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SUMMARY AT T,
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e R

Across a contact Joint, different modes bf heat transfer take place,
ﬁamely, by conduction through the ﬁetaliic jﬁnotions, By conduction of the
fluid.through the interstitial space and by r&digtion. ‘They are in reality
interrelated so that any solution to the problem must take.into account the
inter—~dependent hatufe ofltheée three modes., The greatest obstacle to the
seeking of a satisfactory ;olution lies in the uncertainty of the-size and
‘distribution of metallic junctions engagedrin contact and of the exact
~dimensions-of the interstitial space which is usually fillgd with a fluid of
a lower thermal conductivity than that of the metal. Under these circumstances,
it is necessary tb introduce an idealised contact model for the 6onvénience
‘of obtaining a matﬁematical solution. In this model the contact.members are
represented by two circular cyliﬁdrical blocks while the irregularities on
the surfaces which are engaged in contact are represented by two protuberant
jﬁnctions of cylindrical shape with a diameter smaller than that of the main
blocks, The thefmal resistance of these Jjunctions, however small it may be,
is considered to have a governing effect on the heat transfer characteristics
of a contact joint énd it is included in the formulation of the theory. The -
theory thus obtained can. be conveniently extended to cover contact ﬁodels
othef.than the idealised éne with cylindrical Junctions.: Since the shape of

the asperities on a sufface resembles a'cone moée than a circular cylinder,
it is suggested that a more realistic contact mgdel could be one Having its
contact junctions represented by a pair of conic frusta. By taking an
appropriate equivaleﬁt thermal conductivity of the Jjunctions, the theory

derived from the idealised contact model can be applied without any modification

A simplified method for the solution of a contact problem is also suggested.



This method under certain conditions yields results very close to those
obtained by the ahalytiéal method. The merit of this method lies in its
comparative ease of formulation.

Ekperiménts Qere carried out for the éfudy of the fundamental phenomena
of heat transfer across a metallic contact. In prdertto achieve this object
it wés necessary to eliminate some of the governing factors for others to
be observed. To overcome the obscurity of the matching condition at a contact
interface an artificial éontact Joint was introduced. This was done by
inserting smali steel baells and small aluminium discs between the confact
surfaces for different experiments. The contact thermal cpnductancé was
measured under conditions in vacuum and with argon and helium gases, while
the inserted objects were subjected to an applied load of various magnitudes,
The test results agree favourably with the calculated values. They also
confirm %hat the thermal éonducténce of a contact cannot be reliably determined
from electrical measurements. The\hysteresis pheﬁomenon observed by a number
of investigators was found.to be due to the seizure»of the contact junctions
as well as due to the irreversible defo:mation‘of the material., The primary
"governing factors of heat transferred through the fluid path and through the
solid path are the fluid contact parameterin, the solid contact paramétér K
and the contact area parameter X. "By specifying the mégnitudes of these
parametefs, it is possible to estimate the heatrtransfer rate through each
path, By altering their values, it maf’also be%possibleAto control the thermal

contact conductance for a given purpose.
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Across a contact Joint, different modes of heat transfer take place,
namely, by conduction through the metallic Junctions, by conduction of the
fluid through the interstitial space and by radiation. They are in reality
interrelated so that any solution to the problem must take into account the
inter-dependent nature of these three modes. The greatest obstacle to the
geeking of a satisfactory solution lies in the uncertainty of the size and
distribution of metallic junctions engaged in contact and of the exact
dimensions of the interstitial space which is usually filled with a fluid of
a lower thermal conductivity than that of the metal. Under these circumstances,
it is necessary to introduce an idealised contact model for the convenience
of obtaining a mathematical solution. In this model the contact members are
represented by two circular cyliﬁdrical blocks while the irregulerities on
the surfaces which are engaged in contact are represented by itwo protuberant
jﬁnctions of cylindrical shape with a diameter smallexr than that of the main
blocks. The thefmal resistance of these Jjunctions, however small it may be,
is considered to have a governing effect on the heat transfer characteristics
of a contact joint and it is included in the formulation of the theory. The
theory thus obtained can be conveniently extended to cover contact models
othef than the idealised one with cylindrical Junctions. Since the shape of
the asperities on a surface resembles a cone more than a circular cylinder,
it is suggested that a more realistic contact model could be one having its
contact Junctions represented by a pair of conic frusta, By taking an
approrriate equivalent thermal conductivity of the junctions, the theory
derived from the idealised contact model can bhe applied without any nodificeaticn,

A simplified method for the solution of a contact problem is alsc suggested,



This method wnder certain conditiong yields results very close to those
obtained by the analytical method. The merit of this method lies in its
comparativé ease of formulation,

Experiments were carried out for the study of the fundamental phenomena
of heat transfer across a metallic contact. In order to achieve this object
it was necessary to eliminate some of the governing factors for others to
be observed. To overcome the obscurity of the matching condition at a contact
interface an artificial contact joint was introduced. This was done by
inserting smali steel balls and small aluminium discs between the contact
surfaces for different experiments., The contact thermal conductance was
measured under conditions in vacuum and with argon and helium gases, while
the inserted objects were subjected to an applied load of various magnitudes.
The test results agree favourably with the calculated values. They also
confirm that the thermal conductance of a contact cannot be reliably determined
from electrical measurements. The hysteresis phenomenon observed by a number
of invegstigators was found to be due to the seizure of the contact Jjunctions
as well as due to the irreversible deformation of the material, The primar)
governing factors of heat transferred through the fluid path and through the
solid path are the fluid contact parvameter Kf, the solid contact paraneter KS
and the contact area parameter X. By specifying the magnitudes of these
parameters, it is possible to estimate the heat transfer rate through each
path, By altering their Vélues, it may also be possible to control the thermal

contact conductance for a given purpose.



CHAPTHR T

INTRODUCTION,

When two surfaces are brought into contact they do so only at
discrete points no matter how carefully the surfaces have been prepared.
Under the influence of external loads, the size and number of these
points may increase but the actual area of intimate metallic contact
will still be very small compared with the gpparent size of the contact
members, The reason for this is that surfaces are never perfectly flat
and smooth, and érregularities whether they be macroscopic or microscopic
in size are an inherent part of a surface. This being so, the flow of
heat from one member to anocther acrdss_a contact can never be in the
same manner ag it would be in a continuous solid. Furthermore, it has
to encounter whatever substances may occupy the void space vacated by
the solid members. Thg behaviour of thege foreign materigls in
transmitting heat may not be similar to that of the main bodies. It
is equally possible that their reactions towards the change of temperature
may be different. The effects they may have on the heat transfer
characteristics of the contact as a whole must depend on their properties
as well as on their quantities, wﬁich latter depend in turn on the space
left unoccupied by the surface irregularities. Therefore we see that
the condition of heat flow across a contact must depend primarily on the
irregularities, their size, shape and distribution and on how well they
establish themsel&es in real contact. If this information is available,
the quantities of heat transfer across the contact whether through the

solid junctions or the void space (which is usually filled with a fluid)



0]
o

can then be judged according *to the resistence of various paths which
exist between the two surfaces. The contact conductance of the whole
system can be divided into solid contact cenductance and fluid contact
conductance according to their ability of transmiting heat so that it
may be possible to examine whatever governing factors may assist and
to conirol them if necessary for any specific pwrnose,

In order to make a prediction it is necessary first to know the
texture of the contact surfaces and then to estimate the actuzl areas
of contact and the fluid gap distance when the two surfaces are engaged
in contact. We alsgo require to know the properties of both the solid
and the fluid and their degree of sengitivity to temperature. I the
gsurfaces are covered wilh some tarnigh films, we need to know their
effects on the heat transfer condition et the interface. We then reslise
that the thermal conductance of 2 contact is a complex function of some
contact parameters as well ag the mechanical and physical properties of
the materials in and surrounding the centact,. We further realice thal
all governing factors are inter-related and any succesg in finding o
solution must necessitate some degree of simplification of the problem;
How this should be approached will require a knowledge of the various
problems involved. A comprehensive survey of the subject and the weork
carried out by other investigators was given in reference (1). and will
not be repeated, It is éufficient to say that the thermal conductance
of metallic contacts has become increasingly a problem of considerabls
significance in many practices of engineering and epplied science and

has received a great deal of sittention in recent years.
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S e P

FONDAMENTAL CONCEPTS AND ACTUAL PHYSICAL PROBLEMS

2.1 Mechanism of heat transfer

In a solid body the condition of heat flow follows the law of
conduction. When one body is brought into contact with another, no
matier how carefully their surfaces are prepared they can never form
one perfect body end the heat flow will experience a discontinuity at
the contact vhere there is a sudden temperature drop. Perfect contact
is hampered because surfaces are covered with irregularities so that at
the interface actual metallic contacts are established over a very small
area and the rest of the space is occupied by a fluid. By virtue of ths
fact that metal surfaces are usually covered with a layer of tarnish
film, further complication arises., There not only is the solid-fluid
interface separated by this film but also some of the irrsgulaxities
which would otherwise engage in contact are separated by it. Hence the
flow of heat at the contact will be forced it¢ take up different modes of
transfer dictated by the conditions at the interface, The following
disgram represents approximately the various paths through which heat may

be transmitted,

Ao



First constriction resistance 1

Second constriction resistance 1

Material resistance of junction 1

Film resistance

Material resistance of junction 2
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Fig. 1.1 Resigtances exist along different paths of heal transfer
acrogs the contact,

The detail of each resistance in the circuit will be considered in

this chapter and in chapter 3. In broad terms, there are three modes

of heat transfer,

1, Heat transfer by conduction through metallic junctions.

Owing to the thermal conductivities of metals being much higher

than those of fluids, the lines of heat flow will converge towards

the contact spotg giving rise to the constriction resistance. From

the base to the tip of an asperity, secondary constriction of flow

will take place. In the event of the actual contact of two

asperities being prevented by the presence of a tarnish film,

additional resistance will arise,

denoted by Rs'

The total solid resistance is



2. Heat trensgfler through the interstitial ges {normally the fluid is a gas).
If the distance between the two surfaces in contact is small,
convective heat transfer becomes insignificant and heat transfer can
be considered as by means of conduction. At the solid-gas interface
there is a temperature drop the effect of which is specified in terms
of the accommcdation coefficient. When tﬁe gurfaces are covered with
tarnish films, the fluid resistance will congist of the resistance due
to the temperature jump, the conduction resistance of the film and the
conduction resistance of the fluid. The total resistance is denoted
by Ryp.
%2, Heat transfer by direct radiation.
Through the interface, energy is transported by the molecules
of the fluid and also by photons since both processes often occur
gimultaneously., The analysis of such a case is usually performed by
calculeting each process separately and adding up the resulis, although
in reality they are interrelated., The amount of ﬁeat transferred by
radiation depends on the absolute temperatures of the two surfaces
and on the surface emissivities. If the interstitial gas is hot, it
may also emit radiant energy, but this is really of no great significance.
For simplicity of calculation we leit the resistance due to radiation
be included in the fluid resistance.
Besides these three modes of heat transfer, heat can also be transferred
laterally between the solid asperities and the fluid. Thus the situation

can be represented by the following disagram



Fig. 1.2 Main paths of heat transfer across the contact

where the sum of the resistances Rl and R2 is equal to Rf and that of R3
and R4 is equal to RS. Rb represents the lateral heat transfer resistance.
Q is the total heat flux and QS and Qf sre the heat fluxes through the

solid and the fluid respectively. Thus we find

Ro+R
ARy + B3 —fp-4)

Q = R 48+ (R 1105) (Raty) (2-1)
Ry,
Ro4R
Q(Rf -+ Rl—'%‘g"g') ( )
Q = 2-2
8 Rf'f‘RS + (Rl'f‘Rg)(Rz‘l‘Rq_)
b

If the contact gap distance is small (as it usually is) compared with
the size of the contact, it is possible 1o assume negligible latexral heat
transfer between the solid and the fluid (i.e. Qb.ao). This is equivalent

to saying that R, —-00. Hence equations (2-1) and (2-2) reduce to

R

o | :
% = g (2-3.)
f s
Ry
Q, = Q §;j;7ﬁﬂ; (2-4)

From these two last egquations, we see that the modes of heat transfer through

the solid and through the fluid are inter-related and this ig due to the fact



that the conductance of heat is sensitive to the resistance of each path

which in turn is influenced by the amount of heat flowing through it.

2.2 Heat transfer through metallic contact areas

When heat flow reaches a contact, part of it will be transmitted
through the metallic junctions and the rest across the interstitial
space, The shape, the size and the distribution of these Jjunctions
all have profodnd importance in the heat transfer characteristics of
a metallic contact. Before making a study uhder idealised conditions,
it is necessary first to examine the problem in a general aspect and

then to try to seek & solution which may achieve some degree of success

from the practical point of view.

2.2.]1 Contact aresa .

One of the major obstacles in the study of thermal contact
problems ig the uncertainty of conditions in the actual areas of
contact when two metallic surfaces are placed against each othexr
under pressure. So far the method of calculating contact area hag
been derived either from two elastically deformed bodies having
curvilinear shape {(i.e. the Hertz' equation (2)) or from the
assumption of fully plastic deformation in which the hardness of the
material ﬁust be known(B). The surface of a solid body however
carefully prepared is wavy and rough and the study of contact surfaces

becomes even more complicated owing to the fact that the roughness

formed under load is added to the geometrical roughness itself,



The number and distribuiion of the contact gpots are dependent on

the applied load, the mechanical and physical properties of the
materialg, the surface texture and treatments, the temperatures

and the working history. These factors are to a large extent
inter-related. When a load is applied, the pressure on the contact
arcas is distributed irregularly. The peaks of the irregularities in
contact will deform, part of them elastically and part plastically.
The waves; in which the strain is alwsys much lower, will deform

also but mainly elastically. The critical value of strain
corresponding to the onset of plastic deformation may be calculated
according to Hertz' equation, but there is at present no thecry
available which governs the strain conditions between the onset of
plasticity and full plasticity(A)‘ As the metal deforms, work-
hardening occurs and the elastic limit of the material increases,

The yield stress, however, varies from point to point over the region
of indentation., With a spherical body pressed against a flat surface,
the amount of work-hardening and hence the elasgtic limit increases
with the size of the indentation as a result of which the yield
stress increases, Although the elastic limit is found to be closely
related to the hardness of metals, the hardness value itselfl is
subject to variation un@er the influence of temperature. The rise

of temperature causes a reduction in hardness owing to the thermal
movement of the atoms, the process of which was described by Holm(s)
as atomic diffusion, Through the increase of atomic diffusion with
rising temperature, there is a decrease in the hardness in the part

caused by work-hardening. Work-hardening may be completely removed



if the temperature exceeds a certain critical value called softening
temperature, It follows that the direct consequence of a temperature rise
at the interface is an increase in contact ares due %o plastic deformation
of the material. The determination of the actual areas of contact is
further complicated by surface film vhich may grow or boil off depending
on the temperature and the environmental conditions., The application of
electribal measurenments for the determination of contgot areas would seem
an obvious approach if it were not for the presence of surface films. We

shall now consider each aspect of the problem in detail.

I

2.2.2 Thermal-electric analogy

According to Clerk Maxwell, mathematicaily the temperature plays

the same part in the theory of heat flow as does the electric potential
in the theory of electric current. In reality, we know that heat flow in
8 solid is transmitted partly by elastic waves due to lattice vibrations
and partly by the conducting electrons. In metals, it ig believed, thé
electronic component dominates the sctivity in thermal conductivity. So
the same electrons ére respongible for both the thermal and elecirical
conductivities which are related by the simple expression known as the
Wiedemann~Franz-~Lorenz law. Thus it would seem logical to take electrical
resistance measurements across a metallic contact as a convenient means
for measurements of the thermal resistance in the sbsence of an interstitial
fluid and with negligible heat transfer by radiation. This could also
provide a reasonable measure of the actuai area of contact between the
metal faces.,

When uniform current flow occurs in a solid body, the current density

is uniform everywhere because of uniform resistance of the body. The flow
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lines run parallel to each other. As the flow 1ines approach the contact
region they are attracted towards paths of least resistance and these
usually occur at the metallic contact spots; resulting in their
convergence towards those spots. The constriction of the current flow through
nerrov passages give rise therefore to a resistance termed as constriction
resistance. If the two contact surfaces are perfectly clean, the contact
members under pressure will adhere as if they are welded at the spots. In
this case the thermal constriction resistance can be éalculated from
meagurements of the electric constriction resistance., However, there is
8till no certainty in the estimate of the number, sizes, shapes and
distribution of the individual areas of‘contact froﬁ such measureménts.
Asswning that the shape of the contact spot is cireular and that there are
equal spots per unit area evenly distributed over the contact surfaces,
the electric resistance due to the constriction of the flow lines over an

abparent contact area Ay is

R p

-

e = Tamk, (2-5)

where [ is the electiric resistivity, and a the radius of the contact area.
The number and radius of ~the contact arcas can be related 1o each other
if we assume that the total area of true contact is equal to the total

applied load W divided by the yield pressure H of the softer paterial, i.e,

W
A = mAaﬂ32 = H (2-6)

Hence we obtain

1 Hp?
a =
an m 4ﬁnﬁgﬁ

(2-8)



Although a number of workers have made use of thig approach either in
formulating a contact theory or in predicting the number and size of the
contact areas, yet experimental evidences have freguently showmn the

existence of large discrepancies between predicted results based on the
thermal-eleciric analogy and test results. TFor clean surfaces, the
constriction resistance concept applies to both thermal and electric contacts;
with the presence of surface films, however, the analogy breaks down and

the problem requires further examination.

2.,2,% Surface filmg

A metal surface is usually covered with a layer of tarnish film
owing to either physical adsorption or chemical reaction. It is a compound
of the metal itself and some constituents of the surrounding atmosphere,
an oxide film being the most common one on a metal surface. The film is
sometimes relatively thick and visible, such as in the case of a blackened
gilver; in other cases, it may only be a few atoms thick and invisible, as
in the case of aluminium. Under normal conditions, practically all metal
surfaces are tarnished with films and they are most difficult to remove
except by applying high temperature in vacuo. As soon as the surfaces are
exposed to atmosphere, they start to forxrm again. The growth of tarnish
films are slow at room temperature and will accelerate with increasing
temperature. The rate of oxidation of metals is found fto be a parabolic
function of time at moderately high temperatures and to be a logarithmic
function of time at high temperatures., The cessation of the growth of a
tarnigh film can be congidered to come about only when the film is thick
enough to protect the metal against further attack by oxygen (or other

gas molecules) from the surroundings.



When two surfaces are brought together, at first only the surface
films are in contsct. If load is applied, the irregularities on the
surfaceg may penetrate the film at some local points to establish metallic
contact. ©Since the material of the film usually possesses different
properties from those of the underlying metal, it presents a major difficulty
in contact problems and renders the thermal-electric analogy inapplicable.

In an electric contact, we may consider that the total registance

consists of constriction resistance and film resistance connected in series.

Thus

: ot
L

Y
2amly Ta“ml,

(2-9)

vhere ¢ 1s the resistivity and t the thickness of the surface film, In a
thermal contact, the situation becomes quite difficult even if we ignore
the fact that heat may be transmitted through the interstitial fluid and
by radiation. This is because a tarnish film normally has a very high
resistance to electricity but not so much to heat. Most surface films are
seni-conductors and are considered potential barriers. If the films are
thin, say 10 X, the thermel agitation of the electrons of high energy
levels is sufficient to allow them to pass through the barriers according
1o the guantum mechanical tunnel effect(5). If the films are thick, the
flow of electric current becomes rather restricted. The film thickness and
the resistivity value are generally unknown, If the resistance due to the
presence of films is to be included in calculations, separate experiments
have to be carried.out to determine their values, Thus it ig apparent

that the number and size of contact areas determined by electrical measure-

ments will not include all those which are potentisl junctions for the



passage of heat flow, The conditions of these films around each contact
gpot, whether metal~metal with film surrounding it or metal-film-metal,
must vary considerably from spot to spot. This situation can be further
aggrevated by temperature and time. Thus it explains the reasons for the
breakdown of the thermal-electric analogy.

If the pressure on the contact points is increased the surface films
may bhe penetrated by the irregularities to allow actugl metallic contact.
There are several possibilities for this to happen. First if the
irregularities are sharp and the pressure at the tips is high enough.

For this reason a rough surface is more likely to give a consistent'thermal
conductance under the influence of pressure. Secondly, if the basic metal
should deform plastically at some local spots, the surface films, having

- very little elaéticity, do not allow themselves to follow largé degree

of deformation and local ruptures become inevitable, This explains that

a soft metal against a harder metal provides a better contsct. Thirdly,
surface shearing action either due to surface sliding ér due to differential
thermal expansions is very effective in breaking up surface films as found
by Bowden and Tabor in their study on friction(s) and by Anderson on
adhesion(7). The significance of surface films can be realised in the
problems of hot and cold welding. In order to increase the actual contact
areas, every effort must be made to break through these surface barriers.
In the thermal contact problem, however,.assumption is usuwally made that
the films are thin and are readily penetrable by surface irregularities,

If this is not realistic enough, additional contact resistance must be

included,



2.2.4 Surface roughness

The gurface of a solid is never perfectly flat or smecoth and
waviness with irregulerities are a part of any surface. Even in cases
where a high degree of smcothness has been obtained, the ultimate surface
is a crystalline one consisting of various oriented crystal facets and
revealing an irregular micro-geometry. Surface texture is usually defined
by a simple number in conjunction with the name of the assessment process.
The standards used by most countries are either the Héan Line System ox
the Envelope System(8’9). In the mean line system the rcughness of a
surface is defined either by the centre line average values or the root
mean sguare values and the usual technigue of measurement is by means of
a stylus equipment in conjunction with an electrical integrating meter
to indicate the value over a sample length. In the envelope system, no
reliable instrument has yet been designed for the measurement(lo). The
main object of all these standards is to glive a reasonable classification
of a surface texture for industrial purposes. Thus the basis of measurement
is essentially one of geometry and the fundamental definitions are expressed
in geometrical terms, The true measurement of any surface should be
three-dimensional. The difficulty involved in making such measurements,
however, lies in the transformation of various definitions into a two-
dimensional plane for the use in a three-~dimensional problem. Machined
surfaces would have ridges and waviﬁess whereas ground, polisﬁed and lapped
surfaces would only have-dimples and humps. Other type of surfaces would
have irregularities distributed at random and there may be scratches not

detectable by optical or stylus methods. The measured value over a sample

length may vary considerably from area to area. It is quite possible for



surfaces having widely different texture to have a similar assessed value,
In short, & simple roughness measurement is seldom sufficient for the
characterisation of a surface in a satisfactory mammer. To adequately
define a surface texture, it is necessary to know the size, shape, the
distribution of the irregularities together with the surface waviness and
error of form. This ig clearly impossible with the present methods of surface
roughness assessment,

When two surfaces are pressed together, metallic'contacts are set up.
If the éurfaces are free from waviness, we expect the higher'péaks of the
irregularities to‘be engaged first in contact., But if waviness exists,
it is those irregﬁlarities on the crests of the waves which first make
contact. The manner in which contacts are established is often arbitrary.
Even with two surfaces of the same texture, there may be an infinite
number of matching configurations and it is rather difficult to repeat
the same maiching once the contact is disturbed. In the absence of
waviness, contact spots may be distributed more evenly; on the other hand
they are'likely to appear in groups., Under the influence of load, the
wavy area will deform elastically while the irregularities in contact
will most likely deform plastically. The increase in the real area of
contact under load depends not only on the surface texture in its real
shape and form but also on the mechanical properties of the materials.
The form of the surface affects the distribution of the contao% areas
vhereas the shape of the irregularities affects the conditions of the
transition from an elastic to a plastic state, the sharper the irregularities
the easier for the transition to take place. Owing to the plastically
deformed irregularities, some of the contact junciions will be broken as

a result of the elastic recovery of the waves in the eveni of load release.



Thus it is clear that in order to meet the requ;rements of a thermal
contact problem, the complete definition of surface roughness will require
a large number of parameters., Yet too large & number will certainly make
the problem more involved and unsolvable, There is a definite relationship
between the contact conductance and the area of contact. A meaningful
roughness parameter for thermal contact studies, should at least enable
prediction of contact areas to be made. This not being available, we
can understand why there have been conflicting concluéions when thermal
contact conductance was treated as a Junction of roughnecs assessed by
common simplified methods. An accurate prediction of the size, number
and distribution of the contact areas may never be ?ossible unless the
surfaces are specilally prepared to produce a controlled texture. In this
way, the mechanisﬁ of heat transfer at the interface can be more positively
examined. For random distribution of irregularities of various gizes there
does not seem to be a reliable method of estimating the areas of contact.

This is where the theory of statistics may be applied.

2,25 Area of contact under idealised conditions

| From the above discussions, it is clear that there is hardly any
possibility for aﬁ accurate estimate of the actual areas of contact when
two surfaces are pressed together unless some simplified assumptions be
introduced. To begin with we may assume that the surfaces in question
are flat and are covered uniformly with irregularities of the same size.
The tips of the irregularities may be treated as a portion of a sphere

of vanishingly small radius of curvature. On the other hand, we may



assume that the surfaces.are covered with uniform ridges. Under both
these conditions the number and distribution of the contact spots are
defined. This leaves only the size of the contact area to be determined
under the influence of pressure.

When the applied pressure is small, we can consider deformations to

(2)

be elastic., According to Hertz' eguation for contact between two

spheres with radii r; and rp, the radius of the contact area is given by

2 2 r 1
1~y =™y T1T2  \\&
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o = (W EE- D) Gy (2-10)

1
vwhere W is the applied load, Eﬁ and E2 are the Young's moduli of the two

metals and v, and 1@ are the corresponding values of Poisson's ratios.

