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Moving Flame Experiment with Liquid Mercury:

Possible Implications for the Venus Atmosphere

Abstract. 4 bunsen flame rotated under a cylindrical annulus filled with liquid
mercury forces the liquid mercury to rotate in a direction counter to that of the
rotating flame. The rate of rotation of the liquid is several times greater than that
of the flame. This observation may provide an explanation for the high veloci-
ties of apparent cloud formations in the upper atmosphere of Venus.

The idea that periodic radiative
heating of the earth’s atmosphere
might cause it to acquire a net angular
momentum was originally suggested by
Halley (/). Fultz (2) performed an
experiment in which a flame was ro-
tated around the outside bottom rim
of a cylindrical vessel filled with water.
Within the fluid a net angular momen-
tum was established in the sense op-
posite to the motion of the flame. Stern
(3) carried out a similar series of ex-
periments in which the water was con-
fined within a cylindrical annulus in
order to reduce the effects of radial
convection. The water acquired an
average rotation in a direction counter
to that of the flame which was 0.1 to

1.0 percent of the rate of rotation of

the flame. A linearized analysis (4) of
the two-dimensional motions induced in
a horizontal layer of fluid by traveling
sinusoidal temperature
applied at the boundaries demonstrates
how the Reynolds stress associated
with fluctuations in the induced veloc-
ity supports the mean shear of the fluid.
This analysis is valid only if the speed
of the traveling thermal wave is very
much greater than the mean velocity
induced in the fluid.

These experiments show that a mov-
ing source of heat can impart angular
momentum to a fluid in a sense oppo-
site to the motion of the source. How-
ever, the fluid rotates with an angular
speed several orders of magnitude
smaller than the rate of rotation of the
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source. Thus the physically important
question of whether a moving source
of heat could produce a mean motion
of a fluid with velocity comparable to
or even greater than that of the source
has thus far remained unanswered. We
have measured mean rotational speeds
in liquid mercury which are four times
as great as the speed of the moving
flame.

The experimental apparatus (Fig. 1)
consisted of a cylindrical annulus of
rectangular cross section. The bottom
of the channel was an aluminum disk

b

Fig. 1. Schematic diagram of the apparatus
for the moving flame experiment.

1 mm thick; the side and top walls of
the channel were made of Plexiglas (5
mm thick). Inside and outside diam-
eters of the channel were 25 cm and
35 cm, respectively, and the channel
height was 2 cm. A bunsen flame,
mounted on a turntable, provided a ro-
tating source of heat beneath the bot-
tom wall of the channel. The flame was
spread out radially in order to provide
uniform heating and to minimize the
radial motions within the liquid. Liquid
mercury filled the channel to a depth
of 1.5 cm and was covered with a layer
of distilled water 0.5 cm thick in order
to retard oxidation. If we interpret the
mean length of the annular channel as
an equivalent wavelength, then 2r
times the ratio of the depth of the mer-
cury to the wavelength is 0.1. The
rotation rate of white ball bearings (4
mm in diameter), floating at the mer-
cury-water interface, provided a mea-
sure of the angular velocity of the
mercury, and the speed of the bunsen
flame was indicated by a synchronized
pointer directed at the flame.

The speed of the flame was 1 mm/
sec, and the temperature of the mercury
increased from room temperature at
the rate of about 3°C per minute. The
time scale for thermal diffusion from
the bottom to the top of the mercury
is about one flame rotation period. A
steady-state flow was established after
about 5 minutes (about one-third the
time required for the flame to com-
plete a rotation); however, the mer-
cury was rotating so rapidly in a di-
rection counter to that of the flame,
about 4 mm/sec, that it completed
almost two revolutions over the flame
in this time.

The motion of a large number of
vapor bubbles floating at the mercury-
water interface showed that the flow
was uniform over a large portion of
the cylindrical annulus. However, im-
mediately above the flame, and in a
small wake behind it, the motion was
disorganized. An indication of the ve-
locity below the surface of the mer-
cury was obtained by observing a ball
bearing 1 cm in diameter moving al-
most as fast as the smaller ones (the
speed of the large bearing was within
a few percent of that of the smaller
ones). With water as the working fluid,

velocities that were negligibly small

compared with the flame speed were
imparted to the liquid.

