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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.

ln 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.

lt was revealed that although this relationship tan 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 resistallce,

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 normall~

ment la pression de contact aux joints prenne la forme d'une distribution qui à SOli

tour cause la résistance de contact thermale d'être dependante de la pression,

Dans les expériences décrites dans cette thèse, deux specimens de !)Iaque mince

en acier sous des conditions de charge planaires créant des distributions variées de

pression de contact à l'interface, ont été assujettis à un champs thermique. Les

mesures de température on. servies comme références pour le modèle 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

à l'interface,

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 même si la relation peut être exprimée par une

fonction simple pour toute la gamme expérimentale, les déviations experimentées pour

les différentes pentes et formes de distribution (concave ou convexe), particulièrement

pour des pentes escarpées à un haut niveau de pression de contact, peut indiquer l'élfet

de résistance de macro-constriction, même pour des petites valeurs en accord avec les

calculs théoriques.
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Statement of Originality and Contribution to

Knowledge

The author of this thesis daims 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 which 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 dinerent slopes and forms of distributions

(conve.'I: and concave), could indicate the elfect 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 condllctance in one-dimensional experiments,

to a two-dimensional case, where an iterative experimental and finite e1ement mod-

e1ling data correlation provided the values of thermal contact resistance distribution

a10ng 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 Toois

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 too!.

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 cause the thermal deformation in the machine tool &tructure

can be classified into two groups: internai and externai sources. The internai 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 weil as the machining proe",;s itsdf. lt ha.'

been indicated by Spur [2]. that more than 60% of the c1eetrical energy fed in!o 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 internaI heat sources are always inherent to the machine tool operation.

the e,,:ternal sources are independent of the machine too1; hence, they can general\y

be controlled in such a way that they will play an ;nsignificant 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 clements

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 dcpends

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 alfected

by the contact pressure distribution along the joint. Thermally deformed structural

e1ements 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 [3J. This loop consists of the fol1owing elements:

- contact pressure distribution



- thermal contact resistance distribution

- thermal deformation of contacting elements

This concept is presented in Fig. 1.1. The three basic elements of the dosed

loop arc shown as nodes interacting in dod....... ise 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 [4J.

From Fig. 1.1, it is de:.r!y shown that, if we want to determine the deformation of

the contact clements, 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.

• CHAPTER 1. ],\"TRODUCTION 3

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

char..cteristics of the joint and the typical thermal and mechanical working condi­

tions under which it functions. Chapter 2 covers these aspects. The natu.re of the

phenomenon of thermal contact resistance and of the various variables affec~ing 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 e.'i:perimental arrangements used to dctermine the tcmperature

field under nonuniform contact pressure distribution will be discussed in detail. This
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includes the nonuniform pressure distribution gencration. thl'rmocoupk dist ributioll

and their calibration as weil as installation. and the l'l'perimcnta! St't-up alld pmn'·

dure.

Chapter 4 presents the finite element analysis performed using ALGOR softwan'.

Finite element models permit:

1. To obtain the mechanical contact pressure distribution and final contact l'n's·

sure distribution combined with the mechanica! pressure and thermal strL'SS dist.ribu­

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 e.xperiments and finite e1ement 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 least squares

method.

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

in Chapter 6.
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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 clement 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 \vithin 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 \\;th 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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a surface film (mainly an oxidc layer). The oxide layer. which is characterized hy

its low thermal conducti\'ity, brittleness and high dcgrcc of roughness. constitlltes ail

additional thermal barrier.

The interstitial medium (air or grease), which occupics the spacc enclosed by

the profiles of the surfaces in the non-contact region. has a much !ower thermal

conducti\'ity than that of the contacting so!ids.

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 f10\\' !ines run paralle! to each other and

perpendicular to the nominal interface. As the heat flow lines approach ~he contact

zone, they converge towards the least-resistance paths, i.e., the metallic contacts. This

natural constriction of the f10w lines gives rise to the known "constriction resistance".

The thermal constriction resistance represents the combined effect of both the

local maeroscopic and the microscopie constriction resistances, R2 and RI respectively.

The former is associated with the convergence of the f10w lines towards the macro

contacts (contour areas) which are distributed at discrete locations over the interface.

The microscopie cOllstriction resistance is subsequently created as the heat f10\\' lines

are squeezed again towards the micro contacts (surface asperities).

The local thermal resistances of the surface film Rf and the interstitial medium

R; form together with the thermal constriction resistance, the total local thermal

contact resistance Re.

The resultant effect of Re on the temperature dist.ribution 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, (ll.T)r, which is defined as the dif·

ference between the extrapolated temperature values on either side of the interface.

This drop causes the heat to f10w across the thermal contact resistance R. with a flux

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

D. = (ll.T)r
''c. Q/A. (2.1)
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The thermal contact conductance he is defined as

h _ Q/Aa

e - (llT)r

Therefore,

(2.2)

1
he = - (2.3)

Re
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 [5], for nominally fiat 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 [il 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:

(a) the variables which are inherent to the material of the joint, such as elastic;ty,

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 press1lre 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 il. is different with different working conditionso This is th,' reasoll t hat

the pressure distribution plays a wry important role in thermal resistallel' dist ribllt ÎOII

and thermal deformationo

2.2 Nonuniformity of the Contact Pressure Dis-

tribution along the Machine Joint

Contact pressu~e in machine tool joints (the component of the contact stress v<'ctor

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 [9J, 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 [la]. The theory of bending of

a bearn on an elastic foundation assumes that the bearn is resting on a continuously

distributed set of springs, the stiffness of which is defined by a "modulus of founda·

tionn kfo The shape of the elastic line, i.e., profile of deflection y(x), is influcnced by

the pararneter >.e, where estands for the length of contact and >. is defined in terms of

the modulus of foundation k" the moclulus of elasticity E and the moment of inertia

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

r;;;
>. =4Y4Ei (2.4)

According to Winkler's hypothesis, the local contact pressure Pc depcnds on the

deflection y in the given section, i.e.

(2.5)



,

• CHAPTER 2. THERAJAL ASD MECHANICAL BEHAVIQUR OF.4. MA CHISE JOINT9

Thus. the contact press~re distribution Pe(x) can be expressed as:

Pe = J(>.[) (2.6)

2. The nature of mechanical loading.

Machine tool elements are usually subjected to a combined loading which is a

result of forces, torsion and bending moments. Different loading gives different contact

pressure distribution. As described bl' Hetel'i [12], when the structure is under a

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

(2.ï)

Under a uniformll' distributed loading P, the contact pressure distribution is

Pe(x) = ~(2 - e-.\"(cos'\x + sin '\x) - e-.\z(cos(l - x) + sin(l- x))) (2.8)

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

distribution is

(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 nonuniforrn contact pressure distribution of Pe(x) 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 sorne 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 t""O parameters:

- Roughness (due to the characteristics of the machine tool. the geometry of th,·

cutting tools. the speeds and feeds used during machining. etc.)

- Deviations in f1atness (wa\'iness) on to which the rO'lghness is sup(,rimpo,,·,1.

This waviness is usually a function of the peculiarities of tàe proœss or the illaccu­

racies and deflections encountered in the machine too1.

Because of the surface irregularity, nonuniform contact pressure distribution IS

inevitable in a real joint.

5. The:-mal 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 bearn 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, yiclding
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an extensive amount of literature. Generally speaking, these investigations were con­

ducted in order 1.0 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?

ln the studies of Thomas and Probert [13], l\Iikic and Carnasciali [14] and YO\'anovich

[15] the heat transfer through only one micro contact is considered. The total heat

f10w from one contacting body to another is olivided into individual, separate heat

f10ws corresponding to each micro contact and its corresponding gap (Fig. 2.3a). Each

heat f1ow, Q, is then divided between the amount of heat which is ~:ansferred 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 a number of "unit cells~

which are connected thermally in paralle!. 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, sorne investigators like Mikic and Mate [16] assumed a distribution for

the heat flux over the contact spot in the form

Q/27rreJr; - r 2

r e stands for the radius of the micro contact while r denotes the radial position of any

point on the micro contact spot, 0 ~ r ~ re- 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 dise as shown in Fig. 2.3b. Because of the symmetry

about the r-axis, only one-half of the unit ceU is considered (Fig 2.3c). This model is

known as the "disc-constriction~ mode!. Other assumptions usually imposed on this

model are:

1. Contact surface is perfectly c1ean, i.e., no surface films e>..-ist.

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

3. Deformation of constriction dise under e>.."ternal loading is purely plastic.

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

PI, which is related directly to the hardness number, PI = HB.
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As for the interstitial medium. SOIlle in\'estigators such as Vcziro~lu. l"ucn and

Kakac [1 iJ and Howard [18] have considered it. while the majori':' assnl1led that tht'

contact is in vacuum. \Vith the assuIllption of vacuum cll\·ironment. the constrinion

rt..o;stance applies to both the mechanical and thermal contacts.

Based on the disc-constriction mode!. Cooper. IVlikic and l"o\'ano\'ich [19] extt'lltbl

their analysis to rough surfaces characterized by a Gaussian distribution of th.. as-

perity heights.

The correlation developed in the study by Cooper, ;Vlikic and Yovanovich [19]

does not require a knowledge of the cb~nge in the average micro contact radius 'L'
a function of the surface characteristics and the applied pressure. The expression

derived for the thermal contact conductance he is

he = 1.45 ktanë ( P. )0.98 (2.10)
(je HB

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., i~ docs not

account for the mutual interaction with neighbouring micro-contacts.

2. The change of pressure distribution due to the thcrmal deformation along tbe

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 pcaks

which are principally involved in the interaction between surfaces.

5. The plastic pressure is assumed to be equal to the hardness. Thc latter is givcn

a constant value regardless of the loading leve!.

6. The surfaces in contact are perfeetly c1ean, perCeet!y fiat and placcd in a

vacuum.

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

vestigations by Cooper, Mikic and Yovanovich [19J and Fletcher and Gurog [20], is
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performed by using tl\"O cylindrical specimens in contact. After applying a constant

axialload F, hcat is allowed to flol\" axially I\"ith 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 (LlT)r

at the interface, and consequently the thermal contact resistance, can be determined.

The uncertainty about this experimental technique is that, in sorne 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. Extr..polation 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

\Vith no consideration of its effect on the contact pressure distribution along the joint.

Under normal axialloading, a nonuniform contact pressure Pc is expected as described

by Grocht [22]. Thus, by considering the contact pressure at the centre Pern= 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 linùtations in their works [23] and [24]. On pre­

diction of thermal deformation of machine tools, they first recognized the nonlinear

thermoelastic behaviour of a structural joint. From this point of view, the concept of

c1osed·loop interaction was developed and a imite e!ement 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 e!ements of the finite e!ement mode!.

These values arc calculated from the nonlinear pressure distribution by using Eq.

2.10.

