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INTRODUCTION

Overview

Technical diving used to be the pervue of just commercial and military divers. Today, highly motivated
and well trained recreational diversare pushing diving to new depths, on mixed gases, with sophisticated elec-
tronic sensors and dive computers, using modern rebreathers, wearing special exposure suits, in the oceans,
lakes, and at high altitude. This new breed of diver receives training from any one of a number of new tech-
nical agencies, like Technical Diving International (TDI), International Association Of Nitrox And Technical
Divers (IANTD), and Association Of Nitrox Diving Instructors (ANDI), aswell asthe established recreational
agencies, NAUI, PADI, YMCA, SSI, and NASDS. For the technical diver and working commercial diver, this
monograph is intentionally both atraining tool and extended reference.

Technical diving encompasses a wide spectrum of related disciplines, from geosciences to biosciences,
atmospherics sciences to hydrodynamics, medical sciencesto engineering sciences, and mathematical physics
to statistical analysis. The scope isimmense, and so any monograph need be selective, and probably not in
depth as possible. And diving physics can be a tedious exercise for readers. Obviously, physiology is an
even more complicated mix of physics, chemistry, and biology. Like comments apply to decompression
theory, acombination of biophysics, physiology, and biochemistry in amuch cloudier picture within perfused
and metabolic tissue and blood. Biologica systems are so complex, beyond even the fastest and biggest
supercomputersfor modeling analysis. The marine and geosciences are al so beyond comprehensivetreatment.
Often, tedium relates to a proliferation of equations and deduced results without practical application.

So, selectivity with mathematical application is a direction taken here in narrative. Mathematical equa-
tions are kept at definitional level to facilitate description. The hope is to better encapsulate a large body of
underlying physical principle in hopefully readable form. Sample problems, with solutions, are included to
enhance quantitative description and understanding. Topics are fundamental and chosen in their relevance to
technical diving. Bibliographies offer full blown treatments of principles detailed.

M atter

Matter has definite mass and volume, can change form and phase, and consists of tiny atomsand molecules.
A gram molecular weight (gmole) of substance, that is, an amount of substance in grams equal to its atomic
weight, A, possesses Avogadro’s number, No, of atoms or molecules, some 6.025 x 1023 constituents. Gas
molecules are in constant motion. Liquid molecules are free to move and dide over each other, while loosely
bound. Moleculesin asolid are relatively fixed, but can oscillate about their lattice points.

Matter cannot be created nor destroyed, but it can be transformed by chemical and nuclear reactions. In
the most general sense, matter and energy are equivalent. For instance, the nuclear and chemical binding
energies of molecules and atoms result from very small mass reductionsin constituent particles (mass defect)
when in bound states. The postulate of conservation of mass-energy is fundamental, and cannot be derived
from any other principle. Stated simply, mass-energy can neither be created nor destroyed. All of observable
science is based on this premise.

The concepts of mass and corresponding occupied volume are fundamental perceptions. The mass, m, in
unit volume, V, is the mass density,

P= V& )
and gases are usualy the least dense, followed by fluids, and then solids. Weight density is the weight per
unit mass. Specific density, n, istheratio of material density to density of water. States of matter usually have
much different densities. Matter interactions are generically termed mechanics.



MECHANICS

Motion

Mechanics is concerned with the effects of forces to produce or retard motion (kinetic energy), change
position, induce material deformation, or cause chemical and nuclear reactions (potential energy). Forces may
be gravitational, nuclear, or electromagnetic in origin. Mechanical properties describe the change in shape
of matter when external forces are applied. Examples include the simple bending of a beam, the propagation
of sound waves, the permanent deformation of metals into useful shapes, and the flow of liquids and gases
around obstacles. For matter in the gaseous state, the usual force is the hydrostatic pressure, and deformation
isachangein volume. For matter in the solid state, both tensile and shearing forces come into play to produce
deformations.

Time rate of change distance is velocity, v, or, using vector notation,

ds
V= 2

with ds the inifinitesimal change in position over change in time, dt. Time rate of change of velocity is
acceleration, a,

dv
== ®

The above set of equations are cast in vector notation, and the addition, subtraction, velocity and particle
displacment are are directed processes. To add vectors, place them tip to tail, preserving their magnitudes
and directions, and draw the resultant from the tail of the first to the tip of the second vector. Or to subtract
vectors, reversethe direction of the subtracted vector, and placeit on thetip of thefirst vector, then proceeding
as with vector addition.

da

Force

Forceis a push or a pull. Newton's first law states that a body in motion tends to stay in motion unless
acted upon by an unbalanced force. Forces, F, acting upon bodies of mass, m, produce accel erations, a, linked
by Newton’s second law,

With t the time, the most general form of the forcelaw is,

_dp
Codt’
with p the momentum, defined in terms of mass, m, and velocity, v,

F (5)

p=nv, (6)

alowing for changesin mass to generate force. Such situation obviously presentsitself intherelativistic case,
where mass depends on velocity. Another case where force depends on rate of mass loss occurs with fuel
burnup in rocket propulsion systems. Newton's third law states that for every action, there is an equal and
opposite reaction. Stated another way, for every applied force, thereis an equal and opposite reaction force, a
stipulation requiring the conservation of momentum in all reactions.

The rectilinear equations above generalize for the curvilinear case. Angular momentum, L, about some
fixed point adistance, r, away, is defined as,

L=rxp (7
and the corresponding torque, N, is then,
dL
N= o ®



Obvioudly, in terms of the force, F,
N=rxF (9)

A force applied to an element of surface area, at angle, 0, to the surface element normal, generates a
pressure, P, given by,
dF
P=cos® ., (10)
with dF and dA scalar elements of force and area. Pressure at a point is equal in all directions, and thusis not
a specifically directed (vector) quantity.

Energy

Energy in simplest termsis the ability to do work. Or equivalently, the ability to do work requires an inter-
change of energy between a system and its surroundings. Energy takes two main forms, kinetic and potential.
Kinetic energy is the energy associated with motion. Potential energy is the energy associated with position
in aforcefield. Binding energy is the energy associated with changes in both kinetic and potentia energies
in bound composite systems, undergoing chemical, nuclear, or molecular interactions. Electromagnetic and
acoustical energies are kinetic and potential energies associated with light and pressure waves. Heat energy
can be kinetic energy associated with random molecular trandations, vibrations, and rotations, or potential
energy of frictional surface distortions and stress fatigue, nuclear and chemical reactions, and phase transfor-
mations. In all processes known to man, mass-energy is conserved, which isto say that mass can be converted
to energy, and vice versa.

In the most general (relativistic) sense, mass and energy are equivalent, as mentioned, which follows as
a consequence of the constancy of the speed of light in any inertial frame. An inertial frame is a frame of
reference moving with constant velocity (no acceleration). Einstein postulated that the laws of physics are
identical for two observers moving with constant velocity with respect to each other (first law of relativity),
and that the speed of light, c, is constant independent of relative motion between reference frames (second
law of relativity). This requires that the mass, m, of a body moving with speed, v, increases over its resting
value, my, according to the relativistic equation,

Mo

e o

for ¢ the speed of light. The corresponding total energy, E, becomes,

E = mc? (12)
and the momentum, p, satisfies,

p=mv (13)
as before, but employing the relativistic mass. In the low energy limit, that is, the classical realm,

Moc?

1
lim ——— &~ mec® + =mgV? 14
v/c—0 (1—v2/c2)1/2 e+ 2rTb (14)

so we write the total energy as the sum of rest mass energy, Eg, plus kinetic energy, K,
1
E:mocz+§mov2:E0+K (15)
with

Eo = moc? (16)



1
K:§m¢ (17)

in the usual (nonrelativistic) sense.
Force, F, acting along a pathlength, ds, does work, dW,

dW =F-ds, (18)
or, interms of pressure, P, effecting a volume change, dV,
dwW = Pdv, (19)

imparting, or taking, energy to, or from, a system. If there are zero net forces on a system, total energy,
H = K+ U, remains constant, with K kinetic energy and U potential energy. Various forms of the system
energy can change, but the total, H, cannot change. If net forces do work on a system and if, when the
processes arereversed, the system returnstoitsinitial value of energy, H, theforcesare said to be conservative,
and the energy of the system isindependent of how the work was done. One nonconservativeforceisfriction,
since the amount of energy lost to friction by a moving body depends on the distance over which the body
slides, and not just on initial and final states. Conservativeforces are said to derive from potentials, U, so that
we write,

F=-0U, (20)

in which case, the total energy, H = K + U, is a constant of motion. In a conservative force field, the change
in energy associated with initial and final states depends only on initial and final state energies, and is inde-
pendent of the path chosen between points. Then two (energy) states, i and f, for a conservative transition,
are linked according to,

Hi = Ki +U; = Hf = Kf +Us (21)

Potential, U, will depend on position in force fields (gravitation, electromagnetism, strong and weak interac-
tions, and combinations). In the gravitational field of the Earth, we reference the geopotential with respect to
position, h,

U =mgh (22)

with m the mass, g the local acceleration of gravity, and h measured from any convenient Earth reference
point in the vertical direction (center, surface, satellite orbit).

