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ABSTRACT

Previous investigators have extensively studied the problem'
‘of interface resistance for two plane surfaces in contact from a Variéty
of poihts of view. An attempt is made in the present investigation to
study the thermal contact resistance of an aluminum-stainless steel
comnound ; cylinder. Because no other work of this type has been done,
two plane-contact interface models - Shlykov and Ganin model and
Modified Rbss and Stoute model were employed to compare with the measure-
ments. Experimental evidence showed that the thermal contact résistance
for a cylindrical interface is lower than that for the plane-contact
interface. Physical interface models which explain the phenomenon are

presented.
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- "CHAPTER 1

INTRODUCTION

Present day heat transfer problems between metallic members
in contact are currently of great interest. This recent surge of
interest arises mainly in connection with the thermal design of space
vehicles and nucleaf reactof fuel elements.

The simple .analysis of this problem is based on the assumption
that the surfaces oflthe contacting bodies are in perfect contact, in
other words the thermal contact resistance is zero, and this has been
used in many engineering probiems. It simplifies the problem and to
a certain extent does not seriously affect the results. But for certain
applications where high accuracy and precise calculations are required,
such an idealization can lead to a cdnsiderable error in the predicted
performance.

One typical application which gives occasion to the study
is the thermal contact resistance between the fuel pellets and its
surféuhding sheath in a nuclear reactor. Because of high intensity of
heat flows passing through the fuel pellets to its sheath, the thermal
.contact resistance due to the absence of close contact will greatly
'affect'thévheat tranéfer conditions between the solids. Furthermore,
-as in.tﬁe design ofispace vehicles, thermal contact fesistance appears

to be a critical design facfor in attaining a high reliébilify for
- vehicle temperature control. vThus, an accurate knowledge of the thermal

contact resistance between metals is indeed vital.

1.1 Definition of thermal contact resistance.
- When two solid surfaces are brought into contact, because of
the nature of the surface.of any material, actual physical contact only

-1 -




takes place at a finite number of discrete points. The actual contact -

area is only a small portion of the nominal contact surface, and this

is true eVénAwith vefy high compressing forces and high quality of
surface finish. There remaiﬁs the voids which usually filled with-.
fluid. While heat is fiowing through the contact members, an additionél
temperature drop whiéh is associated with the thermal contact resistance
‘will occur at the interface 6f the joint.

The thermal contact resistance is not only a thermal effect,
but also coupled with the surface characteristics and mechanical effect
(surface deformation). The mode of heat transfer by which heat trans-
ported through the interface may, in general, be considered as follows:
1. by heat conduction’afthe.points of direct contact (metal and/or

oxide-contact);\
2. by heat conduction through the fluid filling the vbid;
3. -Qy radiation between the metallic surfaces;
4, 6y natural convection in the fluid filling the void.

In most cases, both the natural convecfion and radiation in
:the.véid.are neglec?ed as the voids are usually very small and the
interfaCe temperatufe is not high. However the radiation effect may
become significant énd must be taken into account at high temperatures.
Heat conduction through the places of direct contact and interfacial
 f1uid is, therefore, considered to.be the main cause of the thermal
contact resistance in common place.

The thermal contact resistance is conventionally defined as:

R = —% - (@)




- where ATC is the temperature drop at the interface, Q the heat flow rate

across the contact, and.Ad the apparent contact area.

It is understood that the thermal contact resistance is the

reciprocal of thermal contact conductance. Thus, whenever thermal
contact conductance 1is referred to, thermal contact resistance is implied.
Through out this work, the thermal contact resistance concept will be-

used. ' C

1.2 ‘Literature survey.
in the past thirty years considerablé effort has been expehded
to ihvestigate the problems related to thermal contact resistance. A
‘comprehensive review of the literature in this field'was provided by
Clausing and Chao [1]. Experimental and theoretical work were carried
out in an endeavor to understand the nature 'of the thermal contact
% resistance from a variety points of view.
E Jacobs and Starr [2] conducted experiments on interface joints
between gold, silver and copper. Studies of contact resistance on

_machine joints were reported by Weills and Ryder [3], and Brumot and

Buckland'[4]; Barzélay et. al. [5,6] presented a comprehensive investigation

on the effect of surface condition, interface temperature, interface
pressure, heat flux and sandwich material on thermal contact resistance.

Theoretical formulations are given by Fenech and Rohsenow [7], Laming [8]

and Sanokawa [9,10], but they are all of limited values as the effect
of the surface deformation and the non-uniform conditibns over the
contact surface were not taken into account in their analysis. Motivated

by Barzelay's result, several notable works on the directional effect




are reported. Clausing [11] showed that the thermal strain can be

the source of the directional effect. An extension of this particular
field by Lewis and Perkins [12] revealed that the pronounced effect.

is strongly dependent on the-contact surface condition. Loading
hysteresis effect was analytically studied by Mikic [13] and Popov[14],
and was found to be significant. With experimental evidence, Popov [14]
showed that the thermal.coﬁtact resistance for initial loading is higher
than that for subsequent loading. In reference [15] the effect of plating
with méterials of higher conductivity than the plated material was treated
aﬁd the results indicate that a considerable reduction in contact re-
sistance can generally be obtained.

Surface characteristics are well recognized to be a striking
factor- in determiniﬂg the thérmal contact resistance. Interest in the
area of surface description (i.e. waviness and roughness) and surface
behavior (i.e. mode of deformation) arose in the mid-1950s due to the
needifor‘more accurate predictibns, especially for the thermal design
of nuclear reactors. References [16] to [27] are some of the most
‘salient 1iteratures;in this area. In parficular, Mikic [26] gave an
elaboféte report on;fhe effect of mode of deformation on contact re-
sistance, and criteria Were also presented to determine the mode of
déformation. Others [7-13] on the surface description under given mode
- of deformation (usually‘plastic defbrmation).

A theoretical investigation on the influence of the maferial
| anisqtropy was carried out by Vutz (27). A geometric transformation

technique was used in the analysis, and it was found that the degree




of anisotropy and orientation of the contact interface can be important

factors.

In 1971, Yovanovich performed a theoretical and experimental
study on the thermal contacttconductance of turned surfaces (28) and
a row of cylinders contacting two planes (29) which is of direct interest
to aerospace engineefs. More recently‘several significant works (30,
31,32) were published in anAeffort of seeking a better explanatioﬁ

and accurate estimation of the contact resistance.

1.3 Obje;tives of this work
A review of the open literature indicates that all the previous
‘investigations laid the emphasis on the plane contact surface. No work
has been done on any other interface configuration until recently (29,
31). The conventional idealized’model used by all the previous investigators
is a right circular cylindrical heat'channei, and the general éxperimental
insféllation is of two cylindrical models pressed together with heat
flowing in the longitudinal direction. The interface for these models
.is a planeAsurface._‘It was suggested that the conventional analysis
and expefimental reéults, to some extent, can be applied.to other shapes
of COntéct surface. .
Yovanovich proposed [33],
other shapes of heat flux tube can arise which are but
modifications of the one which we shéll use. As examples, con-

sider the contact between concentric pipes or concentric spheres,...




Cobpef et. al. suggested (24),

in terms of flow of heat through large plane interfaces can
reasonable be extended, with obvious verbal changes, to apply to
curved surfaces such as‘conceniric cylinders with radial heat flow,
 provided the radius of curvature is large-compared with the typical
spacing betweenucontact.

However, no definite criterion was given.

Accofding to their proposition, it seems that the macroscopic
contact geometry (i.e.>curved contaét interfaces) most likely has no
influence at all. However, if the conventional analysis is applied
beyond these Cdnditions i.e. the radius of curvature is small, there
may ariée a great discrepancy between the calculated value and the real
Value.' Therefore, éonsideration on the mascroscopic contact geometry
should also be made in determining the thermal contact resistance.

" The aim of this work is to study the thermal resistance
betwéen two concentric cylinders of different materials in contact
with outward radial heat flow. To the author's best knowledge, no
-isuch.ﬁork has been done befbre, An experiment is presented in studyihg
the céﬁtact resistaﬁce‘with varying heat flux. Attempts to apply the

conventional ahalysés to the experimental results are also made.




CHAPTER 2

REVIEW OF PARAMETERS AFFECTING THERMAL CONTACT RESISTANCE

The nafure of heat transfer between two contactihg metals

may be said to have been well studied. However, due to a large number
of factors affecting the thermal contact resistance, it is very difficult
to obtain an accurate predicfion on its value. Some of the main factors
can be listed as follows: |

(1) éontact pressuré,

(2) surface roughness and wéviness,

‘(3) kproperties of contacting solids,

(4) mean interface temperature level,

(5) oxidation of contact surfaces,
(6) previous loading,

(7) direction of heat flux,

(8) interfacial flﬁid,

(9) mode of deformation.

’Someiof these factors have negative'influence, i.e., tend to decreasé
the ghermal coﬁtact resistance, while others have positivé influence.

In the study of one parameter, it is common to assume that the other

- parameters are constant, and therefore do not affect the discussion.

2.1 Effect of contéct'pressure

Among all parameters, the most significant one appears to be
the apparent contact pressuré. It is observed that the contact pressure
has a negative influence on thermal contact resistance, i.e., as the
contact pressure increases, the contact resistance decreases. The
pressure dependence of contact resistance in the range of low pressure
is more appreciable than in the range of high pressure. Fig. 1 éhows
- schematically thé influencé of apparént contact pressure on the thermal

contact resistance.
_7_




The basic concept of a contact process is that when two metal

surfaces are brought’close together, they begin to touch at the tips
of the higher asperities. After the beginning of contact, the two
surfaces appfoach closer to-each otheér under an increase of the load.
As a result of this, more protrusions come into contact and the size
of the gap reduces. :Tnis implies that the real contact area and the'
mmber of contacts hds increased. It has been observed that the rate
of increase of real contact area is large initially, and then the rate
decreases as the number of contact spots becomes large.

