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Foreword 

tie Addendum cites papers v&xh have been published since the 
survey was written; the majority of these consist of translations of previous 
work published Fn foreigm countries, amaries of work, experimental reports 
or contra&reports. Alarge proportion is the study of contact conductance 
in wwxo (in this case heat transfer through the fluid gap is treated in a 
free molecular regime instead of in a continuum regime). In other words, the 
work represents substantial gains in the practical field but little in the 
field of fundamentals. 7 
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1. Introduction 

The problem of thermal conductance of metallic contacts has become 
increasingly a problem of ccnslderable significance XXI many practloes cf engin- 
eerlng and has received a great deal of attention s.n recent years. Theoretical 
and experimental studies have yielded valuable data which prwlde an insight into 
the ccmplexlty of the problem and a better understanding for future development. 
Although the problem has existed in almost all branches of engineering for scme ~ 
time, any serious study made is probably due to Jacobs and Starr (I) who carried 
out their investlgatlcn with the object of providing data for the design of cryc- 
genie apparatus. In the course of their investigatlcn into the problem of 
resistmg welding, Kcuwenhcven, Tamplcc and Sackett (2,3,4) brought forward a 
number of valuable points contributory to the lnvestagatlcn of the thermal contact I 
problem. Since the problem of electric contacts has been under thorough study 
fo?a much longer time, any findings therefrom must have great bearing on the allied 
problem of thermal contacts. For this reascn the classical work of Helm's (5) 
can be considered as relevant. Whether or not the electric contact equations can 
be applied also to thermal contacts will be discussed later, the presence of the 
thermal contact problem during an electric contact is clearly shown ~tl the applica- 
tlcn of electrical welbing. Some good work from Kcuwenhcven and Potter (6) shows 
their interest in both these problems. Apart from welding, the demand for a 
better lmcwledge rn other fields is equally strong. Keller (7) measured the 
heat transfer in strip coil annealing when heat was supplied radially to the coils. 

Brunct and Buckland (8) who were interested in the applicatlcn of the problem to 
components of electrical equipment, measured the thermal resistance between laminated 
steel blocks and between cold rolled steel blocks. In order to study the rests- 
tance to the dissipation of combustion heat from aircraft engines, Wellls and 
Wder (91, at about the same time, made a much mere general approach to the problem 
with the intentlcn that any results thus obtained cculdbe applied to other branches 
of engmeering. The same problem exists between machined parts of a heat plant 
and speclflcslly at the root of gas turbine blades. 
Dyban, Kcndak and Shvets (10). 

This was investigated by 
In foundry practice the freezing rate depends on 

the contact resistance between casting and meld. Owing to shrmkage, the resistance 
is liable to increase thus slowing down the freescng rate. Based on dimensionless 
parameters, Harvey and Edsall gave an analytical prediction (11). 

The search for a better understanding cf the problem of thermal contact 
conductance will ccntlnue to extend with progress in science and technology, but 
the urgent demand III the fields of aeronautical engineering and nuclear engineering 
has kindled a general interest and given an Impetus to recent advances. In the 
design of aircraft for supersonic speed flight, the thermsl stresses produced by 
aerodynamic heating may cause buckling, flutter, loss of stiffness or other effects 
detrlmentsl to the functioning of the aircraft. The predlctzcn of thermal stresses 
depends on a knowledge of the temperature distrlbutlcn which is often hampered by 
the uncertainty of the contact resistance in the structure. In order to obtain a 
mere realistic sclutlcn, large schemes of experiments on actual jclnt samples have 
also been conducted (12-21). In the design of a nuclear reactor, on the other 
hand, not only does the accurate predictlcn of the thermal contact resistance 
lead to the safe design of the plant, but also any reduction zn the contact resis- 
tance between fuel and shield will yield a greater quantity of heat extractlcn. 
Unfortunately the problem is complicated by the variable contact conditions during 
burn-up when fission gas is being released. Because of the pmpertces of the fuel 
and the geometry of contact, special consideratlcns such as avoiding oxidation of 
the fuel and prcvzding cy1indr~s.l surface contact to represent the true condition 
of fuels .in rod form have to be given during experiments (22-32). 

/Parallel 
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Parallel with the progress in experimental studies useful theoretical 
studies have also been advanced (33-41, 70). Some of the work has been fittingly 
summarised by Putnaer&is, Wheeler and Kanokawa (26,42,43). In space environments, 
the thermal contact resistance can be greatly increased due to the reduction of 
applied contact pressure and interfaclal fluid pressure, as reported by Fried and 
Costello (44). The investigation carried out at low temperatures by Berman and 
Mate at Oxford for the design of mechsnical heat switches provides useful infonsa- 
tion for cryogenic applxations (45,46). 

2. 

when 
out, 

Mechanism of Contact Heat Transfer 

In a solid body the condition of heat flow follows the law of conduction. 
the body is cut into two halves, however carefully the process may be carried 
the two sections will never fit together again and the heat flow $.l; experience . . a dlscontlnulty at the joint where there is a sudden temp.$ratUX? clx-0~ (47). Two 

pieoes of metal. would form a perfect joint only if the surfaces of contact were 
perfectly smooth and clean. Unfortunately a perfectly smooth surface is not 
feasible in practice, from the microscopic point of view. There are irregularities 
present even on very carefully prepared surfaces, so that when two bodies are brought 
into contact, only the summits of some of the Irregularities sre zn actual contact 
whilst the rest of the two surfaces are separated by a gap filled with fluid. 
Furthermore, the intimacy of netallx contact is greatly influenced by the presence 
of surface films whxh under normal conditions are diffxdt to avoid (48). 
Hence the flow of heat at the interface wiL1 be forced to take up differ&t modes 
of transfer dictated by the conditkons at the interface. As the oontact conditions 
are subJect to alteration during heating, the modes of heat transfer are therefore 
affected, preventing the forming of accurate predictions. For the purpose of 
discussion, let us assume in broad terms that there are three modes of heat transfer. 

I. Heat transfer by conduction through actual contact. 

Owing to the thermal conductivities of metals being much 
higher than those of fluids,,the lines of heat flow will 
converge towards the contact spots giving rise to a contact 
resistance. Id the event of the actual contact of two 
irregularities being prevented by the presence of a tarnish 
film, thxs can st5J.l be regarded as a contact spot, but the 
contact resistsme 1s now increased because of the lower 
thermal conductivity of tarnish films compared with that of 
metals. The total contact resistanoe is denoted as R, . 

2. Heat transfer through interfacial gas. (If the fluid is a gas) 

If the distance between the two surfaces is smal.l, convective 
heat transfer becomes unimportant and heat transfer can be 
considered as by means of conduction. At the sold-gas inter 
face there is a temperature drop, the effect of whxh is specified 
in terms of the accommodation coefficient. When the surfaces 
are covered with tarnish films, the fluid resistance will Consist 
of the resistance due to the temper+ture hump, the conduction 
resistance of the films and the conduction resistance of the 
fluid. We denote the total resistance as Rf . 