In the e.'"perimental work carried out in [24], a centre force is applied to specimens
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of different shapes 1.0 obtain nonlinear contact pressure distributions. Long specinll'ns

are used 1.0 minimize errors in a plane strain analysis case. The t.emperat.ures art'

measured al. the mid-plane using thermocouples. Deep drilling is required. '1'0 eusur,·

contact al. the tips of the thermocouples, the thermocouples are spring loaded.



Chapter 3

Experiment

3.1 Objective and Approach

The objective 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 e.xperiments 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 e>.:periments represent a plane

stress analysis case.

The cc.ntact 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, a.\.;al loads are applied
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to the upper specimens. The height-to-length ratio !lIt of the upper ~pt'cil1lt'n i~ tht'

main factor creating a different profile of prcs~ure distribution. ln thi~ ~tlldy. Iwo hlr

ratios and three loads with each ratio are used.

In order to provide heat transfer across the contact interface. heaters are applicd

on the top of the upper specimen. Heat pumps attached on the lowcr part of the

lower specimen act as heat sinks to e:lsure a balanced thermal field. The hcat l\ow~

downward across the joint.

Because of the closed-Ioop interaction between the pressure distribution. thermal

stress along the interface and the thermal contact resistance dbtribution. the temper­

ature field caused by the heat transfer will constantly change until it reache~ a ~teady

state. Under the constant mechanicalload and thermal input, the temperature field

is aifected directly by the thermal contact resistance along the contact interface.

Based on the temperature field obtained from the experiments, the fini te clement

method is used to obtain the mechanieal contact pressure combined with the thermal

stress as the combined contact pressure distribution and through the iteration proccss,

the fi:lal 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 weil as along the edgcs

of the specimens are also measured to obtain the boundary conditions.
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Distribution

The concept of generating different distributions of contact pressure Pc(x) is based

on the theory of unboned contact of beam on elastic foundation. In this theory,

the foundation is treated as isotrC'pic half-space continuum and thus the interaction

between the adjacent points is allowed to exist.

The problem of beams on elasti:: foundation both of continuum - or of Winkler­

type has been intensively studied by Heteyi [12], Cheung and Zienkiewicz [26], Svec

and Gladwell [2i], and many others.

The distribution of the contact pressure is obtained from the profile of the de­

f1ection of the beam y(x), along the contact interface which is defined as the x-axis,

through the following differential relation:

(3.1)

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

and the bending stiffness of the beam El by the following differential equation:

d4 y
El-:-;j =-kfy + Fu, (3.2)

ax

where Fu stands for the distributed load acting on the beam. The solution of this

equation takes the form

in which CI to C4 are constants to be detenIÙned by virtue of boundary conditions,

and >. is the characteristic of the system as elI.-pressed in Eq. 2.4.

Eqs. 3.2 and 3.3 suggest that the elastic line and consequently the distribution of

the contact pressure Pc(x) are significantly influenced by the distribution of applied

load and the dimensionless parameter '>'l', where R. denotes the contact length along
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the joint. This parameter represents the relative stiffness of contactin~ hodies. \)u"

to the uncertainty associated with the control and measurement of tll<' distrihution

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. 11 1c. resuIts in

an increase in the beam moment of inertia land thus in a decrease in the parameter

'>.c. By decreasing the hll ratio. the beam becomes more flexible. causing a chang"

in the distribution of the contact pressure Pc(x).

As shown in Fig. 3.1, under a concentrated load, the profile of the pressure

distri!:.ution changes from convex to concave as the hie ratio increases from 0.5 to

2.0. To cover a wider pressure range, more than one concentrated Joad is applied on

the upper specimen. The values of different pressure distributions are obtained from

the finite element analysis modeJs developed in Chapter 4.

In previous experimental studies performed by Attia and Kops [24], loads of

2200 N to lï640 N (500 lbs to 4000 lbs) were applied to a set of blocks of a 12ï mm

(5 in) length with the same cross-section as the dimensions of the plates used in the

current ClI.-periment. 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 12ï mm (5 in) blocks used previously; hence, to recreate the same

range of contact pressures, lesser loads are necessary:

2200 N = 110 N
20

lï640 N =882 N
20

To cover this range, loads of 98 N, 294 N and 882 N (10 kg, 30 kg and 90 kg) arc

chosen, thereby providing a 3-fold load increment factor. The contact region of the

interface \Vith a thickness of 6 mm and a \Vidth of 25.4 mm (l in) results in an arc"

of:
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2504 mm x 6 mm = 152.4 mm2 = 1..j24 cm 2

Hcncc thc loads of 9S N to SS2 N (10 kg to 90 kg) cO"cr a rangc of contact

pressurcs from Pern.. = 294 kPa (3 kg/cm2
) to Pern= = iS40 kPa (SO kg/cm 2 ). Thc

typica! valuc obscrvcd in machinc tool structural joints is 3920 kPa (40 kg / cm2 )

[24]. Thus thc avcragc pressurc valucs uscd in the experiments, notably 603 kPa.

1808 kPa and 5816 kPa (6.15 kg/cm2
, 18.45 kg/cm2 and 55.35 kg/cm2 ), extend

below and above the 3920kPa value.

In order to obtain information for different profiles of pressure distributions, upper

specimens with two different h/I:. ratios, 0.5 and 2.0, are used. For the ratio of 0.5,

the height h of the specimen is 12. i mm and the length 1:. is 25.4 mm. For ratio 2.0,

h is 50.8 mm and f. is 25.4 mm. The upper specimen rests on the lower specimen.

which is a square of i6.2 mm x i6.2 mm and the sarne thickness of 6 mm.

The test specimens are made of AISl 1045 cold drav.-n steel with hardness of

160 Ha. The contact areas are ground. The measured value of the roughness of the

surface is Ra = 1 pm.

3.3 The Distribution, Calibration and Installa-

tion of the Thermocouples

In response to the nccd to define the thermal contact resistance along the joint as

a position-dependent function, a two-dimensional heat fiow 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 ditference 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 betwccn two adja"enl

thermocouple holes

These effects were analyzed by Attia and Kops [28, 29]. ln their study [2$]. the

distance between the thermocouple hole and the heat input boundary wa.. 2..l x D.

where D is the diameter of the thermocouple hole. ln the present experiments. th,'

diameter was O.ï5 mm, 50 the minimum distance was 1.8 mm.

In the same study of Attia and Kops, it was pointed out that when the diametcr

of the thermocouple wire was 0.25 mm which was the case in this study. the error ~~

thermocouple reading due to the heat conduction into thermocouple leads was of 0

to 0.10 of the quantity '9' D', where 9 is the temperature gradient of the undisturbed

ternperature field. The value of 9 in this study was 1 oCImm. So the error was

0.025 oC in the present experiments.

As e>..-plained in the work of Attia and Kops [29], to avoid the disturbance of one

thermocouple affeèting the ternperature reading of another thermocouple downstream

of it, the minimum distance was 4.ï5 x D, therefore, the minimum distance betwecn

the two thermocouples along the heat fiow 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 uniforrnly at a distance of 2.5 mm from the edges of the specimens. Figs.

3.2 and 3.3 dernonstrate the thermocouple distributions for the two cases of hll



ratios: 0.5 and 2.0. \Vith the hl( 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 \Vere used in the thermocouple calibration.

Because the thermal contact resistance calculation depends on the tempcrature

field, it imposed astringent constraint on the allo\Ved temperature measurement error.

In order to meet this requirement, the selection of thermocouple and the methods of

thermocouple calibration and installation \Vere thoroughly studied.

The models of thermocouple wire used in the e.'(pp~iments \Vere Omegalux GG­

30 and TT-3D type-E. Both of the models \Vere made of same a1loy 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 \Vas insulated by glass braid and TT-3D 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 contaçt

of the wires and they were carefully \Velded by the thermocouple welding machine.

The \Velded 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 O.Ol·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 \Vith
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accuracy of O.l·C. The same procedure was repealed 4 times al different ref,'n'nl"<'

temperature points. The adjustment of the thermocouples wou!d be the aver"!l-" of

the differences between the temperatures read from the Omegalux digital t.hermoml·'

ter and the reference temperatures. As shown in Tables 3.1 to 3.:!. the differ,'nCl'

values were ail within ±O.l·C. which was the accuracy with which the \.cmperal url'

field was measured. This meant the measured temperatures could be trmt.ed il.' t.he

temperatures of the thermal field.

The positions for installation of the thermocouples were marked with drills of

0.i5 mm diarneter and a d"pth of only 0.64 mm by using a precision milli·drillillg

machine. When the thermocouples were inserted into these shallow holes. cautioll

was exercised to allow the junctions to contact the surfaces of the specimens.

The thermocouples were installed using the thermal conducting glue OMEGABOKD

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. !ts work­

ing temperature range was O·C to 100·C, which covered the temperature range that

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

3.4 Experimenta! 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 f10\\' 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:



· an oil rcscrvoir (Al)

· a hand-opcrated hydraulic pump (A2)

· a four-way valve (A3)

· a pressure gage with 4 kPa (0.5 psi) subdiv. (A4)

· a double-acting cylinder (A5)

· a rigid fiat steelloading plate of 500 N (51 kg) weight (A6)

This system had two functions. Oue 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 \Vas 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 \Vas 500 N (51 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 \Vas decreased. For loads

98 N (la kg) and 294 N (30 kg), the corresponding readings of the pressure gage

were 48 psi and 67 psi, 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 \Vas not applied.

The pneumatic system consisted of a self-aligning aerostatic bearing table (A7)

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 aIlowing the table and the

test specimens on it to self-align themselves to the knife edge.

The thermal system consisted of:

· two la-watt Omegalu.'I: printed circuit heaters (BI)

· six Peltier heat pumps Model CP-lA-il-ML (B2)
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· two independent De power supplies for heaters and heal pUl11pS (83)

· two springs pressing the heaters (B4)

· Omegalux GG-E-30 and TT-E-30 thermocouples (B5)

· one Omegalux digital thermometer (B6)

· two fins for cooling heat pumps (Bi)

The area of the commercially a\'ailable heater was greater thau th" area of th..

upper specimen to be heated. The dimensions of the heaters were 25.·1 mm x 12. i 11/11/:

the surfaces to be heated were 12.i mm x 6 mm. 1'0 prevent the heaters from

developing hot spots, they were placed between two layers of brass shccting. 1'wo

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 in layers of fibreglass wool. For the purpose of strcamlining

the heat flow, oui 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 either

side of the assembly in order to enhance convection cooling of the hot side of the hcat

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 hlf. ratio 0.5 was placed on top of the bottom

specimen. The compressed air valve was turned on and air was released iuto the air

bearing. The hydraulic pump \Vas 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 !ines 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 t.he loading plate 50 as to obt.ain 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 aiter 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 therrnometer.

After the three-round temperature measurement, the 382 ]V (39 kg) weight was re­

moved. The next mechanicalload applied to the upper specimen was 294 N (30 kg)

and was ar.hieved aiter 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 (ID kg) load.

After finishing tests with one upper specimen (hlf. = 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 hlf. ratio 2.0), and the same experimental procedure

was applied again.