1

In the case of a sphere pressed against a flat surface of similar

ial = 2 = = H 2 i = =
material, Ty =Ty Tp =0 El E2 B and we have by teking vy =Y 0.3

for most metals

s

¥

a = L1 (B (2-12)

As the load is increased, the mean pressure increases until it reaches a
value exceeding the elastic limit of the material when we have the onset
of the plastic deformation. This occurs when the mean pressure is equal
to about 1.1Y where Y is the yield stress of the material, The load

which corresponds to the onset of plasticity is

- 3,282 3,242
wop = 58P (E) = 77.2Y (E) . (2-12)
From the equation (2-12) it can be seen that the commencement of plastic

flow occurs at a load of extremely small magnitude., As the load is further

increased, the mean pressure increases and the region of plasticity grows



until the whole of the material around the region of contact is flowing
plastically. The mean pressure at this stage is about 3 times the yield
stress which, it must be remembered, incrsases toc as the result of work-
hardening during the course of plastic deformation. The load corresponding
to the condition of fully plastic flow was found by Tabor(B) to be about
150 times that at the onset of plastic flow.‘ To any further increase

of load, the material will just yield plastically and the magnitude of

the area of contact will be Just sufficient to keep the mean pressure

equal to the flow pressure, i.e.

W :
A = g (2-13)

where H is the maximum flow pressure determined directly from hardness
measurement (the Meyer hardness value). It is known that on a normal
contact surface the actual contact area is only a very small fraction of
the apparent area of contact. This measns that the local contact pressure
‘ean be very high, being sufficient to'cause plagtic flow, Under this
condition equation (2-13) provides for the estimate of the contact area.
A represents the total sum of the actual contact areas; it, hovever, does
not indicate the exact number and their sizes. Assuming for a moment
that the distribution is uniform with 1y equal spots per unit area, wve

obtain the radius of each contact spot as
_W_\E :
o = () (2-24)

where Aa is the apparent area of contact,
If the magnitude of the applied load is insufficient to produce full
plasticity, both elastic and plastic deformation exist simultaneously,

and there is no obvious means of determining the size of the contact



ares., The elastic properties of melals are due to the inter-atomic forces
and they are very little affected by the amount of work-hardening to which
the material is subjected. On the other hand; the plastic properties
depend on the slipping of the cxystals along certain crystallographic
planes. Although ultimately they are related to the crystalline structure
and the inter-atomic forces, there is no simple relationship between the
elastic moduli and the yield stress. However, we know that during

elagtic deformation the diameter of a circular contact area is proportional
to W% whereas during plastic deformation it is proportional to W%. If

the diameter is plotted against the applied load in log-log scales, we
would expect the slope of the elastic deformation curve to be 3 while

the slope of the plastic deformation curve to be 2. Within the transition
range, the slope varies from 3 to 2 as load is increased. This indicates
that some spproximate results may be derived from graphical methods.

That is, in between the onset of plasticity and full plasticity, a smooth
curve can be drawn to represent the variation of the contact asrea in the

transition region., This has actually been done and agrees fairly well

with test results, the deteil of which is given in chapter 4.

2.3 Heat transfer through the interstitial space

Across the interstitial space heat transfer may be counsidered to
take place through the fluid medium filling the space, and by radiation.
Since the surfaces bounding the space are covered with irregularities and
have non-uniform temperature distribution, the conditions of heat transfer

are also non-uniform and thus the gquanitity of heat transmitted by each



mode of heat transfer becomes a function of the location. We see also
that over the entire contact surface it is posgible to find the dominaiion
of heat being transferred through the metallic Junctions in one part and
the domination of heat being transferred through the interstitial space

in another part. For any fruitful study, it is necessary to make some
simplified assumptions. For example, we shall assume that the surfaces
are sepérated by an effective gap distance and that the solid-fluid

interfacial conditions surrounding each solid Jjunction sre similar,

2.,3,1 Heat transfer through the interstitial fluid.

Heat tranéfer through the fluid may be by conduction as well as
by convection, If the Gashof No., which repreéents.the relationship
between the buoyant and viscous forces, is less than 1000(11), free
convec%ive'heaﬁ transfer ig practically non-existent. In most contact
problems it is true to say that the Gashof No. is very much smaller than
this value. Thus only fluid conduction need be considered.

The amount of hea% transferred by fluid conduction depends largely
on the thermal conductivity of the fluid and on the distance of the
fluid gap. If the thermal conductivity of the fluid is higher than that
off the solid, most of the flow lines will be attracted towards the fluid
region. The convergence of flow lines will similarly give rise to a
constriction resistance ags in the case when they are attracted towards
the solid spots. But because the fluid covers s much greater space,
the nett resistance of the contact will still be less tﬂan that if/gzzic
metal were to occﬁpy the whole interstitial space.

The possibility of a fluid having a higher thermal conductivity than
that of a metal is not very great. More often the interstitial fluid is

a gas which usually has a thermal conductivity value very much smaller



than that of a metal. In this case the flow lines will be attracted
towards the solid junctions. Owing to the accommodation effect, a
temperature drop will occur at each solid-gas interface, This effect is
equivalent to adding a gas layer between the solid amd the gas with a
thickness equal %o the so called temperature jump distance which is a

function of the gas properties and the accommodation coefficient(lz).

- 19% '
Tso11a ~ Tgas = on (2-15)
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vhere 5; is the temperature gradient normal to the surface and 1 is the

temperature jump distance which is given by

. 2-a 4c Xr .
1 = " )’+1,ucv'>‘ (2~16)

vhere A is the mean free path of the gas, g the accommodation éoefficient,

i the coefficient of viscosity, ¢, the specific heat for constant volume,

v
¥ the rotio of specific heats, ke the thermal conductivity of the gas and

‘c is a constant which has a value near to 0.5, For different surface

conditions at the two solid-~gas interfaces, we have

a.+a,~a,a, 4 »k
1,41, = 121 ) cf (2~-17)
818 Y HG

In general metal surfaces are covered with a layer of tarnish film

and the additional resistance can be taken as

. .
R, = k, (2-18)

where 1 is the thickness and ko the thermal conductivity., Combining the
effects of surface accommodation and the presence of surface films, an

effective fluid thermal conductivity can be obtained, i.e.



k
ko' = d (2-19)
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Where the subscripts 1 and 2 refer to surface 1 and 2 respectively, and
o}
6 is the mean contact gap distance. Normally t is in the order of 102 A
o
whereas § may be in the order of 106 A or more. Even if k_ were (say)

one hundred times smaller than k,, the part due to film resistance is

f9

negligibly small. Thus equation (2-19) can be written as

kf‘ . . I (2"'20)

The thermal conductivity of a gas, however, varies wilth temperatures,
a rise in temperature tending to increase its value since the thermal
conductivity of a gas is directiy oconnected with the coefficient of
viscosity which is proportional to the square root of the absolute

12)

temperature. According to the kinetic theory of gases , wve obtain

the gas thermal conductivity as

k

g

. = HOshg,

- RT
ke or [5E (2-21)

where P is the density of the gas, Rg the universal gas constant and M

the molecular weight of the gas. Howevér, it has been found that the
thermal conductivity of most gases increases more rapidly than the square
root of the absolute temperature T. It is considered that a rise of
temperature tends to increase the violence of impacts between molecules

more so than equation (2-21) would indicate. If the molecules are not



absolutely hard as assumed in the theory, the net result of a temperature
rige lends itself to an increase in the persistance of molecular velocities
after each impact. It is also suggested that the mean free path is somewhat
shortened by the fact that molecules which pass each other at close range
are under the influence of an attractive force between them, To include
these effects & modified expression for the coefficient of viscosity was
introduced by Sutherland(lz). Since thermal conductivity is directly
proportional to the coefficient of viscosity, Sutherland's expression
(Kennard page 156) is applied here so that the thermal conductivity at

temperature T is given by
- T332+ C/To
(kpdy = (50, ()P FEEAE) (2-22)

where (kf)o is the thermal conductivity at temperature T, and C is a
constant which can be determined from results at two temperature poinis -
the low temperature point may be from (2-21) while the high temperature
point from an experimental result. Fguation (2-22) can be further
modified to take the form of

. L5  (2-23)
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where b is a constant corresponding to € for a given gas.
By substitution of equations (2-17) and (2-23) into equation (2-20),
the effective gas thermal conductivity becomes
'6 b {T
1-+575
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ke' = (2-24)




Thus the ratio kf'/g forme a governing factor on the heat transfer through

the fluid.

2.3,2 Heat transfer by free molecular conduction

As the interstitial gas pressure is reduced,; the occurrence of
intermolecular collisions becomes less frequent and therefore viscosity
as well as thermal conductivity become less important. Under normal
conditions, the thermal conductivity of a gas is independent of the gas
pressure. This, however, is not the case when the pressure is either
so low or the contact surfaces so close that the mean free path of the
gas molecules is larger than the contact gap dimension. In this cease, the
molecules transport energy across the interface at a single bound, There
is no temperature gradient in the gas field, This is called free molecular
conduction and it is considered to exist for the ¥Knudson number (defined
as %) to be greater than 10, Let (kf')m be the equivalent gas conductivity
corresponding to a contact gap distance of § for free molecular heat

transfer. Trom the kinetic theory of gases we obtain

t 1%2 7+1
(ke), = 6 (Gf@z“alﬂz)( L smi (2-25)

where p is the gas pressure and M the molecular weight. Under the free
molecular conduction condition, the fluid heat transfer is governed by the

ratio (kf);/a.

2.3.3 Fluid gap distance

Since surfaces can never be perfectly flat, we see that the fluid
gap distance will vary from point to point. Lack of a definite means of
assessing the true roughness of a surface means itis impossible even to find

a mean value when the matching of two surfaces in contact is always arbitrary.



Any standard method of assessing a surface texture cexrtainly would not
help as it is on a two dimensional basis. Fenech and Rohsenow(lE) used
a graphical method to work out a mean value along two perpendicular lines
on the surfaces and tried to preserve the maiching conditiong by placing
the itwo surfaces of the test specimens carefully together so that the
measured lines of one surface would coincide with those of the other. In
practiae such a method woﬁld be very difficult to carry out, Other workers
simply derived a mean value froﬁ the measurement of a surface analyser,
A more positive approach has been carried out by those who used prepared
surfaces where the roughness has a definite pattern. Thus it 1s not too
difficult to find the volume of the vold and the mean fluid gap. Since
the prediction of a fluid gap distance is closely connected with the
definition of a surface texture and the instrument which is employed for
such an assessment, and since, however, both the definition and any
available instruments are inadequate for giving the required information
for a thermal contact problem, simplified assumptions are necessary for
any estimation., For example, the surface irregularities may be assumed
to be of a regqlar shape and size according to a certain surface treatment.
We could also assume that the irregularities on both surfaces are engaged
in pairs., Knowing the average height of the irregularities, it is
possible then to find the mean value of the fluid gap distange.

Assuming that the effective mean value of § is known, we resalise
that its value is liable to decrease when the contact parts are subject
to pressure. In which case the result obtained in Appendix E can be
applied with certain modifications to suit the shape of the irregularities.
It seems reasonable to assume that the tips of all irregularities are

spherical., And if we ignore the deformation of the main body due 1o



local contact pressure; the reduction in height will be equal to

A = 2x(-[1-(3)%) (2-26)

where r is the radius of the tip and a ig the radius of the contact area.

Thus the final fluid gep distance is § -~ AG.

2.%3.4 Heat transfer by radiation

During contact, the two surfaces are normally non-isothermal. Heat
transfer by radiation therefore depends on the surfaoé emissivity and
absorptivity according to the local itemperature. If the surfaces are
sssumed isothermal and 'grey' (for which the emissivity is equal to the
absorptivity owing to the monochromatic condition), the heat flux per unit
area between two parallel surfaces of very lerge size compared with the

distance separating them is given by

1
qr = _‘f‘“““}}_ 1 0‘(T14'“T24) (2-27)
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vhere €1 and €, are emissivities of surface 1 and 2 respectively and ¢ is

the Stafan-Boltzmann's constant. Equation (2-27) may be written as

e —9 (30 20 tnm 2 Sy( -
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where kr is an equivalent thermal conductivity of an imaginary fluid
through a distance § of which the amount of heat transferred is equal to

that by radiation. Thus we write
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The second result of eguation (2-28) can be used if (T1»T2) is small

The amount of heat

compared with the meen temperature T = TlZTE .
transferred by radiation as compared with that by conduction of the
interstitial fluid can be repregented by the ratio kr/kf‘ At moderately
high temperature;this ratio is very small and the radiation heat transfer
is generally ignored. Under low pressure and low contact load conditions,

however, when conductence of heat through metallic junctions and the

fluid becomes relatively small, the radiation term can be of significance.

Overall effective fluid thermal conductivity

Combining the equivalent thermal conductivity by radiation with the
effeotivé fluid conductivity, we obtain the overall effective fluid thermal
conductivity. The following are the results of the combination for two
different conditions,

1, Normal pressure condition (equations (2-24) and (2-28)

5 -2 dT 3
) 1T+ ¢/T 450- T

k =
£ 5000208 4 A bl TI0)
Q1 Go Y+1 1C, l—l—C/T

(2-29)

2., free molecular conduction condition (equations (2-25) and (2-28))
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k" = e 2-30
£ 6(Gl+gzﬂglc;2)('y—l)p gutw 1 T (2-30)
€] €2

To include fluid gap distance reduction due to applied load, § should

be reduced by A which can be obtained from equation (2-26).



CHAPTHR ITI

THEORETICAL STUDY

3.1 Idealised contact model

‘When two surfaces are brought into contact, we assume that the
contact spots are uniformly distributed and are of the same size, so that
if the contact members are divided into a number of parallel cylinders,
each containing one contact spot at its centre, no heat flow will take
vlace between them., In this case; we need only use one such c¢ylinder to
study the manner in which heat is transferred from one member to another
across the interface of the contact. The contact spot is also assumed
to be a circular cylinder so that the fluid gap distance between the
contact members is uniform. Under steady-~state condition, the Laplace

equation for the axi-symmetrical temperature distribution is

(L
N
=
\a ¥
no
=]

1gT
+———-
rd:34.

|

(3-1)

v
H
no
<
&3
N

vhere Z and r are the axial and radial coordinates respectively. Since

the fluid gap is usually very ___——’——*’—4”‘*”“‘“-\\
Solid 1 | R

small compared with the (kg1)

radius of the cylinder R, 7

we assume that there is no | d 1
) o r

radial heat flow between _ _"/"&K XQ\_ L &\_\%\\\%L m} Ec%, _\,,,,,

the contact spots and the
Fluid ' \

. e Solid 2 Plane Ofl
distance is divided into (k.5) contact
s2

fluid, The fluid gap

51 snd 62 by & plane of

contact which is assumed

to have a uniform temperature T, Fig. 3.1 Idealised contact model



k
1
The distances ere chosen so that &, = ("ggm——~)5 and 6, = (——)§
1 k .+k 2 k_+K
. sl “s2 sl "s2
where ksl and ksz are the thermal conductivities of solid 1 and 2
respectively and § is the total distance of the fluid gap which is made

up of the height h, of the contact spot 1, and the height h, of the contact

1 2
spot 2, By placing the origin at O1 at a distance 51 above the plane of

contact (similarly by placing the origin at 02 at a distance 62 below the

place of contact when considering solid 2), it is possible to assume that
the fluid is replaced by a medium having a heat transfer coefficient gg
1

and the solid spot by a medium having a heat transfer coefficient

\
g& . To obtain km, we consider the heat flowing through the contact spots
1 .
1l and 2 against a total resistance of h1ks2+h2ksl . Since 0 = hl+h2=51+52
‘ Kg1kgo

is small compared with R, the resistance from solid 1 and 2 to the plane

of contact can be taken as equal to

(hlk32+h2ks}__ 01 . (hlks2:l}§_1f_§_];_) b2
Kok 0 KaaKgo 7 6
respectively Thus k= __E§}5§2____5 (3-2)
m hlksz+h2ksl

We seek néw a temperature distribution which satisfied the following

boundary conditionst-

gET?"O at r=0, 0<2Z2< @ (3-3)
g-§=o at T=R, 0<2<® (3-4)

T oL 7 88 7 ~—s= 00 (3-5)



, 9 ke (7-T ) at 6)
1-5—-::8""‘ had 0 a8 Z = 09 &<r<R (3_ /
Q".T__}.{EP.(T_T) at Z2=0, O< s (3~7)

81621 61 o ’

In general such boundary conditions are difficult to satisfy by one
simple expression of T. Ve theréfore divide the solid above the c-r plane
into tv.:o parts as shown in the figure 3.2 go that in region 1, i.e.
a<r<R 02 CO

2
¢ T

2
0 T1 0Ty

or

end in region 1', i.e. 0< r<a, 0< 2< OO

2.1 '
0T 19T 97
d e trEe T oz 0 (3-9)

Solid 1

| / (kg1 )

¥

Fig, 3.2 BSolid 1 of idealised
contact model



Between these two regions, the boundary conditions at r = a are

T, = Tl' (3-10)
Ty 9Ty’
e (3-11)

Without suggesting any order of magnitude we may consider the typical
longitudinal temperature distributions through the contact spot and through

the fluid to be represented in figure 3.3

TetZ

Contact surfaces

‘\_déf

/////,»h——Contact plane

TQ - ATZ

Fig. 3.3 Typical longitudinal temperature distribution
in the contact region.
With these considerations and the assumptions made earlier, we
introduce the following solutions to the equations (3-8) and (3-9)

e T L AT 4 HZ A"““IZIJ(-I—:) (3-12)
- (o] 1 - e OGR . 3"

1 1R 1
' % 5 o Ny 0D o By (BZ
Ty = T +ATy + Hiz = Be™ Q\g)-Die PRy B%) (3-13)

The first term on the right hand side of these equations indicates the

temperature of the contact plane while the second term the experimental



temperature difference between the contact surface of solid 1 and the
contact plane, The third term represents the uniform tempsrature
variation with Z in the absence of flow congtriction and the remaining
terms in both (3-12) and (3-13) signify the variation of the temperatures
as a result of flow constriction. J, and Y, are Bessel functions of the

1 .
( 5), El.nd Al’ Bl, Dl, Hl’(!r ,';\‘,ﬁ are

first and second kind respectively
constants. In order to determine these constants, the boundary conditions
are approximately modified. First we assume the average of the heat flux

distribution across the contact surface at % = 0 to be sufficiently

accurate to veplace equations (3-6) and (3-7), i.e.

R R
9T o kr
kq 55 rdr = Kf(TlnTo)rdr (3-14)
r e
9 gmy cllim
kg gz BT = E(Tl'—-To)rdr (3-15)
o o

"We also assume that the average of the temperature distribution and the
average of the heat flux distribution at r = a, 0 < z<op are reasonable

conditions to use instead of those given by equation (3-10) and (3-11).

They are . oo
le' dz = 7147 at r =8 (3-16)
o 0 o
agTy 01
J Ty iz = -a—-l;-dZ at r = a (3-17)
0 o)
The total heat flux is equal to
Q= kglg) TE = #RkgH (3-18)
2=00

Hence by definition, the contact resistance between solid 1 and the contact

plane is given by



AT ATy

R, = = (3-19)
1 Q '?Rklll

The detail of the analysis is given in APPENDIX A. Accordingly we obtain

where

P MJ1(5 .83x)Y (2.2x) +1e6le(3.83x')Y1(2.2x) - Jo(3.83x)yl(2.2x)

5.85Jl(3,83x)Y0(2.2x) - 2.2.}0(}.85:{)Y1(2.2x)

(3-21)
The value of F(x) is plotted against x which is the ratio % and is given
o . . b1
in figure 3.4. vy s the ratio T
If we choose the following temperature distributions in region 2

end 2 of solid 2 with the origin of the r,Z coordinates placed at 02,

such asg

A
¢ - - Z -G LS -
T,' =T -AT, ~H, 5+ 4, e Jl(aR) (3-22)

AF 2%,
. Z - r -
T, = T =AT, ~ Hyp+ Bye o J; F)+Dye ! Y (BF) (3-23)
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We can use the similar apprcach as with #4{ R

a
solid 1 and find the contact resistance o f r
2 i B
between solid 2 and the contact plane :
. Z I
to be given by |
solid 2} 1
!
(kg2 ) 2 2
l i
|
Fig. 3.5 Solid 2 of idealised : |
contact model Lﬁ I |
ke
.2 k]'ﬂ e TR
5o (1-x )(léﬁ%~k%é) + X (1+y§k52 F(x))
Ry = Tk o 2 By Ky (3-24)
g2 Lex 14 el (Y e
( ) 4yrE;é>E§2'*x ksz( PﬁékSQFKX))

It is interesting to note that the square brackets in each of the
equations (3~20) and (3-24) contains a multiplying factor to the contact

gap distance 51 and 52 respectively, This means that the contact resistance

could be taken to be that acting against a uniform flow of heat flux through
some equivalent lengths of the materials many times larger than the

distances 51 and 62 according to the magnitude of these factors.

0
Since ylksl = y2k32 where yi = 3% and Yo = T;’ we introduce a solid

contact parameter Kg and a fluid contact parameter Kf such that

_ K K ke ke

= and K, =
8 ¥ikgy o Yok,

K .
Toykgy  Yokgp

The combination of equations (3--20) and (3-24) gives the total contact

kSl+k52 )
Sox

sl s2

resigtance
nx 20X . 2
. (1+7rEE -x" 7 KS) + X Kf F(x)

R, =R +R =
T T S [
(1~x2)(1+ ‘11-55 KK +x°Kg (14K, F(x) )

(3~25)



The total contact conductance is

0, = = 71 R(

kK o [(1mx2)(1 ‘”K Ly +x2KS(1+KfF(x))] (5-06)

t R, k. -rk (- 7x c \
17 5l (1 +TK - %L )+x—1{fr«( )
Rzkf
It can be seen that as x becomes very small, Ct tends 1o —-5*"-. On

the other hand when x approaches unity, C; tends to 7732(h k%l_?i A
1Xgp T pKg]

These results are all in accordance with what was expéoted.

To find the solid contact conductance CS and the {finid contact
conductance Cpy we determine first the amount of heat transferred through
each path. The analysis is given in APPENDIX A. We need only quote the

results here. They are

2
5 kslkZ (1 + 1 4 ﬁ;{K )+x K F
Oy = TRE X (T7y >[ = 2ix } (3-27)
sl 7s2 (1+TKS 4k)+1K F(x)

O T - T ) )

g KL - X K +}.K F(x
Cp = MR K (1-x )( "1+i2\[ s_47¢ 2 ](3~28)

1 g2 (1+‘3—’~‘—Ks~ mx)ar K F(x)

d

The ratio between C!f and CS is given by

K
C 1-xg
Lod - 5 (3--29)
C 2 nx 211X )
5 X (1 + “&"Kf - x TKI.) + X KfF(x))

For CS to be equal to Cf we find from equations (3-27) and (3-28) the
relationship between the solid contact parameter Ks and the fluid contact

parameter Kf, i.e.



2




b'e KS

K, = - -
t (2x2(1-x2)F(x)+-(1«-5x2-+2x4)%f)xs + (1 -%2)

(3-30)

The Kf - KS relationship for varying values of x is plotted in Fig. 3.6,
As can be seen, when Ks is larger than 10, Kf ig mainly influenced by .
To obtgin equal conductances for x greater than 0.6, Ke has to be a great
deal larger than Xg. For x to be greater than 0.75, no equal conductances
can be obtained no matter how large the value of Ky is, unless the value
of Kg is reduced. Vhen K  is smaller than 10, its influence on Kp is

quite noticeable,

3.2 A more realistic contact model

From results of surface analyses of g metallic face we realise that
the shape of the protruding asperities is more likely to be a circular
pyramid.rather than a circular cylinder, although it is gquite understood
that the assumption of the cylindrical contact spots while dealing with
8 thermal contact problem is more for the convenience of mathematical

treatnent.

solid |

fluid N fluid W

solid 2

Fig. 3.7 A typical profile of two surfaces in contact.



