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III
PREFACE.

Permission by the Atomic Energy of Canada Limited,
to make use of the author's previous work as an Appendirx,
is gratefully acknowledged; its title :"A Review of
Literature on Heat Transfer between Metéls in Contact
and by Means of Liquid Metals", is abbreviated, for
reference, to "Review™. —

Sincere gfatitudé is expressed to Prof. D.L. Mordell
who, as Director of Research, kindled the author's
interest in this field, and to Prof. A.R. Edis, birector
of Researeh from 1952/53 on, for their valuable adride.

An attempt was made to avoid repetition of the
material presented in the Review, and therefore a
general reference to it (Appendix II) is made here.,

Jakob's system of reference /b.?SO,Jakob(1949)/
was adopted, for flexibility of the list: "In the text
the name of the author and the year in bracketSesse.
refer to items in the bibliography". The few except-
ions are listed both under the shoft title adopted and

by the author, or editor.



Iv

Heat transfer is discussed on the basis of
soupled atomic oseillators vibrating both longitudinally
and transversally, and of elecetron gas obeying the
kinetie theory. It is shown how this gas is retained
in metals (and how the fundamental mechanism of
electric motors follows).

Cireumstances at the metal-film, film-film, and
film~-fluid interfaces are shown to cause a splitting
and merging of heat transfer paths.

The conelusions are:
&) a better electronic conduetivity is achievable by
the use of pure annealed metals;
b) constriction resistance can be eliminated by
wetting;
¢) roughness voids can be reduced by plating with soft
metals;
d) surfaces will be free of films and 1liquid metals
will not become "dlluted" if gases will be kept out of
liquid-metal systems;
e) non-wetting is not responsible for the 20-~40% lower-

than-predicted heat transfer results,



NOTAT IONS.

o -10
Angstrom unit(s) =10 m

e

a-spots ¢+ Asperities actually touching the opposite member.

Btu ¢ British Thermal Unit(s)

c : Degree(s) Celsius (Centigrade)

em : Centimeter(s)

D ¢ Electrostatic flux density veector

E ¢ Electrostatic field intensity vector

£ s Dielectric constant

£t : Foot (feet)

F : Degree(s) Fahrenheit

geal : Gram-calorie(s)

hr : Hour(s)

in, ¢ Inch(es)

k ¢ Thermal eonductivity,Btu/(hr £52 F/ft)
or,gcal/(sec em® c/om)

m : Meter(s)

nVv ¢+ Millivolt(s)

sec : Second(s)

\' ¢ Volt(s)

1 geal/(sec cm? C/em) = 241.9 Btu/(hr ftz F/£%)



1, INPRODUCTION

Heat transfer across metallie interfaces may seem
to be a subjeet of minor importance /p.56,Review/. The
perussl of some examples /pp.57,58,ibid./ may help to
shange this attitude,

The most well-known example is soldering, an art
which is older than the seience of it. The aneient
plumber found from experience that when the sopper bit
became covered by a orust of oxides he was unable to
get suffiecient heat aeross this interface to melt the
solder. By trial and error he discovered that sal ammone
iac would elean away the erust and let some tin to adhere
to the bit, and that tin would not so easily develop a
erust, Also he found out that eertain "fluxes" would
clean the metal surfaces to be soldered.so that tin would
spread on them. It will be seen later that this is exmetly
the proecedure to be followed when meking use of the
soientifie information available: To obtain the smallest
resistance to heat flow aeross a solid-liquid interface
one has to attain wetting by serupulously cleaning away

all oxides and other films,



l.l. Historieal Note

Reference: pp.54~55,Review.

Wiedemann and Franz, in 1853 announced that
for all metals the ratio of the two conductivities,
thermal and electrical, is a constant. ILorenz, in
1872, introduced the absolute temperature into the
expression. Drude (1900) p.577, advanced the theory
that this relationship is explainable by free electrons
in metals behaving themselves as a gas. Debye (1912)
p.802, paid attentiqn to the vibrations of the 1attico
structure of solids, and successfully explained, on
this basis, the expressions for specific heat, ete.
Metssner, in 1935 /p.100,Jakob(1949)/ compared =
ocrystal with a chain of many slightly damped electiriec
oscillators, which are tuned to the same frequency
and eoupled very loosely. The wave mechanices, grown
from Planck's quantum theory and the Schroedinger
equation, explained many puzzling things not explainable
by classical mechanies. Seitz (1940) and Slater (1951)
went into much detail in their books, and Slater (1954)
continues to publish qﬁarterly reports on contemporary
work at the M.I.T. |

A history of the work on eleectrical ceontacts is
presented by Holm (1946) on pp.349-359, He méntions
Browning as having, in 1906, launched the idea of con;

strietion resistance.



l.2. Some Notes on the Strueture of Matter.

For simplicity chemists make use of the inter-
atomie distances in erystals found by means of x-rays, and
assume these distances to be the sums of the correspond-
ing effective radii of the atoms/p.22,Arkel (1949)/, i.e.
they pieture the atoms as hard, elastic, spherical balls
touching their neighbours when assembled into molecules.,
For more exact ealculations certain corrections are
applied/pp.21,216,Arkel (1949)/. Electrons are not
pietured separately. This model tends to shift the
attention from forees to (non-existent) physical contact.

Wave mechanics leads us into rather abstract
pietures replacing electrons by probabilities to find at
a certain distance from the nucleus a certain distribution
of charge density, etec.

Bohr's model, although superseded by the wave
mechanices for calculations, is most useful for quélitative
deseription. It is an elaboration of the Rutherford') model
and should be ealled the Rutherford-Bohr model. For our
purposes it may be deseribed as having a positive nuecleus
and an array of negative electrons moving in certain orbits
of which the outermost usually are not filled to eapacity;
the noble gases have filled orbits which makes the distrib;
ution of oharges spherically symmetfioal/p,Zl,Arkel (1949)/.

The diameter of the nueleus is of the order of 10 12

cm and the overall diameter of the atom is of the order

of lo-scm. Thus,atoms are exceedingly empty, and

') Lord Rutherford was active at MeGill University from
1898 to 1907, and suggested the "empntv" model of ateam in 1911.



this impression must be obtained from a scale model,
to be properly appreciated. Enlarging a hydrogen atom
approx. 0.5x1012times, i.e. making the proton pea-size
and the electron pin-head-size, we would need for the
orbit an suditorium, e.g. Moyse Hall, since their
distance should be of the order of 30 m or roughly ‘
100 feet. The other means for envisaging the empti-
ness of matter is the consideration of the specific
gravity of a nucleus. For the nucleus of merocury it
is of the order of Bxlolzgrams/cmg, or apprex.l,400,000,000
tons/in? compared with 13.6 g/cm?or 0.000245 t/in? for
ligquid mercury. Thus, the impenetrability of matter is
not due to the space being already oecupied ') but to
large electrostatic repulsive forces preventing the
atoms from penetrating each other/p.444, Slater and
Frank (1933)/. Aetual atoms are neither spherical (some
of the electron orbits being elliptical and interseeting
at an angle), nor with & definite diameter, because the
interatomic distances adjust themselves until the forees
acting on the atoms are in equilibrium.

The foreces acting upon the particles and keeping
them in some aggregation have been subjected to detailed
mathematical treatment, however so far the author has

not come across an accepted explanation of the cause of

¥) This situation, however, is probably approached in

some superdense dwarf stars where a collapse of atoms has
greatly reduced the ematy space, and augmented the specifle
gravity to 60,000 g/em”, or so.



gravitation ') or of the nature of the elementary
electric charge of an electron.

Gravitational forees, on the atomie scale, are
negligible/p.144,Lapp and Andrews (1948»ﬂ

Nuclear foreces do not act beyond the boundary
of the nuceleus/p.145,ivid./.

Coulomb, or electrostatiec, forces can both be
repulsive or attractive depending on the sign of the
charges. . When one atom penetrates another/p.442,Slater
and Frank (1933)/ there is first an attraction, then a
repulsion, with an intermediate position of equilibrium.
Ions of opposite signs atpract each other.

Electrostatic forces arise salso from any asymmetry
of molecules. Aocording to Dole (1985)p.4, at the
immediate vieinity of the positive and negative ends of
the permanently asymmetrie_water molecule fqrees are
active equivalent to a field of 70 million volts/cm.
Temporary asymmetry is caused by an electric field which
separates the charges, coreating a dipole.

A variety of electrostatie foreces, van der Waals'
forees, arises from the facet that an atom is neutral only
on the average. Instantaneously it is not spherically
symmetrical, and therefore is a dipole, producing polar-
ization in a second atom or molecule, so that the two

asymmetric electrical systems attract each other/p.440,

T} Approx. four years ago (acecording to newspapers)
Einstein published a ",..general theory of gravifation...

as it tends to explain, by mathematical equation, the
reason for behaviour of particles and planets.™ Does
it answer our question ? Or is gravitation again just

& property of four-dimensional space?



Slater and Frank (1933)/. Arkel (1949) mentions their
peculiar property: They always strive to bring like
atoms together, i.e. {0 surround each particle with the
highest possible number of like neighbours (p.l77).

| Valence attraction is based on the disﬁortion

of one atom by the other when they share electrons/p.443,
Slater and Frank (1933)/ whieh, according to Pauli's
exclusion princeciple, form pairs with opposite spin.

Thus, no matter what their name, the forces be-
tween atoms are eleetrical, differing‘insofar that their
decrease is expressible in larger or smaller inverse
powers of distance /p.441,ibid./.

Bach of the 98 elements differs from the others
by the number of electrons (and nueleons) in its atoms,
and books are filled with reasoning how their configur-
ation explains the experimentally observed chemical aff-
inity /p.226, Arkel (1949)/.

Told in a few sentences the story seems to be:

a) Atoms have a tendency to obtain filled electron
shells.
b) Chemiecal reactions proceed spontaneously if the

final system has a lower potential energy than

the original one; the excess energy is released.
e) A system of higher final potential energy can bhe

formed from one of lower initial potential energy,

if the difference is supplied.



a) Additional supply of (kinetic) energy raises the
rate of reaection.

The first shell becomes filled with two electrons,
and therefore two hydrogen atoms have no choice but to
lend their eleetron for a short while to the other, %o
£ill its shell, ie. they share this pair of electrons
and form a molecule.

No sharing is necessary when such atoms meet,
one of which can supply the other's deficieney. Sodium
lets its single 3s electron fill the vacancy in chlorine's
3p shell, which now is as full as that of the inert gas
argon, and this move of charge makes them ions which are
held together by eleetrostatic attraction. Since the
ions are satisfied by their transsction, they do not revoke
it even when they separate themselves if circumstances
provide a great reduction of the eleetrostatie force. This
happens when their compound is put into a liquid with a
high dielectrie constant, because g@_/i i.e. the electro-
statie forece is reduced to lé of its value in vacuum when the
space is filled with a fluid whose dieleetrie constant is €.
The dielectrie constant of pure water is 80, and therefore
in water the sodium ion attracts the ehlorine ion only with
a 1/80th of the force in wsoeuum. The ions literally "fall

apart®, and this is the mechanism of dissolution and of

electrolytie dissociation.

It seems to be strange that ®wo oppositely charged

bodies in contact do not discharge to become neutral, Arkel



(1949) p. 27, explains: "The total potential energy of
a Cl atom and & Na atom at the shortest distance of
separation 1s greater than that of a positive Na ion and
a negative Cl lon, also at the shortest distance from
each other.® Thus the "discharge™ could not be effected
without retﬁrning to thé system tﬁe formerly released
energy, i.e. pulling the ions apart.,

Larger numbers of eleetrons can be moved or
shared within the limits of the "valence".

It 1s interesting to kndw why séme metals
oxidize faster than others, and even burn, and others 4o
not tarnish at all. The answer seems to be: The atoms some~-
how feel which combinations of them will produce the small-
est clusters of particles so that the largest quantity of
energy will become released, and seek corresponding partners,
i.e. the electrostatic attraction forces differ between
pairs of different atoms; eonsequently their final kinetie
energy, when they collide, will differ widely from pair to
peir. Quite often it may not suffice to bring about their
interpenetration (against the repulsive foree arising at
their eontaet) and regrouping of the valence electrons.
From the necessity of a spark for some reaeétions one ean
deduce that a threshhold value of kinetic energy must be
reached. Apparently the valence eleetrons have to reach &
region where the positive nucleus is less shielded by its

own eleetron shells and is able to pull them out of the

attraction of the other nucleus. In some ceses aven the
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slowest moving molecules_@gy attain'this_minimum,‘aqq.
then the reaction will proeeed fast, even explosively,
depending however on the facilities for a large number of

partieipants to meet each other,

1.3. Surfaces and Interfaces.

References: pp.59, 78-89, 110-113, 122-124, 129, 132-133,
Review.

Apart from geometrical surfaces, one ecould
obtain a reasonably smooth physical surface by splitting a
perfect bloek of mica or a similar erystal, along a
cleavage plane.

Metalliec surfaces would be machined and finished
to some extent. Maechining causes ehips to be separated from
the metal at places where the lattice structure gives way.

The result is a visible roughness pattern due to the feed
and a finer one which partly follows any imperfeetions of

the atomic lattice. The atomlie roughness would be changing
due to the vibration of the atoms '), radio-activity,
emission of electrons, evaporation, condensation, adsorption,
oxidation, ete. The latter usually becomes visible.

Roughness would affect the Mechanism '') quantitat;
ively by
a) reducing the area of actual econtact of two surfaces;

b) causing a ceonstriction of the paths leading to the eontact

spots; Reference: pp.71-77, Review.

7] The fact that positive ions form the metallie lattice will
be emphasized only where the structure of the lattice will
be detailed.

'*) Abbreviation for the full title of this work.
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e) holding moré adsorbate eand/or a thieker oxide
| film in the valleys than on the peaks.

Fluid in the pockets formed by two rough sur-
faces in contact would add fresh elements to the Meehanism,

In amplifieation of the footnote, p. 85, Réview:
Noble gases are not entirely inert. Although they are
non-polar and have spherically symmetrieal electronie
structure /p.20, Arkel (1949)/, this symmetry is not pre-
sent at every single inétant/pp.440, Slater and Frank
(1933)/. Therefore their atoms attraect one another/p.l74,
Arkel_(1949), and they may become adsorbed,

Aeéording to Holm (1946) a monomolecular oxygen
layer quiekly deposits on all metals in air (p.81), e.g.
in 20-120 seconds on copper (p.148), and is bound to the
metal very strongly by ven dér waais forees, only allowing
slow vgporization in vacuo (p.95); the molecules dissoeiate
into atoms whioch soon become negétive ions by drawing free
electrons from the metal and combine with the positive
metal ions to form an oxide film, which would evaporate
only at degassing temperatures (p.96). The formation of
sulphides,ohlorides, ete. is similar {(p.96).

Adsorption and ehemisorption seem to be due to
the same electrostatic attrasction only arising in

different degree between pairs of different atoms or
molecules. ') Even the "chemical forces"/p.14, Arkel (1949)/

TY On pp.213/214 Arkel explains the author's diffieculty in
getting 150-mesh and finer sand screenedi "Water molecules can
be adsorbed on & surface when their dipoles are attracted by
the ions on the surface.....The high charge of the positive
ion in 810, results in a strong adsorption of water molecules;
this adsorption is so strong that dry finely divided 810, is
frequently used as & drylng agent®,
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are electrostatie in nature.

A Higher temperature may, on one hand, exponentially
inerease the rate of oxidation, and higher pressure works
in the same direction providing a larger number of gas
molecules, but, on the other hand, higher temperature will
also inerease the rate of evaporation or even of dissoeiation,
Holm (1946) brings in Fig. 52.01, p.278, a relation between
dissociation temperature of metal oxides and the pressure
of oxygen. Arkel (1949) mentions, p.18, that at temperatures
above 4,000 C no chemiecal compounds exist at all.

Some films may proteect the metal from further
oxidatiop/p.l5l,LMH (1952)/; several examples are mentioned
on pp.95-106 of Holm (1946) where he presents a theory
of tarnishing. The growth of the oxide film may stop or
may continue depending upon the affinity and the sizes of
the atoms éﬁ molecules involved, and upon the eircumstances
for their encounters. Holm deseribes, p.97, that the metal
ions are smaller and more mobile than the oxygen ions, and
therefore diffuse through the existing oxide layer %o its
surface while "in the interface between oxide and air, oxygen
atoms catoh electrons and thus become ions reacting with the

metal ions from the diffusion current.®

Multimolecular films cannot stand the high local
pressure at a-spots, however monomolecular layers of liquids

endure the pressure and the spots covered by a monomolecular
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£ilm of a lubricant are considered hard/pp.7-8, Holm
(1946)/.%)
Cleaning of surfaces by mechanical means igs

not sufficient. Holm says, p.9, that seratching with a
¢lean knife is better than using emery cloth because
"rubbing with emery always leaves contaminations.®

Probably the contaminants are collected in the spaces
between the emery grains and redistributed over the area
being cleaned. Any solvent should be selected on the |
basis of the dissolution mechanism described in Section
l.2., Pickling acids and fluxes (e.g. zine chloride)

should be chosen with a view to the echemieal reactions
expected. Vacuum alone lessens the chanceces of fresh or
repeated attachment of gas molecules to the surface, but
high temperature may be needed to provide the adsorbed
moleeules with higher kinetic energy so that they could
easier leave the surfaee, or it may be needed for thé
dissociation of the molecules. In analogy with evaporation
of liquids, vacuum and temperature should be provided for a
suffieient length of time (many hours). Another effeet of
temperature is mentioned by Holm on p.l49: "In strongly
heated contacts another process seems to take place. The
tarnish films eoagulate, i.e. coalesce to grains, thus
‘increasing the metallic contact areas., It is very probable

that soldering paste assists this process.®

X) It should be interesting to determine which adsorption
effects eause a rasor, heated in hot water, to cut mueh
easier.



The cold welding of clean metals is called by
CIMH (1952) pp.145, 151, "diffusion bonding", and is
mentioned as a limiting factor in heat-transfer systems,
particularly those employing alkali metals. Cold welding
as a (patented) commercial technique is deseribed by

Aitken (1952),

l.4. Wetting.

Reference; pp.e4§89, 95-96, 135-142, Review.
Illustrationsspld5, 136, Review.

If a liquid spreads out on a solid surface, this
means large forces of attraction between the molecules of
the liquid and of the solid as compared with the cohesion
of the liquid molecules. Films usually intervene. Quitt-
enton (1952) p.9, quotes the range of measured oxide f£ilm
thicknesses: 30 : to 5000 Z, and on p.26,(1953) he mentions
an adsorbed film of 6 Z thickness found in his eleetromagnetie
flowmeter. On p.l0 (1952) he states that "the complete
lack of signal from an eleqtromagnetic metgr is cause& by
tha presence of a gas film, indicating non-wettiqg conditions,
for the electrical resistance of an oxide film alone should
not generally be high enough to prevent curfent flow entirely".
There he also quotes Seban's statement that the experimental

results would agree with theoretical predietions if 00,0001
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inches of air or nitrogen would cover his heat transfer
surfaces, and finds it unlikely. He observes that an
equivalent oxide film should have a thickness of 1,400,000
2 and considers this also beyond expectation. Quittenton
(1953) p.26, disagrees with other authors who believe that
roughness valleys would hold more adsorbate.

Wetting agents remove the oxide films /pp.144,

167-9, IMH (1952)/. Vacuum and high temperature remove
gas, causing wetting /p.207,ibid./

With 1liquid alkali metals in the system certain
minimum temperatures seem to be required to produce a
perceptible rate of a cleaning reaction. Quittenton (1952)
p.8 observed with sodium in a cleaned 304 stainless steel pipe
that there was no wetting (no signal by the flowmeter) at
temperdures up to 575 F, wetting occurred at 800 F, and
4id not cease at 300 F. Miller et al (1947) p.16 reporied
that sodium wetted nickel at 355t5 C and low carbon steel
at 370t5 C. From the disgram 7.8 on p.242 IMH (1952) it
is seen that sodium started to wet stainless steel schedule-
40 pipe at 752 F, reached steady state after 6 hours at
842 F, and continued to wet at 296 Feo The rising curve, Fig.7
p.119, Tidball (1951),gives reason to believe that steady
state (complete wetting) was reached in 10 weeks. Repeating
the reasoning of p.1l38, Review, one could think that adsorbed

dissolved and entrained gas was finally consumed (and the



roughness valleys deprived of oxides), however the ll-th

and following weeks seem to indicate’a worsening of the
situation.

The gradually increasing readings of an electro-
magnetic flowmeter/p.10, Quittenton (1952)/ need not be
due to "partial rupture of a gas film, or‘the absence of
& gas film and presence of a heavy oxide film", if the
tunnel effeet and the eoherer effect/pp.lOG-léZ, Holm
(1946)/ are considered. The latter is introduced by the
punctﬁring of the film, and this agrees with Quittenton's
observation, that a potential of 1.7 mV generated in thé
flowmeter was ungble to break the adsorbed film of a 6 :
thickness while producing a field of 25,000V/cm which is
not far from the 30,000 V/em breakdown voltage of air. At
the red heat temperatures of some liquid metal systems one

ecould expect some thermionic emlission of electrons, should

the work funcetion be sufficiently low.

2 THE MECHANISM OF HEAT TRANSFER

Reference; pp.o8-64, 93-97, Review.

According to Eneyclopaedia Britanniea, "mechanism
is a general name for a theory that natural phenoﬁena can
be and should be explained by reference to matter and

motion and their laws",.
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2.1, General Considerations.

From the point of view of mechanism, "chemical"
energy is rather mechanical energy because the‘componenés
of a system "fall"™ to positions of lower potential energy,
vibrate arouhd their new mean positions and pass some of
the vibrational energy on to the neighbours; "mechanical™
energy of frietion is due to elsetrostatic fofces, €ee -
the pressure of a Jjournal is taken up by the electrostatie
repulsion forces between the atoms of the bearing and the
atoms of the journal attempting to penetrate them; this
elastic deformation leads, when motion starts, to vibrational
energy/p.204, Holm (1946)/; "electrical" energy is mechanical
energy arising from oollisioﬁs of eleetrons with the lattice
strueture; "nuclear™ energy, apart from the econversion of
some mASS iﬁto eneréy /p.70, Glasstone and Edlund (1952);
Wlittle is known of the nature of such forces", p.8, ibid.A
is mechanical energy since it comes as the kihetic energy
of fission fragments plus some vibrational energy; "radiation™
energy is again vibrational energy. ﬁ
Atoms and molecules continue to share energy
even during a (statistieal) thermal equilibrium. Theoretically
even the finest thermocouple wires distort the temperature

field. Eichelberg (1939) p.463, made a thermoeouple™ on &

25 times larger scale" to investigate where is located the

temperature whieh corresponds to the millivolt reading; he

does not mention, however, whether it was designed according

to the Fourier law of thermal similarity /p.422, Fourjer
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(1822)/ which is discussed in more defail on pp.443-444

of Hutte I(1942), where a dimensionless Fourier number

Fo is used. Fourier also discussed (pp.4,19,21,26,31-35,284,
357=362) sources of error in thermométry. From a test

by the author (Appendix I) it appears that a small error

is involved if‘the thermoﬁeter is not tapped lightly, as

the mercury sticks to the glass and eomes down in jerks.

2.2. Solids

"Nearly all substances are crystalline®, remarxrks
Arkel (1949) p.22. This means that the atoms iﬁterpenetrate
somewhat until the repulsion forces balance the attraction
forces, and vibrate around this equilibrium position. These
meechaniceal oscillators are coupled to eaeh other because
any displacement alters the foreces between them so that a
disturbance is propagated along the array. Owing to several
types of forces (Sec.l.2.) one could imagine several "springs"
of differing stiffness in'parallel, or in more compliéated ‘
combinations. Planck (1900), p.69, mentions such oscillators,
however only "somehow conneéted with the atoms®, Debye (1912)
pe790, already identifies the atoms as the masées, and remarks
that their lowest frequencies of wibration are those of sound.

The atomic oscillators extesnd in all directions,_and
therefore one can expect both longitudinal waves /p.l, Jakob

(1949)/ of the soundwave type, and transversal waves of the
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1ight;wave type. Since the "masses" are electrically
charged partieles, and their acceleration changes during
the vibrations, they must emit a spectrum of electro-
magnetic waves/p.100,ibid./ This radiation, since the
days of Planck (1901), is assumed to come in packages,
quanta, each containing hy units of energy. Thus on
the atomic scale, there are no continuous changes of
energy; there are only Jjumps from level to level. Within
solids this radiation is absorbed within 1 mm depth/p.26,
Jakob (1949)/ and only "a few minerals like salt (NaCl) can
be used as windows in measurements on heat radiation". It
can excite atoms to forced vibrations of such an amplitude,
that interpenetration (chemical reaction) occurs, e.g.
ignition by lens-concentrated sun rays.

Acecording to Debye (1912) the vibrating atoms
influence each other to such an.extent that the vibrations are
very far from being harmonie, and could be expressed by
a Fourier series only (p.790). As an approximation, he
assumes that each of the atoms, having 3 degrees of freedom,
will have 3 natural frequencies, totalling up to 3N natural
frequencies for a body of N atoms with 3N degrees of freedon.
On this basi%ﬁe derives an expression for the specific heat
and obtains numerical values, within a certain interval, in
good agreement with experimental values. On p.l1l00 Jakob (1949)

quotes Debye's expressiong for thermal conductivity derived




on a similar basis in 1914. He also quotes an expression
by Bragg "that the advancing region of wave agitation
has to fight its way towards the cold end of the body

through a fog of waves which it i%self groduces”,

2,3, Liquids.

The author's idea of seweral "springs™ in
combination is based partly on the faet that the change
of state involves latent heat, or an input of energy
which goes entipely to the breaking of one type of
springs, leaving softer ones intact (liquefaction);
next time the latent heat goes to the breaking of next
softer springs, leaving only very soft ones intact (the
van der Waals forces between molecules of vapour.) The
incerease of petential energy only, without change in the
kinetic energy (temperature), signifies that the molecules
in liquid state are at larger distances from each other
than in solid state, and removed practically "to infinity"
in gaseous state.

From some remarks /p.22, Arkel (1949) one could
deduce the x~-rays have revealed some structure in liquids.
The slowest molecules probably try to assemble again in
lattice formation, however they do not succeed very much
bacause the fastest molecules do notlleave them alone, and

break up the clusters.




In addition to the oscillatory motion there is
in liquids some translatory motion /p.190,IMH (1952)/ and
therefore some direct transportation of kinetié enefgy.
However this gain seems to be upset by the large general
diworder of motion which reduces the importance of the
oscillatory mechanism, The springs are weaker and there;
fore there is less energy in the osceillators. The damping
is larger. The heat conduetivity of liquids, therefore, is

smaller than phat of the eorresponding solids.

2.4, Gases

| Direct transportation of kinetic energy is supple-
mented by drift currents (convection) and a large transparency
for radiation exeept in nérrow bandsqwhere resonance oceurs,
Input of energy may result in such large amplitudes of
rotation and vibration that "the attractive forees between
the atoms in the molecule will cease to be sufficient to hold
1t together and it will split into atoms or dissociate /p.18,
Arkel (1949)/. Iater, eleectrons, having attained higher
velocities, may begin to leave the atoms, i.e, thermal ionization

may occur,

2.5, Metals

Reference: pp.58=64, Review.
Whether an element displays "metallie™ properties
depends upon the configuration of eleétrons invits atoms,

especially whether there is an incompletely filled band/p.7,
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Eshelby (1951)/ into whieh an eleetron could jump were a
quantum of enérgy imparted to it. Apparently when no
such vacancy exists the quantum of énergy would be received
by the atom as a whole (non-metals), while otherwise
the elestron can receive and disbufse energy independently
from the rest of the atom, exeept for a recoil (metals).
This additional mechanism in metals may "in some cases'inn
ecrease this apparent conduetivity by a féctor of more
than 100"/p.192,IMH (1952)/.

In metals the valence electrons/p.58, Fig.l3,
S-hockley (1954)/ are completely detached from every atom,
leaving poéitive ions behind. Electrostatic attraction keeps
the strueture intact/p.280,Slater and Frank(1933)/., This
theory of an electronic gas in the metals was deéeloped by
Drude (1900) applying "the concepts of the kinetic theory of
gases™,p.570. He showéd how by these means the Wie@hann-Franz
relation can be derived, how the Joule'an heat follows from
collisions of eleotrons, discussed theﬂThomson-effect, the
contaet potential difference, thermo-eléctricity, the
Peltier-effeet, etc. He also assumed thatl the concentration
of free electrons differs from metal to metal(p.61l). For
ecopper Coulson (1948) p.77, states the number of these
022 per cms, the time
between suceessive collisions as 2 x 10-13 sec, and the

. )
distanece between collisions ags 2 x 10 c¢m, He assumes their

conduetion eleetronsAas being about 2x1

. 7 .
random velocities about 10 cm/sec, however observes that
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their drift velocity, producing for example a current
2
of one ampere in a wire of 1 mm section, is surprisingly

small: of the order of one em/seec. In the recently

developed transistor their number 1s predetermined by
manufaeturing methods/p.65, S.hockley(1954)/.

The free electrons, being the sole ﬁedium
for electrice current, explain the striking difference
in the possibilities of insulation. If metallic impurities
are seliminated, electrical insulators can be msde nearly
perfect. The ratio of electrieal resistivities of silver
and of quartz glass is 1 : 3 x 1012, while the ratio of
thermal resistivities of silver and of air is only 1 : 1.8
X 104. This same fact of a single mechanism for electrie
current and several mechanisms for heat flow explains why
the Wiedemann~Franz-Lorenz ratio cannot be a constant.
Abnormally large Lorenz numbers are mentioned, p. 113, by
Jakob (1949).

Discussing the electrical conduectivity of
metals, Arkel (1949)p.205, states:; "In this connection it is
worthy of note that'graphite eee haé some electrical con-
Quetivity whieh is probably not caused by free electrons..e.
but by the shift éf the bonds in the layers of cearbon
atoms, Fig.37."

On the éverage there is no resultant force
on the free electrons by the lattice of the fixed positive
ions/p.280, Slater and Frank (1933)/, and therefore they
are free to move about, but may not eross the boundary of

the metal except when their energy is suffieient for "em~



ission™ i.e. execeeds the "work function", Unavoidable
or intentional impurities upset the regﬁlarity of the

metal lattice and offer many stumbling blocks for the
electrons. Thus an impurity of 0.1% causes the thermal

conduetivity of ceopper, aluminum, nickel, and iron %o
decrease by about 2 to 3 % /p.11l, Jakob(1949), however
the thermal conductivity of a single erystal 6f copper,
at «252 C, has been found 23 times greater than that of
bulk copper, at =200 C./pp.109,111,ibid./. Annealing,
recrystallisation, atomic migration, ete. tend to
regularize the lattice, while cold-working, and quenching
produee disorder. These effects are demonstrated by Jakobd
in table 6~23 (p.ll6,ibid.). One could expect that near
the absolute zero there would be little motion of the ions,
l.e. widened "corridors®", and takle 6-18, p.l09, ibid.
proves it: k for iron is stated, in Btu/(hr. ftzF/ft,)gs
17.5 at 800 C, 39.5 at 100 C, and 58 at ~200 C,

When metels melt, the disorder affects also
the electronie conduetivity of heat as is evident from
Ppel115-116, ibid.; the k of liquid eutectic tin-zinec alloy
is only 1/3 of the k in solid state.

With liquid metals in eirculatory systems,
dissolved and entrained gas can dilute the metal, reducing

its kX /Quittenton, p.lo(1952),p.31 (1953)/.



3. THE MECHANISM OF HEAT TRANSFER ACROSS
METALLIC INTERFACES

Reference: pp.58-64, 69-97, 110-118, 122-129a, 132-144,Review

Illustrations: pp.95 and 96, Review,

3e.l. The Mechanism at the Metal Surface.

Near the surface the heat current becomes dis=-
tributed between a number of a-spots ending in a mono-
molecular film, and a cérreSponding number of valleys
where a thicker oxide film may be present, and some fluid
would separate the films on the two contact members, An
analogy to the first Kirchoff law applies: paths with
higher resistance earry less current.

Both the lattice conduetion and the electronie
conduction suffer a large congestion due to the constrict-
ion of the crosssectional area to a small fraetion of the
apparent area for heat flow. The importance of the con-
striction resistance is evident from the 16 F temperature
drop, at approx.vlz,OOO Btu/(hr ftz), aeross an aluminum-
cast-iron bond /p.118, Review/ of which less than 1 F
could be attributed to films /p.27, Quittenton (1953)/.

Adsorbed or oxide films grow from the outermbst
ions of the metal lattice (except that some ions or molecules
of adsorbed gas must be skipped due to their nonmatching

size/ and therefore a good deal of direct contacet still

exists, so that the heat conduction along the coupled
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oscillators meets only a discontinuity in the constants
but not an end of the row. Even any skipped ions will
have some "springs" attached to the nearest "masses"of
the film, in paraliel to those of their neighbours.w Part
of the energy will, therefore, be reflected from this dis~
continuity /p.156,Slater and Frank (1933)/.

The barrier for the free eleefrons results from
an effeet which has some similarity with surface tension.
While an eleetron is to the inside from the last row of
ions in the lattiee, it is pulled in all directions with-
out a net resultant forece. As soon as it tries to sneak
out between two ions, it begins to feel t heir special
attraction directed inward, becomes decelerated (pulling
the ions somewhat outward), and is ceompelled to return
into the metal. Any near;by atoms of the film would
resist penetration and thus help to bringthe eleetron
home.

Thus there will be always a number of electrons
staying outside of the last layer of ions, forming the
negative layer just outside the surface/p.84, Review/,
and exerting a pressure similar to‘gas pressure upon the wall
of a container. DPossibly the contaet potential of two metals
is due to the difference of these pressures, or to something

like an osmotie¢ pressure. If the electrons are defleeted

from their paths by a magnetie field, as in a current-
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ecarrying wire of an electric motor '), they will increase
the bombardment on one side of the wire while reducing
it on the opposite side,and thus producing a resultant
force tending to move the wire. Removal of the deflecting
ageney will return their motion to randomﬁess; the resultant
force would hecome zero, and the motion of the wire would
cease,

Due to the potential barrier for the electrons
(except for those which may use the tunnel effect) the
path of the electronie conduetion merges, at the metalliec
surface, with the path of vibrational conduection.

It is then mostly vibrational energy, including
"radiation" which emerges from the metal. For pure metals
/p.45,Jakob(1949)/ the total radiation has been found to
inerease with the 5th power of the absolute temperature.
Since it is absorbed in metals within a depth smaller than
the wavelength /p.26,Jakob (1949)/( whichfor infrared radiation
is between 0.3 cm and 7.6 x 10-5cm), it may emerge already
from a few atomic layers underneath the surface.

There are several electric effects at metallie
surfaces and interfaces, such as photoelectric emission,
thermionic emission, thermoelectric effect, contact potential,
Nernet voltage, ete., however they do not seem to make
appreciable contributions-to heat transfer. A% interfaces

carrying an eleetric current (e.g. electric welding) there

is a Peltier effect and a Thomson effect. Holm (1946)pp.32-34,

YT Prof. R.A. Chipman mentioned to the author that a question
had arisen during & discussion, what is the fundamental mechanism
of the electrie motor. This opportunity is used to present an
attempt of explanation.



discusses their influence on electric contacts.

The Wiedemann-Franz-Lorenz relation has been found
valid also for liquid mercury, with a small discontinuity
at the melting point/p.331,Holm(1946)/. This signifies
that the electronic conducxtivify of heat is present
also in liquid metals.

As the liquid metal is able to £ill, if under
pressure, the valley-s of the roughness, the constrict-
lon effeet will be mush smaller., Any monomolecular film
on the solid member will definitely prevent wetting (pp.l39,
142,Review) until it is removed by some means. It will
however let some electrons pass, by the tunnel effect.

Obviously there would not be any erushing of rough-
ness peaks of the solid member by the liquid metal nor any
local squeezing of its oxide film, except any changes
occurring from corrosion or abrasion. The film on the liquid
surface would however be broken up when'the liquid starts
to penetrate the valleys of the roughness. Therefore
on the solid metal side the film would be comparatively
thick, with possible eclogging of the valleys by the film
material from the liquid metel if the latter is in motion.
This would prevent any tunnel effect from taking place.