‘Cofrelation of the thermal contact resistance with apparent
- contact pressure in plane-contact surface models-was studied in the
literatures (16-23). It‘wasvfound to be an inverse proportion, i.e.
'_Rc o Pé—m. The exponent varys from one to zero depending on deformation

of the surface asperities.

Z.Z.EEffect of surface roughness

Most engineering surfaces in engineering practice are wavy
~and rough. The reletively finely spaced irfegnlarities of the surface
.are tennedjas roughness, and_those with greater spacing are termed as
Wavinese. Fig. 2 shows a typical linear profile of a wavy and rough
surface. These surface irregularities are the result of the-inherenf
action of engineering processes, machine or work deflection. Friction‘
and wear which may take place ét the interface will complicate the
surface characteristics. The roughness formed under change of load
has not been thoroughly understood, however it is believed to be taken

care of by the contact deformation.




Consider two surfaces in contact, roughness is responsible

for'the microcontacts and because of the waviness these microcontacts
are found in definite regions. By proper preparation of the surface,
one can minimize the effect.bf waviness. However, one cannot completely
remove the roughness even with superfinishing, therefore its influence
does always persist.’ |

It haé been observed that the surface roughness has a strong
effect on themmal contact resistance. Its influence is found to be
positive, i.e., increasing the surface roughness increasing the contact
resistance. In Fig. 3 the relation between contact resistance and -
surface roughness is illustrated. The depéndence of contact_resistan;e
on roughness is strong when the load is relatively light and the surface
are relatively smoofh (small surface waviness), and less significant

with high compression and wavier surface.

2.3 EEffect of surface waviness
It has Been proved that surface waviness has a positive
influence on thermal contact resistance, that is, resistance incréases
with increasing surface waviness (surface flatness deviation). The
influenée is small for'small waviness and becomes more pronounced for
large waviness as illustrated in Fig. 4.

All engineering surfaces exhibit roughness and waviness. It
has been obserﬁed that microséopic contact resistance is attributed to
the surface roughnéss, and waviness is responsible for the macroscopic
contact resistance. Some investigators showed that macroscopic contact

resistance (waviness effect) dominates the overall thermal contact
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resistance, whereas others observed that microscopic contact resistance
(roughness effect) has commanding influence. It is very difficult to
say whether roughness effect islarger than the waviness effect or not,
because it strongly.depends,bn the surface chéracteristics. Interaction
between surface roughness and waviness was observed; roughness may act
as negative influence on wavinesé. Generally speaking, since they are
closely reléted, one «cannot predict the thermal contact resistance

without a knowledge of the interaction between them.

2.4 Effect of metal properties

‘As discussed earlier the thermal contact resistance is a
combined effect of the surface conditions, thermal and mechanical
bropertiés of the mating materials, and the interfacial fluid. It is
obvious that metal properties play an importaht part in determining
the thermal contact resistance. There are essentially three kinds
of félated properties to be considered: thermal conductiVity, hardness

and.moduius of elasticity.

'2.4.1 Effect of thermal conductivity

) It is ﬁouﬂa that the metal thermal conductivity has a negatiﬁe
influence on thermal contacf resisfance. Their relation has been well
understood as practically linear. The reason why it is not exactly
linear is because other properties such as hardness, Young's modulus
and thermal expansion coefficient, will change as the thermal conductivity

changes (Fig. 5).
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2.4.2 Effecf of hardness

By hardness we mean the pressure at which the material will
yield under compression. It is a measure of resistance to identation.
It has been observed to be résponsible for the deformation mode, number
and size of contacts. Its influence on the thermal contact resistance
is positive and shown in Fig. 6. The variation is almost linear for

very rough and flat Surfaceé.

2.4.3 Effect of modulus of elasticity

Attempts were made to correlate the thermal_contact resistance
| with modulus of elasticity. It was found that the effect is significant
when the'surface irregularities undergo elastic deformation, and least
or even zero when plastic deformation is governing. However, generally,
the elastic modulus has a positive influence on the contact resistance,
i.e., thermal contact resistance increases as elastic modulus increases,

Fig. 7.

2.5 Effect of interfacial fluid thermal conductivity

‘ . Consider phe contact. of two bodies With presence of a conducting
fluid in the interféce; the thermal contact resistance may be defermined
by the relative proﬁortions of the heat flowing through the real contacts
and through the gap filled with fluid. This means the total thermal
contact resistance is the sum of the direct contact conductance and
" 'the interfacial fluid conductance. It has been observed that there is
a linear relation between the fluid thermal conductivity and the contact

resistance. The fluid thermal conductivity has a negative influence on
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the fluid resistance, and subsequently acts as a negative function of
the overall thermal contact resistance, Fig.‘8. The influence is ektremely
small at high vacuum.
At the interface the interféciél fluid can be a gas or a
liquid. In general, the thermal conductivity of a liquid is higher
than a gas. A significant reduction of resistance was found for the
interfacial fluid being a 1iquid.- The difference in contact reSistance
for the interface with a gas and for that with a liquid was attributed

to an effective increase in the contact area [11] (see Fig. 9).

2.6 Effeét of interfacial fluid préssure

Interfacial fluid pressure can be an important parameter in
aetermiﬁing the thermal contact resistance of metals in contact with
the presence of interfacial fluid.. The dependence of the thermal
contact resistance bn the fluid pressure is remarkable when the inter-
_faciél fluid is a gaé. In the study of the gas pressure dependence
of the contact resistance, Shlykov (34) carried ouf some tests with
“air over a large pressure range. The results showed that thermal
-contact resistan;e increases as the gas pressure decreases. Aﬁtypitél
felatioﬁship betweeﬁ gas pressure and thermal contact resistance is-
shown in Fig. 10. It is seen from the figure that there are tWo
~ horizontal levels and a transition. The lower level corresponds to
the contact resistanée at or close to atmosphere and the higher‘level
ié the contact resistance at high vacuum. The transition was observed
over a very nérrow pressure range and its change is nearly linear. It

was also noted that the transition can shift and two horizontal resistance
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levellcan change as well. This depends on many parameters, in particular
apparent contact pressure and surface geometry. From the same diagram
one can conclude that at high vacuum condition the fluid resistance
is negligible and the entire amount of heat will flow through the place
of actual metal contact.
2.7 Effect of mean interface temperature

The effectlof the mean.interface'temperature on the thermal
contact reéistance ié said to be well recognized. The influence of
mean interface temperature is negative, that is contact resistance
decreases.when mean interface temperature increases, Fig. 11. At low
temperature 1évels, say below 10000F,'the temperéture effect for most
ﬁetals is weak, but becomes significant.as the temperature exceéds
1000°F.

Most of the material properties ére temperature dependent
at élevated temperature;f Such a change in material properties will

in turn cause a change in the deformation mode and the surface geometry,

“and consequently affect the thermal contact resistance.

In_additién, at elevated temperatﬁres the interfacial fluid
.thermalzconductivity tends to change with the temperature level. Radiation'
heat transfer across the gap becomes significant, and the radiation
resistance must be considered in determining'thé‘overall thermal contact

resistance.

2.8 Effect of oxidation of contact surfaces
Oxidation is a common type of corrosion in metals. It results

in formation of a thin oxide film covering the metal surface. The
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growth of the oxide depends on the composition of metél, duration of
exposufévand environment conditions. The oxide, in general, has poor
thermal conductivity and is less ductile than the pure metal. In
addition, the oxidized surfaée is more irregular than that before
oxidation.

'The thermal contact resistance is found to be larger for
IOXidized surfaces than for pure metal contact. This is generally |
considered to be a function of the oxide propertiés (hardness, thermal
conductivity), thickness of oxide film and the surface roughness after
oxidation. Experiments and theoretical studiés‘were carried out
individually by Sanokawa (35) and Yip (32). The thickness and the
thermal‘conductivity‘of the Qxide film'were found to be the main
factors. Conclusioﬁs can be drawn as follows:

(1) Thermal contact resistance increases with increase in oxide film
_;thickness, and the effect is enoirmous when the thickness appfoaches
%the value of pure metal surface roughness (Fig. 12).
‘(2) " Thermal contact resistance tends to decrease as the thermal con-
ductivity of oxide film increases.
(3) fhe effectis mére proﬁounced'when the surfaces are relatively

smooth and contact pressures are light.

2.9 Effect of previous loading

The effect of previous loading, some called hysteresis effect,
on the thermal contaét resistance is recently of partiéular interest.
It has béen.observed that at'the same contact pressure, the thermal

contact resistance in the initial loading application is higher than




15.

that forming on descending loading. Figure 13 shows a typicallvariation
of contact resistance with contact pressure for different loading con-
ditions. |

It is obvious that.this effect is a resﬁlf of the surface
interaction. Mikic (13) presented a qualitative explanation for this
phenomenon. He suggééted that in the ihitial loading the deformation
of the surface asperities is plastic, while in the descending loading
the deformation is elastic. As the loading descends, part of the
contacting asperities will recover and part will remain in contacf,
however, an overall effect‘of higher contact area under the same contact
pressure will be obtained. Thus the difference of aétual contact areas
for the initial loading and the descending: loading will certainly lead
to the ‘observed Effeét. It was also observed that the load dependence
of contact resistance in the range of low pressure is more pronounced

on initial loading than on subsequent (descending) loading.

2.10 Directional effect
By directional effect we mean the extent to which the thermal

‘.resistance of a contact between certain metals is influenced by the
directioﬁ of ‘heat flgw across the interface. A first quantitative.
report of a directional effect between dissimilar metals in contact was
presented by Barzelay et. al. (6). After that, several investigations
have also revealed that there appears to be a significant directional
effect between dissimilar metals.