13. 
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3. Heat transfer by direct radiation 

Radiation heat transfer will take place between 
two suIl=aces of different temperatures. The quantity 
of heat transferred in this way depends on the absolute 

-values of the temperatures and the surface emissivities. 
Although hot gases may also emit radiant eneru, this 
is reslly insignificant. Let the resistance to radia- 
tion be denoted as R~ . 

If we assume that there are three separate paths for the 
contact heat flow, we see that the total resistance of the interface can be 
expressed as 

I 1 1 1 
'- = - + - + - 

% R. Rf Rr 

where 
% 

is the total contact resistance of the interface. 

The amount of heat which oan flow along each path depends on the 
resistance of all three paths. For example 

8, = Q L- 
RPr 

RcRf + RoR, + RrRf 1 
Qf = Q L- 

RcRr 
RcRf + RR + RR 1 cr rf 

Qr = Q 
RcRf 

RcRf + RcRr + R,Rf 1 
when 0, , % , Q, are the amount of heat flow through the contact path, 

fluid path and ratiation path respectively. Q is the total amount of heat flow 
through the Interface. Strictly speaking all three modes of heat transfer 
are inter-dependent and this is due to the fact that the resistance of each 
path is sensitive to the amount of heat flowing through it. 

For simplicity of calculation, the three modes of heat transfer are 
usually treated as independent. 

/3. 
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3. Metallic Contact Conductance 

3.1 Contact area 

@ily if the actual contact area 1s of a reasonable s~.e compared with 
the apparent area of contact, domnant flow of heat across the mterface will 
certatiy be attracted through the metallic contact spots, as the thermal conduc- 
tivlty.of metals is very much higher than that of a gas. Keller (7) reported 
from hl= exp=riment that 95-Y@% of conductance ~8s due to air films ana only 2-s 
tp actual metallic contacts. We may well. suspect that the actual contact area 
III his‘experiment must be remarkably small. This is not surprzslng as on a 
llolllld contact surface the actual contact area is but a very small fraction of the 
apparent area of contact. Bowden and Tabor (49) showed that for a load of 2 kg. 
acting on a flat area of 20 sq. cm of steel, the area of intimate contact was only 
l/iOO,OOO th of the apparent area. This indicates that the local contact pressure 
C~UI be very high, being sufflclent to cause local plastic flow. 
that this does m fact happen even at a very lcw load. 

They confirmed 
Hence it is reasonable to 

assume that except for a very smooth surface under a very smsll load, the occurrence 
of purely elastic deformation 1s unlikely. If the applied load causes a local 
mean pressure equal to about 1.1 times the elastzc lmlt of the material, we have 
the onset of plastx flow. As the load LS mcreased, the mean pressure mcreases 
until it is about 3 times the elastx lxtmt of the mater& (i.e. the softer of 
the two materials), when we have the fully plastic flow. If the load 1s further 
increased, the area of contact will increase but the mean pressure will remain 
equal to 3 times the elastm lmlt whxh may Increase during the process of work 
hardening, a consequence of plastz deformatmn (50). Since the surface of most 
materials IS, to a certain extent, work hardened owing to max?u.factunng processes, 
we may assume the total load-bearing area, whzch is the sum of all actual contact 
areas, to be taken as 

w 
A, = - 

P m 

where w is the applied load and P, the mean yield pressure. For full work- 

hardenmg,‘ P, is the Meyer hardness vtbue (51). This total contact area A, 

IS -de up from the sum of a large number of small contact areas over the whcle 
surface of contact. To lcncw the number and the &stributmn iS eSSentid. for the 
determnatmn of the contact conductance. 

3.2 Constriction resistance 

When uniform current flow occurs m a sold body, the current densxty 
1s uniform everywhere because of uniform reszstance of the body. The flow lines 
run parallel to each other. As the flow lmes approach the contact region they 
are attracted toward paths of least resistance and this usually occurs at the 
metallx contact pomts, resulting m thez convergence towards those points. 
The constrxctlon of current flow through narrcw passages gzves rise therefore to 
a resistance termed as constrxtmn resistance. If the two contact surfaces are 
perfectly clean, the contact members will adhere as if they were welded at the 

In this case the constnctmn reslstsnce applies to both electric and 
ZZG.l contacts (5) Such a close relatmnship between the two problems has 
been advantageously ised by a number of workers (4,25,33,35,37,38,45,46,48,51) 
either III formulating a contact theory for a smgle contact model or m prebcting 
the number and size of the contact spots. 
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In general, the slse of the contact spots is very small compared mth 
the distance separating them. Thus Helm's simple expressaon of constrxtlon 
resistance is frequently applied 111 computations, 1.e. 

I 1 
R=-=- 

2a k C 

where a is the radius of the contact spot, k the oonduotlvity and C is the 
conductance. For interface materials with different thermal conductlvities the 
hsrnonx mean value is used and k as replaced by ks , I.e. 

Roess (51) caloulated the contact conductance of heat flow through a raght 
carcular cylinder with a symmetrical constrxtion, on the assumption that there 
was no heat transfer through the fluid between the surfaces and that the heat 
flux at the metallro contact at a distance x from the centre was given by 

s/2 7wA?-z? where q is the quantity of heat flow per unit time. 

The contact conductance equation whloh he obtained takes the following form 

3 

C = 2ak 
9 

I - I.4093 " 
0 r 

+ 0.0525 (f ) ' + . ..I-' 

where k s is the thermal. conductivaty of the solid and r the radius of the 

cylinder. By reason of a/r generally being small, Laming oonsadered the first 
two terms should be adequate and he used 

C = 2a kS p - I.&<(: ) ] -' 

I&rush (39) considered that the temperature distribution was disturbed by the 
constriction of the flow and that it could be represented by a hannonx function 
whloh vanished at a dlstanoe from the contact regaon. The contact resistance 
equation he calculated is 

2r 
R = - f .: 

kS 
( ) r 

for two identical spots XI contact with zero plug length, where ks is the 

thermal conductivity of the materaal. For small a/r ratlo, the function 

f" 
0 

becomes 
r 

f"=- 
0 

8a 

r 3xr 

/.: c 
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I 3x k 
:. c = conauct3nce = - = -s 'x aa = 1.85ak 

B 16a S 

Cetinkde andPishenden (33) csrried out one of the first thorough analyses in 
which they considered the simultaneous existence both of solid and fluid conduct- 
antes . A dividing fl'ow line separates the lines of flow so that on one side of 
'It the amount of heat is transferred by solid conductance and on the other side 
by fluid conductance. The flow lines for solid conductance converge towards the 
contact spot giving rise to the constriction resistance. 

