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Summary

Bachelor‘s thesis examines the thermal contact resistance of planar surfaces for purposes
of miniaturised heat switch project. The thesis focuses on finding of suitable mathemat-
ical model for prediction of thermal contact resistance as one of the possible solutions
for miniaturized heat switch optimization. This work consists of theoretical and practical
part.

Theoretical part briefly introduce a background of the project and the reason for initiation
of this work. This work, further examines the definition of thermal contact resistance and
factors that influence it. Subsequently introduce a review of existing models for predic-
tion of thermal contact resistance, appropriate selection of models for the possible use
and their description.

Practical part examines the copper specimens layout and manufacture for experimental
measurements, their further modifications and surface measurements. Further examines
the measurement methods, measurement conditions and the experiments of thermal con-
tact resistance.

Theoretical measurements are carried out with the use of models from theoretical part
and experimental measurements are carried out with the use of test chamber. Measure-
ments are compared. Based on the results from measurements the conclusions are made,
that will be used in the future for space component development.

Abstrakt

Bakalarska praca riesi tepelné prechodové odpory rovinnych povrchov v kontakte pre tcely
projektu tepelného spinaca. Zameriava sa hladanie vhodného matematického modelu na
predikciu tepelnych prechodovych odporov ako mozného rieSenia pre optimalizaciu tepel-
ného spinaca. Praca sa sklada z teoretickej a praktickej casti.

Teoreticka ¢ast struéne uvadza pozadie projektu a dovod vzniku tejto prace. Dalej riesi
ako su tepelné prechodové opdory definované a faktory, ktoré ich ovliviiuju. Nasledne
uvadza prehlad existujicich modelov na predikciu tepelnych prechodovych odporov, vhodni
selekciu modelov pre mozné pouzitie a ich popis.

Praktick4 ¢ast sa zaobera navrhom a vyrobou medenych vzoriek pre experimentélne mera-
nia, ich naslednymi tpravami a povrchovymi meraniami. Dalej riesi spésoby merania,
podmienky merania a samotné merania tepelnych prechodovych odporov.

Za pouzitia modelov z teoretickej Casti s vykonané teoretické merania a za pouzitia
testovacej komory experimentalne merania. Merania st navzajom porovnané. Na zak-
lade vysledkov z merani st urobené usudky, ktoré budu pozité v budicnosti pri vyvoji
vesmirnych komponentov.
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Rozsireny abstrakt

V roku 2015, bol Letecky Ustav, na Vysokom Uceni Technickom v Brné povereny spolo¢nostou
Arescosmo otestovat ” Bread Boardy” (vyvojové fazy suciastky) kozmického spinaca vyvi-
janého pre Eurdpsku vesmirnu agentiru (ESA).

Kozmicky spina¢ (alebo miniaturny tepelny spinac) je zariadenie schopné regulovane
odvadzat teplo z komponentu do vonkajSiecho prostredia, ktoré v tomto pripade pred-
stavuje otvoreny vesmir a teda vakuum. Zmyslom regulécie je uchovat energiu v druzici
(alebo inom stroji) alebo naopak odviest ju pre¢ v pripade jej prebytku a prehrievania
druzice. Regulaciu zarucuje spinaci mechanizmus, ktory sa pri urcitej teplote roztiahne a
dostane do kontaktu s proti rozhranim, s ktorym nie je pevne spojeny. V tom momente
sa vytvori cesta pre odvod tepla. Ked teplota klesne, mechanizmus sa stiahne a kontakt
s protirozhranim zanikne.

Bolo zistené ze Bread Boardy nefunguji ako by mali, predovSetkym kvéli zlym kon-
taktom v konstrukcii, ktoré sposobovali vysoky tepelny kontaktny odpor respektive nizku
tepelnt kontaktni vodivost. Od vtedy zacali pripravy treticho Bread Boardu, pri¢om
jednym z cielov je optimalizovat tepelné kontaktné odpory za uc¢elom vyriesit problém
nizkej vodivosti. To sa stalo impulzom k vzniku tejto prace, ktora predstavuje prvy krok
v optimalizacii tepelnych kontaktnjch odporov v kozmickom spinaci. Prvym krokom
je popisat tepelné kontaktné odpory a najst vhodny matematicky model na predikciu
odporov vzajomnym porovnanim experimentalnych a teoretickych merani.

Preto tepelny prechodovy odpor je definovany a faktory na ktorych zavisi st popisané.
Hlavnymi faktormi si: povrchové parametre, tepelnd vodivost, kontaktny tlak, tvrdost a
intersticidlna medzera. Dalej, podmienky pre ktoré stt modely testované st $pecifikované,
pricom bol brany zretel na poziadavky kozmického spinaca.

Obecne existuje mnoho modelov ktoré tepelny prechodovy odpor opisuji. Preto je urobeny
prieskum modelov a nasledne st vyselektované vhodné modely. Sedem modelov je vy-
branych pre tcely tejto prace.

Na zaklade znalosti o tepelnych kontaktnych odporoch a poziadavkach, st navrhnuté
a vyrobené vzorky z medi. Bolo vyrobenych pétnast vzorkov. Dvanast o priemere 50 mm
a tri o priemere 25 mm. Vsetky vzorky maji rovnakd menoviti drsnost Ra 3,2. Vzorky
sa maji okrem plochy lisit aj v drsnosti, kvoli tomu aby bolo mozné urobit experimen-
talne merania pre rozne kontaktné tlaky a rozne drsnosti, tym padom porovnat modely
pri réznych vlastnostiach kontaktu. Preto boli dodatoc¢ne tri vicsie vzorky zbrisené na
menovitt drsnost Ra 0,25.

Dodatocne boli tiez namerané povrchové parametre, pripravili sa tepelné izolacie na boky
vzorkov a boli opisané metody vyhodnocovania vysledkov. Na zaklade merani vlnitosti
sa usudilo Ze vzorky st konformne drsné a teda dostatocné ploché, ¢o umoziuje aplikovat
modely pre ploché povrchy. Mimo toho sa zistilo Ze namerané parametre sa vyrazne lisia
pouzitim inych noriem, meracich pristrojov ¢i software-ov, ¢o moze sposobit nepresnosti
pri dal$ich meraniach. Nésledne sa $pecifikovali podmienky pri ktorych merania prebehni
a vytvoril sa plan merani.



Sest naplanovanych merani prebehlo. Experimentalne merania boli vykonané v testo-
vacej vakuovej komore, ktora simuluje rozhrania, medzi ktorymi sa teplo prenasa.

Hlavnym cielom merani bolo porovnat teoretické a experimentalne vysledky a na zéaklade
toho vybrat vhodny model. AvSak ani jeden z modelov nepredikoval tepelny kontaktny
odpor spravne. Jedinou vynimkou bol Shlykov-Ganin model, ktory pri jednom z merani
sedel s experimentdlnym meranim. Avsak tento vysledok sa povazuje iba za ndhodu. Vo
vysledku nebol najdeny vhodny model.

Mimo hlavného cielu vSak vysledky ukézali Ze pri zmene kontaktného tlaku pri konstant-
nom zataZzeni tepelny kontaktny odpor vzrasta napriek tomu, Ze je nepriamo Gmerny te-
pelnej kontaktnej vodivosti, ktora pri zvySujicom kontaktnom tlaku podla teérie vzrasta.

Z merani vzorkov o roznej drsnosti pri jednom porovnani vyslo, Ze pri jemnejSom povrchu
tepelny kontaknty odpor klesa, ¢o sedi z tedriou. Pri druhom porovnani inych merani
vysiel opak. To vSak nekoresponduje s teériou. No neskor sa zistilo, Ze v merani s jemne-
j$imi povrchmi bola pouzita vzorka, ktora vykazovala odchylky od rovinnosti, ¢o pravde-
podobne zapricinilo zlé dolahnutie kontaktov a nasledne vyssi odpor. Preto vysledky,
ktoré ukazali vzrast odporu pri jemnejSom povrchu nie sii povazované za relevantné.

Porovnanie merani so vzorkami o rovnakej menovitej velikosti a drsnosti, ale inym poc¢tom
kontaktov, vytvorenych vzorkami naukladanymi na sebe, ukézalo rovnaké vysledky pre
tepelny prechodovy odpor. To sthlasi s tedriou. Na zaklade tohoto merania bolo mozné
usudit, Ze nezélezi ¢i je na sebe poukladanych 6 vzorkov, alebo 3. Tepelny kontaktny
odpor medzi povrchmi vzoriek je totiz stale najvyraznejSim oproti odporom materidlu
a tepelnymi kontaktnymi odpormi medzi povrchmi vzoriek a rozhrani medzi ktorymi st
vzorky v komore ulozené.

Na zaklade vysledkov st navrhnuté doporucenia pre budtcu pracu a vyvoj vesmirnych
komponentov.
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1 Introduction

In this work, the terms thermal contact conductance (TCC) and thermal contact resis-
tance (TCR) often refer to the same matter, as they are both closely dependent quantities.
However both are defined with equations and in calculations must be considered as differ-
ent. Also many quantities and terms, mentioned in this work, are in literature differently
defined, used, named or marked. Therefore, it is recommended to always find out defini-
tions proposed by authors in every literature in order to prevent any misunderstandings.
The original, or similar form (the way they were found in literature) of the equations for
thermal contact conductance is rather used in this work.

1.1 Space exploration

Since the ancient times space has been the subject of observers. The desire to explore
and examine, as a part of burgeoning knowledge, became the key for rise of civilizations.
Through the centuries important discoveries were made. The 20th century was one of the
biggest milestones in history of space exploration, because of political situation of World
War II and Cold War, which started the space race. For the first time a humans put their
machine into orbit, the man left the Earth and set a foot on the Moon. Nowadays, half a
century later, space exploration still continues. Many space agencies extend their space
programme. It is necessary to improve technology to obtain more knowledge. And then,
to use the knowledge to improve technology for further, this time more effective, use. One
of such agencies, making progress in space technology and exploration, is the ESA.

1.2 European Space Agency

The European Space Agency (ESA) is an international organisation. It unites mainly
European countries. It comprises 22 member countries, e.g. the Czech Republic, Italy,
France, etc.. Other countries, e.g. Slovakia, Canada, Malta, etc., participate in projects
or have cooperation agreements. ESA uses resources of these countries for collective space
programme, and in return shares the benefits brought by space programme. Moreover,
ESA cooperates with other space agencies worldwide. [11][9]

1.3 ESA objectives

One of the ESA‘s aims is to keep the European space programme in progress. The pro-
gramme concentrates on examining the Earth, its environment, our solar system, the
universe, as well as on developing satellite-based technologies and services with a use of
European industry. The missions that the ESA took part in, are listed in on the ESA‘s
official website [10].

For future missions there is a demand for new, more efficient and possibly cheaper tech-
nologies. Missions for observing Mars are being prepared, therefore the new technological
components under development have to be suitable for Martian conditions as well as
outer-space environment. [11]



1.4 ESA-Arescosmo-BUT

ESA commissioned Arescosmo (originally Areosekur), an Italian company, with a task of
designing a miniaturised heat switch (MHS). Arescosmo, as the prime contractor of the
MHS project, developed two bread boards (BBs) [20].

In 2015, the Institute of Aerospace Engineering, University of Technology in Brno (BUT)
joined the task and was commissioned by Arescosmo to test the BBs and to become the
secondary contractor. The testing of the BBs included the development of an experimen-
tal test facility for space condition‘s simulations [20] and complex tests of MHS samples
[22]. A report from testing [22] revealed that the BBs did not work as it had been pre-
dicted. Moreover, Arescosmo left the MHS project and BUT took the project over. After
signing a contract, BUT will become the primary contractor. The dysfunctional BBs were
a step back in the MHS development. Since the BUT has taken over, the new objective of
the project is to design a third BB instead of the planned engineering qualification model

(EQM).



2 Miniaturized heat switch project

The miniaturized heat switch (MHS) is a device regulating heat transfer between an
equipment (of satellite or other probe) and a heat sink, that is in contact with the outer,
far cooler environment. Mean of the regulation is to save energy. When the cooling is not
necessary, the MHS mechanically separates the inner parts and outer environment, so the
path for the heat transfer is aborted. [20]

2.1 MHS requirements and specifications

The end product definition of the MHS is stated in [12]. The heat switch shall be a
stand-alone item ready to be mounted between a unit and radiator.

