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European Foreword

This document (CEN/TR 17603-31-17:2022) has been prepared by Technical Committee
CEN/CLC/JTC 5 “Space”, the secretariat of which is held by DIN.

It is highlighted that this technical report does not contain any requirement but only collection of data
or descriptions and guidelines about how to organize and perform the work in support of EN16603-
31.

This Technical report (CEN/TR 17603-31-17:2022) originates from ECSS-E-HB-31-03A.

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. CEN shall not be held responsible for identifying any or all such patent rights.

This document has been prepared under a mandate given to CEN by the European Commission and
the European Free Trade Association.

This document has been developed to cover specifically space systems and has therefore precedence
over any TR covering the same scope but with a wider domain of applicability (e.g.: aerospace).
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1
Scope

1.1 Objectives and intended audience

This handbook is dedicated to the subject of thermal analysis for space applications. Thermal analysis
is an important method of verification during the development of space systems. The purpose of this
handbook is to provide thermal analysts with practical guidelines which support efficient and high
quality thermal modelling and analysis.

Specifically, the handbook aims to improve:

a. the general comprehension of the context, drivers and constraints for thermal analysis
campaigns;

b. the general quality of thermal models through the use of a consistent process for thermal
modelling;

C. the credibility of thermal model predictions by rigorous verification of model results and
outputs;

d. long term maintainability of thermal models via better model management, administration and
documentation;

e. the efficiency of inter-organisation collaboration by setting out best practice for model transfer

and conversion.

The intended users of the document are people, working in the domain of space systems, who use
thermal analysis as part of their work. These users can be in industry, in (inter)national agencies, or in
academia. Moreover, the guidelines are designed to be useful to users working on products at every
level of a space project — that is to say at system level, sub-system level, unit level etc.

In some cases a guideline could not be globally applicable (for example not relevant for very high
temperature applications). In these cases the limitations are explicitly given in the text of the
handbook.

1.2 Context

The use of computational analysis to support the development of products is standard in modern
industry. Figure 1-1 illustrates the typical thermal modelling and analysis activities to be performed at
each phase of the development of a space system.

NOTE More information about the project lifecycle can be found in ECSS-
M-ST-10 [RD5].
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o Analyse requirements - : o Adapt therma_l modelg fqr mission
« Define TCS concept o Define final design of TCS o Perform mission predictions
o Perform trade-off ¢ Update thermal models (ground & flight)
« Assess TRL of TCS » Perform calculations covering all « Perform flight correlation
products mission cases o Perform analysis in support of
operations

Phase B Phase C Phase D
Phase A L ) - Phase E
Feasibility Preliminary Detailed Qualification Utilization

definition Definition production

o Adapt thermal models for test configuration
o Define preliminary design of TCS o Perform test prediction
¢ Develop thermal models o Perform test correlation
¢ Perform calculation for worst hot/cold o Update flight thermal models with outcomes
cases of test correlation
o Perform and correlate development tests o Perform analysis in support of production
activities

Figure 1-1: Thermal analysis in the context of a space project

It can be seen that thermal models are used during all phases of the space system development to
support a large number of activities, ranging from conceptual design right through to final in-flight
predictions.

Indeed, in some cases, thermal analysis is the only way that certain thermal requirements can be
verified; as physical tests are either too expensive or unrealisable. It is therefore vital for the credibility
of the predictions made that the quality of the models is as high as possible.
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3
Terms, definitions and abbreviated terms

3.1 Terms from other documents

a. For the purpose of this document, the terms and definitions from ECSS-ST-00-01 [RD6] apply,
in particular for the following terms:

1. validation

NOTE Validation is the process of determining the degree to which a
computational model is an accurate representation of the real
world from the perspective of the intended uses of the model.