~ Nevertheless divergent results byAvarious investigators have

been reported on the aluminum-stainless steel interface. Barzelay (6),
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Roger (36) and Thomas (37) reported that: 1) the thermal contact
resistanqe,for the heat flow from aluminum to stainless steel is lower
than when the heat flow in the other direction, and 2) there is an
increase in directional effeét with the contact pressure. Clausing
(11) performed a more specific study on this topic and presented a

' different observation from those mentioned above. From his data he
concluded that the thermal contact resistance was lower when the heat
: flows from stainless steel to'aiuminum. Williams (38) observed_the

same phenomenon. An elaborate work by Lewis and Perkins (12) was

aimed at resolving all the previous conflicting results. They attributed

the conflicts to different surface conditions (waviness and roughness)
of their test specimen. They also pointed out that the both observed
effects were'correcf as long as their respective contact surface
conditions are considered.
| There is some argument on the directional effects between
: simifar materials. Williams (38) and Thomas (37) showed that a
directional effect between similar materialé was in fact observed,
':while‘Clausing'(11);and Barber (39) suggeétéd no directional effect.
Moon éﬁd Kéeler'(40j presented a theoretical explanation of this
directional effect By,using the theory of heat transfer in the solid
state. If reavealed that similar materials in contact can exhibit |
a directional.effect if the contact surface histories are different.
To obtain an accurate estimate 6f this phenomenon, a better
understanding of the surface interaction under different heating and

loading conditions is necessary.
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2.11 Effect of mode of deformation

By surface_intéréction we mean the mode of deformation of
the surface asperities. It is generally assumed that the asperities
of the contact surface undergo fully plastic deformation. This leads
to the result that the actual contact area is directly proportional
to the contact pressure. This assumption is not always true if the
actual deformation process of the asperities is considered, Greenwood -
(22)'pointed out that the contacts at the interface will in all states
between fully plastic and fully elastic. He also showed that the
deformation of the asperities is étrongly dependent on the surface

~topogfaphy and the material properties.

Novikvo (25) correlated the thermal contact resistance and
the contact deformation in the region of elastic and elastic-plastic
contacts. He found that at low pressure the relatidn is an exponential
function and becomes linear in the range of high pressure. This
indiéétes that the contact deformation is elastic-plastic at 10w '
pressure and>e1astic at high pressure.

A more salient study on this effect was recently carried
out by'Mikic (26). iHe concludéd that different modes of deformation
have a significant éfféct on thermal contact resistance. Explicit
¢xpressions for the thermal contact resistance were dérived for the
cases of: 1) purebplastic deformation, 2) plastic deformation of the
asperities and elastic deformation of the substrates, and 3) pure
elastic deformation. In addition, a criteron was presénted to determine
the mbde of deformation, Fig. 14, for given surfaces in contact. ‘The
effect of mode of deformation of the surface asperities iS such that:

~ (1) under the same load, the thermal contact resistance is always

" higher for plastic deformation (Fig. 15),
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(2) the contact deformation is not sensitive to the contact pressure
level but depends on the surface conditions (roughness, average
slope of the surface asperities) and material properties (hardness,

elastic modulus).

2.12 Summary

From the aBove discussion the'complexity of the thermal.
contact phenomenon is obvious shown. The parameters affecting the
value of the thermal contact resistance can be divided into three
important groups: 1) surface description (roughness, wavinesé),
2) surface interaction (mode of deformation) and 3) interstitial
medium (interstitial fluid, oxide). Special care is required in
aetermihing the effect of one parameter. It is also obvious that
some of the parameters cannot be determined without the knowlédge
of the others. Because of the large number of parameters affecting -
the'gherma; contact resistance, it is not sﬁrprising to see incon-’
sistent and sometime confliéting results reported by different

investigators.




‘CHAPTER 3

THEORETICAL BACKGROUMND

3.1 Previous Theoretical Investigations

ey

[©

3

The evolution of the thermal contact resistance studies may

be divided into three stages. They are:

First stage: .Emphasis-was laid on the experimental values for
each specific case (2-6, 36). All these works did not cover the
particular matefials and surface @onditions of each other. There-
fore, theirvapplications were very limited.

Second stage: Theoretical analyses were carried out on an idealized

contact model as shown in Fig. 16 by Rapier et. al. (42), Ross and

Stoute (43), Shlykov and Ganin (34), Sanokawa: (9, 10), etc., who
were aiming to obtain a better formulation for the thenﬁal contact
resistance. All these methods of calcﬁlation were based on the
assumption that the contact sﬁrfaces are nominally flat, the actual

areas of contact are uniformly distributed over the apparent area,

-:the contact spots are all circular and of identical radius and the

surface asperties deform plastically.

Third stage: Further studies on the,néture and interaction of the
éontacting'surfaces indicated that reconsideration and.modification‘
of’the_theory Qere necessary. In order to modify the real surfaces
in-contact, coﬁsiderations of éurface parameters like surface
roughness, surface waviness the distribution of surface slopes,
and the deformation of surface asperities were included in thé
derivation. Some notable analysis on the noﬁ—ideal contacting
surfaces were reported by Greenwood (22), Cooper et. al. (24),
Clausing and Chao (45), Hsieh et. al. (44) and Mikié (26). To use
_19_
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their formations detailed analysis on the profilometer- traces of

the surfaces in contact is generally required. These models, which

have been well verified by experiments, can be appliéd to various

contact joints, and givé better explanations and estimate of the

contact resistance. |

- Thevexperiﬁental data gatheréd by various investigations
cannot be used to determine the thermal contact fesistance if the joint§
(mating materialé and surface conditions) are different from those
investigated. However, they can be used for qualitative studies to
show -the trends as various paramefers are changed. The theoretical
analysis presented in Refs. (24, 26, 44, 45) are,‘of course, more likely
to predict the exact value of thermal contact resistance of the real
contacting sUrfaces; In such works many parameters are required to
completely specify the mating surfaces. The surfaée roughness, the
waviness (méan slope of surfaces) can be derived from pfofilometer traces.
But in engineering practice, detailed information on the characteristics
of the contacting surfaces may not be available, or may be too laborious
- to obfain from the profile analyéis.v Instead, some information, in
the form of-surface;roughness readings, or mereiy the knowledge of

manufacture process; is available. In this case, the approximate methods
- of calculation, though the accuracy may be a little inferior, may still
| produce useful results. Two such approximate models are discussed below

and will be compared with the experimental results.

3.2 Theoretical Basis for Experiment
When heat flows across the interface of two members in contact,

it is generally accompanied by an additional temperature drop which is
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due to the imperfect contact at the interface. The thermal contact
resistance is defined by Eg. (1) as:

AT

R = —S
C.
(Q/A)
‘The heat flow rate, Q, is determined by the temperature

distribution in the undisturbed region. The additional temperature
drop, ATC, is obtained by extrapolating the temperature distributions

in both contacting members ffom the undisturbed region to the interface.

Ad'is the apparent contact area.

3.3 Formﬁlation of Analytical Models
The heat transfer across the conta¢tiﬁg surfaces may be

éonsidefed to consist of two-compoﬁents:

(1) heat conduction throuéh the direct contact spots,

'(2) heat conduction through the interfécial medium.

' The total thermal contact resistance, R.C can therefore be

defined by the themmal resistance of direct metal contact, RM’ and
the thermal resistance of the interfacial medium, RF‘ Assuming one

has negligible effe@t on the other, the total thermal contact resistance

" can then be represénted by the equation for parallel resistors:

11,1 2
. RC RM RF
Now the problem of determining the total thermal contact
resistance reduces to a separate estimation of its components.

- Here two models, Shlykov and Ganin model, and Ross and Stoute

model, are used to determine the thermal resistance of metal contact




22.

and a simple expression derived by Shlykov and Ganin is used to describe
the thermal resistance of the interfacial medium. The final equations
for the thermal contact resistance can be obtained by combining the

expressions for each component.

3.3.1 Shykov and Ganin Model
Presumption: (1) The contact surfaceslare nominally flat.
| (2) Plastic deformation at the surfaée asperities.
(3) The size of the contact spots is independent of loading.
The cbntact'spots are circular with radii about 30 yu.

The eQuation for the thermal contact resistance (RC) is given

as:
2 ko ' P .20 ’
1.~ f 45.3006x 4 CSx107% (S dn 5y (3)
Rt | 01 + 02 C OB Btu
where kf = thermal conductivity of interfacial fluid
. 2k, k
?kM = harmonic mean thermal conductivity‘(———l——za
k; +ky
PC = contact pressure
C = coefficient
pcB'= ulthnate;étrength
o = surface foughness of contacting interface

3.3.2 Modified Ross and Stoute Model

| The expression of the thermal resistance of direct metal
Contact is quoted from Ross and Stoute (43). PRegarding the expression
of the thermal resistance of interfacial medium, instead of using the

original one given in (43) the one developed by Shlykov and Ganin (34)




was used because the latter was found to be much convenient to use.
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The basic assumption is the same as Shlykov's, except that the radius

of the contact spot, a, is given in terms of surface roughness, o, and

is given as:

1/2

where: : .

1/2

a_ = 0.31375 int/% (or 0.5 ait’ %

The thermal contact resistance (RC) for this situation is:

1 _ 2 kf kM Pc sec in2 O
- T (9 B
R o, t 0o a o H Btu
_ c 1 2 o
where kf = thermal conductivity of interfacial fluid
v 2k, k
kM = harmonic mean thermal conductivity (——l—;z—a
kp r g
i.Pc = contact pressure
& = surface roughness
microhardness

==
1]

@

(5)




CHAPTER 4

EXPERIMENTAL APPARATUS AND PROCEDURE

4.1 Description of Apparatus

The experimental apparatus is shown in Fig. 17. A close-up
view of the test set-up is also shown in Fig. 18.

