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Abstract: This paper focuses on the development of a thermal mathematical model representing a spaceborne electronic
equipment in thermal vacuum test environment. The model was based on Thermal Network Method (TNM). Simulations
with the model were carried out using a commercial thermal analysis software package. The predictions obtained with the
model were compared with the thermal vacuum cycling test measurements. Transient standard deviations between the
predictions and the test measurements show that the mathematical model developed was able to represent the thermal
vacuum environment accurately and it can be utilized in the design phases of similar spaceborne equipment.

Keywords: Thermal vacuum cycling test, Thermal vacuum chamber (TVC), Spaceborne equipment, Thermal
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UZAY ORTAMINDA KULLANILAN BiR ELEKTRONIK EKIPMANIN VAKUM
ORTAMINDA ZAMANA BAGLI DAVRANISININ BENZETIMI iCiN ISIL
MATEMATIKSEL MODEL GELISTIRILMESI

Ozet: Bu makalede, 1s1l vakum test ortamindaki uzay ortaminda kullanilan bir elektronik ekipmanim temsil eden 1sil
matematiksel modelin gelistirilmesi tizerinde durulmustur. Model, Isil Ag Metod’una dayalidir. Bu modelin kullanildig:
benzetimler ticari bir 151l analiz yazihm paketi kullamlarak gerceklestirilmistir. Modelden elde edilen zamana bagh
ongoriiler 1511 vakum déngii testi sonuclariyla Karsilastirilmistir. Ongbriiler ve dlgiimler arasinda hesaplanan zamana baglh
standart sapmalar, gelistirilen matematiksel modelin 151l vakumu ortamini dogru bir sekilde temsil edebildigini ve bu
modelin benzer uzay ortaminda kullamlacak elektronik ekipmanlarin tasarim asamalarinda kullanilabilecegini gostermistir.
Anahtar Kelimler: Isil vakum dongii testi, Isi1l vakum odasi, Uzay ortaminda kullanilan elektronik ekipman, Isil ag
metodu, Baski devre karti

NOMENCLATURE Subscripts

O Density (kg/m®) JI Hggg JI

o Stefan-Boltzman constant (W/m*K*) _

T Radiative exchange factor Superscripts

A Area(m?) c Conduction

C Conductive conductor (W/K) r Radiation

Cp Specific heat at constant pressure (J/kg-K)

G Total Conductor (W/K) INTRODUCTION

k Thermal conductivity (W/m.K)

L Distance (m) One of the most critical issues in the design of electronic

m Mass (kg) equipment is the characterization of its thermal behavior.

N Total number of nodes For this purpose, utilization of thermal mathematical

q Heat transfer rate (W) models and experimental techniques are commonly

ge  Conductive heat flux (W/m?) practiced strategies. In a study by Kim et al. (Kim et al.,
" o ) 2009), an electro-thermal model describing the dynamic

Or  Radiative heat flux (W/m°) thermal behavior of an electronic device in a test enclosure

q”  Source term per unit volume (W/m®) filled with air was developed. The model was able to

R Radiative conductor (W/K*) predict the thermal contact resistances based on the

t Time (s) temperature qmerence between the components of the

T Temperature (K) printed circuit board (PCB) and the air temperature



measured inside the enclosure. Sartre et al. (Sartre et al.,
2001) on the other hand investigated the enhancement of
thermal conductance between electronic components and
heat sinks. Various interstitial materials (greases and
thermal fillers) suitable for the thermal enhancement in
electronic systems were tested with the varying torques
providing compression on the electrical component and
filler. Results showed that the most influential parameter is
the applied torque.

Despite providing useful information in terms of thermal
characterization, both of the aforementioned studies were
performed under ambient conditions and their applicability
to spaceborne equipment are limited. Space environment
however, imposes severe conditions on the equipment such
as vacuum. Therefore, performing tests under conditions
similar to the working environment of the spaceborne
equipment is necessary. In accordance with this, Quinterro
et al. (Quinterro et al., 1999) examined different heat
transfer mechanisms that operate in thermal vacuum
cycling and ambient thermal cycling tests. It was found
that testing under vacuum is indispensable for detection
of failures and characterization of the thermal behavior of
the spaceborne equipment. Similarly, Seo et al. (Seo et al.,
2013) investigated the thermal failure of the LM117
regulator used in the transponder unit of the Korean LEO
Earth Observation satellite in vacuum environment. A
simple thermal mathematical model based on thermal
networks was developed at the component level without
including radiative heat transfer. The analysis performed
using test data and the model showed that in order to
prevent the LM117 regulator to reach 150 °C (and shut
down the system) a sufficient "finger pressure™ must be
applied to the thermal filler between the LM117 regulator
and the PCB.

