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The main objective of this work is to determine experimentally
the thermal resistance of the bolted joints of the first
brazilian satellite (SCDl). These joints, used to connect the
satellite structural panels, are reproduced in an experimental
apparatus, keeping, as much as possible, the actual dimensions
and materials. A controlled amount of heat is forced to pass
through the joint and the difference of temperature between the
panels is measured. The tests are conducted in a vacuum chamber
with liquid nitrogen cooled walls, that simulates the space
environment. Experimental procedures are used to avoid much
heat losses, which are carefully calculated. Important
observations about the behaviour of the joint thermal resistance
with the variation of the mean temperature are made. All the
experimental work is developed in the Brazilian Institute for
Space Research Thermal Control Laboratory.
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EXPERIMENTAL DETERMINATION OF SATELLITE BOLTED JOINTS THERMAL
RESISTANCE

Marcia Barbosa Henriques Mantelli
Instituto de Pesquisas Espaciais

Av. do Astronautas, 1758, Jardim da Granja
Sao José dos Campos, SP., Brasil

ABSTRACT

The main objective of this work is to determine experimentally
the thermal resistance of +the bolted joints of the first
brazilian satellite (SCD1l). These joints, used to connect the
satellite structural panels, are reproduced in an experimental
apparatus, keeping, as much as possible, the actual dimensions
and materials. A controlled amount of heat is forced to pass
through the joint and the difference of temperature between the
panels is measured. The tests are conducted in a vacuum chamber
with liquid nitrogen cooled- walls, that simulates the space
environment, Experimental procedures are used to avoid much
heat 1losses, which are carefully calculated, Important
observations about the behaviour of the joint thermal
resistance with the variation of the mean temperature are made,
All the experimental work is developed in the Brazilian
Institute for Space Research Thermal Control Laboratory.

1. INTRODUCTION

The determination of bolted joint thermal resistance is very
important for satellite temperature distribution calculations,
In the first Data Collection Brazilian Satellite (SCDl), where
only thermal contreol passive methods are used, the bolted
joints between structural panels are of primary importance in
the satellite thermal design, The heat conducted by the
satellite panels and/or their electronic boxes depends on the
joints' thermal resistance values, so they are projected taking
into account thermal and structural considerations.

The theoretical calculation of the thermal resistance is very
difficult, because it depends on a series of factors like:

~ shape and physical properties of junction materials,

type and material of bolts,

- materials and number of washers,

- joint aperture strength,

thermal contact resistance between: washers, bolts and
washers, bolts and panels, washers and panels, etc,

t

The numerical determination of +this thermal resistance, using
nodal modelling technic, is also hard to do because all the
physical properties must be well known before making the
calculations (frequently these data, ocr the measurement
equipment, are not available).



An always useful procedure, that is adopted in this work, is to
obtain this resistance by experimental simulation of the bolted
joints. The satellite junctions are reproduced and tested in a
vacuum chamber with 1liquid nitrogen cooled walls, in the
Satellite Thermal Control Laboratory of the Brazilian Institute
for Space Research (INPE). Some series of tests were performed

at INPE, but only the last one, with the best results, is
described here.

2, SATELLITE BOLTED JOINTS

There are several types of junctions in the SCDl1 satellite, but
only the joints placed between the external vertical and the
central horizontal structural panels are studied. In the
central panel many dissipating equipment are installed. They
are connected +to the external vertical panels by two types of
junctions: one with blind threaded Shur-Lok-SL 606=3 insert
(where the nut is fixed) and the other with a floating nut
Shur-Lok-SL, 601-M5 insert. Their positions in the satellite and
the studied junctions schematic views are shown in the Figure
l. Some electronic boxes are fixed to thé horizontal panel by
junctions very similar to these ones, so that the resistance
obtained in this work can be used in the thermal control design
of the satellite electronic equipment.



SCD1 schematic view, with the localization of the

Figure 1,

studied bolted joints.



The described joints fasten two 2024 aluminum (ANSI standard)
panel closing sheets (thickness: 2 and 1 mm, see Figure 1), to
the honeycomb panel inserts, For the panels’ thermal
insulation, two 1.6 mm thick epoxy+fiberglass intercalated by a
0.4 mm thick stainless steel washers, are used between the
insert and the aluminum sheet, An epoxy+fiberglass washer is in
contact with the insert, and a stainless steel one, with the
closing sheets, The epoxy+fiberglass and stainless steel
washers are present between the bolt head and the aluminum
sheet either. The washers' materials were chosen to satisfy fhe
thermal (epoxy+fiberglass) and structural (stainless steel)
requirements. The washers have external diameter of 10 mm;
their internal diameters are 5 mm for the Ffixed nut insert
joints, and 4.5 mm for the floating ones. As they do not have
standard sizes, they were fabricated specially for, the SCD1.
The bolts wused are made of titanium and have two different
sizes, according to the insert type: # 10 (see ASA standard)
for fixed, and # 8 for the floating nut insert.

3., EXPERIMENTAL SIMULATION

The objective of the experimental work is to measure the
thermal resistance of the two types of bolted -joints described
in the previous section. So, the experimental apparatus were
designed to reproduce, in the laboratory, the same thermal
conditions found in the satellite. To enable data statistical
treatment, ten similar joints are mounted for each- junction and
tested simultanecusly. The mean resistance values and the
associated standard errors (the range of values) are
calculated. To study the joints behaviour with the variation of
the temperature, five levels of temperature are adopted. All
the tests are made in steady state conditions. It is supplied a
controlled amount of heat +to each apparatus, the temperatures
are left to “stabilize and heat flow and  temperature
measurements are done, The ratio between closing aluminum
sheets and insert temperature difference (see Figure 1), and
the heat flux through the bolts and washers determines the
thermal resistance of the joint, '

The tests are made in the experimental facilities of the
Brazilian Institute for Space Research Thermal Control
Laboratory. It is used an inside volume 1 meter X 1 meter
vacuum chamber with ligquid nitrogen (LN ) cooled walls. This
chamber operates in high vacuum (10~7 Torr), with wall
temperatures of -190 Centigrades. B&an acquisition and control
data system is used to control the temperatures in levels
previously established, and to store the temperature and
voltage data. A PC microcomputer program controls the
experiment, through a GPIB interface and the data is recorded
in its hard disk,



3.1 Apparatus Description

The joints' experimental thermal simulation is made by two
types of apparatus, corresponding to the two different
junctions described in the previous section.