Power
Power, J, isthe rate of doing work,

dw
J= o (23)
for corresponding small changesin energy and time, dW and dit.
The interactions of matter and energy are sometimes broken down into light, heat, and sound. Macro-
scopically, thisisa classical division, suitably splitting mechanics into major observable categories, but with
understanding that each is a detailed science by itself.

ENERGY TRANSFER AND STATE VARIABLES

Light

Light is energy in the form of radiation, equivalently regarded as photons (particles) or electromagnetic
packets (waves). Light, regarded as photonsin the energy range, 2.5 upto 5.2 x 10719 joul e, or electromag-
netic waves in the wavel ength range, 380 up to 800 nm, causes sensation of vision. Solar radiation reaching



the Earth’s surface is peaked in this same spectral range, arange where humans and animal s possess sensitive
receptors. Light forms a small part of the continuous spectrum of electromagnetic radiation, which encom-
passes radio waves and infrared radiation at wavelengthslonger than light, and ultraviolet, x-ray, gammacray,
and cosmic ray radiation at progressively shorter wavelenghts. As a wave, light is characterized by crossed
electric and magnetic field vectors, E and B.

Electromagnetic waves are transverse, that is, E and B oscillate in a plane perpendicular to the direction
of travel, unlike acoustical waves which are longitudinal and oscillate in the direction of travel. In terms
of frequency, f, and wavelength, A, electromagnetic waves propagating in a vacuum satisfy, Af = ¢, and,
treating as photons, light possess particle energy, € = hf, for h Planck’s constant (6.625 x 103 joul e sec).
Inavacuum, light (waves or photons) travels at constant speed, ¢, but in amaterial medium, however, photons
are absorbed and emitted by molecules, slowing down the speed of propagation in the medium.

Refractive index, n, is really afunction of wavelength, so that two light beams of different color (wave-
length) propagate through materials at different speeds. Across the visible spectrum, differencesin refractive
indices are small. In glass, 0.009 is the difference between blue and red light indices of refraction. Table 1
lists refractiveindices of afew materials.

Table 1. Refractive Indices.
refractiveindex  media speed of light

media n c¢/n (m/sec)
vacuum 1.0000 2.99x 108
ar 1.0003 2.98x 108
glass 1.4832 2.02x 108
quartz 1.4564 2.05x 108
steam 1.3178 227 x 108
salt water 1.3340 2.24x 108
pure water 1.3321 2.24x 108

When light passes from one dielectric medium to another, it is refracted and reflected according to the
refractiveindices of the media. The relationships between angles of incidence, @, refraction, ¢, reflection, ¢,
and the indices of refraction, nand n’, assuming i’ > n, are,

o=¢ (24)
and, according to Snell’s law,
nsing =nsing (25)

At theinterface of denser media, there existsa critical angle, @, such that for all larger angles of incidencein
that media, all light is reflected (grazing incidence),

Sin @ = % (26)

Water is transparent to light. Although a glass of water seems to allow al the light to pass through, it

is obvious that as one goes deeper underwater, it gets darker. In the ocean, with so much water available,
the amount of light energy absorbed becomes important. Water clarity and lack of turbidity are also primary
factorsin determining light penetration in different regions, or layers. Thus, it is difficult to determine at what
depth water becomes dark. Someindication of light penetration is the depth at which microscopic plants exist
underwater, because marine plants, like land plants, require light for photosynthesis. The vertical region in
the ocean where light exists is called the euphoatic zone, existing from the surface down to where only 1%
of the light remains. The lower limit varies from 45 fsw along the coasts, down to as much as 500 fsw in
the clear tropical zones. As one descends, white sunlight is selectively absorbed, starting with the red part
of the spectrum, and then continuing to the green and blue parts. Colors, such as red, perceived in fish and



other creatures underwater, do not come from surface light. Pigments in these creatures absorb the remaining
blue-green light, and then remit thelight asred. At adepth of 33 fsw, little or no color distinctionis possible.
There are no shadows, and light seems to be coming from al around. At 330 fsw, visibility islimited to a
few feet. At 950 fsw, all is quite dark.

Unlike sound waves encountering density interfaces, light transmission through opaque dielectric inter-
facesis dightly attenuated, with energy passing easily from one media to the other. Because of refraction,
however, perceived images of source objects differ across the media interface. Such refractive phenomena
change image size and relative position, the study of which is called optics.

Optics

Optics deals with ray phenomenathat are not dependent in any way on the wave or quantum behavior of
light. In geometrical optics, light travels along straight lines, or rays, in homogeneous media, which are bent
at the interfaces separating media, or curved in media with variable refractive indices. At any point along
afan of rays emitted by an object point source of light, there is a surface everywhere perpendicular to the
rays, called the wave front. The wave front is the locus of points reached by light after a given time along all
possibleray paths. If the wave front emerging from alens or other optical interfaceis atrue sphere, a perfect
image will be formed. Any departure from a true sphere represents the presence of optical aberrations, or,
more simply, image distortions. An optical system consists of an assembly of mirrors, lenses, prisms, and
apertures, usually with spherical surfaces to facilitate precise image formation. The human eyeis an optical
system consisting of lenses, apertures, and image forming planes.

Each ray from an object point, after passing through an optical system (such asthe eye), strikes a specified
image plane at asingle point, with all such pointsfor all possible rays passing through the system constituting
the geometrical image of the source as formed by the optical system. While the number of rays are infinite,
only afew rays, strategically chosen with regard to the optical system, areactually traced in animage assembly
called a spot diagram. The spot diagram represents an outline picture of the image produced by the optical
system, but lacking fine structure caused by light wave interference and diffraction. In spite of microstructural
limitations, the simple ray tracing technique can quantify gross relationships between souce and image sizes,
distances, focal lengths, and refractive indices of optical media.

Refraction of paraxial rays (very nearly normally incident) is a good example of simple ray tracing tech-
niques in optical applications. The ratio of image to object distance, 0, is termed shortening, while the ratio
of image to object height, , is the lateral magnification. For paraxial bundles of rays, the dispersion is small
and the bundle is clustered at near normal incidence. Always, ou = 1. Objects underwater, viewed at the
surface, appear larger and closer than their actual size and position. The shortening is 3/4, while the lateral
magnification is 4/3, taking n = 4/3 for water, and n’ = 1 for air. The opposite occurs underwater, when
viewing an object above the surface. Underwater viewing of surface objects is aso limited by the critical
angle, @.. Outside the viewing cone, limited by @, underwater, no surface images can be transmitted through
the water to the eyes.

The eyes focus using paraxial rays. The ability to accommodate angular spread in the paraxial bundleis
called peripheral vision. The greater the ability to accommodate angular dispersion in rays striking the eye,
the greater is the corresponding peripheral vision. Cutting off the most widely dispersed rays in the bundle
reaching the eyes, for instance, with a mask underwater, causes tunnel vision, or the perception of a brightly
illuminated foreground, and dark peripheral background

The refraction and focusing of overhead sunlight by wave motion produces the pattern of light ripples
often seen on sandy bottoms below shallow, clear water. Wave crests act like converging lenses, focusing
light raysinto spatial regions of higher intensity, while the troughs act like diverging lenses, defocusing light
raysinto spatial regions of lesser intensity.

Sound

Any change in stress or pressure leading to alocal change in density, or displacement from equilibrium,
in an elastic medium can generate an acoustical wave. Acousticsis concerned with fluctuationsin mechanical
properties characterizing the state of matter, such as pressure, temperature, density, stress, and displacement.
Primary acoustical measurements determine the magnitude and wave structure of one of these mechanical
properties, whereas secondary measurements characterize the propagation speed and the rate of dissipation of
acoustical energy.



The time averaged energy density, |, of an acoustical wave is a sum of kinetic and potential (strain)
contributions, and can be written, | = 21 £2U2pu, for u sound speed, p material density, f frequency, and U
wave amplitude. At an interface, energy is both transmitted and reflected. The transmitted wave amplitude,
TU, and reflected wave amplitude, RU, depend on the density and acoustical speed in both media. Across
dissimilar interfaces, very little energy, emanating as an acoustical signal in either water or air, is transmitted.
For an air-water interface, we have

T =.0081 , 27

R=.9919 , (28)

in approximately both cases (air-water, or water-air propagation), using nominal values of water and air densi-
ties, and acoustical speeds. Corresponding ratios of transmitted to incident intensity, and reflected to incident
intensity, measures of the acoustical energy transmitted and refl ected across the boundary, are given by

IT

T =T2=.0092 , (29)

'I—R =R?=.9839 , (30)
Theseresultsparallel electromagneti c wave propagation across a metallic-diel ectric (conducting-nonconducting)
interface.