The apparatus consisted of a test specimen, which is an
-aluminum-stainless steel éompound cylinder, to provide the interface
for the study. The specimen was made by shrinking the aluminum cylinder
onto the staiﬁless sﬁeel cylinder. Its dimensions are 5.68 in. in
length, 0.875 in. inside diameter and 2.875 in. outside diameter. At
each end of the specimen there were a teflon and a steei guard plate.
The teflon guard platé served as thermal insulation to minimize the
“longitudinal heat loss, and the steel guard plate was designed to guide
‘the thermocouple wires out from the specimeh. Aluminum centering
bushings were placed‘through the guard plates into the recesses at the
ends of the specimen. This assembly was then placed on the lowér
base plate such that the centering bushing stood in-the recess of the
base glate; and on the top of it sat the upper base plate. The
specimen was constrained at both ends simply by tightening the base
‘plates on to the steel sheel. |

) A 13 in. fgng_stainless steel heating elemeht of 3/4 in.
diameter and O.QSS ih; thick was placéd through the centre hole of the
specimen in such a way that a 1/16 in. gap is left between the heating
element and the specimen. Each end of the heating element was clamped
~ tightly by a piece of brass terminal block. The tbp terminal block
was bolted to the upper steel base plate, énd it was;hanging freely at
the bottom. The purpose of the asbestos ring, numbered 15 in Fig. 17,

- 24 -
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was to prevent the heating element from moving sideways. On the top
of this and in between the.heater and the steel ring was a thermal
insulation sleeve, numbered 14, serving to eliminate the heat loss through
the hanging end of the heater. The inside of the heater was filled
with thermal insulation. The voltage was supplied to the heater by
means of a Raytheon Compény, Sorensen Operation, Three Phase Input
Power Supply MOdfl DCR 20-1000 A (See Fig. 19). Heat flowed radially
outward through the air gap and the specimen. |

Tap water was circulafed on the outside of the specimén; and
" a close-up jacket (Fig. 20) was designed to stabilize the water flow.
Thermocouples, details of which are given in section 4.3, were taken
out of the apparatus through the‘conax seals GMHC—O40~8) supplied'byb
Conax Corporation. 'Fig. 21 shows the sectioning view of the conax
‘'seal. When the assembly was tightened, the compressed teflon seals
which were placed at the ends of the center bushings formed an‘effective
seal %gainst the centering bushing and the recess. These seals when
desired to replace the specimen had to be dismantled.

A thermal insulation jacket about 1 1/2 in. thick was also

providéd to wrap ardﬁnd the hanging heater terminal.

4.2  Preparation of Test Specimens

The test specimen was made from two concentric cylinders by
a process called "cold fits". The materials of the test pleces were
éluminum 2011-T351 and stainless steel type 304. The mechanical énd
physical properties for these are giveh in Table 1 and 2. They were
selected on the basis.of the following condifions:
(1) a larger coefficient of thermal expansion for_the inside cylinder

than that for the outside cylinder,
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(2) popularity in aircraft énd.indﬁstry appliCations,
(3) availability of the materials.

The outside surface of the aluminum cylinder was turned on
a lathe to a specified roughness range, and the inside surface of the
stainless steel was as received. A tracer-type Brﬁel and Kjaer Roughness
- Meter Type 6102 and coupled with a Motor Drive Type 3910 for roughness
~ meter was used to measure the roughness of the test pieces. Pertinent
information regarding the dimensions and the surface roughness of
individual test pieces is given in Table 3.

‘The stainless steel cylinder has an internal diameter slightly
less than the external diameter of the aluminum cylinder. To assemble
them a shrink fit process had to be used. It is known that aluminum
will change its properties at elevated temperature but remain the same
at sub-zero temperature. It was also required that no»damage to the
con;qéting interface should result from the assembling process. There-
foref'a cold fit ﬁas employed to aséemble the test pieces. The aluminum,
with its machined to the exact dimension and deSired roughness, was
- immersed into a con;ainer of 1iquid.ﬁitrogen téAcool to about -200°F.

It waé'then taken oﬁt to fit the stainless steel'cylinder. Special
~ care was given duriﬁglassembling. After the assembly warmed up it
was then machined fo the required dimensions.

An initial contact pressure which Aepends on the interference
was introduced at the interface during the process, and this can be

detemmined by the theory of elasticity.
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4,3 Thermocouple Techniqﬁe and Preparation of Thermocouple Wells

Since the accuracy of the evaluation of the thermal contact
resistance depends on accurate temperature measurement, much attention
was given to the positioning.of thermocouples and preparation of thermo-
couple wells in the experiment. It is known that thermocouples have
to be placed at a transverse section in the héat path, therefore the
therﬂécounle'wells were drilled 1ongitudina11y down to the desired
depth from the end surfaces. Two methods of preparing the thermocouple
Wells were'attempted and details are discussed in séction 4,3.2 and |
4,3.3.

The basic requirements for thermocouple wells were:'
(1) The size of hole should.be finé enough to fit the thermocouplé

and without préducing aﬁy disturbancevin the heat path.

(2) The holes must be straight and vertical to the heat path.
(3)-iThe variance in depth of the'hbles must be less than a tolerance

?of'i_l/z (hole size).

‘4.3.1; Thermocouple'Mounting Technique
Cﬂ_ . The thennbcouple mouhting technique was similar tb that
of Clauéing and Chab_[45], but with several modifications. |
ISA JJ No. 36 gauge iron—constaﬁtan'thermocouple‘wire was

used for the temperature measurement. The bead was formed by a mercury
.thenﬁocoupie_welder, and it was spfayed with a véry thin '"Rid Arc"
coating to provide protection and electrical insulation. A small piece
of lead foil about 6.003 in. thick was wraped around the thermocouplé

to ensure that the thermocouple was centrally located in the hole. It
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was fhen inserted into the hole until touching the bottom. The top
of the hole was filled witﬁ epoxy which when hardened served to hold
the thermocouple in place. A sketch of the thermocouple installation
is shown in Fig. 22.

By use of a spot welder thermocouples were welded on the

skin of the specimen ‘to measure the surface temperature.

4.3.2 Preparation of Thermoéouple Wells in Specimen TCR-1

In the specimen TCR-1, fifteen thermocouple wells 1/16 in.
diameter were drilled by a drilling machine on three different levels.
The top and mid levels were 1 1/2 in. and 2.8 in. from the top end
respectively, and the bottom level was 1 1/2 in. from the bottom end.
On each level three holes were drilled in the aluminum and two in the
étainléss steel (Fig. 23). A 1/16 in. diameter long series drill was
used, and spécial care was given during drilling.‘ Great difficulties
wereggncountered in the drilling proce55~5ecause the drilling machine
.was ﬂot éapable of drilling such fine and deep holes, especially whén
drilling the stainless steel piece. It was soon found that three
:thermqpouple wells gt the top level and two at the mid level were
uhsatisfactory becaﬁse of scatter of the measured temperature. Accordingly

~only the data recorded on the bottom level was used for the calculation.

4.3.3 Preparation of Thermocouple Wells in Specimen TCR-2
To obtain better results, the method of drilling the thermo-
couple wells had to be improved or an alternative method found. It was

also desirable to reduce the hole size to be just sufficient to take
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30 gauﬁe thermocouple wires. A spark cutting machine, (Agemaspark
Burospark Machine Type F400P-20) shown in Fig. 24, was employed for
preparing the thermocouple wells for the specimen TCR-2.

Thé‘principle of operation of the Eurospark Machine is that
it removes metal from the area in the immediate vicinity of the.tool
without mechanical contact with the work‘by generating a rapid series
Qf spark discharges of'contrélled energy betwéen the tool and the work.
The sparks erode a small crater of metal by melting and vaporization.

The advantages in the present application are: 1) its ability to machine
hard material such as stainless steel, 2) its ability to bore very fine
hole, 3) its ability to machine to any finished shape and to cut starting
at éﬁy angle to the work surface. The only disadvantage (as experienced
in this study) was fhat it cdnsumed too mu@h time. This occured because
the cutting speed slowed down as the tool cut deeper..

A special tool holder was designed for the purpose of multi-
eleméht'drilling and is shown in Fig. 25. Ground finish tungsten
electrodes of 0.040 in. diameter and 5 in. long were soldered on to
- the tool holder.‘ Before drilling specimen TCR-2Z, a bractice TUun was
made on a dummy specimen. A few holes were first drilled on both aluminum
and stainless steel test pieces to a depth of about 1gi/2 in. These
showed that the holes were very straight and the size of the holes was
"~ about 0.010 in. larger than the tool size (See Fig. 20). A photograph
of the specimen TCR-2 during drilling is shown in Fig.‘26.

At each level, five and three holes were drilled in the aluminum

and stainless steel respectively. The thermocouples protruded from the
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‘holes were embeded in the grooveé on the end surface in such a manner
that they could be grouped into a bundle (See Fig. 27). This bundle
~ was then taken out through the conax seals to the measuring devices.
Seven thermocouples were spot-welded on the outside surface to measure
the skin temperature as shown in Fig. 28. Fig. 29 shows the location

of the thermocouple wells for specimen TCR-2.

4.4 Equipment for Exﬁeriment
4.4.1 Power Supply

To supply the voltage to the heating element a thfeé phase
input powef supply model DCR 20-1000 A (Fig. 19) supplied by Raytheox
Co., Sorenson Operation, was used. This power supply provides a stable,
highly régulated dc output from a wide range of three phase input voltages
and freduency. The output ratings are 0-20V and 0-1000 A. Coarse andl
fine voltage adjustment controls were provided to assure.the:selected
outpug voltage. The unit also incdrporates three protection systems:
phase-failure shutdown drops the output automatically to zerb when
failurg of any input phase occurs; thermal overioad_shutdown also drops
fhe oupput'to ZET0 if the unit is overheating; automatic crossover
system'pfovides currént-1imiting'protection. In addition, other features
sﬁch as remote programming, remote sensing series,andlparallel operation

are also built in the unit.

4.4.2 Flow Meter
In order to maintain a constant flow of cooling water passed
over the specimen, a flow meter supplied by Schattle and Koerting Co.

: (Fig.ASO) was used. The maximum rating is 17 gom, and for this experiment
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the optimum flow rate was found to be 6 gpm.

4.4.3 Temperature Measuring Devices

No. 30 gauge iron-constantan thermocouples were installed in

each specimen for the temperature-measurement; The thermocouple monitoring
system consisted of a}DANA Laboratories, Inc. digital multimeter model

5000 and a Leeds_& Northrup Co. model S 60000 series Speedomax G recorder.
The former recorded fﬂe temperature readingé, while the latter was used

to record the continuous change of the temperatures and also as a steady-

- state indicator. A key switch module was also provided for converting
the single pOint measuring instrument to a multipoint umit.
In conjunction with the above mentioned instruments a reference

junction supplied by Thermo-Electric Co., Inc. was also used.

