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Thermodynamics
(revised)

By Arthur S. Iberall

Sir Isaac Newton spoke of forces as the "active agant
nature." He said that, in a forceless universe, nothmgjav
really be happening, even though there might be a vastearumb
of particles all moving along their straight inertial gt
constant speed. Collisions could not occur because ®rce i
required to change either the speed or direction of a garticl
motion. Indeed, it is the action of forces of atti@cthat lead
to the formation of objects (e.qg., galaxies, stars, hupaoms,
nuclei). It is the action of forces of repulsion thlhost always
balances with forces of attraction in order to preéveatter
from coming together and ‘densifying’ without limit. It iset
action of forces that pump our blood, move our musclek, an
send our nerve signals.

It is a very large leap from the action of two atatisacting
each other to form a molecule or that of two catiglatoms or
molecules rebounding from each other, to the actions of
individual humans and their interactions in small angdar
social groupings. The leap must be made in stages. At this
point, suffice it to say that it is the action of loigical and
social 'forces' that move people to act, behave, aoie feel
the way they do.

While not as obvious to the non-physicist, it is alreadgrge

leap from the interaction between two atoms or smpl
molecules to the behavior of a macroscopically largebar
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of interacting atoms or molecules as in a gas. Ing$say,
we describe:

a) the basigphysics of interactionbetween two simple
'particles’,

b) the strategy of describing tineacroscopic
properties of a large number of such particles, and

c) therelation between the macroscopic description and
the microscopic physics of particle-particle
interaction.

Thermodynamics (from the Greéberme, meaning "heat"
anddynamis, meaning "power") is the study of processes hat
involve changes in temperature, transformation of energy
the relationship between heat and work. It studies heat
energy and its relation to macroscopic variables sach a
temperature, pressure, and volume. Thermodynamics is th
macrophysics within and between organized levels. It will be
our tool for studying societies and for developing a social
physics.

Physics of Interaction - the Micro Level

Imagine a large number of simple particles, atoms, or
molecules moving around in some space. To consider the
simplest case, we assume that the forces of attnact
between these particles are negligible. If we théloviothe
motion of any individual particle, we will see it undergoang
zigzag motion consisting of straight flights separatedapyd
changes of direction. Each straight flight is tiheefflight'
motion that takes place when no force is acting on the
particle. ByNewton's first law of motionthis takes place at
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constant velocity. The rapid changes of direction@rgpeed
occur when the particle collides with another parti€lee
repulsive force between the colliding particles chanpges t
speeds and directions of both particles. Think of billiall b
collisions as a well-known macroscopic example.

According toNewton's second law of motigra force on a
particle causes its velocity to change at a rate diwyethe
strength of the force divided by the mass of the parfidies

rate is called thacceleration. The change in the velocity takes
place in the direction of the force. A consequencinisflaw is
the following: If we define thenomentumof a particle as the
product of its velocity and its mass, then the actioa fofrce
acting for a time is to change the momentum of thaghaby

an amount given by the product of the force and the firis.
product is called thampulse

But, according tdNewton's third law of motionforces

between particles are always mutual and equal in strangth
opposite in direction. It follows that two colliding piates
repel each other with forces of equal strength and insigpo
directions, and therefore change each other's momenyu
equal amounts in opposite directions. Since momenslan |
directional quantity (a so-called vector quantity), sben of the
momenta of the particles is the same after thestmilias
before. Total momentum is said to'benserved'

The total energy is also conserved. That is, the sutimeof
energies of the particles is the same after thesmoil as
before. The energy of a stationary particle is daliginternal
energy-- this is the energy of any and all actions takingla
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inside the 'particle’. The energy of its motion tlglogpace is
called itskinetic energy and it is equal to one half its mass
times the square of its velocity. The energy of a mgvi
particle is the sum of its internal energy and kinetiergy.
The amount of energy transferred from one of thediot
particles to the other is given by the product of the force
times the distance over which the force acts. Iictigsion is
not intense enough to cause changes inside the parties,
internal energies are not altered, and then the suheof
kinetic energies of the particles is the same afftercollision
as before.