The equation'for solid conductance takes the form 

x a ks 

cs = 
ta8 [ (rd - a)/a] 

where 
(radius from the centre of the 
cylinder to the dividing flow line at 
a distance from the contact region. 

cf 
and. c T are fluid conductance 

and total conductance respectively) 

It can be seen that the link between sold conductance and fluid conductance lies 
in the ratio q/r . The direct determination of this ratzo is made complicated 
by the number of boundary conditions to be satisfied. For this reason, they 
resorted to the relaxation method. When flud conductance is qnored and a 
1s assumed to be very small compared with r , the above conductance equation 
becomes 

cS 
= 2aks 

whmh is Helm's equation. 

Fenech and Rohsenow (36) presented a mathematxal analysis for an ideal contact 
spot similar to the one used by Cal&kale and Fisheneen. In spite of the 
complicated boundary conditions to be satzfxed, they have succeeded in obtaining 
a direor. solution after making some simplifying assumptions. The heat transfer 
coefficient for solid conductance alone is given by 

2.4 "/r 

k. = 

a 
When2 E = - and s, ) &a are respective heights of the fluid space. 

r 

When a is sn+all compared with r and when the flud is absent, the sold 
conduotanoe my be expressed by 

2.4 % a k 
c = 

2.46/a + 2 
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If 6 is of the sane order as a , c assumes a value very much the same as 
the Helm's value. 

It my be concluded therefore that Hclm~s expression for the 
ccnstrxticn resistance gmes a good approximation. Hence by means of electrical 
resxdance measurements, the number and size of the contact spots can be obtained. 
For n spots, we have the contact resistance 

1 
R = 

2akn 

S.lSC 

w 
A, = nxas = - 

P m 

Therefore 
XP m n = 

42 P w 

2kWR 
a = 

n Pm 

3.3 Surface roughness 

It must be admitted from the start that up to the present no one 
standard parameter can adequately define the roughness of a surface to satisfy 
the requirements of a thermal contact problem. This has been realised by many 
investigators (6,13,30,36,40.42,53,54). Standards for surface roughness used 
by most countries are either the Mean Lme system or the Envelope system. 

In the mean line system, the roughness of a surface is defined either 
by the oentre line average values or the root mean square values, and the usual 
teohmque of measurement is by means of a stylus equipment m ccnjundtmn mth 
an electrical integratmg meter to indicate the value ever a sample length. 
In the Envelope system, no reliable instrument has yet been designed for the 
measurement. The nam object of all these standards 1s to give a reasonable 
classlrlcaticn of a surface texture for mdustmal purposes. Users for acadermc 
purposes are warned of their lunltatmn (55.56). Olsen (57) made a close study I 
of the various standards employed by different ccuntr~es,pcmting cut that the 
true measurements of any surface should be three-dmensmnal. The difficulty 
involved in making such measurements, however, lies m the trsnsfcrnatmn of the 
various defznltmns into a two-dmensmnal plane. Machined surfaces would have 
ridges and waviness, but ground, pollshed and lapped surfaces would only have 
dmples and humps. Other types cf surfaces nay have irregularltles dmtrlbuted 
at random. when two surfaces are pressed together metallic contacts are set up 
but the namer 111 whmh these are established is often arbitrary. With the same 
par of surfaces there nay be an 3nflnlt.e number of matching ccnfiguratrcns 

/although 
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although the net results may not always be of a wide range. The variation of 
matching configuration for flat and smooth surfaces is smeller than for rough 
surfaces. On the other hand, the establishment, of m&dlio contact between 
rough surfaces is more'definite at bigher oontaot pressures and this in turn 
produces more consistent results. Thus it is clear that the size and distribu- 
tion of metallic contaots between two surfaces depends both on the roughness of 
the surfaces and the applied pressure. 

To meet the requirements of a thermal contact problem, the complete 
defMtion of surface roughness will require a number of parameters, the larger 
the number the more precise the definitxon. Yet too large a number of parameters 
will certainly make the problem much more involved and perhaps unsolvable. This 
oan be regarded as the most difficult part of the whole problem. Any accurate 
prediction of the sizes, number and distribution of the contact areas msy never 
be possible unless the surfaces are specially prepared to produce a controlled 
texture. Controlled surfaces to give a more defined contaot configuration have 
been used by many investigators (6,8,30,34,36,40,54). In this way, the mechanism 
of heat transfer at the interface oan be more positively examined. There is a 
definite relationship between the contact conductance and the areas of contact. 
A roughness parameter together with the applied pressure, however, can only, at 
best, provide a qualitative indication of the nature of heat transfer through the 
joint. This may also explain the reason why there were oonflioting conclusions 
when contact conductance was treated as a funotion of roughness parameter and 
applied pressure. 

4. Fluid Conductance 

If the distance between two contaot surfaces is less than the mean 
free path of the gas molecules heat transfer can be considered as' by means of 
free molecular conduction. At any rate, if the Cashof'No. is below td, 
convective heat transfer can be assumed to be unimportant (58). The amount of 
heat transferred across the fluid space by oonduotion therefore depends largely 
on the thermal conductivity of the fluid. If the fluid thermal conductivity 
value is higher than that of the metal we oan expect most of the flow lines to 
be attracted towards the fluid region. The convergence of the flow lines will 
simi.larly give rise to a constriction resistance. But since the fluid covers 
a much greater space the nett resistance of the interface is expected to be less 
than the normal resistance of the metal for the whole cross-sectional area. 
If the interfacial fluid is a gas as in most oases, the gain in occupying a large 
surface area is off-set by the lower thermal conductivity of the gas itself when 
compared with that of the metal. Thus the thickness of the fluid layer becomes 
also an importsnt factor. 

Owing to the irregularities on the contact surfaces, the thickness 
of the fluid layer varies from point to point, and so long as the roughness of 
the surface can not be succesddly defined, the variation of the fluid thickness 
will not be accurately determined. One way of overcoming this difficulty is to 

take sample lengths of the two surfaoe profiles and take measurements to give 
the equivalent fluid height on the assumption that the three-dimensional space 
can be reasonably represented by the two-dimensional. prdfiles. 

/Sketch 



Solid Fluid space 

6 = equivalent fluid height 

This approach has been used by a number of investigators (33-38). Cetinkale 
and Fishenden (33) determined the value of 6 from the arithmetic mean value 
of the profile @ by putting 

where E is a constant which was calculated from the relationship 

6 = kf/U 

where u is the heat transfer coefficznt through the fluid measured during 
contact at zero pressure and kf is the fluid thermal conductivzty. They found 
from speci;mens of ground surfaces that the equivalent fluid height 6 is a linear 
function of the centre line average value @ giving E a value of 0.61. 

Laming (40) on the other hand, pointed out the unreliability of 
measuring flud conductance at eero pressure owing to the complications presented 
by the presence of any tarnish film on the surface. From his machined surface 
specimens he found that the zero load conductances were considerably larger than 
calculation would indxate usrng a simple gap parameter. 