We realise also that when two surfaces are brought together it is the
summits'of thegse hill shaped asperities which are in contact. Although

the actual area of contact at the tips is very small, the area at the

bage can be a great deal larger. This indicates that apart from the
constriction of the flow lines in the main body to the base of the asperity,
there is also a secondary constriction of flow lines from the base to the
tip in the asperity itself. The constriction as well as the material resistance
in the engaging pair of asperities determines the amount of heat to be
transferred through the solid spot and through the fluid gap., Further, if
a tarnish film is present between the tips of the asperities, additional
film resistance will result. In other words, the constriction resistance
in the main body is sensitively influenced by the total resistance along
the asperities which form the metallic passage of heat flow., Ve see,
therefore, that it is nearer to the truth if the asperities are described
as conic frusta instead of circular cylinders, The contact model appears
.as in the figure 3.8, in which it is shown the constriction of the flow
lines along thé main body as well as along the asperity. The determination
of constrietion and material resistance of a conic frustrum is given in

APPENDIX B.

flow | 1|
The total resistance consists lines | 1 Solid 1

. I
of the constriction and material |

registances of the conic

frustum 1 and those of conic

frustum 2 connected in series,

Any film resistance can be

included if necessary. In this

case we shall require to kuow

the film thickness t and its

Fig. 3.8 A more realistic contact
mnaal



thermal conductivity k, in order to calculate this additional resistance

according to

Ry = —,}"“;cg)"l;:; (3‘“51)

Normally a surface film may only be several hundred Angstrom in thickness
and is quite readily penetrable by the tips of the asperities under high
pressure. In this case we can ignore its existence. From the results
obtained in APPENDIX B, we find that the oonstriction.resistance of a

conic frustum is

Ret = ZTaek, rap?-p (3-32)

) a~-a
- ©
The value of R,y multiplied by akg is plotted against 6° = tan 1(~ﬁ-) for

. &, . . . . .
various 7~ as showvn in figure 3.9. The material resistance is equal to
(o)

h

R = e -33%
mf ﬂk:saao (5 33)

The total resistance per unit area for a pair of conic frusta engaged in

contact ig therefore equal to

8,
& .. 2 1)
o Gp, 8, (5 B2 s by ashy

- - + = + + (3-34)
a  Akgy H+f312"81 4kgo 1+322 "Bg aoksl 8’0ksz
a, =8, : ao - a, _ .
where ‘Bl = T ’ }82 = —-—h~2—-* and the dimensions aj, ap, 85, h) and h2

are defined as according to the figure 3.8.
To find the overall thermal conductance of the system, the approach
used in section 3.1 can be applied here provided that the fluid gap distance

(i.e. 6 =hy + h2) is small compared with the radiug R of the cylinder and
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provided that no heat transfer takes place between the fluid and the
solid spots. Under such circumstances the results obtained in section
3.1 apply directly to the case with asperities of any regular shape
including a conic frustum, VWhat will be required is the establishment of the
value of ky. In what follows we shall attempt only to determine km for the
solid contact spots formed by a pair of conic frusta.

We use the same approach as that already shown in section 3.1 and assume
an isothermal contact plane to be placed at distances 51 and 62 from the

contact surfaces where

k k
a2 sl
61 - ksl+k326 and 0o =

The heat transfer coefficients from solid 1 to the contact plane and

from solid 2 to the contact plane are given by %- and --- respectively.

81 0o

Since the corresponding resistance for the two portions separated by the

contact plane is taken as

gl and R Qg
a s a &

it follows from equation (3~34) that

R

ay ap
(Eg “1X81 32(53 ”1)32 alhl 32h2 ~1
] (3-35)

a
k = 6 [ 1 - + ———— +
k ) - -
m 4kgy (1 1+, ..ﬁl) 4ks2(ll+ﬁ’;22 -_52) kg180 1\52&0

As can be seen, the value %, decreases with the increase of the ratios

8.] 8'2 a'l 8.2
-2 and —~ and it tends to that in equation (3-2) as — and — approach
8o ) % 8o

unity.



3.3 A simplified method.

When heat flows in a solid it does so in the same manner as an electric
current in a conductor. Thus a solid when uniformly conducting heat; can
be imagined to constitute n number of tubes of flow and the thermal
conductance per unit area of the body over a given distance is the suvmmation
of the thermal conductance of each individuai tube with an equivalent
thermal conductivity of %'that of the body. We see that the same result
can be obtained if we consider that the tubes are enlérged to take up the
same boundary of adiabatic condition as the body but with the conduciing
_strength of k/n for esch one. It is equally possible for the tubes to
possesgs different strengths in conductivity so long as the total strength
adds up to that of the body. For example, when heat flows axially along
a solid rod of a thermal conductivity k, it can be imagined to flow along
two same-sized rods, one superposed on the other, with one having a thermal
conductivity of fk while the other of (1-f)k, where f is a fraction. If
‘the same rod has a contact joint at some point along its length, the
homogeneity of the material and conseguently the uniformity of the flow
is now interrupted. By virtue of the definition of a contact conductance
“which is equal to the heat flux divided by the fictitious temperature drop
across the contact, the flow lines can be regarded as behaving uniformly
right up to the surfaces on both sides of the Jjoint. The temperature drop
is in effect a measure of the constriction resistance of the flow as well
as the resistance of the materials occupying the contact gap and it is
regarded as representing solely the heat transfer characteristics of the
contact. Since the contact gap is occupied by some solid junctions surrounded
by & fluid, it is convenient to divide the conducting strength of the rod

into two groups, one having a thermal conductivity of kf and the other of



(kg = kf). The one which has the same thermal conductivity as the fluid,
will suffer no interruption whereas the other will ﬁave flow constriction.
By such an arrangement, the problem is very much simplified as the heat
tfansfer_through the fluid and through the solid can be dealt with
gseparately, but the interdependent nature of the two lies in the grouping
of the conducting strength. The 3votal thermal conductence of the contact
is then the sum of the two parts.

Using the same contact model as in section 3.1 and considering first
the heat trangfer between solid 1 and the contact plane, we find, with
61, x, k; defined earliér, that the resistance to the flow with the group
strength ke is Qmm?u while the resistance to the flow with the group

71 R%k
ke 8 2
strength (ksl kf) is (—op 1 _mjw;;iLw )

The first term in the square bracket represents the mgterial resistance
of the solid spot which by the assumption made in section 3.1 hag an
eguivalent thermal conductivity of km instead of ksl' The second term
ip the square bracket represents the counstriction resistance in the

solid 1. Since the fluid and solid resistances are in parallel, the total

* resistance can be found from

1 1 1
= + (3‘36)
B 6 6y ! -
2 2
TR%,  Ta (km-kf) 4a(ksl-kf)

Substituting the contact parameters KS and Kf, we find

X
- 2 2 Ay }{E] S]—-'
. (LAE ¥ - T )+(1x P (R T7KT)

R, = (3-37)
s 7R ko a9 ﬂXK )Kf+x K +(1-x )ﬂ-X 2( ) i)

1-

Likewise we find the resisiance between solid 2 and the contact plane

to be expressed by



i"‘ —k g2
> oy
1 ] (l+ﬁ1{smx @KS)+(1-X2)1 (}\.q?"kf)
Rog=-R 2(EE:FSQ (3-38)
k

iR

K
82 (3. 2)(1: K VK K (1 ?yﬂltf

The combination of equations (3-37) and (3-38) gives the total resistance

of the contact, i.e.

Ry, = Ry, + Ry (3-39)

Hence we can obtain the total thermal conductance from the expression

L
ts

C =

ts (3“’40)

=l

It must be pointed out that solutions obtained from such a gsimplified
method would not satisfy all the boundary conditions especially at the
interface unless the temperature gradient normal to the surface is uniform
over the fluid contacting surface. This can be approximately achieved if
we have either the value of x or the fluid contact parametexr to be very
small. By comparing equation (3-39) with (3-25), we see that the

discrepancy of results between the two approaches lies in the term

kg

s) in the former and that containing F(x) in the latter,
g7Kr

containing (km

The significance of the discrepancy can be observed easily if we take

kél = st = ks to simplify the expressions. Thus eguation (3-39) reduces

to

(1 + ~ x°L LUES)
Ris =ﬂR2k [ 43;1( o 2 J o Z Tig (3-41)
s (l-x )(l +Z—y‘)i{—s- -+

Whereas equation (3~25) reduces to
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lc:f

5 [(l-rﬁ- Qﬂx +X yk F(x) ] 5
)

R = I (3"42)
t 2 oKe 2 t
1R°K N ax -t 2.2t Rk
g & (1ex )(14 4Y>ks +x4x yksF(::: s
where y = 5k and Its’ It’ vhich are magnification factors of § as a measure

of the equivalent lengths, are selfwevident. The values of I‘ts plotted

againsgt ( ) for various valueg of x is given in figure 3.10. Ve can

now see it more clearly that the results predicted by the simplified

o

method can be sufficiently accurate if the term (x2 K¢ F(x)) where Kf—-z:—y—l—cl—.
S

is small. The percentage of discrepancy between the two resulis may be
|

calculated from

7 L 0X 20X

[(l-x ) (149 )?:"* x4 %2 ‘;fk‘“ (X)][ 4y T 4y

— 2] -1 (3-43)
(1~x )(l+4y )-Em+x

]

[i§

(l%ﬂmxeﬁ) +x

Ay P(x)

yks

Since the term szi,F(x) in the denominator is usually very small compared

with (1 - nx) for x smaller than 0.5, its omission can only give slightly
4y

" pessimistic results., Hence we drop this term and equation (3-43) reduces

to

K F(x)

- (l-x i, . (3-44)

Table (3.1) shows the value of § in percentage for wvarious values of

Kf, x and Y.



TABLE 3,1 Percentage of discrepancy of the contact resistance obtained from
the simplified method and the analytical method.

y K, s 1| 0.2 0.1 | 0.01
x =01 0.35] 0.35| 0.35] 0.34 | 0.33| 0.20
05| 2.59| 2.58 | 2.47| 2.03 | 1.66| 0.39
2| 5061 5.51 | 5.02] 3.50 | 2,551 0.43
.005 .
2 | 20,9 106 | 8.90| 4.85 | 3.14| 0.42
3| 1.7 | 1.3 | s.es| 424 | 2,57 | 0.32
4 | 6.780 6.41 | 4.50] 1.81 | 1,03 | 0.12
x =01 | 0,26 0.25| 0.25| 0.25 | 0.24 | 0,17
05| 2.33] 2,31 2.23| 1.86 | 1.55| 0.38
1| 5.25| 5.18 | 4.77| 3.38 | 2.48 | 0.43
i 2 | 10,6 | 10.35 | 8.70| 4.82 | 3.10| 0.41
3| 114 |11 | 8.0 4020 | 2,55 | 0.3
o4 6.67| 6.32 | 4.44 ) 1.79 1.03 | 0.10
x = .01 | 0.04| 0.04| 0,04| 0.04 | 0.04| 0.04
05 | o.82| 0.82 | 0.81| 0,76 | 0.70 | 0.29
1| 2.60| 2.60 | 2.48| 2.05 | 1.68 | 0.39
. 2 | 6.95| 6.85 | 6.07| 3.90 | 2.69 | 0.41
5 | 8.47| 8.25 | 6.85 | 3.72 | 2.36 | 0.31
4 | 5.28| 5.06 | 3.78 | 1.67 | 1.00 | 0.12

The values in the table show that for x « 0.5 the simplified method always
gives a higher estimate in the value of the contact resistance. It can

be seen that the discrepancy is extremely small for Kf< 0.01 independent



of the values of x and for x <« 0.0l independent of the values of Kg.

Table 3.2 shows the thermal conductivity values of some commonly used

metals and gases.

Table 3,2 Thermal conductivity of some commonly used metals and gases

at about 1000¢ (16517)

Métal kS(cal en™t sec™ "1) Gas kf(ca; cm-l seoml oc"l)
Copper 0.97 Hydrogen 0.00050
Aluminium 0.53 Helium 0.00C41
Duralumin ! 0.41 Nitrogen 0.000C78
Titanium 0.050 Oxygen. 0,000C77
Stainless steel 0.068 Carbon 0.000CH4

dioxide
Magnox 0,30 Ammoni.a 0,000C77
Cast iron 0.13 Steam 0,000059
Steel | 0.1% - 0.08 Argon 0.000052
20 Ni Steel 0.045 Air 0.000074
Uranium 0,07

From Table 3.2, we find that the maximum k

whereas the minimum ratio is about 0,00005.

f

to ks ratio is about 0,01

The average value may be

represented by k{air) to k(steel) ratio which is about 0.0008, Therefore,

even with the fluid gap to cylinder radius ratio of y = 0,01, the fluid

contact parameter X

about 3%.

of

is only about 0,08,

any discrepancy is quite negligibly small,

Normally we expect the value of x to be less than 0.1.

The maximum discrepancy will be

Hence




3.4 Discussion of various theoriesg

Anong the thermal contact theories in the literature, those presented

(18) (13)

by Cetinkale and Fishenden and Fenech and Rohsenow can be considered
as most thorough. They carried out their analyses on the general manner in
vhich the dependence of the thermal contact conductance on both the fluid
and the solid spots at the interface was investigated and their results

show élearly the inter—~dependence of the two., It is true that the amount

of heat flows through each path not only governed by the resistance of

that path but also by the resistence in other paths. Most other workers
formulated their theories rather on how the contact areas should be
determined and incorporated in the part which represents the thermal
conductance through the solid spots. Often the fluid and solid conductances
were treated separately and the inter-dependent nature of the two was
therefore omitted. The determination of the distribution and the size

.of the contact areas, however, has not been vexry successful owing to the
difficulties in releting them with the applied pressure and the surface
roughness index as described earlier. The exceptional cases are those where
.contact surfaces were specifically prepared to give a uniform digtribution of
contact spots during contact. Laming's work(l9) is one good example. In
this case it is possible to assume the contact spots to be of equal size

and the condition of heat transfer around one contact spot is the same

for all spots. If contacts are made undér arbitrary conditions, no

accurate predictions so far are available. A recent paper by Greenwood

(20)

and Williamson on contact areas of flat surfaces may suggest one line
of approach to this important problem. Since no attempt has been carried

out in the present work to determine the actual contact arsas under random

conditions, our comments will be made only on the theories presented in



references (18) and (13%).

3.4.1 Cetinkale~Fishenden theory

Cetinkale and Fishenden's work is one of the first thorough analyses
on a thermal contact problem in which they considered the simultaneous
existence of both of sclid and fluid conductances. They derived their
contact resistance equation by first considering the solid and fluid
resistance separately. To do this they assumed a flow dividing surface
on one side of which heat was considered to flow acréss the circular solid
spot wvhile on the otherlside across an uniform fluid layer. Tne fluid

resistance, which was determined by a relaxation method, is given by

d
f1R%

: (3-45)
ke
The solid resistance was calculated by congidering isothermal surfaces in

the form of ellipses and it is given by

W
tan"1 (3

Ry = =2l .
S 7 a kg ‘ (3-46)

the
Where w is a parameter, a/vertical semi~axis of an ellipse., They deduced

then on the basis of the relaxation method results.the value of w to be
equal to (rd - a) where Tq is the radius of the flow dividing surface
measured from the longitudinal axis of the contact cylinder. Putting T4

to be equal to R Iln Cf ', the total contact conductance is given by

Ct
2 a1 ak
1 . 71 R°kr S
C't = Cf+ CS -—*R-f- +Rs = 6 + (5"‘47)

g
tmflcﬁ l—ﬂka—n
a 601;

5 s X = %-and K = EEEE? so that equation (3-47) can be

written as



2%

B=1+ Ke (3~48)

tan™ (£ 1~ % -1)

It can be realised that in fact

B= R (3-49)

which is always great than unify. We can now examine~the results more
closely.

As kf = 0, no heat is transferred across the fluid gap and the contact
resistance as giﬁen by equation (3-46) if we neglect the material resistance
of the solid spots. As kf = kS we expect the contact conductance (hence B)
to be a constant, independent of x. This is achieved approximatelyfell
when § is small compared with R as in this case the second term in equation
(3-48) is of little importance. However, when B is a constant, we expect
T (equation 3-49) to be of a specific value so that by the definition of
of the flow dividing surface rd/R should be equal to x, But this is clearly
not satisfied, On the other hand, if the value of the ratio rd/R is made

1

to approach that of x (i.e. B“*l»xz) we find that XK. will approach a value

f
corresponding to g_(;_n x) This can be achieved only by giving § a
1'% *
. . _ ~ 1 . .
definite value go that 6/R - ﬂ/(x x) (since kf is taken to be equal to ks).

If this must be so, it would contradict the fact that § is an independent
parameter of a contact joint, The association of 6§ with x (by no means in
a definite relationship) will come into existence in the contact conductance
equation when the material resistance of the contact spots is taken into
account, We see, therefore, if the material resistance of the so0lid spots

is included, we find that we can obtain results to satisfy all cases, Thus



we modify equation (3-47) to take the form

1 . 1
Cy = o : s (3~50)
5 D ta_n“'l (B. Jl"‘ ﬂ.ﬁ.&_"_a_,)_}if._l) + ____9___
71 (R%-a" ks a §Cy ﬂa2ks
1 a ks
C. & 2 2Rk
. __ t R f & 8 .
Using B = ﬂ(R2~'32)kf = RQ-rdz y Kg _‘Eji; y X = F gnd Y = 5g s equation
(3-50) reduces to
2x
2
B=1+ . (3-51)
-1 ;t_! 1o,y ,2r
tan™ (T 11-F 1) +%
When kf = 0, the contact conductance is now given by
1 a kg
Cp = (3-52)
tan™1 C-le -1) + %{X '
. 1 1 )
When kf = ks, we find r3 = a, B = T2 and R§= ; as was expected. Further,
Rk R?
when x = 0, we find C, = 6L{" and when x = 1, Cy ~Miks . These satisfy
é

the expected conclusions.

The modification of Cetinkale and Fishenden's result has got in any
way contradicted their analysis but can be considered to be consistent with
the simplified method given in section 3.3, It becomes clear that the
inclusion of the resistance of the solid spots is essential in estimating
the amount of heat to be transmitted through the solid Jjunctions., Its

importance, however, is less obvious when either kf is very much smaller



than kg or when & is very much smaller than R, because under these conditions
the resistance of the solid gpots ig small compared with the flow constriction

resistance,

3.4.2 Ienech~Rohsenow theoxry

The authors carried out a comprehensive analysis in which they treated
the thermal contact problem mathematically as a whole. They used the same
contact model as Cetinkale and Fishenden and divided eaéh solid contact
member into four regions one of which was occupied by a common fluid layer,
They then introduced a temperature distribution for each solid region and

.obtained the constants of the equations according to the boundary conditions.

The contact conductance of their results is given by

1
k 2 45+ 1 2.4+
f 2 a a 1
o - R2 Ei?hg[gl-x )( Ksl T Rgn )-fiuly'f(x)(\ g2] + 2. 4
g =1 . W
(1-x )[ ( by L2 )][2o4-g~+1 L 2As +1_1
hl+h kSl kS2 k81 ) ks2 .
(3-53)
; 6 § | |
By ta.kLllg l\sl = kS2 = kS $ 5 = hl = h2 and Yy o= SR ¢ equatlon (5__53)

reduces to

7 R%;y 1ol x £(x) l2 g a kg
C, == (1+ ) +
t - K
6@ E? (1-x2)(2.4542) (1) (2= g (204 L +2)

g X

(3-54)

where f(x) is a function of x. We can now consider the results for all the

particular cases., When either x = 1 or ks = kf we obtain from equation



(3~54) an infinite conductance which indicates that no resistance of the
materials occupying the interface has been included., VWhen kg = 0, equation

(3-54) reduces to

l.211a ks

C4

(12 (2.4 L 41) (5-23)

In the case where both the fluid resistance and the solid spot material
resistance are absent, the contact conductance is the feciprocal of the

flow constriction resistance of the main body, and the fluid gap disitance
(i.e. ¥) has noy effective influence on its value. Since the total heat
flux must pass thiough the solid contact spot as the sole heat path, we
reagson that the flow lines can only be affected by the size of the contaci
spot (i.e. x)ardnot by its depth., The existence of y in & flow constriction
resistance equation deces not fit into this case. We can see it more clearly
when we set x to be a very small value, as we expect Ct in equation (3-55)
to tend to & limiting value of 2akg as given in classical text books
mentioned'earlier. For Ci to approach this value, it is necessary for y

to be related to x in a definite manner (i.e. in this case it is necessary
for y = 0,368 x). But y is an indeﬁendent parameter of a contact and its
position here is in gquestion. We can also examine another case the result
of which is known. For example, for the fluid conductance to bz equal to

the solld conductance when kf = ks, we expect x = f%. From equation

(3-54) we find

ol o

w’ |y

WI o
I

(3-56)

w

[(I-—xz) (204 £ 41) + 1.1 x f(x):,

2.4 x Yy



For the above condition to be satisfied, the value in the square bracket
must be equal to unity. But then x becomes a function of y and this is
undesirable for the reason stated earlier. Teking for the moment

y = 0.368 x and the value of f(x) from reference (13), ve obtain x = 0.925
instead of 1/!5? The reason for these disagreements could well be in the
choice of the boundary conditions in the analysis. Since it is not the
purpose of the writer to cast any doubt on a piece of.outstanding work

by these two authors, it suffices to gay that the omission of the resistance
due to the materials occupying the interface must give rise to some
influential effect on the final results. This effect is less marked when
the fluid gap distance is of the same order of magnitude as the radius

of the contact area. Speaking in a general sense, we realise that the
amounts of heat transferred through the fluid and the solid juﬁctions must
essentially be governed by the overall resistance existing along each
path across the interface, and the resistance of the materials, however
small it may be compared with the constriction resistaﬁce can not be
categorically ignored except in the case where there is only one single

path for heat transfer,

3.4.3 Present theories

The contact conductance for the idealised contact model is given
by equation (3-26), To examine its validity for those cases of knowm

results, let us take k01 =2 ks2 = ks. Thus the equation reduces to

k
2yq L @x °f 2 2

212 K (L-x) (2 + iy kS) + %+ x K F(x)

% =% (3-57)

(1+%§- - x° T;-—;—) ,x2 K F(x)



For k

P 0, the %total contact conductance ig the result of the consiriction

resistance plus the solid spot resistance connected in series and it is

represented by

[

2 2

__11R kg X - -

=75 [1 Lax .2 aac_:l (3-58)
dy dy

Accoxrding to equation (5»58), when x = 0 we obtain Ct = 0 and when x = 1,

2

we obtain Ct ='§EE_EEL .
6

: ARk,

If we now set kf = ks, we obtain again Ct = -~ which is independent

of x but is inversely proportional to the fluid gap distance. For the
so0lid conductance to be equal to the fluid conductance we can uce the
x, Kg and Kf relations which are pl&tted in figure 3.6 according to
equation (3-30). As can be seen, when kf = ks, we obtaln the expected

value x - e
{2

The contact conductance for a more realistic contact model presented
in section 3.2 will follow the same trend as that presented in section
3.1 if examined under different particular conditions provided that the
assumption for no heat transfer between the solid spots and the fluid is
valid. This could be acceptable if the taper ratio of the conic frustum
is small. However, when the taper ratio is high as in the case of very
smooth surfaces in contadt, heat transfer will certainly take place
between the solid Jjunctions and the fluid. In this case the resistance
of the solid path will be reduced, as a portion of heat can by pass the
tips of the conic frusta and re-enter the solid junction from the fluid
region, Unfortunately the boundery conditions at the solid~fluid interface

would be rather complex for any'mathematiéal solutions to be obtained,



Under such circumstances the simplified method presented in section 3.3
may give/&%asonable approximation, since in this method the amount of
heat transferred along the part with a conducting strength designated by
kf weuld cover, if not exactly, some of the heat transferred between thg
solid Junctions and the fluld whenever the solid faces incline at an
engle to the longitudinal axis. The simplified method, though lacking in
any exacf mathematical Jjustification for & general case, has the advantage
of its simple formulation for a ﬁractical problem, In this way even if

a contact model be as complex as the one suggested by Arohard(21> the
simplified method car still be applied. An examination of all particulax

cagses will show that the results are satisfied,



CHAPTER TV

EXPERIMENTAL STUDY

In chapter 2 we discussed the number of uncontrollable factors which
render the thermal contact a very complex problem, One of the difficuliies
lies in estimating quantities such as the actual areas of contact and the
actuai fluid gap distance. If the surfaces are pre~arfanged to have a
definite roughness patitern, either by a machining process or by ruling
with a cutter, the numbeerf contact spots and the gize of the contact areas
become more assessable, but it is still necessary to assume the swrfaces
to be initially flat and having no out of form during matching. For the
purpose of studying the fundamentsal phenomena of heat transfer across the
contact, it is desirable to have a greater degree of certainty regarding
the number and size of these contact spots under & given loading condition,
For this reason, it is betier to avoid the use of a roughness index and
if at all possible the complicated situation aggravated by the presence
of the surfaces film. We propose to create a favourable contact condition
by the introduction of artificial metallic junctions between the contact
members distributing in a definite paittern so that when the contact members
are pressed against them, a reasonable estimate of their bearing areas can
be obitained. Two different types of Jjunctions have been used in the present

experiment. They are described in the following sections.

4,1 Insertion of steel balls

Small steel balls in large numbers, when inserted between two highly
finished flat surfaces, will have a more or less uniform distribution of

contact spots over the surfaces. When they are closely packed the pattern



is hexagonal. Since the dimension of the surface roughness is very small
compared with the size of the balls we expect the size of the spots to be
solely determined by considering the conitact area between a sphere and a
flat surface under a given applied load. Also since the deviation from
perfect flatness of a highly prepared surface and the deviation from true
gpherity and diameter of carefully finished steel balls are very small
compared with the size of the contact surfaces and the balls, we expect,
therefore, the céntact spots to be ofequal size when the load is applied
uniformly over the contact surfaces. The pressure over these contact areas
is most likely to be very high even under a moderately low load condition
to ensure the break down of any surface film, The presence of ihe balls
acting as metallic contact Jjunctions will cause no constraint to any thermsl
expansion; as would the surface irregularities for they are integral parts
of a surface. Under these circumstances, the phenomena of heat transfer
from one cylindrical specimen to another across the inserted balls can be

represented by the contact model containing only one ball as shown in

figure 4,1,
: : . R
The radius of the specimen Specimen 1
(ksl)
block used is 2.54 cm. Let n be
~ the number of balls. Thus the
le
radius of the model cylinder is
Steel ball
f
c
R = 2.04 cm, -
Iy
: . Specimen 2
R (ks2)
S

Fig, 4.1 Contact model with the
insertion of a steel ball,



From the analysis given in APPENDIX C we obtain the constriction

regsistance of the steel ball when it is in contact with plane surfaces.

