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ABSTRACT

We examine the thermodynamic evolution of various evolving systems, from primitive
physical systemsto complex living systems, and conclude that they involve similar processes
which are phenomenol ogical manifestations of the second law of thermodynamics. We take the
reformulated second law of thermodynamics of Hatsopoul os and K eenan and Kestin and extend
it to nonequilibrium regions, where nonequilibrium is described in terms of gradients
maintaining systems at some distance away from equilibrium.

The reformulated second law suggests that as systems are moved away from equilibrium
they will take advantage of all available meansto resist externally applied gradients. When
highly ordered complex systems emerge, they develop and grow at the expense of increasing the
disorder at higher levelsin the system's hierarchy. We note that this behaviour appears
universally in physical and chemical systems. We present a paradigm which provides for a
thermodynamically consistent explanation of why there islife, including the origin of life,
biological growth, the development of ecosystems, and patterns of biological evolution observed
in the fossil record.

Weillustrate the use of this paradigm through a discussion of ecosystem development .
We argue that as ecosystems grow and develop, they should increase their total dissipation,
develop more complex structures with more energy flow, increase their cycling activity, develop
greater diversity and generate more hierarchical levels, al to abet energy degradation. Species
which survive in ecosystems are those that funnel energy into their own production and
reproduction and contribute to autocatal ytic processes which increase the total dissipation of the
ecosystem. In short ecosystems develop in ways which systematically increases their ability to
degrade the incoming solar energy. We believe that our thermodynamic paradigm makes it
possible for the study of ecosystems to be developed from a descriptive science to a predictive
science founded on the most basic principle of physics.

REFERENCE: Schneider, E.D, Kay, J.J., 1994, "Life as aManifestation of the Second Law of
Thermodynamics', Mathematical and Computer Modelling, Vol 19, No. 6-8, pp.25-48

© James J. Kay and Eric Schneider, 1992



INTRODUCTION

In 1943 Erwin Schrodinger (1944) wrote
his small book What is Life? , in which he
attempted to draw together the fundamenta
processes of biology and the sciences of
physics and chemistry. He noted that life was
comprised of two fundamental processes; one
"order from order" and the other "order from
disorder". He observed that the gene with it's
soon to be discovered DNA, controlled a
process that generated order from order in a
species, that is the progeny inherited the traits
of the parent. Schrddinger recognized that this
process was controlled by an aperiodic crystal,
with unusual stability and coding capabilities.
Over a decade later these processes were
uncovered by Watson and Crick. Their work
provided biology with a framework that
alowed for some of the most important
findings of the last thirty years.

However, Schrodinger's equally important
and less understood observation was his "order
from disorder” premise. This was an effort to
link biology with the fundamental theorems of
thermodynamics. He noted that at first glance,
living systems seem to defy the second law of
thermodynamics asit insists that, within closed
systems, entropy should be maximized and
disorder should reign. Living systems,
however, are the antithesis of such disorder.
They display marvelous levels of order created
from disorder. For instance, plants are highly
ordered structures, which are synthesized from
disordered atoms and molecules found in
atmospheric gases and soils.

Schrédinger solved this dilemmaby turning
to nonequilibrium thermodynamics, that is he
recognized that living systems exist in a world
of energy and materia fluxes. An organism
stays dive in its highly organized state by
taking energy from outside itself, from a larger
encompassing system, and processing it to
produce, within itself, a lower entropy, more
organized state. Schrodinger recognized that
life is a far from equilibrium system that
maintains its locd level of organization at the
expense of the larger globa entropy budget.
He proposed that to study living systems
from a nonequilibrium perspective would
reconcile biologica sdf-organization and
thermodynamics. Furthermore he expected that
such a study would yield new principles of
physics.