AlternatIvely, if tests are conducted in vacuum and with other types 
of gases, some information on the value of the ewivalent fluid height may be 
obtained. The results of such tests may also facilitate the study of the 
slgnlfxance of the fluid conductance in the contact conductance of the interface 
as a whole. This was in fact carried out by L-g and others (6,9,&,25,29, 
30,33,54,59). 

Assuming for the moment that the equivalent fluid height vslue w.n be 
successfully obtamed, and assuming that the heat transfer through the fluid 
space is essentially linear (i.e. the heat transfer through the solid contact has 
no effect on that through the flud) we may obtain the fluid conductance as 

kf 

cf = a 

The assumption of linear heat transfer through fluid 1s valid if 
the fluid gap is small compared vnth the sxe of the solid contact area. If 
this is not so, the influence of the sold conductance cannot be altogether 
ignored. Fenech and Rohsenow (36) included the coupling con&i&n in their 
analysis and derwed the fluid conductance as 

/Cf = 



k+- I- 
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2.4 f&/a+1 

where f(e) is a function of c 
Tfwetak~ cccl, &<<a, 

and has a value near to uniQ for 6 < 0.1 . 
4 << a, 

reduoed to a simple expression 
kf << k this equation oan be 

Cf B kf 

4 +4 

To determine 4 and $ they used a graphical method taking into aooount the 
three-dimensional nature of the fluid space. 

For those investigators who used specimens with controlled surfaoe 
texture, the due of 6 could be readily obtained. Rapier, Jones and MoIntosh 
idealieed the surface profile in their calculation (30). 

Ip the fluid is a gas, the accommodation effect wXl.l cause a tempsratuxe 
jump ai the solid-gas interfaoe. 

aT 
T solid -T = c- 

gas an 

aT 
where 4 is equivalent to a temperature jump distance and - the temperature 

gradient normal to the wall. To include this effect, extra an aist8n0e is sddea 
to the equivalent fluid height 6 (33). This distance is a function of the gas 
properties ma the accommodation function (60). For the effeots on both faces 
we have 

% +a -s#.ap 
c = &+C* = 4 %A -- 

adap Y + 1 cc cv 

where x is the mean free.path, 1 the coeffioient of viscosity, Cv the 
specific heat for constant volume and y the ratio of specific heats. Henoe 
the equation of fluid oonduotanoe beoomgs 

kf Cf - - 
b+C 

In general, metal surfaces me covered with a layer of contaminating 
film whhloh offers additional resistance to the heat flow. This can be oomputed 
from 

/where 
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where Q is the thickness and lb the thermal conductivity of the film (41). 

Now the total fluid conductance takes the form 

Cf’ = 5 6 
Cf + 6 

IJsud.ly the values of 60 and & 8x-e not easy to meas-. In 
this c8se the use of different gases may give an in&.rect answer. 

We consider the thermal conductivities of gases being independent of 
gas pressure. Thu is not the case when the pressure is very low, so low that 
the mesn free path of the molecules is larger th8n the boundaries confining them. 
Under this condition, the molecules transport heat 8cross the interface at 8 
singlebound. There is no temperature gradient and the whole g8s is at 8 uniform 
temperature. Thus is called free molecular conduction. In space envuPnment 
where any heat transfer has to take place either in v8cuum or in rarefied gases, 
free molecular conduction, although with a low heat transmitting effi+ncy, has 
to be reckoned with and it can be expressed by (44,60) 

C = m 
4+4-rk4 

where p is the pressure of gas, R g the universal gas constant, T the ' 

absolute temperature, aa =a 4 the accommodation coefficients and M the 
molecmhr weight. Fried and Costello's investigation in this field provides 
valusble information on 8 thermal contact joint problem which will be encountered 
in space vehicles. 

5. Heat Conductance by Radiation 

Jacobs and Starr (1) found that the conductance of the interface 
w8s approximately the s8me when the surfaces were'just,touching or separated 
and concluded that this ‘~8s entirely due to radiation but the quantity w8s 
negligibly am8l.l. When the two surfaces 8re pressed together under 8 higher 
pressure where heat transfer through metallic channels prevails, it is expected 
that the heat transferred by radiation will. be reduced. Unless the interface 
temperature is very high, this mode of heat transfer represented by 

u - Stefsn-Boltsmann's constant 

where Q ana % 8re the temperatures and & 8na El 8re the emissivities 
of the surfaces1 and 2 respectively, is rather insignificant. Feneoh and 
Rohsenow showed that even for 8 megn interface temperature 8s high 8s llOOoF, 
the amount of heat tr8nsferred by radiation is still less than i$ of the tot8l 
quantity. 
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Cetinkate and Fisheden (33) incorporated the radiation term into 
the fluid conductance so that in the absence of any interfd fluid the conduo- 
tame by radiation became the whole amount of fluid conductance. 
of workers Ignored radiati0q.m their investigation 

A majori* 

6. Effects on Thermal Conductance 

There are a good number of factors which can have considerable 
influence on the thermd conductance of a contact joint. We shall now consldsr 
* few important ones. 

6.1 The effeot'of surface films 

A metal surface is usually covered by a tarnish layer of film, owing 
to either physical adsorption or chemical reaction. It is a oompound of the 
metal Itself and some constituentsof the Surrounding atmosphere. Anoxiaefllm 
is being the most common one on a metsl surface. The film IS sometimes relative- 
ly thick and visible such as in the caSe of a blackened silver; in other cases 
it may only be a few atoms thick and invisible, as in the case of aluminium. 
Bowden and Tabor (4.8) found that adherence cdl friction can be greatly reduced 
with the presence of the tarnish films on the Surface and pointed out that it is 
clearly impossible under ordinary atmospheric conditions to produce surfaces whioh 
are really clean. The only effective wsy to remove them is to apply high 
temperature ixi high vacuum. 

When two surfaces are brought together, only the surfaoe films are In 
contact. Since the material of the film usually possesses different properties 
from those of the underlying metal, it presents a major difficulty in contact 1 
problems, both electrical and thermal. 

It iS well known that there is a close relationship between the the- 
OOndUCtiViQ and electrical reszstivity by the WiedemSnn-Franz-Lorens law and 
the USe Of electrical measurement for the solution Of a then& problem may Seem 
to be a most convenient approach. This has been found, however, to be unsuitable 
with the thermal contact problem (4,10,2~,33,35,36,44,45,~,61). In an electrio 
contact the resistance can be considered to consist of the Oonstrictlon resistance 
and film resxtance in series whilst in a thermal contact, the resistance consists 
of solid contact constriction resistance, fluid and film resistance as well as 

radiation resistance to be connected as if in Series and in parallel as explained 
in Section 2 of this paper. Even if both the fluid and radiation resistsnoes 
were assumed to be absent, Fe still have the surface films to contend with. Any 
tarnish film may have a very high reslstanoe to electricity but not so much to 
heat. AS a result, the oontaot conditions presented by electrical measurements 
may not fit entirely into the tbermsl aspeot. For example, if surface films are 
present, the number of contact areas determined by eleotrical resistance measure- 
ment will not include all those which are not entirely metallic contact points 
but separated only by a film layer. These points are still potentid thermal 
contact points. The condition of these films around each contact point, whether 
metal-metal with films around it or metd-film-metal, must vary considerably 
under different local contaot pressures. l!he situation msy be further aggrevated 
by temperature and time. Hence the likely error 6f applyiag an eleotriosl ~oBQUPB- 
merit to a thermal contact problem based on the constriction concept may not be 
easily oompensated by taking an extra term to include the film electrid resiS- 
tanae as used by Helm (5) and suggested by Feneoh and Rohsenon (36). 
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In the case of flud conductance, surface films will increase the 
fluid resistance. Since the thickness and the thermal condnctlvity can not 
be readily known, their effect m&y have to be treated with the interfacial fluid 
as a whole. 

