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I. CONVECTIVE HEAT TRANSPORT

1. First scientifically reccgnized by Count Rumford
(Benjamin Thompson} in the late 1700's, the fact that moving fluid
carriea heat was a part of the beginning of the greater understanding
of the nature of heat that led to the development of thermodynamics.
Rumford and others (notably B. Franklin) made important technical
application of this understanding in the development of much more
efficient stoves for cooking and heating ~- this was particularly
important because the increasing population of Europe was rapidly
depleting supplies of fuel.

Rumford is even more noted in the scientific sphere for his
discovery of the equivalence of mechanical and thermal energy.

2. About 100 years later, with the theory of heat pretty
fully developed, a series of striking experiments by Banard and his
students began a detailed exploration of the flow structure in one of
the simplest forms of convection: a horizontal layer of fluid heated
uniformly brom below and cooled above. In this "Benard convection"
it is the thermal driving itself which brings about the motion;
"Forced convection" is distinguished by the fact that the fluid
motion is -- at least in part -- driven by other energy sources,

e. g. a water pump in the cooling system of a car. However there are
alsc other forms of “"natural convection" driven entirely by heating
-- a hot vertical wall produces a current of air up along the wall,
which participates strongly in the transport of heat away from the
wall, Again, horizontal variations of beundary temperature of any
sort lead inevitably to fluid motion and associated convective heat
transport -- a good example is the sea breeze.

3. A unique feature of Banard convection is that the
boundary conditions are consistent with a state of no motion - and
heat flux only by conduction. Yet motion nevertheless (sometimes)
occurs. The experiments demonstrated that motion does not occur - and
indeed if initially present dies away - provided the temperature
difference across the layer is lesg than a critical value. RAbove
this value, motion always develops, and for sufficiently small
supercriticality generally evolves to a steady cellular flow. In
many of Benard's experiments this motion took the form of very
regular patterns of hexagonal cells; these occcur frequently when a
layer of oil in a pan is heated from below, with its top surface open
to the air. The horizontal size of the cells is found to be about
equal to the depth of the layer. In other gircumstances, e.g. with
the top covered by a conducting plate, long approximately two
dimensional cells, commonly called "rolls", are more typical. More
complex patterns also can occur, often evelving in times sometimes
toward a steady flow, but apparently in soma cases never settling down.

4. Benard's experiments lad Lord Rayleigh to attempt a
theoretical explanation of the onset of convection in a layer. He
envisioned the onset as an instability of the state of no motion and
pure conduction, and gave a mathematical description based on a
simple model of the fluid itself and of the boundary conditions. The

physical mechanisms in Rayleigh's thecry are the buoyancy forces
produced by thermal expansion of the fluid and gravity, and the
dissipative processes of viscosity and heat conduction. The
destabilization occurs because horizontal variations in temperature
produce buoyancy forces which drive motion, and this motion itself
can enhance the temperature differences. Rayleigh found that when
the ovarall temperature difference was small enough then viscosity
and heat conduction won out, and any (small) initial motion would
decay. But as the overall temperature difference is increased,
buoyancy becomes increasingly important and ultimately some motions
at least start to grow rather than decay. The important dimensionless
parameter in Rayleigh's theory is given on the first transparency; it
is now called the Rayleigh Number. Instability occurs when it
exceeds a certain numerical value of the order of 1000, depending on
the precise boundary conditions.

5. Rayleigh's theory gave a plausible explanation of the
threshold of convection, and predicted also a characteristic
horizontal scale about equal to the layer thickness. It did not give
a prediction of the cell shape, nor did it describe the evolution of
the instability to a steady flow of some amplitude dependent on the
temparature difference, as generally cbserved in experiments. It
was a linear theory, insensitive to the overall amplitude, and
treating cell patterns as eigenfuctions of the horizontal Laplacian
-=- any two with the same ejgenvalue have equal growth rates according
to the linear theory. :

The stability theory itself has been subsequently extended in
various ways: first the caleulations have been carried out for more
realistic boundary conditions than those used originally, by
Jeffreys, Pellew and Southwell, and others using variocus methods.
Much of this is describaed in §. Chandrasekhar's book on Hydrodynamic
and Hydromagnetic Stablility, together with other extensions
motivated in part by astrophysical applications. Stability problems
for other types of convectlon in which the physical mechanisms are not
the same as those utilized in Ravleigh's picture have also been studied.
An interesting example of this is the atudy by J. A. Pearson of
convection driven thermally, but by variations of surface tension
rether than by buoyancy. This mechanism seems to be sometimes
important in forming patterns in drying paint, and was probably in
fact important in some of Benard's original experiments.

Numeroua (and complex) investigations of finite amplitude
convection using bifurcation methods and numerical calculations have
pbeen made in attempts to apnswer zxome of the questions left open by
the linear theories, and to give some theoretical interpretation of
experimental studies (alac fairly numerous and complex) of flow above
the critical Rayleigh number. Very briefly, one may say that as the
Rayleigh number is raised, varicus transitions are encountered which
are detectable in the measurements of overall heat flux and are
generally associated with changes in the spatial or temporal
character of the motion; some of these have been fairly well
characterized experimentally, and identified with certain
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instabilities of avolved flows which have been found theoretically.
The situation is made more complex by the dependence of these things
on the Prandtl number, and in some cases on relatively subtle
boundary effects, and by the rather large degree of non-uniqueness
{even of steady flows) which appears to be the rule at elevated
Rayleigh number. While a certain overall picture of transitions from
steady two-dimensional to three dimensjonal to time-dependent to
“rurbulent” flow has emerged, it is almost certaily highly
over-simplified. Even the supposedly fully-developad turbulence has
been found, in some cases, to be more structured than expected.
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