2. verification

NOTE 1 \Verification is the process of determining that a computational
model accurately represents the underlying mathematical model
and its solution

NOTE 2 The topic of V&V is well known in the context of quality assurance
and systems engineering (including software systems). There has
also been some work in other domains such as Computational
Fluid Dynamics (CFD) and structural mechanics to develop
processes for V&V of simulation models. In the particular context
of computational analysis the formal definitions usually apply
[RD13].

NOTE 3 More informally the following questions are often used to explain
V&V in the context of computational analysis:
e Verification “did we solve the equations correctly?”
e Validation “did we solve the correct equations?”
b. For the purpose of this document, the terms and definitions from ECSS-E-ST-31 apply, in
particular for the following terms:
1. geometrical mathematical model
mathematical model in which an item and its surroundings are represented by radiation
exchanging surfaces characterised by their thermo-optical properties
2. thermal mathematical model

numerical representation of an item and its surroundings represented by concentrated
thermal capacitance nodes or elements, coupled by a network made of thermal
conductors (radiative, conductive and convective)

NOTE The current trend is towards integrated thermal modelling tools, in
which case the distinction between Geometrical Mathematical
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Model (GMM) and Thermal Mathematical Model (TMM) becomes
ill-defined. Nonetheless the terms GMM and TMM are still used in
the everyday language of thermal engineers and so the terms are
retained in this document.

3. thermal node

representation of a specific volume of an item with a representative temperature,
representative material properties and representative pressure (diffusion node) used in a
mathematical lumped parameter approach

NOTE The current document is written to be, as far as possible, tool and
method independent. It is therefore useful to generalise the
concept of thermal node to cover other numerical methods (e.g. the
finite element method). Mathematically speaking a thermal node
represents a “degree of freedom” in the equation system. More
practically, the purpose of a thermal node is to provide a
temperature evaluation (and output) at a selected location.

4. uncertainties

inaccuracies in temperature calculations due to inaccurate physical, environmental and
modelling parameters

NOTE This definition of uncertainty refers specifically to temperature
calculations. In the context of this document this is widened to
calculations of other key model outputs such as heater power or
duty cycle.

3.2 Terms specific to the present document

3.21 accuracy
degree of conformance between an output of a thermal analysis and the true value

NOTE The true value is usually a measurement from a physical test, for
example a thermal balance test. The purpose of the verification and
validation effort is thus to improve and quantify modelling
accuracy.

3.2.2  arithmetic thermal node

thermal node with zero thermal capacitance

NOTE 1 Arithmetic nodes are normally treated specially by thermal solvers
and a quasi-steady state solution is obtained for them during
transient runs. This is useful to avoid excessively small time steps
when lightweight items need to be represented in large models.

NOTE 2 Additionally arithmetic nodes are often used to represent thermal
interfaces or the edges of region
3.2.3 computational model
numerical implementation of a mathematical model

NOTE1 This is wusually comprises numerical discretisation, solution
algorithm, and convergence criteria.
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NOTE 2 This definition is taken from RD11, where a more detailed
discussion of the relationship between mathematical and
computation models can be found.

3.24 CSG
ratio of capacitance to sum of connected conductances for a thermal node

NOTE No specific acronym is available for CSG, most likely the C
represents capacitance, the S represents the sum, and the G
represents the conductors.
3.2.5 error

<CONTEXT: thermal analysis> difference between an output of a thermal analysis and the true value

NOTE 1 High accuracy analyses therefore produce outputs with small
associated errors.

NOTE 2 This is a typical dictionary definition of error and generic. More
specific and formal definitions occur in a number of other sources,
for example ASME [RD13].

3.2.6 key model output(s)

output(s) from the thermal model having high level of importance

NOTE Examples of key model outputs are TRP temperatures, heater duty
cycles, and any other output form the model with special
significance for the verification of the TCS.

3.2.7 radiative cavity

collection of radiative surfaces of the thermal-radiative model, having the property that its surfaces
cannot exchange heat through thermal radiation with the surfaces belonging to another cavity

NOTE This term is synonymous with “radiative enclosure”.