The Miniaturized heat switch shall consist of:

a. Hot mounting interface.

b. Cold mounting interface.

c. Switching device to vary the thermal conductance between the hot and cold
interfaces.

In the ESA‘s statement of work [12], all general requirements for the MHS are stated.
The Most important requirements for this work are:

Table 1: MHS requirements (important for this work).

Functional and Performance requirements

;I;?;ence Description
FPR1 The Heat Switch shall have a peak conductance value greater

than 1 W/K.
FPR3 The Heat Switch shall operate in vacuum and in 10 mbar of COs.
FPRA The variable conductivity range of the Heat Switch shall be between

15 C to 25 C of the hot interface.

The Heat Switch shall be designed to transport 1 W to 10 W
FPR5 in closed/on mode from the hot interface to the cold interface.

When transferring 10 W, the maximum delta temperature

in steady state condition shall be 10 K.

The Heat Switch shall have a temperature stability of 4+/- 1 C with
FPR6 . .

a constant power input and constant sink temperature.

Interface requirements

;I;?;ence Description

The Heat Switch shall have a flat mechanical interface on the Hot
IR1 and Cold side for mounting onto the dissipating component and

to temperature sink.
R The Heat Switch shall have a hot mounting surface area of roughly

16 cm?.

The Heat Switch shall meet the requirements with cold interface
IR3 temperatures between -125 C and 50 C and with hot interface

temperatures between -55 C and 60 C.




Additional requirements [20] were then specified by Arescosmo:

The MHS shall not require any electrical power to be activated.
There shall be no maintenance required to any component of the MHS over the
duration of the ground lifecycle.

2.2 MHS components

The basic components of the actual MHS assembly in this work are: hot interface (HI),cold
interface (CI), actuator, conductive cover, insulators and copper plates.

The equipment, which needs to be cooled down is mounted on the HI and the exter-
nal heat sink in the space environment is mounted on the CI. In simplicity the HI can
represent the equipment and the CI the space environment. When the HI reaches the
determined temperature, it is required that the actuator provides connection between the
HI and CI, so that heat is allowed to be transferred out and the important equipment
will not overheat. When temperature decreases below the determined value, the actuator
must detach the CI from the HI. The MHS must be able to handle the opening and closing
of heat transfer path repeatedly.

The actuator is fixed to the HI and strokes in the CI direction. A phase change ma-
terial (PCM) filled in the actuator, subjected at temperature variation, causes the stroke.
This is the principle of switching mechanism.

The conductive cover component is flexible and capable of elastic stroke as a part of
the actuator. It is fixed to the HI together with the actuator. Its function is to connect
the HI and the CI due to a stroke, in order to create the path for a heat transfer. When
the path is created, the MHS is in ON position. When the path is aborted, the MHS is
in OFF position.

Three insulators connect the CI and the HI, however they do not allow to transfer the
heat, because of their very low thermal conductivity. The insulators, the CI and the HI
are structural parts of the MHS.

The copper plates are additionally mounted on both interfaces of the MHS in order to
improve a stiffness of the MHS during the transportation on the Earth. [20]

Hot Interface (HI) & Q;,,[W]
Y i
Actuator 0
o O on
Air gap
Cold Interface (CI) '@/ Q... [W]
out

Figure 1: Switching phase of MHS when thermal load is applied. [21]



2.3 Bread boards design and tests

Until now, as already mentioned, two BBs were manufactured and tested. One BB has
stroke 1,5 mm and is filled with parraffin C15/C16 PCM, which has melting temperature
13,5°C. The second BB has stroke 1,7mm and is filled with parraffin C16 PCM, which
has melting temperature 18 °C. Basic dimensions of the MHS design are following;:

Dg =42mm Diameter.

Hg =26,2mm Height.

Ag = 1546, 53 mm? Area of the MHS thermal loaded surface.

Dp =56mm Diameter.

Hp = 8mm Height.

Ap = 2463 mm? Area of the plate.

H =422mm Height.
| e V 2
I F 5 @ 3 ] =

= — ] ®) i @ » =
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Figure 2: MHS assembly (MHS between additional copper plates). [20]

The BB tests revealed serious shortcomings. Both BB‘s thermal conductance was approx-
imately five times lower than required when measured in ON position. The investigation
led to the conclusion, that poor thermal conductivity was mainly caused by poor contact
surfaces quality in the MHS and conductive cover, of which thermal conductivity was
measured to be about ten times lower than expected. Other aspects also had their influ-
ence on low thermal conductivity, but they are not important for this work. Thus they
are not mentioned. [22]

2.4 Recent objectives

A new, third BB is currently in development. Based on the conclusions from the extensive
testing, it has been assumed that further research in heat transfer through contact has to
be done. From this assumption originates the purpose of this work, that concerns with a
problem of thermal contact conductance (TCC), its dependent quantity thermal contact
resistance (TCR) and available solution for optimization.

To optimize the heat transfer in the MHS by reducing the TCR (increasing the TCC)
could lead to results, that would meet the MHS requirements stated in Chapter 2.1.

This work consists of a theoretical and practical part. The theoretical part examines
what the TCR is, how it works, what factors it depends on and how to calculate it. The



practical part, based on assumptions made in the theoretical part examines the TCR
experimentally on designed specimens and compares the results with theory.

Thus the objectives are as follows:

To define the TCR.
To describe the factors the TCR depends on.

To review and select the appropriate models for TCR (or the TCC) prediction,
including theoretical models and correlations.

To design and manufacture the specimens, based on theoretical assumptions.

To make calculations of the TCR prediction based on selected models.

To carry out an experiments with designed specimens.

To compare the experimentally obtained values of the TCR with the predicted ones.

To find the most suitable model for the TCR prediction.

The objectives can be summarized by two main goals. To understand the TCR and to
find the most suitable model for its prediction. It is an important part of the solution for
the TCR reduction in the MHS. The acquired knowledge can be further used in the third
BB design.



3 Thermal resistance

3.1 Thermal path in the MHS

Between the components of the MHS, many contacts occur. Every contact acts resistively
for a heat flow, what occurs as a temperature jump in temperature-thickness dependence.
This is an effect of the TCR, caused by contact imperfections. This effect can be seen
in Figure 3. Not only the contacts, but solids too, act resistively. In comparison with
contact, it is less significant but surely not negligible. Thermal path in the MHS can
be represented as thermal circuit with thermal resistors. The resistors, generally marked
only as R, represent thermal resistance or TCR component in circuit. The thermal path
in MHS can be substituted by schematic circuit with resistors. The circuit can be seen
in Figure 4. The contacts are marked with ”¢” index. The most significant contact is
between the actuator and the CI when the actuator is in ON position, the contact R13c.
All the heat is transferred through it.
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Figure 3: Heat conduction across two Figure 4: The circuit of thermal resis-
rough surfaces in contact. [18] tances in MHS.

For the purposes of the MHS development, the effect of TCR is ineligible as one of the
ways of achieving higher efficiency in heat transfer by reducing the TCR.

Best option for dealing with the TCR would be to design an ideal contact. However, in
engineering applications no ideal contact between two solid surfaces exists.

It is always necessary to consider contact imperfections to understand why and how the
TCR affects the heat flow.

3.2 Thermal conduction in solid

Equation for heat tranfer rate or heat flow rate through solid due to thermal conduction
is given as:

Q= kAtAT
where () is function of area A [m?] through which the heat transfers, temperature dif-
ference AT [K] on the opposite sides of solid with thickness ¢t [m] and material thermal
conductivity k& [W/mK].

Wi (1)



Thermal conductivity of material £ is physical property. It is an ability of the mate-
rial to transfer the heat due to conduction. This property is the function of temperature,
however, for narrow range of temperature differences it is considered to be constant. The
higher the thermal conductivity, the higher the heat flow is. Thermal conductance K
is basically thermal conductivity k£ referenced to actual dimensions of the solid. It is
obtained by the equation:

K:—:—
t AT

e 2

Thermal resistance R is reciprocal value of K.
1 t K
S S )

3.3 Thermal conduction in contact

Thermal conduction in contact refers to heat transfer through the contact established
between two solids. In real contact, only some spots of actual surfaces are in contact.
Between the remainder, the gap is present. The gap allows the heat to transfer due to
convection and radiation, too. Thus the total heat passing through the contact is the sum
of all three basic mechanisms of heat transfer and can be expressed by equation:

Qtotal = Qconduction + Qconvection + Qradiation [W] (4)

For better understanding of thermal conduction in contact, more convenient form is pro-
posed:

Qc:Qs+Qg+Qr (5)

where the total heat transfer rate is understood as thermal conduction in contact @),
which is the sum of the heat transfer rate through the solid spot @, the gap @), and due
to radiation (),. Therefore, the TCC can be expressed as:

W
he = hy + hy + I, {WK} (6)

Where radiation component can be neglected for applications under 600°C [41] and so

the expression is:
he = hs + hy (7)

To obtain the TCC referenced to actual dimension of the area A in contact, the following
equation is used:

K = hoA {%] (8)

And the TCR is reciprocal to the TCC referenced to the actual contact area!:

R:%:h; {%] ®)

'In literature, TCR R can be also found to be directly reciprocal to TCC, R = h% Although this
definition will not be used in this work.
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For contact between two solids heat flow rate is:

AT
R
The equations in this Chapter and Chapter 3.2, are generally available in scientific liter-

ature of heat transfer and TCR research, e.g. [26] and [41].

Note: The symbol "R” is used for both, thermal resistance in solid (Chapter 3.2) and
TCR, as it is property obtainable for both, solid and contact. If R is obtained for solid, it
represents the thermal resistance of solid and if it is obtained for contact it represents the
thermal resistance in contact (also called TCR). The relationships (3) and (10) differs,
but it still generally represents thermal resistance. Thermal resistance in this form can
be further used in calculations in circuit, where both solids and contacts are present. The
same applies to thermal conductance 7 K.

3.4 TCC factors

The magnitude of the TCC is dependent on many different factors, of which the most
influencing ones are those stated below. However, even nowadays, it is only roughly
known, how exactly these factors influence each other and eventually the TCR.

3.4.1 Surface

No real surface, even a very smooth one, is ever perfectly flat. Heights consisting of
peaks, valleys and other irregularities occur in microscopic view. In engineering surfaces,
it is mostly a result of a machining tool, surface finishing, or generally any technology
the surface undergoes. Geometry, waviness and roughness are basic characteristics of the
surface texture.

MM%VW\MWWMM -~ WWM

rﬁ’

AP PRAANAAAN, ‘M\FMM-«-.WW'WV»‘W&‘*."\‘Vv‘r"’\ﬁ-w\"’"f\“a‘-‘”

: i Roughness

W
Waviness

Form

Figure 5: Geometry (form), waviness and roughness as characteristics of the surface
tecture. [13]

Basic surface geometries in contact are combinations of planar or flat and spherical. One
important consideration has been done in the TCC research. Even if the geometry of
the surface in contact is considered to be nominally flat and not spherical, it still can
differ in flatness. The flatter the surface is, the more uniform distribution of the contact
areas (spots) in contact is and the bigger solid spot TCC is. The surface is assumed as
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conforming rough when flatness deviation is maximum ten times the surface roughness
Ra [33]. Otherwise it is a non-conforming rough surface, which can appear as convex,
concave, or simply too wavy curvature of the surface. The fact that the surface is either
conforming or not indicates how the spots are distributed along the nominal contact area.
In case of the conforming rough surface, the spots are distributed in the whole nominal
contact area. In case of the non-conforming rough surface, out of flatness is too big and
spots occur only in the contact area smaller than the nominal contact area. Similar or
more specific description of surface geometry can be found in the literature, e.g. [4]. In
Figure 6 types of surfaces in contact, with spot distribution are shown.

conforming  non-conforming  non-conforming
rough rough smooth

EmC
=10
m=lo

Figure 6: Conforming rough, non-conforming rough and non-conforming smooth contact
surfaces with spot distribution. [6]

Waviness is also affecting the TCC and should not be neglected [34]. According to [33], for
conforming rough surface the average waviness height w, [pm] should be maximally four
times the roughness Ra. Nevertheless the low-pass and high-pass filters used in waviness
measurements were not specified. Therefore appropriate value of waviness can be barely
obtained.