This paper takes on the task proposed by
Schrodinger and  expands  on his
thermodynamic view of life. We explain that
the second law of thermodynamics is not an
impediment to the understanding of life but
rather is necessary for a complete description of
living processes. We further expand
thermodynamics into the causality of the living
process and assert that the second law is a
necessary but not sufficient cause for life itself.
In short, our reexamination of thermodynamics
shows that the second law underlies and
determines the direction for many of the
processes observed in the development of
living systems. This work harmonizes physics
and biology a the macro level and shows that
biology is not an exception to physics, we have
simply misunderstood the rules of physics.
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Central to our discussion is afresh look &
thermodynamics. Since the time of Boltzmann
and Gibbs there have been major advances in
thermodynamics especialy by Carathéodory,
Hatsopoulos and Keenan, Kestin, Jaynes, and
Tribus. We teke the restated laws of
thermodynamics of Hatsopoulos and Keenan
and Kestin and extend them so that in
nonequilibrium regions processes and systems
can be described in terms of gradients
maintaining systems away from equilibrium.
In this context the second law mandates that as
systems are moved away from equilibrium they
will take advantage of al means available to
them to resist externally applied gradients. Our
expansion of the second law immediately
applies to complex systems in nonequilibrium
settings unlike classical statements which are
restricted to equilibrium or near equilibrium
conditions. Away from equilibrium, highly
ordered stable complex systems can emerge,
develop and grow a the expense of more
disorder a higher levels in the system's
hierarchy.

We will demonstrate the utility of these
restatements of the second law by considering
one of the classc examples of dissipative
structures, Bénard Cells. We argue that this
paradigm can be applied to physica and
chemica systems, and that it alows for a
thermodynamically consistent explanation of
the development of far from equilibrium
complex systemsincluding life.

As a case study we focus on the
applications of these thermodynamic principles
to the science of ecology. We view ecosystems

as open thermodynamic systems with a large
gradient impressed on them by the sun. The
thermodynamic imperative of the restated
second law is that these systems will strive to
reduce this gradient by al physica and
chemical processes available to them. Thus
ecosystems will develop structures and
functions selected to most effectively dissipate
the gradients imposed on them while alowing
for the continued existence of the ecosystem.
We examine one ecosystem closely and using
analyses of carbon flows in stressed and
unstressed conditions we show that the
unstressed ecosystem has structural  and
functiona attributes that lead to more effective
degradation of the energy entrained within the
ecosystem. Patterns of ecosystem growth,
cycling, trophic structure and efficiencies are
explained by this paradigm.

A rigorous test of our hypothesis is the
measurement of reradiated temperatures from
terrestrial ecosystems.  We argue that more
mature ecosystems should degrade incoming
solar radiation into lower quality exergy, thet is
have lower reradiated temperatures. We then
provide data to show that not only are more
mature ecosystems better degraders of energy
(cooler) but that arborne infrared thermal
measurements of terrestrial ecosystems may
offer a magor breakthrough in providing
measures of ecosystem health or integrity.

CLASSICAL THERMODYNAMICS

Because the basic tenets of this paper are
built on the principles of modern
thermodynamics, we start this paper with a

by Eric Schneider and James Kay
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brief discussion of thermodynamics. We ask
the reader who is particularly interested in
ecology to bear with us through this
discussion, because an understanding of these
aspects of thermodynamics will make much of
our discussion of ecology self-evident. For the
reader who has mastered thermodynamics we
believe that our approach to the theoretica
issues of nonequilibrium thermodynamics is
origind and permits a more satisfactory
discussion of observed far from equilibrium
phenomena.

Comparatively speaking, thermodynamics
isayoung science but has been shown to apply
to al work and energy systems including the
classc temperature-volume-pressure systems,
chemical kinetic systems, eectromagnetic and
guantum systems. The development of
classcal thermodynamics was initiated by
Carnot in 1824 through his attempts to
understand steam engines. He is responsible
for the notion of mechanicd work, cycles,
reversible processes, and early statements of
thefirst and second law. Clausiusin the period
1840 to 1860 refined Carnot's work,
formalizing the first and second law and the
notion of entropy.

The first law arose from efforts to
understand the relation between heat and work.
Most smply stated, the first law says that
energy cannot be created or destroyed and that
despite the transformations that energy is
constantly undergoing in nature (i.e. from hesat
to work, chemical potentia to light), the total
energy within a closed or isolated system
remains unchanged. It must be remembered

that although the total quantity of energy in a
closed system will remain unchanged, the
quality of the energy in the system (i.e the free
energy or the exergy content) may change.

The second law requires that if there are
any physical or chemica processes underway
in a system, then the overal quality of the
energy in that system will degrade. The second
law of thermodynamics arose from Carnot's
experiments with steam engines and his
recognition that it was impossible to convert dl
the heat in such a system completely to work.
Hisformal statement of the second law may be
stated as. It is impossible for any system to
undergo a process in which it absorbs hesat
from a reservoir a a single temperature and
converts it completely into mechanical work,
while ending a the same state in which it
began. The second law notes that work may be
dissipated into heat, whereas heat may not be
converted entirely into work, thus proving the
existence of irreversibility in nature. (This was
anovel, paradigm shattering suggestion for its
time.)