3.2.8 radiative enclosure

See “radiative cavity”.

3.3 Abbreviated terms

For the purpose of this document, the abbreviated terms from ECSS-S-ST-00-01 and the following

apply:

Abbreviation Meaning

BOL beginning-of-life

CCHP constant conductance heat pipe

CFD computational fluid dynamics

CLA coupled launcher analysis

CNES Centre National d'Etudes Spatiales
COTS commercial off-the-shelf

DGMM detailed geometrical mathematical model
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Abbreviation Meaning
DRD document requirements definition
DTMM detailed thermal mathematical model
EEE electrical, electronic and electromechanical
EOL end-of-life
ESATAN thermal/fluid analyser from ITP Engines
FEM finite element method
GMM geometrical mathematical model
HP heat pipe
HTC heat transfer coefficient
I/0 input / output
ICD interface control document
ICES International Conference on Environmental Systems
IR infrared
KMO key model output(s)
LHP loop heat pipe
LP lumped parameter
MCRT Monte Carlo ray tracing
MLI multi-layer insulation
oS open source
PCB printed circuit board
PID proportional integral derivative
PLM product lifecycle management
REF radiation exchange factor
RGMM reduced geometrical mathematical model
RTMM reduced thermal mathematical model
S/C spacecraft
SDM simulation data management
SINDA thermal/fluid analyser from C&R technologies
SVD singular value decomposition
TB thermal balance
TCS thermal control system
T™G thermal/fluid analyser from MAYA HTT Engineering Software Solutions
™M thermal mathematical model
TMRT thermal model reduction tool
TRL technology readiness level
TRP temperature reference point
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Abbreviation Meaning
V&V verification and validation
VCHP variable conductance heat pipe
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4
Modelling guidelines

4.1 Model management

The observed trend towards larger and more complex thermal models - coupled with an increase in
the number of analysis cases to respond to challenging customer requirements - means that proper
model management is essential.

Most thermal analysis campaigns have become an intricate series of activities that provide results in
different scenarios and which can be a combination of a huge number of factors. This complexity calls
for strategy and thoroughness and a key tool is the “TCS mathematical model specification” DRD in
ECSS-E-ST-31. This DRD specifies the requirements for development and delivery of mathematical
models to be used for thermal analysis.

Beyond this TCS mathematical model specification it is important to consider the analysis in the wider
context of a project. A number of general considerations are listed below, some of which are covered
in more detail in this document (as indicated). These points can be considered by thermal engineers
when planning an analysis campaign.

a. management:
1. adequate computing resources;
2. sufficient and trained manpower;
3. availability of analysis tool licenses.
b. software tools:
1. the features of the analysis tools with respect to the intended use.
C. administration and configuration: (see section 4.2)
1. configuration control system;
2. architecture of data and files repository;
3. physical configuration of the system of interest;
4. management of the different thermal cases;
5. way to ensure a robust link between TMM and GMM.
d. model transfer and results distribution (see section 7.1):
1. thermal analysis tools used by different stakeholders (e.g. is a format conversions
required?);

2. which models are deliverable and with what level of fidelity (e.g. detailed, reduced).
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4.2 Model configuration and version control

Most thermal models of spacecraft are under some form of version control. However, this is often
implemented as plain text headers at the top of analysis files and manual incrementing of version
numbers in file names. At present there are number of options to support configuration control,
ranging from software configuration control tools (e.g. subversion, git), to full Product Lifecycle
Management (PLM) solutions.

These environments can be directly applied to thermal model configuration control, especially for
ASCII formats. Moreover, many binary formats for documentation are also supported (e.g. .doc, .pdf).
The use of such configuration control tools is not a burden and actually improves the efficiency and
productivity of the analysts. In addition to this, the maintainability of models over a number of years
is improved via the use of formal version control.