Roughness strongly influences the TCC. The actual contact area is created by the highest
peaks of the heights, creating the so called spots when surfaces are in contact. Their size
and distribution vary in dependence on the roughness. To obtain the accurate size and
distribution of all the spots is practically impossible. Therefore, roughness parameters
are preferred. The root mean square (RMS) surface roughness (Rq) ¢ [pm] is one of the
engineering parameters used to describe the roughness. Another one, commonly used,
is the arithmetic average height (Ra) og, [pm], equal to the center line average (CLA)
surface roughness parameter. The effective RMS surface roughness o of the two RMS
surface roughnesses o; and o, in contact is:

o5 = /0% + 03 [nm] (11)

To obtain the RMS roughness from Ra roughness, following equation is used [25]:

o= \/gaRa ~ 1,250R, (12)
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Although, this correlation can be strongly inaccurate. The mean absolute profile slope m
[rad]| (alternatively marked in literature as: |tan(0)|, Aa, Rda, RAa) is another surface
roughness parameter affecting the TCC. The effective mean absolute profile slope m; of
the two surfaces in contact is:

mg = \/m? +m3 [rad] (13)

where m; and my are mean absolute profile slopes of the surfaces in contact.

The parameters o, and m, are graphically shown for two surfaces in contact in Figure 7.
”Y” is the mean plane separation and will be describe in Chapter 3.4.5.

Figure 7: The microscopic view of conforming rough contact. [15]

According to [40] correlation between o and m is:
m = 0,125(c x 10°)%402 [rad] (14)
which is valid in the range:
0,216 pm < o < 9,6 pm

However this correlation (14) can show a significant error and should be used only when
measured values of m are not available. Also in [40] an example of calculation with cor-
relation is proposed where o is actually not multiplied by 10°, what makes more sense in
respect to actual values. The values of 0 must be substituted in [pm]. Article [40] refers
to [1], where similar correlations can be found.

Similar to the mean absolute profile slope is the RMS profile slope m‘ (alternatively

marked in literature as: ¢, Agq, Rdq, RAq). Analogically to eq.(13), the effective RMS
profile slope m‘; of the two surfaces in contact is:

m's = y/m? + m3 [rad] (15)

To obtain RMS slope from the mean absolute profile slope, following equation (analogi-

cally as in eq.(12)) is used [4]:
m' = \/gm ~ 1,25m (16)
13



Although, this correlation can be strongly inaccurate (as in eq.(12)).

Note: The surface parameters and their definitions are freely available in literature, e.g.
[14].
3.4.2 Thermal conductivity

Two solids with thermal conductivities k; and ks have harmonic mean thermal conduc-
tivity ks where:

(17)

S

_ 2kiks %74
N k’1 + k’g mK
With higher value of k,, the TCC increases.

3.4.3 Contact pressure

The contact pressure between two solids pressees the peaks of the surface asperities against
each other and deforms them. Therefore, more spots occur, get bigger and the actual
contact area increases proportionally to the contact pressure. The higher the pressure,
the higher the TCC is. Pressure in contact P is calculated as:

P = 1 [Pal (18)
Where F is the force or the load applied on the area A, which is in this case assumed as
nominal contact area.

3.4.4 Hardness and Elastic modulus

The resistance of the solid material in contact against the indentation of the second solid
due to contact pressure is expressed by the hardness H [Pa] of the softer material. In the
TCC research different investigators considered different hardness. Therefore, hardness
will be determined specifically in Chapter 4.3 for each selected model.

In some cases (e.g. eq.(26)), instead of hardness, an elastic modulus E [Pa] is used.
The equivalent or the effective elastic modulus £’ can be calculated as [24]:

1 — Iu2 1 — Iu2 -1
E = ! 2 P 19
(FF8+5 P (19)
Where FE, Es are elastic modules of solids in contact and p1, p2 [—] are Poisson numbers

or Poisson‘s ratios of solids in contact.

3.4.5 Interstitial gap

The interstitial gap has an important role in the TCC as the actual contact between solids
appears only in some spots and the rest is the bare surface separated by gap. The size
of distance between two surfaces in contact or the thickness of the interstitial gap is a
result of all the previous factors. It can be described with mean plane separation, also
called the effective gap thickness Y [pm] or by relative mean plane separation (called in
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literature also as: relative effective gap thickness or dimensionless mean plane separation)
A [37] where:

A=— il (20)

This parameter has an important role in models for the TCC prediction, mostly for gap
TCC hy .

The interstitial gap can be empty or filled. When contact is established in vacuum en-
vironment and no interstitial material is added, the gap is simply empty. Thus the heat
is transferred only by solid spots and h, = 0. When the gap is filled, it is mostly due to
gaseous/fluidic environment such as air, in which contact is established. When gas/fluid
is present in the gap, many factors influence the gap TCC and heat transfer becomes far
more complex in contrast with contact in vacuum environment.

In an effort to enhance the TCC various interstitial materials can be added. There
exist wide variety of interstitial materials or mediums, e.g.: coatings, layers, metallic and
non-metallic foils, wire screens, greases, powders, etc..

The principle of all the enhancing interstitial materials is to fully fill up the gap with
material of high thermal conductivity and to provide heat transfer through the whole
contact area with minimum thermal loss.

3.4.6 Other factors

The main factors have been mentioned and described, however these are not the only
ones. It is known that temperature influences many material properties, including hard-
ness, elastic modulus, thermal conductivity, etc., thus indirectly also TCC . It shall be
taken into account for specific extreme conditions. In literature , wide variety of less com-
mon, specific parameters influencing the TCC are proposed, e.g. a bandwith parameter,
variance of surface heights, variance of surface slopes, radius of curvature of summits,
fractal dimension number, load exponent, plasticity index, distribution functions, etc..
They are mostly sub-factors of main factors and are often hardly practically obtainable,
because of the lack of information in literature. [16]

3.4.7 Investigated conditions

In this work, experimental measurements are focused on the TCC or the TCR of nom-
inally flat, conforming rough surfaces with surface roughness variations of specimens in
contact and contact pressure variation. Vacuum conditions at temperatures of contact in
range from 0°C to 60°C and contact pressure roughly under load of 80 N is suggested.
The material of solids shall be chosen in respect to materials used in the MHS BB design
or similar ones.

The nominally flat, conforming rough surface is chosen in respect to contacts in con-
struction of MHS (Chapter 2), primary the most crucial one (R13c), which ideally should
have the mentioned geometry, if the MHS works properly. Also nominally flat geometry

is far more simple for experimental work than spherical one.

Vacuum conditions are chosen for the purpose of elimination heat leaks due to convection
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from surfaces in no contact (specimen‘s side surfaces) and better validation of the TCC
models by reducing the total TCC to only the solid spot TCC. Separate measurement of
the solid spot and gap TCC can make results more accurate, as the possible inaccuracies
in both, solid spot and gap TCC, do not merge into one result. Therefore the inaccuracies
can be described separately for both. Of course this is invalid when enhancing interstitial
media in gap is present. Vacuum eliminates only the effect of gaseous interstitial media.
Also, according to the FPR3 requirement (Chapter 2.1, Table 1), the MHS should be able
to operate in vacuum, thus simulation of the TCC in vacuum conditions is desirable.

The contact temperature range 0°C to 60 °C is selected in respect to the HI operational
contact temperature range, when MHS is at ON position. 60°C is the upper limit of the
HI required operational contact temperature range, mentioned in Chapter 2.1, 1. Lower
limit of 0°C roughly represents the temperature at which the PCM begins to change its
phase.

The contact load is chosen in respect to capabilities and limitations of test chamber
[20] and shall stay constant throughout all the experiments. The pressure in contact un-
der constant load can differ with nominal area, but shall stay constant when roughness
variation is compared. The variation of contact pressure allows to find the appropriate
TCC models in wider spectrum of dependent factors.

The materials used in MHS BBs or similar are in preference, as it is the most effec-
tive way how to simulate the actual TCC in MHS. These materials are mostly metals
with relatively high thermal conductivity.

Another variable parameter in tests is the surface roughness and parameters dependent
on it. The surface roughness parameter is probably the most modifiable TCC parameter
in the actual MHS construction and as mentioned in Chapter 2.3, one of the reasons of
low thermal conductivity of two BBs is poor surface quality. Therefore, the investigation
of surface roughness effect and its varieties on TCC is of primary importance.

The experimental conditions and specimen specifications will be described in detail later,
in Chapter 6.1.1.
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4 Thermal contact conductance models

The review of the TCC models in literature has been summarized. The appropriate

models for comparison with experiments were selected. Every selected model is briefly
described.

4.1 Review

Research on Theoretical prediction of the TCC is reviewed in [3, 4, 17, 36, 37, 41] The
model for TCC prediction can be understood as theoretical model or as correlation, which
is often derived from a theoretical model. Unlike the correlation, a theoretical model has
more complex form, based on many assumptions and derivations, while the correlation is
usually in more convenient form for calculations. Correlation does not even have to be
derived from theoretical model, but can be estimated directly from experimental measure-
ment. Most theoretical models and correlations for the TCC are compendiously reviewed
in [16], mainly for the solid spot TCC and in [27] mainly for the gap TCC. Theoretical
models can be further divided according to deformation the surfaces undergo, as plastic,
elastic and elasto-plastic. The in-depth review and comparison of elastic and plastic the-
oretical models is in [32]. An example of elasto-plastic model is in [30]. The enhancement
methods of the TCC are reviewed in [27] [17]. The characteristic for theoretical models is
also different assumption of asperity distribution on the surface. Gaussian type is most
common. Other distribution types, such as random, fractal or modified gaussian can be
found in literature. The types of distribution influence the final form of models, in which
they are presented.

Despite all the theoretical models and correlations, no general model exists. The existing
models often have only a narrow range of applicability. It mainly depends on theoretical
considerations for which the TCC factors and experimental conditions the models were
developed and verified.

4.2 Selection

Not every proposed model is appropriate for use in this work. Thus only few models have
been chosen for comparison with experiments. The selection requirements are:

1. Model must consider and be usable for nominally flat contact surface. This work
is focused on nominally flat conforming rough surfaces. However, not all the models differ
between conforming or non-conforming rough surface and assume the surface only as flat.
Therefore, these models can also fit for the TCC prediction of conforming rough surface.

2. All the models‘ parameters must be described and calculable. The reason for this
requirement is mathematical complexity and disarrangement of many mathematical pre-
scriptions. Derivations of equations are often missing, variety of terms are used for the
same parameters in different articles, moreover the same model can be found using dif-
ferent parameters without explanation. Overall, it is complicated to find proper, com-
prehensible models among all the models in literature, but only those can be selected for
further use.

3. All the dependent factors, especially those mentioned in Chapter 3.4, have to be
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the commonly available or obtainable engineering parameters. Not all the parameters
are easy to obtain practically, even if they are defined. For the TCC prediction it is an
advantage to use the parameters the values of which can be found in literature or can
be measured conventionally. Then, the predictions are effective, require fewer additional
measurements as the parameters are normalized or given directly from the manufacture
process and necessary measurements can be easily done.

One example of the rare parameter is contact microhardness, which requires more exten-
sive measurements. This parameter will be mentioned in Chapter 4.3.3.

4. A Model must not require any additional estimation of correlation constants. Pre-
diction of TCC must be possible without the existence of real components (specimens).

5. A Model must not require any specific topic-related software use including additional
programming.

4.3 Theoretical Models and Correlations

The selected models are briefly listed in Table 2 and then described separately in chap-
ters. Even if the models have their range of applicability different from the investigated
conditions in this work (Chapter 3.4.7), it is not considered as a problem. It is so, because
models can actually be applicable also for conditions they were not developed, verified or
considered for. The unexamined spectrum of the TCC research is still wide.

