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Abstract 
 

This thesis describes the entire process from the definition of customer requirements to the verification and validation 

of requirements concerning a breadboard model of an Inflatable Radiator (INFRA). INFRA is designed to provide high 

thermal performance to mass ratio radiator to accommodate increasing payload heat dissipation demands of future 

Communication satellites. The goal of the project is to deliver proof of concept of an innovative radiator technology which 

is based on High Performance Radiator (HiPeR) and Micro Mechanical Pumped Loop (µMPL) heritage. INFRA radiator 

system (RS) is developed in a collaboration project between by Airbus and the Dutch Aerospace Center (NLR), of which 

the Pump Assembly (PA) subsystem is developed by the NLR and the Foil Radiator Assembly (FRA) subsystem is 

developed by Airbus. The development of the FRA is covered in this report.  

 

The topics which are covered in this report are first the literature review which is performed to provide a knowledge base 

concerning the radiator systems and its physical/mathematical handles. Part of these theories deal with thermal and 

structural equations but also breadboard tests and environmental hazards are considered.  

Followed by the theory are the conceptual design and the system requirements, which focusses on the early 

development of the system and its characteristics, but also on the technical requirements as these represent the 

backbone of the technical design. These requirements represent feasible specifications to be able to achieve the system 

characteristics, which are developed from the wishes of the customers (which are Airbus and NLR).  

 

Other important aspects of the system are the interface between the PA and the FR, but also the flow rate and the 

pressure of the operating fluid. The flow rate is chosen to be 1 𝑙/𝑚𝑖𝑛 and the absolute pressure is set to be 2 𝑏𝑎𝑟. 

Dimensioning of the tubing is found to be most important to satisfy the requirements based on these aspects, as they 

also provide the stiffness of the FR. Therefore, a minimum radius of 3 𝑚𝑚 is found for the tubing, such that the FR does 

not deflect further than allowed during operation. The tubing should also be flexible and thin walled to be able to inflate 

during deployment. Since there are several possibilities available such as using adhesive or welding the tube, these 

options are considered however are found to be unreliable for the application. Therefore, a closed wall tube is identified 

which has the most relevant material properties. Since the number of materials are very limited to use for the application 

due to degradation of the material strength as a result of radiation, but also due to the high temperatures which are 

tested and the pressures which are expected, it eventually is decided to use Polyimide for the tubing. 

 

The foil is based on the developments of the HiPeR suite. The spacing of the tubing is based on a single loop as well 

as the maximum manufacturable FR width, the layout together with the thickness of the foil are capable of providing a 

sufficiently high radiator efficiency as the material is highly capable of transporting the heat in plane while maintaining 

its flexibility. The tubing is also equipped with connectors which are placed between the tubing at the corners of the loop 

as well as at the ends of the tubes where the interfaces with the PA are located.  

 

For the deployment of the FR in space and during the laboratory test, a Hold Down and Release Mechanism (HDRM) 

is designed which is mounted on the Foil Radiator Fixation (FRF). The HDRM holds down the Foil Radiator Roll Support 

(FRRS) which is used to roll-up the FR before launch and deploy afterwards. The FRRS is 3D-printed using an 

Aluminum/Titanium alloy to save time and budget while providing the required mechanical properties. The HDRM also 

houses a pre-tensioning disk, a lever and a redundant COTS resistor as thermal knife to cut the Dyneema thread that 

connects the mentioned parts. By rotation of the disk the thread can be pre-tensioned to form a firm grip that cannot be 

overtaken by the static launch load. The thermal knives are held within Vespel cylinders which are pressed against the 

thread, that can sustain the temperature required to melt the thread. After cutting the thread a lever is opened by means 

of a torque spring and the FRRS is released after which the deployment is initiated. The FRRS holds the corner 

connectors in place by means of Vespel parts, which isolate the tubing thermally from the Aluminum FRRS structure.  

 

The FRF is a clamp which compresses a stack of Norcoat Liege onto the base of the FR to transfer the deployment 

forces but also isolate the FR thermally during operation. The heat leakage to the structural parts is roughly 1% of the 

total heat transfer from the FR. The mechanical strength of the entire FR as well as metal items is calculated to be able 

to handle launch loads by using a first order conservative approach. 
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Micro Meteorites and Orbital Debris (MMOD) analysis shows that the system has a life expectancy of less than one year 

in GEO and can therefore not endure the environmental aspects as required for equipping a Communications satellite. 

The radiation survivability however is sufficient to sustain 15 years in orbit. 

 

The deployment is predicted by means of first order calculations and breadboard tests. The deployment behavior is 

specified in the requirements with angular constraints and is only required to operate within the specified boundaries 

and it demonstrates the required performance. It would be recommendable to formulate a dynamic model using Adams 

to simulate this behavior in a more detailed fashion for the next step in the development of the product. Furthermore, it 

was chosen to create a spreadsheet thermal model of the FRA by means of ESATAN ThermXL which is also correlated 

with the thermal tests. The measured performance of the FR is 𝑄𝑚𝑒𝑎𝑠 ≈ 60 W, however this does not seem to be correct 

due to temperature measurement influences, the model however predicts an output of   𝑄𝐹𝑅 = 97,5 ± 7,5 𝑊, which 

corresponds to 𝑄𝐹𝑅 = 250 ± 10 𝑊 in an ideal space environment. 

 

The report concludes with a verification and a validation of the Requirements. Recommended however are to provide 

the design with an update since the tubing can use a different material which is more MMOD resistant. Furthermore, a 

design iteration could be performed considering the thermal performance of the tubing interface, taking another look at 

the shape of the tube such as an oval for improved convective heat transfer, or optimizing the tube spacing for higher 

radiator performance. 
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 Introduction 

The Inflatable Radiator (INFRA) is an innovative concept for a Next Gen radiator which was originally proposed to ESA’s 

call for Bottom-up Space technologies at low TRL (2014) by a few cooperating companies under which Airbus and the 

NLR. The general idea was founded on the low storage volume of the large deployed surface area of a butterfly wing. 

By combining the High-Performance Radiator (HiPeR) technology patented by Airbus Defence and Space Netherlands 

BV. (ADSN, which shall hereafter be referred to as Airbus), as well as Micro- Mechanically Pumped Loop (µ-MPL) 

technology patented by the NLR, the basis for a high performance, active, inflatable radiator was constructed. 

This report describes how this idea is further developed and which choices are made during the design of this product, 

while complying with the customer (NLR & Airbus) requirements. The Design is manufactured and also tested to also 

deliver a proof of concept regarding its basic functionality. The contents of the report are structured as follows:  

- Introduction 

- Literature review 

- System Requirements 

- Design Description 

- Deployment and Thermal testing 

- Verification and Validation 

- Conclusion 

- Recommendation 

In this chapter the problem and the scope shall be formulated.  

1.1. Problem definition 

This research project is based on a case study concerning the development of an inflatable deployable radiator 

breadboard model. The research project is commissioned by Airbus under the name of Inflatable Radiator (INFRA). The 

project is performed in collaboration with the Dutch Aerospace Centre (NLR) who shall provide the Pump Assembly 

(PA) which shall be integrated with the Foil Radiator Assembly (FRA) to form the Radiator System (RS). The RS is 

designed to transport dissipated heat away from a communication Spacecraft (S/C), by means of conductive, convective 

and radiative heat transfer. The heat is collected at a direct interface with the payload, and pumped into the FR by 

means of a single-phase fluid which is controlled by the PA. The PA controls the flow rate as well as the pressure, which 

allows for a controlled deployment by means of inflation of the FR. The fluid transfers heat to the FR by means of 

convection and conduction, and which is eventually used to dissipate the heat into lab environment, by means of infrared 

(IR) radiation and natural convection. The RS is designed for space, therefore the performance in the lab must be 

translated to expected performance in Space.  

The main challenges and research opportunities in this project are identified in the means of transporting heat throughout 

the system effectively and to make the system flexible and strong enough to be stowed during launch and being inflated 

afterwards. However, it should also be stiff enough after deployment to deal with maneuvering loads, while taking into 

account the hazards which are imposed by the operating environment. Hazards such as, radiation and Micrometeorites 

and Orbital Debris (MMOD). Underlying are the following challenges: 

- Design of the inflatable shape that can be (thermally and structurally) controlled by using a single loop containing 
a single-phase fluid 

- Selection of tubing which can be exposed to pressure stresses, radiation and MMOD and provide flexibility and 
heat transfer 

- Design of the tubing interfaces within the FR while considering heat transfer and flexibility  
- Scalability of the design 
- Design of a FR that demonstrates a competitive heat load to mass ratio as well as a low storage volume 
- Design of a Hold Down and Release Mechanism, that can hold down the FR during launch, deploy the FR 

during tests as well as in space 
- Design of a method of fixating the FR to the S/C wall 
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- Design of tooling to support a simulated zero-G deployment test 
- Verifying performance characteristics of a purely radiative product in a convective environment at room 

temperature by means of modelling and correlation 

 
These sub-challenges are all addressed throughout this report. Identified solutions can and have been discussed with 

the clients during project meetings, to make sure that the customer requirements are always up to date.  Due to the 

variety of the challenges, solutions are provided with sufficient detail to make a decision to continue the development 

process. Almost every subject can be analyzed with unlimited in-depth focus, however that would in this project distract 

from the main goal, which is to build a breadboard model which can be tested to deliver a proof of the INFRA concept. 

The key word is pragmatism. 

1.2. Scope 

INFRA shall make use of the product knowledge of HiPeR technology developed by Airbus and the µ-MPL developed 

by NLR. The PA however, is developed by the NLR and therefore the design shall not be included in this report. 

Furthermore, the following constraints are placed on the scope of the research work in coordination with the customers: 

- Heat circulation within the RS shall be performed by means of a mechanically pumped single-phase fluid loop 
and the amount of heat entering the system shall be controllable by means of payload heat generation and fluid 
flow rate 

- The PA shall be designed and build by the NLR 
- INFRA is identified by Airbus and the NLR as a promising concept for communication satellites. Therefore, the 

operating environment in Space shall be based on a Geostationary orbit 
- Hyper velocity impact testing is out of the scope of this research; however, estimations can be made regarding 

the risks related to MMOD 
- The deployment is tested while simulating 0 G in a lab environment 

- The radiator breadboard model shall be in the order of 1 𝑚2 and design scalability is a requirement 
- The FR laminate shall be based on HiPeR materials and production techniques 
- Additional tests such as radiation or vibration are not included. Verification of these requirements is to be 

performed by means of analysis or review of design. 
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 Literature review 

The strategy to cover the research topic with sufficient in-depth is, to start by obtaining a broad knowledge basis 

regarding radiator design and identify and explore considerations which are identified during this process. This step is 

performed during the literature review, of which the most important content is covered in this chapter. The structure 

which is present in the development of the theoretical basis is provided in the next section and is identified as a research 

framework. While performing the thesis research activities, the knowledge basis provided to be most helpful in 

developing and researching parts of the radiator system.      

2.1. Research definition 

The objective of the INFRA project is to develop a breadboard model to further increase the TRL of the product and to 

demonstrate successful cooperation between the NLR and Airbus to enhance the relations and build a foundation for 

future Thermal/mechanical projects. 

The objective of the Thesis research project will be, to find out how to develop and deliver a breadboard model of an 

inflatable radiator that fulfills the customer expectations, while keeping in mind the perspective on future developments. 

The emphasis shall be on delivering a functioning product which complies with the system requirements which are 

checked by and accepted by the clients.  

The means of obtaining the research objective are described in this section. The framework is used to categorize the 

research questions which contribute pieces of knowledge to the main research question, which is:  

" How to develop a state of the art radiator breadboard, which fulfills the customer requirements?” 

The research framework can be seen in Figure 1. The research framework structures the phases of the project and also 

provides the research topics for the research work.  

 

 

Figure 1: Research framework 

Belonging to each research topic are several research questions which are answered in this report. The most important 

sub-questions are summarized in Table 1 and are answered at the end of the various chapters in the report.  

Research units

INFRA
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Thermal

Testing
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AIT

Manufacturing
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Conceptual 
design + System 
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Results

Test Plan

Detailed design

Manufacturing 
Plan

Objective

Thermal and 
deployment test 

report + 
verification

Product validation 
and 

recommendation

Thesis Literature study 
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Table 1: Research questions 

Note that the chapters which answer multiple research questions, have a dedicated section in which these are answered.  

2.2. INFRA 

INFRA is the cooperative project between AIRBUS and the NLR. The proposed design is that of a radiator analogous 

to a butterfly wing. Whereby fluid provides the internal pressure to unfold the structure but also provides heat transport 

from the payload to the radiating surface. The INFRA concept as a whole is currently evaluated at TRL 2 and the target 

is to improve the status of the concept to TRL 4 by means of demonstrating and testing a breadboard model. A concept 

which is shown in the original proposal to ESA’s call for low TRL technologies (2014) [1], in both stowed and deployed 

state can be seen in Figure 2. The TRL verification is however not included in this thesis. 

Research 
Project phase 

Chapter Research question 

Main research 
question 

Introduction/ 
Conclusion 

How to develop a low mass, deployable and inflatable radiator breadboard model, 
which is based on the state of the art technologies that were contributed by the 
INFRA project member companies, which would be regarded as a competitive 
design? 

Literature 
review 

INFRA What is INFRA and how can this graduation research work contribute to the INFRA 
project? 

 State of the art How to utilize HiPeR within INFRA and what is the state of the art? 

 Thermal 
theory 

Which thermal theory is applicable to the design and verification of the FR? 

 Breadboard 
testing 

Which tests are required to obtain some working knowledge on the functionality of 
the FRA? 

 GEO 
Environment 

Which environments are to be considered for the design of the breadboard model 
and how will these environments impact the design choices? 

Assessment Stakeholder 
requirements 

Who are the main stakeholders, what are their needs and requirements and how 
will these influence the system requirements? 

System 
requirements 

What are proper system requirements for the INFRA breadboard model that reflect 
the customer requirements and in what manner can these be verified? 

Foil Radiator 
Assembly 
(FRA) 

What is a feasible radiator design for INFRA that may potentially fulfill the main 
system requirements, and which tubing type and interface should be selected?  Are 
there additional systems required to support the functionality of the FR? 

 FR Thermal 
model 

How can the FR be modeled such that its performance in the lab test as well as in 
Space can be predicted and which error can be accomplished? Is this error 
reasonable? 

Structural  Which parts of the design must be analyzed to verify the system requirements and 
which cases are critical under the identified load cases? 

 MMOD risk 
analysis 

How large is the risk that MMOD poses to INFRA and what is the life expectancy of 
the current design? How does this compare to a metal tube design? 

Results 
 

Deployment 
test 

How to verify the deployment requirements by testing and does the test verify the 
deployment requirements? 

 
Deployment 
testBending 
test 

How to verify the bending requirements by testing and does the test verify the 
bending requirements? 

Thermal 
balance test 

How to verify the thermal performance requirements by testing and does the test 
verify the thermal performance requirements? 

Requirements 
verification 

Are the system requirements verified? What are the consequences of any failure to 
comply with the requirements? 

Requirements 
validation 

Are the customer requirements validated? What are the consequences of any 
failure to comply with the requirements? 

Conclusion/ 
Recommendat
ions  

What are lessons learned from the project and what are any recommendations that 
can be produced for any part of the product? 
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Figure 2: Inflatable radiator concept; stowed and deployed [1] 

The concept exists out of two parts, the Pump Assembly (PA) and the Foil Radiator (FR). The Pump Assembly is 

developed by the NLR and the FR is the developed by Airbus. This graduation assignment only concerns the FR and 

the integration with the PA, but not the development of the PA. The combined system can be seen in Figure 3. 

 

Figure 3: INFRA, a combination of the Pump Assembly and the Foil Radiator [1] 

The proposed technologies are the HiPeR suite by Airbus, and the μ-MPL plus accumulator technologies by the NLR. 

However, for the functionality of the product, other technologies and improvisations may be required. The aim of this 

project, is to develop a high performance, deployable and inflatable radiator which has the potential to become a market 

changing product.  

2.2.1. Business opportunities 

According to the original proposal [1], the product is expected to provide a commercial benefit at system level and is 

therefore protected intellectually as such. INFRA is expected to provide opportunities on the communication satellite 

market because a trend is noticed of increasing payload power dissipation requirements, which could potentially be 

fulfilled by the small stowed volume high heat transfer radiator system. Typically, these S/C do not have sufficient area 

on the North/South walls to place radiator systems. Therefore, the communication sat business requires deployable 

radiator surfaces which can be stowed and deployed in close vicinity of the communication antennas and INFRA is 

aiming to offer a low mass, high performance solution.  It is also expected that due to the increasing use of electrical 

propulsion the demand for low storage, high power radiator systems will increase. 
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Market segments which could benefit from the system according to [1] are: 

- Telecommunication satellites and satellites using Ka- band often have small areas to place radiators 
- By stimulating the use of electrical propulsion, propellant mass is heavily reduced and this launch mass may be 

replaced for example by an enhanced payload system  
- MEO/GEO communications or navigations systems which have a variable solar aspect angle non-fixed radiator 
- Manned missions require massive heat rejection systems, e.g. ISS generates 90 kW of power, which is a factor 

ten of a typical communications satellite. However, it is difficult to transport large panels to space, inflatables 
may offer a solution 

- Small satellites can be provided a considerable payload carrying possibility by using an inflatable radiator to 
reject heat 

 
Generally, the INFRA design is expected to provide disruptive technology specifically since it provides: 

- A very compact stowed volume 
- Radiator concept to be applicable to various missions 
- European alternative to US stowing concepts (No US license required) 
- Low mass (target <15 kg/kW), while state of the art deployable radiators offers >=20kg/kW  
- Low cost as it has: reduced number of hold-down points, absence of mechanisms, simple manufacturing 

techniques (no bake-out of panels), simple non-destructive inspections. 
- Less requirements for size optimization due to already small stowed volume  

 
In the following section, the state of the art shall be discussed regarding this area of expertise.  
 

2.3. State of the art 

Radiators are thermal control systems which can be active or passive systems. Thermal control systems are discussed 

broadly in [2]. Examples of passive thermal control systems are coatings, Multi-Layer Insulation (MLI) blankets, latent 

heat an ablation surfaces and phase change materials. Often these are placed in contact with objects such as doublers, 

fillers, thermal straps or foam to produce either a highly conductive or an isolative thermal path. Active thermal control 

can be performed by means of fluid loops, which can be controlled as they may have variable conductance or a pump 

to regulate the heat flow. Thermal control can also be performed by electrical heaters which are equipped with a 

thermostat to set the temperature. Also, mechanically controlled panels or ‘louvres’ may be used to control the amount 

of heat entering or leaving the S/C. For example, Rosetta is equipped with louvres which open up to expose the radiators 

to cold space to dump heat, while they close while the temperature of the S/C is low. Furthermore, passive systems are 

simple to design, low mass and cost, and highly reliable. The downside however is that passive radiators do not offer 

high heat transport capabilities which active radiators do. The downside of active radiators is that they are complex to 

design, are higher in mass and costs, more difficult to test and less reliable since they are based on more complex 

systems [2].  

The conventional types of passive radiators are body mounted plates, structural panels with or without heat pipes or 

deployable radiator types. The body mounted plates usually ensure local cooling for instruments. They may be 

connected to the instrument by a thermal strap to generate conductive heat flow, as can be seen in Figure 4. The straps 

can be covered in MLI to avoid heat from ending up in unwanted places [3]. The S/C wall may also function as a radiator. 

  

Figure 4: Body mounted passive radiator [3] 
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Passive radiators as seen in Figure 5 are often made from a carbon fiber or aluminum honeycomb laminate. The payload 

can be mounted to the rear of these panels or maybe connected by means of heat pipes. 

 

Figure 5: S/C wall radiator heat exchange between payload and exterior surface [4] 

Thermal doublers or heat pipes can also be used to improve the in plane conductive heat transport in the faceplates of 

the panel. It can be noticed from Figure 6, that there is a certain range of panel temperatures where heat pipes can offer 

a relatively low mass solution to doublers. 

 

Figure 6: Doublers vs heat pipes and heat rejection by a black body radiator [4] 

The sandwich panel core provides the out of plane conductive heat transport along with some radiative heat exchange 

between the faceplates [5]. The temperature as well as the optical coating of the radiator can be designed to dissipate 

the required heat. A perfect radiator, assuming it is only seeing Space, has an optical property called emissivity 𝜀 = 1, 

which is also referred to in thermal engineering as ‘black body’. This allows optimal IR radiative heat transfer to Space, 

depending on the temperature and size of the radiator as can be seen also be seen in Figure 6. Altogether this provides 

an effective method of transporting heat to the radiator surface. However, since he radiator is also used for structural 

purposes, this limits the maximum heat transfer due to the available surface area. 

To compensate for this limitation, deployable radiators are mostly used. An example of a famous deployable radiator is 

the series which are developed by Lockheed Martin and Void systems and which is still used on the International Space 

Station (ISS) (Figure 7).  This radiator is also active as it has a pumped ammonia fluid loop that transport 16 kW out to 

each radiator [4]. 
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Figure 7: Deployable and active radiator on the ISS [4] 

These systems are however based on complexly hinged panels which adds mass to the system which could have been 

spared or be used for payload or fuel or any other important use. These complex folding structures can also be made 

by using origami techniques which can be seen in Figure 8. 

 

Figure 8: Origami solar panel [6] 

Experiments with origami solar panels are described in [6],[7]. In case this technique would be used for the inflatable 

radiator, the deployment could occur by means of internal pressure in the structure.  

Another example of a hinged low storage volume, high surface area system is the solar panel of the ISS which is seen 

in Figure 9. This method uses a centralized structure which is deployed from the main body and which extracts the solar 

panel which is hinged and tightly stacked like an accordion. 

 

Figure 9: Deployable Solar panel ISS [8] 

To safe mass even further, inflatable rods are often used to provide the structural stiffness and deployment force to 

unroll or deploy the solar panel. These specific space structures are developed under the name of Gossamer Spacecraft. 

By means of inflation and rigidizing the beam afterwards, the pressure is not any longer required, which reduces the 

risks related to leaks after deployment by MMOD. Several “short term” applications which are considered with this 

technology are solar arrays, sunshields, rovers and high precision structures as radar and reflect antennas [9]. Several 

systems have also been developed using these techniques such as the Inflatable Torus Solar Array Technology 

(ITSAT), the Champollion (ST4) solar array and the Teledesic Inflatable Solar Array. Only recently there has been an 

experiment on the ISS with a Roll-Out Solar Array (ROSA), which can be seen in Figure 10. According to the NASA 

website, tests have been scheduled relating to the deployment and retraction capabilities but also tests related to shape 

changes with temperature and other strength and durability related aspects of the flexible solar array [10].  
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Figure 10: ROSA captured by NASA as it is being deployed at the end of the Canadarm2 [11] 

These methods may be interesting, however for INFRA a different approach is envisaged which utilizes the fluid in the 

tube not only for providing the structural stiffness, but also for transporting heat into the system. This combines both 

functionalities such that no additional cylinder to hold and inject the gas which only inflates the beam or deployment 

mechanisms are required which become useless afterwards. The tubing which is required to transport the heat is also 

one of the main reasons why there have been developed so many flexible solar panels, but not yet flexible (active) 

radiators. Since a leak can easily disrupt a system which is dependent on pressure, which is a significant risk due to the 

probability of a collision with Micro Meteoroids and Orbital Debris (MMOD). Relating to this, two inflatable radiator 

concepts were investigated [12]. The concepts are: a rolling laminate with high tube spacing based on silvered Teflon 

fin material with a polyurethane, perfluoro elastomer or Teflon tube, and hard aluminum radiator tubes which are 

configurated as helical spring and are connected with flexible Teflon coated silver wire mesh as fin. The deployment of 

the concepts is described as a ‘party whistle’ and a ‘jack in the box’. The first baseline design characteristics are 𝐴𝑟𝑜𝑙𝑙 =

250 𝑓𝑡2 = 23,2 𝑚2 with a mass of 𝑚𝑟𝑜𝑙𝑙 = 96 𝑙𝑏 = 43,5 𝑘𝑔 (=> 1,8 𝑘𝑔/𝑚2). The life expectancy of this concept however 

is expected to be with a probability of 𝑃 = 0,9, 𝑡𝑝𝑢𝑛𝑐𝑡𝑢𝑟𝑒 𝑟𝑜𝑙𝑙 = 2 𝑑𝑎𝑦𝑠. A materials study improved the lifetime to 30 days. 

The second baseline design has 𝐴𝑠𝑝𝑟𝑖𝑛𝑔 = 463 𝑓𝑡2 = 43,0 𝑚2 with a mass of 𝑚𝑠𝑝𝑟𝑖𝑛𝑔 = 233 𝑙𝑏 = 105,7 𝑘𝑔 (=>

2,5 𝑘𝑔/𝑚2). The latter also has a lifetime of 30 days. This makes the system useful for sporadic heat dumps however 

not for permanent deployment such as planned with INFRA. The cause of this short life expectancy, despite of the thick 

polymer or metal tubes, seems to be the huge tubing and small spacing between the tubes (2,5 < 𝑤𝑡𝑢𝑏𝑒 𝑝𝑖𝑡𝑐ℎ < 3,5 𝑐𝑚). 

Since the exposed tubing area is relatively large with respect to total the radiator area the risk of a penetration with one 

of the tubes, is also considerably large.  

Recently Airbus has developed flexible radiator technology under the name of HiPeR. HiPeR replaces the conventional 

radiator panel which is placed on the exterior of the wall of the S/C. Due to high heat transfer requirements these radiator 

panels are often equipped with “heavy” isostatic standoffs and MLI between the panels for Isolation. HiPeR may be 

placed on top of the MLI blanket with lightweight standoffs similar to the MLI type standoffs. This is possible since HiPeR 

is a low mass laminate which is made from Kapton and the highly thermally conductive Pyrolytic Graphite, which can 

be seen in Figure 11. 

 

Figure 11: HiPeR [13] 

Compared to conventional radiators, HiPeR demonstrates a high performance to mass ratio. Depending on the heat 

pipe spacing, the performance and the mass can be adjusted. Baseline HiPeR laminate is based on two layers of 

Pyrolytic Graphite Sheet (PGS), which are bonded to each other as can be seen in Figure 12. 
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Figure 12: HiPeR laminate 

By means of a thermal model, HiPeR is compared with a conventional aluminum radiator to determine its performance 

and identify a realistic tube spacing. A situation is provided where a conventional radiator is equipped with conventional 

heat pipe and the HiPeR radiator is equipped with a saddle hat heat pipe. The situation is shown in Figure 13.  

 

Figure 13: Conventional and a HiPeR radiator 

It is assumed that both radiators have the same heat pipe contact area, an emissivity is assumed of 𝜀 = 0,8 and that the 

contact conductance is infinite. The thickness of the aluminum sheets is set 𝑡𝑤 = 1𝑚𝑚 each and fin length on both sides 

of the heat pipe 𝐿𝑓𝑖𝑛 = 0,05 𝑚. The length of the heat pipe is 𝐿ℎ𝑝 = 1 𝑚, and the heat pipes are maintained at a constant 

temperature 𝑇 = 296,15 𝐾 (= 𝑅𝑇). The efficiencies, which are based on the ratio of actual over ideal heat dissipation 

are obtained: 𝜂𝐻𝑖𝑃𝑒𝑅 = 88% for the HiPeR and 𝜂𝑎𝑙𝑢 = 90% for the conventional aluminum radiator when modelled in 

Space without additional heat sources. Comparing the mass of the conventional radiator which is made from commonly 

used aluminum 7075 T6, 𝑚𝑐𝑜𝑛𝑣 = 1,2 𝑘𝑔 , and 𝑚𝐻𝑖𝑃𝑒𝑅 = 0,04 𝑘𝑔 (excluding heat pipe mass for both cases). Both 

systems are able to radiate roughly 𝑃𝑑𝑖𝑠𝑠 = 60 𝑊, which equals 600𝑊/𝑚2 for the given temperatures and efficiencies. 

That means that to obtain similar high efficiency’s the aluminum radiator it theoretically 10 kg heavier than HiPeR per 

square meter in this specific scenario. Furthermore, this model also demonstrates that if the fin length is increased to 

𝐿𝑓𝑖𝑛 = 0,1 𝑚, the efficiency is still over 𝜂𝐻𝑖𝑃𝑒𝑅 > 83%, therefore INFRA may be designed with slightly higher than 

proposed fin spacing and still perform well. The saddle hat interface and a Loop Heat Pipes (LHP) however have been 

compared by an internal documented Airbus test [14], in which comparable high efficiencies are found for the saddle 

hat heat pipe, however lower efficiencies when equipped with a Loop Heat Pipe (LHP), between 75.6 and 55.8 %. This 

indicates a worse thermal interface, and in case tubing are used in the design, this order of magnitude in efficiencies 

should be taken into account.  

We may however conclude that the HiPeR laminate provides the option to increase the tube spacing (𝑤𝑡𝑢𝑏𝑒 𝑝𝑖𝑡𝑐ℎ𝑥10) 

while maintaining a high radiator efficiency and significantly decrease the exposed tubing surface area compared to the 

concepts which were mentioned before, to minimize the chance of being struck by MMOD.  

2.4. Thermal theory 

This chapter provides the basics of thermal theory, which is used to construct the thermal model of the radiator. In short, 

the applicable forms of heat transfer are discussed (conduction, convection forced/natural and radiation), but also how 

to determine the radiator fin efficiency.  

2.4.1. Thermal equilibrium 

A S/C which is in Orbit around Earth is exposed to several heat sources. External heat sources which are considered 

significant provide their energy to the S/C by means of radiation. In particular; Solar radiation, the Albedo which is 

reflected Solar radiation by Earth, and IR radiation originating from Earth [15]. For steady state analysis, it is assumed 

that the S/C has a high thermal inertia, that the S/C does not enter eclipse and the spacecraft is isothermal. The sum of 

the heat fluxes which are originating from those sources and are impinging on the S/C are shown in eq. (2.1) [16]. 

Included in the equation is solar flux (𝑆),  Solar albedo flux (𝑆𝑎), thermal radiation flux originating from the Earth (Eir) 

and heat which is dissipated by the S/C systems (Qint). As a result of the law of conservation of energy, the heat which 

enters the S/C must also exit, which is performed by means of IR radiation.  
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Where  = absorptivity of the surface, As is the area which is exposed to the Sun,   is the IR emissivity of the surface, 

Air is the surface which is exposed to the IR radiation and Eir is the IR radiative flux. Aext Is the S/C external area and 

 is the Stefan-Boltzmann constant. 𝑇𝑆/𝐶 is the steady state temperature of the external surfaces of the S/C. Convection 

and conduction however may occur within the S/C. Note he absorptivity of the S/C surface in IR frequency is equivalent 

to the emissivity according to Kirchhoff’s law.  

The steady state temperature of the S/C under these conditions can thus be found from eq. (2.2)  

The S/C can also be represented by a thermal mathematical model, in which isothermal nodes are used which represent 

the temperature of a region in which gradients are neglected. These nodes are defined by a temperature, thermal 

capacity, heat dissipation and thermal interfaces with other nodes. A combination of all heat exchange factors in a single 

isothermal node can be described by eq. (2.3) [16], which is used by software such as ESATAN ThermXL to determine 

the steady state or transient temperature for each node depending on the numerical scheme. 

𝑅𝑖𝑗 = 𝜀𝑖𝐴𝑖𝐵𝑖𝑗 and 𝐶𝑖𝑗 =
𝑘𝑖𝐴𝑖

𝐿𝑖𝑗
 are the conductive couplings and radiative couplings respectively, with Gebhart factor 𝐵𝑖𝑗 

and thermal conductivity 𝑘𝑖 and conductive path length 𝐿𝑖𝑗 , which are described in the following sections. For the design 

of the radiator, transient behavior is not analyzed and for the steady state analysis regarding the radiators thermal 

balance in space, the solar and infrared sources are also not taken into account. The emissivity of the environment and 

view factor towards it are in this study assumed to be  = 1, FFR−env = 1 and reflections between surfaces are identified 

to be small enough to be neglected in first order approximations and are used as uncertainties in the thermal model. 

Due to the presence of air in the lab environment, another term is added which accounts for natural convection. These 

assumptions transform the heat balance eq. (2.3) regarding the FR (in the lab) 

And eq. (2.5) can be used to obtain the average FR temperature 𝑇𝐹𝑅, which uses the heat which is delivered internally 

by the fluid minus the losses 𝑄𝑙𝑜𝑠𝑠𝑒𝑠 to components which are attached to the FR, and by taking into account a constant 

heat transfer coefficient due to natural convection ℎ𝑐𝑐𝑜𝑛𝑣
. 

2.4.2. Thermal radiation 

Thermal radiation is electromagnetic energy that is expelled by bodies with an absolute temperature above 0 K [17]. A 

theoretical body that emits the maximum amount of heat for a given temperature is called a ‘black body’. The emissivity 

(ε) of a body is explained as the fraction of energy that the body emits with respect to the amount which a ‘black body’ 

emits at a certain temperature as shown in (2.6). [18] 

Where 𝜀 and 𝐸 are a function of wavelength, with 𝑇 as temperature and 𝜎 as Stefan-Boltzmann constant. The energy 

of a black body which is radiated away as a function of wavelength (𝜆) and temperature (𝑇) is described in eq. (2.7) by 

Planck which contains Planck’s constant ℎ, 𝑘𝑏𝑜𝑙 is the Boltzmann constant and 𝑐 is the speed of light. 

