherent structure of the flow in which fluid par-
ticle ascends from one side of the wall and descends down the azimuthally opposite
side. It has been observed in laboratory experiments that the vertical plane contain-
ing LSC undergoes a diffusive motion in the azimuthal direction of the cylindrical
container. Sometimes, in the course of its motion, the plane of the LSC changes by
a significant angle. This phenomena, called the reorientation of the LSC, leads to
flow reversal exhibiting a rich dynamical behaviour.

In order to study the dynamics of the reorientation of the LSC for air (Prandtl
number =0.7) we used the numerical model in which the dynamical equations were
solved in a cylindrical container of aspect ratio one having similar boundary condi-
tions as taken in the laboratory experiments. We used a range of Rayleigh numbers
ranging from R = 6 x 10° to R = 3 x 107 and concentrated our study in the bulk
region of the container. First in numerical simulation we established the presence
of Large scale circulation in the turbulent region using the statistical Physics tools
like cross-correlation. We put forward a noble conjecture that the dynamics of LSC
in the azimuthal direction can be captured by the Fourier mode with the small
wavenumber. We asserted that the amplitude and phase of the lowest Fourier mode
would provide a very good estimate of the strength and orientations of LSC. Using
this model we obtained both rotation-led and cessation-led partial as well as full
azimuthal reorientation of the flow as observed in earlier laboratory experiments.
We showed that the ratio of the amplitude of the second Fourier mode and the first
Fourier mode rises sharply during the cessation-led reorientations which indicated
a very comprehensive morphology of the flow during the flow reversal. We obtained
that the flow structure remained to be quadrupolar flow during the cessation-led
reorientations. This behaviour was highlighted first time in our numerical simu-
lation. Finally, we presented a test of our conjecture regarding the importance of
the small wavenumber Fourier mode in dictating the dynamics of the LSC. We ob-
tained that the flow reorientation was vanished completely as the phase change of
the first Fourier mode during reorientation was subtracted from the other higher
modes. This observation indeed suggested the importance of the first Fourier mode
in dictating the dynamics of LSC even the flow was in the turbulent regime.

The detailed observations of this work are discussed in our manuscript “ Dynamics
of reorientations and reversal of large scale flow in Rayleigh-Bénard Convection”.

Aside from my work on convection, I have studied the effect of catastrophe suppressing
drugs on the dynamics of Micro-tubules as a part of my Masters Degree, (Paper published
in Phys. Rev. E (2005)). I have also worked on the dynamics of cyto-skeleton and cyto-
skeleton based molecular motors. Using tools of non-equilibrium Statistical Mechanics, we
improved upon an earlier Brownian-Ratchet transport model for single-headed molecular
motors (KiflA, which plays important role of carrying a cargo in the neuron cells) by
including their internal chemical states.