Table 2: Selected TCC models and their basic description

Models

Theoretical models | Chapter | Description Tested material

Cooper-Mikic- plastic de or'matlon, stainless steel;

. 4.3.1 one correlation; . *

-Yovanovich (CMY) ) o aluminum
gaussian distribution
elastic deformation;

- i f MY ; i :

Mikic 439 derived from C model; stalnl'ess sEeel,
three correlations; aluminum
gaussian distribution
plastic deformation;

Yovanovich 433 ?eccoralted CMY model; stalnl'ess sEeel;
improved and extended; aluminum
gaussian distribution

Correlations Chapter | Description Tested material

Tien 441 fieveloped for similar metals stalnl‘ess steel;
in contact aluminum

) copper; steel;
. f . ) )

Shykov-Ganin 4.4.2 mean radius of contact . aluminum;
spot as = 30; no slope considered | . .

nickel; uranium

Malkov 443 mean radius of contact ‘ stainless steel;
spot as = 40; no slope considered | molybdenum

- 1 for simil 1 .

Mikic-Rohsenow 4.4.4 fieve oped for similar metals stainless steel

I contact

"It is concluded by the author that most probably these materials were used.
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4.3.1 Cooper-Mikic-Yovanovich model

One of the earliest of TCC models was theoretical model called Cooper-Mikic-Yovanovich
(CMY) [5]. The CMY model considers plastic deformation, gaussian height distribution
of surface asperities (profile and slopes), isotropic surface and random distribution of the
asperities in contact area. CMY theoretical model is:

V2k, my exp(—A?/2)
hs = N (21)
V9 (1= \Jo,Berfe(A/ V)
A= 2erfc Y (2P/H) (22)
and the resulting correlation:
. [ P %985

that is valid for ranges:
Y - F[ —

Ilpym <o < 8pum
0,08 <m <0,16
H is microhardness of the softer material, however the type is not specified in original
paper. In [31] microhardness is proposed to be three times the yield stress or flow stress
Sy [Pal:
H =385, (24)

4.3.2 Mikic model

Mikic [24] developed an elastic model based on the CMY model with consideration of an
elastic contact area to be half the plastic contact area. The Mikic model is:

2
s Mg —A/2
h, = 4l€ ms exp( A / ) (25)
VT (1 Jo,25er e\ V)
A= V2erfc ' (4V2P/(E'm,)) (26)
The correlation for pure elastic deformation is:
k’S S
hy = 1,552 (v/2P/(E'm,))%* (27)
o
He also developed a correlation for pure plastic deformation:
hy = 1,137 (p) ryoes (28)
o

And correlation suitable for larger loads, assuming plastic deformation of the asperities
and elastic deformation of the substrate:
komg

hy = 1,13—"-(P/(H + P))"™ (29)
o
The type of deformation depends on value of deformation parameter v where:
H
= — 30
"= B ] (30)

If v > 3 then deformation is predominantly elastic and when v < 0,33 deformation is
predominantly plastic. H microhardness is assumed to be the same as in eq. (24).

19



4.3.3 Yovanovich model

The CMY theoretical model was re-correlated in 1981 by Yovanovich [38] (it can be found
also in the article from 1982 [39]) with expression:

P 0,95
hy — 1,250 (—) (31)

o H

valid in the range:

10—6<£<2 2 x 1072
_H_7

Relative mean plane separation A was approximated by expression [38]:

A = 1,184[—In(3, 132%)]07547 (32)
Another approximation proposed in 1988, is:

A = 1,363[—In(5, 589%)]0’5 (33)
And one more power law approximation [2]:

A = 1,53[—In(3, 1325)]—07097 (34)

Hardness H is assumed to be three times the yield stress of the softer material in contact.
Eq.(24) is used.

In 1985, Hegazy [15], using Yovanovich’s correlations [38], investigated the more appropri-
ate hardness. His investigation revealed that surface microhardness varies in dependence
not only on the surface material type but also on the machining process. Relationship for
appropriate microhardness is:

He=c (0, 95%)62 (GPal (35)

Where H, is the contact microhardness. ¢; andecy are coefficients obtained from Vickers
microhardness dependency on indentation depth and are related to Brinell and Rockwell
hardness. Another relationship is:

H, = (12,2 — 3,54Hp) (%) T apa) (36)

Where Brinell hardness Hp and contact microhardness H, are in GPa. Both correlations
are based on Vickers microhardness tests and developed for four specific metals, but can
be used for wide range of metals. Thus the correlations are only semi-general. Later,
Song and Yovanovich [29] developed the relationship:

p p 1/(140,071e2)
E - (1,6261(0/00ms)c2>

(37)

Where 09 = Ipm. This correlation can be also used for wide range of metals. In 1996,
Sridhar and Yovanovich [31] made a relationship for coefficients ¢; and cs:

Hp Hz\’ Hp \°
— 45772 pq (L) —o61( =L - 38
“ 317 T (3178) : (3178 - (38)
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¢y = —0,37 + 0,422 (@> ] (39)

C1

valid for range:
1300 MPa < Hp < 7600 MPa

Only the values of Hg in MPa must be substituted into these correlations.

4.4 Correlations

4.4.1 Tien

Tien [35] proposed correlation:

k's gs P 0,85
he = 0,55 7: (E) (40)

Hardness H is is obtained the same as in eq. (24). However, it is unclear to which material
in contact the proposed hardness refers, probably because Tien developed correlation (40)
for similar metals in contact. In this work only the same materials in contact are used.
Therefore it does not matter which one is used. For contact of dissimilar metals, right
estimation of hardness has to be considered. Correlation was developed for stainless steel
and aluminium.

4.4.2 Shlykov-Ganin

Shlykov and Ganin [28] proposed correlation:

P
he = 2,1 x 10%k, (ﬁ) (41)

H =38, (42)
and for metals with high degree of cold work:
H =58, (43)

Where S, [Pa] is the ultimate strength of the less plastic metal. Considered as the one
with lower value of S,. Shlykov and Ganin assumed the mean radius of contact spot
as equal to 30 pm, which is already included in eq.(41). Correlation was developed for
copper, steel, aluminium, nickel and uranium. The vacuum pressure was 0,013 Pa.
4.4.3 Malkov
Malkov [19] proposed correlation:

k. P 066

hs =0,118— [ C— 44
= (og) (a4

Where assumed mean radius of contact spot a is equal to 40 pm, and thus the correlation
(44) can be rewritten as:

P 0,66
hsy = 2,95 x 10°k (Cﬁ) (45)
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C =1 for 01 pe + 02,rs > 30 pm
C = [30/01.ga + 02,54)"/® for 10m < 04 gy + 09 e < 30 pm
C = 15/01 pa + 02,Ra for 01 R4 + 09 pq < 10 pm
2x 10" <CP/H <8x107*

Hardness H is obtained by eq.(42), where S, is ultimate strength of material with less
strength. The correlation was developed for ground, turned and lapped stainless steel
and molybdenum. The temperature in the contact zone varied from 250 °C to 520 °C and
vacuum pressure was 0,013 Pa.

4.4.4 Mikic-Rohsenow

Mikic and Rohsenow [25] proposed the correlation:

) P 16/17
hy = 0,9 (—) (46)

o H
0,896 MPa < P < 103,4 MPa

where m is the larger of the two slopes (my, ms) and H is Vickers or Knoop microhard-
ness. Similarly as in Tien correlation (40), it is no clear to which material in contact
the hardness refers. Only the same materials in contact are used in this work, thus it
does not matter which one is chosen, however the right estimation of hardness has to be
considered in contact of different materials. The correlation was developed for stainless
steel and vacuum pressure 0,0067 Pa.
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5 Specimen layout

For the experimental investigation of the TCR, the specimens have to be designed and
manufactured. Before the specimens are manufactured the investigated conditions and
MHS requirements has to be considered including the manufacture process itself. The
Conditions, the specimens will be tested in, are stated in Chapter 3.4.7.

In this Chapter, specimen specifications, their further preparations for measurements
and the TCR evaluation method, including multiplying effect, are described.

How are the specimens going to be tested and the evaluation of TCR from experimental
data is more extensively explained in Chapter 6. For testing the test chamber is used, that
is briefly described in Chapter 6.3.1. The specifications and development of test chamber
are stated in [20].

5.1 Specimen specifications

The specimens are designed to be made from 99,9 % pure copper (EN CW004A/ Cu-ETP)
with a cylindrical body with thickness of 5 mm and diameter of 50 mm or 25 mm. The
roughness Ra of all the specimens is prescribed to be 3,2pm. Fifteen specimens were
manufactured by a wire-cutting method. Three specimens have diameter of 25 mm and
twelve of diameter 50 mm. All the specimens have drilled hole in center with diameter
of 6mm and two half-radiuses of 3mm on the sides. The thermal conductivity of pure
copper is considered to be 390 W/mK.

#50 75 l Heat flow

12 1T
- ' | Hl

LILLD o [LLLY

B 7 Radiation S p E [ | M E N S Radiation
:

Cl

Figure 9: Smaller specimens between in-
Figure 8: Designed copper specimens. terfaces.

The designed specimens can be seen in Figure 8. The mechanical drawings can be found
in Appendix, Figures 18 and 19. The manufactured specimens are shown in Appendix,
Figures20, 21, 23 and 22.

Copper is one of the materials used in MHS and has high thermal conductivity, which
makes thermal properties more significant. Thus, copper is chosen as specimen material.

Diameters are chosen in respect to capabilities of test chamber, where HI and CI have

similar contact area as larger specimens. Use of whole area as contact area is important,
because otherwise heat can leak due to radiation and can make measurements inaccurate.
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Heat leakage is ineligible. However, it is not known how big the leakage due to radiation
actually is. Therefore both the specimens with larger and smaller diameter were designed
for comparison. The potential area where heat could leak due to radiation can bes seen
in Figure 9. If the heat leakage due to radiation through the area in no contact (in case
when smaller specimens were used) is negligible, smaller specimens could be further used
in future measurements. This would save the amount of material used for specimens. An-
other reason for diameter variety is to compare different contact pressures (Chapter 3.4.7).

Thickness of 5mm allows to put six specimens on each other between the HI and CI,
creating stack. The more about stack and the contact multiplying effect is in Chapter 5.3
and Chapter 5.3.1. Space between HI and CI in test chamber is roughly 30 mm. Thickness
of 5mm was also chosen as appropriate minimal thickness for manipulation.

Function of holes in the centre is to connect the amount of specimens into one stack.
Connection material is Torlon, shaped into simple dowel (Appendix, Figure 35), which
centers the specimens and makes the contact areas to lay on each other with whole contact
are. Torlon is material with very low, negligible thermal conductivity. Torlon dowels must
be made for all the varieties of stack, except the stack with one specimen. Radiuses on the
sides have gripping function in order of further manipulations, which will be considered
in Chapter 5.2.1.

Roughness of 3,2 um is roughly the roughness created by wire-cutting process and could
not be optimized. The exact values of Ra were measured in manufacture and are listed
in Table 3 for specimens with diameter of 50 mm and 4 for specimens with diameter of
25mm. Both tables include information about marking of specimen, both, opposite con-
tact or mating sides and related roughness. Mating sides ”"a” and ”b” are interchangeable,
as information about the actual related surface on specimen was missing from manufacture
process. Roughness measurement was done with Mitutoyo surftest SJ-210. Measurement
conditions obtained from manufacture are listed in Table 5. Exact details of the rest of
the methods and machines used in manufacture process are missing.

Table 3: Roughness of 50mm in diameter specimens

Specimen | Mating | Ra Specimen | Mating | Ra
marking | side [pm| | marking | side [ pm]
1 a 3,952 7 a 3,55
b 3,267 b 3,135
9 a 3,198 g a 3,155
b 3,089 b 3,234
5 a 3,498 9 a 3,468
b 3,472 b 3,239
a 3,283 a 3,434
4 b 3,739 10 b 3,397
a 3,281 a 3,412
g b 4113 1 b 3,24
a 3,217 a 3,397
0 b 3,215 12 b 3,355
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Table 4: Roughness of 25mm in diameter specimens

Specimen | Mating | Ra

marking | side [ pm]
S E
T ——
S

Table 5: Roughness measurement conditions from manufacture

Standard | JIS 1994 Number of sampling lenghts 4
Profile Profile of roughness | A¢[mm] 2,5
As[pm] 8 | Filter Gauss

5.2 Specimen further preparations

After designing and manufacturing process, more modifications and preparations were
done. The surface measurements, roughness modification, shielding and estimation of the
mechanical properties.