In the apparatus design, to reproduce the thermal and physical
characteristics of the actual bolted Jjoints, it was first
necessary to analyse the heat flow lines across the junction
components. Supposing the heat coming from the vertical paftel
to the horizontal panel (see Figure 1), there is first a
concentration of heat flow lines in the bolt direction. Then,
the heat flows through two main paths: across the bolt and
across the washers. The heat arrives to the insert, passes
through the silicone glues that fastens the insert to the
honeycomb panel, and finally reaches the horizontal panel, The
value of the effective honeycomb panel thermal conductivity is
very low if compared with the conductivity of the insert
material, and, as all the external insert surfaces are 1in
contact with the epoxy glue, it 1is considered that the heat
flux rate is the same in all directions. Note that, as the
floating nut insert joints have more surfaces in contact (see
Figure 1), it is expected a thermal resistance value bigger
than the fixed nut insert one, To force the heat to flow
through the washers and bolts, each apparatus has a heat source
and' a heat sink, with their temperatures measured by
copper/constantan thermocouples., Figure 2 shows a schematic
view and thermocouples' localizations of the - experimental
apparatus for the fixed nut insert joint, while Figure 3, shows
them for the floating one.
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Figure 2. Fixed nut insert joint experimental apparatus.
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Figure 3. Floating nut insert joint experimental apparatus.



The washers and their arrangements are equivalent to the actual
satellite joints. As the titanium bolts were not available for
testing, they are substituted by high alloy steel ones.

The closing aluminum sheets, working as heat sources, are
replaced by plan heaters, made of +two circular 80mm diameter
2024 aluminum sheets, 1 and 1.5 mm thick, Between the aluminum
plates there ig a Nickel-Chrome resistive wire (resistivity of
30 Ohms/meter), rolled in a plan spiral, electrically insulated
by two 25 microns thick Polyester films (Therphane, Rhodia
trade mark). The total resistance achieved in each heater is
between 15,5 and 19.0 Ohms, The heater aluminum sheets were
chosen so that the total thickness value is almost the same of
the joints' closing sheets. The heater size and shape was
designed to simulate the effect of the radial heat,;flow lines
in the direction of the bolt, near the joint.

Only the inserts are considered in the simulation of the
honeycomb panels, as the stainless steel's conductivity is
higher than those of the epoxy glue and of the honeycomb panel.
They work as heat sinks (coolers), and have some of their
dimensions different for the two types of the analysed
junctions., They are made of the actual joints' material
(stainless steel) and have a 60 mm thin circular black painted
base (2mm thick) to -favor the heat transfer to chamber
environment. Without +this base, it would not be possible to
generate a well measurable heat guantity because this
dissipation would make the apparatus very hot, the difference
of temperature between the heater and the cooler very small,
and the measurements' uncertainties too large.

The total cooler height is 9.5 mm for the fixed nut insert and
the diameter of its main body is 14.2 mm. In the center of the
main body there is a screw thread hole for a # 10 screw. A
thermccouple is installed in the heater to measure its
temperature, in a region where the heat flux has not reached
the bolt and/or washers. The insert thermocouple is installed
in a point considered as the mean heat flux path {see Figure
2).

The floating nut insert is simulated by a 9.4 mm diameter
cylinder with ' a #8 screw thread hole and a 15.4 mm diameter (1
mm thick) larger basis that interacts with the ingert main body
when the joint is fastened (see Figure 3). The main body have a
17.4 mm diameter and a 9.4 mm height cylinder. Closing the main
body, soldered in the top of the cylinder, there is a thin
plate with a central hole slightly larger than the screw main
body diameter. The heater thermocouple is in the same posgition
as in the fixed nut insert apparatus. The cooler thermocouple
is positioned near the insert base, in a region that is
considered the mean heat flux path, since the heat conducted by
the joint must pass through the contact between the nut and the
insert body to reach the horizontal panel,



The ten similar apparatus constructed for +the two types of
bolted joints, are mounted in a Celeron table (heat insulating
material}, according to the Figure 4, They are positioned in
the table to avoid the interaction among the specimens in a way
that all the apparatus coolers can see the chamber environment
with the same view factor, i.e. around 1, The electrical wires
of five apparatus heaters are connected in series and the_ four
resulting rows are connected in parallel., In these lateral
junctions two other big wires that connect the specimens'
electrical wires +to the vacuum chamber wall feed through ate
soldered, to feed all the specimens with only one power
generator.

ELECTRICAL WIRES
TO FEED THROUGH

FLOATING NUT <<
INSERT

Figure 4, Final experimental mounting in Celeron table.

3.2 Mounting Procedures to Avoid Heat Losses

Some past experiments showed that the heat losses must be well
controlled to warrant smail experimental results’
uncertainties,

To aveid the heat 1loss to chamber walls, and direct radiant
heat exchange between the heater and the cooler, multilayer
thermal insulators (MLI) in heaters' both faces are installed.
The external (lower) MLI has ten layers and the internal one,
that has a central hole to fit the washers and bolt, eight.



As the thermocouples and electrical wires work as fins and
dissipate part of the heat by radiation, they are wrapped up
with aluminized mylar to lower the surface emissivity. Their

original surfaces emissivities were big, causing too much heat
losses.

All the external cooler faces are black painted to force the
heat to pass through the joint, excepting the !internal face

that is polished, to insulate the cooler and the heater ffom
the radiation exchange .

4, RESULTS

To study the joint temperature variation behaviour, five levels
of heater and cooler mean temperatures are used in the
experimental tests., Some data resulting from tests with
detected problems like: breaking of thermocouples wires, bad
positioning of the copper-constantan soldered junctions, bad
electrical contact between the extension wires and
thermocouples or feed through, etc, were not used.

