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Abstract

Loading conditions in a machine structure usually cause the contact pressure at
the joints to take the form of a distribution, which in turn causes thermal contact
resistance to be position-dependem also.

In the experiments described in this thesis, two thin-plate specimens of steel un-
der plane-stress loading conditions generating contact pressure distributions of various
profiles at the interface, were subjected to a thermal field. Temperature measurements
served as reference for the finite element modelling which, through consecutive itera-
tions, provided the values for the thermal contact resistance distributions. Combined
mechanical contact pressure and thermal contact stress distributions were considered
at the interface.

The function representing the relationship between thermal contact resistance and
contact pressure for various distributions was defined using the least squares method.
It was revealed that although this relationship can be expressed by the single function
for the whole experimental range, the deviations experienced for different slopes and
forms of distributions (convex and concave), particularly noticeable for steep slopes at
high contact pressure levels, could indicate the effect of macro-constriction resistance,

however small its values according to the theoretical calculations might be.
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Résumé

Les conditions de charge dans un structure de machine font en sorte que normale-
ment la pression de contact aux joints prenne la forme d’une distribution qui & son
tour cause la résistance de contact thermale d'étre dependante de la pression.

Dans les expériences décrites dans cette these, deux specimens de nlaque mince
en acier sous des conditions de charge planaires créant des distributions varides de
pression de contact a linterface, ont été assujettis & un champs thermique. Les
mesures de température on. servies comme références pour le modele des éléments
finis, qui, par l'intermédiaire d’itérations consécutives, a fourni les valeurs pour les
distribution de résistance au contact thermique. Une combinaison des distributions de
pression de contact mecanique et de contrainte de contact thermique a été considérée
2 linterface.

La fonction qui représente la relation entre la resistance de contact thermique et
la pression de contact pour diverses distributions a été definie en utilisant la méthode
des moindres carrés. Il a été révélé que méme si la relation peut étre exprimée par une
fonction simple pour toute la gamme expérimentale, les déviations experimentées pour
les différentes pentes et formes de distribution (concave ou convexe), particulierement
pour des pentes escarpées & un haut niveau de pression de contact, peut indiquer 1'éffet
de résistance de macro-constriction, méme pour des petites valeurs en accord avec les

calculs théoriques.



Statement of Originality and Contribution to
Knowledge

The author of this thesis claims originality for the following contributions to the
understanding of the effect of contact pressure distribution on thermal contact resis-
tance distribution, and to the method by swhich the latter is determined:

1. Formulation of the relationship between the thermal contact resistance and
contact pressure for their various distributions, expressed by the single fun~tion, the
deviations from which, experienced for difierent slopes and forms of distributions
(convex and concave), could indicate the effect of macro-constriction resistance.

The function was defined for specimens of specific material, surface roughness and
interface size.

2. Extension of analytical and numerical approaches used to determine thermal
contact resistance and thermal contact conductance in one-dimensional experiments,
to a two-dimensional case, where an iterative experimental and finite element mod-
elling data correlation provided the values of thermal contact resistance distribution
along the interface. This approach permitted also to define the distribution of thermal
contact resistance as a function of contact pressure which combines both mechanical
contact pressure and thermal contact stress distributions.

Present approach may also be applied to determine the thermal contact resistance

distribution in a three-dimensional case.
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Chapter 1

Introduction

1.1 The Role of Contact Pressure and Thermal
Contact Resistance Distributions in Fixed Joints

on Thermal Deformation of Machine Tools

One of the most important aspects of the performance of machine tools is the
accuracy which depends on the relative position of the cutting tool and the workpiece.
The relative position is subject to undesired changes caused by the deformation of
one or several structural elements of the machine tool.

Deformation of machine tool structures is a result of both the mechanical and the
thermal loading. As pointed out by Zawistowski [1], under certain working condi-
tions thermal deformation of machine tools may contribute to more than 50% of the
machining error.

Heat sources which caunse the thermal deformation in the machine tool structure
can be classified into two groups: internal and external sources. The internal sources

are various elements of the drive and power transmission system (e.g., motors, gears,
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bearings, pumps. hydraulic oil. etc.) as well as the machining process itself. It has
been indicated by Spur [2]. that more than 60% of the electrical energy fed into a
centre lathe is transformed into heat energy within the drive and power transmission
system. Heat received from external sources is in the form of radiation or convection.
The latter is due to the air current and instability in the temperature of the workshop
environment.

While the internal heat sources are always inherent to the machine tool operation.
the external sources are independent of the machine tool; hence, they can generally
be controlled in such a way that they will play an insignificant role in the thermal
deformation of the structure.

In the studies on the thermal deformation of machine tool structures, the role
of the fixed joint is considered to be very important. The two contact elements
of the joint interact thermally and mechanically. The interaction represents both
mechanical and thermal loading. Thermal interaction can be seen as a heat transfer
which is affected by the conditions at the interface. The joint acts both as a heat
source for one element and a heat sink for the other. In fact, the thermal field depends
substantially on the distribution of heat flux along the joint. The local values of heat
flux depend on the distribution of the thermal contact resistance, which is affected
by the contact pressure distribution along the joint. Thermally deformed structural
elements caused by thermal stresses at the joint will modify existing contact pressure
distribution. As a result, the distribution of the thermal contact resistance changes
and a new heat flux distribution is in effect. This cycle will be repeated as many
times as is required to reach the equilibrium state of the system.

The mutual thermal and mechanical interaction of contact elements underlines
the importance of the role the joint plays in thermal deformation of machine tools.
This role is expressed by the concept of the time-dependent closed-loop which was
first recognized by Attia and Kops [3]. This loop consists of the following e]ements:.

— contact pressure distribution
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— thermal contact resistance distribution

— thermel deformation of contacting elements

This concept is presented in Fig. 1.1. The three basic elements of the closed
loop are shown as nodes interacting in clockwise fashion. By changing the contact
configuration of the interface, the contact pressure distribution affects the thermal
contact resistance distribution. This configuration is defined by the micro-contacts.
macro-contacts (contour area), thermal warping adjacent to the interface, and con-
dition of the oxide film at the contact spots, as described by Attia and Kops in [4].
From Fig. 1.1, it is cle=rly shown that, if we want to determine the deformation of
the contact elements, we must know the relationship between the contact pressure
and the thermal contact resistance based on their distributions. This is the objective

of the research work covered by this thesis.

1.2 Outline of the Thesis

In order to analyze the effect of contact pressure distribution on the thermal con-
tact resistance distribution along the machine joint, it is necessary to examine the
characteristics of the joint and the typical thermal and mechanical working condi-
tions under which it functions. Chapter 2 covers these aspects. The nature of the
phenomenon of thermal contact resistance and of the various variables affecting it
will be discussed. The nonuniformity of the contact pressure distribution will also be
described in this chapter. Chapter 2 includes a review of the available work on the
problem of nonlinear thermal behaviour at a machine joint. The evaluation of the
limitations imposed on both the theoretical and the experimental studies, indicates
that a new accurate approach for determining the relationship between the contact
pressure and the thermal contact resistance based on their distributions is required.

In Chapter 3, the experimental arrangements used to determine the temperature

field under nonuniform contact pressure distribution will be discussed in detail. This
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includes the nonuniform pressure distribution generation. thermocouple distribution
and their calibration as well as installation. and the experimental set-up and proce-
dure.

Chapter 4 presents the finite element analysis performed using ALGOR software.
Finite element models permit:

1. To obtain the mechanical contact pressure distribution and final contact pres-
sure distribution combined with the mechanical pressure and thermal stress distribu-
tions along the interface, for a given mechanical load and heat input.

2. To obtain through iteration, the thermal contact resistance distribution by
using the temperature values obtained from the experiments.

In Chapter 5, the results from the experiments and finite element analysis will
be given and discussed. The relationship between contact pressure and thermal con-
tact resistance based on their distributions is determined by using the icast squares
method.

The conclusions of this thesis and recommendations for future work will be given

in Chapter 6.



Chapter 2

Thermal and Mechanical

Behaviour of a Machine Joint

2.1 Thermal Contact Resistance Distribution along

the Machine Joint

The existence of an interface separating two elements in contact creates thermal
resistance to the heat flow from one element to the other.

Because of the roughness of machined surfaces, a point-to-point contact is ob-
served. These contact points, which are referred to as the “micro contacts”, are
clustered in groups within a much smaller number of bounded zones known as the
“contour areas” or the “macro contacts”, as described by Attia and Kops in [4].

Thus, the apparent contact area is composed of two groups of regions: the contact
regions, where macro contact areas with a high density of micro contacts exist, and
the non-contact regions.

. Within the contact region, the metallic contact is influenced by the presence of
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2 surface film (mainly an oxide laver). The oxide laver. which is characterized by
its low thermal conductivity, brittleness and high degree of roughness. constitutes an
additional thermal barrier.

The interstitial medium (air or grease), which occupies the space enclosed by
the profiles of the surfaces in the non-contact region. has a much lower thermal
conductivity than that of the contacting solids.

Fig. 2.1 presents a case in which the heat is allowed to transfer from one structural
element to another in such a way that the heat flow lines run parallel to each other and
perpendicular to the nominal interface. As the heat flow lines approach the contact
zone, they converge towards the least-resistance paths, i.e., the metallic contacts. This
natural constriction of the flow lines gives rise to the known “constriction resistance”.

The thermal constriction resistance represents the combined effect of both the
local macroscopic and the microscopic constriction resistances, R, and R, respectively.
The former is associated with the convergence of the flow lines towards the macro
contacts (contour areas) which are distributed at discrete locations over the interface.
The microscopic constriction resistance is subsequently created as the heat flow lines
are squeezed again towards the micro contacts (surface asperities).

The local thermal resistances of the surface film R; and the interstitial medium
R; form together with the thermal constriction resistance, the total local thermal
contact resistance R..

The resultant effect of R, on the temperature distribution in contacting elements
is shown in Fig. 2.2. The temperature distribution in a plane normal to the nominal
interface exhibits a “pseudo” temperature drop, (AT);, which is defined as the dif-
ference between the extrapolated temperature values on either side of the interface.
This drop causes the heat to flow across the thermal contact resistance R. with a flux

Q/A.. where A, denotes the apparent (nominal) contact area. Thus,

= 8Ty

R Q/A &1
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The thermal contact conductance k. is defined as

_ QlA, i
b= St (22)

Therefore,
h, = n% (2.3)

It should be mentioned that the depth of the disturbed zone (Fig. 2.2) depends on
the texture of the contacting surfaces and the material properties of the contacting
solids. Estimation of this depth is not available in published work on the thermal con-
tact problem. However, as indicated in a personal communication between Attia and
Yovanovich [3], for nominally flat ground surfaces, the expected depth of disturbance
is in the range of 1.25 — 2.5 mm.

Experimental investigations carried out by Laming [6], Jakob [7] and Yovanovich
[8] indicate that heat energy is transferred across the contact interface mainly by
conduction through two parallel paths: the metallic contacts (the contact region)
and the interstitial medium (the non-contact region). As mentioned before, the heat
flow through the two paths is hindered by additional resistances connected in series:
the thermal constriction resistance and the thermal resistance of the surface film layer.

The variables that affect the thermal contact resistance of the joint can, therefore,
be classified into two groups:

(2) the variables which are inherent to the material of the joint, such as elasticity,
the hardness of the metal, the thermal resistance of the contacting solids and the
interstitial medium. Basically, these variables will not be changed with different
working conditions.

(b) the variables which affect the thermal constriction resistance. These variables
include the mean slope of surface asperities, the standard deviation of contacting
surfaces and the pressure distribution along the joint. The first two factors are also

affected by the pressure distribution. So the pressure distribution is the main effect in
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this group and it is different with different working conditions. This is the reason that

the pressure distribution plays a very important role in thermal resistance distribution

and thermal deformation.

2.2 Nonuniformity of the Contact Pressure Dis-

tribution along the Machine Joint

Contact pressure in machine tool joints (the component of the contact stress vector
normal to the nominal interface} is, generally, distributed nonuniformly along the
interface. This causes the thermal contact resistance to be position-dependent. As
indicated by Attia [9], the nonuniformity in the contact pressure distribution is due
to the following factors:

1. The difference in the stiffness of contacting elements.

Because of this difference, the structure of a machine tool is treated as a beam on
an elastic foundation as described by Kaminskaya et al [10]. The theory of bending of
a beam on an elastic foundation assumes that the beam is resting on a continuously
distributed set of springs, the stiffness of which is defined by a “modulus of founda-
tion” k;. The shape of the elastic line, i.e., profile of deflection y(z}, is influenced by
the parameter A, where £ stands for the length of contact and A is defined in terms of
the modulus of foundation k;, the modulus of elasticity £ and the moment of inertia

of the beam I, as defined by Den Hartog [11]:

- ky 9
A=4 151 (2.4)

According to Winkler’s hypothesis, the local contact pressure p. depcnds on the

deflection y in the given section, i.e.

2
[ 1]
—

Pc=kf'y (2.
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Thus. the contact pressure distribution p.(z) can be expressed as:

pe = f(AL) (2.6)

2. The nature of mechanical loading.

Machine tool elements are usually subjected 10 a combined loading which is a
result of forces, torsion and bending moments. Different loading gives different contact
pressure distribution. As described by Hetevi {12], when the structure is under a

concentrated loading F, the contact pressure distribution at the machine joint is

A
p(z) = %—e"\’(cos Az + sin Az) (2.

-
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b |
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Under a urniformly distributed loading p, the contact pressure distribution is

d
)

plz) = ._(2 — e™**(cos Az + sin Az) — ™ (cos(£ — z) + sin(f — z))) (2.8)

When a bending moment M, is applied at the edge of the joint, the pressure

distribution is

Pe(z) = 2MpA*(cos Az — sin Az) (2.9)

Under multiple different loadings, the contact pressure distribution at the machine
joint is the combination of the contact pressure distributions caused by each loading.
This results in nonuniform contact pressure distribution of p.(z) over the interface.

3. Design and construction features.

Contact pressure distribution along a fixed joint is affected by its design and the
number and distribution of clamping spots. In the case of a sliding joint which can
be functioning as a fixed joint, there are some features which affect the stiffness of
the joint and thus the contact pressure distribution:

.' - the clearance which causes the joint to be more compliant

- the gibs and backing strips which are generally of low stiffness
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4. Surface irregularity.