 𝐴𝑠𝑆 + 𝐴𝑎𝑆𝑎 + 𝐴𝑖𝑟𝐸𝑖𝑟 + 𝑄𝑖𝑛𝑡 = 𝐴𝑆/𝐶𝑏𝑚𝑇𝑆/𝐶
4  

(2.1) 

 

(
𝐴𝑠𝑆 + 𝐴𝑎𝑆𝑎 + 𝐴𝑖𝑟𝐸𝑖𝑟 + 𝑄𝑖𝑛𝑡

𝐴𝑆/𝐶𝑏𝑚

)

1
4

= 𝑇𝑆/𝐶 (2.2) 

 
(𝑚𝑐𝑝)

𝑖

𝑑𝑇𝑖

𝑑𝑡
= 𝑖𝐴𝑠𝑖

𝑆 + 𝑖𝐴𝑠𝑖
𝑆𝑎 + 𝑖𝐴𝑖𝑟𝑖

𝐸𝑖𝑟 + 𝑄𝑖𝑛𝑡 − ∑ 𝑅𝑖𝑗𝑏𝑚(𝑇𝑖
4 − 𝑇𝑗

4)

𝑛

𝑗=1

− ∑ 𝐶𝑖𝑗(𝑇𝑖 − 𝑇𝑗)

𝑛

𝑗=1

 (2.3) 

 
𝑄𝑖𝑛𝑡 =  𝑖𝐴𝑖(𝑇𝑖

4 − 𝑇𝑒𝑛𝑣
4 ) + ∑ 𝐶𝑖𝑗(𝑇𝑖 − 𝑇𝑗)

𝑛

𝑗=1

+ ℎ𝑐𝑖
(𝑇𝑖 − 𝑇𝑒𝑛𝑣) (2.4) 

 𝑄𝑖𝑛𝑡 − 𝑄𝑙𝑜𝑠𝑠𝑒𝑠 = 𝐹𝑅𝐴𝐹𝑅𝑏𝑚(𝑇𝐹𝑅
4 − 𝑇𝑒𝑛𝑣

4 ) + ℎ𝑐𝑐𝑜𝑛𝑣
𝐴𝐹𝑅(𝑇𝐹𝑅 − 𝑇𝑒𝑛𝑣)  

(2.5) 

 
𝜀(𝑇) =

∫ 𝜀(𝜆)
∞

0
𝐸𝜆𝑑𝜆

𝜎𝑏𝑚𝑇4
 (2.6) 
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The energy is integrated with the emissivity over all wavelengths, to obtain the total energy radiated away by the body. 

The emissivity of a black body is by definition ε = 1. This means that a black body absorbs and emits all wavelengths 

of radiation and does not reflect or transmit any energy according to the law of conservation of energy. [18] 

Depending on the temperature, the wavelength of the maximum intensity is inversely varying. The surface temperature 

of the Sun is about 6000 K and behaves almost as a black body [19]. Wien’s approximation, can be seen in Figure 14, 

which shows that the maximum spectral radiance is between 400-750 nm. Which is in the Ultra Violet (UV) and visible 

spectrum. 

 

Figure 14: Black body radiation spectrum [19]   

Furthermore, it can be seen in that the lower temperature body curves tend to peak at longer wavelengths. With this 

equation the wavelength can be compared at which the radiator emits most energy for example when it is at room 

temperature. A graph of this function for different wavelengths can be seen in Figure 15. It can be seen that a black 

body at room temperature emits most of its heat around the wavelength of 0.01 micron, which is 10 nm and is in the IR 

spectrum.  

 

Figure 15: Radiant energy as function of wavelength, for body at room temperature 

A real object is called a gray body that has ε < 1. As a result, when radiation strikes the surface of a body, it may be 

partially absorbed (𝐴), transmitted (𝑇) or reflected (𝑅). Since there must be conservation of energy these coefficients 

together are: 𝐴 + 𝑇 + 𝑅 = 1. The radiative emission (𝜀) of a body according to Kirchhoff’s law is equivalent to its 

absorptivity (𝐴) for a given temperature and wavelength. Since the radiator is assumed an opaque surface with zero 

transmission, this leads to 𝐴 = 1 − 𝑅. Therefore high reflection leads to low absorption and vice versa [18]. Optical solar 

reflectors (OSR’s) make good use of this relation, since these are equipped with a combination of highly reflecting metals 

such as silver and highly emitting quartz.  

 
𝐸𝜆,𝑏 =

2 𝜋ℎ𝑐2

𝜆5[𝑒
(

ℎ𝑐
𝜆𝑘𝑏𝑜𝑙𝑇

)
− 1]

 (2.7) 
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The IR emissivity (and absorptivity) and the solar absorptivity of the FR is determined by the optical properties of Kapton. 

Materials may be selected that make use of this wavelength to absorb and emit heat. For example, white paint may be 

applied to the radiator which has the properties of a high emitter in the IR spectrum, and a low absorber in the solar 

spectrum. Some typical coatings can be seen in Table 2.  

Table 2: Typical beginning of life (BOL) optical properties of different materials [20] 

2.4.3. Radiative heat transfer 

Radiative heat transfer between black bodies is based on view factors which are defined as the fraction of radiation 

leaving one surface that is intercepted by the other [16]. The view factor geometry can be seen in Figure 16. 

 

Figure 16: View factor geometrical definition [16] 

The definition is generally described by eq. (2.8), which takes into account the geometry of multiple surfaces and the 

angles 𝜙𝑖 , 𝜙𝑗 between them. The sum of 𝑛 view factors must be unity, (∑ 𝐹𝑖𝑗
𝑛
𝑗=1 = 1)  [16].  

From the symmetry in the equation, a reciprocity relation is deduced [16]: 

And as said before, the view factor is the heat being intercepted over the heat being emitted which is described by [21]: 

The radiation between two surfaces can also be described using the Gebhart factor (𝐵). This factor takes into account 

the reflections between surfaces which is applicable to grey bodies (𝜀 < 1; 𝑅 > 0). In [21] the definition of the Gebhart 

factor is derived: 

By comparing eq. (2.11) with eq. (2.10) we may write: 

From which the radiation exchange factor 𝑅𝑖𝑗 for black or grey bodies is identified: 

Material Solar absorptance IR emissivity 

OSR, Silvered fused silica (Quartz) 0,07 0,80 

3M black velvet paint 0,97 0,91 

Z93 White paint 0,19 0,83 

Silvered Teflon, 5 mil 0,08 0,81 

Stainless steel  0,47 0,14 

 

𝐹𝑖𝑗𝐴𝑖 = ∫ ∫
cos 𝜙𝑖𝑐𝑜𝑠𝜙𝑗

𝜋𝑠2

𝐴𝑗𝐴𝑖

 𝑑𝐴𝑖𝑑𝐴𝑗 (2.8) 

 𝐹𝑖𝑗𝐴𝑖 = 𝐹𝑗𝑖𝐴𝑗 
(2.9) 

 
𝐹𝑖𝑗 =

𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝐴𝑗 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑡𝑖𝑛𝑔 𝑎𝑠 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑎𝑡 𝐴𝑖

𝑇𝑜𝑡𝑎𝑙 𝑏𝑙𝑎𝑐𝑘 𝑏𝑜𝑑𝑦 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐴𝑖 𝑎𝑡 𝑇𝑖

=
𝑄𝑖𝑗

𝐴𝑖𝜎𝑇𝑖
4 (2.10) 

 
𝐵𝑖𝑗 =

𝑄𝑖𝑗

𝜀𝑖𝐴𝑖𝜎𝑇𝑖
4 (2.11) 

 𝐴𝑖𝜀𝑖𝐵𝑖𝑗𝜎𝑇𝑖
4 = 𝐴𝑖𝐹𝑖𝑗𝜎𝑇𝑖

4 
(2.12) 
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In which the sum of the Gebhart factors is also unity (∑ 𝑅𝑖𝑗
𝑛
𝑗=1 = 1). The heat exchange between the surfaces becomes: 

And since the reciprocity relation is also found in the Gebhart factor (𝐴𝑖𝐹𝑖𝑗 = 𝐴𝑗𝐹𝑗𝑖 = 𝜀𝑖𝐴𝑖𝐵𝑖𝑗 = 𝜀𝑗𝐴𝑗𝐵𝑗𝑖), we obtain eq. 

(2.15) : 

Furthermore, if surface 𝐴𝑗 in an enclosure loses energy at a net rate of 𝑞𝑗. This can be written as shown in (2.16) [22]: 

Which after some algebraic manipulation with the view factors, leads to the useful Gebhart factor equation, describing 

the fraction of radiation being emitted by i, and absorbed by j, including the radiation which is reflections by a number of 

surfaces (𝑛𝑠) [22]: 

2.4.4. Conductive heat transfer 

Thermal conductance is a very important form of heat transfer for the FR, since the heat which is delivered by the fluid, 

must be transported from the tube throughout the fins of the radiator. The heat which conducted is dependent on 

geometry and conductivity of the material. Since several conductive geometries are expected in the FR, this section 

elaborates on the effect of geometry and a combination of materials on heat transfer. 

Linear conductive heat transfer can be found from eq. (2.18), where 𝑘 represents the thermal conductivity, 𝐴 the cross-

sectional area and 𝐿 the length of the thermal path and 𝛥𝑇 the temperature difference [16]. 

These factors are demonstrated in Figure 17. 

 

Figure 17: Linear conductive heat transfer between T1 and T2 

This relation can be used to describe the conductive coupling (𝐶) as [23]: 

Or from electrical network analogy the thermal resistance is found: 

And by Kirchhoff’s law, multiple resistances in series can be added to find the heat flow through a combination of 

materials as shown in (Figure 18). 

 𝑅𝑖𝑗 = 𝐴𝑖𝜀𝑖𝐵𝑖𝑗 = 𝐴𝑖𝐹𝑖𝑗 
(2.13) 

 𝑄𝑖𝑗 = 𝐴𝑖𝜀𝑖𝐵𝑖𝑗𝜎𝑇𝑖
4 − 𝐴𝑗𝜀𝑗𝐵𝑗𝑖𝜎𝑇𝑗

4 
(2.14) 

 𝑄𝑖𝑗 = 𝜀𝑖𝐴𝑖𝐵𝑖𝑗𝜎(𝑇𝑖
4 − 𝑇𝑗

4) 
(2.15) 

 
𝑄𝑗 = 𝜀𝑗𝐴𝑗𝜎𝑇𝑗

4 − ∑ 𝐵𝑖𝑗𝜀𝑖𝐴𝑖𝜎𝑇𝑖
4

𝑛

𝑖=1

 (2.16) 

 

𝐵𝑖𝑗 = 𝐹𝑖𝑗𝜀𝑗 + ∑(1 − εk)𝐹𝑖𝑘𝐵𝑘𝑗

𝑛𝑠

𝑘=1

 (2.17) 

 
𝑄𝑖𝑗 =

𝑘𝐴

𝐿𝑖𝑗

𝛥𝑇𝑖𝑗 (2.18) 

 
𝐶𝑖𝑗 =

𝑘𝐴

𝐿𝑖𝑗

 (2.19) 

 
𝑅𝑖𝑗 =

𝐿𝑖𝑗

𝑘𝐴
=

1

𝐶𝑖𝑗

 (2.20) 
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Figure 18: Conductive resistance in series [24] 

And similarly, a parallel resistance can be added as demonstrated in Figure 19: 

 

Figure 19: Parallel thermal resistance addition [24] 

For a cylindrical shell, radial conduction is defined from eq. (2.23) and is shown in Figure 20. Note however that for thin 

walled tubing 
𝑟2−𝑟1

𝑟1
≪ 1, therefore the heat transfer can be often estimated in the same manner as a slab with thermal 

path distance [24]; 𝐿12 = 𝑟12 = 𝑡𝑤. 

 

Figure 20: Radial conduction 

2.4.5. Convective heat transfer 

Convection is the form of heat transfer to which the FR is exposed within the tubing and on the radiator surface. However, 

the convection which is applicable to the tubing is concerned to forced convection and the convection of the radiator 

surface is considered to be natural convection.  

Heat transfer by convection, can be described by the relation which can be found in any heat transfer literature: 

Some indicative values of heat transfer coefficient ℎ𝑐 can be found in Table 3. 

  

 

 
𝑅 = 𝑅1 + 𝑅2 =

1

𝐶1

+
1

𝐶2

 (2.21) 

 1

𝑅
=

1

𝑅1

+
1

𝑅2

= 𝐶1 + 𝐶2 (2.22) 

 
𝑄12 = −𝑘𝐴

𝑑𝑇

𝑑𝑟
=  2𝜋𝑘

𝑇1 − 𝑇2

ln(𝑟2/𝑟1)
 (2.23) 

 𝑄 = ℎ𝑐𝐴𝛥𝑇 
(2.24) 
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Table 3: Some convective heat transfer coefficients [17] 

It can be seen that the heat transfer coefficient varies greatly with the medium, state of the medium and the nature of 

the flow. The flow in the RS is fluidic and the fluid properties are based on Galden HT 55. The mass flow of the system 

can be adjusted to match the required heat transfer of the system to the environment. Since the medium is being 

mechanically motorized, the occurring convection is considered to be forced. The outside wall of the FR during the lab 

tests is considered to be cooled by natural convection.  

Convective heat transfer occurs due to a difference between the free stream temperature 𝑇∞ and the surface 

temperature 𝑇𝑤. The difference causes a thermal boundary layer, which conducts the heat between the wall and the 

free stream as given in [25] by eq. (2.25)  

In which 𝑘𝑓 is conductivity of the fluid, 𝑦 is the thermal boundary layer height measured perpendicular to the wall. 

Arranging this equation as given in [25], which includes the characteristic length of the of the body to which the wall 

refers. 

Which is the definition of the Nusselt number, which is a function of the thickness of the thermal boundary layer. [25]  

2.4.5.1. Forced convection 

Since the Nusselt number is a function of the boundary layer thickness, the average value is taken in the heat transfer 

which is performed by the FR. And since the characteristic length of a tube is equal to its inner diameter𝐷𝑡𝑢𝑏𝑒 , we can 

write eq. (2.26) as 

This is considered to be the Nusselt number for a tube flow. In flows, a distinction is made between laminar and turbulent, 

depending on the Reynolds number 𝑅𝑒 which is defined as eq. (2.28) [17]. 

In which 𝜌𝑓 defines the fluid density, 𝑣∞ the free stream velocity and 𝜇 the dynamic viscosity. The Reynolds numbers \in 

which always a stable laminar flow will occur is 𝑅𝑒 ≤ 2100.  and turbulent flow is considered always to be complete for 

𝑅𝑒 > 4 ∗ 106. This however is applicable to a flat plate and for a curved surface is expected that turbulence settles in 

much earlier. [25] 

The Reynolds number of the FR tube is expected to be 

Nature of flow Fluid 
𝒉𝒄  [

𝑾

𝒎𝟐𝑲
] 

Surfaces in buildings Air 1-5 

Across tubes Gas 10-60 

 Liquid 60-600 

In tubes Gas 60-600 

 Organic liquid 300-3000 

 Water 600-6000 

Natural convection Gas 0.6-600 

 Liquid 60-3000 

 
−𝑘𝑓

𝜕𝑇

𝜕𝑦
|

𝑦=0

= ℎ𝑐(𝑇𝑤 − 𝑇∞) 

 

(2.25) 

 𝜕 (
𝑇𝑤 − 𝑇

𝑇𝑤 − 𝑇∞
) 

𝜕(𝑦/𝐿)
|

𝑦/𝐿=0

=
ℎ𝑐𝐿

𝑘𝑓

= 𝑁𝑢𝐿 

 

(2.26) 

 
𝑁𝑢𝑑
̅̅ ̅̅ ̅̅ =

ℎ𝑐
̅̅ ̅𝐷𝑡𝑢𝑏𝑒

𝑘𝑓

 
(2.27) 

 
𝑅𝑒 =

𝜌𝑓𝑣∞𝐿

𝜇
 

(2.28) 
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For the lowest flow velocity expected to occur in the FR, the Reynolds number according to this equation is in the 

transitional domain, however since the fluid is provided by a mechanical pump, and the flow passes through a narrow 

connector which almost doubles the Reynolds number due to the increased velocity, the fluid is already expected to be 

turbulent upon entrance of the tube. [26] discusses that for engineering purposes, fully developed turbulent flow may be 

assumed considering 
𝐿

𝐷
> 60, which is the case if a single fin tube is considered in the FR. 

The general relation of the Prandtl number 𝑃𝑟 is defined by eq. (2.30), in which 𝐶𝑝is the specific heat capacity of the 

fluid, which represents the ratio of momentum diffusivity over thermal diffusivity [17] 

[26] discusses several correlations for heat transfer in a turbulent flow of a smooth tube, and proposes the Dittus-Boelter 

correlation for its ease of use with smooth tubes, relating to flows with Prandtl numbers between 0,7 < 𝑃𝑟 < 100 and for 

tubes with 
𝐿

𝐷
> 60: 

Where 𝑧 = 0.4 (for heating) or 𝑧 = 0.3 (cooling). The properties are also determined at the average bulk temperature of 

the fluid between the entrance and exit of the tube. 

According to this approach, the following values in Table 4 are found for forced convective heat transfer in the FR, based 

on a density of 𝜌𝑓𝑙𝑢𝑖𝑑 = 1650 𝑘𝑔/𝑚3, diameter of 𝐷 = 0,00635 𝑚, dynamic viscosity of 𝜇𝑑 = 7,3 ∗ 10−4 𝑃𝑎 ⋅ 𝑠, conductivity 

of 𝑘𝑓 = 0,065
𝑊

𝑚𝐾
 and a specific heat of 𝐶𝑝 =  1240

𝐽

kgK
 and an average temperature of 𝑇𝑓𝑢𝑖𝑑𝑎𝑣

= 25 ℃ [27]. 

Table 4: Heat transfer coefficient for various flow rates 

The table shows how the heat transfer may be expected to improve by increasing the flow rate, however may be limited 

by the conductive coupling of the tube itself, if we regard serial resistance from eq. (2.21) 

2.4.6. Natural convection 

The surface of the FR is cooled by natural convection, however since the lab environment is equipped with an air 

conditioning system and since the facility may be entered by people who are working in the lab, the flow of natural 

convection may be disturbed and may prove to be very difficult to model or predict even by first order. Therefore, the 

natural convection is correlated in the thermal model, which is based on the conductive properties and radiative 

properties of the FR and convective properties of the flow, which are relatively certain during steady state. 

Originally the Nusselt number which may be used for free convection is a function of the Grashof number (𝐺𝑟) and 

Prandtl number, which together form the Rayleigh number (𝑅𝑎) [28] 

In which the constants 𝐶𝑜𝑟 , 𝑧 depend on the orientation of the heated plate. A simplification of this equation for air is 

produced in [29] which transforms the Nusselt number to the heat transfer coefficient  

ℎ𝑐 = 𝐶𝑜𝑟 (
∆𝑇

𝐿
)

𝑧

 

 
𝑅𝑒𝑡𝑢𝑏𝑒𝑓𝑙𝑜𝑤 =

1650 ∗ 0,26 ∗ 0,00635

7 ∗ 10−4
= 3,7 ∗ 103 

(2.29) 

 
𝑃𝑟 =

𝜇𝑑𝐶𝑝

𝑘
 (2.30) 

 𝑁𝑢 = 0.023 𝑅𝑒𝑑
4/5

𝑃𝑟𝑧 (2.31) 

𝑸𝒇 (𝒍/𝒎𝒊𝒏) 0,5 0,8 1 1,2 1,5 

ṁ (𝑘𝑔/𝑠) 0,014 0,022 0,028 0,033 0,041 

ℎ𝑐  (
𝑊

𝑚2𝐾
) 

487,7 710,3 849,1 982,4 1174,5 

 𝑁𝑢 = 𝐶(𝐺𝑟 𝑅𝑎)𝑧 = 𝐶 𝑅𝑎𝑧 
(2.32) 
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The same source also provides values for 𝐶, 𝑧. We obtain the following values for a surface with characteristic length 

𝐿 = 0,4 𝑚 and temperature difference from surface to air ∆𝑇 = 15℃  

Table 5: Natural convection heat transfer coefficients for differently oriented surfaces 

This demonstrates that the FR may be expected to be cooled the most if placed vertically. Furthermore, an order of 

magnitude which may be expected is now known, the air-conditioning system may however still influence this number, 

which we shall see from the correlation with the model. 

2.4.7. Advective coupling 

The thermal model makes use of advective couplings to determine the heat transfer between nodes which are connected 

throughout the flow. The definition of these couplings is given by eq. (2.33) which can be used by measuring the mass 

flow and the temperature difference. 

 𝑄𝐹𝑅 = ṁ𝐺𝑎𝑙𝑑𝐶𝑝𝐺𝑎𝑙𝑑
𝛥𝑇𝑖𝑛−𝑜𝑢𝑡 (2.33) 

2.4.8. Radiator efficiency 

The fin efficiency is determined to estimate the efficiency of the radiator. An ideal radiator has a constant surface 

temperature equivalent to its root. In reality the temperature varies over the surface of the radiator as a result of limited 

conductivity and therefore the possible radiative heat output reduces. Therefore, in its most basic form, the radiator 

efficiency is the ratio of actual radiated heat over the ideally radiated heat.  

 𝜂𝑒 =
𝑄𝑎𝑐𝑡

𝑄𝑖𝑑𝑒𝑎𝑙

 (2.34) 

Which may be found from integrating a temperature profile on a surface and dividing it over the ideally radiated heat as 

demonstrated with (2.35). 

 𝜂𝑒 =
 𝜀 𝜎 ∬ (𝑇4(𝑥, 𝑦) − 𝑇𝑆𝑝𝑎𝑐𝑒

4 )𝑑𝐴
𝐴𝑡𝑜𝑡

𝐴𝑡𝑜𝑡𝜀𝜎(𝑇𝑖𝑑
4 − 𝑇𝑆𝑝𝑎𝑐𝑒

4 )
 (2.35) 

𝑇𝑖𝑑 , which is the ideal/root temperature, which is constant throughout the radiator. Close spacing of heat pipes and very 

thick fins would result in the smallest radiator area and the highest efficiency due to high in plane conduction. However, 

this would make the design very heavy. Since mass is a critical design driver, a less efficient but lower mass radiator 

configuration may be preferred. The optimum combination must then be found between heat pipe spacing and fin 

thickness and so an approach to optimize the fin spacing is given in [30]. However, for the FR design a spacing is 

chosen and the efficiency shall be determined from the heat which is transferred per node by means of radiation and 

convection, which can be performed in the thermal model and can be measured during the test. Which boils down to 

eq. (2.36), which is reduced to eq. (2.34) in the absence of air. 

 𝜂𝑒 =
𝑄𝑎𝑐𝑡𝑟𝑎𝑑

+ 𝑄𝑎𝑐𝑡 𝑐𝑜𝑛𝑣

𝑄𝑖𝑑𝑒𝑎𝑙𝑟𝑎𝑑
+ 𝑄𝑖𝑑𝑒𝑎𝑙𝑐𝑜𝑛𝑣

  (2.36) 

2.5. Breadboard testing 

This section is dedicated to breadboard tests which are conducted to support theory and to develop some understanding 

of the materials and techniques which are used in the FRA design.  

Orientation Vertical Horizontal Horizontal 

Side heated Both Top side Bottom side 

𝐶𝑜𝑟 1,42 1,32 0,59 

𝑧 0,25 0,25 0,25 

ℎ𝑐𝑛𝑎𝑡
 3,51 3,27 1,46 
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2.5.1. Dyneema creep test 

The HDRM utilizes Dyneema thread to close the lever and hold the FRRS with a tight grip. While closed, the HDRM is 

expected to withstand the launch load of 𝐹 = 440 𝑁. Since a part of this load is expected on the Dyneema thread, the 

thread must be placed under pretension, such that the lever remains closed once this load is experienced. This is a 

significant force, which is placed onto the thread for a long duration of time and may slowly relax the stresses after 

closing the HDRM. A test of a few days is performed to demonstrate of creep occurs, which would very likely also 

indicate possible relaxation. 

The thread which is tested is a bundle of Dyneema SK75. According to manufacturing sheet [31] one 1760 𝑑𝑡𝑒𝑥 has a 

breaking force of 𝐹𝑏𝑟 = 610 𝑁 at 3,5 𝐺𝑃𝑎. For the combined bundle, assuming that it breaks simultaneously the ultimate 

load is 6100 N. The elongation at break is 3,5%.  

The pre-tensile load which is placed by the HDRM on the thread is 𝐹𝐻𝐷𝑅𝑀 = 180 𝑁, a test is performed using 𝐹𝑚𝑎𝑠𝑠 =

196 𝑁. The load however is suspended over two ends (Figure 21) which are attached to a piece of aluminum with 𝐷 =

4 𝑚𝑚 holes, similar to those of the HDRM. The bundle ends are individually knotted by means of a single overhand 

knot. After the test, there have been no observations of damage or plastic deformation in the thread or knot.  

 

Figure 21: Dyneema test thread 

Since the stress strain curve is linear for a fiber until it breaks, the required elongation is 
∆𝐿

𝐿
=

98

6100
∗ 3,5% = 0,056%. 

Which is an elongation of ΔL = 0,17 𝑚𝑚 with respect to the original length of the test. The result of this test is not 

analyzed due to the complex uncertainties which are involved in this test. However, it is simply demonstrated how the 

thread responds to a load after a duration of time. The result is that after 𝑡1 = 67 ℎ𝑟𝑠, a slight displacement was 

measured, however since it is a horizontal displacement, it is assumed that the tape on the needle has released, which 

can be seen in Figure 22. Therefore, additional Kapton tape is used to tighten the grip on the needle and continue the 

measurement. After 𝑡2 = 24 ℎ𝑟𝑠 no significant creep is measured as can be seen in Figure 23, taking into account an 

uncertainty of ±0,2 𝑚𝑚. 

 

Figure 22: Creep test observations during various dates and times 
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Figure 23: Geometric comparison of needle initial position 𝑡1 (left) and at 𝑡2 (right)  

2.5.2. Inflatable breadboard based on a PET/PE tube 

Since strong polymer materials are available the option to use thin walls, an inflatable structure is breadboarded to test 

the inflatability and structural stiffness of a thin walled polymer tube (Figure 24) and to develop some working knowledge 

on the materials to be used. The material which is used for the inflatable breadboard model is PET/PE foil. The foil is 

highly flexible and can be easily heat welded using Commercial Off The Shelf (COTS) equipment, into shapes which 

can be pressurized by air. A tube is produced from this foil, which is tested for bending stiffness and afterwards the tube 

is inserted into a radiator shape which can be structured by inserting the tube (Figure 24). The tube is simply produced 

by means of heat welding and the connection with an aluminum hollow rod is made by means of isolation tape and a 

ty-rap to seal it. Different diameters are tested for bending moment (𝐷 = 6𝑚𝑚, 𝐷 = 10𝑚𝑚, 𝐷 = 20𝑚𝑚), however the 

𝐷 = 10𝑚𝑚 only provided results as expected, indicating either unanticipated influence by tube stiffness, a weakness at 

the root hinge or inaccurate placement of the load attachment points for the other diameters. 

 

Figure 24: Inflated PET/PE heat-welded tube 

The tube is bended by means of an Unster which is attached at several locations on the tube, to obtain two predefined 

bending angles ∅1 = 33,33°, ∅2 = 66,66° , under different kinds of pressure. This is done to: 

- calculate the bending moment for different pressures 

- calculate the difference in bending moment due to a longer moment arm to obtain a constant deflection 

The latter may be influenced by the elasticity of the straight part of the tube, or due to a slight curvature which causes 

less wrinkles at the root, leading to a lower bending moment. The accuracy of this test is approximated to be 𝛥𝑀 =

±√(0,005𝑚)2 + (0,01𝑁)2 = 0,01𝑁𝑚 

 

Figure 25: Bending test setup 
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The bending moment 𝑀𝑤 of a foil tube which is expected is based on the approximations provided by [33], which 

describes the moment which is related to the formation of the first wrinkles at root of the tube with pressure 𝑃 and initial 

tube radius 𝑅𝑜 

 𝑀𝑤 = 𝑃𝜋𝑅𝑜
3/2  (2.37) 

and the moment related to the complete circumferential wrinkling at the root or collapse moment: 

 
𝑀𝑐 = 2𝑀𝑤 = 𝑃𝜋𝑅𝑜

3 
 

(2.38) 

Furthermore, [34] proposes the equation for total bending moment as a function of pressure, including the stiffness of 

the tube wall 

 
𝑀𝑝𝑟𝑒𝑠𝑠 = 𝜋𝑅0𝐸𝑡ℎ2(0,6𝛾 + ∆𝛾) + 0,8𝑃𝜋𝑅𝑜

3 

 
(2.39) 

In which 𝐸 is the Youngs modulus of the tube, 𝑡ℎ is the wall thickness and the 0,8 factor is chosen for design purposes 

[34]. 𝛾 and 𝛥𝛾 are buckling constants which are also obtained from [34]. The tube bending test results are shown in 

Appendix A: Inflated tube bending test results.  

It is observed that the bending moments which are produced by the shortest moment arms, almost exactly comply with 

the expected collapse bending moment from eq. (2.38). Moments generated with longer arms tend to reduce with 

increasing arm length. This may indicate that the tube is less wrinkled at the root. Furthermore, it is observed that the 

deflections which are made to comply with ∅1 produce approximately 10 − 30% lower moments than the values which 

are obtained from ∅2. This may also indicate less wrinkly behavior at the root of the tube. Therefore, for the design of 

the radiator, a margin should be taken into account to compensate for these losses in terms of bending. However, 

depending on the materials used, the radiator also may be stiffer than expected by eq. (2.38). Therefore (2.39) should 

be used for determining the actual bending moment of the FR after deployment. During deployment eq. (2.38) may be 

used as the moment arm is shorter. 

After observing the bending moments which can be carried by the tube, a PET/PE dummy radiator is heat welded 

around the tube. The dimensions of the dummy radiator are 𝐿𝑥𝐵 = 0,4𝑥1 𝑚2 and can be seen in Figure 26. The tube is 

made from a double sheet of PET/PE which is welded into a U shape on the entire circumference to produce a 

continuous tube. It is also closed on one side and pressurized on the other. 

 

Figure 26: FR breadboard model made from PET/PE and pressurized with air at one bar pressure gauge 

The figure demonstrates a stiff result; however, the dummy radiator only remains in this stretched position for a couple 

of seconds. The failure mode is assumed to be buckling due to instability. The far end of the dummy slightly moves 

sideways until it starts buckling. This instability is proposed to be the result of lateral torsional buckling. After calculating 

the required diameter of tubing to uphold the FR in this position as function of liquid mass, it seems unrealistic to 

demonstrate the FR in this position. A test to deploy the dummy from a rolled-up position furthermore demonstrated that 

the dummy would fall down and afterwards would not recover only by means of pressure. Therefore, other means of 

deployment of the dummy are considered, and also the analysis of the lateral torsional buckling is left out of this Thesis. 
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At this stage supportive mechanisms are not yet considered. Purely basic means of unrolling the dummy are first 

considered for the verification of the requirements.  

Therefore, the option of restraining several axes to demonstrate its deployment characteristics is tested. Figure 27 

demonstrates how the dummy deploys by means of pressurized air. The flat surface test demonstrates that 𝑃𝑔𝑎𝑢𝑔𝑒 =

1 𝑏𝑎𝑟 is sufficient to roll-off the low mass dummy radiator. Furthermore, the tube is rolled up and placed on its side to 

demonstrate how in unrolls from a top view in two dimensions. It demonstrates that the rolled-up tube is launched 

forwards and does not make a huge swoop. Therefore, it is considered that these tests may be used to fulfill the 

requirements, by adding additional mass which is representative for the FR/FRRS. 

 

Figure 27: Simplified deployment tests: roll-off on a flat surface (left), sideways inflation of single tube (right) 

2.5.3. Capstan equation 

The Capstan equation is used to determine the tensile load which is present in the cross section of the FR as a function 

of windings around the FRRS. In particular it is used to determine the load which acts on the connection to the FRRS 

at the end of the FR. A Capstan can also be found on board of ships as it utilizes the friction which is present between 

the rope and the Capstan to greatly reduce the required force by the handler to hold heavy sails.  

The equation is found in [35]. It relates the friction coefficient 𝜇𝑓𝑟𝑖𝑐 of the rope and the number of windings 𝛽 expressed 

in radians to the tensile forces in the rope (𝐹1, 𝐹2). Assumed is that the FR is slipping, since it cannot be rolled up without 

some minor slack. 

 𝐹1 = 𝐹2𝑒𝜇𝑓𝑟𝑖𝑐𝛽  (2.40) 

If we consider that the launch load pulls on the FR laminate end which is held be the FRF. The tensile force within the 

cross section of the FR exponentially decreases with the number of windings around the FRRS. For a kinetic friction 

coefficient of Kapton [36] 𝜇𝑓𝑟𝑖𝑐 = 0,48, assuming that the full launch load is exerted on the FR, it is found that the tensile 

force 𝐹2 in the FR laminate reduces to practically zero over the course of one winding due to the high friction coefficient. 

Therefore, it is assumed that the load which acts on the connection of the FR to the FRRS should be analyzed on 

handling rather than operational loads. 
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Figure 28: The reduction of tensile force within the FR as a result of friction forces while wounded around the FRRS 

2.5.4. Roll up equation 

As said before, the foil which is rolled up tightly around the FRRS may be rolled up and then slip slightly when placed 

into position with the HDRM. The foil + tube thickness (compressed and uncompressed) is between 0,35 𝑚𝑚 

and 6,7 𝑚𝑚. The amount of length required to complete a number (𝑛) of windings around the FRRS with radius 𝑅𝑖𝑛 =

37 𝑚𝑚 can be found by means of: 

 
𝐿𝑟𝑒𝑞 = 2𝜋 ∑(𝑅𝑖𝑛 +

𝑡ℎ𝑓𝑜𝑖𝑙

2
(2𝑘 − 1)) 

𝑛

𝑘=1

 

 

(2.41) 

To complete 5 whole windings, 𝐿𝑟𝑒𝑞 = 1190 mm. Therefore with length 𝐿 = 1000𝑚𝑚 and 𝑡ℎ𝑓𝑜𝑖𝑙 = 0,35 𝑚𝑚 we can 

complete 𝑁𝑤𝑖𝑛𝑑 = 5 ∗
𝐿

𝐿𝑟𝑒𝑞
= 4,2 𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑠 and for 𝑡ℎ𝑓𝑜𝑖𝑙 = 6,7 𝑚𝑚 we aim for four windings and thus complete  𝑁𝑤𝑖𝑛𝑑 =

4 ∗
1000

1267
= 3,15 𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑠. 

The outer radius that is achieved by rolling up the foil is: 

 𝑅𝑜𝑢𝑡𝑡𝑖𝑔ℎ𝑡
= 𝑅𝑖𝑛 + 𝑁𝑤𝑖𝑛𝑑 ∗ 𝑡ℎ𝑓𝑜𝑖𝑙𝑚𝑖𝑛

= 38,05 𝑚𝑚 (2.42) 

 𝑅𝑜𝑢𝑡𝑙𝑜𝑜𝑠𝑒
= 𝑅𝑖𝑛 + 𝑁𝑤𝑖𝑛𝑑 ∗ 𝑡ℎ𝑓𝑜𝑖𝑙𝑚𝑎𝑥

= 63,8 𝑚𝑚 (2.43) 

This demonstrates that the possible number of windings will be high enough to deal with the launch load, but also that 

the resulting roll thickness is relatively low 𝑡ℎ𝑟𝑜𝑙𝑙 = 𝑅𝑜𝑢𝑡 − 𝑅𝑖𝑛;  1 𝑚𝑚 < 𝑡ℎ𝑟𝑜𝑙𝑙 < 26,8 𝑚𝑚 for a length of 1 𝑚. It is however 

highly related to the tightness of the roll. 