Sound propagation is but one aspect of acoustics. When we speak, we utter sound. Someone nearby hears
the sound. In studying the production and reception of sound, and transmission through media, acoustics is
adiscipline of physics, but speech and hearing obviously invoke biological elements and processes. When
speaking, adlight disturbanceis produced in the air in front of the mouth, acompression resulting in achange
in air pressure near 1 dyne/cn?. Since air is an elastic medium, it does not stay compressed and expands
again passing on the disturbance to its neighbor. That neighbor in turn passes the disturbance on to its next
neighbor, and so on, resulting in a pressure fluctuation that moves through the air column in the form of a
sound (acoustical) wave. Reaching the ear of an observer, the disturbance moves the eardrum, which in turn
displaces the little bones in the middle ear, communicating motion to the hair cells in the cochlea, with the
ultimate biophysical interpretation of the hearing of the sound by the brain.

A great bulk of data gathered about the ocean bottom, and other underwater objects, uses sound navigation
and ranging (sonar). Sonar may be active or passive. Passive sonar equipment listens to noises underwater,
and can determine presence and relative direction of sound sources. Active sonar, or echo sounding, acts like
radar, sending out an acoustical signal which is reflected back to areceiver. If sounding from the bottom, the
depthisequal to 1/2 thetimefor the signal to leave and return, multiplied by the speed of sound in water, about
4,950 ft/sec. Ships tracing out prescribed paths can continuously map the bottom with sonar. is sinusoidal,
aswith light waves. Sound speeds in various media are tabulated in Table 2, at 0C° and 1 atm.

Table 2. Sound Speeds At Standard Temperature And Pressure.

sound speed
media u (m/sec)
vacuum 0
air 333
Steel 5302
copper 3292
parafin 1395
wood 2984
salt water 1452
pure water 1461



Heat

In thermodynamics, heat denotes the quantity of energy exchanged by thermal interaction of any system
with its environment. For example, if aflameis applied to a cool metal plate, the energy content of the plate
increases, as evidenced by its temperature increase, and we say that heat has passed from the flame to the
plate. If energy losses to the surrounding air can beignored, the heat transferred from the flameis equal to the
energy gain of the plate. In more complex processes, involving mechanical aswell asthermal interactions, the
heat transferred is more difficult to identify. Thermodynamicsfocuses on the controlled and slow evolution of
heat, energy, and entropy, and the distinctions between them in mechanical systems. While heat is a tenuous
concept, linked to observables such asinternal energy change and external work, we often deal with systemsat
different temperatures, exchanging heat in the absence of mechanical interactions, or external forces. Specific
heat, ¢, measures change in heat capacity, dQ, for corresponding change in temperature, dT, per unit mass,
m, of substance. At constant pressure, the specific heat is denoted, cp,

1 [dQ]
Cp = m d_T o (31)
while at constant volume, the specific heat, oy, is similarly written,
1 [dQ]
N 4 2
o= T, (32

Generally, it is cp that concerns us as divers and underwater. The molal specific heat is the heat capacity
per unit mole (n replaces m). Heat, then, is the energy exchanged between parts of mechanical systems at
different temperatures. Three fundamental and well known mechanismsinclude convection, conduction, and
radiation. In practica situations, near standard temperatures and pressures, heat exchange usually involves
the first two, conduction and convection. Radiative transfer underscoresfairly high temperatures.

Heat conduction is the exchange of heat from one body at a given temperature to another body at alower
temperature with which it is in contact. Transfer of molecular kinetic energy occurs directly by molecular
impacts or collisions. Heat conduction is governed by Fourier'slaw,

o= —KOT, (33)

with, @, heat flux, K, conductivity, and, T, temperature.

Heat convection is a special case of conduction that occurs when a fluid or gas flows past the outer
boundary of a system. Then the determination of K involves solving the fluid equations of a viscous, heat
conducting fluid or gas, coupled to the heat flow eguationsin the system. Table 3 summarizes specific hesats,
conductivities, and corresponding densities for a cross section of materials.

Radiative transfer is a different mechanism completely from conduction and convection. The mechanism
is electromagnetic wave emission from a heated surface, with the spectrum of wavel engths acomplex function
of surface temperature. For a point (idealized) source at temperature, T, the radial (isotropic) heat flux, @, is
given by the Stefan-Boltzmann relationship,

p=0T% (34)

for T thetemperature, and o theradiation constant (5.67 x 10~8watt /m? K4, The most complex heat transfer
phenomena are those in which extended physical systems interact by combinations of the above, in addition
to phase transformations such as boiling, condensation, or solidification.



Table 3. Specific Heats, Conductivities, And Densities.

specific heat conductivity density
Cp K p
material (cal /gC°  (cal/seccmC®) (g/cnT)

ar .242 .0001 .00024

iron 21 .0858 16.623
aluminum 207 5375 2.721
polyethylene 912 .6939 .925
neoprene .381 .0004 .189
glass 135 .0025 2312
salt water .949 .0013 1.025
pure water 1.000 .0014 1.000
alcohol .653 .0010 791

Radiation is absorbed in passing through matter, and the fraction absorbed is characteristic of the material.
The ratio of absorbed to incident radiation at a certain wavelength is called the absorptivity, a, and depends
on the wavelength. A body with absorptivity equal to oneis called a black body. Perfect black bodies do not
exist in nature, but there are many approximate black bodies, especialy in the infrared, or long wavelength,
region. Of the incident radiation that is not absorbed, part is reflected and part is transmitted. The ratio of
reflected to incident radiation is called the reflectivity, p, and the ratio of transmitted to incident radiation is
called the transmissivity, T. Obvioudly, the three quantities are related by,

a+p+1=1 (35

For ablack body, p =1 =0, and a = 1. A molecule which absorbsradiation at a particular wavelengthis also
ableto emit radiation at the same wavelength. The emissivity, €, is defined to be the ratio of emitted radiation
to the maximum possible at a given temperature, and by Kirchhoff’slaw,

e=a. (36)

Equation Of State

The relationship between pressure, volume, and temperature for any substance is called the equation
of state (EOS). In the case of solids and liquids, equations of state are typically quite complicated, mainly
because molecular interactions in solids and liquids are extended (long range). Gases, however, present a
simpler situation. Interactions of gas molecules are localized (short range), compared to solids and liquids,
and the corresponding equation of state reflects the point nature of interactions.

Long before kinetic theory and statistical mechanics provided the molecular basis for gas laws, chemists
(and probably alchemists) deduced that, under pressure, P, volume, V, and temperature, T, changes, to good
order of the day,

. PV
lim— =R

p—onT ’ (37)

for n the number of moles of the gas, with R a constant, and temperature, T, measured on an absolute (K ©)
scale. Obviously, their range of investigation was limited in phase space, but it is still interesting to note that
al gas laws reduce to the ssimple formin the limit of low pressure, for any temperature.

With this subset of definitions, the relationship between pressure, volume, temperature, and number of
moles of gasis ideal gas law, and R the universal gas constant (8.317 joule/gmole K°). If temperatureis
kept constant, pressure increases linearily with inverse volume. If pressureis kept constant, the volume varies
linearily with temperature, or, if the volumeiskept constant, the pressureincreases linearily with temperature.
Thefact that real gases approximatethis behavior has been known for centuries, in fact, the quantificationsare
often called the laws of Boyle, Charles and Gay-L ussac, after the Eighteenth century investigating chemists.



Rheology

Rheology isthe interdisciplinary study of the deformation and flow of material under internal and external
forces. Rheology tries to correlate macroscopic response and flow of solids, liquids, and gases with constitu-
tive equations spanning atomic, molecular, intermolecular, and broader domain scales. Irreversible processes,
such as macroscopic flow, heat generated by internal friction, mechanical aging, fatigue, solid deformation,
shearing, and stressing can be collectively quantized through constitutive equations. The mechanical rela
tionships, describing the change in shape or flow of matter under applied forces, are also called material
properties.

Deformation

A solid is elastic if the amount of deformation is directly proportional to the applied force, implying that
the deformation process is reversible and independent of the way the force is applied. A solid isinelastic if
the displacement depends on the rate, or direction, of the applied force. Interest in the elastic and inelastic
properties of matter date back to Galileo.

For most metals and ceramics, the rate dependent effects are small, but play an important role in the
dissipation of oscillational energy, causing damping of vibrations in machines and oscillating mechanical
systems. In plastics and rubbers, inelastic contributionsto deformations are large, and these types of materials
aretermed viscodlastic. The categorization, plastic solid, or plastic deformation, is appropriatefor materialsin
which deformation is a nonlinear, irreversible function of the applied force. Examples include the permanent
deformation of metals by large forces, the response of organic polymers, and glass at high temperature. For
perfectly elastic solids, stress and strain are completely reversible, so that the energy stored in the solid under
stress is returned when the stress is removed. In such case, a stressed solid will vibrate and oscillate between
deformed and relaxed state indefinitely.