4.4.4 Voltmeter '} ' ‘ | | ' . ; %
Although the voltage sﬁpplied to the heating élement can be

obtaiééd from the null voltmeter in the power supply unit, it was more

convenient to réad out from a large, easy-view face null voltmeter.

Therefore, a Hewlett-Packard model 419A dc null voltmeter was employed.

This model also has ﬁhé_seléctable voltage span to match the voltage

sources.

4.5 Test Procedure

Fig. 32 is a photograph of the test equipment installation.

Before starting a test, the reference junction unit, the Speedomax G
~ recorder, and the digitai multimeter usually had to warm up for about

an hour. The power supply was then switched on to the desired power
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level and a constant flow of cooling water was circuiated over the specimen.
The system usually took 2-3 hours to attain steady étate conditions. The |
Speedomax G recorder was primarily used to indicate when thermal equilibrium
was reached. A complete set of thermocouple readings was taken using the
digital multimeter and a key switch ﬁnit at intervalé of 10 minutes,:
until four successive sets of data agreed to'wifhin 1 percent. The pro-
cedure!was repeated for other power levels. The maximum value of heat
flow across the specimen was governed by the maximum operating temperature
of the stainless steel heating element. The power rating ranged from
0.25 to 2 KW; in practicevheat,flux across the interface ranged between
1840 and 14000 Btu/hr £t°.

| . In this study the interface contact pressure consisted of two
components; an.initiél contacf pressure bqilt_up at the interface during
the cold fit process and a thermal contact pressufé introduced by the
differential thermal expansion of the respéctive test pieces during the

tests.




CHAPTER 5

ANALYSES AND EXPERIMENTAL RESULTS

5.1 Calculation of Themmal Contact Resistance
Heat flow across the test members was calculated from the known

thermal conductivities and the associated temperature gradients. For

the test covered, the difference between them usually did not exceed

10 percent. For a few data points the differente was as high as 15 percent.
The mean value of hea£ fiow across the test members was used for the’
“calculation of thermal contaét resistance. | |

. The temperature gradient in the aluminum test piece was obtained

by the method of least squares approXimation, and extrapolation yielded
the aluminum interface'temperature. Using the heat flow for the aluminum

cylinder, the stainless steel interface temperature was determined by:
Q - an(r/r,). |
T, =T,() + (6)
c 2 X :
2 _
The interface temperature drop was calculated as the difference

in the interface temperatures of the two test members. Thermal contact

resistance was evaluated by using Eq. (1).

5.2 Determination of Contact Pressure

Initial Contact Pressure
In the cold fit process an initial contact pressure was built
up at the interface when the aluminum cylinder was shrunk onto the

stainless steel cylinder. This contact pressure depends on the amount

of intefference,of the mating cylinder, the radii, and the material
properties of the componénts. This problem has been well studied in
the literature (46).
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For a given interference and the known mechanical properties
of the mating pieces, the initial contact pressure PSC was calculated

by (Appendix B)

_ 8/2 |
sc 1 T2 4 12 1 2.1 N
r, [ (L) - v) + = Gyt v))]
B, 1, -1 E)y T3 -1
"~ where ¢ = interference
rl = inside radius
r2’= interface radius
Ty = outside radius
= Youngs modulus
v = Poisson's ratio

Thermal Contact Pressure

‘Thermal stresses were set up in the specimen during the test
due té its non-uniform temperature gradients.' Thefmal contact pressuré
is de%ined as the thermal loading at the inferface exerted by one cylindér
on the 6ther. The derivation of the thermal stresseS»iﬁ the composite
tylindér'and the formulation of the thermal contact pressure are described
in AppendixfB. The fheoreticél analysis of thermal stresses in a composite
cylinder is based on the following assumptions:
.(i) The temperature distribution is taken to be axisymmetric and .
independeni of the axial coordinate.
(2) Since the ends of the specimen were well confined between fixed
rigid base-plates, plain strain condition is considered to be well

justified.
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With the measured temperature distribution and the calculated

thermal contact resistance, thermal contact pressure PtC can be determined

by:
e, e A(r2 - fzj - e,a.h
273, 2 1 1I"1T1
P.. = : : (8)
tc rz
2.
or ‘
= 2 2
Ly ay h2 - €5 &g D (r3 - r3)
P = :
tc

r2
zv
where coefficients €15 €95 €25 €4, €c; €¢) hl’ h2’ A and D are given in

Appendix B.

Total Contact Pressure

Since no piasticity.exhibited at the interfaces of the test
specimen or élsewhere in all the tests conducted in this investigation
the p?inciple of superposition cén be used for determining the total
contaét pressure. The tbtal contact pressure PC is thereforgbthe sum

of the initial contact pressure and the thermal contact pressure.

PC =>Psc - Ptc : A 9

5.3 Presentation of Results

It is important to point out that results for the top and mid
lévels on both specimens were being neglected. Experimental analysis
showed that.the scatter in the temperature data for these two levels
was 1argé, and the results were too poor'for-the calculation of.thermal
contact resistance. Details are discussed in the next chapter. Thus,

only the results of the lower level for each test are presented here.
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The experimental results of the thermal contact resistance
of an aluminum-stainless steel composite cylinder are given in Table 4.
This table records the héat flow through the composite cylinder, the
tempefature drop across the interface, the calculated thermal contact
resistance and contact hressure for each test. 1In addition, the values
of thermal contact re;istance calculated by the proposed models, Eq. (3)
and Eg; (5), are also presented.

| | The series of teéts designated as TCR-2.XR were repeated on

. specimen TCR-2 to check reproducibility of the results.

Experimental data are also presented in the form of diagfams.
Fig. 33 to 35 are the temperature distribution fof'each specimen. The
méan contact temperature ranged;between 61-112?F. Fig. 36 shows thermal
contact‘resistance vs. heat flux across the interface, while Fig. 37
shows themal contact resistance vs. contact pressuré.

Comparisons of the experimental results and the proposed
analytlcal models are presented in Figs. 38 and 39. In calculating
the thermal resistance of the interfacial medium, air was taken as the
‘interfépe-gas. Figs;,40 and 41- show the variation of themmal contact

resistance with contact pressure.




CHAPTER 6

DISCUSSION OF RESULTS

6.i Scatter of Data
In analyzing the experimental data, it was found that the scatter
of the themmocouple readings from the top and mid levels for both specimens
precluded their use in calculéting the thermal contact fesistance; This
scatter arosetfrom two factors: 1) the uncertainty in thermocouple
position, and 2) the uncertainty of contact between the thermocduple
bead and the lead foil. |
Uncertainty-in thermocouplé positions can be due to uncertainties
in the position of the thermocouple in its hole énd of the position of
the hole itself. Inspection of specimen TCR-1 showed that these problems
largely accounted for the observed scatter of the data points on these
two levels. For specimen TCR-2, the position of the thermdcouple wells
was quite satisfactofy. Scatfer'in the temperature, however, was recordered
again, the worst being the mid and top levels. Certain tests appeared
reasoqable but on the whole readings at these levels were not satisfactory.
In segrching for the reason, it was found that the lead foil which wraped'.
around the thermocouple could be easily moved along the thermocouple.

As the\iead foil was tamped down a little ﬁores_it certainly: caused
Eontacg with the the%mocouple bead. Further, the thermocouple with the
foil was not a good fit to its hole and contact between the lead foil
and the hole occured at discrete points. This accounted for the observed

scatter.

6.2 Error Analysis

This section contains a discussion of the systematic and random
errors Which occured in the experiment and their effects on the correlationA
of results. |
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6.2.1 Error Analysis of Apparatus
The error analysis of the effect of temperature uncertainties
on thérmal contact resistance was made on a single-samplevexneriments
basis proposed by Kline and McClintock [64]. The method and the sample
calculation are given in Appendix A.
| The errors in the temperature measurements were estimated from
the calibration error,of thermocouples, instrument error, and the un-
certainty in positioning the thermocouple in the hole. The errors as
obtained from the manufacturer's data on the thermocouples and the
digital multimeter were:
+ 1/2% of the temperature read out of the themmocouples
+ 0.01% of the DM readings
At the lowest thermai contact resistance, that is test 1.6, the temperature
gradiehts of about O.OZOF'per thousandth of inch and about 0.11°F per
thousgndth of inch existed in the aluminum and stainless steel cylinders
respeétively; The uncertainty in the thermocouple positions in the wells
was estimated to be 0.010 in. i.e. + 0.005 in. This accounted for an
error of about + 1 percent of temperature readings.

': It was diséussed previously that the difference between the.
heat flows for.the aluminum andlstainless steelvpieces was usually not
in the excess of 10 percent, and the average value of heat flows was
used in the calculations of thermal contact resistance. Therefore,vthe
fréctional uncertainty in the radial heat flow, as the wofst case was
considered, was taken as + 5 percent of the mean value.

By taking into consideration of all these uncertainfies in the

temperature measurements, the percentage error in the experimental values
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of thermal contact resistance was + 5.22 percent. Correction was applied
to the experimental data in the form of error band, and it is shown in

Figs. 36 and 37.

6.2.2 Error Analysié of,Thedretical Models

The following is an error analysis of the effects of the un-
- certainty in temperature measurements and the uncertainty in contact
pressﬁre on the theofétical predictions. The effect of the temperature
uncerfainties on thevfheoretical pfedictions is the same as discussed in
" the previous subsection. The_effect'of contact pressure uncertainties
. mainly arose from the uncertainty in the cold fit due to the uncertainties
in cylinder dimension measurements .
| - In the dimension measurements for the test cylinders, the
errors in measuring the interface radii is the ﬁost important factor
that woﬁld cause uncertainty in contact pressure. Such errors in turn
causéé some‘additionai scaftef in determining the theoretical results;
The percentage error in the interfefence‘on the basis of twenty measure-
ments on each test piece was taken as i_S'percent.’ The uncertainty in
| éontaqt ptessurevdue;to the uncértainties’introduced in interference
Eorresﬁoﬁded to a pefcentage error in the theoretical results of + 1.54 percent
for test TCR-1 and * 1.00 percent for test TCR-2.