2.5.5. Mechanical, handling and thermal testing of applicable materials 

To obtain an understanding of the physical and thermal properties of the materials which are likely to be used for the 

breadboard model, a number of tests are performed which shall be summarized in this section. The tests are performed 

on a foil of aluminized Kapton which holds six samples which are made from different stacks of PGS and different OSR 

configurations and sizes (Figure 29).  

 

Figure 29: Bending test item 
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The entire foil was bended over a 𝐷 = 90 𝑚𝑚 diameter beam under various angles and different masses were applied 

to tests to see if the materials would break or peel off. The result was that the stacks of PGS seemed very flexible and 

durable as no visible change had occurred, however the OSR did show cracks on each surface except for the surfaces 

which were smaller than 1 𝑐𝑚2. This opens up the option to cover the FR in OSR’s however a specific adhesive and a 

manufacturing method must be investigated for this purpose.  

Furthermore, it is learned that PGS is very fragile and the pressure sensitive tape is difficult to use without generating 

bubbles in the laminate. This should be taken into account while assembling the FR. Furthermore, it is noticed that PGS 

becomes relatively stiff after placing more than two layers on top of each other. Therefore, it is not investigated if more 

PGS should be used for the FR to improve the conductive performance.  

2.6. GEO Environment 

Spacecraft in GEO are exposed to several environmental factors. Materials which are used for FR may be damaged by 

impacting MMOD but also material properties may change as a result of interactions with the environment. The most 

important factors for the lifetime of the FR considered that it operates in GEO are radiation, which may reduce the 

material strength or the optical properties of the surface or charge the surface which may lead to a static discharge 

which damages the material, and MMOD, which may penetrate the FR wall and cause punctures or delamination’s. 

Finally, there is thermal cycling which cause stresses in and between the materials due to thermal expansion and 

outgassing due to exposure to vacuum, however these are not considered to be in the scope of this report and thus 

require more research before defining or verifying any requirement. The permeability of Kapton is something which must 

be investigated for the specific fluid of use, due to the long molecular chain of Galden, it is not expected at this point 

that the permeability of Kapton will be an issue for the design. 

2.6.1. MMOD 

MMOD is a combination of Space debris and micrometeoroids. In LEO, the probability of an impact is higher due to the 

presence of debris, which is shown in Figure 30. However, for GEO, debris is less prominently present and therefore a 

collision is expected to occur with micrometeoroids. The dominant mass and diameter of these particles is found to be 

𝐷 ~200𝜇𝑚 and with mass of 𝑚 ~1,5 ∗ 10−5𝑔, and these can reach impact velocities of 𝑣𝑖𝑚𝑝 = 72 𝑘𝑚/𝑠 [37].  

 

Figure 30: LEO particles [38] 

Meteoroids are considered to be less harmful for Spacecraft, due to their small size and mass, despite of their large 

mean velocities, however they can cause punctures, or degradation of polymer surfaces [38]. Furthermore, the dominant 

part of meteoroid environment can be assumed sporadic and invariant with time [39]. Debris however, is constantly 

catalogued and an increase in fragmentation debris is observed in [40] over the last few years. 
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The following software and sources can be used to calculate MMOD and debris fluxes which help to determine MMOD 

risks for the FR: MASTER, DRAMA. These can be downloaded on the ESA website [41]. [37] has used MASTER-2001 

database to obtain the following mean times between collisions of various sizes on a 𝐴𝑠𝑝ℎ𝑒𝑟𝑒 = 1 𝑚2 spherical target 

(Table 6). It can be noted that in low earth orbit, the time between impacts is relatively low, which is explained before to 

be caused by the debris population. 

Table 6: Time between collisions with particle sizes on a 1 𝑚2 spherical surface modeled by master-2001 [37]   

2.6.2. Radiation 

Another risk for the thin walled FR is radiation. Thin walled materials are known to degrade due to radiation. Not only 

mechanical but also optical properties may be affected. The main radiation particles of concern in GEO are considered 

to be Solar wind particles, High Energy Protons and High Energy Electrons [38]. Electrons however penetrate deeper 

into the material. An overview of concentrations related to altitude can be seen in Figure 31. 

 

Figure 31: Concentration of radiation particles and gaseous species as function of altitude [38] 

Solar flare protons and electrons however are considered negligible for inflatable designs and the significant protons 

and electrons are geomagnetically trapped and plasma/auroral particles [38]. Typical daily fluences for GEO are 4,94 ∗

1012 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠/𝑑𝑎𝑦/𝑐𝑚2and 1,87 ∗ 1012 𝑃𝑟𝑜𝑡𝑜𝑛𝑠/𝑑𝑎𝑦/𝑐𝑚2. Predictions are provided in [38] concerning 5 years in GEO 

which related to proton and electron doses and their penetration depth for Kapton. Kapton is relatively well resistant to 

radiation and it is expected that mild to moderate damage may occur starting from a dose of 300 𝑀𝑅𝑎𝑑. The expected 

depth to obtain this dose in 5 years’ time by means of electrons is determined by means of AE8 MAX to be 0,9 𝑚𝑖𝑙𝑠 =

22,9 µ𝑚 [38]. Protons by AP8 MIN model are expected to deliver this dose to a depth of 0,1 𝑚𝑖𝑙𝑠 = 2,5 µ𝑚. Where Min 

and Max relate to the worst case solar activity conditions [38]. This shows that electrons pose a greater threat to the FR 

than protons. If we consider a lifetime of 15 years in space, the dose at 1 𝑚𝑖𝑙 depth may become larger than the 

300 𝑀𝑅𝑎𝑑 threshold. The models are however discussed in [38] to be inaccurate and or deficient for lower particle 

energies. It is demonstrated that by adding the low energy plasma electrons dose from the ATS-6 model, that the dose 

in 5 years’ time may reach 1000 𝑀𝑅𝑎𝑑 at 1 mil depth and is much higher at the surface of the foil. A combination of 

electron dose-depth is also provided in [38] to simulate a modelled dose of 5 years in GEO. 

Orbit (semi-major axis) 𝒅 >  𝟎. 𝟎𝟎𝟎𝟏 𝒎 𝒅 >  𝟎. 𝟎𝟎𝟏 𝒎 𝒅 >  𝟎. 𝟎𝟏 𝒎 𝒅 >  𝟎. 𝟏 𝒎 

ISS (≈ 360 𝑘𝑚) 221 𝑑 271 𝑦 149,253 𝑦 1.872 𝑥 106 𝑦 

GPS (20,000 𝑘𝑚) 4.52 𝑦 10,090 𝑦 11,2 𝑥 106 𝑦 990 𝑥 106 𝑦 

GEO (35,786 𝑘𝑚) 4.67 𝑦 2,267 𝑦 2.44 𝑥 106 𝑦 24.6 𝑥 106 𝑦 
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However, since the material is not expected to sustain more than mild-to-moderate damage until it reaches a dose of 

4000 𝑀𝑅𝑎𝑑 [38], and since the external materials are not critically loaded it is assumed that the HiPeR laminate will not 

sustain critical damage during 15 years in orbit. [38] also shows that the dose quickly reduces when approaching the 

1 𝑚𝑖𝑙 depth. Therefore, it is assumed that the complete laminate, which is much thicker and exists at least of 2 𝑚𝑖𝑙 

Kapton, will be sufficient to protect the adhesive and the tubing from mechanical degradation as a result of radiation.  

It was found in [42] by means of AE8 and AP8 that the total dose reaching 1 𝑚𝑖𝑙 during 15 years a simulated GEO 

environment is ≈ 8 ∗ 105 𝐺𝑦 = 800 𝑀𝑅𝑎𝑑. A radiation test was conducted simulating equivalent dose/depth applied by 

electron and proton particles as shown in Figure 32. Furthermore 8897 Equivalent Sun Hours (ESH) of UV radiation 

was applied with solar constants varying between 7 and 9. The radiation was applied to a 5 𝑚𝑖𝑙 specimen of Kapton, 

which hardly showed any mechanical degradation as it reduces ≈1% in ultimate tensile strength and ≈ 20% in Ultimate 

strain and is therefore practically unaffected by the radiation. 

This is expected from a thicker layer of Kapton but it does not exclude that the FR surface will be damaged since the 

laminate is thinner. It is still fair to assume at this point that the tubing will not be critically damaged since it is shielded 

by HiPeR and HiPeR is already qualified to deal with radiation.  

 

Figure 32: 15 year dose in GEO-equivalent particle environment [42] 

2.7. Research questions elaborated 

The research questions are shortly elaborated per question. 

RQ 2.1: “What is INFRA and how can this graduation research work contribute to the INFRA project?” 

A: INFRA is a project in which Airbus and the NLR are cooperating to develop a radiator system that combines their 

specialized technologies. This goal of this research project is to develop a subsystem for the radiator system and 

demonstrate its functionality. Furthermore, the research project is used to develop a thermal model or a MMOD analysis, 

which can be used to obtain a better understanding of the product. 

RQ 2.2: “How to utilize HiPeR within INFRA and what is the state of the art?” 

A: The state of the art of inflatables is based on rigidizing techniques, since INFRA is stiffened by means of pressure, 

rigidizing is not considered. Extensive research was conducted into similar concepts, however these all failed within a 

month time in space due to MMOD.  HiPeR is expected to provide a longer lifetime besides a high performance to mass 

ratio and is therefore considered state of the art in inflatable and flexible radiators. 

RQ 2.3: “Which thermal theory is applicable to the design and verification of the FR?” 

A: The theory which is described in the Thermal section is theory which is used in determining the performance of the 

FR by means of first order approximations as well as by means of the thermal mathematical model. 
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RQ 2.4: “Which tests are required to obtain some working knowledge on the functionality of the FRA?” 

A: The design is supported by means of breadboard tests in this case is more effective than analysis. Initially material 

tests were performed to better understand the HiPeR materials. Creep and melting tests were performed to better predict 

the behavior of Dyneema in the design. A PET/PE version of the FR also provided insights in the deployment 

mechanisms, inflatability and stiffness of the design.  

RQ 2.4: “Which environments are to be considered for the design of the breadboard model and how will these 

environments impact the design choices?” 

A: The environments which are considered are the Lab in which the tests take place and an ideal space environment of 

𝑇 = 2,7 𝐾 and no additional heat sources, which will be used to predict the performance of the FR. For the Lab tests 

tooling is developed to hold the FRA during the thermal and deployment tests and for the space environment no 

additional tooling is required. A FRF is designed such that it can be integrated with or replaced by a S/C wall. 

Furthermore, the space environment requires an estimation of lifetime due to MMOD and also a prediction based on 

radiation.  
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 INFRA Requirements 

The development of the INFRA project is based on the system requirements. The system requirements are used in this 

project as a translation of the customer requirements and contributing rules or boundaries to help define the 

characteristics of the system. To define these requirements a House Of Quality (HOQ) was used at an early stage to 

define the most important characteristics of the system with respect to the customer requirements. Furthermore, a 

system context diagram was formulated and an input-output matrix was helpful to identify underlying requirements. The 

process of developing the breadboard is based on the well-known systems engineering ‘V-model’, which can be seen 

in Figure 33. The requirements and the design are defined and synthesized in the order as displayed by the arrows. 

And the reports which are delivered for the project are shown in the blue boxes. The results of the verification and 

validation resulting from this process are found in chapter 5.3.4. 

 

Figure 33: INFRA V-Model 

This chapter shall provide the results of the techniques which were used as well as the resulting requirements and the 

lessons learned throughout the process.  

Need and mission statement 

For this project, the need is: “To develop a breadboard (BB) model, that is tested for heat dissipation and deployment, 

to deliver a proof of concept of Inflatable Radiator (INFRA) technology, which combines High-Performance Radiator 

(HiPeR) with the Micro- Mechanically Pumped Loop (µ-MPL) technology, and which demonstrates competitive potential 

with respect to the state of the art, in terms of heat dissipation, stowed volume and mass.” 

The INFRA concept is identified for its potential on the deployable radiator market, amongst other things due to its low 

mass and low storage volume requirements. Therefore, the breadboard model is also used to verify these expectations.   

The mission statement is hereafter formulated as: “The INFRA project shall design, develop and test an Inflatable 

Radiator BB that can serve as proof of concept of Inflatable radiator technology, which utilizes HiPeR and µMPL 

technology, which can demonstrate deployment functionality and also demonstrates potential in terms of mass, stowed 

volume and heat dissipation.” 
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3.1. Stakeholder requirements 

The NLR & Airbus project members function as the key and active stakeholders since they cooperate and participate 

directly within the project group, and as a company the NLR and Airbus shall benefit passively from the long-term results. 

Individuals such as the Assembly Integration and Testing (AIT) engineers, are considered to be active stakeholders and 

therefore their interaction with the system is also taken into account. For the stakeholders, the key-requirements are 

identified in coordination with the customer expectations and are presented including the weights in Table 7.  

Table 7: Key- Customer Requirements 

 

 

 

 

 

 

After defining the key customer requirements, the original INFRA proposal, together with a series of first order 

approximations related to the high-level design is used to identify a list of system characteristics. These are rated for 

importance in a House of Quality matrix and this matrix shows that the following system characteristics or functional 

requirements which are the most important for the success of the product are: the radiation resistance, flexibility of the 

radiator, ability to sustain internal overpressure, deployed stiffness, leak tightness, flow rate and conductivity in-plane. 

At this stage Micro Meteorites and Orbital Debris (MMOD) are not considered to be an issue and mitigation of risk by 

means of redundancy is considered to be sufficient to obtain a nominal lifetime in orbit, only while verifying the RS 

design lifetime a more detailed analysis is performed and it is discovered that the lifetime is indeed highly impacted by 

this factor (see chapter 4.4)  Instead the requirements regarding to lifetime at this stage, are based on radiation, since 

previous classified HiPeR tests by Airbus have shown that high dose of Gamma radiation tests can be destructive on 

the polymers which are considered for this technology, however Kapton tests showed to be almost unaffected by a 15 

years electron/ proton dose. It is further discussed in chapter 2.6. As can be read in the mission statement, the goal is 

to produce a system which can be tested to demonstrate and deliver proof of the INFRA technology and which 

demonstrates potential in the deployable radiator market. The focus of this project therefore is to produce a system 

which functions and which can verify the main requirements. It is considered acceptable by the clients to postpone the 

product lifetime developments relating to MMOD. In the following section the system requirements shall be elaborated. 

3.2. System requirements 

The initial requirements which are directly obtained from the original INFRA proposal, are shown in Table 9. Included in 

this table are also refined requirements which are used in the System Requirements document, these are derived from 

the proposal and based on first order approximations and/or customer requirements which have been translated to 

systems level requirements. The requirements refer to Use Cases (UC), which are defined as UC 1; Representative 

deployment test, UC 2; Representative bending test, UC 3: Representative thermal balance test. These tests are divided 

in scenarios which are indicated as UCS, however these shall not be elaborated in this report. Note that not all the 

requirements are elaborated in this report to maintain a focus on the most fundamental aspects of the project. 

Requirements which are related to handling or detailed structural requirements for example. The verification methods 

are shown in Table 8 and are referring to Testing, Analysis, Review of Design (RoD) and inspection.  

Table 8: Requirement verification methods 

Method Definition 

Testing Product performance or function measuring under simulated circumstances to verify compliance 

Analysis Engineering analysis, qualitative analysis, and/or computer modelling to verify compliance 

RoD Verification during an official Design Review meeting 

Inspection Visual evaluation of item and associated documentation to verify compliance 

Requirement Weight 

Competitiveness 8 

Cost 7 

Lifetime 8 

Mass 6 

Manufacturability / handling 8 

Presentation 7 

Radiator efficiency 6 

Safety 4 

Scalability 8 

Technology demonstration 10 
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Table 9: System Requirements 

Requirement ID Requirement specification Method 

INFRA-prop-0002 Following a single (set of) commands, the INFRA BB shall manage the transition from 
stowed to deployed condition. This is a one-off operation, re-stow is not foreseen. 
Manual re-stows should be possible without degrading the hardware 

- 

INFRA-prop-0003 The RS shall exist out of the following elements: 
- A system to transport heat from the Payload i/f to the radiator panel 
- A system to initiate deployment 
- A system to maintain deployment 
- A flexible radiator panel with a suitable optical surface 
- A hold-down mechanism 
- Above functions should be combined 
- A payload capable of dissipating 400 W 

- 

INFRA-prop-0005 The FR shall demonstrate a heat rejection performance of > 588 𝑊/𝑚2 (refined by 
INFRA-BB-SR-5.2.6.2) 

- 

INFRA-prop-0006 The RS shall demonstrate a mass performance of 𝑚𝑅𝑆/𝑄𝑜𝑢𝑡𝐹𝑅 < 10 𝑘𝑔/𝑘𝑊 - 

INFRA-prop-0018 The surfaces of the RS exposed to space, shall be able to sustain −100 °𝐶 < 𝑇 < 100 °𝐶   - 

INFRA-prop-0024 The FR shall be able to withstand a typical radiation dose corresponding to 𝑇𝑜𝑝𝑒𝑟 =

15 𝑦𝑒𝑎𝑟𝑠 in orbit (Refined in INFRA-BB-SR-5.2.5.4) 

RoD 

INFRA-prop-0027 The radiator surface area shall be 𝐴𝐹𝑅 = 0,4 𝑚2 (refined in INFRA-BB-SR-5.2.2.2) - 

INFRA-prop-0031 Pump selection shall be based on the system working point e.g. pressure head vs. flow 
rate 

- 

INFRA-prop-0032 The system working point shall be related to tube length and diameter - 

INFRA-BB-SR-
5.2.1.4 

The parts in fluid contact shall be chemically resistant to Galden HT and Ammonia RoD 

INFRA-BB-SR-
5.2.1.10 

The FR shall be considered deployed once a steady state at 
𝑃𝑎𝑏𝑠 >  1,5 𝑏𝑎𝑟 internal system pressure is reached and also a 

deflection angle 𝛼 < 30 ° of the tubing is obtained 
 

T 

INFRA-BB-SR-
5.2.2.1 

The RS shall dissipate the heat loads without exceeding the max root temperature of 
𝑇𝑟𝑜𝑜𝑡 𝑚𝑎𝑥

= 50 °𝐶, as measured on the wall of the tube at the fluid entrance of the FR 
A,T 

INFRA-BB-SR-
5.2.2.2 

The radiator surface area shall be  𝐴𝐹𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 0,8 𝑚2 RoD 

INFRA-BB-SR-
5.2.2.3 

Every component or material in the RS shall be able to sustain payload temperatures to 
be expected in space ranging from −20 ± 5 < 𝑇 < 65 ± 5 °C 

RoD 

INFRA-BB-SR-
5.2.3.1 

The PA shall operate a fluid volume flow of 𝑄𝑓 = 1 ± 0,1 𝑙/𝑚𝑖𝑛  T 

INFRA-BB-SR-
5.2.3.4 

The PA shall operate a maximum absolute system pressure (MOP) of 𝑃𝑎𝑏𝑠 = 3 ± 0,3 𝑏𝑎𝑟  RoD 

INFRA-BB-SR-
5.2.5.4 

The FR tubing material shall sustain no more than mild to medium damage due to a 
Gamma radiation dose of 400 𝑀𝑅𝑎𝑑  

RoD 

INFRA-BB-SR-
5.2.6.2 

The FR shall demonstrate an overall radiator efficiency of η = 50 ± 10 % A 

INFRA-BB-SR-
5.2.7.1 

The bending stiffness of the radiator cross section shall be low enough such that the FR 

can be stowed and inflated with a stowed volume of 𝑉𝐹𝑅𝑠𝑡𝑜𝑤
= 0,016 𝑚2 

T 

INFRA-BB-SR-
5.2.7.2 

The FR shall not deflect more than 𝛿 = 0,5 𝑚 during UC2   T 

INFRA-BB-SR-
5.2.7.4 

The FR tubing shall be able to sustain max system pressure taking a safety factor of 
𝑠𝑓 = 1.5 into account during tests 

A 

INFRA-BB-SR-
5.2.7.5 

The FR shall deploy within 2𝜃 = 90 ° cone from the rolled up/stowed starting position:  
 
 

T 
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In the following section, some of the system specifications shall be shortly elaborated. 

3.2.1. Requirement specification 

Most of the specifications are straightforward; however, several requirements require some additional elaboration. The 

[INFRA-BB-SR-5.2.2.2] requirement is used to offer a benchmark to which the PA and FR performance could be 

coupled. The area is determined by first order estimations relating to the length which could be sustained and the width 

depends on the HiPeR fin efficiency. [INFRA-BB-SR-5.2.5.4] refers as a guideline for radiation dose which is provided 

to the tubing by electron particles, assuming the HiPeR laminate stops the low energy plasma electrons, however not 

the high energy electron particles. This is specified for the tubing since the mechanical properties must not be affected 

by radiation to be able to continue to sustain pressure. [INFRA-BB-SR-5.2.6.2] is defined to set a minimal efficiency of 

the FR, demonstrating the minimal mass required to operate a predefined surface. Furthermore, this efficiency 

requirement is less dependent on operating temperature, where the previous requirement could only be met with high 

fluid temperatures, which are less stable in a lab environment. The [INFRA-BB-SR-5.2.7.5] requirement is installed to 

provide an acceptable and achievable breadboard boundary for the deployment of the FR. The goal is to further reduce 

the deployment area during the development of the product. [INFRA-BB-SR-5.2.7.6] relates to the actual maximum 

payload temperature in space. [INFRA-BB-SR-5.2.7.10] is a rough estimate of deployment force due to spring and 

pressure which is experienced after a single HDRM release, incorporated is a factor to account for accidental handling 

loads. [INFRA-BB-SR-5.2.9.2] is used to make sure that the HDRM can be used efficiently during recurring tests. 

[INFRA-BB-SR-5.2.9.3] is defined with a margin after demonstrating the cutting time of Dyneema thread by means of 

COTS resistors at their rated power. Relating to the refinement of the requirements of the original proposal the [INFRA-

prop-0006] requirement is changed to a mass performance of the FRA instead of the RS and the [INFRA-prop-0005] 

requirement, relating to the heat output is changed to a fin efficiency, which is less temperature dependent. Furthermore, 

[INFRA-prop-0031] and [INFRA-prop-0032] relating to the working point of the system depend on the tube size and 

length as the pressure drops more rapidly due to increase in velocity and friction over a long and narrow tube, and thus 

increases the heat transfer rate from the fluid to the radiator as the heat transfer coefficient increases. Since the micro 

pumps are only able to provide a limited amount of pressure head, the amount of heat transfer is quickly reduced by 

increasing the tube diameter. On the contrary, increasing the tube diameter also provides the FR with increased 

deployment force and increased stiffness, which is useful for stability and bending of the FR during maneuvers. 

Therefore, a requirement is added which limits the allowable deflection of the FR, which is expected to occur during a 

critical maneuver. The minimal tube diameter is increased and as a result [INFRA-BB-SR-5.2.3.1] is refined. 

The following torque maneuver is suggested as critical for the INFRA radiator. The maneuver is based on a conservative 

and imaginary scenario using four reaction thrusters each able to provide 𝐹𝑡ℎ = 20 𝑁. The thrusters together create a 

torque around the pitch axis of the S/C of 120 𝑁𝑚, which has a moment of inertia of 𝐼𝑠𝑐 = 3500 𝑘𝑔 𝑚2, which would 

correspond to a solid square cube of sides 𝑠 = 2 𝑚, and s/c mass 𝑚𝑠𝑐 = 5250 𝑘𝑔, which according to a space enthusiast 

website, is in the range of the ‘older’ Eurostar E3000 series [43]. These values however are slightly conservative since 

the modern-day communication satellites are often of a lower mass as they operate electric propulsion, but which also 

typically generate (much) less thrust force than the bio-propellant thrusters during these maneuvers. Furthermore, the 

maneuver is typically performed using only half of the available thrusters. Adding a safety factor of 1,5 to the equation 

provides a very conservative load case. Note however that scaling does affect the moment on the base of the FR during 

these maneuvers as well as the natural frequency is also affected by increasing the size. The maneuver setup can be 

seen in Figure 3.  

INFRA-BB-SR-
5.2.7.6 

The FR materials shall not deflect or deform when operating at 𝑇 = 65 ± 5 °𝐶 RoD 

INFRA-BB-SR-
5.2.7.7 

The FR, FRRS, FRF & HDRM shall be able to sustain static loads originating from the 
radiator (𝑚𝐹𝑅+𝐹𝑅𝑅𝑆  =  1𝑘𝑔) in any direction during launch accelerations of 𝑎 = 30 𝑔, 
leading to main launch load (𝐹𝑙𝑎𝑢𝑛𝑐ℎ = 440𝑁) 

A 

INFRA-BB-SR-
5.2.7.10 

A single HDRM shall be able to sustain a Load of 𝐹 = 100𝑁 originating from the center 
on the FRRS aiming in any direction 

A 

INFRA-BB-SR-
5.2.9.2 

The HDRM shall have both an electrical deployment mechanism and a mechanical 
deployment mechanism that can be used individually 

RoD 

INFRA-BB-SR-
5.2.9.3 

The electrical HDRM shall be able to release the stowed foil within 𝑡 = 2𝑚𝑖𝑛  after 
initiation 

T 
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Figure 34: Torque maneuver causes bending moment on the base of the FR 

As the main body is being rotated around its center of gravity, INFRA experiences a moment on its root as a result of 

the angular acceleration 𝑎𝑎𝑛𝑔 of the S/C. From newtons second law, we know that: 

 𝜏 = 𝐼𝑠𝑐𝑎 [𝑁𝑚]  

And thus, after rewriting and including a safety factor of 𝑠𝑓 = 1,5 we obtain: 

𝑎𝑎𝑛𝑔 =
𝜏𝑠𝑓

𝐼𝑠𝑐

=
120 ∗ 1,5

3500
= 0,0514 [

𝑟𝑎𝑑

𝑠2
] 

And to determine the tangential acceleration 𝑎𝑡𝑎𝑛 which is experienced locally, we multiply with the radius of the location 

of the object 𝑟𝑜𝑏𝑗.  

 𝑎𝑡𝑎𝑛 = 𝑟𝑜𝑏𝑗𝑎𝑎𝑛𝑔  [
𝑚

𝑠2
]  

Since the local acceleration is a function of radius, we can use the center of gravity of the FR and the FRRS to determine 

the force 𝐹𝐹𝑅𝐶𝐺
 𝐹𝐹𝑅𝑅𝑆𝐶𝐺

 which will be acting on the center of gravity. The Local force is based on the FR + tubing and 

the FRRS. The forces which are locally present due to the radius from the center of the S/C are: 

𝐹𝐹𝑅𝑐𝑔
=  𝑎𝑡𝑎𝑛𝑚𝐹𝑅 = 1,5 ∗ 0,05 ∗ 0,26 = 0,02[𝑁] 

𝐹𝐹𝑅𝑅𝑆𝑐𝑔
=  𝑎𝑡𝑎𝑛𝑚𝐹𝑅𝑅𝑆 = 2 ∗ 0,05 ∗ 0,55 = 0,06[𝑁] 

The resulting reaction moment, where 𝑟𝐹𝑅𝑟𝑜𝑜𝑡−𝐹𝑅𝑐𝑔
= 0,5 𝑚 and 𝑟𝐹𝑅𝑟𝑜𝑜𝑡−𝐹𝑅𝑅𝑆𝑐𝑔

= 1𝑚 is: 

𝑀𝑟 = 𝑟𝐹𝑅𝑟𝑜𝑜𝑡−𝐹𝑅𝑐𝑔
𝐹𝐹𝑅𝑐𝑔

+ 𝑟𝐹𝑅𝑟𝑜𝑜𝑡−𝐹𝑅𝑅𝑆𝑐𝑔
𝐹𝐹𝑅𝑅𝑆𝑐𝑔

= 0,07 𝑁𝑚 

The required stiffness 𝑘𝐹𝑅, which is known from Hooke’s law to be related to load and displacement, is then obtained 

from the allowable deflection 𝑥𝑎𝑙𝑙 [INFRA-BB-SR-5.2.7.2]. During this test a point load at 𝑥𝐹 = 1 𝑚 is applied to obtain a 

deflection. The point load corresponds to the reaction moment 𝑀𝑟 and therefore the required stiffness of the FR is: 

 

𝑘𝐹𝑅 =

𝑀𝑟

𝑥𝐹

𝑥𝑎𝑙𝑙

=

0,07
1

0,5
0,14 [

𝑁

𝑚
] 

 

 

The allowable deflection also includes a limitation on buckling of the FR. In case this loading condition is applied, the 

base of the FR shall not buckle.  

3.3. Research question elaboration and conclusion 

RQ 3.1: “Who are the main stakeholders, what are their needs and requirements and how will these influence the system 

requirements?” 
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A: The main stakeholders are the customers which are Airbus and the NLR. Their needs are to develop a FR as part of 

a RS which combines their latest pump and radiator technologies and which satisfies the product potential  

RQ 3.2: “What are proper system requirements for the INFRA breadboard model that reflect the customer requirements 

and in what manner can these be verified?” 

A: The system requirements which are developed, relate to system characteristics which are satisfying for the 

customers. The main goal is to demonstrate a technology and to demonstrate a certain performance by means of a 

simple design. The requirements are set-up to facilitate this and control the required characteristics. These requirements 

are all verified by means of Inspection, Testing, Analysis or a design review. 
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 Design description 

The design description addresses the entire Foil Radiator Assembly (FRA) design but also includes the thermal model, 

MMOD and structural analysis. The design is established by means of first order approximations and where needed by 

breadboard tests to support design choices. The main functionalities of the FRA are the deployment and heat 

dissipation. These functionalities are more difficult to predict and therefore require more advanced models. In this 

research project it is chosen to model and predict the thermal behavior of the radiator. The deployment behavior is 

therefore based purely on tests and it is recommended to perform a more detailed analysis or model the behavior during 

the development of the product, to improve deployment dynamics. 

Regarding the mass of the design, reasoning is used to optimize the shape, mathematical optimization techniques are 

not utilized as the time to optimize is more effectively spent in correlating the test data, since mass optimization may 

literally save a few grams now, while mass optimization may in a design update be performed more effectively, for 

example by selecting a different material such as carbon fiber reinforced polymer to make the contour of the FRRS.  

The research questions relating to the content of this chapter can be found in section 2.1 and shall be elaborated in 

section 4.5. 

4.1. Foil Radiator Assembly (FRA) 

The FRA is an assembly of several sub systems, which are all designed to support the FR. These systems can be seen 

in Figure 35. Excluded from this product tree are the tooling. These are not part of the (flight) design and are only 

intended to support the deployment and thermal tests.  

 

Figure 35: FRA subsystems 

In the following subsections, the concepts will be defined for the individual subsystems, leading to the complete FRA 

design which can be seen in Figure 36. 

 

Figure 36: FRA final breadboard design 
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4.1.1. Foil Radiator (FR) 

The most fundamental customer requirements are that the FR shall be deployed and remain deployed based on inflation, 

that the mass to heat rejection ratio must be relatively low and that the concept should also be scalable. Other important 

requirements relate to the handling, lifetime, the ability to be held down during launch and for the system to be practical 

in terms of volume on a S/C. For these requirements, several strawman concepts are identified. Some of these concepts 

can be seen in Appendix B: Strawman concepts 
. 

There is a distinction being made between single deployment and also retractable concepts. The concepts which are 

selected for the tradeoff, are based on a roll-able design, a design using several (stiff) foldable panels or origami-based 

techniques, utilizing smaller tiles and complex folding techniques. These are all described and sources are referenced 

to in chapter 2.3. Regarding the technology demonstration requirement, it is inherently required to deliver a functioning 

product within the project timeframe, therefore a preference is given to a simple but effective system.  

 

Figure 37: Foil Radiator main concepts 

- The rolling system is selected as a concept since it allows for large surfaces to be stowed efficiently within 

relatively small volumes, without folding the laminate, which has been tested and shown to cause problems to 

the internal layers of HiPeR. Furthermore, it reduces the chance of plastic deformations in the radiator, 

decreasing the risk of a non-straight deployed position. The only point of attention is the unused space which is 

present within the roll during launch. However, this can be minimized by identifying the minimal rolling radius. 

- The hinged concept exists of several panels which are connected by tubing and which can be stacked on top 

of each other. The system can also make use of metal tubes which have a reduced chance of being punctured 

by MMOD and which have a better conductivity then polymer tubes, of the same thickness. The deployment 

however can be difficult to predict since the flexible tubes may experience plastic deformation, and the tubes 

may be closed due to folding which may require additional subsystems to guarantee a repeatable deployment.  

- The origami concept is selected since this technique can potentially store a large complex structure in any 

predefined volume. However, as a result many folds shall be present in the radiator, which also reduces the 

effective radiator surface. Since the folds cannot be made in the HiPeR foil without possibly breaking the thermal 

path which is based on the Pyrolytic Graphite Sheet (PGS), each panel must be placed in thermal contact with 

the tubing. This may result in a relatively heavy or stiff result which is difficult to fold. A repeatable deployment 

may also be an issue due to deformation, however due to the distributed tubing may be more reliable. 

The tradeoff between these concepts is based on the discussed criteria. The results are shown in Table 10. Note that 

complexity not only relates to design, but also handling effort. Degradation is related to the amount of damage occurring 

to the HiPeR laminate after stowing multiple times. 

Table 10: Trade off tube concept  

The concepts which are considered can be used for a single deployment design. Retractable options are identified for 

the rolling concept Appendix C: Deployment concepts. Since this is not a requirement, it is not included in the trade off, 

  Criterion 

  Stowed volume Degradation Complexity Mass Reliable 
deployment 

Concept 

Roll able Average Good Good Average Average 

Foldable Good Average Average Average Undesirable 

Origami Good Undesirable Undesirable Undesirable Good 

       

  Scoring Good Average Undesirable  
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however this may be interesting for future developments, such as making the FR retractable by means of party whistle 

concepts such as shown in Figure 38.  

 

Figure 38: Breadboarded "Party whistle" concepts 

The result of the tradeoff is that the roll able concept is confidently identified as the best concept for the INFRA project. 

Especially the low degradation and simple handling makes this a valuable concept. None of the concepts score good 

on mass properties, which is because all the concepts require some sort of stowing structure for stowing the radiator in 

safely during launch. The origami concept however also requires more tubing to connect to all panels and thus more 

mass. The heat performance is not addressed since all concepts can be equipped with multiple fluid lines and/or low 

spacing to increase the performance. On the criteria such as stowing volume and reliable deployment it does not 

outperform the other concepts, however since the criteria are still rated acceptable the roll able concept is considered 

to be the best choice for INFRA. In the following sections, the tube and its interface with the FR is selected. 