Friction and viscosity are certainly dissipative forces, tending to convert kinetic energy into mostly heat
and potential energy that is not recoverable. Frictional and viscous forces impart irreversibility to physical
processes, contributing to overall increase in entropy. Perpetual motion machines, indefinite oscillations, and
perfect multidirectionality of physical phenomena are precluded because of dissipative mechanisms. Yet,
without frictional and viscous forces, we could not walk, drive cars, nor swim underwater with fins.

Friction And Tribology

Frictionisthetangential force necessary to overcomeresistancein sliding contacting surfaces against each
other, under a normal force pressing the surfaces together. Friction is mainly a surface phenomenon, depend-
ing primarily on conditions at the interfacial surfaces. By definition, friction is the ratio of the magnitudes of
the required moving force, F, to the normal (load) force, N, and takes the form,
F
N )
with the coefficient of friction, , ranging from small to large values. For lubricated surfaces, |1 ranges from
0.001 to 0.2, for dry surfaces, , varies between 0.1 and 2.0, while for ultraclean surfaces, p becomes very
large. For ultrasmooth surfaces, [ is large because of large cohesive forces, while for very rough surfaces, p
is large because of high asperity interlocking.

The maximum value of frictional force required to start sliding is known as static friction, while the
amount of frictional force necessary to maintain dliding is known as kinetic friction. Static friction is aways
slightly greater than kinetic friction. Some static coefficients of friction for metals are listed in Table 4 bel ow.
Kinetic coefficients are no more than 5% to 10% less.

Table 4. Coefficients Of Static Friction
against against
metal itself steel

= (38)

aluminum 13 0.6
brass 14 05
bronze 12 0.4
copper 13 0.8
iron 0.4 0.4

10



Contact between surfaces that are dry, and ordinarily rough, usually involves the tips of tall asperities.
thus, total contact areaisonly asmall fraction of the entire interfacial area. Tips adhere to opposing surfaces,
and must be sheared if motion isto occur. Total force requisite to shear these junctionsis roughly the product
of the shear strength of the materialstimes the area of all junctions at the onset of dliding.

Wear (tribology), concerned with the loss or transfer of material in contact, results from many interactive
frictional forces, including adhesion, abrasion, corrosion, fatique, and worse, combinationsof all. Thevolume
of wear (material lost), w, is proportional to the applied normal load, N, distance moved or dlid, x, and
inversely proportional to the material hardness, 3, so that,

kNx

w R (39
with k the proportionality constant, obviously a function of many variables. L ubrication attempts to mitigate
wear by imposing films of foreign substances between contacting bodies, with films solid (graphite), fluid
(ail), or chemically active substances. Elastohydrodynamic lubrication occurs in highly loaded assemblies
with changesin fluid viscosities under high pressure and temperature, seen, for instance, in multiple viscosity
oil for car engines and compressors.
Viscosity

Fluid flow is invariably accompanied by drag, that is, mechanical work is expended to keep the fluid in
motion, and isthen converted into heat. The effect islinked to viscosity, or internal fluid friction asit istermed
in analogy to material properties. Viscosity arisesin fluids and gases asaresult of momentum transfer between
adjacent layers of molecules, simply, shear forces resulting from velocity differences between moleculesin
interacting layers. Velocity differences can arise through applied forces, temperature differences, boundary
effects, or local turbulence and mixing. Like friction, viscosity is dissipative, tending to resist motion, or
changesin mation.

In gases, viscosity isproportional to the squareroot of absol ute temperature, and is essentially independent
of pressure. For actual gases, viscosity is indeed constant over a wide range of pressures, somewhere in the
range of 0.01 atm up to 10 atm. In liquids, on the other hand, viscosity falls off rapidly with increasing
temperature. Additionally, viscosity in liquids has a short range, intermol ecul ar force component.

Measurement of viscosity is simple, conceptually. Two plates of cross sectional area, A, separated by a
distance, Ax, are placed in afluid. The force, F, required to drag one plate with velocity, Av, with respect to
the other, in parallel direction, defines the viscosity, X, through the relationship,

XAAv
F= A (40)
The statement above assumes that the shear process does not alter the gas or fluid structure. Certainly for
gases this poses no problems, but for fluids, this may not always be true. For instance, within polymers, the
shearing and flow result in partial alignment of elongated molecules.

Shocks

Shocks are wave disturbances propagating at supersonic speedsin materials, characterized by rapidrisein
local pressure, density, and temperaturein frontal regions. Shock waves are generated by the sudden release of
large amounts of energy in asmall region, for instance, detonationsin high explosives, passage of supersonic
aircraft in the atmosphere, or discharges of lightning boltsin anarrow air channel. Shock waves, not sustained
in propagation, lose energy through viscous dissipation, reducing to ordinary sound (acoustical) waves.

Detonation waves are special types of self-sustaining shock waves, in which exothermal reactions move
with supersonic speed into the undetonated material, compressing, heating, and igniting chemical reactions
that sustain shock propagation. The detonation process usually requires a shock wave to initiate reactions.
Deflagrations, or flames, differ from shocks and detonation waves because defl agrations propagate at subsonic
speeds.

A uniquefeature of shock wave propagationin gasesisthe high shock temperatures attainabl e, near 15,000
K®°. Such high temperatures are very useful for the study and application of shock tubes to measurements of
reaction rate processes in science and aeronautics. Measurements of chemical reaction, vibrational relax-
ation, dissociation, and ionization rates have been effected with shock tubes, over large temperature ranges.
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Modified shock tubes can be used as short duration wind tunnels, so to speak, producing high Mach number (
= 16), hightemperature (T = 6,000 K °) environmentsreplicating the gas dynamics encountered by missiles
and reentry vehicles (RVS). Conventional wind tunnels are constrained by Mach numbers approximately half
shock tube Mach numbers.

The shock equation of state, simply the relationship between pressure and volume for given shock speed,
has been established for many materials, and up to pressures of 10 Mbar. Pressures and densities attained in
shock compressed geologic material are comparable to those found in the Earth, and have provided valuable
data for geophysical analysis. Volcanism, plate faulting, and marine disturbances generate geological shocks
of enormous potential destructive force, and an accurate assessment of their propagation characteristicsin the
Earth is an important component of seismology and geophysics. Thermodynamics, like rheology, deals with
macroscopic properties of extended matter, such as density and pressure, where temperature is a significant
variable. Thermodynamics provides a complete description of these properties under conditions of equi-
librium, and offers a starting point for investigation of nonequilibrium phenomena such as hydrodynamics,
transport, and chemical reactions. Collectively, thermodynamics relates mechanics to heat and temperature
changes, assigns directionality to physical processes, and serves as the basis for descriptions of macroscopic
interactions. Thermodynamicsgrew naturally out of early studies of temperature.

THERMODYNAMICS

Thermometry

While thermometry is concerned with heat measurements and fixed calibration points for instruments,
someindicated in Table 5 below, what thermometers measure is the average kinetic energy, €, of the molecular
ensemble, the essence of temperature. Typically, thermometers employ linear or logarithmic scales, most
often using two (sometimes three) calibration points. In the 1,000 to 5,000 K ° temperature range, at 1 atm
pressure, all condensed phases (solid and liquid) are unstable against the gaseous phase. There are no known
stable solids above 4,200 K°, the approximate melting point of a mixture of tantalum carbide and hafnium
carbide. Stable liquids do exist over the entire range, although not extensively studied. The normal boiling
point of tungsten, for example, is about 6,200 K °. Although intermolecular forces responsible for the stability
of solids and liquids begin to weaken as temperature is increased from 1,000 to 5,000 K°, chemical valence
binding is still of considerable importance in the gas phase. Molecular species that are unstable at room
temperatures are sometimes found in conditions of equilibrium in high temperature vapors. In the 5,000 to
10,000 K° range, no stable molecules can exist in the gas phase. At temperatures near 10,000 K °, atoms and
ions can exist together, while above 10,000 K ° appreciable numbers of free electrons are present. At 50,000
K®, mostly electrons and bare nuclei persist. In the 100,000,000 K° region, like charged ions in a plasma
possess sufficiently high collisional energy to overcome mutual Coulomb repulsion, supporting, in the case
of deuterium and tritium, fusion.