The surface irregularities can be categorized by two parameters:

- Roughness (due to the characteristics of the machine tool, the geometry of the
cutting tools. the speeds and feeds used during machining, etc.)

- Deviations in flatness (waviness) on to which the roughness is superimposed.
This waviness is usually a function of the peculiarities of tac process or the inaccu-
racies and deflections encountered in the machine tool.

Because of the surface irregularity, nonuniform contact pressure distribution is
inevitable in a real joint.

5. Thermal loading.

The thermal field at the machine joint generates a nonuniform thermal stress
distribution. Thus, contact pressure distribution at the machine joint is the sum of

the mechanical contact pressure distribution and the thermal stress distribution. The

thermal stress distribution is mainly affected by two factors:

- the deviation of the existing temperature field from the temperature field which
is a linear function of the space coordinates

- the existence of external mechanical constraints which develop additional ther-
mal contact stresses to make the beam deflection satisfy the given boundary conditions

For particular mechanical properties of contacting surfaces, the contact configu-
ration is the result of the influence of the local contact pressure on the surface profile.
As explained in Section 2.1, changes in the contact configuration accompanied by the
change in the thickness of the interfacial gap, cause the change in the thermal contact

resistance.

2.3 Review of Previous Work

The problem of thermal contact resistance at the interface of contacting solids is

of fundamental importance; it has therefore received considerable attention, yielding
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an extensive amount of literature. Generally speaking, these investigations were con-
ducted in order to answer two questions: (i) for a given mechanical loading, what
is the contact configuration? and (ii) for a given contact configuration and thermal
loading, what is the thermal contact resistance?

In the studies of Thomas and Probert [13], Mikic and Carnasciali [14] and Yovanovich
[15] the heat transfer through only one micro contact is considered. The total heat
flow from one contacting body to another is divided into individual, separate heat
flows corresponding to each micro contact and its corresponding gap (Fig. 2.3a). Each
heat flow, @, is then divided between the amount of heat which is transferred across
the micro contact and the rest which is transferred through the interstitial medium.
Thus the contacting bodies are treated as if they consist of 2 number of “unit cells™
which are connected thermally in parallel. The surface between any two unit cells is
taken as an adiabatic one. While the contact interface is usually treated as an isother-
mal surface, some investigators like Mikic and Mate [16] assumed a distribution for

the heat flux over the contact spot in the form

Q/2rreyfr2 — 12

7. stands for the radius of the micrp contact while r denotes the radial position of any
point on the micro contact spot, 0 < r < r.. The micro contact spots are assumed to
be identical and uniformly distributed over the contact area. Each micro contact is
represented by a thin circular disc as shown in Fig. 2.3b. Because of the symmetry
about the r-axis, only one-half of the unit cell is considered (Fig 2.3c). This model is
known as the “disc-constriction” model. Other assumptions usually imposed on this
model are:

1. Contact surface is perfectly clean, i.e., no surface films exist.

2. Heat conduction is the only mode of heat transfer.

3. Deformation of constriction disc under external loading is purely plastic.

Contact pressure over the micro contact area is equal to the plastic flow pressure,

pys. which is related directly to the hardness number, p; = Hp.
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As for the interstitial medium. some investigators such as Veziroglu. Yuen and
Kakac [17] and Howard [18] have considered it. while the majority assumed that the
contact is in vacuum. With the assumption of vacuum environment. the constriction
resistance applies to both the mechanical and thermal contacts.

Based on the disc-constriction model, Cooper. Mikic and Yovanovich [19] extended
their analysis to rough surfaces characterized by a Gaussian distribution of the as-
perity heights.

The correlation developed in the study by Cooper, Mikic and Yovanovich [19]
does not require a knowledge of the chnnge in the average micro contact radius as
a function of the surface characteristics and the applied pressure. The expression

derived for the thermal contact conductance k. is

he = 1_45@(&)&9&

)
o, B (—.10)

The limitations of this study which restrict its application to a certain extent, are:

1. The analysis is based on a single disc-constriction model, i.e., it does not
account for the mutual interaction with neighbouring micro-contacts.

2. The change of pressure distribution due to the thermal deformation along the
joint is ignored.

3. Surface asperities are assumed to be plastically deformed with no consideration
of the elastic deformation of the surface sublayers.

4. With respect to the assumption that asperity heights are described by a Gaus-
sian distribution, there is uncertainty about the actual distribution of the few peaks
which are principally involved in the interaction between surfaces.

5. The plastic pressure is assumed to be equal to the hardness. The latter is given
a constant value regardless of the loading level.

6. The surfaces in contact are perfectly clean, perfectly flat and placed in &
vacuum.

The experimental technique, which has been applied in almost all available in-

vestigations by Cooper, Mikic and Yovanovich [19] and Fletcher and Gurog (20], is
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performed by using two cylindrical specimens in contact. After applying a constant
axial load F, heat is allowed to flow axially with a rate Q from one cylinder to another
across the interface. Temperatures are then measured at discrete points located along
the axis and far from the interface. By extrapolation, the temperature drop (AT);
at the interface, and consequently the thermal contact resistance, can be determined.

The uncertainty about this experimental technique is that, in some cases, a neg-
ative value for the thermal contact resistance was obtained. The errors inherent to
this technique can be attributed to the following reasons:

1. Extrupolation of temperatures on either side of the interface leads to serious
errors as has been indicated by Thomas [21].

2. The relative stiffness of the contacting specimen has sometimes been chosen
with no consideration of its effect on the contact pressure distribution along the joint.
Under normal axial loading, a nonuniform contact pressure p. is expected as described
by Grocht [22]. Thus, by considering the contact pressure at the cent;re Pemaz tO be
equal to the applied pressure (i.e., the average contact pressure), serious errors are
expected.

3. The thermal contact stresses developed at the interface are ignored and only the
average mechanical contact pressure is considered. This causes the thermal contact
resistance to be correlated to a contact pressure different from the real value.

Attia and Kops noticed these limitations in their works [23] and {24]. On pre-
diction of thermal deformatior of machine tools, they first recognized the nonlinear
thermoelastic behaviour of a structural joint. From this point of view, the concept of
closed-loop interaction was developed and a finite element method was used to calcu-
late the thermal deformation by Attia and Kops [25]. A series of nonlinear thermal
conductance values are applied to the contact elements of the finite element model.
These values arc calculated from the nonlinear pressure distribution by using Eq.
2.10.

.‘ In the experimental work carried out in [24], a centre force is applied to specimens
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of different shapes to obtain nonlinear contact pressure distributions. Long specimens
are used to minimize errors in a plane strain analysis case. The temperatures are
measured at the mid-plane using thermocouples. Deep drilling is required. To ensure

contact at the tips of the thermocouples. the thermocouples are spring loaded.



-

Chapter 3

Experiment

3.1 Objective and Approach

The objectfve of the experiment is to determine the temperature fields under the
effect of different mechanical loadings. These temperature fields are applied to the
finite element model to obtain the thermal contact resistance and the combined con-
tact pressure distributions along the interface. This objective brings about the need
for a new experimental approach.

This work is a continuation of the research by Attia and Kops [24] with modifica-
tion of their experimental methods.

In experiments carried out in the present study, the joint of a machine structure is
represented by two rectangular specimens in contact. In order to avoid deep drilling
and uncertainty of the thermocouple positioning, the block specimens used by Attia
are now replaced by thin-plate specimens. Thus, the experiments represent a plane
stress analysis case.

The contact pressure distribution along the machine joint is inherently nonuniform
due to the nature of mechanical loading on the structure. In order to generate the

nonlinear pressure distributions along the contact interface, axial loads are applied
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to the upper specimens. The height-to-length ratio h/{ of the upper specimen is the
main factor creating a different profile of pressure distribution. In this study. two h/(
ratios and three loads with each ratio are used.

In order to provide heat transfer across the contact interface. heaters are applied
on the top of the upper specimen. Heat pumps attached on the lower part of the
lower specimen act as heat sinks to ensure a balanced thermal field. The heat flows
downward across the joint.

Because of the closed-loop interaction between the pressure distribution, thermal
stress along the interface and the thermal contact resistance distribution, the temper-
ature field caused by the heat transfer will constantly change until it reaches a steady
state. Under the constant mechanical load and thermal input, the temperature field
is affected directly by the thermal contact resistance along the contact interfacc.

Based on the temperature field obtained from the experiments, the finite element
method is used to obtain the mechanical contact pressure combined with the thermal
stress as the combined contact pressure distribution and through the iteration process,
the final thermal contact resistance distribution is determined. The least squares
method is then applied to the data for the whole range of contact pressure and
thermal contact resistance and thus, the relationship between the thermal contact
resistance and contact pressure based on their distributions is found.

The temperature field in the specimens is measured using thermocouples. Because
the thickness of specimens is small and the walls are insulated, the temperature across
the plate is considered to be uniform. The thermocouples are glued onto the side of
the plates. As the interface area is the most interesting area in this experiment, more
thermocouples are installed in this area to provide the most detailed information.
Temperatures under the heater and above the heat pumps as well as along the edges

of the specimens are also measured to obtain the boundary conditions.
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3.2 Generation of Nonuniform Contact Pressure

Distribution

The concept of generating different distributions of contact pressure p.(z) is based
on the theory of unboned contact of beam on elastic foundation. In this theory,
the foundation is treated as isotrepic half-space continuum and thus the interaction
between the adjacent points is allowed to exist.

The problem of beams on elastic foundation both of continuum - or of Winkler-
type has been intensively studied by Heteyi [12], Cheung and Zienkiewicz [26], Svec
and Gladwell [27], and many others.

The distribution of the contact pressure is obtained from the profile of the de-
flection of the beam y(z), along the contact interface which is defined as the x-axis,

through the following differential relation:

P(z) = kg - y(z) (3.1)

This deflection profile, known as the elastic line, is generally described in terms of ky

and the bending stiffness of the beam EI by the following differential equation:
diy
EIE = —kfy + F, , (3.2)

where F,, stands for the distributed load acting on the beam. The solution of this
equation takes the form

y(z) = e**(Cy cos Az + Casin Az) + e™**(Cs cos Az + C,sin Az) , (3.3)

in which C, to C, are constants to be determined by virtue of boundary conditions,
and A is the characteristic of the system as expressed in Eq. 2.4.

Eqgs. 3.2 and 3.3 suggest that the elastic line and consequently the distribution of
the contact pressure p.(z) are significantly influenced by the distribution of applied

load and the dimensionless parameter ‘A#’, where £ denotes the contact length along
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the joint. This parameter represents the relative stiffiness of contacting bodies. Due
to the uncertainty associated with the control and measurement of the distribution
of applied pressure, our effort is confined in the present study to the case of a con-
centrated load. An increase in the height-to-length ratio of the beam. /(. results in
an increase in the beamn moment of inertia [ and thus in a decrease in the parameter
‘AC’. By decreasing the 2/ ratio, the beam becomes more flexible, causing a change
in the distribution of the contact pressure p.(z).

As shown in Fig. 3.1, under a concentrated load, the profile of the pressure
distritution changes from convex to concave as the A/{ ratio increases {rom 0.5 to
2.0. To cover a wider pressure range, more than one concentrated load is applied on
the upper specimen. The values of different pressure distributions are obtained from
the finite element analysis models developed in Chapter 4.

In previous experimental studies performed by Attia and Kops [24], loads of
2200 N to 17640 N (500 Ibs to 4000 lbs) were applied to a set of blocks of a 127 mm
(5 in) length with the same cross-section as the dimensions of the plates used in the
current experiment. These loads were used to create the range of the contact pressure
occurring along the interface.

As in this experiment, using plane stress conditions rather than plane strain,
plates are used instead of blocks and their thickness is 6 mm, which is about 20 times
thinner than the 127 mm (5 in) biocks used previously; hence, to recreate the same

range of contact pressures, lesser loads are necessary:

2200 N
0 = 110 N
17640 N
L —882 N
50 882 AN

To cover this range, loads of 98 N, 204 N and 882 N (10 kg, 30 kg and 90 kg) are
chosen, thereby providing a 3-fold load increment factor. The contact region of the

interface with a thickness of 6 mm and a width of 25.4 mm (1 in) results in an area

of:
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25.4 mm x 6 mm = 152.4 mm® = 1.524 em?

Hence the loads of 98 N to 882 IV (10 kg to 90 kg) cover a range of contact
pressures from pemin = 294 kPa (3 kg/cm®) 10 peme= = 7840 kPa (80 kg/em*). The
typical value observed in machine tool structural joints is 3920 kPa (40 kg/em?)
[24]. Thus the average pressure values used in the experiments, notably 603 kPa.
1808 kPa and 3816 kPa (6.15 kg/cm?®, 18.45 kg/cm® and 55.35 kg/cm*), extend
below and above the 3920k Pa value.

In order to obtain information for different profiles of pressure distributions. upper
specimens with two different k/{ ratios, 0.5 and 2.0, are used. For the ratio of 0.5,
the height & of the specimen is 12.7 mm and the length £ is 25.4 mm. For ratio 2.0,
h is 50.8 mm and £ is 25.4 mm. The upper specimen rests on the lower specimen.
which is a square of 76.2 mm x 76.2 mm and the same thickness of § mm.

The test specimens are made of AISI 1045 cold drawn steel with hardness of
160 Hg. The contact areas are ground. The measured value of the roughness of the

surface is B, =1 um.

3.3 The Distribution, Calibration and Installa-

tion of the Thermocouples

In response to the need to define the thermal contact resistance along the joint as
a position-dependent function, a two-dimensional heat flow condition was ensured.
The temperatures were measured by thermocouples. In order to obtain accurate tem-
peratures. an advance knowledge of the characteristics of the disturbed temperature
field was needed.

The difference between the measured temperature and that which would exist had

no thermocouple been introduced is attributed to the following effects:

- the insertion of a single thermocouple
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- the heat conduction along the thermocouple wire

- the disturbance resulting from the mutual interaction between two adjacent
thermocouple holes

These effects were analyzed by Atiia and Kops [23. 29]. In their study [23]. the
distance between the thermocouple hole and the heat input boundary was 2.1 x I,
where D is the diameter of the thermocouple hole. In the present experiments, the
diameter was 0.75 mm, so the minimum distance was 1.8 mm.