4.1.1.1. FR Tubing 

To identify the possible tubing to be used in the FR, a design option tree is generated which can be seen in Figure 39. 

 

Figure 39: FR tubing Design options  

The design option tree first of all distinguishes between a fully flexible and a partially flexible design to include the option 

of making the FR stiff in one dimension such as a roll-up ladder. This could reduce the risks of a puncture by MMOD. 

The fully flexible options distinguish between thin- or thick-walled tubing. The thin-walled tubing can be bought COTS 

or be self-made by means of an adhesive or a welding method.  

Foil radiator 
tubing

Fully flexible

Thin walled

'Self made' foil 
tube

Welded Glued

COTS

Thick walled 

COTS

Partially 
flexible

Aluminum/

copper  LHP + 
flex tube

Saddle hat LHP 
+ flex tube
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Partially flexible tubes however make the design heavy, which is undesirable for the client and it will require interfaces 

between the solid and flexible tubes, which may increase the risk of leakage. Furthermore, it is also more complex to 

inflate and support the partially metal structure during the deployment test. Therefore, the choice is made for a 

completely flexible design, and since the thick-walled tubes limit the effect that pressure has on the stresses in the wall 

and thus on the shape of the tube, thin walled tubing is selected. Self-made tubing shows serious opportunities since it 

allows for the possibility to use practically any polymer foil available, depending on the option to heat weld or use an 

adhesive on the material. It also allows customization of the wall thickness and the radius. However, the heat weldable 

PET/PE foil tube tests showed that it can be very hard to prevent leakagekm8. Furthermore, it would require advanced 

techniques which are unavailable at Airbus NL to produce a customized reliable tube of a higher quality material then 

PE. The self-made tube by means of adhesive, can be unreliable over time as the fluid may eat away the adhesive and 

particles could end up in the flow, which affects the operation of the PA. Since thin walled tubes are available and appear 

to be more reliable, it is chosen to use COTS thin walled tubes.  

Based on the procurable options a selection is made between several materials. The materials have in common that 

they can be procured in thin walled versions (𝑡𝑤 < 0,1 𝑚𝑚), that they are highly radiation resistant, that they have high 

tensile strength, that they are resistant to Galden and Ammonia and that they can sustain operating temperatures as 

provided in the requirements. The tubing must be able to sustain radiation since it is thin walled and structural properties 

will degrade due to the ionizing effects of radiation which may pose a problem as the tubes will be pressurized. Based 

on these requirements, a selection is made between capable polymers which showed strong characteristics on these 

various terrains. Polymers are chosen for this application as these are flexible and since these are widely used and 

proven to be highly dependable for all kinds of fluid transfer. The result of the tradeoff is shown in Table 11.  

Table 11: Thin walled COTS material selection 

 

 

 

 

 

Poly Ether Ether Ketone (PEEK) is a capable material. However, no manufacturers are identified which produce these 

tubing of the required dimensions as COTS. An attempt is made to order a custom-made tube from PEEK, however the 

manufacturer explained to be inexperienced with this product and could not guarantee the designated tolerances, 

furthermore the offered price for this product is much higher than that of the COTS Kapton tubing. It is however unknown 

if other manufacturers exist which could offer better quotations. Polyurethane (PUR) was identified to have a lower 

mechanical strength than Kapton and PEEK and not to be compatible with ammonia. Since this could become a liquid 

of choice in a future design, it is requested by the NLR to use tubing which are compatible with ammonia. Besides the 

reasons named before, Kapton is a material which is already used in the radiator and it can be attached by using tape 

adhesives which have been tested as well, therefore the choice seems to be most grounded to use Kapton as tube. 

Regarding the use of Kapton tubing, no direct leads were found that it is incompatible with the substances except for 

water. Since water may be used during the tests, it is taken into account that Kapton water absorption is relatively high 

as the manufacturer of Kapton film suggests [36] a loss of ~50 𝑀𝑃𝑎 in tensile strength during the first 300 hours. Safely 

assumed is that the non-boiling water will have a similar effect. Therefore, breadboard test including water shall be 

limited in time to minimize mechanical property alteration. 

4.1.1.2. Tubing interface 

Since all of the heat will enter the radiator through the tubing interface and the flexibility of the FR will be almost 

completely dependent on it, the tubing interface is chosen based on a combination of these properties. The interfaces 

considered for the FR can be seen in Figure 40. Since in the previous section during the tubing selection a choice was 

made to use a flexible tube, concept 2 which contains a solid saddle hat heat pipe, is excluded from the selection. 

Furthermore concept 5 is shown since it demonstrates a high potential due to its large contact area between the fluid 

and the laminate. For this goal a tube is discovered which is called lay-flat tubing, which could be made from PEEK, 

however since the manufacturer could not make any promises regarding tolerances of the manufactured wall thickness, 

concept 5 is also excluded. 

  Criterion 

  Radiation 
resistance 

Tensile 
strength 

Cost Chemical 
resistance 

Production 
experience 

Concept 

Kapton  Good Good Average Good Good 

PEEK Good Good Undesirable Good Undesirable 

Polyurethane Good Average Good Undesirable Good 

       

  Scoring Good Average Undesirable  
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Figure 40: Tubing interface concepts 

Interface C1 is the simplest interface which however does not include full contact area between the tube and the foil. 

The third interface utilizes conductive filler material to fill the pocket of concept 1 to improve the thermal contact. C4 

uses thread to tighten the interface and maximize contact area between laminate and the tube. A tradeoff is performed 

in Table 12. 

Table 12: Interface trade off 

 

 

 

 

 

The tradeoff shows that the first concept is selected because it scores good on almost all criteria. The third concept 

scores also well and even has a better contact area between the tube and laminate. However, depending on the choice 

of thermal conductivity filler, it may be very difficult to actually implement the filler within the FR. In case a smear or oil 

is used it may exit the FR from the sides and contaminate the FR. And a filler made from Pyrolytic Graphite or any other 

highly conductive material must be tailored to fit next to the tube. Also, during the breadboard tests, it is noticed that 

PGS has a bad cohesion with the adhesive used in the interface, therefore it is not considered for the INFRA breadboard 

model. Concept 4 scored worst and is therefore not selected. 

After selecting an interface concept, a bending and delamination test is conducted using various methods different 

methods of applying adhesive. Figure 41 shows the tested interfaces.  

 

Figure 41: Tubing-laminate interfaces 

The first two i/f’s are symmetric. The left i/f is completely connected to the foil and the center i/f is partially attached to 

make sure the laminate does not delaminate due to the sharp angle in the intersection (Figure 42).  

  Criterion 

  Thermal 
contact 

Flexibility Degradation Assembly 

Concept 

Concept 1 Average Good Good Good 

Concept 3 Good Average Good/average Undesirable 

Concept 4 Good Undesirable Average Average 

      

  Scoring Good Average Undesirable 
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Figure 42: Sharp angle may cause delamination within the laminate (left) flattening tube does not affect with of 
underlying laminate (right) 

It is however noticed, that when bending the interface around a cylinder of 𝐷 = 10 𝑐𝑚, the second and the third interface 

show signs of delamination within the HiPeR laminate. The reason for this is most presumably related to the application 

of adhesive. In Figure 43 it can be seen how the adhesive is applied. It is assumed that due to the complete surrounding 

of the interface in adhesive, there is less friction between the layers as a result of a more compact interface. Concept 3 

is also completely covered in adhesive, however due to the sharp bend angle at the bottom of the tube, the HiPeR tens 

to delaminate there internally. Interface 1 is therefore selected for the FR. 

 

 

Figure 43: Lay-up Interface 1 & 2 

4.1.1.3. Tubing layout 

Besides tubing interface, the distribution of tubing, is an important aspect of the radiator performance. To obtain a high 

performance and radiator efficiency, the tube spacing can be set to a certain optimum. By modelling HiPeR, an 

estimation regarding the fin efficiency can be made. Depending on the interface and the fin length, HiPeR is capable of 

having a high fin-efficiency (𝜂𝑓𝑖𝑛 ≥ 80) for a fin length of 𝐿𝑓𝑖𝑛 = 0,1 𝑚 (in space environment) due to its high in-plane 

thermal conductivity. Therefore, it is theoretically possible to have an efficient radiator (𝜂𝐹𝑅 = 50 ± 10%) of width 𝐵𝐹𝑅 =

0,4 𝑚 the mentioned plan view is shown in Figure 44 on the left. Notice that the dimensions of the FR are based on the 

requirements as well as the manufacturing limitations. 

 

Figure 44: FR tube spacing concepts 

As can be seen in the figure, preference is given to symmetrical designs to provide equal stiffness over the length of the 

FR, which is the least stiff dimension. The second design and the third concept both have a relatively high efficiency. 

The third design however requires several additional connectors. The additional lines of fluid also make the latter 

concepts heavier and stiffer, which may cause problems while rolling up the FR. Since the first concept is sufficient to 

demonstrate the technology, this will be used for INFRA. In case the efficiency must be improved in a future design, an 

upgrade to the second concept is easily performed.  

4.1.1.4. Tubing connector design 

The heat welding method also shows to be useful for interfacing between various tubes in the breadboard tests. Since 

the foil can be welded into almost any kind of shape by means of a soldering iron or a dedicated heat welding device, it 

can be made to connect two tubes with different diameters. A demonstration of several fittings is shown in Figure 45. 

The foil tube does require an isolation like tape between the fittings and a strap such as a ty-rap to compress the 
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interface and make it leak tight. However, since it was tested and shown to only sustain a limited amount of pressure, 

and to be susceptible to leakage, it is not considered as interface for INFRA.  

 

Figure 45: Heat sealed PET/PE tubing as interface between various sized tubing 

As a replacement of the foil connectors, a more robust design is identified. The locations of the connectors can be seen 

in Figure 46. 

 

Figure 46: Corner connectors and FR/PA interfaces 

Two connectors are placed at the interface with the PA and two more are placed within the FR roll support to support 

the 90-degree angle within the laminate, which cannot be made by the straight tube. For these 90 degree turns, usually 

barbed connectors are used. But since they only connect well with thick elastic tubes, and an alternative are COTS steel 

connectors, which are heavy and may be difficult to connect to a roll up system, a dedicated aluminum connector is 

designed for which several concepts are identified which can be seen in Figure 47.  

 

Figure 47: Connector concepts 
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The first concept uses rubber rings to form a seal which is compressed on the inside and on the outside of the Kapton 

tube. Since the tube is pulled under and over the rubber ring, a fitting is created that also allows some loading in the 

axial direction of the tube. The second concept uses a locally increased diameter of the pipe similar to a barbed 

connector to make the tube stretch and tightly connect to the pipe section such that no fluid is leaked. The ty-rap(s) are 

then placed behind the barb to support forces in the axial direction that might pull the tube over the slope. The third 

concept uses a compression fitting which is slid over the pipe which has a small tapered section milled into it. The tube 

is therefore stretched somewhat which creates a tight fit. The compression fitting provides extra pressure on the material 

to make it leak tight and to make the tube not slip when axial forces are introduced. 

Eventually the three concepts are compared and it is clear that the most important factor of the design is its leak tightness 

in the long term. Since rubber degrades and loses its flexibility over time, the leak tightness may become less sure. Ty-

raps leave an opening and may locally apply high stresses on the tube material which can lead to failure. The third 

concept is therefore the most elegant solution with the highest chance of long term functionality. Additionally, a leak test 

shows that the compression fitting is sufficient to strongly support the tube as well as provide a leak tight solution. 

However, it must be noted that during the leak test a straw was used made from Polypropylene, which has better 

stretching abilities then Kapton and was also slightly thicker than the eventual tube. Therefore, this test is repeated using 

the real tube to make sure the results are the same. Concept 3 can be seen in Figure 48. Since this concept is proven 

it shall be used in INFRA.  

 

Figure 48: Connector concept 3 breadboard test 

An additional upgrade to improve the design in a later stage can be seen in Appendix D: Design options. This model 

uses a screw thread and a nut to tighten and manually compress the fitting.  

 

Figure 49: Corner connector 

The corner connector which is shown in Figure 49 is based on the regular connector. However, its end is slid into a 

cubical shape which directs the flow around the 90-degree corner into another connector. On top of the corner piece, a 

small dot is produced which can be used to center a Vespel (PI) bridge part, which is used to provide thermal isolation 

from the FRRS, which is described in the next section. The part is made from Vespel which is strong, stiff, can sustain 

high temperatures, it has low thermal conductivity and it can be milled easily. The Vespel part is placed over the cylinder 

shape and may be glued onto it, however it is not necessary since the aluminum part will become warmer then the 

Vespel and due to thermal expansion, the H7 fitting also ensures a firm grip.  

4.1.2. FR roll support (FRRS) 

A rolling system is designed to provide rolling support to the FR which can also be used to safely stow the FR in the 

HDRM during launch. Therefore, a low mass cylindric shape is designed, which can be easily manufactured and which 

can be placed around a central bar which connects to several cylindric shapes or ‘Rollers’ as shown in Figure 50. The 

inner rollers are connected to the tubing, the outer rollers are in this case used to provide more stiffness to the rolled-up 

foil to destructible prevent vibrations within the foil during launch. Appendix D: Design options shows alternative cylinders 

which can be used on the ends. The diameter is determined from the length of the corner connectors. 



42 
 

 

Figure 50: FRRS (left), stowing of the FRRS in the HDRM (right) 

The inner rollers can connect to the tubing by inserting the corner connectors and while rolling, they compress the tube 

such that the flattened tube can be folded around the rollers such that it can be stowed as seen in Figure 51. Additional 

rollers can be added at the cost of mass and balance (since it is a tip mass) however it can be easily scaled with the 

spacing of the tube in the FR.  

 

Figure 51: FRRS to FR interface: Foil tension legs and strips 

The design is producible either by milling aluminum or by 3D printing due to its easily printable shape furthermore, with 

corners of 𝑟𝑚𝑖𝑙 ≥  2 𝑚𝑚 and a depth of 𝑑𝑟𝑜𝑙𝑙 = 3 𝑐𝑚, which is manufacturable by most milling machines.  

Inside the rollers are foil attachment legs. The foil attachments are used hold the foil straight in place and prevent any 

handling loads to act completely on the tubing connectors. The foil attachment legs are shifted into the roller from the 

side, such that they can be mounted after placing the tubing connectors in the center of the roller. Thin Kapton strips 

can be connected by means of adhesive to the FR and be placed behind the legs. A bolt is then used to secure the foil 

strips. See Figure 51 for the foil legs. Figure 52 shows the design, the prototype and the final model which is used for 

the INFRA breadboard. The final model is also equipped with a corner connector in the figure. 

 

Figure 52: Roller: 3D CAD design, to 3d printed prototype, to 3d printed breadboard model  

The bar which connects the rollers (Figure 53) is required to be able to endure the forces and moments as a result of 

launch forces. The shape of the bar is chosen to provide a large second moment of area which can transmit torsion 

which occurs in the Rollers and still be relatively easy to manufacture. I-beams and half cylinders were also considered; 
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however due to the required tight fitting, these options were discarded due to the manufacturing difficulties and related 

tolerances.  

 

Figure 53: FRRS bar 

The rollers are connected to the bar by sliding them over the bar and attaching them by means of adhesion or by 

thermally exciting the material. Once the thermally excited bar is expanded into the rollers, it is stuck and cannot be 

removed afterwards. For the breadboard it is sufficient to use adhesive since vibration tests are not included. The bar 

also contains end pieces which can be mounted into the HDRM. The octagonal shape makes it possible to rotate the 

bar 45 degrees between locked positions. This provides an option to choose a tighter or less tight fit while handling the 

rolling up of the radiator. Additional adjustments to the fitting can be made by repositioning of the FR within the FRF, 

which is described in the next section. 

4.1.3. Foil radiator fixation (FRF) 

The FRF is used to clamp the base of the foil radiator and at the same time provide a platform to which the HDRM as 

well as the tubing supports can be attached. In Figure 54 it can be seen that aluminum clamps are used to pressurize 

two isolative stacks, which are made from Norcoat Liege plate, onto the foil of the radiator, such that the FR base is 

locked tightly while preventing any damage to the laminate as well as provide thermal isolation between the s/c wall 

(FRF) and the FR. The reason that the full width of the FR is used, is to make sure the entire base of the radiator is 

clamped as what would most likely be the case with integration in a S/C wall. The thickness of the Norcoat stack was 

found from a compressive test, showing the maximum thickness allowed before instability would occur due to 

compression. 

 

Figure 54: Foil Radiator Fixation 3D design to breadboard model and mounting of HDRM onto FRF 

The FRF is also used to support the interface with the PA. Since the interface may be loaded with forces and since the 

tube is also generating heat, the interface is supported by a similar clamping system as the FRF which can also be seen 

in Figure 54. For integration with the S/C wall, this component should be revised in a later stage of the INFRA 

development schedule, since available volume may vary depending on the S/C and location of placement on or within 

the S/C. The FRF also houses a HDRM on both sides, which is used to hold the FRRS ends. The location of the HDRM 

is shown as well in Figure 54, and is discussed in the next section. 

4.1.4. Hold Down and Release Mechanism (HDRM) 

The HDRM has the function to hold down the FRRS bar during the launch and release it after orbit insertion such that 

the FR may deploy. The required functionalities are all combined into the bracket which shall be elaborated in this 

section. The concept design of the HDRM can be seen in Figure 55. 
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Figure 55: HDRM conceptual design 

The HDRM uses a lever to capture the roll bar and a thread to close it. The thread is made from Dyneema wire which 

is also used in the MHRM [44] and which has a relatively high tensile strength can be molten at relatively low 

temperatures. This material opens up the option to melt the thread with a COTS resistor such as was already performed 

on the Delfi-𝐶3 nano-satellite [45]. The thread is placed under a tensile force, sufficient to hold the lever in closed position 

while experiencing the 30𝑔 launch accelerations. The tension is placed manually by rotating a tension wheel by means 

of a wrench. The tension wheel is finally locked when the pretension is sufficient. 

The thread is cut by redundant resistors. These generate sufficient heat as they are placed under a voltage source of 

𝑈𝑠 = 2 𝑉 and will reach a temperature 𝑇𝑟 > 200°𝐶 within the required time [INFRA-BB-SR-5.2.9.3]. The Dyneema thread 

is slowly heated until it melts. Springs are used to provide contact between the resistors and the thread to prevent 

damage to the resistor due to the tensile forces in the thread. Furthermore, the resistors are placed on top of Vespel 

which thermally isolate the resistors, guaranteeing a fast buildup of temperature. Vespel is used to sustain the high 

temperature which is required to melt the thread. Since Vespel can operate continuously at 𝑇𝑚𝑎𝑥 =  260°𝐶, the thermal 

knife must be switched off manually after melting the thread, which occurs approximately at 𝑇𝑐𝑢𝑡 =  150°𝐶. The resistor 

which is selected for this task is a conventional resistor (𝑅 = 1𝛺). More regarding this subject can be found in section 

5.1.3. The location of the sockets below the Vespel isolators which hold the springs can be seen in Figure 56. 

 

Figure 56: Thermal knife spring sockets  

The HDRM is located on both sides of the FRF. The option of placing the HDRM centrally on the FRF and releasing 

both sides at the same time by means of a shared thread was also considered, however the choice for the individual 

release configuration is made for the following reasons: 

- Short hold down cable  

- Hold down main bodies offered sufficient space to house the thermal knife and tension wheel, and therefore it 

saves mass and volume to not design another centralized cutting mechanism 

- At the S/C side of the FRF it will be difficult to operate the tension on the thread due to the tubing which are also 

held in place around the same location, the sides of the FRF are free 
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- The disadvantage is that the electrical power required is doubled, however it may be chosen to release each 

side individually to reduce power required at the same time since the hold down mechanism can be designed 

to be able to support the bending moments which occur due to a single side release. 

 

The final breadboard model of the HDRM can be seen in Figure 57. It can be noticed that the tension wheel is made 

circular as it increases the control on pretension in the thread with respect to the toothed shape of the original concept. 

Furthermore, there is a small hole halfway the thread which can be used to place a pin that holds the thread to allow a 

mechanical deployment. 

 

  

Figure 57: HDRM breadboard model 

4.1.5. Tooling 

For the deployment and handling of the FRA several tools have been developed. The tooling is designed with the rule 

of thumb that it must be strong enough to support the RS during the test and therefore mass optimization is not required. 

Since the forces are not considerably large, the brackets are all designed without structural analysis. The tooling is 

designed to be mounted on top of an optical table with 𝐷 =  6 𝑚𝑚 holes with spacing of 25 𝑚𝑚 and can remain there 

while the FRA is tested. The tools which are considered are described in Table 13 and further explained in this section. 

Table 13: FRA tooling 

The s-shaped clamps as can be seen in Figure 58 are used to hold the FR at table height when rolling up the foil. Since 

no loads other than that resulting from the FRF mass is expected, small simple brackets are designed for this purpose. 

The location of the supports is to the sides of the FRF for balance and a M6 bolt hole is used to lock the FRF in place.  

 

Figure 58: Radiator roll-up tooling 

 

Tooling Application 

FR roll-up supports Hold the FRF while rolling up the FR 

Pre-tensioning supports Support the moment and loads while pre-tensioning the HDRM thread 

Hover disk Support the base of the FRRS and provide low-friction deployment 

Deployment support structure Support the FRF during deployment and testing 
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The FRF that supports the HDRM is equipped with pre-tensioning supports to support the loads which will occur while 

applying pre-tension on the thread by means of a wrench. The pre-tensioning supports can be seen in Figure 59. To 

spread the loads over several bolt holes, four bolts are used per support. This is to protect the optical table from damage 

while applying pre-tension to the tread. 

 

Figure 59: Pre-tensioning supports 

The hover disk utilizes three air bearings to lift the honeycomb disk by means of pressurized air from the table surface 

to create a low friction deployment. The bearings are capable of lifting the platform 20 − 25 µ𝑚 by applying 5,5 𝑏𝑎𝑟 

gauge pressure according to manufacturer performance data [46]. The applied pressure can be tweaked to obtain proper 

deployment functionality. The setup of the hover disk can be seen in Figure 60. The base is shaped as a circle to provide 

a platform that does not collide with the support structure while unrolling the FR while providing a stable platform with 

equal spacing between the bearings. The disk was made from a honeycomb sandwich, which is low of mass, but with 

high stiffness. Between the FRRS and the disk is also a cylindrical standoff to make sure that the HDRM does not make 

contact with the disk. The stability of the disk can be adjusted using the system pressure as it may vibrate slightly and 

the height of the FRRS may be adjusted using rings near the location of the cylindrical standoff. 

  

Figure 60: Hover disk deployment platform and deployment support structure 

The deployment support structure is designed to hold the FRF in an upright position during the tests. This function is 

performed by the horizontal and vertical aluminum beams, which can be used to slightly adjust the deployment direction 

of the FR by adjusting the bolts in the horizontal beams. The structure is mounted on the Pre-tension support tooling 

that was discussed before and therefore can be easily installed. The structure also can be seen in Figure 60. 
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4.2. FR Thermal model 

The thermal mathematical model is created in ESATAN ThermXL and is mainly focused on the FR and the parts with 

which it is in contact, namely the FRRS and the FRF. The thermal model is used to perform a steady state analysis 

which is based on a lab environment and which can be used to eliminate natural convection. By also changing the 

environmental temperature to that of deep space, space environment is modelled to determine the maximum theoretical 

heat dissipation. This however excludes external fluxes such as solar UV and Earth IR. It is also not required for the 

breadboard to determine an optical surface coating which influences the amount of flux being absorbed and emitted, 

and because the positioning of the FR onto the S/C is not yet identified, which influences the view factor of the radiative 

surface to the S/C as well as to the Earth and the Sun.  

In the model several parameters relating to material properties can be found. Uncertainties relating to these parameters 

are not mentioned, these will only be included after the sensitivity analysis. This chapter only provides a node description 

as well as the value of any thermal coupling related to this node. 

4.2.1. FR-laminate nodes 

The laminate nodes which are used in the main model can be identified in Figure 61. The nodes 11-204 are the radiator 

nodes. The nodes depicted between the vertical black lines (14, 34, 54, etc.) are considered laminate nodes connected 

to the tubing. The external nodes in the top of the figure are the tubing nodes which are not in contact with the radiator. 

Furthermore, the lowest nodes are not used for radiative and convective dissipation as these are clamped between the 

FRF. Node 8001 and 8002 refer to the corner connectors of the tubing. The environmental node is denoted 9000, which 

is a boundary temperature node. The location and the size of the nodes are provided to determine the thermal couplings 

between them. 

 

Size L Loc               

0,006 1,02    8001 612 622 632 642 652 662 8002     

0,1 0,97 191 192 193 194 195 196 197 198 199 200 201 202 203 204  
0,1 0,87 171 172 173 174 175 176 177 178 179 180 181 182 183 184  
0,1 0,77 151 152 153 154 155 156 157 158 159 160 161 162 163 164  
0,1 0,67 131 132 133 134 135 136 137 138 139 140 141 142 143 144  
0,1 0,57 111 112 113 114 115 116 117 118 119 120 121 122 123 124  
0,1 0,47 91 92 93 94 95 96 97 98 99 100 101 102 103 104  
0,1 0,37 71 72 73 74 75 76 77 78 79 80 81 82 83 84  
0,1 0,27 51 52 53 54 55 56 57 58 59 60 61 62 63 64  
0,1 0,17 31 32 33 34 35 36 37 38 39 40 41 42 43 44  
0,1 0,07 11 12 13 14 15 16 17 18 19 20 21 22 23 24  

0,02 0,01 1001 1002 1003 1004 1005 1006 1007 1008 1009 1010 1011 1012 1013 1014  
1,02 0 0,013 0,045 0,079 0,1 0,129 0,16 0,187 0,213 0,25 0,28 0,296 0,32 0,35 0,38 Loc 

TOTAL 0,41 0,026 0,038 0,03 0,012 0,046 0,02 0,038 0,03 0,03 0,03 0,009 0,03 0,03 0,03 size B 

Figure 61: FR thermal model radiator nodes 

The pitch of the nodes is horizontally defined by at least three nodes on each side of the tube to identify the temperature 

curve that is present in the radiator foil. The vertical node pitch is chosen from the remaining number of nodes which 

can be operated by ThermXL, while leaving some nodes in reserve for other parts of the model. Notice that the sizes 

and locations on the left of the model are varying, the reason is that the nodes are shifter to the same location as the 

thermocouples in the test in make the correlation more accurate. On the right side it is assumed that the temperature 

distribution is symmetrical since no thermocouples are present locally. Uncertainties related to this phenomenon is 

described in the detailed sensitivity analysis, which is not included in this thesis. 

The in-plane conductive couplings within the laminate are found from the size and location as shown. Since we can 

neglect the in-plane contribution of Kapton due to the low conductivity compared to PGS, the coupling becomes: 
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 𝐺𝐿1001−11 =
𝜅𝑃𝐺𝑆𝐴

𝐿
= 0,0485 [

𝑊

𝐾
]  

 

Note however that only the laminate can be coupled in this fashion. The conductive coupling for nodes 612-622 is not 

considered since PG is not present in the tubes. The convective and radiative couplings are determined as follows, 

assuming both sides are exposed and the following parameters apply: ℎ𝑐𝑛𝑎𝑡
= 5

𝑊

𝑚2𝐾
, 𝜀𝐹𝑅 = 0,93, 𝜀𝑒𝑛𝑣 = 1, 𝐹11−9000 =

1; 

 𝐺𝐿11−9000 = ℎ𝑐𝑛𝑎𝑡
𝐴11 = 5 ∗ (2 ∗ 0,026 ∗ 0,1) = 0,026 [

𝑊

𝐾
]   

 𝐺𝑅11−9000 = 𝜀𝐹𝑅𝜀𝑒𝑛𝑣𝐴11𝐹11−9000 = 0,92 ∗ 1 ∗ (2 ∗ 0,026 ∗ 0,1) ∗ 1 = 0,0047 𝑚2   

The tube node couplings are lower as they are based on less exposed surface area. The radiative couplings assume a 

view factor of 𝐹 = 1 with space. There is some radiation exchange with the FRRS and the FRF however the view factor 

to the FRF is 𝐹𝐹𝑅−𝐹𝑅𝐹 = 0,04 and the view factor to the FRRS is not calculated however, it is expected to be much lower 

due to the low radius, the space between the rollers and the cylindric shape of the roller. Furthermore, the temperature 

of these objects is also much lower than the FR and therefore these are not taken into account in the model but rather 

taken into account as uncertainty. 

4.2.2. FR-tubing nodes 

The tubing nodes are located in the center of the fluid, the inner wall and the center of the laminate as can be seen in 

Figure 62. In the main model, each foil node which is connected to the tubing also uses two underlying nodes to identify 

the heat transfer from the fluid to the foil at that location. 

 

Figure 62: Out of plane tube node locations 

The root of the radiator is considered as temperature boundary node, which is located at the center of the entrance point 

of the fluid. From the root node, the flow is transferring heat by means of advection to the other flow center nodes in the 

tube. This thermal coupling is (assuming a volume flow of 𝑄𝑓 = 1 𝑙/𝑚𝑖𝑛): 

 𝐺𝑎𝑑𝑣 = 𝐶𝑝𝑔𝑎𝑙𝑑𝑒𝑛
𝑚̇𝑔𝑎𝑙𝑑𝑒𝑛 = 963 ∗ 0,0275 = 26,48 [

𝑊

𝐾
] 

From the center of the fluid to the inner wall of the tube (node 1 to node 2 in Figure 62), the heat transfer is performed 

by convection. For the specific flow rate and liquid properties, the heat transfer coefficient is found in section 2.4.5. The 

thermal coupling between node 1 and 2 can be determined by: 

 𝐺𝐿1−2 = ℎ𝑐𝑐𝑜𝑛𝑣
𝐴𝑡𝑢𝑏𝑒 = 767 ∗ 2𝜋 ∗ 0,003175 ∗ 0,1 = 1,53 [

𝑊

𝐾
] 

The coupling between node 2-3 is found by summing up the contributions of the individual layers inversely. In the model, 

a reduction factor of 0,8 is included in the contact area estimation, to compensate for incomplete contact, which can be 

tweaked during the correlation.  

 

1

𝐺𝐿2−3

=
1

𝑘𝑡𝑢𝑏𝑒𝐴𝑡𝑢𝑏𝑒

𝑡ℎ𝑡𝑢𝑏𝑒

+
1

𝑘𝑘𝑎𝑝𝐴𝑐𝑜𝑛𝑡 𝑡𝑢𝑏𝑒

𝑡ℎ𝑘𝑎𝑝

+
1

𝑘𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒𝐴𝑐𝑜𝑛𝑡 𝑡𝑢𝑏𝑒

𝑡ℎ𝑎𝑑ℎ

+
1

𝑘𝑃𝐺𝑆𝑜𝑜𝑝
𝐴𝑐𝑜𝑛𝑡 𝑡𝑢𝑏𝑒

𝑡ℎ𝑃𝐺𝑆

 

 𝐺𝐿2−3 = 1,55 [
𝑊

𝐾
]  
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It can be seen that the Kapton tube and foil, but also the adhesive has a large influence on the thermal coupling, relative 

to the PGS. Thickness or conductivity improvements of these layers would benefit the thermal performance since all the 

heat enters the FR at the tube interface. 

The radiative and convective couplings are only relevant for the part of the tube which exits the FR between the FRRS. 

These couplings are: 

 𝐺𝐿612−9000 = ℎ𝑐𝑛𝑎𝑡
𝐴11 = 5 ∗ (2𝜋 ∗ 0,003175 ∗ 0,046) = 0,0046 [

𝑊

𝐾
]  

 𝐺𝑅612−9000 = 𝜀𝑘𝑎𝑝𝜀𝑒𝑛𝑣𝐴612𝐹612−9000 = 0,92 ∗ 1 ∗ (2𝜋 ∗ 0,003175 ∗ 0,046) ∗ 1 = 0,00084 𝑚2   

4.2.3. FRF nodes 

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 

1021 1022 1023 1024 1025 1026 1027 1028 1029 1030 1031 1032 1033 1034 

1001 1002 1003 1004 1005 1006 1007 1008 1009 1010 1011 1012 1013 1014 

1021 1022 1023 1024 1025 1026 1027 1028 1029 1030 1031 1032 1033 1034 

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 

Figure 63: FRF nodes 

The nodes within the FRF are shown in Figure 63. Introducing the thickness of a single Norcoat stack as 𝑡ℎ𝑛𝑜𝑟𝑐𝑜𝑎𝑡 =

0,03 𝑚, and the conductivity  𝑘𝑛𝑜𝑟𝑐𝑜𝑎𝑡 = 0,09 [
𝑊

𝑚𝐾
], which is assumed and known to vary with temperature. We now take 

two times the area to cover for the contact on both sides. The thermal couplings between these nodes are as follows: 

 

1

𝐺𝐿1001−1021

=
1

𝑘𝑛𝑜𝑟𝑐𝑜𝑎𝑡2𝐴1001

𝑡ℎ𝑛𝑜𝑟𝑐𝑜𝑎𝑡

2

+
1

𝑘𝑘𝑎𝑝𝑡𝑜𝑛2𝐴1001

𝑡ℎ𝑘𝑎𝑝𝑡𝑜𝑛

+
1

𝑘𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒2𝐴1001

𝑡ℎ𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒

+
1

𝑘𝑃𝐺𝑆2𝐴1001

𝑡ℎ𝑃𝐺𝑆

 
 

𝐺𝐿2−3 = 0,0062 [
𝑊

𝐾
] 

Which shows the large isolative contribution of the Norcoat stack. The couplings between the aluminum and the Norcoat 

are found from: 𝑘𝑎𝑙𝑢 = 120 [
𝑊

𝑚𝐾
] , 𝑡ℎ𝑎𝑙𝑢 = 0,02 𝑚. 

 

1

𝐺𝐿1001−1021

=
1

𝑘𝑛𝑜𝑟𝑐𝑜𝑎𝑡2𝐴1001

𝑡ℎ𝑛𝑜𝑟𝑐𝑜𝑎𝑡

2

+
1

𝑘𝑎𝑙𝑢2𝐴1001

𝑡ℎ𝑎𝑙𝑢

2

 
 

1

𝐺𝐿1001−1021

 = 160,3 + 0,08 => 𝐺𝐿2−3 = 0,0062 [
𝑊

𝐾
] 

The radiative and convective couplings are determined from the exterior surfaces and are depending on the location. 