5.2.1 Roughness modification

In order to measure and compare different roughnesses in experiments, three specimens
were grinded on SINOWON GP-2 Grinder Polisher machine (Appendix, Figure 28). Spec-
imens 1, 4 and 5 were chosen, because of the big roughness difference between their mating
surfaces. Grinding was performed stepwise with five different grinding papers with ISO P
grade. Beginning with 400, continuing 600, 1000, 2400 and finishing with 4000 grade. The
machine is rotating with grinding paper and lubricates it with water. Specimen had to be
held manually on rotating grinding paper. For manipulation with specimen, holder was
designed and 3D-printed (Appendix, Figure 24 and 25). Grinded specimens are shown in
Appendix, Figure 29, 30 and 31.

5.2.2 Roughness measurements

Specimens 1 and 7 were chosen for additional roughness measurements as samples. The
reason was to confirm the roughness to be around Ra 3,2 pm and to obtain the rest of sur-
face parameters if possible. Also surfaces of grinded specimens (1, 4 and 5) were measured
Measurement was done with digital microscope KEYENCE VHX-6000 (Appendix, Figure
26 and 27). Parameters used for roughness evaluation are listed in Table 6, where \s,
Ac are profile filters. Parameters respect the CSN EN ISO 4288 standards [7]. Measured
surfaces were cleaned with technical alcohol before every measurement. The parameters
Ra obtained from measurement are listed in Table 7
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Table 6: Parameters used for roughness evaluation. [7]

Ra Recommended | As | Ac=Ir In=Irx5
magnification [pm] | reference length [mm)] | evaluation length [mm]
0,1<Ra< 2 | x4000 — x1000 | 2,5 0,8 4
2<Ra< 10| %1000 — x500 8 2,5 12,5
10<Ra< 80 x 500 — x200 8 8 40

Table 7: Roughness parameters obtained from measurement.

Specimen | mating | Ra [pm] from | Ra [pm]| | Ra [pm] measured
marking | side manufacture | measured | after grinding

1 a 3,952 2,85 0,24

b 3,267 2,13 0,27

4 a 3,283 - 0,26

b 3,739 - 0,24

5 a 3,281 - 0,25

b 1113 _ 0,23

7 a 3,217 2,59 -

b 3,215 3,1 -

The used machine could not evaluate the mean slope. Therefore raw data of profile were
imported into Talymap gold software , which evaluated mean slope values. Also values
for Ra were evaluated for comparison with the rest of known Ra. This was done only for
specimen 1 as sample. Obtained values are listed in Table 8.

Table 8: Roughness parameters with slope for specimen 1, measured and evaluated.

Specimen | mating | Ra [pm] from | Ra [pm]| | Ra [pm]| | m [rad]

marking | side manufacture | measured | evaluated | evaluated
a 3,952 2,85 2,85 0,164
b 3,267 2,13 2,75 0,202

5.2.3 Waviness measurement

The same specimens as in Chapter 5.2.2 were measured for waviness as samples for the
same profile. The reason is to confirm if the specimens have actually conforming rough
surfaces. Ac filter was used the same as in the roughness measurements (Chapter 5.2.2),
As was set equal to A\c¢ and Af profile parameter was set as the biggest possible. The
values are listed in Table 9.
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Table 9: Waviness measurements.

Specimen | mating | w, [pm| | w, [pm] measured
marking | side measured | after grinding

; a 1,04 0,76

b 0,47 0,34

a _ 1,17

4 b : 1,14

- a : 0,87

b 5 0,79

- a 0,57 ;

b 0,72 5

All the specimens satisfy the limit for conforming rough surface. The limit is the average
waviness w, maximally four times the Ra roughness (Chapter 3.4.1). Only exception is
grinded specimen 4. However the overlap is not that significant, therefore the surfaces of
the specimen 4 are assumed also as conforming rough.

5.2.4 Shielding

In order to avoid heat leakage due to radiation through the lateral surface area of specimen
or stack in test chamber, shielding was made. Shielding has to cover lateral area of
specimen stack and copper plates with probes. Construction of copper plates with probes
is described in [20]. Shielding has diameter of the component with biggest diameter, which
are the copper plates with probes. Specimen stack is placed between these copper plates.
Shielding have cut holes for wires from probes. Shielding itself has geometry of tube made
from Upilex polyimide foam wrapped in Upilex polyimide foil. Both foam and foil, are
highly heat resistant materials and avoid the avoid the heat leakage. Shielding has to be
made separately for every stack with different amount of specimens. For measurements
three shieldings were made. For one, three and six specimens in stack. Density of foam is
28,2194 kg/ m” and thickness is 10mm. Thickness of foil is roughly 20 pm. The shielding
is shown in Appendix, Figure 34.

5.2.5 Mechanical properties

In order to find out mechanical properties of material used for specimens (EN CW004A/
Cu-ETP), newer version of Czech version of the European Standard EN 13601:2002 was
used [8]. According to standards, this material can have different mechanical properties
depending on material condition. However the exact material condition of specimens
stays unknown. Therefore only estimated properties, obtained from possible material
conditions are used. This brings large error into calculations. Estimated values are in
ranges between the maximum and minimum possible value. In Table 10 yield stress S,
ultimate strength S, (both in tensile) and Vickers microhardness are listed with minimum,
maximum and average value.

Table 10: Specimens material mechanical properties [8].

S, [MPa) S [MPa] HV [MPa]
min. | max. | avg. | min. | max. | avg. | min. | max. | avg.
120 | 320 | 220 | 200 | 350 | 275 | 343,2 | 1128 | 735,5
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Elastic modulus £ and Poissson number p also stay unknown and are not proposed in
standards. Thus, estimated values of 130 GPa for elastic modulus and 0,33 for Poisson
number are assumed. This values are generally used for elastic modulus and Poisson
number of copper.

5.3 TCR evaluation method

Before the experimental measurements, the way how the resistances of the specimens and
contacts looks like must be understood. This makes evaluation process of TCR possible.
When two specimens are put between the HI and CI the circuit in Figure 10 is created.
In such case the stack consists of two specimens. The TCR between the surfaces of HI,
CI and specimens Rgy, the thermal resistance of specimens solid Rsprpc and the TCR
between the specimen surfaces R¢ are present in circuit. The resistances are in series.

HI |

| Hl | Rg)
SPECIMEN 2 2:““
SPECIMEN 1 N

| q | R

[ a |

Figure 10: Two specimens in the stack, between the HI and CI.

Although, three TCRs are present, the TCRs between the specimen and interfaces (Rg;)
cannot be used for adequate measurements. It is so, because many parameters of the in-
terfaces are unknown or undefined. This would make theoretical calculations impossible.
The TCR will be measured between the surfaces of the specimens (R¢), what requires at
least two specimens in the circuit.

The total thermal resistance of the circuit is the sum of all the resistances in circuit,
what can be written as:

Riotal = Re(n — 1) + Z Rsprci + 2Rs;y (47)

i=1

where ¢ is consecutive number of the specimen in stack and n is the number of specimens
in stack. However eq.(47) is valid only, when both Rg; are considered to be equal and all
the Rq are equal.

In order to obtain Rg, the rest of the resistances has to be known. Rgpgrc; can be
calculated with eq.(3). Riota must be obtained from experimental measurement. Rg; can
be obtained from experimental measurement with only one specimen in circuit, because
then the Rg; is in direct dependency with Ry

5.3.1 The contact multiplying effect

When two specimens are put into one stack (required minimum to measure R ), the R¢
is only one of the three TCRs in circuit and only one of the five resistances in total. In
the results from experimental measurement the effect of R can occur only as very small
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in comparison with the rest of the resistances. In order to make the effect of the TCR
R more significant, the more specimens must be added into stack. It will make TCR
R¢ more significant in comparison with TCR Rg;. Of course by adding more specimens
into stack, the effect of thermal resistance of specimen solids Rgppc will also rise, but
only proportionally with TCR R¢. Also the effect of Rspprc is not that significant as the
effect of TCR. The effect of adding more specimens into stack in order to make the TCR
R¢ more significant is the contact multiplying effect.

In order to have amount of the TCRs R¢ at least equal to TCR Rg;, minimum of three
specimens in stack should be used. The stack can be seen in Appendix, Figure 37 and
36. The exact amount of the specimens needed to make TCRs R¢ significant enough is
unknown and requires the experimental measurement.
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6 Theoretical and experimental measurements

The basic measurement specification, the measurement plan and description of theoretical
and experimental measurements are proposed.

6.1 Basic measurement specifications

The specifications of the experiment conditions are proposed and the premises for mea-
surements are made.

6.1.1 Specification of experiment conditions

Actual experiment conditions can slightly differ from investigated ones (Chapter 3.4.7).

Obtained vacuum in test chamber was roughly 10~ Pa. Contact pressures were obtained
with weight of 9,12 kg, which yields load of 89,5 N. Pressure in contacts can slightly differ
with weight of specimens themselves as they are put in stack. However, this is assumed
as negligible in comparison to the rest of the weight. The nominal contact area of speci-
mens with diameter of 50 mm, considering the hole and radiuses, is 1906,947 mm? and for
specimens with diameter of 25 mm, it is 434,325 mm?. Thus, nominal contact area (eq.
(18)) results in 46916,5 Pa for larger and 205991,3 Pa for smaller specimens.

Temperature difference was measured from steady state heat transfer. The tempera-
tures from HI and CI in test chamber were measured with probes in copper plates and
data were recorded. CI temperature was held on temperature of 0 + 0,5 °C. The reached
heat load on HI was 4 W, what respects the interval in which MHS should be capable to
operate (FPR5, Table 2.1).

6.1.2 Premises

1. For adequate measurement it is required that all the specimens in stack will have the
same nominal roughness and diameter. The same roughness is needed for TCC evaluating
method (Chapter 5.3). The same diameter will ensure that heat leakages due to radiation
from mating surfaces will not occur.

2. The specimens in stack must be centered, what assure the Torlon dowels. Also drilled
radiuses must be aligned to avoid mating surfaces being in no contact. This must be done
manually with slight twist around the Torlon dowel. Therefore it is considered that all
the specimens have their whole mating area in the contact.

3. Every measured stack has shielding avoiding heat leakages due to radiation through
the lateral areas.

4. Actual created vacuum in experimental measurements is considered to be sufficient
enough, to consider no heat leakages due the convection and the gap the TCC being equal
to zero. Therefore, in every measurement (experimental or theoretical) is assumed that
the heat is transferred only through the mating surfaces and only through the solid spots.

5. The eq.(47) must be valid. In case when TCRs actually differ, an average or esti-
mated value must be used.
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These premises are made, so the experimental and theoretical measurements can be later
compared in Chapter 7.

6.2 Measurement plan

In order To carry out the experiments and compare the experimentally obtained values of
the TCR with predicted ones, the measurement objectives are specified. The objectives
are:

e To obtain the values of the TCR of contacts between the copper plates with probes
and specimen (value of Rg;). It is needed for evaluation of Ro and has to be
obtained for specimens with grinded surface as well as specimens with no roughness
modification.

e To compare the TCR values evaluated from the experimental measurements with
theoretical calculations.

e To compare the TCR values for specimens with different roughness and the speci-
mens under different contact pressure.

e To find out how significant is the multiplying effect (Chapter 5.3.1). Therefore, to
find out how many specimens is needed to put into stack, so the effect of TCR is
significant enough to be relevant. Relevantly significant should be when the effect
of TCR itself does not become negligible in comparison with the rest of resistances
in circuit.

e To compare the effect of radiation heat leakage when specimens with different di-
ameter are used. By other words, to find out, if the heat leakage due to radiation
is negligible if the specimens with smaller diameter are used(in comparison with
larger ones). If the radiation effect would be negligible, smaller diameter of spec-
imens could be used in future measurements. This would save the material costs
and potentially open the question of relevant diameter used for any specimens in
test chamber.

In respect to measurement objectives the plan was made resulting into six measurements,
that are listed with specifications in Table 11.

Table 11: Measurements overview.