The second law can aso be stated in terms
of the quantitative measure of irreversibility,
entropy. Clausius discovered that for any cyclic
processt:

[dom <0

where equality holds only for reversble
processes (for example, a Carnot cycle).

IWhere Q is heat transfer in calories and T is in degress
Kelvin

by Eric Schneider and James Kay
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Clausius, borrowing from the Greek for
transformation, called the quantity f-dQ/T

which measuresthe irreversibility of a process,
the "entropy" of the process. The second law
can be dated as. any red process can only
proceed in a direction which results in an
entropy increase. This universal increase in
entropy draws the "arrow of time" (Eddington,
1958) in nature and represents the extent to
which nature becomes more disordered or
random.

All natural processes can be viewed in light
of the second law and in all cases this one-
sided aspect of nature is observed. Hesat
aways flows spontaneously from a hotter
reservoir to a colder reservoir until there is no
longer atemperature difference or gradient; gas
will aways flow from high pressure to low
pressure until there is no longer a pressure
difference or gradient. If one mixes hot and
cold water, the mixture comes to a uniform
temperature. The resulting luke warm water
will not spontaneously unmix itself into hot and
cold portions. Boltzmann would have restated
the above sentence as: it is highly improbable
that water will spontaneously separate into hot
and cold portions, but it is not impossible.

Boltzmann recast thermodynamics in terms
of energy microstates of matter. In this
context, entropy reflects the number of
different ways microstates can be combined to
give a particular macrostate. The larger the
number of microstates for a given macrostate,
the larger the entropy. Consider a ten
compartment box with 10,000 marbles in one

of the ten compartments and the rest of the
compartments being empty.
opened between the compartments and the box
is subjected to a pattern of random shaking one
would expect, over time, to see a distribution

If doors are

of about 1,000 marbles per compartment, the
distribution which has the largest number of
possible microstates. This randomization of
the marbles to the equiprobable distribution
corresponds to the macrostate with the
maximum entropy for the closed system. |If
one continued the shaking it would be highly
improbable but not impossible for dl the
marbles to reseparate themselves into the low
entropy configuration with 10,000 marbles in
one compartment. The same logic is applied
by Boltzmann to explan the macroscopic
phenomena of thermodynamics in terms of
microstates of matter. Systems will tend to the
macrostate which has the largest number of
corresponding accessible microstates.

THE EXTENDED LAWS OF THERMODYNAMICS

In 1908 thermodynamics was moved a step
forward by the work of Carathéodory (Kestin,
1976) when he developed a proof that showed
that the law of "entropy increase” is not the
general statement of the second law. The more
encompassing statement of the second law of
thermodynamics is that "In the neighbourhood
of any given state of any closed system, there
exists states which are inaccessible from it
adong any adidbatic path reversble or
irreversible”.  This statement of the second
law, unlike earlier ones, does not depend on
the concepts of entropy or temperature and

by Eric Schneider and James Kay
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applies equally well in the positive and negative
temperature regimes.

More recently Hatsopoulos & Keenan
(1965) and Kestin (1966) have put forward a
principle which subsumes the Oth, 1st and 2nd
Laws. "When an isolated system performs a
process after the removal of a series of interna
constraints, it will reach a unique state of
equilibrium: this state of equilibrium is
independent of the order in which the
congtraints are removed”. (This is cdled the
Law of Stable Equilibrium by Hatsopoulos &
Keenan and the Unified Principle of
Thermodynamics by Kestin.)

The importance of this statement is that,
unlike al the earlier statements which show that
al red processes are irreversible, it dictates a
direction and an end state for dl real processes.
All previous formulations of the second law
tells us what systems cannot do.  This
statement tells us what systems will do. An
example of this phenomena are two flasks,
connected with a closed stopcock. One flask
holds 10,000 molecules of a gas. Upon
removing the constraint (opening the stopcock)
the system will come to its equilibrium state of
5,000 moleculesin each flask, with no gradient
between the flasks. These principles hold for
closed isolated systems. However a more
interesting class of phenomena belong to
systemsthat are open to energy and/or materia
flows and reside at stable states some distance
from equilibrium.