The view factors are again assumed to be 𝐹2021−9000 = 1, and 𝜀𝑎𝑙𝑢 = 0,3: 

𝐺𝐿2021−9000 = ℎ𝑐𝑛𝑎𝑡
𝐴2021 = 5 ∗ (3 ∗ 0,026 ∗ 0,02 + 0,022) = 0,01 [

𝑊

𝐾
]   

𝐺𝑅2021−9000 = 𝜀𝑎𝑙𝑢𝜀𝑒𝑛𝑣𝐴2021𝐹2021−9000 = 0,3 ∗ 1 ∗ (3 ∗ 0,026 ∗ 0,02 + 0,022) ∗ 1 = 0,00059 𝑚2   

4.2.4. FRRS  

The since the FRRS geometry is rather complex, and the heat flow towards it is rather low, the nodes are greatly 

simplified to the situation as shown in Figure 64. 



50 
 

 

Figure 64: FRRS nodes 

The interface with the FR is at the tubing corner node, which is a combination of the Aluminum corner connector (610) 

and the Vespel standoff (6100), which isolates the FR from the FRRS. Since the corner connector is made from 

aluminum and the heat transfer coefficient of the fluid is also relatively high due to the narrow passage, it can be 

assumed that the coupling is mostly determined by the Vespel standoff. Considering the distance or length of the 

coupling (Figure 65), we can obtain the thermal coupling using: 𝑘𝑣𝑒𝑠𝑝 = 0,4 [
𝑊

𝑚𝐾
], 𝐴𝑐𝑜𝑛𝑛 = 0,0001 [

𝑊

𝑚𝐾
] 

1

𝐺𝐿610−6100

=
1

𝑘𝐴𝐿𝐴𝑐𝑜𝑛𝑛

0,005

+
1

𝑘𝑣𝑒𝑠𝑝𝐴𝑐𝑜𝑛𝑛

0,011

=> 𝐺𝐿610−6100 = 0,0036
𝑊

𝐾
 

 

Figure 65: Conductive coupling from corner connector to center of roller 

If we consider a worst case scenario, where the temperature of the FRRS is the same as the environment, and the tube 

connector temperature is the same as the FR root, the maximum temperature difference between the FR and the FRRS 

can be; 𝑇𝐹𝑅𝑟𝑜𝑜𝑡
= 45°𝐶 and 𝑇𝑒𝑛𝑣 = 20°𝐶; 𝛥𝑇 = 𝑇𝐹𝑅𝑟𝑜𝑜𝑡

− 𝑇𝑒𝑛𝑣 = 25 °𝐶, we can in that case estimate a maximum heat flow 

of 𝑄 = 𝐺𝐿610−6100𝛥𝑇 = 0,09 𝑊. And since this occurs on both sides of the FRRS, we can say that the actual heat which 

is leaving the FR through this coupling, is so low that it can be considered as a minor loss and therefore the model 

regarding the FRRS is not further elaborated in this chapter. The space case would however have a larger temperature 

difference and would lead to a theoretical maximum loss of 𝐺𝐿610−6100𝛥𝑇 = 0,0036 ∗ 315,45 = 1,13𝑊 (per connector). 

Which is still much lower than the actual dissipation of the FR: 
𝑄𝐹𝑅𝑅𝑆𝑙𝑜𝑠𝑠

𝑄𝐹𝑅𝑑𝑖𝑠𝑠

< 1%. More elaboration of the model can be 

found however in Appendix E: Thermal model .  

4.2.5. Simulation 

The FR is simulated in different environments. For each situation, a root temperature of 𝑇𝑟𝑜𝑜𝑡 = 45 °𝐶 is considered. The 

environments are simulated by varying the following parameters. 

Table 14: Environment settings 

The simulated heat output of the model can be found in Table 15. 𝑄𝑖𝑛 is based on the sum of heat entering the exposed 

FR nodes, the FRRS and the FRF are not accounted for in the table. 𝑄𝑜𝑢𝑡  is based on the convective and radiative heat 

flows leaving these nodes. 𝑄𝑜𝑢𝑡𝑖𝑑𝑒𝑎𝑙
 is used to demonstrate the performance of a 100% efficient radiator (defined here 

Environment Temperature (°C) Convection 

Lab 20,5 Natural (ℎ𝑐 = 5 𝑊/𝑚2𝐾) 

Vacuum -80  - 

Space -270,45 - 
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as 𝑇 = 𝑇𝑟𝑜𝑜𝑡 for all nodes). Hence, the radiator efficiency is determined by dividing the total FR heat output over the 

ideal heat output. 

Table 15: Heat balance in the FR 

Therm XL settings 

The following Therm XL settings were used 

- 𝑀𝑎𝑥 𝑛𝑜 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 = 4000 

- 𝐶𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 = 1 ∗ 10−5 

- 𝐷𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 = 0,8 

 

These settings produced the best results in terms of both convergence time and heat balance and were therefore used. 

The results show an almost equal IR radiative and convective heat dissipation from the FR in the lab environment, which 

can be verified by using eq. (4.1) & (4.2) which describe the heat which would be dissipated if we consider the average 

temperature of the radiator. (Table 16) 

 𝑄𝑟𝑎𝑑 = 𝜀𝐹𝑅𝜎𝐴𝐹𝑅(𝑇𝑎𝑣−𝐹𝑅−𝑓𝑜𝑖𝑙
4 − 𝑇𝑒𝑛𝑣

4 ) (4.1) 

 

𝑄𝑐𝑜𝑛𝑣 = ℎ𝑐−𝑛𝑎𝑡𝐴𝐹𝑅(𝑇𝑎𝑣−𝐹𝑅−𝑓𝑜𝑖𝑙 − 𝑇𝑒𝑛𝑣) (4.2) 

Table 16: First order estimated heat output FR 

A comparison with the first order approximations shows an increasing difference in the heat outputs. For the lab model 

the difference is negligible ≈ 1% of the heat output, however for the vacuum and space estimations a difference of 3% 

with the model is estimated. It is assumed that this is the result of the nonlinear temperature distribution within the 

radiator which is not accounted for by the first order approximation. The increasing difference between the model and 

the approximation seems to be the result of the 𝑇4 term of the IR radiative heat output as plotted in Figure 66 as a 

function of temperature.  

It also shows that the difference in output does not vary much for the colder temperatures, explaining the similar offset 

for the Vacuum and Space simulation. The curve also shows why a radiation test in vacuum conditions already provides 

a decent approximation of the pure radiative heat dissipation performance of a radiator in space at a constant 

temperature, since the output could only increase an approximate 10 % for any lower environmental temperature (see 

Figure 66). This of course does not take into account the heat sources which are available in space, and which can yet 

influence the dissipating performance tremendously.  

The main model is also compared with two other models which are less extensive and only simulate the FR in 2D. One 

of those models was used for the sizing of the HiPeR products. The other model was produced to make fast estimations 

regarding the efficiency and power output of the simplified radiator. The root temperatures which are used for the models 

are provided by the main model and the location of the foil which is verified is the last line of nodes before the FRRS 

(191-197) as this part is least influenced by the conductivity of the FRF. The temperatures which are shown are those 

of the FR foil and do not include the fluid or tubing temperatures. The models are compared in Figure 67, Figure 68 and 

are modelled from the foil on top of the tube to the outside edge of the foil. 

Environment 𝑸𝒊𝒏(𝑾) 𝑸𝒐𝒖𝒕𝒓𝒂𝒅
(𝑾) 𝑸𝒐𝒖𝒕𝒄𝒐𝒏𝒗

(𝑾) 𝑩𝒂𝒍𝒂𝒏𝒄𝒆 (𝑾) 𝑸𝒐𝒖𝒕𝒊𝒅𝒆𝒂𝒍 
(𝑾) 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%) 

Lab 103,63 51,92 51,71 0 207,7 52 

Vacuum 218,85 218,85 0 0 333,3 66 

Space 255 255 0 0 385,7 67  

Environment 𝑻𝒂𝒗−𝑭𝑹−𝒇𝒐𝒊𝒍 (°C) 𝑸𝒐𝒖𝒕𝒓𝒂𝒅
(𝑾) 𝑸𝒐𝒖𝒕𝒓𝒂𝒅

(𝑾) 𝜟𝑸𝒎𝒐𝒅𝒆𝒍−𝟏𝒔𝒕 𝒐𝒓𝒅(𝑾 

Lab 33,43 52,66 51,72 0,75 

Vacuum 19,90 225,26 0 6,4 

Space 15,64 261,86 0 6,9 
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Figure 66: IR heat output of the FR for varying environmental temperatures 

It can be noted that the 2D and the main model are almost perfectly similar. The HiPeR model however, has a slight 

temperature variation at the root of the foil. This relates to the different interface at the root, which impact is filtered out 

in the simulation. Since the models do not include convection, the lab environment is not compared. 

 

Figure 67: Comparison of 3D main model with two different 2D models in vacuum (𝑇 = −80 ℃)  

 

Figure 68: Comparison of 3D main model with two different 2D models in Space environment (𝑇 = − 270 ℃)  
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4.3. Structural analysis 

The FRA is structurally analyzed to verify its ability to sustain launch and handling loads. All components have been 

analyzed by means of first order approximations regarding critical locations in the design in relation to those loads. This 

chapter is used to provide only the relevant information to verify the requirements, not to provide a complete workout of 

the analysis performed. Observations which are made during the analysis shall also be provided. 

4.3.1. System mass and scaling 

The mass of the FRA defined in section 4.1, is estimated with Ansys Space claim by using the volumes and applicable 

material properties. The estimated mass of the components and the total system mass is shown in Table 17. 

Table 17: FRA estimated system mass 

The mass which is responsible for the loads on the bar and on the HDRM is a summation of FR, FRRS, Liquid, 

Connectors + tubing: 𝑚 = 0,83 𝑘𝑔, which is rounded to a conservative value of 𝑚 = 1 𝑘𝑔. The mass of the FRF is not 

included in the total system mass since the aluminum clamps are only used for the breadboard demonstration. The real 

model is integrated possibly by means of Norcoat stacks and for example honeycomb compression panels, which weigh 

much less than the solid beams which are used here. The total mass should be taken with a 10% margin for excluded 

items such as bolts and nuts. Note that a mass optimization of the HDRM and FRRS may lead to a total mass reduction 

of approximately 0,4 kg by mass optimization, however this or other design optimizations are not included in the mass 

estimations. A rough mass estimation of the scaled system is also provided. We can find how the total FRA mass scales 

in Figure 69. It is assumed that the following applies for the scaling, which includes a 10% margin. Obviously, it pays off 

to scale the radiator in length, however this is limited by the stiffness of the FR (section 5.2).  

- For each additional 0,4 m of width, a single HDRM bracket and the full original FRRS mass is added  

- The dimensions of the metal parts are unaltered except for the length of the FRRS bar 

- FR, liquid, connectors and tubing scale in length and width based on the original FR surface area and mass 

 

Figure 69: FRA System mass (left) and area to mass (right) contours with respect to scaling of FR length and width 

 

Subsystem Mass (kg) 

FR 0,15 

FRRS 0,48 

HDRM (2 brackets) 0,54 

Liquid 0,12 

Connectors + tubing 0,08 

Total + Margin (10%) 1,37 + 0,137 = 1,5 

  

FRF (additional) 0,35 
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4.3.2. FR 

For the verification of the FR structural requirements, the loading conditions which may occur during handling and 

operations have been analyzed to demonstrate that the FR will not fail during these circumstances. A description of the 

analysis and the applicable system requirements, are shown in Table 18. The bending moment estimation is however 

provided since it relates to the test as described in chapter 5. 

Table 18: FR structural analysis to verify system requirements 

The allowable bending moment and the relating deflection, is elaborated. An estimation for the system requirements is 

provided in section 3.2.1, however an estimation relating to its actual geometry and the previously obtained system 

mass is provided here. 

Bending moment during maneuver 

The angular acceleration which is used to find the local acceleration, is found from the moment of inertia of the entire 

S/C (considered 𝐼𝑠𝑎𝑡 = 3520 𝑘𝑔𝑚2 for a communications sat), using a torque generated by 𝑛𝑡ℎ = 4 thrusters delivering 

a thrust force of 𝐹𝑡ℎ = 20 𝑁 each including a safety factor of 𝑠𝑓 = 1,5 at a distance of 𝑥𝑡ℎ = 1,5 𝑚 from the core of the 

S/C. 

𝜏 = 𝑠𝑓𝑛𝑡ℎ𝑥𝑡ℎ𝐹𝑡ℎ = 180𝑁𝑚 

The angular acceleration of the S/C is: 

𝑎𝑎𝑛𝑔 =
𝑇

𝐼𝑠𝑎𝑡

= 0,0511
𝑟𝑎𝑑

𝑠2
 

The average local acceleration at the center of mass of each component is then found by multiplying the angular 

acceleration with the distance to the center of mass, which can be done since the local acceleration scales linearly with 

distance. And the bending moment is found by multiplying the resulting force with the distance from the FR root to the 

center of mass. The resulting moment contributions can be seen in Table 19. 

Table 19: FR bending moments during operational load 

The stresses resulting from this moment per tube are combined with the maximum stress occurring due to MOP. Taking 

the second moment of area of two tubes which each have 𝐼𝑥𝑥 = 𝜋𝑟3𝑡ℎ = 8,94 𝑚𝑚4. The result is that the stresses are 

much lower than the allowable yield stress of Kapton and are thus not critical during operation. 

𝜎𝑚𝑎𝑛𝑒𝑢𝑣𝑒𝑟 =
𝑀𝑟

2𝐼𝑥𝑥

+
𝑆𝑓𝑃𝑟

2𝑡ℎ𝑤

= 13,51 𝑀𝑃𝑎 

During testing and operations, the worst case could be that the tubes buckle while experiencing internal pressure from 

the fluid. The term used for this case is collapse load which is higher than the unpressurized buckling load. From 

Requirement ID Description of analysis 

INFRA-BB-SR-
5.2.7.4 

Tube and laminate tensile stresses under Maximum Operating Pressure(MOP) + FRA system mass 

(without FRF) while hanging straight down from FRF (may occur during handling) 

INFRA-BB-SR-
5.2.7.4 

Tube and laminate tensile stresses under Maximum Operating Pressure (MOP) during bending test 

INFRA-BB-SR-
5.2.7.2 

Maximum bending moment and deflection during operation (moment of collapse) with respect to 

internal pressure 

INFRA-BB-SR-
5.2.7.7 

Tube and laminate stresses during launch 

INFRA-BB-SR-
5.2.7.7 

Adhesive surface area required to hold the two laminates of the FR together during launch and handling, 
as well as the connection with the FRRS 

Components Distance to center 
of mass SC (𝒎) 

Local 

Acceleration (𝒎/𝒔𝟐) 

Mass (𝒌𝒈) Bending moment 
at FR root (𝑵𝒎) 

FR+tube 1,5  0,077 0,256  0,0098  

Tube perpendicular 2,06  0,105  0,051  0,0056  

FRRS + connectors 2,04  0,104  0,5  0,056  

Total   0,8  0,0714  
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reference [34] obtained is the following equation which calculates the allowable root moment based on structural 

strength (left term) and internal pressure (right term). The 0,8 term can be adjusted to the moment carrying capability of 

the tube and is in this reference taken as 80%. However, since the right-hand term is of relatively low influence (<

20% 𝑜𝑓 𝑀𝑝𝑟𝑒𝑠𝑠) and the bending moment is not critical, this is not something worth investigating for this tube.  

𝑀𝑝𝑟𝑒𝑠𝑠 = 𝜋𝑟𝐸𝑡ℎ2 (
𝛾

√3(1 − 𝜐2)
+ ∆𝛾) + 0,8𝑃𝜋𝑟3 

Where 𝐸 = 2,5 𝐺𝑃𝑎, correlation factors 𝛾 = 0,77, ∆𝛾 = 0,055, Poisson ratio is 𝜐 = 0,34 of Kapton. This leads to a 

maximum bending moment of 𝑀𝑝𝑟𝑒𝑠𝑠 = 0,11 𝑁𝑚 for a pressure difference of 1 bar with the atmosphere and  𝑀𝑝𝑟𝑒𝑠𝑠 =

0,12 𝑁𝑚 for a pressure difference of 2 bars with the atmosphere, showing that the pressure increase only has a small 

influence on the bending moment. Note however that this is the allowable bending moment on a single tube, the moment 

which can be carried by both tubes simultaneously is 0,22 𝑁𝑚 < 𝑀𝑝𝑟𝑒𝑠𝑠 < 0,24 𝑁𝑚.  

Using the allowable bending moment, the collapse stress for each tube becomes: 

𝜎𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒 =
𝑀𝑐𝑟

2𝐼𝑥𝑥

+
𝑆𝑓𝑃𝑟

2𝑡ℎ𝑤

= 21,31 + 7,95 = 29,26 𝑀𝑃𝑎 

This is still not sufficient to reach the material yield of the Kapton tube even when taking a safety factor 𝑠𝑓 = 1,5 into 

account. Higher bending moments then this will cause the FR to collapse and therefore it will not endure higher stresses 

after this point during normal operation. 

The tensile stress which may occur during handling while hanging upside down from the FRF is estimated (considering 

all the mass is carried by the tubes from 

𝜎𝑡𝑒𝑛𝑠 =
𝑔(𝑚𝐹𝑅𝐴 − 𝑚𝐹𝑅𝐹)

2𝐴𝑡𝑢𝑏𝑒𝑐𝑟𝑜𝑠𝑠

𝑠𝑓 = 6,22 𝑀𝑃𝑎 

This is also far below the allowable Kapton stress and therefore considered sufficiently strong. 

4.3.3. FRF 

The main structural analysis relating to the FRF is performed on the capability of clamping the FR during launch to verify 

[INFRA-BB-SR-5.2.7.7]. It is sufficient to analyze the situation however; a simple test provided a fast and reliable method 

to support the analysis. During the launch, the FR may pull itself out of the FRF as a result of the launch load, the 

distributed load relating to this is 

𝑊𝐹𝑅𝐹 =
𝐹𝑙𝑎𝑢𝑛𝑐ℎ

𝐵𝐹𝑅𝐹

= 1,1
𝑁

𝑚𝑚
 

Testing of the same clamping method demonstrated it was capable of carrying 50 N over a Norcoat setup width 𝐵 of 30 

mm. This is sufficient as the allowable load is the expected load times a safety factor of 1,5.  

𝑆𝑓 =
50

𝑊𝑙𝑜𝑐30
= 1,5 

The load which can be carried depends on the clamping force which is applied by the bolts. A maximum pressure is 

obtained from breadboard tests. In the actual breadboard model this force is delivered by compressing the FRF to obtain 

the same amount of deformation of the Norcoat material as during test. No margin is included and therefore this should 

be rechecked in case the launch loads would increase. 

4.3.4. FRRS 

The structural analysis which is performed to verify the FRRS requirements are shown in Table 20. 
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Table 20: FRRS structural analysis to verify system requirements 

 

 

Figure 70: Critical locations on the roller with respect to a radially exerted compressive Launch load 

The results of the analysis are that the critical location 𝑐1 will not be loaded sufficiently during launch or handling to be 

at risk. There is an additional margin that would allow at least twice the launch load. Critical location 𝑐3is found to be not 

at risk during launch, however should not be compressed with more than 250 N during handling. The stresses at 𝑐2 also 

have an additional margin of more than three times the shear stress before the material fails. The beam is bended due 

to the launch loading and is deflected however an additional margin of more than twice the load is considered before 

material failure occurs. The first eigenmodes and deflections have been determined by means of first order 

approximations and have been shown to be conservative by a simplified FEM model. The obtained first order natural 

frequencies are shown in Table 21. Since the launch frequencies which may be encountered are expected to be in the 

range of 0-100 𝐻𝑧, it is therefore likely that the launch load will not be amplified due to the launch vibrations.  

Table 21: Eigen frequencies FRRS 

Natural 
frequency (𝑯𝒛) 

F1 F2 F3 F4 F5 

FEM 169,38 321,91 1193,29 2571,65 2925,82 

Harris functions 128,93 355,12 696,43 1151,12 1715,17 

Sakshat 135,58     

4.3.5. HDRM 

The structural analysis related to the verification of FRRS requirements can be found in Table 22. The loads which are 

expected are 

- Static launch load (𝐹𝑙𝑎𝑢𝑛𝑐ℎ = 440 𝑁)  

- Single side deployment load (𝐹𝑑𝑒𝑝𝑙 = 100 𝑁)  

 

 

 

 

Requirement ID Description of analysis 

INFRA-BB-SR-
5.2.7.7 

During launch the mass of the radiator may be accelerated in any direction, resulting in force 

𝐹𝑙𝑎𝑢𝑛𝑐ℎ = 440𝑁. Due to tensile forces in the FR which is clamped at the FRF, the foil may exert a 

compressive force on the roller as the FR is pulled around it (Figure 70). This force causes bending + 

compression stresses at the critical locations of 𝐶1 and 𝐶3.  

INFRA-BB-SR-
5.2.7.7 

The allowable compressive force relating to 𝐶3 for a single roller is identified to support handling 

protocols 

INFRA-BB-SR-
5.2.7.7 

The launch load may create a moment around the center of the roller, which may cause shear 

stresses in 𝐶2, the stresses should not exceed the allowable limit of the material 

INFRA-BB-SR-
5.2.7.7 

The FRRS bar can bend due to the launch accelerations and the distributed mass of the FRRS which 

is clamped between the HDRM. The allowable bending moment is verified. 
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Table 22: FRRS structural analysis to verify system requirements 

The loads and moments have been translated to dimensions of the parts with applicable allowable stresses taking into 

account a 𝑠𝑓 = 1,5. No critical locations were identified which require additional care during handling. The thread which 

is used in the breadboard mode is strong enough to carry a load of approximately 𝐹𝑡𝑒𝑛𝑠𝑖𝑙𝑒 = 6100 𝑁, while it is only 

required to carry a load of 180 𝑁. This also reduces the threat of relaxation. A small test is performed (section 2.5.1) to 

verify this. It is also determined that while applying pretension in the thread, it should not be attempted to stretch the 

thread by more than 4 pin holes, to prevent the tension cap from being destroyed by the torque originating from the 

thread and the wrench which is used to apply the torque. The main body is designed with an eye on simple 

manufacturability and is therefore still optimizable in terms of mass. The stresses which occur in the main body are all 

well within the allowable limits. 

4.4. MMOD risk analysis 

The FR is made from polymer tubes, which are easily penetrated by debris or micrometeorites. However, since the 

surface area of the tube is relatively small it may be sufficient to perform risk mitigation techniques such as redundant 

fluid loops to reduce the chance of a system failure. In this section it shall be discussed how large the risks are for the 

tube and if mitigation techniques are indeed sufficient for the design. But before starting the analysis, the tube interface 

which may be punctured is shortly discussed. 

 

Figure 71: Tube interface 

The interface which can be seen in Figure 71 can in case of a failure either be punctured or delaminated. Puncture of 

the tube would however be fatal for the entire system. This is most likely to occur in the angle alfa on both sides of the 

tube. The inter-laminar pockets may cause the impacted debris to disperse and due to less concentrated energy, not 

puncture the tube.  However, since this effect may be so little that it may be negligible and also to be conservative in 

the approach, the entire circumference of the tube is selected as impact sensitive area. Furthermore, a single laminate 

thickness, is added to the tube wall thickness to determine the penetration thickness 𝑡𝑤𝑡𝑜𝑡
= 270 ± 10 µ𝑚, which is 

shown in Figure 72. 

 

Figure 72: Layers which are penetrated 

4.4.1. Impact research on Kapton and energy method 

Research is performed in reference [47] on the penetration of Kapton by high speed particles. By launching particles of 

diameter 23 < 𝐷 < 29 µ𝑚 at a velocity of 1730 m/s onto foil thicknesses of 25, 50 and 125 µ𝑚, it was tested how the 

impact area changes due to increasing the foil thickness. By comparing the images of the punctures, the puncture type 

and size is observed and collectively displayed in Table 23. 

Requirement ID Description of analysis 

INFRA-BB-SR-
5.2.7.7/5.2.7.10 

Determination of reaction loads and moments on the HDRM components 

INFRA-BB-SR-
5.2.7.7/5.2.7.10 

Determination of pre- tensile force in the thread to hold the FRRS during launch  

INFRA-BB-SR-
5.2.7.7/5.2.7.10 

Determination of required dimensions of main body, lever and tension cap + parts 

INFRA-BB-SR-
5.2.7.7/5.2.7.10 

Verification of allowable shear stress on curved grappling section of the lever 

INFRA-BB-SR-
5.2.7.7/5.2.7.10 

Determination of required Dyneema thread thickness with respect to pre-tension and relaxation 
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Table 23: Compared impact results from [47] 

The ductile rupture can be described from the image as a hole without cracks or ruptures. The purely ductile puncture 

can only be witnessed in the thickest laminate for a flyer velocity of 1730 𝑚/𝑠. However, the thinnest foil displays ductile 

rupture punctures only at a lower velocity. It can also be noted that these ductile punctures first rupture than grow cracks 

for higher velocities of the particles. This indicates that the velocity of a particle that just barely penetrates a surface, 

should produce a crater like ductile puncture, without any cracks. 

The loss of kinetic energy of a  ∆𝐸𝑘𝑓 due to an impact can be described by as the summation of the following energy 

contributions [47]: 

∆𝐸𝑘𝑓 = 𝐸𝑘𝑠 + 𝐸𝑠ℎ + 𝐸𝑐 + 𝐸ℎ 

In which 𝐸𝑘𝑠 is the kinetic energy which is transferred to the piece of Kapton which sheared off, 𝐸𝑠ℎ is shearing energy, 

𝐸𝑐 is the crack propagation energy, 𝐸ℎ is the energy transformed to heat. For the puncture threshold, it is assumed that 

the puncture does not produce cracks as with a ductile puncture, and that the part which is sheared off is sheared off 

without creating flying particles. In that case the energy which is absorbed at the impact is only transformed into heat 

and shear energy:  

 
∆𝐸𝑘𝑓 = 𝐸𝑠ℎ + 𝐸ℎ 

 
(4.3) 

Where ∆𝐸𝑘𝑓 = 𝑚𝑝𝑣2/2  

The shear energy and force are described in [47] to be: 

𝐸𝑠ℎ = 𝑃𝑠ℎℎ/2 

𝑃𝑠ℎ = 0,85ℎ𝐿𝜎𝑢 

In which: ℎ the thickness of the foil, 𝐿 is the length of the cut, which equals the circumference of the puncture, 𝜎𝑢 is the 

ultimate tensile strength of Kapton. 

And 𝐸ℎ is the energy transformed to heat: 

𝐸ℎ = 𝑚𝑐𝑝∆𝑇 

A graph is produced in Figure 73, based on the energy balance equation, which describes various random metal density 

particles with varying diameters and energy levels that could puncture the Kapton laminate based on kinetic energy 

transferred to heat and shear force. Note however that the adhesive and PGS layers are in reality also absorbing heat 

and are in fact slowing down the particle, which makes this approach rather conservative. It however does provide an 

indication on the stopping power of the laminate. Note also that this approach assumes the surface of the particle is flat 

and that the particle is spherical. Impact craters on the Hubble space telescope, indicate MMOD with diameters of 7 to 

98 μm and velocities of 2900 to 11500 𝑚/𝑠 [47]. This area of interest is indicated by a square in the figure. Shear forces 

which are related to the cross section of the puncturing particle are also shown in the graph. These are only dependent 

on geometry and not on density and indicate the instantaneous load which is transferred to the FR during a strike. 

Kapton foil 
thickness (μm) 

Final flyer Velocity (m/s) Puncture type Measured size average 

25  1400 Ductile rupture 10-50 μm 

25  1650 Ductile rupture/ small 
cracks 

10-50 μm 

25  1730 Brittle /Radial cracking 500 μm (hole size) 
1500 μm (crack length) 

25  2900 Radial crack/bitle rupture 1-3 mm (hole size) 
1 mm (crack length) 

50  1730 Semi-ductile 10-100 μm (hole size) 

125  1730 Ductile 50 μm (hole size) 
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Figure 73: Velocity required to puncture Kapton for various densities and the related shear force 

Comparing the impacts on the Hubble space telescope with the velocity and size required to puncture the tube plus 

laminate, we can see that the impacts which occurred on the Hubble could be fatal for the FR. However, the area of the 

Hubble telescope is much larger than the tubing area, and therefore the FR tubing area will be held against the density 

population of various MMOD in GEO in section 4.4.4 and 4.4.5.  

4.4.2. Ballistic limit equation 

The required wall thickness to stop debris, can also be elaborated using the ballistic limit equation. The approach is 

elaborated in [39]: The diameter of an impact crater can be estimated by  

𝑑𝑐 = 𝐾1𝑑𝑝
𝜆𝜌𝑝

𝛽
𝜌𝑡

𝜅𝑣𝑝
𝛾

 (𝑐𝑜𝑠 𝛼𝑝)
𝜉
 

The maximum defeat able projectile diameter is therefore  

𝑑𝑝 ≤ 𝑑𝑝,𝑙𝑖𝑚 = (
1

𝐾1𝜌𝑝
𝛽

𝜌𝑡
𝜅𝑣𝑝

𝛾
 (𝑐𝑜𝑠 𝛼𝑝)

𝜉

  

)

1
𝜆

 

The minimal thickness to defeat an incoming projectile can be defined by 

𝑡𝑡 ≥ 𝑡𝑡,𝑙𝑖𝑚 = 𝐾1𝑑𝑝
𝜆𝜌𝑝

𝛽
𝜌𝑡

𝜅𝑣𝑝
𝛾

 (𝑐𝑜𝑠 𝛼𝑝)
𝜉
 

Which uses 𝐾1 as material constant, 𝜌𝑝
𝛽
as particle density, 𝜌𝑡

𝜅 as material density, 𝑣𝑝
𝛾
 as particle velocity and  𝛼𝑝 as 

angle of impact. The remaining factors are constants which are defined in Table 24. 

Furthermore the following equation relating to the required thickness is found in [12], which derives the equation from 

the thin plate equation, stating it as the best means of estimating the puncture behavior of meteoroids on plastics. For 

this equation. [12] uses a general meteoroid density and velocity of 𝜌 = 0,5 (
g

cm3) , 𝑣 = 20 (
Km

sec
). 

𝑡 = 𝐾1𝜌1/6𝑚0,352𝑣0,875 

Table 24:Ballistic equation calibrated constants of a single wall ballistic limit equation  [39] 
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Source Target 𝑲𝟏(𝒎𝒊𝒏) 𝑲𝟏(𝒎𝒂𝒙) 𝝀 𝜷 𝜸 𝝃 𝜿 

ESA  thin 
plate 

0,26 0,64 1,056 0,519 0,875 0,875 0 

Pailer en 
gruen 

any 0,77 0,77 1,212 0,737 0,875 0,875 -0,5 

frost any 0,43 0,43 1,056 0,519 0,875 0,875 0 



60 
 

By comparing results using the constants found in Table 24, it is found that ESA (max K1) produces the most 

conservative results, however shows also closest result to the method from [12]. Therefore, we continue using ESA’s 

thin plate settings to determine the diameters and densities which may be defeated by the laminate. 

4.4.3. Comparison with energy method 

When comparing the methods, we find the graphs as shown in Figure 74. It shows that the single wall ballistic equations 

imply that the FR would be able to handle larger diameter MMOD than the energy equations imply. This may be an 

indicator of the conservativeness taken into account in the energy equation.  

 

Figure 74: Comparison of energy method with ballistic limit equation for various densities 

4.4.4. Meteoroid spatial density 

The meteoroids population which is concerned in [39] is mostly assumed to be spherical, and the mass and size of the 

meteoroids varies with source. The variation ranges from ~0,5 𝑔/𝑐𝑚3 to ~3,5 𝑔/𝑐𝑚3 for cometary and asteroid 

micrometeoroids, where the ~3 𝑔/𝑐𝑚3 are considered to be of 𝜇𝑚 scale and the ~1,5 𝑔/𝑐𝑚3 are scaled in millimeters. 

A few target orbits are also analyzed in [39] among which the GEO. It is estimated by means of MASTER-2001 software, 

for an averaged inclination between (0° ≤ 𝑖 ≤ 30°) that the mean time between impacts on a 𝐴 = 1𝑚2 spherical surface, 

is 2,83 ℎ for particles of 𝑑 > 1µ𝑚 and 20,7 ℎ between impacts of size 𝑑 > 10µ𝑚.This indicates that the particles which 

may be damaging for the FR can be expected to strike roughly once on a daily basis on the FR surface. However, if it 

will hit actually the tube and with which relative velocity is another question. 

It is also shown in Figure 75 that the meteoroids have impact velocities between 2,5 and 30 𝑘𝑚/𝑠, with the most probable 

impact velocity of ∆𝑣 = 12 𝑘𝑚/𝑠 for a GEO orbit. 
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Figure 75: Velocity profile of the meteoroid flux distribution 𝛥𝐹/𝛥𝑣 for spherical targets on typical Earth orbits [39] 

Taking into account a conservative maximum velocity (30 km/s), we can find from the density and diameters, the lowest 

particle mass that may penetrate the FR at that relative velocity. Below this mass it is assumed there are no particles 

which may penetrate the FR. The minimal required masses to penetrate at this velocity which is found for ~3 𝑔/𝑐𝑚3 is 

approximately 𝑚𝑚𝑖𝑛 = 3 ∗ 10−11 𝑔. If we look at Figure 76, we can see how the flux of meteoroids in a heliocentric system 

is reduced if we do not take into account the particles below 𝑚𝑚𝑖𝑛. The cumulative flux which could be fatal for the FR 

becomes 𝑁 ≈ 1 ∗ 10−5 (
1

𝑚2𝑠
). 