In the same study of Attia and Kops, it was pointed out that when the diameter
of the thermocouple wire was 0.25 mm which was the case in this study, the error iz
thermocouple reading due to the heat conduction into thermocouple leads was of 0
to 0.10 of the quantity ‘g- D’, where ¢ is the temperature gradient of the undisturbed
temperature field. The value of g in this study was 1 °C/mm. So the error was
0.025 °C in the present experiments.

As explained in the work of Attia and Kops [29], to avoid the disturbance of one
thermocouple affecting the temperature reading of another thermocouple downstream
of it, the minimum distance was 4.753 x D, therefore, the minimum distance between
the two thermocoupies along the heat flow direction was 3.6 mm.

The disturbed area around the interface assumed to be a maximum of 2.5 mm
on each side, was the most critical area concerned. Two rows in which each row has
9 thermocouples 2.5 mm above and below the interface were installed. Another two
rows each having 9 thermocouples, were installed 4 mm above and 4 mm below each
of the first two rows. This distance was slightly larger than the minimum distance.
In order to obtain the temperature boundary conditions, a row of 9 thermocouples
was installed 2.5 mm below the heating surface of upper specimen and another row
of 9 thermocouples was installed 2.5 mm above the coolers attached to the lower
specimen. For the rest of the boundary of the thermal field, thermocouples were
distributed uniformly at 2 distance of 2.5 mm from the edges of the specimens. Figs.

3.2 and 3.3 demonstrate the thermocouple distributions for the two cases of h/{
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ratios: 0.5 and 2.0. With the k/{ ratio 0.5, the number of thermocouples on the
upper specimen was 27. For the ratio 2.0, the number was 33. The lower specimen
had 39 thermocouples on it. A total of 99 were installed on the specimens. Same
thermocouple numbers were used in the thermocouple calibration.

Because the thermal contact resistance calculation depends on the temperature
field, it imposed a stringent constraint on the allowed temperature measurement ertor.
In order to meet this requirement, the selection of thermocouple and the methods of
thermocouple calibration and installation were thoroughly studied.

The models of thermocouple wire used in the experiments were Omegalux GG-
30 and TT-30 type-E. Both of the models were made of same alloy combination; the
“+" lead was Chromega Nickel-Chromium and the “—" lead was Constantan Copper-
Nickel. However, they had different insulation materials. The GG-30 thermocouple
wire was insulated by glass braid and TT-30 was insulated by teflon. These thermo-
couple wires of 0.25 mm diameter gave a very stable thermal characteristic. The ends
of two metal wires of the thermocouple were twisted tightly to ensure the best contact
of the wires and thev were carefully welded by the thermocouple welding machine.
The welded junction was of an approximate 0.6 mm — 0.7 mm diameter.

A total of 99 thermocouples were calibrated. To give a series of standard temper-
atures, the Neslab Proportional Temperature Control RTE 200 heat bath which had
a range of —30°C to 100°C was used. The reference temperatures were measured by
an HP 2804A quartz thermometer with the accuracy of 0.01°C. To cover the working
temperature range, four temperature points which were approximately 10°C, 40°C,
60°C and 90°C were chosen. Detailed calibration results are given in Tables 3.1, 3.2
and 3.3.

The calibrating procedure was as follows. First the Neslab RTE200 heat bath was
turned on and the reference temperature was set. After about four hours when the
desired reference temperature became steady, thermocouples were inserted into the

bath and the temperatures were read through an Omegalux digital thermometer with



CHAPTER 3. EXPERIMENT 99

accuracy of 0.1°C. The same procedure was repeated 4 times at different reference
temperature points. The adjustment of the thermocouples would be the average of
the differences between the temperatures read from the Omegalux digital thermome-
ter and the reference temperatures. As shown in Tables 3.1 to 3.3. the difference
values were all within =0.1°C. which was the accuracy with which the temperature
field was measured. This meant the measured temperatures could be treated as the
temperatures of the thermal field.

The positions for installation of the thermocouples were marked with drills of
0.75 mm diameter and a d~pth of only 0.64 mm by using a precision mini-drilling
machine. When the thermocouples were inserted into these shallow holes, caution
was exercised to allow the junctions to contact the surfaces of the specimens.

The thermocouples were installed using the thermal conducting glue OMEGABOND
101. Thermocouples with glue were calibrated and the temperature readings were
identical to the temperature measured by the same thermocouples without glue. This
shows that OMEGABOND 101 presents a very good thermal conductivity. Its work-
ing temperature range was 0°C to 100°C, which covered the temperature range that

the experiments required (20°C to 90°C).

3.4 Experimental Apparatus

The experimental apparatus consisted of two systems: a mechanical system and
a thermal system (Figs. 3.4 and 3.5). The function of the mechanical system was
to apply a concentrated line load to the upper specimen. The thermal system had
the function of directing a stationary heat flow from the upper specimen through the
interface to the lower specimen.

The mechanical system contained two sub-systems: a hydraulic system and a
pneumatic system.

The hydraulic system included:



~
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- an oil reservoir (Al)

- a hand-operated hydraulic pump (A2}

- a four-way valve (A3)

- a pressure gage with 4 kPa (0.5 ps?) subdiv. (A4)

- a double-acting cylinder (A5)

- a rigid flat steel loading plate of 300 N (51 kg) weight (AB)

This system had two functions. One was to position the height of the knife edge
for the different height ratios of the upper specimens. The other was to alter the
load on the upper specimen by applying an upward pulling force to the loading plate
through the double-acting cylinder. Changing the hydraulic pressure, the upward
force applied by the cylinder on the loading plate was changed and thus the load on the
upper specimen was adjusted. In order to find out the corresponding pressure reading
of the hydraulic manometer from the desired load, a calibration of the manometer
was done. The load of the loading plate as measured by the scale was 500 N (31 kg),
and this corresponded to a zero.pressure reading on the manometer. As the pressure
in the hydraulic system was increased, the load on the scale was decreased. For loads
98 N (10 kg) and 294 N (30 kg), the corresponding readings of the pressure gage
were 48 pst and 67 pst, respectively. A load of 882 N (90 kg) was achieved by adding
weight of 382 N (39 kg) to the 500 N (51 kg) loading plate. At this point, the
hydraulic system was not applied.

The pneumatic system consisted of a self-aligning aerostatic bearing table (AT)
on which the lower specimen rested. The bearing top plate had a convex bottom and
sat on a concave-shaped base. Compressed air was forced through the air nozzles,
creating an air cushion between the top and the base, thus allowing the table and the
test specimens on it to self-align themselves to the knife edge.

The thermal system consisted of:

- two 10-watt Omegalux printed circuit heaters (B1)

- six Peltier heat pumps Mode] CP-1.4-71-0.6L (B2)
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- two independent DC power supplies for heaters and heat pumps (B3)

- two springs pressing the heaters (B4)

- Omegalux GG-E-30 and TT-E-30 thermocouples (B3)

- one Omegalux digital thermometer (B6)

- two fins for cooling heat pumps (B7)

The area of the commercially available hcater was greater than the arca of the
upper specimen to be heated. The dimensions of the heaters were 25.4 mmx12.7 mm:
the surfaces to be heated were 12.7 mm x 6 mm. To prevent the heaters from
developing hot spots, they were placed between two layers of brass shecting. Two
springs were inserted between the heaters and the knife shoulder to press the heater
to the specimen for good thermal contact.

The specimens were insulated from the ambient air using fibreglass wool. First,
small fibreglass particles were inserted into spaces between the thermocouples, then
the plates were wrapped inllayers of fibreglass wool. For the purpose of streamlining
the heat flow, out of the six heat pumps installed, only the two central heat pumps
on each side of the lower specimen were powered. Two fins were installed on cither
side of the assembly in order to enhance convection cooling of the hot side of the heat
pumps. Thermal conductive paste was spread on the contacting surface of the heat

pumps, the heater, and the brass plates to ensure uniform thermal conductivity.

3.5 Experimental Procedure

Before the test was started, all of the contact area of the specimens was thoroughly
cleaned in order to obtain the best thermal conductivity.

The upper specimen which had kh/{ ratio 0.5 was placed on top of the bottom
specimen. The compressed air valve was turned on and air was released into the air
bearing. The hydraulic pump was used to lower the knife edge down to the top of the

upper specimen; when the distance was about 2 mm, the downward movement of the
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knife was stopped. After a very careful adjustment of the position of the specimens
which assured that the knife edge and the two centre lines of the upper specimen and
the lower specimen were colinear, the hydraulic pump was used again now allowing
the knife to be lowered down onto the top of the upper specimen. The 382 N (39 kg)
weight item was added to the loading plate so as to obtain the desired 882 N (90 kg)
load. The mechanical load was thus achieved.

To obtain the thermal field, the power supplies of the heaters and the heat pumps
were then turned on. The temperature of the middle point above the interface was
monitored and the power supplies of the heaters and the heat pumps were =djusted
accordingly. The steady state thermal field was achieved after four hours. To increase
cooling, two fans were set blowing towards the fins under the angle of 45°.

The temperature of every thermocouple was read on the digital thermometer.

After the three-round temperature measurement, the 382 NV (39 kg) weight was re-
moved. The next mechanical load applied to the upper specimen was 294 N (30 kg)
and was achieved after pumping the hydraulic pressure to the point which corre-
sponded to the 294 N (30 kg) load. At the same time, the temperature field was
monitored constantly. The power supply of the heat pumps was adjusted to make
sure the temperature remained steady. The three-round temperature measurement
was carried out and then repeated for the 98 N (10 kg) load.

After finishing tests with one upper specimen (h/{ = 0.5), the hydraulic cylinder
was pumped up to give enough space between the knife edge and the upper specimen
to change it (to the one with h/¢ ratio 2.0), and the same experimental procedure

was applied again.
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Finite Element Analysis

4.1 Objective and Approach

The objective of this chapter is to determine the final contact pressure distribution
and the thermal contact resistance along the interface.

From the theory of the nonlinear behaviour of the machine joint, it is known that a
closed-loop interaction between the pressure distribution, thermal stress distribution
and the thermal contact resistance exists. The pressure distribution along the contact
surface controls the thermal contact resistance distribution. Different local values
of the thermal contact resistance cause different heat transfer across the interface
imposing the thermal field which changes the profile of the contact surfaces through
the thermal stresses it develops along the joint. As the thermal field reaches a steady
state, the values of the three elements in the closed-loop interaction converge to the
equilibrium values which are unknown in advance. Thus, the final contact pressure
distribution is defined as the result of the mechanical contact pressure distribution
and thermal stress distribution.

To find out the effect of the contact pressure distribution on the thermal contact

resistance, the values of the final contact pressure and the thermal contact resistance
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are required.

Geometric models of the specimens used in the experiments are designed. They are
built in a finite element analysis system named ALGOR. In ALGOR stress analysis
module, material properties, stress boundary conditions and concentrated forces are
applied to the models. After the models have been processed, the mechanical contact
pressure distribution along the interface is obtained.

In order to obtain the thermal contact resistance distributions, material properties
and thermal boundary conditions are applied to the the model. First, the assumed
values of thermal conductivity distribution are applied to the elements along the in-
terface in the model, since ALGOR requires thermal conductivity instead of thermal
resistancez. By running this model in the ALGOR heat transfer module, a tempera-
ture field is obtained. Comparing this field with the experimental temperature field,
the distribution of thermal conductivity of the elements along the interface is ad-
justed and the model is run again with the new values. After several iterations, a
temperature field, which is close enough to the experimental temperature field, is
determined. This temperature field is used to obtain the combined final contact pres-
sure distribution. At the same time, the final thermal conductivity of the elements
along the interface is obtained. The thermal conductivity is then converted to the
thermal contact resistance along the interface.

Applying the final temperature field to the stress model node-by-node, the final
contact pressure distribution along the interface is determined. The whole computing

procedure is demonstrated in Fig. 4.1.

4.2 Introduction to ALGOR

This section is based on the ALGOR software user’s guide [30].
ALGOR is a comprehensive mechanical FEA software system. It consists of five

integrated families described here.
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1. SUPERDRAW Il is a geometric modelling program like Autocad where the
model is constructed and where the boundary conditions are specified.

Tc create a large complicated model in a FEA software is very time consuming and
requires a substantial amount of processing time. In ALGOR, the way to reduce this
time is to divide the model into several simple parts, create each of them separately
and save them under different names, and then merge them together.

For engineering models, one has access to different colours, different groups and
different layers. They are summarized as follows:

+ Colours are used to assign certain element aspects (e.g. element thickness, ap-
plied pressure) to specific elements

- Groups are used to assign different material properties to specific elements

- Layers are used to combine sections of a model together

2. DECODER is a program that reads a file in one format and creates output files
in other formats. ALGOR provides many different decoders, each tailored to translate
certain types of models for different purposes. In this work the stress decoder and the
thermal decoder were used. The decoders translate files created in Superdraw 11 into
files suitable for display and analysis in Superview. The decoders also create the files
required for analysis by ALGOR’s Finite Element Analysis processors. The drawing
mistakes which are made in Superdraw II are checked out here.

The material properties are entered through decoders. One can define the element
type, material and element properties used in the particular model. There are five
types of elements available with isotropic material properties: Truss membrane, 2-D
elasticity, Brick. Plate, and Shell.

3. COMBSST and COMBSTT create a single model file composed of multiple,
decoded model files. One can use this to create one file with multiple element types,
or to create a model that has many identical components in multiple locations.

4. STRESS AND THERMAL PROCESSORS are finite element analysis proces-

sors which solve for the stress and thermal fields from the processed geometry and
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boundary conditions provided by the decoders.

5. SUPERVIEW is a rcad-only program which enables one to visualize the model.
[t enables one to examine the model as if it were an actual physical object, Also.
it will give onc the output data from the FEA processor. such as the stress and
temperature at every node and the heat flux going through an individual element in
a certain direction, ctc.

Here is a general procedure for creating and processing a finite element analysis
model with ALGOR (Fig. 4.2):

1. Create the model in Superdraw II. When one finishes the model. the “Transfer”
command is used Lo send the model to the decoder, which processes the model so
that it can be displayed in Superview.

2. Use the Decoder to prepare the model for viewing. When the decoder finishes.
one can display the model in Superview. If the Decoder reports errors in the model, it
can be examined in Superview to determine where the errors occurred. The Decoder
generates the files used by Superview from the files produced by Superdraw II. The
original Superdraw II file is not changed during decoding - the file is translaied to
a new format (and saved with a new file extension), and additional information is
included in the Superview files.