Taking into account of the effects of temperature uncertainties
' and contact pressure uncertainties an error band was applied to the
theoretical results for each analytical model. This is shown in Figs. 38
to 41. The average percentage error based on the six tests of each of
- the twb specimens was: 5.68 percent for specimen TCR-1, and 6.02 percent

for specimeh TCR-2.
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6.2.3 Errors in Roughness Measurements

A tracer-type Brael and Kjaer roughness meter type 6102 coupled
lwith a motor drive type 3910 for roughness meter was used to assess the
roughness of each test surface; Information regarding the surface roughness -
of each test piece is shown in Table 3. The percentage difference of
surface roughness o (= /012 + 022) was about 22 percent for specimen
TCR-1 aﬁd about 12 percent for specimen TCR-2." The error in the surface
roughness measurement -was found only to be resnonsible for the calculation
.'of the interfacial fluid resistance and metal resistance term in the
. modified Ross and Stoute model. This isueasily shown by checking Egs. (3)
and (5). As a rough approximation, the percentage difference in the
interfacial fluid resistance was 20.0 percent for TCR-1 and 12.1 percent
for TCR-2. The corresponding percentage error in the theoretical values
ef R. would be 9.96 percent and 7.85 perceht for TCR-1 and TCR-2 respectively.
For the percentage error in the metal resistance in the modified Ross and
Stoute model was found to be negligible. Accordingly, the percentage error
in the theoretical results due to the temperature uncertainties, contact
pressure uncertalntles and errors in roughness measurement was estlmated

to be 9 89 percent for TCR-1 and 11.47 percent for TCR-2.

6.2.4 Systematic and Random Errors

Systematic Errors

In the present experiment systematic errors in the calculated
thermal contact resistance would arise from an assumption of constant

metal thermal conductivity and from the longitudinal heat loss.
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Throughout thié study, the thermal conductivities of aluminum
and stainless steel were aséumed to be temperature independent; This was
~mot actually true since they vary with temperature. Hdwever, the error

introduced by assuming the thennal conductivity to be constant was in-
significant because its variation with temperature over the temperature
range under testing was very small.

Tempefaturelgradient along the length of the specimen was
measured for both specimens. This was probably because 1) an isothermal
boundary condition at the dutsidé surface of the test specimen was not
.completely satisfied, and 2) natural convectién took place in the enclosure
between the heater and the spécimenf The worst error occured:in the test
1i6‘wheré.the 1ongitudinal temperature'gradient was ébout 2.4 percent of
the radial température gradient. This, however, caused a.negligible error

in the results of thermal contact resistance.

Random Errors

';Other error contributions to the total inaécuracies of the fesults
are classified és random errors. One possibility was the variation in'the
| degree of contact between thermocouple beads and the bottom of the'well
- which W6qid'cause app?eciable efror while testing at a lower femperature
range. Another errof'can be attributed to}fhe thermocouple contamination
and fhe perturbation of heat flow by the thermocouple and the will. Another
possibility is the eccentricity of the heating element, which, could cause
non-uniform heat transfef in the circumferential direction. ‘Since no measure-

ments were made to study these effects, their magnitude remains indeterminate.

6.3 Discussion
Fig. 36 gives the results of the experiment; thermal contact re-

sistance being plotted against the heat flux across the interface with
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surface roughness as a parameter. It can be seen from the figure that
" thermal contact resistance of a compound cylinder decreases. with increasing
heat flow through the»cyiinder. As the heat flow increases, thermal strain
is set up at the interface, and this in turn causes an increase in contact
pressure. The result, fherefofe, is actﬁally the combined effect of the
“heat flow and contact}pressure. Since there is no published data available
for cemparing and verifing ‘the experimental results, one may ask: do the
results show the righ£ trend? According to experimental studies by Thomas
and Probert (37) and Rapier et. a1‘(42), thermal resistance for direct
" contact was not noticeably dependent on heat flow. The effect of heat
flow on the thermal resistance of the interface medium, in the contact
 temperature range covered here, was weak. Applviﬁg this conclusion to
tﬁe‘present results, a trend.of decreasing thermal contact resistance with
bihcreasing contact pressure can be drawn (Fig.-37j. Thus, the experimental
results exhibit trends,consistent'with the literature. The effect of the
surfaée roughness 1is also presented in the diagram. The influence is
positive, i.e. thermal contact resistance increases as the surface roughness
‘increaees.'

. The resulte for tests TCR-2.XR agree very well with that for
tests TCﬁ-Z.X. The feproducibility and consistency are clearly shown by
this diagram. No hystefesis effect was observed in the test range covered.

Comparisons of the present work with the‘analytical models discussed

in section 3.3 are made in Figs. 38 and 39. In these figures experimental
values are shown in solid lines and analytical values in broken lines. One -
can see that there are significant differences between the experimentél data

and results of the analytical calculations. The slope of the experimental
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curves happens to be a little sharper than that of the analytical curves.
Thesé phenomena are not unréasonable if it is borne in mind that the con-
ventional analysis made no attempt to consider the geometry effect of this
particular contact cqnfiguration.

In order to attain an explanation for the phenomena, let us con-
sidér the thermal resistance of direct metal contact. In the conventional
test apparatus the mechanical loading system was set up in such a manner
that it enabled free expénsion of the test pieces in the lateral direction. i
Thermal resistance of direct metal contact wés'found to be invariant with

heat flux. At moderate heat flow this might be possible_because'the thermal
strain at the interface could be too small to change the contact surface
charactefistics. If the heat flux is extremely large, the effect will be
significant. Since the thermal strain is compressive it is no doubt that
aﬁ additional thermal resistance will result. In the case of a cylindrical
interface of a compouﬁd cylinder, thevamdunt of compressive therﬁal strain
' atrthé;interface will be much larger thaﬁ that exhibited in the plane-
cdntact interface of the conventional models under the same conditions of
heat‘flux and contact pressure due to the conétfained interface boundary.
Its effécﬁ; then, mayznot be inéignificant.' Iﬁ.will Be’more pronounced in
the case where an extfemely large heat flux passes through the interface.
Consider a cylindrical interface of two contacting members as
shown .in Fig. 42; heat flows radially outward in the 1 - 2 direction. The
interface of region 1 will be at a higher temperature, and-thus expands.
" The contacting portion will squeeze the interface'df fegion 2 causing a
large contact pressure and the void will be closed in upon the opposite

interface. As a result of this there will be an increase in contacting
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area ahd é decrease in gapbsize, and thus a decrease of thermal resistance
results. Consider another: physical model as shown in Fig. 43, with the
discontinuity in the iow conductivity material - stainless steel. If the
radial outward heat flow if from 1 to 2, the portion of region 1 opposite
the discontinuity wiil be at.a higher temperature and expand into the dis-
continuity. This will reduce the gap size, and causes a decrease in thermal
resistance. Such geometric effects could be significant because of the
large thermal strain built up at the cylindrical interface. Referring to
this experiment, the épecimen TCR;l fits the former physical model and
" specimen TCR-2 fits the 1attér.' As for the thermal resigtance of the
interfacial medium, the effect of thermal strain due to the heat flux was
Smail, in particular, for the test range covered here. It can be seen
_ tﬁat th¢ aiscrepancy between the experimental values and the analytical
results may be attributed to the different amount of geometrié effect bf
‘thermal strain.
Fair agreement between the two proposed models can be seen in
Fig. 39, but in Fig. 38 the agreement is poor. In the Shlykou and Ganin
model a constant spot rédius of 30 u (1.18 x 10_3 in.) was assﬁmed; whilst
in thé-modified Rossiand Stoute'model the contact-spot radius.was replaced
with a fdnction of sﬁrface roughness. If thé éurface roughness exceeds
14.175 ¢ in., the value 6f thermal contact resistance calculated'b? the
Ross and Stoute model will always be larger than that determined by the
Shlykov and.Ganin model. They will diverge as the surface roughness increaseé.
| - The contact pressure can be calculated by Eq.'9. Diagrams of the
thermal contact resiStance.against contact pressure were plotted and are

given'in Fig. 40 and 41.




- CHAPTER 7

CONCLUSION AND RECOMMENDAT ION

7.1 Conclusion
The presentzinvestigation has demonstrated the effects of contact
pressure and surface roughness on the thermal contact resistance of a com-
pound cylinder. No published'literature could be found on this specific
" type of structure. The effect of contact pressure is negative, i.e;-contact
resistance decreases with increasing contact pressure, and the effect of
surface roughness is positive, ie. .contact resistance increases with surface
roughness; | |

Experiment evidence indicates that the heat_flux; which is usually

.considered to have little or no effect on the thermal contact resistance
for plane-contact surface models, plays an important role in determining
the thermal contact resistance of a composite cylinder. It is suggested
that discrepancies between the experimental values and the results of two
conventional plane-contact surface analytical models are attributed to the
geometric effect on the deformation at the.interface caused by heat flux
inducéa thermal strain. Two physical models are postulated to explain this
‘effect.

The trends shown in Flgs. 36 and 37 are reconcilable with the
concept’ that the contact pressure causes microscopic deformations of the
surface asperities whlch is further aggravated by the compressive thermal
strain. It is also suggested that the plane- contact surface analytical
modeis_can be applied to contacts between concentric cylinders.with a
sufficient degree of accuracy provided that the effect of the thermal strain

is taken into consideration.

7.2 Recommendations
It must be emphasized that the present work is a preliminary
study on the thermal contact resistance of a compound cylinder. Effects

s -
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of many parameters such as the surface wavinese, interfacial gas, oxidation
of contacting surfaces and so on have not been examined in thisvexperiment.
Further work is necessary to assessthese aspects and obtain a better under- .
standing of the thermal contact resistance of a cylindrical-contact inter;
face. Of particular interest is the quantative evaluation which is of con-
siderable importance in the sense of engineering design; qualitatively the
trends'of these effects can.be well described by the conventional plane-
contact.surfacevanalysis.