Ry = i (5 7 R’y (4-1)

where a is the radius of the contact area which will be determined in section
4.3,

The material resistance of ball is determined in APPENDIX D end it is

| NN
X 1+ wl“(ﬁ%)
Rop = 7g5- 1og (—===c=53) (4-2)
N a2
b™ 1- |1-G=)
~ 1 Bp

A comparigon of the material resistence with the consiriction resistance can

be made by dividing the result of equation (4-2) by that of (4-1). Thus

> 1og<1+ﬁ+ LS

material resistance _ 1-f1~'(57592 (4m3)

constriction resistance 77(Rb/a - 1)

Table 4.1 shows the value of the ratio for various a/Rb.

TABLE 4.1 material resistance 1o constriction resistance ratio of a sphere

a.

Rb 0.0l O|02 0005 Onl 012 0.3 O.4 005

material resistance
constriction resistance

0,068 0,128 0,248 0.424 0.732 1.02 1,312 1,662

It can be seen that as the actual area of contact is small compared with the
size of the ball, resistance is largely atitributed to the constriction of

heat flow.



D

Now the total ball resistance can be obtained from equations (4-1)

and (4-2), i.e.

...:.._.._

14+ 1= (a/my)? \
b T RE b[?(— R Nlog (1 .ma/Rb)z)] (4=

According to section 3.1 the heat transfer coefficients of the solid spots are
km/él_and km/62' The equivalent thermal conductivity l_c"m referred to the

contact area can now be determined., This is derived as’

- R 1+41- (a/Rb)2 -1 :
Kk = %9__ [-%(f--—l) + % log (—smmemms )] (4~5)

n 2
l—‘l-(a/Rb) ]

where § is the fluid gap distance and is approximately equal to (see

APPENDIX E)

120 T A 2 SRR

6 =2 Rb‘[ 1- (a/Rb)g (4-6)

Using N = -ﬁ-— and substituting equation (4~6) into equation (4-5) we
b

find

|' 2
Fn = 7 N2 [ ( log (li‘“l“‘:y*“)]"l (4~7)

1-J1-K2

The total thermal conductance of the contact can now be found according
to the formulae laid dovn in Section 3,1. Since, however, the.assumptiOn
of no heat traensfer between the solid spots and the fluid may ot be entirely
’ accep%able in this case where the fluid gap is comparatively large, we
consider that the simplified method could give a better approximation for
the reason explained earlier, especially where, in this case,; the fluid
contact parameter Kf is small. Thus according to this method we obtain the

total thermal conductance of the contact from



C_t = L + L - (4"‘8)

2 2
1 [i<1 N 1+11-N 1-x
S e ———r———— | ‘f".l.)"*'"' Jog ( "“"‘""‘.-,)]44

where kf is obtained either from equation (2-29) ox equation (2--30) depending
on whether the condition is a normal pressure or a free molecular condition
respectively, and kg is the thermal conductivity of cylindrical specimen

blocks., ¢ is obtained from equation (4-6), if the solid junctions are
¢gylindrical otherwise 8 should be replaced by an effective fluid gap
distance 52. This will be discussed in Chapter 7.

4.2 Insertion of alvminium discs

With the insertion of small aluminium discs between the flat surfaces
of two cylindrical blocks to form the metallic contact Junctions we will
have the idealised contact model as described in section 3.1l. The aluminium
disc material has a very low havdness value and a high thermal conductivity
‘value. When a soft material is compressed between two surfaces c¢f a much
harder material, a large area of contact can be expected even though there
may be irregularities over the surfaces. Furthermore when the applied load
is sufficiently high but not too high to cause spreading of the soft materieal,
a full area of contact can be established corresponding to the size of the
discs. When this condition is reached the areas of contact become independent
of the applied load and needless to say independent of the surface roughness
index. We choose 8 small thickness for the disc so that the solid contact
parameter KS becomes large, but not too small to involve a large percentage
of contact error due to any deviation in thickness. Thus such a contact
model will enable us to study the contact problem in the range outside the

previous case with the insertion of steel balls. The essential factor in



this investigation lies in the accurate production of the discs which will
be reported in section 4.3. For the calculation of the thermal conductance
of the contact, we can use thé formulae laid down in both section 3.1 and
section 3.3. In both cases, ky = ka (the thermal conductivity of the

aluminium disc.) Thus equation (3-26) becomes

L mRY [(1~12)(1+ £+ x°K s(2+ Ko F(x)) ] (4o5)
t = 2 :
(1+ﬁ‘f‘- KS—xQ%KS)an Ke F(x)

and equation (3-40) becomes

k_~k

ARk, [(1mx2)(1+~—1<c,)z<f+x2x v (PR 2 (1)
c, = i 2 | (e
4 > - k<K .] (4-10)
(1 B - 273——1{ $) + (1-x )"‘~Kf(k5L k —2)

k k
where Ky = §§~ and K¢ = §é; s and y is the half {thickness of the disc
) g

divided by the radius of the contact model cylinder R = 2224 . o is the
w

number of discs inserted. We obtain ky either from equation (2-29) or

equation (2-30) according to the gas pressure condition.

4.3 Supplementary experiments.

4.3.1 Area of contact between a steel hall and a flat metal surface

This experiment was carried out to determine the diameter of
the area of contact between a steel ball and the flat surface of the material
used ag the specimen, over a load range covering also the region between *the
onset of plasticity and full plasticity. The Hounsfield Tensometer test

machine was first used but it did not give the accuracy required. A testing



device was therefore designed which is shown in figure 4.2.

steel ball | weight _
: soft rubber
spring

\\\YQ&vQAYYQ6//,/“‘Pluﬂger

Perspex

frame
|
St

Lo
TN T T TR TR AR

steel ball specimen

Fig. 4.2 Indentation testing device.

The steel balls fixed at the tip of the plunger,one at a time,wewre of
diameters 0.792 mm and 1.585 mm which are the two sizes ugsed in the contact
model. The specimens are En 8 steel and Armeo Iron., The load was applied
by carefully placing a weight on top of the plunger for 30 seconds and the
diameter was measured afterwards by means of an optical microscope, Several
rung for each load were made separately and the results are plotted in
figures 4.3 - 4.6, As can be seen, for full plasticity the load-~diameter
slope has a value of about 2 which is expected. Between the onset of
plasticity and full plasticity the resulis follow a smooth curve having a
slope of about 2.6, No accurate measureﬁents of the indentation could be

load
obtained when the applied load was below 0.2 kg, because at such low/levels,

<

deformation is mainly elastic and there revealed no clear boundary line of

the indentation. Elastic recovery of the metal on removal of the applied

xact
load has prevented proper observations on the/size of the indentation.
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According to Dr. Tabor of Cambridge University in a private communication,
accurate measurenents of any elastic indentation of such a small size can
be made only with special care and by first etching the ball surface.

The results given in figuves 4.3 - 4.6 will provide the information

regarding the size of the contact area under a given pressure, Thisg will

be used for the main experiments.

4.%3.2 Hardness testing at elevated temperature

The indentation measurements described in the previous section was
carried out at room temperature, The results compare {airly well with thati
obtained from equation (2-14) for full plasticity. At elevated temperatures,
however, we expect the hardness value ito decrease owing to atomic diffusion
resulting in an increase of contact area under the same contact pressure.

In order to investigate the effect of temperature on the hardness of both
the IEn 8 and Armco Iron specimen, a testing device was designed to
incorporate into the working capacity of a Hounsfield Tensometer. The
detail of the design and its performance are described in reference (24).
The results of both materials are given in figures 4.7 and 4.8. Contrary
to expectation, the hardness, after a steady decrease, increases to a value
higher than that measured at room temperature around the temperature range
between 17500 to 27506. This was found to be due to ageing. We see
therefore that the hardness of a metal depends both on temperéture and time,
Even though a working temperature may not be the ageing ﬁemperature the
hardness of metal will change constantly with time usually in a decreasing
manner, Such a phenomenon may be considered as creep in contact, We did
not carry out further investigation to find out the effects of hoth working

history and temperature on the hardness value; we realise, however, that
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the contact areas dervived from our test results are guite likely to be
smaller than what would actually occur during our main experiments each of

which usually took several months to complete.

4e3.3 Vacuum seal

There are a number of methods available for bringing thermocouple
wires or power leads through a vacuum chamber, and the most common one is
the use of the glass-metal seals. In this method the wires are soldered
to the metal terminals of the seal on either side of the chamber. For
accurate temperature measurements, however, it is desirable that the
continuity of the thermocouple wires should be preserved and if not the
terminals should be kept in a uwniform temperature field. The number cf
thermocouple wires in the present investigation is rather large, The
following method was thorefzedeveloped. During the first attempt, the
thermocouple wires were threaded through iwo Tufnoe discs, between which
some syﬁthetic rubber (supplied by Midland Silicone Rubber Co.) was casted
and allowed to set, Pressure was then applied on the entire sandwiched
block against an '0' ring placed in the groove of the flange of the vacuum
chamber port. Owing to the difficulty of getting rid of air bubbles from
the synthetic rubber, this method proved to be unsuccessful. The synthetic
rubber was then replaced by a pilece of soft natural rubber and satisfactory
results were oblained. This method worked very well until the humber of
the wires became too large, in which case some of the wires would occupy
the region near the edge of the rubber disc and cause leakage. The reason
for the leakage is believed to be due to the displacement of the rubber
wnder compression which jeopardizes the uniform pressure required for the

purpose of sealing the rubber to the wire. A metal ring with a slight taper

along the inner surface was placed around the rubber disc as shown in figure 4.

AR



to prevent the spreading of the rubber. The result was found to be remarkably
good. With a layer of exposy resin coated on tﬁe chamber facing surfiace

of the inner Tufuo disc to reduce the effect of out-~gassing and with the
liberal application of silicon grease to help to seal any minute leak holes,

a8 seal capable of taking 50 wires was found to work successfully under a

6

chamber pressure of about 107" torr., Such seals have been employed in other
experiments with egual success. The detail of the method and its performance

was given in reference (25).

4.3.4 The malkdng of small aluminium discs

The essential features of the aluminium discs for ocur experimental
purpose must be of equal size and thickness and perfectly round without any
distortions along the edges. The first method used to produce the discs was by
punching. This was carried out by clamping & thin sheet df aluminium between
two steel plates, with a line of holes pre-drilled in each plate so that
vhen they were clamped together the holes faced each other. The plunger
was made of hardened steel and ground to give a sharp edge. However carefully
the process was carried out, the aluminium discs produced were always bowed
and the edges Jagged. The second attempt was by parting of the discs off
an aluminium wire. DBut thig was equally unsuccessifuly; since pure aluniniun
doeg not machine readily and it hardly has any mechanical sitrength %o
withstand the parting tool., We then tried to machine a pack of over-gized
aluminium discs sandwiched between stronger aluminium alloy discs and the
whole pack was clamped tightly in a turning machine., It was thought thet
this would ensure perfect edges when the guasi solid rod was nachined to
the diameter, It was found, however, that the pack when reduced o a
diameter of 0,16 cm has very little strength to withstand machining and

wags shattered, If the over-sized discs were first bonded firmly together



by some suitable material to form a rod, the chance being thought greater
for the rod to be machined to the reguired diameter., DBut the material
suitable for the bonding must be dissoluable for the discs to be recovered
afterwards. Among the number of matlerials investigated plastic material
turned out to be quite satisfactory. Unfortunately this did not work either
a3 the rod always broke tvefore it was machined down to the required diameter.
The strength of a plastic material was obviously tco wgak. If stronger
bonding materials were used, it might require either acid or heat for its
removal and this would certainly affect the properties of the aluminium
discs. Investigation was then carried out aleng another line. This was

by trepamning with a hollow drill, First a hollow drill with a bore of
0.158 com diameter was produced. This drill had a number of sharp teeth at
one end and a spring loaded pin inserted in the tube to recover the discs
when drilled. It was thought that if the drilling speed was kept very high
(25000 r.p.m.) and the lowering force kept very low, we might manage to
ﬁroduoe the discs we required. Results showed the oppoéite, hecause the
drill teeth, even hardened, started to wear away very quickly and the
finishing of the discs was not good enough.,

Among all the unsuccessful attempts, it was found that resulis produced
by punching still showed some hope, if only the bowing of the discs during
pundhing could be avoided. When avoidance of bowing was found impossible,
the removal of the bowing after punching was pursued., To carry out this
invéstigation, a puﬁching device for making discs of diameter 0,158 cm
and diameter 0.119 cm was designed to incorporate in the working cepacity
of the Tensometer testing machine., This device gives a much betler accuracy
than the one used previously. In the design there are several essential

points to be observed., First the punching pin rust be sharp and it must
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meet the die uniformly around the edge. The tolerance between the pin and the
hole along the die was maintained at less than 5 thousandth of a mm., Both
the die and the pin were made of special hardened steel and the pin could

be readily replaced by a fresh one to ensure a keen cutting edge. The
device is shown in figure 4.10a. The results.obtained were satisfactory
although there were still slight bowing occurring on the discs. To remove
the disc bowing a clamp in the form of a micrometer was used for compressing
the discs, one at a time, to a point where its faces were Jjust flatiened.
This device is shown in figure 4.10b. The scale along the micrometer

head ensures not only the consistent force to be applied during the process,
but also all the discs bearing the same thickness to the accuracy of the
scale. By means of a selective method afterwards, discs having the same
 diameter were used for each experiment., The work was laborious, but it

was worth while, as we now know that under sufficiently high load, these
inserted discs between the specimens at the interface provide full areas

of contact, the areas of which can be measured to some degree of accuracy.

4.3.5 Fxamination of surface finish and flatness of test specimens

The En 8 steel blocks and Armco iron blocks of 5,08 cm in diameter
were lapped on both ends. The end which was subsequently used as contact
surface was polished to a mirror finish. Samples of these specimens were
examined at the National Engineering Laboratory in respect of ‘surface finish
and flatness by means of the microﬂinﬁerferometer. The typical result is

reproduced here,
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Fig. 4.11 Sectional profile of a contact surface.

The maxirmum flatness deviation as shown in figure 4.11 is about 8,Jcm.
We can make an estimate to find out the deviation of the contact areas
cauged by the surface deviation of such a magnitude in the worst possible
case, We find for In 8 steel specimen with 0.795 mm diameters steel balls,
the maximum deviation of contact areas is about 255 when x = .01, But the
required load to produce an indentation corresponding to x = C,01 is only
about 10 gm., This is indeed a very small lecad. With a higher load, any
deviation of contact areas will be exceedingly small for the contact surface

to be treated as flat and smooth.

4,.3.6 Determination of Young's modulus.

Since no information concerning the Youngs modulus of Fn 8 steel
and Armco Tron was available to the author, it was decided to‘carry out the
neceséary measurement. An En 8 steel block of 5.08 cm in diameter and
7.62 cm in height, with four Tinsley wire electric strain gauges attached
longitudinally on four sides, was subject to compressive loads in an Olson
testing machine, An arrvangement was made so that the load was acting
centrally through the specimen. The measurement of the strains was taken

by means of a Tinsley Vernier potentiometer and then converted by the



A A

appropriate gauge factor. Load was increased by equal increments and a
strain-stress relationship was thus derived. The Olson machine has also a
device for plotting the load-deflection relationship, but the potentiometer
method is considered much more accurate. The stress-strain curve thus
obtained shows a very linear characteristic. From the slope of this curve
. ' i . R ! 6 -2
we obtain the Young's modulus which is equal to 2.11 x 10 Kg.cm ~. The
results of the gtress-strain relationship of Armcec iron also give the sama

Young's modulus value of 2,11 x 106 Kg. em™2,

4,37 Thermocouple calibration

In order to reduce the error in temperature measurement due to the
inevitable heat conduction along the thermocouple wires, junctions made from
materials of relatively low thermal conductivity and of small gauge were
preferred. The choice of 40 S.W.G. (0.122 mm diameter) Bureka/Nichrome was
made on this basis. Nine thermocouples composed of wires taken from various
portions of the reels were produced by arc welding in the presence of coal
gas and they were sent to the National Physical Laboratory for e.m.f, -
temperature calibration. The variation of results among the nine thermo~
couples is very small, The average values which are used in the present

calculations are shown in Table 4.2,

TABLE 4.2. The e.m.f.-temperature calibration of Bureka/Nichrome thermocouple

Temperature °C 25 50 100 150 200 250 300 350 400 450 500 550

eum.f. (mv) 1,08 2,22 4659 7.282 10,06 12.976 16.015 19.163 22,373 25.65% 28.917 32. 3¢

In any thermocouples there is a possibility that the wires may not be uniform

nor the junction formation be consistent, and these may affect the e.m.f,-



temperature relationship. For accurate temperature measurements it is
desirable to carry out separate calibration of those thermocoupies to be
used in the experiment. The mest convenient way is to use the calibrated
thermocouples as standards. The equipment required was an oven with the
ability to maintain uniform temperature at the working section. Such an
oven was designed and constructed., It is shown in figure 4.12. S8ince the
oven design does not have any direct connection with the present problem,
any detailed description would not seem necessary., It suffices to say
that its performance for the purpose of calibration was satisfactory. By
meens of a power étabilizing unit a steady temperature could be maintained

at any level up to SOOOCa
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Fig. 4.12 Oven for calibrating thermocouples.

Twelve thermocouples together with two standard thermocouples were
inserted into the oven so that the junctions were all situated very close
together in the mid-region of the oven. The e,m.f., output of each
thermocouple was taken by means of a vernier potentiometer, as the temperature

. . X o]
was increased by an increment of approximately 50°C from room temperaturs to



SOOOC, and then by 5090 decrement back to room temperature, Two separais
sets of calibrations were carried out, The maximum deviation of e.m.f,
output of the working thermocouples from that of the standard thermocouple
was found to be only about 0.3% Such a consistency of results was also
confirmed in other work using the same thermocouples. It was decided,
therefore, that no further calibration of Eureka/Niohrome thermocouples

from the same reels of wire would be necessary.



CHAPTER V

APPARATUS AND EXPLRIMENTAL SET--UP

5.1 Apparatus

For the purpose of carrying out cxperimental studies of the heat transfer
phenomgna across an artificially created contact, an apparatus was designed
with the following considerations in mind.,

1, Thermal conductance through the metallic contact junctions

If two surfaces are in contact in the absence of any interstitial fluid,
heat transfer will take place only by means of metallic conduction and by
radiation. At zero load application one surface (e.g. the upper surface for
convenient reason) can be arranged to be just not touching the inserted objects
so that heat transfer is mainly by radiation. This enables the surface
property such as the emissivity to be determined with the upper surface
brought subsequently o just touching the inserted objects, the amcunt of
heat transferred by radiation should more or less be unaltered while the
influence of metallic contacts beging to take effect. When asn axial load
'is epplied, the contact areas are established and they will increase with
load, Heat transierred by radiation is expected to decrease owing to the
reduction of the temperature difference between the contact surfaces. Such
a quantity can be calculated as the overall surface emissivity ﬁas been
deducgd earlier, Thus the thermal conductance by metallic contacts alone can
be estimated from observed results. In the case with the insertion of steel
balls, any surface films can be readily ruptured by the high pressure exerted
at the contact points. This facilitates the study of thermal-electric

analogy of current flow to be carried out. The measurements of electric



conductance cen be made simultaneously with the measurement of thermal
conductance under these conditions. In the case of aluminium discs
insertion, surface films between the contact surfaces are likely to exist
and they may be detected by such measurements.

2. Thermsl conductance in the presencs of an interstitial flnid

The influence of the interstitial fluid on the therﬁal contact
conductance can be examined when a specific gas is introduced into the already
evacuated chamber, It is important that such a gas should not cause oxidation
of the materials and thus affect the interface contact conditions., We chose
to use helium for its high thermal conductivity and argon for its relative
low thermal conductivity, each gas to be introduced iﬁto the chsmber in turn
during each load increment and decrement., The combined effect of fluid
conduction and radiation can be observed for the whole loading range including
the case where metallic contacts are entirely absent.

The apparatus which is required to provide such facilities consists of

the following systems.

5.1.1 Heating system

Main: heater = The main heater is situated in a cylindrical cavity at the upper
end of the heat flux meter which is made of Armco iron for its known thermal

(30, 31)

conductivity at elevated temperatures The heating element is a
nichrome heating coil wound in a spirally cut groove in a Pyrophillite disc,
3.2 cm. in diameter and 1.0 cm. in thickness. The groove is in a "U" shape

with a narrow opening so that when the heating coll is threaded {o lie in ift,

e

it is kept from falling out of the former., After experiment I, when the heating

burned out after only about 80 hours of operation, it was decided to cover the

face and the groove of the former with a layer of Fibrefrox cement mixed with



graphite powder to protect the nickel oxide film from evaporation when

it has to operate for a long period in vacuo. The graphite element ig to
increase the surface emissivity, The experience gained in this incident
will be described in Chapter 6. The placing of the main heater at the
upper end of the specimen column, consisting of the top and bottom specimen
blocks end the heat flux meter, is to reduce the possibility of convection
occurring at the interface when the upper contact surface will‘be hotter
than the lower contact surface., The amount of heat thus generated will
flow mainly through the heet flux meter, through the upper specimen, across
the contact section, and through the lower specimen to a main heat sink at
the very bottom of the specimen colum,

Guard heaters - In order to reduce any radial heat {transfer;, the specimen
column is surrounded along its entire length by two guard tubes, of 10 cm
in outside diameter and of 0.35 cm in thickness, one placed on top of the
other with the junction situated in the same plane as the test contact
section. There are three heaters along the guard tubés, one situated at
the same level az the main heater, one near the top of the lower guard

tube and the third one on the upper guard tube at about 5 cm above the
Junction of the guard tubes. They‘are formed by winding nichrome wire around
the guard tubes on top of a layer of Refrisal insulating paper. This type
oflpaper vas found to withstand a temperature of 1000°¢ satisfactorily.

It has a resilient texture which helps to retain the heating wire in
position when it expends under heating. The heating elements are pasted
with a coat of Fibrefrax cement to protect them against evaporation. The
base of the lower guard tube fits snugly into a recess which forms an
extension of the main heat sink, thus being held in position.

The power leads are brought through the vacuum chamber by means of



the éingle pin type glass-metal seals. The power to all the heaters is
supplied from a pover stabilising unit connected 1o the electric main,
and is controlled by individual Variac transformers supplemented by ﬁhé
reading on an ammeter.

For the best matching of the temperature distribution along the
specimen column and along the guard tubes, the materisls used for the
guard tubes should be similar to those along the specimen column, Thus
two types of materials are employed, namely In 8 steel and Armeco iron
according to the requirement of the experiments.

The edges of the guard tubes at the Junction are shaped at 45 degrees
to match each other in order to compensate for a large temperature drop
oceurring at the specimens' contact interface. Owing to the large range
of contact conditions to be investigated, it ig obvious that a fixed
contact setting between the guard tubes can never give a satislactory
matching of temperatures to all cases. Hence it was decided to introduce
a device by which the contact condition at the Junction between the two
guard tubes can be altered al will from outside the vacuun chamber during
the experiment, The working principle of this device is shown in figure
5.1 Essentially, the upper guard tube is supported by four spring loaded
pillars which with the full extension of the springs 1ift it into a position
Just not touching the lower guard tube. At the interface of the guard
tubes a corrugated thin dopper strip wrapped with four layers of aluminium
foil is inserted to proﬁide various contact areas when an external load
is applied through a lever-pulley-cable system to pull the upper guard
tube against the inserted copper strip. The whole system emerged as the
result of many experiments after the main apparatus had been constiructed.
Although it may not appear as efficient as we would have liked, it does

improve the temperature matching conditions a great deal,
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However, owing to the sudden change in temperature gradients which
occur at the junctions in the epecimen column, an exact matching even>by
controlling the guard tube contact Jjunction is still not possible, and
in these cases a small correction has 1o be applied before the true heal
flux passing through the specimen contact interface cen be estimated., The
radial heat transfer correction is determined according to APPENDIX F,
Insulation - the space between the specimen column aqd the guard tubes
is packed with the Silocel insulating powder except in the specimens contact
region vhere ceramic beads are used, so that through two breathing tubes
inserted through the powder the gas at the contact interface can be
introduced or evacuated in accordance with the experiments. The insulating
powder having a very low thermal conductivity reduces the correction that
has to be applied for any mis-match of temperatures.

