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Flow structure in a Rayleigh-Bénard cell upon impulsive spin-up

P. Vorobieff and R.E. Ecke
Center for Nonlinear Studies and
Condensed Matter and Thermal Physics Group

Los Alamos National Laboratory
Los Alamos, NM 87545, USA

Abstract

We investigate convection in a cylindrical Rayleigh-
Bénard cell with radius-to-height ratio I' = 1/2. The
cell is subjected to impulsive spin-up about its verti-
cal axis. We use TLC (thermochromic liquid crystal) for
temperature field measurements and PIV (particle image
velocimetry) for the velocity reconstruction of the tran-
sition in the range of Rayleigh numbers R from 5x 107 to
5 x 108 and Taylor numbers Ta from 0 up to 2.4 x 101°.
The initial (at rest) and the final (in steady rotation)
states of the system are those of chaotic turbulent con-
vection. The most persistent transient feature emerging
is a sharply defined ringlike pattern or concentric pat-
terns characterized by a decrease in temperature, axial
velocity directed downward and high azimuthal shear.
The latter leads to formation of an azimuthally regular
structure of Kelvin-Helmholz vortices. During the next
stage of the transition, the vortical structure loses az-
imuthal regularity and the pattern characteristic of tur-
bulent rotating convection forms.

1. Introduction

" Issues related to Rayleigh-Bénard convection have re-
ceived considerable attention of researchers in the recent
years, because of the importance of the phenomenon for
a very wide range of applications — from astrophysics to
engineering, and because it provides a convenient model
problem for investigations of transition to turbulence. A
fluid layer of height d heated from below and cooled from
above remains stable and transmits heat by thermal dif-
fusion only if the temperature difference across the layer
AT does not exceed a critical value AT,. At AT > AT,
the buoyancy-driven Rayleigh-Bénard convection takes
place in the layer, and heat is transported through it by
a combination of diffusion and advection. The dimen-
sionless parameters that govern the state of the flow in
the simplest case of Rayleigh-Bénard convection are the
Rayleigh number R, representing the amount of poten-
tial energy in the fluid, and the Prandtl numer o deter-
mined by the properties of the fluid:

_ agATd? v

R , 0= —, (1)
K

VK

where « is the coefficient of thermal expansion, g is the
acceleration of gravity, v is the kinematic viscosity of the
fluid, and & is the fluid coefficient of thermal diffusivity.
Another dimensionless parameter of importance is the
aspect ratio I' = ry/d between the vertical and charac-
teristic lateral dimensions (the latter being, for instance,
the radius of a cylindrical convection cell rg).

The linear stability of the problem has been thor-
oughly investigated by Chandrasekhar!. At Rayleigh
numbers R ~ 4x 107 and higher?, the convection is char-
acterized by thermal plumes being responsible for the
general character of the flow. This state of convection is
known as ‘hard turbulence.” Convective heat transport
is controlled by two sharp thermal boundary layers®, and
the scaling theory of Shraiman and Siggia* suggests that
the interaction of the shear flow away from the bound-
aries with the thermal boundary layers is responsible for
the heat transport scaling observed in experiments on
helium gas?.

The above is a very brief outline of the general problem
of Rayleigh-Bénard convection. In particular, Rayleigh-
Bénard convection in a rotating reference frame, repre-
senting the characteristic feature of many problems in
diverse areas such as astrophysics, geophysics and engi-
neering, has been the subject of numerous studies. Ro-
tation adds the influence of Coriolis force and centrifugal
effects to the problem, the strength of the Coriolis force
in the dimensionless form represented by the dimension-
less rotation rate, Q = Qpd?/v, where Q is the angular
rotation rate about the vertical axis.

The linear stability analysis for rotating convection
was carried out by Chandrasekhar®, and since the first
experimental work of Nakagawa and Frenzen®, there
have been many investigations of rotating convection.
most of which are reviewed by Boubnov and Golitsyn’.
In rotating turbulent convection, the main flow feature is
the presence of vortices (plumes) with cold downwelling
cores (cyclonic) and hot upwelling cores (anticyclonic),
the number of which grows with the rotation rate. Sev-
eral authors have reported formation of regular struc-
tures in the flow if the rotating convection cell is sub-
jected to rapid changes in either R (Dikarev®, Zhong
et al.?) or Q (Boubnov and Golitsyn!®). Formation of
axially regular features upon rapid spin-up from rest of
the convection cell is the subject of the current study.
We present time sequences of instantaneous tempera-




ture maps and velocity fields in the plane adjacent to
the top of the cell that show the presence of rings of
downwelling cold flow characterized by an abrupt change
in azimuthal velocity. As our previous investigation
shows!!, the number of such rings grows with the final
rotation rate and also depends on the Rayleigh number.
As shear develops across the rings, Kelvin-Helmholz in-
stability causes roll-up of vortices, leading to destruction
of the rings. :