Chapter 4

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 stcady

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.

Geometrie modc1s 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 co::ductivity distribution are applied to the elements along the in­

terface in the model, since ALGOR requires thermal conductivity instead of thermal

resistanœ. 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 ron 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 s~'Stem. It consists of five

integrated familles described here.



i

•

CHAPTER 4. F/1\'ITE ELE:\IEST A;\"ALYSIS

1. SUPERDRAW II is a geometric modelling prograll1 like Autocad wla'n' the

model is constructed and where the boundary conditions are sp,·cified.

Tc create a large complicated model in a FEA software is very tinl<' consuming and

requires a substantial amount of processing time. In ALGOR, the way 1.0 reciu('(' this

time is to divide the mode! into several simple parts. creatc Nch of them separiltdy

and save them under different names, and then merge thcm together.

For engineering models, one has access to different colours. Jilferent. groups anu

different layers. They are summarized as follows:

· Colours are used to assign certain clement aspects (e.g. clement thickness, ap-

pIied pressure) to specific elements

· Groups are used to assign different materia! properties to specific clements

· Layers are used to combine sections of a model together

2. DECODER is a program that reads a file in one format and crcatcs output files

in other formats. ALGOR provides many different decoders, each tailored to translate

certain types of models for different purposes. ln this work the stress decoder anu the

thermal decoder were used. The decoders translate files created in Superdraw II 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 Il are checked out here.

The material properties are entered through decoders. One can define the clement

type, material and element properties used in the particular mode!. There arc five

types of elements available with isotropic mate.';al properties: Truss membrane, 2-D

e!asticity, Brick, Plate, and She1l.

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 mode! 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



Loundary conditions pro\'ided by the decoders.

5. SI :!'ERVIE\\" is a read-only program which enables one to \'isualize the mode!.

It enables one t.o examine the mode! as if it were an actual physical object.. Aiso.

it will give one the output data from the FEA processor. such as the stress and

temperature at every node and the heat flux going through an individual e!ement in

a certain direction. etc.

Here is a general procedure for creating and processing a finite element analysis

modcl with ALGOR (Fig. 4.2):

1. Create the model in Superdraw II. When one finishes the mode!. the "Transfer"

command is used to send the mode! 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 mode! in Superview. If the Decoder reports errors in the model, it

can be examined in Supervie\\' 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 translated 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.
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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 f10w across the interface. Because the disturbed zone, which e.'l:tended 2.5 mm

above and below the interface. had different thermal conductÎ\;ty than the material of
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the specimens. il \Vas treated differently in the finitl' clement analy~is prop;ralll. Tht'

upper specimen. the 10\Ver specimen and the comact interface \Vhich in("!t"kd III('

contact zone \Vere modelled separately. Thermal conduct.i,·ity "alues of the d,'nll'nts

a10ng the interface varied ta reprcsent the nonuniform distribution. Bath the ~trt'''

field and thermal field \Vere symmetrical \Vith respect ta the ccntre linC'. To 1ll00Id

this, the interface \Vas divided into five sections, each section containing two t'\ellll'nts

\Vhich were symmetrically located on each side of the centre line. These two c1ellll'llt~

had the same thermal conductivity. Ali these sections \Vere "aved in dilTerent layers.

The upper specimen and 10\Ver specimen had the same material proper~ies; therdort',

they were saved in one layer. A total of six layers \Vas used ta save the six parts of the

mode!. These layers were saved and decoded in separate files. Ta group the six layers

together, the two programs COMBSST and COMBSTT were used. The comhination

of all the layers constituted the entire mode!. The mode!s of the specimens of different

hll ratios are presented in Figs. 4.3 and 4.4.

The mode! \Vas dra\Vn 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 construr.ted in the YZ plane

(otherwise, an error wou!d occur when decoding the model).

The following are characteristic fcatures of the finite element mode! in ALGOl{:

· Madel was two-dimensional

· Rectangular elements were used ta construct the model

· Six layers were formed: layer l was for the upper and lower specimens and layers

2 ta 6 were used ta 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 ta simulate the knife cdge loading conditions

· Boundary conditions for the stress analysis mode! required that the nodcs on

the bottom line of the lower specimen be restricted from movement corrcsponding ta

the situation of the test specimen resting on a rigid base

· For the thermal analysis mode!, the temperature boundary which was obtained



from the experiment was applied to the mode!. There was no hea. exchange between

the boundary of the model and the em'ironment, reflecting the insulation of the

specimens in the experiment

. An initial room temperature of 25°C was assigned to ail remaining nodes

The following material properties \Vere assigned to the model:

Material: AISI 1045 CD

Poisson Ratio: v = 0.292

Thermal E:-.-pansion Coefficient: Qe = 1.08 x JO-s °C- 1

Diffusi"ity: Qd = 1.4i4 X JO-5 m 2/5
Density: p =i.833 X 103 kg/m3

Thermal Conductivity: k = 54 W/m oC

Young's Modulus of Elasticity: E =2.01 X 108 kPa

Each different layer \Vas then decoded in the stress and thermal decoder separately.

The decoders \Vere 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

al10ws 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 deterrnined. 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 \Vas used 1.0 determine the thermal conductivÎty

distribution along the interface and the temperature field \Vhich \Vas used in the stress

analysis module for the combined pressure distribution.

Il. \Vas assumed that the thermal conductivity \Vas proportional to the local contact

pressure distribution, and therefore il. 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 \Vere based on the original mcchan­

ical contact pressure distribution. From the thermal conductivity values assigncd

1.0 the elements along the interface, the thermal analysis module generatcd 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

1.0 the elements along the contact interface of the mode\. After several iterations.

the thermal conductivity distribution converged 1.0 the final distribution. The last.

temperature field was then applied t.o the stress model 1.0 obtain the corresponding

contact pressure distribution along the interface.

To follow this procedure, the stress analysis model was first used 1.0 Hnd 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 l could conta!n the specifie

material properties for each layer. For alllayers, 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 specified for 98 N, 294 N and 882 N (ID kg, 30 kg and 90 kg) for A(Press):



B(Accel), C(Disp) and D(Tl:erm). Details about this option arc available in the

ALGOR manual section en the decoder. Then. the ~Decode" submenu \Vas er.tered
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to perform the decoding of the file once the three options - (1) intersect lines, (2)

invalid lines, (3) invalid regions - are released from performing (a star must appear

in front of each of these options in order to release them). To accelerate the process,

these settings \Vere saved as default settings for the other layers to be decoded.

Once the decoded files of the six layers of the modcl \Vere obtained, the ~Com·

bine" option of the COMBSST menu \Vas performed. As explained earlier, this option

required each piece of the model to be assembled into the ent:re mode!. Then, the

model \Vas ready to be processed by the "Static Analysis Processor" (SSAPOH). This

processor created an output file \Vhere the results \Vere read by a \Vord processor

like WordPerfect and \Vere seen graphically by the "Supervie\Vs" prograrn available

through the ALGOR menu. The outputs \Vere the mechanical contact pressure dis·

tributions a10ng the interface. These mechanical contact pressure values \Vere used

to calculate the assumed thermal conductivity valùes k \Vhich \Vere 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 a10ng the interface were required. Since the exact

values of k were unknown, they were initially assumed as follows.

Considering the thermal fie!d was symmetrieal with respect to the centre line,

the heat flux a10ng this line was not distorted and run perpendicularly across the

interface. Thus, the thermal conductivity of the centre e!ement could be calculated

as a one-dimensional problem (Fig. 4.5).

(4.1)

where TI to T4 are measured temperatures along the centre; !1T' stands for the

average value of the temperature drop between the two measured temperatures a10ng

the centre line on eacb side above and below the disturbed zone. The beat flux a10ng
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the centre line was then determined as

'::'T'
qcentre = -- x k.

c

:1·1

(.1.:1)

where c stands for the distance between Tl and T~, and k is here the thermal ,ond lIC­

tivity of the AlSl 1045 CD. Because the thermal ficld was one-dimensional along 1hl'

centre line, the same heat flux run through the centre clement of the interface. Tht'

assumed thermal conductivity of the centre e1ement of the interface was obtained:

k _ qcen're X d
centre -.,.... .,.... ,

.12 -.13
(4.3)

wnere d is the depth of the disturbed zone across the interface.

The :'hermal conductivity was assumed to be proportional to the local mechanical

contact pressure with the coefficient of proport.ionality C which can be calculated

from

c=
pmech centre

(4.4 )

The first assumed thermal conductivity distribution along the interface was then

calculated for the locai values of mechanical contact pressure distribution along the

interface:

k(x) = C X Prneeh(x) (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 (SSAPIOH). 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 aboVl~ 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 ~xperimental

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

Therefore:
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(4.6)

.'

where T2e:p and T3e::p are the local temperatures of the upper row and lower row from

experiment and T2ea/ and T3ee/ \Vere the corresponding calculated temperatures, k l is

the thermal conductivity used in the FEA model and k2 is the thermal conductivity

used in the nell:t iteration:

k. = T2ec/ - T3ec/ k
l

(4.i)
• T2e:p - T3e:p

Subsequently, a new series of k was obtained. This iteration continued until the

two temperature fields became identica.1 within an acceptable error.

There was a number of possible sources of error. One of the two main sotirces was

the thermocouple positioning error: the spot where the thermocouple was installed

\Vas not exactly where it was planned to be, and thus not exactly in the same position

as the corresponding node in the finite e1ement mode!. The maximum distance error

was ±O.l mm. Since the experimental temperature field indicated the maximum

temperature gradient of lOC/mm, the positioning contributed ±O.loC to the error.

The other source of the error was the accuracy of the temperature digital thermometer

which was ±O.loC. Adding these two factors together, the total temperature error

was ±O.2 ·C. Temperatures within this range were treated as identica1.

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 mechanica1 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 \Vere used. In order to transfer the temperature fields

to the stress model, a program in the thermal analysis sub·system calIed "Advance~

\Vas used. Combined \Vith the temperature field, the stress model was run with the
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same procedure used for the mechanical contact pressure distribution. Th" progrill1l

gave the final combined contact pressure distribution along the interfilCt,.
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Chapter 5

Results and Discussion

As described in Chapter 3, two upper-specimens, hll = 0.5 and hll!. = 2.0, are

used in the experiments. These two different ratios divide the e.'(periment data into

two groups of distinctively different contact pressure distribution: one with ma.'(imum

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 shl'wn in

Figs. 5.1 and 5.2, while experimental temperature data is given in Tables 5.1 to 5.12.

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 ofthe mechanicalload, 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 dh'ided into nine channels: each channel contains one
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thermocouple of each row. As shown in Fig. ·L5. e\'ery channel is trealt'd iL' iSO!il1.l'd

from each other. which means that the heat flow in the channd is not arrect"d by th,­

heat flow in the neighbouring channels. Thus. tllere is an one·dimensiona! t\1l'rll1id

field in each channel.

The two rows of thermocouples from each side aboye and below the interface arl'

used to calculate the temperature drop i:J.T caused by the interface.