The thermal joint resistance is calculated by the following
egquation:

R'_" ﬂT * [1]
Q
where:

R : thermal joint resistance, C/W,

AT : temperature difference between heater and cooler, C,
Q : net heat flux in the joint, W,

The net heat flux is calculated through the equation:

Q=0Qp = Q [2]
Where:
Qp = heater dissipated power, W,

Q; = summation of all heat losses, W,

The heater dissipation power is determined by each heater
electrical resistance and the electrical current that flows
through it. The electrical resistance is directly measured
{before the tests' beginning), and the current is obtained from

the electrical power generator output. The following equation
is used:



Q, = (V/R)* R, [3]

Where:

V = electrical power generator output, V

Req = equivalent electric resistance (summation of resistances
connected in series), Ohms,

R, = heater electric resistance, Ohms.

All the heat losses must be carefully calculated to determifie
the net heat flux through the joint, as it will be discussed in
the next section,

For the five temperature levels tested, the system was left for
near one hour in the steady state condition, During this
period, more than one hundred data were obtained at equal time
intervals for each thermocouple, to verify the temperatures,
presumably with small variations around a mean ‘value. This
procedure reduces the experimental errors in the results. To
verify if there is electrical resistance dependence with the
temperature variation, the resistances were measured in the
experimental temperature levels, before the apparatus mounting.
It was not verified any important variation, so that the
electric resistance values obtained for each. apparatus, are
used in the data treatment,

Table 1 relates the following mean values for the equal
apparatus: heater and cooler temperatures,-:- heater power,
summation of all heat 1losses and the thermal resistances, for

the two types of bolted joints studied, in the five temperature
levels.
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Table 1. Results.
+ ———t - - te—er———— tm——————— fmmm————— +
TEMPERAT. (°C) | MEAN POWER HEAT |THERMAL
INSERT - +TEMPER. |DISSIP, | LOSSES | RESIST,
NUT TYPE| HEATER| COOLER| (°C) (W) (W) (°C/W)
pommemeee o ——— tm———— -t ——te R .
| FLOATING| 35,125|-33,754| 0.685 |1.462903| 0,0768 | 49.710
e e o + ’
| FIXED | 26.495[-14,062] 6.216 |1.421773|1.35067 | 30,111 "
tmm—————— t=—— -+ i ——t———— } - + +
| FLOATING| 10.444[-42.996|-16,276|0.998672| 0.0496 | 56.402
o +
| FIXED | 4.698|-26.681(-10,995|0,968844| 0.0454 | 34,075
+== ———y —ttm——— + + ko +
| FLOATING| -1,705|-48.383|-25,044[0,612496| 0,0423 | 81,901
tomm———— + :
| PIXED | =9.272|-36.482(-22,877|0.595275| 0.,0364 | 49.165
Fom—————— e t —— —————t + + -+
| FLOATING|-29.168|-65.433|-47.301|0.345922| 0.0262 }113,477
tom————— +
| FIXED |[-32.526|-52,997|-42.762|0.336196| 0.0243 | 65,912
e P L tmm———— i —— tm————— mm—————— t + +
| FPLOATING|-61,907|-87,272|=74.589]0,083713| 0.0140 |364.682
Fomm—— e +
| FIXED |-65,076|-79.422|-72.249(0,081359| 0.,0128 |210.475
+ -} ————————— Form— + s + +
4,1, Heat Losses Calculations

Analysing the experimental apparatus, it is verified that there
are four principal ways of heat losses: through the
thermocouples wires, through the electrical wires, direct heat
exchange between heater and cooler and through the MLI in the
heater outer face. Each one of these heat losses is considered
separately.

4,1,1. Thermocouples' Heat Losses

The thermocouples used in this experiment are made of copper
and constantan' wires, Each one of them is considered as a
radiant fin so that the following well-known fin conduction and
radiation equation are used +to estimate the heat losses (see

Reference 1).
Q, = (T, - T,) tgh(

where:

mL)

/(h P K &)

{4]

[5]
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h = ¢g (Th4_- Th“) (6]
o, =Ty

Where:

= heat loss by the wire, W,
= heater temperature,©C,

wire perimeter, m,

wire thermal conductivity, w/m°cC
wire transversal section area, mé
wire length, m,

surface emissivity,
Stefan-Boltzmann constant, w/m2 K4,

=ik

r

[ 1 |

amp=RYA0

Under the Celeron table, there is an aluminum pPlaten where the
experimental mounting is supported. Tp ( C} is the environment
mean temperature, or the mean value between the wall chamber
and the table or the platen temperature, depending on whether
they are under or over the Celeron table,

4.,1.2. Electrical Wires' Heat Losses

The wires can be divided in two groups, according to their
lengths: the short ones, which connect the heaters, and the

long ones, which connect the peripheral wires to the chamber
walls (see Figure 4),

Studying the first group, it was verified that, in spite of
connecting two heaters of different temperatutres, they work as
heaters' fins, exchanging heat with the chamber and the Celeron
table, The fins length is the distance between the heater and
the point of minimum wire temperature; as this point is always
near the wire middle they will not be calculated.

In the second group, the wires work as fins of the nearest
heater. It is expected that a larger amount of heat is lost.by
these wires, since they are connected to the.chamber walls that

are cooled with LN, ., In both cases the heat losses depends on.

the heater temperature., The same thermocouples’ losses
equations are used in these calculations.

4.1,3. Heater External MLI Heat Losses

The heater external MLI is in physical contact with the Celeron
table near its external perimeter (see Figures 2 and 3). In the
losses' calculation two mechanisms are considered: conduction

from the heater to the Celeron table, and radiation to the
platen.

In the radiant losses' calculation, the effective emissivity
values obtained in experimental works developed in this
laboratory for MLI constructed with brazilian components are
used (see Reference 2)., The radiant area is the same of the
Celeron hole made to fit the mounted apparatus. The following
Stefan-Boltzmann equation is used in these calculations:

12



Quir = Ar (Tp% - Tp%) (7]

1/E_eff + 1/€p -1

where:

Qmpir = radiative MLI heat losses, W,
A, = Celeron hole area, mZ,

TP = platen temperature,©C,

ceff =~ effective emissivity,

€ = platen emissivity.

Note that the expression in the denominator is the MLI and
platen equivalent emissivity.

)
The Fourier law is used to determine the conductive heat
losses:

Qmric = Keff Ac (Th- Tg) [8]
t

where:

QMr1ec = conductive MLI heat losses, W,

Kegg = effective thermal conductivitg, W/mec,
A, = MLI and Celeron contact area, mZ2,

Ty = MLI surface temperature, °C,

t = MLI thickness, m.