The present study focuses on the development of an
extensive thermal mathematical model which governs
the transient thermal behavior of an Attitude
Determination Control Unit (ADCU) in thermal vacuum
chamber (TVC) environment. The model is based on
thermal network method (TNM) (Oppenheim, 1954)
and includes both radiative and conductive heat transfer
mechanisms. The simulations with the model were
carried out by using THERMICA-MSC SINDA
software package. The validation of the model was
performed by comparing its predictions with the thermal
vacuum cycling test (TVCT) data.

DESCRIPTION OF THE PHYSICAL SYSTEM

The physical system to be modeled consists of the
thermal vacuum chamber which is the test system and
the ADCU which is the device under test.

Thermal Vacuum Chamber

The TVC test facility shown in Fig. 1 consists of the
following elements:

Vessel: The enclosed valume in which tested device
is kept under vacuum.
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Shroud: The The temperature controlled radiative heat
sink/source. It utilizes conventional fluid circulation to
achieve temperatures ranging from -60 °C to 120 °C.
Mounting plate: The The element on which the
device under test is mounted.

Temperature sensors: Pt100 type temperature sensor.

Figure 1.Thermal vacuum chamber

The TVC test facility shown in Fig. 1 consists of the
following elements:

Shroud diameter: 800 mm

Shroud length: 720 mm

Emissivity of the shroud: 0.88+0.04

Shroud temperature ramp rate: 1 °C/min

Mounting plate : 480 mm x 660 mm X 2 mm
Pressure: <10-5 mbar

Max. temperature difference along the shroud: 0.5 °C

The ADCU

The ADCU shown in Fig.2, is an electronic device
composed of a PCB and an enclosing aluminum
rectangular box. It works as an interface board between the
sensors (the solar sensor, the magnetometer, the magnetic
torque bars) and the controller-area network. ADCU
translates the measurement data of the sensors into the
digital format and transmits it to controller-area network.

The box and the PCB have dimensions of 294 x 322 x
38 mm and 288 x 316 x 2 mm, respectively. The PCB is
fixed to the box using thirty (30) M2.5x5 screws
whereas five (5) M6x6 bolts are used for fixing the box
to the mounting plate of the TVC.

DC-DC
power
converters
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DESCRIPTION OF THE PHYSICAL SYSTEM
Governing Equation

The physical system under consideration consists of an
electronic box on a mounting plate both of which are
located inside a cylindrical volume that is kept under
vacuum. Hence the mathematical modeling of this system
necessitates the solution of energy equation in the absence
of convective heat transfer which can be written as

oT

pCpgz—V-qg—V-q;_,_qm 1)

where p is the density, C, is the specific heat, T is the
temperature and t is the time. The term on the left side is
the rate of change of energy stored within a unit volume.

The first term on the right-hand-side —V -q_ is the rate of
energy loss per unit volume by heat conduction whereas
the second term -V - q; is the rate of energy loss per unit

volume by radiative heat transfer. The last term q”
accounts for the source term per unit volume.

Thermal Network Method

The Thermal Network Method is the representation of a
system by cell-centered nodes and resistances amongst
these nodes using finite difference method. Application
of TNM to Eg. (1) yields the following discrete form of
the energy equation

a .1 ‘:ZN:CU_ (T-T)+ 2R (T —Tf)}

ot (mc) L'
P
(mc,),
In Eq. (2), R;jis the radiation conductor (reciprocal of
radiative resistance between nodes i and j) which can be
expressed by

i=1.,N

R,=0A7, ®3)

where ¢ is the Stephan-Boltzman constant, A'is the
radiative heat transfer area and 7 is the radiative

exchange factor (Siegel and Howell, 2002) which
accounts for the net amount of radiative energy emitted by
node i and received by node j and is a function of the
geometric view factors between the nodes. In this study,
calculation of geometric view factors and the resulting
radiation exchange factors were carried out by
THERMICA software (Astrium, 2003). C;; in Eq. (2) is
the linear conductive conductor (reciprocal of the
conductive resistance between nodes i, j) and defined as
k A