If we also assume that collisions are not intemsaugh to
destroy the particles (by breaking them into parts, for
example), then the number of particles is alwaysrse&wed
guantity. Collisions are then characterized by:

» conservation of matter content - particle number or
total mass

» conservation of momentum, and

» conservation of energy.

If there are different types of particles (as in,an¢ give the
number of each type in, say, a cubic inch of space.
Alternatively, we can give the total mass of eagetin a
cubic inch. Either of these equivalent descriptions may be
termed thenatter content
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The Macro Level is Unaffected by the Micro Level

Let us now leap from the micro to the macro -- from the
physics of the micro level as a succession of partieke f
flights and collisions, to the macro level descriptida gas
consisting of a great many interacting particles.

We point out that in one cubic inch of normal air there

about four hundred billion billion (4x%#) molecules
undergoing stereotypic actions - free flights of lengthhen
order of a hundred thousandth €1 ®f an inch at speeds on the
order of ten thousand (9)0nches per second (about 700 miles
per hour). The duration of each free flight is thenudlzo
billionth of a second (or one nanosecond?)1&ach molecule
makes about a billion collisions each second. In atbas,
collision duration is a small fraction of the fremglfit time.

However, to quote Shakespeare, it is ‘much ado about gothin
Because, in spite of all the activity taking placeastesmall
time interval in the cubic inch -- all the collisgmall the
changes in velocity of the individual particles, atidree
changes in their energies -- the values of theeaxvrsgl

guantities are unaffected by the interactions occurring inside
the cubic inch. The content of the matter is unchangedotal

momentum is unchanged, the total energy is unchanged. Wha

happens is that the total momentum is distributed by the
collisions among all the particles in the cubic inclsame
characteristic manner. Similarly, the total energgissributed
among the kinetic energies of all the particles, andray the
internal energies that are excited in collisions.
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It should be noted that the same physical descriptiom of a
would hold if one reduced the number of such molecules to a
sparse collection of only a few handfuls in a cubitinc
container, or in a very small container. The corolsare

valid for all sized boxes as long as each side is sognitfly
longer than the free flight length of 2@nch in normal air. It

is that character of physics which will permit us tteex its
scope to discussing more complex systems, such as living
things, in which there are a great number of internz s

Equilibrium at the Macro Level

The key idea may now be stated: conditions inside the cubic
inch are characterized and determined by the values of the
conserved quantities. Two different cubic inches are
macroscopically identical if they:

= contain the same matter content (defined as the
number of molecules of each molecular type),

= the same momentum, and

= the same energy,

even though one is here now and the other was half way
round the globe a century ago. The reason is that the
molecular players have the same properties in bo#scas

= they interact the same way in both cases, and

= the large number of these stereotypic interactions
(e.g., collisions) among the players results in
standard distributions of each conserved quantity
among the individual players, the distributions being
the same in both cubic inches.
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These standard distributions are caéeghilibrium
distributions and a small piece of the gas in which the
equilibrium distribution is present is said to bédoal
thermodynamic equilibrium Any deviation from the
equilibrium distribution in a small piece is reducedyve
rapidly to zero by the stereotypical interactions insiae
piece which act to share the conserved quantities atheng
players according to the equilibrium distribution. Iprecisely
this rapid drive toward local equilibrium that underlies th
success and power of thermodynamics. Thermodynamics is
the macrophysics within and between organized levels.

When the total momentum of a small piece (such asuhic
inch) is zero, the piece is macroscopically at Mf4ten the
total momentum is not zero, the piece is macroscdpital
motion. The macroscopic velocity of the piece is etpidhs
momentum divided by its mass. Every small piece dfastilis
macroscopically at rest. Each small piece of windysan
macroscopic motion, with different pieces generallywimg
with different velocities. What we have here ihacroscopic
flow field.