The effective thermal conductivity is calculated based on the
effective emissivity value, on the MLI surface, platen and
heater measured temperatures.

4,1.4. Direct Heat Exchange Between Heater and Cooler or
Environment

The heat losses' calculation between heater and cooler and/or
heater and environment, is made through the Stefan-Boltzmann
equation, The view factor is determined by a finite difference
program developed at INPE for satellite thermal designs. The
apparatus were divided into 32 nodes. To simulate the heater
internal MLI, the emissivity of the heater nodes was considered
equal to the effective emissivity of the superinsulator. The
following expression is used:

Qrad= “eff Bdar Fhe o(Th? = Tch)+ €egs Agp Fpep O (TP = T48 ) (9]

where:

Qraq = heater losses by radiation, W,
Agy direct radiation area, m<4,

Fhe heat-cooler view factor,

Fheh = heat-chamber view factor,

T. = cooler temperature, °C,

Teh chamber walls temperature,©C.

It W



4.1.5 Heat Losses' Values
The calculated heat losses’

6, related to the

values are shown in the Tables 2 to
heater and c¢ocler temperatures, for each
studied temperature level. These tables are in temperature
levels' decreasing order, so that Table 2 refers to the: hlghest
temperature level and Table 6 to the lowest one.

Table 2 Heat losses for the highest temperature level.

tomem—— oo + e +
NUT | TEMPER. (°C) | HEAT LOSSES (WATTS) |
INSERT | APPAR, 4 fom——— +== -+
TYPE |NUMB. |HEAT. |c00L.| T.C. |ELECTR | MLI |RADIAT.|
+ -t el o =t + + 4 + —— +
1 20,9|=30.7]0. 00513]0.019820.01881]0.03071
2 35,4{-38,7/0.00607|0,01601{0,01531)0,03774
3 51.2{=43.2/0.00718|0.01968{0.01983|0.04578
4 30.1|-40,6|0.00572{0.01488|0,01396|0,03485
FLOAT, 5 :
NUT 6 39.0|-34,8({0,00632{0,02168|0,01627|0,03919
7 1 .
8 50.5[-34,1[0,00713]/0,01951(0,01963|0,04538
9 25,31=-21,7/0,00541]0,01392(0,01282|0,03262
10 28.6}~26.2{0.00562{0.01712|0,013600.03412
tmm————t 4 o o e - e + -+
| MEAN VALUES | 35.8|=33, 8|0 00607|0 01783]0 01540|0 03751|
+ + + temm—e e ——— - +
11 72.8|-17.3]0.00884[0.02610|0.02743(0.05931
12 48,31 7.5|0,00697|0,01896{0,01894|0,04395
13 58,5| 1.9{0.00772|0,02157|0,02222|0.04994
14 54,6 14,6|0,00743(0,02054|0,02092}0,04753
FIXED 15 |=-36.4{-64,5(0,00211(0,01237(0,00327(0,01268
NUT 16
17 14,3|-17.2{0.00473|0.01188{0.01044|0.02797
18 17.9|~19.6]|0,00494|0,01252(|0,01117|0,02942
19 28,31-21,2|0,00560{0,01452{0,01353]|0,03393
20 [
o ————— Fom———— tm——— o + + +
| MEAN VALUES | 25.8|-13, 9[0 00553|o 01652|0 01434|0 03507[
o ——— Fonmemmm— o 4o + e i e A

14



Table 3 Heat losses for the second temperature level,

hm————— 4 + ==t —— +
NUT | TEMPER. (°C) | HEAT LOSSES (WATTS) |
INSERT |APPAR, +===== o o +== tmme dmmm—— +
TYPE |NUMB, |HEAT,|COOL.| T.C. |ELECTR | MLI |RADIAT,|
+ ——— + + + + -t ——tm—i— ——
-1.1|~39,2}0.00309]0.01335|0.00576|0.02188
2 9.9|-46.8)0,00371(0,01054|0,00750|0,02585
3 22.6[-51.6(0,00446|0.01280(0,00987|0.00310T
4 6.9{-47.1{0.00354|0.01004]/0.00700/0.02473
FLOAT. 5 |
NUT 6 12.0{-45.1{0,00383{0.,01440(0,00786]{0.02664
7
8 21.6|-44,910,00440/0,01261|0,00967|0.03057
9 3.5(=~33.3{0.00334|0.00950|{0,00645[0,02345
10 8.3|~36.0(0.00362(0.01234]0.00734[0.02523
+ —-—t + —t— tmm——— to—————— +
| MEAN VALUES | 10.5|-43.0]0. 00375|0 01200|0 00767|0 02617|
+ + + + - - + +

11 34,4{~34,0|0. 00522 0.01655[{0,01248|0, 03639
12 15.9/-13.1|0.00406|0.01158{0.00858|0,02811
13 24.4|-17,5}0,0045810,01316|0,01026]0.03172
14 21.1| -7.3[0,0043710,01252|0+00957(0,03022
FIXED 15 -26.9/-54,110,00180(0.01034|0,00273[0,01440
NUT 16
17 -5.6)-30,0(0,00285|0,00815|0.00513(0.02038
18 ~2.2}-31,7|0,00304|0.00865|0,00561{0,02151
19 6.1|=33.3{0,00349{0.0991510,00687{0,02440
20 '

——tm———— e R et +

| MEAN VALUES | 3.9|-26.4|0.00346|o 01061|0 00696]0 02439
+———— + + e 2 0 e - e o 000 s e e e e s 0 o} +