2. Experimental Details

A cylindrical Plexiglas cell of radius rp = 6.35 cm and
height d = 12.7 cm is placed on a rotating table. The
bottom boundary of the cell is an anodized aluminium
plate attached to a disk-shaped heating element with
the radius equal to that of the cell. The top boundary of
the cell is a transparent sapphire window separating the
cell from a cooling manifold through which temperature-
controlled water is circulated. Thus the top boundary of
the cell is maintained at constant temperature T;, while
at the bottom boundary the heat flux into the cell is
maintained constant, resulting in constant bottom tem-
perature 7}, in steady rotating convection. A lighting
system producing a thin ( ~ 3 mm) sheet of white light
can illuminate horizontal sections of the cell, and a color
digital video camera is positioned on the rotating table
above the cell. Fig. 1 presents a schematic view of the
cell.

In the plane of the light sheet, instantaneous fields
of temperature and horizontal velocity can be acquired.
For temperature field acquisition, the flow is seeded with
5-um microcapsules with thermochromic liquid crystals
(TLC). TLCs selectively reflect incident white light —
within the range of their color play, they change the
wavelength of the color they reflect monotonically with
temperature, red corresponding to the lower end of the
color play range, and blue to the upper. Thus color dig-
ital images of the light sheet illuminating the flow in the
cell seeded with TLC microcapsules can be converted
to temperature maps by extracting their hue compo-
nent and mapping the hue of each pixel to temperature.
For velocity acquisition, we seed the flow with neutrally
buoyant polystyrene microspheres and apply the stan-
dard particle image velocimetry (PIV) technique to re-
cover velocities from microsphere displacements between
consecutive frames of digital video images of the flow.
Details of TLC temperature mapping and PIV veloc-
ity acquisition in application to this problem, as well as
accuracy of both techniques, are discussed elsewhere!l.
The error in temperature reconstruction appears not to
exceed 0.119 C. We used a digital PIV system capable

of acquiring 30 640 by 480 frames per second. The spa-
tial resolution of this system limited the size of the grid
for the velocity data recovered to 27 by 27 — sufficient to
resolve the larger-scale features of the flow with 99% ac-
curacy, but unable to recover information about features
of sizes 0.5 cm and smaller.

3. Observations

A sequence of velocity/temperature maps characteristic
of the flow evolution during spin-up is presented in Fig. 2.
The value of the Rayleigh number (R = 2 x 10%) is dic-
tated by the color play range of the TLC ~ 3.6 “C, and
the cell undergoes impulsive spin-up to Q = 1.9 x 10%.
Velocity temperature were acquired in two separate runs
of the experiment under identical conditions, but with
different seeding particles. In both runs, the horizontal
light sheet was positioned adjacent to the top boundary
of the cell. The time in Fig. 2 has been nondimension-
alized with Ekman spin-up time 7z = d/\/vQp ~ the
characteristic time scale for the problem of spin-up to
rotation rate §2 without convection.

Immediately before spin-up, Fig. 2 t/7g = 0, the flow
is dominated by upwelling plumes of hot material sep-
arated with elongated zones of cool downwelling flow
clearly visible in the temperature map. The character-
istic velocity due to turbulent convection before spin-up
is on the order of mm/s. Upon spin-up (¢/7g = 0.03).
the azimuthal velocity imparted to the water in the cell
in the layer adjacent to the horizontal walls is on the
order of Qprg = 58 mm/s. In the rotating reference
frame, this corresponds to the core of the cell being in
solid-body rotation with azimuthal velocity growing liu-
early with distance from the axis of the cell and theu
entering the area near the wall and dropping to zero.
The velocity distribution closely matches that predicted
and measured by Weidman'?13 for impulsive spin-up of
a cylindrical cell without convection. It is also notewor-
thy that at the early stages of spin-up all the structures
in the temperature field near the top of the cell are de-
stroyed. As the flow evolves, colder fluid accumulates
at the outer perimeter of the cell due to centrifugal f-
fects. At dimensionless time t/7g ~ 0.4, a thin cold ring
forms at a radius 7, ~ 3/4 ro. Formation of this ring
is also associated with changes in the velocity field: tlw
ring is associated with a a local minimum in the velocity
profile (Fig. 2, t/7g = 0.53). This feature of the veloc-
ity field is specific for spin-up with convection — neither
Weidman’s solution'? nor the experiments'®!* produce
velocity profiles with local minima for the non-convective
spin-up problem. The next stage of the evolution is the
roll-up of Kelvin-Helmholz vortices in the ring due to az-




imuthal shear (t/7g = 0.98). After the formation of the
cyclonic vortices, the flow loses its azimuthal regularity,
resulting in the irregular vortex pattern characteristic of
rotating convection at high Rayleigh numbers.