These much more complex thermodynamic
systems are the ones investigated by Prigogine
and his collaborators (Nicolis and Prigogine,

1977, 1989). These systems are open and are
moved away from equilibrium by the fluxes of
material and energy across their boundary.
These systems maintain their form or structure
by continuous dissipation of energy and thus
are known as dissipative structures. Prigogine
showed that nonequilibrium systems, through
their exchange of matter and/or energy with the
outside world, can maintain themselves for a
period of time away from thermodynamic
equilibrium in alocally reduced entropy steady-
state. Thisisdone at the cost of increasing the
entropy of the larger "global" system in which
the disspative structure is imbedded; thus
following the mandate of the second law that
overall entropy must increase.  Nonliving
organized systems (like convection cells,
tornados and lasers) and living systems (from
cells to ecosystems) are dependent on outside
energy fluxesto maintain their organization in a
locally reduced entropy state.

Prigogine's description of dissipative
structures is  formally limited to the
neighbourhood of equilibrium. This is because
his analysis depends on a linear expansion of
the entropy function about equilibrium. Thisis
a severe redriction on the application of his
theory and in particular precludes its formal
application to living systems.

To deal with the thermodynamics of
nonequilibrium systems, we propose the
following corollary that follows from the proof
by Kestin of the Unified Principle of
Thermodynamics. His proof shows that a
system's equilibrium state is stable in the
Lyapunov sense. Implicit in this conclusion is

by Eric Schneider and James Kay
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that a system will resist being removed from
the equilibrium state. The degree to which a
system has been moved from equilibrium is
measured by the gradients imposed on the
system. "The thermodynamic principle
which governs the behaviour of systems is
that, as they are moved away from
equilibrium, they will utilize all avenues
available to counter the applied gradients.
As the applied gradients increase, so does
the system's ability to oppose further
movement from equilibrium.”

(In the discussion that follows we shal
refer to this statement as the "restated second
law". The pre-Carathéodory statements (i.e.
entropy will increase) will be referred to as the
classical second law)

A smple example of this phenomena is the
Bénard cell. The experimental apparatus for
studying the Bénard cell consists of a highly
instrumented insulated container enclosing a
fluid. The bottom of the container is a hesat
source and the top is a cold reservoir. (See
Figure 1.) When the fluid is heated from
below it resists the applied gradients (AT) by
dissipating heat through conduction. As the
gradient is increased, the fluid develops
convection cells.  These convection cdls
increase the rate of dissipation. (These
convection cells are cadled Bénard cdls,
Chandrasehkar, 1961.)

Figure 2-c shows a plot of the gradient (Ra,
the Rayleigh number, which is proportiona to
the gradient AT) against the available work
which is expended in maintaining the gradient.
The dynamics of the system are such that it

becomes more and more difficult to move the
system away from equilibrium (that is,
proportionally more available work must be
expended for each incremental increase in
gradient as the system gets further from
equilibrium, i.e. AT increases).

In chemicad systems, LeChatelier's
principle is another example of the restated
second law. Fermi, in his 1936 lectures on
thermodynamics, noted that the effect of a
change in external conditions on the
equilibrium of a chemical reaction is prescribed
by the LeChatelier's principle. "If the external
conditions of a thermodynamic system are
altered, the equilibrium of the system will tend
to move in such a direction as to oppose the
change in the externa conditions' (Fermi,
1956). Fermi noted that if a chemica reaction
were exothermal, i.e. (A+B=C+D+heat) an
increase in temperature will shift the chemical
equilibrium to the left hand side. Since the
reaction from left to right is exothermal, the
displacement of the equilibrium towards the left
results in the absorption of heat and opposes
the rise in temperature. Similarly a change in
pressure (at a constant temperature) results in a
shift in the chemica equilibrium of reactions
which opposes the pressure change.

Thermodynamic systems  exhibiting
temperature,  pressure, and  chemicd
equilibrium resist movement away from these
equilibrium states. When moved away from
their local equilibrium state they shift their state
in away which opposes the applied gradients
and moves the system back towards its loca
equilibrium attractor. The stronger the applied

by Eric Schneider and James Kay
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gradient, the greater the effect of the
equilibrium attractor on the system.

The reason that our restatement of the
second law is a significant step forward for
thermodynamics is that it tel us how systems
will behave as they are moved away from
equilibrium.  Implicit in this is that this
principle is applicable to nonequilibrium
systems, something which is not true for
classical formulations of the second law.