Lf the pressure on the contact points is increased the surface films, 
usually rather brittle, may be penetrated by the tip of the irregularities 
to allow metallic contacts to be established. !Che increase in metallio 00ntaOt 
conductance is thus expect-d. This nay explain the fact that rough surfaces 
are more responsive to pressure than smooth surface. 

The significance of tarnish films at the interface has been clearly 
revealed by those investigators on nuclear fuel and can problems. Uranium is 
very prone to oxidation. A thin layer of oxde filmmay increase the thenual 
contact resistance many times. Special studies on the effect of 0xlde films 
have been made, and valuable information produced (22,23,24,25,27,29,31). 

6.2 '&e effect of applied pressure 

The effect of applied pressure on the contact conductance 18 the most 
noticeable of all parameters, especxdly at low pressure level. This could be 
due first to the increasing number of contact points and to the change of deforma- 
tions of the engaging irregularities from elastic to plastic. (For elastic def'orma- 
tion the area of contact is prcportional to the 2/3 power of the applies load; 
for plastio deformation, it is proportional to the load). During this initial 
stage, the closing of the fluid gap under pressure is much more pronounced. As 
the pressure is tither increased, the matching configuration is gradually 
settled, the major ohan a then being the increase in size of the contact areas. 
Boeschoten and Held (25 7 made a study of the size and. number of oontaot points. 
They estimated from their experiment that the number of contact points at a 
pressure of 75 kg./sq.cm was twice as many as that at 35 kg./sq.om, while the 
size of each spot r-abed practically the same, and concluded that the oontaot 
pressure had not much influence on the size of the contact spots but on their 
number. They found also the size of the spots was not affected by the type of 
material used to form the joint. A~coli and Germagnoli (24) showed that above 
a contact pressure of about 100 kgJsq.cm the size of the oontact spots inoreased 
linearly with the contact pressure. The pressure range quoted may not have great 
significance, but merely gives an indication of an increasing number of contact 
spots w+th pressure at a low pressure level. At a higher pressure level, as most 
of the peaks of the irregularities have already engaged in contact, the number 
msy not increase much. Owing to the progress of work-hardening the size of the 
spots may not grow indefinitely as the applied load would suggest. m-h 00ula 
account for the phenomenon reported by Kouwenhoven and Potter (6) that the contact 
rezisdce decreased with applied pressure in a manner which was essentially 
exponential. Such behaviour is supported by the findings of Barzelay et al and 
Miller (59). All these give reason to suppose that the number and size of codaof 
spots depend very much on the surface roughness, the applied pressure znd the 
prooess of work-hardening of the material.. III this aspect, a better knowledge IS 
need& for a more aocurate prediction to be made possible. 

For very flat and smooth surfaces in contact, the effect of pressure 
is less marked (3). This is because the areas of actual contact, which JRBY be 
large initially, and the fluid gap will not be substantially changed by pressure. 
On the other hand, zny lack of pressure msy encourage surface films to dominate 
the situation and to cause the joint to behave in an erratic manner. 
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The influence of pressure on the.reduction of contact resistance is 
now a genersJ3.y accepted fact. But the magnitude of the exerting pressure on a 
practical contact joint may be impossible to know., Hence measurements of 
thermal conductance mey often have to be oarrled out un+r the actual operating 
conditions. Bareelsy and his,colleagues at Syracuse University have carried out 
testing on * wide range of aircraft joints and produced very useful information 
(17,18,20). The interfacial pressure of an aircraft skin lapped joint is 
usually unknown. Coulbert and Liu (12) made a study of the thermsl resistance of 
such joints by means of the Mach-Zehnder interferometer which is based on the 
principle of light interference and the faot that&e refractive index of a fluid 
varies with its density. The testing of joints composed of very thin sheets 
requires s special technique.. The pressure dependent behaviour of such joints 
was clearly reported by Bernard (61). In the 6888 of cylindricsl uranium rods 
oladded with thin cans as generally used in a nuclear reactor, .the contact 
pressure in operation is not known owing to varying conditions during burnup. 
Hence measurements ,of the contact resistance can only be obtained from experiments 
carried out under operating conditions which again require special experimental 
technique. The valuable work by Brutto, Casagrande and Perona (28) is another 
example. A similar problem occurs in interferenoe fit finned tubes. The heat 
transfer capacity depends on the contact pressure between fin and tube. Owing to 
differential expansion between fins and tubes at elevated temperatures, complete 
relaxation of contact pressure may introduce an additional contact resistance. 
Gardner and C-ros (62) obtained test data and derived a theoretical method 
for pre&oting the interfaoe resistance. 

6.3 me effect of inoreasing temperature 

When the mean temperah of the interface is raised, the thermal 
conduct.anoe will increase also. This phenomenon has been observed by most 
investigators (1,2,10,13,14,15,27,33). 

lZle change of temperature generally causes a change in the properties 
of the materials. In most metals there is a reduction in strength at a rise in 
temperature. The yield strength of aluminium alloy will fall vary rapidly at a 
temperature of between 150 - 200°C whilst that of steel will not be seriously 
affected until the temperature has reached a value of 250 - 3OO'C. The rise in 
temperature is also responsible for a decrease in the hardness of the metal, olang 
to the thermal movement of the atoms, the process of which was explained by 
Helm (5) as atomic diffusion. Through the increase of atomio diffusion with 
rising tempera+&, there is a decrease in hardness in the part, which is due,to 
work-hardening.' Work-hardening may be completely removed if the temperature 
exceeds a certain oritiosl value called softening temperature. It follows 
that the direct consequence of a temperature rise at the interface is an increase 
in contaot areas. Since the process of atomic diffusion is a function of 
temperature ana time, the contact areas wW;1 ticrease, though 
To account for this ohange in hardness, Cetinkde and 
equation dsrived from Van Liempt's theory (63), such as 

Ii = &i [I - w(; log, T‘ + 35 ;'- 29.8)] 

where T is the temperature at which w , a constant of the metal, is determined. 
H and Ib are the Meyer bardnesses at temperature T' for r' hours and 
l/180 hour application of load respectively. 