As reported in our previous work!!, this pattern of
flow evolution is observed within a considerable range
of the domain of the parameter space R —  we inves-
tigated. At a fixed Rayleigh number, there exists an
interval of rotation rates at which one ring forms, with
its radius showing a remarkably weak dependence on ei-
ther R or © and remaining close to r, ~ 3/4 ry. Spin-up
to low Q does not lead to ring formation, while at Q
exceeding a certain critical value for each R we observe
formation of two rings, the inner still at ». ~ 3/4 rq and
the outer at r,. ~ 0.94 rq. Further increase in 1 leads
to formation of three rings during spin-up, the third and
innermost ring having the radius r, ~ 0.56 ry. Again,
the radii of the rings show only a weak dependence on
R and Q. Figure 3 shows the time sequence of tempera-
ture maps for spin-up to = 7.2 x 10* at R = 2 x 108.
The first image, with spin-up imminent, shows a typ-
ical temperature map of non-rotating convection, with
cooled material downflow areas forming elongated zones
between the upwelling plumes. The following two im-
ages, acquired shortly after the impulsive spin-up of the
cell, show the temperature maps prior to the formation
of the ring. At dimensionless time ¢/7g close to 1, one

can observe the outer cold ring forming near the vertical

wall. The ring at r. ~ 3/4 ry forms next, at dimen-
sionless time 1.67, and at ¢/7g ~ 2 vortices begin to
roll up in the outer two rings and the innermost third
ring becomes visible. Subsequent evolution produces a
staggered structure of cyclonic and anticyclonic vortices
in the place of the two outer rings coexisting with the
innermost ring at t/7p = 2.37. At later times, the in-
ner ring is likewise destroyed by vortex roll-up, and the
structure of the flow loses its regularity and eventually
evolves to a steady rotating convection pattern.

The rotation rates characterizing the transition from
the flow pattern without rings to the one-ring pattern,
from the one-ring pattern to the two-ring pattern, etc.
grow with the Rayleigh number!!.

4. Conclusions

For the impulsive spin-up of a Rayleigh-Bénard cell, we
produce time sequences of instantanecus horizontal ve-
locity and temperature maps in the plane adjacent to the
top cooled surface of the cell. The most prominent fea-
tures of the flow morphology observed during the spin-
up are axisymmetric ring-shaped zones of downwelling
flow characterized by a local drop in temperature and

azimuthal velocity. While the number of the rings in-
creases with the increase in the final rotation rate, the
charactriistic radii of the rings do not show a strong de-
pendence on either R or (2.

The flow evolution during spin-up can be divided into
three stages. First, the flow structures typical of the non-
rotating convection are destroyed by the acceleration of
the cell, and a relatively uniform temperature field forms
near the top boundary. At this stage, one can also ob-
serve accumulation of the cocler fluid near the vertical
wall. During the first stage, the velocity distribution
is consistent with that calculated and measured for the
spin-up of a cylindrical cell without convection. In the
second stage, cold downwelling ring(s) form. Azimuthal
velocity undergoes sharp changes in the rings, and the
velocity profiles no longer resemble ones typical for the
no-convection spin-up. Finally, shear in the rings leads
to roll-up of Kelvin-Helmholz vortices.
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Fig. 1. Experimental setup. A — camera, B — cooling manifold, C — illuminated section of the cell, D - bottom plate with
heater.
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Fig. 2.  Maps of instantaneous horizontal velocity (left column, velocity scale indicated for each map), velocity magnitude
(center column, normalized by maximum velocity for each map) and temperature (right column) of spin-up to = 1.9 x 10*
at R =2 x 10%. Dimensionless times are indicated in the figure.
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Fig. 3. Instantaneous TLC temperature maps of spin-up to Q = 7.2 x 10* at R = 2 x 10%. Dimensionless times are
indicated in the figure.




