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Convection 
The spontaneous upwelling of a heated Ruid can be understood 
only by untangling the intricate relations among temperature, 
viscosity, surface tension and other characteristics of the Ruid 

by Manuel G. Velarde and Christiane Normand 

Convection should be familiar to 
anyone who has observed the 
roiling of a heated broth, felt the 

draft drawn up the flue of a fireplace or 
noticed the shimmering of air currents 
over a paved road on a sunny day. The 
same mechanism of convective flow is 
responsible for the great ocean currents 
and for the global circulation of the 
atm9sphere; it gives rise to motions on 
a still larger scale in the sun's pho
tosphere. Certain kinds of clouds are 
formed when warm, moist air ascends in 
a convective plume, and it is a disrup
tion of normal convective transport that 
periodically leaves cities such as Los 
Angeles and Madrid smogbound under 
a temperature inversion. Other exam
ples are less familiar or less easily ob
served. Convection has an important in
fluence on the drying of paint films and 
on the dispersal of gases and particles 
in the lungs. Convection in the earth's 
mantle is apparently the motive force 
for the slow migration of the continents. 

The most elementary kinds of convec
tion would seem to have a simple expla� 
nation, which can be summed up in the 
expression "Heat rises." In the simplest 
cases convective flow begins when a 
fluid (either a gas or a liquid) is heated 
from below. In response to the heating 
the bottom layer of the fluid expands 
and thereby becomes less dense than the 
overlying layers. The warmer and l ight
er bottom layer then tends to rise and 
the cooler top layer tends to sink. This 
much at least was known by the 18th 
century. It  may therefore come as a sur
prise that the formulation of a detailed 
and quantitative account of convection 
has proved a lasting challenge to the in-

genuity of theorists. Indeed, even the 
simplest system undergoing vigorous 
convective motion cannot yet be given 
an exact mathematical description. 

The nature of the theoretical d ifficul
ties can be suggested by considering 
again the case of a fluid layer heated 
from below. The force that drives the 
convective flow in such a fluid is the 
buoyancy of the heated layer, and the 
magnitude of this force is determined by 
the difference in temperature between 
the top and the bottom of the layer. 
The complexity of the matter becomes 
apparent when one recognizes that 
the temperature d istribution is greatly 
altered by the convective flow itself, 
which carries heat from the bottom of 
the layer to the top. Thus the force that 
drives the flow is subject to modification 
by the flow. 

Although exact solutions to problems 
I\.. such as this one are still lacking, 
substantial progress toward a general 
theory of convection has been made 
in the past two decades. The advances 
have come about in large part through 
the adaptation of ideas and mathe
matical techniques developed in other 
realms of physical science, most notably 
the study of phase transitions, of ferro
magnetic materials and of superconduc
tors. These methods lead to an analysis 
of the stability of various modes of mo
tion in the fluid and hence to predictions 
of which modes are the most l ikely to be 
observed. The results are only approxi: 

mate, but in some instances the approx
imation is a close one. It offers some 
hope of explaining what goes on in a 
s immering broth. 

CONVECTION CELLS with a characteristic polygonal geometry arise spontaneously when a 
thin layer of fluid is heated from below. The evolution of the pattern over the course of a few 
hours is traced in the photographs at the top of the opposite page; the bottom photograph shows 
the fully developed pattern. Initially the cells are long "rolls" that follow the boundaries of the 
layer; the rolls give way to polygons, which tend toward a regular hexagonal form and are inde
pendent of the boundaries. In each cell the fluid rises in the center and sinks at the periphery. 
The circulation is driven largely by forces associated with surface tensi.on, and in most fluids it 
assumes this form only when the upper surface is free. The photographs were made in the lab
oratory of one of the authors (Velarde) at the Autonomous University of Madrid. The fluid 
is a silicone oil in which flakes of alumirium have been suspended to make the flow visible. 

The kind of convective transport we 
shall discuss here is called natural or 
free convection, meaning that the flow is 
a response to forces acting within the 
body of the fluid. The force is most of
ten gravity, but there are circumstances 
where some other agency, such as sur
face tension or an electromagnetic field, 
plays a significant or even a primary 
role. Natural convection is defined in 
contradistinction to forced convection, 
where the fluid motion is induced by a 
force imposed externally, for example 
by a pump or a fan. 

One of the earliest descriptions of 
natural convection was written in the 
1790's by Benjamin Thompson, Count 
Rumford. He introduced the idea to ac
count for the transport of heat in an ap
ple pie. There had been earlier proposals 
of a convective mechanism for atmo
spheric circulation, and a number of an
ecdotal reports were added to the l itera
ture throughout the 19th century. It  was 
not until about 1900, however, that sys
tematic investigations were undertaken. 
The most influential experimental work 
in that era was done by the French inves
tigator Henri Benard. He studied a con
vective system that was more compli
cated than he. knew, and its true nature 
was only recently recognized. Benard's 
observations and their modern interpre
tation will be taken up below. 

The preeminent theorist of convec
tion in the early 20th century was John 
William Strutt, Lord Rayleigh. Among 
his last works was an article on convec
tion, published in 1916, that attempted 
to explain Benard's results. It  is now 
known that Lord Rayleigh's theory does 
not apply to the system examined by 
Benard; nevertheless, Lord Rayleigh's 
work is the starting point for almost all 
modern theories of convection. 

Lord Rayleigh's theory can be ex
plained in the context of a model experi
ment that employs a fluid with some
what simpler properties than any real 
gas or l iquid. A thin layer of the fluid is 
confined between two flat, rigid, horizon
tal plates and completely fills the space 
between them, so that there is no free 
surface. What is meant by a thin layer is 
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IMBALANCE OF FORCES is needed to initiate a convective ftow. The forces can be ana
lyzed in a hypothetical experiment where a thin layer of ftuid between two rigid plates is heat
ed from below, generating a gradient in temperature and density. If a parcel of warm ftuid 
from near the bottom of the layer is displaced upward slightly, it enters a region of greater aver
age density and is therefore subject to an upward buoyant force. Similarly, if a parcel of cool 
ftuid from near the top of the layer is displaced downward, it becomes heavier than its sur
roundings and tends to sink. The buoyancy force is opposed by viscous drag and by heat dif
fusion, which tends to equalize the temperature of a displaced parcel and its environment. :rhe 
relative importance of these inftuences is measured by the dimensionless ratio called the Ray
leigh number. Convection begins when buoyancy overcomes the dissipative effects of viscous 
drag and heat diffusion, or in other words when the Rayleigh number exceeds a critical value. 
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that the horizontal extent of the layer is 
much greater than its depth (which 
is equal to the separation between the 
plates). The assumption that the layer is 
thin is intended to minimize the influ
ence of the boundaries at the edges of 
the plates, which do not explicitly enter 
into the theoretical description. Ideally 
the layer would be of infinite horizontal 
extent; ip practice a layer several centi
meters across and a few millimeters 
deep fulfills the requirements. 

The apparatus is to be heated from 
below in such a way that the bottom of 
the layer has a constant and uniform 
temper.ature. Similarly, heat is with
drawn at the top of the layer in such a 
way that the temperature there is also 
constant and uniform but is lower than 
at the bottom. It  follows, of course, that 
the temperature d ifference between the 
top and the bottom is also constant and 
uniform. Furthermore, the temperature 
gradient-the change In temperature 
corresponding to a given change in ver
tical position-is required to be linear, 
meaning that a graph of temperature v. 
height is a straight l ine. 

Just a few more simplifying assump
tions must be added to this list. One is 
that gravity is the only force acting with
in. the fluid. Since practical experiments 
are of modest scale, the gravitation
al field will be essentially uniform 
throughout the volume. The fluid must 
also be incompressible; for liquids, if the 
depth is not great, that is a realistic as
sumption. Finally, a most important 
feature of the model is that only one 
property of the fluid is d irectly altered 
by the variation in temperature. This 
property is the density, which declines 
as the temperature rises. In other words, 
the fluid expands when it is heated, 
which is the usual relation for real gases 
and liquids. 

