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SUMMARY

This thesis describes a theoretical and experimental study of heat
transfer through the interface between two solids which make contact
and then separate periodically. The cycle of contact and separation

is continuous and the quasi-steady state only is considered.

The system chosen as the model for study comprised two identical
solid bars, arranged with their longitudinal axes in line and able

to make periodic contact at their adjacent ends.

The remote ends of the bars were maintained at fixed but differing
temperatures, so that heat was transferred through the interface when

the adjacent ends were in contact and ceased when they were separated.

The effects of frequency of contact, thermal contact resistance offered
by the interface during the period of contact and the ratio of contact
time:periodic time of the cycle on the average thermal resistance of
the system were explored theoretically. The resultsof this study are
presented as a set of curves connecting the variables through dimen-
sionless groups. The validity of these results was corroborated by
solving the heat diffusion equation by two independent methods, each

of which yielded the same result.

Experimental work showed that the theoretical data could be used to
obtain a first approximation to the average thermal resistance

offered by a pair of periodically contacé:?urfaces, but large variations
(probably due to changes in contact geometry between one cycle and the
next) could occur. Tests to establish the effect of impact upon the
average thermal resistance were inconclusive and an improved experimen-

tal technique is required generally for any future work.
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NOMENCLATURE

Equation numbers in text

Equations having numbers prefixed by a number and oblique stroke,

will be found in the Appendices. Thus equation (3/7) will be

found in Appendix 3.

Equations having no prefix and oblique strokewill be found in

consecutive order in the main text of the thesis.

Symbols

(Arabic)

Radius of local contact area
coefficient equation (4/2) Appendix 4

constants in straight 1ine equation (122)

area
area; sum of local contact areas

coefficient equation (72); or a/m/T eq.(14/39)
elemental cylinder radius

macroscopic heat channel radius

coefficient equ. (4/3) Appendix 4

coefficient equation (72)

lTocal contact area radius; or specific heat capacity
dimensionless constant, equation (5); or length
see equ. (4/10) in Appendix 4

flatness deviation

b(dy + dz)

total flatness deviation

a( )/at
see equ.(4/12) Appendix 4 m and k are integers
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input voltage

output voltage

Youngs modulus of elasticity; or emf.
frequency; or defined by equ. (15)

function of time

g,(x) + h(x)

function of ( );

see equation (14/40) Appendix 14

thermal conductance of single contact area Equ. (14a)
thermal contact conductance

thermal conductance of solid-to-solid heat flow path;
or microscopic contact conductance

the macroscopic contact conductance

see equation (14/41) Appendix 14

lTength

integer

current

/-1

thermal conductivity W/mK

thermal conductivity of interfacial fluid

arithmetic mean thermal conductivity; harmonic mean
thermal conductivity

thermal conductivity of solid

thermal conductivity of solid 1

thermal conductivity of solid 2

length of bar

length of solid bar equivalent to 3 thermal resistance

due to periodic interruption of heat flow
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Q
QAH
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%
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loss, equation (64)

integer, or iteration number

Meyer hardness

constant

integer; or number of local contact areas per

unit surface area

number of local contact area per unit surface area
mean pressure; potentiometer setting, or

a-g9(fr )

——2'-2——— et (?0)

mean pressure
maximum Tocal pressure

matrix element equ.(74)

function of x, with iteration Lth term equ.(14/5)
see also overleaf nominal pressure etc.

matrix element equ.(78)

function of x, with iteration Lth term equ.(14/5)

,heat transfer rate
axia(miflow 'l"hmuj‘-n inlerface (hot bar)

adicd . W hot"bw Vi
AP et '\(..:.T-Ffahl " w ] at anu # "2

Symbats QAC, QRE & QZH o0 cold bay

heat transfer rate steady state permanent contact
conditions. Zero thermal contact resistance.

radius or electrical resistance

radius of dividing flow 1ine a Tong way from contact
area. Equ. (6).