On the liquid metal side the bresking of the oxide
£film would open up clean metal surface. Were there any

gas in the system, adsorption and oxidation would soon
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mend the film, but its thickness would differ from
place to place. The vibrational energy thus finds a

discontinuity worse than on the solid member, but the

electronic eonduetion has a little better chances.

The only remaining cause for some resistance at
a perfectly wetted interface is the nonmatching of the
ion lattice and the rudimentary, if any at all, lattice
in the liquid metal, as well as the large general disorder
of molecular motion. The first discontinuity effect will
cause the reflection of some vibrational energy, and the

second discontinuity effecet will cause many free electrons

to rebound.

3.2 The Mechanism Within the Film,

The electronic conduetivity would not continue into
the f£film were it absolute non-conductor of electricity (whiech
would prove absence of free electrons). It is known how-
evef%hat oxides do oconduct electricity to some extent;
apparently they contain some metallice impurities which
provide some free electrons. (In an analogous manner the
impurity of one atom of arsenic in 100 million atoms of
germanium makes a transistor/p.65, S-hoekley(1954)/). There-
fore usually some "channels"™ will be present in the film
along whieh the electrons could proeeed, although with
some difficulty.




The two monomolecular films at the a-spots
would provide "echannels" for the electrons on a different
basis: The vibfatién of their molecules may at times be
in opposition of phase, and the resultant larger separation
may reduce the height of the potential barrier so that
electrons may leak through by the tunnel effect, and reach
the other metal. In thicker f£ilms this effect could
happen if a larger separation of molecules would occur, by
chance, simultaneously in all molecular layers involved.

The vibrational conduetivity would be the main
channel for heat transfer across the film.

The thermal conductivity of oxides is very much
lower than that of the corresponding metals. Magnesium
metal, at 400 F, has a k = 85 Btu/(hr £t F/ft) /p.3-14,Kent,
Power (1950)/, and magnesite (mostly MgO) at the same
temperatup has a k=40 Btwf hr £1°F/in)/p.3-37,1ibid./.

The ratio is 25,5 : 1 . Chromium has a k of 0.165

geal/ (sec cmzc/cm) /p.1-143 ,Eshbach(1952)/ which corresponds
to 39.9 Btu/(hr ftz F/ft). For chgq5Qnittenton uses

KX=l, The ratio is 39.9 -: 1., Besides he has calculated

a 0,03 F temperature drop through such a film of 5,0002
thiekness, at 20,000 Btui/(hr ftz). On p.25 he states the
thickness of an oxygen film (ohe chemisorbed atomic layer
with an adsorbed molecular layer on top) as 3.8 i, assumes

its k=0.02, and obtains a 0,0012 F temperature drop through
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it, at the same 20,000 Btu/(hr ft%.

Radiant energy emitted by tﬁe metal surface will
not be absorbed very mueh within the film as the thickness
of the latter would be small compared with the 1 mm depth
for complete absorption [p.26,Jakob(1949)/. The emissivity
(and the absorptivity) of the film substance itself would
Be several times higher than the emissivity of the e¢lean
metal surface, as can be seen from tables 7-2 and 7-4,
pp.123-125 of Jakob(1949) who remsrks that "heavily oxidized

and very rough surfaces épproaeh the behaviour of the blaek

body",

3.3. The Mechanism Aeross the Interface.

The two monomolecular films meeting at an a-spot would
not have an exacetly matehing strueture, however the high
local pressure would bring the molecules into a very close
contact. Therefore it would seem that only insignificant
discontinuity would exist between them, and it eould net
add muech to the resistance presented by the films themselves.

Within a small distance of an a-spot the films would
usually separate and hold some fluid between them. Assuming
that the a-spots constitute 1/10,000 of the apparent area
of contact and the remaining 9999/10,000 would hold the fluid,
the effects of conduction would be of equal order of magnitude

if the thermal conduc{tivity of the metal would be 9,999 times



that of the fluid. Comparing steel with oil and air, for
example, we find, in Btu/(hr ft2 F/£t), 26, 0.10 and
0.0%4 respectively, or as~2,600 : lb : l.4. Thus the
effeet of conduetion through the fluid is fairly important.

Convection within the voids would be possible
if the interfaece would be vertical, or the hotter half of a
horizontal interface would be at the bottom. Cell sizes
between 1/64 and 1/32 of an inch /p.88,Jakob(1949)/ have
been instrumental in obtaining lowest conducﬁivit} of
Styro-foam. The roughness voids would be much smaller, so
that no convection effects could be expected.

Radiation across the voids can become substantial,
because of the 4th-power dependence on the absolute temp-
erature (5th power for pure metals), if the temperature at
the intefface is high, and also beéause the usual fluids
filling the voids would be transparent for it. An exception
would oceur if the fluid would have strong absorption bands
within the region, so that by resonance with the frequenecies
of the interatomic oscillation and of molecular rotation
/p.52,Jakob(1949)/ the amplitudes of the foreced vibration
would reach_(neafly) maximal values, causing considerable
alWisorption of energ&. It would, however, be only a detour
of the energy flow, as the absorbed energy would become
distributed between the molecules within the enclosure and

therefore would finally reach the cooler side.



Should the voids of the interface be filled with
a liquid, its fairly good thermal conduetivity would
reduee the overall thermal resistance a good deal /p.1ll
Review/. The mechanism of absorption of radiant energy,
probably, would differ somewhat from that deseribed for
gases (if at the high temperature the liquid would not
have boiled away) because there would be much higher
damping of molecﬁlar rotation and vibration, and no narrow
resonance bands could be expected.

With liquid metal as one member, and without wetting,
the surface tension of the liquid metal would keep it out of
the roughness valleys unless there would be a hydrostatie
pressure. Then any gas in the pockets would be compressed .
to’a layer 6f smaller thickness and of smaller area, as the
liguid metal would drive it into the bottom of the valleys.
The conduetivity of a solid-liquid interface would thus
be Inereased slightly by pressure. Changing the blanketing
gas and making observations (p.l42, Review) of the change
in the heat transfer rate, one could estimate the amount
of gas staying in thé pockets. The same effect of reducing
the volume pecupied by gas would increase the area of the
interface touched by the liquid, and this would mean a
eonsiderable increase bf the overall conductance, particularly

with well conduecting liquid metals.



With flowing liquid metals there would be &
tendency to f£ill the valleys of roughness with the oxides
covering the liquid metal, however that would mean some
improvement against gasfilled valleys.

At the interface between the film and the fluid
in the voids, the mechanism would not include electronie
condustion unless the fluid is a liquid metal. A transfer
of vibrational energy would occur as well. Of eourse the
electronic conduction can occur only if there is a tunnel

effect in the film.

Vibrational energy would ceross this interface
also with other liquids in the voids, however little of it
could be transferred to gases in this form. The vibrating
molecules of the film would rather impart to the molecules
of the gas some translatory motion with some rotational
motion superimposed if the molecules would have the
dumbbell shape or a similar one.

Weuld there be perfect wetting of the solid metal
by the 1liquid metal, there would not be any voids, and
the only effect on the Mechanism would be the discontinuity
of atomic properties of the metals whieh would esuse a
reflection of a part of the energy transferred both by the
mechanisﬁ‘of coupled oscillators and by the mechanism of

the electronic gas.
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4, CONCLUSIONS.

Single crystals may have themmal conduetivities
about 20 times as large as bulk metal (p. 23 ). There-
fore metals should be used in pure and’annealed stéto,
to obtgin better electronie conductivitye.

The constriction resistanece (p. 24 ) seems to
be the iargest component of the thermal rosiétanees at
interfaces, and should be eliminated, as far as possible,
by these means: &) Reducetion, by finishing methods, of
the roughness and éf the waviness of the surfaces; b)
Cleaning, and wetting of the surfaces with a layer ofﬁ
merecury, lead, tin, eadmium, or other soft metallic
proteqtive coating., The evasive mercury would, probably,
facilitate the squeezing out of intervening gas, when
the members are assembled. Evacuation of the Jjoint may
be helpful; ¢) Exelusion of gases from liquid metal
systems,by the use of a membrane to take care of thermal
expansion, a preceding heating and evacuation of the system,
and the use of wetting agents.

The thermal resistivity of oxide films is about
30 times, and of gas films - about 2000 times, as large as
that of the metals (p. 31). Although the films are thin,

in cases of constriction the small eross-sectional area

may cause objectionable resistance. Non-immersed thermometer



bulbs need, therefore, tinfoil wrapping efec. to inerease
the area for heat flow. Thermocouples can be profitably
welded 1n position by condenser discharge.

(For spot-welding and condenser=-discharge-welding the
eiistence of oxide films is advantageous because then more
localized Joulean heat is developed.)

The temperature drop across the usual oxide films
is small, and the smooth surfaces of experimental tubes
do not provide any pockets for an accumulation.of thick
layers of oxides. Therefore non-wetting conditions alone
eannot be responsibie (p.139,Review) for the 20-40 % lower~
than-predicted heat transfer coefficients, Quittenton's
explanation that entrained and dissolved gas "dilutes"” the
ligquid metal, redueing its k , awaits direcf experiiental

econfirmation,
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APPENDIX I

A Test of Thermometer No. 45953,

The cooling rate of a Parr Peroxide Bomb Calori~
meter was observed by R. Putnaerglis on February 26, 1952,
without disturbing the thermometer. Mixing was continuous
from 12,55 to 13.55, and intermittent at other times.
Room temperature rose from 72.95 F to 73.55 F (at 13.24)
and then dropped to 73.48.F .

Time Temperature,F Time Temperature p
12,27 78.93 13.10 78.65
12,34 78.89 13.12 78.64
13,37 78.84 13.145 78,60
12.40 78.83 13.16 78.60
12,425 78.815 13.18 78.60
12.435 78.81 13,20 78.58
12.47 78,79 13.215 78,58
12,475 78.78 13,24 78,56
12,54 78,75 13.27 78,55
12.55 78,74 13,295 78,53
12,575 78,70 13,315 78.51
12,59 78.70 13,35 78.50
13,00 78.70 13,40 78.45
13,02 78.69 13.45 78,42
13,04 78.68 13.48 ' 78.40
13.06 78.65 13.52 78.39

13.08 78.65
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Appendix II

A Review of Literature on Heat Transfer
Between Metals in Contact
, and
By Meens of Liquid Metals

Part I - Heat Transfer Between Metals in Contact
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PREFACE

Part One of this Review appears as a separate Note in order
to let it reach the readers as early as possible.

Since the emphasis waé on Sodium for Heat Transfer, no effort
wag spared to locate and obtain as many publications on it as possible
(most of them never arrived), As became apparent on Dec. 2, 1952,

(vhen at last the Liquid Metals Handbook was received), the writer had been
searching the needle in a haystack, He has found two needles (the 3
papers on heat transfer by sodium listed in the LMH pp. 211-212 and 5

more, not listed by LMH) at the expense of finding and recording by
number, subject, and alphabet.some 700 publications on heat transfef
(not listed by McAdams).

. This expense of time limited the span available for writing
thg Review to less than two months, and will partly explain its im-
perfections.

The temporary reference numbers. are preceded by a space
reserved for the final numbers from the alphabetical 1list of references.
Since this list was not complete when the cutting of stencils for Part I
was finished (in fact, References No. 1296 to No. 1502 were recorded
after the official end of the work on Sept. 30, 1952), the final numbers
will have to be inserted later.

The advice of Professor Mordell, to list.the pertinent
references at the end of each chapter, with the general bibliography
at the end of the Review, could be followed only to the extent of
splitting thé then existing list into 15 separate lists (partly over-

lapping) without attempting to shift less pertinent references to the

~general bibliography.
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From the literéry point of view many inefficiencies will be
found in this work: ebrupt changes, inconsistencies, repetitions,
reference to later pages written earlier, long quotations, unfinished
chapters, double entries of identical references, etc. etc. However,
the writer's feeling was that it is more important to collect more of
the necessary information that to iron out the defects remain;ng after
insertion of later material.

The writer is still busy bringing in at least part of the
material collected. However at this time (%ebruary, 1953) the
chapters on mercury, jead-bismuth, and lithiﬁm still remain ﬁnwrittenﬁ

and, of course, "of making many hooks there is no end" (Eccl. 12, 12).
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The following expressions have been, at times, abbre-
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Nuclear Reactor " NR
Submarine Intermediate Reactor m SIR
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Nuclear Fuel " NF
Temperature " to \
Liquid Metals Handbook v IMH
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ABSTRACT OF PART I

In the Introduction some nuclear processes are discdussed
vwhich have a bearing on heat transfer problems in nuclear reactors,
wvhere both metallic interfaces and liquid metals often are in the path
of the heat flow.

The Mechanism of heat transfer across an interface is discussed
on the basis of atomic structure. The electronic conduction of heat
within the metals, and the absence of it in the non-metallic films of
oxldes, adsorbed gases, etc. is emphasized.

| The three theoretical treatments of heat transfer across
contacts by Alcock, Karush, and Cetinkale & Fishenden, are discussed
and compared. Experimental methods are discussed and numerical results
of experiments listed. Roughness of the surfaces in contact is discussed
and found to be the obstacle 10 correlation of results and prediction
of performance, until an adequate method of designating the surface
roughness is developed. Contamination of surfaces is fQQna to provide-
the reasons for some unexplained observations. |

Some casual notes on rubbing contacts bear out the importance
of knowing the physical condition of the surfaces in contact.

Discussion on solid—liquid'mefal interfaces is centered
around . the wetting of sclid metals by liquid metals. Here again'—
perfect cleanliness (iﬁcluding removal of oxides and adsorbed gases) is
generally found to assure wetlting and consequent reduction of thermal
contact resistance. Experimenters, however, report contradictory results,
so that'Liquid-Metais Handbook (p. 207 of 2nd ed., June 1952) recommends

to divide the predicted h by approximately 2.
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Introduction

The two problems, a) and b) above, obviously are the two
parts of the general problem: How to extract efficiently the heat
genefated in the NR (Nuclear reactor).

Two examples are: &) Uranium fuel rods are in contact with
aluminum sheaths or cans (p. 146, /1211); b) liquid sodium is a
practical heat-transfer mediwn to remove heat from the SIR (submarine
intermediate reactor) power reactor,'transfer it to steam and hence drive
a turbine ( = /973).

Some aspects of the processes in a NR (Nuclear Reactor) will
novw be discussed, as far as they have a bearing on heat transfer.

A number of writers go into detailed considerations of the
general problems of nuclear power, for example Daniels ( /1201)
Goodmen ( /1209), Ohlinger ( /1202), Koshuba ( N,
Cockeroft ( J1204) ete.

Special manuals have appeared, like: Manual of Pile Engineering
( /1203), Liquid Metals Handbook ( /958) ete. (/)thers discuss
the heat transfer problems in connection with NR's, for example: Lyon
( /800), Gilliland ( /1143) Bonilla ( /1111) ete.

320 abstracts on Heat Transfer, mainly from Nuclear Science

Abstracts, have been reprinted in TID - 3022 ( [1226) .

Heat Production in a NR is somewhat peculiar. Heat in a NR is a

byproduct of a nuclear reaction known as "fission" (p. 347 J1199)
vhich remotely resembles combustion or explosion.

From the point of view that it is generated within the
metallic (not necessarily) fuel, it bears resemblance to the generation

of heat in electric resistances.



Fission may occur when a neutron of appropriate speed enters the nucleus

of the NF (nuclear fuel), for example of 92 U 235 or 94 Pucd? op
92 U255, and causes a great perturbation, the theory of which was
developed by Bohr and Wheeler (p. 353 /1199), picturing the

nucleus, as a drop of liquid held together by nuclear short—range forces,

" and acted ﬁpon by long-range Coulomb repulsion forces, which finally

succeed in splitting the nucleus.

According to Heisenberg (p. 122 /1200), vhen a 8 Mev
("fast") neutron hits a nucleus, the kinetic theory of gases predicts an
increase in its temperature by about ten thousand million degrees centi-
grade. If the nucleus is thought of as a drop of extremely hot liquid,
set into violent vibration, the idea of evaporation lends itself, i.e.
the drop will disappear and fast moving smaller particles will emerge

from this point. Observations have shown that 85 splits into two

nearly equal heavy fragments and emits from one to three neutrons (pp. 352-

353 /1199).

Tﬁe total weight of the fragments is less than the weight
of the nucleus plus the neutron. According to Einsteins equation
E=M 02 (p. 24 /1199) the deficiency of mass appears as an excess
of energy, roughly 200 Mev or 200 X 4.45 X 10"20 kwh = 8.9 X 10-18 kwh
(p. 17-03 J1227).

The fragments depart from each other with very high velociﬁy,
pushed by Coulomb repulsion forces. Collisions with other molecules

serve to slow them down and distribute their energy among all parti-

cipants, thus raising the temperature of the NF.



According to Feld ( /1207), at a power of one watt,

10 0255 nuclei undergo fission each second. 1In one year, the

3X10
consumption at U235 is 5 ¥ 1010 ¥ 5.15 X 107 = 9.5 X 1017 atoms per
year per watt. Since the total number of U235 atoms in the pile

described is 6.4 X 1025, the rate of depletion of U235 15 100 X

17
EbjLlegzg =1.5X 10-6 % per year, per watt.
6.4 X 10

Etherington (p. 1275 of /1217) points out that nuclei

account for only ~ 10714 of the total volume occupied by matter. Thus
they are exceedingly small targets and neutrons can move through matter
with considerable freedom. The geometrical cross—section area of a
nucleus is approximately 10-24 cm2. For comparison of nuclear
reactions (some of which occur more often than others) 10~%4 cm2 has
been made a wmit, one barn, and the nucleus is given a flctitious target
area, in barns, that a neutron would have to hit in order to effect a
particular nuclear reaction. It may be smaller or larger than the
geometric area. |

The two or three neutrons released in the fission process are
extremely important;- They are responsible for the sustaining of the chain
reaction (p. 388 /1199) started by the first gtray neutron hitting
a U35 nucleus. As few as possible should be lost in a NR*. Neutrons
are not only escaping through the surrounding matter (which is surprisingly
empty) if they happen to proceed without coming too close to other molecules,
but they are also captured by those molecules which happen to be in their
vay, like flies on a sticky flycatcher. The chances for a neutron to be

captured are pictured by ascribing the nuclei smaller or larger cross-

Thus, a chain
% Portunately they are lost in the natural deposits of U. us,
reagtion is zmpossible in & Uranium mine. Moreover, no atomic bomb can

produce a chain reaction in the surroundings.




sections (different from their geometrical cross-sections) in fUpny
unitg: "barns”. Thus, the extreme probability that a nucleus of !
gadolinium will capture a thermal (1/30 ev) neutron is pictured by
aseribing to Gd a nuclear cross-section of 38000 barns, the acceptéble
probability for sodium - as 0.5 barns, the desirable probability for
carbon - 0.0045 barns, and the undesirable for iron - as 2.5 barns.
Cadmium, with 2500 barns, therefore is popular for control purpoges.
(pp. 17-18 and 17-19 of /1227). This peculiarity of NR imposes

" heavy restrictions on materials for heat transfer purposes.

However, a material unacceptable in a NR "operated" by thermal
neutrons may prove to be suitable for use in a NR where neutrons of
different speed are employed. For example, mercury is umsuitable for
a thermal NR, however can be used in a "fast" NR. ( /1202),

Materials for NR's had to be chosen with respect to several
viewpoints, and particularly that of neutron capture. At the same time
‘other properties of materials were checked for, possibly, a different range
of temperatures, different applications, corrosion, etc. New materials
were developed for specific needs.
| The metal requirements for NR's &re discussed by Koshuba &
Calkins (p. 97 /1177). ‘

Cockeroft ( /1204) draws attention to the fact that
in the "fagt® NR's the materials are subjected to much more intenée
irradiation than in the graphite-moderated reactors. |

Flagg ( /825) describes some effects of irradiation
on materials.

The selection of materisls for heat exchangers in NR is

limited very much by their interaction, corrosion, which is favored by



the comparatively high temperature.

First of all the NF itself must be protected from corrosion
by the coolant. Smyth ( /1211) describes the search for a
suiteble sheath, or can, for the metallic uranium, to keep the coolant
out and the fission products in, including the gases.

He mentions also research on corrosion-resistent alloys of
Uranium, much on the same lines as with stainless steel.

A special investigation of materials for use in heat transfer
systems contalining molten lead alloys has been éonducted by Shepard,

Parkman, Lewis and French:

Ref. 308 /1226,

Ref. 306 /1226, on stress-corrosion attack by Pb-Bi eutectic
Ref. 309 /1226,

Ref. 307 /1226, Qn unstressed corrosion tests; stress-rupture

tests of Mo, Ta, Nb, and type 446 stainless steel at 1500°F; solubility
of Fe and Mo in molten Pb; wetting o£ s0lid metals by molten Pb and Bi.

The solubility of metals and alloys in lead-bismuth eutectic,
up t6-2200°F, has been investigated by Collins & Stephan ( /1009),
and in pure Bismuth by Collins ( /1010).

Static corrosion tests have been conducted by Everhart & Van
Nuis: ( /1026), (Ref. 7 /1226), (Ref. 8 /1226) .

Volumetric changes of the Pb ~ Bi eutectic upon freezing have
been determined by Everhart & Van Nuis (Ref. 7 - /1226).

Thermal conductivity has been investigated:
Theoretically by Loeb (Ref. 180 /1226)

n by Trice (Ref. 232  /1226)

of 347 stainless steel and of Zirconium by Vianey (Ref. 182 /1226)



of pure Al30; , by Norton et al. (Ref. 190 /1226)

of sintered A1,0, and sintered Mg0, by Norton (Ref. 191 /1226)
of 18 materials, by Schwartz (Ref. 234 /1226) '

of Be,C by Trice, Neely & Teeter (Ref. 233 /1226)

of liquids at high pressuie, by Lawson (Ref. 75 /1226)

of gases, by Lindsay and Bromley (Ref. 290 /1226)

of gas mixtures, by Lindsay and Bromley (Ref. 289 /1226).

‘Thermal diffusivity (named by Kelvin; Maxwell's name for it
is "thermometric conductivity®) of refractory oxides was measured at

1400°C by- an uqsteady;state method, based on a radiation boundary condition,

by Levine (Ref. 3 of /1226) .

-

High thermal grédients cause high thermal stresses. Theoretical

investigations have been made:

for common geometrical configurations - by Carter (Ref. 25 - /1226)
fquspiit hollow cylinders - by Karush & Monk (Ref7.29 /1226)

Jfo‘r long. thin-walled cylinders - by Horvay & Manger,(Ref. 129 /1226)
for'infinitely long solid cylindrical rod - by Duffy (Ref. 279 /1226)

There I$ a peculiarity with NR's found to a slight extent only
in foundries (and then only a matter of time and not of danger): During
construction the NR is not dangerous (besides the toxicity of Plutonium).

Once the chain reaction is started, and the highly radiocactive fission

" products accumulate, the NR gets so "hot", in the sense of radioactivity,

~ that extreme shielding by fathom-thick concrete walls, and remote controls

are necessary to handle a fuel element, or a pipe from a primary heat
exchanger., In addition a cooling time of 100 or 200 days may be necessary
(p. 11 /825). To avoid such trouble, a heat exchanger for a NR

has to be designed for trouble-free service of 10 years, or so.

1



Instead of visible light, produced in every furnace, extremely

dangerous invigible radiations £ill the NR and its vicinity. Nuclear

forces are so much stronger than chemical valence forces, that the pro-
duced "light" is of extremely short wavelength, or of very high frequency.
According to Planck, light comes in packages, or quanta, whose energy
is E=hV. The fundamental Planck constant h = 6.6 X 10 ' erg sec
(p.3 /1199), and V is the frequency. The frequency of the
Y-rays, radiated from a NR, is ebout a million times higher than the
frequency of visible light. No vwonder then, that it hits a million
times harder than, say ultraviolet light (which may produce dangerous
sunburn). Walls many feet thick are necessary to protect the personnel.
The very difficult servicing of the primary heat exchangers
in NR's requires extremely careful design. Within, say, 10 yéars of
gservice no leaks should develop, no fouling of tubes, no scale deposit,
no rust, no corrosion, no bursting of pipes in freezing weather, no
explosions, no fires, nothing!
Although the temperature within the bounds of one fissioning
nucleus reaches literally astronomic figures, an astronomic number of
fissions is needed to produce a macroscopic effect: according to Fagg

10 fissions would release energy equivalent

(p.8 /825) 3.1 X 10
to one watt-second. |
Dr. Flagg states (p. 8 /825) that the complete fission
~ of one gram of U235 yould release 24000 kwh, equivalent to the energy -
produced by the combustion of 3.3 tons of coal. Unfortunately not even

<85 would be fissioned

in 10 years, all atoms of this one gram of U
because the rate of fission must be kept comparatively low to prevent

the temperature from attaining a dahgerous level. (Only in the atomic



bamb the rate is uncontrolled and therefore the more or less complete
fissioning takes place in less than one microsecond.)

Still more'than unfortunate is the fact, that even complete
fission does not release all energy available in the NF. The 200 Mev
released correspond to about 1/5 mass unit of which there are 235.

It looks like burning 235 pounds of coal to 234 -4/5 pounds of ashes!

Nuclear reactions thus evolve roughly one milllion times more

energy than the same amount of matter in atomic (commonly known as
“chemical®) reactions, which involve only changes in the electron
configuration of the atoms (p. 151 /1200).

In other works, the same amount of heat can be generated
in one million times smaller "combustion chamber®.

Nuclear heat is extremely concentrated.

Gilliland ( /1259) develops equations for H Tr from
NR's and applies them to a NR of 10000 horsepower, or 100 000 000 Btu/hr,
of ten feet on a side of the cubical form, assuming a temperature differ;
ence 1200 - 300 = 900°F,

AERE ( /1299) probably has released some figures on
the quantities of heat available in NR, however the abstract available

gives no data. v

- | The abstract of Lucke's report ( /1298) mentions an
air flow of the general order of 1 000 OOO.to 1 250 000 1b/hr, between
400 and 500°F, transferring 100 000 000 Btu/hr to water and steam in
the boiler.

The actual rates of heat generation are recorded: by Cockcroft
( /120) as ~ 200 Kw per ton of U at a normal power level of
L M7, by Isbin (p. 13 /1249) as 3800 Kw for Osk Ridge NR, as

~ 1000 Mw for Hanford NR.



Cockeroft has proposed a rate of heat generation of one Megawatt

" per ton, or & consumption of 1 gram of 0235 per ton U per day, which

in 30 years, at 50% operating time, will produce a burn-up of 1% of the
total U fuel.

| Bonilla (p. 10 /1111) considers the local rate of heat

generation: It may be assumed that in a wiform rectangular nuclear
reactor (teken as an infinite slab for simplicity) without reflector,
the local rate of heat generation follows a cosine curve, as il%ustréted';
He, andother authors, mention different other curves for
other configurations.
Ohlinger (p.55 /1202) mentions reflectors and
variations in fuel arrangement as means of flattening the cosine1curve
to obtain better uniformity in heat generation.
The safe rate of heat generation in a NR is dependent upoﬁ

the capability of structural materials, including the NF, and its sheath,

to stand high temperatures. Otherwise the NR could produce any tempera-

ture desired, up to the millions of degrees attained in an atomic bomb.

Therefore the field of high-temperature materials is the one
hinge on which the problem of nuclear power could swing into efficiencies
unattainable by any other processes.

Actual operating temperatures are stated:

by Cockecroft ( /1204) as 200°C at the surface of the fuel
elements

by Isbin (p. 13 /1249) as below 245°C for the Oak Ridge NR,
| as 125 to 175°C =t experimental
 openings of the Brookhaven NR,
.as 39°C for LOPO

as 185°F for HYPO



as 80°C for Raleigh NR
as "liquid metal used for cooling" for SIR.
Davidson (p. 124 /1300) mentions more temperatures

of operation of NR:

535 OR = 75 OF for water cooling,
750 °R = 290 °F for air cooling,

1 000 °F for steam turbines,
1 500 °F for gas turbines,

and remarks that the rate of reaction does not depend on the temperature
in the NR (except through the way of influencing the density of materials).

In addition to special controlling devices, the thermal expansion
of the NF with rising temperature produces a slight "automatic regulation®
of the rate of fissioning, as the number of molecules in a given volume
decreases, if the NF expands, and thus somewhat less heat is generated if
the temperature rises.

As a possible temperature of sheathing surface Cockcroft (
/120) mentions 350 - 400°C with aluminum cans for the protection of
the NF, and higher temperatures with zirconium or beryllium cans.

The melting temperature of Uranium, about 1125°C, does not
seem to constitute a temperature limit for NR, as compounds of U of
the refractory type are known and Isbin (p. 14 /1249) states
that the French NR uses sintered uranium oxide compressed to bars of
dengity 8.4.

Some fear of unexpected temperature distributions reflects
itself in the mathematical treatments of heat conduction out of the NF,

especially in the earlier ones:
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Ref.

Ref.

Ref.

Ref.

Ref.

Ref'.

Ref.

Ref.

Ref.

11

280 of /1226: The temperature as a function of space
end time in the exterior cylinder (sheath or can) 1is determined.

25 of /1226:  The equations for temperature distribution
are developed for the most common geometrical configurations.

1 of /1226:  temperature distribution surrounding coolant
holes in a heaf-generating solid.

21 of /1226:  Upper and lower bounds for the temperature
rise under a rib are obtained for both a cozted and an uncoated
object (NF rod)' vith surface cooling.

16 of /1226: .. owing to these end discs the coating
(of the NF) will carry an extra thermal load at the area of
conjunction between the discs and the coating.

18 of /1226:  Thermal contact with a semi-infinite slab
is mede along a strip next to the bowndary. The thermal conduct-
ivity of this configuration is computed....

25 of /1226:  The effect of drawing off heat on one
side of a corner.

17 of /1226:  Temperature rise under uncooled areas
of thin plates.

27 of /1226:  Temperature rise in a heat producing
cylinder under a coating defect.

22 of /1226 Temperature rise in a pitted surface.

The situation is described by Lyon (p. 308 /800) :

the melting point of uranium is listed as less than 1850°C.

Actually the melting point is about 1125°C. Thus we not orly .id not

know how hot the uranium might get in a reactor, but we didn't even know

how hot we could allow it to get. ' This situation is repeated each
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time new materials are proposed for use in réactors".

There must be some really high~temperature work going on
because the Atomic Energy Commission of the USA has had astronomers like
Whipple (AECU - 705 = Ref. 97 /1226) work out radiation problems,
and specialists like Hottel (NEPA - 979 = Ref. 249 of /1226 = 1283)
give lectures on geometriéal problems in radiant heat transfer. Likewise
the National Gas Turbine Establishment of Great Britain lms been concerned
aﬁout radiation heat transfer (Ref. 220 /1226) .

The fact that the heat in the NR, using metallic NF, emerges from

a metallic surface, and not from a flame as in ordinary furnaces, reduces

very substantially the unavoidable temperature gradient necessary for the
heat flow. While in a furnace the laminar gas film on the heating surface
may have a resistance to heat flow as high as 300 times the resistance of
the boiler wall (p. 85 - /792), the contact resistance from the

fuel to the sheath, for example, may be equivalent to the resistance of the
sheath, and the resistarrce of the laminar film of a liquid metal may be
even smaller than the resistance of the wall.

The form and size of a NR would affect the H ?r characteristics

of it because it would alter the surface to volume ratio.
The first pile was of a door-knob shape (p. 239 /1211).
Other forms have been: cubical, cylindrical, spherical, etc

A number of writers have considered problems in connection

with the form and size of NR, for ex. Ref. 94 of /1226,
Ref. 251 = 1285, Ref. 34 ibid., Eckert /1124; Ref. 311
of /1226; Ref. %12 ibid.
Cockeroft ( /1204) states that a NR can be designed

to operate in a two-gallon drum, and that the 1limit to the core diameter
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will be set in fact largely by the need to extract about 50 - 100 MW
of heat from the core.

Goodman ( /1209) describes several types of NR's,
such as: homogeneous, heterogeneous, etc. He mentions solid fuel mixtures,
U or Pu alloys of low melting point, U or Pu compounds in solution, U0,,
UC,; or US; slurries, gaseous mixture of UF6 and Fy, etc.

A number of design examples of nuclear reactors can be found

in:

Smyth pp. 60 and 142 ( /1211) Chicago and Clinton
Sargent ( /835 ) Chalk River

King ( /836 ) HYPO and SUPO

Boer ( /837 ) Norwegian - Dutch
Isbin ( /1249) mp catalog of‘NR's“
Iron Age ( /1004) A low cost NR.

Pulsed Nuclear Reactors are mentioned in Ref. 34 of /1226
by Lodge. Probabl& pulsing is used for the same purpose as with pulsed
radio-transmitters: to attain a very high power level, which the device
would not be able to stand permanently.

It would be interesting to know what kind of nuclear power plant
did the Germans have, near the end of the war, of which Dr. Grave tells
in the "Weser-Kurier" ( /1301) that it was operatitg ("....
Atommaschine lief").

The concentrationof heat production in NR depends upon the NF:
vhether it is fissioned by slowed down neutrons, or by fast neutrons
as produced in the fission process. The former NR are voluminous by
necessity, involving a large quantity of a' moderator, and thus making

the removal of heat easier. The latter are small, even a tiny sphere



of about one foot in diameter (p.40 /1202), containing hardly
any moderator at all, and in them the concentration of energy may go very
guch higher, reaching the peak in the atomic bomb.

The "fagt" NR may have a considerably reduced size, as compared
to the "thermal” NR however this makes the extraction of heat more difficult,
because of the smaller surfaces available.

Should the NR be used for power production purposes only, the
geonetry of the fuel elements could probably, be shaped to best suit the
heat transfer problems, for example as tubes cooled both from inside and
outside, or as sheet-metal having a large surface-to-mass ratio.

Cockcroft ( /1204) points out that heavy water brings
down considerably the size of the NR, compared to graphite #s moderator,
however to permit sufficiently high temperatures of operatibn, the tank
should be pressurized and the heavy water circulated through a heat
exchanger.

The physicel sppearance of the apparatus for removal of heat
from a NR depends very much upon the form and size of the lumps of NF or
other kind of distribution of NF inside the NR., The NF can be solid,
liquid, or gaseous; the NR can be thermal, involving much of moderating
material, intermediate, requiring some moderator, and fast, without
moderator at all; there may be a reflector, etc. Thus, a great number
of different combinations can be envisaged. Tﬁe following examples
cover only a few. |

In principle there is no difference whether the atoms of the
NF are the constituents of a solid, liquid, or gas, provided they are
amassed in such a form and quantity that the "critical mass" is reached,

id est the chain reaction can sustain itself by producing sufficient fresh
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neutrong to replace those spent in fisgion and lost by diffusion or
capture. (This process resembles somewhat the feed-back in vacuum-tube
oscillators.)

It is interesting to note, that for heat extraction purposes
many ingenious designs have been proposed with reference to the NF
(p. 14 /1202):.for example: rolling NF balls, moving NF chains,
moving NF ‘tapes, rotating NF discs or wheels, reciprocating NF rods,
diééolving the NF in a liquid metal, preparing a NF slurry, to be_circulated,
efc.

One of the many forms of solid NF is spherical, randomly packed,
leaving sufficient space between the spheres for the passage of the cooling
fluid. Ref. 313 of /1226 gives experimental results and some
theory. BRef. 14 of /1226 proposes an equation for the heat tranéfer
between a sphere bed and a liquid coolant.

Ref. 244 of /1226 = 1277 mentions some experiments
with granular materials and theory, including design charts for use in
predicting heat-transfer rates to solids flowing in a settled condition
ingide vertical pipes.

When Uranium is used in metallic form as NF, it has to be
protected from corrosion (and the coolant should be kept separated from
the highly radioactive products of fission) by a sheath or can, most
often of aluminum.

In addition to film heat transfer coefficients, contact heat
transfer coefficients are involved at the interface of U and Al.

Ohlinger (p.45 /1202) mentions that oxides and carbides
of the fuel metals are refractory materials and thus would permit operaticn
of NR's at elevated temperatures, if the other structural materials would

be able to withstand them safely.
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From Jaffee's ( /1191) paper on gallium as a liquid metal
in the NR "of the thermal type, either as a primary H.Tr, medium or as a
solvent for Uranium..." one can deduce that it has been considered to
prepare an alloy sufficiently rich in uranium to sustain the chain
reaction, and sufficiently low-melting to be liquid at the temperature
of operation, and so combine fuel and coolant inAone.