3. Send the decoded file to the Finite Element Analysis Processor to solve for the
required field.

4. Return to Superview to obtain the final data.

4.3 Creating the Finite Element Model

In this study, the experiments dealt with nonlinear thermoelastic behaviour at the
interface of two contact surfaces subjected to a nonuniform pressure distribution and
heat flow across the interface. Because the disturbed zone, which extended 2.5 mm

above and below the interface. had different thermal conductivity than the material of
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the specimens. it was treated differently in the finite element analysis program. The
upper specimen, the lower specimen and the contact interface which included the
contact zone were modelled separately. Thermal conductivity values of the eletents
along the interface varied to represent the nonuniform distribution. Both the stress
field and thermal field were symmetrical with respect to the centre line. To model
this, the interface was divided into five sections. each section containing two clements
which were symmetrically located on each side of the centre line. These two clements
had the same thermal conductivity. All these sections were saved in different lavers.
The upper specimen and lower specimen had the same material propertics; therefore.
they were saved in one layer. A total of six layers was used to save the six parts of the
model. These layers were saved and decoded in separate files. To group the six layers
together, the two programs COMBSST and COMBSTT were used. The combination
of all the layers constituted the entire model. The models of the specimens of different
h/{ ratios are presented in Figs. 4.3 and 4.4.

The model was drawn in the YZ plane as it is required by ALGOR that all plane
stress and plane strain models (i.e. 2-D models) must be constructed in the YZ plane
(otherwise, an error would occur when decoding the model).

The following are characteristic features of the finite element model in ALGOR:

- Model was two-dimensional

- Rectangular elements were used to construct the model

- Six lavers were formed: layer 1 was for the upper and lower specimens and layers
2 to 6 were used to model the elements at the interface

- For the stress analysis model, a point force was applied at the mid-point of the
top line of the upper specimen to simulate the knife edge loading conditions

- Boundary conditions for the stress analysis model required that the nodes on
the bottom line of the lower specimen be restricted from movement corresponding to
the situation of the test specimen resting on a rigid base

. For the thermal analysis model, the temperature boundary which was obtained
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from the experiment was applied to the model. There was no hea. exchange between
the boundary of the model and the environment, reflecting the insulation of the
specimens in the experiment

- An initial room temperature of 25°C was assigned to all remaining nodes

The following material properties were assigned to the model:

Material: AISI 1045 CD

Poisson Ratio: v = 0.292

Thermal Expansion Coefficient: o, = 1.08 x 10~% °C™!

Diffusivity: ag = 1.474 x 107° m?/s

Density: p = 7.833 x 103 kg/m*

Thermal Conductivity: k& = 54 W/m °C

Young’s Modulus of Elasticity: E = 2.01 x 108 kPa

Each different layer was then decoded in the stress and thermal decoder separately.
The decoders were accessible from the Superdraw II program from the ALGOR menu
of the stress analysis or heat transfer modules. The decoder in the stress analysis
module was used to decode the stress problem while the one in the heat transfer
module was used for the thermal problem. The stress analysis module of ALGOR
allows application of the temperature field which is obtained from the heat transfer
module to the model in the stress module; the temperature field must be known
prior to solving for the stresses. Due to unknown thermal contact resistance, the
node temperatures were unknown and were to be determined. This had to be done

through iteration which will be described in the next section.
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4.4 FEA Determination of the Thermal Conduc-

tivity and Pressure Distributions

An iterative computing method was used to determine the thermal conductivity
distribution along the interface and the temperature field which was used iu the stress
analysis module for the combined pressure distribution.

1t was assumed that the thermal conductivity was proportional to the local contact
pressure distribution, and therefore it could be calculated from the pressure distri-
bution obtained from the stress analysis module in ALGOR. The originally assumed
values of the thermal conductivity distribution were based on the original mechan-
ical contact pressure distribution. From the thermal conductivity values assigned
to the elements along the interface, the thermal analysis module generated a tem-
perature field. This field was compared with the temperature field obtained from
the experiment and new thermal conductivity values were determined and assigned
to the elements along the contact interface of the model. After several iterations,
the thermal conductivity distribution converged to the final distribution. The last
temperature field was then applied to the stress model to obtain the corresponding
contact pressure distribution along the interface.

To follow this procedure, the stress analysis model was first used to find the
mechanical pressure distribution; the ambient temperature of 25°C was assigned to
every node. The desired type of simulation was specified (i.e. 2-D plane stress) in
the “Type” option of the “Element” submenu of the stress decoder. In the same
submenu, the material used in the “Group” option was specified. Since no group
numbers were provided for the simulation, only group I could contain the spccific
material properties for each layer. For all layers, the same material properties were
entered. In the “Analysis”™ submenu, “static” was specified for static analysis. In
the “Load Case™ option of the “Globe” submenu, a “Load Case Multiplier”™ of 3

was specif;ed for 98 N. 204 N and 882 N (10 kg, 30 kg and 90 kg) for A(Press),
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B(Accel), C(Disp) and D{Therm). Dectails about this option are available in the
ALGOR manual section cn the decoder. Then. the *Decode™ submenu was entered
to perform the decoding of the file once the three options - (1) intersect lines, (2)
invalid lines, (3) invalid regions - are released from performing (a2 star must appear
in front of each of these options in order to release them). To accelerate the process.
these settings were saved as default settings for the other lavers 1o be decoded.

Once the decoded files of the six layers of the model were obtained, the “Com-
bine” option of the COMBSST menu was performed. As explained earlier, Lthis option
required each piece of the model to be assembled into the entire model. Then, the
model was ready to be processed by the “Static Analysis Processor” (SSAPOH). This
processor created an output file where the results were read by a word processor
like WordPerfect and were seen graphically by the “Superviews™ program available
through the ALGOR menu. The outputs were the mechanical contact pressure dis-
tributions along the interface. These mechanical contact pressure values were used
to calculate the assumed thermal conductivity values & which were later entered into
the thermal decoder.

When the thermal decoder was used to decode the interface blocks, thermal con-
ductivity values k of the elements along the interface were required. Since the exact
values of k& were unknown, they were initially assumed as follows.

Considering the thermal field was symmetrical with respect to the centre line,
the heat flux along this line was not distorted and run perpendicularly across the
interface. Thus, the thermal conductivity of the centre element could be calculated

as 2 one-dimensional! problem (Fig. 4.5).

(=) +(T: =Ty
= 5 ,

where T; to T are measured temperatures along the centre; AT’ stands for the

AT

(4.1)

average value of the temperature drop between the two measured temperatures along

the centre line on each side above and below the disturbed zone. The heat flux along
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the centre line was then determined as

AT
Qeentre = T X k. -1.2)

where ¢ stands for the distance between T and 7. and k& is here the thermal conduc-
tivity of the AISI 1045 CD. Because the thermal field was one-dimensional along the
centre line, the same heat flux run through the centre clement of the interface. The

assumed thermal conductivity of the centre element of the interface was obtained:

q:cntrc X d
kccn re = ’ .
t Tz _ T3 ( ‘})

where d is the depth of the disturbed zone across the interface.
The thermal conductivity was assumed to be proportional to the local mechanical

contact pressure with the coefficient of proportionality C which can be calculated
from
C = Feentre (4.4)
Pmech centre
The first assumed thermal conductivity distribution along the interface was then
calculated for the local values of mechanical contact pressure distribution along the
interface:
k(z) = C X pmecn(zT) {4.5)
The first assumed values of thermal conductivity were assigned to the elements
along the interface through the thermal decoder. Then the model was processed by
the thermal processor (SSAP10H). The temperature field obtained from FEA was
compared with the experimentally determined temperature field. It was found that
the biggest temperature difference occurred within two rows of nodes above and below
the interface zone. Thus the temperatures of these two rows from the experiment
became the reference temperatures for the comparison.

The heat passing through each element along the interface in both experimental

temperature field and numerically calculated temperature field should be the same.

Therefore:
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_ T‘.‘c:p - TSczp . T’.’cnl - TScc!
= ] X ]\,2 = d

where Ty, and T3, are the local temperatures of the upper row and lower row from

X k] . (4.6)

experiment and Ty and Ty were the corresponding calculated temperatures, &y is
the thermal conductivity used in the FEA model and &- is the thermal conductivity
used in the next iteration:

fon = TZ:::I - TScu.i

= k 4.7
Treep — Toerp | (4.7)

Subsequently, a new series of k£ was obtained. This iteration continued uatil the
two temperature fields became identical within an acceptable error.

There was 2 number of possible sources of error. One of the two main sources was
the thermocouple positioning ecror: the spot where the thermocouple was installed
was not exactly where it was planned to be, and thus not exactly in the same position
as the corresponding node in the finite element model. The maximum distance error
was £0.1 mm. Since the experimental temperature field indicated the maximum
temperature gradient of 1°C/mm, the positioning contributed £0.1°C to the error.
The other source of the error was the accuracy of the temperature digital thermometer
which was £0.1°C. Adding these two factors together, the total temperature error
was 0.2 °C. Temperatures within this range were treated as identical.

The iteration gave the final results of the thermal conductivity distributions, which
will be converted to thermal contact resistance distributions, along the interface under
different mechanical loads, in Chapter 5.

However, the thermal fields induced thermal stresses contributing to the final
contact pressure distribution at the interface. Thus, to find the final contact pressure
distributions, temperature fields were used. In order to transfer the temperature fields
to the stress model, a program in the thermal analysis sub-system called “Advance”

was used. Combined with the temperature field, the stress model was run with the
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same procedure used for the mechanical contact pressure distribution. The program

gave the final combined contact pressure distribution along the interface.



Chapter 5

Results and Discussion

As described in Chapter 3, two upper-specimens, k/Z = 0.5 and k/{ = 2.0, are
used in the experiments. These two different ratios divide the experiment data into
two groups of distinctively different contact pressure distribution: one with maximum
at the centre and the other with the minimum at the centre, i.e. convex and concave
respectively. In each group, three different axial loads: 98 N, 294 N and 882 N
(10 kg, 30 kg and 90 kg), are applied on the upper-specimen, introducing three levels
of these two types of pressure distribution. Thus, six cases in which temperature fields
are measured are investigated. The two-dimensional temperature fields are shown in
Figs. 5.1 and 5.2, while experimental temperature data is given in Tables 5.1 to 3.12.
Examining the temperature data, it is found that the temperature just below the
heated surface was nearly identical in each of the six cases: the maximum difference
is 0.2°C (Tables 5.13 and 5.14). This means that regardless of the mechanical load, the
heat input is kept constant. However, due to the different thermal contact resistance
along the interface, temperatures above the heat pumps are different.

The contact zone which contains the area 2.5 mm wide above and below the
interface is considered the most important area. To assess the temperature data of

this area. the contact surface is divided into nine channels: each channel contains one
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thermocouple of each row. As shown in Fig. 1.5, every channel is treated as isolated
from each other. which means that the heat flow in the channel is not affected by the
heat flow in the neighbouring channels. Thus. there is an one-dimensional thermal
field in each channel.

The two rows of thermocouples from each side above and below the interface are

used to calculate the temperature drop AT caused by the interface.

p a2 (8.1)

c  d/2 (5-3)

d/2
T,=T3+ %(:r3 ~T) (5.4)
AT =T,-T,, (5.9)

where d is the depth of disturbed zone which here is 5 mm, and ¢ is the distance
between thermocouples which is 4 mm.

The results are given in Tables 5.15 and 5.16. It can be seen that, for different
h/{ ratios 0.5 and 2.0, under 882 N load, the maximum values of AT along the
interface are 0.6°C and 0.4°C respectively. When the load is decreased to 98 N,
the maximum values of AT increase to 3.6°C and 2.0°C respectively. These results
are considered reasonable [31], and therefore, further finite element analysis based on
these temperature fields can be carried on.

The concept of the closed-loop interaction at a machine joint states that the
thermal field in structural elements causes their thermal deformation, which generates

thermal stresses along the joint, altering the existing mechanical pressure distribution.
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New contact pressure distribution gives a new thermal contact resistance distribution
which leads to a new thermal field. This new thermal field resuits in a new thermal
stress distribution zlong the interface. The iteration will continue until a state of
equilibrium is reached. Thus, the final contact pressure distribution p.(z) at the
equilibrium state is the result of the mechanical contact pressure distribution ppeer(z)

and the thermal stress distribution along the interface s, (z) at the equilibrium state.

Pc(.'-C) = pmech(z) + sth.(z) (56)

A finite element method described in Chapter 4 was used to find the mechanical
pressure distribution, the final contact pressure distribution and the thermal contact
resistance distribution along the interface between the specimens.

Because the stress field and thermal field were both symmetrical with respect
to the centre line, only half of the model was examined and half of the data used.
The first results obtained from this method were the original mechanical pressure
distributions of the six cases. Because there was no heat transfer and the temperature
fields were uniform, neither thermal stress nor thermal deformation occurred along
the interface. In the finite element model, half of the interface was divided into five
elements and each element was connected with its two neighbouring elements by two
nodes. There were six nodes along the interface of the model (Fig. 5.3). The pressure
distributions obtained from the finite element method were the normal stress at the
nodes (Tables 5.17 and 5.18). Since the thermal conductivity was the property of
the element recognized by ALGOR, the contact pressure values on the corresponding
elements were required. The contact pressure at the interface of each element is
calculated by taking the average of the pressures of its two neighbouring nodes. For
example:

Pnodel <+ Prode2
Pelementl = - 9

Tables 5.19 and 5.20 present the values of mechanical contact pressure for each element

along the interface for the six cases. Figs. 5.4 and 5.5 show the mechanical contact
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pressure distributions along the interface. The x-axis in the Figures represents the
relative position from the centre line to the edge of the contact interface.

Under the axial loads of 98 .\, 294 N and 882 A (10 kg, 30 kg and 90 kg).
the corresponding averages of pressure values are 603 kPa, 1808 kPa and 5316 kPu
(6.15 kg/cm?, 18.45 kgfem® and 35.35 kg/em?). The average pressures in Tables
5.19 and 5.20 are slightly different from the above values. The maximum difference
of five percent occurs at h/{ = 0.5 and F = 98 N and is considered acceptable.
These differences are caused by the finite element identification (Fig. 5.3). Only five
elements below the interface should carry the pressure from the upper specimen. The
pressure on the rest of the lower specimen elements on the interface level outside
the upper specimen is supposed to be zero. However the finite element calculation
provides values of the normal stress on these “outside” elements which are not equal
to zero. If these values are added to the values of the elements along the interface,
the sums are equal to the average values as originally expected. The finite clement
model is also limited by the fact that, the nodes along the interface are common to
both the upper and lower elements and no sliding between them is permitted. The
maxtmum effect caused by I.l;e no-sliding restriction takes place at the two ends of the
interface in the model and, therefore, the values obtained at the ends of the interface
are considered to have the maximum deviation from the real situation.