contact element radius

thermal resistance

thermal contact resistance
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thermal resistance of radiative heat flow path
thermal resistance of solid-to-solid heat flow path
(constriction resistance)

total thermal contact conductance

time

volume of interfacial fluid per unit surface area
temperature

temperature at distance x, at time t

temperature at A
temperature at Xn
temperature at distance x, at time t corresponding to
the m th iteration

time-average temperature at distance x

temperature during period 1 equ. (4/2)

temperature during period 1 equ. (4/3)

uncertainty in 2., equation (128)

load

distance or position

distance of n th node

dimensionless distance (x/%); or distance, equ. (42)

distance in axial direction

Greek symbols on next page



Greek Symbols

o

thermal diffusivity or angle of intersection between
ridges equ. 16, or as in Appendices 14 and 16

(di Ffusivity)™?

coefficient of thermal expansion; or potentiometer
setting Fig.23 equ(97)

arithmetic mean distance between surfaces

fluid gap thickness; or asperity height

asperity height on surface 1

asperity height on surface 2

depth below surface at which temperature fluctuations
are negligibly small; effective fluid gap
dimensionless temperature difference see equ.( 3/5)
Appendix 3

fictitious temperature drop, equ.(1) & (2) and Fig.2
ratio AC/A; or constant equ. (13) or error equation (131)
measuring errors equations (126) and (127)

length of bar equivalent to 3 thermal contact resistance,
see section 4.3.2.- and Fig. 19

wave length of ridges on surface 1

wave length of ridges on surface 2

mean value of A above

1/ Vo

see equation (35)

function of ( )

density; or electrical resistivity

surface roughness

dimensionless temperature T/TA

vii



L=

dimensionless temperature at position x
dimensionless temperature at node n, in steady state
permanent contact condition equ. (3/5) and Fig. 3-2
temperature drop in length 2 of bar

temperature drop due to % thermal contact resistance
periodic time

contact time

non-contact time

elastic conformity modulus

pabL

Emdt

Temperature see Appendices 14 and 16

Laplace transform of ¢

viii
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1. INTRODUCTION

1.1 Preliminary Remarks

An engineering designer may have to consider a system in which heat is
transferred through two solid surfaces which are periodically brought
into contact and then separated. An example of this kind of process is
to be found in the internal combusion engine; the head of the exhaust
valve is brought into contact with the relatively cooler valve seat

and then separated from it each working cycle. In repetetive hot metal-
forging processes, the die or hammer is brought into contact with and
separated from the hot work-piece periodically. Heat input to the die

influences the wear of the die.(])

1.2 Statement of the Design Problem

Knowing the thermal resistance offered by the interface of two solids in
permanent contact, a designer would have to try to predict the effect of

periodic contact and separation of the solids on heat flow.

1.3 Object of Investigation

Faced with the problem 1.2 above the object of the investigation des-
cribed in this thesis was:
(1) To derive a simple theory which could be used to predict the effect
of periodic contact and separation of the solids on heat flow.
(ii) To devise and perform experiments which would:
(a) show how far the theoretical predictions were applicable to

an actual system.

(b) indicate some effects not considered in the theory.



2. HEAT TRANSFER BETWEEN CONTACTING SOLIDS

2.1 General State of Knowledge

A simple qualitative explanation of how heat is transferred, in the
steady state, through the interface between two solids, in permanent
contact with each other, is well established. References (35) » (92)
and (108) ape typical of the papers in which an explanation may be
found. For convenience of reference, however, an account of the mecha-

nism of steady state, heat transfer through the interface between two

permanently contacting solids will be given in section 2.2.

Prediction of the magnitude of the thermal resistance offered by the
general type of contact interface met in everday engineering practice

is however tedious and less certain, despite the large research effort
made over the years. Recent attempts to obtain a better correlation of
the thermal resistance of a contact interface with various important
parameters have been more encouraging. However, the behaviour of a con-
tact interface ~° under transient heating is not fully understood and
very little research appears to have been done on heat transfer under
non-permanent contact conditions. These and other aspects of the sub-

ject are discussed in more detail in section 3.

2.2 Mechanism of Steady State Heat Transfer Between Permanently

Contacting Solids

The surface of all solids, even those apparently smooth to the naked eye,
can be revealed under magnification to appear as an irregular array of

"hi11s" and'valleys", so that when two surfaces are pressed together they

make contact at only a few discrete areas as shown in Fig. 1. If the



fluid which fills the space between these areas is of low thermal con-
ductivity compared with that of the solid, heat will flow more readily
through the contact areas and the heat flux lines will be constricted
as shown in Fig.1. This constriction causes a resistance to heat

flow additional to that due to the bulk solid material.