Table 5. Temperature Calibration Points.
Kelvin  Fahrenheit Centigrade

caibrationpoint  (K°) (F°) (o))
absolute zero 0 -460 -273
hydrogen triple 14 -434 -259
neon boiling 27 -410 -246
oxygen boiling 90 -297 -183
water triple 273 32 0
water boiling 373 212 100
sulfur boiling 717 831 444
gold freezing 1336 1945 1063

When reference points, such as freezing and boiling, are known, it is simple to construct thermometers,
devices which interpolate and extrapolate over ranges near the reference points. Both linear and logarithmic
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forms are employed. Denoting the freezing point calibration, X;, at temperature, T;, and then boiling point
calibration, X, at temperature, Ts, linear and logarithmic temperature scales are given by,
T-T X=X
Ts—Ti X=X

(41)

and,

T-T _ In(X=X)

TT I (= X) (42

with T the temperature for reading X. Not unexpectedly, standard Kelvin, Centigrade (Celsius), Rankine, and
Fahrenheit temperatures are defined on linear scales,

Fo= gc°+32 : (43)
KO =C°+ 273, (44)
R° = F°+460 . (45)

First And Second Laws

Thefirst law of thermodynamicsisreally a statement of conservation of energy in any system. Denoting
the internal energy of the system, U, the net heat flow into the system, Q, and the work, W, done on the
system, thefirst law requires that infinitesimal changes dQ, dU, and dw satisfy the balance,

du = dQ—dw, (46)

The second law requires an ordering variable, S, called entropy, so that for any process, the heat transferred,
dQ, takestheform,

dQ=Tds, (47)

with dS> 0. The requirement that the entropy change, dS, associated with the process must be greater than
or equal to zero imparts directionality to the process. Combining first and second laws, considering only
mechanica work, dW = PdV, we see that,

dU = TdS— PaV. (48)

In mechanics, energy and momentum are usually introduced as derived concepts. Advanced treatments
introduce energy and momentum as fundamental quantities. Similarly, in thermodynamics, internal energy
and entropy may be introduced as fundamental quantities, instead of pressure, volume, and temperature.

Phase Transformations

Every substance obeysan equation of state, some fundamental rel ationship between pressure, temperature,
and volume. That of ideal gasesis a simple example. Real substances can exist in the gas phase only at
sufficiently high temperatures. At low temperature and high pressures, transitions occur to the liquid and
solid phases. Behavior isinteresting, especially for a substance like carbon dioxide that contracts on freezing.
Inspection of a phase diagram shows that there exist regions in which the substance can exist only in a
single phase, regions termed solid, liquid, vapor, and gas. A vapor is just the gas phase in equilibrium with
its liquid phase. In other regions, designated solid-vapor, solid-liquid, and liquid-vapor, both phases exist
simultaneously. Along aline called the triple line, all three phases coexist. In the winter, water, ice, and water
vapor coexist at 0.0098 C°.

The Clausius-Clapeyron equation relates pressure, temperature, volume, and heat of transformation along

the solid-liquid, solid-vapor, and liquid-vapor equilibration lines, according to,
dpP I
ot = TV “9)
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with | the appropriate heat of transformation, and Av the difference in the specific phase volumes at temper-
ature, T. The equation describes the reversible proceses of condensation-vaporization, freezing-melting, and
accretion-sublimation, that is, processes proceeding in either direction with the same latent heats of transfor-
mation. At the triple point, the latent heats of transformation are additive, specifically, the heat of sublimation
equals the sum of the heats of vaporization and melting. For water, the heat of melting is 80 cal /g at 0 C°,
while the heat of vaporization is 540 cal /g at 100 C° and standard pressure (1 atm).

Vapor Pressure

Liquids tend to evaporate, or vaporize, by releasing molecules into the space above their free surfaces. If
this is a confined space, the partial pressure exerted by released molecules increases until the rate at which
moleculesreturn to the liquid equal s the rate at which they leave the liquid surface. At this equilibrium point,
the vapor pressure is known as the saturation pressure.

Molecular evaporation increases with increasing temperature, hence the saturation pressure increases with
temperature. At any one temperature, the pressure on the liquid surface may be higher than this value, but
it cannot be lower. Any slight reduction below saturation pressure induces the very rapid rate of evaporation
called bailing.

Saturation vapor pressures of known liquids vary widely. Table 6 lists saturation vapor pressures for a
number of liquids. At 70 F°, vapor pressures of mercury and gasoline are seen to differ by a factor of 10°
approximately.

Table 6. Saturated Vapor Pressures.

temperature  vapor pressure

liquid (F°) (Ibs/in?)
mercury 70 0.000025
mercury 320 0.081
water 200 7.510
water 70 0.363
water 32 0.089
kerosene 70 0.492
alcohol 70 1.965
gasoline 70 4.439
ammonia 200 794.778
ammonia 50 89.190
ammonia -100 1.238

ELECTRODYNAMICS

Coulomb’sLaw

Electrodynamicsis the study of charged particles and their associated electrical and magnetic field inter-
actions. The word was coined by Ampere in 1850 to describe all electromagnetic phenomena. The compre-
hensive description of all electromagnetic phenomena, embodied in Maxwell’s equations, is another crowning
achievement in science.

The coupling of thermodynamics and electrodynamics is the basis of plasma physics, the study of high
temperature matter composed of charged particles. Stellar and interstellar matter is mostly in the plasma state,
asis matter in the upper atmosphere (magnetosphere, ionosphere), flames, chemical and nuclear explosions,
and electrical discharges. Matter in a controlled thermonuclear reactor would also be in a plasma state, and
the study of fusion as a source of energy and power has led to extensive knowledge and advances in plasma
physics. Intermsof gross properties, plasmas differ from nonionized gases because of their high electrical and
thermal conductivity, unusua dielectric and refractive properties, their emission of el ectromagnetic radiation,
collective, long range particle interactions due to the Coulomb force, and very high temperatures.

14



Electrodynamicsis specifically a study of chargesin motion, the associated electric and magnetic fields
fields produced, and their interaction with, and in, matter. The fundamental entity is electrical charge, and
only electrical charge, since corresponding magnetic poles have not been found to date. Electrodynamics
describes moving charges and time varying fiel ds, while el ectrostatics and magnetostatics are concerned with
stationary charges and constant fields in time, obviously a subcase. Electrical chargeis a property of matter,
first observed in ancient Greece in materials we now call dielectrics. Centuries ago, it was noted that amber,
upon being rubbed, attracts bits of straw and lighter objects. The Greek word for amber is electron. That
electrified bodies attract and repel was noted by Cabeo in the early 1700s, while du Fay and Franklin denoted
these two types of electricities, positive and negative, a convention still holding today, and established the
notion that charge can be neither created nor destroyed (conservation of chargein physical processes).

Two charges, g and Q, attract (or repel) each other with force, F, given by the Coulomb law,

F= —Koc:—?r (50)

for r the distance, Ko the Coulomb constant (8.91 x 10° m/f), and r the separation vector. A charge, q,
moving with velocity, v, through electric and magnetic fields, E and B, experiences a Lorentz force, F, from
both fields,

F=q(E+VvxB). (51)

Maxwell’s Equations
Maxwell’s equations are four partial differential equations relating electric field, E, magnetic field, B,
current density, J, and charge density, p. Defining the displacement, D, and magnetic intensity, H,

B

H=— | 52
m (52)
D=c¢E , (53

with € and 1 the materia permittivity and permeability, we can write Maxwell’s equations,

oB
Ox E= 50 (55)
0-B=0, (56)
oD

OxH=3+-" . (57)

The relationship between H and B is analogous to the relationship between D and H, that is, H and D depend
only on the source of the fields, while B and E also depend on the local material properties. Thus, B and E
are fundamental, but H and D can be easier to employ in applications.

In a conductor, with conductivity, o, permeability, |, and permittivity, €, current density, J, is linearily
coupled to the electric field, E, by Ohm’s law,

J=o0E , (58)

serving as a corollary to Maxwell’s equations. The current driving potential, V, in the conductor also satisfies
the electromotive generalization of Ohm’s law,

V=iR, (59
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with R the electrical resistance, and i the current. Similarly, an electrostatic potential, V, is generated when a
conductor cuts through magnetic field lines, that is, the magnitude of the electromotive forceis given by,

_%

V=
ot ’

(60)
with,

(p:/B~dA , (61)

and dA the area swept out by the conductor in cutting magnetic field lines.
Conservation of charge demands that the charge density, p, and current density, J, are related by a conti-
nuity equation,
dp
T D, [ 2
5 +0.J=0, (62)
which is just a simple statement that any increase, or decrease, in charge in a small volume must correspond
to aflow of chargeinto, or out of, the same volume element. Electrostatics is defined by the condition,

op
E‘O’ (63)

while magnetostatics similarly requires,
0-J=0, (64)

Magnetic materials have traditionally been considered as elements, alloys, or compounds permitting or-
dered arrangements, or correlations, among electron magnetic moments or spins. Net magnetic polarization
can be ferromagnetic, in which al spins are aligned parallel, antiferromagnetic, in which neighboring spins
are aligned antiparallel, or ferrimagnetic, in which spins of two dissimilar atoms are aligned antiparallel. Met-
alssuch asiron, cobalt, and nickel are ferromagnetic, while manganese and chromium are antiferromagnetic.
The temperature necessary to induce a phase transition from an unordered magnetic state to a magnetically
ordered state is the Curie temperature, whether ferrromagnetic or antiferromagnetic in the fina state. The
permanent properties of such materials are useful in magnetic devices, such as computers and transformers.