There is a well-defined theoretical 
method for investigating the effects 

of the temperature gradient in this hypo
thetical experiment. First one is to imag
ine that a parcel of fluid has been d is
placed upward or downward from its 
original position; then the forces acting 
on the displaced parcel are to be ana
lyzed. It  is these forces that will deter
mine all subsequent motions in the fluid. 
The parcel can have any size and shape, 
but the displacement must be small. 
(Formally, the Rayleigh theory holds 
only for d isplacements that are infini
tesimal, or of vanishingly small magni
tude.) The initial displacement need not 
be a response to any imposed force; 
s ince the molecules of a fluid are con
stantly in motion, their positions fluctu
ate randomly, and any small displace
ment can be expected to occur spontane
ously if one waits long enough. 

Consider a small parcel of fluid near 
the bottom of the layer. Because of the 
elevated temperature at the bottom the 
parcel has a density that is less than the 
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average density of the entire layer. As 
lorig as the parcel remains in place, how
ever, it is surrounded by fluid of the 
same density, and so it has neutral buoy
ancy. All forces acting on it are in bal
ance, and it neither rises nor sinks. 

Suppose now that through some ran
dom perturbation the parcel of fluid is 
given a slight upward motion. What ef
fect does the displacement have on the 
balance of forces? The parcel now is sur
rounded by cooler and denser fluid. As a 
result it has positive buoyancy, so that 
it tends to rise. The net upward force 
is proportional to the density difference 
and to the volume of the parcel.  Thus 
an initial upward displacement of the 
warm fluid is amplified by the density 
gradient, and the amplification gives rise 
to forces that cause further upward 
movement. A similar analysis could be 
made for a sl ight downward displace-

ment of a parcel of cool, dense fluid near 
the top of the layer. On moving down
ward the parcel would enter an environ
ment of lower average density, and so 
the parcel would become heavier than 
its surroundings. It would therefore tend 
to sink, amplifying the initial perturba
tion. Natural convection is the result of 
these combined upward and downward 
flows, and it tends to overturn the entire 
layer of fluid. 

The implication of this analysis is that 
convection should be observed in the 
flui'd whenever there is a temperature 
gradient, no matter how small it is. Even 
in an infinitesimal gradient any ran
dom upward motion of the warm fluid 
or downward motion of the cool fluid 
would seem to be enough to establish a 
flow. Actually such extreme sensitivity 
is not observed; instead the temperature 
gradient must reach a certain threshold 

value before the convective flow begins. 
It was Lord Rayleigh's most significant 
contribution to explain why this is so. 

Lord Rayleigh pointed out that a the
ory of convection must take into ac
count at least two other influences on 
the motion of a fluid particle. One of 
these is viscous drag, the fluid equiva
lent of friction. The drag force is always 
directed opposite to the motion of the 
fluid, and its magnitude is determined in 
part by an intrinsic property of the fl uid, 
the shear viscosity, which measures the 
resistance to relative motion of any two 
adjacent regions. If the velocity is not 
too great, the magnitude of the drag 
force is proportional to the viscosity 
multiplied by the radius of the parcel 
and the velocity. Clearly if the viscous 
drag is equal to the buoyant force, there 
can be no motion. 

The second disruptive influence con-

ROLL-SHAPED CELLS are a stable configuration in convection 
driven by buoyancy forces rather than by surface tension. The funda
mental unit of the pattern consists of two rolls that rotate in opposite 
directions; the width of this unit is twice the depth of the fluid layer. 

The planform of the pattern depends strongly on the boundaries of 
the layer. In a rectangular container the rolls are parallel to the short
er sides; in a circular container they form concentric rings. A stable 
roll pattern is usually observed only when the fluid has no free surface. 
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st itutes an adjustment for the fact that 
convection is not the only mode of heat 
transport in a fluid. Radiation and con
duction, or heat diffusion, can also carry 
heat. At the comparatively low temper
atures of most convection experiments 
radiation makes such a small contribu
tion that it can be ignored. Heat diffu
sion, however, is not always negligible; 
it tends to dissipate the temperature gra
dient that drives the convective flow. 

The effect of heat diffusion can be ex
plained by considering again a par

cel of warm fluid displaced upward 
from its equilibrium position into a 
cooler environment. According to the 
fundamental definition of heat, the mol
ecules in the warm parcel must have a 
higher average speed than those in the 
surrounding cooler fluid. Molecules can 
freely cross the boundary that defines 
the parcel, and the effect of many such 
exchanges in both directions will be to 
equalize the average speeds of the two 
populations. In other words, heat will 
flow out of the displaced warm parcel, 
so that the parcel cools off and the sur
rounding fluid warms up, until eventual
ly they reach equilibrium at the same 
temperature. For a parcel of cool fluid 
displaced downward the heat flow is in 
the opposite direction: from the warm 
environment into the cool parcel. In ei
ther case as the local temperature differ
ence is reduced so is the buoyant force 
derived from it. 

The time required for a fluid parcel to 
reach thermal equilibrium with its sur
roundings depends in part on a property 
of the fluid, the thermal diffusivity. The 
time scale of this process is inversely 
proportional to the diffusivity constant 
and directly proportional to the surface 
area of the parcel. If this thermal-diffu
sion time is comparable to the time re
quired for the parcel to move some 
characteristic distance, such as its own 
diameter, the buoyant force will be 
abolished. In other words, if the fluid 
moves no faster than it loses heat 
through diffusion, a convective flow 
cannot be sustained. The heat input to 
the system through the bottom plate is 
then carried through the fluid layer by a 
purely conductive or diffusive mecha
nism, without any bulk motion. 

Lord Rayle igh's analysis shows that 
the mere existence of a temperature gra
dient is not enough to ensure the onset of 
convective flow. It is necessary for the 
buoyancy resulting from this gradient to 
exceed the dissipative effects of viscous 
drag and heat diffusion. The gravitation
al potential energy liberated by the sink
ing of denser fluid and the rising of light
er fluid must be greater than the energy 
dissipated by drag and diffusion. The re
lation of these effects can be expressed 
as a dimensionless ratio: the buoyant 
force divided by the product of the vis
cous drag and the rate of heat diffusion. 
The ratio is dimensionless in that all the 
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units of measurement associated with 
the three quantities cancel exactly, leav
ing a pure number whose value is the 
same no matter what system of units is 
adopted. The ratio is now called the 
Rayle igh number. Convection begins 
when the Rayleigh number exceeds a 
critical value. 

The meaning of the Rayle igh number 
can be stated more precisely through an 
examination of the stability of various 
possible modes of motion in the fluid. It 
is convenient to define stability in terms 
of a potential curve or potential surface, 
which gives the energy of a system as a 
function of some variable. The system is 
usually found in whatever state has the 
minimum energy, which corresponds to 
the lowest point on the potential surface. 

It is easy enough to imagine a tangible 
model of a potential surface, namely a 
hemispherical bowl with a marble in it. 
In equilibrium the marble remains at 
rest at the bottom of the bowl, where its 
gravitational potential energy is lowest. 
If some random perturbation then dis
places the marble slightly, it will roll 
back toward its equilibrium position; 
perhaps it will overshoot the bottom of 
the surface and oscillate about it, but the 
dissipative effects of friction will even
tually damp out the oscillations and at 
some future time the marble will again 
be found at rest at the point of minimum 
energy. Because a marble at the bottom 
of the bowl returns to its original posi
tion after a perturbation it is said to be in 
stable equilibrium. 

Another model potential surface is 
formed by turning the hemispherical 
bowl upside down and carefully balanc
ing the marble at its apex. This is also a 
state of equilibrium in that all forces 
acting on the marble are in balance, and 
in the absence of any disturbance the 
marble might remain motionless indefi
nitely. In practice, however, some exter
nal influence (say a breeze or a passing 
truck) will always disturb this precari
ous balance if the experimenter waits 
long enough. After such a perturbation 
the marble does not return to the point 
of equilibrium but instead departs far
ther and farther from it. No matter how 
small the initial disturbance is, the mar
ble will eventually be found at a large 
distance from the center. The perturba
tion is amplified, and so the state of 
equilibrium is said to be unstable. 