Table

4, Heat losses for the third temperature level,

=+

tom———— tommn—- el DL + +
NUT | TEMPER. (°C) | HEAT LOSSES (WATTS) |
INSERT |APPAR, $=====+= + e +
TYPE |NUMB, |HEAT.|COOL.| T.C. |ELECTR | MLT [RADIAT.]
+ + - + R - -+
1 |-13.6|-45,8/0.00284}0.01126|0,00496|0.01797
2 -2.4|-52.1{0.00343|0.00885{0.006540.02148
3 8.9|-54.6|0.00406(0.01061]/0,00844]|0,025494
4 -5.5|~53.0/0.00326|0.00840|0.00608}0,02047
FLOAT. 5
NUT 6 0,6|~50,1{0,00359{0,01225|0,00702{0,02250
7
8 9.9|-48.6(0,00412{0.01078]0,00863|0,02587
9 ~8.2|-39,9(0.00312(0.00802|0,00569[0,01959
10 =3.3]=43.0/0,00338]0.012460.00641[0,02117|
tm————— } + et ——— tm————
| MEAN VALUES | -1.7|-48. 4|0 00343|0 01033|0 00672|0 02182|
+= -— + -t + —— +
11 1.9]-47.9/0.00366|0.01235]0.00723}0.02294
12 |~13.6|-32.8[0,00285|0,00731|0.00497[0.01795
13 -7.0|~35.4[0.00318/0.00819(0,00587[0.01995
14 -9.1|=27.2(0.00308{0.00791]0.00557|0.01928
FIXED 15 1.3(-41.6(0.00363{0.01280(0.00713|0.02272
NUT 16
17 |=-17.1(=37.8(0.00267|0.00686!0,00452]/0,01695
18 (~13,9|-40,3|0,00283(0,00727|0.00493(0,01789
19 -5.6{~40.2(0.00326(0.00839]0.00607|0.02043
20
| MEAN VALUES | -9.7|-36.,0|0. 00307|0 00839|0 00558]0 01931
+o- =t b ———— —— +
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Table 5, Heat losses for the fourth temperature level.

b o o o o o o + = - ——

NUT |TEMPER (°c) | HEAT LOSSES (WATTS) |
|

INSERT |APPAR, +~- + t

TYPE |NUMB, |HEAT |CO0L.| T.C. |ELECTR | MLI |RADIAT.
o m——— +—— + o i

.
T

1 -38 7]-~63.3|0. 00156 0. 00847 0.00200|0.01215
2 -29,7(-68.3|0.00196|0.00574(0,00280]0,01423
3 -22,2(-70,5{0,00231{0,00658|0,00358(0,016147
4 -31.6)-68,.610.,00188(0,00554|0.00262|0,01378
FLOAT, 5
NUT 6 -28,2(-67,7(0.,00203(0,00900]/0,00294]0.01458
7
B ~20,1|-66,6|0.00237(0,00673[0,00372]|0.,01647
9 ~33,5|-57.6]0,00179|0.00534|0,00244|0,01331
10 -28,5|=-61.,0 0 00202(0.00833({0.,00292]|0.,01451
pm————— - — + e m—————— + - +
| MEAN VALUES |-29.2|-65. 4|o 00199 0. 0069710 00288|0 0144o|
1 -+ s e +=- + +

11 |-11.1|-58.7|0.00286|0.01004{0.,00494]0.01925
12 |-25.0(-42,7[0.00218[0.00635|0.00327|0.01533
13 |-18,6/-45.5[0.00248}0.00700/0.00399}0.01704
14 |-21.0[-37.40.00237]0.00672[0.00371|0.01638
FIXED | 15 |-53.4{-72.4|/0.00967{0.00719|0.00099|0.00930
NUT le6
17 |-40.7|-56.1/0.00148]0.00464|0,00184(0.01172
18 |=37.8}-58,3/0.00160(0.00492|0..00208}0.01235
19 |-31.1{-58.6/0.00190|0.00559|0.00267|0.01387
20
e 2 + = += } - + +
| MEAN VALUES |-33.2|_52.B|0.00185|0 00604|0 00265|O 01372|
+ e += s + + —




Table 6., Heat losses for the lowest temperature level,

tm—————  — fmmm——m - + = 1 10t 0 e e e e e o +
NUT | TEMPER. (°C) | HEAT LOSSES (WATTS) |
INSERT [APPAR, +=—=wm e e - +
TYPE |NUMB, |HEAT.|COOL,| T.C. |ELECTR.| MLI IRADIAT.l
1 |-69.4|-86.5/0.00082|0.00505|0.00078|0.00677
2 |-63.2(-~89,1{0,00104|0,00297|0,00109]|0,00770
3 |-57.1(=90.2(0.00126|0.00340{0.00144]|0.00868]
4 |-63.5/-89.9(0.00103|0,00295(0.00107|0.00765
FLOAT. 5
NUT 6 |~61.5|-89,3/0.00110|0.00531|0.00118|0.00796
7
8 |-55.3!-87.6/0.00133(0,00354{0,00156{0.00898
9 |-64.5(-81.8(0,00099{0.00288|0,00102|0.00749
10 [-60.7|-84.0{0.00113/0.00489]|0.00123}0.00808

e }

+ - -

——t — + +

| MEAN VALUES |-62.0|-87. 3]0 00109|o 00388|0 00117]0.00791 |

tmm————

= -
11 -48,.7(-82. 3 0.00159 0 00581 O 00203(0,01018
12 -58.41-69.9(0.00121}0,00331|0.00136|0.00843
13 -53.2|-72.3(0,00141|0.00371(0,00170|0,00933
14 -54.0(-65.2]0,00138(0.00365{0.,00165|0,00918
FIXED 15 ~83.8(-95.30,00035|0.00087{0,00023[/0,00495
NUT 16
17 -72,0(-82,3]|0,00073|0.00240(0,00066|0.00641
18 -69,6(~85,.,3)|0.00082|0,00255|0,00077[0.00675
19 -64.5(-85.8)0,00099|0.00288(0,00102(0.,00748
20

e
L] T
|
¥

. g ——=i

«65.5| 79.4|0.00099|o 00324|0 00106!0 00750|

- +¢- -

MEAN VALUES

ade
-+

+—+

T —l

4,2 Experimental Errors Analysis

The calculation of the experimental standard errors is done
based in Reference 3., There are two types of data: the measured
ones, that include the temperatures, voltages and electrical
resistances, and the data obtained through mathematical models,
like the thermal resistance and losses.,

Some procedures are adopted to minimize the first type
experimental errors, The heater, cooler, Celeron table and
chamber temperatures are taken several times (about 100
measurements) so as to allow the calculation of mean value and
the associated standard deviation. As there are small
temperature variations with time in some measurements (the
steady state conditions are not perfectly achieved, but in
levels considered satisfactory), a linear regression to
calculate the standard deviation values is used., The voltage
values are taken two times together with the first and last
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temperature measurements. To improve results,a high precision

voltmeter is used, The same procedure is used to the electrical
resistance measurements,