 

Figure 76: Predicted cumulative meteoroid flux in a heliocentric system at 1 AU, due to meteoroids of masses larger 
than 𝑚𝑚𝑖𝑛 [39] 

4.4.5. Collision probability 

The probability 𝑃(𝑛𝑜𝑐𝑜𝑙) of no collisions over a period of time 𝜏, onto the total exposed tube area 𝐴𝑡𝑢𝑏𝑒 = 2,2 ∗ 2𝜋𝑟 =

0,0439 𝑚2 for this specific flux 𝑁 is estimated by eq. (4.4) [12] 

 𝑃(𝑛𝑜𝑐𝑜𝑙) = 𝑒−𝑁𝐴𝑡𝑢𝑏𝑒𝜏;  𝑃(𝑐𝑜𝑙) = 1 − 𝑃(𝑛𝑜𝑐𝑜𝑙) (4.4) 

This is used to determine the probability of a Collison, which is assumed to result in a puncture with probabilities as 

shown as a function of exposure time in Table 25.  
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Table 25: Probability of a collision with a mass that may puncture the FR related to exposure time 

It can also be determined by using Eq. (4.4) and the cumulative flux from Figure 76, if we strengthen the laminate and 

tube, such that higher mass particles at 30 km/s can be stopped, we can reduce the probability even during a period of 

15 years considerably. If the tube be designed to sustain impact masses of 𝑚𝑚𝑚𝑜𝑑 ≥ 10−5𝑔, the probability of surviving 

1 year in space becomes 𝑃(𝑛𝑜𝑐𝑜𝑙𝑦𝑒𝑎𝑟) = 1 and 𝑃(𝑛𝑜𝑐𝑜𝑙15𝑦𝑒𝑎𝑟𝑠) = 0,8. Which is very desirable.  

If we would for example consider stainless steel tubes with material properties such as described in Table 26, we would 

be able to sustain collisions with meteoroids of mass 𝑚𝑚𝑚𝑜𝑑 ≥ 10−5𝑔 and the highest density 𝜌 = 3500
𝑘𝑔

𝑚3 particles, by 

providing a thickness to the tube wall of  𝑡𝑤 = 0,81 𝑚𝑚. To stop particles of the most occurring density: 0,5
𝑘𝑔

𝑚3, we need 

to have a steel tube of wall thickness 𝑡𝑤 = 0,31 𝑚𝑚. 

Table 26: Stainless steel type 304 material properties [48] 

Note however that we are considering the worst case of maximum particle velocity and impact to occur perpendicular 

to the surface. If the distribution of the actual impact velocity, as well as the distribution of impact angles would be 

considered in the analysis, the required thickness to withstand most strikes could be significantly less. 

Therefore, DRAMA is utilized, which is a software developed by ESA for the purpose of identifying the damage occurring 

to surfaces in particular orbits and orientations in space, due to space debris and meteoroids. For this verification, the 

MIDAS Impact flux and damage analysis tool shall be used. The software utilizes the MASTER environment to setup 

the MMOD environment. MASTER uses several models such as the Divine Staubach meteoroid model to provide an 

estimation of the MMOD flux. For the damage analysis ballistic equations such as Jenniskens-McBride or Cour-Pallais 

are used to determine the damage based on an earth oriented/sun fixed/inertial fixed surface with a predefined area 

thickness and density. The MMOD and debris environment is then analyzed for possible damage resulting from the 

impact. A simulation is performed based on the year 2009 and selected are all debris sources and meteoroid sources. 

The meteoroids streams are based on the Jenniskens-McBride model and the orbit selected is GEO. The software also 

offers a prediction of debris to the year 2055. However, since the probability that a puncture is formed during the first 

year is very high, it is not analyzed over a longer period of time. The exposed cross section which is should be chosen 

is based on the exposed surface of the tube, unfortunately DRAMA only allows a minimum cross section area of 𝐴𝑐𝑟𝑜𝑠𝑠 =

0,05 𝑚2. This corresponds for a Sphere with 𝐴𝑠𝑢𝑟𝑓𝑠𝑝ℎ𝑒𝑟𝑒
= 4𝐴𝑐𝑟𝑜𝑠𝑠 = 0,2 𝑚2 and for a tumbling plate with 𝐴𝑠𝑢𝑟𝑓𝑝𝑙𝑎𝑡𝑒

=

2𝐴𝑐𝑟𝑜𝑠𝑠 = 0,1 𝑚2. Hence the exposed area is much larger than that of the exposed area of the tube. The results of the 

analysis plotted and are provided in Appendix F: DRAMA results. The probability of collisions reverse cumulatively are 

read from the graphs and the values observed are shown in Table 24. The probability values are therefore to be taken 

with an error of ± 0,1. The dates which are used to model the probabilities are also shown in the same table.  

 

 

Exposure time Probability 

Hour 0,0016 

Day 0,037 

Week 0,23 

Month 0,68 

Year 1 

Material property Value(unit) 

𝜌 7500 (𝑘𝑔/𝑚3) 

𝜎𝑢𝑙𝑡 505 (𝑀𝑃𝑎) 

𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠, 𝐵𝑟𝑖𝑛𝑒𝑙𝑙 123 (𝐻𝐵) 
𝑇𝑚𝑒𝑙𝑡 1455 (°𝐶) 

𝐶 5790 (𝑚/𝑠)  

𝐶𝑝 500 (𝐽/𝑘𝑔𝐾) 

𝐾1 0,345 
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Table 27: Probability of collision between MMOD and randomly tumbling plate or a sphere with 𝐴𝑐𝑟𝑜𝑠𝑠 = 0,05 𝑚2 in 
GEO analyzed by DRAMA and the date settings of the model 

DRAMA determines that the probability of the surface being punctured during the first year to be one. The mass which 

is capable of penetrating the tube would penetrate the targets within a week. However, this is also the result of the larger 

areas of the simulated targets. 𝐴𝑠𝑢𝑟𝑓𝑠𝑝ℎ𝑒𝑟𝑒
> 4𝐴𝑡𝑢𝑏𝑒 and 𝐴𝑠𝑢𝑟𝑓𝑝𝑙𝑎𝑡𝑒

> 2𝐴𝑡𝑢𝑏𝑒.   

The analysis can at this stage be continued, however additional settings are required such as FR orientation and size. 

Since these settings also may have a great impact on the results of an actual mission, it is recommended to perform 

this additional simulation. 

If the options are considered of scaling the FR and or performing risk mitigation by redundancy, it can be quickly 

identified how the results change. The probability of a collision is based on an exponential distribution, which has the 

memoryless property. Furthermore, there may be two surfaces of the same size tumbling in space with the same 

probability of being hit by a meteoroid, these events are independent. The probability of both surfaces being struck 

during a week, month or year, is therefore predicted first order by:  

𝑃(𝐴1 ∩ 𝐴2) = 𝑃(𝐴1) ∗ 𝑃(𝐴2) 
 

(4.5) 

The impact that the scaling or making the system redundant has on mitigating the risk of a collision by eq. (4.5) are 

shown in Table 28. 

Table 28:Probability of a collision of MMOD with mass 𝑚𝑚𝑖𝑛,  with the FR tube related to exposure time 

4.4.6. Conclusion 

It is determined by first order analysis what the threshold mass of a micrometeoroid is that may puncture the FR. 

Furthermore, it is identified from the cumulative flux what the probability is of a collision with this particle mass, which is 

verified by DRAMA software. The outcome is that the tube will be punctured within one year and it is very likely that it 

will occur during the first month. Furthermore, it is estimated that a stainless-steel tube could eliminate the risk of 

penetrations by particles which are present in relatively dense populations. To obtain a high probability of survival 

𝑃(𝑛𝑜𝑐𝑜𝑙𝑙15𝑦𝑒𝑎𝑟𝑠) = 0,8, the masses which have to be stopped are found to be 𝑚𝑚𝑚𝑜𝑑 ≤ 10−5𝑔 This would require a tube 

with a steel wall of thickness 𝑡𝑤𝑠𝑡𝑒𝑒𝑙𝑚𝑖𝑛
0,81𝑚𝑚 relating to high density particles according to the ballistic analysis. Scaling 

showed to significantly increase the probability of a collision with a particle, and a redundant loop reduces the probability 

of collision with a particle of critical mass. The Probability was reduced to 𝑃(𝑛𝑜𝑐𝑜𝑙𝑙𝑚𝑜𝑛𝑡ℎ) = 0,46, which does not 

demonstrate a direct solution to the problem. Therefore, a combination of material selection and or wall thickness 

adaption and redundant loops may provide the solution. However, this may also impact the flexibility of the FR and thus 

 
 

P(col) Plate P(col) Sphere 

Particle mass (kg) 1 Week 1 month 1 year 1 Week 1 month 1 year 

𝑚 > 1 ∗ 10−9 0,004 0,02 0,1 0,01 0,1 0,6 

𝑚 > 1 ∗ 10−12 0,09 0,8 1 0,4 1 1 

𝑚 > 3 ∗ 10−14 (= 𝑚𝑚𝑖𝑛) 0,6 1 1 1 1 1 

𝑚 > 2,2 ∗ 10−15 0,7 1 1 1 1 1 

Dates From  To 

Week 2009/06/01 2009/06/08 

Month 2009/05/01 2009/06/01 

Year (reference setting) 2009/06/01 2009/06/01 

Exposure time Probability 
(Single area) 

Probability 
(Double area) 

Probability 
(redundant loop) 

Hour 0,0016 0,0032 0,0000026 

Day 0,037 0,073 0,0014 

Week 0,23 0,41 0,053 

Month 0,68 0,90 0,46 

Year 1 1 1 
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creates a problem for the selected design. It is in any case wise to make a more detailed analysis since the assumptions 

which are made are conservative and proper assumptions may lead to much more favorable collision rate. 

4.5. Research question elaboration and conclusion 

The research questions related to the design description chapter are elaborated here. The main research questions are 

defined per section and shall also be presented in that order. The chapter conclusion is presented here as well, which 

relates to the answers to these questions as well as the content of the chapter. 

RQ 4.1: “What is a feasible radiator design for INFRA that may potentially fulfill the main system requirements, and 

which tubing type and interface should be selected?  Are there additional systems required to support the functionality 

of the FR?” 

A 4.1: The design which may fulfill the requirements is based on a roll able radiator, which can be deployed by means 

of inflation. Furthermore, the thin walled tubes provide the radiator with excellent flexibility and sufficient heat transfer 

capabilities. The radiator materials have also been analyzed and determined to possess sufficient strength for handling 

and launch. To support the deployment of the radiator several subsystems are designed such as the HDRM, FRRS, 

FRF. These are designed for the breadboard in Aluminum and utilize several high-tech space ready materials such as 

Norcoat Liege, Vespel and Dyneema. However, the aluminum construction can be replaced by honeycomb, polymer or 

composite materials to reduce the mass. A thermal model is created to verify the thermal performance, and a first 

estimate shows an efficiency of 𝜂 > 50%. Relating to competitive requirements, the system is estimated to have a mass 

performance of 𝑃𝑚𝑎𝑠𝑠 = 15 𝑊/𝑚2 in the lab, and 𝑃𝑚𝑎𝑠𝑠 = 6 𝑊/𝑚2 in space. Of which the latter is representative and 

which would fulfill the requirement. The only obstacle of this design, which is not relevant for the breadboard 

demonstration, but which can reduce the lifetime are the possibility and probability of a meteoroid puncturing one of the 

tubes. It is estimated that the FR will very likely be punctured within a month in GEO. This does affect the position 

between other deployable radiators on the market and a design update to reduce this effect is recommended. The 

question related to which tube to select, is also based on requirements which are working against each other and thus 

require a tradeoff. One the one hand, the radiator must be of low mass and inflatable, on the other hand it must be able 

to survive MMOD during15 years in space. The actual risks with respect to orientation of the FR in space should be 

more carefully simulated and it may yet be required to perform a design update of the tubes. However, what the effect 

on the deployment and the thermal performance is cannot yet be predicted. The thermal and deployment performance 

is to be verified by tests in chapter 5, however potentially the design can fulfill these requirements, which are also the 

most important for the technology demonstration.  

RQ 4.2: “How can the FR be modeled such that its performance in the lab test as well as in Space can be predicted and 

which error can be accomplished? Is this error reasonable?” 

A 4.2: When modelling the behavior of the radiator in a lab environment and in space, the deployment dynamics and 

the thermal performance can be considered. Since zero gravity tests are relatively simple to perform, it is chosen to 

develop a thermal model which can be used to predict the radiators performance in various environments. The thermal 

model is only setup to provide an initial estimation. After the test, the model can be correlated and become more 

accurate. There are influences in the test which may significantly affect the results. Such as the unpredictable/unstable 

natural convection and/ or varying room temperatures. Based on these factors it is accepted and expected to encounter 

large offsets during the lab test, however the maximum offset should not lead to the exceedance of the requirements. 

Since the model was verified against the 2D HiPeR model, it is expected that the calculated performance offset in space 

will be low (< 10 % 𝑜𝑓 𝑄𝑡𝑜𝑡) which is sufficient to comply with the requirements. 

RQ 4.3: “Which parts of the design must be analyzed to verify the system requirements and which cases are critical 

under the identified load cases?” 

A 4.3: All the parts which are loaded during handling and launch must be analyzed to verify the structural requirements 

since these cannot be tested. Summarized these parts are the FR, FR connection strips, FRF compression, HDRM 

lever, thread and tension hat, FRRS rollers and bar. The critical locations of these parts are identified in the subsequent 

chapter sections. Not a single location is regarded critical under the loading conditions, however it should not be 

attempted to place pretension on the thread of the HDRM, by rotating the tension hat by more than four pin holes. 

RQ 4.4: “How large is the risk that MMOD poses to INFRA and what is the life expectancy of the current design? How 

does this compare to a metal tube design?” 
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A 4.3: This question is already partially answered in A 4.3. A metal tube may increase the life expectancy based on the 

thickness and material properties of the metal. A wall thickness of 𝑡𝑤 = 0,81 𝑚𝑚 of stainless steel may reduce the 

probability of a collision with a critical mass during 15 years in GEO to 𝑃 = 0,2.  
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 Test setup and results  

In this chapter the deployment, bending and thermal test shall be elaborated. The deployment and the thermal test were 

performed in two sets. Due to careful planning several valuable tests could be performed which tested the limits of the 

breadboard model and which were also used to monitor changes in its performance. The tests sequences can be found 

in Appendix G: Test planning. The first test sequence included only the FR and the second tests included also the PA. 

A distinction is made to identify individual functionality and combined functionality, but also to make sure that issues are 

resolved before integrating the subsystems into the RS. In the following sections both test setup and the results shall 

be discussed. In the thermal test chapter also, a correlation with the thermal model shall be provided and in the final 

section the research question is answered. The requirements which are verified in this chapter are shown in Table 29. 

Table 29: System requirements and verification methods 

  

Requirement ID Requirement specification Method 

INFRA-prop-0002 Following a single (set of) commands, the INFRA BB shall manage the 
transition from stowed to deployed condition. This is a one-off operation, re-
stow is not foreseen. Manual re-stows should be possible without degrading 
the hardware 

T 

INFRA-prop-0006 The FRA shall demonstrate a mass performance of < 10 𝑘𝑔/𝑘𝑊 A, T 

INFRA-BB-SR-5.2.1.10 The FR shall be considered deployed once a steady 
state at > 1,5 bar absolute internal system pressure 
is reached and also a deflection angle α <30 ° of the 
tubing is obtained 
 

T 

INFRA-BB-SR-5.2.2.1 The RS shall dissipate the heat loads as described in UCS32 by means of 
cooling as described in UCS32, without exceeding the max root temperature 
of 50 °C, as measured on the wall of the tube at the fluid entrance of the FR 

A, T 

INFRA-BB-SR-5.2.3.1 The PA shall be able to provide a fluid volume flow of 1 l/min ±10% T 

INFRA-BB-SR-5.2.6.2 The FR shall demonstrate an overall radiator efficiency of 50±10 % A, T 

INFRA-BB-SR-5.2.7.1 The bending stiffness of the radiator cross section shall be low enough such 
that the FR can be stowed and inflated with a stowed volume of 0,016 m^2 

T 

INFRA-BB-SR-5.2.7.2 The FR shall not deflect more than 0,5 m during UC2   T 

INFRA-BB-SR-5.2.7.5 The FR shall deploy within 2θ=90 ° cone from 
the rolled up/stowed starting position:  
 
 

T 

INFRA-BB-SR-5.2.9.3 The electrical HDRM shall be able to release the stowed foil within 2 minutes 
after initiation 

T 
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5.1. Deployment test 

In this section the deployment tests are described. During these tests a number of requirements are verified by means 

of the following actions: After stowing the FR [INFRA-BB-SR-5.2.7.1] is verified by measurement of the packed volume. 

[INFRA-BB-SR-5.2.7.5] is verified by means of video images taken with a top view to identify the cone in which it deploys, 

and [INFRA-BB-SR-5.2.9.3] is verified by performing the electrical deployment within the provided time. Several thread-

cutting tests are performed beforehand and demonstrate that the resistors function without showing signs of 

degradation. The verification of the deployment status is performed by measuring the deflection and monitoring the 

pressure during and after deployment [INFRA-BB-SR-5.2.1.10]. 

5.1.1. Test setup 

The first deployment test is performed without the PA and therefore the test is executed by means of pressurized air. 

By releasing the FR, the deployment initiates as a result of material stresses. Afterwards the pressure is slowly 

increased. The tubing is connected to an improvised interface to the available pressure source in the test facility. The 

optical table which is used to perform the deployment on is perfectly flat and therefore it is perfect for the pressurized 

air bearings which perform very well under 5,5 bar pressure gauge. It is however a few centimeters to small and therefore 

a platform is used to act as limiter at one side of the table to prevent the FR from falling over the edge. A pressure valve 

is used to provide the required pressure for the radiator as well as the air bearing pressure. The deployment is HDRM 

installed only on the top side to prevent the hover disk from making contact with the lower HDRM. Due to the longer 

than required bearing/bolts it was impossible to leave the lower HDRM in place. However, it is not expected to be 

influential to the deployment and thus on the test results. The deployment is performed mechanically to demonstrate 

the reaction of the FR. The functionality of the HDRM is tested individually. The deployment is observed by a top view 

camera and the FR is rolled up which can also be seen in Figure 77. The grid on the optical table contains a 2,5 cm 

spacing which is used to measure the deployment angle. The accuracy of this measurement is ± 1 𝑐𝑚, however this is 

not restraining verification of the results. While the FR is rolled up, only slight pressure is required to flatten the tube. 

While connecting the FRRS with the HDRM, it is very tempting to apply some extra torque to tighten the fitting. However, 

this may have caused a leak in the tube afterwards as a result of local stress buildup in the tube. Luckily this occurred 

at the end of the FR tests such there was some time to repair the tube. For the RS (FR+PA) test, the setup is the same, 

however one single base of the support structure is taken away to not hinder the deployment. The pressure which is 

produced by the PA is also constant, however the buildup of pressure is slower due to the slow heating up of the 

accumulator and the applied pressures are now lower. Before the leak a max pressure gauge was tested of 3 bars for 

the full FR. The tubing plus connector is tested until 5 bars. However, after the repair only 1,5 bar gauge pressure is 

used, which is sufficient to fulfill the requirements.  

 

Figure 77: Rolling up the FR (left), deployment test setup (right) 
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5.1.2. Results 

The deployment tests were successfully performed. A total of ten attempts was performed to demonstrate full 

functionality according to the following requirements of which the observations which have been made can be seen in 

Table 30. The requirements which are satisfied in this test are: The FR shall be considered deployed once a steady 

state at 𝑃𝑎𝑏𝑠 >  1,5 𝑏𝑎𝑟 internal system pressure is reached and also a deflection angle 𝛼 < 30 ° of the tubing is obtained 

[INFRA-BB-SR-5.2.1.10] and The FR shall deploy within 2𝜃 = 90 ° cone from the rolled up/stowed starting position 

[INFRA-BB-SR-5.2.7.5] 

Table 30: FR test observations and deployment verification 

* Requirement verified according to specification, however obstructions were present 

Test d4, d5 & d8 verify both system requirements. Only test d4 did so without obstructions during the deployment. Since 

the obstructions always resulted in aggressive and unpredictable behavior, it is assumed that if the obstructions were 

not present, the requirements would be met for the majority of the tests. For the RS tests, the supports which are 

obstructing the deployment are taken away. The RS deployment test setup is shown in Figure 78. Results can be found 

in Table 31. 

Attempt Observations Req verified? 

FR-d1 Unsuccessful deployment: Hover disk entangles with air bearing tube, deployment 
unpressurized 

No, No 

FR-d2 Unsuccessful deployment:  Hover disk entangles with air bearing tube, which restrained the 
FR while deploying 

No, No 

FR-d3 System pressure 2 bar abs; final deflection angle is 11,3 ± 0,6 𝑑𝑒𝑔: Air bearing tube is placed 

through FRRS center. FR lower thermocouples hits one of the bearing bolts which stopped 
the deployment. One of the air bearings hit the deployment structure. After a few seconds it 
deployed however launched itself to the edge of the table. After lifting the outer air bearing 
back on the table, a low deflection result is obtained. FRRS center exceeds the conical 
bounds. 

Yes*, No 

FR-d4 System pressure 2 bar abs; final deflection angle is 7,12 ± 0,6 𝑑𝑒𝑔: A restraint was placed 

next to the table and successful deployment was observed. It slightly touches the restraint 
however is not expected to deploy differently on a larger table.  FRRS center hits the conical 
bounds, however does not exceed it. 

Yes, Yes 

FR-d5 System pressure 2 bar abs; final deflection angle is 8,5 ± 0,6 𝑑𝑒𝑔: Violent deployment, hits 

the support twice as well as the table restraint. Does not exceed conical bounds. 

Yes*, Yes* 

FR-d6 System pressure 2 bar abs; final deflection angle is 7,8 ± 0,6 𝑑𝑒𝑔: No restraint, instead 

additional table is used. Hits the support while deploying and stops rotating, slides over table 
and stops due to friction on curved table. Completes deployment after gentle push. Exceeds 
conical bounds. 

Yes*, No 

FR-d7 System pressure 2 bar abs; final deflection angle is 8,5 ± 0,6 𝑑𝑒𝑔: 

Completely deploys however hits the supports and is stopped by friction between bearing 
and additional table. Exceeds conical bounds. 

Yes*, No 

FR-d8 System pressure 2 bar abs; final deflection angle is 8,5 ± 0,6 𝑑𝑒𝑔: 

Deploys aggressively, hits support but deploys completely.  Does not exceed conical bounds. 

Yes*, Yes* 

FR-d9 System pressure 2 bar abs; final deflection angle is < 11,3 𝑑𝑒𝑔: 

Deploys well, does not hit support, video stops before final position is obtained. Slightly 
exceeds conical bounds. 

Yes, No 

FR-d10 System pressure 2 bar abs; final deflection angle is < 4,3 𝑑𝑒𝑔: 

After repairs: Obstructed three times during deployment, video stops before final position is 
obtained. Exceeds conical bounds due to thermocouple entanglement and resulting 
springiness. 

Yes*, No 
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Figure 78: RS deployment test setup 

Table 31: RS test observations and deployment verification 

Four deployment tests are conducted. The hover disk slightly touches the table boundary support during the first attempt. 

A slight exceedance of the conical area was also observed. The FR tests did however demonstrate one fully verified 

deployment and two deployments which were fully verified but were obstructed. Therefore, it is considered that the 

requirements are verified however, it should be taken into account that during future tests the thermal couplings should 

not be able to interfere with the hover disk, it is very likely that initial pressure will lead to a wider deployment exceeding 

the conical area and that it would wise to use a larger table and use a single deployment support leg, to have a truly 

unobstructed deployment. Therefore, it is recommended to not pressurize the system before deployment or perform 

additional tests to identify the perfect pressure for a smooth deployment. 

5.1.3. HDRM electrical release test 

The [INFRA-BB-SR-5.2.9.3] requirement is verified in this section by means of several independent tests. Since it takes 

some time to prepare the HDRM, the deployment is performed manually instead of electrically during the FR and RS 

tests. A single attempt was made during RS-d3, however due to incorrect preparations this did not proceed as planned. 

Therefore, the verification is performed based on the results from independent test results. The first test which 

succeeded was performed on a thin Dyneema thread which according to the manufacturing fact sheets [49] has a 

melting temperature between 152 > 𝑇𝑚𝑒𝑙𝑡 > 144. The second test is performed on thicker thread of a different type, 

which also has a higher tensile strength, although the melting temperature is the same. Both tests can be seen in Figure 

79. The first setup on the left in this figure was used to identify the best resistor to melt the thread. The selection process 

regarded aspects of the resistor such as reliability, allowable temperature range and shape. Preference is given to 

concave cylinders since these centralize the thread on the resistor. The tests on the right shows how the thicker wire is 

cut by means of the selected resistor. 

Attempt Observations Req verified? 

RS-d1 α <2° final angle practically straight at 2 bar absolute pressure: Smooth deployment due to 

0,3 bar gauge pressure before deployment, slightly influenced by table boundaries 

Yes, No 

RS-d2 α <3° final angle practically straight at 1,4 bar absolute pressure: 0,5 bar initial gauge 

pressure caused slightly aggressive deployment resulting in obstruction during unwinding 
and large swing after release 

Yes*, No 

RS-d3 No deployment: Electrical deployment failed due to defective voltage source, after switching 
source this was solved 

No, No 

RS-d4 Successful deployment however uncaptured by video image. Some obstructions were again 
observed in the thermocouple wires and the bearing bolts 

Yes*, No 
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Figure 79: Dyneema thread thermal knife cutting tests 

The results of the thick wire cutting test are found in Table 32. By slowly building up the voltage, a melting point is 

identified. 

Table 32: HDRM thread cutting results 

As can be seen in the table, the preliminary tests have demonstrated the functionality of the resistor as thermal knife. 

During the complete HDRM tests higher voltages were used to reduce the cutting time even further. The lever spring 

mechanism also worked flawlessly. Since the voltage source was switched off directly after cutting the thread, no 

damage was observed to the Vespel standoff or to the resistor. The test can be seen in Figure 80. 

 

Figure 80: HDRM test 

In the end, it can be stated that all the requirements of the complete deployment tests are verified. There were some 

limitations on the deployment. This was caused by the structural supports and the size of the table. However, some 

smooth deployments were observed during the FR as well as the RS tests which ended in the proper angle and 

pressure. The FR demonstrated several deployments within the conical bounds and the pre-pressurized RS system 

demonstrated slight out of bound deployments, probably due to the pressure which was provided before the 

deployment since the FR during the air pressured tests, always untangled by its own material stresses since pressure 

was applied after unrolling, which resulted in a less violent deployment. 

Test # U (V) 
(measured) 

I (A) 
(measured) 

R (𝛀) P (W) Time (min:sec, start to end) 

Knife 1 1,8 1,68 1,071 3,024 Not cut 

Knife 2 1,8 1,70 1,059 3,06 Not cut 

Knife 3 1,9 1,76 1,079 3,34 1:38 - 2:06 

Knife 4 2,0 1,85 1,081 3,70 1:15 - 2:05 

Knife 5 2,2 2,04 1,078 4,49 0:50 - 1:13 

Knife 6 2,2 2,05 1,073 4,51 0:58- 1:13 

Knife 7 2,2 2,04 1,078 4,49 1:17 

HDRM 1 3,0 2,78 1,079 8,34 - 

HDRM 2 3,5 3,24 1,080 11,20 0:35-0:42 
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5.2. Bending test 

The bending test is performed to demonstrate that the FR can sustain the critical maneuvering load which is described 

in section 3.2.1. and required by [INFRA-BB-SR-5.2.7.2]. This is done by applying a critical bending moment and by 

demonstrating that the FR does not deflect more than the allowable distance and that it also does not buckle in case 

this deflection is obtained. The moment which is tested as a result of the design mass is 𝑀𝑚𝑎𝑛𝑒𝑢𝑣𝑒𝑟 = 0,07 𝑁𝑚. The 

setup is the same as during the deployment test, utilizing a hover disk to perform a frictionless deployment. Furthermore, 

a setup is produced which can also provide a point load to the FRRS as shown in Figure 81. 

 

Figure 81: Bending test: point load (left), deflection measurement (right) 

In the figure are the point load and the deflection shown. By placing a rectangular block against the heart of the hover 

disk, the deflection is measured from the start of the ruler. This measurement has an accuracy of ±2 𝑚𝑚. Air pressures 

in the tube are set manually and can be controlled with ±0,1 𝑏𝑎𝑟 accuracy.  

5.2.1. Bending deflection results  

The deflections (𝛿) during the test relating to pressures (𝑃𝑔𝑎𝑢𝑔𝑒), loads (𝐹𝑏𝑒𝑛𝑑) and stiffness (𝑘) is shown in Table 33.  

Table 33: Bending deflections of FR tip for various pressures 

It can be seen in the table how the deflection reduces with increasing pressure. For the breadboard demonstration a 

pressure of 𝑃𝑔𝑎𝑢𝑔𝑒 = 1,5 𝑏𝑎𝑟 is used to demonstrate thermal and deployment characteristics. However, it can be noticed 

that for higher pressures, problems such as vibrations due to maneuvering impulses or stability effects may be solved, 

by increasing the pressure. A quick test was performed as well to test the response of a bending impulse of an 

unpressurized FR. An impulse released from 𝛿𝑚𝑎𝑥 showed a settling time of ± 12 𝑠𝑒𝑐. Furthermore the damping seemed 

to be slightly less than critical, a rough eyeball estimation would be 𝜁 = 0,4. A total of two oscillations were required to 

provide a full stop to its motion and after the first oscillation the FR was within a 2,5 cm band from its final position. 

However, since there is no pressure in the tube, and since drag on a pendulum has been described to have a damping 

effect [50], we may assume that damping is largely caused by the drag force of the FR. As a result, the system is 

expected to have a larger overshoot and a longer settling time in Space. This should be investigated further in the future 

also in relation with scaling. 

Bend test # 𝑷𝒈𝒂𝒖𝒈𝒆 ± 𝟎, 𝟏 (𝒃𝒂𝒓) 𝜹 ± 𝟎, 𝟎𝟏 (𝒎)  𝑭𝒃𝒆𝒏𝒅  
± 𝟎, 𝟎𝟎𝟏(𝑵) 

𝒌 ± 𝟎, 𝟎𝟎𝟓(𝑵/𝒎) 

1  0  0,275 0,07 0,254  

2  0,5 0,271 0,07 0,259 ±0,005 

3  1 0,254 0,07 0,276 ±0,005 

4  1,5 0,243 0,07 0,288 ±0,005 

5  2 0,219 0,07 0,320 ±0,005 
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We now look at [51] for the relation for the first natural frequencies of a cantilever beam with mass 𝑚𝑏𝑒𝑎𝑚, which has a 

free end, and an end mass 𝑚𝑒𝑛𝑑. In which 𝐸 is the Youngs modulus and 𝐼𝑏𝑒𝑎𝑚 is the second moment of area. 

𝑓𝑡 =
1

2𝜋
(

𝑦𝑡

𝐿𝑏𝑒𝑎𝑚

)
2

 √
𝐸𝐼𝑏𝑒𝑎𝑚
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=
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Which can be filled in from the cantilever bending stiffness equation 

𝑘𝑏𝑒𝑛𝑑 =
3𝐸𝐼

𝐿𝐹𝑅
3 (

𝑁

𝑚
) =>

𝑦𝑡
2

2𝜋
 √

𝑘𝑏𝑒𝑛𝑑

3𝑚𝐹𝑅

 (𝐻𝑍)  

By substituting values for 𝑦𝑡 [51] which is dependent on the ratio between the end mass and the beam mass 
𝑚𝑒𝑛𝑑

𝑚𝑏𝑒𝑎𝑚
=

1,6 (≈
𝑚𝐹𝑅𝑅𝑆

𝑚𝐹𝑅
); 𝑦1 = 1,13, 𝑦2 = 3,99, 𝑦3 = 7,11, we obtain the first natural frequencies of the FR and FRRS, which can 

be found in Table 34.  

Table 34: First natural frequencies FR+FRRS 

To determine if these frequencies pose a problem, further research must be conducted to the dynamic behavior of the 

FR but also investigate input frequencies which are delivered by the Attitude and Orbit Control System (AOCS). This is 

however considered to be out of the scope of this report. 

5.2.2. Maximum deflection results 

An additional test is provided to demonstrate that even in case that the maximum deflection (𝛿𝑚𝑎𝑥 = 0,5 𝑚)  is obtained 

during a step input, the FR does not buckle. To demonstrate this, the base of the FRRS is attached to an Unster, and a 

deflection of 𝛿𝑚𝑎𝑥 is performed by pulling the Unster perpendicularly to the original longitudinal axis of the FR as shown 

in Figure 82.  

 

Figure 82: FR is deflected (𝛿 = 0,5 𝑚) by means of an Unster 

The deflection and the measured loads are shown in Table 35. 

Table 35: Maximum deflection test 

Now it can be concluded that the maximum deflection is not reached during the critical maneuver and that the maximum 

allowable deflection does not cause buckling of the FR and therefore the system requirement [INFRA-BB-SR-5.2.7.2] 

Bend test # 𝑷𝒈𝒂𝒖𝒈𝒆 ± 𝟎, 𝟏 (𝒃𝒂𝒓) 𝒌 ± 𝟎, 𝟎𝟎𝟓(𝑵/𝒎) 𝒇𝟏(𝑯𝒛) 𝒇𝟐 (𝑯𝒛) 𝒇𝟑 (𝑯𝒛) 

b1  0  0,254 ±0,005 0,108 1,346 4,274 

b2  0,5 0,259 ±0,005 0,109 1,359 4,316 

b3  1 0,276 ±0,005 0,113 1,403 4,455 

b4  1,5 0,288 ±0,005 0,115 1,433 4,551 

b5  2 0,320 ±0,005 0,121 1,511 4,797 

Bend test # 𝑷𝒈𝒂𝒖𝒈𝒆 ± 𝟎, 𝟏 (𝒃𝒂𝒓) 𝜹𝒎𝒂𝒙 ± 𝟎, 𝟎𝟐𝟓(𝒎)  𝑭𝒃𝒆𝒏𝒅 ± 𝟎, 𝟎𝟎𝟓(𝑵) 𝒌 ± 𝟎, 𝟎𝟐(𝑵/𝒎) 

b6 0,5 0,5 0,10  0,20 

b7 1 0,5 0,14 0,28  

b8 1,5 0,5 0,18 0,36  



73 
 

is verified. After releasing the FR from a bended position, the FR obtains a steady state within a few seconds. However, 

it is not yet identified how the system will behave with respect to more exotic inputs and without drag to damp the motion. 

The natural frequencies are also provided of the FR, by scaling the size of the radiator, these will change which must 

be taken into account.  

5.3. Thermal balance test 

The thermal test is performed to identify the steady state heat dissipation of the system for various mass flows, while 

demonstrating a performance as described by the system requirements. The Thermal test is performed twice, it is first 

performed on the FR to test its capabilities and afterwards the RS is tested by coupling the FR with the PA. The reason 

for performing a FR test individually is to make sure that the setup is capable of collecting the required data and that 

lessons may be learned which may be implemented before commencing the integrated RS tests. The requirements 

which are to be verified by these tests are: [INFRA-BB-SR-5.2.2.1], [ INFRA-BB-SR-5.2.3.1], [INFRA-BB-SR-5.2.6.2]. 