There is a third possibility :  the marble 
might also be placed on a flat surface. In 
this case when the marble is moved, it 
neither returns to its original position 
nor continues moving farther away. It 
simply remains at equilibrium in its new 
position. On a flat potential surface ev
ery point is said to represent a state of 
neutral or marginal stabil ity. 

A little further thought devoted to this 
model potential surface suggests 

that the absolute stabil ity of a system 
can be demonstrated only by testing its 

response to all possible perturbations. 
For example, a marble inside the bowl 
will return to the center after an infini
tesimal disturbance or even after a small 
but finite one. It will not return to its 
starting point, however, if the perturba
tion is large enough to propel it entirely 
out of the bowl. Because an infinite num
ber of possible disturbances would have 
to be checked, it is difficult to prove 
that a state of equilibrium is stable; in
stability, on the other hand, can be dem
onstrated by exhibiting a single pertur
bation that grows spontaneously. 

The application of these ideas to the 
convection problem is straightforward. 
It is easily shown that a motionless fluid 
layer heated uniformly from below is 
in an equilibrium state, even if viscous 
damping and heat diffusion are neglect
ed. Although the l ighter portion of the 
fluid is overlain by denser material, so 
that the gravitational potential energy 
could be reduced by interchanging these 
positions, in the absence of perturba
tions all the forces acting on any given 
parcel of fluid are in balance. The ques
tion a theory of convection must answer 
is whether the equilibrium is stable or 
unstable or exhibits neutral stabil ity. In 
other words, the theory must define the 
shape of the potential surface. 

It is the value of the Rayleigh number 
that determines the curvature of the po
tential surface. If the Rayleigh number 
is zero, say because the temperature gra
dient and the buoyant force are zero, the 
motionless state is obviously stable and 
the potential surface is concave upward, 
like the inside of a bowl or a trough. 
Setting the fluid in motion requires an 
increase in its energy. If the Rayleigh 
number is very large, on the other hand, 
so that buoyancy overwhelms all dissi
pative effects, the fluid can reduce its 
total energy by establishing a convective 
flow. Any perturbation of the stationary 
equilibrium will then be amplified. Thus 
the potential surface slopes downward 
like an inverted bowl. 

Continuity demands that there be 
some value of the Rayleigh number 
intermediate between these extremes 
where buoyancy and the dissipative 
forces are of equal magnitude. This is 
the critical Rayleigh number, and it des
ignates the fiat, transitional potential 
surface of neutral stabil ity. As the Ray
leigh number increases from zero (be
cause of an increasing temperature gra
dient, for example) the potential surface 
starts out concave and grad ually flat
tens; at the critical Rayleigh number it 
is perfectly flat, and as the number con
tinues increasing the surface becomes 
convex. Not until the critical value is 
exceeded does the motionless equil ibri
um become unstable. For the model ex
periment considered here, calculations 
indicate a critical Rayleigh number of 
1,708. In a typical laboratory experi
ment, where the fluid is a layer of sili
cone oil a few mill imeters thick, the crit-

© 1980 SCIENTIFIC AMERICAN, INC
This content downloaded from 137.132.123.69 on Wed, 30 Aug 2017 06:45:05 UTC

All use subject to http://about.jstor.org/terms



INITIAL,STATE OF EQUILIBRIUM 

PERTURBED STATE 

FINAL STATE 

STABILITY INSTABILITY NEUTRAL STABILITY 

INFINITESIMAL PERTURBATION 

STABILITY OF A PHYSICAL SYSTEM can be judged from its re
sponse to an arbitrary perturbation, such as a small displacement of 
a marble at rest on a surface. If the surface is concave, the marble 
eventually returns to its equilibrium position at the bottom of the 
bowl, and so that position is said to be one of stable equilibrium. On 
a convex surface the marble can be balanced at the apex, but the equi
librium there is unstable: the slightest disturbance is amplified as the 

FINITE PERTURBATION 

marble reduces its potential energy by rolling downhill. On a flat sur
face the marble neither returns to its starting position nor moves far
ther away from it; the surface exhibits neutral stability. A system can 
be stable with respect to some perturbations but not others, as in the 
case of a surface with both concave and convex regions. In a simple 
fluid a necessary condition for the onset of convection is an unsta
ble distribution of some property such as density or surface tension. 
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TlME � 

ical Rayleigh number is reached when 
the temperature gradient is a few de
grees Celsius. 

The hypothetical experiment this ac
count of Lord Rayleigh's theory is based 
on includes many simplifying assump
tions, some of which are known to be 
contrary to fact. The theory is nonethe
less remarkably successful in predicting 
the conditions necessary for the onset 
of convection in real fluids. For exam
ple, exper iments by Peter L. Silveston 
of the University of British Columbia 
and by Ernest L. Koschmieder of the 
University of Texas at Austin have yield
ed values for the critical Rayleigh num
ber of 1,700 ± 50, in good agreement 
with the theoretical value. 

The balance of buoyant and dissipa
tive forces provides a criterion for 

the onset of convective instability, but 
what is observed in the model experi
ment once the flow is under way? The 
Rayleigh theory supplies only limited 
guidance in answering this question, and 
even the more comprehensive theories 
to be discussed below cannot account 
for all the observed features of fully de
veloped convective circulation. If the 
evolution of the flow cannot be deduced 
mathematically, however, at least a 
qualitative description is possible. 

In a fluid layer heated uniformly from 
below, the temperature gradient should 
be independent of horizontal position 
and so should the resulting buoyant 
force. When the critical Rayleigh num
ber is exceeded and the motionless eq ui
librium becomes unstable, the warm 
fluid therefore tends to rise everywhere 
and the cool fluid tends to sink every
where. Both things obviously cannot 
happen at once: at any point the fluid 
can be ascending or descending, but it 
cannot move in both d irections at the 
same place and time. This impasse is 
avoided by the spontaneous division of 
the layer into a pattern of convection 
"cells," in each of which the fluid circu
lates in a closed orbit. 

STABILITY OF A FLUID with respect to 
buoyancy-induced convection is determined 
by the value of the Rayleigh number. If the 
number is subcritical, any perturbation is 
damped out; if the number exceeds the criti
cal value, a perturbation grows continuously. 
The system is most sensitive to perturbations 
with a particular wave number, or scale of 
length, corresponding to twice the depth of the 
fluid layer. The difference between the actual 
Rayleigh number and the critical number de
termines the value of a parameter, A; in the 
theory devised by Lord Rayleigh the velocity 
of the convective flow depends exponentially 
on A. If A is negative, the velocity decays to 
zero; if A is equal to zero, the velocity remains 
steady; if A is positive, the velocity grows con
tinuously. Because A is a complex number and 
can have an imaginary value the flow can 
oscillate, a phenomenon called overstability. 
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Theoretical arguments give a tenta
tive indication of the favored scale of 
the individual elements in the convec
tion pattern. These arguments are de
rived from the varying sensitivity of the 
marginally stable state to perturbations 
with d ifferent scales of length. One must 
be careful here to avoid confusing the 
amplitude of a perturbation, which in 
the model experiment corresponds to 
the vertical displacement of a fluid par
cel, with the scale of the perturbation, 
which measures the size of the parcel. If 
the Rayleigh theory is to yield meaning
ful results, the amplitude must always 
be infinitesimal, whereas the scale can 
be as large as the dimensions of the ap
paratus will allow. 

It is customary to express the scale of 
a perturbation in terms of a wave num
ber, which is the reciprocal of a length. 
This practice reflects the fact that the 
geometry of a disturbance is generally 
complicated, so that it does not have 
a single, clearly defined size; the dis
turbance can be decomposed, however, 
into a spectrum of fundamental modes, 
or spatial frequencies, j ust as a complex 
sound can be analyzed into a combina
tion of pure tones. A wave number rep
resents the contributions of a particular 
scale of length to the random fluctua
tions. Larger wave numbers correspond 
to smaller scales. 