In particular our "restated second law"
avoids the problems associated with dsate
variables such as entropy which are only
defined for equilibrium. Our restatement of the
second law sidesteps the problems of defining
entropy and entropy production in
nonequilibrium systems, an issue that has
plagued nonequilibrium thermodynamics for
years. By focusing on gradient destruction, we
avoid completely the problems encountered by
Prigogine (1955), and more recently Swenson
(1989), who use extremum principles based on
the concept of entropy to describe sdlf-
organizing systems. Nonequilibrium systems
can be described by their forces and requisite
flows using the well developed methods of
network thermodynamics (Katchalsky and
Curren, 1965, Peusner, 1986, and Mikulecky,
1984).

DISSIPATIVE STRUCTURES AS GRADIENT
DISSIPATORS

In this section we examine the behaviour of
dissipative structures in light of the restated
second law. Prigogine and his colleagues have
shown that dissipative structures self-organize

through fluctuations, small instabilities which
lead to irreversible bifurcations and new stable
system states. Thus the future states of such
systems are not deterministic.  Dissipative
structures are stable over a finite range of
conditions and are sensitive to fluxes and flows
from outside the system. Glansdorff and
Prigogine (1971) have shown that these
thermodynamic  relationships are  best
represented by coupled nonlinear relationships
i.e. autocatalytic positive feedback cycles,
many of which lead to stable macroscopic
structures  which  exist away from the
equilibrium state. Convection cells, hurricanes,
autocatalytic chemica reactions and living
systems ae dl examples of far-from-
equilibrium dissipative structures which exhibit
coherent behavior.

The trangition in a heated fluid between
conduction and convection is a striking
example of emergent coherent organization in
response to an externa energy input. A
thorough anaysis of these smple physical
systems has alowed us to develop some
genera thermodynamic principles applicable to
the development of complex systems as they
emerge a some distance away from
equilibrium. Bénard, Rayleigh, (see
Chandrasekhar, 1961), Silveston (1957) and
Brown (1973) conducted carefully designed
experiments to study this transition.

by Eric Schneider and James Kay
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4 )

The System FIGURE 1: Bénard Cells
Cold Sink Schematics of the Bénard cell apparatus
Q Working Fluid (top  schematics, Q=heat transfer) and

temperature profiles (lines inside apparatus in
Heat Source middle and bottom schematics, h = height) in
the working fluid before and after the transition
to convection. The fluid is heated from below
and the top of the apparatus acts as a cold sink.
Initidly dl dissipation through the fluid
4 ) occurs via conduction and molecule to molecule

Conduction interaction. When the gradient reaches a critica
Cold Sink level (Rayleigh number 1760) the transition to

\ highly organized convection occurs.
h As the gradient is increased it becomes
Hest Source harder and harder (more work is required) to
>> maintain the higher rate of dissipation (see
Temperature Figure 2). The further the system is moved
- J away from its equilibrium state the more exergy
is destroyed, the system produces more
entropy, and more work is required to maintain

p N it in its nonequilibrium state.

Convection Due to the convective overturn most of the
working fluid in the container becomes
verticaly isothermal (with little gradient) and

h only the boundary layers on the edge of the
Heal Source system carry the gradient. As the gradient is
increased the boundary layers become thinner
Temperature and more dissipation occurs.
\_ J
Definitions:

Nusselt Number: Nu=Q/ (kAT /h)
Rayleigh Number: Ra=ga AT h3/kv

where Q=heat flow, k=coefficient of heat conduction, T=temperature, h=depth, g=gravity,

o=coefficient of volume expansion, k=coefficient of thermometric conductivity, v=coefficient of
kinematic viscosity.

by Eric Schneider and James Kay
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FIGURE 2.

These graphs are calculations by us of
entropy production and exergy destruction
during heat transfer across a fluid. The data
used is from the classic experiments of
Silveston (1957). A fluid is heated from
below. Thetemperature difference between the
top and bottom of the fluid is increased and the
heat transfer from the bottom to the top is
recorded. At a Raylegh number (a
dimensionless measure of gradient) of about
1760 Bénard Cells appear, that is convection
starts. As the Rayleigh number (temperature
difference) increases convection becomes the
dominant mode of hest transfer.