In the second case, where the results are obtained indirectly,
it is necessary to make some error propagation studies., It is
considered that the experimental errors have a .Gaussian’
distribution around their mean. The associated uncertainty is
considered as two times the standard deviation, that
corresponds to the 95.,4% probability level, Considering that
the experimental measurements are independent, the following
formulation, illustrated by a simple example, is used in this
work: suppose that a certain guantity U is obtained indirectly
through the independent measurement of three parameters with
mean values u , v and w, and’ with the associated standard
deviation : ¢,, ¢, and o, . The experimental error is’ given by:

opl= o2 (U2 +0y2 (302 +0y2  (2U)2 [10)
au v aw

The determination of the thermal resistance values, (see
Equation 1) is made by the ratio of the temperature difference
between the heater and cooler and the net heat flow through the
joint, The temperature difference uncertainty is obtained by
the square root of the heater and cdoler temperature
uncertainties squared summation:

AATI=  /(@TR2 + 4TG%) [11]

To the calculation of the net heat flow Equation 2 to 9 are
used, To the experimental uncertainties calculations, a
formulation similar to Eguation 10 is applied, Some
measurements like surface emissivities, component materials'
thermal conductivity, some temperatures, etc, useful in the
heat losses calculation are not available, being estimated
(like their uncertainties), by literature data or some
complementary calculation,

Tables 7 to 1l present the uncertainties' values for: the
temperatures measurements, the power and heat losses!
determination, and the thermal resistance results, for each
unit tested. These tables are 1in decreasing order of

temperature levels (Table 7 refers tc the highest level and
Table 11 to the lowest).
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Uncertainties for the highest temperature level
experiment.

Table 7.

- - .t e

UNCERTAINTIES |

+—+

+ t + ———t
tom——— o +TEMPERATURE ( °C) | HEATERS| HEAT |THERMAL
INSERT | APPAR, +======= tmmmm e + POWER |LOSSES |RESIST.-
TYPE |[NUMB. |HEATER.| COOLER|(WATTS) | (WATTS)| (OC/W)
} + i + i + + $ -+
1 0.199 | 0.510 |0.00607|0.,03548]1.03064
2 0.204 | 0.533 ]0.00599{0.02070|0.94887
3 0.190 | 0,516 |0,00630{0.02568]|1.28451
4 0.174 | 0,456 [0,00571|0.01920|0.,90834
FLOAT. 5
NUT 6 0.166 | 0,565 [0,00599|0.04170|1,74688
7
8 0.203 | 0,576 [0,00634|0,02545/1.16736
9 0.203 | 0,479 |0,00621|0,01790{0,57036
10 0.185 | 0,546 |0,00604|0,03803|1.18637
+ + —-—— = Foem———— fm—————— o o +
| MEAN VALUES | 0,191 | 0.523 |0.00608|0.02802{1.10542]|
+ t + ——t—— + + + badadt
11 0,210 | 0.725 |0.00601|0,05561[2,91644
12 0.191 | 0,447 |0.00576(0.02462|0,71655
13 0.223 | 0,704 |0,00592{0,02822|1.08530
14 0,204 | 0,395 |0.00656[0.02677|0.58362
FIXED 15 0,195 | 0,208 |0,00577/0.01279|0.37736
NUT 16 "
17 0.199 | 0.354 |0,00570|0.01520(0.42486
18 0.189 | 0.342 |0,00576/0,01604|0.46539
19 0,188 | 0,538 [0,00581|0.01869{0,69057
20
fm————— o + = ! i + +
| MEAN VALUES | 0,198 | 0,427 |0.00590{0.02133]0,62026]
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Table 8.

Uncertainties for the second temperature level

experiment.
| UNCERTAINTTIES |
+ - i Sttt +m————— —ihm————— -+
+ + *TEMPERATURE(cb)lﬁEATERS HEAT '|THERMAL|
INSERT | APPAR, + -~~+ POWER |LOSSES |RESIST.
TYPE |NUMB. |HEATER | COOLER|(WATTS) (WATTS) | (PC/W)
+ + + + + + + -+
1 0.323 | 0,253 |0.00500(0,02461}1,13778
2 0.249 | 0,291 |0.00494(0.01292(0,98392
3 0.206 | 0,356 [0.00519(0.01573{1,35256
4 0.294 | 0.335 [0,00471]0,01231|1,02259
FLOAT. 5 ,
NUT 6 0.223 | 0.276 (0.00494[0,02883|1,94765
7
8 0.250 | 0.301 [0,00522(0.01550}1,20142
9 0.308 | 0,240 |0,00512(0,01162]0.63539
10 0.257 | 0.257 |0.00498{0,02731{1,45056
+ ¢ c—tomme———t + ——d + -~+
| MEAN VALUES | 0.264 | 0.289 |O. 00501t0 01855|1 21648|
tom———- + + e -——— -———
i1 0.337 | 0.208 |0.00496[0.03563|2,96001
12 0.200 | 0.208 |0.00475(0.01415|0.63217
13 0,191 | 0.183 |0.00488(0,01614]0,89947
14 0.215 | 0.243 |0.00541{0.01531[0,54488
FIXED 15 0.599 | 0.431 |0.,00476(0.,01799[1,00403
NUT 16
17 0.349 | 0,258 [0,00470|0,00998|0.58413
18 0.343 | 0.263 |0,00475|0.01058|0.62965
19 0.251 | 0.243 |0,00479(0,01213|0.72720
20
fm———— + + . + + + +
| MEAN VALUES | 0,307 | 0.261 |0.00486]0.01375}0.71736]|
- + = + + + +
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Table 9. Uncertainties for the third temperature level

experiment,

| UNCERTAINTTIES l
+=- - + } - +

tmm———— el +TEMPERATURE (°C) | HEATERS| HEAT | THERMAL |
INSERT | APPAR, +-=--—=—— tm——m e + POWER |[LOSSES |RESIST.