Measurement | Specific specimens Roughness | Diameter Avg. Ra

marking in stack/amount obtained by | of stack [mm] | roughness [pm]
No.1 6 /1 | wire-cutting 50 3,2
No.2 1 /1 | grinding 50 0,25
No.3 13; 14; 15 /3 | wire-cutting 25 3,4
No.4 2:6; 8 /3 | wire-cutting 50 3,2
No.5 1;4;5 /3 | grinding 50 0,25
No.6 2; 3; 6; 8; 10; 12 | /6 | wire-cutting 50 3,3

*Specimens are lined up from left to right as they were put into stack from
below to upward.
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Notes:

Specimen 6 was used in No.1l. It was the most appropriate specimen because of it‘s
both sides to be the similar roughness (Table 3). The similar roughnesses are optimal for
the right evaluation of Rg; with eq.(47).

Specimen 1 was used in No.2. It was the most appropriate specimen because of it‘s
both sides to be the similar roughness (Table 7). The similar roughnesses are optimal for
the right evaluation of Rg; with eq.(47). However, in this case, probably any of the three
grinded specimens could be used as all of them have similar roughness on both mating
sides.

Specimens used in No.3 are: 13; 14; 15. The order is random as there are only these
three specimens with smaller diameter.

Specimens used in No 4. are: 6; 2; 8 The reason for this order was to have 6 and 8
specimens in contact with interfaces as both have similar average roughness of their‘s
mating sides (Table 3). Therefore values from No.1 could be used. Specimen 2 was used
for it‘s roughness to be also around the similar values as 6 and 8.

Specimens used in No.5 are: 5; 4; 1. The order is random as all of the the grinded
specimens have similar roughness (Table 7).

Specimens used in No.6 are: 6; 3; 12; 10; 2; 8. The reason for this order was to have 6 and
8 specimens in contact with interfaces as both have similar average roughness of their‘s
mating sides (Table 3). Therefore values from No.1 could be used. The rest of specimens
in stack are used because of their better roughness similarities to 6 and 8 in comparison
with the rest of the specimens (7; 9; 11). Theirs order is random.

6.3 Experimental measurement
6.3.1 Test chamber

For experiments an experimental thermo-vacuum chamber at BUT is used. Test chamber
can be seen in Figure 11. Vacuum, heat and regulation systems are connected to Test
chamber. Thermo-resistors generate the heat at the HI. Then the heat transfers through
the sample (or specimen) and copper plates with probes to the CI, that is connected to
a tank by copper rod. To cool down the CI, the tank must be filled with liquid nitrogen.
The CI temperature can be regulated by reheating to specific value. At different levels of
thermal path in test chamber the temperature sensing probes are placed. The probes send
the signals to a data store. Connection between the data store and probes in chamber is
made by vacuum feed-through connector. The Mylar foil and Upilex foam insulate the

thermally influenced copper components. [23] Further specification of test chamber are
described in [20].
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PTFE thermal
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Figure 11: The thermo-vacuum test chamber. [23]

6.3.2 Test phase and evaluation of TCR

Stack, together with copper plates with probes and shielding are put between the compo-
nents of test chamber simulating HI and CI. Before every installation all the specimens
are cleaned with technical alcohol to avoid impurities in contacts. Test chamber and
stack with shielding add into chamber can be seen in Appendix, Figure 32 and 33. The
atmosphere is pumped out from test chamber and the cooling process of CI is initiated.
Cooling is done manually with liquid nitrogen (periodically filled into tank) until the tem-
perature of roughly 0°C is reached. Then regulation of temperature on both HI and CI
starts and continues until the steady state heat flow is obtained. Steady state is held at
least 30 minutes to obtain adequate data from measurement. The data of temperatures
are recorded during the whole measurement and stored for further evaluation of TCR.

Temperatures measured from probes are processed and the temperature difference AT
is evaluated. The process of heat flow rate () evaluation is described in [20]. When AT
and () are known, the thermal resistance R can be calculated by eq.(2) and eq.(3). Then
the thermal resistance R can be substituted in eq.(47) as total thermal resistance Ryotq.
This enables to calculate TCR Rc.

6.4 Theoretical measurement
To obtain theoretical values of TCR, following equations are used:

For o, eq.(11), for oy and oy eq.(12) and for og, (Ra) average values of roughness listed
in Table 11 are used.

For m; eq.(13), for m; and ms eq.(14) without multiplying o by 10 is used.
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For m‘, eq.(15), for m‘y and m‘y eq.(16) are used.
For kg eq.(17) is used, where k; and ky are equal to 390 W/mK.

For P eq.(18) is used, where P = 46916, 5 Pa for larger specimens and P = 205991, 3 Pa
for smaller ones.

In order to select the TCC h, equations from selected models (Table 2), firstly the type
of deformation by Mikic was calculated using eq.(30). For H eq.(24), for £ eq.(19) and
mechanical properties from Chapter 5.2.5 were used. Maximum value of v for specimens
was found to be 0,12. It still less than 0,33, therefore the type of deformation is considered
as predominantly plastic. Also the load is not assumed as large. Thus, eq. of correlations
(27) and (29) will not be used. Also eq. of theoretical models (21) and (25) will not
be used. These are too complex and correlations derived from them should be sufficient
enough for comparison with experimental values in this work. Therefore, for every TCC
model only one equation for h. is used. The equations for every model are listed in Table
12.

For Hardness H eq.(24) is used in equations of CMY, Mikic, Yovanovich and Tien. For
equations of Shlykov-Ganin and Malkov eq.(42) and for Mikic-Rohsenow Vickers micro-
hardness are used. Mechanical properties used for hardness are listed in Table 10. All
three, minimum, maximum and average values are used.

For Rsprc eq.(47) is used.

Table 12: Models and used equations.

Model Chapter | Equation

CMY 431 e nastems (£)70 | (23)
Mikic 4.3.2 he — 113k (00t | (28)
Yovanovich 4.3.3 ho = 1,25kems (£)0%° (31)
Tien 4.4.1 hs = 0,55kem’s (%)0785 (40)
Shlykov-Ganin | 4.4.2 he =21 x 10%k, () (41)
Malkov 44.3 he = 2,95 x 10% (0 £) % | (45)
Mikic-Rohsenow | 4.4.4 ho = 0,9kam (£)19/17 (46)

6.4.1 Measurement No.3 additional calculations

In measurement No 3. different diameter and contact pressure occurs. Also possible heat
leakage due to radiation is assumed. Two situations are considered in this work. The
first situation considers the heat leakage due to radiation as negligible and focuses on
the comparison of different contact pressures between measurements No.3 and No.4. The
second situation considers the heat leakage as not negligible and the aim is to find the
amount of heat that is transferred due to radiation in comparison with heat transferred
due to conduction.

In both situations is needed to evaluate the TCR Rg; for smaller specimens in mea-
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surement No.32. Then, in the first situation the TCR R¢ when radiation is negligible can
be obtained. In the second situation to evaluate the TCR R is also needed, however
TCR R obtained from the first situation cannot be used.

For the evaluation only the semi-experimental solution is used. Assuming that aver-
age roughness difference between the specimens in the measurement No.1, No.3 and No.4
is negligible (only 0,1 and 0,2pm) the Rg; value is evaluated from experimentally mea-
sured value in measurement No.l. Similarly the value of Ro in the second situation is
evaluated from measurement No.4.

The aim of the evaluation process is to obtain the values for the measurement No.3
that takes the different area and contact pressure into account.

Therefore TCR value must be converted to K, divided by area of specimen used in
No.1 or No.4 and than multiplied by area of the smaller specimens in No.3. This will take
the different area into account but, still the contact pressure difference must be considered.

How much exactly the contact pressure influence the TCR is unknown. Using the TCC
models equations (Table 12) it can be seen that TCC h; is proportional to pressure with
exponent, where exponent varies in different equations. The range in which exponent
varies is from 0,66 to 1. Thus, the contact pressure quotient of different contact pres-
sures in measurements can be powered by exponent in this range and the TCC can be
multiplied by obtained value. It will further results into TCR values range applicable for
measurement No.3. The process can be expressed by relationship:

. ANORNO ( PNO )Z

Ryos = (48)

AN0.3 PN0.3

z=10,606;1

Variables with index No.3 are those in measurement No.3, those with No index are from
measurement No.4 or No.1. Exponent z is the pressure contact exponent.

This method can show as strongly inaccurate but can be used for rough results com-
parison in order to create a picture of the contact pressure or radiation effect. When Rg;
is obtained for the first situation the eq.(47) is used for TCR R¢ value range evaluation.
The range is further used for comparison with predictions of models.

In the second situation evaluated Rgs; and R value ranges are substituted into eq.(47).
This results to values of Ryua, that are used for evaluation of Qconduction by €q.(10). The
values of Rg; and R¢ substituted in eq.(47) must be the values obtained by the same
contact pressure exponent. Finally, by eq.(4) the minimum and maximum values for
Qradiation are obtained, where ()4 is the value obtained from experimental measurement
No.3 and Qconvection = 0.

To find out if the values obtained by semi-experimental method are relevant and physi-
cally possible, the Q,adiation @ssuming the range of possible emissivities € [—] is calculated
and compared. The copper plates (HI and CI) have the diameter of 56 mm. The area

2Ideally the TCR Rg; should be obtained by experimental measurement. However, in this work the
experimental measurement of Rg; for purposes of No.3 measurement will not be made.
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of copper plates in no contact in measurement No.3 makes 2028,68 mm?. Emissivity of

copper plates is estimated to be in the range from 0,04 to 0,8. These are the limits of
common values for the copper surfaces. The heat transferred due to radiation is calculated

with relationship:
Orotors _ Axopxex (T —T3)
radiation — (2 — 5)

(49)

where T and T; are the temperatures on the HI and CI substituted in Kelvins [K], o is
Stefan-Boltzmann'‘s constant (o5 = 5,669x 1078 W/mK) and A is an area of the radiation
exchange. The eq.(49)applies for two parallel surfaces when all the radiated heat from
one surface strikes the other one.
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7 Results and comparison

The experimental measurements were carried out. The results are proposed and com-
parison between the measurements is made. The obtained input data from experimental
measurements are AT (where CI temperature is 0°C) and evaluated Qotar, Kiotar and
Ryotqr- The data are listed in Table 13.

Table 13: The data obtained from experimental measurement.

Meas. | AT [OC] Qtotal [W] Ktotal [W/K] Rtotal [K/W]
No.1 8.49 4,08 0,48 2,083
No.2 8,64 4,53 0,524 1,908
No.3 22,22 3,59 0,161 6,211
No.4 21,15 4,15 0,196 5,102
No.5 37,34 3,64 0,098 10,204
No.6 36,71 3.89 0,106 9,434

At first glance, the result shows that total resistance decreased with smoother surface
when measurements No.1 and No.2 are compared. It agrees with theory. However the
total resistance increased with the smoother surface when measurements No.4 and No.5
are compared. It disagrees with theory. Comparing measurement No.3 and No.4 the
resistance increased with higher contact pressure, although TCR is inversely proportional
to the TCC that increases with the higher contact pressure. Comparing measurements
No.1, No.4, No.6 the total resistance increases. This agrees with theory.

7.1 Thermal resistance of specimens

Thermal resistances of specimens solid Rsprc for specimens with different diameter are
listed in Table 14. These values applies for all the specimens used in measurements and
are used for the TCR evaluation method (Chapter 5.3).

Table 14: Thermal resistance of specimens.

50
0,00672

25
0,02952

Diameter [mm]

Rsprc [K/W]|

The estimated thermal conductivity was k£ = 390 W/mK. In order to compare the effect
of thermal conductivity of the material £ on Rspgrc, the values similar to the estimated
one were added and the resulting Rgprc is compared. The values of thermal conductivity
are chosen approximately in the range of pure coppers. The values are listed in Table 15.

Table 15: The effect of thermal conductivity on thermal resistance of specimen Rsppc.

Rsprc [K/W .
k [W/mK] Dia. 50 inmc [Di/a. ]25 mm Difference
400 0,00655 0,02878 -2,50 %
390 0,00672 0,02952 0,00 %
380 0,00690 0,03030 2,63 %
350 0,00749 0,03289 11,43 %
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Results show 11,43 % increase of specimen thermal resistance when thermal conductivity
decreased on 350 W/mK. But still, the resistance is small and the increase makes only
7,7 x 1071 K/W.