The particular analysis is for Silicon 350 &
a depth of 6.98 mm. with a surface area of
0.0305 sg. m.. The first graph is the heat
transfer rate (Kcal/Hour) across the fluid as a
function of Rayleigh number (temperature
difference). The bottom curve is the heat
transfer rate without Bénard Cells and the top
curve isthe heat transfer rate with the formation
of Bénard Cells. The point is that the
emergence of the ordered structure (Bénard
Cells) dissipates more energy.

The second graph is of entropy production
rate (Kca/Hour/°K) versus Rayleigh number
(the gradient). Again we see the emergence of
the ordered structure results in more entropy
production.  The third graph shows the
avalable work! (exergy) (Kcal/hour) which
must be provided from an externa source in
order to maintain the gradient. As the gradient
increases a greater amount of work must be
done to incrementally increase the gradient. It
becomes more difficult to maintain the gradient
as the system becomes more organized.

1Exergy/Availability: A measure of available work
content of energy.(Brzustowski and Golem, 1978,
Ahern 1980, Moran, 1982) It is a measure of the
potential of energy to perform useful work. It reflects
the quality of the energy. Irreversible processes destroy
exergy.

by Eric Schneider and James Kay
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The lower surface of the experimenta
apparatus is heated and the upper surface is
kept a a cooler temperature. (See Figure 1).
Hence a temperature gradient is induced across
the fluid. The initial heat flow through the
system is controlled by conduction. Energy
transfer is by molecule to molecule interaction.
When the heat flux reaches a critical value of
the temperature gradient, the system becomes
unstable and the molecular action of the fluid
becomes coherent and convective overturning
emerges. These convective structures result in
highly structured coherent hexagona surface
patterns (Bénard Cells) in the fluids. This
coherent kinetic structuring increases the rate of
heat transfer and gradient destruction in the
system.

This transition between noncoherent,
molecule to molecule, heat transfer to coherent
structure results in excess of 1023 molecules
acting together in an organized manner. This
seemingly improbable occurrence is the direct
result of the applied temperature gradient and is
the system's response to attempts to move it
away from equilibrium.

Recently we studied the Bénard Cdl
phenomena in detail, using the original data
sets collected by Silveston (1957) and Brown
(2973) (which they most gracioudly provided
us with). We bdlieve that these analyses are
significant, in that we have caculated for the
first time the entropy production, exergy drop
and available work destruction, resulting from
these organizing events. (See Figure 2.) Our
analysis clearly shows that as the gradient

increases it becomes harder to increase the

gradient.

Initidly the temperature gradient in the
apparatus is being accommodated solely by
random conductive activity. When the gradient
is raised, a combination of factors including
surface tension effects and gravitationa fluid
instability, converts the system to a mixed
conductive-convective heat transfer system.
The transition to coherent behaviour occurs &
Ra=1760 (see definitions, Figure 1).

Figure 2 are plots of Silveston's original
data using silicon as the working fluid with a
separation between the hot and cold sinks of
6.98 mm. The curve labelled "Conduction” is
the dissipation which would occur without the
emergent coherent behaviour. The difference
between the curve labelled "Total", and the one
labelled "Conduction”, is the increase in
dissipation due to the emergence of the
dissipative structure. Asis shown in Figure 2,
with the onset of convection there is a dramétic
increase in the heat transfer rate across the
system.

From the literature, especialy
Chandrasekhar (1961), and from our analysis
of Silveston and Brown's data we note the
following behavior for these systems:

1) Heat Dissipation Rate (transfer of heat
between the plates) is a linearly increasing
function of the gradient AT (see figure 2-a,
recalling that Rais proportiona to AT).

2) Entropy production rate (P) vs AT increases
inanonlinear way (seefigure 2-b).

by Eric Schneider and James Kay
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3) Exergy destruction rate (&) vs AT increases
in a nonlinear way, the shape of the curve
being the same as P vs AT.

4) 2&3 imply that as the gradient increases it
is harder (requires more available work,
that is exergy) to incrementally increase the
gradient. The further from equilibrium that
the system is, the more it resists being
moved further from equilibrium. In any
real system there is an upper limit to the
gradient which can be applied to the
system.

5) Once convection occurs, the temperature
profile within the fluid is verticdly
isothermal outside the boundary layer, i.e.
the temperature in the convection cdls is
constant thus effectively removing the
gradient through most of the fluid (see
Figure 1).