With temperature fields applied to the finite element models, the combined me-
chanical and thermal stress fields of the specimens were determined. Figs. 5.6 and
5.7 show the close view of the stress field of the interface area. The normal combined
stress distributions at nodes along the interface were obtained (Tables 5.21 and 5.22).
Using the same method described above, the combined contact pressure distribution
of the elements were calculated (Ta.b]e'sls.23 and 5.24, Figs. 5.8 and 5.9).

Comparing the average values of final combined contact pressure distributions and
mechanical contact pressure distributions along the interface in each case, it can be

seen that they are very close to each other. This is illustrated in Figs. 5.10 and 5.11.
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This indicates that the thermal stress along the interface does not add any significant
value to the value of the mechanical pressure distribution. It just redistributes the
pressure at the interface.

Using Eq. 5.6, data of the pressure change along the interface caused by the
thermal stress in the different cases are obtained (Tables 5.25 and 5.26). Figs. 5.12
and 5.13 demonstrate their distribution along the joint. Examining the data, one can
find that the arithmetic mean of s, (z) of each case is very small compared to the
average magnitude of mechanical pressure, which confirms the earlier conclusion.

The effect of the thermal stress distribution on the mechanical pressure distribu-

tion ®(z) can be defined as

-

Tables 5.27 and 5.28 contain $ values expressed as percentage which demonstrate
that the thermal! stress has more effect on the pressure distribution of lower values
as, percentagewise, ¢ decreases when the load increases. _

It should be mentioned here, that the effect of thermal stresses does not only
depend on the value of pressure but also depends on other factors, such as the coeffi-
cient of thermal expansion of the material; however, in this thesis the effect of other
properties is not considered.

The thermal analysis module in ALGOR was used to find out the thermal con-
ductivity distribution along the interface. As described in Sect. 4.4, since the thermal
conductivity distribution along the joint was unknown in advance, initially the as-
sumed thermal conductivity values proportional to mechanical contact pressure were
assigned to the elements along the interface of the model. These assumed values
are given in Tables 5.29 and 5.30. Running this model in the thermal analysis mod-
ule provided the temperature field. This temperature field was compared with the
experimental temperature field and the thermal conductivity values were adjusted.
The model was run again with the new values. After several iterations, the final

thermal conductivity distribution of the elements along the interface was obtained
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(Tables 5.31 and 5.32). Figs. 5.14 and 5.15 present the first assumed and the final
thermal conductivity distributions. One can find substantial difference of the ther-
mal conductivity values between the first assumption and the final results obtained
through iterations. This indicates that the assumed proportionality of the thermal
conductivity to the local mechanical contact pressure does not represent the actual
situation.

Based on the thermal conductivity distribution, the thermal resistance distribution

of the disturbed zone is calculated from the known relationships:

R(z) = ﬁ (5.8)
h(z) = E%-)- (5.9)
Thus,
d
R(z) = ok (5.10)

witere R(z) is the thermal resistance distribution of the disturbed zone of depth d,
h(z) is the thermal conductance distribution, and k{(z) is the thermal conductivity
distribution.

The thermal resistance of the disturbed zone R(z) is a combination of the thermal
resistance of the material of the disturbed zone and the thermal contact resistance
caused by the interface R.(z). The value of the thermal resistance of the material of

the disturbed zone is 0.0926 m2°C/kW. Thus,
R.(z) = R(z) — 0.0926 (3.11)

Tables 5.31 and 5.32 give the values of thermal contact resistance of the elements
along the interface, and Figs. 5.16 and 5.17 demonstrate their distributions along
the interface. Figs. 5.18 to 3.23 show the relationship between thermal contact resis-
tance distributions, R.(z), and contact pressure distributions, p.(z), plotted against

the interface, x/L. As expected, when the contact pressure increases, the thermal
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contact resistance decreases, and it is evident that their distributions are inversely
proportional to each other. One can now use these distributions to determine the
relationship between thermal contact resistance, R,, and contact pressure, p., from
their local values.

To find this relationship, the least squares method is used. Figs. 5.24 10 5.25 show
the resulting thermal contact resistance plotted against the contact pressure under
all loading conditions, for £/¢ = 0.5 and k/{ = 2.0, respectively. The curve for the

case hf{ =20 and F = 98 N can be approximated by
y=a+bz
The remaining five cases can be represented by
=a+ °
y= z
Based on the relationship between thermal contact resistance and contact pressure
in these five cases (the first case will be treated separately), it is estimated that

b
Rt =a+— (512)

c

The least squares method defines the curve for which the sum of magnitudes of A,
under the curve will be equal to the sum of magnitudes of A; above the curve, i.e.
the average of A; is equal to zero. A; is defined by the difference between the thermal
contact resistance data and the value of the fitting curve. In order to find the values

of a and b which will give the best fitting curve, the function has to be minimized:

n n n b _
S = Z(Al)z = Z(Rcdcm - Rcest)2 = Z(Rcdutu —-a- p—)2 (0.13)
by taking partial derivatives of S with respect to a and b and setting them equal to
zero:
as 2 b
=23 —— = 3.
aa E(a + Pe Rcdn:a) 0 (D 14)
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as i b 1
—==2) (6+ — = Rigata)— =0
ab ;( pc edat )p‘.
For brevity, the sums are expressed as
_
1/P = z —
i=1 Pe

R= Z Redate

=1

7Py = 3~ )

=] Pe

'E/? = i Rcdn:n

=1 c

With this notation, the Egs. 5.14 and 5.15 are expressed as

a+bl/P=R

o1/P + b1/ P): = R/ P

so that ¢ and b can be solved simultaneously

.- JPR[P-R{1/Py
(/P2 -(1/P)

. R1/P-R/P
(1/Py - (1/Py
For the case h/¢ = 2.0 and F = 98 N, we estimate

Rceat=a+b'pc

Using the same method, a and b of this function are obtained.

SR
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The relationship {unction of every case is shown below:

for hf{=05and F =98 N R. =0.0145 + 2?9);8 (5.25)
for h/f =03 and F =294 N R, = —0.0175 + 6§'0 (5.26)
for hft =05 and F =882 N R. = —0.0078 + 535 (5.27)

forhf{=20and F=98 N R. = 0.1331 — 0.0001p, (5.28)
for h/f =20 and F = 294N R. = —0.0096 + 55;0 (5.29)
for hjt=20cnd F =882 N R.=-0.0142 + 52'1 (5.30)

These functions are combined for three levels of loading and plotted separately
for k/€ = 0.5 and h/{ = 2.0, each case covering its own range on a R, vs. p. graph,
Figs. 5.24 and 5.25. One can see that they follow a common trend, which could be

represented by

b
e=2 (5.31)

c

Using the least squares method, two new functions of the relation between the thermal

contact resistance and the contact pressure are obtained for two groups of the latter,

convex and concave:

32.9

for k£ =03 R.== (5.32)
l)
for hje =20 R.= ?’f’—'“ (5.33)

Figs. 5.24 and 5.25 show that these two functions fit the data very well.

Comparing these two curves with separate curves at each pressure range case (Figs.
5.24 and 5.25), it can be seen that while at the lower pressure range the agreement
is very good, it deteriorates at high pressure range. This might be influenced by the

fact that, the relationship K. vs. p. at high pressure range was obtained for a steeper
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Comparing the results of the convex and concave contact pressure distributions
(three of each). one finds that they are very close to cach other. Thercfore. using the
least squares method. a general function combining the results of all distributions is

obtained:

R.= — (5.3
Pe

Fig. 5.26 presents the general function and Fig. 5.27 demonstrates the same
function in log-log coordinates. It can be seen that the data for both contact pressure
distributions (convex and concave} are quite close to each other. Again, the deviations
could probably be attiibuted to variation in slopes and perhaps also differences in
convex/concave shapes. The seemingly large departure from the straight line of the
general function in the high contact pressure range is exaggerated due to the log-log
coordinates, and it is in fact quite small.

In the theoretical research work of Mikic [32], the relationship between the thermal
contact resistance and contact pressure expressed as a function combining the micro-
constriction resistance and macro-constriction resistance, R, and R; respectively, 1:,

_ — g iB_ 0.985 Pe \p.985
Re= Ryt Ry = 068975 (22) ﬁn[j (25" cos(nsg)d 7 (533

The macro-constriction resistance Ry, for the contact pressure distributions in this

study, can be expressed as

b &1
e - — n e _ 5°36
R, I.Zn.[ “cos(n dy]pg ( )
Thus,
R, = 4—6- ! [Z Pem cos(w Z — (5.37)
k2 n am P i=1 Poi

Using the values of the combired contact pressure obtained from the finite element

analysis for various distributions, the relationship functions for each case are obtained.
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for hjft = 0.5 andF = 98N R =204 x10""p, (3.38)
for h/{ = 0.3 andF = 294\ R.2 =6.63 x 10™°p, (5.39)
for h/{ = 0.5 andF = 882N R = 1.84 x 107%p, (5.40)
for h/{ =2.0 andF = 98N R =157 x 1077 p, (5.41)
for h/L = 2.0 andF = 294N R = 6.89 x 10~%p, {5.42)
for hf{ = 2.0 andF = 882N R, = 1.98 x 10~%p, (5.43)

Thus, the macro-constriction resistance is proportional to the contact pressure
distribution:

Ro=C-p.. (£.44)
where C is a coefficient of proportionality.

The maximum value of R, is of the order of 10~* m®*C/kW. This means that
the macro-constriction resistance is negligible in comparison with the thermal contact
resistance, R., which is of the order of 1072 m?**C/kW, a hundred times higher than
R,.

As indicated in Eq. 5.35, the micro-constrictior resistance depends on the material
properties and contact surface finish. For the material used in this study, the thermal
conductivity was 54 W/m°C, the hardness of material was 160 Hg, and the slope of
the surface irregularity measured from the profilograph Taylor Hobson Talysurf 4 was
0.14 (Fig. 5.28). The roughness of the contact surface was measured by Mitutoyo
Surftest 401 as R, = 1 umn. Thus, the corresponding standard deviation of the surface
1s 6, = 1.2um. However, the roughness of the surface calculated from the parts of
the profilograph, with omission of extreme values, was determined as R, = 0.53 pm,
for which the standard deviation value is o, = 0.66 um. Substituting these values for
the micro-constriction resistance term of the Mikic formula, Eq. 5.35, one obtains for

the general function found in this study

c. Hp

f07'0'¢=0.66pm Rc=0.‘9ktanez

(5.45)
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for . =1.20um R. =040

== (5.46)
In order to compare these results with those obtained by Cooper. Mikic and

Yovanovich {19], one l1s to convert them to thermal contact conductance values.

As

he = ';Z . (5.47)

we have
for . = 0.66um he = 1.27“—‘:1:—9;;; (5.48)
for o, = 1.20pm he = z.zoﬁ%’:ﬁ;—; (5.19)

Fig. 3.29 is the graph given in [19] with the results obtained by Cooper. Mikic and
Yovanovich {19], Mikic and Rohsenow [33], Henry {34]. and Yovanovich and Fenech
i35], onto which results obtained in this study, converted into the thermal contact
conductance, have been plotted. It can be seen that the two plois for . = 0.66um
and for.g. = 1.20um are nearly parallel to the Mikic theoretical function [32], which
is in-between them. In particular, the plot of the general function for o, = 0.06pm
shows a very good agreement with the experimental data obtained in {33], {34], ana
[35).
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Chapter 6

Conclusions and

Recommendations

6.1 Conclusions

The conclusions which can be derived from this study on the effect of contact
pressure distribution on the thermal contact resistance distribution along a machine

Joint, are as follows:

1. An iterative experimental and finite element modelling approach has been ap-
plied to find out the effect of the contact pressure distribution on the thermal contact
resistance distribution. In this approach, the thermal field in the finite element model
of two contacting specimens subjected to various contact pressure distributions was
correlated with the experimental temperature field measurements through consecu-
tive iterations, using initially assumed local values of thermal conductivity converted

later into the thermal contact resistance distribution.

2. Experiments were conducted on two thin-plate specimens of steel under plane
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stress loading by a concentrated force acting on the upper, smaller specimen.  lts
height-to-length ratio defined its stiffness and thus. the profile of the contact pressure
distribution. Two upper specimens of 2/{ = 0.5 and 2.0 used in the experiments
provided convex and concave contact pressure distributions respectively, while the
variation of loading force provided various levels of contact pressure distribution. Six
profiles of contact pressure distributions were generated. In condition of heat transfer
across the interface, corresponding thermal contact resistance distributions caused
the temperature drop across the interface which was found to be between 0.1 >C and

3.6 °C for contact pressure 6303 APa and 835 & Pa respectively.

3. Thermal contact resistance distribution was determined for the combined me-
chanical contact pressure and thermal contact stress distributions. For the experi-
mental conditions used, the effect of thermal contact stresses was the redistribution of
the total contact pressure at the interface. This effect was found to be significant for

the low loading condition, for which it amounted on average for thirty five percent.

4. The function representing the relationship between therma! contact resistance
and contact pressure for various distributions was defined using the least squares
method. It was revealed that although this relationship can be expressed by the
single function for the whole experimental range, the deviations experienced for dif-
ferent slopes and forms of distributions (convex and concave), noticeable particularly
for sieep slopes at high contact pressure levels, could indicate the effect of macro-
constriction resistance, however small its values according to the theoretical calcula-

tions might be.

5. The results are validated by comparison with published data on thermal con-
tact conductance, both theoretical and experimental. The linearity of the general

function for thermal contact conductance (in log-log coordinates) obtained from the

R, vs. p. distributions, and its near parallelity to the Mikic theoretical function for
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micro-constriction conductance, indicate the negligible effect of macro-constriction re-
sistance. However, the deviation from the straight line of the general function (log-log
coordinates) of the individual R, vs. p. curves obtained from the distributions of the
thermal contact resistance and contact pressure along the interface, which indicates
the possibility of the effect of macro-constriction resistance, requires further study to

better understand this phenomenon.