TI-Tz Tz-T.
=

c d/2

d/2
T. =Tz - -(TI - Tz)

c

(.'">.1 )

(. "),"J._

c
(5.3)

6.T=T.-n,

(5.4 )

(5.5)

"•

where d is the depth of disturbed zone which here is 5 mm, and c is the distance

between thermocouples which is 4 mm. .
The results are given in Tables 5.15 and 5.16. Il. can be seen that, for dilfercnt

h/f. ratios 0.5 and 2.0, under 882 N load, the maximum values of 6.T along the

interface are 0.6°C and 0.4oC respectively. When the load is decreased to 98 N,

the maximum values of 6.T increase 1.0 3.6°C and 2.0°C respectively. These results

are considered reasonable [31 J, and therefore, further finite element analysis based on

these temperature fields can be carried on.

The concept of the c1osed-Ioop interaction at a machine joint states that the

thermal field in structural elements causes their thermal deformation, which gcnerates

thermal stresses along the joint, altering the existing mechanica.1 pressure distribution.



l\ew contact pressure distribution gives a new thermal contact resistance distribution

which leads to a new thermal field. This new thermal field results in a new thermal

stress distribution along the interface. The iteration will continue until a state of

equilibrium is reached. Thus, the final contact pressure distribution Pe(x) at the

equilibrium state is the result of the mechanical contact pressure distribution Pmeeh(X)

and the thermal stress distribution along the interface S'h(X) at the equilibrium state.
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(5.6)

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

ficlds 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

clements and each element was connected with its two neighbouring clements by two

nodes. There were six nodes along the interface of the modcl (Fig. 5.3). The pressure

distributions obtained from the finite clement method were the normal stress at the

nodes (Tables 5.1 j and 5.18). Since the thermal conductivity was the property of

the clement recognized by ALGOR, the contact pressure values on the corresponding

clements were required. The contact pressure at the interface of each clement is

calculated by taking the average of the pressures of its two neighbouring nodes. For

example:
P...del +P..odc2

Pclem.en.t1 = 2

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

along the interface for the six cases. Figs. 5.4 and 5.5 show the mecllanical contact
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pressure distributions along the interface. The x-axis in the FigurL'S reprcst'nts 1\ll'

relative position from the centre line to the edge of the contact interface.

Under the axial loads of 98 N, 294 N and SS2 N (10 kg, 30 kg and ~lll kq l.

the corresponding averages of pressure "alues are 603 kPa, lS08 kPa and 5816 kPa

(6.15 kg/cmz , 18.45 kg/cm~ and 55.35 kg/cm~l. The average pressures in Tabb

5.19 and 5.20 are slightly different from the above values. The ma.ximum difft'rence

of five percent occurs at h/l = 0.5 and F = 98 N and is considcred acceptable.

These differences are caused by the finite element identification (Fig. 5.3). Only five

elements below the interface should carry the pressure fro~ the upper specimen. The

pressure on the rest of the lower specimen elements on the interface le'lel outside

the upper specimen is supposed to be zero. However the finite element calculation

provides values of the normal stress on thP.5e "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-.
maximum effect caused by the 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 clements were calculated (Tables 5.23 an~ 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.



This indicates that the thermal stress along the interface does not add any significant

value to the "alue of the mechanical pressure distribution. It just redistributes the

pressure at the interface.

Usiug Eq. 5.6, dat" 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'h(X) of each case is very small compared to the

average magnitude of mechanical pressure, which confirms the earlier conclusion.

The effect of the thermal s~ress distribution on the mechanical pressure distribu­

tion 4> (x) can be defined as

CHAPTER 5. RESULTS AND DISCUSSION 41

4>(x) = IS'h(X)1 (5.i)
Pm.eh (x)

Tables 5.2i and 5.28 contain 4> values expressed as percentage which demonstrate

that the thermal stress has more effect on the pressure distribution of lower values

as, percentagewise, 4> 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 mode\. 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 mode! was run again with the new values. After several iterations, the final

thermal conductivity distribution of the e!ements along the interface was obtained



CHAPTER. 5. RESULTS AND DISCUSSIO,\'

(Tables 5.31 and 5.32). Figs. 5.1·1 and 5.15 present the lirst a.'Sunll'd and the final

thermal conductivity distributions. One l'an lind substantial differenl'e of tlll' tlll'r­

mal conducti\'ity values bet,,"cen the lirst assumption and the final results obt.ained

through iterations. This indicates that the assumed proportionality of the th,'rmal

conductivity to the local mechanical contact pressure docs not represent. t.he al't.ual

situation.

Based on the thermal conducti\'ity distribution, the thermal rcsistance distrihu tion

of the disturbed zone is calculated from the known relationships:

Thus,

1
R(x) = h(x)

h(x) = k(x)
d

(5.S)

(5.!!)

d
R(x) = k(x) , (5.10)

wnere R(x) is the thermal resistance distribution of the disturbed zone of depth d,

h(x) is the thermal conductance distribution, and k(x) is the thermal conductivit.y

distribution.

The thermal resistance of the disturbed zone R(x) is a combination of the thermal

resistance of the material of the disturbed zone and the thermal contact resistance

caused by the interface Rc(x). The value of the thermal resistance of the material of

the disturbed zone is 0.0926 m2·C/ kW. Thus,

Rc(x) =R(x) - 0.0926 (5.11 )

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.li demonstrate their distributions along

the interface. Figs. 5.18 to 5.23 show the relationship between thermal contact rcsis­

tance distributions, Rc(x), and contact pressure distributions, Pc(x), plotted against

the interface, x/L. As expected, when the contact pressure increases, the thermal



contact resistance decreases, and it is e"ident that their distributions are inversely

proportional to each other. One can now use these distributions to determine the

relationship betwecn thermal contact resistance, Rc, and contact pressure, Pc, from

their local values.
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To find this relationship, the least squares method is used. Figs. 5.24 to 5.25 show

the resulting thermal contact resistance plotted against the contact pressure under

all loading conditions, for hlf = 0.5 and hlf = 2.0, respectively. The curve for the

case hlf = 2.0 and F = 98 .IV can be approximated by

y=a+bx

The remaining five cases can be represented by

b
y=a+­

x

Based on the relationship between thermal contact resistance and contact pressure

in these five cases (the firs"t case will be treated separately), it is estimated that

b
Rc••t=a+­

Pc
(5.12)

The least squares method defines the curve for which the süm of magnitudes of Lli

under the curve will be equal to the SUffi of magnitudes of Lli above the curve, i.e.

the average of Lli is equal to zero. Lli 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:

(5.13)

by taking partial derivatives of S with respect to a and b and setting them equal to

zero:
as n b- =2~(a+ - - Rc.i.,.) = 0aa ~ Pc

(5.14)
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ôS "b 1
ôb =2~)a + - - R'da'a)- =0

;=1 p, p,

For bre\'ity, the sums are expressed as

_ r. 1
llP= 'L.-

i=l Pc

n

R = 'L.Reda,a
1=1

RIP = t Redota
i=1 Pc

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

alIP+b(1IP)2 =RIP

so that a and b can be solved simultaneously

fïP 1fiP - "R (fiPfi
a=

(II P)2 - (IIP)2

b= "RfïP-1fiP
(lIP)2 - (II P)2

For the case hlf. =2.0 and F =98 N, we estimate

Rea" =a + b . Pc

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

·1·1

(ii.lf,)

(5.16 )

(5.1 i)

(ii.18)

(5.19 )

(5.20)

(5.21 )

(5.22)

(5.23)

(5.24)
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Thc rclationship function of cvcry case is shown below:

45

for hll = 0.5 and F = 9S N

for hll = 0.5 and F = 294 IV

for hll = 0.5 and F = SS2 IV

29.S
Rc = 0.0145 + ­

Pc

R 0 01 -- 64.0
c = -. Iv+--

Pc
-Q -

Rc = -O.OOïS + v•.v
Pc

(5.26)

(- 'r),'J._/

for hll =2.0 and F =9S N Rc=0.1331- O.OOOlpc (5.28)

52.0
for hll =2.0 and F =294N Re = -0.0096 +- (5.29)

Pc

for hll =2.0 and F =SS2 N Rc = -0.0142 + 53.1 (5.30)
Pc

These functions are combined for three levels of loading and plotted separately

for hie = 0.5 and hll = 2.0, each case covering its own range on a Rc vs. Pc graph,

Figs. 5.24 and 5.25. One can see that they follow a common trend, which could be

represented by
b

Rce• t =- (5.31)
Pc

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

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

conve.'I: and concave:

for hlf. = 0.5

for hlf. =2.0

R
_ 32.9

c-
Pc

R
_ 39.2

c-
Pc

(5.32)

(5.33)

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

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 Re vs. Pc at high pressure range was obtained for a steeper

slope of the contact pres~u;>e c!istribution along the interface.
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Comparing the results of the com'ex and concave contact presslIr" distributions

(three of each). one finds that they arc \'Cry close to each other. Therefore. usiug tht"

least squares method, a generaJ function combining the rL'Sults of aJl dis! ribut ions is

obtained:

R
_ 3ï.9

e-
Pc

Fig. 5.26 presents the generaJ function and Fig. 5.2ï demonstrates the salll"

function in log-log coordinates. It can be seen that the data for both contact pressun'

distributions (convex and concave) are quite close to each other. Again, the de\'iat.ions

could probably be attnbuted to variation in slopcs and perhaps also differenccs in

convexjconcave shapes. The seemingly large departure from the straight. line of t.he

general function in the high contact pressure range is exaggerated duc to the log-log

coordinates, and it is in fact quite small.

In the theoretical research work of Mikic [32], the relationship betwecn the thermal

contact resistance and contact pressure expressed as a function combining the micro­

constriction resistance and macro-constriction resistance, RI and R2 respcctivcly, is

Re =RI +R2 =0.689 Ue (HB )0.985 +4b f: ~[ r\~ )0.985 cos(mry)d 1ïj2 (5.:15)
k tan e Pc k n=1 n Jo Pa.

The macro-constriction resistance R2, for the contact pressure distributions in this

study, cao be expressed as

4b 00 l rI P 5 l
R2= -k L -[Jo _c cos(mry)d 1ï]2pcL-.

n=l n 0 Pav i=1 Pel
(5.36)

•

Thus,

Ro = 4b f: ~[:t Pern cos(~WP-:t 2... (5.3ï)
• k n=1 n m=1 Pa. 5 - .=1 Pei

Using the values of the combined contact pressure obtained from the finite clement

analvsis for various distributions, the relationship functions for each case are obtained.
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for hl[ =0.5 andF =294N Re2 =6.63 X 1O-8
pe (5.39 )

for hl[ =0.5 andF =882N -8 (5.40)Re2 =1.84 X 10 Pe

for hl[ =2.0 andF =98.1\' Re2 =1.5i X 10-7pe (5,41)

for hl[ =2.0 andF =294N Re2 =6.89 X 1O-8
pe (5,42)

for hl[ =2.0 andF =882.JV Re2 =1.98 X 1O-8pe (5.43)

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

distribution:

R2 =C· Pe, (;:;.44)

where C is a coefficient of proportionality.