An essential difference between electric and magnetic interactions appears in the direction of the force.
The electrical force acts in the direction of motion, while the magnetic force acts normal to the direction of
motion. Hence the magnetic force can only change direction of the moving charge, but cannot do work on it.
Interestingly, both the Coulomb and Ampere laws exhibit an inverse square dependence on the separation of
source and field point.

Plasmas

Plasma physics is the physics of ionized gases, and is a relatively new science. Not until devel opment
of the electrical power industry were controlled experiments on ionized gases possible, so plasma physics
is some 100 yr old. Studies at the turn of the century of gas discharges and radio propagation off the iono-
sphere, along with impetus for controlled thermonuclear reaction programs in the 1950s, fueled study of the
complex mechanisms attending plasmainteractions. The discovery of the solar wind and Van Allen radiation
belts in the 1960s provided much data for integration of plasma theory and experiment. Plasmas are com-
plex, exhibiting fluid turbulence and collective motion, linear and nonlinear behavior, and wave and particle
motions.

Plasmas exhibit a state of matter in which a significant number, if not all, of the electrons are free, not
bound to an atom or molecule. Practically speaking, matter is in the plasma state if there are enough free
electrons to provide a significant electrical conductivity, o. Usually, only a small fraction of electrons need
be free to meet this criterion. Collisional ionization, caused by energetic thermal motions of atoms at high
temperature, isthe source of large numbersof freeelectronsin matter. Largedensities of freeelectronsarealso
foundin metals at solid densities, independent of the temperature, accounting for the electrical conductivity of
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metals ar room temperatures and lower. Most terrestrial plasmas, excepting metals which are not plasmas, are
very hot and not very dense. The plasma state is the highest temperature state of matter, occuring certainly at
much higher temperatures than the gaseous state. Plasmas are hot, ionized gases. Plasmas in discharge tubes,
for instance, have subatmospheric densities on the whole. On the cosmological scale, most of the matter in the
Universeis thought to reside in stellar interiors, where the density is so high that it is called a stellar plasma
independent of its temperature. Of course, the temperature is also so high that only the plasma phase could
exist.

In the laboratory, much research interest centers on economical means to exploit plasmas for energy
production. Borrowing from what we already know of energy production in solar and stellar plasmas, one
focusis fusion energy production in thermonuclear fuels, such as deuterium and tritium.

Fusion Energy

Fusion processes in the solar plasma are responsible for energy radiated to the Earth. For the past four
decades, scientists have pursued the dream of controlled thermonuclear fusion. The attraction of this pursuit
is the enormous energy potentially available in fusion fuels, and the widely held view of fusion as a safe and
clean energy source. The fusion reaction with the highest cross section as a reaction process,

D+T —n+He, (65)

releases some 17.6 MeV of energy, denoting deuterium, D, tritium, T, neutron, n, and helium, He. To produce
fusion reactionsin a deuterium-tritium plasma, very high collisional temperatures are necessary to overcome
the Coulomb repulsion between interacting nuclei, and the plasma must be confined for long time scales so
that many fusion collision reactions can take place to make the process economically feasible. Temperatures
near 3 keV (3.47 x 107 K°) are necessary for plasma ignition and sustained thermonuclear burn.

Development of an economically viable fusion reactor would literaly give us the energy equivalent of
oceans of oil. Because seawater contains about 40 g of deuterium and 0.1 g of lithium per ton, every barrel
of seawater contains the energy equivalent of almost 30 barrels of oil in deuterium fuel, and about 1/5 barrel
of ail intritium fuel (with tritium produced, or bred, from neutron capture on lithium). A volume of seawater
equal to the top meter of the oceans would yield enough fuel to power electrical generators for thousands of
years at the present consumption rate.

Two methods for producing controlled fusion are popular today, certainly areas of investigation, called
magnetic confinement fusion (MCF) and inertial confinement fusion (ICF). Magnetic fusion uses very intense
magnetic fieldsto squeezeaDT plasmato high enough temperatures and densitiesto ignite and sustain fusion
burn. Inertial fusion attempts the same by imploding small pellets, containing DT, with high energy light,
ion, or electron beams focused across the pellet. Both are tough problems technologically. With DT fuel,
both processes require fuel temperatures in excess of 108 K°, and fuel particle densities, n, and confinement
times, T, such that, nt > 10% sec/cm?®. Magnetic fusion operates in aregime, T ~ 1 sec, and therefore,
n~ 10 cm3. For magnetic confinement fusion, the density is limited by the maximum magnetic field
strength that can be generated, often determined by the material strength of the confining vessal. Inertial
fusion relies on the mass of the imploding target to provide confinement. For inertial fusion, T ~ 10710 sec,
so that, n ~ 10%° cm 3. Again, these are tough technological constraints in the Earth laboratory, but minor
operational limitations in the interior furnace of the sun, which keeps bathing the Earth with direct solar
energy from fusion processes, some 2 cal /min cm?.

Stellar Evolution

Thesunisastar with nuclear furnace, like countless othersin the Universe. The evolution of nominal stars
is detailed by four continuity egquations in space and time, much like the equations of hydrodynamics. Star
birth occurs following a gravitational instability in interstellar dust clouds, actually a dynamical contraction
phase dueto gravity against a counteracting pressure gradient. At sufficiently high densities and temperatures
in the keV range, thermonuclear reactions occur, with the release of large amounts of energy. In such sim-
plified approach, the star is assumed to be a gaseous sphere, subjected to its own gravity while maintaining
spherical symmetry throughout its evolution, from a contracting protostar in interstellar dust, to a very hot,
and dense, radiating plasma, to afuel depleted, dying orb. External forces, magnetic fields, and stellar rotation
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are not included. The hydrostatic equation, balancing gravity against pressure, takes the form,

oP _ Gom

am = " ama (66)

with P pressure, mthe mass inside a stellar sphere at radius, r, and Gy the gravitational constant. The radial
distribution of massis written,

or 1

om ~ 4mpr2 67

with p the mass density. Conservation of energy requires that the variation in heat content per unit mass be
the difference between fusion energy production, €, and the radiative energy 10ss, o,

oL
= €9 (68)
with L the stellar luminosity (Hertzsprung-Russell) at distance, r. The temperature gradient, using the radia-
tive Stefan-Boltzmann law, takes the form,

aT_ 3wLol16meriT? (69)
om

with T the temperature, w the photon opacity, and ¢ the Stefan-Boltzmann constant. These four equations
close upon themselves in the same manner as the hydrodynamic equations of particle, momentum, and energy
conservation, and the equation of state. The Hertzprung-Russell luminosity is a photometric measurement of
stellar radiative output. The Hertsprung-Russell diagram, as it is called, depicts luminosities as a function of
temperature. Variations in Hertzsprung-Russell diagrams for different clusters of stars have aided theories of
stellar evolution.

Most stars follow four steps of evolution, namely, gravitational contraction until thermonuclear ignition,
expansion due to fusion burn of light elements (hydrogen), lesser expansion due to fusion burn of heavier
elements (helium), and final contraction (death) into a white dwarf, neutron star, or black hole (depending on
stellar mass) as thermonuclear fuel is depleted, or sometimes enormous explosion (nova). Lightweight stars,
with masses less than 4 times the solar mass, usually die as white dwarfs (including the sun). Middleweight
stars, up to about 8 solar masses, because they are thought to burn carbon later in their evolution, may die as
white dwarfs, or possibly explode as novaand supernova. Heavyweight stars, beyond 8 solar masses, may also
explode, but can degenerate (burn) into cold neutron stars or black holes. Neutron stars are very dense objects,
essentially compressed neutrons, supported against gravitational collapse by neutron degeneracy (quantum
exclusion limit) pressure, while black holes are collapsed gravitational fields, so strong that light emerging
from within is completely trapped by gravity, acccording to general relativity. Matter densitiesin such stellar
objects are enormous, on the order of ton/cm?.

Elementary Particle I nteractions

Stellar interactions of enormous proportions are driven mainly by gravity. While such interactions on
the cosmological scale are beyond imagination, there exist interactions that are up to 106 stronger than the
gravitational forces compressing massive stellar objects, the so called strong, weak, and electromagnetic
forces. Elementary particle physics deals with al four at a fundamental level, but a modern focus has been
the latter three, namely, strong, weak, and el ectromagnetic interactions.