/A rise 
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A rise in temperature also affects the part of heat transfer due to 
fluid conductance. If the fluid is a gas we expect the thermal conduotivity 
of the interfacial gas to increase with temperature since the thermal conduo- 
tlvlty of a gas is proportional to the coefficient of viscosity which, in turn, 
is proportioned to the square root of the absolution temperature. 
equations (66a),(i26b) and (157) 

combining 
in reference (60) by Kennar, we have 

Py -5 
kg = 

.w-zi 
cv Ph 

where u is the Boltsmann constant, m the mass pf & gL5 molecule, A the 
mean free path, Cv the speclfio heat and T the absolute temperature. With 

this expression the increase in fluid conductance for a rise in temperature can 
be estimated. Dyban, Kondak and Shvets (10) reported a large proportion of heat 
flux was transmitted through gas slits in their experiment and commented that the 
heat flow +oross the interface might become redistributed and this could reduce 
the loss due to constriction. An interdependence between different modes of 
heat transfer is explained. 

The effect of temperature on surface films is much more ddficult to 
assess. Normally an oxide film grows with the increase of temperature. But 
if the temperature is really high enough it w be boiled off from the surfaoe. 

In certain cases an increase of temperature may lead. to a higher contact 
pressure as a result of the thermsl expansion of the parts. This was pointed out 
by Feneoh andRoshenow and obsel-ved by Barselay and his co-workers in the testing 
of stniotural joints. (13,14,34). 

6.4 Effect of heating time 

As described in Section 6.3, the hardness of a metal decreases with 
increasing temperature and time. Even at room temperature the process of atomic 
diffusion continues though very slowly (5). Cetlnkale and Fishenden (33) carried 
out experiments with the use of a Rockwell hardness testing machine and found the 
following expression 

H = Ib [I -w log, 180 T] 
1 

24 hr. c T < - hr. 
180 

Since in a thermal contact problem, tempera&e is alwsys associated with time, . 
the expression for hardness quoted in Section 6.3 is more appropriate. 

An inorease of contact conductance with time is now to be expected. 
This has been obsemed by Barzelsy, Tong, Holloway (14) and Skipper and Wooton (27). 
Boeschoten reported an improvement of contact oonduotanoe after the application of 
pressure ever * long period (22). A pressure cf 25 atmospheres was applied for a 
week and the improvement was found to be about 75% 

If heating is carried out in air, an oxide film over the metal surface 
will grow with time. Holm and others (5) made extended observations and found 
that at temperatures above 600"~ the thickness of the films increased proportion- 
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ally to the square of time (termed parabolic law) while at lower temperatures 
there was a slight deviation. 

7. Contact Joints under Transient Heating 

ID the design Of aircraft structures where aerodynamic heating is 
generated during supersonic flight, a luwwledge of the temperature distribution 
within the structure is of considerable importance. Unless the speed and altitude 
of the aircraft are maintdned constant for a substantial period, heating is of a 
transient nature. In order to obtain reallstio data of the thermal oonduotanoe 
through joints Of current constructure used in airoraft struotures under such 
a oondition, Bareelay and Hollowv (i7,18,20) carried out an intensive 
testing programme and were able to reveal the complexity Of the problem, They 
found that the interface conductance varied wdely from specimen to specimen and. 
even from one test run to another in the same specimen. Fabricated specimens 
possess different characteristics from each other and the contact pressure varies 
according to the process Of rivetting. As a matter of fact the local oontaot 
pressure actually varies with distance from the rivet. Consequently, interface 
conductance becomes a function of location as well, and the usual definition of 
the thermal contact conductance does not seem to have its full meaning in this 
respect. On the other hand, it may not be possible to determine the local contact 
conductance in order to work out an average value for the whole joint. Apart. from 
this, the ocourrenoe of warping of the contacting parts is on a much larger scale, 
espeoially with thin plates. As the temperature distribution varies with time, 
all the other governing factors will vary with time as well and the change of oontaot 
oonditi ns will. take place continuously during the whole period of heating. Even 
if we wish, it may not be possible to determine the relationship between eaoh gwern- 
ing factor and time over the whole period of heating as the cause and effect are 
closely interrelated, hence all factors are, in varying degree, interdependent. 
Thus is a non-linear problem of a very complex nature whloh is not yet fully under- 
stood. 

Theoretical studies have exhibited the importance of a contact joint 
thermal resistance in Mluenoing the thermd. stress &stri.bution jn the struOixres. 
Barber, Weiner ard Boley (21) in their analysis, assumed the temperature drop at 
the interface to be proportional to the hsat flow and idesJ.ised the struoture so 
that the heat flow was one-dimensional. They showed that for pulses of short 
duration of heating, even a oontact'resistance of small magnitude would produce 
a considerable effeot on the temperature distribution. Grdfith and Miltonberger(i6) 
carried out their investigation with the purpose of determining the effects of joint 
conductance on the temperature ad the thermal stresses in skin-stiffener struo- 
tures for different aerodynamic heating conditions. Their analysis was carried 
out in non-dimensional form with the aid of an eleotronic dxfferential analyser for 
the solution of the simultaneous differential equations. The joint conductance 
wa s inoluded in the Biot No. used as the Joint conductivity parameter, thus the 
effect of the joint conductance couldbe studied from the solutions according to a 
geometrical configuration of the joint assembly and a heat input rate. Pohle, 
Lardner and French (64) investigated the temperature &.stribution in a built-up 
struoture in the form of an I-section composed of cover plates and a web. For 
analysis, the section was idealieed to give one-dimensional heat flow and the 
oontaot geometry was assumed according to an idealised model. From experimental 
evidence, the temperature drop at the junction was taken proportzonal to the rate 
of change of the temperature at the web face (assuming heat flow to be from flags 
to web). Their results showed that the temperature drop at the interface was 
approximately a constant, irrespective of time. This would not be so if it was 
t&en to be proporti&l to the heat flux as assumed by Barker, Weiner snd Boley. 
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In vzew of the compl~~ted nature of the problem, their'results agreed well with 
measurements in spite of the slmpllfled assumptions and idealisations introduced 
m their snslys~~. 

a. Thermal Contact at Low Temperatures 

Cryogenic engineering has been widely applied in many fields in recent 
years and the problem of thermal contacts at very low temperatures has received 
increasing attention. Jacobs and Starr (1) were concerned with its application 
to cryogenic apparatus and carried out experiments to measure the thermal conduo- 
tance between pairs of copper, silver and old plates at room temperature and at 
liquid air temperature. Berman and Mate 7 45,46) in the study of the problem of 
thermal switches for low temperature work provided a better understan&ing of this 
rarely explored subject. 