The ma.ximum value of R2 is of the order of 10-4 m2°CjkW. This means that

the macro-constriction resistance is negligible in comparison with the thermal contact

resistance, Re, which is of the order of 10-2 m2°CjkW, a hundred times higher than

R2•

As indicated in Eq. 5.35, the micro-constrictioll resistance depends on the material

properties and contact surfaœ finish. For the material used in this study, the thermal

conductivity was 54 WjmOC, the hardness of material was 160 HB , 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 p.m. Thus, the corresponding standard deviation of the surface

is u. = 1.2p.m. However, the roughness of the surface calculated from the parts of

the profilograph, with omission of extreme values, \Vas determined as R. =0.55 p.m,

for which the standard deviation 'ralue is u. =0.66 p.m. 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

• for u. = 0.66p.m R - 0 -9 u. HB
e - .1

ktan El Pe
(5.45)
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for 17< = 1.20flT/l R _ - 17< H B
" - 0.4" k e. tan - p<

(['.·IG)

Ir: order to compare these results with those obtained by Cooper. l\likic "nd

Yovano"ich [19]. one \""15 to convert them to thermal contact conductance ,·"lues.

As

we have

for 17< = 0.66flm

for 17< = 1.20flm

1
h<= -.R, (5.·17)

(5AS)

(5.·19)

Fig. 5.29 is the graph given in [19J with the results obtained by Cooper. Mikic and

YO'â.Ilovich [19], Mikic and Rohsenow [33]. Henry [34J. and Yovanovich and Fenech

[35]. ante which results obtained in this study, converted into the thermal contacl

conductance, have been plotted. It can be seen that the two plots for 17< = 0.66flT/l

and for.17< =1.20flm are nearly paraIlel to the Mikic theoreticaI function [32]. which

is in-between them. In particular, the plot of the gcneraI function for 17< = 0.b6flm

shows a very good agreement \Vith 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. ln this approach, the thermal field in the finite element model

of two contacting specimens subjected to various contact pressure distributions was

correlated with the ell.-perimental temperature field measurements through consecu­

tive iterations, using initially assumed local values of thermal conductivity converted

iater 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 sp<'cimen. Its

height-to-length ratio defined its stiffness and thus. th" profile of thl' contact pn'>'surt·

distribution. Two upper specimens of hl[ = 0.5 and 2.0 used in tht' t'xperimt'nts

provided cOl1vex and concave contact pressure distributions rL'>'pecti'·e!y. while tht'

variation of loading force provided "arious levels of contact pressure distribution. Six

profiles of contact pressure distributions were generated. In condition of heat transft'r

across the interface, corresponding thermal contact resistance distributions caust'd

the temperature drop across the interface which was found to be between 0.1 oC and

3.6 oC for contact pressure 6303 kPa and 835 kPa 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 elfect of thermal contact stresses was the redistribution of

the total contact pressure at the interface. This cffect 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 bctwecn thermal contact resistance

and contact pressure for various distributions was defined using the least squares

method. It \Vas revealed that although this relationship can be expresscd by the

single functioll for the \Vhole expel'Îmental range, the deviations expP.rÎenced for dif·

ferent slopes and forros of distributions (convex and concave), noticeable particularly

for steep 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

hnction for thermal contact conductance (in log·log coordinates) obtained from the

Re vs. Pc distributions, and its near parallelity to the Mikic theoretical function for
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micro-constrictioll conductance, indicatc thc negligible effect of macro-constrictioll re­

sistance. Howc,·er. thc deviation from the straight line of the general function (log-log

coordinatcs) of the indi"idual Re vs. Pc cun'es obtained from the distributions of the

t!::ermal contact resistance and contact pressure along the interface, which indicates

the possibility of thc 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 fol1owing aspects be

considered for future research.

1. It is recommended to undertake experimental studies which would permi·.

to deterrnine 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 hll ratios are used in the experiments, it is recom-

mended that specimens with different hll 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 surfac~ roughness

which would permit to deterrnine the effect of these parameters on the relationship

function.



Bibliography

[1] Zawistowski, F., "Temperature Controlled Machine Tools", Microlcchllic 19.

Nr. 6, 1965, pp. 336·340.

[2J Spur, G., "Konstruktive Gestaltung und Automatisierung der Werkzcugma.<­

chine", Industrie - An::cigcr, 90 Jg, Nr. 67 v. 20, 1968.

[3] Attia, M. H. and Kops, 1., "Nonlinear Thermoelastic Behaviour of Structural

Joints - Solution to a Missing.Link for Prediction of Thermal Deformation of

Machine Tools", ASME, J. of Eng. for Ind., Vol. 101,1979.

[4] Attia, M. H. and Kops, 1., "Importance of Contact Pressure Distribution on

Heat Transfe:· in Stn'ctural Joints of Machine Tools", Trans. of ASME, J. of

Eng. for lnd., Vol. 102, 1980, pp. 159·167.

[5J Personal Communication between Attia, M. H. and Yovanovich, M. M., April,

1976.

[6J Laming, L. C., "Thermal Conductance of Machined Metal Surfaces", ASME

lnt. Hea! Transfer Symposium, Boulder, Sept. 1961 pp. 65-71.

[7] Jakob, M., Hea! Transfer. Chapman and Hall, 1949.

[8] Yovanovich, M. M., "Thermal Contact Resistance, Theory and Application",

Lecture Notes, Waterloo university, Ont., Canada, 1967.



BIBLIOGRAPH'l 53

[9] Attia, :'>'1. H.. -Effect of Structural Joints on Thermal Deformation of Machine

Tools", Ph.D Thesis. McGill University, 1975.

[10] Kaminskaya, V., Le\'ina, Z.M. and Reshetov,. D.N, -Bodies and Body Compo·

nents of Metal Cutting Machine Tools, Calculation and Design". Vol. 2, Na·

tional Lending Library for Science and Technology, Boston Spa., Yorkshire,

1964.

[l1J Den Hartog, J.P., Advaneed Strength of Materials. MeGraw·Hill Book Co., Ine.,

1952

[12] Heteyi, M., Beams on Elastie Foundation. John \\iïley & Sons Canada, Ltd.,

1974

[13J Thomas, T. R. and Probert, S., -Thermal Contact Resistance: the Directional

Effect and Other Problems", Int. J. Heat Mass Transfer, Vol. 13, 1970.

[14] Mikic, B. and Carnasciali, G., -The Effect of Thermal ConductÏ\"Ïty of Plating

Material on Thermal Contact Resistance". Trans. ASME, J. Heat Transfer, Vol.

92, 1970.

[15] Yovanovich, M. M., -On the Temperature Distribution and Constriction Resis·

tance in Layered Media", J. Composite Materials, Vol. 4, 1970.

[16] Mikic, B. B. and Mate, C. F., -Thermal Contact Resistance", MIT, M.E. Tech.

Report 4542·41, 1966.

[17] Veziroglu, T. N., Yucu, H. and Kakac, S., -Analysis of Thermal Conductance

of Contacts with Interstitial Plates", Int. J. Heat Mass Transfer, Vol. 19, 1976.

[18] Howard, J. R., -An Experimental Study of Heat Transfer Through PeriodicaUy

Contacting Surfaces", Int. J. Heat lv/ass Transfer, Vol. 19, 1976.



-,

•

e'

BIDLIOGR.-\PHY

[19] Cooper. 1'.1. G.. :\likic. B. B. and Yo\·ano\·ich. :\1. 1'.1.. "Thermal Cont.i"-t Con­

ductance". Inl. J. Ileat Mass Transfer. \"01. 12. 1969. pp. :!i9·:l00.

[20] Fletcher. 1. S. and Gurog, D. A.. "Predictioll of Thermal Cont.act Condllctanc<'

Between Similar Metal Surfaces". Paper iO-S52, AIAA 5th Thermal Dynal1lÏl"s

Conference. Los Angeles, CaliL June 19iO.

[21] Thomas, T.R., ~Extrapolation Errors in Thermal Contact. Resistance Mea.'"re·

ments", Trans ASME, J. Heat Transfer, Vol. Si, May 1965, pp. 243-251.

[22] Grocht, M. M., Photoelasticity, Vol. 2, John Wiley and Sons, New York, 1961.

[23] Attia, M. H. and Kops, L., ~System Approach to the Thermal Behaviour and

Deformation of Machine '1'001 Structures in Response to the Effect of Fixed

Joints", J. Eng. for Industry ASME, Vol. 30, 1983.

~14] Attia, M. H. and Kops, L., ~A New Method for Determining the Thermal

Contact Resistance at Machine '1'001 Joints", annals of the CIRP, Vol. 30, 1981.

[25] Attia, M. H.and Kops, L., "Computer Simulation of Nonlinear Thermoelastic

Behaviour of a Joint in Machine '1'001 Structure and its Effect on Thermal

Deformation", J. Eng. for Industry ASME, Vol. 101, 1979.

[26] Cheung, Y.K. and Zienkiewkz, O.C., ~Plates and Tanks on Elastic Foundation

- An Application of Finite Element Method". Inl. J. SoIids Structures, Vol. 1,

1965

[27] Svec, O.J. and Gladwell, G.M., ~A Triangular Plate Bending Element for Con·

tact Problems" , Int. J. SoIids Structures, Bol. 9, 1973

[28] Attia, M.H. and Kops, L., ~Distortion in Thermal Field Around Inserted Ther­

mocouples in Experimental Interfacial Studies - Part II: Effect of the Heat Flow

Through the Thermocouple", ASME J. of Eng. for Industry, Vol. 58, 1987.



BIBLIOGRAPHY 55

e,

[29] Attia, M.H. and Kops, L., "Distortion in Thermal Field Around Inserted Ther­

mocouples in Experimental Interfacial Studies", ASlvIE J. of Eng. for Industry.

Vol. 108, 1986.

[30] User's Manual of ALGOR.

[31] Persona! Communication between Li, W. and Attia, M.H., January, 1993.

[32] Mikic, B.B., "Thermal Constriction Resistance due to Non-Uniform Surface

Conditions", Int. J. Hcat Mass Transfer, Vol. 13, 1970.

[33] Mikic, B.B. and Rohsenow, W.M., "Thermal Contact Resistance", M.I. T Rep.,

No. 4542-41, 1966.

[34] Henry, J.J., "Thermal Contact Resistance", A.E.e. Rep., No. 2079-2, M.LT.,

1964.

[35] Yovanovich, M.M. and Fenech, H., "Thermal contact conductance of nonûnally

fiat rough surfaces in a vacuum environment", Prog. Astronaut & Aeronaut. 18.

733, 1966.



n·l 1

..,
: 1
11

1
.. ~

. j

Appendix A

Figures
,l
1

HEtlWUtAI. tDHSTAAINTS

L l'L
""-../'"

~
THERMAl T1ŒRII'l FIELD

COIITAtT RESISTAJIŒ
ALDliG THE JOINT IH STRUtTlJRAl ELEMl:HTS

.