In view of this Work a number of reeommendations can be made on
ethe test apparatus, test specimen and possible further work on this particular
contact configuration. Considering the test apparatus, it is recommended
that the heating element be modified to provide larger heat flow to the
specimen such that tests can be extended te much higher interfaee temperature
levels. The disadvantages of the present heating.element are: 1) it could
not supply a large heat flow at the temperature required because of the
ﬂlarges%adiative area ratio, and 2) heat leaked from the free end of the
terminal even though an insulation jacket was wraped around thevtermihal.
To overcome these, eithen;modification to the heater terminals and: the
heeferfiteelf or a new design of heater should be made. A ‘thin-walled
‘type heating element.which is made of stainlese steel shim of about 0.005 in.
in thickness would be considerably as a radiant heater for further work.
In additioh, helium gaslwith its highef thefmal conductivity could also
be infrpduced into the enclosure between the heater and the specimen to
improve the heat transfer conditions. |

As regarding to the test specimen, it is suggested thaf it should .

be changed to a disc-like composite cylinder such that the thermocouple .
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wells would be much easier to prepare and the thermocouple positions
would be more accurately controlled and known. This is particularly

important since the accuracy of the determination of thermal contact
resistance depends heavily on how accurately thermocouple positions are

known. However, if the same type of specimen is used, the spafk erosion
machine is highly recommended for drilling the holes, but a special design

for the multi-element tool holder must be made.
As the last recommendation on this work, further study should

be made on this particular contact geometry. It was realized that only
'_two speciméns with different surface'foughneés were tested. Such.a limited
number of obsérvatiohs was, of.course, insufficient to make a comprehensive
study on the'geometry effect of the cylihdrical interface on the thermal
: contact-resistance; 1t is suégested that_moré specimens should be tested.
Tests could also be done on Speéhnens'with smaller ratio of radius of curvature
to ingerfacial gap. The major uncertainty in determining the thermal contact
resiséénce By use of the analytical models is the value of contact pressure.
Present study calculated.the_éontact pressure based on the theory of elasticity,
“but no measurement was done to assure its value. Some further work in this
.area ié'required. Fér example, résidual stress measurement could be performed
on the cylinder éystém to determine the actual value of initial cbntact
pressure introduced in the cold fit process, and strainjgaugeé could be -
‘mounted on_the outside surface of the specimen such that the interface

contact pressure could be‘assessed; One other task that should be under-
taken would be to conduct tests at constant heat flow but with varying

contact pressure by applying high gas pressure to the inside cylinder.‘ In

 this case, the present test apparatus should be modified to accomodate
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varying gas pressure. However, such effort may well be worthwhile for
the better understanding the relationship between contact pressure and

thermal contact resistance.
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Appendix A Error Analysis of Experiment

Statistics is considered to be a powerful tool of analyzing the
errors in experimental results. In this exberiment, because of insufficieﬁt
observations, the reliability of the results could not be assured by the
use oflstatistics, however, an error analysis based on a single-sample ex-
periments suggested Ey Kline‘and.MCC1intock [64] was used for the subsequent
énalysis. |

Using their terminologies and notations, the uncertainty in each

variable was defined by the mean of the readings and an uncertainty interval

baséd on specified odds. Therefore v
m+w, (b tol) : (A1) -

where m ='arithmatic mean of the observed values
w = uncertainty interval
b = odds

The result R was defined as a function of n independent variables, vi, Vo,

cees vn. _
. R=R @&, 23 +ees V) (A2)
The uncertalntles in the varlables'V are descrlbed by uncertainty intervals

wg based on certain odds. The uncertalnty for the result, Wp > which gives
the same odds for each of the variables and for the result is related to
the uncertainty interals for the variables by a second-power equation as

follows:

R 2 1/2
[cav w)? o+ (Wz 2) e ¥ (Gl (A3)

For this error analysis, twenty to one were taken for each of the variables.

Method
Thermal contact resistance is defined by Eq. 1 as follows:
AT
Rc iQ7A )
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Since » .A.a = 27 Yo 4
' . .32ﬂ4y2£..ATC
it becomes R = — = : (A4)
c
Q
Equation A4 was used to determine the uncertainty interval for the thermal
‘contact resistance due to the variables, z, Yoo AT, and Q. That is:
R 3R 3R 3R
- (o 2 (o 2 “c 2 2,1/2
op = LG en (52"'“r2)_ * Gar ar ) aQ Q) 177 @9

C
‘ 2
To simplify Eq. (AS), dlfferentlatlon was performed and Eq. (A5) was

divided by Eq (A4) to yield:

[ ‘ o W

R W r2 2

w
AT
2
+ (=9
Yo O

+ 9%+ )]1/2
C

" (A6)

C

Sample Calculation

The following'calculation'was performed for test 1.1, from which
~ the worst error in themmal contact resistance occured. The test had the

follo@ing mean values and uncertainty intervals:

2 = 5.680 + 0.005 (inches)
Y, = L. 1645 + 0.001 (1nches)
| AT r 0. 3595 + 0. oos )
Q= 0.1472 + 0.0074 (Btu/sec)

Substituting the above values into Eq. A6, the percentage uncertainty
in thermal contact resistance was:

w

‘R

= 1775 x 2077 + (737 x 1077) + (1,93 x 1074 + (2.55 x 107%)71/2
oc :




- APPENDIX B

DERIVATION OF PRE-CONTACT PRESSURE AND THERMAL CONTACT PRESSURE

B(1) Pre-contact Pressure "
In order to study the pre-contact pressure of a shunk fit com-
posité cylinder, let us consider two cylinders, 1 and 2 (see Fig. 43).
The radial displacement of a thick wall cylindér subjectéd to external
and internal pressures is given as (46): ‘
g = LV Pofoz - Piriz N ijg_, ® -p.) - ozriz. 1 ey
g 2 ‘2 E o i i :

If, in Eq. (B1), Pi = PSC #0, PO =0, T, =Ty and T, =T, the deformation

(UCZ)_at the ihside of cylinder 2 (for r=r2) will be:

2 2
P T r, +71,
u . = - -SC 2. ( 3 2 ., v.) (B2)
c2 E r 2 - 2 2
_ _ 72 3 2
;f, in Eq. (B1), Pi =0, PQ = PSC #0, T, =T, and ri.= L the deformation
(Ucl) at the outside of cylinder 1 (for r=r2) will be:
2 2
P . r T, ot T
w, =S¢ 2.2 1, (B3)
cl E r.2 .2 1 o
1 2 1

For the case of two cylinders shrunk together, the interference

of metal is 6§ = 2 - (lUc1| + ]Uézl). Then from (B2) and (B3) one obtains

sc T2 1”32{;+ fzz sc I2 1”22 * rlz : §
- g ) e (S 7" v =T
EZ r3 - r2 E1 rz - rl Z
lfrom which
S
. |
- _ B4)
se 7 —> 7 (
1 Ty '+ T ) T + Ty
= Gy v) ¥ = g+ vyl
E1 T, Ty EZ T - r2
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B(2) Thermal Contact Pressure

Considering a long hollow cylinder subjected to a radial temperature

distribution, the differential equationof displacement for a plane-strain

case is:

ERRCONENE (85)
dr rdr 1-v dr

The general solution is:

u( ) = 112-g-f T(r) rdr + Ar + B (B6)

d1-v 1 1 4 T
"From the strain-displacement equations and the Hooke's law the thermal

stresses are given as:

1-v r2 rl 1+v 1-2v T
T .
'} 1-v ~ Ty 1-v I+v 1-2v T
s =-0¢ ET(r) , 2vEA ‘
 BE 1-v (1+v) (1-2v)

where A and B are arbitrary.cohstants determined by the boundary con-

‘ ditions.

Now, in determining the thermal stresses of a composite cylinder,

the problem is then defined by the following:

1+v o T
w o=t AT (pyrdr + Ar + B
1 r, 1 _
l—vl T 1 Y
0B 1 r £ A B
o = .- * « J.7 T, (r)rdr + ( - =)
Sk R S 2l Sy 1-2vg r”
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o E | o ET.(r) . E A B
Oge. = =t Iy ST rdr - 2ELC L L by (a8)
1 1-v1 s SR | 1-v1 1+v1 1f2v1
_ alElTl(r) . 2 vy E1 A
221 v, (T+v)(1-2v))
in cylinder 1,
and |
| 1+v Gy '
u, = 2.2, s I (r)rdr + Dr + E
2 r, 2
a,E : E 4
272 .1 T 2 D F
= - =~ « S T,(r)rdr + ( - )
Ty 1.y, 1 Y2 2 Ttv, 1-2v, 1%
2 2 2
a,E : aE, T, () E
gy =2t b Ty - 222 2 DL Ey g
2  1-v T 2 _ 1-v 1+v 1-2v T
2 2 2 2
0,E,T, () 2v,B,D
[ +
222 1-v, (1+v,) (1-2v,)
in cylinder 2.
The boundary conditions are given as:
o =0 atr =1
Ty 1
Grfl = Grrz atr = T,
© (B10)
U =u, atr =,
rrz =0 at r =Tz
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Defining for convenience,

e, = —1 e, = =&
Loy S
1 2
_ 5 _ 5
e, = e = -
1+V1 1+V2
- (B11)
: 1ﬁ2v1 1-2\)2
T2 3
h1 = frl Tl(r)rdr h2 = frz Tz(r)r dr

From the boundary conditions, the arbitrary constants, A, B, D and F

are determined by: o .
(g—l)eloalh1 + (g—égﬂe4u2hz _

A=
2 2
ez [rz (ge3+1) * esrl (l_g)]
~ 2
B = e; T A
(B12)
= eaeL(T 2—r 2)A»+ e.ah, + e ,a.h
D = 2732 "1 17171 47272
' 22
| e5e6(r3 —rz )
A 2
" ege.r;" D - e4a2h2

®5
“where
2 2
_8(my *egTs)
& ece (T . T 2)
57643 2
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Hence the deformatidn and the thermal stresses of a composite
cylinder can be compietely defined by Eqs.'(BS),.(BQJ, (Bli) and (B12).