The physical properties of materials at very low temperatures differ 
greatly from those commonly encountered. Thus the msnner of heat transfer across 
an interface at low temperatures will appear somewhat different from those at 
elevated temperatures. For example, the thermal conductivity of most pure metals 
increases greatly at low temperature and has a maximum value which may be many 
time.9 the room temperature value. The state of the interfacial fluid may be 
chan&d from gaseous to liquid if the temperature and gas pressure are appropriate 
for the transition. In that case, the fluid conductance will increase consider- 
ably. If the interfacial fluid is in a gaseous state we msy expect the thermal 
conductivity of the gas to decrease with a decreasing temperature. Besldes it 
has been known that gases tend to be absorbed on to the surface of a solid and 
the quantity of absorption increases greatly when the temperature is lowered 
towards a value at which the gas will normally condense. This is the phenomenon 
which causes the failure of thermal switches at low temperature as described by 
Jacobs and Starr (I). 

The electrical resistances of most pure metals are extremely small at 
low tern erature 
Holm (5 P 

and this sffeots calculations of constriotion~resistsnce. 
found that the constriction resistance at low temperature (4.2%) Is only 

1/6th that at roOm temperature, but the high resistance due to surface films may 
make the oonstrlction,resistance value rather insignificant. On the other hand, 
the contact thermal. conductance may increase a great deal owing to the increase 
in thermal conductivity of both metal and fluid at low temperature. Under suah 
circumstances the Wiedemann-Franc-Lorene law is totdly inapplicable. This was 
observed by Berman (45). One most interesting point discovered by him is that 
the thermal contact conduotance is proportional to p irrespective of the type 
of materials which form the oontaot. The temperature at which experiments were 
carried out by Berman and Mate was around liquid helium temperature. 

9. Heat Transfer at the Interface of Dissimilar Metals 

Apart from other factors disoussed above, the direction of heat flow 
undsr certain oircumstanaes may have sn effect On the contaot resistance of 
dissimilar metals.' Barseley et al (i&l&) were the first to notice this phenom- 
enon. They found that the thermal conductance of an aluminium alloy- stainless 
steel assembly was several times greater when the heat flowed from aluminium alloy 
to stainless steel than it was when it was from the opposite direction. They 
explained that this could be due to the warping of the stainless steel which has 
a lower thermal conductivity value. Their alternative explanation was that if the 



- 19 - 

aluminium alloy was put on the hotter side of the interface owing to release of 
its residual stresses at an elevated temperature it oould also 0ausS a change 
in the matching configurationl*.' V?neeler (26) elaborated the possibility of this 
hypothesis vnth diagrams. 

Miller (59) is another investigator in the problem of thermal cc&a& 
who reported that the thermsl resistance was higher for two different metals than 
for two identical ones, but he did not mention any directional effect. 

With a specially designed apparatus Rogers (6.5) set out to investigate 
the problem and obtained some interesting results which confirmed the existence 
of a directional ef?ect between aluminium or alwninium alloy and steel but not 
between chromel-slumel, copper-steel and aluminium - mica - steel interfaces. 
He concluded that the mechanism of conduction at the contact points could be the 
associating factor. Wdlxsms (66) in discussing Rogers' results, suggested, 
however, that the effect might be due to a direct result of surface contamination, 
His third&g on this point was connected with the influence on actual metallic 
contacts but not with it being a potentlsl barrier. He also suggested the 
possibility of the change of metal hazdness at elevated temperatures. 

With the aid of the thermal comparator, a simple ingenious device 
invented by them at NPL, Powell, Tye and Jolliffe (67) took up the imrestlgation. 
'The thermal comparator method is the measurement of the heat transfer to and 
from a small metal ball (in this case a steel ball) following contact mth a 
test surface at a fixed temperature difference. This is the r&son why steel 
always appears as one of the two materials fonning assembly joints in their 
experiments. With the four pairs of dissimilar materials they investigated, 
i.e. steel-alumixuxn, steel-aluminium alloy, steel-germanium and steel-soapstone, 
there was not any in&cation of the dzrectiond effect. Perhaps Powell et al 
maybe correct inrenaddng that the thermal comparator method, owing to the small 
area of contact, might not be suitable for detectin@; the direction&L effect of 
heat flow. Indeed., in this method the contaot geometry is clearly defined and 
~111 remain more or less unchanged during measurement. This means also that the 
contact area will not be affected by warping or any differential expansion between 
the metals. It may be affected by the change of mtenal hardness but the test 
temperature was too low to be of sny signifxsnce. In this method the contact 
pressure is very high, which could repress the influence of the surface films, 
and therefore the potential barrier. If the contact area or the surface film or 
both are truly the causes of'the thermal directional effect, we have reason tn 
think that the thermal comparator method is really unique in respect. of it being 
unaffected by w then&. directional effect. 

The possibility of 'a thermal directional effect due to the presence 
of a potential barrier wss investigated by Moon and Keller (68). Most surface 
fdms are semi-conductors which are considered potential barriers between the 
contact members. !l%e thermal movement of electrons of high energy levels is 
sufficient to allow them to pass through the barriers and the work functions 
together with the temperature govern the transition. AccordFng to the principles 
of quantum mechanics, they calculated the t-mission of electrons across such 
a potential bSrrier as t+e electronic contribution to heat transfer. The 
directIonal effect was considered due to the difference in t-Ition of electxons 
from both directions. Eased on assumed values for the work functions and for the 
ratio of actual to apparent contact area, they computed a result which compared 
well with Rogers' result from the alumznium-steel assenbly. One may still be 
puSSled, however, by the evidence from Rogers that the steel-copper assembly 
result gave no indication of such a directional effect. This may be because, 
with the alumjr&nn 0fid.e the work function for electric trard.tiOn Fran metal 

/to 
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to the semi-conductor is larger than that responsible for an oxide film over steel 
or stainless steel, whereas, between copper and steel, the dzifference of the two 
work functions may be too small to show any appreciable effect. Although the 
nature of potentid barriers between dissimilar metal. during thermal oontaot 
is still not clearly understood, Moon and Keller's theory has at least provided 
an incentive to further investigation. 

10. Hysteresis Phenomenon 

When a joint is loaded progressively and then unloaded, the thermal 
conductance of the joint upon increasing load is not reproducible upon decreasing 
load. The vd.ueS of oonduotanoe during unloading are always higher than those 
during loading. 
35,36). (5) 

This phenomenon has been observed by many investigators (9,10,33, 
Helm found that the same phenomenon occurs in electric contacts 

and considered the cause being due to cold welaing. As the load is increasing, 
the surface films at contact points will gradually be broken down to allow for 
base metal oontact to be established. The adherence of these points, as the 
result of cold welding, will. remain D. firm contact even when the load is being 
reduced, giving rise to a relatively lager area of oontaot hence a higher oonduot- 
snce . Fenech and Rohsenow ,(36) on the other hand, suggested that this was due 
to the elastic deformation of the bulk of material in the sublwers and thus 
bringing the two surfaces closer together. We may well suppose that, whatsoever 
the cause, the surface contact condition, after & high load is applied, has been 
considerably improved. The hysteresis phenomenon indicates an irreversible process. 
When pressure is being inoreased for tbz first time, deformations of the contact 
points are elastic and then plastic if the magnitude of the contact pressure 
exceeds the elastic limit of the material. When the load is reduoed, recovery 
of deformation will take place only in the elastic domain so that the variation 
of the contact area is proportional to p's whereas during plastic deformation 
the variation of the oontact area is proportional to W. The recovery of fire* 
during elastic unloading is therefore smaller than the formation of the contact 
area dur2.ng plastic loading. This may explain the reason why contact conductanoe 
is always larger during unloading. As plastio deformation plays an important part 
in cold welding and as the deformation in the bulk material is the direct result 
of the applied surface pressure, it msy not be too unreasonable to suggest that they 
all have some oontrlbution towards creating the hysteresis phenomenon. 