Ciyj — [
L,

(4)

where, k;;is the effective thermal conductivity between
node i and j, A" is the conduction area of between node
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iandj, L is the distance between node i and j. Eq. (4)

can be used for the computation of homogenous
conductors i.e. for nodes that are on the same surface.
However, most of the conductors in the system under
consideration cannot be treated as homogenous and
hence their computation necessitates the use of thermal
contact resistances. In such cases, the conduction
conductor is calculated by taking the reciprocal of the
contact resistance between the two surfaces, details of
which will be explained in the next section.

Computation of conduction conductors by using
thermal contact resistances

Within the scope of this paper, special attention is
devoted to the computation of conductive conductors,
thermal contact resistances in particular which
constitutes the core of this modeling effort. There are
four different types of contact resistances encountered
in the physical system which are illustrated in Fig. 3.

g b

v v i v
M2.5 PCB Mounting Aluminum
Screw Plate Box
Figure 3. Types of contact resistances

M6 Bolt

The first type of contact is the one occurring between
PCB and the aluminum box (see Fig. 3). PCB is fixed to
the box using thirty (30) M2.5 screws. In order to
calculate this contact resistance, a diagram provided by
Gilmore (2002) which provides overall heat transfer
coefficient as a function of inverse of screw density
(cm?/screw) is utilized. An overall heat transfer
coefficient of 95 W/K.m? is obtained from this source
with the assumptions that the system is under vacuum,
plates are relatively thin (= 2 mm), the aluminum box
has a bare clean surface finish and the screws are
torqued to their standard values. The overall heat
transfer coefficient found was then converted to
conductors by multiplying it with the contact areas.

The second type of contact is encountered between PCB
and the electronic components. The components are
bound to the PCB by means of Sargon 25G-Tag thermal
fillers manufactured by Fujipoly (2009) having a contact
resistance of 2.25 K-cm?/W. For the computation of this
type of conductor, the inverse of contact resistance is
multiplied by the electronic component base area.

The third type of contact is due to the interface between
the aluminum box and the stainless steel mounting plate.
Five (5) M6x6 bolts were used for fixing the box to the
mounting plate. For this, Gilmore (2002) suggests the use
of a diagram which shows heat transfer coefficient vs.
contact pressure. A heat transfer coefficient of 80
W/K.m? was selected based on the facts that the contact
occurs in vacuum, the materials have wavy surface finish



with a contact pressure of 1200 kPa. The conductors are
calculated by multiplying the selected heat transfer
coefficient with the contact area.

Fourth and the last type of the contact resistance arises
due to the interface between the box and its cover plate.
For this type of contact, a heat transfer coefficient of 850
W/K.m? was selected by using the same diagram that has
been utilized for the the third contact type but with
different criteria: contact occurs in vacuum between same
type of metals (aluminum 7075 to aluminum 7075)
having smooth surface finish (0.2-0.5 pm) which
accounts for the difference between the heat transfer
coefficients of the third and fourth type of contacts.

its

Geometrical Model and

Thermal Nodes

Decomposition to

The geometrical representation of the problem under
consideration and its decomposition to thermal nodes
are illustrated in Fig.4. The geometrical model consists
of the following elements:

e Shrouds: The cylindrical volume enclosed by shrouds
is represented by a cylindrical surface and two discs (3
elements). Shrouds act as heat sink and the maximum
temperature variation on them is 0.5 °C. Therefore
each shroud element is treated as boundary node and
represented by a single thermal node.

e Mounting plate: The mounting plate is thermally and
geometrically decoupled from the shrouds and
represented by a single rectangular surface having 4x4
thermal nodes. The holes on the mounting plate are
not represented in the geometrical model but their
effect is taken into account in the calculation of heat
capacities of the thermal nodes of the mounting plate.

e Aluminum Box: It is represented by six rectangular
surfaces. Top and bottom surfaces are divided into 16
thermal nodes whereas side surfaces are divided into 4
thermal nodes.

e PCB: The PCB and its components are represented by
rectangular surfaces. The PCB itself is divided into
4x4 thermal nodes whereas the components are
represented by a single thermal node. The heat
dissipations from the components of the PCB while
the ADCU is in operation are tabulated in Table 1.
Components such as multiplexer, Mosfet, and EMI
filters are not taken into account due to their
negligible heat dissipations (~0.001 W).