- THERMAL DEfDRI~T1DN... OF STRUCTURAl ELEMEHTS

~
TOTAL - THERlW. STRESSES

tOHTAtT PRESSURE
ALD1t6 TH( JOli"

ALONG THE JOINT

.<'").

,-MEtKAHltAI. LOADIHG

n,.. ,
Lz

-.

if."'",'1 t
ta

Fig. 1.1 Schematic represenJation of the time-dependent closed-loop interaction
at machine joint [3).

-



APPENDIX A. FIGUR.ES 57

HEATFLOW
UNES

INTERSTITIAL
MEDIUM

L NOMINAL
INTERFACE OXIDEFILM

Fig. 2.1 Contact configuration and beat flow constriction across the joint.

Temperature

T1

Disturbed
Zone

----r---~---------~~

-13 - - --

T4

Fig. 2.2 Temperature distribution across the interface.



· i __ .

·.
li
·.
·'., .

.;, .:

{]

APPENDIX A. FIGURES

1 --le ~
184

1
- 11 -.-. . :

1 1 1 •
1 1 1

11, 1 • 1, 1 1 11 . 1• • 1

1 •• 11 •
1 1 11

• 1 kJ 1• 1
1l"- I

•

•

la
1
1

::.!~~J E::,..:
...~:'1 t.,·..;

•
1
i, ...

58

•r
la

-~..o•, a,
r ~ ,o{

...: . ,
2~

d ht.

•
: !
: ~

· ;

'1

..

Fig. 2.3 Representation of !he disc-constriction model: a - Bodies in reaJ.
contact; b - Idealized UlÙt ecU; c - Thermal boundary conditions [14].

r - - 1
1 1
1 1.
1

F' l

h
~x

"'

1 y..
• X."IZ

11-
1IIl =2.0
1IIl = 0.5

pc/Pav

Fig. 3.1 Con~et pressure distributions along !he intcrl'ace with
different M ratios.



APPENDIX A. FIGURES 59

mm

2.S1Ml

1 2
5.4rnm

1 2.li mm '- · · · · · · · · Umm
IUmm Mmm·

'- IO~· · · · · · · · ·4mm
-- · · · · · · · ·Umm

30 ~ 30 51 2 S 45 o 7 • a la 20 2t 22

1 · . . . · · · · · · · · · . . . · 1--
Immx8 10 tt 12 1314 15 1817 18 4

1
· · · · · · · · · '--

35 23· ·
So.2mm

54 24· ·

53 SI '·51 50 28 a' rt 21' a .
·

"

. . · • . • - .
Umm •

[;/ 1

umm.......

.

70.2 mm

7

,;'. Fig. 3.2 Experimental thennocouple distribution b/1=O.S.



60

-2.1_

APPENDIX A. FIGURES

1--25.4lM1 UlMIl40

'9 ~~ ~7~~2! 1;12:' -LUlMl

ISJI'
1 al Il

S2 20· ·•
50.1 lIVIl

al \1

10 " 12 la 'c 1611 17 Il 2.5lM1
-,.- · · . . . · . · · 'OlMll'

ClMl

"umnÏ r- I. ,~ ~ n t H \, ,
Il If ,. Il , 1 a c,

• 7 ·.,. 20 Il la

1 · . . . · · . . . · . · · . . . · r-
'0" '2Ia'C,.1I17,. C

I1lMll' -~

~
· . .. .. . . .. .. .... · Il· · .

:M21111l

M ..
· ·

al S2 Il 20 Il .. ri .. ..
" i • • • · . . •

1e.2_

;/ •

UIM\Z'

7821111l

-,

•••
Fig. 3.3 Expcrimental1hennocouple distribution M=2.0.



u

APPENDIX A. FIGURES

AS

=

61

.~

.... :

• >

B4--=::::!s.:

.BI

A6

t..===:t=I~= B3

L3f:f==B6
".
...-
~.

'i...

SPEC.lMENS~.~. -• ..L:••;,;;•••::;.•••~••1...-.---.

•. . . ... . . . . .

B3·

...

.•.-_.
,.
':Of

A7

1==**=- Compresscd air

Fig. 3.4 Schematic representation of the test rig.



APPENDIX A. FIGURES 62

A6

B4

BI

..
i '.

-

B2

>

--.A7

•-

""
~-

Fig. 3.5 Side view of the leSt rig.



APPENDlX A. FIGURES

Apply Stress
boundary
conditions

Stress analysis

Mechanl.cal
contact
pressure values

Apply thermal
boundary .
conditions

Assume kc (x) of
the interface
elements

The=al analysi Adjust kc(x)

63

•

Yes

Final thermal
conductivity

Apply the tem­
perature field
to the stress .
model

Apply stress
boundary
conditions

stress analysis

Final contact
pressure values

No

Fig. 4.1 Schematic representation of the c1osed-1oop computer iteration.



••

APPENDIX A. FIGURES

Superdraw Il

Decoder

SupelVlew

Processor

Fig. 4.2 Finite clement analysis procedure in ALGOR.

64



~.

•••

APPENDIX A. FIGURES

Fig. 4.3 Fmite e1ement model for M=O.5.
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Appendix B

Tables

Table 3.1: Cahoration results of the thermocouples (TC) on upper specimen
hJl=O.S; T.·C

Tref 7.9 40.9 59.9 88.7 Tref 7.9 40.9 59.9 88.7

Tcl TCI

1 7.9 40.9 59.8 88.6 15 7.9 40.8 59.8 88.7

2 7.9 40.9 59.9 88.7 16 7.9 40.8 59.9 88.6

3 8.0 40.8 59.8 88.7 17 8.0 40.9 59.9 88.6

4 7.9 40.9 59.9 88.6 18 7.9 40.9 59.8 88.7

5 8.0 40.8 59.9 88.6 19 7.9 40.9 59.9 88.6

6 8.1 40.9 59.8 88.7 20 7.9 40.8 59.9 88.7

7 8.0 40.8 59.9 88.6 21 8.0 40.8 59.8 88.8

8 8.1 40.9 59.8 88.7 22 8.0 40.9 59.8 88.6

9 8.0 40.8 59.9 88.6 23 7.9 40.9 59.8 88.7

10 8.0 40.9 59.8 88.7 24 8.0 40.9 59.9 88.6.

11 7.9 40.9 59.9 88.7 25 7.9 40.8 59.9 88.7

12 7.9 40.9 59.8 88.6 26 8.1 40.9 59.9 88.7

13 8.0 40.9 59.8 88.6 27 7.9 40.9 59.8 88.7
.

14 7.9 40.8 59.8 88.7



• 1

·.
·,

APPENDIX B. TABLES

Table 3.2: Calibration results of the thennocouples (TC) on upper specimen
h/l=2.0; T,·C

98

il
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Tref 7.9 40.9 59.9 88.7 Tref 7.9 40.9 59.9 88.7

Tcl TCI

1 7.9 40.9 59.8 88.7 18 7.9 40.9 59.9 88.7

2 7.8 40.8 59.9 88.7 19 7.9 41.0 59.8 88.7

3 7.9 40.9 59.9 88.8 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

5 7.9 41.0 60.0 88.7 22 8.0 41.0 60.0 88.6
•

6 8.0 40.9 60.0 88.8 23 7.9 40.9 60.0 88.6

7 8.0 40.8 59.9 88.8 24 8.0 40.9 59.9 88.8

8 7.9 40.9 59.9 88.6 25 7.9 41.0 59.9 88.8

9 8.0 41.0 59.8 88.7 26 7.9 41.0 59.8 88.7

10 8.0 41.0 60.0 88.7 27 7.9 41.0 59.8 88.8

11 7.9 40.9 60.0 88.7 28 7.9 41.0 59.9 88.7

12 7.9 40.9 59.8 ~8.6 29 8.0 40.9 60.0 88.6

13 7.9 40.9 59.8 88.6 30 7.9 40.9 59.9 88.6

14 8.0 40.9 59.9 88.8 31 8.0 40.9 59.8 88.7

15 8.0 40.8 59.9 88.7 32 8.0 41.0 60.0 88.7'

16 8.0 40.9 59.8 88.8 33 8.0 41.0 60.0 88.8

17 8.0 40.9 59.9 88.8
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Table 3.3: Calibration resullS of the thennocouples (TC) on lower specimen; T.·C
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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 7.9 41.0 59.9 88.6

2 7.9 40.8 59.9 88.8 23 7.9 41.0 59.9 88.6

3 8.0 41.0 59.9 88.7 24 7.9 41.0 59.9 88.7

4 8.0 40.9 59.8 88.7 25 7.9 41.0 60.0 88.8

5 8.0 40.9 59.8 88.6 26 7.8 40.9 60.0 88.7

6 8.0 41.0 60.0 88.8 27 7.9 40.9 60.0 88.6

7 8.0 41.0 60.0 88.6 28 7.8 40.9 59.9 88.7

8 7.8 41.0 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

10 7.9 40.9 59.9 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

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

14 7.9 40.9 60.0 88.7 35 8.0 40.9 60.0 88.8'.
15 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

18 7.8 41.0 59.9 88.8 39 8.0 41.0 60.0 88.6

19 7.8 40.9 59.9 88.8

20 8.0 40.9 59.9 88.6

21 8.0 40.9 60.0 88.8
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Table S.l: Experimental temperature data on the upper specimen,
h/l=O.S. F=98N; T,·C
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Round 1 2 3 Ave. Round 1 2 3 Ave.
Tcl TCI

1 59.2 59.2 59.1 59.2 15 63.6 63.6 63.5 63.6

2 59.7 59.7 59.7 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 63.6 63.6

4 59.9 59.9 59.9 59.9 18 63.5 63.4 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

8 59.8 59.8 59.7 59.8 22 67.2 67.2 67.1 67.2

9 59.3 59.2 59.3 59.3 23 67.0 67.0 67.0 67.0.

10 63.5 63.4 63.5 63.5 24 67.2 67.1 67.2 67.2

11 63.5 63.5 63.5 63.5 25 67.5 67.5 67.6 67.5

12 63.5 63.5 63.4 63.5 26 67.6 67.7 67.6 67.6

13 63.6 63.5 63.5 63.5 27 67.6 67.5 67.6 67.6

14 63.6 63.4 63.6 63.5
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Table 5.2: Experimental temperature data on the lower specimen,
M=O.5, F=98N; T,·C

lOI

..'

Round J. 2 3 Ave. Round 1 2 3 Ave.

TCI Tcl
J. 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 43.1 43.1 43.1 43.1

3 52.8 52.8 52.8 52.8 23 41.8 41.9 41.8 41.8

4 53.2 53.1 53.1 !i3.1 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 35.6 35.6 35.6 35.6

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 5J..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

1J. 49.4 49.5 49.5 49.5 31 36.6 36.6 36.6 36.6

J.2 49.9 50.0 49.9 49.9 32 35.6 35.4 35.6 35.6

J.3 50.J. 50.J. 50.J. 50.J. 33 35.4 35.4 35.3 35.4

J.4 50.2 50.3 50.3 50.3 34 39.J. 39.0 39.2 39.J.