The motional aspects of the situation illuminate &ation
between the micro and macro levels of activity. The
macroscopic velocity of a small piece is simply directional
(vector) average value of the velocities of all therascopic
players in the piece, each velocity being weighted byrtass
of each player. Microscopically, there is a great déahotion
and action going on all the time even in a pieceithat
macroscopically at rest. The velocities of the imlnal players
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in such a piece have the standard equilibrium distribution

a piece that is in macroscopic motion, the samdibgum
distribution of microscopic velocities is present, iout
addition there is also the common macroscopic veloifit
such a piece is observed by an observer moving alongtwith
it appears identical to a piece that is macroscopiedligst.

The Macroscopic Equation of State

The stereotypical interactions in a piece in local
thermodynamic equilibrium give rise to a state of naeital
stressinside the piece. This stress is a mechanical meakure o
the intensity and frequency of the collisions takingeléhe
interactions that share the momentum among the players
The stress in a gas is called ghvessure It measures the
average pressing force exerted (through collisions) by the
players on one side of a square inch of area onldlyens on
the other side of the same square inch. The pressuigam a
confined by a container is also the force exerted oh eac
square inch of the container material (by collisionghefgas
particles with the container walls).

Because the interactions share energy as well as ntomg
there are also energy measures for the intensityedbtal
interactions. The direct measure is simply the enpey unit
mass, or the energy per unit volume. A very important
indirect, but more universal, measure istémperature
Although temperature and the direct energy measure are
closely related, the quantitative relation between tisem
different for different types of matter. Consider a
macroscopically stationary piece of matter. Whas dt its
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lowest possible temperature -- absolute zero -- it its owest
possible energy level, and its energy is calledzre-point
energy The energy of the piece increases as the tempeinatur
raised. The excess of the energy above the zero-guuangy is
called thehermal excitation energyor more simply, théeat
energy It is the heat energy that is distributed among the
microscopic players according to the equilibrium disttidmn.

The temperature measure determines which way heat energy
flows when two pieces of matter are placed in contdeat
energy flows from higher to lower temperature. (Whédinger

at normal temperature contacts a hot stove, therfiass af

heat energy from stove to finger, causing it to get hattdrits
owner to pull away).

The quantities that describe the macroscopic properfties
small macroscopic piece of a gas that is in local
thermodynamic equilibrium are then:

its matter content,
its energy content,
its temperature, and
its pressure.

VVVYY

The matter content may be given by thass densitymass per
unit volume) and thehemical compositior{the fractions of
each of the chemical species making up the matter dpnten
The energy content may similarly be given by the gnerg
density. The macroscopic describers are sometimesl thée
thermodynamic coordinates
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Because the equilibrium distribution of momentum and
energy among the players is completely determined by the
matter content and energy content (by the actual pHysica
account of local thermodynamic equilibrium), these two
describers determine the values of the temperature and
pressure. As a result, there is a functional relakhipnsmong
the matter content, energy content, and temperature. T
relation is called thenergy function There is also a
functional relationship among the matter content,gner
content, and pressure. Eliminating the energy content fr
these two functional relationships provides the function
relating the matter content, temperature, and presshie. T
relation may be called tiiteermomechanical equation of
state

Although the stereotypical motions of the individualyeles

is different in detail for liquids as compared to gates,

main thermodynamic (macroscopic) conclusions are
basically the same. In liquids, the individual molesuhre

very close to each other, just about touching, the aistan
determined by a near balance between the (long rangepforc
of attraction and the (short range) forces of repuldiofact,
condensed matter - liquids and solids - form becaudeof
forces of attraction.

One aspect of the stereotypical motion of the indiMidua
molecules in a liquid may be described as follows: Each
molecule is confined by a ‘cage’ of surrounding molecales,
of them in thermal fluctuational motion. The cagedeunale
bounces back and forth with its cage for many cycles| ainti
fluctuation occurs which opens up a 'hole’ in the surrogndin
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cage, allowing the caged molecule to make a 'hop' to an
adjoining location and a new cage. In a gas, the molecule

make long flights separated by short quick changes in welocit

In a liquid, they make relatively short hops separated dryym
shorter back and forth bounces within their cage.

The end results are much the same, with the sanoéd set
macroscopic descriptors. The difference shows up idebesls
of the functional relations, the thermomechanical eqoatio
state, and the energy function. (As an exampleid&are
much more difficult to compress than gases).