The stability of the motionless steady 
state is vulnerable to being upset by dis
turbances at some wave numbers more 
than it is at others. One can imagine an 
experiment in which the critical Ray
leigh number is measured in a fluid 
whose fluctuations can be controlled in 
such a way that they are always charac
terized by a single wave number. Such 
an experiment would reveal that insta
bil ity sets in soonest when the wave 
number describes perturbations with a 
horizontal dimension of about twice the 
fluid depth. For wave numbers that are 
e ither larger or smaller more extreme 
conditions (a larger Rayleigh number) 
are required to induce convection. The 
calculated value of 1,708 for the critical 
Rayleigh number is the value found 
when the fluctuations are of the opti
mum size. 

The sensitivity of the fluid to dis
turbances at a particular scale implies 
that those disturbances will be amplified 
sooner than any others when the layer 
becomes unstable. Therefore the pat
tern observed when convection begins 
might be expected to have features at 
about this scale. It is not obvious that 
those features will persist once the con
vective flow is fully developed, but it 
turns out they do, provided the Rayleigh 
number does not exceed the critical val
ue by too large a margin. 

The wave number specifies the overall 
scale of the pattern but not its detailed 
form; convection cells of many different 
shapes could be constructed so that they 
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VARIATIONS IN SURFACE TENSION alter tbe pattern of convective transport in a fluid 
witb a free surface. Tbe magnitude of tbe surface tension varies witb temperature, being great. 
est wbere tbe fluid is coolest. Hence any difference in temperature across tbe surface gives rise 
to a gradient in surface tension. Tbe motionless state becomes unstable if tbe gradient is large 
enougb to overcome tbe dissipative effects of viscosity and beat diffusion. Tbe magnitude of 
tbe tension is represented bere by tbe density of tbe batcbing. Fluid is pulled along tbe surface 
toward cooler regions of greater surface tension and is replaced by warmer fluid from below. 

had the same wave number. The pattern 
actually observed depends strongly on 
the geometry of the experimental ap
paratus. The pattern cannot now be de
d uced from first principles, but there 
are well-established empirical rules that 
make reliable qualitative predictions. 

In experiments such as the hypotheti
cal one described here, where the upper 
and the lower surfaces are constrained 
by rigid boundaries, the basic element of 
the pattern is a "roll," which has a long, 
tubular form. Warm fluid rises along 
one edge of the roll, traverses the up
per surface and thereby loses its heat, 
then plunges to the bottom of the lay
er along the opposite edge. The circu
lation then carries the fluid across the 
lower boundary, where its temperature 
is raised again. Adjacent rolls have an 
opposite sense of rotation. 

When a roll is viewed in cross section, 
its form is approximately square: the 
width is equal to the height, and the 
height, of course, is determined by the 
depth of the fluid layer. Thus the pro
portions of the roll are constant, but the 

size depends on the fluid depth. Because 
the repeating unit in this pattern consists 
of two rolls rotating in opposite d irec
tions the scale of the pattern is properly 
defined as the width of two rolls. Hence 
the scale is eq ual to twice the fI uid depth, 
in agreement with the predictions of the 
wave-number analysis. 

The planform of the cellular pattern 
(its appearance from above) is deter
mined largely by the shape of the appa
ratus. Because details of this kind do not 
directly enter into the theory the plan
form cannot readily be derived from 
it; experimental observation, however, 
gives an ample basis for prediction. If 
the container is rectangular, the rolls 
tend to be aligned parallel to the shorter 
sides. The width of each roll and hence 
their number is of course determined by 
the depth of the layer. In a circular ves
sel the rolls form concentric rings. 

As was pointed out above, Lord Ray
£\.. leigh's analysis of convection was 
inspired mainly by experimental obser
vations Benard made in about 1900. It 
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is now known that the Rayleigh theory 
is not the appropriate one for the con
vective mechanism investigated by Be
nard. The experimental conditions Be
nard employed differed in a subtle but 
cr ucial way from those described here, 
and the importance of the change is im
med iately apparent in the pattern of the 
convective flow. In Benard convection 
the rolls imposed by the geometry of the 
apparat us may appear transiently when 
the flow is j ust beginning, but they soon 
give way to a more complicated pattern: 
a polygonal tessellation of the fl uid sur
face. In itially the polygons are some
what irreg ular, having from four to sev
en sides, although the mean number is 
six. When the pattern is fully developed, 
it becomes an almost perfect array of 
reg ular hexagons, arranged as in a hon
eycomb. The center of each hexagonal 
cell is a region of upwelling warm fluid, 
which spreads out over the upper sur
face and sinks at the perimeter, where 
adjacent cells are joined. 

In the Benard experiments, as in 
the hypothetical experiment described 
above, the fluid forms a thin layer that is 
heated from below. The cr ucial change 
is that the layer is not confined between 
two rigid boundaries but instead is open 
to the air at its upper surface. Since the 
surface is free, surface tension can affect 
the flow; indeed, surface tension is now 
recognized as the dominant influence in 
Benard convection, being more impor
tant than the buoyant force. It  is there
fore no surprise that the Rayleigh theo
ry, in which buoyancy is explicitly as
sumed to be the only force operating, is 
inadequate to explain convection of this 
kind. The predictions of the Rayleigh 
theory are in error even for such fund a-

mental quantities as the temperature 
gradient needed to initiate convective 
flow. A successful alternative theory 
was not introd uced until 1958, by J. R. 
A. Pearson of the Imperial College of 
Science and Technology in London. 

S urface tension is the cohesive force 
whose net effect is to minimize the sur
face area of a fluid. For example, a free 
drop of liquid tends to assume a spheri
cal form under the influence of surface 
tension, since that is the configuration 
of minimum area. The tension can be 
imagined as a network of stretched elas
tic bands extending in all d irections over 
the free surface. If at any point the 
forces exerted by the various bands are 
not in balance, the s urface layer will 
flow toward the region of greater ten
sion until equilibrium is established. 
The surface flow is communicated to the 
bulk of the fluid as a result of its shear 
viscosity. 

Surface tension can act as the prop ul
sive force in a convective flow because 
the tension varies with temperature: like 
density, the surface tension is red uced as 
the temperature increases. Therefore 
any temperature gradient established 
across the surface of the liquid will be 
accompanied by a gradient in surface 
tension. The cooler regions will exhib
it stronger surface tension and in the 
warmer regions the tension will be re
d uced. If the surface-tension gradient 
leads to an imbalance of forces, a flow 
will result. 

The onset of convective instability in 
the Benard system can be analyzed in 
much the same way that the onset of 
a b uoyancy-ind uced flow is analyzed. 
Suppose a parcel of warm liquid is dis
placed upward through some random 

TESSELLATION OF THE SURF ACE with hexagonal cells is a characteristic feature of con
vection driven by a gradient in surface tension. Where the tension is greatest the surface be
comes puckered, so that its area is reduced. Over the ascending plume in the center of each cell 
the surface is depressed; the fluid must flow uphill before descending at the edge of the cell. 
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fl uctuation. Whether or not this motion 
is sustained by b uoyant forces, it will 
have an effect at the surface of the lay
er, slightly raising the temperature and 
thereby red ucing the surface tension in 
the area directly over the fl uct uation. 
Nevertheless, forces at the surface re
main in equilibrium because the sur
rounding surface pulls equally on this 
region in all directions. In order to ini
tiate the flow a second perturbation is 
required, causing a horizontal displace
ment of some small element of the sur
face in the area of red uced tension. The 
tensile forces acting on the displaced el
ement are then out of balance, and if the 
surface-tension gradient is large enough, 
the displacement will be amplified. The 
surface element will be p ulled into the 
cooler region of higher tension, and it 
will drag part of the bulk fl uid with it. 
More liquid will therefore be drawn up 
from the warmer, underlying strata, re
inforcing the surface gradients in tem
perature and tension. Meanwhile fl uid 
that has cooled d uring its transit across 
the surface will begin to sink and the 
cell ular pattern will be established. 