The high angular velocities observed
in the experiment with liquid mercury

- are the result of the rapidity of thermal

diffusion as compared with viscous dif-

n



fusion. The Prandtl number, the ratio
of kinematic viscosity to thermal diffu-
sivity, for liquid mercury is two or-
ders of magnitude less than that of
water. Linearized analysis of two-
dimensional motions predicts that the
ratio of the mean fluid velocity to the
speed of the traveling thermal wave
becomes large as the Prandtl number
becomes small; thus the theory is not
valid in the limit of Prandtl number
approaching zero. Results from an ex-
tended analysis which includes non-
linear interactions between the pertur-
bations and the mean flow are shown
in Fig. 2, where the ratio of mean flow
velocity to wave speed is plotted against
Prandtl number. This velocity ratio,
which is approximately proportional to
the 15/4 power of the inverse Prandtl
number for Prandtl numbers between
1 and 0.1, is of the order of unity for
Prandtl numbers of the order 10-1.
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Fig. 2. Ratio of the mean velocity of the
fluid to the speed of the forcing thermal
wave plotted against Prandtl number. Fluid
was confined within a two-dimensional
channel, and temperature perturbations of
the traveling wave were applied at the
walls. The Boussinesq equations of motion
were solved numerically for the following
case: AT/T = 107% wh/x = 1, gh/U* =
10%, kh = 10%, where « is the angular
frequency, k is the wave number of the
thermal wave, /4 is the channel height, « is
the thermal diffusivity, g is the acceleration
of gravity, U = w/k, and AT/T is the
relative magnitude of forced fluctuations of
the wall temperature. The nonlinear inter-
action of the perturbations and the mean
flow is included in the solution.
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This experiment demonstrates that
the periodic motion of a source of heat
can lead to a mean fluid motion with
speed several times faster than that of
the source. This phenomenon may ex-
plain the relatively rapid displacements
of clouds in the high atmosphere of
Venus which have been observed in
ultraviolet photographs (5). These ob-
servations suggest that at least the up-
per layers of the atmosphere of Venus
are moving with speeds of 300 km/
hour relative to the planet’s surface.
The overhead motion of the sun would
provide a periodic traveling thermal
source, and the zonal flow induced by
this movement would be in the direc-
tion of the cloud motion, which is
some 20 times faster than the overhead
speed of the sun.

In the atmosphere of Venus, a near-
infrared band of carbon dioxide ab-
sorbs a significant fraction of the inci-
dent solar radiation. At altitudes of tens
of kilometers where pressures are of
the order of an atmosphere or less (6),
a kilometer of CO, absorbs several
percent of the incident solar radiation
(7). The radiative transfer would be
characterized by an effective diffusion
coefficient (8)

x = 160T%/30cp

where o is the Stefan-Boltzmann con-
stant, 7' is the temperature, ! is the
mean free path of the radiation, p is
the density, and c, is the specific heat
at constant pressure. At heights of tens
of kilometers, x = 3/ cm? sec, and [
is at least of the order of 10° cm (7).
Momentum transport would at best be
accomplished by turbulent mixing, for
which the mixing coefficient is not
likely to exceed 10* cm? sect (8).
Thus it is possible that in the high
atmosphere of Venus periodic heating
from above occurs in a medium that
can transport heat-more effectively than
momentum. Under such circumstances,
zonal motions at high velocity could be
induced in the Venus atmosphere.
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Species Diversity:
Benthonic Foraminifera in
Western North Atlantic

Abstract. Maximum species diversity
occurs at abyssal depths of greater than
2500 meters. Other diversity peaks oc-
cur at depths of 35 to 45 meters and
100 to 200 meters. The peak at 35 to
45 meters is due to species equitability,
whereas the other two peaks correspond
to an increase in the number of species.

Populations of benthonic Foraminifera
exhibit species-diversity peaks at depths
of 35 to 45 m, 100 to 200 m, and great-
er than 2500 m in the western North
Atlantic. The peaks progressively in-
crease in diversity as depth increases, the
maximum diversity occurring in depths
greater than 2500 m. The depths of the
peaks correspond to effective wave base,
the edge of the continental shelf, and
the abyss. The peak in diversity at 35
to 45 m is due to species equitability
rather than to an increase in the number
of species, whereas the other two peaks
correspond to an increase in the number
of species. Data for this pattern are
from 84 samples taken at depth ranges
from 29 to 5001 m in the western North
Atlantic (Fig. 1).

Many foraminiferal species have been
recorded in abyssal depths in the Gulf
of Mexico (1), off California (2), and off
Panama in the eastern Pacific (3). The
high foraminiferal diversities in abyssal
environments closely reflect the diversity
of the other groups of marine in-
vertebrates including Mollusca, Ar-
thropoda, and Echinodermata (4). The
formerly erroneous viewpoint of very
low diversity in the deep sea probably
resulted from difficulty in obtaining
enough individuals of larger inverte-
brates for an accurate estimate of the
number of species (4).

The benthonic Foraminifera, being
small, of high density and ubiquitous
distribution, do not present many prob-
lems encountered in sampling larger
organisms. Even in the abyss, hundreds
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