The past 40 years have witnessed an explosion of experimental particle data, gathered from high energy
accelerators and outer space. Information has been integrated in a consistent picture of elementary particle
interactions. Particles are classified in distinct categories. Particles of spin 1/2, with weak and el ectromag-
netic interactions, are called leptons. Leptons include electrons, muons, neutrinos, and their antiparticles.
Masses typically range from .511 MeV (electron) possibly up to 1,800 MeV (t lepton). Neutrinos are mass-
less. Particles with strong interactions, including weak and electromagnetic, are called hadrons. Integer spin
hadrons are mesons, while half integer spin hadrons are baryons. Masses of hadrons range from 135 MeV
(pion) up to as high as 10,200 Mev (short lived resonances). Baryon numbersare conservedin all interactions.
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Meson numbers are not. Hadrons include protons, neutrons, pions, kaons, short lived resonances, and their
antiparticles.

The long range forces of gravity and electromagnetism account for large scale macroscopic phenomena,
like planetary attraction and charged particle scattering. The short range strong and weak forces account for
microscopic phenomena, such as nucleon binding, radioactive nuclear transmutation, and hadron decay into
leptons and photons. Strengths of the fundamental forces inversely as their ranges, in order, strong, weak,
electromagnetic, and gravitational, and roughly in the ratio, 1036 : 1022 : 109 : 1.

One very interesting aspect of elementary particle interactions is matter-antimatter annihilation, and par-
ticularly proton-antiproton annihilation. Antiprotons are negatively charged protons, with the same mass and
spin. Proton-antiproton annihilationin matter is one of the most energetic reactions observed routinely in high
energy physics, some 1.88 GeV per annihilation. Antiprotons, as negatively charged protons, continuously
slow down in matter until they are stopped and captured on the surface of a nucleus by aproton, in which case,
both proton and antiproton annihilate into gammas, pions, and other shortlived particles. When an antiproton
annihilates at rest on the surface of an actinide nucleus (such as uranium and plutonium) many fragments
and neutrons are also produced, following direct reaction, nuclear evaporation, and fission processes, along
with production of high energy gammas and pions. Collectively, these processes have been termed antiproton
fission, for simplicity, because many neutrons are produced as the end result of al reactions. Recent exper-
iments suggest that as many as 15 to 20 neutrons are emitted following antiproton annihilation on U 238, that
their distribution is peaked near 5 MeV in energy, and that a sizeable fraction (45%-75%) of the annihilation
energy (1.88 GeV per annihilation) is deposited locally in the U238, Using hybrid fission-fusion capsulesin
a pulsed power propulsion engine, it has been estimated theoretically that 8 mg of antiprotons could drive a
10 ton rocket payload to Mars, and back, in 3 months. While technology for producing 8 mg of antiprotons
is nonexistent today, the energy densities of antiproton fuels are more than fascinating, and the possibilities
more than imagination.

Potential schemes for employing antiproton-proton annihilation as a driver for space propulsion, power
generation, condensed matter physics experiments, biomedical treatment, and others, enter the realm of pos-
sibility with the advent of portable storage traps (Penning) and related proof-of-principle storage experiments
at the European Center For Nuclear Research (CERN) Low Energy Antiproton Ring (LEAR). As many as 10°
antiprotons have been trapped in Penning traps, and an upper theoretical limit is near 102 antiprotons. Such
technology is growing and will port to other interesting systems and experiments, and many new applications
are developing.

EXAMPLE PROBLEMS

. What does a wrist thermometer of mass, m= 10 g, weigh, w?
. What does a 1.5 |b abaloneiron weigh, w?

1
2
3. What is the density of fresh water, p, of weight, w = 31.2 I bs, occupying .5 ft3?
4. What is the density of salt water, p, of mass, m = 2050 kg, occupying 2.0 m3?

5

. A spear gun propels alock tip shaft at speed, v= 34 ft/sec. How long before the shaft impales a target
grouper 9 ft away?

6. What isthe average speed of a Zodiac covering distance, ds= 23 miles, intime, dt = 30 min? Docking,
the Zodiac stopsin time, dt = 5.6 sec. What is the magnitude of the deceleration, a?

7. What is the change in speed, dv, of a hydroplane accelerating for time, dt = 6 sec, with acceleration,
a=24 ft/sec®?

8. Adiver surfacing from 150 fsw covers thefirst 90 fsw in 90 sec, and the remaining 60 fsw in 30 sec.
What is the average ascent rate, r?
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22,

23.

24,

25.

26.
27.

A submersible of mass, m, moves underwater with speed, v. If the speed is doubled, with isthe increase
in kinetic energy, AK, of the submersible? If the speed is tripled, what is the change in momentum, Ap?

What are the momentum, p, and kinetic energy, K, of alight diver propulsion vehicle (DPV), m= 32 kg,
moving with velocity, v = 6 m/sec? What is the force, F, required to stop it in 8 sec?

What is the increase in potential energy, U, for a diver of weight, mg = 150 Ibs, who ascends from
60 fsw to the surface?

Adiver inflates his BC at depth, d = 10 msw, to approximately .015 m3. How much work, dW, does the
diver do?

An 80 kg diver giant strides from the deck of a boat into the water 2.7 m below, taking .74 sec to hit
the surface. What is the power, W, generated by the fall? What is the kinetic energy, K, on impact,
neglecting air resistance?

A UDT paradiver jumps (no chute) from a USN Seawolf helicopter with initial potential energy, U; =
12 x 10° j, and zero kinetic energy, K; = 0 j (all relative to the surface of the Earth). What is the
kinetic energy, Ks, when the paradiver hits the water (neglecting air resistance) in the Gulf of Tonkin?
At some point in the drop, the paradiver gains kinetic energy, K = 9x 103 j. What is the corresponding
potential energy, U?

What is the energy, €, of a photon moving at the speed of light, ¢, and frequency, f = 8.2 x 1014 sec=1?
What is the corresponding photon wavelength, A?

What is the energy, E, of a lead weight, mp = 1 kg, moving at velocity, v/c = .85, aboard the Sarship
Enterprizeinitiating warp acceleration in the Sea Of Khan? What is the corresponding kinetic energy,
K?

What isthecritical angle, ¢, at theair-water interface, that is, intaking, ngr = 1.0, and, nygrer = 1.337

What is the magnification, p, and foreshortening, o, across the quartz-air interface for an object in
quartz, viewed in air?

What is the magnification, |, and foreshortening, o, for an object in air, viewed in quartz?

A coral head appears, hyg = 8 ft, tall, and, sy = 6 ft, away in Truk Lagoon. What are the actual
height, h, and distance, s?

How long, dt, doesit take a sound wave to propagate a distance, d = 10,604 m, in steel?

A surface tender screams at a diver underwater with acoustical energy, € = 4.1 btu. What isthe energy;,
€R, reflected from the surface, and energy, €7, transmitted at the surface (absorbed in less than a cm)?

What is the heat flux, ¢, across a neoprene wetsuit of thickness, dx = .64 cm, for body temperature of
22.7 C° and water temperature of 4.1 C°?

What heat flux, ¢, doesalight stick at 298 K © emit underwater, and what is the Centigrade temperature,
(C°), of the chemical candle?

If an amount of heat, dQ = 650 cal, raises the temperature of a saline solution, m = 50 g, some,
dT = 14 CP°, at constant pressure, what is the specific heat, cp?

How many calories, Q, doesit take to just melt 100 gice?

What additional amount of heat, dQ, does it take to raise the 100 g of water to its boiling point,
T =100C°?
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28. A welding thermometer is constructed using changesin resistance to calibrate temperature changes. If
the thermometer is logarithmic in response, what is the temperature, T, at resistance, X = 60 ohms, for
fixed points, Tf = 500 C°, X; = 80 ohms, and T; = 100 C°, X; = 20 ohms?

29. Ifani = .8 amp current is passed over the R = 60 ohmresistor in the above welding thermometer, what
is the corresponding potential drop, V?

30. Sunlight striking the shallow azure water off the coast of Cozumel delivers, I' = 2 cal /n?, to the sur-
face. If, p = .02, isreflected, and, T = .04, is transmitted, what fraction, a, is absorbed? What is the
magnitude, Iy, of the reflected radiation?

31. What is the horizontal force, F, necessary to drag a 16.5 kg scuba tank across a flat iron plate at a fill
station? How much work, dH, is done in moving the tank a distance, ds= 12 m?

32. What is the change in internal energy, dU, of air in a compressor heated an amount, dQ = 100 cal,
while doing piston expansion work, dW = 165 j?
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PROBLEM SOLUTIONS

1. What does awrist thermometer of mass, m= 10 g, weigh, w?

W= mg

w = 10 x 980 dynes = 9.8 x 10° dynes

2. What doesa 1.5 | b abalone iron weigh, w?

w=15Ilb

3. What isthe density of fresh water, p, of weight, w = 31.2 |bs, occupying .5 ft3?

p:\"-}’ 312 b/ ft3 = 62.41b/ ft3

4. What isthe density of salt water, p, of mass, m= 2050 kg, occupying 2.0 m3?

p= 9 = 2050 kg/m?® = 1025 kg/m°

5. A spear gun propelsalock tip shaft at speed, v = 34 ft /sec. How long before the shaft impales atarget
grouper 9 ft away?
v:d—S , dt:d—5:3—isec:.26%c

6. What is the average speed of aZodiac covering distance, ds= 23 miles, in time, dt = 30 min?

ds 23 .
i gml/hr 46 mi/hr

Docking, the Zodiac stopsin time, dt = 5.6 sec. What is the magnitude of the deceleration, a?