6.2 Recommendations for Future Studies

On the basis of the work presented, it is proposed that the following aspects be

considered for future research.

1. It is recommended to undertake experimental studies which would permi.
to determine the significance of macro-constriction resistance and its contribution
to the effect which contact pressure distribution has on thermal contact resistance

distribution.
2. Since only two different 2/{ ratios are used in the experiments, it is recom-

mended that specimens with different k /£ ratios be used to generate different pressure
distributions. The results would lead to formulation of the relationship between the

thermal contact resistance and contact pressure distributions.

3. The function was defined for a specific material and surface roughness. It
is suggested to conduct experiments with different materials and surface roughness
which would permit to determine the effect of these parameters on the relationship

function.
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Fig. 2.3 Representation of the disc;—constriction model: a - Bodies in real

X contact; b - Idealized unit cell; ¢ - Thermal boundary conditions [14]).
1 — —
. I 1

P
. Fig. 3.1 Contact pressure distributions along the interface with
o different h/l ratios.
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Fig. 3.3 Experimental thermocouple distribution  h1=2.0.
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Fig. 4.3 Finite element model for =05,
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Fig. 4.4 Finite clement model for h1=2.0.

66



- A
vt

el

”
Ay

-3

§ ?.'a 3 &8 6 . 13 b
i

APPENDIX A. FIGURES

Interface
~

T
[ J
c=4 mm
T2
[ )
25mm b sturbed
. Zone
d=5mm
25mm
T3
A ]
c=4mm
T4
L J
25 mm

Distance

67

T

T2
/

!

Ta !0 Temperature
r—

-

T4

AT

T3

Fig. 4.5 Model of onodimensionalchannel temperature distribution across the
interface,



APPENDIX A. FIGURES 68

67.4883
- G4 .8550
62.2177

[ 59.5823
56.9478
54.3117
51.8763
49.04109
46.4057
43.7784
41.13508
¥ 36,4997
t35.8544-

i
o 13 1§
»

7

i
)

5.75

L
’
1[: 8152 R

L
i
=t ; ;
{

¥, d o ol g, % .;'"
= P ot RS, d 1 e Lo
P} -‘?“"3*};51\{1( TR SR
) B, o + SN Lo
v wereory o At 1 <) i I 23 Fyoar
D el M A R A
SRy q Tep-t &8 B "
..-ﬁ,‘:x?;aw_‘:‘;é =R R Syt
¢ EnTog e S Rt A 5 o gl i Bty
iR e e B o :
e et e R E B e [ ' S
YR e Brmm L
rd i3 "
2N
x . 8 b [
¥
% Y

Fig. 5.1 Temperature field on the finite element model for h1=0.5 F=294N.



APPENDIX A. FIGURES

| e

1934

E 68 727@

[
ek

)
i

18 b ti
TXH Dok
l. = [
1Y .

L]

69

aqf\
OU -"-1-1.1

4 62.8954
586.7796
55.4638

-52.1480
r 48,8322
-45.5164
- 42.2006
- 36.6848
- 55.5696
- 32.2632

26.93574

Fig. 5.2 Temperature field on the finite slement model for h/1=2.0 F=294N.



—
~

APPENDIX A. FIGURES

Centre Line

™~

Upper -
Specimen | T~

Interface \

Node # — 4> A5 24—+

Element # ~

~ Lower __
Specimen |

Fig. 5.3 Interface area of the finite element model.

70



Contact pressure kPa

APPENDIX A. FIGURES

8

lm.-_..-I C e e e e e e e

. e e cme —— C Emwm e s ap - See e e - —

294N

] .
— e —— -y —

Position x/L

Fig. 5.4 Mechanical contact pressure distribution along the half-length interface

from the axis of symmetry for h/1=0.5.

71



Contact pressure kPa

APPENDIX A. FICURES

8000 r -1 T T T Y T T Y
7000}
m-— -
882N
ot i ]
000 — - - - - —— S, -
3000 - - -
ool _ ZSTN ___
1000}- - ..? 98N . = . e = -
i,
o 1 1 - N 1 [ 3 i}

Position x/L

Fig. 5.5 Mechanical contact pressure distribution along the half-length interface

from the axis of symmetry for h/1=2.0.



APPENDIX A. FIGURES

X
ol v, Sy SMJ\W Fry=radriwgprt
P31 e T N
e

73

. W
prestaaleprnt

t-.--.!-rf\.%

b o e ---w.. o ]
" . ey

-l

R
A -s'\rh‘-no-
it

)
TS

Fig. 5.6 Close view of the stress ficld of the interface area for h/1=0.5.




APPENDIX A. FIGURES 74

.
foe v v - =
-~ s
47 Y
e R ; - 38
v
T .
fd Y Pl
' IS5 ;
WY S X
] .
[ Pt »
[ias L003 =
- o e '
ke o b
- g
Ry e i
> I
‘1‘ = i
3 h
= AL R
g o =9 st ivia?
= -~ -
. vty § o aonim l g, oy, B
* pisieva. &« . wius Mg M
. e s ] ey .
~upervr Sr-—gll il Ereramy trrY -— oo P
B . d veyuiyl). prteal W 4 ey
ot e > . » - e -
e’ 4 sl J
- —— AP o prirty ey ry —m
. | v enup il
- - Prmis ] mmommin e ool wrturr ron
i Ens =
; . e [ rwrrgaret 4 P Py
- IS
- s Iy % por ra—
— iy |, PPy
e - o vy
- rorey - o
o F: e Atk prurd) s frwed e r
- " z - o i Sy
Lt ] et e b,
——
G- -Jy ]
i N
[y 0 s g [
Nt W e e, AV AT et PITYNO0 TRPTY PRCW T ©
e, v W-kc e i » i e A *-.ﬁ'::«- o ¥
e o e ] |W‘,'-n_~ - “ ) ] IR
Say J B A d
o Ry e " 2
Flel o o o 9 o
- = »
Yot o e 43
ooty bt o
o T
N ]
WL .
Pt "‘M - Lo o | Tl P
- Rt n X 'mrtmm ; Seraihatee s ditne e o o e .E:-\F TR P
e e e ool et Bt ‘Qﬂng Pt v e
o oA * pailou : : iy u :Go.'r H-gwu-,&.bw Pl Lt Wk'-b -d&-‘- -
A w‘ . ..n‘-: -"-¢W<. Y sy ﬁf n-LJ._q.. s,-.cg:'r:::_.-.. -‘..~ "
5  der - " h
Mb—u' M‘uﬂdﬂﬂ L . oy, o e H’] 1
v---L ; e Fneere SAd 0 --m@ ey Tan J""
. T Ty

o Fig. 5.7 Close view of the stress field of the interface area for h/1=2.0.



Contact pressure kPa

APPENDIX A. FIGURES

m k] ¥ ¥ 4 1 b 1 T ]
7000 - .
6000} —em e e

$000

" o —— e v s of

‘m-- m it wmekm e o e P LR L

3o00} - .. ...294N - . wmm——. Y

Position x/L.

Fig. 5.8 Combincd (mechanical and thermal) contact pressure distribution along the half-length
interface from the axis of symmetry for h1=0.5.



APPENDIX A. FIGURES 76

BOW T 1 4 ¥ ) ] LI L 3 T )
7000} -
6000 -
o
) 5000f
L]
i T
= ol U
ba]
- S
) &)
) 3000} - R - . ]
2000}
_ lm--..-. G m we i ey sy = T . - hn s emaram stme e = v o] .
- 0 1 1 1 3 3 X 1 2 2
0 01 02 03 04 as 1] 07 08 o9 1

Position x/L

_ Fig. 5.9 Combined (mechanical and thermal) contact pressure distribution along the half-length
. . interface from the axis of symmetry for h/1=2.0.



APPENDIX A. FIGURES 77

Contact pressure kPa

Position x/L

Fig. 5.10 Comparison of combined contact pressure distribution and mechanical-only contact
pressure distribution for h/1=0.5:
. ——— combined contact pressure
------ mechanical contact pressure



APPENDIX A. FIGURES 78

o
&
L
3
. - e o]
if S
|
v s
(&
3 300} . - - —
294N gl

r‘ “m- . + =ma i om - ew -§é}q: - . . wws . .

o b ) b |
°0 al a2 V%] 04 cs 06 a7 0s 09 1
. Positon x/L.
ﬁ Fig. 5.11 Comparison of combined contact pressure distribution and mechanical-only contact
e pressure distribution for h/1=2.0:
i . —— combined contact pressure
----- mechanical contact pressure



APPENDIX A. FIGURES 79

500 L Y L T T T Y Y -

do0f - - | : N

S = s

100

Thermal stress kPa

~100F -

500 % 1 1 ) 1 1 1 P
0 a1 a2 03 04 0s 115 a7 08 09 1

Position x/L

Fig. 5.12 Themmal stress distribution along the half-length interface from the axis of symmetry
: for W1=0.5.

e
\.



~d

APPENDIX A. FIGURES 80

Thermal stress kPa

Position x/L

Fig. 5.13 Thermal stress distribution along the half-length interface from the axis of symmetry
for h/1=2.0.
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Fig. 5.16 Thermal contact resistance distribution along the half-length
interface from the axis of symmetry for h/l=0.5.
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Fig. 5.17 Thermal contact resistance distribution along the half-length
interface from the axis of symmetry for h1=2.0.
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Fig. 5.18 Thermal contact resistance and contact pressure distribution

for h/i=0.5 F=98N.
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Fig. 5.19 Thermal contact resistance and contact pressure distribution

for h/1=0.5 F=294N.
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Fig. 5.20 Thermal contact resistance and contact pressure distribution
for W1=0.5 F=882N.
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Fig. 5.21 Thermal contact resistance and contact pressure distribution

for h1=2.0 F=98N.
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Appendix B

Tables

Table 3.1: Calibration results of the thermocouples (TC) on upper specimen

Wi=0.5; T, °C
7.9 [40.9 1 59.9 |88.7 | Tref | 7.9 40.9 |1 59.9 | 88.7
TCF
1 . 40.9 59.8 { 88.6 15 . 40.8 [ 59.8 88.7
2 . 40.9 |} 59.9 |88.7 16 . 40.8 | 59.9 88.6
3 . 40.8 | 59.8 | 88.7 17 . 40.9 | 59.9 88.6
4 . 40.9 | 59.9 | 88.6 18 . 40.9 | 59.8 ] 88.7
5 . 40.8 | 59.9 | 88.6 19 . 40.9 | 59.9 | 88.6
6 40.9 | 59.8 | 88.7 20 . 40.8 | 59.9 | 88.7 i
7 40.8 { 59.9 | 88.6 21 . 40.8 | 59.8 | 88.8 ]
8 . 40.9 | 59.8 | 88.7 22 . 40.9 | 59.8 88.6 #
9 . 40.8 | 59.9 | 88.6 23 40.9 | 59.8 88.7
10 . 40.9 1 59.8 | 88.7 24 . 40.9 | 59.9 88.6.H
11 . 40.9 | 59.9 | 88.7 25 . 40.8 159.9 |} 88.7
12 40.9 [ 59.8 | 88.6 26 - 40.9 | 59.9 88.7
88.6 27 | 7.9 40.9 | 59.8 | 88.7
so.s Jes | | 1 1 ) ]
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Table 3.2: Calibration results of the thermocouples (TC) on upper specimen
W=2.0; T, °C

|

Tref | 7.9 |40.9 |59.9 [88.7 |Tref | 7.9 [40.9 [59.9 |88.7
) TCF | TCf
g] 1 {7.9 |40.9 |s59.8 |88.7 18 [7.9 [40.9 |59.9 |88.7
2 |7.8 |40.8 |59.9 |8s8.7 19 |7.9 | 41.0 |59.8 |88.7
3 {7.9 |40.9 |59.9 |8s.8 20 | 8.0 |40.9 |{59.9 |88.7
4 |7.9 [40.9 {59.8 |88.6 21 | 8.0 |41.0 [60.0 |88.7
7 s |7.9 [41.0 |60.0 |88.7 22 |8.0 |41.0 [60.0 |88.6
»d 6 40.9 { 60.0 |88.8 23 17.9 |40.9 {60.0 ss.s"
"1 7 |8.0 [40.8 {59.9 |8s.8 24 18.0 |40.9 [59.9 |ss.8
~ s |7.9 |40.9 {59.9 {88.6 25 17.9 }41.0 |[s59.9 |s8s8.8
1 9 |8.0 |41.0 {59.8 {88.7 26 {7.9 ]41.0 |s59.8 |88.7
A 10 | 8.0 ] 41.0 |60.0 {88.7 27 7.9 }41.0 |59.8 |88.8
11 40.9 | 60.0 |88.7 28 | 7.9 |41.0 |s9.9 |s88.7
- 12 | 7.9 ]40.9 |[59.8 |88.6 29 {8.0 | 40.9 j60.0 |88.6
7 13 40.9 |59.8 |88.6 30 {7.9 | 40.9 |s59.9 |88.6
- 14 40.9 |s59.9 |s8s.8 31 {8.0 |40.9 |s9.8 sa.vi‘
15 [ 8.0 |40.8 |s9.9 |88.7 32 {8.0 [41.0 |60.0 33.7;]
=3 16 | 8.0 |40.9 |s59.8 |8s.8 33 8.0 |41.0 |60.0 |8s.3 |
3 17 (8.0 |40.9 |59.9 |s8s.8 !



i

i

i o B o o

&

¥

’-‘

< E
o
. H

APPENDIX B. TABLES

99
Table 3.3: Calibration results of the thermocouples (TC) on lower specimen; T, °C
————— = — ——
Tref 7.9 | 40.9 59.9 | 88.7 | Tref 7.9 40.9 {59.9 88.7
TC# TC#
1 7.9 40.9 59.9 | 88.8 22 1 7.9 41.0 | 59.9 88.6
2 7.9 40.8 59.9 |} 88.8 23 17.9 41.0 | 5%9.9 88.6
3 8.0 41.0 59.9 | 88.7 24 } 7.9 41.0 | 59.9 | 88.7 E
4 8.0 40.9 159.8 |88.7 25 1 7.9 41.0 |} 60.0 BB.BJ
5 8.‘0 40.9 59.8 | 88.6 26 | 7.8 40.9 60.0 [ 88.7 l
6 8.0 41.0 60.0 | 88.8 27 7.9 40.9 60.0 88.6 I
i 7 8.0 41.0 60.0 §88.6 28 17.8 40.9 59.9 | 88.7 l
[ 8 7.8 41.0 1 60.0 | 88.7 29 ) 7.8 40.9 ] 60.0 | 88.8
9 7/9 40.8 | 59.9 (88.7 30 | 7.8 40.9 ]| 60.0 | 88.8 l
I 10 | 7.9 40.9 55.9 | 88.8 31 | 7.9 40.9 59.9 | 88.7
11 | 7.8 40.9 | 59.8 | &88.8 32 | 8.0 40.8 60.0 | 88.6 i
12 } 8.0 40.8 59.9 | 88.7 33 '8.0 40.8 59.9 88.7
13 { 8.0 40,9 } 60.0 | 88.7 34 ;8.0 40.8 | 59.9 }88.7 ]
I 14 | 7.9 40.9 | 60.0 | 88.7 35 ] 8.0 40.9 | 60.0 |88.8°
15 1 7.9 40.9 | 60.0 | 88.6 36 | 8.0 40.9 59.8 88.8]
16 | 7.9 41.0 | 59.8 | 88.6 37 7.9 40.9 ] 59.9 | 88.6
17 } 7.9 41,0 59.8 88.7 38 | 7.9 40.9 | 59.9 88.7]
I 18 | 7.8 41.0 | 59.9 | 88.8 39 | 8.0 41.0 60.0 ] 88.6
r 19 | 7.8 40.9 {59.9 |88.8
I 20 | 8.0 40.9 | 59.9 |88.6
21 | 8.0 40.9 60.0 | 88.8
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Table 5.1: Experimental temperature data on the upper specimen,
h1=0.5, F=98N; T, °C

FRound 1 2 3 Ave. Round 1l 2 3 Ave.