Different Types of Global Equilibria and Flow Motions

A complete macroscopic description of a flow field nbay
made by:

1) dividing the entire space into small elements of
volume, and then

2) giving the thermodynamic coordinates and the
macroscopic velocity of each small volume.

Such a description may be callethgdrodynamical
description:

Consider a large body of fluid that is macroscopicatlyest. If
the net force on each of its volume elements is,2ben each
volume element remains macroscopically at rest, amdufu
is said to be iglobal mechanical equilibriumIf the forces
that act on the volume elements are not in balaheg, the net
force on each volume element sets it into motigittien
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between adjacent layers of fluid that slip past ealraicts
to stop the slipping and to bring the fluid back to rest in a
new equilibrium state in which the forces are resttoed
balance.

If the temperature is uniform throughout, the fluid islda
be inglobal thermal equilibrium In this state, there is no
flow of heat energy between adjacent volume eleméhthe
temperature is not uniform, heat energy flows through the
fluid directed from high temperature places toward low
temperature places. The flow is said to be 'down the
temperature gradient’, the path of greatest change with
distance. The heat flow acts to equalize the regional
temperatures, to drive the whole system toward global
thermal equilibrium.

If the matter content is uniform in all volume elensgwith
uniform concentrations of each molecular species thrautgh
the fluid, then there is no diffusional flow of any lexular
species from element to element, and the fluid istealik in
global chemical transport equilibriumlIf a concentration of
any molecular species is not uniform, there dsfusional
flow of that species down the concentration gradient from
high to low concentration places. This diffusionalrlacts

to equalize the concentrations, to drive the systemrtbwa
global chemical transport equilibrium. (This brief diseoiss
of chemical equilibrium neglects the effect of forteest act
differently on different molecular species. Such ésrcan

act to produce equilibrium situations in which some species
are more concentrated in one location, and other specie
other locations. This can occur by the action of eledbrices
on ionic species, and even by the gravity force whick tact
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concentrate denser species in locations of loweu@dtitAlso
not considered as yet is the possibility of chemical
transformations by chemical reactions, which introdukes t
idea of reaction equilibrium).

The Drive toward Global Thermodynamic Equilibrium

We have just examined the kinds of motion of flow th&es
place in flow fields, and the three kinds of drivasechanical,
thermal, chemical - that are always acting to moeesifstem
toward global thermodynamic equilibrium. The statelobgl
thermodynamic equilibrium is characterized by:

1) a balance of forces on every volume element and no
macroscopic motion of matter,

2) uniform temperature throughout and no flow of heat
energy,

3) uniform concentration of each chemical species (or a
balance of special species forces) and no diffusional
flow of any particular species.

The macroscopic motion induced by net forces is cdiweec
momentum flow. It is more simply called convectivetioo or
convection The momentum (and the associated macroscopic
kinetic energy) is carried or conveyed by the movingiflui

The heat energy flowing down the temperature gradiemt is
flow of heat energy through the fluid; the processaltedheat
conduction Similarly, the diffusional flow of a particular
chemical species is also a flow through the fluidfusibnal
flow generally refers to relative motion of differesftemical
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species within a volume element of a fluid. Two différen
chemical species can be diffusing in opposite directions
Finally, the friction force between adjacent layef$luid

that are slipping past each other is accomplished by-a non
convective momentum flow through the fluid, flowing from
the higher speed fluid to the lower speed fluid. This process
is calledviscosity more properly viscous diffusion.

To reiterate, macroscopic motion induced by net forces is
called convection. In addition, there are three namseotive
flows or transports that take place throughout the fluid:

1) heat conduction, or the transport of heat energy down
temperature gradients,

2) diffusion flow, or the transport of particular chemica
species down concentration gradients, and

3) viscosity, or the viscous momentum flow down slip-
velocity gradients

These three non-convective flows are the mechani$the o
drive toward global thermodynamic equilibrium. In an
isolated system -- one closed by fixed walls that pretrent
exchange of matter and of energy between the systém an
outside -- these mechanisms invariably and inexorably drive
the system toward global equilibrium. The time sdatehe
approach to global equilibrium depends on the size of the
system; but it is, in any case, a macroscopic time as
compared to the short time scale for achieving the local
equilibrium distributions within any small volume element
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Commonality of the Global Equilibrium Mechanisms

Although at first sight, the mechanisms of heat conducti
diffusion of chemical species, and viscosity appear to be
different and independent, they all spring from the same
process: the stereotypical fluctuational motion ofrtiedecular
players in the local equilibrium distribution.