Bonilla ( /831) mentions an investigation of the solubility
of Uranium in liquid Bismuth. ﬂiher the idea was to have a low-melting
alloy of Uranium serving as a NF and a coolant at the same time, or else
non-jacketed fuel was considered for use in liquid Bismuth as the coolant.

One form of the liquid NF reactor is the so-called "water-boiler-
type", in which heat is generated within the liquid, and the liquid is
circulated either by natural convection (Ref. 262 of /1226), or by
forced convection (Ref. 172 and 268 of /1226), to transport the
heat to the place of dissipation.

The "water-boilers” produce not only heat but dissociate water
into hydrogen and oxygen too. This explosive mixture is usually flushed
out; however, one would wonder why this is not diluted with some other.
gas and utilized as fuel in an internal- combustion engine. Could not
the radiéactivity be left behind in a scrubbing-tower?

Although Uranium hexafluoride has a vapor pressure of one
atmosphere at 56°C (Smyth p. 158 /1211) and thus could be
suitable for a gaseous NR, not one gaseous NR is mentioned in fhe catalog
of NR's by Isbin ( /1249). Apparently the gaseous NF would
require, for criticality, either an extreme volume or an extreme pressure,

both of which are undesirable.
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A step toward economy is the Breeder Reactor, mentioned by
Cockeroft as being a "fasth reactor, with 1ittle or mo moderator, having
a compact core of U255, and a blanket of Thorium, in which ﬁew fuel,
I2CH would be bred.

Isbin (p. 14 /1249) mentions EBR, Arco, Idaho, as a
Breeder reactor, having a blanket of natural Uranium, apparently for the
production of Plutonium.

One type of breeder reactor seems to have the NF in liquid form,
flowing through the core, and thus easily replaceable, and the solid
potential fuel surrounding this core and absorbing the neutrons which
renain free, uncaptured by the fissioning fuel.

An example of considerations concerning a primary coolant for

a NR is given by Jaffee ( /1191) who has investigatedbthe
pertinent properties of galliwm. He considers the 2.2 barns as rather
high, the 30°C melting point as good, however rejects gallium because
of its corrosive properties.

The primary coolants, and the heat exchangers cannot be
protected from the radiocactive radiations by shielding. What is the
effect of these hard hitting radiations, is not yet fully covered in
unclagsified literature (Parkins /1221, hag been declassified
with deletions).

Molten salts are good H Tr medii, however, according to
Ohlinger ( /1202) they are subject to decomposition umder
irradiation.

The same disadvantage of decomposition applies to carton dioxide

and hydrocarbons.
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Should a gas be chosen as a coolant, Cockcroft ( /1204)

recomnends to use a gas with good H.Tr. properties, such as helium, and

have it under pressure.

A gaseous coolant would provide the advantage that it could be

fed directly into a gas turbine, thus avoiding losses in heat exchangers,

etc.

Gases as coolants of NR's permit higher temperatures of operation.

Therefore a large number of investigations have been made to determine

their heat transfer properties in circumstances approaching the performance

in the NR.

Szczeniowski (

/1190): gas, tube, H Tr

Hebert and Knowles - ( Ref, 33

Morduchow & Libby (Ref. 43

Corrsin
Boelter
Boelter
Boelter
Boelter

Boelter

Boelter
Boelter

‘Boelter

"Finamore

Préject
n

Powell

& Uberoi (Ref.
et al (Ref.
et al (Ref.
et al (Ref.
et al (Ref.
et al (Ref.
& Sharp (Ref.
et al (Ref.
et al (Ref.
(Ref.

Squid (Ref.
n (Ref.
(Ref.

45
46
47

63

88, ibid) :
90, ibid) :
91 )
105 )

/1226):

steam, annulus, H Tr

/1226): [ of energy eq. for Pr = 3/4

/1226) :
/1226) -
/1226) :
/1226) -
/1226) :
/1226):

/1226) :
/1226) :
/1226)

air jet, H Tr

exh. gas and air heat exch.
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n L] - n " . "
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design manual for exh. gas-air
heat exchangers

Th. conductivity; air; sxh. gas
air along finned plates

air along a flat plate with
turbulence promoters.

exp. investigation of the Hilsch tube

spark photography of gas flow

1
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Hy flowing through H Tr tubes




(811 references listed are from

Schlinger & Sage
Hough et al
Corrsin & Uberoi
Epstein & Roe,

Schey & Rollin,
McLellan & Nichols,

Kaplan

Kaplan

Hicke et al

Humble et al
Lowdermilk & Grele,
Sams & Desmon,

Sibulkin & EKoffel,

Gray

Deissler
Lowdermilk & Grele
Pinkel et al

Desmon & Sams,

Deissler

Valerino & Doyle,

Drexel & MacAdanms,

MacAdams et &1,

Ref.
Ref.
Ref.
Ref,

Ref.

Ref.

Ref.

Ref.

Ref.
Ref.
Ref.

Ref.

Ref.

(
Ref.

Ref,

Ref.
(

Ref.

Ref.

Ref.

121,
122,
127,
131,

135,
136,

138,

141,

/1153)
145,
147,
148,
149,

151,
/1158)
153,

154,
156,

/845),

160,

173,

179,

19

/1226)
flow of natural gas into air
flow of fuel gas and air
round turbulent jet
2nd. virial coefficients for » 6 - 12 pot.

effect of baffles on H Tr of finned
cylinders

diffuser resistance.combinations in
ducts

compressible fluid past a curved surface

compressible fluid past a circular
arc prof.rw

compressible fluid flow in ducts w/ H Tr
air flow with H Tr.

air flow with H Tr

air flow with H Tr

chart for calculations for cooling
pagsages

anti~icing of airfoilsg

air flow, adiabatic, turbulent, in tubes.
air flow with H Tr (entrance configur.)
air; passages; H Tr; pressure dfop chart
air; platinum tube; high temperatures
turbul. flow; tubes; H Tr; variable fluid
properties; Pr =1

charts for pressure drop; gases; passages;
H Tr.

air; tubes; ducts;finned cylinders

steam at high t°; annulus;




(A11 references listed are

McAdams,

Stalder & Spies,
Weise

Pfriem

Schmidt & Wenner,
Lelehuck
VarshavsKy (
Harper & Brown,
Ergen

Emons _(
Shapiro & Hawthorne (
Valerino (
Kays

Kays -.

Kays

Kays

Garbett

Johnson

Beatty & Katz

n n

Ref.
Ref.
Ref.,
Ref.
Ref.

Ref.

/1169),

Ref.

Ref.

/1071),

Ref,
Ref,
Ref.
Ref.
Ref.
Ref.
Ref.

Ref.

from
189,
203,
R05,
208,
209,

210,

218,

230,

/1282)
/1286) ,

294,
295,
296,
297,
298,
305,
318,

319,

20

/1226)
air; tubes; high t° differences
exh. gas to air heat exch.
conversion of energy in a radiator
periodic heat cycle between gas and wall
air; heated cylinder; transverse flow
hot air; high velocity; H Tr; flow resist.
thermal Laval nozzle
Egs. for H cond. in the fins.
gas; hot tube; H Tr; friction losses
recovery factors in moving gas streams
steady one-dimensional gas flow
aircraft heat exchangers
steam-to-air heat exchanger
effect of fin spacinéu\\'\
strip-fin heat exchangery
plate-fin heat exchanger
H Tr coefficlents by transient method
finned circular tube heat exchangers
steam to air H Tr

film coefficients for Trufin tubes

It is apparent from several abstracts (Refereﬁces 24, 73, 183,

188, 278 of

/1226) that unusually high preésures of water and

,steam have been under consideration, so that water could be circulated

through the NR without boiling and flashed to steam outside of it.

Water pressures of 2500 psia. are mentioned, and thermodynamic properties

of steam have been extrapolated to 10 000 psia and 1600 °F.
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Boiling can hardly be tolerated inside a NR because of the
instability, however it would be involved when hot liquid under high
pressure would be flashed to steam outside of the actual reactor. There-
fore boiling has been studied anew for the AEC of USA by many investigators

with many different fluids:

Kreith ( /103,) n-butyl-alcohol
Kreith ( /1028) aniline
Kreith ( /1027) water and aniline + furfuryl-alcohol
Martinelli et al, ( - /812) air, benzene, water, oil.
Bromley (Ref, 288 /1226) WVater, N, C 014, ethanol,
benzene, diphenyl “oxide, pentane
Bromley ( /1257) N,, water; suggestions for boiling
mercury.
McGill & Sibbitt (Ref. 286 /1226)  water, up to 3 000 psig
and up to 650 °F
Wigner (Ref. 270 /1226)  water
Plesset (Ref. 261 /1226)  Uniformly heated liquid
Cichelli & Bonilla  ( /1019)  Water, ethanol, benzene, propane,,.
n-pentane, n-heptane, water-ethanol,
propane-pentane. '
Scorah ( /1273)  water
McAdams et al ( /1269)  water
Clark (Ref. 198 of /1226)  water?
Clark (Ref. 197 /1226) water at 1500 psia
Clark (Ref. 196 /1226) water at 2000 psia
Clark "~ (Ref. 195 /1226)  water at 2000 psia and
600 ©OF,
Clark (Ref. 19/ /1226)
Clark (Ref. 193 /1226)  water at 2000 psia

Clark (Ref. 192 /1226) water at 1000 psia
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McAdams et al (Ref. 188 ' /1226) water

Rohsenow (Ref. 184 /1226) theory; Re and Nu based on the
bubbles receding from the heating surf.

Rohsenow et al (Ref. 181 /1226) water at 2000 psia and 550°F

McAdams et al (Ref. 178 /1226) water

McAdams (Ref. 177 /1226) water at high heat flux

gydoriak & Sommers (Ref. 171 | /1226) helium

Kaufman & Isely (Ref. 155 /1226) water

Gunther & Kreith (Ref. 126 /1226) distilled water

Kreith & Summerfield ( /1029) water

Colburn et al (Ref. 89 /1226) water; methanol

Reinhardt & Foster (Ref. 42 /1226) water, ethyl alcohol

Knowles (Ref. 35 /1226) water

Martin (Ref. 20 /1226) mathematical investigation

Hawkins (Ref. 72 /1226) review of literature on boiling

Condensation of wvapors has likewise been a subject of fresh

investigation:

Thompson ( Ref. 128 /1226) Theory

Colburn & Carpenter ( ~ /1284) pure vapors; high velocities

Katz ( /1287) 6 finned tubes in a vertical
rov; freon-12, n-butane, acetone, Hz0

Beatty & Katz (Ref. 320 /1226) steam and water

Carpenter & Colburn ( /848)  effect of vapor velocity

. Mass transfer (in other words: diffusion, dissolution, alloying,

etc.) has been studied parﬁicularly with reference to the new heat transfer
medii: liquid metals, fused salts, efc.

Bonilla ( - /831), ( /1082),

Bonilla ( /1081), ( /1077),

Bonilla  ( /1078),
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There is, accdrding to Thompson ( /1114) a wide variety

of nuclear power plants. A general classification is given by Ohlinger

( /1202). Steam~turbine and gas—~turbine systems are compared
by Salisbury (Ref. 133 /1226), and by Thompson ( /1104
and /1114). A tentative specification for waste heat steam

boilers is given by Williams (NSA 2064 = 1314). A discussion of the optimal
steem temperature in nuclear power plants is presented by Elliott (
/797) .

An interesting exasmple of similarity investigations is that
by Riekert et Held (Ref. 206 /1226) on heat transfer in geome-
trically similar cylinders, stating certain advantages for smsller cylinders,
including lower weight per hp.

Although nuclear energy is far from being able to compete
with more familiar forms of energy on an economic basis, there are certain

fields where other than economic considerations are more important:

Nuclear energy rockets : Hsue-Shen Tsien (Ref. 175 of /1226)
and Ergen (Ref. 231 ibid.)

Nuclear powered aircraft (Isbin, p. 16 /1249)

Nuclear powered submarines ( " " n )

Although nuclear reactions are known which resemble very much
& combustion process in a furnace ("burning" of hydrogen to helium iﬁ the
Sun - p. 152 6f Heisenberg /1200) it is not likely that these will
be applied in the near future (except in the hydrogen bomb). In the
familiar type of NR no oxygen is needed (actually it is kept out to avoid
corrosion) and the amount of gaseous products of fission is negligible.
There is no need for a combustion chamber for the proper mixing of the

fuel and air, nor is a chimney necessary for any draft, or for conducting
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away the flue gases and smoke. There is a saving in space and a
saving in heat which otherwise is lostthrough the smoke stack.

Even when heat 1s Just a by-product at research and production

NR's, the trend is from heating a river (Smyth /1211) to
heating a building (Cockroft /1204) or to production of
electrical power (Lucke 1298).

Although a Professor of Mechanical Engineering, Osborne Reynolds
(p. 967 /585) in 1883 uses the metrical system (for example, in
Table Y; pressure in metres of water, discharge in cubic metres per
gsecond, temperature in degrees centigrade, and velocity in metres per
second) and hardly any good reason canbbe produced for continuing to
use non-decimal systems of units (except tradition, antiquity, and

keeping out commercial competitors) the fact is that conversion factors

are unavoidable. Therefore a few have been eollected.
Ingersoll & Zobel (p.7 /802) bring in a table 1.2 the

following conversion factors:

1 gfen’ = 62.4 1b/rg.>

1 Btu = 252 cal = 1055 joules = 777.5 ft-1b.
1 Watt = 0.2389 cal/sec

1 KW = 56.88 Btu/min = 3413 Btu/hr

1 Cal = 4.185 joules

1 Cal/em? =  3.687 Btu/ftR

1 cal/sec = 14.29 Btu/hr

1 watt/rt? = 3.413 Btu/( ££) (hr)

L cal/(en?) (sec) = 318500 Btusrey)2 5

1 Btug, = 0.293 Watts = 0.000393 hp

1 Year = 3,156 X 107 sec = 8766 hr.
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k in fph = 241.9 k in cgs
k in egs = 0.00413 k in fph .
o« in fph = 3.875 & in cgs
x in cgs = 0.2581 X in fph
e = 2,7183 = 1/0.367388
x = 3.1416 = 1/0.31831
2? = 9.8696 = 1/0.10132
VE = 1.7725 = 1/0.56419
g(45°1at.) = 980.6 cm/sec® = 32,17 ft/sec?
Table 6 of Eshbach ( /1296) brings the units and

conversion factors of specific heat [Lz = t—l]

“To change specific heat in gram-calorlies per gram per degree
centigrade to the units given in any line of the following table,

multiply by the factor in the lest column.’

Unit of Heat or Energy Unit of Masgs Temperature Scale Factor

gram-calories gram ' centigrade 1l
kilogram-calories kilogram centigrade Tl

British thermal units pound centigrade 1.800
British thermal wnits pownd Fahrenheit 1.000

Joules gram centigrade ' 4.186
Joules pound Fahrenheit 1055
Kilowatt-hours . ¥ilogram centigrade 1.165 X 1075
Kilowatt-hours pound Fahrenheit 2,930 X 1074
Table 65 of Eshbach p. 1~166 ( ~ /1296) contains units end con-

version factors of thermal conductivity and resistivity [MLT"S t_%}and

-1 -1 3
[M lL T t} (t = temperature).
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,To convert thermal conductivity, in gram-calories transmitted
per second from one face of a cube 1 cm on edge to the opposite face per
degree centigrade temperature difference between these faces, to the wnits
given in any line of the following table, multiply by the factor in the
last colum.

To convert thermel conductivity in any unit given to any other
wit multiply the number of original units by a factor obtained by dividing
the factor in the last column for the final unit by the factor for the
original umit.

To convert thermal reéistivity, in degrees centigrade between
one face of a cube lcm on edge and the opposite face per gram-calories
transmitted per second between these faces, to the units given in any
line of the following table, divide by the factor in the last column.

To convert thermal resistivity in any given unit to any other
unit multiply the number of the original units by a factor obtained by
dividing the factbr in -the last column for.the original unit by the
factor for the final wmit.

Surface emission resistance in thermal chms per square centimeter
is derived from degrees Fahrenheit per Btu per hour per square foot by

miltiplying the number of the latter wnits by 1761.
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Table 65, 1466, Eshbach

Unit of:

Temperature
Heat Area Thickness Time scale Factor
gram—-calories cm? cm second centigrade 1
Kg-calories m? cm hour centigrade 3.6X 104

British Thermal Units ft° inch  hour Fehrenhelt 2903

Joules * cm® cm ~second centigrade 4.186
Joules £t inch second Fahrenheit  850.6
Kilowatt hours m< cm hour centigrade 1.86
Kilowatt—hours £42 inch hour  Fahrenheit 0.8506

% Thermal resistances in these units are known as therial ohms.

Conversion factors for Heat Transfer

( 1259) Gilliland brings a_ table 10 - 1 of convers. factors
1 Btu = 252 cal = 0.293 watt-hours
1 Btu =0.42X10°% _cal = 0.0176 watts
hr ft °oF sec cm °C cm ©C
Btu = 1.35 X 104 cal = 5,7 X107% watts
hr ft2 oF sec cm® °C em?® °C

Knolls Atomic Power Laboratory of the General Electric Gompan& had pre-
pared a conversion chart for heat transfer for English units to CGS

units (Ref. 134 of /1226, no" received).
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Heat Transfer Between Metals in Contact

0, Historical Note.

Attention to metallic contacts has beén drewn by advances ip
lubrication technics and in electrotechnics. H tr (heat transfer) across
metallic contacts hag not been discusgsed or experimented upon very much.
Bowden &‘1hbor ( /1212) seem to have started more advanced discussion,
in 1939, by emphasizing the discontinuous nature of metallic contacts.

Northrup ( /1246) seems to be the first to have measured,
in 1913, the thermal conductivity of a copper-copper contact, followed
by van Dusen ( /1247), in 1922, and Jacobs & Starr ( /944) in
1939,  Eichelberg ( /1248), in 1939, investigated heat flow across
wet and dry thermal contacts in engines (his paper of 1923 may
already contain part of this information. |

Ellerbrock, in 1939 ( / 1151) investigated thermally the
bond of aluminum fins and a steel barrel. Then follows, in 1940, a
doctor's dissertation of Tampico ( /1198), however thermél resistance
of contacts is not his chief concern. Austin, in 1940 ( /792) dis-
cusses Jacobs et Starr results and calls attention to alien films covering
metal surfaces. Ingersoll & Zobel, in 1940 ( /802) include a short
paragraph on contact resistance. McAdams, in 1942, ( /790) mentions
in a few sentences the factors influencing contact resistance. Karush,
in 1944 ( /1057) derives, for the AEC, a theoretical expression for
the metallic part of this resistence and applies his theory to a number of
special cases. Holm, in 1946 ( /945) consolidates his earlier publi-
cations in a book "Electric Contacts" and brings some scattered notes

on thermal aspects of them too, including some th_eory.*l Keller, in 1948

» P.T.O.
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( /945) discusses in detail the different aspects of heat transfer
through layers of sheet metal. Kouwenhoven & Potter, in 1948, (
/947) report experiments on the thermal resistance of contacts.
Fishenden & Kepinski, in 1948, ( /942) bring this matter before
the 1948 Congress of Applied Mechanics. Brunot & Buckland, in 1949,
( 941) and Weills &€ Ryder ( /948) bring the results of their
experiments before the ASME., Several books on lubrication digcuss the
importance of adsorbed films. Moyer & Riemen, in 1951., ( /1106)
zreport investigations at so&ium—stainless steel interface. Cetinkale
& Fishenden, in 1951 ( /893) bring before the joint Conference of
ASME and IME the most ecomprehensive (so far) theoretical treatment of
the problem and some experimental results. Fiﬁally, in 1952, (includes

/1192, 1193, 1194) a book of the ASM: " Metal Interfaces®
brings several articles on processes at the interfacesg, including
adsorption and wetting.

Scattered short notes on contact resistance might be found in

other papers too.

0.1 Clagsification of contacts

Metals can be solid, liquid and as vapors; consequently
contacts can be: 1) solid-solid; 2) solid-liquid; 3) solid;vaporﬁz;
4) liquid-liquid; 5) liquid-vapor; 6) vapor-vapor. These groups

cannot be taken strictly, because vapors and gases are unavoidable com-

#1, It was not realized at first that Holm's book, printed in Stockholm,
would be in English, and available here. Aug. 21, 1952 an attempt was made
to locate it and, as & surprise, it was found in Physics Library. The second
surprise was to find in it a bibliography of 24 pages, of some 500 references,
on electric contacts. A number of these references may cover thermal aspects
-of electric contacts, however a detailed study has to be postponed until this
Review is written, and an Appendix begun.

#2, Solid-gas contacts will be discussed when contaminated surfaces will be
dealt with.
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ponents in certain combinations. For example, an evacuated metal vessel
ie not empty; it is filled with the vapor of this metal and a residue
of gas (if the pump was not ideal) plus any contaminants dqe to the pump,
such as mercury vapor, grease vapor, etc. .
The contacts of each groub cen be
A, alt rest; . B. In movement.
Again, case A cannot claim absolute rest, as there is movement in every
solid and, sufficiently magnified, every interface would be similar to the
vater-air interface of a YMCA swimming pool. In addition to this
nicroscopic movement, there would be a macroscopic movement due to
expansion, convection, etec. A cylinder liner, when heating up,
would expand and compress to some extent the casting. The interfacé
will thus move in a direction normal to its extent, and at the same
time increase in area. The same applies to NF (nuclear fuel) and its
gsheath., Some conditions will help to ensure less movement at the
interface. Heat generated at the interface by electric current, will
flow away symmetrically, both up end down. Steady-state conditions
(their practical approximation) should mean that every adjustment and
movement has come to an end. Thué, case A would better be qualified
as contacts not intended to move.
Case "B" will not be covered fully because the domain of -
Friction and Lubrication is too important to be pushed underneath the
simple title "Metels in Contact". Actually mucﬁ more research hag heen
done in this field then in the field of contacts. A remark of Alcock
( /1214) is significant: "..... the very comprehensiveness of the
author!s survey of those classical HTr problems, radiation and convection,

emphasized by contrast the almost universal negleet of that "Cinderella®

N
P S
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of the subject, heat flow between solids in contact (or nearly so)".

Again each of t?e subgroups can include: a) chemically inert
mmmmm;b)@mhﬂhaﬁhemmmm%(mﬂm&cwmﬂm,ﬂmh
vhich, of course, should be kept apart, if possible.

One could hardly imagine an interface of physically inactive: W
components, as adsorption, migration, electron emission (photo—electriev

and thermionic), electric contact potentiasl, thermoelectric potential

(both Seebeck and Peltier), surface tension, adhesion, cohesion, ete.

play a significant role at interfaces.

0.2

Enumeration of examples

1, Solid-solid, static ( /1214): Poppet valve and seat;

Solid-solid, rubbing

Valve seat insert and cylinder head;

Dry liner and cylinder;

Threads (e.g. sparking plug);

Hot spot between inlet and.exhaust menifold of

petrol engines;

NF and sheath ( /1211)

Fins bonded to cylinder ( /1151)

Flectric contacts ( /943)

Fuel injectors and cylinder head ( /923).
( /1214): Piston ring and cylinder bore;

Piston ring and side of gfooﬁe;

Piston skirt and cylinder well (also /1152) ;

Journal bearing surfaces;

Sleeve valve and cylinder;

2. Solid-liquigd,"at rest" : Natural convection with liquid metals

( /1058)

, flowing : Forced convection with liquid metals

( /962)
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3. Solid-vapor, at rest : Evacuated container
s flowing : Superheating of metal vapors
Condensing of metal vapors
4. Liquid-liquid, at rest: Two liquid metals in a container
s flowing: Two liquid metals in a wsll~less heat
exchanger.
5. Liquid-vepor , at rest: Liquid metal in an evacuated container ( /1106)_
, flowing: Boiling of liquid mefal; condensing;
6. Vapor;vapor : Two metal vapor streams in & wall-less heat
exchanger,

Note: This list is by no means complete; only examples which were at hand
are included.

0.3 Mechanism of heat transfer acrogs an interface snd

general theory.

Austin ( /792, p. 2-7) reminds us of the fac% "that no one has seen,
felt, heard, tasted or smelled this mysterious something called héat,"

that the term "flow of heat" persists from the caloric theory, as well

as the idea of heat capacity (which implies the capacity of a body to hold
the caloric fluid). Since they have a definite usefulness, they are likely
to continue to survive, he remarks. Heat "transfer" is no better, however
it would be difficult to invent something exact and as pictoresqué as that,
Electric current, howvever, is e itransfer of electrons from one body to
another. From the Wiedemann & Franz relatiénship between electrical end
thermal conductivity (p. 178 /801) one could deduce that electrons

would piay an important r6le in heat conduction as well, and thin isrecognized
by the modern theory as explaining the large difference between metals

and non-metallic conductors of heat ( /892). (There is, however one
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exception: The remarkable substance: liquid helium II has an apparent
conductivity many thousands of times greater than silver (p.8, /802)
Eshelby ( /892) explains heat conduction through metals and non-
metals. The writer has not found yet a complete description of the
mechanism of heat transfer at an interface. However from odds and ends
he has tried to fix this mechanism: Bowden & Tabor ( /1212) have found
from measurements that flat gteel surfaces touch only at one ten-thousandth
6f the apparent area. Holm ( /943) calls the points of actual contact
"g—points". Both papers agree that the number of such e-point would be
not less than\three and more likely about ten, this number increasing with
pressure. Uhlig ( ./1192) shows that there are no clean surfaces,
because of adsorption, chemisorption and corrosion. Thus even at the
a~-spots the metals do not actuallygtouch each other. Nearly always
there is an alien film between them, or two layers of such film.
These films seem to be deformed by the high local pressure so thet at least
a part of their surfaces is within molecular distances. Only in high
vacuum truly clean metal surfaces can be obtained, without an adsorbed
film. If such surfaces touch, cold welding results and the bond so
formed is equal to bonding anywhere else in the metal lattice (p. 325
/1192). That would not mean that there would be zero thermsl resistance
now at the interface, because the cross-section for heat flow is still
.éontracted: not all eleménts‘of one (rough) surface are cold welded to
the corresponding elements of the other surface. It is the resistance
to bottlenecking of Karush ( /1057) and the coﬁstriction resistance
of Holm ( /943), dealt with below.

Returning to an a-point with an alien film or two separating

the metals:
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The main difference between the metal and the film is this: In the metal
there is an electronic "gas%; part of the electrons can freely move about

between the ions of the lattice. In a non-metal 8ll electrons are

attached to definite atoms and can be torn off only by extreme forces
(breekdown spark). Heat (kinetic enefgy of the molecules) can be
- _ to polecule

transmitted in any material from moleculefaccording to the laws of the
kinetic theory. Metels have the great advantage that the regular lattice
provides kind of highway for the electrons. Austin says (ﬁ: 16, /792)
"Tf it were possible to obtqin & perfect crystal composed of but one
kind of atom and entirely éng from thermal vibration, the mean free path
vould be increased to an extént that the thermal resistance of the ecrystal
would tend to vanish". Generally the lattice is not ideal, (Fig. 3 of
/792) end the electronic conduction of heat is reduced.

According to Eshelby ( /892), at the absolute zero of tempera~
turé non-metals have filled energy levels, in contrast to metals, whose

levels are only partly filled, For a temperature T other than absolute

zero, the distribution funetion is approximately, = exp. { —% (El—Eo%?]

where E; denotes the next higher (excited) energy band and @ is the Stephan-
Boltzmenn constant. Hence if the gap E;~E, is large in comparison with@T
the number of occupied levels at E; and the corresponding depopulation of
levels near E, will be negligible, which is the case with non-metals. |
Metals have the partly unfilled fundemental (non-excited) levels which

are attainable with a small excess energy. Therefore at the temperature T
many electrons will have moved up in the seme bend Eo to slightly higher
(formerly unoccupied) levels. (Fig. 11 of /892). In other words:
assiming some temperature gradient zlong the metals in contact, one could

imagine the steady flow of electrons through the metallic lattice (Fig. 3
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p. 17 of /792) suddenly stopped at the barrier formed by the non-
metellic film. The electrons would collide with the electrons, ions,
atoms of the film and thus trensfer their KE to these molecules, setting
then into more intensive motion around their "normel" positions. There
being no unattached electrons in the film, the only way of sharing the
energy with neighboring molecules is via collisions. On the return swing
a few may hit some meta;lic electrons cgrrying less KE thqn they énd thus
return some KE to the méfal (reflection; steps toward thermal equilibrium).
Generally there will be a flow of the KE across the film until the other
metal is reached. The electrons of it, "loitering" at the boundary,

will get struck by the violently}oscillating particles.of the film and
will be sent flying through the lattice until they strike some other
particle and deposit most part of their KE. Small forces are needed to
bring the light electrons in motion and strong forces are required to

get the heavy molequles into oscillations. Thus most of the thermal
gradient will eppear across the non-metallic film (corresponding to.high
thérmal résistance) and only a small part of the gradient will be found
along the méta1~(low thermal resistance). (Of course a thin film may
have smaller thermal resistance than a long bar of metal).

In the wave ﬁicture: vhether it is a translational, vibrational
or rotational movement, e%ery moving particle creates a wave (as does,
for exasmple, a 10 %nﬁm bullet of 1000 m/sec velocity, producing a wave~
length of 6.6 X 1055 emy, (p. 9 /1199) | and these waves interfere
- with each other, strengthening or weakening the resultant wave motion
according to their frequency, amplitude and phase relationship, getting
absorbed by the medifg reflected and refracted at the interfaces and
discontinuities, etec. According to Slater (pp. 19, 316, 348 of

/791) the vibrational frequencies of the atoms, as a whole, in molecules




and crystals, are of the order of magnitude of 1015 cycles per second,

and the corresponding energies depend upon the temperature. For energies
less than ~0.04 electron-volts quantum theory must be used while for
larger energies the élassicai theory is appropriate. For heavy atoms éuch
energy corresponds to temperatures well below room temperature, vhereaa

for very light atoms these temperaturés can be comparable with room
temperature.or even .higher.

If a localisation of high temperature occurs somewbere within

a crystal, this would mean that the atoms in that region were vibrating
with much more amplitude than the average, sending out a spheriéal wave,
gradually dissipating its energy as this wave traveled outward with the
velocity of sound (also p. 8 of /892). If it were a perfect propagation
oﬁ sound, the energy woul& spread like radiation, however, and not, as heat
does, by diffusion. In actual crystal the waves are scattered by imperfecf—
ions in the crystal, and this scattering mekes the propagation of energ§
resemble diffusion and safisfy the correct differential equation for heat
cenduction. This suggests that anything which tends to scatter acousticai
waves of high frequency ﬁill decrease the heat conductivity of a solid.
This is the only mechanism present in insulato?s, but in conductors the
‘same electrons which carry electric current also can carry heat and this
" electronic thermal conductivity -is much!greater than the other type.

At each collision with the atomic lattice the electron gives up some
kinetic energy or gains some. The recoil of atoms, analogous to the
Coﬁpton effeot, furnishes the mechanism for energy interchange between

the electrons and atoms by which effective thermal equilibrium is
maintained between them. The specific heat of the electrons is very

small compared with that of the atoms, so that we must expect that
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alwost all the Joulean heat apﬁears as energy of the atoms. - Eshelby gdds
(p.8, /892), that for metallic conduction the sound waves were regarded
as the scatterers of the electronic YV -waves, but for non-metallic conduct~
ion the sound waves scatter each other. Ingersoll & Zobel (p.27, /802)
explain the increased resistance ét the interface as due to a gas layer
on thevsolid metal. Based on electronic considérations they find a
temperature discontinuity at the gas-solid boundary, which greatly increases
the resistance. This resistance variés with gas and they mention Birch
and Clark, Am. J.Sci., 238, 529-558, as having corrected for it in their
rock conductivity determinations by msking measurements Qith nitrogen
and again with helium (which has some six times greater conductivity) as
tbe interpenetrating gas at the rock-metal boundary. In the same
cdomnection they mention “that the conductivity of silica aerogel of
0.00005 cgs or 0.012 fph is actually & little less than that measﬁred
for still air (p.8, /802) although they are not certain that the cause
is this thermal slip (p. 28).

For thoée parts of the interface, where the film-covered
metal surfaces are at sufficient distance to have some fluid between
them, the picture is slightly different. The mechanism of conduction
thro'ug}; the fluid would be as described by the kinetic theory. Should
the pockets be deeper then 0.1 mm Fabry (p.45 /795) would say that
convection has to be accounted for. In cases of comparatively high
temperature level at the interfaces McAdams (p.9 /790) would suggest
plotting the apparent conductivity as ordinates versus temperature to
check whether the curve becomes concave upward, which would be a proof
that radiation becomes important. He points out (p.45) that conduction

and convection are affected by temperature difference and very little by
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temperature level, whereas radiation  increases rapidly with increase in
temperature level. At very high temperatures radiation 1s the controlling
factor. Oxidized metsllic surfaces are generally much better emitters
(and absorbers) of radiant eneréy (p.86, /792); Table XIII on p. 393
of  /790.

Thus there are several cynducténces for heat in series; in
parallel to one of them are the two separate channels across the fluid:
radiation and convection (Fig. 8 of - /941). Few authors mention all

of them. Almost'everybody omits some of them, for simplification.
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1. . Sn1id Metals in Contact

1.1 Heat Trangfer ocross s gtationarv interface of solid metals.

1.1.1. No complete theory has been found so far by the writer.

Partial aspects have been analysed theoretically by Karush
( /1057) and Cetinkale & Fishenden ( /893) .

A number of theoretical solutions for composite slabs have
been found (Laplace transform mefhod used by the Anthony - /888
and /889; Random walk method used by Weinbaum - Ref. 109 and 111 of

/1226; Ref. 18 of /1226; etc.), however none of them refer to

any gas pockets or oxide films. .To the contrary: "It is assumed that
the thermal properties of each slab are independent of temperature, time,
and position, and that there is perfect thermal contact at each inferface“

( /888).
1.1.1.1. Dimensional anelysis has been attempted by one¥ only author

( /1214), Mr. J. F. Alcock, on page 126 of V. 149 of Proc. IME
(1943). Therefore it will be quoted here:

“Consi&er two gsimilar surfaces in contact, nominally mating, but actually
touching at a large number of peaks. The conductance C per wnit area
would depend upon: Contact pressure P, Thermal_ponductivity K, Hardness
B, and Surface finish factor. The last;mentionéd might be separateé
into two factors, one L, denoting tﬁe size of the irregularities, the other,
S, their shape.

The dimensions of those factors (using the L anchester system

in which heat had the dimensions of energy ML® T™2, and temperature
ALZ T-2) .were as follows: - Unit conductance C=Heat / (temperature)
(time)(area) =M L? T2 / (12 T2 x T x I?) =M L% 71

Contact pressure P =M L~1 T2 Hardness (not the Brinell

¥Centikale & F. (p.13  /893) just mention that dimensional analysis
suggests an equation of the form _re=V(A1+A2) 3 where ¥ and § are constants.

\
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value, since elastic deformation, as well as plastic, must be taken into
accomt) B = Force / area in contact = M L™ T % Conductivity K = ML-2T-1;
Projection size L =L; Projection shape S: Non-dimensional. Thus C = f
(P, B, K, L, S) or, since P and B had the same dimensions, C = f(%, K, L, S).
That left only C, K) L ags dimensional factors, and by.inspection, Coc %-;

Thus C = (%) f (%, 8). In other words the unit conductance varied

directly as the conductivity, inversely as the size of the projections,
and as some unknown function of the projection shape and of the pressure/
hardness ratio.

| That analysis ignored as negligible heat transfer across gaps,
due to conduction or radiation. It also assumed the two surfaces to be
gimilar. - If they were dissimilar, the conductance would be a function

also of the ratios Ky S, and some factor expressing

, e ey By Sy,
the extent to which the gurfaces interlocked. For example, two grooved
surfaces in contact would presumably conduet more heat if the grooves were
of equal pitch and parallel than if they were of unequal pitch or crossed®.

There are no established dimensionless numbers as yet for contacts.

Cetinkale & F. ('  /893) include a set in their theory, however do not
use them for correlation of the results of previous experimenters. Evi-
dently the latter had not recorded sﬁfficient data for this purpose.
The roughness of the surfaces had'not been estaﬁlished by the same methods.
Kouvenhoven & Potter ( /947) in their conclusions mention that it is
probable that for heat transfer purposes the r.m.s. system of designating
roughness (introduced by ASA) is inadequate. The Meyer hardness has been

determined by Cetinkale & F. themselves only.