Il. Improvement of Contact Conductance 

Recent advanoes in thermal contact research have provided not only a 
better uderstauding of the mechanism of heat transfer across a contact joint, 
but also a olear indication of the lines along which anyimprovements of a contact 
joint conductance can be made. This may be regarded as invaluable for practical 
applications. The most significant factor for such a purpose is the increase of 
applied pressure to achieve a better metdlio contact especially if the surface 
is rough. Kouwenhoven and Tampeoo (3) sprinlded,the contaot surface of the 
specimens uniformly with fine steel filings of the same material. Under an 
increasing pressure they observed that the contact resistance (electrical) was 
lowered to one-tenth of the initial values. The explanation is rather simple in 
this case. A larger metallic area of contact is promoted when the steel particles 
penetrate the surface films under high local concentrations of pressure. A rough 
surface without any projecting particles wUl produce similar results. The 
reduction of the fluid gap under pressure ali0 improves matters, perhaps to a 
lesser degree. There are opinions, however, suggesting that the fluid gap is 
the primary path of'heat trsnsfer. This is true under certain circumstances and 
any means of improving the value of kf/s wiil certainJy be rewarding. 

ml-N3 
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Filling the fluid gap between the fuel element and the can in a nuclear reactor 
with a high thermal conductivity gas such as hellurn, which although is primarily 
for preventing oxidation and for facilitating the leak detection, can be considered 
to fulfil this requirement. 

With smooth surfaces, the significance of applied pressure is not so 
marked. Improvement of contact conductance may be achieved by the insertion of , 
a softer materti with a high thermal conductivity at the interface. A good 
number of investigators have used shims of soft mater-6 such as aluminium, lead 
and copper etc. and have found a remarkable improvement when pressure was applied 
(8,9,1~,13,14,44,59). In spite of another interface being created by the presence 
of another piece of material., the thermal conductance value csn still be expected 
to increase provided the shim is not too thick. The improvement of conductance 
in this case is largely brought about by the increase in actual contact areas. 
Materials with a low yielding strength are quite ready to deform under pressure, 
the greater the pressure the larger the actual contaot area until the void space 
is filled up, this being an extreme lirmt, in which case the resistance of the 
tarnish films between the surfaces together with a certain amount of aonatriotion 
resistance are the only resistances of the contact joint. 

In some engineering practices where the insertion of separate pieoas 
of soft metal foils may not be possible, other methods to give a similar effect 
have therefore been introduced. Boesehoten (22), suggested the use of liquid 
lining of low-melting alloys (to be effective, 
than the interface temperature). 

the melting point has to be lower 
For use in a nuclear reactor this material 

should possess a low neutron absorption character. Ascoli and Germagnoli (22,23) 
used another technique. They sprayed a coat of aluminium on the uranium surface 
and their report was most encouraging. 

12. Concluding Remarks 

Considerable progress in heat transfer through metallic contaot joints 
has been achieved in recent years, giving a better understanding of the problem 
where the state of heat flow is steady. In the transient state, valuable studies 
have been made which reveal the complexity of the problem. The changing character 
of a contact joint during transient heating hampers reasonable prediction. The 
uncertainties of the matching configuration are oausedby a large number of 
factors which vary with time. Thus they are interrelated and the signifioance 
of each of them osn not be easily investigated. Any fruitful study of the problem, 
at this stage, would only be achieved, seemingly, Ff the number of governing 
variables could be reduced to a minimum. The uncertainty of the matching 
condition of an interface, whether in the state of steady or transient heat flow, 
may remain for some time until the roughness of a surface can be meaningfully 
defined. In the meantime, our studies can only be carried out with controlled 
contact surfaces or with approximations. 

The properties of surface films and their behaviour at the interface 
have been studied intensively in the electrical fzeld, butsnot so much from the 
thermal aspect. The presence of surface films may render two otherwise physically 
identical joints to behave quite differently from each other. A knowledge of 
the tlucltlless and the thermal conductivity of a surfaoe film would be valuable. 
The nature of these films acting as potential barriers at the interface of dis- 

similar metals is not clearly undqstood. A better knowledge of this may be 
desirable for further imrestigation into the cause of the thermal directional 
effects. 
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Our knowledge of thermal conductance at low temperature has bken 
limited to the liquid helium temperature region. The behaviour of a therm& 
contact along the temperatuzx scale from room temperature downward may be of 
interest both from a prffitxal and from an academic point of view. 

From the engineering ad@ viewpoint, a correlation of all the 
experimental data in a common form should be vduable, This is not an easy task 
as the data have been presented in different ways under different experimental 
conditions. Graff (69) has made a very good attempt at presenting some selected 
data in diagr~tio forms for design purposes. Where generalisations cannot 
be applied, such as in aircraft struotursl joints, design data may only be obtalned 
from tests of specific samples. Reasonable experlenoe has been gainea for 
improving the heat transfer ability of a contact joint. !&is maybe regarded as 
being of oonsiderable praotioal value. 

/List of !Tymbols* 
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List of Symbols 
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n 
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area of oontaot 

conductance (either thermal or eleotrioal) 

resistance ( * * I 1 

quantity of heat flow 

applied load 

mean yield pressure 

absolute temperaturr, 

Meyer haxdness 

emissivity 

molecular weight 

universal. gas constant 

radius of oontact spot, also accommodation 
coefficient 

radius of a model cylinder 

tiem oonauotivity 

oonductitity, harmonlo mean value 

coeffiolent of heat transfer 

temperature jump distance 

rmss of molecule 

number of contact areas 

quantity of heat flow per unit time 

heat transfer coefficient at sero pressure 

a/r 

average fluid height 

mean free path 
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Y 

E 

B 

P 

T 

Subscripts: 

0 

f 

r 

L 

P 

0 

T 

8 

specific heat for constant volume 

ratio of spectiio heats 

a constant 

centre line average value 

coefficient of ViSCOSiQ 

time 

metalllo contact 

fluid 

radiation 

solid 1 or surface I 

solid 2 or surface 2 

surfaoe film 

\ total 

gas 
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