Fig. 2 shows the temperature distribution along the axis of two solid
bars, insulated over their curved outer surfaces to prevent transverse
heat losses and with adjacent ends butted together. In the regions some
distance upstream and downstream of the contacting end of each bar the
heat flow is one-dimensional. Near the contact region however, the heat
flow in the bars becomes three-dimensional. There is no temperature dis-
continuity at the contact areas,but the temperature distribution is
decidedly non-uniform across any section of the bars at and near the con-
tact areas. Extrapolation of the temperature distribution in each bar
from the region remote from the contacting surfaces, where the heat flux
lines are parallel, to the contact interface reveals an apparent tempera-
ture drop ﬂTC, see Fig. 2. This is a fictitious temperature drop be-
cause temperature continuity must exist everywhere. However it allows

thermal contact resistance and conductance to be defined in a practical

way. Thus:
Thermal contact resistance Rc ' Tc (1)
Q
AR
Thermal contact conductance hc = KTET: (2)

Contact resistance as discussed above may be thought of as a sum of two
resistances in series, due respectively to macroscopic and microscopic
constrictions. The macroscopic constrictions arise from large-scale

flatness deviations, (waviness), of the surfaces, see Fig. la. The



microscopic constrictions are produced by local surface roughnesses
which are superimposed on the flatness deviation, see Fig. 1b. The
term "constriction resistance" arises naturally from the above and is

used often in the literature.

The heat flow at the interface between the contacting surfaces will take

up different modes, namely

(a) Conduction through the actual solid-to-solid contact areas.

(b) Heat flow through the fluid filled gaps surrounding the con-
tact areas. If the distance between the non-contacting parts
of each solid is small, as is commonly the case, fluid con-
vection is suppressed and heat is transferred through the
fluid by conduction alone.

(c) Radiative heat transfer is usually small; with interface
temperatures as high as GOOOC, it has been reported that

heat transfer by radiation is less than 1% of the total amount,(a?),

For analytical purposes, it is commonly assumed that the above modes of
heat transfer are independent of each other and that there are three
separate paths for the heat flow. The total resistance to heat flow

arising from the presence of the interface is then given by:-

LN SR AR (3)
Rt RS Rf R.
where Rt = total thermal contact resistance
Rs = thermal resistance of solid-solid heat flow path,
(constriction resistance)
Re = thermal resistance of heat flow path through inter-

facial fluid



Rr = thermal resistance of radiative heat flow path
When oxide or other surface films are present their thermal resistance
must be added to those quoted above. With metal surfaces, such films
are caused by chemical reaction of the metal with some constituents of
the surrounding atmosphere or by adsorption. In normal engineering
circumstances they are always present. Surface films are also often
present with plastic surfaces, but plastics are not generally chemically
reactive with the atmosphere; such films arise from use of plasticizers
during processing which are 1iable to produce a "bloom" on the surface.
With plastics the thermal conductivity of the film material is higher
than the plastic whereas with metal oxides the converse is the case. A
detailed discussion of the effects of surface films is regarded as beyond
the scope of this present work. However, a useful, brief appraisal may

be found in reference (111)

As distinct from films it is well knownthat if a thin shim of high con-
ductivity, easily deformed material (e.g. soft copper) is placed between
the contact surfaces and a load applied,the material flows into the gaps
between the surface asperities and assists heat flow through what would

(63)

otherwise be fluid filled gaps. Reference analyses the effect of

plating surfaces with high conductivity_mater1a1s.



3. REVIEW OF LITERATURE

3.1 Preliminary Remarks

|9

The number of publications concerned with heat transfer between period- | '
ically contacting surfaces is now very large. In contrast heat transfer |
between solids which make intermittent contact has received scant atten-
tion. For these reasons much of this review will deal only with a selec-
tion of papers concerned with permanent contact heat transfer which are

felt to give a broad indication of the state of knowledge.

Selection was determined by picking out those papers which are:-

(a) Referred to in past literature surveys as being of fundamental
importance and which frequently appear in the list of references
in other papers.