To see this, focus attention on any imagined area iasilled.
The molecules on each side of this area will, by vidiugneir
stereotypical fluctuational motions, do some crossirey to
the other side of the area. This kind of 'diffusion mgxiacross
the common boundaries of adjacent volume elemerggd@ct
share and equalize the properties of the volume eleniétits.
fluid is hotter on one side of the area than therpthe
diffusional mixing carries more energetic molecules ihe
hotter element, resulting in a transport of heatgner
Similarly, if a particular chemical species is moomeentrated
on one side of the area than the other, the diffusimnang
accomplished by the fluctuational motions of these mddscu
results in a diffusion transport. Finally, if the nascopic
velocity is larger on one side of the area than therpthe
diffusional mixing carries molecules with larger mamopic
velocity into the region of smaller macroscopic vetlpcand
carries molecules with smaller macroscopic veloicity the
region of larger macroscopic velocity, resulting in a
momentum transport down the velocity gradient.

The mechanisms of heat conduction, diffusional flow, and

viscous momentum flow -- the three one-way drives tdwar
global thermodynamic equilibrium -- all arise froneth
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combined action of a macroscopic gradient (of temperature
concentration, or slip velocity) and the diffusionakimg
generated by the local stereotypical fluctuation of the
molecular players.

Examples of Macroscopic Action

Let us take a moment to look at the rich variety of psses
that can occur in macroscopic flow fields. Firstgnsider
some of the ways that forces are exerted on voluements
of the field matter. Forces may be exerted by extexgahts
such as:

» the gravitational field of the Earth (this force is the
weight of the volume element),

» an external electric or magnetic field (when the aratt
has appropriate electrical or magnetic properties),

» avariety of other agents such as fan blades or
paddles.

Forces may also be exerted by a pressure gradient within
fluid itself, in which case a larger force is exertecor side
of a volume element than on the other side. The msspre
force on a volume element is directed down the pressure
gradient, from high to lower pressure.

For a simple example, take a horizontal cylinder @imirig
water confined between the closed end of the cylindgman
piston which is pushed against the water, thus pressurizing
the water to a pressure that is higher than that of the

surrounding atmosphere, 14.7 pounds per square inch, or psi.
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If a small hole is made in the closed end of the dginthe
water will squirt out at high speed because the presxarted
on each piece of water at the position of the tgeater on
the side facing the high pressure water than on thdadey
the lower pressure air.

An example that involves two kinds of force is thathaf
atmosphere. Although the atmosphere is never macrostippica
at rest, it is almost always fairly close to a ba&anf force on
each of its volume elements. Small net forces tasuhrge
weather patterns. We may ask why the pressure at sésleve
always fairly close to the value 14.7 psi. We may adowhy

a piece of air that is located some distance ablwavground or
the ocean does not fall down. After all, Earth atgatt matter
with a gravity force. The answer to the first quest®that a
vertical column erected on one square inch of the Barth
surface and extending all the way up to extremely high
altitudes, contains an amount of air that weighs 14.7gmun
The atmosphere is pressurized by its own weight, by gravit
force. The answer to the second question follows fram th
answer to the first. The pressure at each altitude glgitne
weight of the air sitting above one square inch atdhtide,
and consequently is greatest at sea level and decreasa®st
at higher and higher altitudes. There is then a net upward
pressure force exerted on each piece of air, calleblutrgant
force. The buoyant force is the excess of the upward directed
pressure force exerted on its bottom face over the wawh
directed pressure force exerted on its top face. The dpwar
buoyant force due to the pressure gradient balances thig/gra
force.
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As a third example, consider an ordinary candle statimy |
the combustion of wax and oxygen at the tip of its WiRK.