Table 1: Maximum heat dissipation of thermal nodes on the PCB

Component Heat
Node number name dissipations (W)

84 Power 1.268
converter

85 Power 1.268
converter

86 Power 2536
converter

87 Power 1.268
converter
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Power

88 1.268
converter
89 Power 2536
converter
90 Eprom 0.125
91 CPU 0.100
92 ADC 0.120
93 _ Canbus 0.090
interference '
94 Opamp buffer 0.360
95 Eprom 0.125
96 CPU 0.100
97 ADC 0.120
98 _ Canbus 0.090
interference
99 Opamp buffer 0.360

Mounting Plate

Node range : 1-3 Node range : 4-19

‘Aluminum Box ‘ PCB

Node range : 20-67 Node range : 68-99
Figure 4. Geometrical model

Numerical Solution Technique
For the transient solution of the problem under

consideration, THERMICA & MSC SINDA software
package developed by Astrium (2003) was utilized.



THERMICA was used for the generation of the
geometric model and computation of radiation exchange
factors whereas MSC SINDA was employed for the
numerical solution of the discretised energy equation
(Eq. 2). Among the numerous solvers embedded in
MSC SINDA, a robust and CPU efficient solver based
on modified Dufort-Frankel scheme (Moin, 2010) was
utilized in the solution. According to this scheme, Eq.
(2) is written as

(H(“)(Gu)jw g0,

i i
p.i i=1 mcp,i

v (At)(G, )Ti - -
mc

p.i

_(a0(a)

mc

p.i

i=1

where N is the total number of diffusion nodes, i and j
are node, p+1 is the next (unknown) time level, p is the
present time level, p-1 is the previous time level, mcp,i
is the nodal capacitance of node i, g; is the source term
and G;; is the total conductor which is defined as

G, =C,, +Rivj('l'iZ+sz)(Ti +T,) (6)

RESULST AND DISCUSSION
Thermal Vacuum Cycling Test

The modeling effort presented in this study aims to
simulate the transient behavior of the ADCU during the
TVCT which is performed to verify the performance of
the equipment under vacuum and extreme temperatures.
The TVCT under consideration was performed at
qualification level. This means that device under test
was subject to 8 cycles each consisting of hot and cold
temperature extremes.

For the measurement of temperatures during TVCT, 10
(ten) Pt100 type temperature sensors were installed at
different locations on the ADCU. In order to locate the
sensors inside the box, 4 holes having diameter of 1 cm
were drilled on the side-walls of the box. The locations
of the sensors and their correspondence in the
geometrical model are illustrated in Fig. 5 -6. The
sensor designated as 7 and mounted on the outer surface
of the box was selected as the temperature reference
point (TRP) (Fig. 6). TRP is a physical point located on
the outer surface of the equipment which represents its
thermal status during the TVCT. A TRP is selected on
the exterior surfaces of the equipment due to
accessibility i.e. there will be no access to the interior of
the flight equipment. The second criteria while selecting
the location of TRP is its proximity to the component
having the possibility of exceeding its operating
temperature. For the present investigation this
component is the DC-DC converters.
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(a) (b)
Figure 5. (a) Locations of the temperature sensors mounted on
the PCB ; (b) Nodes corresponding to the temperature sensors.

(b)
Figure 6. (a) Locations of the temperature sensors mounted on
the outer surface of the box ; (b) Nodes corresponding to the
temperature sensors.

The objective of the tests is to drive the temperature
reference point (TRP) of the equipment to these
extremes at each cycle. For the device under test, the hot
and cold extremes determined by the European
Cooperation for Space Standardization (ECSS) Testing
standard (2002) are 323 K and 253 K, respectively.