L.1.1.2. The two theories, of Karush ( /1057) and of Cetinkale &
Fishenden ( /893), use the same model of contact elemgnts: A circulaer
cylinder of radius r, (Karush) or r_ (Cetinkale) with a &entrally
placed circular solid spot of radius r surrounded by fluid of wniform
thickness L (Karush) or 8§ (Cetinkale). Karush keeps the "plug", of
radius r, resistance and neglects the fluid; Cetinkale keeps the fluid
and neglects the plug. Karush's concern seems to be to select such
dimen®ions of the bottleneck, that the temﬁerature of the contact would
be essentially that of the heat source. Apparently it is the problem
of cooling a sheathed uranium fuel rod so efficiently that its exterior
(surface) temperature would not rise much above the temperature of the
sheath. He does not mention, however, how he would prepare a surface
to have a-spots as per design.

Karush uses a unique "resistance to bottlenecking in cylinder®,:

Ry = ¢ - T;___(z) whgre t, is the temperature of!the base when the

G
flov is not constricted (i.e. r =r.)), T; is the average of the

disturbed temperatures at the interface over the-area of the plug, and
dkis the heat flux. He reasong that constricting the flow perturbs
the temperature by a harmonic function which vanishes for large Z
(which is the coordinate along the axis of the cylinders). His result

is Ry = o (B s vwhere k; is the thermal conductivity of metal No. 1.
kl I.0

He states without proof that for small r/ro ( «¢ 1) £ may be written

£ =§"!—, S0 thatR1=f.Q.§_.i_. Introducing T = o<
ro ® ro kl R ro >

o.
he further .shows that he can fix % at any value and select r so that

the temperature at which the metals make contact becomes t;. Generalixwing,
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he shows how the results may be obtained by assuming that the heat flows
across the interface through long parasllel equally spaced strips instead
of through circular spots, and later, through areas of arbitrary shape.
There remains, of course, a function p (Zf-) depending upon the
geometry, which he does not define more precisely.
In seven more booklets (Ref. 16, 17, 21, 22, 23, 27 and 29 of

/lé26) Karush theorises concerning some special cases of fuel/sheath

combinations, like defects of coating, influence of ribs, etec.

1.1.1.3. Cetinkale & Fishenden ( /893) find the temperature distri-

bution in the contact element by Southwell's relaxation method (

/951, /952); Brown & Marko (p. 28, /826) and McAdams (p. 16
/790) describe the graphical method of Awbery and Schofield ( /1)
for this purpose. Cetinkale & F. then calculate, and tabulate, the
golid resistance, fluid resistance, and the total (aggregate) resistance,
all ;n arbitrary wmits. These results they use as a check on their
theory. They approximate the isothermal surfaces by surfaces formed
by revolution of a family of ellipses having their foci where the fluid
meets the solid spot, and the flow lines by hyperbolas having the same
foeci. Their theoretical formulas then yield results within 0% to 4.2%
of those obtained previously by the relaxation method.

They introduce the following dimensionless numbers:

_ud
ky

Conductance nuuber U s where u = conductance per unit area,

§ = thickness of the fluid between
the contact elements,
k* = equivalent thermal conductivity

of the fluid;
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Constriction number C = ;;— s Wwhere r = radius of thdcontact spot,
ro, = radius of the contact element;
Fluid thickness number B = é?—-
e
Conductivity number K = ];—f s where ks = equivalent thermal conduct-
8

ivity of the solids, found as the harmonic

mean of the conductivities of the two

solids in contact\: 2 .. .1 __ (19
ko Tk Tk

Their contact conductance equation then is:

EN

K arctan <.16 ( _,E) _;)

As both sides contain U, it is necessary to use the iteration method

1+ e (28)

to calculate U, for the first approximation assuming

1 ﬁ 1) _x
arctan G -U) _1) =3

They derive K, C, and B from known properties of solids, fluids,

‘and surfaces. | |

" Their kf is an equivalent fluld conductivity which includes
'radiation and takes account of accommodation effect. Unless the
distance between the metallic surfaces, &, 1s larger than the mean
free path of the molecules of the fluid between them, and radiation
cannot be.neglected, the conductivity of the fluid k,, can be substituted
for kg. Otherwige fheir correction formulas (based on the kinetic

theory) must be used.
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The constriction number C is expressed, for plastic flow,
¢ =\ § , vhere p is pressure, and M is Meyer hardness ( /12/41);

for elastic flow, when pressure P pox Was attained and was reduced to p:
/3 2/3
¢ =\/Pmax P
M

Time* of the application of the test load must be taken into account,
if 1t exceeds 1/180 hour, by formula (38): M = M_ (l-co log 180%),
where M and M_ are the Meyer hardnesses for  hours and 1/180 hour
application of load respectively, and w is a constant. Values of Mo and w
are given in table 2.

To deduce the effect 6f temperature upon the rate of change of
M, it is supposed that an atomic migration process takes 7T hours at

temperature T and 7' hours at T!.
T ~ T
Then M = M, 1 - wl—log. T'+ 35— - 29. ————— (40)
T ° .

where T 1s the temperature at which ¢ is determined, and M and M, are
~ Meyer hardnesses at T! for Tv hours and 1/180 hour application of load
respectively.

Fluid thickneés number depends upon fhe smoothness of the surfaces.
For geometrically smooth planes § would be the distance apart. For rough
surfaces 8 = ¢ Bg , where B, 1s the arithmetic-mean distance between
the surfaces and € a constant - less than unity - depending upon the .
shape of the surface irregularities. B, can be expressed as B, + By,
vhere B; and By are the arithmetic-mean distances of surface 1 and
surface 2 from the plane through the points of contact. & has been

calculated by Keller ( /945) for paraboloids of revolution making

1
1‘86
#I would suggest "duration" instead of theilr expression "time",

point contact at the apices, € = = 0.538, and Cetinkale & F.




75

find this value well in agreement with their result (e =.0.61) for ground
surfaces. They were unable to détect any change in § with pressure up to
800 1b/4p2 and assume that 3 is constant.¥®,

The radius of a contact element, rg, Qas found (as suggested
by dimensional analysis) to be rg = Y (AL + Ap) Cf , vwhereV and ¥ are
constants and A, and A, are the wavelengths of the roughness'of the two
surfaces (aé obtained from absolute profiles of the surfaces, taken using
a Talysurf¥, instrument). The two wavelengths were combined into
A, = Ay + Ag and then r =V A, ¢t ——(42) (In their tests they
used surfaces whose A were from 8600 to 34000 micro-inches, and foupd,
uging a planimeter, the mean heighﬁ, B, from 12 to 570 micro-inches.
Thegse data refer f§ the so-called macro-roughness). |

The effective fluid thickness was calculated, uSing the zero
pressure relation 8 = -]-:f-‘- s @and plotted against Bas This gave' a nearly
straight like with the equation 3 = 0.6l B, (that is, €=0.61) with a
mean deviation of + 11 microinches. The value of r, was c@ﬁkulated, using
the contact conductance equation and the appropriate values of the dimen-
gionless numbers, and log re/}\c wags plotted against log C. Thgse
polnts fell on a nearly straight line giving the relation, ry = 0.0048
o3

equation Y = 0.0048 and T =_2 ., The conclusion of Cetinkale & F.

3
is: "The wvalues of 8,1V and T were found to be independent of the nature

vith a mean deviation of + 4000 microinches. From this

>

of the metal or fluid, and were constant for a given type of surface

roughness, for ex, ground surfaces; thus agreeing with the theory. The

¥, Compare with Fig. 12 of K. & Potter ( /947) .

*5.An attempt, with the aid of Prof. V.W.G. Wilson and of Shop Instructor
Mr. F. G. Corrick, to locate at McGill some kind of profilometer, was

unsuccessful.

N
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contact conductance number, U = -1-1-(0:5 s 1s a function of the two dimension-

k
less numbers Ky = rg kf and C = -, and the relation between them
/B e /A\ks, re,
is given by the contact conductance equation. The contact conduct-

ance for ground surfaces can be estimated with sufficient accuracy for
practical purposes, using this equ. and the experimental values of e,
Y and & .M

The procedure for estimation of contact conductance for ground
surfaces seems to be:
1) Use Talysurf instrument to determine Ay = M+ Ag;

2) Use plenimeter to obtain the mean height B, of the crests;

3) Use &= 0.6l and dlfipulate O = ¢ B;
4) Obtain k,; correct it, if necessary, to obtain kf more exactly;

. 2 _ .
5) Obtain k, and k, and find kg from /ks = l/k1 + 1/k2 ;

6) Calculate K = k£ 3
kS

7) Obtain Meyer hardness of surface, and pressure; calculate

C=\’§; _,i

8) Calculate r, = 0.0048 A, C 5 ;

3

9) Use r, to calculate B from B=

L3
b

) s

11) Calculate U and reinsert it in arcta.n( % \/ 1 - % -1> to find the new

value of the latter; insert it in formula (28);

e
10) Use formula (28) and assume arctan (% (l - %I-)

12) Recalculate U until convergence is satisfactory.

13) Calculate u = Lk . conductance per unit area of apparent contact.

%

For comparison, factors of Aleock, Karush and Cetinkale & F. ( /1214)

( /1057) and ( 893) resp.

are tabulated:



Conductance per

unit area:
Contact Pressure
Thermal
conductivity:
Hardness

Size
Surface
finish
factor

Shape

For dissimilar
Kl/Ka

surfaces:

Factor expressing

o N o

the extent to which

the surfaces are
interlocked.

For dissimilar
surfaces:
B1/Bz;

L1/L2;
8./55.

Comparative Table of Theories

Karush
Ratio of T
Mneck to oK = r
"bottle" °
h
k
Ky /xz

Resistance to

bottlenecking Ry

the heat flow:

Length of plug: L
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Cetinkale & Fishenden

K =

ke
ks

|eo

H

% o

I
Hh

'1"1

Conductivity
number.

Fluid thickness
nunber.

Conductance
nunther,

uivalent thermal
Egnductivity o%m
the fluid.

Constriction
number.

Conductance per
unit area.

Pressure.

(s = solid)
Meyer hardness.
Mesn height.

A shape factor.

Wavelength of the
roughness.

Constants for a definite
type of surface.

Mean conductivity
of solid 1. .

Mean conductivity
of solid 2.

Thickness of the
fluid between the
solids.
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Special cases of metals in contact, involving local hot spots,
have been-treaied methematically by several authors of the AEC of U.S.:
References 280, 25, 41, 21, 16, 18, 23, 17, 27 and-22 of /1226,
As far as can be seen from the abstracts available, perfect thermal

contact has been'assumed.

2.1.1.5.1 As mentioned on page 70, the surface roughness is bne of the
obstacles to correlation of_eiperimental results, and it is not discussed
in much detail by any of the above-mentioned authors. According to
Broadston (p. 24-28 of /803), surface-roughness measurement and
designation standards have been published by ASA for the first time

only five years ago, in 1947, as B 46.1 "Surface Roughness, Waviness

and Lay",.#*

Table I on p. 24-29 states standard roughness height values (Microinches)

lkl (:) 13. 40 (EEED 400 It is recommended

1/2 5 50 160 that the encircled
1 6 20 200 600  values be given
@ 25 80 250 éOO preference because
3 10 (::) 100 320 1000 standard sets of

flaf surface roughness specimens for fingérnail tactual comparison conform-
ing to these roughnesses are available.

Carter & Thompson (p.438 of /1242) in their table 25 héve three

more: 4000, 16 000, and 63 000 microinches root-mean height of irre-
gularities , Mikelson( /12/3) brings a comparative table of two
qualifications for the roughness: a) Roughness, average, by a profilo;
meter, or calculated; b) roughness, average, peak-to-valley, by

surface analyzer, a profile recorder, or calculated.

a) 4 8 16 32 63 125 250 500 1000 2000
* B 46.1 vas not available in the Engineering Library, nor in E.I.C. lib.
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b) 15 28 56 118 220 455 875 1750 3500 7000
Mikelson describes how these figures are arrived at: "....

samples are measured both by the profilometer and the surface analyser.
Where the range of these instruments is exceeded on the rougher specimens,
a profile curve is plotted by a Gen.'Elect. profile recorder, and the
average roughness value of the profile calculated by dividing the peak-
to-valley height by a factor of 3.5. Studies of this ratio seem to
indicate that for smooth surfaces the ratio may be considerably higher,
but for rough surfaceé vwhere the profile is relatively simple, the factor
of 3.5 is approximately correct?.

° Broadston (p.24~28 of /803) quotes more detail from B 46.1.
"Although both shape and length of the irregularities may affect the
overall performance of a given‘surface, the standard deals only with

their height, width,and direction. The standard also permits the

maximum allowable roughness width (repetitive units of the dominant
surface pattern due to feed) to be specified in inches (adjacent to
the lay symbol). For a siﬁple, regular profile, (Fig. 2) where all
the peaks and valleys occur at regular elevations, the peak-to-valley
height is simply the distence between these elevations, expressed in
microinches. For a highly irregular surface profile (Fig. 3) it is
customary to use one of two interpretations: 1) the maximum peak-to-
valley height, which is the vertical distance between the elevation
of the highest peak apd that of the lowest valley, or 2) the average
peak-to-valley height, which requires a personal factor of interpre-
tation to determine the average elevation of the peaks and the average
elevations of the valleys and then the vertical distance between them.

+s++ these measurements ... can hardly be classed as specific or
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duplicable measurementé. Futhermore they make no allowance for the
shape of the irregularities,'a vital factor in performance. Height
ratings may also be expressed as an average deviation from the mean
surface ,.. located in such a way that the volume of the peaks above it
is equal to the volume of the valleys below. The arithmetic average
deviation of the surface of the irregularities from the mean surface....
and the root-mean-square ave;age ... are not strictly mathematically
equivalent, but general agreement exists that the difference between them
is negligible for surface-roughness measurements. It appéaré (1949)
that the arithmetic average deviation from the mean surfaee should be
used in preference to other values since commercial roughness-measuring
instruments are calibrated for a similar value, and as futurg national
standards may prefer it because it is simple to define and explain.

Waviness refers to those irregularities which are of greater
spacing than roughness irregularities. Waviness heights are usually -
specified as maximum allowable peak-to-valley heights and with the approved
standard values given in Table 2.
(in inches): 0.00002 0.00008 0.0003 0.001 0.005 0.015

0.00003 0.0001 0.0005 0,002 0.008 0.020
0.00005 0.0002 0.0008 0.003 0.010 0.025

Waviness is usually nmeasured by using a sensitive disl indiecator.
Waviness widths may be specified directly in inches, but no provision
for such specification is included in the approvéd gurface-roughness
symbor'.

Pinally, the tracer-point sharpness should be mentioned.
Williemson (p. 319 /846) has.tested the dizmond points "of the

0.0005 in. tip radius commonly used in this instrument.® (profilometer);
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Roughness readings of ‘the specimené were made using standard profilometer
equipment including a type S trace¥ end type U "mototrace". The tracing
speed supplied by the mototrace was 0.22 ips, and the length of the trace
was just less than the 2—ih. width of the specimen. Regardless of the
smoothness of the piece, a tip radius of 0.0005 in. (500 microinches)
should be adequate. Exceptions as in the case of ground glass are boﬁnd
to occur, and may even be foumd oﬁ‘metals, although such an excepfion

has never come to the attention of the author", To this the_y;iter
would remark that such a tip radius (500 microin.) might be satisfactory
for comparative measurements, however for absolute measurements he would
expect a tip radius small enough to reach to the bottom of the roughness
irregularities.

1,1.1.5,2,Jacobs and Starr ( /944) polished the test surfaces to
"optical flatness", which could mean anything between 1// and 1/2 microin.
K. & Tampico ( /1198) polished the surfaces for 20 minutes with No.
2/0 emery cloth flooded with lard oil and remark, that'ﬁa surface polished
with 2/0 emery cloth is actually qﬁite rough™., One could expect to have
them between 2 and 8 ZL-in. Keller ( /@45) shows the probable wave
form and proportions in Fig. é-d, vwhere max. peak—tb—valley distance

is 0.00073"; thus the r.m.s. roughness value could be négr to 250 ft—in.
K. & Potter ( /942) vorked already to ASA specs. ané used the
‘Profilometer. A medium range.of roughness was obtained by ruling in

a grating engine (machine?), and an extreme roughness range vas made

by milling". Roughness (r.m.s.) was bgtween 3 p~in. -and % 150¢g-in.
The ruled grooves had a 45° inclination Qf the sides.. Brunot'ak B.

( /9/1) in Fig. 3 present a photograph of their surfaces ranging from

4 to 2000 p-in.,  MActual roughness in p-in. was not measured; the
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surfaces were cut to match the standard specimens". Weills Q& R. had
( /948) growmd their test surfaces in one of two roughness ranges;
10 #-in. (rms) vas considered smooth and 50 to 100 j—in. (rms) was
chosen as the range for the rough surface. Roughnegs measurements
were made either with ; profilometer or a Erush'surface analyzer.
Cetinkele & F. ( _ /395) used a Talysurf instrument for roughness
measurements and report the arithmetic-mean distance between the two

test surfaces in contact from 12 to 570 i~in. Fishenden & Kepinski*

( /942) mede two separate cuts, b to the axis, with reciprocating
sav. The surfaces could hardly have been better than 1000 p~in.
1,1.1.5.3 Since solid spots can be formed only at the crests of the
roughness "waves", Centikale & F. measured the wavelengths from 86001
~to 34 000 p=in. K. & Potter ( /947) do not give their wavelengths,
however those could be roughly estimated to be 2(hf{). Keller's Fig.6-d
indicates a wavelength of some 3 500[&-in. Nothing is known of the
wavelength of test pieces of other experimenters. The ghape of the
irregularities of surface has received attention by Kellér ("multiplier
is found to be 1.40")ox?£'of Fishenden and Cetinkale in this case would
be E%Zb =1N/O.72), by Cetinkale & F. (e = 0.41), and by K. & Potter
( /94L7) . The latter, in-their effort to have the surface roughness
as reproducible as possible, ruled the specimens with a diamond poinf-
and assumed that the surface consisted of a series of isosceles trapezoids
each having a width at the top of from 0,0005 tc 0.001 in. The rough
specimens were examined by both comparators and micrometer microscoﬁes.

Probabiy these measurements led them to the conclusion (see page 70)

- that ASA rms system is inadequate.

* received September 5, 1952,
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1.1.1.5.4 Only Weills & R. ( /948) checked the flatness of the surfaces
by comparison with a standard surface plate, and found it to be within
the accuracy of the dial gage employed or + 0.0001 in.

l.1.1.5.5 Changes in roughness during tests are recorded by K. & Potter,

who calculatel the flattening of the ridges from a width ) to a width
CW =K + 2% + 2\ XS +%2 ; they found the values of D (Fig. 12) from
Huggenberger tensometer measurements, corrected for the elastic defc;rmation
of the solid steel cylinders. Weills & R. applied s preliminary I;réssure
treatment: the test suefaces were pressed together at room temperature under
the maximum anticipated load, to smooth out unususl high spots on the surfa-
ces vwhich would produce an abnormally high resistence, then cleaned and
| reassembled for test runs. Roughness measurements, following pretreatment,
indicated a maximm smoothing of the surfaces of about 20%. These only
were recorded. An additional decrease in roughness was usually found
following normal operation at the test temperature. Cetinkele & F.

( /893), to the contrary, report thet no detectable change was found
in roughness values taken before and after tests. K. & ~Tampico (

/1198) mention that there was no appreciable change in total area with
pressure in the case of steel specimens. K. & Potter ( /947) left
the contacts overnight under full pressure.. In the morning the strai—n_
gage readings remained the same. They reason that the plastic part of

the deformation takes place rapidly and that time is not a factor in /
this type of measurement at the pressures used.

1 .1.1.6 Hardness of the material is recorded, for use in the calcula-
tions, only by Cetinkale & F., as Meyer hardness. Weills & R.

( /948) report Shore monotron hardness figures characterizing materials

tested.
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1.1. Contamination of surfaces has received attention already
from thé earliest experimenters.Northrup (p. 96 /1246), Van Dusen
(p. 742 /1247), and Jacobs & Starr ( " /944), however not always
recognized ag a factor in later ﬁests;

Contaminants can come: 1) from the atmosphere, as gas or water
vapor; 2) from other objects such as table-ﬁops, containers, wrapping,
including hands of experimenters supplying sweat and grease; 3) from
impurities in the metals themselves.

| Herring ( | /1193) states that even the theory of uncontami-
nated surfaces is still in its infancy, and confines his paper to a merely
qualitative expogition of the distribution.of electronic density and of
surface energy. Uhlig ( /1192) goes ﬁorg iyto practical consider-
ation of surfaces and Udin ( /1194) considers wetting phenomena;
all three papers eppear in the 1952 book "Metel Interfaces".

Herring represents the work function @ of metallic surface
as ff = ﬂg + D ——(1); only D is considered, because ff, concerns the
bulk properties rather than the surface properties of the metal. Two
double electrostatic layers are shown to explain the phenomens: 1) a
negative layer just outside the surface with highest peaks of roughness
protruding; a‘positive layer inside, near the surface; 2) a less
pronounced opposite double layer with the positive part adjacent, t%
the positive part of the first double layer and the negative part
below it. Actual numerical calculations of D are known only for
sodium (Bardeen). In the appendix it is shown how the work fumetion
can be measured experimentally: 1) in photo-electric emission, 2) in
thermionic emission, 3) in contact potential difference. Surface

energy is then considered. The retio of surface tension to binding
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energy is abnormally low for metais: approximately 1/6 as compared to

1/3 - 1/2 for the liquid phases of the simpler substances enumerated.

Udin ( /1194) distinguishes between surface tension (and emergy) and
interfacial tension (and energy). The former refers to a solid or liquid
in equilibrium with its‘Vapor in a vacuum or a noble* gasg atmosphere.

The latter refers to all other cases because of the gas as a second sub=
sténce. The gsurface atoms are at an energy state intermediate between that
of the interior atoms and vaporized atoms. This excess energy in the
gsurface supplies the driving force for any process vhich leads to a decrease
in surface area. Uhlig ( /1192) explains that a metal surface con—
stitutes a portion of the lattice where surface atoms may have only half
the usual number of heighbors. This means that the strength of each bond
per surface atom must be appreciably greater than the average for the |
lattice. Also the attraction of surface atoms to their neighbors in the
surface must be somewhat greater then applies to the inner atoms of the
lgttice. It follows that the characteristic atomic radigs must also be
less than the radius assigned from density or X-ray data. A compromise

is arrived at: The body of the metal is under compression and the surface
atoms in tension. This surface tension in solié metals is proved experi-
mentallyvas well. Any adsorbed substance weakens the surface bonds and
increases the metal atomic radius. A metal surface has greéter affinity
for some substances.of the environment than for others, in the same sense
that chemical affinities are specific. Oxygen, for this reason, is often

attracted to a metal surface more than Nitrogen. The range of surface

#¥Why here nokle gases would be different from other gases is not understood
by the writer. Jnananenda ( /1244) quotes Bawn's data: "The thickness
of the adsorbed film of ...argon was not greater than would correspond to
a unimolecular layer." Is not Argon a noble gas? However it affected the
surface tension as compared with conditions in vacuum.
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forces is rather short, as proved, for example, by crystel cieavage
experiments, and is in the order of an atomic diasmeter (10_8 em). Specific
affinities of metel surfaces, therefore, can be greatly diminished or cut
off by single molecular or atomic layers of the environment; If milti-
ple layers form on metals, those beyond the first are almost always held
by much smaller forces, especially for substances strongly bonded to the
metal.  Jnanananda (p.276, /1244) explains Langmuir's theory: Gas
molecules are in ceaseless agitation and strike at random any surface
vith which they come in contact. The rate at which they strike a surface
has a definite value, which is given by expression 1~48 b.  According to
Langmuir, in almost all cases and at all temperatures the molecules striking
the surface do not rebound but are held at the surface by the field of
force surrownding it so as to form 2 film which tends to continuve the
space laftice of the solid. While this process, which is in & way
identical to the condensation of vapors on solid surfaces, continues,
evaporation of the condensed layer goes on as an independent process.

At highly elevated temperatures, this latter process is rapid, and the
surface-becomes practically free from the film of gas molecules. If,

on the other hand, the field of forces on the surfaces be relatively
intense, the rate of evaporation is negligibly small, end the surface
becomes completely covered with a layer. Langmuir regards the direct
result. of such a kinetic equilibrium between the rates of condensation
and evaporation as adsorption. In the case of true adsorptioﬁ, this
layer 1s usually wnimolecular, for as soon as the surface becomes covered
by a single layer one molecule deep, the surface forces are, so to spesk,
saturated. Uhlig ( /1192) continues that Langmuir showed that

physical adsorption could be represented by an equation of the type
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X= E%PEE s, vWwhere X is the amount of gas adsorbed per mnit area of
surface, a and b are constants, and p is the pressure (Fig. 4) The
substance, called adsorbate, may establish an equilibrium concentration
on the surface. If the metal atoms leave their lattice to form the new
lattice of a chemical compownd (such‘as a metal oxide), a continuing
chemical reaction occurs and equilibrium is not established. Sométhing
in between the physical adsorption and the chemical reaction is, according
to Uhlig ( /1192), chemisorption or chemical adsorption. - While
physical adsorption may be reversible (gas comes off at reducedﬁprBSéﬁie),”
chemisorption is irreversible (gas cannot be recovered by vacuum). The
emount of adsorbed gas decreases with rising t° for physical adsorption
and increases, within 1limits, with rising temperature for chemisorption.
Physical adéorption is general, and not specific for the swrface or for
the gas; chemisorption is‘highly gspecific. Ph. ads. is rapid; a layer
forms in less than a second. Chemisorption is much siower; it ﬁay

be slow. The heat of ph, ads. is about 500-2000 cal/g mol ©f adsorbed
gas, while for chemisorption it is from 10 000 to 100 000 callé mole of
adsorbing substance, Examples of the specific chemisorption are oxygen
on tungsten and hydrogen on nickel, while oxygen on glass or nitrogen

on copper are not chemisorbed.” (p.5 /1266) Miller et al. evacuated
the syétem to pressures below one mieron with thé viscometer at 300°C
... to remove adsorbed oxygen from the surfaces of the glass.

It follows from the above description of adsorption phenomensa,
that there are no clean metal surfaces while exposed to the atmosphere.
To gét absolutely clean metal surfaces one has to epply high vacuva
and high temperatures ( /1244) and sometimes has to heat the metsl

first in a hydrogen atmosphere, to displace the adsorbed gas by hydrogen,
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and then outgee the metal in vacuum, to eliminate thé dissolved hydrogen.
As mentioned on p. 59, if such clean surfaces touch, cold welding results
( /1192). Shaw & M. (p.500 /1253) quote Bowden: "The observation
that the friction of neked metals is very high (some 20 times greater

than that of the normally clean metals) mekes us realise how fortwnate it
is that, in engineering practice and, in fact, in many every day affairs,
metal and other surfaces are contaminated with oxides and other films.

If it were not for the fact that metal surfaces (even when we think that
we have cleaned them thoroﬁghly).are coated with comparatively thick
layers of oxide, "dirt'and other conteminants, much of our machinery would
come to a sudden and disastrous stop®.

Application of solvents, for cleaning purposes, ls a process
analogous to reduction of gas pressure (p. 319 /1192). The smownt
of solvent applied, therefore, should be such that the concentration of
the solute in the solvent would correspond to a gas residue in a high vacuum.
A number of applications of fresh solvent may be necessary.

In connection with questions of wetting and corrosion, fhe
following statements by Uhlig (p. 323, /1192) on intentionaily
"eontanlnated" surfaces may be of values

“Stainiess steels, defined as ferrous alloys éontaining at
least 12% chromium, are considered ;n this viewpoint to be covered with
a partial or camplete monolayer of oxygen chemisorbed on the surface
(Fig. 8). This film of—negatively charged atoms, snalogous to the film
on tungsteh, is coqsidered responsible primarily for the observed passi-

vity and noble galvanic potentlial. Some investigators believe instead

that a protective oxide film forms which isolates the metal from its
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environment, and that this oxide is the cause of passivity. The physical
barrier oxide film, however, is not as satisfactorily in accord with the
facts. For example, CO, which is an excellent inhibitor (passivator)
for the corrosion of 18-8 stainless steel in hydrochloric acid, and
which like 0, produces a more noble potential, is not a likely gource

of any oxide film. Carbon monoxide can, however, readily satisfy
surface valence forces because of the known affinity of GO for the alloy
components, as exemplified by the metal carbonyls. When an adsorbed
oxygen film on stainless steels is responsible for passivity, an oxide
may form eventually, especially in the presence of halides or halide
ions, or through abrasion or polishing which induces very high local
surface temperatures. Such relatively thick films can be detected by
various meang, or isolated and examined. These oxides, however, are
thought to be of secondary importance in accounting for corrosion resist-
ance. The primary passive film, according to the writer's wviewpoint,

is the adsorbed partisl or complete monolayer of oxygen, or any other
gsubstance of the environment having high affinity for the alloy.
Similarly, chromates, which are among the best corrosion inhibifors

for iron, are thought to chemisorb on iron as & partial or complete
monolayer of negative ions (Fig. 9), thereby satisfying surface valence
forces of the metal. The passive gurface, flus a dipole layer with
negative charge outward, accounts for a marked noble‘géiganic potential.
Again, any thick layer of oxide or metal chromate forming inAdue course is
thought to be a secondary factor in the corrosion protection, rather

than the primary cause of passivation.®



Already Northrup, in 1915 (p. 96  /1246), mentions "very
large surface film resistance which is found at the surfaces of thermal
conductors®. VWhen Van'Duéen‘;( /1247) stated that mica split
into thin layers and subsequently squeezed together has a considerably
greater thermal resistance than wnsplit material, he had in mind either
the air spaces or the surface films, or both. Jacobs & Starr ( /94L)
found that the slightest trace of grease resulted in an increased condﬁct—
ance at room temperature and a seriously decreased conductance when, at
low temperatures, the grease became hard. 1In all cases they found the
thermal conductances much smalleratlow temperatures, probably due to
adsorbed surface films. For gold and copper contacts progressive decrease
of conductence with time, after cooling, was observed. This behavior -
would also indicate the formation of swrface films, as the témperature
goes down. Their tests were conducted in vacuum, without eonduction or
convection losses; a technique which has been used by Eichelberg (

/1248) too.

K& Tampico ( /1198) washed their oily specimens first in
varsol, then in alcohol, then dried them in a desicator, and washed
again in alcohol before mounting in the machine. Aluninum specimens
vere mounted and tested without storing them first, to avoid oxidation
of surfaces. They do not mentidn any observations with reference to any
film resistance, which, no_doﬁbt, vas present.

Keller's surfaces were "as manufactured" ( /945) , however
he is particularly well informed about gas-films,

K. & Potter ( /942) wanted to avoid impurities within ~

the metal specimens differing from those of other metal specimens,
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so they cut 11 the samples from the same rod. The finished specimens
were coated with a Dearborn rust preventive and packed in.ordnance grade
grease-proof wrappers. Test pileces were washed twice with a solvent,
and no specimen was used a second time. When test pieces were found
heavily oxidized at the completion of & run, argon was used as a protective
atmosphere, and then the specimens were clean and only slightly discolored
after a run. The "unexplainable", appreciably lower, thermasl reslstances
of the contact in argon atmosphere would probably become explained if
adsorption phenomena and film resistance would be investigated. The
authon apparently have not paid much attention to this, according to
their statement: "Also 1itt1e is known of the heat conductance of gas
films of the ofder of one mil or less in thickness". Brunot & B. (
/941) are well aware of the "dead air and oxide layers in the space
between the surfaces" and use also rusted specimens- and multilayer
aluminum foil shims. For their j-rm s (lapped) specimen they suspect
"that some other resistance now dominates, such as the oxide film over the
entire surface". | For more than 5 layers of foil the effect seems to
be slight, and the resistance may be increased as the number of layers
becomes large due to resistance between the layers of foil. (p. 326

/1259) Gilliland ~mentions "In bril.'ing o nuclear reactor from
blocks of graphite, one of the chief resistances to the flow of heat
will be the gas films betweén the blocks, and the materials in the
reactor. In such cases it mey be desirable to fill the reactor with
a gés of high thermal conductivity, such as helium, to improve the
transfer «cross the gaps?.

Weills & R. ( /948) quote Holm ( /943) in that the

precence of a film of oxide or other forelgn material of low thermal
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conductivity could contribute to the thermal resistance of the joint.
However their calculations have shown, they report, that except at very
low pressures the oxide resistance appears to account for only a small
part of the total resistance.

Fishenden & Kepinsky ( /942) did not treat the saw-cut
surfaces in any way, nor refer to gas or oxide films, except that they
express the contact resistance in equivalent thickness of an alr space
of about 0.001 inch thick.

Fllerbrock ( /1151) does not explain the nature of the bond
between the steel barrel and the eluminum fins nor mentions the unavoidable
oxide layer on the surface of aluminum.

Eichelberg ( /12/8) and Mangeniello & Bogart ( - /1152)
experiment on internal-combustion engines and report the rates of heat
transfer across oil films, however they do not mention Langmuir!s mqho-
molecular film on the metals. |

Cetinkale & Fishenden ( /893) do not describe in their paper
any adsorbed layers or oxide films. However they are aware of the in-
fluence of rust on their test surfaces. They kept the contact surfaces
coated with a rust preventer, but cleaned them with solvents immediately
before a test.

A quantitative inveatigation of adsorbed layers and oxide
films, in connectiqp with heat transfer, remains to be done by future
experimenters.

It could be mentioned here that such studies have been done
in other connections, such as friction, corrosion, etc., for example
by McFarlane & Tabor ( /1220), Rothen ( /1005), Feitknecht

(  /1006) and others.
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Contamination of surfaces by metal transfer from the pther
surface may not be important, as the transferred quantities,,beéween
stationary surfaces, are very gmall: only of the order of 10_10 g in an
experiment by Rabinowicz & Tabor ( /1224), who used autoradiographic
techniques to détect and estimate these small fragments of a gide length -
of about 100003. '

1.1.1.8 Radiaktion across the gap has been calculated by Jacobs et Starr

and by Keller. The .former ( /9/4) observed that "Mat zero pressure® the
therm;l con&uct&nce was approximately the same when the surfaces were "just
touching® or separated by a few millimeters. This radiétion conduction
_is less, they say, than 10™° watt/cm/°C.

The latter ( /945) represents the 100 layer-per-inch coil
a8 an almost ideai heat inéulator (from radiation): its average eqﬁivalent
thermel conductivity is only 0.0014 Btu/gt hr ©F or less than 1/8 of one
per cent of the totél conductivity of the coil (radiglly). Were the
surfaces oxidized, he says, the percentage would be 2-1/2%. .

 An interesting application of radiation is found in F. & Kepinski's

paper ( /942). The surface of their test rod was coated with dead-
black camphor soot, so that its emissivity was kmown and the radiation
from it could be calculated as 1.73 X 1077 X 0.96 ('.1‘1;.4 - T:) BtU/ftzhr’
where T,. is the surface temperature of the rod and TS the temperature
of its surroundingg, in degrees Rankine. Sin;e the temperature along
the rod did not vary linearly with distance, the surface canvectibn and
radiation losses were calculéted separately for each one inch lepgth, and
added for the total length in question.

1.1.1.9 Condpction across the fluid in gap has received considerablé

attention, however the "form factorﬂ of Keller (discussion on Weills &; R.,
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p. 267, /948), varying from 1-1// to as much‘ as 3-1/2 times that which
would ex_ist if the air-film thiclmesé were entirely uniform, appears
only once.again, in Cetinkale & F. paper ( /893), as %-. Percy in
a discussion of Keller's paper ( /945) reminds the readers that
should the air film thickness between wraps approach the mean free path
of the gas, the laws of conductivity would no longer hold, but the heat
transfer would reach a constant minimum. Keller's answer is, that the
mean free path for air and similar gases at room temperature is about
"2-1/2 microinches, while the minimm gas-film thickness is believed t;
be about 120 microinches, thus far above the limiting value. It is a
pity that K. & Potter (  /947) used argbn and air and did not try

to find out more about the phenomena involved.