_dv_ —46 5280

=& " 58 36ooft/sec —12 ft/sec

7. What is the change in speed, dv, of a hydroplane accelerating for time, dt = 6 sec, with acceleration,
a= 24 ft/sec®?
dv=adt =24 x 6 ft/sec = 144 ft/sec
8. A diver surfacing from 150 fsw coversthefirst 90 fsw in 90 sec, and the remaining 60 fsw in 30 sec.
What is the average ascent rate, r?

ds 150
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9. A submersible of mass, m, moves underwater with speed, v. If the speed is doubled, with isthe increase
in kinetic energy, AK, of the submersible?

1.5, 1 5, 3
AK = Sm(2v) —EmVZ_Emvz

If the speed is tripled, what is the change in momentum, Ap?

Ap=3mv—nmv=2mv

10. What arethe momentum, p, and kinetic energy, K, of alight diver propulsionvehicle (DPV), m= 32 kg,
moving with velocity, v = 6 m/sec?

p=mv =32 x 6kgm/sec =192 kg m/sec

K:%mﬁ:%xgzxsekgmz/seczzl.ls x 10% |

What istheforce, F, required to stop it in 8 sec?

dp=192kgm/sec , dt =8sec

_dp 192 2
F_dt_ 8 kg m/sec” = 24 nt

11. What is the increase in potentia energy, U, for a diver of weight, mg = 150 Ibs, who ascends from
60 fsw to the surface?

U =mgh=150x 60 ft Ib=9x 10° ft Ib

12. A diver inflates his BC at depth, d = 10 msw, to approximately .015 m3. How much work, dW, does
the diver do?

dW = PdVv

dW = 20.2 x 10* x .015 kg m?/sec® = 3.03 x 103
13. An 80 kg diver giant strides from the deck of aboat into the water 2.7 m below, taking .74 sec to hit the
surface. What is the power, W, generated by the fall?

W:cilj—tl , dH=mgh , dt =.74 sec

dH = 80 x 9.8 x 2.7kg m?/sec® = 2.13 x 10° |

2.13x 10°
W= fﬁ j /sec = 2.86 x 10° watt

What is the kinetic energy, K, on impact, neglecting air resistance?

v=gt=9.8x.74m/sec="7.3m/sec

K:Emv2:%><80><53.3j:2.13><103j
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14. A UDT paradiver jumps (no chute) from a USN Seawolf helicopter with initial potential energy, Ui =
12 x 103 j, and zero kinetic energy, Ki = 0 j (all relative to the surface of the Earth). What isthe kinetic
energy, K, when the paradiver hits the water (neglecting air resistance) in the Gulf of Tonkin?

Ei =Ki+Uj =Ef =K +Ugs
Ui=12x10°j , Uf=0j , Ki=0j

Ki =Ki+Ui—U; =0+12x103-0j =12x 10° j

At some point in the drop, the paradiver gains kinetic energy, K = 9 x 10° j. What is the corresponding
potentia energy, U?

E=K+U=E=E;=12x103%]j

U=E-K=12x103-9x10°j =3x 10° j

15. What isthe energy, €, of a photon moving at the speed of light, ¢, and frequency, f = 8.2 x 1014 sec=1?

h=6.625x10"**jsec , f =8.2x 10 sec™?!

e=hf=6625x82x10j=54%x10"%°]=339x 10 keV
What is the corresponding photon wavelength, A?

c=2.99 x 10'° cm/sec

c  2.99x 10

? = w Cm:3.6><10_scm

A=
16. What is the energy, E, of alead weight, mg = 1 kg, moving at velocity, v/c = .85, aboard the Starship
Enterprizeinitiating warp acceleration in the Sea Of Khan?
c=299x10®m/sec , mo=1kg

mec?  1x(2.99x 10%)2
(1_\/2/02)1/2 - (1_ .852)1/2

kg m?/sec® = 1.72 x 107 j

What is the corresponding kinetic energy, K?
y=(1-V?/?)Y2=52"Y2=-139

K = (y—1)moc? = .39 x 1 x (2.99 x 108)? kg n?/sec® = 3.49 x 10%°

17. What isthe critical angle, @, at the air-water interface, that is, in taking, ngr = 1.0, and, Nwaer = 1.33?

@ =sin~! (.75) = 48.5°
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18.

19.

20.

21.

22.

23.

What is the magnification, |, and foreshortening, o, across the quartz-air interface for an object in
quartz, viewed in air?

Nquartz Nair
_Ng o=

Nair Nquartz

1.456 1.000
=——=1456 = —— =.687

H= T000 » 97 1456

Wheat is the magnification, |, and foreshortening, o, for an object in air, viewed in quartz?

Nair Nquartz
AL o=

B Nquartz ’ Nair
ML= .687 , 0= 1456

A coral head appears, hyg = 8 ft, tall, and, sy = 6 ft, away in Truk Lagoon. What are the actual
height, h, and distance, s?

p=133, a=.75

he Mot _ 8 sy
THT!

Swat 6
S p .75t 8 ft

How long, dt, does it take a sound wave to propagate a distance, d = 10,604 m, in steel ?

u=5032m/sec , dt = ds _ 10604

U~ B3gg LTS

A surface tender screams at adiver underwater with acoustical energy, € = 4.1 btu. What is the energy,
€R, reflected from the surface, and energy, €T, transmitted at the surface (absorbed in less than acm)?

er=Re , et =Te
ER=.9919x 4.1 btu=4.066 btu , &1t =.0081 x 4.1 btu=.034 btu

What is the heat flux, @, across a neoprene wetsuit of thickness, dx = .64 cm, for body temperature of
22.7 C° and water temperature of 4.1 C°?

dT
¢=-K ax

K =.0004 cal/cmC®sec , dx=.64cm , dT =22.7—4.1C°=18.6C°

@=.0004 x %‘f cal /cn? sec = 1.16 x 102 cal /e sec
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24,

25.

26.

27.

28.

29.

30.

What heat flux, ¢, doesalight stick at 298 K° emit underwater, and what is the Centigrade temperature,
(C°), of the chemical candle?

@=0oT*
T =298K° , 0o =5.67 x 10~8 watts/m? K*
@=5.67 x 10 8 x 298%watts/n? = 447.1 watts/n?
C°=K°—273=298 - 273=25°

If an amount of heat, dQ = 650 cal, raises the temperature of a saline solution, m = 50 g, some,
dT = 14 C°, at constant pressure, what is the specific heat, cp?

_1[dQ] _ 650
- m|dT ], 50x14

Ccp cal /gC°=.928cal /gC°

How many calories, Q, doesit taketo just melt 100 g ice?
Q=Im, =80cal/g, m=100g
Q =80 x 100 cal = 8000 cal

What additional amount of heat, dQ, does it take to raise the 100 g of water to its boiling point, T =
100C°?

dT =100-0=100C° , cp =1.00cal /gC°®
dQ = mepdT = 1.00 x 100 x 100cal = 10* cal

A welding thermometer is constructed using changes in resistance to calibrate temperature changes. If
the thermometer is logarithmic in response, what is the temperature, T, at resistance, X = 60 ohms, for
fixed points, T = 500 C°, X; = 80 ohms, and T; = 100 C°, X; = 20 ohms?

- L[ In X /X
Ton=ew Lnxfm]
B In60/20] o . _ o

T =400 x [7”] 80/20} C'=417C

If ani = .8 amp current is passed over the R= 60 ohm resistor in the above welding thermometer, what
is the corresponding potentia drop, V?

V =iR=.8x 60volts= 48 volts

Sunlight striking the shallow azurewater off the coast of Cozumel delivers, I' = 2 cal /m?, to the surface.
If, p = .02, isreflected, and, T = .04, is transmitted, what fraction, a, is absorbed?

p=.02, 1=.04
p+14+0=1, a=1-1—-p

a=1-.04—-.02=.94
What is the magnitude, Iy, of the reflected radiation?
Mr=pl, I =.02x2cal /m? = .04 cal /n?

26



31. What is the horizontal force, F, necessary to drag a 16.5 kg scuba tank across aflat iron plate at afill
station?

n=.4, N=myg

F=pN = .4x16.5x 9.8kg m/sec® = 64.7nt
How much work, dH, is done in moving the tank a distance, ds = 12 m?

dH = Fds=64.7x 12 j = 776.4 j

32. What is the change in interna energy, dU, of air in a compressor heated an amount, dQ = 100 cal,
while doing piston expansion work, dW = 165 j?

dQ=100x419j=419j , dW =165

dU = dQ—dW = 419165 j = 254
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