Initially a ceramic shield in two semi-circular halves was used to
surround the guard tubes. This, however, proved to be very awkward for
bringing out the power leads as wéll as the thermocouﬁle wires. Instead,
an aluminium shield, also in two semi-circular halves but with a much
larger diameter, is used and the space between it and the guard tubes is
filled with the insulating powder. In this way the leads and wires can
be brought out through the powder. The insulating capacity of the system
islalso improved.,

It is desirable that the specimen column should be insulated thermally
as well as electrically., This is accomplished by sitting the main heat
sink at the bottom of the specimen column on a syndanio plate which is
fixed in the centre of the supporting steel plate. On top of the heat
flux meter at the other end there is a ceramic cup which has a recess large
enough to adopt the heat flux meter block, and widens in diameter to

7.62 cm to support a steel platen for the application of the axial load.
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5.1.2 Temperature measurenent system

Temperature measurements along the heat flux meter, the specimens
‘and along the guard tubes is made by means of Eureka-nichrome (40 S.W.G.)
thermocouples. The junctions of these thermal thermocouples were formed
as small beads by electric arc welding in the presence of the coal gas; and
the bead, after being covered with a coat of silver paint to facilitate contact,
was securely fixed in a shallow hole by means of a soft pencil point at
intervals along the above mentioned parts. There are three thermocouple
positions on the lower specimen block at 0.476 cmy; 3.216 cm and 5.756 cm
measured from the lower contact surface, and three positicne on the upper
specimen block, again at 0.476 cm, 3.216 cm and 5.756 cm measured from
the upper contact surface. There are four positions on the heat flux meter
block at 0.63 em, 2.54 cm, 4.45 em and 6,35 cm measured from the Jjunction
between the heat flux meter and the upper specimen. In three experiments
where the heat flux meter and the upper specimen are in the same continuous
block, there are five thermocouplé positions, at 0.476 cm, 3.01 ecm, 5.55 cm,
8.10 cm and 10 cm measured from the upper contact surface., In the same
plane as the one placed nearest to the upper contact surface and the one
nearest to the lower contact surface, two additional thermoccuples are
fixed at 120 degrees from it, to enable any difference in temperature
around the specimens to be detected. In all there are 14 thermocouples
(in those experiments whére the wpper specimen and the heat flux meter
are one integral part there are 12 thermocouples) along the specimen
column. Ten thermocouples (8 thermocouples in the other three cases of
experiment) are fixed to the guard +tubes at positions directly opposite
to those along the specimen column,

The thermocouple wires are insulated by small itwin-bore ceramilc



gleevings and by Refrisal sleevings. They are then attached to ceramic
rods erected vertically in the space between the specimen cclumn and the
guard tubes and just outside the puard tubes so thait the wires are brought
upward to clear the insulating powder. They are then brought out of the
vacuum chamber through the multi-~wire vacuum seals described earliex.
The wires are always arranged to traverse from the thermocouple junctions
to the ceramic rods horizontally, to reduce any transmission of heat due
to wire conduction.

Outside the wvacuum chamber the thermocouple wires are connected to
a double-pole selector switch, and from there two common wires (Bureka
and nichrome) are taken to an ice bath. The connection beitween the ice
bath and a Tingsley Vernier Potentiometer capable of measuring volts
is by two copper wires., Other equipment includes & highly sensitive
Tingsley galvanometer, a standard cell and a lO-~ampere-hour two volis
battery. The circuit diagram is shown in figure 5.2. The measurement of
the thermal e.m.f. output is based on the null method and therefore wire

registance need not be considered,

5.1.3 Electric conductance measurement svstem

The electric conductance measurements are made by the method
involving a comparison of the potential differences across a specific
section of the specimens, and across the contact interface, with that
established across a standard resistor when carrying the same current.

The practical problem is that of finding the total resistance in the circuit
so that a current of Jjust sufficient quantity can be passed through to
enable the potential differences to be measurable, but not too high to

cause winecessary heating to the contact spots. Anqther problem is that

of finding a stable source of direct current, The current supply from an
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acoumulator is never stable but varies with time. It does, however, become
quasi~-steady after a long period of operation if the discharging current

is relatively small, In the circuit a current of between 1 and 2 amperes

will be required if the stendard resistance used is one ohm. After some
investigation, it was found adequate to join four 100-ampere-hour accumulators,
of 2-volt potential each, in parallel, and to.allow at least 30 minutes of |
switch-on before taking any readings,

The thermocouple wires attached to the s pecimens ére used as the
potential leads and the readings are taken with the current flowing alternatively
in the positive and negative directions by means of a reversing switch to
eliminate the thermoelectric effects. The circuit diagram is shown in

figure 5,3.

>5.1.4 Cooling system

The main heat sink situated at the lowest part of the specimen colummn
is made of brass through which cooling water is passed around a spiral copper
strip to facilitate uniform cooling., In the design, consideration is also
given to the fact that this unit has to withstand a maximum compressive load
of 10,000 kg. Two rubber '0' rings are incorporated to ensure perfect
sealing. The base of the unit is extended wide enough to adopt the base
of the lower guard tube around which two coils of corper tube are soldered
for ;irculating cooling water to act as the heat sink for the guard tubes.
PTFE (polytetrafluoroethylene) tubings, which possess excellent thermal and
vacuum properties, are used in conjunction with the Wade couplings (supplied
by Wade Couplings Limited) which have been nodified for the purpose of
circulating water inside the vacuum chamber,

Provision is also made for the cocling of the wvacuum chamber and for

the diffusion pump. A water relay switch was designed and made to safeguard
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the pumping unit against any fallure in water supply.

In all four independent cooling circuits are required. Water for
cooling is supplied from a water taunk mounted about 8 feet abovz the
floor., An overflow pipe and a float-chamber valve are used to control
the level of water in the tank, When it was discovered that the water
head thus provided did not give adequate pressure to the cooling circuits
inside the vacuum chamber, a water-pump connected with a constant water
flow control unit was added to the whole system, There are separate
valves for each circuit for controlling the water flow rate. The temperature
distribution in both the specimens and the guard tubes are sensitive to
the cooling rate of their heat sinks. By adjusting the water flow rate
appropriate for each circuit, it is possible Yo give additional refinement
to the matching of temperatures between the gpecimen column and the guard

tubes.,

5¢1.5 Vacuum system

A vacuum chamber was degigned with provision for load transmission
and for other mechanical movements through the chamber wall, It was
constructed in three sections to facilitate assembly and it has the working
dimensions of 30.5 cm in diameter and 56 cm in height., The base plate has
a8 ecircular recess to fit onto the platen of the compressien machine which
will be described later.- This, unfortunately, rather hinders‘the connection
of the vacuum pump directly on to the vacuum chamber, an asset of having
Jow circuit resistance, The pumping unit consists of an Edwards 4-in
diffusion pump backed by a single-stage rotary pump (1 SC 450B)., A Pirani
vacuum gauge with twin gauge heads, one connected to the vacuum chamber
and the other to the pipe line is used for measuring the pressure. Along

the pipe line there is also a gas admittance valve which has a commection



either to a helium bottle or to an argon bottle for admitting the gas to

the chamber. The system is shown in figure 5.4.

5.1.6 Loading system

During the experiments it is desired ito press the upper specimen
againgt the inserted objects at the interface so that various contact areas
can be‘produéed under the applied loads. A compressive load ranging from
zero to 10,000 kg. is required. A dead weight and lever system was first
thought of but this requires a rather 1ong lever arm. A hydraulic system

to this

may be more suitable but an objection/is its tendency for the applied load
to creep with tiﬁe. A compression machine, originally designed by the
Clockhouse . Engineering Limited for the purposé of soil mechanics experiments,
was modified and adopted for our use. Its operation is based on the warm
gear principle and it has a sensitivity of 6.4 kg. per division of/gggl
indicator fitted in the machine., The maximum load capacity of this machine
is 10,180 kg. The applied load can be held constant and it has a working
space adequate for houéing the entire vacuum chamber.,

During the experiments it is essential that the applied load should
act through the centre of the contact section between the two specimens
so that there is a uniform pressure over the contact surfaces. To achieve
thig, first an adjustable support frame was designed and installed inside
the vacuum chamber, The supportingplate holds the specimen column as well
as the guard tubes in a vertical and central position. At the tope of
the frame there is a cross supporting bar which has two functions, one is
to hold a steel loading pin in an upright position to transmit the applied
load to the specimen column and the other is to take four springs which,

vhen connected with four fine tungsten wires, are used to 1lift the upper

specimen to a position just not touching the inserted solid objects at the
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contact interface at zero load condition. The gap distance for the lifting
which must allow also for the thermal expansions of the parts during heating
is controlled by a Pyrophillite distance tube inserted between a steel
loading platen and the cross bar., This steel platen of 7.62 cm in diameter
has one flat surface to sit on the ceramic insulating cap mentioneé earlier
and a spherical top surface with the centre of the sphere falling at the centre
of the upper contact surface to ensure a uniform applied pressure over the
contact, in the event that the applied load should be out of line of the
longitudinal axis. Between the steel platen and the loading pin and again
between the loading pin and the proving ring of the machine oufside the
chamber, there is inserted a large sized steel ball %o help to keep the

. load central and to eliminate any undesirable moments to be transmitted to

the specimen column. The whole arrangement proves to be satisfactory.

5.1.7 Specimens

The choice of material for the specimens has no particular importance
g0 long as its propertieg are reasonably stable throughout the range of the
experimental temperature for the contact heat transfer phenomena to be
studied. Although metals having a relatively high hardness value and a
relatively small grain size are preferred because they offer a better surface
finish under treatment, these are not primary factors. The cheice of En 8
normalised steel for the steel ball insertion experiments is largely because
it is more easily obtainable and it has known thermal conductivity values
at elevated temperatures (28, 29). The upper and lower sﬁecimens are made
of the same materiais. They are in the form of eylindrical blocks, 5.08 cm
in diameter and 7.62 cm in Height. The ends of each block were ground flat
and perpendicular to the longitudinal axis, They were then lapped anq

optically polished to attain & smoothness of less than 8 ycm. For use in



the same experiments the heat flux meter is an Aymco iron cylindrical
block, 5.08 cm in diameter and 11.4 cm in height. One end of the block
has an Armco iron 1lid for covering over the main heater cavity for
transmitting loads. Both ends were lapped flat and parallel. In othex
experiments with aluminium discs insertion and also with steel ball
insertion, the upper specimen and the heat fiux meter are one continvous
block of 5.08 cm in diameter and of 16,5 in height. This block and
the lower specimen which is 7.62 cm in height are all made of Armco iron,
The steel balls for insertion at the contact interface are of 1%
chrome carbon steel., Two sizes of bhalls were used in separafe experiments,
one 1.585 mm. in diameter and the other 0.79% mm in diameter. The tolerance

on the diameter is I 0.00025 mm and the tolerance on the spherity is

¥ 0,0001 mm.

The aluminium discs for insertion at the interface are made from e
0.203 mm thickness aluminium sheet with a specification number 2SiH
'supplied by the Alcan Indusiries Limited. There are fwo sizes of diameter
for separate experiments, i.e. 1.585 mm and 1.193% mm. The surface finish

of the discs is as received,

5.2 Experimental set-up

The general layout of various systems composing the whole apparatus
and the detailed arrangement inside the wvacuum chamber are shown in
figures 5.5 and 5.6 respectively, The general view of the equipments is
shown in figure 5.7.

To begin with, the supporting frame is set as accurately as paossible

at the centre of the vacuum chamber. This involves the use of an electronic
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levelling instrument and other precision devices, On the base plate of

the frame sits the main heat sink, on top of which ig placed the lower
specimen with é thin aluminium foil inserted at the junction to promote
heat transfer. The specimens as well as the siteel balls or the aluminium
discs as the case may be were thoroughly cleaned with trichlorethylene,
acetone and pure alcohol and were allowed to dry in a warm atmosphere.
Around the uppexr contact surface of the lower specimen a strip of PTIE

was fixed to prevent the balls from falling out and to hold the upper
specimen in positicn. The PTFE has a maximum working temperature of

270°C which is above the temperature intended to be reached at the interface.
The placing of the steel balls on the specimen presented some small problems.
They have to be dropped through a hole at the bottom of a plastic container
one by one as they bound very readily whenever they hit on a hard surface,
Owing to static electrical charges, these balls (weighing only 0.002 gram
for the 0.792 mm diameter ball) were subject to forces greater than their
own weight and would scatter in an uncontrollable manner. Various methods
were used to overcome this, and a simple yet effective cure was by dipping
them in acetone and thereafier dropping them directly onto the surface of
the spécimen. Over three thousand of these balls were then arranged in

an array of hexagons leaving just sufficient space between each hall for
thermal expansion. The final setting is shown in figure 5.8. The upper
specimen was then lowered to rest on the balls. Care was taken not to
disturb/;g¥%ing of the bhalls nor to cause any undesirable indentation to
the surface of the specimens before the upper specimen was clamped rigidly
to the lower specimen for the time being for fixing the thermocouples.
Since the space between the specimen column and the guard tubes is very

restricted, the bringing out of thermocouple wires was done in a most
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intricate manner., The way in which this was carried oul and the final
setting of the thermocouples can be seen from figures 5.9 and 5.10. When
placing the aluminium discs on the lower specimen in other experiments,; a
special Jjig made of Perspex was first drilled with holes in a reguired
pattern. These holes were Jjust big enough to admit the aluminium discs,

They also sexrved the purpose of checking the exact diameter of the discs so
that none of them should be unduly deformed by the clamping process described
in section 4.3.4. Figure 5.11 shows the arrangement éf the holes in the
Perspex jig.

The insulat%ng powder was thoroughly dried before being used to fill
in the space inside and outside the guard tubes. After placing the ceramic
insulating cup and the steel loading platen on top of the heat flux meter,
the cross supporting bar was lowered to position allowing just sufficient
space for the Pyrophillite distance tube plus & gap of 1.8 mm for thermal
expansion of the specimen column. The upper specimen and the heat flux
meter with a thin aluminium foil inserted between them for better heat
transmiésion were then lifted up against the distance tube by four springs
attached to the cross supporting bar, This being done, the loading pin
was placed in position with one end resting on a steel ball on top of
the loading platen and the other end protruding out through the covering
plate of the vacuum chamber. The specimen column is connected to a
separate electric/égggﬁgg}which there is an electric indicating light to
show when the upper specimen is in contact with the inserted solid objects
at the contaét interface. The whole chamber appears as in figure 5,12,

the of
The apparatus is now ready for/bonducting/the experiments.
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CHAPTER VI

FEPERINMFNTAL PRCCEDURE AND TEST RESULTS

6.1 Experimental procedure

During each experiment the following procedure is carried out.

1. The vacuum chamber is first evacuated by the rotary pump alone, during
which time the vacuum valve in the coarse pump line is opened only very
slowly in order not to disturdb the insulating powder inside the chamber.

2. When the gas pressure is reduced to below 0.2 torr, evacuation is taken
over by the fing pumping line through the diffusion pump. The object is
to reduce the chamber pressure to about one ﬁicron. If pumping is carried out
for the first time after the apparatus has been freshly set up, it usuvally
takes a long time to reach this pressure. The speed of pumping down the
pressure depends on the quantity of the various items housed in the
chamber, on whether their setting is likely to trap gases and on the
out gassing nature of the materials contained in the chamber. The set-up
of the apparat&s in our vacuum chamber is ceriainly not favourable for
reaching a required pressure in a short time. The situation was found
to have improved considerably when metal surfaces were covered wherever
possible with a thin layer of epoxy resin and PYFE to reduce ithe effect
of out gassing. | ’

3. VWhen the chamber bvressure is reduced to the test pressure, the indicating
light circuit is connected; so that at a signal the cogtact surface of
the upper speoimén can be brought, by applying a small load, to be Jjust
rnot touching the inserted solid objects at the contact interface.

4, VWhen a low enough pressure is reached (say 5 microns) the main heater

as well as the guard nheaters are switched on. Adjustments of the guard



heaters and the rates of water flow are carried out in order to establish
the best temperature match between the specimen column and the guard tubes.
A steady temperature usually takes 3 to 4 hours to reach, with a longer
time needed for the vacuum conditicon than for the gas condition. With
experience the number of adjustments required can be substantially reduced.
When the heating capacity is increased, out gassing of the materials is
aoceleréted, resulting in an increase in the chambef pressure, This may
require a further period of pumbing to bring the chamber pressure to the
reQuired level.

5. Temperature readings are taken during each adjustment of heaters to assess
the condition of heat balance, and the final readings are recorded,

6, After pumping is stopped, helium gas is admitted into the chamber while
the contact setting remains unchanged, The gas pressure is arrenged to be
about one atmosphere, It is usually quite noticeable thaﬁ/ghgggs%gerable
decrease in the temperature drop across the contact when helium gas is
admitted., During the admittance of gas, the thermodynamic effect adds a
certain amount of heat 1o the chamber and this results in the temporary
expansion of the specimen column, The reverse is true during evacuation,

T« Adjustment of the heaters is again carried out to arrive at a satisfactory
temperature match. When this is accomplished, the final temperature readings
are recorded.

8., Helium gas is then evacuated and the vacuum process repeated. The
purpose is tp arrange the vacuum experiment at intervals between the two
gas experiments. .This not only speeds up the programme of the experiment
series but also eliminates the possibility of a certain amount of one type
of gas remaining behind to mix with another. Thus after the vacuum experiment,

the argon gas experiment is carried out.



9, A load eguivalent to 50 division on the dial indicator (328.4 kg.) is
applied. Metallic contacts are now established, and a reducition of
contact temperature drop should be quite noticesble. The same procedure
is repeated under the three conditions, namely with argon, vacuum and
helium,

10, During the vacuum experiments the eleciric potential drop between
locations marked by the thermocouple positions is recorded together with
that across the standard resistor. This involves switching on the
accumulator circuit for about 30 minutes prior to taking any readings.

The current is then reversed and the readings taken again,

11. Henceforth the procedure will be repeated for every increment of load
up to a maximum value corresponding to 1400 divisions of the dial indicator
(i.e. 9095 kg.) and for every decrement of load back to the zero load case.
The full programme for the steel balls insertion experiments is shown in
table 6,1.

12, In the experiment with insertion of aluminium discs, the applied load
is increased steadily, until any smell increment of load no longer changes
the temperature readings. Under such conditions full contact of the

specimens with the discs is assumed,

6.2 IExperiments
The followiﬂg gives a brief description of each experiment which has
been carried out,

Ixperiment 1




Table 6,1 Programne of experiment with steel balls insertion.

Avplied load

Environmental condition

Readings taken (e.m.f.), (volt)

ZEero vacuum temperature
helium temperature
vacuum temperature
argon temperature
50 divisions argon temperature
(328.4 kg.) vacuum temperature, electric P.D.
helium temperature
100 divisions helium temperature
(656.8 kg.) vacuum temperature, electric P.D.
argon temperature
200 divisions argon temperature
(1311.8 ka.) vacuum temperature, electric P.D,
helium temperature
] 1 *
' ' t :
| : ] 4
1 1 1 i
i ' ] '
1400 divisions argon temperature
(9095.3 ke. ) vacuum temperature, electric P.D,
helium temperature
1200 divisions helium temperature
vacuum temperature, electric P.D.
argon temperature
| ! i
! t ' i
| | | 1
zero load heliuvm temperature
vacuum temperature
argon temperature




Experiment 1

Inserted objects - 875 steel balls of 1.585 mm diameter

Specimens - In 8 steel.

Heat flux meter -~ Armeco iron, a separate part from the upper specimen.

The matching of the temperature distribution along the guard tubes with
that along the specimen column was very difficult to achieve during the
zero 1dad and vacuum conditions. The temperature drop across the specimens
was fér greater than that across the guard tubes. It was decided that a
mechanism which could vary the contact condition at the guard tube contact
Junction should be incorporated in the apparatus for subsequent experiments.

At 400 divisions of applied load, the main heater burned out. An
attempt to repair it was made without much success., Even with extreme care,
the setting of the apparatus was bound to be disturbed. The effort of
holding the heat flux meter block in its original position regquired great
delicacy and would have been just as awkward as re-setting a new experiment.

Experiment 2

This experiment was to repeat experiment 1 with the following
modifications.
1. A mechanism to control the contact condition at the guard junction was
added. In this experiment the corrugated copper strip was nolb provided.
An oscillating contact phenomenon was observed, which will be described
later,
2. The heating element for the main heater is made of nickel chromium
material, It has a relatively high electric resistivity and in particular
has an excellent electric insulation property when covered with an oxide
film so that even when the heating coils are actually touching each cther

no short-circuiting will occur. This oxide film also possesses a relatively



high surface emissivity, Unforitunately, owing to the high rate of
evaporation as well as the high rate of evolution of gases at elevated
temperatures in vacuo, this thin layer of oxide film becomes rather
unstablé and the result of this is the serious reduction of the life of
the heating element. This was thought to have happened to the main heater
in the previous experiment. If the heating element could be completely
sealed off within the heater former, the chance of prgserving the oxide
film would increase, Following this line of reasoning, high temperature
cement (trade name Fibrefax) mixed with graphite powder to improve the
surface emissivity was used as the sealing compound, The result was very
good. One heater prepared in this way was still in operational condition
after 2000 hours of continuous heating. This method has been adopted in
other experiments with equal satisfaction.
3. A water pump connected with a constant flow controll unit was added to
the cooling system.,

This experiment unfortunately did not survive very long owing to some
accident in the laboratory.

Iperiment 3

This experiment was to repeat experiments 1 and 2 with all the modifications
carried out previously. A corrugated copper strip was provided at the
Junction of the guard tubes. This rendewved the contact condition much mere
controllable and also eliminated the oscillating contact phenomenon,

The applied ioad was increased by specific increments according to the
progranmme up to a maximum load of 9095 kg. (1400 load divisions). It was then
decreased by constant decrement to a minimum load of 656 kg. (100 load
divisions). As the experiment progressed swoothly, it was decided to proceed
with another run of increasing loads. The last increment brought the load

up to its maximum value of 9095 kg,



Experiment 4

Insexrted objects -~ 3398 steel bhalls of 0,792 mm dismeter

Specimens ~ En 8 siteel

Heat flux meter -~ Armco iron, a separate part from the upper specimen.

The experiment was carried out according to the programme., No second
run of increasing loads was made.

Experiment 5.

Inserted objects -~ 3388 steel balls of 0,792 mm diameter

Specimens -~ Armco iron

Heat flux meter - Armco iron, an integral part of the upper specimen.

The Armeco iron is a softer material than the En 8 steel, Therefore
if it is used as specimens, one can expect the areas of contact under the
same applied load to be greater than those in exveriment 4 whilst the
number and the distribution of the contact points remain more or less the
same.

Two cyclic runs of increasing loads and decreasing loads were carried
out. At the end of the first cycle, it was intended to reduce the load to
practically zero while the contact junctions, which could have been welded
to the contact surfaces, remained unbroken. This would have enabled us 1o
observe any difference in the heat transfer characteristics of the contact
during the second cycle of loadings. Unfortunately the forces‘exerted fron
the specimen lifting mechanism must have broken these junctions for at zero
load the electric indicating light gave the signal of no contact made.
However, the programme was carried out as planned and the vwhole experiment

took 85 days to complete,



Experiment 6

Inserted objects ~ 199 aluminium discs of 1.585 mm in diameter and
0,2 mm in thickness.,

Specimens ~ Armco iron,

Heat flux meter - Armco iron, an integral part of the upper specimen.

No specific progremme has been laid down. for the experiment, A
compressive load wag applied with the object of bringing the upper and lower
contact surfaces of the specimens into full contact with the discs, As it
was not certain when this condition was reached, the magnitude of the applied
load had to be increased gradually. At each load increment, thermocouple
readings were taken both for the vacuum condition and for the gas conditions.
From 45 to 55 divisions of load the changes of %temperature readings were
reasonably small, This load was then regarded as having compressed the
specimens sufficiently to establish full contact with the discs. Nevertheless
the applied load was increased steadily until it reached 80 divisions of load
vhile temperature readings were taken. In this experiment the junction
between the guard tubes had only itwo layers of aluminium foil inserted which
worked very satisfactorily.

Experiment 7

Inserted objects - 199 aluminium dises of 1.19% mm in diameter and
0.2 mm in thickness.

- Specimens -~ Armco iron,
Heat flux meter - Armco iron, an integral part of the upper specimen.
This experiment was carried out in the same way as in experiment 6,

The maximum load applied was 625 kg.



6.3 Some phenomena observed during experiments

Some phenomena which have a connection with thermal contact problenms
have been observed during the experiments. They are described in the

following sections.

6.3.,1 Thermal switch effect,

As described earlier, the edges of the upper and lower guard tubes
vere éhaped at 45 degrees so that they fitted onto each other snugly and
formed a contact joint. In experiment 2, a mechanism was installed by which
the upper guard tube could be pulled against the lower guard tube in order
to change the contact areas and hence the contact resisténce. During the
experiment it was observed that the thermocouple readings along the guard
tube fluctuated with the maximum magnitude of deviations at those points
adjacent to the junction and with gradual decreasing magnitudes from the
junction. The period of oscillation was fairly constant (app. 108 seconds)
£or all affected thermocouples, and there was a definite time lag beiween
those situated at different distances from the junction. No such fluctuation
of thermocouple readingiwas found to occur in the specimen column. The
cause of this phenomenon can be explained as follows. The surface of a
solid however carefully prepared is wavy and rough on & microscopic scale.
When two nominally flat surfaces are brought together, it is well known that
the topography of each surface is such as to make the actual area of contact
very small in comparison with the apparenf area of contact, Owing to a
greater amount of heat transferred through the metallic juncitions, the lecal
temperature at those contact points on the upper surface would be lower than
that at those areas vhere no actual contact was established., Some asperities
on one surface might be just not touching those on the other surface. The

parts with a higher temperature would now expand and conseguently would




establish contact with the lower surface., This in #urn would cause more
heat to be transferred to the lover surface from these areas which would
then cool dewn somewhat and contract. The whole cycle would repeat agsin.
This process of thermal cyeclic expansion and contraction between local
points of two contact surfaces can be regarded as a thermal switch, where
the heat flow is ‘on' and 'off'! through some local regions, Such a
phenomenon is likely to exist in any contact Joint unless metallic contact
Junctions are firmly established. With the insertion‘of soft aluminium
foils at the junciion between the guerd tubes, the oscillation phenomenon

was found to disappear.