Brunot & B. ( /941) mention the expectance of increased
or decreased cor;tact resistance if th%gas between the surfaces would
be other than air, however have not experimented in this direction.
Weills & R. ( /948) experimented with air, oil, and copper plating.
Cetinkale & F. (  /893) used air, spindle oil, and glycérol, but
report only that the experimental results agree well with the théo:y,
vhile Weills & R. found inconsistency in the general slope of some
curves for oil , Apparently Cetinkale & F. results were good béc_ause
they traced the actual profile of roughness and found the mean fluid
thickness by planimetring; K. & Potter could have done it for the
case with argon. The shape of roughness K. & Potter used was even
- better adapted for this purpose because it was regular. = A repeated
experiment, using regular shapes of roughness, énd_checkihg by volume

measurements of the interface voids, might lead to consistent resulﬁs..



95

Cetinkale & F. theory should be checked both on such regular profiles
and on profiles of random shepe. It is regrettable that Cetinkale & F.
have not published complete results.

1.1.1.10 Convection in the voids of the rough specimens, according to
Fabry ( /795) would not be negligible, if the air space would be
above 0.1 mm = 4000 microinches. The experimenters have not mentioned

convection.

1.1.1.11 The overall conductance or overall resistance across the contact

was, of course, recorded by all experimenters, except Ellerbrock (

/1151). As mentioned on page 64 , the writer pictures a contact like that:
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In terms of resistances the picture is:
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Latest (as far as the writer is aware) pictures pu

blished are:

%1 The contact resistance:
1

%— Conduction Radiation 'Direct

c across across metallic
air gap gir space bond

Lz \

ka ' I 1I 111
1_L; 41 Lz (by Myron Tribus)
§f ky hc k,
Fig. 1 of Brunot & B. (  /941) Fig. 8 of Brunot & B. ( /941)

Approximately half of the experimenters have preferred the conductance

concept and the other half- the resistance concept.

the plotted results one should not forget that the

When comparing

reciprocity of
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conductance and resistance is reflected in the shape of the curves. Most

strikingly the straight line of Jacobs & Starr ( /944), representing
;conductance, reappears in Austin's book ( /732) as a hyperbola, re-
-presenting resistance.

Keller (in discussion of Weills 4 R.  /948) has another
~:War'ning concerning the shape of curves. He points out, that the similarity
'of forms of the experimental conductance versus pressure curves to those
derived from calculation of the true conductance of a single contact (both

curves becoming concave upward at higher pressures) does not pro#e that
the experimentel data bear out the theory, as claimed by Weills & R.
(p. 260 /948). In his opinion the air-film conductance curve can
also become concave upward at higher pressures because of the additional

(to the film thickness reduction) influence of the increased "form-factor®,

as the height of the crushed peaks approaches zero.
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1.1.2 Method of finding the overall bonductanpe of the gap. For
electrical resistance measurements the voltage-drop method is popular
though not very accurate, bridge methods being better. In 1915,.Northrnp
( /1246) referred to some analogies of the flow of electricity and the
flow of heat and described methods for measuring the thermal resistance of
contacts by the temperature-drop method (which be adapted from a voltage—
- drop method used by Fitzgerald & Hinckley ( /1245) for measuring

the electrical contact resistance of carbon electrodes) and by bridge-
methods. The bridge methods (e.g. Fig. 6, p. 104,  /1246) have not
come into use, however th%temperature—gradient method has been used by
all later investigators df fhefmallcontact fesistance.

1.1.2.1 A thermal circuit is estaplished so that heat flows from a
source through a test rod, across the contact, through another test rod
into the sink. Th.ough a thefmal circuit cannot be insulated against
leskage of heat to that degree which is possiblé with electric circuits,
good thermal insulation is applied to the rods, to have the isotherm-
flow-line plot as nearly as possible a net of straight lines. The
gradient is found by thermocouples placed in kmown positions, two of
‘them asg clése to the gap as practicable. When steady-state conditions
are reached (only Jacobs & Starr, /944, use a transient heat-flow
method), the temperature readings are plotted qgainst distances from a
reference point, and result in a curved line, if the insulation is im-
perfect; otherwise the line is straight; the temperature arop across

the gap presents itself as a discontinuity, if the two branches of

the line are extrapolated to the interface.
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A: equivalent length of
metal, which would cause
the same temperature drop,
as the interface.

T:Temperature

digecantinuity ~
at the interface! \\‘\
i : ™
' " \
1 - - - --—— Length along
bosition of metal test rods

interface

Van Dusen. (  /1247) points out that the magnitude of the discontinuity
in terms of the abscissa (i.e. along the axis) gives directly the thermal
resistance of the contact or speclmen in terms of centimeters of the test
rod material. Thus ven Dusen expresses his results in brass, K. &
Potter (  /947), and Brunot & B. (  /941) in steel, Weills & R. (
/948) in eluminum, and F. & Kepinski (  /942) in air. If the diagram
is scaled, to find the temperature discontinuity at the interface, the
concept of film coefficient h can be used (p. 138  /826).

Griffiths (  /900) describes nine designs of apparatus for
nmeasuring (in the N.P.L.) the thermal conductivity of some non-metallie
materials. The majority of these designs are ‘of the same divided-ber
type as introduced by Northrup ( /1246) however refinements are applied,
ag guard-tubes, wire end heaters, etc. "Considerable care must be taken
in the preparation of the plane faces of the test disks andlrods to
minimizé the effect of air films between the specimen and rods.®

Results for 15 materials are tabulated.
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Some jnteresfjngthemocouple technigues have been used. Weills & R.

used a multijwction differential thermocouple, which was a composite

of ten differential coppér-constantan elenents in series, to measure

the temperature increase of the cooling water. Jacobs 8{ Starr (

/944) used a single differential thermocouple across the gap. All other
experimenters used several thermocouples in a row,'each side of the
interface, some even in several planes, to check the wmiformity of the
temperature field. The spacing along the rods was from 1/4" (

/1198) to 1" ( /941); the distence of the nearest thermocouple to the
interface was from 1/16" (  /1247) to 3/8" (  /941); in most cases
the holes were drilled to the center-line of the test rods; in two cases
( /947 and /948) the hot junctions were midway between the § and
the surface; in one case the drilling of the specimens was done in a
special fixture or jig ( /947); for the same purpose of precision
another ( /948) used a travelling microscope to read the spacing of
the thermocouples; the diameter of the holes was from 0.024" to 0.060%;
the largest wire size was No. 28 and the smallest: No. 40. In one‘
case the two wires were led out along opposite diameters (buttwelded);
In another single case a copper tube was fitted snugly into the hole

( /947) and the constantan wire pushed through it and silver soldered
at the tip.

In one case ( /941) the thermocouples were soldered into
place; in other cases the well was filled with oil ( /1247), copper
dental cement ( /9.48), copper powder ( /947), and mercury (

/893).  Generally the experimenters have assumed that the holes are

drilled along an isothermal plane. Van Dusen ( /1247) cautiously
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remarks that the depth of immersion (holes 1.5 cm deep, oil-filled, in

3 cm @ rods) was sufficient to eliminate the effects of lead conduction,
no sppreciable change in the temperature indication occurring when the
junction was moved one cm away from the axis. A homogeneity test of the
thermocouple wires has not been mentioned, although a temperature gradient
of nearly 500 °F in some cases existed along the wires (across the insula-
tion) .

1.1.3. In one case only (Weills & R., /948): the temperature gradient
was determined by the'method of least squares, and the experimenter con-
sequently claims 1% precision for the gradient. The insulation ranged
from glass wool 1" thick plus Foam-glass 2" thick, over baked lavite,
cotton waste, ete. to no insulation at all (K.” & Tampico  /1198).

In the latter case a statement is made that when the current was 50 Amps.
(the set-up represented a resistence-welding outfit) "the temperature was
uniform and equal to the ambient temperature"; the plotfor-this condition
ies a straight horizontal line, i.e. there is no temperature gradient.
Apparently the heat lesked out, however the temperature measuring set-up
(ﬁhermocouples + potentiometer) was not sensitive enough to record it.

AY higher currents the temperature readings are rather inconsistent,

being up to 27°F out of the line which is supposed to join the points.
Although thermal conductance was not the main concern of these experiment-
ers (K. & Tampico, /1198) it is & 1ittle surprising that they fail

to notice the discontinuity in temperature, shown on their Figs. 8 and

9, and to interpret it ag an evidence of thermal resistaﬁce. Their

fim; to reach steady-state conditions is 1/2 hr to 1-1/2 hr, while

other experimenters spent about 3 hours.
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Another set-up where the thermal resistance of the interface
is not the chief concern, is the "thermo-electric heat flux element"
of Ziebland ( /917), consisting of two concentric metallic cylinders
developing a thermo-electric voltage, which is a measure of the heat fléw
normal to their surfaces. The author found some discrepancy between the
experimental and expected performance and attributed it to the existence
of éurface resistances between the layers'due to roughness and imperfect
contact., In a later model he was able to reduce this interface resistance
so that the + 6% deviations observed were of tﬁe same order as the experi-
mental accuracy for the mean heat flow density.

Van Dusen ( /1247) and Jacobs & Starr ( /944) claim
to have attained results reproducible to within 5%, the latter by
complete repolishing (to optical flatness). Weills & R. (. /948)

have determined their standard errors to be:  temperature gradient

within 1%; temperature drop within 2°F; thermal current within 2%;
thermal conductivity less than 4%. They checked the apparatus by
measuring the thermal conductivity of metals for which handboek data
oF
were available and found for Aluminum No. 1 112 BY . sq. £t g
against 120 in Alcoa handbook, and for Al No. 23 102 §gainst 109.

Five only experimenters have published their results in form
of curves: 1) Jacobs & Starr ( /944): two temperatures; one range
of pressures; 2) Ellerbrock ( /1151): one range of temperature levels;
3) Brunot & B. ( /941): one range of pressures; Weills & R. (
/948): three ranges of pressure,one range of temperature levels, one

range of roughness, one range of ;/\/Roughnessi K. & Potter (

/947): one range of pressures, one range of temperature levels. Thus
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the influence ¢f three variables has beep investigated: 1) Roughness;

2) Pressure, and 3) Temperature level. ‘

1.1.3.1 Nobody has attempted to correlate results of other experimenters
with their own, not eveﬁ Weills & R. whose experimental work is moat
impressive.

K. & Potter and Brimot &  B. mention rms roughness as not
suitable, when comparison with surfaces not directly used in the experiment
is desired.

Weills et R. give this significant conclusion:
®If the parameters governing the thermal and mechanical behavior of &
metal joint were completely known, the data presented would permit the
prediction of its thermsl resistance with a practically useful accuracy.
Due to these unknowns and to the incompleteness of this study, no
attempt wes made to correlate all the observed variables by means of
relationships which might be obtained by means of dimensional analfsis".
For the same reasons no correlation is attempted by the writef.
1.1.3.2 Roughness is the least measurable of the three variables
mentioned, and only Weills & R.-( /948) have used it as abscissa.

At 300 F and 10 psi they found that thermal conductance increases
roughly tenfold when Roughness decreases hundredfold. At 300 F, vhen
%/Lfﬁ— increases (roughness decreases) thermal conductance increases
;ndvthe curves for higher pressures lle above those for lower pressures.
Brunot & B. (  /941) and F. & Kepinski (  /942) experimented also
with alignement of the scratches and placing them at an angle; howéver
the resuits are not conelusive. Rusty surfaces are much less conducting
than clean surfaces. The difference is more promounced when smoothér

surfaces were permitted to rust (Brunot & B.) /

€. 5,
k:
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Soft shims, like aluninua foil (Brunot & B.) or copper
plating (Weills & R.) apparently flow under pressure and f£ill the
volds thus substantially increasing the conductance of the joint.
Mcock ( /923) mentions good practical results with copper plated
cylinder liners. Bruwot & B. found that with many thin Al foils the
conductance may decrease agéin "due to the resistance between the layers j
of the foil". The writer suspects this to be the effect of the many
1éyers of the oxide film invariably present on both sides of the Al
- foil.

When the volds between the rough surfaces are filled with sonre
fluid other than air, the conductance of the joint increases markedly.
Already van Dusen ( /1247) found thet when the surfaces were wrung
together with water or a glycerine solution, the effect‘of the contact
could not be detected, being equivalent to less than 0.5mm of brass.

He msde use of this, to eliminate the contact resistance when inserting
discs of other materials beltween the brass test rods, for the purpose
of measuring their thermal conductivities. When he wanted to measure
the k of liquids, he kept the rods separated'by 3 very small miga
separators and had the liquid staying between the rods by capillarity.
When Brunot & B. ( /9/1) applied "smooth on" cement, to the surfaces,
the conductance was doubled and remained unchanging with pressure.
Weills & R. ( /948) found that the thermel resistance is about

one half as great for oil filled joints as for dry joints, at 10 psi.,
and that the effect of 0il decreases at high pressures. They also
found that at a given temperature, pressure, and roughness, the thermal
resistance of both dry and oil-filled joints decreases in the order

of steel, bronze, and aluminum, i.e. in the same sequence as the hardness

values.
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L.1.3.83 Pressure is measurable quite precisely, however in the case

of contacts it too escapes exact determination, because (as mentioned on
page 59)'§n1y'a few points touch and there the pressure per unit micro-
scopic area is very much higher than the pressure per unit of apparent
aree,. For correlation of the results‘of one experimenter it would not
matter whether total pressure or pressure per unit area is used. Otherwise,
as Keller points out in the discussion of Weills & R. paper (  /948),
the contact conductance is not related to the unit pressure but to the
total force exerted on the contacting surfaces, because the number of
a-gpots is entirely independent of the macroscopic contact area. This
force deforms the roughness elements in contact increasing the microscopic
area of contact, and therefore the influence of pressure on contact conduct—
ance is interconnected with the influence of roughness on it. In fact,
for some of the smoothest surfaces, hardly any influence of pressure has
been detected (K. & Potter's 3 p.in. specimens,  /947; Brumot & B.

4 pein. specimené, /9/1), probably because so many a-spots appear

to be in contact simultaneously, that the local pressure on an a-spot

is no more sufficient to deform it substantially. The most sméoth

of the surfaces experimented upon,.the Uoptically flat" surfaces of ‘
Jacobs & Starr ( /944) seem to ciisprove_-‘-this explanation if adsorption
(which is increasing at lower temperaturés)'is left out of the picture.
Again the smoothest of Weills & R.. ( /948) surfaces of 10 p.in.
roughness do not support K. & Potterts and Brwmot & B. observations.
Brunot & B. suggest'that the pressure may meke -the rough spots

indent the surface of the other block and thus allow more projections

to come in contact. In addition to the subgtantially increased

roughness value, the wiiter would try to find the reason in different




113

hardness and in a different tyre of roughness (thinner vs. flatter peaks)
of the materials tested.

An interesting phenomenon hasg been observed by Weills & R.:
"g ‘hysteresis-like loop in the thermal conductance-pressure relation
is obtained when the pressure is decreased following an increase."
Their explanation is: "The metal-contact areas behave elastically following
an initial plastic deformation." It appears as if a number of the junctions
at the a-spots (metal surfaces brought close to each other, within the
reach of molecular forces), which were formed later (and thus.are less
compressed than those formed earlier), have passed the zero stress and
are now in tension produced by another number of the Junctions made
earlier and still remaining in the state of compression. Gradually,
as the load is removed, one by one (McFarlane & Tabor  /1220) the
weakest junctions are broken, until the decrease& total force exerted
by the coming out of compression a-spots balances the total tensile
stress of the non-broken a-spots.

- The maximum pressures used vere:

Jacobs & Starr ( /947) 30 psi.
Van Dusen ( /1247) | 65 psi.
Brunot & B. (  /941) 300 psi.
Cetinkale & F. ( /893) 800 psi.
K. & Potter ( /947) 3200 psi.
Weills € R. (  /948) 8000 ;}si.
K. & Tampico (  /1198) 40000 pei.

o1.4.1
The maximum (dry contacts in air) resistance figures observed were:

Van Dusen  ( /1247) brass, 2.6X%g /ep2 17°C 5.0 em. of bress

rough ground
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Brunot & B. (  /941) Silicon steel, 25 psi. 100°C  13.5 —3e&C

laminations .. watts/sq.in.
wooomom Steel blocks 2 psi. 1000C 4.2 —-‘ifﬂfi—
1000  in., shaped, vwatts/sq.in.
-l cuts, clean
Fishenden & Steel, "minimuc! pres- P 0.00236 inches of
Kepinski ( /942) sawcut air layer.

K. & Potter (  /947) Steel, e.xtreme}l% psi 170°F  0.00225
roughness, to 2o
%3520 .in. "ruled® 197°F QL%—‘-E
by 90° milling cutter

Jacobs & Starr(  /944) Copper, in vacuum, 8 psi- 195°C 350 cm sec °C
replotted by Austin( /792 "optically flat" ‘ Cal

The minimum (dry contacts in air) conductance figures observed weres

Weills & R. ( /948) Steel, ground, 2 pei. 300°F 120 _ Btu

100 g in _ hr ft2oF
aluninum, .
ground, 100 in 2 psi. 300°F 290 __Btu
bronze, g hr ft2 OF
ground 100 psi. 300°F 800 __ Btu
100 in _ hr £tR oF
Cetinkale &
Fishenden (  /293) ? ? ? 550 %u
hx ft< °F

The minimum (dry contacts in air) resistance figures attained were:

Northrup ( /1246) Cu, 1.6 kg 3L2emof Cu
"very true surfaces" on 3.8 cu
Van Dusen ( /1247) Dbrass beb XE/ep2 0.85 cm brass
"finely ground" ‘
Brunot & B. (  /941) Silicon steel, i deg. C
laminations . <00 PSi 2.7 watt/sq.1n.
100°C '
u non steel blocks, . R : '
L. in. lappea 500 PS 0.18 n
F. & Kepinski(  /942)  steel, wyinimm» press. .00081" inches of
sawcut _ air layer
K. & Potter (  /947) steel, 1575 psi 670°F  .00003
32 w in. ruled hr x £t2 x OF

Btu



The maximum (dry

Jacobs & Sterr (
Keller (

Weills & R. (

Cetinkale & F. (
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contacts in air) conductence figures attained were:

/944) Cu in vacuum | vatts
Woptically flat" 2.8 kg/<:.'m2 - 195°C 0.05 "o °C
/945) strip coil, 100°F 0.02 Btu
100 per ‘in. 10 pel. 1 > Tt brop
/948) steel, ground, 270 psi. 500°F 16000 _Btu
- 10 pin. hr ft2°F
aluminum, gound, '
10 p in. 270 psi. 500°F 16000 "
bronze, ground.
100 p in. 2800 psi. 500°F 16000 n
/893) ? ? ? 12500 "

Same of the general conclusions of the experimenters are,

speaking of conductance:

Jacobs & Starr:

Weills & R. (

"Only in the case of copper does the conductance vary
linearly with contact pressure.”

/948): " The thermal conductance of a dry joint increases
with pressure, linearly for steel and generally exponent;
ially for aLluminwn_ and bronze, and decreases with a decrease

in the roughness of the surfaces."

Speaking of resistance:

K. & Potter (

K. & Tampico (

/947): "Thermal resistance decreases with pressure in a
menner which is éssentially exponential. The rate of
decrease is greater for rougher surfaces. For very smooth
gspecimens the thermal resistance is practically independent
of pressure.®

/1198), concerning the electrical contact resistance of
steel specimens: The change in contact resistance wifh
pressure is most rapid in the range from 0-10000 psi.

At pressures above 10 000 psi the change is relatively slow.

.

o
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1.1.4.2 , 5
The temperature level at the interface ranged:

Jacobs & Starr (  /944) ~195°¢, 2500

Van Dusen ( /1247) 15°¢C -  39°C

Cetinkale & F. ( /893) 180°F

Ellerbrock ( /1151) 10°F -  200°F

Brunot & B. (  /941) 100°C

Weills & R. ( /948) 300°F,  500°F

Fichelberg (. /1248) 2509 - 360°C (exhaust velve and seat)
K. & Potter ( /947) 330°F -  700°F

K. & Tampico ( /1198) 20°C - 500°C

Keller ( /945) ~ 1100°F

There is not much comment on it by the experimenters. K. & Tampico
explain the decrease of (electrical) contact resistance by softening

and yielding of the intimate contact points on the contact surfaces wmder
the combined influence of temperature and pressure. In their case

the local temperature at the a-spots may have been higher than the
temperature meésﬁred,'because heat was produced by passing electric
current through the test pleces, and the actual current density, as
contrasted to the apparent deﬁsity, must have been much higher.

| Weills & R. ( /948) mention that the average ratio of the
conductance at 500°F to that at 300°F is 1.5. They explain that at

low pressures the thermal conductance of the joint is proportional

to the thermal cohductivity of air,'and inversely proportional to the
thiclmess of the void space; and that the thermal conductivity of air
increases by 20% with increase in t° from 300 to 500°F (p. 391 /790).
At a given pressufe the thickness of the void space, they continue, should

be a function of the mcdulus of elasticity or hardness of the metal
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depending upon whether elastic or plastic deformation is considered.
Upon increaging the t° from 300 to 500°F these quantities are reduced
in a ratio of 1.4 for the elastic modulus (Ref. 5 of /948) and 1.8
for hardness (Ref. 6 of  /948), which is in general agreement with the
conductance measurement. At the higher pressures, they conclude, where
the dominant heat flow is through the metallic contacts, the decrease
in hardness should tend to increase the contact area and therefore to
increase the joint conductance.

Somewhat in contrast to this is the statement of Kouwenhowven
and Potter ( /947): Mat constant pressure and in the absence of corrosion,
thermal resistance is substantially constant as temperature level is |
increasged.®

They had trouble with corrosion at the interface and therefore
substituted the inert gas argon for the atmospheric air.

Chemically active components (p. €7 of this review) are generally
not present in solid-solid interfaces except as oxygen and moisture.
Their action, corrosion, is discussed in pertinent handbooks (chapter 3,

/803, etc.). In counnection with temperature level it should be stated

that like other chemical reactions, corrosion increases with temperature
exponentially (p. 297, /1254). As most 1iéuid metal systems for heat
transfer operate at elevated temperatures, inert gases are used for
blanketing, to protect both the solid and the liquid metal ( /793).
1,1.4.3. Finally some incomplete results should be mentioned. Ellerbrock
( /115l) checked the quality of a bond between an aluminum sleeve and
aluninum fins on the outside and a steel c&linder on the inside. There
vere two interfaces in series.  He mentions that the Al/!l fin bond

was exceptionally good and that the experimental coefficients based on
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the temperature difference hetween the steel barrel and the cooling
_air fall about 18% on an average below the experimental coefficients
based on the difference between the temperatures of the aluminum spacers
 and thé cocling air showing that there is a drop'in temperature in the bond
between the steel and the aluminum. The temperature drop in the bond
was 16°F max and was not miform along the circunference.

Fichelberg ( /1248) has measured operating temperatures of
Diesel engines and published reports already in 1923 and 1926. The exhaust
valve and seat contact has been investigated only from the point of view
of téﬁperature distribution and thermal stresses. The piston-cylinder
assembly will be considered with rubbing contacts.

Mcock ( /1250) mentions unpublished resﬁlts obtained by
Ricardo: Heat flow across the liner, down 13% of stroke:

67 000 Btu/(sq.ft.)(hr.)5 down 18% of stroke: 53 000 Btu/(gq.ft.) (hr.).



119

LIST OF REFERENCES IV

/790 Measurement of surface temperature in "Heat Transmission®
by McAdems W,H. p. 149,  1942.
/792  "The flow of heat in metals"
by: Austin J. B.  American Society for Metals,  Oct. 1941.
/798 ﬂEngineei'ing aspects of liquid metals for heat transfer.®
by: Trocki, Thomas.
in Nucleonics, January 1952, p. 28.
/803  "Surface-roughness measurement and designation standards;
theory of roughness measurement.®
by; Broadstén James A.
in Ként (I) p. 24 - 28 24 - 32 1950'.
/826  "Introduction to heat transfer®
by:s A. I. Brown and S. M. Marco.
McGraw-Hill 1942.
/893  "Thermal conductance of metal surfaces in contact.™
by: Cetinkale T. N. and Fishenden, M.
in Preprints of the General discussion on heat transfer, ASME et IME
Sept. 1951 Section III pp. 9 - 13.
/900  "The thermal conductivity of some non-metallic materials.®
by: Griffiths, Ezer.
In Preprints III 1951 for the joint Conference of ASME and IME.
/917  "A proposed method for determining heat flow densities in
Rocket motors.% by; H. Ziebland
in Preprints IV Sept. 1951. ASME et IME

/923 "Heat transfer in internal-combustion engines."



/94

/942

/944

/945

/947

/948

/1151

/1198

/1220

120

by: Alcock, J. F.

in Preprints 1951 for the joint Conference of ASME and IME
MThernmal ocmtact. resistance of laminated and machined joints.™
by: Brunot A. W. and Buckland F. F.

in Trans. ASME 1949 pp. 253-257

"Resistance to heat transfer in gap between 2 parallel surfaces
in contact."® | by: Fishenden M., Képinski A,

1948 Proc. Intern. Applied Mechanics Congress p. 193.

"Thermal conductance of metallic contécts-".

by: Jacobs R. B. and Starr C.

in Rev. Sci. Instr.  10/170-141  1939.

"Heat transmission in strip coil annealing.®

by Kel]:er J. D.

Iron and Steel Eng. November 1948 p. 60.

?Thermal resistance of metal contacts?. |

by: Kouwenhoven W. B. and Potter J. H. (Johrs Hopkins U.)

in Welding Journal, October 1948, p. 515-s.

"Thermal resistance of joints formed between stationary metal
suffaces." by: Weills N.D. and Ryder E. A,

in Trams. AME 1949  T%/pp. 259-267. |

"Heat transfer tests of a steel cylinder barrel with aluminum
fins." by: Ellerbrock Jr., H. H.

in NACA E-194

[}

MR Aug. 1939.

"Measurement of contact resistancé."

by: Kouwenhoven W. B. and Tampico J.

in Journal of the American Welding Society  1940.

npdhesion of solids and the effect of surface films."®



/1245

/1246

/1247

/1248

/1250

/1254

121

by: McFarlane, J. 8. et Tabor, D. (Univ. 'of Cambridge)

in Proc. Roy. Soc. A., 20%/224-245  1950.

Experiments with furnaée electrodes".

by: FitzGerald F. A. et Hinckley A. T.

Trans. Am. Electrod. Society

23, p. 333 - 340 (1913).

"Some aspects of heat flow"

by: Northrup E. F. Trens. American Electrochem. Sec.
XX1iv, 85 Sept. 1913.

"A gimple apparatus for comparing the thermal
conductivity of metals and very thin specimens of poor
conductors.” bys van DuSén'M'S-_

Jr. Optical Soc. Am, VI 759 (1922)

"Somé nev investigations on old combustion-engine problems."
by: Eichelberg, G. in Engineering.,’

(Lectures in Jan. 1559) Vol. L48/p. 463, 547, €03, 682.
Alcock J. F. |

in 1950 Transactions Inst. Marine Eng. V 62/p. 327,
"The fundemental principles of chemistry."

by: Ostwald W.,

book, Longmans, Green and CS; New York 1909.



122

1.2 RUBBING CONTACT OF SOLIDS*

One of the earliest theories of rubbing contacts (which still
stands - see /1225) is that of Amontons, published A.D. 1699 in
"Histoire de 1'Académie Royale des Sciences avec les Mémoires de:
Mathématique et de Physique."

1.2.1, In general, the theory has paid more attention to prevention

of heat generation in sliding contacts, than to the problem of conducting
it away most efficiently. Attention to the actual mechanism has always
been ke;en, however only the improved instrumentation of the ZOMCéntm'y
has permitted Bowden & Lebamn (  /1225) to make a successful investi-
gation on "The nature of gliding and the analysis of friction®™, the
essence of which is: "The frictional force does not remain constant during
sliding... the motion proceeds in jerks and large and violent fluctuations
occur in the friction. 1In the caée of dissimilar metals the top surface
sticks to the bottom one and moves with it mntil, as a result of the
‘gradually increaging pull, a sudden and very rapid slip occurs. The
process is then repeated indefinitely. A simultaneous measurement

of the surface temperature shows that this too is fluctuating and,

at the instant of slip, there is a sudden temperature "flash". The

exact behaviour depends upon the relative physicel properties of the
metals, particularly on the melting-point, and there is evidence that

three distinct types of sliding may occur. The experiments suggest

% Only a few publications on rubbing contacts are reviewed which the
writer happened to come across without looking for them, because the
subject is covered very fully in textbooks on "Friction and lubrication™
The most recent analysis seems to be that of Apkarian, of General
Electric Co., in R52GL50 and R52GL52, dated March 1952, abstracted in

Nuclear Sciences abstracts Nos. 2645 and 2646 of 1952. ( /1316, /1317).

e
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that friction is due to a‘welding together of the metals at the local
points of contact., These metallic junctions are large compared with
the dimensiong of a molecule and when they are broken the metal is dis-
torted to a considerable depth.

Even if thesurfaces are lubricated with mineral oils or other
lubricants an intermittent clutching and breaking away of the surfaces
occurs and the behaviour may be essentially the same. Certain longchain
fatty acids may prevent stick-slip and allow continuous sliding to take
place."

B. & Leben have found that a mean pressure of about 130 000
kg/cm2 exists at the contact points, which is therefore well able to
cause flow of metal, when a metal-metal junction'is formed. Again, a
shear stress of 50 000 kg/em? was found,'wﬁich is much higher than the
ordinary shear strength of steel (6000 kg/cm2 - roughly half the tensile
strength). Bowden & Tabor ( /1212) found that the real area of
contact of certain curved surfaces lies between 1/10 000 and 1/1 000 000

2

of a square cm. When a flat surface of 21 em® area was used, which was

"some million times as great as that for a curved surface, the actual

value of the (electrical) conductance was almost the same.™ This confirms

the remark of Keller (Weills & R. /948; page 112 of this Review) that

the number of a-spots is entirely independent of the macroscopic contact

area.

Thomas ( /1251) has measured the temperatures at the a-spots:
‘Wgeveral hundred degrees C are developed quite readily, although the

mass of the gliding bodies remains quite cool. The hot spot area, as
well as the temperature is varying throughout the duration of the hot

" spot. The hottest spots usuelly last about 10™4 to 10’5 sec. and their




area is of the order 10~%cm® under the specified experimental conditions...
For most metals sliding on glass, surface temperatures of the order of
500°C = 1000°C are developed at sliding speeds of the order of 200 cm/sec
and at a load of the order of 200g."

_Rabiﬁovich & Tabor ( /1224,) bhave investigated the metal
transfer (i.e. the wear) between sliding metals and have found that
"for unlubricated surfaces the pick-up is abbut 40 times larger for similar
than for dissimilar metals, although the coefficient of friction covers
a relatively small range (~ 0.4 to ~1l). With well-lubricated surfaces the
friction is reduced by a factor of not more thén 20, whilst the pick-up
may be diminished by a factor of 20 000 or more.... under these conditions
the welded metallic junctions formed througﬁ the lubricant film play
a very small part in determining the frictional resistance to motion.
Consequently tyo lubricants possessing widely different abilities to
protect the surfaces may give essentially the same coefficient of
friction.... The results provide direct support for the view that the
friction between metals is due largely to the formation and shearing
of metallic junctions, and that the main function of a boundary lubricant
is to reduce the amount of metallic interaction. The investigation also

- shows that the metallic transfer is immensely more sensitive to changes

in surface conditions than is the coefficient of friction.

1.2.2 One of the important discoveries about friction was that of
Langmuir (Ref. 202 of  /1253) that certain poiar molecules (oleic

acid, stearic acid, etc.) are much like a stick with a suction cap at .
one end (or like a lampreﬁAand that they have a very strong affinity ﬁdr'
metals. "... the force with which an adsorbed film is attached to a .

surface may be just as large as though it were chemically combined with
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or welded to, the surface". (p. 489, /1255). "Adsorbed molecules

orient themselves with their polar end groups attached to the surface in

a closely packed arrangement; the long hydrocarbon portion of the molecule

extends from the surface in approximately perpendicular direction....

geveral layers of molecules may be orieﬁted in this manner. When surface
asperities pass each other, the pilelike structure that is formed will
prevent metal-to-metal contact; but at the same time the surface asperities
should offer little resistance to motion because of the flexibility of

the long-chain molecules." (p. 490, /1253).

1.2.3 The following classification of sliding surfaces can, conse-

quently, be made (pp. 5, 7, /1253):

1) sliding of absolutely clean metal surfaces (outgassed in vacuum);

2) sliding with extreme-boundary lubrication ("normally” olean dry
surfaces, or when lubricant fails) when the load is such that even
the adsorbed molecules are torn off and welded bridges are made and
broken at the high points of the sliding metal surfaces;

3) sliding with bowundary lubrication when, at times, the "tail ends" of
the adsorbed long-chain molecules brugh those on the opposite metal
surface;

4) sliding with fluid-film lubrication ("hydrodynamic" 1ubrication),'
vhen a wedge-shaped oil film, several hundred molecules_thiék at
least, is forced, by the movement, between the surfaces and 1lifis
the upper surface (against the load) so that it is floating on the
lubricant.

The two experiments on heat transfer across lubricated solid-
solid surfaces ( /1248,  /1152) should fall within the class of fluid,

film lubrication, because the clearance for boundary lubrication conditions
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should be about twice the length of 'a polar mol=zcule, which is shown

on page 6 /1253 as having a length of 0.1 w in., vhile the minimum

clearance in Fig. 6 of /1152 is 0'2}" = 5000  in.

1.2.4 Hersey (Ref. 25 in  /1252) seems to have been the first to

apply dimensional analySis to friction problems and to introduce the

ZN i N. as a combined wvariable. Later a dimensionless Sommerf-eld
T (or 50 |

number (%)2 @%F— appeared (p. 181 /1253) which "bears the same relation-
ship to journal-bearing theéyy, as the Reynolds number does to
fluid mechanics". Some consideration to heat transfer problems is given
on p. 383 of /1253,

Dimensional analysis has been applied by Manganiello (
/1152) to his "inverted" engine. He suggests two alternative methods

of correlation:

r

) h=a ()7 T ®P W ()

n
2) hD=a, /DVSECpt’L>
k \ g k

1.2.5 ‘
The two experiments on heat transfer across the oil film between the

_____ (7) or Nu = a, (Re.Pp)"

piston and the cylinder wall differ very much. Eichelberg's (

/1248) eggine was a large commercial type; Manganiello & Bogart's

(  /1152) - & smaller special construction, with stationary piston
and reciprocating sleeve. M"The reason for the inversion was the
anticipated difficulty of reciprocating the electrically heated piston."
Eichelberg does not mention any difficulties with his flexible leads
for the thermocouples, which he had installed even in the piston-rings,

etec. "The thermocouple wires were carried along the piston-rod and
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secured to special rocking levers." The reascns vwhy the results of
Eichelberg and Manganiello & B. are not directly comparable are clear
from this introduction by Manganiello & B. : "... in an investigation of
piston temperature in an aircooled engine in which the variations of
piston tembgrature with various operating conditions were independently
determined (Ref. 2 of ‘ /1152) . A satisfactory correlation of
these test data could not be obtained because of the difficulty in .
evaluating the variation of the'surface heat-transfer coefficient between
the piston and the cylinder wall with the different eﬁgine operating
conditions." |

Eichelberg's results probably would be better coﬁparable
with Ref. 2 of /1152 (which is NACA Rep. No. 698). Manganiello & B.
departed from an actusl engine with fluctuating heat flow to an artificial
device with a steady heat flow from the electrically heated stationary
piston (without piston rings) across the oil film to the reciprocating
sleeve.

Eiéhelberg publishes 14 graphs on heat traﬁsfer and a number

of other graphs and tableqﬁ

| He investigated.the distortion of the temperature field,
caused by the introduced thermocouple, by making a 25 times larger
model (Fig. 13), so that the wires were 5/16" thick; the results are
given in Fig. 14, p. 465.

Eichelberg also measured, in vacuum (for insulation against
heat 1oSses).the conductivity of cast iron at high temperatures and found
a peculiar discontinuity at 433°C, however curves for cast steel and

Duralumin were continuous.
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Taylor ( /934) discusses experiments and théory of heat
transmission in internal-combustion engines as listed in 16 references,
incluaing Eichelberg ( /1248) but not including Manganiello & Bogart
(  /1152), and plots some results in seven diegrams. In his conclusion
Taylor expresses the hobél "that this discussion will #elp to shéw how
a limited number of data, properly correlated,.can be used to give'ﬁseful
information on heat flow and temperatures in - - internal comb: engine —
- - will stimulate further experiment dégigned to yield.basic data for
the heat transfer processes in 2-stroke cylinders, and for critical
points in A-stroke cylinders not covered in this discussion.”