As in buoyancy-driven convection, 
the mere existence of a temperature gra
dient does not guarantee that a convec
tive flow will be sustained. The gradient 
m ust be large enough to overcome the 
dissipative effects of viscous drag and of 
heat diffusion. The balance of these ef
fects in the Benard system is expressed 
through another dimensionless ratio, in 
this case named after the 19th-century 
Italian investigator C. G. M. Maran
goni. The formula for the Marangoni 
number is the same as that for the Ray
leigh number except that the buoyant 
force is replaced by the s urface-tension 
force; in other words, the Marangoni 
number is the ratio of the surface-ten
sion gradient to the prod uct of viscous 
drag and heat diffusion. Benard convec
tion sets in when the Marangoni number 
exceeds a critical value. 

An intriguing feature of convection 
driven by surface-tension gradients is 
that it alters the contour of the surface. 
Regions of enhanced surface tension 
tend to pucker, so that they red uce their 
total exposed area. The consequences of 
this effect are contrary to intuition. In 
the center of a Benard cell ,  where the 
fl uid is rising, the surface is depressed; at 
the edges of the cell,  where the fl uid is 
falling, the surface is raised. Gravita
tional forces oppose the formation of 
the surface cusps, since the gravitational 
potential energy is minimized by a flat 
surface. Thus the interactions of grav
itation and s urface tension are subtle 
and complex. A theory that incorpo
rates both b uoyant and surface-tension 
forces was formulated in 1964 by D. A. 
Nield of the University of A uckland. 

The predominance of surface tension 
in Benard convection has now been es
tablished beyond doubt. One unequivo-
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THE 100 MPH 
FASTBALL. 

The baseball manager wants it. 
So does the information sy stems 

manager. 
What is it? 
Speed. 
The baseball manager dreams of 

finding a pitcher who can throw a 100 
mile per hour fastball consistently. 
Because that fastball could mean 
more games in the 'win' column. 

The information manager wants 
a computer that can do calculations 
in billionths of a second. Because that 
kind of speed could mean more pro
ductivity at lower cost. 

Today, a good major league fastball 
pitcher can throw 94-98 mph. At that speed, it 
takes nearly half a second for the ball to reach the batter. In that flash of time, 
today 's IBM 3033 computer can execute about 1 Yz million multiplications. 

Someday, the 100 mph fastball will be a reality. 
And someday, computers using circuits now in an experimental phase 

may be able to perform up to 40 million calculations in the time it takes that ball 
to reach the plate. 

This is what we're working for at IBM -products that perform faster 
and are cheaper to use. 

Innovation is increasing. Cost of computer use is decreasing. This adds 
up to more productivity for our customers. 

And that's the best way to play the game. � � �i"fi" 
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Two sf'!Irk plufls meet stringent 
Calif. emissIons standards. 

Other states use one. 

EST. AO EST. /31/ EST.' AIIJ EST. 
MPG "1 HWY. MPG "tiI HWY. 

1980 Datsun 200-SX 1980 Datsun 510 Hatchback 
EPA estimates for comparison. Standard S-speed manual. 

Actual mileage may differ depending on speed, trip length and weather. Actual highway mpg wilt probably be less. California mileage lower. 
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cal demonstration is that the character
istic hexagonal convection cells appear 
even·when the fluid layer is heated from 
above rather than from below. Under 
those circumstances the density gradient 
opposes convective flow, so that the 
forces resulting from the surface-ten
sion gradient must overcome it. Convec
tive flow attributed to surface tension 
was also observed in experiments con
ducted during two of the Apollo space
flight missions, where gravity and buoy
ancy were negligible. 

The Rayleigh theory and theories 
modeled on it give approximations 

of the conditions req uired for the onset 
of convection. What happens once the 
flow has been established? In describ
ing such fully developed convective mo
tions theories of this kind are much less 
satisfactory. 

In the Rayleigh theory the velocity of 
the flow is given by an exponential func
tion: the velocity is proportional to Eu
ler's number, or e (which has a numeri
cal value of about 2.7), raised to some 
power. The exponent is equal to the 
time, t (measured in seconds, say, from 
some moment of reference), multiplied 
by a coefficient, A, determined by the 
Rayleigh number. Hence the velocity is 
proportional to eAt. The predictions of 
the theory can be catalogued by observ
ing the evolution of this expression for 
different values of A. 

If the Rayleigh number is less than the 
critical Rayleigh number, A is negative. 
As time passes, therefore, the velocity 
is given by progressively larger nega
tive powers of e; under these conditions 
the value of the exponential approaches 
zero as t increases. In other words, the 
velocity decays to zero, and any random 
motions of the fluid are damped out. 
When the Rayleigh number is exactly 
equal to the critical value, A is zero, and 
so the exponent At is zero for all time. 
Any number raised to the zero power is 
equal to 1, which implies that the distur
bance is neither damped nor accelerated 
but retains its initial value forever. 

Both of these predictions are in ac
cord with intuition and with the analysis 
of the fluid layer's stability. A negative 
value of A corresponds to the stable 
motionless state; the value A = 0 spec
ifies marginal stability. The interpreta
tion of the theory becomes problemati
cal, however, when the Rayleigh num
ber is greater than the critical value and 
A is positive. This is j ust the condition 
under which a convective flow can be 
established. 

When A is greater than zero, the power 
to which e is raised increases continu
ously with time,  and the expression dis
plays the well-known characteristics of 
exponential growth. If A is equal to + 1 
and the initial velocity is one centimeter 
per second, then after one second the 
speed will have increased to 2.7 centi-

ASCENDING PLUME of warm fluid creates a gradient in surface tension along the interface 
between two liquids. The depression in the surface marks the point of minimum tension, and 
fluid is drawn along the interface to the right and left away from this point. The circulation of 
the bulk fluid is driven by the surface traction. A similar mechanism operates in a fluid whose 
surface is open to the air. The photograph was made by H. Linde of the Central Institute for 
Physical Chemistry in Berlin. Particles of plastic suspended in the liquids make the flow visible. 

meters per second and after two seconds 
it wil l  have reached 7.4 centimeters per 
second. The velocity grows without l im
it ,  which quickly leads to absurd predic
tions; for example, the predicted con
vection current reaches the speed of 
light in less than half a minute. 

The dependence of the flow velocity 
on the value of A has been presented 
here in a simplified form. In general A is 
a complex number, one having both a 
real part and an imaginary part; the lat
ter includes as a factor the square root 
of -1. We have .considered so far only 
the variation in the real part of A. If 
the imaginary part is not zero, oscilla
tory flows can arise, a condition called 
overstability. Such oscillating currents 
have been observed in real fluids, and 
they make up an interesting subclass of 
convective phenomena. In the model de
scribed by the Rayleigh theory, how
ever, the imaginary part of A vanishes 
and the problem of exponential growth 
must be confronted directly. 

The increase in the speed of a con
vective flow obviously cannot contin
ue very far along the exponential curve. 
For this reason the predictions of the 
Rayleigh theory can be considered real
istic only when the Rayleigh number is 
near the critical value (so that A is small) 
or only for a short interval after the on
set of convection (so that t is small). The 
physical source of these limitations lies 
in the simplifying assumptions that were 
adopted in developing the theory. In 
particular the temperature gradient was 
assumed to be constant and therefore 
unaffected by the convective circula
tion. This assumption is clearly contrary 

to fact: when hot fluid rises into the cool
er upper part of the layer, the tempera
ture d ifference between the upper and 
lower boundaries is reduced. The buoy
ancy force is reduced in proportion, so 
that the flow is self-limiting. This mech
anism of self-limitation, however, does 
not appear in the mathematics of the 
Rayleigh theory. There the temperature 
gradient remains constant no matter 
how rapid the flow is, and the buoyancy 
force supplies the impetus for an accel
eration that continues indefinitely. 

Given this failure, it may seem sur
prising that the Rayleigh theory 

yields acceptable results under any cir
cumstances. It can do so only because 
it includes another assumption, name
ly that the parcel of fluid is never giv
en more than an infinitesimal displace
ment. If this condition is met, the as
sumption of an unvarying temperature 
gradient is quite reasonable. Even a fi
nite but small motion of the parcel can 
cause only a small disturbance of the 
temperature distribution, so that the 
predictions of the theory are still ap
proximately valid. In applying the Ray
leigh theory to a fully developed flow, 
however, the assumptions are violated 
and the predicted evolution of the mo
tion ends in an implausible infinity. 