5.3.1. Test setup 

The FR is connected to an improvised thermal bath, which functions as PA dummy. The PA dummy is made from a 

large cooking pan, which contains a thermocouple connected to a block of aluminum to measure the temperature of the 

water, a 1000 W heating element and a 5W aquarium pump theoretically capable of transporting 𝑄𝑓 = 300 𝑙/ℎ which  

has a maximum elevation head ℎ𝑒𝑚𝑎𝑥
= 0,5 𝑚. The thermocouple and the heater are linked to a PID regulator to maintain 

a programmable temperature level. The thermocouple indicating the thermal bath temperature is thermally isolated from 

the metal pan by means of wood and the pump is placed at a proper height such that it provides the required mass flow. 

The thermal bath and the test setup can be seen in Figure 83. 

 

Figure 83: FR standing setup (left), Thermal bath or “PA dummy” (right) 

The mass flow is measured for each test by aiming the return flow hose onto a weighing scale. By measuring the time 

between which 50 grams is added until 250 g is obtained in the scale, the mass flow can be calculated by taking the 

average of the five measurements. This is performed to reduce the read off errors from the stopwatch and the scale. A 

maximum of 250 grams is taken to uphold the water level in the thermal bath such that it does not drop below the pump 

inlet. For each test a mass flow of ṁ = 8 ± 0,1 𝑔/𝑠 is found. This corresponds to a heat transfer coefficient estimated 

ℎ𝑐𝑤𝑎𝑡𝑒𝑟 𝑙𝑎𝑚
= 753

𝑊

𝑚2𝐾
 for laminar or ℎ𝑐𝑤𝑎𝑡𝑒𝑟 𝑡𝑢𝑟𝑏

= 2160
𝑊

𝑚2𝐾
 for a turbulent flow. Since the Reynolds number at the 

connector is estimated 𝑅𝑒𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟
= 4210 and throughout the rest of the tube 𝑅𝑒𝑡𝑢𝑏𝑒

= 2652 the entire flow is expected 

to be in the transitional/ turbulent flow regime.  

For the RS thermal balance test, the PA dummy is replaced with the actual PA, and the polymer tubes are replaced with 

1 m long stainless steel breaded hoses which are connected by Swagelok’s. Since the FR may be moved or reoriented, 

the requirements included an interface spec relating to the flexibility of the combined system. The PA uses Galden as 

heat transport liquid, which has different thermal properties than water. However, for a mass flow of ṁ = 27,5 g/𝑠 or 

𝑄𝑓 = 1𝑙/𝑚𝑖𝑛  the heat transfer coefficient is comparable to that of the (laminar) water flow which is tested in the FR test, 

ℎ𝑐𝑔𝑎𝑙𝑑𝑒𝑛 𝑡𝑢𝑟𝑏
= 767

𝑊

𝑚2𝐾
. The heat outputs of the FR and the RS tests are therefore compared. 
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The thermocouples are of type-T and are placed on the FR before the first test. The expected measurement error at 

room temperature is 𝛥𝑑𝑇 = 0,1 𝐾. The placement and numbering of the thermocouples can be seen in Figure 84. T-01 

indicates the inflow connector and thermocouple T-05 and T-12 are placed on the rear side of the FR to measure the 

temperature on both sides of the tubing interface to measure the difference between the main laminate and the tube 

cover laminate. The steady state criterion is required to be 
𝑑𝑇

𝑑𝑡
=

0,1𝑑𝑒𝑔

30𝑚𝑖𝑛
 for vacuum tests, however due to the presence of 

natural and maybe even forced convection caused by the building’s air conditioning and by individuals walking by the 

FR in proximity of a few meters to the FR during the tests, fluctuations in the data were observed and the steady state 

criterion could not always be met. Therefore, steady state criteria are taken from the test data at the most favorable or 

steady moment. 

 

Figure 84: FR Thermocouples number and location 

5.3.2. Test results FR  

The data which is obtained from the FR tests is shown in Appendix H: Thermal Data. The heat outputs which are 

measured for the various FR tests and their uncertainties due to the obtained steady states are shown in Figure 85. 

Especially the higher temperatures have large temperature fluctuations during steady state. The FR is also tested in a 

lying position; it was suspected that the natural convection influenced the semi symmetrical temperature distribution in 

a standing configuration however, a lying FR showed to provide a lower heat output and furthermore it is easier to deploy 

and test the FR in the upright position, therefore it is chosen to continue the tests and model correlation with a standing 

FR.  

  

Figure 85: Heat output FR in upright (left) and lying position (right), determined from eq. (2.33) 

The performance seems to vary per test date; this may be related to the environmental temperature variations. Since 

the environmental temperatures were not measured during the FR tests, this cannot be completely verified, however 

the temperatures which are shown in Table 36 are obtained as zero readings of the FRF and FRRS thermocouples and 

thus indicate the steady state of the nodes before some of the tests. The temperatures of the other tests are only 
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available from the time that the FR is already heating up and therefore do not indicate the initial and thus the room 

temperature. 

Table 36: Steady state temperatures measured in the FRF and FRRS thermocouples before the test 

The difference between the initial and the final temperature of the FRF and FRRS node at the dates of which the 

temperatures are known is shown in Table 37. After observing the thermostat, it is noted as well that the temperature 

variation within the test facility on a single day can be 1℃.The lowest temperature is usually experienced in the morning, 

which slowly increases over the day.  

Table 37: Initial and final temperatures of the FRF and FRRS thermocouples during tests with identified environmental 
temperatures 

If these temperature differences are held against the final temperatures of the remaining tests, the initial steady state, 

or room temperatures can be roughly estimated for the other test dates. This is shown in Figure 86. 

 

Figure 86: Estimated and measured environmental temperatures during the FR tests 

It can be seen that the temperatures which are estimated and measured are much higher on the first 2 test dates than 

the temperature during the last test date. This could explain why the output of the FR is significantly lower during these 

days. It is estimated with eq. (4.1) & (4.2) from a temperature difference in the environment of 𝛥𝑇𝑒𝑛𝑣 = 1 𝐾 centered at 

room temperature, that this could already lead to a power output variation of 𝛥𝑄 ≈ 8 𝑊. Since the observed power 

variations are larger than this number, additional uncertainties may be affecting, such as natural convection and the 

laminate material response to elevated temperatures. The adhesive which is used to connect the tube is known to 

increase its adhesive grip after being heated. This may also lead to a slight thickness reduction or conductivity 

improvement, which however has little impact on the performance.  Natural convection is expected to vary; however, it 

is not exactly known by how much therefore a conservative value of  𝐻𝑐 𝑛𝑎𝑡
5 ± 2,5 𝑊/𝑚2𝐾−1 is considered which affects 

the output for a 𝑇𝐹𝑅 = 30 ℃ with ±20 𝑊.  

Since the environmental temperature is one of the main factor which could explain the heat dissipation variations, the 

environmental temperature is measured during the RS test and the natural convections shall be taken into account by 

correlation with the thermal model. There is one other factor which could be influential as well, that is the shape of the 

tube. After each deployment test the shape of the tube becomes more ovular as it is pressed beyond elastic stresses in 
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10-10-2017 (15:22) Test 2 Stand 30 22,7 ± 0,1 

11-10-2017 (12:04) Test 2 Lying 30 22,1 ± 0,1 

23-10-2017 (10:34) Test 3 Stand 45 21,2 ± 0,2 
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(℃) 𝑻𝒆𝒏𝒅𝑭𝑹𝑹𝑺

(℃) 𝚫𝐓 (℃) 

10-10-2017  
(15:22-16:32) 

Test 2 
Stand 30 

22,7 ± 0,1 23,3 ± 0,1 0,6 ± 0,2 22,7 ± 0,1 23,9 ± 0,1 1,2 ± 0,2 

11-10-2017  
(12:04-13:13) 

Test 2 
Lying 30 

22 ± 0,1 23,2 ± 0,1 1,2 ± 0,2 22,2 ± 0,1 24,2 ± 0,1 2 ± 0,2 

23-10-2017  
(10:34-11:51) 

Test 3 
Stand 45 

21 ± 0,1 23,7 ± 0,1 2,7 ± 0,2 21,3 ± 0,1 25,5 ± 0,1 4,2 ± 0,2 



76 
 

the tube wall. Furthermore, during the FR tests no additional static pressure is exerted and thus no compensation for 

this effect is in play. This may cause that the thermal heat transfer improves as the tube becomes more ovular shaped 

after each deployment test, which is performed in turns with the thermal tests. However, since the RS is pressurized, 

the effect of the flattened tube is not further investigated. It may however be interesting to do so in case of a tube design 

upgrade. 

5.3.2.1. Correlation of natural convection heat transfer coefficient with FR test data 

The FR is build out of two similar fins, each containing one part of the tube. The fins are connected to each other only 

by means of a thin Kapton layer, which provides thermal isolation between the two fins. Therefore, the individual fins 

are expected to demonstrate symmetrical temperatures over the width of the fin. Over the length of the fin, in accordance 

with the fluid flow, the temperature is also expected to reduce as can be seen in Figure 87. In the upper tube at the FRF 

the fluid is entering and it is exiting on the same side through the lower tube. It can be seen that the temperature 

(brightness) is gradually reducing over this path which is expected. However, if one compares the brightness directly 

above the tube and directly below in both fins, it can be noted that the lower halves are more purple (colder) and the 

upper halves are redder (warmer) this corresponds to a temperature difference of ∆𝑇 ≈ 0,5 ℃ in this image, which uses 

a root temperature of 45 degrees. This effect becomes more prominently visible if the root temperature is increased 

which causes a higher gradient over the cross section. 

 

Figure 87: FR IR image during thermal test (left) thermocouple locations (right) 

This effect is partially caused by the manual placement and attachment pressure exerted during the manufacturing of 

the FR. This namely causes asymmetrical contact surface on each side of the tube with the laminate and shows to be 

repairable by compressing and releasing parts which appear to have a low thermal contact with the tube. However, 

since the temperatures always appear to be slightly lower on the part below the tube than above, and since the variation 

is not observed when the FR is placed while lying flat on the table, it is expected to be the result of the thermocouple 

wire bundles which may disturb the upwards flow of heated air which as a result may cause variations in natural 

convection over the vertical FR. The parts directly above the bundles would then experience a higher heat transfer 

coefficient at this location where the laminar flow is disturbed. To model the total heat transfer which occurs per node, 

the thermal model is correlated with the measured temperatures. This is done by setting the thermal coupling between 

the tube and the central laminate node as well as the tube to fluid center to infinite. The specific heat is also set very 

high of the water, such that the temperature of the fluid is the same everywhere in the FR. The inflow temperature can 

now be adapted to the temperature which is measured at the center node in the test, to exclude the tubing from the 

correlation. This can be visualized in Figure 88 by connecting 𝑇𝑓𝑙𝑢𝑖𝑑 to 𝑁3 directly.  
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Figure 88: Simplified thermal network of a single FR fin cross section 
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By setting 𝑇𝑓𝑙𝑢𝑖𝑑 to the temperature which is measured at 𝑁3, the laminate also excludes any uncertainties which are 

present in the couplings between 𝑁1 and 𝑁3.  

Since there are equivalent nodes in the model as there are thermocouples in the test for this specific cross section, it is 

easily obtained what the heat flow leaving the surface of the FR is after correlation of the model with the results. The 

locations of the thermocouples are found earlier in Figure 84. The results of the convection correlation are found in 

Table 38. It is found from correlation with the FR tests that the overall natural convective heat transfer coefficient can 

be found between 3,56 and 5,39 𝑊/𝑚2𝐾. It also appears that node 𝑁14 & 𝑁15 have a higher heat transfer coefficient 

and that the added heat transfer coefficient ℎ𝑐𝑎𝑑𝑑𝑒𝑑
≈ 0,4ℎ𝑐. Which corresponds to the asymmetry which was observed 

in Figure 87. 

Table 38: Natural convection distribution over measured cross section 

As discussed before, besides natural convection, another parameter is also directly causing an asymmetry in the 

temperatures, which is the contact of the tube with the laminate on each side of the tube. Since the model defines the 

thermal coupling between the 𝑁3 and 𝑁4 (in Figure 88) to be partially based on the contact area with the tube, a tube 

contact factor is therefore introduced which can be tweaked to match the temperature curve of the cross section. A low 

contact factor results in a very steep descent of temperature from the center of the tube along the fin, while a high 

contact factor results in a flatter temperature curve. By tweaking these two parameters the temperature curves can be 

obtained in the model which demonstrate an overlap of 99% with the tested temperatures. Furthermore, the emissivity 

of the surface as well as the in-plane conductivity are the only factors which may play role in the correlation with the test 

data. However, since these are known with the lowest amount of uncertainty (Appendix I: Sensitivity analysis), these 

are kept as constants while correlating the model. These correction factors and the other factors are shown in Table 47.  

Table 39: Nominal settings which are unaltered during the correlation however which impact the cross-section 
temperatures 

Lastly, it is found that ℎ𝑐 appears to be higher at the base of the FR. This may be caused by a disturbance of the 

convective flow by the thermocouples and the FRF. It seems rather illogical that the temperature reduction is caused by 

the thermal path to the FRF only, since the FRF isolates the FR and thus the FR temperature profile in between the 

FRF is warmer than the other FR cross sections, which is also verified by the model. This could cause a different heat 

flow. Another option is that the FRF generates a higher heat leak than expected as a result of its suspension in the metal 

deployment structure, this is however not included in the model as the effect is expected to be of low influence. These 

parameters could however at a later stage be implemented in the model to improve the accuracy. The correlated heat 

transfer coefficients are shown in Table 40.  The correlation is performed with the data sets which included an 

environmental temperature to reduce the uncertainty of the correlation. The correlation shows variations in the ℎ𝑐 at the 

base of the FR (near the FRF). At the end of the FR (near the FRRS) approximately the same ℎ𝑐 is found for each test. 

Furthermore, the FR end values are used for the rest of the FR nodes except for the nodes at the FR base since it is 

assumed that the ℎ𝑐 does not vary between the FR base and FR end due to the absence of additional flow disturbing 

sources. 

Table 40: Natural convection heat transfer coefficient correlated with test data 

 N8 N9 N10 N12 N13 N14 N15 

Local function of ℎ𝑐 ℎ𝑐 ℎ𝑐 ℎ𝑐 ℎ𝑐 ℎ𝑐 ℎ𝑐 + 2 ∗ ℎ𝑐𝑎𝑑𝑑𝑒𝑑
 ℎ𝑐 + 0,5 ∗ ℎ𝑐𝑎𝑑𝑑𝑒𝑑

 

Parameter 𝑲𝒑𝒈𝒔𝒊𝒑
(𝑾/𝒎𝑲)  𝜺𝑭𝑹(−) Interface contact factor left Interface contact factor right 

Value 1400 0,922 1,05 0,8 

Date Location 𝑻𝒆𝒏𝒗 (℃) 
𝒉𝒄 (

𝑾

𝒎𝟐𝑲
) 𝒉𝒄𝒂𝒅𝒅𝒆𝒅

(
𝑾

𝒎𝟐𝑲
) 

6-okt FR base 23,1 6 2,8 

6-okt FR end 23,1 3,9 3 

10-okt FR base 22,7 6,2 2,8 

10-okt FR end 22,7 3,9 3 

23-okt FR base 21,3 4,2 2,8 

23-okt FR end 21,3 3,8 3 
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5.3.3. Test results RS 

The RS thermal tests are performed on two separate days. The temperatures during the tests are measured by a 

thermocouple which is connected to a cube of aluminum on top of a wooden table next to the experiment to filter small 

fluctuations. The measured temperatures are shown in Table 41. 

Table 41: Environmental temperatures during tests 

Note that on Friday the temperature is one degree higher than on Monday. Variations between the first and the last test 

on Monday are 0,5 K.  The change in temperature over the day is however rather small and can be disregarded during 

the correlation. 

Based on the first order estimation eq. (2.33) and a measurement of the mass flow and temperature difference between 

the tube in and outlets the heat output of the FR which is obtained during the RS test can be found in Table 42. It is 

observed that the mean of 𝑄𝑜𝑢𝑡 is reducing with increasing mass flow however that the uncertainty of the estimation is 

increasing. This result is unexpected since the heat transfer from the fluid should be increasing and thus is the FR 

expected to dissipate more heat. However, there is a significant amount of uncertainty. The uncertainty of 𝑄𝑜𝑢𝑡 affected 

by an unexpected measurement error. Since the tubes now have an interface with the PA, the temperatures which are 

measured at the outside of the tubes are expected to vary with ∆𝑇 = ±0,5 𝐾. Which results in the observable high 

uncertainty of the approximation. 

Table 42: RS test measured parameters and FR heat dissipation 

A different type of hose is used to connect the PA with the FR. This hose is made from stainless steel and is connected 

to the FR in- and outlet connectors by means of metal Swagelok’s. These breaded hoses are due to their large surface 

areas expected to draw a significant amount of power away from the fluid. Furthermore, these are expected to provide 

a less stable steady state temperature for the FR in- and outlet connectors.  

If we combine the temperatures which are found throughout the system we can obtain from eq. (2.33) the heat which is 

generated by the PA and the heat which is dissipated at the FR. The heat which is generated at the PA is prominently 

produced by the payload, which utilizes electricity to generate heat. It is found however that the payload generates more 

heat than which is found to enter the fluid by eq. (2.33). Furthermore, it is found that the payload is generating less heat 

during the higher mass flows, which is contradicted by the definition of eq. (2.33). Therefore, the pump temperatures 

are analyzed as well with eq. (2.33), and Figure 89 shows that the pumps are contributing some of the heat which is 

thus no longer required from the payload to heat of the fluid traveling through the PA. This is especially visible for the 

higher mass flows, which requires two operational pumps.  

Date 17-11-17 20-11-17 20-11-17 20-11-17 20-11-17 

Time 17:07 12:14 14:33 15:30 16:53 

𝑇𝑒𝑛𝑣  (°𝐶) 22 20,7 21 21,1 21,2 

Thermal Test # ṁ (𝒌𝒈/𝒔) 𝜟𝑻𝒊𝒏−𝒐𝒖𝒕 (℃) 𝑪𝒑𝑻𝒂𝒗 (
𝑱

𝒌𝒈𝑲
)  𝑸𝒐𝒖𝒕   (𝑾) 

RS test 1 0,014 ± 0,001 3,9 ± 0,9 1124,9 ± 1,5 58,8 ± 14,2  
RS test 2 0,022 ± 0,001 2,4 ± 1,0 1126,0 ± 1,6 59,4 ± 24,5  
RS test 3 0,028 ± 0,001 1,8 ± 1,1 1126,9 ± 1,7 57,3 ± 32,9  
RS test 4 0,033 ± 0,001 1,5 ± 1,1 1127,5 ± 1,7 55,8 ± 39,5 

RS test 5 0,036 ± 0,001 1,3 ± 1,0 1127,8 ± 1,6 52,8 ± 40,2 
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Figure 89: FR heat dissipation during RS test for various mass flows  

The temperatures which are measured at the FR in- and outlet, can be seen in Figure 90. It is noticed though that the 

average temperature of the FR is increasing, which should also result in a higher power output of the FR. 

 

Figure 90: FR measured in- and outlet temperatures 

The values which are found in the correlation for natural convective heat transfer coefficient ℎ𝑐𝑛𝑎𝑡
= 5 ± 1 (

𝑊

𝑀2𝐾
) plus a 

radiator efficiency is considered of 50 ± 10%, the emissivity of the FR is set at 𝜀𝐹𝑅 = 0,93 and the environmental 

temperatures which are measured during the test, are used to find the first order IR radiative and natural convective 

heat output of the FR by means of eq.(4.1) & (4.2) to compare the heat which is leaving the fluid eq. (2.33). This is 

shown in Figure 91. 
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Figure 91: Expected FR surface heat dissipation vs. measured fluid heat dissipation 

This also verifies that the heat output of the fluid should be higher than it is measured. Furthermore, it may be the case 

that the values for ṁ, 𝛥𝑇 or 𝐶𝑝𝐺𝑎𝑙𝑑𝑒𝑛
are incorrect, however the ṁ is measured with high accuracy by a calibrated mass 

flow meter, and 𝐶𝑝𝐺𝑎𝑙𝑑𝑒𝑛
 is originally obtained from manufacturer sheet and later confirmed and refined by tests which 

have been performed by the NLR, hence this is also not expected to have a large offset. To obtain new insights, the 

thermal model is first correlated with the test data. 

5.3.3.1. Correlation of Thermal model with RS test 

The correlation of the thermal model with the RS tests focusses on the heat transfer from the fluid to the laminate since 

the temperatures in the laminate are correlated with the convective and radiative heat transfer to the environment. The 

thermal couplings which are related to this can be found in Figure 92.  

N1

N2

N3

Tfluid

Tenvironment

 

Figure 92: Isolated node 1, 2, 3 

The figure also demonstrates that these thermal couplings are being isolated. By setting ℎ𝑐𝑛𝑎𝑡−𝑐𝑜𝑛𝑣
 to a very high value, 

the laminate and thus N3 completely becomes the same temperature as the environment. And by setting the 

environment temperature to the value which is measured at N3 in the test, the thermal couplings can be correlated. The 

central fluid temperature is linearly interpolated between the in- and the outflow temperature which is measured in the 

test, taking into account a temperature difference to compensate for the difference between the measured temperature 

on the outside of the connector and the central flow temperature. 

The conductive coupling between N2 and N3 in Figure 92 is assumed to be constant throughout the tests as well as 

throughout the tube and is estimated based on all layer thicknesses and conductivities plus uncertainties to be 

𝐺𝑙𝑁2−𝑁3 =
1

1
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+
1
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+

1
𝐺𝑙𝐴𝑑ℎ

+
1
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= 1,64 ± 0,44 [
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If this value is multiplied with the tube nodes, a total value is found of 𝐺𝑙𝑁3−𝑁4𝐹𝑅
= 32,9 ± 8 𝑊/𝐾. It is found that based 

on the heat outputs as obtained from the test, the temperature drops over this thermal path should be 0,55 < ∆𝑇2−3 <

0,62 ± 0,17℃ relative to the measured heat outputs.  

The other thermal coupling is based on ℎ𝑐𝑓𝑜𝑟𝑐𝑒𝑑𝑓𝑙𝑢𝑖𝑑
 , which is described in section 2.4.5 and shall also be found by using 

the temperature differences which are expected between N1 and N3. Since 𝐺𝑙𝑁2−𝑁3 is estimated above and the heat 

output is also known we can find 𝐺𝑙𝑁1−𝑁2 from 

𝑄𝑜𝑢𝑡 = 𝐺𝑙𝑁1−𝑁3𝛥𝑇1−3 

𝐺𝑙𝑁1−𝑁3 =
1

1
𝐺𝑙𝑁1−𝑁2

+
1

𝐺𝑙𝑁2−𝑁3

[
𝑊

𝐾
] 

𝐺𝑙𝑁1−𝑁2 = ℎ𝑐𝑓𝑜𝑟𝑐𝑒𝑑𝑓𝑙𝑢𝑖𝑑
𝐴𝑁2 [

𝑊

𝐾
] 

Based on this approach the heat transfer coefficients ℎ𝑐𝑓𝑙𝑢𝑖𝑑𝑒𝑠𝑡 
 which are shown in Table 43 are required to obtain the 

measured heat output, or in case the expected ℎ𝑐𝑓𝑙𝑢𝑖𝑑𝑒𝑥𝑝 
 are considered, a temperature difference over the fluid of 

𝛥𝑇1−3𝑒𝑥𝑝
 is expected. 

Table 43: Heat transfer related to temperature difference in the interface 

It can be noticed that either the temperature difference between N1 and N3 and/or the 𝒉𝒄𝒇𝒍𝒖𝒊𝒅𝒆𝒔𝒕 
is incorrect. However, 

since the 𝒉𝒄𝒇𝒍𝒖𝒊𝒅𝒆𝒔𝒕  
is much lower than expected and not varying as much as expected as a result of the increasing mass 

flow, the 𝒉𝒄𝒇𝒍𝒖𝒊𝒅𝒆𝒙𝒑 
 is used as a fixed parameter and the model is correlated by varying the temperature at the center of 

the fluid. To obtain a correlation with the test temperatures, the following results are found. Table 44 demonstrates the 

required fluid temperature to obtain the observed temperatures.  

Table 44: Correlated temperature difference between N1 and N3 

The model correlation shows that to obtain the temperatures which are observed in the test, the fluid temperature must 

be raised approximately 3℃ above the currently interpolated temperature. It may be the case that the difference between 

the measured location on the inlet connector is indeed 3℃ colder than the temperature at the fluid center. Therefore, 

the model is correlated to an inflow temperature of ≈ 48 (°𝐶) and the ℎ𝑐𝑓𝑙𝑢𝑖𝑑
 is tweaked to obtain the lowest temperature 

error at the base and at the end of the FR laminate. 

In Table 45, the results of the methods are compared.  

 

Test # 𝑻𝟏(°𝑪) 𝑻𝟑(°𝑪) 𝜟𝑻𝟏−𝟑(°𝑪) 
𝒉𝒄𝒇𝒍𝒖𝒊𝒅𝒆𝒔𝒕  

(
𝑾

𝒎𝟐𝑲
)  𝒉𝒄𝒇𝒍𝒖𝒊𝒅𝒆𝒙𝒑 

(
𝑾

𝒎𝟐𝑲
)  

𝜟𝑻𝟏−𝟑𝒆𝒙𝒑
(℃) 

1 43,52 36,25 7,27 268,63 430 1,80 

2 43,84 37,10 6,74 302,10 630 1,81 

3 44,15 37,70 6,45 305,24 750 1,75 

4 44,19 38,10 6,09 318,37 867 1,70 

5 44,47 38,25 6,22 286,61 930 1,61 

Test # 𝒉𝒄𝒏𝒂𝒕
 

(
𝑾

𝒎𝟐𝑲
) 

𝒉𝒄𝒏𝒂𝒕𝒂𝒅𝒅𝒆𝒅
 (

𝑾

𝒎𝟐𝑲
) 𝑻𝒇𝒍𝒖𝒊𝒅𝒊𝒏𝒕𝒆𝒓𝒑

(°𝑪) 𝑻𝒇𝒍𝒖𝒊𝒅𝒔𝒆𝒕𝒕𝒊𝒏𝒈
(°𝑪) ∆𝑻(℃) 𝒉𝒄𝒇𝒍𝒖𝒊𝒅

(
𝑾

𝒎𝟐𝑲
)  𝑸𝑵𝟏−𝑵𝟐  

(𝑾) 
𝑸𝒐𝒖𝒕𝑭𝑹 

(𝑾) 

1 5 2 43,52 46,52 3 430 2,6 52 

2 5 2 43,84 46,84 3 630 3,8 76 

3 5 2 44,15 47,15 3 750 4,5 90 

4 5 2 44,19 46,70 2,5 867 5,2 104 

5 5 2 44,47 46,97 2,5 930 5,6 112 
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Table 45: Predicted performance thermal model 

If we compare the results with the earlier proposed heat output in Figure 91, it can be noted that the results of the model 

are very similar to the values which are found for 𝑄𝐹𝑅 𝑜𝑢𝑡𝑝𝑢𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 however it is also much larger than the measured 

heat leaving the fluid 𝑄𝐹𝑅 𝑜𝑢𝑡𝑝𝑢𝑡 𝑓𝑙𝑢𝑖𝑑. Since it is still strange that the measured heat output is much lower, the test setup 

is therefore investigated and it appears that the optical table is not considered in the analysis or thermal model. However, 

it seems likely that there exists radiation exchange between the two surfaces which causes the FR to dissipate less 

heat. The view factor estimation of the FR to the table is based on Figure 93. 

 

Figure 93: FR area, above optical table area 

The radiator surface is slightly lifted from the optical table; however, the table still occupies a significant part of the total 

view. It is found that the front side and the rear side of the FR have a view factor of  𝐹2→1 = 0,25, 𝐹4→3 = 0,05 and the 

total view factor from the FR to the table is 𝐹𝐹𝑅→𝑡𝑎𝑏𝑙𝑒 =
0,25𝐴2+0,05𝐴4

𝐴2+𝐴4
= 0,15. The emissivity of the table is unknown, 

however if an emissivity of one is assumed, it can be found that with a Gebhart factor of 𝐵𝐹𝑅−𝑡𝑎𝑏𝑙𝑒 = 0,11, a radiative 

coupling can be formed of 𝑅𝐹𝑅−𝑡𝑎𝑏𝑙𝑒 = 0,93 ∗ 0,8 ∗ 0,11 = 0,08, which leads to a heat transfer during the tests of 

𝑄𝐹𝑅−𝑡𝑎𝑏𝑙𝑒 = 0,08𝜎(𝑇𝑎𝑣 𝐹𝑅
4 − 𝑇𝑡𝑎𝑏𝑙𝑒

4 ) < 7𝑊. Since the table has a surface area of 𝐴𝑡𝑎𝑏𝑙𝑒 > 2 𝑚2 and in terms of convection 

will be cooled with 𝑄𝑐𝑜𝑛𝑣 = ℎ𝑐𝑛𝑎𝑡
𝐴𝑡𝑎𝑏𝑙𝑒 > 10 𝑊 (not even considering radiation). It seems unlikely that the table will warm 

up and thus reduce the heat output of the FR over time. The foil which is partially placed onto the table may however 

have a very low emissivity. This could also cause based on the view factor a reduced heat dissipation by the radiator of 

maximally 14%. 

In the end it seems unlikely that the FR actually dissipated the heat which is measured from the temperatures in the 

fluid, as the first order approximations and the model demonstrate higher heat dissipation. There are however a number 

of options which can be causing the discrepancy.  

- The heat transfer by natural convection may actually be lower than expected, it requires a natural convective 

heat transfer coefficient of nearly zero to obtain the same temperatures in all scenarios, which seems unlikely 

since the test is performed in an airconditioned lab 

- The conductive coupling may actually be lower than expected in the tube to laminate interface, however to 

obtain the estimated heat transfer per node, combined with the estimated temperature difference between the 

fluid and the laminate, the convective couplings of the liquid to the tube must be between 500 < ℎ𝑐𝑓𝑜𝑟𝑐𝑒𝑑
<

700 𝑊, which could be possible  

- The optical table is heating up due to the radiation and therefore the radiator dissipates less heat with increasing 

mass flows, which seems unlikely since the table has a relatively large surface and is cooled faster by the 

environment. The table foil may have a very low emissivity, causing the radiator to dissipate less heat. 

Test 
# 

𝒉𝒄𝒇𝒍𝒖𝒊𝒅
  

(
𝑾

𝒎𝟐𝑲
) 

𝑻𝒆𝒏𝒗  
(°𝑪) 

𝑻𝒔𝒑𝒂𝒄𝒆  

(°𝑪) 

𝑻𝒂𝒗−𝒓𝒂𝒅  
(°𝑪) 

𝑻𝒊𝒏𝒇𝒍𝒐𝒘  

(°𝑪) 

𝑻𝒐𝒖𝒕𝒇𝒍𝒐𝒘  

(°𝑪) 

𝑸𝒎𝒐𝒅𝒆𝒍 
 (𝑾) 

𝑹𝑴𝑺  
(𝑲) 

𝑹𝑺𝑺  
(𝑲) 

𝑸𝒔𝒑𝒂𝒄𝒆  

(𝑾) 

1 515,5 22 -270,45 32,68 48 42,81 89,8 0,37 1,34 237,8 

2 746,6 20,7 -270,45 32,84 47,5 43,82 101,8 0,4 1,38 250,9 

3 889,9 21 -270,45 33,33 47,3 44,31 103,7 0,42 1,47 255,86 

4 1026,3 21,1 -270,45 33,55 47 44,48 104,7 0,45 1,6 259,1 

5 1098,1 21,2 -270,45 33,69 46,9 44,58 105 0,41 1,4 260,4 
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- The connectors which are coupled to metal hoses by means of Swagelok’s may influence the measurement of 

the temperatures at the FR in- and outlet. As a result, the fluid in the tube is warmer than anticipated and the 

estimation from (2.33) is highly uncertain. However, to know the exact influence of the hoses more detailed 

analysis must be conducted, especially since the estimation is very sensitive to small changes in ∆𝑇. It is 

however estimated with (2.33) and the FR in/out and the PA in/out temperatures that the FR inlet i/f (+ hose) 

draws 20-30 W and the FR outlet i/f draws 50-70 W from the fluid. This is also strange since the hoses are 

exactly the same, only the inlet temperatures slightly vary. This indicates that the PA may also influence the 

PA-inlet temperature by conduction and that as a result the outer tube wall may have a larger temperature 

difference than expected with the flow, which may be different for the inlet and the outlet hose. 

5.3.4. Sensitivity analysis thermal model 

A sensitivity analysis is performed on the thermal model by varying the individual parameters by an uncertainty which 

is reasonable. The factors which provide uncertainty to the model are found in Appendix I: Sensitivity analysis. The 

results show an absolute worst-case scenario uncertainty of 𝑄𝐹𝑅 ± 50%. However, based on the main uncertainties in 

the correlated model, the root means square of the surface temperature differences is expected to generate 20 % of 

uncertainty in the heat output of the radiator in the lab, and even lower in space. 

5.4. Research question elaboration and conclusion 

The research questions related to this chapter are based on the verification of specific requirements by means of testing.  

RQ 5.1: “How to verify the deployment requirements by testing and do the tests verify the deployment requirements?” 

A: The deployment requirements are tested and verified by means of ‘zero G’ deployments, which is recorded by a 

camera which provides a top view of the situation. This allows measuring of the angles and shows problems during the 

deployment. This test is successfully conducted providing footage of at least one complete test. Obstructions during the 

test however were observed many times and for future ‘zero G’ tests, it is therefore recommended to remove the 

thermocouples from the FR. A larger optical table is also preferred to guarantee a complete unobstructed deployment. 

RQ 5.2: “How to verify the bending requirements by testing and does the test verify the bending requirements?” 

A: The bending test is performed in the same position, however with a load connected to the FRRS which simulates a 

bend maneuver in Space due to propulsive action. Since the hover disk moves almost frictionless, a static load can be 

produced on the tip of the FR, which causes a bending moment on the root over its lowest second moment of area axis. 

The obtained stiffness demonstrates the FR’s resistance to bending. This is shown to verify the requirement and even 

provide a margin which can be used to scale the length of the FR. 

RQ 5.3: “How to verify the thermal performance requirements by testing and does the test verify the thermal performance 

requirements?” 