TYPE |NUMB, |HEATER.| COOLER| (WATTS) | (WATTS)| (©C/W)

1 0,215 0.180 |0,00470(0,02275}|2,30710

2 0,198 0.209 |0,0046410,01097|1.92841

3 0,201 0.190 |0.00488{0,01320(2,69921

4 0.212 0.196 (0.00442|0,01041|1,92742

FLOAT, 5 ,
NUT 6 0.198 0.181 [(0,00465(0.02662|4.44233
7

8 0.227 0.187 [0.00491|0.01342]2,47461

9 0.204 0.1%90 0,00481(0.00993|1.11935

10 0.251 0.168 [0,00468|0.02552|3,28878
e it te————— tm——— + + + + e oo
| MEAN VALUES | 0.213 | 0,187 |0.00471{0.01660|2,51465|
+- + : -+ + -+ + ——+t

11 0.184 0.216 |0.00466]10.02698[4.37652
12 0.246 0.241 |0.00447(0,00903|0,90009
13 0.190 0,227 |0.,00459(0.,01013]1.13951
14 0.214 0.278 |0.,00509;0,00976|0,75852
FIXED i5 0.210 0.193 10,00447;0.0268114.,10182
NUT 16
17 0.183 0.208 [(0.00442(0.00849{0.83768
18 0.228 0.218 |[0,00447]|0.00900{1.05160
19 0.160 0.226 [0.00450|0.01039|1.39547
20
tom———— ¢ +
MEAN VALUES |

=+

e

0.00457{0,01194|1,45496

e
.

0.227

+—+
+—+

.
-+

——
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Table 10. Uncertainties for the fourth temperature level

experiment,
e e o e e : ————
[ UNCERTAINTTIES |
i e e e e -+ + + +
+ + TTEMPERATURE(OC)|HEATERS HEAT |THERMAL
INSERT | APPAR, + -—— -+ POWER |LOSSES |RESIST.,
TYPE |NUMB. |HEATER,| COOLER| (WATTS) | (WATTS) | (°C/W)
1 0,211 0,203 |0,00294}0,0188914.62249
2 0,215 0.202 (0,00290|0.00696]3.04853
3 0.192 | 0,198 [0,00305|0,00796|3,85772
4 0.192 | 0,229 [0.00277|0.00672]3,11587
FLOAT, 5 ,
NUT 6 0.208 | 0,226 |0.00290{0,02139(8,81542
7
8 0,172 | 0.195 |0.00307/0,008143,72130
9 0.219 | 0.198 |0.00301]0.00648(1,82148
10 0.207 | 0.216 |0.00292{0.02132|7,11789
e 4 - + +

| MEAN VALUES

N R
F L]

0.202 | 0,209 |0, 00295]0 01223|4 51509|

- ——— ——— e - -
11 0.237 | 0.200 |0, 00291 0.02573|13.2509 |
12 0.210 | 0.181 |0,00279}0.00279(1.81480
13 0.213 | 0,196 |0.00287}0.00287(2,72163
14 0.199 | 0.213 |0,00318|0.00318|1.47284
FIXED 15 0.291 | 0,272 |0,00280|0.00280(3,37361
NUT 16
17 0.250 | 0.195 |0.00276(0.00276{1,46790
18 0.225 | 0,197 [0.00279[0.00279]1,72446
19 0,228 | 0,196 |0.00282(0.00282{2,34008
20
o + - F + e +

| MEAN VALUES | 0.231 | 0.207 |o 00286]0 00829]2 130?6|

o + - -

+—+

+—
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Table 1l1. Uncertainties for the lowest temperature level

experiment,
Frr e e ———————— +
| UNCERTRAL NTIES |
+ + +TEMPERATURE(°C)]HEATERS HEAT |THERMAL
INSERT | APPAR, +=~===c=fmom o~ + POWER |LOSSES |RESIST.
TYPE |NUMB, |HEATER. | COOLER| (WATTS) | (WATTS) [ (°C/W)
+ t=—- + +~ - - { i +
1 0.246 | 0.353 |0,00145{0,01843|64.0387
2 0.326 | 0.225 10,00143{0,00489(27.6142
3 0,422 | 0,325 |0,00150(0.,00429(29,.7323
4 ¢.377 | 0,231 |0.00136(0.00375|25.0113
FLOAT, 5 ,
NUT 6 0.366 | 0,206 |0.00143({0.02078{130.002
7
8 0.416 | 0,286 |0.00151|0,00568|37.5426
9 0.191 | 0,348 10,00148/0.00465!16.7638
10 0.272 | 0,227 |0, 00144{0.02073|105.848
R + 4 - + + +
| MEAN VALUES | 0.327 | 0.275 |oO. 00145|0 01040]54 5692[
+ + + -t ——— - ——
11 0.552 | 0,201 {0.00143]0,01789]150,681
12 0.252 | 0.751 |0.00137(0,00531|19,1537
13 0.185 0,571 (0.00141]|0,00589|28.5295
14 0.262 [ 0.872 |0.00156|0,00573}17.0959
FIXED 15 0.207 } 0.220 {0,0013770.01039{25.1033
NUT 16
17 0,232 | 0.530 |0,00136(0,00404|12,5721
18 0.181 | 0,434 |0,00137{0.00426(|16.3794
19 0.294 | 0.158 }0,00138(0,00476[23,3131
20
oo + i + ——— -4 +
| MEAN VALUES. | .230 | 0.505 |o.00140|o 00577|2o 3067|
tomm——— e tom————— fm————-— +- -+
4.3 Standard Errors' Determination
Ten similar apparatus for the two types of bolted joints
studied (a total of twenty) are tested in each temperature
level, to allow statistical data treatment, and as a

consequence, the thermal resistance standard error calculation,
given by the equation (see Reference 4):

standard error = standard deviation [12)
v similar apparatus number

Note that this wvalue is different from the experimental

uncertainties, The first refers to the experimental

measurements errors and the second to the actual variation

found among
deviation

several similar actual bolted joints. The standard

is obtained from the thermal resistance wvalues
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calculated for each apparatus. The associated standard error,

together with the resistance mean values must be used in the
satellite thermal designs,

It was applied the Chauvenet Criterion (see Reference 3) in the
determination of possible bad results, so that that the sample
11 thermal resistances results must be rejected to the -mean and
standard errors calculation.

In Table 12, the standard errors' values are compared with the
uncertainties' averages for all the temperature levels,

Table 12. Standard errors and uncertainties' mean values.