A workable theory of well-established 
convection must somehow recognize the 
feedback loop through which the flow 
itself alters the force that drives the 
flow. There is no known practical meth
od for solving the problem exactly, but 
there are approximations that do bet
ter than the Rayleigh theory. The one 
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we shall discuss is based on ideas intro
duced in 193 7 by the Russian theorist 
L. D. Landau, who developed his the
ory in order to describe certain kinds 
of phase transitions, such as the onset 
of magnetization in ferromagnetic iron. 
With V. L. Ginzburg, another Russian 
physicist, he later adapted it to the de
scription of superconductivity in metals. 
These phenomena have certain features 
in common with convection; most no
tably, they require that fluctuations in 
structure at many scales of length be de
scribed sim ultaneously. When the Lan
dau theory is adapted to the convection 
problem, it incorporates the Rayleigh 
theory as a first approximation. 

What the theory must provide is an 
equation of motion for the fluid, an 
equation that gives the velocity and ac
celeration of a parcel of fluid for any 
specified combination of externally im
posed conditions. The equation of mo
tion might be constructed directly, but 
the meaning of the Landau theory is 
clearer if instead one defines a potential 
surface, from which the equation of mo
tion can be derived. (The equation of 

motion is simply the eq uation that gives 
the slope of the potential surface. ) 

The potential surface can be conceived 
of as an undulating landscape, where 
height above or below some reference 
plane represents the relative energy of 
the fluid system. The tendency of the 
energy to assume a minimum value im
plies that the point representing the state 
of the system will "roll downhill" when
ever possible. An axis on the reference 
plane defines the line of zero velocity; 
displacements to the right and left of 
this line denote increasing positive (up
ward) and negative (downward) velocity 
of some parcel of fluid. Position along 
the zero-velocity axis is given by the dif
ference between the actual value of the 
Rayleigh number and the critical value; 
this difference can be designated t::.R. 
Thus the value of t::.R and the velocity, 
V, together specify a point on the refer
ence plane; the height of the potential 
surface at the point is the energy of the 
system in that state. 

It is necessary to discuss in some de
tail the equation that specifies the to
pography of the potential surface. The 

POTENTIAL ENERGY � - ';':'RV2 

v 

POTENTIAL SURF ACE associated with the Rayleigh theory defines the relative energy of 
the fluid for any combination of Rayleigh number and velocity. The surface is described by a 
quadratic equation in which the coefficient, t;.R, is the difference between the actual value of 
the Rayleigh number and the critical value. As long as t;.R is negative the zero-velocity axis 
designates the state of minimum energy and a convective flow can be sustained only at the cost 
of increasing the energy. When t;.R is positive, the slope of the surface is reversed and the 
zero-velocity axis defines a state of unstable equilibrium; the fluid can reduce its energy by 
establishing a convective circulation. The major deficiency of the Rayleigh theory is that !lnce 
the flow has begun the velocity continues increasing without bound, an unrealistic prediction. 
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equation can be written as the sum of an 
infinite series of terms, each term in the 
sequence including a higher power of 
the fluid velocity. The first term is a 
quadratic one: - 1/2t::.R V2. In the next 
term the velocity enters as V3, in the 
next as V4, and so on. Each of these 
higher powers of the velocity is to be 
preceded by a coefficient measuring its 
contribution to the form of the surface. 

As might be expected, it is impractical 
to calculate the sum of the entire infinite 
series; even if formal methods for doing 
so were available, the coefficients are 
not known for all the terms. In general, 
however, the coefficients are expected to 
become smaller as the power to which V 
is raised grows larger. Hence there is 
some hope of obtaining reasonable ac
curacy even from a truncated series, one 
in which all terms beyond a certain pow
er of V are neglected. If the velocity is 
not too large, the contributions of those 
higher terms should be small; in particu
lar, if V is less than I in some natural 
system of units, the higher powers of V 
will converge on zero and the approxi
mation will be a good one. 

The Rayleigh theory can be viewed 
as such a truncation of the infinite 

series, one that retains only the first 
term, namely _ 1/2t::.R V2. The surface 
described by this quadratic expression 
has two lobes, each with a parabolic 
cross section; one lobe is concave up
ward and the other is concave down
ward. It is obvious from the equation 
that whenever V is zero (that is, every
where along the zero-velocity axis), the 
relative energy is zero. If the Rayleigh 
number is subcritical, so that t::.R is neg
ative, the surface sweeps upward on 
each side of the axis and the energy in
creases whenever the velocity is greater 
than zero. In other words, the motion
less state is a minimum in the potential 
surface, a state of . stable equilibrium. 
When the Rayleigh number exceeds the 
critical value, so that t::.R is positive, the 
situation is j ust the opposite : the surface 
falls away from the zero-velocity axis, 
which is now a line of unstable equilib
rium and maximum energy. 

These properties of the surface are 
just the ones predicted by the elementa
ry analysis of stability presented above, 
and they incorporate both the strengths 
and the weaknesses of the Rayleigh the
ory. In the immediate neighborhood of 
the origin, where both t::.R and V are 
small, the behavior of the system can be 
correctly inferred from the changing 
curvature of the surface. When t::.R is 
slightly negative, the fluid returns to rest 
after any small perturbation; if t::.R is 
slightly positive, the perturbation is am
plified and a convective flow begins. 
When the Rayleigh number has exactly 
the critical value, so that t::.R is zero, the 
surface is flat and a random fluctuation 
in velocity is neither damped out nor 
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amplified .  At larger values of !!.R and V, 
however, a problem that by now should 
be familiar is encountered once again. 
The potential surface slopes toward 
neglltive infinity, with the result that the 
velocity increases without bound. 

In the Landau theory this flaw can be 
remedied by retaining additional terms 
from the infinite series. Indeed, major 
improvements are possible with just a 
few more terms. For the hypothetical 
experiment from which the Rayleigh 
theory was derived considerations of 
symmetry constrain the choice of terms. 
In that experiment the nature of the c ir
culation would be unchanged if the ap
paratus were cooled from above in
stead of heated from below, or if all 
velocities reversed d irection. This invar
iance implies that the potential surface 
is symmetrical with respect to the zero
velocity axis; such a symmetrical sur
face is described by an equation that in
cludes only even powers of the velocity 
(such as va, V4 and so on). Whenever the 
exponent is an even number, V and - V 
raised to the same power yield the same 
result, whereas the results have opposite 
signs when the exponent is an odd num
ber. Hence all terms in which V is raised 
to an odd power (such as va, V5 and so 
on) must have coefficients of zero. 

Interesting results can be obtained by 
including one more term in the Landau 
potential beyond the quadratic term, 
namely the quartic term 1/. V4. The to
pography of the potential surface is then 
determined by evaluating the expression 
- '12!!.R va + 1/. V4. When !!.R is nega
tive, the surface closely resembles the 
simpler quadratic surface, although the 
energy increases more steeply when the 
velocity departs from zero. When !!.R 
i s  positive, the form o f  the surface i s  sig
nificantly altered .  The energy decreases 
on each side of the zero-velocity axis, 
but the decrease does not continue in
definitely. Instead the energy reaches a 
minimum value and then rises again 
as the velocity increases further. Both 
the depth of the energy minimum and 
the velocity at which the minimum is 
'reached increase as !!.R increases.  

For a l imited range of Rayleigh num
bers and velocities this comparative

ly simple version of the Landau theory 
can give realistic predictions. As before, 
when the Rayleigh number is less than 
critical, any random fluctuation in ve
locity is damped out and the stationary 
state is the state of minimum energy and 
stable equilibrium. At supercritical val
ues of the Rayleigh number a perturba
tion grows larger, but the growth does 
not continue without limit. When the 
fluid reaches some finite velocity, deter
mined by the value of !!.R and corre
sponding to the minimum in the poten
tial surface, a new stable equilibrium is 
attained.  Any departures from this ve
locity are then damped out. 