Cameron ( /883) has conducted special experiments on heat
transfer in journal bearings. He uses the "load criterion, 1/p ,
which‘is the non—dimentional parameter controlling bearing performance.
Lé& is defined as £V .(£>2 vhere p represents the oil viscosity,

VA (9
V the shaft surfécé speed, W the total load, 1 the axial length of
bearing, r the radius of shaft and 8 the radial cléarance (bearing
radius minus_shaft_radius)ﬁa Compare with Scrmerf-eld number, page 126.

His results are piotted in five diagrams and "give a general
plcture of the factors which determine fhe:final equilibrium temperature
of the bearing, and shows whicﬁ variables require more\detailed investi-
gation."

Without reference to particular experiments and without
connection with heat trénsfer, a few interesting paragraphs will be
mentioned.,

Theories of dry friction are discussed on pp. 459 and 500

of /1253,
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Self-repairing properties of boundary lubricants are described
on p. 495 of /1253,

Solid lubricants, for extremely high pressures, like tungsten
disulfide,.molyﬁdenﬁm disulfide and silver sulfate, are mentioned on page
12 - 62 of  /803.

" 1,2.6  The Run—in process is discussed on pp. 455457 of /1253,
"When two moving surfaces maké contact along the crests of the éurfaoe
roughness waves, the softer of the two surfaces may either improve in
smoothness or be damaged by the operation.m Sﬁaw and M. use a very
characteristic expression: #Just what occurs to the surfaces in the run-in
process appeérs to be quite a mysterﬁ"...... "It appears that run-in
involves the combined improvement of surface finish and surface structure.
Though taper-section studies have shown tﬁat the improvement in surface
finish is minute, little is known concerning actual metallurgical changes
taking place at the surfaces and their consequences. If newly machined
surfaces are loaded too heavily at first, they may be seriously damaged.
The nature of the damaée depends upon the combination of metals that is
used. When a harder metal is caused to slide over a soffen one, the
demage is predominantly in the form of flowing out and tearing of the’
softer metal. If however, a softer slides over a harder one, consi-
derable amounts of the softer metal remain behind on the stationary
surface.  The harder metal may also be damaged by the soft slider's
plucking out particles of the hard specimen. The damage will be

greateat when like metals or a combination of metals of high initial

golid solubility are rubbed together."
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The influence of adsorbed films on the wear of sliding

contacts has been strikingly illustrated by Uhlig (p. 324 /1192):
"The rate of wear of carbon brusheg in generators or motors has been
proved to depend, for example, on substances such as water physically
adsorbed on carbon. If the partial pressure of water in the atmosphere
is lowered, as at high altitudes in the case of aircraft generators, the
decrease in amount of adsorbed film substance leads to brush wear at an
intolerable rate (21, 22). In the extreme adsorbed water vapor reduces

the rate at which graphite wears by a factor of 1000 or more (22)."
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2

Solid-1iquid metal interface.

21. Heat Transfer across a sta@ionary solid-liguid metal interface.

Although the theory of convective heat transfer has been
extended to molten metals (Hyman & 'B§nilla, /1058, etc.) nothing has
been found by the writer which would parallel the theories of Karush
( /1057) or of Cetinkale & F. ( /893) for heat transfer across
the interface.

2.1.1 For non-wetfing conditiong the following remarks would apbly:

Any difference in the heat transfér between solids in contact and aéross
a s0lid-fluid interface, could be only quentitative and not qualitative
because the same general mechenism would apply; any thedry however should
appreciably differ ffom that derived for solid contacts.

The surface of the liquid metal cannot be rough (except on a
molecular scale), as the surface tension always stretches it to a smooth
curvature. This cannot be said concerning the alien film on top of the
liquid surface. Its thickness and structure can differ from place
to place depending upon local circumstances.

2.1.2 The surface of the solid metal would generally have some degrée
of roughness, whether a pipe or a boiler.

Additional general information on roughness has been found
in Shaw & Macks (p. 444 /1253)

Table II-I Relationship between RMS surface foughness and predominagt

peak-to-valley distance (Ref. 346 of  /1253)

(Sine wave form ' 2 V~§-= 2.8)
Finish Ratio
Fine grind beb
Hyprolep 6.5
© Sandpeper 7
Superfinish 7
0]

Loose abrasive lap 10,
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the "predominant peak-to-valley distance" being about half the
maximun peak-to-valley distance found anywhere on the surface.

As mentioned on page 81 of this Review, the tip radius should
be small enough to reach to the bottom of the valleys. Way (Ref. 374
of /1253) has measured the roughness of a polished surface having

a peak-valley distance of 75 pin by means of three different tracer

points!
Tracer point radius Reading h max Discrepancy
500 p in. (standard) 30 y in. ' 60%
100 n 52 ®
50 " 60 " 20%
calculated 75 M

Changes in roughness of‘thé solid element of the contact could nof
be expected from the influence of pressure but only from corrogion,
abrasion, or clogging of the voids.

Hymen & B. (p. 61, /1058) pictures an wmwetting liquid
as touching a rough surface of a solid in isolated peaks (the surface
tension of the liquid preventing it from filling the valleys) and the
volume of separation filled with vapér of the liquid (and any blanket~

ing gas).
For the solid-solid contact, the fluid thickness  was

assumed constant (page 74), however now the fluid (between the solid
and liquid metal) thickness not only would change with pressure,

as the liquid would penetrate deeper into thé valleys of the rough
surface, but the fundamental layer of fluid, interrupted only by

4 to 10 (or more) "columns" in the form of a-spots, would have
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disappeared, because the liquid metal would not need to crush the asper-
jties in order to compress the fluid (gas) in the valleys. Now the number
of a-spots should be large, compared to 4 or 10, and the conductance of
such an interface should, generally, be better than for solids; in

other words, the constriction resistance (or resistance to bottlenecking)
should be smeller.

Meyer (or any other) hardness would now be unimportaent, as
even at the highest pressures, acting on the liquid metel, hardly any
difference in compressive stress between the valleys and the roughness
peaks would be noticeable. Thus the constriction number (page 74)
would have to be determined in a different way.

2.1.% Corrosion with liquid metals is a serious problem and will
be considered when reviewing the literature on the particular metals.
It may be remarked here that it was a pajor problem with commercial
mercury boilers (Hackett /970; Smith & Thompson, f112) and
reduced the steam-producing capacity to 40% of the normal. A chemical
compound formed which nearly clogged the tubes.
2.1.4 Solubility of solid metals in liquid metals is again a
problem (solid solubility, or metal tranéfer across the interface, was
mentioned for completeness on page 93) and will be discussed when the
suitability of different liéuid metals for heat transfer will come up.
';g;;:ji The overall conductance across the solid-liguid metal

interface appears included in the "film coefficient h", While for

hot gas, according to Austin (pp. 83-85, /792) the relatively
stationary film at a plate has a resistance 300 times that of the metel
(and thus the wall material has very little influence on the rate of

heat treansfer), Trocki ( /793) observes that for liquid metals the
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wall resistance gains in importence. His tabulation shows a decrease

of the temperature drop across the film from 99% (of the overall tempera-
ture difference) for gas to 59% for water and to 22.4% for liquid sodium.
2,1.6 The problem of a solid-liquid metel interface resistance to

heat transfer disappears entirely (the resistance due to the relatively
stationary film of liquid remaining, however) if the liquid metal perfectly
wets the solid metal surface, as then all alien surface films and all

voids are eliminated and cold welding results (see pp. 59 and 88) along

the entire interface. Therefore wetting will now be discussed in

some detail.

On page 85 it was already quoted from Udin (  /1194) that
the surface atoms are at an energy state intermedlate between that of
the interior atoms and vaporized atoms. This excess energy in the
surface supplie8 the driving force for any process which leads to a
decrease in surface area. Udin (p. 131, /1194) classifies wetting:
1) No wetting of the solid by the liquid.

{sv <|fis 5

2) Imperfect wetting. XSV > XLS > XSV -XLV;

ta
§

g;‘Qzl\\“X Fig. 11 "Complete surface
LS

equilibrium for the case
of imperfect wetting."

A droplet of liquid which partly wets a solid substrate will take a

shape which minimizes the surface energy of the system.
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Ysv + {15 cos # + Ly cos 6 = 0

Eq. 13.
YLSSinﬂ-XLvsinG =0
Yuv Fig. 12. "Partial surface
Ysv B equilibriue for the case of

imperfect wetting.®

Yus

In this case the 1 component of the liquid: gas vector is balanced

by elastic forces in the solid phase.

Ysv - dus+{Ly cos © =0 Ea. 14.

3) For perfect wetting 6 becomes 180° and one may write only that

Yovs Yis + Yoy Eq. 15. or Yis< Yoy - Yoy

4) The liquid phase not only wets the solid completely, but also
penetrates and films over the grain boundaries. This case occurs
when XLS< 1/2 XB' It is possible for this category to overlap
2) and 3). An outstanding example is the system liquid bismuth:
solid copper, responsible for the extreme hot~shortness of lead-free
copper containing a small fraction of one per cent bismuth.

The above descriptions apply, of course, to absolutely clean
camponents, in vacuum. In practice some adsorbed films and/or oxide
lgyers will intervene. Even previously cleaned and oﬁtgassed in vacmum
metal surfaces will not be wetted by liquid metals, if they are taken
out of the vacuum for any short time. Uhlig (p. 324, /1192) describes
an experiment with steel and mercury. Freshly broken steel surfaces
are not wetted by mercury. "Gagses from the air adsorb so rapidly

on the fractured edges that m%rcury atoms are held outside the field
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of force of the iron surface. ‘However if & similar U is broken below
the surface of mercury, the fractured ends are now rigorously clean and
mercury adsorbs on or wets the iron surface. .... all metal surfaces are
covered by adsorbed layers of gases and sometimes oxides as well, which
effectively alter surface properties of the meétal. If a metal surface
should be clean, the appreciable surface forces account for immediate bénding
with any convenient nearest neighbors. «++ cold welding results, and
the bond so formed is equal to bonding anywhere else in the metal lattice.®
An exemple of what happened when alien layers were eliminated
is furnished by Hackett (p. 649, /970) "The mercury-filled tube
became a suitable and reliable absorber of heat at unbelievably high
rates." WThe steei was found to be perfectly wetted with the dilute
Hg-Na-Ti amalgam to such a degree, that intimaﬁe and positive contact
occurred between the steel and the Hg. The spheroidel properties of
the Hg were entirely gone, and the liquid spread over the tube surface
to form a tenacious layer almost.impossible to wipe away. Sodium
wvas believed to be the wetting agent, causing a breskdown and femoval
of oxides on the surface of the steel and in the Hg, thereby allowing
actual intimate contact of the Hg and the steel. The sodium was
.also thought to reverse the meniscus of the Hg, thereby causing it
to spread uniformly over the tube surface to produce the effect of
wetting. "
Bailey & Watkins ( /1260) have experimentally investi-
gated the flow of liquid metals on solid metal surfaces and its
relation to soldering, brazing, and hot-dip coatings, in other words
- wetting of so0lid metals by liquid metals. [The volume was in the

process of binding - not availablel



138

Wetting is discussed in the numerous experiments with mercury
(e.g.  f922, /929, /930, /935, /936, /957, /959, /96l,
o965,  f966, [f968, /971, /975, /987, ete.).

Two experiments are known to be conducted especially for
the investigation of wetting: by Stfomquist ( /830) [which has not
been received from Chalk River Library] , and by Moyer & Riemen (
/1106) on wetting by sodium. The latter observed a transition from
an unwet (angle of contact > 90°) to a wet (angle of contact very small)
condition taking place between 350 to 450°C. It was presumed by them
that in the wet condition the H Tr would be materially increased, due
perhaps to the reduction of the metallic oxides by liquid sodium.
During one of the first runs they observed, at about 375°C, a sudden
change in temperature distribution, indicating a large increase in the
heat transfer coefficient. The H Tr coefficient of the film was approx.
equal to that of 1/4" of stainless steel (before the change took place.)
Several attempts were made to reproduce these data but without success.
Among the difficulties the experimenters mention lack of characterisation
of the surface of the stainless steel blade: "It is well known that
the thickness and composition of oxide layers on stainless steel change
markedly with heat treatment, polishing or abrasion, type of machining,
and treatment by solutions. It is probably trie that.in no two
experiments were the stainless steel surfaces identiéal. Even with
the same sample the cleaning treatment between runs undoubtedly affected
the surface conditions."

The writer combines the statements of the experimenters on
the reducing activity of sodium with the statement by Uhlig (

/1192), quoted on page 88, that stainless steels are covered with
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a monolayer of oxygen, and offers this attempt of explanation: During
the non-wetting, the sepérating film was this monolayer of oxygen.

As it is bonded to the metal lattice, it appears to act like a very
thin glove on the "fist" of the stainless steel, hardly affecting the
"H Tr at all, (A multimolecular layer could be pictured as a cushion).
At the appropriate temperature the sodium pulled stronger on the oxygen
layer and detached it, forming Na,0 (or Ney0,). The change in H Tr
was, however, too small to be measﬁred. Their experiments were conducted
exactly in conditions necessary for good cleaning of surfaces from any
alien films: high vacuum and elevated temperature. They would never
be able to observe something like the effects of mercury on the iron
boiler (Smith & Thompson, /1112) because the high pressure in

the boiler was favorable to forming of alien films. Their isolated
experience during the first runs may be due to slow outgasing of the
system; when it was complete, then, possibly, the dirt films were gone,
and only the monolayer of oxygen remained on the stainless steel.

Its disappearance however remeined unnoticed.

2.1.7  For the mercury boilers "wetting agents" have béen used:

1) A sodium concentration 100 ppm by weight of mercury (Hackett,
/970) ; 2) 0.002% metal magnesium (Smith & Thompson, p. 641,
/1112); a low % of Titanium, which is a function of the temperature,
with a spread of 0.0001% for 850°F up to 0.001% for 1000°F saturation
mercury temperature (Smith € Thompson, p. 641  /1112). The Titenium
completely stopped the solubility of steel. The magnesium is
essential to maintain the Titanium active; Titanium assists in the
wetting of steel by Hg. | To concentrate the information on the solid-
liquid interface, some experiments will be mentioned which actually

belong into section 2 2.
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Werner, in 1948 ( /1262) {Not received from Chalk River
LibraryJ seems to have investigated the individual film heat transfer
coefficients.

Bonilla, in 1948/49 (p. 16 of /1111) gives the followiﬁg
interpretation of a film cdefficient: WIf turbulence exists in the
main bulk of the fluid, the effective thermal conductivity is much
increased. However, a thin layer of fluid adj&cent to the solid does
not have freedom of motion for turbulence and is equivalent to a station-
ary or stagnant layer of thickness L. From heat-transfer experiments,
typical values of L could be computed for different conditions and
tabulated or correlated so that they could be estimated for the same
or other conditions when required. Instead of this, however, the
ratio K/L is customarily employed, given the symbol h, and designated
"film coefficient of heat transfer".

Any resistance at an inﬁérface is missing from the above
definition. ~

Lyon, in 1949 (p.48, /962) mentions that "because of
impurities in the system, it is quite possible that a scale may have
formed on the tube surfaces", and on page 56 : "Additional studies in
this field are needed; ——- 3) To determine the effect on heat transfer,
if any, of non-wetting by liquid metals of heat exchanger walls.®
2.1.8 " In his experiments with lead-bismuth eutectic, Seban, in 1950,
( /961) observed foulingjof ﬁhe heat exchanger. Discrepancies with
theoretical predictions were expressed as an additional resistance R
which, when included in the thermal circuit, would produce the de-
ficiency. "If the additional resistance is considered to reside in

“the interface region between the fluid and the exchanger surface, it
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can be partly rationalized by noting that a magnitude of R= 30 X 10-5
could be produced by a layer of air or nitrogen 0.0001 inches thick.
Although the roughness of the exchanger surfaces is unknown quantitatively,
it waé probably great enough so that such gas as would be retained in
the asperities of the surface due to the non-wetting sharacteristics
of the fluid would have an effective conduction thickness of about the
magnitude cited. Qualitatively, such an effect can be noted in Table II,
vhere the additional resistance for the staihless»steel tube is léss than
that for the steel tube, and the stainless steel tube is known to have
a smoother surface than the steel tube."

Hymen & Bonilla, in 1950, refer to Seban, on page 25 (
/1058) and on pp. 44-46 describe their own experiments on wetting:
¥Calculation showed that the temperature drop through a silicone film
of 0.8 thousandths of an inch at the various rates of power input would
accomnt for the deviations from the previous measurements. Therefore
it appears that these results are explainable by fouling of the surface
with a thin tenacious film of silicone fluid." ®This amalgamated
surface gave coefficients that were indistinguishable from those obtainéd
with the same iron surface in its original "wetted" condition,"

"Thus, no effect of "wetiing" was detected, and it seems
safe to assume with a clean surface wettability has no effect in natural
convection heat transfer" (p. 46, /1058) "Therefore, in the case of a
rough surface, a decrease in liquid surface tension (increased "wettability"?)
would decreaée the &apor filled volune of separation and improve heat
transfer® (p. 61,  /1058) "The debate about the effect of surface
vetting on heat transfer may vanish when the terms are more clearly

defined." (p. 61,  /1058).

CosEtaares L
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Johnson et al., in 1952 ( /834) mention that their test
section was not "wetted" ("tinned") and that their results fall 25% -
35% below the Martinelli-Lyon prediction. By changing the blanketing
gas from He to N they were able to observe the effect of gas conduct- —
ivity on the thermal resistance of the separation volume. They found
the h-curves for N  10-15% lower than those for He because the conduct-
ivity of N is lower than that of He.  Calculating the thiclmess of the
layer [results not stated] they found, however, that this thickness

was not sufficiant to explain the results.
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2.2

Heat transfer ascross a solid-liguid interface when the liquid is in

forced convection.

A11 the remarks of the preceding section apply, and the following
in additions
1) The relatively stationary layer of liquid (laminar layer, boundary
layer) adhering to the solid surface experiences a much larger disturbance
by the flowing liquid than in natural convection, and its thickness
decreases with increase in Reynolds number (for water: p. 11, Nikuradse,

/514), however its thickness could never be reduced to zero as
Miller ( /1255) apperently wishes to prove: "The myth is that the
presence of the laminar film was established.... The fact is that the
velocity measurements.... actually indicated that there was no laminar
film" (p. 94, "Exploding a heat transfer Myth, NEPA-804, /1255)

Nice photographs of the laminar and turbulent boundary layer,
in air, taken with the aid of a ZehnderMach interferometer, are repro-
duced by Eckert & Soemgen ( /903),

For non-wetting conditions it 1s hardly conceivable that
the peaks of the rough stationary surface would not hold a layer of
iiquid metal anchored in the valleys, and for wetting conditions even
a geometrically smooth surface would hold at least a monomolecular layer
of the liquid metal absolutely stationafy because of the cold welding
at the interface (p. 34, /1192).

Thus, no actual change in the conditions at the interface
would be expected against those of the precedent section.

2) The surface rouglmess of the solid metal would acquire

the significance of the sand-roughness in pipe-flow experiments
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of Nikuradse, and instead of a rm s value a peak-to-valley distance
would be needed for the relative roughness %- (p. 10, /514) .
Nobody of the experimenters seems to have measured the roughness

‘of the rather smooth pipes and tubes.

Experiments on this section were reviewed already in the

preceding section.

t o onkakr
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2.3

4
HTr from a solid metzl to metallic vapor, at rest.

No pertinent literature found as yet.

Ditto, vapor flowing .

The only references found are Bonilla ( /1256) and Bromley
( /1257). These seem to indicate that experiments on extracting
heat from nuclear reactors by means of boiling metals may have béén
conducted. Whether superheating was applied is not known. Investigations
of physical properties of sodium, for example, have been carried to
rather high temperatures. Tnatomi ( /1108) has tabulated the
enthalpy and entropy of sodium vapor up to 2600°K.  Ginnings et al.
( /1109) have experimentally determined the specific heat of sodium
up to 900°C.  Panchenkov ( /989) has determined the viscosity of
different molten metels; for sodium wp to 628.2°K.  Thompson (
/1104) has tabulated efficiencies of liquid-vapor power cycles up to
3000 psi and 1155.2°K.

Condensing of liquid metals has been studied by Bonilla et al.

( /1256), on mercury at heat fluxes up to 300 000 fi;;r (This
booklet, of 8 pages, has not been, by omission, requestéd). Wetting
would agﬁin come up and reference is made to pp. 135 - 142.

" Commercial use of mercury boilers was mentioned in connection
with wetting (Hackett /970; Smith'&‘ Th. /1112) and is described also
on pp. =06, 4-07, 8-95 to 8-98 of Kent ( /804). Superheated
Hg vapor is mentioned at thez top 6f the Table I p. 4-07. It appears,
however, that the commercial boilers have no large interface between
the liquid Hg and its vapor; instead Hg seews to enter the "Mercury

fog benk® p. 8-97 ( /804) as a spray of smaell droplets and this



146

process of evaporating Hg would come partly under 2.2, partly under 3.
and partly under 2.5.14&2.5.2. Apparently some superheating of the mercury
vapor would be necessary so that the entering fog could be heated

and evaporated.

(Trans. ASME of 1942 wereé not available any more, for checking).
2.4

Heat Transfer across the interface between two liquid metalsg, at rest,

A Nuclear Reactor could be imagined of two metals, one, in
a. molten state, as the heat gemerating nuclear fuel, and the other
boiling for metallic steam production. (Whether such a combination
would work, is doubtful. Probably it would not lend itself to
control.) |

No literature found as yet.

Diﬁtqifthe liquid metals flowing relatively to each other.

The above-mentioned combination could also be imagined as
a comparatively light liquid cooling metal floating on top of the
molten nuclear fuel and flowing along the interface to carry the heat
awvay.

Hamilton ( /1218) analyses natural convection within
fluids in which heat is being generated. The nature of the fluids
wag not nentioned in tle reference to this booklet.

25

Heat Transfer between a liguid metal and a metal wvapor.

2.5.1  Moyer & R. (  /1106) had 1iquid sodium, in high vacwmm,
with a heater at the bottom of the vessel and cooling coils at the:
top; nothing is known about the temperatures of the vessel at these

locations. The evaporation was such that contact was lost between
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the stainless steel blade and the sodium surface. Apparently condensation
at the cooled surface was not returning enough sodium to keep tle
level steady.

Some heat would be transferred to a metal vapor in fractional
distillatién of a metallic "mixture" (e.g. distillation of Hg from some
amalgam)., If oxygen would be present, the interface would be oxide-

covered. . (Experiment of Lavoisier).

2‘5.2 .
Heat transfer between liguid metal and metal vapor in flow.

Liquid metal could be imagined in a container for heating up
by blowing in metallic steam.

Commercial mercury boilers (Hackett /970; Smith and Th.

/1112; Kent  /804) appear to evaporate the Hg from small droplets
(fog) and thus some information on the process might be obtainable from
eXperiments on droplets of other liquids: Brown ( /854), Sjenitzer
( /858), Richardson ( /860), Snyder ( /872), and Bloom (

/1258) .  (These publications not read as yet).

The boiler is probably kepl as free from air and other gases
as possible, hovwever some gas (including oxygen) may be present and
may adsorb on the droplet surface, interfering somewhat with the heat
transfer from the superheated Hg vapor to the Hg droplets.

Some very small drops of liquid metal, covered with a very
thin shell of oxide, were found in the heat exchanger of Seban (p. 4,

/961), causing some fouling.




2.6,

Heat Transfer across an interface between two streams of vapor.

Only an imaginary wall-less heat exchanger between two
metallic vapor streams could come under this section (the interface

would be rather blurred). No literature found as yet.

Cus
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CONGLUSIONS

Part I.

If perfect contact is assumed between two metals, there is no
resistance to heat flow between them, and the usual mathematical theory
of heat conduction applies (p. 69).

In practice, however, the surfaces are imperfect, and the foliow;
ing additional considerations apply:

1) Surfaces are rough; in other words: contact is made at a small
nunber of‘so-called a-spots only; these yleld to pressure,
permitting mo;e a-spots to be formed; (p. 59);

2) Surfaces are covered with alien films of chemical compounds
andfor adsorbed fluids (p. 84);

3) Interface ?oids,vdue to roughness, are filled with some fluid,
sometimes short—circuiting the heat flow across the a-spots.
(p. 111). '

4) Alien films on the solid surfaces prevent the liquid metals
from "wetting" ("tinning") them (p. 135).

5) Eventually convection and radiation supplements the conduction
across the interface voids (pp. 93-96).

The two theories, of Karush and of Cetinkale & Fishenden (table on
page 77), have a limited application and are incomplete. The practical
application of the first is only hinted (p; 71). For the application
of the second, data are necessary which can be obtained by special l
instruments only: 1) a "Talysurf" profilometer (p. 75); 2) a testing

machine for obtaining the Meyer (not any other type) hardness of the

surfaces (p. 74).
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The results of the discussed experiments are not directly
comparable because experimental conditions and circumstapces differed.
Even disregarding the less important variables, the non-uniformity in
describing the mechanical céndition of surfaces is the most serious
obstable to correlation of results. Not a2 single investigator has
attempted correlation (p. 110).

“Rubbing contact of metals presents the additional effect of
shearing the a-spots (p. 123), with consequent high local temperatures
(p. 124). Adsorption phenomena are important (p. 125) if lubrication
of the surfaces has to be assured at all loads. The run-in process
is sti1l "quite a mystery” (p. 129).

Liquid metals generally do not wet the solid metal surfaces.
This problem seems to be solved by the theoreticians (p. 135), however
the investigators are rather confused (pp. 138, 140-142), and report
contradictory results. Difficulties are seen with reference to
stainless steels, because the conditions on their surfaces depend upon
previous heat treatment, working (mechining, grinding, polishing, etec.),
end treatment by solutions (cleaning, etc.).

Wetting gseems to be securable by the application of a com—
bination of several known means: high vacuum, high temperature, selective
adsorption phenomena, and wetting agents ("flux") (pp. 138-139). The
mecertainty of the results is reflected in the following statement by
Lyon et Poppendieck, in Liquid Metals Handbook, 2nd ed., June 1952
(p. 207  /1330): "Until more information is obtained on the contact
resistance between nonreducing liquid metals such as mercury and
lead ...++.... the predicted . h should be divided approximately by 2

for a conservative estimate of the heat-transfer surface required
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in a forced-convection heat exchanger®. Thus, not only are the troubles -
at the interface drowned in the film coefficient, but even a factor of
safety is introduced.

Little is available concerning the interface between metallic
vapors and solid or liquid metallic surfaces. For mercury the experience
with meréﬁry —-steam power plants provides some clues. On the vaporigzation
of sodium a theoretical discussion is available (Feldman, in NAA-SR-123
/1417), hovever it refers to the chemical problems only without éven
mentioning the interface. A theoretical analysis by Bromley (p. 145)
includes a vapor film (metallic, or of any other vapor) of thickness a,
hdgver the results are again expressed by way of the film coefficient h.

Thus, whether solid, licuid, or vaporized metals are involved,
there is sufficient uncertainty about their interface to warrant further
investigation.

In particular the following problems remain:

1) An adequate and universally acceptable system of describing surface
condition in mechanical terms, either as "roughness" (and its dependence
on pressure, temperature, time, ete.), or involving "a-spots" (and their
shape factor, number, etc.);

2) The same for alien films, protective films (as on stainless steel),
and adsorbed fluids;

3) The same with reference to wetting by liquid metals, below and ‘above
boiling point;

4) The same for metallic vapors, and their superheating;

5) A1l above-mentioned definitions and relationships tied-in into e

complete theory of "Heat transfer between two metéls in contact.®
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.Historical statement ef previous investigation.

The mechanism of heat conduction has been investigated by
so many that Hume-Rothery(1931) uses 136 pages to review the elec;
tronic part ef the heat bonductien in metals. Therefore only such
aspects of the older theories can be considered which have some
relationship with modern theories.

The interest displayed in crystalline substances can be
explained,for the practical investigator,by the purificatien ef a
substance by repeatéd crystallization,and for the theoretician ;
by the great regularity of structure.

The preference given to investigation of specific heat vs.
thermal conductivity is due to the comparative ease and simplicity
of calorimetric methods as compared with the difficultiéa of obtain-~
ing a steady and uniform flux of heat(even with guard rings,etc;).
It is only natural that theoreticians were more concerned to explain
the readily available data on specific héats,and less concerned
about thermal conductivity.

To find a reasen fer recalling Fourier's(1822) descrip-
tion of the mechanism of heat conduction,this sketch begins with
the mechanical theory of heat,and then passes on to the theories
of specific heat,ef thermal conductivity,of special aspects of
metals,and lastly - to some aspects of the theories which are
based on quanta and on wave mechanics,

The earliest supporter of the mechanical theory of heat
gseems to have been Iumcretius/p.27,vol.II,Niven(1890)/,and more

recently Lord Bacon/p.478,vol.I,Glazebrook(1922)/ who 1lived




from 1561 - 1626, According te Meyer(1899)p.11,"we may leok on
Deniel Berneoulli as the first auther of the fundamental netien
of the kinetic theory ...but...the auther of a scientific syétem
..ofounded on this netien is Clausius,and with him Maxwell has
done most te premete énd deve;ép the theery". Berneulli's
Hydrodyngmica brought this idéa in 1738; Rumferd boredAa dummy
cannon/p.118,Brewn(1954)/ in 1798,and bavy rubbed two chunks

of ice in 1799.

_Eext_came Feurier's (1822) explanatien of what heat is,
On p., 37,after a criticism of the caloric theory,he’centinues:
“I,'¢tat libre de la chaleur est celui de la lumisre;...La cha-
leur agit de la méme maniére dans le vide,dans les fluides ela-
atiéues,et dans les masses 1iquides eu solides,elle ne s8'y pro-
page que par veie d'irradiatien...® This sounds very much like
present-day theories /p.6,Jakeb(1949):"In solids intermolecular
radiation may play a part*/.Neither Maxwell's historical sketch
/pp.27,364=5,421,v0ol.II,Niven(1890)/,nor Bncyclepaedia Britan-
niea/p.322,vol,11,14.ed./, ner Glazebrook's Dictionary/p.478,
vol.I/ mention it ,however, Fourier mentioned (p.30) that heat
radiation is absorbed already within a few layers of molecules,
and these act on more distant points. He also talked a lot ab-
out heat tranSmission and radiation from molecule te molecule
(e.g.pp.4,8,19,26,28,50,51,39-42,589) and did not mind "qu'en
fasse consister la chaleur dans la seule transmission du mouve-
ment...".He also made some interesting remarks (p.593) about

heat transfer across interfaces.



Jullus Mayer was the first te empley,in 1842, the phrase
*mechanival equivalent ef heat'/b.479,vol.1,Glasebreok(1922)/,
Joule,between 1843 and 1878,made numerous accurate determinations
of it. Lord Kelvin wrote *On the Dynamical Theory of Heat® in
1851,and Clausius - in 1857, Maxwell's paper was read to the

British Association in 1859,

The caleric theeory was supported by many even after
the mechanical equivalent of heat had been established exper-
imentally., For example,Maxwell,in & review of Tait's boek
"Thermodynamics® (published 1868),criticiged Tait's support
for the caloric theory/p.661l,vol.II,Niven(1890)/.Apparently
the city;dwelling scientists had never heard of the experiment-
al proof given ages ago by the ancient camper whe preduced
heat by expending muscular work: He succeeded to kindle his
camp-fire by collecting the smouldering chips cut by a hard-

wood drill from a softwood log.

Discussing heat radiation Planck(1900),p.69.mentioned
radiating oscillators "somehow connected with the atoms™., A
lively discussion by physicists of the black-bedy radiation
finally pushed him to postulate that “das Bnergieelement €&
proportional der Schwingungszahl ¥V sein muss,also:& = h\)',
i.e, that energy is radiated discontinuously in packages
whose energy content is high for high frequencies and lew
for low freéuencies. Drude(1904)p.683,suggested that vibra-
tions of electrons could produce the higher frequencies of
the spectrum,and calculated that in the case of Caﬂé the

infrared radiation could be due te vibrations of a



mass cerresponding to a molecular weight eof 60. He concluded
that this mass could be made up of the Ca-40 atom teogether

with one F-19 atom,however he found no explanatien hew the

other F-19 atom would participate, Einstein(1907)p.188,used
Planck's formula for the frequency of a radiating oscillater,

He tabulated the natural frequencies of vibBration ef a number

of atoms and molecules,expressed as the corresponding wave-
lengths ranging from 12 microns for C to 61 microns fer EKC1.
He assumed that the atoms in a substance would be vibrating
independently,all with the same frequency. Sutherland(1910)
calculated the natural frequencies of molecular vibratiens

from the elastic constants of solids,and found them apprex.
eight times lewer than the lewest observed frequencies,
Answering a question by Sutherland,Binstein(1911)p.170,stated
that the infrared frequencies would arise from reciprocal
vibrations of ions,hewever the elastic waves in bedies invelve
whole sheets of molecules,and that the corresponding frequencies
therefore should be lower., At first objecting to Sutherland's
method of calculation as being too crude,Binstein used again
Planck's fermula and ,for silver,found good agreement with
Sutherland(p.174). When Nernst and Lindemann,by a "cut and try®
method,altered Einstein's final formula adding te the single
natural frequency one-half of this freéuency,and achieved a
remarkable fit with experimental values of specific heat,Binstein
(1911a)p.679,considered the change ef energy of a vibrating atem
during one half ef a period,and found that it was ef the same

order of magnitude as the energy itself. Frem this result he



concluded(p.685) that an atom emits a whole spectrum of frequen-
cies,the width of which is of the same order of magnitude as the
frequency V itself, He agreed that (y+ $V¥)/2 could then be

considered as the "natural" frequency of vibrations.

Debye(1912)p.790,concluded that the theorem of eéuiparti-
tion of energy between the degrees of freedom ie not correct.
He agreed with BEinstein that several frequencies are reasonable
because ef the large dependence of every atom upon its neigh-
bours,entailing anharmonic motion. Its‘Fourierranalysis would
provide a large number of harmonic freguencies. Debye started
with Sﬁtherland's expression (which he attributed teo Einstein,
probably because it appeared in Einstein's paper without spe-
cific reference to itevauthor) based on the elastic constants
of a solid body,and added further refinements of the theory of
elasticity. Calculations on this basis would lead te an infinite
number of frequencies;if,however,the atomistic structure of the
body is considered,the possible nermal modes cannot exceed 3K,
where ¥ 1is the number of atoms in the body. Therefore Debye
introduced a corresponding highest frequency alongside with a
densgity of frequencies(spectrel lines) proportional to the
square of the frequency,in the infinitesimal interval of fre-
Quencies. His theory resulted in a good agreement with experim-

ental data on specific heats.

Born and Karman(1912) started with an atomic string,for
whieh exact solutions can be found. The plus and minug signs

before the radical led to a higher and a lower natural frequen-




¢y ,which became known as the optical branch and the acoustical
branch.»These authors then proceeded to generalizations for
the three dimensions,and the modern edition of this theory is

presented in a book by Born and Huang(1954).

Later Debye(1914)p.50, admitted that the atoms of selids
cannot be considered as oscillating independently. Instead their
combined motion should be represented in the form of superimpo-
sed elastic waves of all frequencies possible in the given body.
He also applied the method of Born and Karman to take care ef.

the atomistic structure of the body.

More recent theories of specific heat are those of
Thirring(1914),Born(1914,1925),Blackman(1935,194l),Kbllerman
(1941),Leighton(1948),Born and Huang(1954),and others., The
eontemporary writers seem to prefer Debye's theory,however
everybody mentions that not one of the theories fits all the
experimental data,because approximations are necessary due
to the fact that ;the calculation of /(v) for any real
crystal is at present an unsolved problem"/p.3,Mott and Jones
(1936)/. There is a section on specific heat in a recent

survey of the physics of the solid state by Seitz(1954).

Seemingly much less has been written explicitly concer-
ning the thermal conductivity of non-metals. Jakob(1949)p.101,
quotes from Debye's book an expression for thermal conductiv-
ity derived again from considerations of atomic and m#lecular

vibrations,and revealing a striking similarity with the cor-

responding expression for gases derived from the kinetic theory.