+ -—— ——t—— +
INSERT | MEAN | THERMAL RESIST. (oc/w) |
‘HPEMPERAT, + +

NUT TYPE|LEVEL(°C)|UNCERTAINTY| STD ERROR |
|FLOATING[ 0.685 | 1,031 | 1.370 |
————— — + + - +
| FIXED | 6.216 | o0.620 | 1,012 |
+- -—1 - + et ———————
|FLOATING| -16.276 | 1.216 | 1.575 |
tm—————— + + + +
| PIXED | =10,995 | 0.717 | 0.996 |
+ + -t + o b e
| FLOATING| =-25.044 | 2.515 | 2,314 |
+ + + + +
| FIxep | -22,877 | 1.455 |  2.347 |
to——— } + ———— - +
| FLOATING| ~47.301 | 4,515 | 3,159 |
tmm————— + + + +
| FIXED | -42.762 | 2,131 | 2,204 |
+ ——t -+ - + ———
| FLOATING| -74.589 | 54.569 | 10.031 |
tmmmne——— + + +
| FIXED | -72.249 | 20.307 | 9.017 |

5. GENERAL REMARKS

The thermal resistance as a function of the heater and cooler
mean temperatures, for the two types of joints studied is
presented in Figure 5, The resistance values for the floating
nut insert are always greater than those for the fixed one.
This effect 1is expected because there are more surfaces in
contact in the fleocating nut insert, as can be seen 1in the
Figures 2 and 3. In the fleoating insert, the heat coming from
the washers or bolt, must pass through the contact between the
nut base (in disk format) and the insert body, to reach the
honeycomb panel., 1In the fixed insert the heat path is simpler,
since the insert and nut form the same body.
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Figure 5, Thermal resistance as a mean temperature function
for the two studied joints.

Another important observed effect is the wvariation of the
thermal resistance with the temperature. It is more evident at
low temperature levels: as the mean temperature increases, the
resistance tends to a constant value. This can be explained
studying the thermal properties' behaviour of the joints'
components with the temperature variation, The epoxy+fiberglass
washers coefficient of thermal expansion is arocund 59 m/m/k:
for the aluminum, this property is around 22 m/m/k, and for the
stainless steel this value is near 18 m/m/k. So, there are
different contractions among the several 3joints component
materials, with the mean temperature decrease, causing a relief
in the contact pressure; the thermal contact resistance is
highly dependent on the pressure (see reference 5). Another
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explanation is +the thermal conductivity wvariation with the
temperature; it is small for the metals (7% variation in 200
Centigrades for aluminum) and big for the epoxy+fiberglass
material (100% variation in 50 Centigrades).

In Figure 6 the thermal resistance results are presented, with
the associated experimental mean errxors {vertical bars}) and the
standard errors (dashed lines). In both inserts, it is verified
that the experimental and the standard errors are equivalent
for the same temperature 1levels, The experimental errors -«are
lower than the standard errors, excepting the thermal
resistance of the two lowest mean temperature level. This means
that the experience was planned correctly; if the experimental
errors were bigger than the actual joint resistance variation,
it would not be possible to determine, with confidence, the

mean value and its variation, to be used in satellite thermal
design.
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Figure 6., Thermal resistance as a mean temperature function
with its associated experimental and standard errors.

The uncertainties and standard errors are bigger for the
floating nut inserts than for the fixed ones, because in the
floating inserts the nuts can move and accomodate during the
joints mounting, when they are fastened, So, it is difficult to
reproduce the same thermal conditions, as the surfaces have
different contacts among the similar specimens.,

An interesting point to note is the difference of the
experimental errors for the several calculated parameters. As
is shown in Tables 6 to 10, the heat losses' calculation
presents the highest proportional experimental uncertainty
level, sometimes reaching 50% of the total heat losses
calculated. This happens due to the coarse estimation of some
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physical and thermal properties. But, as the losses are small,
this uncertainty has a small propagation in the joint thermal
resistance uncertainty (its value is around 0.5 to 3 %),

It must be noted that the joints thermal behaviour could be
better understood if more thermocouples were installed in the
experimental apparatus; this was impossible due +to the heat'

losses' increasing, and the consequent experimental uncertainty
increasing.

6. CONCLUSION

The main objective of this work, that is to measure
experimentally the thermal resistance of the first brazilian
satellite bolted Jjoints, was achieved. The resultant data have
been used 1in the satellite designs and the satellite thermal
model tests have confirmed the joints thermal resistance
accuracy. The experiment planning, the apparatus design, the
number of similar bolted mounting, the procedures to avoid heat
losses, are good enough to give the expected results, so that
equivalent experimental works are recommended for future bolted
joints' thermal resistance researches.,

In spite of the fact that the experiment is Specific for these
junctions, its results can be extended to other types of bolted
joints, by some theoretical study.

The effect of the thermal resistance variation with the
temperature suggests that these 3joints can be used as a
satellite active temperature controller, It ig necessary to
make more measurements in the curves' elbow regions (see Figure
6) to study this effect with more precision,

Some numerical analysis of the thermal resistance of bolted
joints is always important to do in these studies. An apparatus
nodal division was made in past experiments for use in a
satellite thermal analysis program developed at INPE, but up to
date numerical data is not available. The numerical studies are
simpler and cheaper, and must be used if they produce good
results; the main difficulty is that all the necessary physical
properties and thermal contact resistances must be well known
before the numerical calculation, The main advantage of the
experimental work is that all the interactions between the
components of the joints are reproduced, not requiring

theoretical studies, neither physical properties' measurements
(Lf the heat losses are kept low).
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7. FUTURE WORK

These bolted joints thermal resistance studies are complex and
has just begun. Some suggested future work is planned to be
done. First, it is suggested to make more measurements, using
this same experimental mounting, in low temperature levels
(elbow curves regions) to study the joints' thermal behaviour,
A numerical analysis of the experimental apparatus, wowld be
interesting, and it is suggested here. Another suggestion is
the study of the influence of the bolted joints' individyal
components, as washers, bolts, etc, in the Jjoints' thermal
resistance, This can be done with this same apparatus, just
varying, for instance, the number or material of washers and
comparing the experimental results,
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