POTENTIAL ENERGY = -V2�V2 + V.V' -

v 

tJ.R 

- 2  

LANDAU THEORY yields a more realistic potential surface b y  including additional terms in 
tbe equation that defines the surface. In the simplest case, shown here, a quartic, or fourth
power, term is added to the quadratic term of the Rayleigh theory. The motionless steady state 
again becomes unstable when l;.R exceeds zero, but the velocity does not continue growing iu
definitely. Instead there is a minimum in the potential surface at a finite velocity. The theo
ry predicts that a uew equilibrium will be reached at the velocity that minimizes the total en
ergy. A theory of this form was devised in 1937 by L. D. Landau to describe certain phase 
transitions in magnetic materials and has recently been adapted to the convection problem. 

The Landau theory that incorporates 
quadratic and quartic terms avoids 
some of the more spectacular failures 
of the Rayleigh theory, but it is still an 
approximation and it still remains val
id only if the velocity is not too large. 
When V is large, h igh powers of V make 
a significant contribution even if they 
are preceded by a small coefficient; for 
this reason a theory that neglects all the 
higher-power terms cannot accurately 
represent the shape of the potential sur
face far from the zero-velocity axis. 
Moreover, in many convective systems 
one d irection of flow is favored over the 
other, so that the symmetry of the po
tential surface is lost and odd powers of 
V must be included in the equation. 

Both the Rayleigh theory and the Lan
dau theory are derived from hypotheti
cal experiments in which as many prop
erties of the fl uid as possible are con
sidered to be constant. Real fluids are 
rarely this simple, and the interactions 
of the various properties can become 
quite tangled. For example, in the mod
el it was assumed that only density var
ies as a function of temperature. In re
ality, viscosity and thermal d iffusivity 
also change with temperature in most 
fluids. S ince these quantities enter into 
the definition of the Rayleigh number, 

variation in them can have an important 
influence on the onset of a convective 
flow and on its subsequent evolution. It 
was also assumed that the fluid is incom
pressible; because many real fluids are 
compressible pressure becomes a signifi
cant variable, one that in turn affects the 
density and many other properties. A 
relation of notable intricacy connects 
temperature and viscosity. In general 
viscosity declines with increasing tem
perature, but at the same time the ener
gy dissipated through viscous drag ap
pears in the form of heat, and so it  raises 
the temperature. 

A theory that explicitly took into ac
count all the known interactions of fluid 
properties would be too unwieldy to be 
practical. In describing a real fluid sys
tem rather than a mathematical mod
e l  what must be sought is an optimum 
compromise between the complexity of 
the fluid and the complexity of the theo
ry. The nature of the necessary compro
mise can be illustrated with a few exam
ples of convection in the world outside 
the laboratory. 

In the earth's atmosphere convection 
is observed at several scales of length. 
The temperature gradient between the 
Tropics and the poles drives a global 
circulation, which can be decomposed 
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IDEAS AT WORK FOR YOU. 

The DC-l0 flies as far 
as the moon and back 
twice a day. 
I t 's a 480 , 0 00-m i l e  rou n d - tr i p  t o  the 
l u nar l a n dscape - q u ite a journey. 

Yet the worldwide DC-1 0 f l eet f l ies 
the eq u ivalent of two such tr i ps every 
s i n g l e  day, en route to 1 70 cit ies i n  
9 0  countr ies.  And it  carries 1 50,000 
passengers a day, i n  spacious,  q u iet 
comfo rt .  In al l ,  more people have 
f l own DC-1 0s than l ive in the 
ent i re U .S . !  

As b i g  and co mfortab le  as i t  is ,  the 
DC- 1 0  is a lso easy on fuel . The short
range Ser ies 1 0  is the secon d  most 
fue l -eff i c i ent com mercial  jet l i ner i n  
the sk ies .  

M eet the fuel m iser. 
T h e  new DC-9 S u per 80 is the 

n u m ber o n e  f u e l -save r - 40 percent 
m o re fuel  eff i c ient  than today's most 
w i d e l y  f l own jet l i n e r. 

Passengers l ove its roo m i ness, 
with seats eve ry bit  as wide as those 
i n  the j u m bo jets. 

And the S u per 80 is q u iet both 
i n s i d e  and out- q u i eter than any 
commercia l  jetl iner  now flying with 
major  a i rl i n es . T hat's good news not 
j ust for passengers, but for a i rport 
n e i g h borhoods, too. 

Searching and research ing 
for a lternate energy sources. 

M c Do n n e l l  Dou g l as is  hard at work 
on a n u m ber of advanced research 
proj ects to he l p  meet the world 's 
future energy needs. H e re are 
j ust t h ree:  

A solar power p lant we've designed 
a n d  are h e l p i ng to b u i l d  for the U .S .  
G ove rnment is  a g iant step toward 
the deve l opment of solar energy. 
What we l earn from t h i s  plant,  cal led 
S o l a r  One,  may one day provide the 
powe r sou rce for i rr igat i o n ,  crop 
d ry i n g ,  desal i nat i o n ,  refr igerat ion ,  
s pace heat i n g  and cool i n g - even 
e n hanced oi l  recove ry. 

O u r  work i n  fusion energy is mak
i n g  p rog ress, too. We've h e l ped 
deve lop a dev ice to generate power 
to l ig ht the way for n uc l ear fus ion .  
With our  h e l p ,  th is  safe , c l ean , abun
dant energy sou rce may we l l  become 
a pract ical alte rnative by the e n d  
of the centu ry. 

/MCDONNELL 
DO UGLAS 

Whichever way the w i n d  b l ows, o u r  
G i rom i l l  wi l l  captu re it a n d  convert i t  
to e l ectrical or mechan ical  e n e rgy. 
N ow under  test, th is  g i ant w i n d m i l l  
can g e n e rate e n o u g h  e l ectr ic ity for 
1 5  homes, or run deep we l l  i rr igat ion 
p u m ps for  h u n d reds of acres of  
farm l a n d .  

Learn more about our ideas and 
how the y  work for you.  Send for our 
free booklet, " What We Do:' Write 
McDonnell Douglas, Box 14526, 
S t. L ouis, MO 631 78. 

A JOB? LETS SWAP RESUMES.  S E N D  YOURS, WE'LL S E N D  OURS AN EOUAL OPPORT U N ITY E M PLOYER WRITE:  BOX 1 4 5 2 6 .  ST LOUIS,  MO 63 1 78 
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into at least three large convective cells 
in each hemisphere . Distortions of these 
patterns caused by the rotation of the 
earth give r ise to the trade winds of 
the Tropics and the prevail ing wester
lies of the temperate zones .  Local heat
ing of the atmosphere near the earth's 
surface gives rise to smaller-scale con
vective flows, incl uding those of most 
storms. Cumulus clouds, which form 
when warm air rises and cools and there
by becomes supersaturated with mois
ture, often mark the convective over
turning of the atmosphere. 

A theoretical analysis of atmospheric 
convection must take into account the 
large compressibility of air, which gives 
rise to a density gradient even when the 
temperature is constant with height. An 
accurate description of the atmospheric 
circulation would also have to incl ude 
the compressive heating of air when it 
sinks into a region of higher pressure. 
Viscosity and other properties of air 
also vary with pressure and tempera
ture, and the presence of water vapor, 
which gives up heat when it condenses, 
adds still another level of complexity. 
Clouds formed as a result of convective 
circulation are themselves often unsta
ble to further convective motion: the 
cloud is cooled at the top by the loss of 
heat into space and warmed at the bot
tom by radiation absorbed from the 
ground. If the magnitude of these effects 
is large enough, a convection cell within 
the cloud can become established .  