Guideline 4-1

Place thermal models under configuration control using a system that supports:

a. tracking of model changes with informative remarks
b. tracking of the engineer and organisation making the changes (author ,editor etc.)
€ comparison (differencing) between distinct versions of the model in the repository

d. tagging of model releases at critical milestones (e.g. PDR, CDR)

Guideline 4-2

Ensure results of all production runs are traceable to a specific version of the model inside the
configuration control repository.

Guideline 4-3:

Where a multiple GMMs and TMMs are used ensure the link between the two is tracked in the
configuration control environment (i.e. the GMM required as input to a given TMM)

As indicated in Guideline 4-3 above, often multiple models are needed in order to cover all of the
different cases and scenarios to be simulated, for example: thermal test scenarios, stowed and
deployed configurations. Additionally multiple GMMs are often used to represent distinct cavities
(see section 4.7.6). It is therefore important to clearly configure the relations ship between the different
models (and version of those model) in the configuration control environment.

4.3 Modelling process

As the analysis tools and methods used by thermal engineers evolve, so the modelling process evolves
accordingly. For example, historically the analysis process typically started with the construction of a
GMM which was used to compute the radiative couplings and environmental heat exchanges, which
drive the thermal behaviour of a spacecraft. The results of the radiative analysis computed with the
GMM were then fed into the TMM which was used to compute temperatures and heat flows. This
process is shown in Figure 4-1.
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Fundamentally the sequence of this process has not changed — radiation is still of fundamental interest
and a geometrical representation is essential for radiative computations. However, as the tools
develop, the tendency is towards integrated modelling environments where the TMM and GMM
merge into a single entity; with most thermal couplings generated automatically by the tool. Thus the
construction of the GMM/TMM becomes a single activity; although the actual analysis sequence
necessarily starts with the radiative part, before running the thermal solution.
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Figure 4-1: Modelling process
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4.4 Modularity and decomposition approach

In order to manage model complexity, and to take into account the possible distribution of
responsibilities over different partners/providers/suppliers, it is important to break down the overall
system into individual modules. A module represents an element, sub-system or equipment which
can be treated as a separate entity. From the perspective of the thermal engineer the module has its
own thermal control requirements and likely its own TCS, with a clearly defined thermal interface.
These thermal interfaces often correspond to mechanical interfaces but can also be defined through
radiative exchanges, for instance using sink temperatures [RD21].

Guideline 4-4:

Break thermal models of complex items down into separate modules.

For the thermal analyst the decomposition of the model into modules can be facilitated by features of
the analysis software, such as sub-models or predefined external elements. This brings significant
benefits such as:

a. it creates an opportunity to speed up the modelling process allowing parallel developments and
verification of the different modules;

b. it is a means to secure the whole process by confining the intrinsic risks of model development
to local areas;

C. it helps the management of the different spacecraft configurations - or even failure cases - and
their impact at the interfaces level.

Guideline 4-5

Use groups to organise thermal models.

The use of groups (sometimes also called sets, depending upon the terminology of the analysis tool) is
useful in order to organise the model. It is recommended to use groups from the very start of the
modelling and analysis activities.

The use of groups also facilitates the verification of the model using features such as heat flow reports
etc. These groups can be defined using features of the tools, but node labelling or node numbering can
also be used if this is convenient.

4.5 Discretisation

451 Overview

Aside from the simplest analytical models, the usual modelling process involves a spatial
discretisation, a temporal discretisation and most probably a discretisation of input parameters (e.g.
time or temperature dependent properties). The discretisation approach that is taken has major
implications for the quality of the analysis predictions: it is important that the layout and
configuration of the physical hardware is properly captured and also that the expected heat paths can
be adequately resolved in the model.

. Documents

Documeng%haring Hub

Full document details: PD CEN/TR 17603-31-17:2022


http://www.avadocuments.com/doc/pd-cen-tr-17603-31-17-2022
http://www.avadocuments.com/doc/pd-cen-tr-17603-31-17-2022