6) As the gradient increases, further critica
points are reached. At each critical point
the boundary layer depth decreases.

7) 1is true because the rate of heat transfer is
controlled (more or less) by the rate of heat
flow across the boundary layer, i.e. by
conduction which is alinear process. This
process is aso responsible for most of the
entropy production, as there will be little
production due to convection. The slope
change is caused by the decrease in the
boundary layer depth (I) a a mode change
(critical point). (Recall Q=kAT/I thus as |
decreases, slope (k/l) increases.)

8) Nu is Q/Qc = PIPc = @Idc; tha is, in
Bénard Cells, the increase in dissipation &
any point due to the emergent process is

equal to the increase in degradation at any

point due to the emergent process. Thisis

true for any process which involves only
heat transfer. Otherwise degradation #

dissipation. (This is why Prigogine a

times mistakenly uses these terms

interchangeably.)

9) The principle governing these systems is
not one of maximum entropy production
but rather one of entropy production change
being positive semi-definite as you increase
the gradient. See point 7 above. The
interesting question is, how much structure
emerges for a given gradient, and how
much resistance exists to increasing the
gradient further.

As the temperature difference increases, there
areanumber of further transitions at which the
hexagonal cells re-organize themselves so that
the cost of increasing the temperature gradient
escaates even more quickly. Ultimately the
system becomes chaotic and dissipation is
maximum in this regime.

The point of thisexampleisthat in asmple
physical system, new structures emerge which
better resist the application of an externa
gradient. The Bénard cdl phenomena is an
excelent example of our nonequilibrium
restated second law. Aswe will seelater, other
physical, chemical, and living systems observe
similar rules.

The more a system is moved from
equilibrium, the more sophidticated its
mechanisms for resisting being moved from
equilibrium. This behaviour is not sensible
from a classical second law perspective, but is
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what is expected given the restated second law.
No longer is the emergence of coherent self-
organizing structures a surprise, but rather it is
an expected response of a system as it attempts
to resist and disspate externaly applied
gradients which would move the system away
from equilibrium. The term dissipative
structure takes on a new meaning. No longer
does it mean just increasing dissipation of
matter and energy, but dissipation of gradients
as well.

In this regard it is important to distinguish
between energy dissipation and energy
degradation. Dissipation of energy means to
move energy through a system, as in the
Bénard cell. Dissipation may or may not
destroy gradients. Degradation of energy
means to destroy the ability of energy to set up
gradients. The ability to set up gradients is
measured by the availability or exergy of the
energy. Thus energy degradation means
exergy destruction, that is the degradation of
the ability of the energy to produce gradients
that can accomplish work. In simple systems
involving only heat flow, energy degradation is
viaenergy dissipation.

The gradient reducing nature of self-
organizing systems is dramaticaly
demonstrated by a smple experimental device
sold as atoy in a nationwide scientific catalog
(Edmunds). Their "Tornado in a Bottle" (not
to be confused with "fusion in a bottle"),
consists of a smple plastic orifice that allows
the connection of two 1.5 liter plastic soda
bottles end to end. The bottles are connected
and set on a leve surface to drain with the

upper bottle filled with water and the lower
bottle empty. When set vertical, a thirty
centimeter gradient of water exists.

Due to the orifice configuration, the bottle
drains dowly requiring approximately six
minutes to empty the upper bottle (i.e. to
reduce the gradient in the system). The
experiment is then repeated with the bottles
being given a dight rotational perturbation. A
vortex forms, driven by the gravitational
gradient within the system, and drains the
upper bottle in approximately 11 seconds. The
"tornado”, a highly organized structure, has the
ability to dissipate the gradient much faster thus
bringing the system to its loca equilibrium
more quickly! Here again is a manifestation of
the restated second law, a macroscopic highly
organized structure of 1023 molecules acting
coherently to dissipate a gradient. The
production of the highly organized system, the
tornado, leads to more effective dissipation of
the larger driving gradient, the gravitational
differences in water levels between the bottles.
As in the Bénard convection experiments,
organized structures reduce gradients more
quickly than random linear processes.

It should not be surprising that this simple
experimental device mimics meteorological
phenomena such as mesoscae weather
patterns. The development of temperature
gradients between a warm earth and a cooler
overlying atmosphere results in  highly
organized convective cloud patterns which
reduce the troposphere temperature gradient.
The violent destructive power of torn