15 50.0 50.J. 50.2 50.J. 35 4J..8 41.8 4J..8 41.8

J.6 49.9 49.9 49.9 49.9 36 43.1 43.0 43.2 43.J.

J.7 49.4 49.3 49.4 49.4 37 44.3 44.3 44.3 44.3

J.8 48.7 48.7 48.7 48.7 38 48.4 48.4 48.4 48.4

50.2 50.J. 39 50.2 50.J. 50.J.
.

J.9 50.J. 50.J. 50.J.

20 48.4 48.5 48.5 48.5
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Tabl~ 5.3: Experimental temperature data on the upper specimen,
M=O.5, F=294N; T, oC

102
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Round 1 2 3 Ave. Round 1 2 3 Ave.
Tcl Tcl

1 58.7 58.7 58.7 58.7 15 63.3 63.3 63.2 63.3

2 59.1 59.1 59.0 59.1 16 63.2 63.1 63.2 63.2

3 59.3 59.3 59.3 59.3 17 63.2 63.1 63.2 63.2

4 59.4 59.5 59.4 59.4 18 63.2 63.1 63.1 63.1

5 59.5 59.6 59.5 59.5 19 67.5 67.5 67.6 67.5

6 59.4 59.4 59.4 59.4 20 67.6 67.6 67.6 67.6

7 59.2 59.2 59.2 59.2 21 67.4 67.4 67.4 67.4

8 59.1 59.1 59.1 59.1 22 67.1 67.0 67.1 67.1

9 58.8 58.7 58.8 58.8 23 66.9 66.9 66.8 66.9

10 63.2 63.1 63.1 63.1 24 67.1 67.0 67.0 67.0

11 63.2 63.2 63.2 63.2 25 67.4 67.2 67.4 67.4

12 63.3 63.1 63.2 63.2 26 67.6 67.5 67.7 67.6

13 63.3 63.3 63.2 63.3 27 67.5 67.5 67.5 67.5

14 63.3 63.3 63.3 63.3
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Table 5.4: Experimental temperature data on the lower specimen.
h/1=O.5. F=294N; T.·C
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Round 1 2 3 Ave. Round 1 2 3 Ave.

TCI TCI

1 52.1 52.1 52.0 52.1 21 44.9 44.9 44.8 44.9

2 53.2 53.3 53.2 53.2 22 43.6 43.6 43.5 43.6

3 53.8 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 5... 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

7 53.8 53.8 53.8 53.8 27 37.1 37.1 37.2 37.2

8 53.1 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

10 49.4 49.3 49.4 49.4 30 37.0 37.0 37.1 37.0

·11 50.2 50.2 50.2 50.2 31 37.2 37.1 37.2 37.2

12 50.7 50.6 50.8 50.7 32 36.0 36.1 36.1 36.1

13 50.9 50.9 50.9 50.9 33 35.8 35.8 35.8 35.8

14 51.0 51.0 51.0 51.0 34 39.6 39.7 39.7 39.7

15 50.9 51.0 50.9 50.9 35 42.3 42.3 42.3 42.3

16 50.7 50.7 50.7 50.7 36 43.6 43.6 43.6 43.6

17 50.2 50.4 50.2 50.2 37 44.9 44.9 44.8 44.9

18 49.3 49.3 49.3 49.3 38 48.9 48.9 48.9 48.9

19 51.5 51.5 51.4 51.5 39 51.4 51.4 51.4 51.4

20 48.9 48.9 49.0 48.9
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Table 5.5: Experimental temperature data on the upper specimen,
M=<l.5, F=882N; T.·C
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Round 1 2 3 Ave. Round 1 2 3 Ave.
Tcl Tcl

1 59.1 59.1 59.0 59.1 15 63.3 63.3 63.2 63.3

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

4 59.5 59.5 59.5 59.5 18 63.4 63.3 63.3 63.3

5 59.4 59.3 59.3 59.4 19 67.5 67.5 67.6 67.5

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

12 63.4 63.4 63.3 63.4 26 67.6 67.5 67.5 67.5

13 63.4 63.3 63.3 63.3 27 67.5 67.4 67.4 67.4

14 63.4 63.4 63.4 63.4



APPENDIX B. TABLES

Table 5.6: Experimental temperature data on the lower specimen,
M=O.5, F=882N; T,·C
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Round 1 2 3 Ave. Round 1 2 3 Ave.

Tcl Tcl
1 52.8 52.7 52.8 52.8 21 45.5 45.6 45.7 45.6

2 53.9 53.9 53.9 53.9 22 44.2 44.2 44.1 44.1

3 54.4 54.5 54.4 54.4 23 42.8 42.7 42.7 42.7

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

7 54.4 54.3 54.4 54.4 27 37.4 37.4 37.4 37.4

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

10 49.9 49.9 49.9 49.9 30 37.3 37.3 47.4 37.3

11 50.6 50.4 50.5 50.5 31 37.4 37.5 37.4 37.4

12 51.1 51.1 51.2 51.1 32 36.4 36.4 36.5 36.4

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 44.4 44.4

17 50.5 50.5 50.5 50.5 37 45.6 45.4 45.5 45.5

18 49.8 49.8 50.0 49.8 38 49.7 49.8 49.8 49.8

19 51.9 52.0 51.9 51.9 39 51.9 51.8 51.9 51.9

20 49.7 49.8 49.7 49.7
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Table 5.7: Experimental temperature data on the upper specimen,
h/1=2.0, F=98N; T, oC
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Round 1 2 3 Ave. Round 1 2 3 Ave.
Tcl Tcl

1 42.0 42.0 42.0 42.0 18 44.4 44.4 44.3 44.4

2 42.3 42.3 42.2 42.2 19 48.9 48.8 48.9 48.9

3 42.6 42.6 42.6 42.6 20 55.5 55.5 55.4 55.5

4 42.7 42.7 42.6 42.7 21 62.0 62.0 62.0 62.0

5 42.8 42.8 42.7 42.8 22 68.8 68.6 68.7 68.7

6 42.7 42.7 42.7 42.7 23 68.8 68.8 68.7 68.8

7 42.7 42.6 42.7 42.7 24 68.7 68.7 68.6 68.7

8 42.3 42.3 42.3 42.3 25 68.4 68.5 68.5 68.5

9 42.0 41.9 42.0 42.0 26 68.2 68.1 68.2 68.2

10 44.5 44.5 44.5 44.5 27 68.4 68.5 68.4 69.4

11 44.5 44.4 44.4 44.4 28 68.7 68.8 68.7 68.7

12 44.6 44.5 44.6 44.6 29 68.8 68.8 68.8 68.8

13 44.7 44.7 44.7 44.7 30 68.8 68.7 68.6 68.7

14 44.7 44.8 44.8 44.8 31 62.0 62.0 62.1 62.0

15 44.6 44.7 44.8 44.7 32 55.4 55.4 55.4 55.4 .

16 44.6 44.6 44.6 44.6 33 48.8 48.8 48.8 48.8.
17 44.5 44.5 44.5 44.5
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Table 5.8: Experimental temperature data on the lower specimen.
M=2.0. F=98N; T.·C
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Round 1 2 3 Ave. Round 1 2 3 Ave.

Tcl Tcl .
1 37.6 37.6 37.7 37.6 21 33.7 33.6 33.5 33.6

2 38.1 38.0 38.1 38.1 22 32.9 32.7 32.8 32.8

3 38.3 38.3 38.3 38.3 23 32.2 32.1 32.1 32.1

4 38.5 38.5 38.5· 38.5 24 30.7 30.8 30.8 30.8

5 38.5 38.5 38.4 38.5 25 28.7 28.7 28.S 28.7

6 38.4 38.5 38.4 38.4 26 28.8 28.8 28.8 28.8

7 38.3 38.2 38.3 38.3 27 29.3 2~.3 29.2 29.3

8 38.1 38.0 38.1 38.1 28 29.2 29.4 29.2 29.2

9 37.6 37.5 37.6 37.6 29 29.2 29.1 29.1 20.1

10 36.0 35.9 35.9 35.9 30 29.3 29.4 29.3 29.3

11 36.3 36.4 36.3 36.3 31 29.3 29,1 29.1 29.1

12 36.5 36.5 36.5 36.5 32 28.9 28.8 28.7 28.8

13 36.6 36.5 36.6 36.6 33 28.7 28.6 28.7 28.7

14 36.7 36.6 36.6 36.6 34 30.6 30.7 30.7 30.7

15 36.6 36.7 36.7 36.7 35 32.2 32.2 32.2 32.2

16 36.5 36.4 36.4 36.4 36 32.9 32.9 32.9 32.9

17 36.4 36.3 36.4 36.4 37 33.8 33.8 33.8 33.7

18 36.1 36.2 36.1 36.1 38 36.1 36.1 36.1 36.1

19 37.1 37.0 37.1 37.1 39 37.0 36.8 36.9 36.9

20 36.0 36.0 35.9 36.0
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Table 5.9: Experimental temperature data on the upper specimen.
h/l=2.0, F=294N; T.·C

lOS
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Round 1 2 3 Ave. Round 1 2 3 Ave.

TCI TCI

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 41.8 41.9 41.9 20 55.2 55.2 .55.2 55.2

4 42.0 42.0 42.1 42.0 21 61.9 61.9 61.7 61.9

5 42.1 42.1 42.2 42.1 22 68.7 68.8 68.7 68.7

6 42.0 42.0 42.0 42.0 23 68.8 68.8 68.8 68.8

68.6 68~7
.

7 41.9 41.9 41.8 41.9 24 68.7 68.7

8 41.6 41.6 41.5 41.6 25 68.4 68.4· 68.5 68.5

9 41.4 41.4 41.2 41.4 26 68.2 68.2 68.2 68.2

10 43.9 43.9 43.S 43.9 27 68.4 68.4 68.3 68.3

11 43.9 43.7 43.8 43.8 28 68.6 68.5 68.7 68.6

12 44.0 44.0 43.9 44.0 29 68.8 68.7 68.7 68.7

13 44.1 44.1 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 61.9 61.8 61.9

15 44.:1. 44.1 44.2 44.1 32 55.2 55.2 55.1 55.2

16 44.0 44.0 44.0 44.0 33 48.5 48.6 48.5 48.5

17 44.0 44.1 44.0 44.0
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Table 5.10: Experimental temperature data on the lower specimen,
h/l=2.0, F=294N; T, oC
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Round 1 2 3 Ave. Round 1 2 3 Ave.