TC# TC#
1 59.2 | 59.2 | 59.1 | 59.2 15 63.6 | 63.6 | 63.5 | 63.6
2 59.7 | 58.7 | 59.7 |1 59.7 16 63.6 [ 63.5 [ 63.5 [63.5
3 59.9 | 59.9 | 60.0 | 59.9 17 63.6 | 63.6 163.6 |63.6
4 9.9 | 59.9 | 59.9 | 59.9 18 63.5 163.4 ] 63.4 63.4
5 59.8 } 59.7 | 59.8 | 59.8 19 67.6 | 67.6 | 67.6 | 67.6
6 59.8 | 59.7 | 59.8 | 58.8 20 67.7 | 67.6 | 67.7 67.7
7 59.8 | 59.8 | 59.8 | 59.8 21 67.6 | 67.5 | 67.6 | 67.6 I
8 59.8 | 59.8 | 59.7 | 59.8 22 67.2 | 67.2 | 67.1 | 67.2 I
9 59,3 | 59.2 | 59.3 | 59.3 23 67.0 | 67.0 | 67.0 67.0-J1
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“. Table 5.2: Experimental temperature data on the lower specimen,
mM=0.5, F=98N; T, °C
— —ﬁ==j=====j T——
Round 1 2 3 Ave. ] Round 1 2 3 Ave.
TC# TC#
1 51.3 { 51.3 | 51.2 | 51,3 21 | 44.3 |44.2 |44.2 | 44.2
2 52.2 | 52.1 {52.2 { 52.2 22 J43.1 |43.1]43.1/43.1
3 52.8 | 52.8 | 52.8 | 52.8 23 |41.8 [41.9 | 41.8 ] 41r.8
) 4 53.2 | 53.1 | 53.1 | £3.1 24 {39.1 [39.0 |39.0]39.0
5 53.4 | 53.4 | 53.3 | 53.4 25 |35.4 |[35.4 {35.4]35.4
6 53.2 | 53.2 [ 53.2 | 53.2 26 135.6 [35.6{35.6 35.6T4
) 7 52.8 | 52.9 | 52.9 | 52.9 27 |36.6 |36.7 |36.7]36.7
-~ 8 52.1 | 52.0 | 52.2 | 52.1 28 |36.5 |36.5|36.5]|36.5
9 51.4 | 51.4 {51.4 | 51.4 29 |36.4 |36.3 |36.3]36.3
10 | 48.7 ] 48.7 ]48.7 | 48.7 30 |36.5 |36.5 |36.4]36.5
12 | 49.4 | 49.5 } 49.5 | 45.5 31 |36.6 |36.6 |36.6]36.6
12 | 49.9 | 50.0 } 49.9 | 49.9 32 {35.6 |[35.4 |35.6]35.6
13 {50.1{50.2 |50.1}50.1 33 J35.4 }35.4 |35.3|35.4 i
14 {50.2 {50.3 {50.3 | 50.3 34 ]39.1 }39.0]39.2]39.1 J
) i5 | 50.0 | 50.1 { 50.2 | 50.1 35 |41.8 }41.8 | 41.8 ) 41.8 J
- 16 | 49.9 | 49.9 | 49.9 | 49.9 36 {43.1 |43.0 )43.2 43.14]
17 | 49.4 ]149.3 | 49.4 | 49.4 37 (44.3 [44.3 [44.3 44.3i]
18 | 48.7 | 48.7 | 48.7 | 48.7 38 | 48.4 [48.4 [48.4 43.44]
19 }50.2 | 50.1 |s50.1|50.1 39 |s0.2 )
20 ] 48.4 | 48.5 | 48.5 | 48.5
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Table 5.3: Experimental temperature data on the upper specimen,
h1=0.5, F=294N; T, °C

Roum_i—- 1 ._2_ 3 AveT_ Round 1l 2 3 Ave.
TC# TC#
1 [58.7{s8.7{s8.7158.7} 15 |63.3]63.3]63.2]63.3
2 |s59.1059.1]59.0]59.2| 16 |63.2|63.1]63.2]63.2
) 3 {59.3]59.3)59.3]|589.3)] 17 |e63.2|63.1]63.2]63.2
i 4 |59.4|59.5(59.450.4| 18 |63.2|63.1}63.1}63.1
h 5 |59.5)|59.6|59.5]|s59.5] 19 |67.5 [67.5[67.6]67.5
- 6 |59.4|59.4 {59.4|59.4| 20 |67.6]67.6]67.5]67.6
- 7 |s9.2|s59.2|s55.2|59.2| 21 |67.4|67.4 |67.4]67.4
. 8 |{59.1]59.1]s59.1]s9.2] 22 |e7.1]|67.0]|67.1]67.2
9 |s58.8|58.758.8|58.8| 23 |66.9]66.9]66.8]66.9
' 10 |63.2|63.2)63.2]63.2| 24 |67.1]67.0]67.0]67.0
11 |e63.2{63.2|63.2]63.2] 25 |67.4 |67.2|67.4]67.4 ]
\ 63.1 [ 63.2 | 63.2] 26 |e67.6 |67.5 {67.7]67.6 ]
- 63.3 | 63.2 | 63.3] 27 [67.5 | 67.5 | 67.5 | 67.5 |
‘ 63.3 | 63.3 | 63.3 l
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Table 5.4: Experimental temperature data on the lower specimen,
h1=0.5, F=294N; T,°C
Round 1 2 3 | Ave. | Round 1 2 3 Ave.
TCH TC#
1 52.1 { 52.1 ]52.0 | 52.1 2] 44.9 44.9 | 44.8 | 44.9
2 53.2 | 53.3 | 53.2 | 53.2 22 43.6 43.6 | 43.5 |1 43.6
3 53.8 1 53.8 | 53.9 | 53.8 23 42.3 42.3 | 42.1 | 42.3
4 54.2 | 54.1 | 54.2 | 53.2 24 39.6 39.5 } 39.6 | 39.6
5 54.4 | 54.4 | 55.4 | 54.4 25 35.8 35.7 | 35.8 | 35.8
6 54.2 { 54.1 | 54.2 | 54.2 26 36.0 36.0 ] 36.0 | 36.0 I
7 53.8 { 53.8 | 53.8 55.8 27 37.1 37.1 137.2 37.2_J
8 53.1 |1 53.1 | 53.1|53.1 28 36.9 36.9 | 36.9 36.9{
9 52.0 | 52.0 | 51,9 ; 52.0 29 36.8 36.9 | 36.8 | 36.9
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Table 5.5: i :
e T o on e upes pcimen,
l Round —J—.- 2 3 Ave. | Round 1 2 3 Ave,
TC# TCF

I 1 |59.1]59.12|59.0/}59.1 15 |63.3163.3 [63.2|63.3

I 2 59.3 | 59.3 [ 59.3 |59.3| 16 |[63.4 [63.4 [63.4 | 63.4

3 59.5 | 59.5 { 59.4 [ 59.5 17 {63.4 |63.3 | 63.2 | 63.3

l 4 55.5 | 59.5 | 59.5 | 59.5 18 | 63.4 163.3 |63.3)63.3
l_ 5 |59.4|59.3]59.3]59.4 19 |67.5 |67.5 | 67.6 67.5_*

l_ 6 59.4 | 59.4 [ 59.4 | 59.4 20 |67.6 | 67.5 | 67.6 | 67.6
7 59.5 { 59.5 [ 59.4 | 59.5 21 |67.5 |67.5 | 67.5 | 67.5 ]

8 59.4 | 59.3 | 59.4 | 59.4 22 |67.2 |67.2 | 67.1|67.2

9 59.2 | 59.2 { 59.2 | 59.2 23 |66.9 | 66.8 | 66.9 | 66.9

| 10 | 63.4 | 63.4 |63.3]63.3 24 |67.2 |67.1 |67.2]67.2
| 11 {63.4 {63.4 [63.4 (63.4 25 |67.5 |67.6 | 67.6 | 67.6 l
I 12 ] 63.4 |63.4]63.3]63.4 26 | 67.6 | 67.5 | 67.5 | 67.5 I
13 | 63.4 |63.3|63.3]63.3 27 | 67.5 |67.4 | 67.4 67.4_J
14 | 63.4 | 63.4]63.4]63.4 l
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Table 5.6: Experimental temperature data on the lower specimen,
ni=0.5, F=882N; T,°C
Round h 2 3 Ave. | Round h 2 3 Ave.
TC# TC#
1 52.8 | 52.7 | 52.8 | 52.8 21 45.5 45.6 | 45.7 | 45.6 I
2 53.9 | 53.9 | 53.9 | 53.9 22 44.2 44.2 | 44.1 ] 44.1 ﬁ
3 54.4 | 54.5 | 54.4 | 54.4 23 42.8 42.7 | 42.7 | 42.7 J
4 54.8 | 54.8 | 54.8 | 54.8 24 40.0 40.0 | 40.0 } 40.0
5 54.9 | 54.9 | 54.9 | 54.9 25 36.2 36.1 | 36.1 | 36.1.§
6 54.8 | 54.8 | 54.8 | 54.8 26 36.4 36.3 | 36.4 36.4_J
7 54.4 | 54.3 | 54.4 | 54.4 27 37.4 37.4 | 37.4 37.41
8 53.9 | 53.8 | 53.9 | 53.9 28 37.3 37.2 }37.2 | 37.2
9 52.8 | 52.8 | 52.8 | 52.8 29 37.2 37.2 | 27.1 ] 37.2 I
10 49.9 | 49.9 | 49.9 | 49.9 30 37.3 37.3 |1 47.4 | 37.3
11 50.6 ) 50.4 | 50.5 ] 50.5 31 37.4 37.5 | 37.4 | 37.4
I 12 51.1 § 51.1]51.2 | 51.1 32 36.4 36.4 | 36.5 | 36.4
l 13 51.4 | 51.4 | 51.3 | 51.4 33 36.2 36.2 {36.2 } 36.2
14 51.5 | 51.5 | 51.3 | 51.5 34 40.0 40.0 { 39.9 | 40.0
15 51.4 ] 51.3 | 51.4 | 51.4 35 42.8 42.8 | 42.7 | 42.8
16 51.1 | 51.0 | 51.0 | 51.0 36 44.3 44.4 1 44.4 | 44.4
17 50.5 | 50.5 | 50.5 | 50.5 37 45.6 45.4 | 45.5 | 45.5
ig 49.8 | 49.8 | 50.0 | 49.8 38 49.7 49.8
19 51.9 | 52.0 | 51.9 | 51.9 39 51.9 51.8
20 £9.7 | 49.8 | 49.7 | 49.7
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Table 5.7: Experimental temperature data on the upper specimen,
hW=2.0, F=98N; T, °C

1l 2 3 Ave. | Round 1 2 3 Ave.
TCF

44.4 | 44.4 | 44.3 44.4 {

48.9 | 48.8 | 48.9 48.9
55.5 [ 55.5 { 55.4 55.5 I
62.0 | 62.0 | 62.0 62.0
68.8 | 68.6 | 68.7 68.7
68.8 | 68.8 | 68.7 68.8 I

68.7 | 68.7 | 68.6 68.7
68.4 | 68.5 | 68.5 68.5
68.2 | 68.1 } 68.2 68.2

O N O & Jw N e
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Table 5.8: Experimental temperature data on the lower specimen,
h1=2.0, F=98N; T, °C

1l 2 3 Ave.