7.2 TCR between the interface and specimen surfaces

Thermal resistances R, from experimental measurements No.1 and No.2 , with one
specimen in stack and different roughnesses are obtained. Derived values of thermal
resistances Rg; are obtained. The resistances are listed in Table 16.

Table 16: Total resistances and TCRs from measurements No.1 and No.2

Measurement | No.1 | No.2
Riota [K/W] | 2,083 | 1,908
Rgr [K/W] 1,026 | 0,951

The results shows that thermal resistances of specimen with higher average roughness
(Ra 3,2pm) in measurement No.l is higher than the thermal resistance of the grinded
specimen with lower average roughness (Ra 0,25pm) in measurement No.2. This is in
agreement with the theory. However, the difference is not so significant. Remarkable is
the fact that TCR Ry is approximately in agreement with results obtained in previous
study [20]. Obtained values are further used for TCR evaluation method (Chapter 5.3).

Additionally Rg; for smaller specimens (diameter of 25 mm) used in measurement No.3
was semi-experimentally evaluated for minimum and maximum value on the basis of
measurement No.1. The values are listed in Table 17.

Table 17: Semi-experimental TCR range for measurement No.3

Rg; [K/W]
meas. No.3
min. | max.
1,026 1,7

The semi-experimental results show that higher pressure caused by reduced area (with
constant load) can only increase TCR or do not change it at all. It results from models
assuming different contact pressure exponent. With exponent z = 1 TCR does not change.
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7.3 Results and comparison of theoretical and experimental mea-
surements

Theoretical and experimental results for TCR R¢ from measurements No.3, No.4, No.5
and No.6 and the values of R, obtained from experimental measurements are listed in
Table 18. The experimental TCR R¢ in measurement No.3 have listed semi-experimental
minimum and maximum values evaluated on basis of measurement No.l assuming heat
leakage as negligible. All the models have listed minimum and maximum values in respect

to range of values for mechanical properties(Chapter 5.2.5) and the average value TCR
Re.

Table 18: TCRs obtained from theoretical and experimental measurements for measure-
ments No.3, No.4, No.5 and No.6

Meas. Theoretical values of TCRRe [K/W] Experimental

MY Mikic Yovanovich Tien Shlykov-Ganin Malkov Mikic-Rohsenow  |values of TCR [K/W]
min. max.  |avg. min. max. |avg. min.  |max. |avg. min. max.  |avg. min.  |max. |avg. min.  [max. |avg min.  |max. |avg. Re Rtotal
No.3 0,1209| 0,3176| 0,2193| 0,1108| 0,2787| 0,1948| 0,1079| 0,2742| 0,1911] 0,0927( 0,2134| 0,1530 0,8188|1,4330| 1,1259] 0,2296| 0,3321(0,2808 | 0,1898) 0,5818| 0,3858| 1,36/2,04| 6,2111
No.4 0,1140| 0,2996( 0,2068| 0,0978( 0,2459| 0,1719] 0,0967| 0,2455( 0,1711] 0,0716| 0,1648) 0,1182| 0,8158|1,4330] 1,1259] 0,1333[ 0,1929(0,1631 | 0,1678| 0,5143| 0,3411 1,5149 5,1020]
No.5 0,0248)| 0,0652( 0,0450 0,0213( 0,0535| 0,0374) 0,0210| 0,0534( 0,0372| 0,0155| 0,0358| 0,0257] 0,8158|1,4330| 1,1259] 0,0247( 0,0355|0,0303 | 0,0365) 0,1119| 0,0742 4,1409] 10,2041
No.6 0,1161] 0,3052( 0,2106} 0,0996( 0,2505] 0,1751f 0,0985| 0,2501f 0,1743] 0,0729| 0,1679| 0,1204] 0,5158|1,4330] 1,1259] 0,1361| 0,1969(0,1665 | 0,1709| 0,5239| 0,3474] 1,4683 9,4339

7.3.1 Measurement No.3 comparison

In Figure 12 results from measurement No.3 are shown. Only model able to predict TCR
is Shlykov-Ganin model in the range of higher values of mechanical properties. This model
is strongly out standing with average value only 1,2 times lower that the lower limit of
the semi-experimentally measured TCR . The rest of the models predicts the TCR on
average 6,26 times lower than is the semi-experimentally measured TCR when the lower
limit and average values of models are taken into account. Assuming the average values
of models, the lowest values predicted Tien model, that are 8,88 times lower. Except the
Shlykov-Ganin model, the biggest values predicted Mikic-Rohsenow model, that are 3,52
times lower. In Figure 13 predictions in lower axis scale of TCR are shown.
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Figure 12: The results of the measurement No.3.
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Figure 13: The results of the measurement No.3 in lower axis scale.
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7.3.2 Measurement No.4 comparison

In Figure 14 results from measurement No.4 are shown. Not even one model is able to
predict the experimentally measured TCR. Shlykov-ganin model is closest to the experi-
mentally measured value with average value, that is only 1,35 times lower. The rest of the
models predicts the TCR on average 8,59 times lower than is the experimentally measured
TCR when average values of models are taken into account. Assuming the average values
of models, the lowest values predicted Tien model, that are 12,81 times lower. Except the
Shlykov-Ganin model, the biggest values predicted Mikic-Rohsenow model, that are 4,44
times lower.
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Figure 14: The results of the measurement No.4.

7.3.3 Measurement No.5 comparison

In Figure 15 results from measurement No.5 are shown. Not even one model is able to
predict the experimentally measured TCR. Shlykov-ganin model is closest to the exper-
imentally measured value with average value, that is only 3,68 times lower. The rest of
the models predicts the TCR on average 111,14 times lower than is the experimentally
measured TCR when average values of models are taken into account. Assuming the
average values of models, the lowest values predicted Tien model, that are 160,84 times
lower. Except the Shlykov-Ganin model, the biggest values predicted Mikic-Rohsenow
model, that are 55,76 times lower. In Figure 16 predictions in lower axis scale of TCR
are shown.
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Figure 15: The results of the measurement No.5.
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Figure 16: The results of the measurement No.5 in lower axis scale.
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7.3.4 Measurement No.6 comparison

In Figure 17 results from measurement No.6 are shown. Not even one model is able to
predict the experimentally measured TCR. Shlykov-ganin model is closest to the experi-
mentally measured value with average value, that is only 1,3 times lower. The rest of the
models predicts the TCR on average 8,16 times lower than is the experimentally measured
TCR when average values of models are taken into account. Assuming the average values
of models, the lowest values predicted Tien model, that are 12,19 times lower. Except the
Shlykov-Ganin model, the biggest values predicted Mikic-Rohsenow model, that are 4,23
times lower.
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Figure 17: The results of the measurement No.6.

7.3.5 Overall comparison

In measurements not even one model predicted the semi-experimentally or experimentally
measured values of TCR except the Shlykov-Ganin model in measurement No.3. However
this model is strongly outstanding in all the measurements and actually predicts the same
TCR all the time as can be seen in Table 18. The one reason is that the model is insensible
to the change of the contact pressure by the change of the area (constant load) and the
second is that model does not take the surface roughness in consideration at all. Thus, the
Shlykov-Ganin model right prediction of TCR in measurement No.3 is probably only the
coincidence. From the rest of the models always Tien model predicted the lowest values
and Mikic-Rohsenow the biggest values. The possible reason why the models disagreed
with predictions is the experimental contact pressure, contact temperature and the other
factors to be out of the range the models were verified for. Another reason it that models
use mostly the correlated values of many parameters, that can be measured instead of
estimation and evaluation.
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7.4 Radiation heat leakage comparison

Amount of radiation heat leakage is obtained in situation when radiation is assumed as
not negligible in measurement No.3. In measurement No.3 the three specimens with diam-
eter of 25 mm and average Ra roughness of 3,4 pm were used. Two methods (or solutions)
of evaluating the heat leakage due to radiation or the heat transferred due to radiation
across the surfaces of copper plates in no contact are used and compared. Both methods
are described in Chapter 6.4.1.

For the semi-experimental method the minimum and maximum values are listed in Table
19.

Table 19: Radiation share evaluated by semi-experimental method.

Qtotal :3759 W
Radiation
VA Qradiation [W] share
0.66 1572 | 43,79%
] 0266 |  741%

This method evaluated the values from the values experimentally measured in the mea-
surement No.4. The basic principle was to use the semi-experimentally evaluated TCR
values to calculate Q.onguction and substitute it with experimentally measured Qe tO
obtain Qqdiation- The results show that the heat transferred due to radiation is at least
7,417% for contact pressure exponent equal to 1 and at most 43.786% for contact pressure
exponent equal to 0,66.

For the method considering emissivity in the range from 0,04 to 0,8 the minimum and
maximum values are listed in Table 20.

Table 20: Radiation share calculated theoretically.

Qtotal:3759 W
Radiation
15 Qradiation [W] share
004 4,79 %107 |  0,13%
03 0,1567 |  4,37%

This method is theoretical and directly calculates the @Q,qdiation. The results show that
the heat transferred due to radiation is at least 0, 13% for emissivity equal to 0,04 and at
most 4,37% for emissivity equal to 0,8.

The first method has probably large errors as the used values are only semi-experimentally
evaluated and the used method is actually not verified. Also assumes the possible effect
of the contact pressure exponent z. The second, theoretical method also uses only the
estimated values of emissivity €. On the other hand, this method is direct and origins
from the heat transfer theory in which is generally used. Also the method was used
already in MHS project [23]. Therefore, it is assumed that this method will give more
relevant results than the semi-experimental one and the heat transferred due to radiation
is actually low in comparison with the heat transferred due to conduction. Nevertheless,
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this comparison is only indicative and only shows the approximate values of the radiation
share in the measurements.

7.5 Contact pressure differences comparison

The contact pressure difference between measurements No.3 and No.4, in case when ra-
diation is considered as negligible in No.3 is compared. In measurement No.3 the three
specimens with diameter of 25 mm and average Ra roughness of 3,4 ym were used. In mea-
surement No.4 the three specimens with diameter of 50 mm and average Ra roughness
of 3,2pm were used. Average roughness difference is only 0.2 pm, therefore is neglected.
The pressure in contact has increased 4,39 times in measurement No.3 with constant load.
The experimental values of R¢ in measurement No.3 are evaluated by semi-experimental
method (Chapter 6.4.1).

Table 21 shows the results with quotient ¢ of average values, that only says how many
times the TCR increased with higher pressure caused by reduced area in measurement
No.3.

Table 21: TCRs obtained from theoretical and experimental measurements for measure-
ments No.3 and No.4 with quotient.

Meas. Theoretical values of TCR Re [K/w] Experimental

MY Mikic Yovanavich Tien Shlykov-Ganin Malkov Mikic-Rohsenow |values of TCR [K/W]
min. |max. |avg. [min. [max. Javg.  |min.  Jmax. [avg. |min. max. [avg.  |min. [max. |avg. Jmin. [max. |avg.  |min. [max. |avg.  |Rc Rtotal
No.3 | 0,1209(0,3176|0,2193|0,1108| 0,2787| 0,1948| 0,1079|0,2742(0,1911|0,0927(0,2134| 0,1530|0,8188|1,4320{1,1259] 0,2296| 0,2321| 0,2808| 0,1893|0,5818| 0,3858| 1,36/2,04] 06,2111
No.4 | 0,1140]0,2996(0,2068{0,0978( 0,2459| 0,1719] 0,0967|0,2455)0,1711{0,0716/0,1648| 0,1182|0,8188|1,43230)1,1259)0,12233]0,1929] 0,1631] 0,1678)0,5143| 0,3411 1,5149 5,1020
q 1,0602 1,1332 1,117 1,2945 1 1,7212 1,1312{ 0,9/1,35 1,2174

The most sensible theoretical model for contact pressure is Malkov model, that assumes
contact pressure exponent 0,66. On the other side, the less sensible is the Shykov-Ganin,
which considers contact pressure exponent 1. The fact that contact pressure difference is
caused by the reduced area and not by the load is important, because the most of the
influence of the area is eliminated when TCC values are converted to TCR values and
then the contact pressure exponent is the only influencing parameter. While the contact
pressure has increased 4,39 times, the models predicts the increase to be 1,2 times when
average of averages is taken into account. This agrees with the range of values for semi-
experimental Rco. Also it is in agreement with experimental results of Ry that increased
1,217 times. The Ry, includes also the resistances of specimens, however they are too
a small and the most of the circuit is created by TCRs that are uniformly influenced by
the change of the contact pressure. Such results indicates, that radiation heat leakage is
probably negligible and that the measurements were successful.