Tcl TCI

1 38.0 38.0 38.0 38.0 21 34.0 34.1 34.0 34.0

2 38.5 38.5 38.6 38.5 22 33.2 33.2 33.3 33.3

3 38.8 38.7 38.8 38.8 23 32.5 32.5 32.5 32.5

4 39.0 39.0 39.1 39.0 24 31.0 31.0 30.9 31.0

5 39.0 39.0 39.0 39.0 25 28.9 28.9 28.9 28.9

6 39.0 39.0 38.2 39.0, 26 29.0 29.0 28.9 29.0 '

7 38.7 38.8 38.7 38.7 27 29.5 29.4 29.3 29.4

8 38.5 38.4 38.5 38.5 28 29.4 29.4 29.4 29.4

9 38.1 38.0 38.1 38.1 29 29.4 29.3 29.3 29.3

10 36.4 36.5 36.5 36.5 30 29.5 29.4 29.4 29.4

11 36.8 36.8 36.8 36.8 31 29.6 29.6 29.5 29.6

12 37.0 37.0 37.0 37.0 32 29.0 29.0 29.1 29.0

13 37.2 37.3 37.2 37.2 33 28.8 28.8 28.7 28.8

14 37.2 37.1 37.1 37.1 34 31.1 31.1 31.0 31.1

15 37.1 37.2 37.2 37.2 35 32.5 32.4 32.5 32.5

16 37.0 37.1 37.2 37.1 36 33.3 33.3 33.2 33.3

17 36.7 36.5 36.5 36.5 37 34.0 34.0 34.0 34.0

18 36.4 36.4 36.4 36.4 38 36.3 36.3 36.3 36.3

19 37.0 37.0 37.1 37.0 39 36.9 36.8 36.8 36.8·

20 36.3 36.4 36.4 36.4
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Table 5.11: Experimental temperature data on the upper specimen.
hI\=2.0. F=882N; T.·C
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Round 1 2 3 Ave. Round 1 2 3 Ave.

Tcl Tcl
1 41.2 41.2 41.2 41.2 18 43.5 43.6 43.5 43.5

2 41.4 41.4 41.5 41.4 19 48.2 48.2 48.4 48.2

3 41.6 41.6 41.7 41.6 20 55.0 55.0 54.9 55.0

4 41.8 41.7 41.8 41.8 21 61.8 61.7 61.7 61.7

5 41.8 41.8 41.8 41.8 22 68.7 67.9 68.7 68.7

6 41.7 41.6 41.7 41.7 23 68.8 68.8 68.8 68.8

7 41.5 41.5 41.5 41.5 24 68.6 68.6 68.6 68.6

8 41.4 41.4 41.5 41.4 25 68.3 68.3 68.3 68.3

9 41.1 41.1 41.1 41.1 26 68.2 68.2 68.2 68.2

10 43.6 43.7 43.7 43.7 27 68.3 68.3 68.3 68.4

11 43.7 43.7 43.8 43.7 28 68.5 68.6 68.6 68.6

12 43.8 43.8 43.8 43.8 29 68.7 68.7 68.9 68.7

13 43.9 43.8 43.9 43.9 30 68.7 67.9 68.8 68.8

14 43.9 43.8 43.8 43.8 31 61.9 61.9 61.7 61.7

15 43.8 43.8 43.7 43.8 32 55.0 55.0 55.1 55.0

16 43.8 43.7 43.9 43.8 33 48.3 48.4 48.3 48.3

17 43.6 43.6 43.7 43.6
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Table 5.12: Experimental temperature data on the lower specimen.
h/1=2.0. F=882N; T. oC
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Round 1 2 3 Ave. Round 1 2 3 Ave.

TCI TCI

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

4 39.1 39.1 39.2 39.1 24 31.1 31.2 30.9 31.1

5 39.2 39.2 39.2 39.2 25 29.0 29.0 29.1 29.0

6 39.1 39.2 39.1 39.1 26 29.1 29.0 29.1 29.1

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

12 37.2 37.1 37.2 37.2 32 29.0 28.9 28.9 28.9

13 37.3 37.2 37.3 37.3 33 29.0 29.0 29.1 29.0

14 37.4 37.4 37.3 37.4 34 31.2 31.2 31.3 31.2

15 37.4 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 37 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

20 36.5 36.6 36.5 36.5
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Table 5.13: Temperature distribution below the heated surface,
h/1=O.5; T, oC

position 1 2 3 4 5 Average

Load F, N

98 67.0 67.2 67.6 67.7 67.6 67.4

294 66.9 67.2 67.5 67.6 67.5 67.3

882 66.9 67.1 67.4 67.6 67.5 67.3

Table 5.14: Temperature distribution below the healed surface,
h/1=2.0; T,·C

position 1 2 3 4 5 Average
Load F, N

.

98 68.2 68.4 68.7 68.8 68.8 68.6

294 68.1 68.2 68.5 68.8 68.8 68.5

882 68.1 68.3 68.7 68.8 58.7 67.5
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Table 5.15: Temperature drop caused by the interface,
h/l~.5; AT. ·C

Position 1 2 3 4 5 AverageLoad F, N

98 2.0 2.5 3.0 3.4 3.6 2.9
294 0.4 0.8 1.3 1.7 2.6 1.4
882 0.1 0.1 0.3 0.6 0.3 0.3

Table 5.16: Temperature drop caused by the inted'ace,
h/l~.S; Il T. OC

•

position 1 2 3 4 5 Average
Load F, N

98 2.0 1.S· 1.9 1.7 1.8 1.8

294 0.7 0.6 0.7 0.7 1.0 0.7

882 0.2 0.3 0.1 0.1 0.4 0.2

.i 13



Table 5.17: Mechanical contact pressure distribution of nodes aIong the interface.
M~.s; PlO"" kPa

:.
"
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Node 1 2 3 4 5 6 Average
Load F, N

98 783 731 620 487 368 560 592

294 2348 2190 1858 1461 1102 1675 1771

882 7042 6570 5572 4381 3306 5023 5316

Table 5.18: Mechanical contact pressure distribution of nodes aIong the interface,
M=2.0; PlOooIl' kPa

Node 1 2 3 4 5 6 Average

Load P, N

98 546 548 554 571 620 693 589

294 1631 1637 1654 1709 1850 2074 1759

882 4885 4897 4960 5113 5552 6202 5268

Table 5.19: Mechanical contact pressure distribution of clements along the intcd'ace,
M=O.S; P....... kPa

Element 1 2 3 4 5 Average
Load P, N

98 756 676 554 428 465 576

294 2348 2190 1858 1461 1103 1787

882 7042 6570 5572 4381 3306 5373

Table 5.20: Mechanical contact pressure distribution of clements aIong the interface,
M=2.O; P....... kPa ~-

Element 1 2 3 4 5 Average
Load P, N

98 547 551 . 563 596 657 582

294 1634 1645 1682 1800 1962 1740.
882 4891 4928 5036 5332 5877 5213
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Table 5.21: Combined mechanical and thennal contact pressure distribution of nodes along the
interface. h/l=O.5; Pc' kPa

Node 1 2 3 4 5 6 Average
Load F, N

98 568 539 408 435 727 943 604

294 2288 2253 1792 1642 1261 1169 1735

882 7418 6675 5932 4472 4005 2992 5249 .

Table 5.22: Combined mechanical and thennal contact pressure distribution of nooes along the
interface, h/l=2.0; Pc' kPa

Node 1 2 3 4 5 6 Average.

Load F, N

98 386 409 475 587 760 1106 616

294 1250 1274 1298 1721 1964 2901 1738

882 4489 4606 4822 5200 6068 7517 5450

Table 5.23: Combined mechanical and thennal contact pressure distribution of clements along
the interface, M=O.5; Pc. kPa

Element 1 2 3 4 5 Average

Load F. N
98 554 473 421 581 835 577

294 2271 2022 1717 1432 1196 1727

882 7046 6303 5202 4239 3499 5258

Table 5.24: Combined mechanical and thennal contact pressure distribution of clements along
the interface, M=2.O; p.. kPa-

Element 1 2 3 4 5 Average

Load F. N
375 442 531 673 933 591

98

1262 1286 1607 1852 2442 1690
294

4547 4655 5952 5634 6792 5317
882
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Table 5.25: Thermal stress distribution along the interface.
M=O.5; Su,. kPa

Element 1 2 3 4 5 Arith.
Load F, H Mean

98 -204 -203 -132 153 370 -15.7

294 -77.4 -99.0 -141 -29.4 93.1 -50.0

882 4.0 -267 -370 -142 189 -118

Table 5.26: Thennal stress distribution along the interface,
M=2.0; s".. kPa

Element 1 2 3 4 5 Arith.
Load F, N Mean

98 -172 -109 -31.3 77.4 276 8.8

294 -469 -458 -172 25.5 382 -138

882 -344 -273 -84.3 302 933 107

Table 5.27: The effect of thenna1 stress on mechanical pressure along the
interface, M=O.5;

Element 1 2 3 4 5 Average
Load F, N

98 33.8% 33.7t 22.0% 25.4% 61.5% 35.U

294 4.3% 5.5% 7.8% 1.6% 5.U 4.9%

882 0.0% 4.9% 6.st 2.6% 3.5% 3.4%

Table 5.28: The effect of thennal stress on mechanicaJ pressure along the
interface, M=2.O;

Element 1 2 3 4 5 Average
Load F, N

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%
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Table 5.29: FlISt assumption of thermal conductivity distribution along the interface.
M=O.5; Je. W/moC .

Element 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: FlISt assumption of thermal conductivity distribution along the interface,
M=2.0; Je. WtC

Element 1 2 3 4 5 Average
Load P, N

98 '23.0 23.0 26.0 33.0 49.0 30.8

294 42.5 42.7 44.5 48.5 60.9 48.7

882 50.6 51.1 52.4 56.1 63.9 54.8

Table 5.31: Thermal conductivity distribution along the interface,
M=O.5; Je. W/moC

Element 1 2 3 4 5 Average
Load P, N

98 31.5 30.2 27.4 26.4 34.4 30.0

294 49.0 47.5 44.0 41.0 39.6 44.2

882 53.7 53.5 52.0 50.7 49.3 51.8

Table 5.32: Thermal conductivity distribution along the interface,
M=2.O; Je. WfC

Element 1 2 3 4 5 Average
Load F, N

98 26.3 27.1 28.1 29.5 36.0- 29.4 .
294 40.2 40.8' 43.0 46.0 47.7 43.5

882 49.1 50.4 51.2 52.4 53.4 51.3
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Table 5.33: Thennal cantac! Iesistance distribution a10ng the interface,
M=O.5; ~. m7l>C/kW

.
Element 1 2 3 4 5 Average

Load F, N

98 0.067 0.073 0.090 0.064 0.053 0.069

294 0.010 0.013 0.021 0.030 0.034 0.022

882 0.001 0.001 0.004 0.006 0.009 0.004

Table 5.34: Thennal contact resistance distribution a10ng the interi'ace,
M=2.0; Re. m7l>CfkW

Element 1 2 3 4 5 Average
Load F, N

98 0.098 0.092 0.086 0.077 0.047 0.080

294 0.032 0.030 0.024 0.016 0.013 0.023

882 0.010 0.007 O.OOS 0.003 0.001 O.OOS
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