6.3.2 BSeizure of metsllic junctions

The steel balls and the aluminium discs inserted at the contact
interface for experiments were found to have adhered firmly to the contact
surfaces after the experiment. A certain amount of force was needed to
move them. This phenomenon is not unusual as adhesion of metal surfaces
has been knowﬁ in the study of friction and wear. It occurs when surface
barriers such as the tarnish films and adsorbed gases are removed so that
the underlying metals are brought into atemically close contact for the
primary chemical bonds to take place., When this happens the two solids
then becomé as one. In a thermal contact problem, the seizure of contact
points may alter the normal approach of assessing contact areas especially
when the problem tekes place in a vacuum environment. This is because both
high temperature and vacuum are the most effective agents for cleaning metal
surfaces, and seizure of metallic junctions occurs very readily after the
degradation of surface films. PFarther, high temperature; which provides
an activation energy, produces atomic diffusions between the contact members,

the result of which is a larger degree of plastic deformation at the contact




spots., Tor clean metallic surfaces, this leads to ipcrease in contact
areas which, once formed, will not diminish unless the recovering force

is greater than the weld strength. It follows therefore that under such
circumstances the thermal conductance of a contact cannot be simply related
with the applied pressure; it involves also the interface temperature, the

duration of operation and the epplication history of loads,

6.4 Analysis of test results

6.4.,1 Thermal conductance measurements

First the thermocouple readings were converted into temperatures.
They were then nlotted against the distance aocordiﬁg to the locations of the
thermocouples using the upper and lower contact surfaces as the datum lines,
The meanvtemperature at the contact interface and the temperature drop across
the contact were determined by means of the extrapolation of the temperature
distributions along the upper and lower specimens to these lines.

The temperature distribution along the heat flux meter enables the
heat flux value to be determined according to equation (F-1), The radial
heat transfer correction was then calculated using equation (F-7). The true
heat flux passing through the contact per unit area was then obtained from
equation (FLQ). To compute the thermal conductance per each contact model

we used the following expression

q, R

-5

c, (6-1)

and T, are the

where R is the radius of the contact model cylinder and Tl o



extrapolated contact surface temperatures of the upper and lower specimens
respectively. Since the thermal conductivity of the specimens is known,

we also used its mean value (with reference to temperature) together with

the temperature gradient in the upper specimen to check the heat flux velue
which had been calculated from the temperature gradient distribution along
the heat flux meter. They usually agreed vefy well, The meaximum discrepancy
was never more than 3¢, Since the thermal conductivity of Armco iron at
elevated temperatures has been carefully measured as a standard material,

it was considered to give a more accurate result. Hence the first method

was adopted through out the analysis for determining the heat flux value.

6.4.2 Fleciric conductance measurements

The currvent passed through the gpecimen column was measured by
converting the potential drop across the standard resistor in the same
circuit. From the potential tappings at each thermocouple position the
_potential drop between two adjacent positions was obtained. Since it was
found that there was no appreciable change in potential in each solid
specimen block, it was not necessary to extrapolate the potential tepping
for the determination of the potential drop across the contact. Ingtead
the difference of the average values of the three potential tappings from
the three thermocouple locations adjacent to the contact surface of the
upper specimen and of the lower specimen were used to represént the potential
difference across the contact. When the current was reversed, the potential
difference acquired a different value. The electrié resistance of the
contact was obtained by dividing the sum of the absolute values of the
- potential difference by the sum of the current when flowing in either direction.

The electric conductance per contact model was calculated from

1 \
C = - (6-2)
e Ren
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where n is the number of solid objects inserted at the contact interface.

6.5 Test results

The test results are given in tables 6.2Aw 6.11. The results of
experiment 1 which was curtailed by the burn-out of the main heater, were
plotted in figures 6.1, 6.2 and 6.3 designated for experiment 3. Figures
6.1 - 6.9 give a comparison between the test and the calculated results of
thermal conductance of the contact models whereas figures 6,12 - 6.15 give
the percentage of the fluid conductance to the total contact conductance
based both on test and calculated results. The electric conductance of
experiments 4 and 5 are plotited against the agpplied load and are shown in
figures 6.10 and 6.11 respectively. The electric conductance measurements
of experiment 3 do not follow any reasonable trend and have not been
included in figure plotting. The discussion of the reéults will be given

in chapter 7.



Table 6,2:

Test results of experiment 1,

Load per | . . fean temperature Temperature Thermal !
contact model: e at contact .drop across| Heat flux|conductance
tcondition . i - -
kege interface +contact |[gal, sec cal.gec o
o o¢ e C
Zero argon 174 176 .0189 ,000108
vacuum 199 222 .0158 .000071
helium 138 55 0241 000436
0.376 helium 128 37.5 0254 . 000677
vacuun 178 74 L0167 . 000226
argon 190 69 .0241 . 00035
0,751 srgon 133 55 .0246 . 000447
vacuum 136 61 ,0219 . 000359
helium 134 35 0254 .000726
1l.128 helium 130 31.5 0254 , 000806
vacuumn 127.5 51 0224 . 000477
argon 129,5 A7 ,0248 , 000527
1,504 argon 127.5 43 .0243 . 000565
vacuum 119 42,5 0212 00050
helium 131 31 .0264 . 000852
1,870 helium 130 27 L0265 . 000982
vacuum 118.5 35 ,0231 . 000656
argon 131.7 41.5 0255 . 00062
3.37 argon 120.5 31 .0244 . 000787
vacuum 113.7 30.3 .0216 .000713
helium 122.5 23 . 0262 .001133
4,48 helium 127.1 22.2 0271 00122
vacuun 117.8 27.5 .0238 .000872
argon 128 28,7 . 0254 . 000885

Experiment abandoned owing to main heater burn-out,

figures 6.1, 6.2 and 6.3,

Results plotted in



Table 6.1:

Test results of experiment 2

Mean temperature!Temuerature -
Load pex ¥ Thermal
Test at contact drop across |Heat flux .
contact model C s . . -] jconductance
condition interface contact |cal.sec -1 .1
kg, ' o cal.sec ~ 0
! c °¢ C
Zero argon 152 147 .0152 .000103
vacuum 234 228 L0156 . 000068
helium 105 41 ,0198 . 000483
0.373 helium 107.9 34 .0229 . 000675
vacuumn 139 64 ,0222 000346
argon 107 45 «0195 . 000432
0.745 argon 109 41 .0192 .000468
vacuum - - - -
helium - - - -

Experiment abandoned owing to an accident in the laboratory.




Table 6,.4:

Test results of exveriment 3

Load per

Mean temperature

Temperatur

e
3]

! Thermal

contact model Test at contact drop across|Heat flux| conductance
‘ X condition interface contact |cal.sec™| 1 gec -1, =1
g. o o Ll e . C
C C
Imfi‘ggmg avgon 188 168 ,0174 ,00010%
eTo vacuum 186 246 ,00415 .00001€9
helium kBQ 54 . .0256 000473
0377 helium 132,17 46 .0284 . 000616
vacuum 103 54 0162 . 00030
argon 137 62 0251 . 000405
0.753% argon 137.8 59.3 0277 000467
vacuun 123,2 53.5 0232 .00047%4
helium 133.5 35 ,0293 . 000835
1.130 heliwm 131 34 0301 . 000885
vacuum 124 48 . 0250 . 00052
argon 1%6,2 52 L0281 , 00054
1.504 argon 134 45.2 .0280 . 00059
vacuumn 125 44 .0255 00056
helium 131.6 32,8 .0294 . 000895
2.253 helium 131.0 30,2 .0291 +000965
vacuum 120.5 38 .0258 . 00068
argon 128,2 37.5 0276 .00C735
3,001 argon 127.7 355 0286 . 000806
vacuun 116,1 34,7 .0249 000718
helium 119.5 25 028 .C0112
4.494 helium 124.6 23,0 .0287 . 00125
vacuun 114 28 .0248 . 00887
argon 121.2 28,5 L0270 . 000945
5.968 argon 120 26 0275 . 00105
vacuun 108.2 24.7 0243 . 006985
helium 123.7 20.3 L0274 .00135
T«475 helium | - 125,2 19.5 0279 .001453
vacuum 107 21.5 L0237 - .0011
argon 118,2 21.4 .0234 . 00109




Table 6.4 contd,

8.95% argon 117.7 21 L0256 .00121
vacuum 108.5 20,5 . 0240 .00117
helium 120,5 17.5 0276 ., Q0157

10.47 helium 120.8 17.0 | .0274 . 00162
vacuum 109,56 20 .0249 .00125

argon 118 20,0 0265 00132

1st decreasing | argon 117.5 20 .0266 00133
Load vacuum 110.2 19.5 | .0247 ,00127

8.953 helium 118.,0 18 ,0280 .00155

T 475 helium 118.5 17.5 | .0278 .00158
vacuun 105.5 19 0243 .00128
argon 117.5 19 . 0256 . 00135

5.988 argon 115 20 .026% L00132
vacuumn 107 20 .0249 . 00125
helium 117 18 .0283 . 00157

4,494 helium 117.5 19 . 0281 , 00148
vacuum’ 105 20.5 L0237 .00116
argon 114 21 L0257 ., 00122

3,001 argon 116.5 23 0258 .00112
vacuun 107.5 25 0245 . Q0098
heliunm 117.9 19.8 0274 . 00138

1.504 heliunm 117.5 21 L0271 .00128
vacuum 116 29 0254 . 000875
argon 121.7 27.5 .0270 . 000981

7153 argon 118.9 30,2 0252 . , 000838
vacuun 118.5 32 0250 .00078
helium 117.3 22.6 L0265 .00117
2nd increasing helium 116 19.5 .0255 .G01305
Load vacuun 118 29,6 0261 . 000882
;
1.504 argon 116.3 26,2 | .0253 ,000967




Table 6,4 contd.

3,001 argon 119 237 0261 »00110
vacuum 118 24 0248 00103
helium 118 20 L0276 (00138
4,494 helium 119 18 0272 00151
vacuum 110 20,8 0242 .00116
argon 119.1 21.8 . 0264 . 00121
5.588 argon 118.2 20 0263 .00132
vacuum 110 20 . 0245 Q0122
helium 120,5 17.8 L0275 00154
Te475 helium 119.2 17.5 .0276 .00158
vacuum 111 19 L0244 . 00128
argon 118,5 19 ,0254 .00134
8.955% argon 118 18.6 .0253 .0013%6
vacuum 105.8 18.5 .0235 , 006127
helium 118.5 17.6 L0277 .00157
10.43 helium 119 17.5 0278 .00159
vacuun 110,8 19.5 0244 .001.25
argon 116.5 19 . 0260 .001%6




Table 6,5

Test resulis of experiment 4

—
. Mean temperature|Temperature Thermal
Load per Tesgt at contact drop across|Heat flux auct
contact model s s . N -] |eoncuctance
condition interface contact cal.sec -1y =
kg, o o cal.sec. "¢
C C
tnereasing helium 124 124 .00367 0000297
2610 vacuum 189 215 . 000535 . 0000025
argon 119 185 . 000603 . 00000326
0.048% argon 116 38 . 00546 .000144
vacuum 118 162 . 00107 . 0000066
helium 118 37 «Q0535 .000145
0.0966 helium 105 19 00521 .000274
vacuun 109 41.5 . 00421 .C00102
argon 115 38 . 00525 . 000138
0.193 argon 115 29.5 00531 .000181.
vacuum 99 25 .0045 . 00018
heliwm 115 18,5 . 00645 . 000348
vacuum 109 26.5 .0053%4 . 000202
argon 116 24,2 . 00602 .000249
0,386 argon 118 24 .006C8 . 000252
vacuum 118.5 745 00543 . 000197
helium 116.5 16 . 00825 .0C039
0,578 helium 115.7 1%.5 . 00626 . 000464
vacuun 117.8 21.3 .00596 00028
argon 123,5 22 . 00626 «000285
0.770 argon 120.5 19 00632 .0003%32
vacuun 119.85 19 . 00584 . 0C0308
helium 115.2 13.5 00615 000455
1.153 heliun 114,2 11.5 00623 000542
vacuun 113.5 17 .00581 . 000343
argon |. 118 16 00637 .000398




Table 6.5 contd.

R

1.537 argon 113 13, .00614 .000449
vacuun 112.2 13,5 .00588 . 000435
helium 114.7 10,5 .00646 .000616
1.918 heliun 116 10 00657 . 000657
vacuum 111.7 12.5 . 00594 .000475

argon 112 13.4 . 00630 .00047

2.298 argon 111 13 L0065 . 00050
vacuum 105 12 . 00585 .000488

helium 112 9.5 . 00636 . 00067
2.677 helium 112 9 . 00636 .000708
vacuum 111 12 00626 . 000522
argon 112.5 11 . 00609 000552

decreasing argon 112 11.5 00634 ., 00055
load vacuum 106 11.5 00605 , 000525
2.298 heliwn S 111.5 9 .00645 .000718
1.918 helium 113.5 9 . 00645 . 000718
vacuum 111.7 11.5 00615 .C0053%5
argon 116 12.5 . 00665 .000532
1.153 argon 110.2 12 . 00622 ,0C0518
vacuum 113.2 12,5 .00593 000475
helium 114.5 10 . 00656 .000656
0.770 helium 115.2 11 .5 , 00665 .000578
vacuun 113.2 14.5 00595 000411

argon 115.5 13,4 .00638 . 000476

0.%86 argon 115.7 15.5 , 00631 . 000407
vacuum 115.5 17 .00615 . 000%62

helium 112.4 12 .00638 ,0C053

- -




Lo s

Table 6.6: Test resulis of experiment 5

Mean temperature|Temperature Thernal
Load per Test at contact drop across|Heat flu¥ conductance
> \ o =1 - -1
Contali: model | rdition mtiriace anmOt °ale5e¢ "lcal.sec 1Oc
(=) O C
lst increasing| argon 133.2 202.5 200139 . 0000069
load Yacuum 134.2 205.5 .000346 ,000C017
aero helium 131.2 132.5 . 0043 . 0000325
0,097 helium 121.7 25.5 .00902 »0003%54
vacuumn 147 T4 . 0081 . 000109
argon 140,7 60,5 « 00865 . 000143
0.291 argon 134 41 . 00912 006229
vacuun 134.2 44 . 00895 . 000203
helium 135 26 . 01046 .0C0403
0.484 heliunm 132.5 23 .01072 000466
vacuum 137 33 . 00984 Q00258
argon 134,2 34 .0101 .000296
0.653 argon 135.6 30 0106 000354
vacuum 134 31,2 .01085 » 000349
helium 133,9 21,3 .0107 . 000502
0.869 helium 124,2 19.5 .01.089 . 000557
vacuwn 133,6 26,7 .01045 .000392
argon 134.5 25 .01015 . 000406
1,061 argon 130 22 .0103%3 .00047
vacuum 134,3 24.3 01064 .00043%7
heliwn 135,2 - 17.5 .01102 . 00063
1,253 helium 133 16 .011.06 . 00069
vacuumn 136 24 .0104 . 000434
1,445 argon 131.8 19.6 .01064 .000543
vacuum 134.3 19.4 .01063 .000548
helium |- 132 14.5 0111 000765




Table 6,6 contd.

1,637 helium 134.5 15 01114 .000744
vacuun 138 19 01082 00057
argon 131.9 18 ,O0LG92 . 000607
1.828 argon 132.8 16.3 .01082 . 000665
vacuum 134,8 17.5 .01115 . 000639
helium 130.5 15 .01114 , 000743
vacuum 1%5 18 .0109 . 000605
argon 131.2 15.5 . 01089 0007062
2,209 argon 132.6 15.3 .01089 000712
vacuun 135.3% 17.7 .01096 . 00062
helium 128 13.5 .0108 » 000795
2.399 helium 128.2 12 01073 . 000894
vacuum 134 16 . 01089 . 000677
argon 131.7 13 .01078 . 00083
2.589 argon 129.5 13 . 01092 000842
vacuum 133.5 14 . 0109 .00C78
helium 128,8 12 01075 . 0003894
2,778 helium 125,7 11 .01075 .00097
vacuum 135 14 01101 .000787
argon 130.5 13 . 01092 00084 i
lst decreasing | argon 133,5 13 .01087 .000836
load vacuum 135,72 14 ,011 .000785
24399 helium 126.6 11,2 .01075 .00096
2.019 heliun 127 11 .01078 .C00976
vacuun 134 14 .01087 000775
argon 129,2 13 ,01073 000829
1.637 argon 130.6 12,8 .01071 . 000836
vacuun 133,3 14.8 .0108 . 00073
helium 129,5 13 .01097 000842
1.253% helium 131,7 12.5 . 01097 .00G87T5
vacuum 131 15 .01055 . 000703
argon 131.1 13,8 .0108 .000782




Table 6.6 contd,

- o —

0.869 argon 131,7 13.4 01078 0 Q00803
vacuurn 141.8 15.5 .01103 000712
helium 127 14 0107 000764
0.486 helium 127.8 14.5 .01075 .OCOT41
vacuum 129.2 16.5 . 0101 . 000612
argon 122.8 16.5 . 00984 . 000598
ZeTo argon 127.7 201 .001.16 . 00000575
vacuum 11%,8 188,17 . 000193 .0000C101
helium 114.8 125.5 . 00397 0000316

Weldings at contact junctions were broken by the lifting device when the

applied load was reduced to zero.

2nd increasing| helium 116.2 27.7 .00848 . 00C3068
load vacuum 1%3 66 00686 . 000104
0.097 argon 116.8 50,5 00704 .0001%9
0.486 argon 132,8 32,5 .0101 ,0C0311
vacuum 132,5 37 ©,00986 . 000267
helium 128,2 22.5 .0105 . 000466
0.879 heliwn 128 18 .01068 .000592
vacuum 135,.2 25.5 01015 000398
argon 128.5 23 .0101 . 000439
1.253 argon 130,7 19.5 .0102 . 000522
' vacuum 1%3,9 20,2 .01041 .000515
helium 130.5 15 ,0108 .000718
1.637 helium 131,2 14 L011 ,000785

vacuun 139.4 18.8 .0109 00059

argon 133 16 .01067 . 000665

2,019 argon 1%3,8 14.5 .0106 00073
vacuum 138,2 16.4 .0109 . 000664

helium 129.8 12.5 .01065 ,000855




Table 6.6 contd.

2,399 helitm 128.2 11.5 .01.068 , 000928
vaouiun 140.5 13 01082 000834
argon 135.4 14 .01064 . 000755
2.778 argon 138 13 .0108 . 00083
' vacuum 140 13 .0109 . 00083
helium 132.5 11 ,0106 . 000962
ond decreasing | helium 132,5 11 - ,0106 , 060962
load vacuum 140.,2 12,5 ,0107 .000855
24399 argon 138.5 12 ,01074 , 000896
vacuam 137.9 14.72 01084 . 000764
heliumn 129.2 11 + 01055 000945
1.637 helium 130,2 11 01055 . 000945
vacuum 139.1 14,% .01086 000760
argon 152.6 12.8 .01058 . 000826
1.253 argon 133,1 12,7 ,01052 . 00083
vacuum 132, 14.5 01037 . 000716
helium 130,2 11.5 .01066 . 0009%
0.869 helium 130,2 11.5 .01064 .000924
vacuum 139.8 15.9 .01087 000726
argon 130 14 .01016 000726
0.484 argon 137.8 16.5 .0105 . 000616
vacuun 133,95 17 010 . 000587
heliunm 129 12 01043 00087
0.097 helium 130.,5 16 0102 000637
vacuun 135,1 29.7 . 00848 . 0C0285
argon 127 26 .00901 +0G0345
3rd increasing | argon 151.8 17.7 0101 00057
load vacuum 133,2 17.7 ,06989 , 000559
0.484 helium 129.5 13 .0104 .00080
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Table 6,9: Fxperiment 3 - electric conductance neasurerent

3.001
4.494
5,988
T 4TS
8.953
10,430
8.953
7.475
5.988
4.494

2nd increasing
load

3,001
5,988
T.475
8.953

10,430

Contact was likely to have been disturned
couple a% thigs stage of the experiment.

1.54871
1.56924
1.58247
1.58382
1.58689
1.58317
1,57842
1.57847
1.57566
1.57196

1.55109
1,55783
1.55371
1.55261
1.55035

.07086
03968 .
02322
LO1577
.01144
00763
00754
.00825
.00885
.00985

. 02560
.02047
.01.858
L01752
.01574

Lead per contact Hlectric current Potential drop Flectric

model anp. across contact conductance
kg. volt (4171)

0.377 1,50854 12764 .01355
0.753 1.574%9 . 04655 03879
1,130 1.58493 03294 - 05517
1.504 1.59503 ,020%2 .09C01
2.253 1.59841 01627 11271

owing to fixing a thermo-

. 02507
04535
07805
11517
«15905
. 23801
.24016
21952
.20427
. 18305

.06948
08727
09587
10165
.1130

These results are not plotted as they do not seem to follow any

reasonable order.




Table 6.10 Fxperiment 4 - electric conductance measurement

kg, Bmp ~ volt (™

0.048 1.53876 07141 . 00638
0.097 1.36865 30679 .00132
0.193 1.45826 .19199 . 00225
0.290 1.48658 . 14920 . 00295
0.386 1.50741 11764 00379
0.578 1.5333 08337 .00545
0,770 1.54827 .06487- .00707
1.153 1.56123 04519 .01024
1.537 1.57100 .0%358 .01386
1.918 1.57171 . 02678 01739
2,298 1.56841 .024%1 .01911
2,677 1.55381 .01964 02345
2.298 1.54691 02092 .02231
1.918 1.52352 .02253 .02013
1.153 1.52195 . 02661 . 01695
0.770 1.48999 .03687 01197
0.386 1.48251 05667 .0GT75




Table 6.11: Ixperiment 5 ~ electric conductance measurerent

Load per contact Meciric ourpent Potentiel drop Eleoﬁric

model amp. across contact condugkanoe
kg, volt (™)

0,097 1.46897 17945 .00242
0,291 1.5396 . 09206 .00494
0,484 1.56175 .08055 - 00572
0.653 1.56124 07336 L0063
0,869 1.56167 .07076 . 00652
1.061 1.56895 .06848 . 00875
1.253 1.56760 06672 . 00693
1.445 1.56635 06427 L00718
1.637 1.56572 06412 00722
1.828 1,56251 06253 .00736
2,019 1.56727 . 05996 L00772
2,209 1..56055 .05760 D080
2.399 1.56922 .05731 .0081
2.589 1.56426 ' 05696 . 00857
2.778 | 1,56962 .05583 .00832
2,399 1.56583 .055715 . 00832
2.019 1,56555 05672 .00815
1,637 1.56013 .05844 .00708
1.253 1.56117 .06184 .00745
0.869 1.56128 06570 L0070
0.4835 1.55183 .07478 . 00614

Weldings at the contact junctions were broken by the lifting device when

the applied load was reduced to zero,

0,0969 1.29668 . 38366 . .00101
0.484 1.27476 «41345 ,00091
0.869 1.31955 «35878 .00108

1.253 1.34829 32834 .C0122




Table 6,11 contd.

1.637
2.019
24399
2.778
24399
2.019
1.637
1.25%
0,869
0.484
0.097
0.484

1.37616
1.40243
1.42617
1.45597
1.45752
1.4680

1.44788
1.42698
1.42697
1,38046
1.30291
1.30333

.28798
« 25661
L2152

.18044
.18187
. 18482
«19295
.21350
. 22947
« 27455
+37398
37100

. 00141
.00162

..00196

.002%9
.00237
. 00235
,00222
.00201
, 00183
. 00148
.001.03
.C0104




6.5 Sources of error

An examination of the experimental process gives the following possibility .
of errors involved in the measurements presented in the previous section.
1. Temperature measurements - The thermocouple readings were converted
according to the e.n.f. - temperature calibration carried cut by the Naticnal
Physical Laboratory which was stated to give an accuracy of ¥ 1°C, An
inhomogeﬁeity in the wires was found to be equivalent ﬁo a maximum of 0,8°C
from the mean readings. The comﬁination of these deviations for the worst
possible condition may amount to a large percentage of error in cases where
the contact tempergture drop ig relatively small., But thig is unlikely to
happen and it is considered that the maximum error can well be within 5%,
2, On account of the large amount of insulation surrounding the apparatus,
a long time was usually required for a steady state condition to be reached.
It was decided to record readings when a drift was reduced to about O.lOC
per minute, The absolute temperature values could be several degrees from
the steady state temperature; the relative temperature difference between
the contact surfaces, however, should not be anything appreciable.
3. Heat transfer by conduction of thermocouple wires. The thermal conductivity

-1 -1 -1 -1

is 0.0205 cal. cm-‘1 sec R and 0.0%4 cal. cm"l sec oc for nichrome

and Fureka respectively., The amount of heat transmission along the wires
from the junction to the ceramic supporting rod is about 1 x lOT’5 cal. sec"1

per 1% temperature difference. Since the temperature difference at any one
location betwgen the specimen column and the guard tubes was never more than
BOOC in a few instances in experiments 1 and 2 (generally the maximum temperature
difference never exceeded 10°C for vacuum and low load conditions)., This

amount of heat transfer is quite negligible.

4. Heat transfer by conduction of the insulating powder is also small., Rased



-

on a 3000 temperature difference a radial heat transfer amounts to about
0.021 cal, sec“l cmhz. This iz equivalent to about 8% of the total heat
flux for the worst case.
5, However careful one may be in determining the temperature drop across
the contact by means of the graphical method of extrapolating the temperature
distribgtion along the specimens, there is always some degree of error
involved., A difference of 0.500 may amount to about 5% in those cases of
high applied lcads. To eliminate the error laerger scalss were used in
plotting the temperature readings.
6. The applied léad readings vere based on the makers calibration of the
machine., It is reasonable to say that an error of 2~3% is quite possible.
Te The uniform distribution of the applied load over the contact surface
may not be perfect especially in the low load cases, If the load is not
evenly distributed, we expect the contact areas to be non-uniform as well,
The circumferential tempersture readings showed that the maxinum variation
was about. 2%,
8. In teking electrical conductance measurerients, the current flow became
extremely unstable at very low load conditions. When the applied load was
more than 1000 kg. it became fairly stable. The measurements obtained did
not appear at all satisfactory. This will be discussed in the next chapter.
Among the possibilities of error, items 1 and 5 attribute the largest

percentage., In the worst possible case these may amount to about 1044,
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CHAPTER VIX

DISCUSSICHS ALD CONCLUSIONS

We shall now examine the results of the experiments according to the
tables and figures presented in Chapter 6.