Descrioption of The Test Problem

Validation of the thermal mathematical model developed
in this study was performed by the test measurements
obtained in the TVCT described above. Since TVCT is a
cyclic process, instead of simulating the whole test, two
test cases that are extracted from the sequence were
utilized. These test cases are illustrated on the actual test
data recorded during the TVCT and shown in Fig. 7. Note
that the temperature profile given in the figure is only for
the TRP of the ADCU (i.e. sensor 7). Hot case is
characterized by the facts that the ADCU is operational
(components dissipate heat) and the TRP is driven to the
hot temperature extreme (323 K) by adjusting the shroud
temperature of the TVC to 293 K. In cold case, the ADCU
is non-operational (components do not dissipate heat) and
the TRP is driven to the cold temperature extreme (253 K)
by adjusting the shroud temperature to 253 K.

340

1 1 1
4000 6000 8000
Time (min)

Figure 7. Hot case and cold case
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0 2000



Hot Case

In Fig. 8, transient temperature profiles of various nodes
on the ADCU obtained by mathematical model
simulations are compared with the test measurements.
As expected, the rate of increase in the temperature of
nodes 69 and 86 are the highest due to their proximity to
the DC-DC converter (see Table 1 and Fig. 5) and they
remain to be the hottest nodes at steady state. On the
other hand, nodes 34 and 51 have the lowest
temperature increase rate since they are located on the
exterior surface of the box (facing the cold shroud) and
away from the heat dissipation sources. As expected,
they are the coldest nodes in the system at steady state.

When the figure is examined, it will be seen that
temperatures are overpredicted during the first 20000 s.
This is attributed to the fact that the heat dissipations of
the PCB components are taken as their maximums (see
Table 1) in the mathematical model simulations.
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Figure 8. Transient temperature profiles for hot case
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However, the actual dissipations during this period are less
than their maximums due to their temperature dependence.
From this point onward, the discrepancy between the
predictions and the measurements tend to decrease owing
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to the increase in the actual dissipations with increasing
temperature. This effect is best observed for nodes with
heat dissipations (69, 71 and 86) and pronounced less for
nodes without dissipation (22, 34, 51 and 81).

In order to provide the reader an overall view of the
accuracy of the methodology, standard deviation of the
transient solution with respect to measurements were
calculated using

U]

where o is the standard deviation, N is the total number of
nodes for which measurements are available, T;.and T;,
are the computed and measured temperatures for node i,
respectively. The standard deviation as a function of
solution time for hot case is illustrated in Fig. 9. In
accordance with the temperature profiles displayed in
Fig. 8, the discrepancy between the predictions and the
measurements are the highest around 3000 s which then
starts to decrease as solution progresses as a consequence
of the constant heat flux approach explained earlier.
Nonetheless, the standard deviation for the whole
solution is always less than 5 K as suggested by ECSS.
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Figure 9. Standard deviation as a function of solution time for

hot case
Cold case

As shown in Fig. 7, cold case is the continuation of the hot
case in which the ADCU is non-operational. Therefore, the
temperatures start from a maximum and then converge to
shroud temperature (heat sink) with no significant
temperature gradient among the nodes as can be seen in
Fig. 10. Furthermore, the discrepancy between the
predictions and the measurements observed in the early
phases of the hot case simulation is not present in this case
due to non-dissipating components. Similar to what has
been done for hot case, the standard deviation as a function
of solution time for the cold case is calculated and
presented in Fig. 11. In contrast to hot case, the standard
deviations for cold case exhibit a more random
characteristic and vary in a narrower band. Overall



inspection of figure reveals that the deviations remain less
than 3 K at all times.
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Figure 10. Transient temperature profiles for cold stage
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CONCLUSIONS
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In what preceded, development of a thermal
mathematical model for the simulation of transient
behavior of ADCU in TVC environment was described.
The model was based on TNM and simulations were
carried out using a commercial thermal analysis
software package. The predictive performance of the
model was demonstrated on two test cases, hot and cold,
that have been extracted from the TVCT of the ADCU
by comparing the model predictions with the
measurements. The standard deviations calculated
between the predictions and the test measurements were
found to be less than 5 K for the hot case and less than 3
K for the cold case at all times which indicates that the
performance of the developed model was in compliance
with the correlation criteria suggested by ECSS. On the
whole, the methodology used for the development of the
thermal mathematical model within the framework of
this study was found to be an accurate and efficient
approach which can be used with confidence in the
design phases of future spaceborne equipment.
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