In spite of these complications con
vective motion in the atmosphere of
ten manifests the same basic patterns 
observed in simpler laboratory exper
iments. The l inear cloud formations 
called cloud streets or mare's  tails are 
prod uced by cells of the roll type; satel 
l ite photographs occasionally reveal ar
rays of polygonal cells that extend over 
thousands of square kilometers. It is not 
the case, however, that the results of 
laboratory experiments can simply be 
extrapolated to atmospheric scale. Con
vection cells in the laboratory are al
ways about as wide as they are high, 
whereas atmospheric cells are m uch 
wider, by a factor of as much as 50. In 
addition the sense of the circulation in 
small-scale experiments is always the 
same (with gases the flow is downward 
in the middle of each cell) whereas in the 
atmosphere both directions of flow are 
observed. 

Convection in the oceans also spans a 
wide range of scales, from a meter 

or two to the size of the ocean basins 
themselves. The simplest of these flows 
has a straightforward explanation. Be
cause some wavelengths of solar radia
tion penetrate a few tens of meters into 
the ocean the water is heated to a con
siderable depth. Cooling, on the oth
er hand, results almost entirely from 
evaporation and from the loss of heat 
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thro ugh cond uction and radiation to 
the atmosphere, processes that are es
sentially confined to the surface. Hence 
heat is introd uced into the oceans at a 
level below that at which it is removed, 
and a layer of water several meters deep 
can become unstable to convection. 

The compressibility of seawater is 
small, and it can influence convective 
motion only at the greatest depths, but 
another variable has an important influ
ence : salinity. The density of seawater 
varies not only with temperature but 
also with the concentration of dissolved 
salts; the density increases along with 
the salinity. As a result two independent 
factors can work together to establish 
a density gradient. The interaction of 
these factors can give rise to new kinds 
of convective motion not seen when only 
a single gradient is present. 

If the temperature is greater at the 
bottom of a layer b ut the salinity is 
greater at the top, both gradients act in 
concert to encourage convection. When 
the temperature and salinity gradients 
act in opposite d irections, subtler effects 
come into play. If warm salty water 
overlies cold fresh water, the tempera
ture gradient favors stability but the sa
linity gradient upsets it. Even if the two 
opposed gradients combine to yield uni
form density, convection can sometimes 
become established, for reasons having 
to do with dissipative effects that act dif
ferently on the two gradients. The tem
perature gradient is d issipated mainly 
by heat d iffusion, whereas the salinity 
gradient is dissipated chiefly by the mo
lecular d iffusion of the salt and water 
molec ules. Heat d iffusion is much fast
er, often by a factor of 100. Initially the 
temperature and salinity of the two lay
ers might be adj usted to give them pre
cisely equal density. If  a parcel of the 
warm salty fl uid is then displaced down
ward into the cold fresh layer, it will lose 
its heat long before molecular d iffusion 
can significantly red uce its salinity. As a 
result it will become denser and the mo
tion will be amplified.  

The opposite arrangement, with cold 
fresh liquid overlying warm salty fl uid, 
can lead to the oscillatory phenome
non known as overstability. A parcel 
of warm saline water, on rising slightly, 
cools off but retains its salt concentra
tion. As a result it becomes denser than 
it was initially and sinks back into the 
bottom layer. Indeed, it may overshoot 
its original position and continue oscil
lating about it. The oscillations may ei
ther grow or be damped out, depending 
on the magnitudes of the two gradients. 

One of the most complex of convec
tive systems is the one that appar

ently operates in the earth's mantle, cre
ating a chain of rifts in the sea floor and 
propelling the continents across the .sur
face of the earth. The heat that drives 
the circulation is liberated not at a 

boundary but rather throughout the vol
ume of the material, mainly as a result 
of the decay of radioactive elements. A 
temperature gradient is formed under 
these circumstances because heat is lost 
from the system only at the surface, 
so that the temperature increases with 
depth. There is little doubt that the gra
dient is large enough to ind uce convec
tion, but the properties of the system are 
so complicated and the mantle is so in
accessible to measurement that the form 
and d imensions of the convection pat
tern are highly uncertain. Viscosity in
creases sharply with depth, and at some 
level in the convective zone the material 
evidently undergoes a transition from 
one crystall ine phase to another. 

At a much smaller scale an interesting 
convective process of considerable com
plexity can be observed in a drying film 
of paint or lacquer. Here the driving 
force is not buoyancy but surface ten
sion, as in Benard's experiments. The 
mechanism ultimately responsible for 
the flow is the evaporation of solvent 
from the free surface of the film. If some 
perturbation increases the rate of evap
oration in a region, that region will 
be cooled, which increases its surface 
tension. Moreover, the intrinsic surface 
tension of the pigments or other large 
molecules in the film is usually greater 
than the tension of the solvent, so that a 
deficiency in solvent raises the surface 
tension independently of the tempera
ture. The liquid is drawn across the sur
face to regions of elevated surface ten
sion, where it sinks to the base of the film 
and resumes the cycle. As the concentra
tion of solvent is red uced, however, the 
viscosity increases, and ultimately the 
Marangoni number falls below the crit
ical value. Convection then stops. 

Convection cells in paint films often 
have a hexagonal form, or at least a po
lygonal form that approaches the ideal 
of regular hexagons. The flow can cause 
"flooding" of p igments, which is ob
served in the dry film as an irregularity 
in coloring. In some cases the three
dimensional pattern of the convection 
cells remains frozen in the dry film. It 
should be noted that the phenomenon 
is not always undesirable : paint with a 
"hammer" finish acquires its texture by 
this means. 

The generality of the concept of con
vection is suggested by these diverse ex
amples: the spontaneous overturning of 
the earth's atmosphere and oceans, and 
the circulation of paint in a film a few 
tenths of a mill imeter thick. The theo
ries that describe these fluid motions re
quire many simplifying assumptions if 
they are to be of any practical use, and 
even then they are far from simple. It is 
therefore all the more remarkable that 
these few related theories, governed by a 
handful of d imensionless numbers, can 
account for phenomena that differ so 
greatly in scale. 
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su 
IT'S EVEN 

IN PLACESlW 
Your dollar may buy a lot less of 
everything else. But today, it 
buys a lot more Subaru. For 1980, 
we've made our cars larger, 
roomier, more comfortable and 
more elegant. While engineering 
them to pinch pennies. 

A CAR THAT'S BEAUTIFUL 
CAN ALSO BE INTELLIGENT. 

FUL 
SEE. 

four-wheel independent suspension 
that gives Subaru incredible road 
sense. And the new Subaru body 
styles have impact-absorbing 
structure, front and rear, to protect 
your valuable possessions. Like 
life. And limb. 

4-WHEEL DRIVE FOR CROSS-TOWN 
AS WELL AS CROSS-COUNTRY. 

On the 1980 Subaru, the down- Subaru four-wheel drive cars are 
sloping hood and the air dam c?�fortable, @3 EPA EST' 33 EPA 
under its "chin" are designed for cIvIhzeq and rJ�Y)* ��Y., 
low wind resistance and high economIcal. 
gas mileage. So our DL Hardtop Subaru 4WD's handle nimbly rf'\2 EPA EST. 46 EPA 5-speed and respond quickly. And shift 

�rc��Y)* ��Y., reaJly YOU CAN'T SEE SOME OF from front-wheel to four-wheel 
'-----_----' dehvers. OUR BEST SELLING POI NTS. drive at up to 50 mph. 

OUR ENGINE IS DESIGNED �O M S So whether you choose four-
I ' �y ubaru.advantages are out wheel drive or front-wheel drive, HELP OUR CAR HANDLE BETTER. of sIgh�. We. gIv.e you two s�parate your Subaru is engineered to T�e horizontally o�pos�d, alu- brake lm� cIr�U1ts. If one fads , carry you safely over the rough mmum Sll:bar:u eng�ne hes l.o� Subaru still gives you � brake. road ahead. Without putting you and flat WIth Its weIght POSItIoned For 1980, Subaru mtroduces in the hole evenly over the front wheels. "zero scrub" suspension, which . 

Coupled with Subaru front-wheel makes the car easier to turn and SUBARU drive, this results in superior reduces steering wheel kick back, ® 

road holding on hills and curves. while increasing tire life. Rubber INEXPENSIVE. AND BUI LT 
Even in snowy, slippery weather. mountings create full-floating, TO STAY THAT WAY. 
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