(b) Basic studies published subsequent to those above in various
journals of heat transfer.

(c) Found to be relevant among papers not necessarily concerned
with heat transfer at the outset but in which contact heat tran:z-

fer has emerged as an important consideration.

3.2 Heat Transfer Through Surfaces In Permanent Contact

3.2.1 Bibliographies and surveys

Bibliographieshave appeared from time to time but they consist of lists

of published papers only, arranged in alphabetical order of authors.

(4),(54),(69),(99)

References are typical. They contain no comment on

the papers listed although the bibliography compiled by Moore, Atkins and

(69)

B1lum presents a 1ist of references tabulated by topic.



Surveys have been written or contained within papers by such authors as

wong(108)’(]10)’(111) Thomas and Probert(gz) Fletcher and Gyorog(41),

Moore(?o). B1oom(20)and Putnaerg1is(1]3) Each explains the mechanism of
contact heat transfer, examines factors which influence it in some detail
and comments on the state of knowledge at the time of writing. References

(]DB)’(111)’(92)and(?0} contain literature references on permanent contact

heat transfer in both the steady and transient states, but only Nong(TOS)’
(]T]Jnd Moore(?g) discuss the effects of an interface on thermal trans-

jents.

A11 the surveys quoted above indicate that considerable progress has

been made towards a better understanding of steady state heat transfer
through the interface between two contacting solids. However, at the

time they were written, and indeed now, no simple or satisfactory method
for accurate prediction of the resistance to heat transfer nffered by

the general type of interface met in everyday engineering practice exists.
The biggest difficulty is that of characteristing the roughness of a sur-

(70,108,110)

face in a meaningful way This situation has meant that

studies have had to be made using mathematical models on the one hand
or carefully prepared and controlled surfaces(25’27’35’36’37’61’?9']10)
on the other. Subsequent to these surveys however, some attempts at cor-

relation of experimental data(41‘go) have met with more success than

hitherto and are discussed in section 3.2.2.4.

The surveys above also show that relatively 1ittle work has been pub-
lished on temperature transients within a system where two solids are in

(1,88,12,22) g1y re-

permanent contact and such that have appeared e.g.
veal the complexity of the matter. An assessment of some papers pub-

lished subsequent to these surveys is also included in this review.



3.2.2 Steady state, permanent contact heat transfer .

3.2.2.1 Basic studies involving mathematical models. Holm and Roess

In view of the similarity between the flow of electric current and the
_ (17),(18),(23)

flow of heat in conductors, various workers have

made reference to it and used it to assist theoretical study. A simple

expression for the constriction resistance of a single local contact

area on the "flat" surface of two contacting semi-infinite bodies is

(57)
due to Holm
gt 192 (4)
2ak
where_a = radius of contact area

k thermal conductivity

No surface films are present in the above case, and the entire heat flow
passes through the contact spot and the two contacting bodies are of the

same material.

The restriction of equation (4) to conductors of semi-infinite extent was

77)and others, see(gz) and(58),who analysed axial heat

removed by Roess(
flow through two identical cylinders of radius b, whose axes are in line
and which make contact through a single, centrally placed contact area of

radius a. Equation (4) then becomes modified to

RN (5)
2ak
. : . ,a, (58)
where ¢ is dimensionless and a power series in (E) . The values of ¢

are 1. >c > 0.1, for 0 <-§ < 0.75, (92)

As with Holm's model the entire heat transfer passed through the Tocal

contact area.



_Cetinkale and Fishenden

In 1951 Cetinkale and Fishenden (zs)analysed a contact model composed of
an array of elementary cylinders which make contact at a local contact
area. The contact area is raised from the surface and is surrounded by
an annulus of conducting fluid as shown in Fig. 3. Heat passed through
the fluid as well as the contact area. However, there was no heat flow
transversely between contact elements. The heat flow lines at a large
axial distance from the contact area were assumed to be parallel. They
introduced a "dividing flow 1ine" which separated the heat flow through

the contact spot from that conducted through the fluid.