Two more theories are those of Peierls(1929) and of

Papapetru(1934),the latter much the simplest of all.

Meissner's(1935) explanation of thermal conductivity is
not a complete theory,but_only a reasoning based on some proper=-

ties of electric circuits.

Everybody writing about the thermal conductivity of
metals went back nearly a hundred years to quote Wiedemann and
Franz(1853) who found that the ratio of thermal and electrical

conductivities is a constant,

This constancy was disturbed,however,by observations
that the thermal conductivity hardly changed at all with temf
perature while the electric conductivity exhibited a definite
temperature coefficient. To rectify this situation,Lorenz(1872)
introduced the absolute temperature into the Wiedemann-Fransz

ratio,which then became known as the Lorenz number,

Later measurements cauged even the Lorenz number to
become in-constant,particularly so when measurements were
made at temperatures approaching the absolute zero. There
some metals lost nearly all of their electrical resistance
(supra-conductivity) while keeping the thermal resistance,

Eucken{gu,es) therefore adopted the policy of writing the

thermal conductivity as the sum of two terms,one metallic, km

]

and -the other non-métallic, k: ,s80 that

i

k =k, + ki .
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B;ecke(}ﬁgg)P.355,assumed that the electrical conduction
in metals is similar to the conduction in electrolytes,i.e.free

positive and negative particles move between the molecules,

Drude (1900)p.577,had the particular success in deriving
the Wiedemann-Franz-Lorenz ratio from a hypothesis that in metals
there are free electrons which ohey the kinetic theory‘developed
for gases. Many other theories have been_advanced,hqwever none
of them were found entirely satisfactory. One of the troubles
was the very small contribution of ;he electrons to the speci-
fic heat of metals,inconsistent with ﬁhe eéuipartition law,

This was discussed theoretically and checked experimentally by
Richter(1912) and Richarz(1912). At the Solway Congress ,in

1927, the situation was described as "very confusing".

Relief came from the éuantum theory. Pauli had already
announced his exclusion principle,forbidding electrons to
enter any place where already two electrons with opposite spin
were present (or where one electron of the same spin had its
éuarters),so far in atoms only, It appeared to Fermi(1926)
that Pauli's principle could bé applied also to gases, Similar
ideas were advanced by Dirac. Thus a new kind of statistical
distribution of velocities appeared,Fermi-Dirac statistics,
which had Maxwell's statistics as its limit at high temperatures.
Sommerfeld(1928) had the idea to apply this new statistics to
the electron gas in metals,and could remove the trouble with

the specific heat of electrons.

Among others,Peierls(1930) formulated a theory of elec-




9
trical and thermal conductivities of metals. Bloeh's(1928)
theory won such an approval that Hume-Rothery(1931) included in
his book a summarized translation of it. Further work by Nord-
heim(1931),Sommerfeld(1934),Borelius(1935),Makinson(1938),Hume-

Rothery(1944) should be mentioned. Wilson's(1953) book seems

to bring the most complete treatment of the theories of metals.
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The atomic string.

The three-dimensional solid presents toe unvieldy a
situatien for initial analysis. Therefere a‘numbgr of scientists
gstarted frem the one-dimensional solid, a string. For eur purpo-
ses only those models are suitable which are compesed of lumped
masses on a weightleas string,duplicating atemic structure in
crystals.

Rayleigh(1894)p.172,discusses the discontinuous string
mostly from the point of view of music,however on p.232 he also
considers travelling waves along it. ﬁis paper of 1887{on_bodies
with periodic structure may contain additional discussien.

. Born and Kdrmdn (1912)p.297,discuss a linear diatomic
chaip,and their”model is rgpeatedly“discussedA,with_slightvvaria-
tions,by other writers:Schaeffer and Matossi(1930)p.288, Wilson
(1955)p.l38,Born and Huang(1954)p.55, and others.

The form of the differential equations,and therefore the
form of the solutions,is the same whether mechanical or electrical
ogcillatory systems are considered.

Meissner(1935) compares 810, molecules with electrical
oscillators assembled into a network,
| By analogy,masses then are substituted by inductances, L ,
springs by capacitances, C ,displacements by charges,‘%/évelocity
by current, i ,er Jj ,if we wish to reserve i for -1 , and
acceleration by dj/at = E (where the '' denote doule differentia-
tion with respect to time),

A reversed substitution can convert the solution back
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into the mechgnicallferm._

Consider j) one row of identical lossless coupled reson-
ators each cohsiﬂting of an inductance L and a capacitance € ,
in series, and being connected to ground,on each side, by a capa-
citance C' ., Thus the n-th mesh contains,going cleckwise,ground,
¢cr,Cc, L, C',ground. The coupling capacitances C' are shared
by the adjacent meshes ,and are the substitute for coupling springs.
Subscripts of the type n-1 , n, and n+l are used to denqte
the preceding,the one considered,and the following resonator.»
The differential equation is expressing Kirchhoff's second law,
that the algebraic sum of voltages and voltage drops in a closed

circuit adds up to zero:
: - . . . .
a,/C + Lay + (q, - an4y)/C' + (q, = 9, 7)/C' =0
Eer other meshes the subscripts only will change,as mentioned
above, For an infinitely long row the number of equations will
be infinite.

By inspection,we expect a particular solutien of the type

iwt
Ay = A6 .
iwt
After substitution and cancellation of e there remains

a set of algebraic equations of the type

A/C - IwoA + (A, - &, ,,)/C" : (A, - A, J)Er =0 .

' )JThese considerations are based on an example given by

Prof.P.R.Wallace in the “Applied Mathematics® course.
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" ne

Asgsuming Aﬁ of the form An = e we have for the ether
meshes - o
. (n*l)e - ne ¢
Anyy = @ e .e
(n-1)e - ne -o
A = e = e ,e .
n~Ll
noe
W¥hen these expressions are substituted and e is

cancelled,the typical equation becomes

o - 6 - -6 '
-Iv” + 1/C + 2/C*' -(e +e )/G' =0 |,

e -6
2 cesh 6 can be substituted for e +e ,and then :

cosh 6 = 1 + 4C'(1/C - In°) .

If Iw® is smaller than 1/C , or w°

is smaller than 1/IC ,
the rhs is ppsitivg, 9 is real,and the amplitudes aleng the
row decrease exponentially ; such a frequeney cannot be propagé-
ted through this system.

When Iw~ is larger than 1/C , the rhs becomes smaller
than'one, and it can represent & cosh if the argument is cem-
plex. Substituting i1i6' for © and replacing ceosh iO' by
cos &' ,we get

ces o' = §C'(Im° - 1/C) .
In this case @ 1is pureiy imaginary, the amplitudes are

ino'
net diminished,and An =@ expresses only retation in the

2

cemplex plane., For Im® = 1/C the rhs is one, 0 is zere and

An =1 , without dependence upon n or C*' ., Thus,in this type
of electrical filter,the natural freguency passes unchanged,and

the phase of higher ones changes depending upen the coupling;
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The Fermi-Dirac statistics.

The Maxwellian distribution of velocities is not suitable
for very light gases at lew temperatureé,particularly feor the
freé-electron-gas in metals,for which all terrestrial_temper-
atures (except those of “atomic"bomb explosions) are lew enough
to cause this degeneracy.

Quantization considerations lead to a different type of
statistics.

If some electrons are supposed to be enclosed in a box of
the type used in the kinetic theory of gases,and only one coor-
dinate,say x ,is considered,the motion of an electron can be
represented in a phase space /Fig.81,p.532,Slater and Frank(1933)/
with x as the abscissa and momentum as the ordinate, In this
space the motion of the electron between the walls is represented
as a line parallel to the x-axis at a positive height which
corresponds to the constant positive momentum of the electron.
This line extends from zero to A ,which are the boundaries of
the box along the x-axis. When the ordinate at A is reached,
in ordinary space the electron is stopped by the wall and rever-
sed. In the phase space this collision with the wall is shown
as a line parallel to the momentum axis and extending from the
given positive momentum through zero momentum to the negative
momentum of the same magnitude. This line is perpendicular te
the x-axis because the coordinate x does not change during

~the reversal of momentum, The motion from wall A to wall zero
is again a line of constant(negative) momentum and the colli-

gion with the wall zero is represented by an upward line along
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the ordipate axis“reachipg the horizontal line of the positive
mqmentum. The area enclosed by the deacribed horizontal and ver-
tical lines represents the tetal change in energy of the elect;cn,
and this can be only an. integer multiple of the quantum, h .,
Considering other electrons,enly one more can have the same
éuantum.number n (with oppoaite spin,however,to comply with

the Pauli exclusion principle);the rest of them,in pairs, may
have n+l ,n;z ,or n-1,etc,,differing from n by integers. The
areas of the corresponding rectangles would then differ from

each other successively by h .

The same considerations apply to the y ,and =z coordi-
nates,so that the three-dimensional case is represented in the
six-dimensional phase space by a box /Fig.49,p.260,Hume-Bothery
(1951)/ whose projection on the =x,p_ plane is the rectangle
described,and whose volume is - h3 . Thus,the two lowest-state
electrons may occupy the box at the origin,providing an electron
density of 2/h3 per unit volume, the next pair may stay in a
®concentric®box enclosing the first,and having a volume of

5. h5 = 1n° ; the next box would have a volume of o - 2h5=h3,

2h
etc. In the projection on the X,Py plane these boxes would show
up as higher and higher rectangles increasing in area by steps
of h at‘a time. This would signify that whenever an electron
(in pairs) is added in the ordinarﬂ?pace,it must have a next
larger momentum in the phase space,so that even at the absolute
zero of tkmperature only one pair may have zero energy,and all

other pairs must have higher energies.

If the extengion of the box along the x-axis is reduced
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to & value A/2 , the ordinate in the phase space must be
doubled,so that the area of the rectangle would not change. In
other words,crowding of electrons together in three-dimensional
space necessarily increéses their kinetic energy and therefore
reéuires work /p.533,8later and Frank(1933)/. This becomes evident
when two atoms try to interpenetrate,i.e. to crowd electronas into

a smaller spaceé.

The maximum kinetic energy‘of an agssembly of elecirons in
the lowest energy state (i.e.when all lowest energy levels are
completely filled) can be determined by integration,over the
momenta, of the electron dengity in phase space,which is 2/h3 ,
or of charge density -2e/h5 ,where -e is the charge of the
electron, This integrand is a congtant,and comes before the in-
tegral sign,so that the integral od the momenta, j/dpxdpydpz R
only is required, In a momentum space,with py , py y P, , a8

the variables,a surface of constant kinetic energy is a sphere

/p.534,ibid./ a g o
o o Px tPy P
=
2m
1/2 -
the radius of which is ,for the maximal energy, p = (2mlmax) y

where m is the mass of an electron. The required integral is

the volume of this sphere
3 3/2
A% p°/3 = 4W(2uB ., ) /3 , and the

charge density is
3/2

Q = (-2¢/n% )( 4% /3 )( 2uB ) .

From thi
rom 18 . 2/3
B = (1/2m )(-3n°¢ /8Ke ) .
max
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When energy is_imparted to this assembly of electrons,
only those electrons will be raised to the first empty level
above Emax ,or higher,for which their own energy plus the
- added quanta provide the energy associated with the empty lsvel.
As the éuanta of heat radiation are associated with comparati-
vely low frequencies,and therefore are not very energetic, the
chances are that only the electrons in the upper levels will be’
affected by heat,and the remainder of them will stay in the
lower states indefinitely. This is evident from a plot of the
number of electrqns per unit energy range against the_energy
level /Fig.6-2,p.194,Harnwell and Livingood(1933)/. The curve

which is

stapts from the origin,rises parabolically to Emax »

12

8.91 x 10~ ergs for tungsten,and then drops to zero., When the

o
temperature was raised by 300 ,only the electrons from approx.

-12

8.5 x 10 erg to Epga, participated,and reached a maximum

level of approx. 9.3 x 10-1% erg,while the rest of them did not
leave their levels at all, For 3000o the electrons down to

7 :_:'lO'12 ergs participated,and gome of them were raised to a
level of 11.5 x 10‘12 ergsa.

This explains why the electrons in a metal contribute
BO little to the spedific heat,and upset the equipartition
law,

When energies become so great (at astronomic temperatures)
that all electrons move out of theii&riginal solitary .cellas and
participate in the uptake of energy,then Maxwell's distribution
law is approached.

Since the expressions revealing the degeneracy of a gas

have the mass of the particle in the denominator /p.265,Hume-
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430the:y(i931)/;the degengracy is less pronounced for heavy
partiqles. Humehiothery,p.265,states that "an electron gas»will
at 56,00000 be'degraded to approximately the same extent as
Belium at 50K if it contained the same number of particles per
unit volume®,i.e. the departure from Maxwell's statistics will
hardly become noticeable at all for helium gas,while electron
gas will not obey it even at the surface temperature of stars.
The effect of this is exhibited in Fig.50,p.264,Hume-Rothery
(i931),wh¢re the existence of zero-point energy for degenerate
gases makes the energy-temperature curve to depart from the
straight line through the origin and to become nearly horizontal,

i.e.any temperature changes in this region affect the energy of

the particles but very little.

The spacing of the energy levels can be found when the
Schrodinger equation is solved with the boundary conditiéns
that the wave function ]{(x) must vanish at the boundaries
x=0 and x=A , Mott and Jones(1936)p.51,show that for the n-th

%’nz*ﬁ2

E, = ,where A is h/2% .

level

A% 2
For the distance A of the order of atomic dimensions
the spaeing is of the order of electron-volts,however when

A =1 cm ,the energy of the ground state is only 3 x 10'15 €e.v.
(p.51,ibid.) and thus corresponds to an electron practically

at rest.
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Atomic wvibrations.

The frequency of vibrations depends both upon the magni-

tude of the vibrating masa and upon the stiffness of the spring:

1/2
w = (k/m)

The electrical forces between the atoms are such,that a
displacement in any direction sets up a restoring force directed
toward the equilibrium position. This leads usually to such a
regular lattice structure that the relative position of the atoms
in a crystal can be given to one part in 100,000 /p.22,Arkel
(1949)/. The atomic restoring force,however,does not seem to be
proportional to the displacement,because the other end of the
"spring" is not fixed but is pulled away by the neighbour if the
spring tension is reduced. This may be one cause of the anharmeon-
icity of the atomic vibrations.

Since the electrical forces between the particles are
ehanging with certain powers of distance,there is available a
variety of "spring constants®™ ,however it alone would not suffice
to explain the extreme variety of frequendes. It is the countless
number of possible combinations of electrons,protons,neutrons,
complete atoms,and molecules,that provide the range of vibrating
masses, A small part of the mass is due to the conversion of
energy into additional mass when a particle is accelerated to a

high veloeity,because

n = mO/(l-v/c):l‘/2 .
For ordinary velocities this effect is negligible,however

for v = 0.,99999c the mass of an electron increases 194 times !
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It may be mentioned in passing that Newton may have fore-
seen the possibility of thg dependence of mass upon veloeity/p.137,
Stranathan(l942)/’when he stated his second law originally in the
form ’

F = d(mv)/dt = v dm/dt + ma .

Calculations of the natural frequencies have been perfor-
med,although they are extremely complex/p.157,Herzberg(1945)/
because of anharmonicity,damping,coupling,etc,

In the theory of simple harmonic motion all angular dia-
placements are assumed small,so that any sines may be safely
approximated by tangents and by the angles themselves. Large
displacements lead to non-linear differential equations/p.4,
Andronov and Chaikin(1949)/.

According to Herzberg(1945)p.20l, the amplitudes of the
éuantiéed ogcillations,though usually small,are by no means infi;
nitegimal and therefore for accurate calculations cubic,quartic,
and higher terms in the potential energy must be considered,

When change of state occurs,there must occur large ampli~-
tudes,because then some of the Yaprings" are 'broken‘;leaving
only softer ones intact.

Besides the mechanical anharmonicity due to large ampli-
tudes, there is also an electrical anharmonicity due to polariza-
tion. The dipole moment varies with the variation of distance
between the nuclei in the molecule/Fig.74,p.241,Herzberg(1945)/.

When two electric systems of the same natural freéuency-

are coupled,the combined system shows the largest response some

distance away from the resonant frequency,on both sides of it;
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a band-pass filter results.

With (coupled) atomie systems there would be some differ-
~ence in the equations of motion depending upon the type of coup-
ling,whether by means of aprings alone(ionic lattice) or whether
there would be also a common mass (sharing of electrons).

Herzberg(1945)p.161-167,tabulates some spring constants
of molecules,and mentions an experimental method for the determi-
nation of the normal fréquencies of vibration,(p.157). Actual
' scale models are made of steel balls connected by heavy springs,
and are excited mechanically by coupling with an eccentrie. The
largest amplitudes of the components are noted while the exciting
frequency is varied,and thus a picture of thé molecular vibrétions
is obtained. Herzberg does not mention,however,a fact whieh.de-
serves attentiom : Maximum amplitude does not occur at resonance
but dgviates from it considerably if the damping is not negli;
gible. Coupling also affects the position of maximal respounse.

To overcome difficulties due to non-weightless springs,geometri-
cal similarity can be replaced by energy similarity(p.158,ibid.).

A somewhat tangible proof that heat and atomic vibrations
are due to each other can be obtained from Fig.8 of a paper by
Bragg(1931).There it is shown that as the temperature is raised
the measured distributions of charge(representing the chlorine
and sodium ions) obtain lower and flatter peaks and wider bases
indicating increased amplitudes of vibration. At a height of

) )

approx. 7.5 electrons/A ,the width of the chlorine peak is 0.6 A
0 o )

0,75 A,and 1.0 A respectively for absolute temperatures of 86 ,

o o)
290 ,and 900 K,
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The wavelengths emitted by vibrating atems,

The shortest wavelengths arise when the constituent parts ef
the atom vibrate.

Gamma-rays,with a wavelength of a small fractien ef an 1,
arise from transitions ef nucleens /b,182,Lapp and Andrews (1948)/.

X-rays,Tanging frem 0.01 - 100 A,(p.15,ibid.),are caused
by electron transitions in the electron shells deep within the
atem (p.71,ibid,.),where the restering forces are very large. A
peeuliar case of radiation.is tHe explesion of an atemic bomb,
the X-rays in this case originate not only from the usual electren
transitions,but also from the extreme excitatien by high temper;
ature, The Wien's displacement law predicts that the 10,000,060 c
hot fi:e ball would emit gggg radiation with maximum energy in
the 2,9 K region of X-rays ! /p.20,Iapp and Andrews(lgés)/. of
course, the usual gamma and other radiations would come in addition.

Ultraviolet light ( 1 to 4,000 A ) and visible light
( 4,000 to 7,600 A ) is the result of transitions involving only
the outermost electrons (p.65,ibid.).

Some of the infrared radiation,ranging from 0,76 micron
te 400 P,or 7,600 1 to 4,000,000 K, may come from the outermost
electrons (p.65,ibid.),however most of the infrared or_heat waves
are emitted when the complete atoms vibrate and rotate(p.17,ibid.)
and when molecules vibrate and roetate. For example,the vibrations
of the atoma within the water molecule produce wavelengths of
2,325 , 2,66 , and 6,26 microns /p.241,Fig.103,Schaeffer and
Matossi(1930)/.

Hydrogen atoms also emit a radio wave of 21 cm /p.327,

Spitzer(1955)/ permitting the investigation of interstellar
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clouds by radio-telescopes.

. At the»temperatures prevailing in furnaces,the infrared
radiation of any significance falls between 0.8 p and 15 u /p.21,
Wohlenberg (1940)/. Incidentally,this range is incorrectly stated
by Hershberger (1954)p.126,as 7 B (due to an error while converting
7,000 K inte 7 F instead of 0'7.3) to 20 B and the same conversion
error occurs when he converts 1,25 cm inte 125,000 B instead of
12,500 B ,

Wohlenberg(p.27) states that the rotation of molecules
shows up as wavelengths of about 50 p,and the energy invelved is
small because the éuanta are of comparatively low fre@uency. Oscil-
lations of molecules,with rotations superimposed,produce higher
freéuencies,being due to more powerful quanta. thlenberg tapulates
three bands of radiation (or absorption) for COy as 2.4 te 3.0 B
4,0 to 4.8 B,and 12,5 to 16.5 E,and for water vapor as 1.7 te 2.0 B
2.2 to 3.0 P'4'8 to 8.5 F,and 12.0 to 30.0 F'

| Hershberger(1954)p.127,mentionsﬁébsorption gpectrum of
gmmonia gas in the wavelength region from 70 to 100 F,and that the
1.25 cm radar waves were absorbed by water vapor(because of a
rotational transition in the water molecule) to such an extent
that the range of the equipment ®*fell woefully short of that anti-
cipated®, He states the (3.3) line of ammonia (rotatienal) as
23,870.11+0,02 Mc/sec (which corresponds te 12,550 P) irrespective
of the source of ammonia,and suggests it as a frequency standard,
The absorbed energy cah be demonstrated as heat(p.133,ibid.),and
also as sound,if the ammonia is contained in a rubber balloon,and

modulated microwaves are used,
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The observed_mic:owave absorption arises from t:ansitions
oetweon pairs of energy levels corresponding ?o the inversion of
the ammonia molecule/p.127,Hershberger(1954)/.

Molecules can combineAinto larger groups with a lower
freéuency of absorption/p.QVO,Brode(l955)/ and emission,

Brode(p.265,ibid.) uses a new unit : the millikayser,mK,
which is eéuivalent to cm'lx10“5,or one thousand waves per cm,

In this cemnection it is important to remember that the
frequency of vibrations (which depends upon k/m) is the mere
fundamental and more constant magnitude,and cannot be altered
once the wavetrain has left the source /p.3,Lapp and Andrews
(1948)/.The wavelength,and with it the wave number,depends both
upon the relative velocity (Doppler effect) and upon the prop-
erties of the medium. These produce changes in the observed vel-
oeity of propagation,and influence the wavelength over the

relationship:wavelength x frequency = velocity of propagation.

Sutherland/p.82(1935)/ mentions that internal vibration
of radicgls,against other parts of molecules,helps to identify
them;e.g.the N03 group emits approximateiy the same wavelength
of 14 microns in all the nitrates., When the groups vibrate against
each other ,lower frequencies result. For example,in the WaCl
lattice all the Ha-ions can vibrate in phase against all the C1-
ions,emitting a wavelength of approx. 50 microns.

When monochromatic light falls on crystals,there arise also
Ramgn frequencies,being combination frequencies of the infrared
natural frequencies of the molecules with the exciting frequency

/p.153,Schaeffer and Matossi(1930)/.
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The influence of coupling on the frequency.

Let two undgmped vibrating}systems , kl y Iy , ko, m, , be
coupled by a spring k:5 stretched between the masses,while the
other ends oflki and ko are attached to two supports,

Thé'eéuations of motion are
v mi%y + (k; + kz)xy - kzxy = o
mo¥s + (ko + kzlxg - kzxy =0 .

Agsuming solutions of the type

t t

X, = Clelw y Xo = 02e1w
we obtain after substitution and cancellation of givwt

) > B
-WCy + Cl(kl+k5)/ml + k;Co/my =0

o, ' _ |
“WCo + Cplkgtky)/my = kyly/my =0 .
There are three unknowns,Cy , Co , and w ,however we can

solve the equations for w in terms of the ratio of C1 and 02 .

kz/my

(kl+ké)/hl -

From the first,

C1/Co

=12

and from the second + o

cL/c, (ko ks)/mz -w .
~kz/mg

Equating them we obtain a biquadratic equation in w , For

simplification assume the two systems to be identical:k;=k =k ;

M, "Mo=M Then 2 . :
W = (ktkz)/m + k;/m .

angular . . .

Thus two possible‘freguen01es of vibration are

ng = (k+2k3)/m. and w22 =k/m |,

the second of which is independent of the spring constant k3 .
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For kg = 0 ,both systems have their natural freéugncy.
When k3‘#70 »the second solution shows that the systems still can
keep their natural frequency ef vibration , if they vibrate in step
and ngver stretch the coupling spring.If Vo is substituted into
the equation for the amplitude ratio,there results a ratio of +1 ,
i.e. the amplitudes are always equal and of the same sign,as
anticipated.

If wy 1is substituted,the amplitude ratio becomes -1 ’
this neans tha@ the‘masses now ogcillate in opposition,and with a
shprter period,because double the coupling~spring constant is
added to the spring constant of the system,

| For illustration put m=1 , k=1 , and let kq véry from

zero to 7.5 ; then the following table results:

1/2
k; 2k, 1+2kz Wy = (l+2k3) /
0 0 1 1
0.22 0.44 1.44 1.2
0.48 0.96 1.96 1.4
0.78 1.56 2.56 1.6
1.5 3.0 4,0 2.0
4,0 8.0 9.0 3.0
7.5 15 16 4,0

Since wg = 1 ,it is seen that when kz reaches half the stiff-
ness of k ,the frequency is already 40% higher,and becomes very.
large with very strong coupling.

Since in crystalline solids the forces between the compon-
ent particles could be of the same order of magnitude as the
coupling forcgs,»a large influence of the coupling on the natural

frequency of vibration can be expected.
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This corresponds to Bragg's(1931) picture of a solid as a
threedimensional spring malttress,

Coupling in a quartz crystal is discussed by Neissner(1935)
P.291,with a much different cenclusion., He derives the degree of
coupling from the slewness (approx, 0.2 mm per sec.) ef heat prepa-
gatien,and net from the feorces between the particles. On this basis
he finds that the ceupling ceefficient is much smaller than ene pem-
ecent,which does not seem to be remsonable., He helievea that heat is
propagated only by energy transfer from ene of the atomie escillat-
ors to the next,however he fails to mention that energy would alse
awing baek to the preceding oascillator unless the coupling is seve-
red after the follewing eoscillater attained peak amplitude, This
*gheck-valve" type of coupling was the main achievement of the
extinguishing-spark-gap-radio-transmitters (*L8schfunkenstrecke-
Sender") of the old days.

According te Herzberg(1945)p.374,additional coupling bet-
ween the rotation and the vibration of molecules is produced by

the Coriolis acceleration,

In electrical circuits there exists a simple picture of
the effect of coupling,if the coupling is inductive: The two in-
ductances then form a transformer,and the constanta of the aécond
circuit are tranformed-in,according to thg(ratidzof the windings,

into the first circuit.
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The influence of damping on the frequency of vibration.

In problem 4,3later and Frank(1933)p.37,the above-men-
tioned éuestion is asked.
For simple harmonic motion,the expression for the dis-
placement at time t is
x = Aeslt + 3982# ,w#here A and B are

arbitrary constants,and sl and Sg are

31’2 = - C/2m + i[’k/b.- (C/2m)2171/2 ;
Here C is the damping coefficient, m 1is the vibrating mass,and
k is the spring constant.
The vibrations change into aperiodic motion when»
X/m = (Cc/2m)2 ,Where C_ is the
critical damping coefficient, For simplificatien let us introduce
a dimensionless ratio =z = G/Cc ,80 that for aperiodic motion

z=1 , Then the condition for aperiodic motion becomes

X/m = (C/Ezm)z ,and C/2m = z(k/m)l/2= v

where wné ig the natural frequency of vibratien.
%

The solutiens of the auxiliary equation then become

_ . 2 2 2,1/2
31’2 = -zw  + 1(wn z"w ) , OT
. . - .2 1/2
31,2 = wn( z + i(1-2z°) ) .

The general solution,with the decay term befere the bracket,then

. 2.1/2 1/2
-zw t 1~ ) . 2
x =e n Z/P el( z ) qht+Be-1(1-z ) 'E}/

1/2

| . _ 2
It is now obvious that "damped - v (1-z ) .

beeomes
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The percent decrease of the frequency with increasing

damping can be seen from the following table:

5 1/2

z (1-2") % decrease of w
0.1 0.995 0.5
0.2 0.98 2
0.3 0.954 ‘ 4,6
0.4 0.917 8.5
0.5 0.866 13.4
0.6 0.80 20
0.7 0.714 28.6
0.8 0,60 40
0,866 0.50 50
0.9 0,436 56.4
0.95 0.312 68.8
1.0 0 100

Thus,for small_damping the period is only a few percent longer,

however for =z = 0,86 it is already doubled !

Since energy is withdrawn from atomic oescillaters,and the
rate of its withdrawal is not constant,their oscillations are

damped,and the frequency is changing.

Therefore Binstein's(1907)p.188,assumption that the atoms
in a homogeneéous body would vibrate independently,all with the

same frequency,was a Vvery crude approximation.
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Naximal amplitude does not occur at resonance

(except when there is no damping).

In problem 11,p.38,Slater and Frank(1933) the question is
asked for which forcing frequency,smaller than the natural frequ-
ency,peak amplitude occurs. Apparently this is meant to correct

the misconcept that pesk amplitude eccurs at w =W, .
‘ forced

is max.
The expression for the amplitude ,when the déneminater of

the magnification facte® reaches a minimum,i.e. when

2% 2
(13- (w/my)® )+ (2mg/ )
reaches a minimum, Differentiating with respect to the ratio of
the frequencies,and equating to zero,we_obtain
‘ 1/2
. 2
wf/wn = (1-28%)

as the ceondition for peak amplitude of forced vibrations.

Similarly we can obtain
2 -1/2
wf/wn = (1-2z )

as the condition for peak maximal acceleratien to occur.
( Both peaks may be of importance for the design of machine
elements undergoing forced vibrations,particularly vibratien
megsuring instruments,where =z 1is approximately 0.6 .)

When values of the two peaks are computed,the following

table results:
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# _ (1§2z2)1/2 (1-222)-1/2
0.1 0.98995 1.61

0.2 0.959 © 1,043

0.3 0.906 1.104

0.4 0.825 1.212

0.5 0.707 1.414

0.6 0.529 1.89

0.7 0.141 7.09

0.707 O o0

When examining any plot of the magnification factor against
the frequency ratio,it will be noticed that the curve which weuld
eennect the peaks of the plotted curves,would be the plet of

(1-222)1/2 against the frequency ratio .

.As the value of =z approaches 0.707 ,the forcing fre-
quency for peag amplitude departs more and more from resonance;
thus,forrg = 0.6 peak amplitude occurs when the forcing freéuency
is approx. one half of the natural freéuency,and for z = 0,707
zero-freéuency (steady) force will produce peak amplitude.

-1/2
If (1-222) is plotted,the curve is approximately

symmetrical,about wf/wn = 1 ,to the previously mentioned curve,
however it leads to an infinite value of the frequency ratie
for the limiting value of =z = 0,707 . In other words,for
large damping,peak maximum acceleration occurs at forcing fre-

guencies much above Tresonance,already at we = T W, when z = 0,7 .

It is interesting to observe that the quantity which has
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its peak preeisely,and always,at resonance (wf = wn) is the maxi-
mal velocity of the mass,and.wgyh it the kinetic energy. This
becomeswevident“when tpe expregs?on for velocity is brought teo

a form where mw. - k/w. appears in the denominator. Then the
eondition for peak maximum veloeity becomes oW, = k/wf , or

wfz = k/m = vn2 .

When the respense of a vibrating system is pletted,"reso-
nance curves” result,and the two peaks mentioned abeve appear en
both sides ef the resonance,where the maximum velocity has its
peak. ‘

For a system ef m = 2, C =4, kx=57.2 , z = 0,25

and W, = 5.35 , the following table was prepared,where X is the

n

amplitude and Xo is the deflectieon caused by zero-frequency ferce:

] ] ] ? 1 ] 1 t 1

we/m, X/X, KX  wp  Cw, Cw,X w.°  2x 2w
0 1 5.2 0 0 0 o 0 0
0.2  1.04 59.5 1.07 4.28 4,35 1,145 2,08  2.38
0.4  1.16 66.6 2,14 8,56 9.96 4,58 2,32  10.6
0.6  1.39 79,5 5,21 12,84 17.8 10.3 2,78  28.7
0.8  1.84 105  4.28 17,12 31,4 18,32 3.68  67.4
0.94 2,03 116_  5.02 20,08 41,8 25.20 4,06 104
1,0 2,0 1144 5.35 21,30 42,6 28,62 4.0  1l4.4
1.2 1.4 80  6.42 25,68 36 41,22 2.8  115.2
14  0.8¢ 48  7.48 20.92 25.1 55,95 1.68 94
1.6  0.58 33 8,56 34,24 19.8 73,27 1.16  85.7
1.8 0,42 24 9,63 38,52 16,1 92,74 0.84 78
2.0  0.33 19 10,70 42,80 14,1 115  0.66  75.6

This example shows that peak maximal acceleration occurs

at W = 5,72 ,resonance at w = 5,35 ,and peak amplitude

at Wf 5002 e
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Does heat need ether for propagation ?

Heat from the sun traverses space nearly devoid of matter.
Logic feéuired some carrier for the electromagnetic waves,and
Maxwell's electromagnetic theory explained electromagnetic
waves,e,.g.light,as trans#ersal vibkations of an intangible
fluid which however behaves much like a solid of extreme medulus
of elasticity,because the waves are propagated with the highest
velocit& known,

It is well known that heat radiation is of the same
nature."One is never sure as to whether he is dealing with sbort
radio waves or long heat waves” says Hershberger (1954)p.126.

The usual explanation of how waves pick up energy is:The
gource setg adjacent particles inteo vibrating motion,and this is
propagated, across the elastic constraints,te further particles,
Experiments so far have not demonstrated the existence of ether,
and the physicists seem to have lest interest in it. Ether is
temporarily shelved by a cbmpromise: Light travels as a hail of
photens riding on a guiding wave/p.304,W.Wilson(1955)/which has
the velocity of light,and heat photens differ only in energy.

The theory of relativity has gradually placed more and
mere emphasis on the time-gpace centinuum, Although fer Lerentz
there still existed a stationary ether/p.28.Robertson(1954)/,
*Einstein simply ignered the ether"/p,.301,W.Wilson(1955)/.

The postulates of light having the highest possible velecity and

gcales eontracting,were in fact devised te explain the failure of

the experiments. The autho® still hopes that ether will survive.
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Why ia heat conduction so glow ?

Heat radiation is propagated through space nearly instanta-
ﬁeously,with_the velpcity of light. When,however,it strikes a
non-transparent obspacle,qonside;able time elapses before the
heat becomes noticeable on the far side of the obstacle. Also
sound waves,said to be participating in the flow of heat/b.fQO,

Debye(lQlB)/,traVel quite fast in air and still faster in solids.
The question arises,why is heat slowed down ?

Concerning sound waves it can be stated that they mainly
cause vibrations of the whole body,or of substantial parts of it,
and when they reach a boundary of the boqy,some of their energy
is transmitted to the surrounding medium, Nevertheless these
sound waves excite also some modes of vibrat;ons’associated with
individual atoms and molecules,and this fraction of sound energy
ig disgstributed throuchout the body,being lost for the excitation

of the surroundings,except that ultimately it reaches them in

the form of heat.

.Meissner(1955)p.291,has a very definite picture foi the
slowness of heat conduction in quartz. From the observed velecity
of heat flow in éuartz crystal(approx.0.2 mm/seb),énd the known
distances between the atoms in 3102 ,he reaches the following
coneclusions:

1) Along the 0.2 mm there are 11,000,000 atomic oscilla-
tors ,in which the two oxygen atoms vibrate against the silicon

atom,
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2) If the one second is split between them, each has got
7

0.9 x 10 ' seconds for action along this row.

.3) When this time is expressed in periods,there result
approx. one milliqn of oscillations for this action.

4) The action itself is:The preceding oscillator is as-
sumed to have reached the amplitude corresponding to the.temper-
ature involved;the coupling with the next oscillator is less
than 1% (derived by Meissner frem above-mentioned observations);
this oscillator starts with amplitude "zero®™ and gradually rea-
ches full amplitude;a third oscillator is excited ,in turn ,by

the second,etc.

This picture does not seem to be reasonable.

What Meissner calls “Kopplungskoeffizient™ is,according to
Hatte I (1942 )p.231,the ratio of the coupling spring constant .
to the sum of it with the system spring constant,e.g.kS/(k5_+ ky).
For this to be less than 1/100 ,the coupling spring must be
approx. one hundred times weaker than the system spring. Would

not then the 5i0o molecules tend to fall apart ?