37.6 | 37.6 | 37.7 | 37.6 21 |33.7 |33.6 |33.5]33.6
38.1 | 38.0 | 38.1 | 38.1 22 |32.9 |32.7 |32.8!32.8
38.3 | 38.3 | 38.3 | 38.3 23 |32.2 |[32.1]32.1]32.1
38.5 { 38.5 | 38.5 | 38.5 24 |30.7 |30.8 {30.8]30.8
38.5 | 38.5 | 38.4 | 38.5 25 |28.7 |28.7 |28.5|28.7
38.4 | 38.5 | 38.4 | 38.4 26 |28.8 |28.8 |28.8]28.8
38.3 | 38.2 | 38.3 | 38.3 27 |29.3 ]2¢.3]|29.2)29.3
38.1 | 38.0 | 38.1 | 38.1 28 |29.2 §29.4 ]29.2]29.2
37.6 | 37.5 | 37.6 | 37.6 29 |29.2 |29.1]29.1]20.1
36.0 | 35.9 | 35.9 | 35.9 30 |29.3 |29.4 |29.3]29.3
36.3 | 36.4 | 36.3 | 36.3 31 [29.3 }[29,1129.1]29.1
36.5 | 36.5 | 36.5 | 36.5 32 |28.9 |28.8 |28.7]28.8
36.6 | 36.5 | 36.6 | 36.6 33 |28.7 |28.6 | 28.7]28.7
36.7 | 36.6 | 36.6 | 36.6 34 |30.6 |30.7 |30.7]30.7
36.6 | 36.7 | 36.7 | 36.7 35 [32.2 |32.2 |32.232.2
36.5 | 36.4 | 36.4 | 36.4 36 132.9 |32.9 |32.9]32.9
36.4 } 36.3 | 36.4 | 36.4 37 |33.8 |33.8 |33.8]33.7
36.1 | 36.2 | 36.1 | 36.1 38 |36.1 |236.1]36.1]36.2
37.1 }37.0137.1 |37.1 39 |37.0 |36.8|36.9]36.9
36.0 | 36.0 | 35.9 | 36.0

1
2
3
4
5
6
7
8
9

JHAA—J_———(
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Table 5.9: Experimental temperature data on the upper specimen,
h1=2.0, F=294N; T, °C
F;::nd 1 T ; Ave. | Round 1 2 3 Ave,
TC# TC#
1 41.5 | 41.3 | 41.5 | 41.5 18 43.9 | 43.8 | 43.7 43.8
2 41.7 | 41.7 | 41.7 | 41.7 19 48.5 | 48.5 | 48.5 48.5
3 41.9 1 41.8 }]41.9 | 41.9 20 55,2 | 55.2 | 55.2 55.2
4 42.0 1 42.0 | 42.1 ] 42.0 21 61.9 | 61,9 | 61.7 6l.9
S 42.1 | 42.1 | 42.2 | 42.1 22 68.7 | 68.8 | 68.7 68.7 l
6 42,0 | 42.0 | 42.0 | 42.0 23 68.8 | 68.8 | 68.8 68.8 I
7 41.9 | 41.9 | 41.8 | 41.9 24 | 68.6 | 68.7 | 68.7 63.7']
8 41.6 | 41.6 | 41.5 | 41.6 25 68.4 | 68.4 | 68.5 GB.S_J
9 41.4 ] 41.4 | 41.2 | 41.4 26 |68.2 | 68.2 | 68.2 68.2J
10 43.9 | 43.9 | 43.8 | 43.9 27 68.4 | 68.4 | 68.3 68.3_J
11 43.9 | 43.7 | 42.8 | 43.8 28 68.6 | 68.5 | 68,7 68.6
12 44.0 | 44.0 | 43.9 | 44.0 29 68.8 |1 68.7 | 68.7 68.7
i3 44.1 | 44.1 1 44.2 | 44.1 30 68.7 | 68.7 | 68.6 68.6
14 44.1 | 44.2 | 44.2 | 44.2 31 61.9 1 61.9 | 61.8 61.9
15 | 44.2 | 44.1 | 44.2 | 44.2 32 |55.2 |55.2 | 55.1 | 55.2 I
16 44.0 | 44.0 | 44.0 1 44.0 33 48.5 | 48.6 | 48.5 48.54]
17?7 44.0 | 44.0 l
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Table 5.10: Experimental temperature data on the lower specimen,
W=2.0, F=294N; T, °C

109

Ave. | Round 1 2 3 Ave.
TC# I
1 35.0| 21 |34.0 |34.2]34.0]34.0 }
2 38.5 | 22 [33.2 [33.2 33.3]33.3 |
3 38.8 | 23 [32.5 [32.5]32.5]32.5 I
4 39.0| 24 |31.0 |31.030.9{31.0 |
5 39.0j 25 |28.9 |28.9)28.9]28.9
6 39.0.] 26 |29.0 [29.0{28.9{29.0
7 38.7| 27 {29.5 |29.4 |29.3]29.4
8 38.5] 28 l20.4 [29.4]29.4]29.4
9 38,11 29 [29.4 |29.3[29.3]29.3
36.5 | 36.5]36.5| 30 |29.5 [29.4|29.4]29.4
36.8 [ 36.8 | 36.8 ] 31 |20.6 {29.6|29.5]29.6
37.0 | 37.0 [ 37.0 | 32 {29.0 [29.0{29.1{29.0
37.3 |37.2{37.2| 33 |28.8 [28.8|28.7}028.8
37.1 |37.a | 37.2 | 34 [31.1 [31.1l31.0}31.2
37.2 |37.2 [ 37.2| 35 |32.5 [32.4 |32.5]32.5 ]
37.1 | 37.2 [37.1 ] 36 |33.3 [33.3[33.2 |
36.5 | 36.5{36.5] 37 [|34.0 |34.0]34.0
36.4 | 36.4]36.41 38 |36.3 ]36.3)36.3
37.0 | 37.1|37.0| 39 |36.9 |36.8 |36.8
36.4 | 36.4 | 36.4
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Table 5.11: Experimental temperature data on the upper specimen,
h1=2.0, F=882N; T, °C

2 3 Ave. | Round 1 2 3 Ave,
TC#
41.2 |41.2 [41.2 | 18 |43.5[43.6 [43.5 |a43.5
41.4 |41.5 |41.4 ] 19 ]a4s.2 |48.2 |48.4 | 4s.2
41.6 | 41.7 [ 41.6 | 20 |s55.0[55.0|54.9 {ss.0
a1.7 |41.8 [41.8| 21 le1.8}61.7)61.7 |61.7
41.8 [41.8 [42.8| 22 |e8.7|67.9 |68.7 | 68.7
41.6 | 41.7 [41.7 ] 23 |es.8 |68.8 | 68.8 | 68.8
41.5 j41.5 [41.5| 24 [e8.6 |68.6 |68.6 |68.6
41.4 41.5 |41.4| 25 |e8.3|68.3]68.3 |6s.3
41.1 J41.1)41.1 ] 26 [e68.2]68.2]68.2 |68.2
43.7 {43.7 ]43.7| 27 |es8.3|68.3|68.3 | es.4
43.7 | 43.8 |43.7 | 28 |e68.5 |68.6 | 68.6 | 6s.6
43.8 | 43.8 | 43.8] 29 |e68.7 |68.7|68.9 |68.7 |

Wi [N iy [ [ W [N |

43.8 |43.9 |43.9| 30 |68.7|67.9 |68.8 |68.8 |
43.8 | 43.8 |43.8| 31 |61.9 |61.9 {61.7 |61.7
43.8 143.7 |43.8 | 32 |s5.0|55.0|55.1 |55.0°
43.7 | 43.9 ]43.8 | 33 |48.3 | 48.4 [ 48.3 | 48.3

| 43.6 | 43.7 | 43.6
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Table 5.12: Experimental temperature data on the lower specimen,
h1=2.0, F=882N; T,°C

Round 1l 2 3 Ave, Rouncﬂ_ 1 2_ 3 Ave.

TC# TC#
1 38.1 | 38.1 | 38.2 | 38.1 21 34.1 34.1 | 34.2 | 34.1
.2 38.7 | 38.6 | 38.7 { 38.7 22 33.4 33.4 [ 33.4 ] 33.4 |
3 39.0 | 39.0 { 38.9 | 39.0 23 32.6 32.7 | 32.6 ] 32,6 I
4 39.1 | 39.1 | 39.2 ] 39.1 24 31.1 31,2 | 30.9 | 31.1 I
5 39.2 | 39.2 | 35.2 | 39.2 25 29.0 29.0 | 29.1 | 29.0 l
6 39.1 | 39.2 | 39.1 ] 39.1 26 29.1 29.0 1 29.1 | 29.1 I
7 39.0 | 39.0 | 38.9 | 39.0 27 29.6 29.6 | 29.5 | 29.6
8 38.7 | 38.6 | 38.6 | 38.6 28 29.5 29.5 | 29.4 | 29.5
9 38.0 ] 38.0 | 38.0 | 38.0 29 29.5 29.5 | 29.5 | 29.5
10 36.5 { 36.5 | 36.5 | 36.5 30 29.6 29.7 | 29.7 | 29.7
11 ]} 36.9 | 36.8 | 36.8 } 36.8 31 ] 29.6 29.6 } 29.7 | 29.6 I
12 37.2 | 37.1 }37.2 ] 37.2 32 29.0 28.9 | 28.9 | 28.9 I
13 37.3 §37.2 | 37.3 }{37.3 33 29.0 29.0 | 29.1 | 29.0
14 | 37.4 | 37.4 1 37.3 | 37.4 34 31.2 31.2 | 31.3 ] 31.2
15 137.4 |37.5(37.4]37.4 35 32.7 32.6 {32.6 | 32.6
16 37.3 | 37.2 | 37.2 | 37.2 ‘36 33.4 33,5 }33.4 }33.4
17 36.9 | 36.9 | 36.8 | 36.9 3?7 34.1 34.1 | 34.2 | 34.1
18 | 36.5 | 36.4 | 36.4 | 36.4 38 36.4 36.4 | 36.4 | 36.4
19 37.6 | 37.7 | 36.8 | 37.7 39 37.5 37.6 } 37.6 | 37.6 I
20 ] 36.5 ] 36.6 | 36.5 | 36.5 I I
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Table 5.13: Temperature distribution below the heated surface,

mM=0.5; T,°C

Table 5.14: Temperature distribution below the heated surface,

WM=2.0; T, °C

Position 2 3 4 s Average
ILoad F, N
98 67.0 67.2 67.6 67.7 67.6 67.4
66.9 67.2 67.5 67.6 $7.5 67.3
66.9 67.1 67.4 67.6 67.5 67.3

Position 2 3 4 5 Average

Load F, N ] I
98 68.2 |68.4 |e68.7 |68.8 |68.8 | 68.6 |
294 68.1 |68.2 |68.5 |68.8 |68.8 | 68.5 I
882 68.1 |68.3 [68.7 }68.8 |s8.7 |67.5

112
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Table 5.15: Temperature drop caused by the interface,
M=0.5; AT, °C

RS S T
Position 1 2 3 4
Load F, N . 5 Average J

98

2.9
1.3 1.7 2.5 1.4

0.8
0.1 0.3 0.6 0.3 0.3 I
——— e

Table 5.16: Temperature drop caused by the interface,
=05 AT, °C

Position Average
Load F, N

98




\..
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Table 5.17: Mechanical contact pressure distribution of nodes along the interface,
M=0.5; P kP2

2 3 4 5 | 6 Average
731 620 487 368 560 592
2190 1858 1461 1102 1675 1771
6570 5572 4381 | 3306 5023 5316

Table 5.18: Mechanical contact pressure distribution of nodes along the interface,

W=2.0; p.os kP2

5 6 Average
620 693 589
1850 2074 1759
5552 6202 5268

Table 5.19: Mechanical contact pressure distribution of elements along the interface,

M=0.5; Ppos kP2

Table 5.20: Mechanical contact pressure distribution of elements along the interface,
M=2-0; pmg kP a

-

Average

563

596

657

582

1682

1800

1962

1740

5213




)

APPENDIX B. TABLES

115

Table 5.21: Combined mechanical and thermal contact pressure distribution of nodes along the
interface, W1=0.5; p., kPa

Node 4 5 6 Average
Load F, N
98 435 727 943 604
1642 1261 1169 1735
4472 4005 2992 5249

Table 5.22: Combined mechanical and thermal contact pressure distribution of nodes along the
interface, h/1=2.0; p., kPa

Average .

616

1738

5450

Table 5.23: Combined mechanical and thermal contact pressure distribution of elements along

the interface, W1=0.5; p, kPa

1 2 3 4 5 Average
554 473 421 581 835 577 J
2271 2022 1717 1432 1196 1727
7046 6303 5202 4239 5258

Table 5.24: Combined mechanical and thexmal contact pressure distribution of clements along
the intcrfaoc,___‘hﬂ=2.0; Po kP2

Average

591

16990
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Table 5.25: Thermal stress distribution along the interface,

h1=0.5; s, kPa
.Element 1 2 3 4 5 Arith.
Icad P, N Mean
98 -204 =203 =132 153 370 =-15.7
294 =-77.4 | -99.0 | -141 -29.4 ] 93.1 =-50.0 I
882 4.0 -2€l: -312__ =142 189 ~-11i8 jJ

Table 5.26: Thermal stress distribution along the interface,
R1=2.0; s,, kPa

2 3 4 5 Arith.
Mean

Table 5.27: The effect of thermal stress on mechanical pressure along the
interface, hA=0.5;

— — e —
Element 1 2 3 4 S Average
Icad F, N

98 33.8% | 33.7% | 22.0% | 25.4% |} 61.5% | 35.1%
294 4.3% 5.5% 7.8% 1.6% 5.1% 4.9%
0.0% 4.93% 6.8% 3.4%
— = ————-

882

Table 5.28: The effect of thermal stress on mechanical pressure along the

interface, W1=2.0;
Average
98 28.5% | 18.0% | 5.20% | 12.8% | 45.9% | 22.4%
294 26.0% | 25.3% | 9.5% 1.4% 21.1% | 17.2%

882 6.3% 5.0% 1.6% 5.6% 17.2% | 7.1%
L ——— e
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Table 5.29: First assumption of thermal conductivity distribution along the interface,
h/1=0 5 k, W/m‘C

Elenent 1 2 3 4 5 Average
Load F, N

98 36.9 34.6 29.4 26.5 52.2 35.9

294 50.0 46.9 |39.0 32.2 29.0 40.7

882 52.8 |49.4 |41.0 [36.2 [31.6 |42.9 |

Table 5.30: First assumption of thermal conducuvxty distribution along the interface, -
h/{-2.0 k, Wf’C

4 S Average

33.0 {4%.0 | 30.8
48.5 | 60.9 | 48.7
56.1 |63.9 |s54.8

Table 5.31: Thermal conductivity distribution along the interface,
h1=0.5; k, W/m°C

Blement b § Average
load P, N

98 31.5 | 30.2 . 30.0
49.0 |47.5 . 44.2

53.7 53.5

Table 5.32: Thermal conductivity distribution along the interface,
hW=2.0; k, WSC

1 2 2 4
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Table 5.33: Thermal contact resistance distribution along the interface,
W1=0.5; R, m*CkW

Element 1 2 3 4 5 | Average I
ILoad P, N

98 0.067 | 0.073 1 0.090 | 0.064 | 0.053 | 0.069 j

294 0.010 | 0.013 10.021 | 0.030 §0.034 ] 0.022

882 0.001 | 0.001 | 0.004 | 0.006 ]} 0.009 | 0.004

Table 5.34: Thermal contact resistance distribution along the interface,

M=2.0; R, m*CkW
BElement 1 2 3 4 s
0.047
0.013
0.001
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