7.6 Number of specimens in stack comparison

The effect of the number of specimens in stack is compared between measurement No.4
with three specimens in stack and No.6 with six specimens in stack. The average roughness
difference is only 0.1 pm and all the specimens have the same diameter of 50 mm. The
average roughness difference is neglected. Table 22 shows the results with quotient ¢ of
average values, that only says how many times the TCR increased with higher amount of
specimens in stack in measurement No.6.
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Table 22: TCRs obtained from theoretical and experimental measurements for measure-
ments No.J and No.6 with quotient.

Meas. Theoretical values of TCR Re [K/W] Experimental
cMY Mikic Yovanovich Tien Shlykov-Ganin Malkov Mikic-Rohsenow |values of TCR [K/W]
min. |max. |avg. |min. [max. Javg. |min. |max, [avg. |min. |max. |avg. |min. |max. |avg. |min. [max. |avg. |min. |max. |avg, |Re Rtotal

No.4 | 0,1140|0,2996|0,2068|0,0978| 0,2459| 0,1719] 0,0967|0,2455|0,1711|0,0716(0,1648| 0,1182|0,8185|1,4330(1,1259]0,1333| 0,1929(0,1631 | 0,1678|0,5143| 0,3411 1,5149)  5,1020|
No.6 | 0,1161|0,3052]0,2106]0,0996) 0,2505| 0,1751] 0,0985|0,2501]0,1743|0,0729(0,1679|0,1204J0,8185|1,4330(1,1259}0,1361] 0,1969|0,1665 | 0,1709|0,5239| 0,347 4] 1,4683 9,4339
q 1,0185 1,0185 1,0185 1,0185 1 1,0205 1,0184 0,9692 1,349

The results shows no significant increase for predictions in measurement No.6 and only
small decrease for experimental results Ro. Also it can be seen in Figures 17 and 14
in Chapter 7.3.2, that the results are similar. The predictions in measurement No.4 are
8,59 lower and in measurement No.6 8,16 times lower than experimental results. The
experimental results agrees with theory as the TCRs should be the same. This indicates
that experimental measurements are successful.

From the results it can be seen how significant is the effect of TCR R in the circuit. The
percentage share o types of thermal resistances in circuit are listed in Table 23.

Table 23: Percentage share of thermal resistances in circuit.

Percentage share

Rc Rsi Rspec
No.4 | 59,38% | 40,22% | 0,4%
No.6 | 77,82% | 21,75% | 0,43%

Meas.

For six specimens with average Ra roughness of 3,3 pm the share of TCR R in the circuit
is up to 77,82%. However, three specimens in stack with average Ra roughness of 3,2 pm
are sufficient enough to still have the major share.

7.7 Roughness differences comparison

The effect of the surface roughness of specimens is compared between measurement No.4
and No.5. In both measurements three specimens are used, with the same diameter of

Table 2: TCRs obtained from theoretical and experimental measurements for measure-
ments No.J and No.5 with quotient.

Meas. Theoretical values of TCR Re [K/W] Experimental
CMY Mikic Yovanovich Tien Shlykov-Ganin Malkov Mikic-Rohsenow |values of TCR [K/W]
min. |max. |avg. [min. [max. [avg. |min. |max. |avg. |min. |max. |avg. |min. |max. |avg. |min. |[max. [avg.  [min.  max. |avg.  |Re Rtatal

No.4 | 0,1140{0,2996|0,2068|0,0978) 0,2459| 0,1719] 0,0967|0,2455|0,1711|0,0716(0,1648| 0,1182|0,8185|1,4330(1,1259]0,1333| 0,1929]0,1631 | 0,1675|0,5143| 0,3411 1,5149]  5,1020]
No.5 | 0,0248|0,0652]0,04500,0212) 0,0535] 0,0274] 0,0210(0,0524|0,0372|0,0155(0,0358| 0,0257|0,8188|1,4320(1,1259]0,0247) 0,0358|0,0303 | 0,0365|0,1119] 0,0742 4,1409| 10,2041
q 0,2177, 0,2177, 0,2177 0,2177, 1 0,1859 0,2177, 2,7334 2

The theoretical results show that TCR increases with higher roughness in measurement
No.4 and decreases 4,708 times with smoother surfaces in measurement No.5. However,
the experimental results are in strong disagreement with theory. Experimentally measured
values show the increase of the TCR R¢ to be 2,733 times higher with smoother surface.
The measurement No.5. shows significant error and the obtained values are not relevant
for comparison. It is assumed that significant out-of flatness found on specimen 5 used
in measurement No.5 after grinding could lead to deficient contact of mating sides. This
would explain the high values of TCR.
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8 Discussion and recommendations

The results from the experimental and theoretical measurements were carried out, com-
pared and will be discussed in this Chapter. On the basis of the work and results, the
recommendations for further work are proposed. The results showed that:

Not even one model (used in this work) predicts the TCR correctly. Thus any
mathematical model for predictions was found. The one exception occurred in the
measurement No.3, when Shlykov-Ganin model predicted the TCR. However it is
assumed to be only a coincidence.

The contact pressure increase caused by the area decrease actually enlarge the TCR.
The exact dependence of TCR on the contact pressure stays unknown.

The measurement No.5 is considered as unsuccessful. The results significantly dis-
agreed with the theory. It was later found, that one specimen in the measurement
has poor flatness, that probably lead to a deficient contact. Thus, the results are
assumed as not relevant.

The radiation heat leakage, when specimens with the half of a diameter are used
is roughly 0,1% to 5%. However using the semi-experimental method it seems to
be roughly 7% to 44%. The results evaluated by semi-experimental method are
not preferred as they include a large error and the correctness of the method is not
verified. In the case when radiation would be only 5% or less, it could be assumed
as negligible.

It does not make any significant difference, if three or six specimens with aver-
age Ra roughness roughly 3,2 pum are used in the stack. Thus, the stack with only
three specimens can be used. This will decrease the roughness dispersion and enable
to modify more specimen surfaces as there will be no need to have six specimens
with the same roughness. When three specimens were used, the TCRs still had over
the half of the share in circuit total resistance. However, this does not have to apply
for three specimens with different average roughness as the share should decrease
with smoother surfaces.

The thermal resistance of the specimens is small, even when the assumed ther-
mal conductivity differed in tens. In the circuit, it has a minimum effect. The
TCRs have the biggest influence on the thermal path.

The surface parameter measurement can significantly vary according to standards
and the used machine or software. This brings uncertainties into measurements.

The specimens can be assumed as conforming rough according to results from wavi-
ness measurement

For the further work it is recommended:

To measure the actual surface parameters (including the specimens and interfaces)
with different machines and softwares and compare the results. Besides the rough-
ness parameters, also the waviness and the geometry parameters for all the spec-
imens should be obtained. This would show if all the specimens are conforming
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rough and the error from surface correlations will be eliminated. The effect of dif-
ferent surface measurements should be considered.

To measure the rest of the parameters influencing the TCR. The actual thermal
conductivity of copper (EN CWO004A/ Cu-ETP). This will eliminate the error of
estimated value. The emissivity of specimens, to reduce the range and eliminate
the error. The actual mechanical properties of specimens. Also the microhardness
dependency. This would reduce the range and eliminate the error.

To make additional adjustments. Upgrade the shielding with the Mylar foil and
more layers. Fix the specimen with poor flatness used in the measurement No.5
or consider preparation of a new one. Uniform the roughness of the specimens, by
surface modification to have actually the specimens with the same roughness in one
stack.

To make considerations about the future measurements. Consider possible errors of
measured temperatures. Consider different methods od surface modification. Con-
sider the use of the interstitial materials as graphite foils, powders and thermal
greases in order to enhance the TCC, and reduce the TCR. Consider the use of
the different materials for the specimens as aluminium or different types of cop-
per. Consider the use of the different heat load on HI. Consider the different CI
temperatures for measurements. Repeat the measurement No.5 with appropriate
specimens. Measure the TCR for one smaller specimen in stack to eliminate the
error in measurement No.3. Examine the actual radiation heat leakage when smaller
specimens are used. Initiate the more extensive measurements with different spec-
imen roughness in contacts. Carry out the measurements with different loads, to
obtain different contact pressures.

Prepare the next measurements based on the results, assumptions and recommen-

dations in this work and continue in the finding of the suitable mathematical model
for TCR prediction.
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9 Conclusion

In 2015, the Institute of Aerospace Engineering, University of Technology in Brno was
commissioned by Arescosmo to test the BBs of miniaturised heat switch developed for Eu-
ropean Space Agency. The developed BBs of MHS were found to be dysfunctional, mainly
because of the poor contacts in construction causing the high TCR and low conductance.
The preparations of third BB has begun and one of the aims became to optimize the TCR
in order to deal with a low conductance. It initiated this work that takes the first step in
optimization of the TCR in the MHS. To describe TCR and find the suitable model for
its prediction by comparison of experimental and theoretical measurements. For experi-
ments, the vacuum test chamber is used.

Thus, TCR is defined and the factors the TCR depends on are described. The main
factors the TCR depends on are: the surface parameters, the thermal conductivity, the
contact pressure, the hardness and interstitial gap. The investigated conditions, for which
the models are tested are proposed. The conditions are chosen in respect to MHS require-
ments.

The TCR (TCC) models are reviewed, selected and described. The seven models are
selected and described with the parameters and correlations they use.

For experimental comparison with models, the copper specimens with different rough-
ness and diameters are designed and manufactured. Additional surface measurements
and modification by grinding for some specimens are made and mechanical properties
are estimated. The measurements showed the specimens differ in roughness and the
measured roughness can strongly differ with standards and machines used for the mea-
surement. Waviness measurements showed the specimens surfaces to be conforming rough.

Six experimental and theoretical measurements of the TCR were specified, planned and
carried out. Besides, the main objective of finding the suitable mathematical model for
prediction, the additional objectives are proposed. Results showed that not even one
model was found to agree with experimental results, except the Shlykov-Ganin model
in measurement No.3. However it is assumed to be only a coincidence. All the mea-
surement results were compared and discussed. On the basis of work and results the
recommendations for further work were proposed.
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BB Bread Board

BUT Brno University of Technology

CI Cold Interface

CLA Center Line Average

CMY Cooper-Mikic-Yovanovich
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ESA European Space Agency

HI Hot Interface

MHS Miniaturized Heat Switch

PCM Phase Change Material

Ra Arithmetic average height (surface roughness)
Rq Root mean square surface roughness
RMS Root Mean Square

TCC Thermal Contact Conductance
TCR Thermal Contact Resistance
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Figure 18: Mechanical drawing of specimen with diameter of 50mm.
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Figure 19: Mechanical drawing of specimen with diameter of 25mm.
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Figure 20: Specimen with diameter of 50mm, top view.

Figure 21: Specimen with diameter of 50mm, side view.
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Figure 22: Specimen with diameter of 25mm, top view.

Figure 23: Larger and smaller specimen in comparison, top view.
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Figure 2/: 3D printed holder for specimens.

Figure 25: Specimen gripped in holder.
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Figure 27: Specimen surface measurement, closer look.
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Figure 29: Grinded specimen.
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Figure 30: Grinded specimen with diameter of 50mm, top view.

.

Figure 31: Grinded specimen with diameter of 50mm, side view.
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Figure 32: Test chamber

Figure 33: Specimens with shielding in test chamber.
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Figure 34: Upilex shielding.

Figure 35: Torlon dowel.

66



Figure 36: Stack with three specimens with diameter of 50mm.

Figure 37: Stack with three specimens with diameter of 50mm, side view.
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