Again,Meissner explains the 100- to 1000-fold higher
thermal resistance ') of amorphous solids as being due to still
weaker coupling between the irregularly piled-up oscillators.
True,the irregular structure of the amorphous solids involves
larger distances between the molecules,much ag in liquidsa,how-

ever then the amorphous solids would simply "evaporate",

') Meissner expresses it in thermal ohms,and also refers to

freneh practice of using "Ohm-thermique",
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An expression by Arke1(1949)p,139,seems to imply the
opposite,that the molecules of 8102 are very strongly held to-
gether:"The series will therefore show a maximum in the heat of

vaporization,and we know that this maximum occurs at 8i0g,*

Very loose coupling means very sharp peaks of resonance, '
depending.also upon the amount of damping. The atomic oscillators
experience no viscous damping because the particles move in ether
(qr in empty space ,if ether does not exist),and no ether wind
has.been detected S0 far,i.e.éther does not exhibit any viscos-
iity, There is no Coulomb damping,because the particles do not
slide on each other. There is no solid damping,because this is
due to "internal friction®™,which does not exist,because there
is not any physical contact between the molecules in a solid
besidgs the interpenetration of their fields of electrostatic‘
force, For example,ény ®50lid damping® effect in a flat spring
is due only to some gpreading of energy. Instead of being stretahed
only in the desired direction (for the upkeep of the wanted vi-
brations) the bonds between the particles become stretched also_
in all other directions. If motion spreads sideways,energy spreads
as well, Thus practically all molecules of a vibrating spring
will be kept in some motion,and will spread some energy also to
supports and other surroundings. Since viscoeity is an electro-
static effect,and friction as well, a generalized statement can
be made that all damping effects are finally the diffusion of

energy,along the molecular oscillators,in unwanted directions.

At this opportunity the mechanism of “absorption®could

be discussed, There are several vhenomena to which the well-
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‘J.X

known attenugﬁion laonﬁ the type Ix_=_Ioef can be applied.
Some‘kind of ehergy flow auffers exponential decrease of inteﬁ-
8ity. Where goes the missing part? From the foregoing discussion
of damping it will be obviqus that the absorption is again simply
a phenomenon of energy escape in unwanted directions. If the ener-
gy flow is not directly vibrational energy carrying heat,any other
kind of energy (the absorbed part of it) is first exciting atemic
vibrations which then distribute the energy throughout the body,
and_to surroundings,as heat, For example,when X-rays eject elec-
trong from the shells of the atoms,imparting to them some kinetic
energy,this is passgd on to other particles in the neighbourhood
and appears as heat, A‘lethal dose of X-radiation raises the body
temperature by about 0.001 C /p.91,Lapp and Andrews(1948)/.
Another example is the shortwave diaithermy,where this absorption

ig the purpose of the application.,

For heat energy absorption,when it comes from another
body,the picture is nobt much different: The incident flow of
energy may be in the form of heat radiation(electromagnetic
waves) or in the form of kinetic energy of molecules or atoms.
In the latter case laws of impact apply,supplemented by the rule
that all transactions must occur in multiples of quanta. Radia-
tion can to a certain extent pass freely through thexhody ')

in question(much like visible light does) except through metals.

') Sutherland(1935)p.5,for example lists the most suitable prism
materials for infrared:Quarts up to 3.5 P,Fluoréparzs -9 F'

Rock-galt:8 - 16 P,Sylvine:l5 - 20 E,Potassium bromide:19-28 E'
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Transpargncy is explained by Shockley(1954)p.45:%In gene-
ral it is a property of wave motion that waves can proceed unat-
tenuated in periodic structures.This is true of acoustical waves
in a gas,of mechanical waves in a solid,or of electromagnetic
waves moving through elecfrical filters or periodic metallic
structures in space. In all of these cases if the structure is
perfectly periodic,the wave will proceed indefinitely without
attenuation(jhe structures must be ‘lossless to be analogs of

the wave equation for electrons)."”

Mott and Joﬁes(1936) picture the behaviour of an ideal
me¥al in Fig.45,p.110, where long waves are stopped in a thin
surface layer,and for short light waves the metal is partially
transparent. They quote from Wood,that the alkali metals become
transparent in the ultravioleﬁ. On p.116 they mentiom that 500 K

ig the order of the distance to which light penetrates metals.

Since heat radiation is short electromagnetic waves,the
same reasoning applie%%s in the case of radio—freéuencies. VWere
it assumed that the electric field would penetrate into the metal,
then an electric current would follow which would carry eleectrie
charge to the surface,and thus provide termination for the elee-
trie lines of foree,and preclude further penetration of the elec~
tric field into the metal. Should the magnetic field penetrate
into the metal,it would induce_VOltage and cause heavy current
glong the sqrface of the metal,producing a magnetic field which
would cancel the originally penetrating maegnetic field. For nen-

ideal metals these effects are not too strict,and the fields

gradually drop to zero within a small depth of the metal,the elec-
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tric field sooner than the magnetic field,

Concerning that part of the radiation which cannot pass
the body due to-its transparency,i.e, the stopped part,we would
observe two distinct effects: 1)_Its quanta would find atoms,mo-
lecules (and electrons) which have empty levels to be transferred
into. The energy of these transitioné would,to some extent,be
transmitted over the bonds to the particles inside the body,pro-
ducing a flow of heat. When the amplitudes are small,little ener-
gy is drawn from the waves,however when resonance occu:é,(in the
éugntum.picture: wheq the quanta are just slightly more powerful
thanvis necessary fof»the transition),amplitudes are muchraugmen-
ted,and then the_absorption of energy becomes significant,

2) Bvery oacillator is capable of absorption,and every resonator
ig capable of emission. Energy may swing back aﬁd forth as bet-
ween two identical tﬁning forks, What was not taken up by the

ad jacent resonators for further transmission to the inside of the
body,is reradiated by the oscillators at the metal surface,and

this part of energy appears as the reflected ray.

Returning to the resonance peaks,there iz then only one
phenomenon affecting them,because damping was just explained as
the escape of energy through the coupling between the particles.
If all the effect is only an escape of roughly 1% of the energy,
then the resonance peaks are very sharp and high. Such a setup
is much like a wavemeter loosely coupled with a transmitter. It
‘is the sharpness of tuning,which makes it possible to measure the

wavelength,preventing the response of the meter whenever the
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transmitter is slightly off the tuning.

Meissner mentions the internal frequency of the Si02 mole-
. 3 ‘ -
cule as 3 X lO1 per/sec ,which corresponds to 10 microns. He does
not specify the “"few" other frequencies,except that they are within

a band of 1012 - 1013

per/sec ,corresponding to 33 B - 3.3 p. His
molegplar resonatora could sharply respond only to a "few" frequen-
cieg,if they were emitted by the source,and would reject all other
frequencies,much like a pushbutton receiver,i.e. the ability of
quartz crystal to pick up heat would,to a certain extent,depend
upon the temperature pf the source, Experience,however,shows that
every substance, including éuartz,picks up heat at any temperature
(provided there is a temperature difference),i.e.responds to all

frequencies of heat motion, Therefore the resonance curves must

be very flat,and the coupling must be tight.

Although Meissner ,p.290, quotes Bragg's(1931) expression
that the elastic waves have to fight their way through a fog of
seecondary waves,he apparently does not approve Bragg's picture.
This latter,however,seems to be more reasonable,because: 1) It
does not mguire such an unbelievably weak coupling between the
atomic oscillators; 2) it permits the propagation of many normal
modes,and not only of a_few resonant frequencies; 3) it corres-

ponds to the experience.

It also provides a better explanation of the slowness of
heat flow. When the coupling between adjacent oscillators is tight,.
the energy spreads quickly along the row(however leads to slo&ness)
with the velocity of the elastic waves. At this point the atonie

string could help.us, Should a long string be disturbed in the
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middle,this disturbance,when ?eceding,would gplit in two,travel to
both ends,and die out on the way if the dawmping were excessive.With
§mall damping, the disturbances would become reflected at the ends
and meet again in the center,t:avel again to the ends,etc. until
the energy would be dissipated, Were the excitation persisting,and
préducing a number of wavelengths,one of them might fit in with

the length of the string to produce standing waves,and other wave-
lengths might produce an unceasing race of waves forth and back.
Smaller amplitudeé could be expected far from the excitation place,
because energy would be dissipated on the way. With a small number
of differing.wavelengths the energy level at a certain location
could fluctuate considerably,however with a very large number of
interfering waves the pattern of energy flow should become (sta-
<ﬁistically) steady: at the source the level would be highest,and
would gradually fall,to reach lowest level at the far end,only
gsufficient to supply the outflow through the support. Thus,although
the actual waves would run back and forth with their large velocity
of propagation,the flow of energy would be caused by the difference
of the composite amplitudes along the string,and thus‘wduld be slow.
Iﬁ the threedimensional solid,pictured by Bragg as a spring mattress,
there are millions of atomic strings in all directions,and strongly
interconnected'at mltiple points. Several or all of the normal

" mode vibrations,with combinations,pf the atoms and moleculgs would
occur simultaneously,gr in succession, Higher harmonic freqQuencies
should{occur also,as well as combination frequencies due to the
anharmonicity of vibrations. In anisotropic bodies the elastie

properties would differ along the three axes,adding some more

variety. The solid body would transmit both longitudinal waves
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and transversal waves,because it strongly resists deformation
in every direction. Thus the resultant spectrum of fre&uencies
is expected to suggest a picture of a jungle forest with all
%types gf vegetgtion. The multiple ref;ections from the bound-
aries of the solid, and the multiple interference should cause
such a criss-crossed picture of waves that Bragg's (1931)
expression about a fog of waves seems to be completely

fitting.

For metals some unexpected changes in the picture may
occur in the future,because the superconductivity still is not
explained /Burton,Smith and Wilhelm (1940),Wilson (1953)- Seitz
(1954)p.90,even remarks:"for nearly 50 years this topic has
remained an outstanding mystery®- and the thermal registivity
passes through a minimum,and rises rapidly at the lowest tem-
peratures (also for quartz) /Burton,Smith and Wilhelm (1940)
p.260[however for the present time the picture of the free
eiectron gas as the main agent for heat conductioh in metals
seems to be accepted. The conduction along the ionic lattice
seems to be much less important.

The Fermi-Dirac statistics explains why those free elec-
trons which may participate in the transfer of heat,have high
velocities,corresponding to energies of the order of 10 electron-
volts. To fit in with the picture of the fog of waves,they could
be represented by their de-Broglie waves,however the partisle
picture is simpler.The slowness of the energy transportation by
the free electron gas is,in fact,obvious,because the picture is
the same as with any other gas in the kinetic theory of gases.

There seems to occup some drift of charge as well : a more
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enérgetic crowd of ‘hottgr'electrons pushes the less enefgetic
“bystanders before itself. This causes a thermoelectric potential
difference to appear in a:metal4in which a temperature gradient
existe /Thomson emf ,p.20,Foote,Pairchild and Harrison(1921)/.
This drift velocity of the electrons is small compared with the

high individual velocities.
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Some factors affecting the measurement of temperature,

In practical'systems the equilibrium is considered as
reached when the measur;ng insﬁfuments do not show any differ;
ence in temperature between the (formerly) hot end end cold end
of the body,or between bodies in contact. That this,due to the
decreasging driving force,theoretically requires infinite time,

was pointed out already by Fourier(1822)p.32.

With temperature measuring devices,the equilibrium is
more properly a steady-state heat flow condition: The mercury
does not rise further when the thermometer loses as much heat
to the surroundings as it receives from the hot body. As there
is always resistance to heat flow,there is a temperature drop
along the thermal resistances from the hot body to the mercury,
or to to the hot junction of a thermocouple. This entails i
temperature indication which is not identieal with the temper-

ature of the hot body.

Thermometers and thermocouples are always in some meag-
ure covered with alien films. These do not constitute any appre-
ciable source of error for immersed devices,because the teﬁper-
ature drop across the film is not measurable,the cross-sectio-
nal area for heat flow being comparatively large. However in
cagses when these devices Jjust touch another surface,and thel
space of separation is gas-filled(in addition to the films),
the constriction resistance at the small area of contact with
the hot body may introduce considerable error,particularly if

the other side of the bulb is exposed. Wrapping of the buldb
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with tinfoil,and insulating the assembly,should ameliorate the

situation.

Another point of importance is the disturbance created
by the measuring instru@ent. A drastic example is the case when
a certain voltmeter consumed nearly all the power generated,thus
causing an extreme infernal voltage drep,and a very low reading,
which could be interpreted as a failure of the generator, When
the heat capacity and the heat dissipation of the thermometer
becomes appreciable in comparison with the heat capacity of the

hot body,the temperature reading may be too low,

A large source of error (a warning against which does not
appear in print often enough) lies in the method of correction
for the cold-junction temperature,necessary when it is not the

same which was maintained during calidbration.

It is realized by everybody using thermocouples,that
calibration curves are not straight lines,however the method
of plotting them in short straight lengths makes one less mind-

ful about this property of them. Printed tables als® tend te

obascure this fact.

Reeently the author was pugzzled why the L&N thermocouple
material in use at McGill University was found by Rogers(1953)
p.lél, %to read about 12°F below the standard values for eoppef—
constantan ...over the whole temperature range used...®. He made
& special check of the material ,from the same spool,and found

elose agreement with L & ¥ tables.,
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The duestion came up again when steam temperature by a
cqpper-constantan thermocouple,with cold-junction-temperature-
correction according to instructions on.p.54 of_‘?yrometriq
Practice"/Foote,Fairchild and Harrison (1921)/,was found 13°F
higher than shown by & mercury-in-glass thermometer in an oil-
filled brass well, The instructions are: "The true temperature
of the hot junction is obtained by adding to the observed tempe-
rature the value K(actual c.j.temperature minus c.j.temperature
at calibration),where K ... for rough work may be assumed 1.0
for base-metal couples...®, For example,the thermometer read
263 F,the reference junction slidewire on the potentiometer wase
set on O F ,thé actual co0ld junction temperature was 64 F ,and
the millivolt reading vas 4.95 nV ,which,by tables,corresponds
to 212 F, When (64 F - 0 F)1.0 = 64 F were added to 212 F ,
there resulted a tempergture of 276 F ,er 13 F higher than shown

by the thermometer.

_ Later another reference to this factor K was found on
p.246,ibid. stating that K is %"equal to the mean slope of the
calibration curve over an interval about 50°0C,in the neighbour-
hood of the cold junction temperature,divided by the slope at the
observed temperature...®, When this formula is applied, X for V
the example given is found as K = (0.022 umV/F)/(0.027n¥/F)=0,815.
Then only (64 - 0)0.815 = 52 F héxve to be added to 212 F rea-
ulting in 264 F which is reasonably cleose to the thermometer
reading.

When a method ( The author is grateful to Dr.T.Lin for

this reminder) given by Hodgman(1953) was used,even closer agree-

BTS2 A R D
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ment was obtained: The.temperature of the cold jupctiqn was coﬁ-
verted into millivolts,added to the millivolt reading,and then
the temperature abovg O F read from‘the tables. The 64 F above
Zero correspond to 1;37 'l above zero,and together with the 4.95
it giv?s 6.32 oV above zero,dorresponding to 263 F. This latter

method seems to be the safest.

Whether Mr . Rogers's observation was due to some e;ectrical
trouble in the automatic potentiometer(which was the original
guess by the authpr) or whether it has something to do with the
cold-junction temperature corrections (the réading was,however,
low and not high) cannot be determined without rgference to the
aetunl calibrationhdata which were not available, ( The author's
interest in this case is due to the earmarking of the same poten-

tiometer for his future experimental work. )
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Contact angles.

The degree‘of_wettipg.is usually gtated by reference to
gontact angles(p.135,Reviev). Much more than elsewhere,the con-
¢ition of the surfaces and the peculiar properties ef the 1iduid
and of the solid require careful attention.

Besides the solid and the liduid,there ig also some gas
adsorbed on the surfaces.Spreading of the liduid depends very
much upoen the remeval of the adsoerbed gas. A liquid which dissel-
ves the adsorbed gas spreads on the solid,while otherwise the
gas would prevent wetting., If ene experimenter is net aware eof
the adsorbed gas,and another removes the gas previously,thgir
measurements will differ substantially./p.89,Fisher¢l950)/,

There is another unnotieeable alien film en all surfaces
expoged to the atmosphere:an adsorbed film of water(p.l29a,Review)
Spreading of some ;iéuids may be prevented by this film while in
other cases the warer may have to be displaced first,oer consumed,
causing a delay/p.95,Fisher(1950)/.

If the liquid molecules consist of grbups which attach
themselves to the surface in a selective way(polar melecules,
p.124,Reviéw) the contact angle measurement will depend upon the
orientation of the molecules at the surface. Fisher,p.85,ibid.,

mentions a case with soaps of long-chain fatty acids,where the

angle was found either 0° or greater than 900

If the liquid is inhomogeneous mechanically(fer exampie,
a flocculated suspension),Fisher (p.89,ibid.) warns that "any

contact angle measured for such a material is entirely fictitioeus®
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In &ddition,the evaperating molecules of the ;iéuid *can
be pictured as leaving the bulk of the 1iéuid and depositing in
advance of the main body of the liéuid! The 1iéuid therefore
dqes not form a sgharp demarkation_line but is ,in Spreading,
fassociating with i?s qwn_molequ}ar species deposited in adjacent
areas of the solid".(p.89,ibid.). _

The actual demarkation line of the liquid and of the_solid
has, of course?the usual uncertainty of shape(p.56,Review),and it
must not be overlooked that the best micrescope still does not
resolve these details of the shape of the menisgtue,ner dees per-
mit the measurement_of the angle at its vertex, Eiaher (p.88,ibid.)
states that "the line is always drawn at a region congiderably
~removed from the actual junctien of liéuid and solid."

He mentions also (p.89) several causes of nen-eépilib:ium
conditions,making the measurement of the contact angle dependent
very much upon the duratien of the experiment. Very viscous li-
quids spread much slower than less viseous,and will be at a dis-
advantage if the experimenter is impatient. Also the evaporation
of the liéuid drop may impede spreading,if the replenishment

is slow.
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Soldering.

Although it is a very old art, Bailey and'Watkin§(1952)
p.57,are compelled to remark:fThg causes of difference in 'solder-
ability' are not known,for the basic factora controlling flow are

not well understood."

Flux is observed to remove the thin oxide films growing
fresh after_mechanical cleaning,and also the adsorbed gas film,
both from the solid metal surface and from the liquid metal sur-
face,s0 that the attraction forces between the metal molecules
can come into play /Bailey and Watkins(1952)p.64/. Fluxes also
reduce the surface tension of the solders /p.75,ibid./."Acid"
flux does it much better than the "non-corrosive* fluxes,possibly
also due to some electrolytic action. Even cast iron can be soft-

goldered when acid flux is used.

Previous “tinning® of the tubes of ligquid-metal systems
using lead alloys could be advantageous,and the “%acid®flux should

be effective also in this case.

Pure tin /p.64,ibid./ spreads mich less well than some of

the tin-lead alloys,which was also the experience of the author.

The attraction forcee between the solid metal and the
liéuid solder depend also upon a good fit /Smith~Johannsen(1952)
p.55/ of the agtive groupé,m01ecules and atoms,so that not only
a few molecules come within molecular distances from each other,
but a whole array of them meets another array,and the attraction

forces cover a region larger than microscopic.
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No doubt,one cause of the seizing of bearings is this
*good fit" effect,particularly if,instesd of dissimilar metals
for the shaft and for the bearing,the same metal is used for
both. Copper sliders on copper (electric) contacts show the same

gseizure effect.

A critical temperature has been observed/Bailey and Watkins
(1952)p.61/ above which the fluxes become so active ,that the
rate of spreading of the solder suddenly increases greatly. The
best spreading characteristics (approximately 370% of those
for pure tin) have been found at approx. 50% tin in the solder,
and at a soldering tempeyapure 60°C above the liquidus temperature

of the solder /p.58,ibid./.
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Derivatien of the 3-dimensional heat flew equatien

by veetor metheds.

) The Fourier (1822)P.54,_one-ﬁimensional heat flow eéuatien

F = - Kdv/dz ,or in our notation Dy = - k A /ax L, is based
upon the experimental fact that the heat flux density Dy (compu-
ted for & unit area normal to the x-axis) is prepertional to the
temperature gradient aleng the x-axis,the minus sign expressing
the decrease of temperature with increasing x . Similar expres-
gsions can be formed aleng the y and Z  axes, For an isotrepic
body k can be assumed to be constant., Censidering D, ,Dy ,and
D% as compenents of a vecter D ,and denoting the unit vecters

aleong the axes as i , j , and K , we have
D =D i + Dyj + D;E = - k [(d/ax)i + (3/dy)i + (37/32)K/
or D= ~X%k (grad T ) Ceeeen e (1)

Since the vector D is expressed as a gradient of a
scalar funetion T ,it has no curl ( curl D = 0 ),and therefere
T is a petential function with the usual advantages,

If heat is generated at a time rate g per unit volume,
its amount per volume dv is g dv ,and for a volume v the
amount would be found as a volume integral of gdv., The amoeunt
of heat necessary to raise the temperature in a velume d4dv frem
zere te T would be g«)dv cT (where Q is the density and e is
the specific heat). Again a'velume'integral would give the ameunt
of heat for velume v . This heat content might change with a

time rate which ceuld be found by differentiatien,with respect
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to time,of the last-mentiened integral (assuming ¢ and alse f
to be constant): _
R _ o
SE vcf'rdv = ch(bT/bt)dv .
TLet the volume v be enclesed by a surface s . If more
heat would be’generated than the heat capacity of the velume v -

would require, some of it would flew out across the surface 3 .
The outflew aecross an element dg of it,per unit time,weuld be
D,ds ,and the tetal eutflew would be expressed by the surface

integral ef D.,ds . The heat balance then would have the ferm

/gdv :/cf(bm/at)dv %D_gg .
v v s

By Gauss's theorem /p.188,3later and Frank(1933)/ a sur-
face integral can be converted into a veolume integrak ever the

volume bounded'by the same surface:

ﬁp_.dg =/( div D )av .
s v

After substitution we have

/gdv -ﬁr(bTAt)dv =f(divD )dv .
v v v

The size of the volume v can be chosen arbitrarily small. There-

fore,instead of equating integrals we may equate the integrands:
g - quT/Bt = divD , and using (1) ,
g - cf»b‘r/atadiv[-,k (graa T )/ .
2
Without heat generation g=0 ,and qﬂb‘r/At = xVT or

v =(gc/k) (dT/dt) ,which fer steady state reduces /P.117,Feurier/

to Taplaces equation. §72T =0
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Electrical analogies.

Electrical phenomena were discovered later than mechanical,
and the firat writers on electrotechnics adapted the known mecha-~
nical terms: There is an electromotive force,overcoming a regist-
ance to flow,while producing an electrié current,etc. Not long
ﬁgo w:iters on mechanics began to borrow from electrotechniqa:
Ohdls law is used /p.108,Guide(1949)/ to explain heat-flow resiat;

ance; Kirchhoff's law is used /b,12-09,Kbnt,Power(1950)/ to ex-

plain computation of thermal resistances in series and in parallel.

A thermal ohm as a unit of thermal resistance is defined /p.14-2186,
Pender,Del Mar (1949),p.1-166_,Eshba.ch(1952)/ in degrees centigrade
per watt rate of heat flow, Thermal volume resistivity is then

the thermal resistance of a eube with one centimeter on side,ex-
pressed in thermal ohms. Thermal surface resistance is computed
from the thermal surface resigstivity,expressed in degrees centi-
grade of temperature drop caused by heat flowing at the rate of
one watt from each square centimeter of surface. O0f course,a tem-
perature difference of 1 C is maintained between the opposite
faces of the above-mentioned cube for a determination of its ther-

mal conductivity.

Unfortunately some authors are not consistent in the
application of the electrical analogies., For example, electrical
:esistance is obtained as (rho x L)/A ,and thermal resistance
is expressed in thg same form by Jakob(1949)p.8,American Stan@arda
Association(1943)p.13,and others,using 1/k in place of rho.

However at the same time expressions of the type L/k are called
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thermal resistances/p.3-13,Kent,Power(1950)/,and even 1/k is

called thermal resistance (p.l12-04,ibid.).

| The use of thermal‘resistgggg &3 a reciprocal Qf thermal
conductivity (p.18-28,ibid.) might be just a misprint,as probably
is /p.ll5,Guide(l949)/lalso a formulation that “thermal resistance
...is expressed in Fahrenheit degrees per (Btu)(hour)(eéuare foot)"®
while it should have been (°F)(hr)(£t®) per Btu.

In connection with the varying definitions of thermal res-
istance,the analogy with electrical current is not always obtained,
While a true analogy to amperes as coulombs per second would reéui;
re_cglories per segond,or Btu's per second, i.e. q =.Q/£ /p.3-12,
Kegt,Power(l950),p.lOS,Guide(1949),p.lS,A.S.A.(1945)/;some authors
/p.292,Guide(1949)/ call @/A = Q/tA the rate of heat flew,which
actually is a heat current density,and some even alter the meaning
of Q &8s a éuantity into Q expressing a rate of heat flow /p.5,
Bckert(1950)/ and q expressing the specific rate of heat flow
(or the heat current density).The latter apparently wish to keep
the appearance of perfect analogy,and nevertheless to obtain the_
conductivity in units found in the tabulationa of practiecal data,
Evek in one and the same book /Guide(1949)/ on p.14 q means Q/t
and C = 1/R means kA/L /also p.l3,A.S.A.(1943)/,heat transfer-
red per unit time and one degree across the whole body involved,
however on p.l67 the same symbol C is used for a quantity ex-
pressed in Btu per (hour)(sq.foot)(°F),and thus is actually the

conductance of a path of unit area. The same applies to the use

of the symbol R on p.l4 and on p.l67,
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In electrotechnics the crosssectional area of the conduct-
;ng body ia usually small compared with its length,and remains
well within the limits of easy visualization. Only when it comes
to flat bodies,like electrodes in electroplating,or plates of
batteries,unit area is con#&idered,however then the term current
density is used.In heat transfer work the crosssectional area
varies enormously,and is large in comparison with the thickness
(*Llength®) of the body. It is reasonable,therefore,to refer to
unit area,however again it should be done so by using the term:

heat current density.

» For ths sake of clarity,the author suggests the notation
sed on p.1l3 of the Guide(1949):

; the conductance of the whole body.
the conductance of a path of unit area,

the thermal resistance of the whole body.

r - 1/k : thermal resistivity /p.8,ibid./.

Although no symbol ie given there for the thermal resist-
ance of a path of unit arjg®, (American Standards Association ,p.13,
uses RA),the author,by analogy,suggests for it the symbol
Rg .

Then the true analogy to Ohm's law is conserved,while the
s ymbols used in tables of praétical data need only be supplem-

ented by the subscript a .

A tabulation of the analogies follows,



Heat.
Total quantity of heat
transferred,'joules or Btu,
Thermal current,or heat =
transferred per unit
time, Q@ = Q/t,
joules/sec or Btu/hr °*°°
Thermal current density
D = q/A = Q/tA
joules/(sec)(cmz) or.
Btu/(hr)(ftz) ceesccancnns
Thermal conductivity
joules/(sec)(cm®)(°C/cm)
or Btu/(hr)(£t%)(°F/rt) **°
Thermal eonductance
C = KA/L
joules/(sec)(,C) or
Btu/(hr) (OR) *ecrecceceees
Th.conductance of & path
of unit area, Cg = C/A =
=k/L ; or C' = Cgh
joules/(sec)(cmg)(°c) or
B'tu/(hr)(ftz)(oF) ceencvea
Thermal resistivity,r = 1/k
(thermal ohms)(cm) =
I=(OC/cm)(sec)(cmz)/joules
or (°F/ft)(hr)(£t%)/Btu "
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Electricity.

Charge, coulombs Q
Current, coul/sec I

or amperes

Current denaity I/A
Conductivity gamma
Conductance G

?

Resistivity rhe

(ohms ) (m)
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Thermal resistance,R=1/C

R = rI/A = L/{EA)

thermal ohms = 9C/watts = ohms

=(°C)(see)/joules or

El. resistance,R = 1/G
R =(rho)L/A = 1/(gamma)A

(OF)(hr)/Btu *® ¢ 0 0 0 & 0 0 0 0 0 0 0 0> B R
Thermal resistance of a
path of unit area,By=1/Cg
R, = RA = rL =L/k ;
(thermal ohms)(cm?) =
=(°C)(cm?)/watts or
(°¢)(sec)(cm®)/joules |
or (°F)(hr)(£t%)/Btu ..... R, ?
Thermal motive force, ..... 4T Electromotive force X
( 4T to mean temperature
difference) 9 or °F volts

Ohm's law,
q = d8/R = aT/(rL/A) = AdT/(rL) I =2AR
Q/& =D = a1/R; = 4aT/(rL) = dT/(RA) I/ =2 /RA
dT = @R = QR,/A = arL/A = QrL/(tA) R = IR
R = dT/q = dTt/Q =1/C=1/C A =rL/A = L/kA R =R/I
R, = RA=AdT/q = tAdT/Q = 1/C5 = L/k =rL RA = BA/T
C = q/dT = Q/tdT = C A =1/R =kA/L G =14
Ca = C/A=q/AdT =Q/tAdT =1/Rg=1/RA= k/L G/A=1/A%
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Some conclugions .

Heat is the combined effect of :
a) the kinetic energy of electrons,atoms,and molecules;
b) the vibrational energy.of electrons,atoms,molecules,and
assemblies of molecules; 4
¢) the energy of short electromagnetic waves ( 0.76 te 400 n )

originating from quantized transitions of electrons,atoms,and
molecules.

When macroscopic systems are considered,the smallness of

the quantized stepa makes the impression that energy changes
are continuous,

Atomie and moleecular vibrations are anharmonic due te
meghanical and_electrical causes,and & Fourier analysis would
show many harmonic freguencies. The number of possible nqrmal
modes increases with the number of atoms in the molecules,and
this causes many more combination frequencies. In consequence,

already a spectrum of a single molecule is quite complicated.

Bven waves of the order of 1 cm in length have manifested
themselves as heat,and indirectly the ®"absorbed® part of all

electromagnetic radiation appears as heat,

Heat is acquired by a substance
a) when particles of the heat source collide with the particles
of the substance,if they are free to move about;
b) by resonance of such vibrators,in which the particles are
interlocked in a structure, with waves arriving via other
parts of the structure,or arriving from space,and even when

the exciting frequencies are submultiples or multiples of .
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Heat is propagated :

a) if the energy level at a certain point in the substance is
different from the level at an adjoining point . The level
could be imagined as computable by a PFourier synthesis of all
elastic waves passing the point in question, and of all partic-
les passing the point as their respective de Broglie waves.

b) by means of impact of particles, by means of transport eof ex-
cited oscillators (convection,drift),by means of communication
of energy across the bonds between particles,and by means of
electromagnetic waves linking the emitting and absorbing bodies
which are outside the reach of the molecular forces acting a

short distance beyond their surfaces.

Heat is given up,or emitted,by the same mechanism as it
is'acqﬁired,and both processes occur simultaneously,striving

toward equilibrium,

Within amorphous non-metallic solids vibrational energy
is the main form of heat conduction,

In crystalline solids the regularity of the lattice redu-
ces the distances between the atoms (tightens the coupling bet-
ween the atomic oscillators),and reduces the resistance for the
travelling thermoelastic waves,as every periodic structure does,

In solids the resistance to deformation is present in all
directions,and therefore there occur both longitudinal and trans-
versal and polarized vibrations.

The atomic string provides insight into the race of ther-
moelastic waves through a crystal. A disturbance would run along

an infinite atomic string with the velocity of the elastic waves,
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because there would not be any interference. A filtering effect,
however would show up.

Any real body,even the finest wire,is composed of milliens
of atomic strings in all directions, interconnected in a regular
or partly irregular lattice. Due to this interconnection,every
elastic wave would disturb the others,affecting their amplitudes
and phases. In some cases it would lead to destructive interfer-
ence,while in other cases constructive interference may occur,as
well as standing waves, Therefore even an infinite extension of
a solid would not provide the circumstances for heat propagation
with the velocity of the elastic waves,however it would eliminate
the multiple reflections from the boundaries of the body. These
however,do not seem to affect the statistical picture markedly,
because the size of the body does not seem to affect the steadi;

negs of it while the region of higher temperature is advancing.

At liquefaction the amplitudes of atomic vibrations reach
such magnitudes, that the atoms escape from the holding power of
the neighbouring nucleus,and become free to move about,"holding
hands® as it were. Therefore transversal waves could hardly sxist,
however longitudinal (compressional) waves still carry the energy,
aided now by direct impacts and by transportation effects. This

explains the drop in thermal conductivity at liquefaction.

When still more kinetic energy is imparted to the molecules
(vaporization),they are able to break the last "springs®,and then
only internal vibrations of their components occur,as well as
inversions,rotation,and more complicated forms of individual

motion. Bxchange of heat energy now occurs by impact and radiation.
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Trangportation effects becpme important.

Radiation spreads across the space between the mgolecules
with the velocity of light,and is absorbed (and emitted) at reson;
ant frequencies of molecular structures; it is distributed to

other molecules by collisions,

Metals also are crystalline solids,and therefore lattice
vibrations play an important part. As with other solids,the lattice
structure acts as a filter,letting some frequencies pass,and at-
tenuating others. It also provides the means for spreading the
vibrational energy sideways., The coupling with adjacent atomsg,and
the "damping® caused by_this coupling,affect the response of ad;
jacent atomic vibtators. The coupling acts both ways,i.e. energy
is also returned,if the energy level of the resonator begins to
exceed that of the transmitter. When the picture of "internal
friction™ in solids is replaced by a picture of interacting elec-
trostatic force fields,then the internal "damping"™ effects can be
explained as (lateral) diffusion of the energy flow along the
coupled atomic oscillators. The diffusional type of energy flow is
algo indicated by the identical form of heat conduction and of
diffusion differential equations,

‘ Metals show very small transparency for electromagnetic
waves (heat radiation),because the secondary effects of the ime
pinging waves cancel these within ideal metals,

An exclusive mechanism for heat conduction in metals‘is_
the electron gas effect,oye:shadowing by far the other effects,

Most authors picture the wvalence electrqns as free to move bet-
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ween the pgsitive ions,however some find the effective number of
eleqt:qns ags a fractional number. Some picture them as assembled
inba la@tice of electrons free to move with respect to the ionic
lattice,

Assuming fhat they act individually,and obey the laws of
the kinetic theory of gases as corrected by the Fermi-Dirac stat-
istics,we need only to mention some of the fdifferencesa with other
gases.,

The equipartition law does not hold for them,because most
of them are confined to inactivity while waiting for sufficiently
powerful quanta which could raise them to empty levels of energy
high above. Even at highest industrial temperatures only a small
number of them participates in the heat motion actively,i.e.with
energy uptake and delivery. This explains their small contribu-

tion to the speoific heat of the metal.

The active ones possess comparatively high energies,i.e.
high velocities. Their diameter by the classical theory was much
smaller than that of a proton,however due to Heisenbergs prin-
ciple of uncertainty the wave mechanics ascribes to them a diame-
ter of the order of 200 diameters of a proton (and this was the
reason why they were no more admitted as bricks for building a
nucleus: they were bigger than the whole nucleus), Bven with a
comparatively large diameter thej gtill find much free space in
between the nuclei forming the lattice,and their mean free paths
are considered to be of the order of several hundred atomic dia-
meters. When, however, the lattice vibrates with larger amplitudes,

or is irregular due to defects,or due to impurities, their eol-
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lisions with the ions become more freéuent and the free path is
reduced. Nevertheless they are long-distance carriers of energy,
and contribute most to the high thermal conductivity of metals,
Their action as carriers of heat energy differs somewhat from
their action as carriers of the electric current,because at very
low temperatures some metals lose the last trace of electrical
resistance (which is still described as an outstanding mystery !)
however keep some thermal resistance , which emen shows a minimum
jusffabout one degree absolute,and rises again when absolute zero

is approached,

Tith reference to the means for reducing surface roughness,
polishing could be mentioned as reducing the constriction resist-
ance,however it changes the crystalline structure of the metal
surface to an amorphous one (Beilby layer),thus ihcreasing gome -
what the thermal resistivity in this region. Vihether the combined

effect is positive could be ascertained by actual computation.

The thermal conductivity of an amorphous mass can be impro-
ved if part of its volume can be replaced by crystalline matter,
E.g. filling of an electrical insulating compound with quartz
sand/p.291,Meissner(1935)/ increases the thermal conductance of

the assembly from 2 to 5 times.
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