T.1 Discussion of experimental resulits with the insertion of steel balls

.The applied load range in these experiments lies largely between the
onset of plasticity and full plasticity of the test materials. The maximum
estimated contact area dimensionless parameter x is 0.2, Ve can consider
that this covers fairly well the x range for a normal contact problem.

The mean temperature at the contact interface is kept at about 120°C and

not higher in oxder to reduce as ruech as possible the effects of high
temperature on the properties of the materials, the most important cne of
which is on the hardness reduction of metals under prolonged heating at
high temperatures. The total heat flux passing through the contact is

about 24 cal. per sec for experiments 1 to 4 and about 35 cal. per sec for
experiment 5. The temperature drop across the contact varies greatly from
the vacuum and low load conditions to the helium and high load conditions,
Owing to the additional resistance of the steel balls the contact temperature
drop is relatively high compared with that in a éractical case under similar
conditions but without the balls. This is an advantage as it involves a
smaller percentage of error in the proceés of determining the contact
temperature drop.

T.1l.1 Zero load condition

The results obtained for the zero load condition, in which the upper
contact surface is regarded as Just not touching the steel balls, appear to

be markedly different from the predicted values but not entirely unreesonable,



Table 7.1 shows the resulis.

-1 - ~6
Table 7.1: Thermal conductance at zero contact load (cal. sec loc Y16 )
Exper- | Exper~ xperiment 3 Fxperiment 4 Ixperiment 5
iment 1)iment 2
Test :
e Cal-- Yooal- Results Cal-
condition| , S ' . ; .
Test Test Test |culated| Test joulated | 1st 2nd |culated
results| results|results|velues |results values |cyclejcycle|values
vacuum TL 68 16.9 4.83% 2.5 g 1.05 1.7 1.0 1.06
argon 108 103 103 49 5.6 121,53 6.9 | 5.75| 25
. .
heliunm 435 483 473 304 ] 29.7 i 171 32.5 | 31.6 185

At zero load under vacuum condition, we consider that heat transfer is
taking place not only by radiation but also by free molecular conduction if
a residue of gas is trapped at the contact interface. This is possible beceuse
we realise that the vacuwa circuit in our apparatus has a very high resistance
and thus the gas pressure at the interface may be much higher than the
measured chamber pressure. The calculated vslues were based on the assumption
that the interstitial gas was helium at a pressure of 0,1 torr., With an argon
gas these values will be smaller, But at a helium gas pressure of 0.1 torr.,
the Knudsen number is only 1.2 for experiments 1, 2 and 3 and only 2.4 for
experiments 4 and 5. (taking the cheracteristic length to be the full size
of the ball-diameter). The assumption of free molecular conduction seerms to be
pessimistic and yet an assumption of conduction of a gas continmuun would de
unrealistic. Although there is no reliable theory on the gas conduction in
the transtition regime, it is guite likely that the residual gas at the
interface plays a. greater part in transferring heat than that indicated by

the calculated values., The test resulis of experiments 1 and 2 exceed the
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calculated values by more than a decade. This may be explained as due to

a mis-nmatch of the temperature distribution batween the specimens and the
guard tubes especially around the contact Jjunction. hen this happens, some
of the heat would inevitably be transmitted throﬁgh the insulating material
and re-enter the lower specimen as the temperature difference between the
contact surfaces is quite high, The radial heat transfer correction
apperently does not cover the existence of such a local heat transfer .

At zero load with gases, thé Gominant nmeans of heat traﬁsfer is by the
conduction of the gases, and the thermal conductance depends a great deal on
the effective contgot gap distance. The calculated values were based on a
contact gap distance with the presence of the balls taken into account., Why
this has become necessary will be discussed later. The agreements between
the test and calculated results of experiments 1, 2 and 3 are exceptionally
good. We may regard this es fortunate because any small increase in the contact
gap distance, that is, when the upper specimen is raised a little tooc far from
contact making, will considerably reduce the thermal conductance of the contact.
This coul& be the explanation of the large discrepancy in the results of both
experiments 4 and 5, In these two experiments the size of the balls is much
smaller than that of those used in the previous three experiments and only
a 0.1 mm distance increase is sufficient to reduce the thermal conductance
by 607, It is interesting to note the decrease in the thermal conductance
values of experiment 5 after the first load cycle. This may be due to the
change of the surface precperties of the contacl when the surfaces has been cleaned

after a long period. of heating at intervals in vacuo,

7:2.2 Load anplied condition

The establishment of metallic contacts (or quasi-metallic contacts fronm

the stand point of heat trpansfer)commences as soon as load is applizsd, and this



is shown clearly in the large increase of the thermal conductance value in
all experiments. The trend of increase is more parabolic than rectilinear.
This suggests that the approach may be an erroneous one, as zlready attemnted
by other investigators vhen *trying to estimate the thermal conductance of a
contact at zero load by means of the linear extrapoleiion of the results
obtained under load. At low load levels, the size of the areas of contact
is very sensitive to the applied losd, to the accurate dimensions of the
parts composing the contact junction, and furthermore %0 the conditions of
the surface films existing beiween the confact points. Some large degree of
deviation of results can be seen from figures 6.4, 6.6 end 6.7, On the whole
!
the results do indicale a definite trend which is not too greatly different
from the predicted one. At high load levels the results do not alwavs follow
8 steady trend. This may be due to a larger degree of ervor introduced
during the process of determining the temperature drop. But it is more likely
due to the presence of some uncontrollable factors which, apart from the
applied load, tend to effect the areas of contact. For example, the contact
junctionsvsubjected to a high load after a long period of heating are likely
to be welded together. 3But the contact areas were by no means held in a
steady rate of increase or decrease according to the sequence of the loading.
Instead, it is vexry possible that they were constantly disturbed frdm one
experimental run to another., When the gas in the chamber is being evacuated,
the extraction of heat during the process can cause contraction to all parts
in the chamber including the specimen column., The rate of heat extraction
depends on thé rate of pumping. In our experiment, the evacuation rate was
kept to a minimum for reasons mentioned in chapter 5, Nevertheless it is still
quite possitle to have caused a sudden decrease in temperature of a few degrees.

The consequence of a contraction in the specimen column is a sudden reliefl of



the applied load, and therefore a disturbance to the welded junctions 5f
contact. When a gas is admitted to the chamber for the helium or argon
experiment, the release of heat will cause expansion of the parts, the
consequence of which is a sudden but temporary increase of the applied load.
Thus there are small loading cycles about the main loading cycle throughout
the experiment.

The test results of experiment 1 fit every well into the test results
of experiment 3 as can be seen in figures 6.1 to 6.3, ﬁhich show the'
reproducibility of the experimental set-up in the present study. This,
however, is hardly to be expected with a practicel contact Joint from which

the resulis are usuwally very scattered.

7.1.3 Correlation of test resulis with theoretical predictionsg

The calculated results of the thermal conductance were based on
equation (4-8) derived from the simplified method and from equation (3~26)
Qerived from the analytical metheod in which,km is givep by equation (4-7).
The radius of the contact area is taken from {igure 4.3 or 4.4 or 4.5
according to the experiment. The properties of the materials are given in
the Appendix G, The results calculated from the simplified method and from
the analytical method agree to within 3:% of each other and therefore it would
not seem necessary to maeke a distinction between them. The results plotted
in figures 6.1 to 6.9 and 6.12 to 6.15 are simply designated as calculated
values,

The test resulis under the first increase of loads in vacuo of experimesntis
3, 4 and 5 follow the calculated curve fairly well, In experiment 3 (see
figure 6.1), however, the calculated values seem to be too low by about 157
compared with the test results., First it was thought that the thermal

conductivity of the ball material quoted by the supplier (and used in the
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present calculations) as equal to 0,081 cal cmhl secnl Oc—l at 100°C was

somewhat too low. The average value given in reference (32) for steels
possessing similar compositions is a2bout 0,092 cal cmkl sec—1 onl. Yedt

the results of experiment 5, shown in figure 6.7, give an indication that

the calculated values may be too high for the applied loads below 1,2 kg.

The results of experiment 4 give no support fto either case. It is true that
one has to allow for a large margin of error in the properties values quoted
by a commercial firm. The deviation of 0,081 cal cm~l-secnl Ochl from its
true value could well be the amount which compensates for the errors invelved
in the experiment to give the present results, what can not be compensated
by a change in the properties of the balls is the slope of the tendency of
the test results which in all three experiments is steeper than the calculated
curves, We reason that an increase of the thermal conductance with increasing
load can only come about as a result of the increase of the contact areas and
the reduction of the contact gap distance. The reduction of metal hardness
with time at elevated temperatures fits into the explanation. The same trend
appears in the argon gas experiments, but not in the helium gas experiments.
Thig ig because the increase of the thermal conductance due to the presence
of the helium gas out-weighs any increase due to the hardness reduction of
the specimens.

In obtaining the thermal conductance represented by curve A for the gas
conditions the fluid gap distance was calculated according to équation (4-86).
A comparison of the results shows clearly that the valuss given by curve A
are unreasonably low. In the experiments with helium gas the calculated valuez
are as much as qu beloﬁ the test resulis. Any errors involved in taking too

low a thermal conductivity value for the gas and for the steel balls would

never amount to such & high percentare. There is a possibility that convection




might have taken place at the contact interface in the cavities formed by
the balls and the contact surfaces, According to the present experimental
conditions we obtain the Grashof number to be egual to 1 per 8.700 of
temperature drop for argon gas and per 67OOC temperature drop for helium gas.
Even with the maximun temperature drop of 200°C in our experiments, there is
still no Jjustification for the existence of free convéction. Heat transfer

by convection may occur in gas pockets which are large enough to support
circulation currents. But this process was consideredAby wiebbe (33) to be
insignificant for cavity size less than 0.25 inch in diameter. Ons possibility,

however, is in the interpretation of the fluild gap distance for the transmission

of heat through the fluid medium, 'his we shall discuss in the next section.

7.1.4 Fluid gap distance.

In ﬁhe theory presented in Chapter 3, the thermal resistance along
the fluid path is taken to be proportional to the fluid gmap distance across
which heat is transferred through the fluid from one contasct surface to the
other without any lateral heat transfer taking place. This ie reasonable
for cases where the contact junctions cen be assumed to be cirecular cylinders
of small heights compared with the radius of the contact model. Under such
clrcumstances, the gap distance between the contact surfaces can be used as
the fluid gap distance . If the contact junctions are not circular cylinders,
two points need be considered., First, heat transfer at the solid-fluid
interface along the junctions' surfaces must inevitably occur. The process
is very difficult to analyse. Provided that these vprotruding Junctions in
contact are snmall compared with the overall dimensions of the contact surlaces,
the neglecting of such a local heat transfer process may not cause any
appreciable error in the prediction. Secondly, the fluid gap distance can

no longsr be represented by the physical distance separating the contact



surfaces., Strictly specking, surfaces are covered with irregularifies and
vhen two surfaces are brought into contact, contact surfaces bescome only a
fictitious term in coenformation only with the definition given to a contact
model for mathematical treatment. We can appreciate that the {fluid gap
distance varies from point to point over the interface and an effective fluid
gap distance 6e is a dimensional parameter in length which when divided by
the effective thermal conductivity of the fluid (including radiation etc.)
gives the overail thermal resistence per unit area in the fluid path. We
see, therefore, that the effective fluild gap distance must be necessarily
connected with thﬁ fluid volume filling the contact interface.,

When steel balls are inseried at the contact interface the fluid volume
is greatly reduced, while the conducting surface of metals is greatly increased,
an arrangenent similar tc that of a heat exchanger., It follows therefore
that by taking the contact gap distance as the effective fluid gap distance,
the values of the contact conductance become grossly underestimated. With
these considerations, we modify the effective fluid gap distance according
to the following expression

2+ 4 __ 3
nR°§ - 5ﬂRb

e
ﬂ(R2— e?)+2ﬂRb2
( J1- N° —31, )
=2 R (7-1)
b
217 + 1 - x° :
R

where L = 3? . Fguation (7-1) is based on the assumption that the effective

fluid gap distance is equivalent to the fluid veolume divided by the total

contact surface on one side of the contact plane, and on the assumption that

-



ball mgﬁerial has a conducting capability comparable to that of the specimens,
If the inserted objects were of insulating material, blockage to the heat
transfer would be likely to result.

Curve B in figures 6.2, 6.3, 6.5, 6.6, 6,8 and 6. is obtained from
equation (4-8) with § replaced by 6& given by equation (7-1). It can bte
seen that ihe agreéments between the test results and the calculated values
are much more reasonable. The effect of 6e on the overall thermal conductance
is very marked with the helium eﬁperiments. |

7.1.5 Hysteresis phencmenon

|
When a contact Jjoint is loaded progressively and then unloaded; the

thermal conductance upon increasing load is not'reproducible upon decreasing
load. The values of conductance during unloading are always higher‘than
those during loading. This phenomenon has been reported by many investigators.
Holm (5) found that the same phenomenon occurs in electric contacts and
considered that the cause was due to cold welding. As the load is increased,
the surface films at thé contact points will gradually be broken down to allew
for intimate contact to be established. The adherence of these points, as
the result of cold welding will remain in firm contact even when the load is
being reduced, glving rise to a relatively larger area of contact henoe.&
higher conductance. Fenech and Roshenow(lﬁ), on the other hand, sugeested
that this was due to the elastic deformation of the bulk of material in the
sublayers and thus bringing the two surfaces closer together,

In the present study, increasing load runs followed gy decreasing leoad
runs were conducted in the same experiment in order 1o observe this phencmenon.
In experiment 3, a second increases of load runs was carried out whereas in

experiment 5 two complete load cycles were accomplished., In all three exverirmen’s

namely 3, 4 and 5, the hysteresis effect is very marked and can be seen in



figures 6.1 to 6,9, In experiment 3 the second increase of load runs was
carried out when the applied load was decreased to 0.753 kg. per contact
model, In this case the contact Jjunctions, if welded, had not been broken
completely. We see that the conductance values during the second increase
of load runs repeat very closely those during the first decrease of load
runs., There is no hysteresis loop and the nature of material deformation

is recoverable., In experiment 5, however, the contact junctions were broken
at the end of tﬂe firgt decrease of load runs when the applied load was
reduced to zero. Hence during the second load cycle a hysteresis loop was
formed following more or less the one formed by the first load cycle. This
is rather surprising as one would expect that the material after the lirst
load cycle would have been, to some extent, work-hardened, unless the amount
of work-hardening had been removed by prolonged heating. The result during
the third increase of lcad run follows fairly well the path marked by the
results obtained during the previous two decreasing load runs.

(1)

The hysteresis phenorenon was explained by ‘long as due to two different
natures of deformation. UWhen the load is reduced, recovery of deformation
will take place only in the elastic domain so that the variation of the

2
contact area is proportional to W° whereas during increasing loads the
deformation is plastic and the variation of the contact area is proportional
to W. The thermal conductance values for decreasing loads were calculated
according to the conditions of experiment 3, but assuming deformations to be
elastic., The results plotted in figures 6.1, 6.2 and 6.3, are revresented
by the reiturning curves Jjoining the curve 3 at the maximunm applied load point.
But they fall a long way below the test results. An examination of the test

results indicates that the thermal conductance values remain practically

unchanged over a substantial range of load reduction from the maximum load



level, The cause is believed to be the seizure of the junctions as described
in section 6.3.2. Thus Holm's cold welding exnlanation is confirred. When
the seizure of the Jjunciiors is gradually broken down by a greater relief of
load, recovery of deformation is essentially elastic, As can be seen that
the slope of the tendency marked by the test results during the decreasing
load runs at lower load levels follows very well the slope of the calculated

curves based on elastic deformation.

|

7.2 Discussion of the experimental results with the insertion of aluminium discs

Experiments 6 and 7 were conducted with aluminiwm digscs. The object was
to obtain one set of test results from each experiment in which the aluminium
discs were considered to b in full contact with the contact surfaces. It
vas thought that this condition could have been revealed as soon as the temperature
readings remained substantially unchanged for a small increase of applied load.
In actual‘faot, this was not the case. The thermal conductance of the contact
increased steadily as load was increased and it was not possible to judge whether
full contact conditions had been reached or surpassed. The bearing yield stress
of the aluminium material is quoted to be 127 kg. per cmz. The ecquivalent lozd
is 1.415 kg. for the 0.043%6 cm diameter discs and 2.5 kg. for the 0,086 cn discs.,
It is quite possible that the bearing strength of the material had been reduced
considerably by aeating, If this is the case, lateral deforration of the
discs could ha&e started at load levels much lower than the above figures, 4
number of test runs were carried out in each experiment; the results of only
a few runs are given in tables 6.7 and 6.8. The calculated values are based

on full contact conditions and there is no allowance made for the presence of



surface films. These values are comparad with the test results of the nearest
magnitudes., It is herd to justify such 2 method of corvelating resulis as

out of so many test runs there is always onz set of results which apgree well

with the calculated values. Ve must be coantent, therefore, only with the

order of magnitudes. In this case the conclusion is not altogether unsatisfactory,
In both experiments the yielding of the naterial seems to start at an applied

load much lower than expected., In experiment 7 the initial applied load was
obviously too high. DMaterials with a higher bearing s%rength would heve been

8 better proposition but then they could have caused a problem in production.

7.3 Discussion of the electric conductance measurements

Under bare metal contact condition, we expect there to be a definite
relationship beitween the thermal conductance and electric conductance. This
condition prevails provided that the surfaces are free from any surface {ilms.
The test results show that it is impossible for such a relationship to be
established under the present experimental conditions. At low load levels
the electric readings never became stable and they were very sencitive to any
small disturbances., Separate investigatiorsshowed that the amount of current
passing through the contact caused negligible heating to the parts, nor did
the heating cause a great deal of differenpe to the potential measurerents,
Although the applied load was considered as the primary factor in governing
the contact areas and hence the conductance of the contact, yet it was found
that electrical readings were very much affected by local conditions at the
contact points. For example, a small disturbance caused to the apparatus

during the re-fitting of a thermocouple in experiment 3 did not affect the



temperature readings very much but.did cauge the electrical measurements to
behave in a most disorderly manner. After the contact junctions were broken
at the ends of the first decrease load runs in experiment 5, the zlectrical
measurenents during the second load cycle runs yielded totally different
conductance values as compared with those during the first load cycle runs.,
Although it was thought that the use of steel Balls might create a favourable
condition for the surface films to be penetrated when the contact pressure
became high enough. According to Hertz, the contact pfessure is highest at
the centre of the contact when a plane is deformed elastically by a spherical
indenter and falls to zero at the edge of the contact area. If deformation
is plastic, the contact pressure at the edge is somewhat higher according to
Ishlinsky (see reference (3)). There is a possibility that surface films
may be broken at the centre of the contact but may remain compreésed away
from the centre. Anderson in his experiments with metal balls(7) found that
electrical resistance at the contact could drop by a decade if the contact
was subjected to a small vibration by means of a tuning'fork and by several 103
if subjected to a shearing action by means of twisting, We have every reason
to believe that it was the surface films which caused the readings to be so
unpredictable. A separate experiment conducted in atmosphere outside the
chamber gave the same evidence of readings sensitive to any small disturbances.
‘The surface films cannot have been entirely removed under the present
experimental conditions. Their presénoe at the contact junctions between the
balls and the specimens apparently has very little effects on heat transfer
because they are thin. The electric conductance results show that the contact
resistance is exceedingly high. We suspect that this must have arisen from
the presence of surface films., Normally we expect that electrons would still

pass through the thin films by the tunnel effect so that a contact even covered



with surface films could become a good conductor., This is possible, however,
if the gap potential differerce is above a certain value (for a film of 20 K
thick, it is considered that the potential difference must be at least 10 volts
(5))s The gap potential difference in the present set up is far below this
value. Consequently the effective contact area for electric current flow
becomes much smaller than that for heat flow. The contact area derived from
the electric conductance result was only one thousandth of that from the
thermal conductance result in some cases.: Ve conolude.therefore that it is

unreliable to determine a thermal contact conductance from electric measurements.

T.4 Fluid thermal conductance

A comparison is made between the test fluid thermal conductance and the
calculated values for the gas conditions under various applied loads. This
is shown in figures 6.12 to 6.15. The test results were taken as the difference
between the total conductance values for the vacuum condition and for the
gpecific gas condition under the same applied load. The calculated vglues
were computed according to equation (3—29). The results with helium gas show
a better agreement with the calculated values than do those with argon gas.
This can be explained as being largely due to experimental errors. Argon
has g much smaller thermal conductivity than helium and therefore plays only
a small part in the transmission of heat through the interstitial gap of the
contact. Thié means that any small error in the measurements of the total
thermal conductance magnifies the error in the part played by the fluid when
it is shown as a percentage of the total conductance'value. Judging only by
the helium results, we see that the maximum deviation is about 157 which can

be regarded as satisfactory.



7.5 Conclusions
From both the theoretical and experimental studies the following

conclusions' can now be drawn,

1, The analytical method and the simplified method agree with each other to
within 5% based on the present experimental conditions. On the whole they
give reasonably satisfactory predictions when éompared with the test resulfts,
so long as the fluid gap distance is properly interpreted.

2, An effective fluid gap distance should be defined as a length which, when
divided by the effective thermal conductivity of the fluid, gives the overall
thermal resistance per unit area in the fluid path, Without an accurate means
of determing this value, an approximation can be obtained by dividing the
fluid volume at the interface by the conducting surface area of the solid on
one side of the contact plane,
A3. In formulating a theoxy on a thermal contact problem it is essential that
the thermel resistance of the contact junctions be included. In the present
experimental study, the resistance due to the inserted objects is almost twice
as high as the constriction resistance in the main specimens, We would expect
a considerable discrepancy between the calculated values and the.test cesults,
had the resistance of the junctions been ignored.

4. The present theories can be conveniently extended to cover contact models
other than the idealised case with circular cylindrical junctions provided
that heat transfer at the solid~fluid intexrface along the contact junctions

is small. In this case the resistance of the Junctions can be represented as
G/km which includes the secondary constriction resistance as well as the
material resistance,

5. ©Since the shape of a surface irregularity resembles a cone more than a

circular cylinder, it is more realistic to assume the metsllic contact Jjunctions
’ J
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to be formed by a pair of conic frusta., The eguivalent thermal conductivity
km’ in this case, can be obtained from equation (3-35),

6. The amount of heat transferred through the fluid path and through the
solid peth is governed by the fluid contact parameter Kf, the solid contact
parameter KS and the contact area parameter X. By specifying the magnitudes
of thesg parameters, it is possibie to estimate the heat transfer rate through
each path across the contact. By altering their velues, it may also be
possible to control the thermal contact conductance for a given purpose.

T« The iﬁcrease of a contact thermel conductance with load is very rapid
under very low loéd levels, It tends to be proportional to the applied load
as the magnitude of the applied load is increased. In the present experiments
the f{luid conductance values are not greatly affected by the applied load.
Thig is because the change of the fluid gap distance due to load is small
compared with the initial gap distance. TFor contacts with a very small initial
gap distance, however, we ewxpect the fluid conductance to be increased with
load. |

8. If the thermal conductivity of the interstitial fluid is small compared
with that of the contact material, the thermal conductance becomes very
sensitive to the gize of the contact areas during an initial stage when two
metallic surfaces ars brought into contact. Thus any attempt to determine

the conductance value at zero load condition by means of extrapolation of
results under load may not be reliable.

9. The determination of the contact areas or the thermai conductance by

means of electrical measurements is unreliable owing to the presence of
surface filmsg, Surface films may be broken by high contact pressure but may
not necessarily be removed from the contact points., Thus they can still offer

a subgtantial resistance to the flow of electric current unless the contact

.



potential difference is high enough o establish a tunnel effect. The
adverse effect is additional heating at the contact junctions,

10. The hysteresis phencmenon concerning the thermal conductance of a contact
observed under increasing and decreasing loads can be explained as being due
to the seizure of the contact junctions as well as to the irreversible
defofmation of the material.

11. If the irregularities on the contact surfaces are‘not engaged in firm
contact the cyclic contraction ané expansion of these junctions may set up

a thermal switch effect.

12. Surface propegties of the materials at the contact interface are liable
to change after prolonged heating, resulting in a change of the heat transfer

characteristics of the contact,



APPENDIX A

Analysis of an idealised contact model

In the problem

stated in section 3.1, the

contact spot of height hl‘
on solid 1 is in contact
with the contact spot of

height h2 on solid 2.

—~
=
0]
[
~

The void is filled by a ZA ///////Fluid
fluid of thermal N
hl—‘ T > \Qig____.__QL_
conductivity kf, and the *““'"‘“‘\\\\\ 5
hy | N 2
2~ Q) ot
fluid gap 6 = hl + h2 is 7 r 1 Contact
Y | plane
divided by an isothermal | |
contact plane the position | ~~ Solid 2
]
»of which is chosen so that : |
k I
2
§, = —5—§ and
17 kg +k, !
—G—'{
P R,
2 ksl+k32

We consider first _ ,
Fig, A,1 Tdealiged contact model

80lid 1 which is divided into
region 1 and 1'. At Z = O, the

filuid is assumed to be replaced by a medium with a heat transfer coefficient

k
of £ and the solid spot by a medium with a heat transfer coefficient of

o1

km
— where
1
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The temperature distribution in region 1 and 1' must satisfy the

Laplaece equations, i.e.