its own action, the candle generates a steady supfriysi
oxygen-containing air (and a fresh supply of wax) at tlok wi
tip. The heat generated by the chemical combustion goces
raises the temperature of the air in the flame cAsea

result, the air there expands, becomes less densasasidy
buoyancy. As this air leaves by rising, the pressurenisried
causing surrounding air to be forced inward toward the
burning place. The local heating leads to a continued dibw
air inward from the surroundings and upward above the
burning place. By its own action, the candle generatss thi
convection flow that ensures a steady supply of feesHAt
the same time, the heat of the flame melts the tdpeof
candle, and molten wax climbs the wick - by capillactian

- to the burning place. That capillary action represt@s
action of another force system which will not belakped
here at this time. In any, case, again by its own actie
candle ensures a continued supply of wax at the burning
place).

The candle process occurs in many forms in many places
nature. It initiates atmospheric motion on the E&tar
energy is absorbed mostly at sea level (ground level),
resulting in heating of the air at sea level. This $etad
convective rising and roiling motions in the atmosphere.
Convective roiling in the Earth's mantle is initiated by th
heat in the Earth's core and the radioactive heat peddac
the mantle, and is responsible for the motion of theHs
plates. The heat energy, generated in the core &uhéey
(slow) nuclear fusion processes, is transported towheds

iberall@charteet



CP2: Commentaries — Physical and Philosophic

surface first by heat conduction occurring via photonsgbit li
energy; but in the Sun’s outer half, the heat isiearno the
surface by convective roiling where it is radiated out as
sunshine.

Adding to the Earth processes already mentioned - gravity,
solar heating from without and the roiling within - thénsiing
of the Earth (which affects the motion of the atmasphthe
oceans, and the fluid parts of the Earth's intertbe) process

of phase change (evaporation, condensation, cloud formation

rain, snow, glaciation, melting and freezing), capillacyion,
and the process of chemical transformation via chémica
reaction, leads to the rich geophysical/geochemical/ bio-
chemical evolutionary history of planet Earth.

Study of flow field processes demonstrates that the diyers
macroscopic action at all scales of activity is alsvaghanced
by diversity of structure (heterogeneity) at all scadesl by
diversity of forces and energy supplies. (Even thobtglbasic
physical forces in nature are few, the diversificatibtheir
effects by the various ways they combine is ratherraoas).

This is illustrated by a final simple example, that cbéfee
percolator in which a repeated 'chug' cycle occurs becduse
the central tube of the percolator. When a pot of waidmout
a central tube is heated from below, the heat isteared to
the entire body of water by convectional roiling, résglin
boiling throughout the water (phase change from water to
steam within the water). In a coffee percolator, el tube
(with its flanged bottom) is too narrow to allow radj inside

it. As a result, the water at the bottom of the trdreains in
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place and is heated steadily to the boiling point at wiiicé

it quickly boils into steam and erupts upward in a geyker o
hot water and steam -- a chug. This eruption shakes the
central tube causing it to lose contact with the botbdhe
pot, and cooler water from outside the tube enters to be
heated again to the boiling point leading to the next chug
cycle.

Summary

Thermodynamics is used to study the interactions betwee
large ensembles of objects. Three types of drives --
mechanical, thermal, and chemical — are always aating t
move a system towards global thermodynamic equilibrium.
This state is characterized by a balance of forces, ramifo
temperature, and uniform concentration of each chemical
species. The mechanisms that drive a system toward global
thermodynamic equilibrium are three non-convectiveréio
heat conduction, diffusion flow, and viscous momentum
flow. All three spring from the stereotypical fluctuatad
motion of particles in the local equilibrium distrtmn. An
ordinary candle uses convection flow to ensure a steady
supply of fresh air to fuel the fire, using the changarin a
temperature and pressure to create a flow field. This same
process is seen in atmospheric motion and roiling in the
Earth’'s mantle. The study of flow field processes
demonstrates that the diversity of macroscopic actiafi a
scales of activity is always enhanced by diversity of
structure, forces, and energy supplies.
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