Isothermal surfaces near the contact spot were assumed to be ellipses
having their focii where the fluid meets the contact spot. To satisfy
Laplace's equation the flow lines were hyperbo]af. The thermal resis-
tance of an elementary shell formed between two adjacent ellipsoids was
integrated to give an expression for the resistance of the solid-to-solid
heat flow path. The resulting expression contained a single unknown
parameter w. This unknown parameter w, was eliminated using the results
of the relaxation method used to obtain the steady state temperature
distribution. The solid-to-solid component RS of the total contact re-

sistance of the two surfaces, then became

R el g T " T (6)
Znakm r

a = radius of local contact area

where r

= vradius of dividing flow 1ine a Tong way from contact area
(Fig. 3)

kp = arimethmetic mean thermal conductivity

which reduces to Holm's expression, equation (4) when a is very small
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compared with ry:

Heat flow through the fluid was linear and this, combined with the re-
sults of the relaxation method used to obtain temperature distribution,

yielded the fluid conduction component, Rf, of the total contact resis-

tance as
8
in = (?)
2k
'lT]"e f
where § = asperity height, see Fig. 3.
re = contact element radius

The total contact resistance R; (RC in the notation in the paper) is

given by

The expression resulting from equation (8) is then

1 nre kf % 2nrkm (9)

Rf (S tan"l{ Y‘d B r‘]
i

Determination of R, depends on knownvalues of the ; variables ke, k_,

8s rys v and r. rq Was eliminated by equatingthe flux density on one

side of the flow dividing 1ine a long way upstream from the contact spot

to the average flux density. The authors suggest that

(1) km is the harmonic mean of the thermal conductivities k] and k,

('i'i).kf includes allowance for radiation and an accomodation effect(Tzz)

(i1i) The ratio ; can be obtained from the relation between pressure p
and Meyer hirdness M, dependent on whether the local deformation of

the contact is plastic or elastic.
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For plastic flow L = q/E- (10)
For elastic flow U = Eﬁ%&ﬂ_ﬂ_‘s (11)
e
(iv) Fluid thickness 6 obtained from joint conditions; e.g. for
rough surfaces
§ = €8, (12)
where B arithmetic mean distance between surfaces and €& <]
(v) Heat channel radius r would be found from a relation between the

wavelength of surface roughness kc’ and the constriction ratio

r/re, thus

¥ AL
re = VA%) (13)
o
where | and ¢ are constants which have to be found from heat
transfer experiments.
Equation (9) was not used in the final analysis. Some manipulations
were performed and thermal contact condudance was introduced, the
ultimate expression being in dimensionless form.
Cetinkale and Fishenden conducted heat transfer experiments using ground
proflemetey
surfaces whose roughness had been determined by "Ta1ysurf"hand determined

values for constants e, ¢ and z . These constants were found to be
independent of the nature of the metal or fluid, but were constant for a

given type of surface roughness.

renech, 'Rohsenow and Henry

(35,36,37)

Fenech and Rohsenow and Henry(48) analysed a contact model con-

sisting of an array of contact spots formed from elementary cylinders of
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the kind shown in Fig. 4. However, unlike Cetinkale and Fishenden they

did not introduce a "flow dividing 1ine" in each element.

Due to physical shape of the boundary and the numerous conditions to be
satisfied, an exact analysis to obtain the temperature distribution was
considered far too complex a problem to solve. However, Fenech and
Rohsenow obtainegi;xact solution of Laplace's equation (in two dimensions
r and z) for an approximate set of boundary conditions. A resulting

expression for thermal contact conductance is,

51 §

4.25/n — +1 4.26/n-2 +1 % P
kf (] 52) - 4 ” +1.]€(E1 +-Eg +4.26¢evn
§, + 6 1 2
1 2
h = =
c
oy S5
K s s 4.26vVn — +1 4.26/n — + 1
2y |4 f g2 - g =
(1 -¢ =
H+&\k 'k Ky Ky
2 (12)
where ¢ = contact radius
a = vradius of cylinder
n = number of contacts per unit surface area
k = thermal conductivity § = asperity height
i
- (13)
and ?
nma® = 1 (14)

The first fraction, with square brackets, in the numerator represents
the heat flow through the interfacial fluid while the second fraction

the
representsﬂheat flow through the solid-to-solid contact area.

When applying equation (12) to real surfaces, the surface profiles must be