The-thermallcontact pressure is equal to the radial stress
Component at the contacting interface, -and it can be either obtained

from Egs. (B8) or Eq. (B9).by putting r = T,

Letting:
Pc = %rr = rz) = Oy (r = rZ)
1 _ 2
. it yields
' 2 2
e e A(r r,") - eja/h
p 2732 1 111 (B13)
¢ 2
2
or
2 2 .
e,ah, - e.e D(r r, ) C
PC_=42z 5% '3 2 (B14)
2




TABLE 1

Mechanical and Physical Properties of 2011-T351 Alclad

Mechanical Prbperties

0.102 995 - 1193

- 61 -

Ultimate © Yield Modulus of |
i , : ' Microhardness
Strength -Strength Elasticity
Ksi Ksi 100 psi Ksi
50 43 10.3 135
Physical. Properties
: Thermal Coefficient
Density Melting Range of Linear
* : Conductivity - Expansion
1b/in’ F Btu/hr-ft- F /F 1070
89.51 12,67




TABLE

2

Mechanical and Physical PrOpefties of 304 Stainless Steel

Mechanical Prbperties

Yield

Modulus of

.Ultimate |
' Microhardness
Strength Strength Elasticity o
Ksi Ksi 106 psi Ksi
75 = 100 30 - 60 29 350
Physical Properties
Thermal Coefficient
‘Density Melting Range ' :of . Linear
' ‘ Conductivity Expansion
1b/in> " F Btu/hr-ft- F /F 106
0.28 9.42 0.6

2550 - 2590

- 62 -
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 Test Schedule and Description of Specimen

TABLE 3 -.

2011-T351 Alclad 304 Stainless Steel Interfacial
. . ' Surface
Surface ‘
Test I. D. 0. Do Roughness I. D. 0. p. Roughness Gas
in, in, microin. rms in, in. microin. mms
N | .
TCR - 1 0.875 | 2.329_ 000 120 - 190 2.329 2,855 50 - 65 Air
- +.001 - | | - o
-TCR = 2 0.875 | 2.329_ 000 30 - 37 2,329 2.852 50 - 65 Air
- TCR = 2.XR| Same test specimen as TCR - 2.




TABLE 4

" Test Results

..vg_

(1) TR - 1
R, R,
Q/A P ATe | Te Kair R M. Ross § Stoute |Shlykov & Ganin
2 50 < o ) . 0. . 20 20 f 20
Test |Btu/sec-in“"F |psi F F [Btu/hr-in-"F |sec-in"- F/Btu” sec-in”- F/Btu sec-in"-"F/Btu
No. x 103 | |
1.1 3.54 2800 [0.36 (61.741  0.0146" 101.86 = 177.94 b 139.02
1.2 » 6.47 13100 |0.75 |67.56 0.0147 116;90 | 170.45 | - °131.88
1.3 13.24 - 13500 [1.01 |75.45 0.0149 76.10 ' 159.00 : 121.13
1_.4 17.48 - 13800 {1.22 }80.03 0.0159 70.06 ’ 1~52.65 I 115.32
1.5 20.49 4100 |1.34 |85.53| 0.0151 |  65.45 147.51 110.72
1.6 27.00 4500 11.69 |93.38 0.0153. 62.75 138.93 ' 103.12




TABLE 4
(continued)
Test Results

- 59 -

19.41

4400

72.14

(ZJ'TCR_—'Z
Btu/;ii?E;Z—OF P laT. | T R | e e
Test e c c air : C M. Ross & Stoute [Shlykov & Ganin
No. - X 103 psi - Op E °F Btu/hr-ftfoF sec-inZ-OF/Btu_ sec-inZ—OF/Btu sec-inz—OF/Btu '
2.1 8.2 3300 0.59 | 76.10| 0.0149 +72.00 82.95 81.62
2.2 10.45 3500 |0.68 | 81.72| 0.0150 65.41 80.76 79.43
2.3 13.20 - . |3800 [0.82 | 89.95| 0.0152 - 62.14 *77.84 76.50
2.4 15.54 4000 [0.90 | 97.01 0.0153 57.70 75.55 74.21
2.5 17.37 4200 10.97 (102.18 0.0154 55.58 ‘_73.91 - 75.57
2.6 1.00 [108.28 51.40 ©70.80
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| TABLE 4
- -(continued)
Test Results
(3) TR - 2.XR

4500

51.16

VRa _ % _ % |
Test Btu/sec—in2~0F P.  |8T¢ | T L R. M. Ross & Stoute |Shlykov § Ganin
No. X 103 psi. °p. | % Btu/hr—ft-o_F sec-inz—oF/Btu sec-inz:oF/Bfﬁ - sec¥in2-OF/Btu
2.1R 11.75 3600 [0.74 | 83.84| 0.0151 63.32, 79.73 78.38
2.2R 14.04  |3800 |0.83 | 91.39| 0.0152 59.22 77.23 75.90
2.3R 16.61 4100 [0.94 |100.01]  0.0154 ' 56.77 74.59 73.25
2.4R 18.00 4200 |0.97 |102.63|  0.0155 54,11 73.63 72.29
2.5R 19.05 4300 [0.99 |104.85|  0.0155 52.06 72.88 71.54

1 ,

2.6R 20.08 1.03 |111.74|  0.0156 71.31 £ 69.98




Apparent Contact Pressure

Fig. 1 Effect of Apparent Contact Pressure on

Thermal Contact Resistance

_ I Waviness l _ ,

Fig. 2 Typical Surface Profile Showing Surface

Roughness and Waviness

Surface Roughness

Fig. 3 Effect of Surface Roughness on Thermal
. : RN

Contact Resistance
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Surface Waviness

Fig. 4 Effect of Surface Waviness on Thermal

Contact Resistance

Metal Thermal Conductivity

Fig. 5 Dependence of Thermal Contact Resistance
on Metal Thermal Conductivity
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Metal Hardness.

Fig. 6 Dependence of The:mal‘Contact Resistance

on Metal Hardness

Elastic Modulus

Fig. 7 Dependence of Thermal Contact Resistance'

on Elastic Modulus
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interface Fluid
Thermal Conductivity

Fig. 8 Depehdence of Thermal Contact Resistance

on Interfacial Fluid Thermal Conductivity

Gas Joints

Liquid Joints

Contact Pressure '

Fig. 9 Influence of Interfacial Fluid .on Thermal

Contact Resistance

I
L
' i
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Gas Pressure

Fig. 10 Influence of Interfacial Gas Pressure

on Thermal Contact Resistance

Interface Temperature

Fig. 11 Dependence of Thermal ContactheSisygnce

on Mean Interface Temperature <




Oxide Effects
For Aluminun Alloys

Fig.

Fig.:

72,

100
10 4
]
l 1 ) 1 1 1 ] 1§ 4 1 1 ] L}
0] 02 04 06, 08 1.0
Non-dimensional Oxide Film
Thickness

12 Effect of Aluminum Oxide Film Thickness on
Thermal Contact Resistance [32]

5-

4
°

0. & 3
2.5
e
m'ﬁ,'
“e

0 100 200 300 2
P-10 5, Newtons/m

Cegm

13 Variation of Thermal Contact Resistance on
Loading Conditions. Curvesl and 2 are for
initial and Subsequent load applications

.~ respectively [25]
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Elastic

—y le—————— Plastic- Elastic
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Fig. 14 Schematic Representation of Mode of

Deformation of Surface Asperities
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Fig. 15 Thermal Contact Conductance vs Interface
Pressure for Elastic {he] and Plastic [hp]

of Asperities [26]
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16 Conventional Idealized Contact Model

Fig.
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Test Apparatus '
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Fig.




Description of Designed Parts

. — ———————————— > T o — 43— — T S " . T G S WS e

© Aluminum test cylinder

Stainless steel test cylinder
Heating element -

Power terminal

Steel shell

Base plate

Asbestos flange

Steel flange

Teflon guard ring

Teflon seal

O-ring

"Insulation

Conax seal
Centering bushing
Close-up water jacket

76.
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£ Test R

Close-up View ©O
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Fig




Three Phase Input DC Power Supply

Fig. 19




up Water Jacket and Dummy

Close

20

Fig.

.

Specimen



Ceramic Fallower

Teflon Sealant

Fig. 21 sketch of Conax Seal

Thermocouple Mﬁ\

.

g

\
TYZT7TT?
AN

Lejdd Foil

e
-1l

Fig. 22 sSection View of Thermocouple Installation
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Legend: A — 1/16 "dia. drilled hole

Radial Dist.(in) 0.6875 0.875 1.0625 .27 135
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Upper Level
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Lower Level

Mid  Level i 12 13 14 15

Fig. 23 Location ofjhermdcouple Wells for Specimen TCR-1
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Fig. 24 General View of Eurospark Machine
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Fig. 26 Photograph of Specimen TCR-2
during Drilling
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Fig. 28 Test Specimen TCR-2 Showing Spot-

Welded Thermocouples




~Legend:
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Fig. 29 Location of Thermocouple Wells for Specimen TCR-2
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CIGITAL MULTIMETEA MODEL 5640

Fig. 31 DANA Digital Multimeter




Fig. 32 Arrangement of Test Equipment
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Fig. 33 Temperature Distribution for TCR:}
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Fig,

42

(b)

Physical Interface Model with biscontinulty

in Material of High Thermal Conductivity:
(a) Initial Geometry;

(b) Geometry for Heat Flow from (l) tb (2).

100.




(2)

a=0
K- Small

(b)

K— Small

Fig. 43 Physical Interface Model with Discontinuity

in Material of Low Thermal Conductivity:
(a) Initial Geometry;

BT

(b) Geometry for Heat Flow from (ly to (2).
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Fig. 44 Sketch of Compound Cylinder