—3_I.E+Far + = 0 (A-—Z)

arz +-£5;-+5—Z——2-=O (A-3)

The solutions to these two equations are so chosen that they satisfy

the gereral considerations of the problem. They appear as

Z
Z -a hy
Ty = T +AT +H) F-Aje R J,@%) (A-4)

T T +AT, + H 2 - B ”7"1%.1(7\3’-) D "B%Y )
1= To*AT +H g~ Be TR JoAF) - e PR Yo BR) (5

where Jo and Yo are the Bessel functiong of the first and second kind(]‘S),

and Al’ Bl’ Dl’ Hl’ a, }\,ﬁ are constants to be determined from the

following boundary conditions.

T1=T1'oCZ as Z—+ CO (A-6)
oT, '
3 =0 at T=0, 0<2< 00 (A~7)
r
aT,
=0 atr=RR, O0<ZI< O (A-8)

T, dz = !Tldz atr=a, 0<Z< (4-9)
(e o
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a1, arT

oard =05r—d at r=a 0<2Z2< 0O (A-10)
a o, ! aTl"“To .
kslaz rdr = [k ; rdr at O<r<a, Z=0 (A-11)

° ©° ’
R oo R T, -T,
) Kegs e ) KeTgT v et a<r<l -0 (A2)
A | :

Equation (A-6) is automatically satisfied when % tends to infinity while

(A-7) is satisfied because Jl(O) = 0. From equation (A-8), we obtain
i

Z -gZ '
B, % e Mg I+ oo % e ﬁR qus) =0 (A-13)

This equation can be satisfied if we put

I M) =0, 1,(g)=0 (A-14)

which determine the values of A andﬁ;. The first positive zero of Jl

gives A= 3.832 and of Y, gives g= 2.197. From equations (4-9) and (4-10)

we oObtain the following respective results.

R

RN 2) - J (}\ ) - Y (8%) = o (A-15)

1B o
7 e) - 37 08) - 2y 1,(62) - 0 | (+-16)

The value of @ is.arbitrary and it is to be determined later. We now

solve Al and Bl in terms of Dl’



Yo (Bx) T, Ax) Yi(8x)

) B A by .
o0 | e T aen | TR0 )
G A Jl(}\]{)

Yo(ﬁx) Jo(a,x) YIQBX)

B T a Jilax) '
B. =D = D. G A-18
1 1[Jo<ax> oW a0 | Tl (4-18)
¢ Jyax) A
|
where G1 and G2 are self-evident and x = %.

Substituting (A-4) into (A~11l) and making use of (A~17), we obtain

= Sn_pp e )& =~ D 6 Jex) (1 I | (4-19)
B k6" L 1 T IR

The substitution of (A~5) into (4-12) together with (A~17) and (A-18)
yields

k

2 kg
=aDl[ (Gx)+G26hk J(}\x)+8ﬁk Y(BY)]

Hl AT kf R2—a

(4-20)

With (A-19) and (A-20) we eliminate Dy, end by rearranging the results

we obtain

(1-x2) (1 + == “n ) + x2(l+ ‘e P(x))
ATy avy Koy 151 A
L s k k (A-21)
1 1 K 2 %y £

(l~x2)(l+

)

4+ X
ayy kgp Yl sl Y1Ks1

(1+ F(x))

ylksl



where y; = ?% and F(x) is a function of x and is equal to

. 6, 3 Ovx) ¥, (g%)
) = (gRae * Tpr e ) (a-22)

The total heat flux is obtained from

Q = n R kg =n Rk, H  when 7 e QO (A~23)

Jaz

" But the total contact resistance between solid 1 and the contact plane is

ATy
AT, H
1 1
R = e -
1 T (4-24)
sl

Thus from the result of (A-21), we obtain

k k
(1-x2) (1 + —=— E-‘E;) +x5(1 4+ —a— F(x))

R [ ay; “q ylksl :l
1 T nRk k k k k
sl m f 2 m i
(1-x )(1+ ) +X (1+ F(x))
“-Vl LR ALS! V1Ke1 Y1551

(A~25)
If we choose the following temperature distributions in region 2! and 2

of solid 2 with the origin of the r», z coordinates placed at 02, such asg

: i/
1 Z Q= r
T,' =T ~AT, ~H, 5+ 4, e R J,63) (A-26)

Z 4KE r ﬂBg T
T, =T -AT, - H, 5 + B, e R JOO\—R-)+D2 e PR Yo(Bl-q-) (a=27)
we uge the similar approach as on solid 1 and find the contact resistance

between solid 2 and the contact plane to be equal to



k k
(1) (1 + 2= ) +52 (1 + = F(x))

ay, k
R - 1 2 82 2 g2 (_A—ZB)
2  1NRk K k k k
82 2 1 f 2 m T
(1=-x")(1 + ) + X (1+ F(x))
a¥p Kgp ¥oKgo VoK VoKgo
where Yo = %g

The total contact resistance is

R, = By + R, ) )
2 1 “m 2 £
) _}—[ ) [-_ (1-x )(1+GY1 E——-Sl) +x (1 tyET F(x)) ]
R |k Kk x k Kk
L (1) (L ) e e (L4 o )
Y1 %51 V1%1. Y151 s
X Kk
) 1 “m 2 £
(=x)(L + = +—) + x°(1 + P(x))
ayp ko, YoKeo

+ ksz[ ) L Kk, k k X ]] (4-29)
m\ f 2 m f
(1T-x")(1 + I T (L +o5— F(x))
AYp Kgp Voo Yolso Yo¥g2

We now consider the case where kf = 0, ksl = ks2 = ks and x<<l. In this

particular case we are dealing with a mathematical problem similar to those
investigated by Jean in his treaties on Electricity and Magnetism(l4), by
Hohm on FElectric Contact(B) and by Bowden and Tabo:c(6> on Friction and
Lubrication of solids. From their conclusions the constriction resistance

of the lines of flow through a circular junction is equal %o 5 1k . This
a Kg

is used here as the limiting value for the determination of the value of

G. With k, =0 and kg = ko, =k, equation (A-29) reduces to

R, = g + : (1-x°) (4-30)



The constriction resistance becomes

R =R, - . (1-—x2) (A-30)

If we set R0 to be equal to 21 when x becomes very small, we obtain

(0x) = & | (a-31)
We see that 6 is inversely proportional to x.

Since ylksl = y2k52' we introduce a solid contact parameter KS and a fluid
contact parameter Kf such that

km kﬁ kf f
Ks = v K . y.k and Kf = y-k ¥k
17 sl 282 1 sl 2782

k

It is now possible to rewrite equation (A~29) in the form

o G- x2114§ K)o+ (7 KRy kg vk
Ry =7% (=) (a-36)
(1-x° )(1+ K )X, 30 K, (L+K, F(x)) sl “s2

The total contact conductance is

kKoo (1x)(l K)K +xK(l+KfF(X))

sl
ksl+k

C, == = 1mR( ) (4-37)

2 (1 +"i‘ KS - 2’” K ) +(x° K. F(x))

Our next attempt is to find the solid contact conductance CS and

the fluid contact conductance Cf bearing in mind that

C, = C, + Cy (4-38)



The amount of heat flux passing through the solid contact spot can be

obtained from

a
aTl' Hl a
Q =27 ) ko 3o 37 xdr = 2mak_, ('ﬁ"z' + 4y J;(a%)) (4-39)

The ratio of the heat flux passing through the solid spot to the total
heat flux is obtained from equations (A-23) and (4-39)

Qs 2 2x

\

Using equations (A-17) and (A-20) to eliminate‘Al and adopting the contact

parameters, we obtain

o, [ @TEE - TR o6 K F(x))
7 =% K [ ] (A-41)
(l--..c )(1+ K )K +x° X (1+K F(x))
By definition the contact conductances can be written as
QS
¢, = -  and C =
t AT1+AT2 8 AT1+AT2
Hence
Q‘S » .
C, = 2 C, (A-42)
Substituting (A-37) and (4-41) into (A-42), we obtain
L2 1
51 (1 +~- Kp T f) +x KfF(x)
C, =mR K . ) (A4-43)
(1+ 2’“‘1{ )+(x K, F(x))



Since C,. = Ct - CS, we find also

f
Kf nx 27 2
k .k (7 + 5= K- x° =5 Kp) +x7K, F(x)
2 sl 82 g 4 °f 4 £
C, =NR K_(2-x7)( )
f s k q+k_, % 2 nx 5
(1 o Ky - x —4—1{8) + X KfF(x)

(A-44)



APPENDIX B

Constriction and material resistance of a conic frustum

Let the radii of the base and tip of a conic frustum be a and a,

respectively, Let h " be the height and kg be the thermal conductivity
of the material, The flow lines converge towards the point O and are

perpendicular to a isothermal surface e-e which is pért of the surface

a=-a,
h

Such an arrangement also satisfies the Laplace equation of steadily

of a sphere of radius and a subtended angle 20, where 6, = tanfl(

).

axi-symmetrical heat flow in a solid. Consider the elementary ring generated

Fig. B.l An asperity as a conic frustum




by the révolution of 1234 about the axis of symmetry, where 1234 is
formed by the interception of two adjacent flow lines with two adjacent

circular arcs. The resistance of the elementary ring is

af

AR . = ———m
ef kg 2nr {46

(B-1)

The total constriction resistance is

- IE. ) (

= B

et ) 21{8]0"2111« fas | 2)
2

/]
Let B = 8% 50 that
) 14 (27 L
1= @ + (a-a ) = a 1+ (B-3)
0 B
and i
22 = = 8.0 1l +']'-'2 (3-4)
8

Using r = ﬂ sin ® and performing the integraticn, we obtain

oy |

P r—

% P
Ref = Jna kg 8% -p (3-5)

The material resistance of the coniec frustum is now to be determined.

The resistance of the \
elementary disc of radius d and Z
\ \/7\ > h
thickness d7 is dz




4z

By = a2 (2-6)

The radius d is given by

a-a

hoZ=a-ﬁZ (B-7)

d =a -~

The material resistance of the whole conic frustum is then equal to

h
R f z n (B-8)
"ok n(a-Bz) TR

0



APPENDIX C

Congtriction resistance between the sphere and a plane surface

When a sphere is brought into contact with a plane, the area of
contact is usually very small compared with the size of the sphefe. Under
the maximum applied load in the present investigation, the radius of the
contéct area is of the order of 0.14 mm for the ball radius of 0.86 mm.

As a first approximation the contact is assumed to form between two semi-

infinite solids.

Ry solid |

AN NN NN NNNNEENNKTR

M solid 2
g;a _

|

Fig, C.) Contact between a sphere and a
flat surface.

Let the centre of the contact area of radius a be at the origin of
the coordinates r, Z. We assume that at a large distance from the contact
area the sphere is maintained at a consﬁant temperature Tol while the
plane is maintained at To2‘ Owing to the consfriction resigstance the
temperature of the sphere and the plane in the contact region are repregented
by |

ol 1 (Chl)

(c-2)



respectively. Since Tl and T2 (hence Tl' and Tz') must satisfy the Laplace

equation, we have

2 t aT ! agT !
0 T; + -}?— 33}:.' + P % = 0 (c-3)
dr z
aQTz' 1 6T2' 32'1'2'

- + = 0 (c-4)
arZ r aI‘ az2

The solutions of these equations must satisfy the following boundary

conditions:

Tl' = 0 at 2= o0 g

1 (0“5)
T," = 0 at 2 =-00 )
2T
5z =0 g
aT2 ) at 2=0, r>a (C-6)
.....2..=0 )

aTl a7,
ky g7 =k, gy 8t 2=0, r<a . (c-7)
T, =T, at 2=0, r<a (c-8)

Equation (C-3) may be solved by the use of the Hankel Transform(gz),

by multiplying both sides of the equation by = Jo(}\r), where J0 is the

Bessel function of the first kind and A is a constant, and by integrating

with respect to r from O toco.

97 ! |
aZZZL = AZ Tl’ (0-9)



o0 .
where Tl' = f T, ' J (Ar)dr (c-10)
o
We then find
T, = Ble”;“z + Bze”‘z (c-11)

and the inversion formuls is
oo
'I'l' = j(Ble-?\z + Bze?\z) 7\J0(7\r)d}\
0

which can be written as

m .
~AZ Z
T’ =j(cle AZ 4o, oM 3 (r)an | (c-12)
o]
where Cl and 02 are arbitrary functions of A. Since Tl' must vanish as

7 tends to infinity, equation (C-12) reduces to

oo
© oo
Hence 'I'l = Tol - [Cl e_AZ JO(/\I')CD\ (c-14)
(o]

By similar approach, we find

<O
Ty =T, + fonl N Jo(}\r)dh (Cc-15)

where Dl is an arbitrary function of \.

The boundary conditions by equation (C=6) yield

an o

35 - CIAJT OT)AN =0 atz=0,7r>a (C-16)
o

T, e

35 = DIAJO(}\r)dA =0 at Z =0, r>a (c-17)

¢]



By the substitution of T, and T,, equations (C-7) and ( C-8) become

co oo
k) jCl?\JO(?\I‘)dA = k2f Dl?\ JO()\r)d?\ at 2 =0, r< a (c-18)
(o} o]

oo (ola)
Ty = /}rcl JO(Ar)dA,= o +//,Dl JOCKr)dA at 2 = 0, r<a (C=-19)
o o

From (C~18) and (C-19) we obtain

Qo
) kl + k2
To1 = Top = ™% Cy JO(?\r)d?\ forr< a (c-20)
o .

2

Use the well known results (22) such as

(@x)
JO Gx . 1 &
I sing x dx n

% = S1 a B ‘.<a %

= % B >a )
o ; (C-~21)

[Jo(ax) sinfBxdx = 0O B<a %

© = - - B>a g

B?-a® )

We see that if
_ 2(Tol' rIi02)1{2 sinA a (c-22)
1 q (kl+k2) A

then both equations (C-16) and (C-20) are satisfied,
Hence a combination of (C-14), (C-15), (C-16), (C-20) and (C-22) yields
_ kl TOl + k2 T

L = o2 -, Z=0, r<a (c-23)
k., + k

T
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From equation (C~25), we see that the contact temperature is uniform and
is independent of the size of the contact,

The constriction resistance, by definition, is given by

T - T
ol 02
Ry = 0% (c-24)

where Q is the heat flux through the contact area. Using equations (C-14)

(C-21) and (C-22), we find
a ar,
Q = 02171“ kl('aT)Z:Odr

= 2k a (1 =T, (C-25)

where

2k k
k' = Efl—éL which is the harmonic mean value of the thermal

m 1-+k2

conductivities kl and kzg

The constriction resistance is therefore equal to

c 2g;a

- (c-26)

The result obtained in equation (C-26) will give rise to a more severe
prediction if the size of the contact area is not too small to warrant the

use of the assumption in which the sphere is being treated as a semi-infinite
body. Since, however, the problem of heat flow is similar to the electrostatic

problem of capacitance (see Jeans (14) page 352) the result in equation (C-26)
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mnay be modified to take the following form which gives only the constriction
resistance of the sphere
1

Rcb = 4.kb (

|

- 5) (c-27)

The total constriction resistance of the sphere is twice the above value,

i.e.

112
Rep = 3% (G- 80 (c-28)

where kb is the thermal conductivity of the sphere.
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Material resistance to heat flow through a spherical body
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D, A sphere inserted between two flat surfaces.

Let the
the plane be
‘other in the

dZ thickness

d R

mb

where k, is the thermal conductivity of the ball and d = (R

b

radius of the circular contact area betﬁeen the sphere and
a. Heat is considered tg flow from one contact area ‘o the
Z~direction. The resistance across an eiementary disc of
is

dz

XKL (p-1)

Taking the integration from 7 = Zl to 2 =-2, we find

Rmb -

Z, '
az
- fkbﬂ(Rbg-zg) (D-2)

‘ 2
But %, = (R

o, 1
- a”)?, therefore

=3
1 g, (Atll (7%) ) (5-3)
kAR~ 1~ 1-2%)2 .
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APPENDIX E

Mean fluid gap distance between two flat surfaces

with the insertion of a spherical body.

The model to be considered is shown in figure E.l. lLet By be the
radius of the steel ball and a be the radius of the contact area. In the
preseht investigation small steel balls are inserted between cylindrical
blocks with flat contacting surfaces,.

The radius of the blocks is 2.54 om. R .

With n balls inserted between them
we now find the effective radius of

the cylinder used in the contact

model according to

R = cm (E-1)

\\\\\\\P\\\\\\
When the specimen blocks are k;zﬂ

compressed against the inserted :

ballg, deformations take place in

the contact region as well as in

the surrounding material. The

two contaciting surfaces are Fig, B.l ©Steel ball compressed between
two cylindrical specimens

now brought nearer to each other

by the amount

a2

AS = 2(Rb - Rbcosé) = 2Rb(1 - {1 - -R—g ) (E-2)



If a is small compared with Rb’ we have

2
AS == o (E-3) -
b
Owing to the pressure acting over the contact area, there will be local
deformation of the contact surfaces outside the contact area in the

Z~direction. We consider the deformation to be elastic and assume the

distribution of pressure to be hemispherical which can be expressed as

L
W =W, ’1 - ('1:5_‘)2 (B-4)

where @, is the maximum pressure at the centre of the contact area and is

AW
21na

equal to which is obtained by integrating the pressure over the contact

area and then by setting it to be equal to the applied load V. rl is a
radius within the contact area., According to reference (23), the local

deformation can be obtained from

: 2
Ay = G /oo ds ays (-5)

where E ig the Young's modulus and v the Poisson's ratic of the material

of the specimen and S and #Izﬂe defined according to figure E.2.

elementary
area under
pressure

Fig., E.2 Diagram for determining deformation due +0 contond mrocaiirme
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2
Since 1L = 1% + 8% - 2rs cosyr , we find
W, p
joo ds = D% (2 - 2% sin"Y) . (2-6)
chord '

Substituting (E~6) into (E-5) and taking Yy = aint -ff, we obtain

¥

WoT (
2a

: 2
A = (111—Ev ) a? - 2° sin21,’.f)d'l,lr

-

) 2 2 '
1~ v W T .. ~1 a r
"CED G e et i (=0

The total separation of the two surfaces at a point r is

61‘ = 2R, - AS+Axr.2

2 2 2 2 .

a - 1-9 W r\.=-la T \
C= 2R [1-— + ( =T )———2a Ez-—;z)sm i v -1] (E-8)

Rb a

The mean fluid gap can now be obtained from

5 2jaR Or.rdr
S (- ad)

(E-9)

Since the amount due to the elastic deformation of the material as the result
of the contact pressure is usually very small and can be neglected, we may

simply use

2
5 =2Rb'1--§‘-}—32 (E~10)
or a2' )
5 = 2Ry = =
Ry,

if a is small compared with Rb.



" APPENDIX.F

Radial heat loss correction

Because of the sudden temperature drop and a change of temperature
grédient at the Jjunction between the heat flux meter and specimen 1 and
again at the Jjunction between the specimens, it is rather difficult to
expect -the temperature distribution along the guard tubes to match correctly
that along the central column of specimens especially when the applied load
is small. Under this condition a certain amount of heat leak in the radial

direction becomes inevitable., A correction is therefore required,

|
Guard tube
'

NN

Heat flux
meter

TEMPERATURE

specimen 27X

DISTANCE

Fig. F.1 Temperature distribution along specimens and guard tubes.

Figure F,l shows the general distribution of temperature along the guard
tubes and along the central column of specimens. A, B, C, D and E denote

the thermocouple positions near the ends of each specimen block. Let (]A



Dl A B

be the heat flux per unit area at A and qc be that at C. Let kA be the

thermal conductivity of the material at A. VWe can now write

QG =k (F~1)
The heat flux per unit area at C is given by
9, =9, + 2449, L (P-2)

where Aql is fhe heat gained or lost in the radial direction over a section
between any two adjacent thermocouple positions and the summation is to
cover the whole length from A to C. The temperature at the contact surface
of specimen 1 is obtained by extrapolation and it is equivalent to using

the following computation.

TB—TC
Tl = TB.— —‘E-‘é‘i“' di (F-3)

Since the fluid gap distance is small we assume that the same amount of

heat will flow across the contact interface, Thus .
qD = qC (F—4)

At E, we have
95 -9 *RAT: (7=)

whereAq2 represents the heat gained or lost radially along specimen 2.

Although it does not influence the temperature at D to any appreciable

amount, it does nevertheless affect the temperature gradient by ._g;_é_ﬂ.@.
’ 2
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where k2 is taken as the mean thermal conductivity of specimen 2., The
temperature at the contact surface of specimen 2 can be determined from

775 pA9

T, =T + ( X K, )(dg—Adz) (F-6)

Approximate values of AQ can be obtained by means of equations for radial

heat flow in the absence of any longitudinal temperature gradients, i.e.

on(T. ~ T )AL .
Aq - 5 & = -
s (P-T7)

\

thermal conductivity of the insulating powder

where k.
i

(TS—Tg)

1l

mean temperature difference between the specimen (or heat flux

meter) and the guard tube over the length .

s 8

"

radii of specimen and guard tube respectively.

The corrected experimental value of the thermal conductance of the contact

is given by

2
B
] 1 "2
aT
ﬂRQ(kA ajZA+Aq1) (5-6)
) T~ To - §A92 ]
(TB" Adl dl) - (TD + Adz T~ x )(d2 "Adz)

2
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APPENDIX G.

Data of properties of materials

G.1. Gases
The thermal conductivity value is calculated according to equation

(2-23) 4n which the constant C is determined from some specific values at

a higher temperature taken from reference (16) Thus

[

. -5 -1 -1 -1
(kf)air 0.616 553 X 10 cal cm ~ sec ~ o
l"i“.""r"
E T
Ir -4 . R R |
(kf)helium = 0,224 1ﬁ:i§?7-x 10 cal em seg o,
T
f -5 I R B
(kf)argon = 0.365 ;t:izg x 10 cal cm = sec = o,
T

where T is the absolution temperature in degrees Kelvin. The results of
these gases are plotted in figure G.1.
We use the same expression by Sutherland (12) to obtain the

viscosity formulae which are

~ {r -5 1
Kajp = 1.5 14.13] x 10 gm cm sec
T
. {r -5 -1 -1
Mhelium = 1.52 14‘101 x 10 gm cm sec
T
{r -5 -1 -1
#argon 1.9 137 x 10 gm cm  sec
T



s "

The values of Cy are obtained from reference (12)

- -1 -
(Cv)air = 0,171 cal gm SN

- -1 -1
(C")helium = 0,75 cal gn = o

- -1 =1
(c\,)argon = 0.075 cal gn = o

We determine the mean free path of a gas from the kinetic theory of gases

and obtain

Aair = 1.685 5 x 107 cm
_ Ry =5

Ahelium = 4.9 P x 10 e
- by -5

}\argon = 1.755 o * 10 cm

where p is the gas pressure in torrs.
There is very little information available concerning the accommodation
coefficient of a gas with a metal surface. 4n average value is taken from

references (26) and (27)

G air = 0.9
Qhelium 0.61



G.2.

Specimens

Frn 8 normalised steel.

LN e

see references (28) and (29)

deg C 20 100 200 300 400 500 600 700 800
ks
-1 -] -1 L1073 ,1069 .1055 ,1026 .098 .092 .,084 .0752 .068
cal cm ~ sec T o
c
P 2L.1  25.9 33,5 42,6 53,0 64.5 78.2 92.6 106.5
ML= o ) ) :
E = 2.11 x 106 Kg cm—2
V = %.272
ultimate tensile stress 5540 Kg. —
yield stress = 2850 Kg. cm_2
Meyer hardness value, see reference (24) and figure 4.6,
€ = 0,06 (average value for polished steel)
Armco _iron. see references (30) and (31)
deg. C. 0 100 200 300 400 500 600 700 800
ks
P A
g - om 9.4 14,8 22,2 31,0 42.4 54 67.5 83.3 100
E = 2,11 x 10° Ke. o2
v - = 03

yield stress =

Meyer hardness value,

1900 Kg. om 2

see figure 4.7.

€ = 0.1 (average value for polished iron).

-



The thermal conductivities and the electric resistivities of En 8 steel
and Armco iron plotted against temperatures are given in figure 0.2 and

figure G.3 respectively.

G.3. Silocel insulating powder (supplied by Messrs, John Manville Ltd.)

" deg. C 100 200 300 400 500 600
k.
1

cal om™t sect oc‘l 0.00013 0.000157 0.000184 0.000211 0.000238 0,000265

Ge4e Steel ball

The steel balls (through-hardened 1¢ chrome carbon steel) were supplied

by Messrs Miniature bearings Limited.

deg. C. 0 50 100 200 300
kb

_ -1 1 0,076 0.079 0,081 0.084 0,087

cal cm sec oc .
extra-polated

values
'Rockwell! C

64 63 61,9 58,2 53.4

hardness value

G¢He Aluminium disc.

Unalloyed aluminium with the minimum purity of 99.8% Al. Thiss
material was supplied by the Alcan Industries Limited with a specification

number 2S3H.



reference (32)

deg. C. 0 50 100 200 300
Thermal conductivity
cal cm—l sec T ocm1 0.542 0.531 0.52 0.499 0.476
electric resigtivity
pa - em 2.4 2.96 3¢5 4.66 5.87
surface emissivity 0.078 0.082 0,087 .10 .13
Brinell hardness value = 36
ultimate tensile siress = 127 Kg. cm.“2
bearing yield stress = 127 Kg. cm“2
-2

E

7.05 x 10° K&,

cm
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