A: The thermal test and model correlation are performed on the FR first in combination with a dummy PA and later in 

combination with the actual PA. This provided the opportunity to observe the FR performance by means of water and 

also identify any difficulties which could prevent the successful verification of the requirements during the second test. 

The temperatures which are measured in the laminate indicate an average performance of between 𝑄𝐹𝑅 = 97,5 ± 7,5𝑊 

for the various tests. The thermal model predicts a maximum space output of 𝑄𝐹𝑅 = 250 ± 10𝑊 based on correlations 

with the lab test. This corresponds to a mass performance of 6 𝑘𝑔/𝑘𝑊, which easily verifies the requirements. The 

measured performance is much lower. Considering the worst-case scenario of this being the actual performance of the 

FR, this would correspond to a mass performance of approximately 12 𝑘𝑔/𝑘𝑊, which does not directly fulfill the 

requirements, however by scaling the length of the FRA this number is quickly reduced below the required mass 

performance. Furthermore, it is expected that the liquid temperature measurement holds a great amount of uncertainty, 

since the interface to the PA may be lowering the measured temperature, causing an offset in the temperatures which 

are actually present in the fluid. Based on the model a temperature offset of ∆𝑇 = 3℃ is expected. However, the model 

predicts relatively high values for the heat transfer coefficient of the fluid, which may in reality be somewhat lower. 

Therefore, the actual performance is to be found between the modelled predictions and the measured values. A 

recommendation for a following test would be to measure the temperatures of the FR surface, but also to measure the 

temperature of the liquid flow instead of the tube, unless the tube is isolated such that the temperature difference 

between the tube outer wall and the flow can be predicted more accurately. 
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 Verification and Validation 

To identify if the project requirements are verified and if the wishes of the customer are validated a summary of all the 

requirements and the means of complying with these requirements are provided in this chapter. The success of this 

project is also best explained in the verification and validation (V&V) chapter.  

The INFRA projects main goal is to deliver a proof of concept based on the original proposal which was set-up by Airbus 

and the NLR. To deliver the proof of concept, several aspects or characteristics of the system are discussed with the 

clients such as size, performance, mass, and operating environment. From this point forward, a system requirements 

document is provided in which the system specifications are provided in an implementation free analogy. If these 

guidelines are met, the system is verified, which according to “V-model” terminology should occur continuously during 

the development of the product from high level to sublevel components. By continuous communication with the 

stakeholders, their requirements can also be monitored and validated during this process. 

In the end a design is produced which is named the Foil Radiator Assembly which is a combination of sub systems 

which is part of the Radiator System and which is tested in a lab environment and which could operate in Space. Tooling 

is also developed for the purpose of providing ‘zero G’ deployment and thermal test support. Since these are not 

operated in space, the requirements for the tooling are more limited and also not discussed in this report. The 

subsystems which are considered for Space are verified by means of analysis, reviewing, inspecting and/or testing the 

performance.  

In this section, first the system requirements verification is provided and afterwards the validation is elaborated. 

6.1. Requirements verification  

All the requirements relating to the FRA are verified in the following sections of the report. 

Table 46: Verification overview of the FRA 

6.2. Requirements validation 

The validation of the stakeholder requirements is performed by reviewing the customer requirements and by reflecting 

on the customer requirements relating to the product characteristics. 

The customer requirements are for a large part technically defined in the system requirements. The main wishes of the 

customer can also be found in the requirements originating from the original proposal. Summarized, the customer 

Subsystem General/materials Structural Performance 

FRA 

Section 4.1/5.1  Section 5.3: 

INFRA-prop-0002  INFRA-prop-0006 

INFRA-prop-0003   

FR 

Section 4.1.1: Section 0: Sections 5.1/5.2/5.3: 

INFRA-prop-0018 INFRA-BB-SR-5.2.7.4 INFRA-BB-SR-5.2.1.10 

INFRA-BB-SR-5.2.1.4 INFRA-BB-SR-5.2.7.7 INFRA-BB-SR-5.2.2.1 

INFRA-BB-SR-5.2.2.2  INFRA-BB-SR-5.2.3.1 

INFRA-BB-SR-5.2.2.3  INFRA-BB-SR-5.2.3.4 

INFRA-BB-SR-5.2.5.4  INFRA-BB-SR-5.2.6.2 

INFRA-BB-SR-5.2.7.6  INFRA-BB-SR-5.2.7.1 

  INFRA-BB-SR-5.2.7.2 

  INFRA-BB-SR-5.2.7.5 

 Section 4.1.4: Section 4.3.50: Sections 5.2: 

HDRM INFRA-BB-SR-5.2.9.2 INFRA-BB-SR-5.2.7.7 INFRA-BB-SR-5.2.9.3 
  INFRA-BB-SR-5.2.7.10  

  Section 4.3.34.3.50:  

FRF  INFRA-BB-SR-5.2.7.7  

  Section 4.3.40:  

FRRS  INFRA-BB-SR-5.2.7.7  
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requirements are based on the wish of developing a radiator system which can be inflated and which can transport heat 

away from a payload to the radiator, such that it may be transfered into space. This radiator system should be based on 

HiPeR and µMPL technology. The system is also divided in a PA which is developed by the NLR and a FR, which is 

developed by Airbus. Additional subsystems may be required to support the functionality of the RS. That means on the 

lab or in Space. It is expected that the deployment initiation and the heat transfer by the system is controllable and that 

the system is capable of maintaining its the deployed position. Relating to the latter characteristics, several performance 

requirements are defined and these are shown to be complied in Table 46. These requirements relate to the deployment 

initiation by means of a thermal knife, the expected radiative heat output and the critical bending moment which may 

occur during operation in Space. Parameters which are set for these requirements have been discussed with the 

customers for acceptability or are demonstrated in section 3.2.1. To meet with the deployment and thermal 

requirements, a working point is discussed between the project parties, which is based on mass flow and system 

pressure. Based on this mass flow a pump is selected and also a minimal tube diameter is determined. From these 

details a rough estimation of the system performance is made and an acceptable mass and size target is set. These 

factors form the basis of a design which can be operated in a lab environment. However, since the model is intended 

for use in Space, and the materials which are being used have very specific structural and thermal properties, the best 

solution to demonstrate the systems operationality is to build the breadboard and test it using the actual materials which 

are in also in the flight model. This also provides an opportunity to perform an announced demonstration which may 

provide commercial benefits. Based on this project development, the customer requirements are directly addressed and 

also mostly validated. Based on the customer requirements, system characteristics are defined and weighted in 

coordination with Airbus. The provided weights are shown in Table 7. The most important characteristics of the 

breadboard design are defined as Competitiveness, Lifetime, Manufacturability/Handling, Scalability and technology 

demonstration. Based on these aspects, a small validation analysis is performed.  

Competitiveness 

The competitiveness of the design is defined in its capability to be stored in a small volume during launch and deploy 

into a large surface area from which it can effectively dissipate heat. By comparing this functionality with a conventional 

deployable radiator, it is shown that in terms of storage and comparable performance the design is highly competitive. 

The performance in space however is estimated based on a single heat source. To demonstrate its actual performance 

a transient analysis making use of dedicated optical surface properties and additional radiation sources is required.  

Lifetime 

By making use of materials which can sustain many years in a radiative environment a long-life time is expected. 

However, based on MMOD analysis it is also discovered that the thin walled low mass design also has a downside, 

which is its high risk of being punctured by MMOD. It is estimated that the FR will be punctured within the first year of 

operation. There is even a considerable chance of occurrence during the first month. Risk mitigation techniques such 

as double loops will however not increase the expected lifespan to the required 15-20 years. Therefore, a design 

alteration may be required. 

Manufacturability/handling 

The FR is produced almost completely in-house and all the parts except for the HiPeR laminate are COTS. The same 

applies for the PA. The handling of the final product can also be performed in most environments such as a workshop 

or a low caliber cleanroom. While assembling the FR, cleanliness should be taken into account such that the adhesive 

can be firmly attached to the laminate.  

Scalability 

The design is perfectly scalable in length and in width within the limits which are provided by the width of the S/C and 

the stiffness of the FR. By making the tube spacing lower, the stiffness is increased, which allows for a longer FR. 

Longer fluid lines however also require higher mass flow rates to uphold the average radiator temperature. The laminate 

can be manufactured in small tiles which can be connected, the tubing however can currently only be procured with a 

maximum length, this should be taken into account when scaling the FR. Furthermore, reducing the tube spacing also 

increases the heat output and thus the efficiency. The efficiency which is demonstrated is the baseline model is 𝜂 =

50 ± 10% 
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Technology demonstration 

It is demonstrated in this project that the technology of an inflatable radiator such as it is described in this report, which 

is based on HiPeR and µMPL technologies demonstrates the required characteristics for a competitive and feasible 

product, however with respect to lifetime it still requires a design upgrade.  

All the customer requirements except for the lifetime of the product are met. Furthermore, a proof of concept is delivered 

by means of a functioning RS and Airbus is patenting parts of the design. Therefore, the conclusion can be drawn that 

the results are very satisfactory. 

6.3. Research questions elaborated 

RQ 6.1: “Are the system requirements verified? What are the consequences of any failure to comply with the 

requirements?” 

A: The system requirements which are presented in this thesis are all verified. Requirements which are not verified are 

requirements related to the IR imaging of the thermal test and logging of the room temperature during the tests. 

Information regarding the performance of the FR using water is rather uncertain and more detailed future analysis using 

the IR images of the FR cannot be conducted. The IR images neither the room temperatures during the FR test were 

required to determine the RS performance. Therefore, the consequences are insignificant. 

RQ 6.2: “Are the customer requirements validated? What are the consequences of any failure to comply with the 

requirements?” 

A: The customer requirements are defined by the most important system/project characteristics, which are 

competitiveness, lifetime, manufacturability/ handling, scalability and technology demonstration. All these characteristics 

are applicable to the design except for lifetime. The estimated lifetime of the product as a result of MMOD is much too 

low and requires a more detailed analysis to determine how the design can be changed to manage this risk. As a 

consequence, the competitiveness is also affected since the feasibility of the product is less pronounced even though 

the product presents a competitive product in terms of mass performance. However, an indication is present of the steps 

which must be taken to also satisfy the lifetime requirement.  
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 Conclusion  

The FRA which is developed as part of the INFRA project is described in this thesis. The central research question 

which is posed relating to this development is:  

“How to develop a state of the art radiator breadboard, which fulfills the customer requirements?” 

The answer to this question is provided in this report by taking the following steps: 

- Identify customer requirements 

- Develop system requirements  

- Propose and build a design 

- Provide design verification by means of analysis, testing, review of design and inspection 

- Validation of the customer requirements 

The customer requirements are based on a couple of main system characteristics, which are: Competitiveness, Lifetime, 

Manufacturability/handling, Scalability and Technology demonstration. Included are the wishes of the customer which 

can be described in one sentence as an Inflatable radiator system breadboard model, which is composed of HiPeR and 

µ-MPL subsystems, which can be used to deliver a proof of concept, which can be scaled for different heat outputs, 

which is a competitive product for the current deployable radiators in terms of mass performance and which can survive 

15-20 years in Space. 

The system requirements which are established take these wishes into account and provide technical specifications for 

the performance and functionalities of the system. Requirements such as heat output, deployment time, radiator surface 

area, but also specifications to protect the system against radiation or to make the system capable of sustaining launch 

and handling loads. These requirements are explained and analysis is provided to support the requirements. 

From these system specifications a FRA design is produced. A concept is chosen of a radiator which is deployed by 

means of unrolling action. This concept requires several subsystems to function well however scores best on stowed 

volume, degradation, complexity, mass and reliable deployment criteria. The systems which are required to support the 

FR are: a FRF to hold the base of the FR firmly in place, a FRRS to roll-up the FR and to stow it during launch by placing 

the FRRS ends in the HDRM. Furthermore, custom made tubing connectors are developed to connect thin walled 

Kapton tubes and which are also used to interface with the PA. Parts are all completely manufactured and the 

breadboard model is assembled for testing in a lab environment. For the verification of the test requirements, a thermal 

model is written and correlated to predict the thermal performance in Space. The model includes the FR, the FRRS and 

the FRF of which the latter are regarded as losses. An initial simulation predicts a performance of 𝑃𝑙𝑎𝑏 = 104 𝑊 in the 

lab environment and 𝑃𝑠𝑝𝑎𝑐𝑒 = 255 𝑊 in Space, which corresponds to a radiator efficiency of 50-70%, which theoretically 

verifies the performance requirements. Furthermore, an estimation of the lifetime in a MMOD environment is provided. 

For the estimation a minimum required mass is identified which may penetrate the FR tube and after that a collision 

probability is generated to identify the lifetime of the FR. The required mass is estimated by an energy equation but also 

by means of the ballistic limit equation. By comparing various settings, the ESA settings are chosen to be most 

representative and conservative in determining the lowest capable mass of puncturing the laminate and tube. Taking 

into account a conservative maximum velocity (30 𝑘𝑚/𝑠), the lowest particle mass that may penetrate the FR at that 

relative velocity is found to be of density ~3 𝑔/𝑐𝑚3 and mass 𝑚𝑚𝑖𝑛 = 3 ∗ 10−11 𝑔. Based on a first order approximation 

relating to spatial density of MMOD of the considered mass and higher, it is estimated that the probability of a collision 

with this fatal particle is 𝑃𝑐𝑜𝑙  =  0,68  within the first month of operation. It is estimated by means of simulating DRAMA 

software, that a randomly tumbling plate with cross section area 𝐴𝑐𝑟𝑜𝑠𝑠 = 0,05𝑚2 or a sphere with the same cross section 

have a probability of 𝑃𝑐𝑜𝑙𝑝𝑙
 =  0,6  and 𝑃𝑐𝑜𝑙𝑠𝑝

 =  1  of colliding with the critical mass within the first week. However, this 

is related to the smallest surface area which can be used by the software, and this is two to four times larger than the 

actual exposed tube area. In the end it may be beneficial to perform a more detailed analysis since the assumptions are 

conservative and this may lead to more favorable life expectancies. A tube material change is also suggested as it is 

estimated that a tube with a steel wall of thickness 𝑡𝑤𝑠𝑡𝑒𝑒𝑙𝑚𝑖𝑛
0,81𝑚𝑚 can provide the FR with a probability of no critical 

collisions during 15 years in Space 𝑃(𝑛𝑜𝑐𝑜𝑙𝑙15𝑦𝑒𝑎𝑟𝑠) = 0,8, this would stop all masses 𝑚𝑚𝑚𝑜𝑑 ≤ 10−5𝑔 following to the 

ballistic limit equation. 
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The FR is also tested for deployment, bending and thermal performance. The deployment tests occur within the 

prescribed conditions relating to deployment cone and final deflection and pressure. However, ten attempts are 

performed and only one satisfied all the requirements. The main reason for all the failures are different kinds of 

obstructions, it is recommended to remove the thermocouples and or remove the bolts on the hover disk which provides 

the friction less deployment. Furthermore, the edge of the table is limiting the deployment since the optical table is too 

small. It is also recommended to use a larger table to witness a full unobstructed deployment. The requirements however 

are verified and the deployment is considered successful also by the clients.  

The bending test is performed successfully and the stiffness which is demonstrated is between 0,25 ≤ 𝑘 ≤ 0,32 𝑁/𝑚 for 

pressures of 0 ≤ 𝑃𝑔𝑎𝑢𝑔𝑒 ≤ 2 𝑏𝑎𝑟. This corresponds to deflections which are within the requirements due to the 

maneuvering load and there is even a margin that would allow almost a doubling of the load. Furthermore, it is 

demonstrated that the FR does not collapse or buckle while performing the maximum deflection. Therefore, it is 

considered verified in terms of bending/maneuvering requirements  

The thermal tests are used to verify the thermal requirements and to correlate the model with the test setup. It is noticed 

during the FR test which is conducted with water, that the heat outputs greatly vary for different test dates ∆𝑃 ± 20 −

30 𝑊. This may be caused by room temperature variations; however, it is estimated that this would result in variations 

of only ∆𝑄 ± 8 𝑊. If considering uncertainty relating to natural convection the difference can also be quite significant 

∆𝑄 ± 20 𝑊. Furthermore, it is also possible that the tube shape becomes more oval like after each deployment since it 

is being crushed and not being pressurized from the inside of the tube during the test. This may also increase the heat 

transfer of the flow. To determine the corresponding natural convection heat transfer coefficient of the lab, the model is 

correlated with the test data by setting the temperature of the laminate on top of the tube to a constantly measured value 

and by trying to level the measured temperatures with the model temperatures by changing only the natural convective 

heat transfer coefficient. The average of the correlated values is ℎ𝑐 = 3,9 𝑊/𝑚2 ∙ 𝐾, which corresponds with the 

expectations. Furthermore, an adaptation factor is introduced to deal with the lower temperatures close to the 

thermocouple wires. These appear to disturb the natural flow and thus create a larger convective heat transfer locally. 

The FR in combination with the PA is also tested by means of Galden and it is shown that the increasing mass flows do 

not per definition generate higher heat outputs as would be expected. The heat which is being added to the system at 

the payload however is increasing and it is shown that heat is also being partially added by the pumps. The reason for 

the decreased performance may be related to increasing room temperature, however it seems more likely that the 

means of measuring the heat transport by means of in and outlet temperatures is not as accurate as expected. The 

measured heat outputs and expected heat output are 𝑄𝑚𝑒𝑎𝑠 ≈ 60 𝑊 and 𝑄𝑒𝑥𝑝 ≈ 100 𝑊 and are trailing further apart with 

increasing mass flow rates. The conclusion is drawn that the low output is probably the result of incorrect measurements. 

This is possible since the interfaces are coupled with metal tubes which also dissipate a large amount of heat and 

therefore influence the measured temperature. In the end also, a sensitivity analysis is performed to identify how 

uncertain the model is. A worst-case uncertainty of 50% is identified, however it is considered more realistic to have an 

uncertainty of 20%. The expected heat output is found to vary between 𝑄𝐹𝑅 = 97,5 ± 7,5𝑊. The thermal model predicts 

a maximum space output of 𝑄𝐹𝑅 = 250 ± 10𝑊 based on correlations with the lab test. This corresponds to a mass 

performance of 6 𝑘𝑔/𝑘𝑊, which easily verifies the requirements. The measured heat outputs however, are expected to 

have large temperature variations between the tube wall and the flow. Therefore, it is recommended to measure the 

temperature within the flow. 

The verification is completely performed in the report and a few non-significant non-verified requirements are elaborated 

in the report. Validation is performed based on the characteristics which are important for the customers. All these are 

mentioned before in this chapter and are validated except for the life expectancy.  

In the end the system is complying with almost each customer requirements and a model is build and demonstrated 

according to the system specifications. Therefore, the main research question is answered by means of the preceding 

elaborations however advised is to perform an additional research project into the issues and solutions concerning 

MMOD. 
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 Recommendations 

As discussed before in the conclusion, the MMOD issue should be resolved as the life expectancy of the FR is not 

sufficient for a complete mission in GEO. A metal or another material that would make the tube more MMOD resistant 

should provide better lifetimes. An additional trade off may be required between thickness, material and mitigation 

techniques such as redundant fluid loops to maintain the flexibility of the design. 

It can be seen in the thermal model that the Kapton tube and foil, but also the adhesive has a large influence on the 

thermal coupling, relative to the PGS. Thickness or conductivity improvements of these layers would benefit the thermal 

performance since all the heat enters the FR through the tube interface. The table on which the FR is mounted during 

the thermal tests may influence the thermal performance. For follow up tests, it is recommended to use a surface cover 

with high IR emissivity to maximize the heat dissipation of the FR. A vacuum environment however is preferred to reduce 

uncertainties related to natural convection. 

The unpressurized FR seems to improve its performance after a few deployments. This could be related to an oval 

shaped tube which becomes flatter each time the radiator is rolled up. However, this may also be related to the heating 

up of the adhesive which is used to hold the individual layers of the i/f together. This should however be investigated to 

be able to properly determine the thermal performance of the radiator. Furthermore, the i/f to the PA should be improved 

from a thermal perspective. The long hoses dissipate to much heat from the fluid and influence the temperature 

measurements at the entrance. 

The permeability of the tubes relating to the operating fluids, leakage of the connectors and outgassing of the tubes are 

areas which are recommended to be investigated for the follow up design, as these factors will influence the long-term 

life expectancy of the system depending on the type of tube and fluid which is used.  

A dynamic model e.g. using ADAMS is required to model the deployment of the FR and also determine the dynamic 

response to maneuvers or vibrations is space, where scaling of the FR and tube spacing may offer a solution for the 

low stiffness.  
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Appendix A: Inflated tube bending test results 
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Appendix B: Strawman concepts 

Single deployment concepts 

 

 

Inflatable structures 

 

 

Retractable concepts 

 

  



95 
 

Appendix C: Deployment concepts 

The strawman concepts to provide support are shown in Figure 94. The concepts provide various degrees of freedom 

(DOF). The first mechanical deployment support however provides only a limited amount of freedom since the 

entanglement of the lines may influence the motion of the deployment. Furthermore, it is assumed that the stiffness of 

the FR is sufficient to perform the first deployment method. 

 

Figure 94: Deployment support options 

Out of the deployment support options the first one is eventually chosen. The helium balloons would give the FR three 

degrees of freedom however the volume required at room temperature to lift a 1kg radiator would be:  

𝑉ℎ𝑒𝑙𝑖𝑢𝑚 =
1

𝜌𝑎𝑖𝑟 − 𝜌ℎ𝑒𝑙𝑖𝑢𝑚

 
𝑘𝑔

𝑘𝑔
𝑚3

=
1

(1,2 − 0,17)
= 0,97𝑚3 

This would require a considerable number of balloons and the balloons may be difficult to balance the FR. Furthermore, 

the third degree of translational freedom (in z-direction) is not necessarily required. The water floatation concept is left 

out since it requires a large see-through reservoir and the water may damage the HiPeR laminate. The mechanical 

supports can be designed to support the deployment with one, two or three degrees of translational freedom. However, 

this would require a sophisticated design which does not fit within the scope of this project and the entanglement of the 

wires in the conventional deployment rig may influence the deployment.  The floating disk provides two degrees of 

translational freedom and is relatively easy to manufacture, however the possibility of 

damaging the FR with water is reason to identify other options within this type of 

deployment. The options are considered to be either ball bearings that can be placed 

underneath the rotating disk, or air bearings. Breadboard tests show that the 

pressurized tubing is not capable of overcoming the friction of the ball bearings. Note 

that the platform is powered only by a single pressurized tube, this is however 

representative, as the total mass of the platform is half of the expected FR mass. The 

tube which is used in this situation is also the tube that is used in the actual FR. The 

acting deployment force shows to be lower than the friction of the bearings. The exact 

friction of the ball bearings was not the scientific objective of this test and is therefore 

not further investigated. 

The alternative is to design a disk which experiences almost zero friction due to a layer 

of pressurized air between the platform and the floor. This is performed by air bearings, 

which is discussed further in the chapter tooling. 
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Appendix D: Design options 

 

Figure 95: Connector design update: assembled (top) and parts (bottom) 

The corner interface connects two straight connectors to make the flow bend around the 90 deg corner. The corner 

interface is made from a piece of aluminum and is used to provide structural support to the connectors but also allow 

fluid to flow through. The pipe which is part of the connector, can be screwed, glued or compressed into the corner 

interface. Tests are performed and the most appropriate fitting is found to be the H7 fitting with adhesive to seal the 

parts and to close openings. Another identified fitting is the compression fitting, however this fitting type damages the 

material and makes eventual repairs very difficult. The last option which is not tested however which seems possible, is 

to make the entire part including straight connectors from one piece of aluminum. However, this must be tested in a 

later stage. The corner connector design can be seen in Figure 49.  

 

Figure 96: Roll support types: Tube roller (left) and foil roller (right) 

 

 

Figure 97: Foil attachment concepts 
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Appendix E: Thermal model nodes 

FR tubing and FRRS nodes 

1 5   
 

801 802 1004  
 

511 512 14  
 

521 522 34   

531 532 54   

541 542 74   

551 552 94   

561 562 114   

571 572 134   

581 582 154   

591 592 174   

601 602 194 8003  

609 610 6100 8001  

611 612      

621 622      

631 632      

641 642      

651 652      

661 662      

663 664 6640 8002  

671 672 201 8004  

681 682 181   

691 692 161   

701 702 141  Legend: 

711 712 121  fluid 

721 722 101  tube 

731 732 81  connector 

741 742 61  FRRS 

751 752 41   

761 762 21   

901 902 1011   

3 6   
 

 

Figure 98: Additional nodes 
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The FRRS conductive couplings are: 

1

𝐺𝐿610−6100

=
1

𝑘𝐴𝐿𝐴𝑐𝑜𝑛𝑛

0,005

+
1

𝑘𝑉𝑒𝑠𝐴𝑐𝑜𝑛𝑛

0,011

=> 𝐺𝐿610−6100 = 0,0036
𝑊

𝐾
 

1

𝐺𝐿611−8001

=
1

𝑘𝐴𝐿𝐴𝑐𝑟𝑜𝑠𝑠

0,0165

+
1

𝑘𝑉𝑒𝑠𝐴𝑐𝑟𝑜𝑠𝑠

0,0065

=> 𝐺𝐿6100−8001 = 0,0088
𝑊

𝐾
  

The nodes which are selected for the center of the rollers are 8001 and 8002. These are connected to each other by 

means of the FRRS-bar which is made from Aluminum. The coupling between these nodes is straightforward and based 

on the distance between the two central rollers: 

𝐺𝐿8001−8002 =
𝑘𝐴𝐿𝐴𝑐𝑟𝑜𝑠𝑠−𝑏𝑎𝑟

𝐷𝑖𝑠𝑟𝑜𝑙𝑙𝑒𝑟𝑠

= 0,077
𝑊

𝐾
 

Node 8001 and 8002 are also considered for the average temperatures of the rollers. These nodes are hence also used 

for radiative and convective output of the FRRS. Node 8003 and 8004 are generated to simulate the outer rollers which 

are not directly connected to the tubing. Since the distance between the rollers on the outside is only half of the distance 

between 8001 and 8002, the coupling doubles. 

𝐺𝐿8001−8003 =
𝑘𝐴𝐿𝐴𝑐𝑟𝑜𝑠𝑠−𝑏𝑎𝑟

𝐷𝑖𝑠𝑟𝑜𝑙𝑙𝑒𝑟𝑠

2

= 0,15
𝑊

𝐾
 

Radiative couplings 

The nodes are exposed to the environment which results in radiative couplings. The areas which are considered per 

node are found by using SpaceClaim. Only the areas which have a relevant view factor with Space are considered. The 

areas which are on the inside of the rollers are therefore not considered as well as the surfaces of the rollers which are 

close-by and facing each other. The areas which are considered are a combination of the roller and a part of the bar:  

𝐴𝑒𝑥𝑝𝑜𝑠𝑒𝑑 = 𝐴𝑟𝑜𝑙𝑙−𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 + 𝐴𝑠𝑢𝑟𝑓−𝑏𝑎𝑟 

For the central rollers (8001, 8002) the exposed area is: 

𝐴𝑒𝑥𝑝𝑜𝑠𝑒𝑑−8001 = 0,014 𝑚2 

For the outer rollers (8003, 8004): 

𝐴𝑒𝑥𝑝𝑜𝑠𝑒𝑑−8003 = 0,0012𝑚2 

The radiative couplings (taking into account an emissivity of untreated Aluminum of 𝜀𝐴𝑙𝑢 = 0,3) are: 

𝐺𝑅8001−9000 = 0,0043
𝑊

𝐾
 

𝐺𝑅8003−9000 = 0,0037 𝑚2 

Convective couplings 

The exposed areas also result in convective couplings with space during the tests. Since the air can easily flow through 

the rollers, this area is also considered for the convective couplings. For the analysis, the heat transfer is assumed to 

be ℎ𝑐 = 5
𝑊

𝑚2𝐾
. The added areas sum up to: 

𝐴𝑒𝑥𝑝𝑜𝑠𝑒𝑑−8001 = 0,025𝑚2 

𝐴𝑒𝑥𝑝𝑜𝑠𝑒𝑑−8003 = 0,023𝑚2 
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The resulting convective couplings are: 

𝐺𝐿8001−9000 = 0,13
𝑊

𝐾
 

 

𝐺𝐿8003−9000 = 0,12 
𝑊

𝐾
 

The heat balance that occurs for different simulations within the FRRS nodes can be seen in the next table. 

Table 47: Heat balance in the FRRS 

The environment definitions were found earlier in Table 14. 

First order verification 

To make sure that the values which are found by the model are correct, a first order approximation is made with respect 

to the radiative and convective outputs. If we consider the full area of the FRRS, which adds up to 𝐴𝐹𝑅𝑅𝑆−𝑟𝑎𝑑 = 0,053 𝑚2 

and for convective area we find 𝐴𝐹𝑅𝑅𝑆−𝑟𝑎𝑑 = 0,096 𝑚2. Then we should obtain the values which are found in with the 

following equations. 

𝑄𝑟𝑎𝑑 = 𝜀𝜎𝐴𝑡𝑜𝑡(𝑇𝑎𝑣−𝑟𝑜𝑙𝑙𝑒𝑟𝑠
4 − 𝑇𝑒𝑛𝑣

4 ) 

𝑄𝑐𝑜𝑛𝑣 = ℎ𝑐−𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝐴𝑡𝑜𝑡(𝑇𝑎𝑣−𝑟𝑜𝑙𝑙𝑒𝑟𝑠 − 𝑇𝑒𝑛𝑣) 

Table 48: First order estimated heat output FRRS 

Comparing the first order values with the values which were obtained from the model, the differences are very little (in 

the order of 10−3) which verifies the outcome of the model. 

Table 49: Steady state temperatures in FRRS nodes 

The results are that the FRRS does not dissipate much heat in any of the simulations as a result of the isolative parts. 

If we would compare the conductive heat that flows in, with the amount of radiated heat that the FR-foil dissipates (100-

200W) it is only a small amount (>1%). Therefore, we can say that the FR-foil is well isolated from the FRRS.  

  

Environment Conductive (IN) 
(W) 

Radiative (OUT) 
(W) 

Convective (OUT) (W) Balance (W) 

Lab 0,07 0,01 0,06 0,0 

Lab(+fans) 0,07 0,00 0,06 0,0 

Vacuum 0,33 0,33 0,0 0,0 

Space 0,48 0,48 0,0 0,0 

Environment 𝑻𝒂𝒗−𝒓𝒐𝒍𝒍𝒆𝒓𝒔 (°C) Radiative heat total out 
(W) 

Convective heat total out (W) 

Lab 20,10 0,01 0,06 

Lab(+fans) 20,03 0,0029 0,06 

Vacuum -68,46 0,33 0 

Space -121 0,48 0 

Environment 8003 (°C) 8001 (°C) 6100 (°C) 610 (°C) 664 (°C) 6640 (°C) 8002 (°C) 8004 (°C) 

Lab 20,08 20,15 24,04 33,5 36,48 24,03 20,15 20,08 

Lab(+fans) 20,01 20,05 23,77 32,83 32,78 23,75 20,05 20,01 

Vacuum -68,7 -67,22 -49,67 -4,46 -4,49 -49,68 -68,22 -68,70 

Space -121,3 -120,6 -93,3 -26,6 -26,6 -93,3 -120,6 -121,3 
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Appendix F: DRAMA results 

Spherical object, 𝐴𝑐𝑟𝑜𝑠𝑠 = 0,05 𝑚2, 1 week in GEO: 

 

Randomly tumbling rectangular plat, 𝐴𝑐𝑟𝑜𝑠𝑠 = 0,05 𝑚2, 1 week in GEO: 

 

 



101 
 

Spherical object, 𝐴𝑐𝑟𝑜𝑠𝑠 = 0,05 𝑚2, 1 month in GEO: 

 

Randomly tumbling rectangular plate, 𝐴𝑐𝑟𝑜𝑠𝑠 = 0,05 𝑚2, 1 month in GEO: 
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Sphere, 𝐴𝑐𝑟𝑜𝑠𝑠 = 0,05 𝑚2, 1 year in GEO: 

 

Randomly tumbling rectangular plate, 𝐴𝑐𝑟𝑜𝑠𝑠 = 0,05 𝑚2, 1 year in GEO: 
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Appendix G: Test planning 

FR test sequence 

Test pump run
Test heater run @ 

25 °C Stst
Visual functional check 

and thermocouple check

Start 1st thermal balance tests 3 
steady states in both upright and 

lying position of the FR

5 okt:
- 30 deg standing 
(data not saved)

6 okt:
- 30 deg standing 
- 45 deg standing

-30 deg lying
- 45 deg lying
- 60 deg lying

Visual check and flow 
measured, corrosion 
observed within PA 

dummy

Flow measured 
and improved

5 okt:
- 45 deg standing
- 60 deg standing

End first test 
sequence and 

remove fluid by 
means of 

pressurized air

Start 2nd thermal 
balance test 3 

steady states, 2 FR 
positions

10 okt:
- 30 deg standing
- 45 deg standing
- 60 deg standing

Flow measured 
and visual 

system check

Install demi 
water, remove 
corrosion from 

parts

Flow measured

11 okt:
- 30 deg lying
- 45 deg lying
- 60 deg lying

End first test 
sequence and 

remove fluid by 
means of 

pressurized air

Start deployment 
Setup for 

deployment test 
1

9 okt:
- 1st Deployment failed
- 2nd deployment failed

Install crane for 
air bearing tube

9 okt:
3rd deployment 

succeeds
End deployment 

Setup for deployment 
test 2

Start deployment 
tests

6 complete 
deployments 

12-14 okt:
Various deployments 

with various pressures, 
all deployed completely 
with >1bar overpressure 

Setup for bend 
test

Start 3rd thermal balance 
tests 2 steady states in 
both upright and lying 

position of the FR

23 okt:
- 45 deg lying
- 60 deg lying

Visual check: 
No leaks

Flow measured 
23 okt:

- 45 deg standing
- 60 deg standing

End test
Remove fluid with 

air
Flow measured 

Install FR and PA 
dummy system

Leak observed, tube 
puncture, repaired 

and procedure 
described

Start bending test

15 okt:
Bending tests

With 0,074 N end load:
0,5, 1, 1,5 2 bar 

overpressure
Thick Nylon thread 

16 okt:
Bending tests

With 0,07 N end load:
0,5, 1, 1,5 2 bar 

overpressure
Dyneema thread

End bending tests

13 Nov:
Single 

deployment test 
to verify leak 

tightness 
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RS test sequence 
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Appendix H: FR thermal test data 

FR thermal test data 

Test # and 
position 

Date 
(d,m) 

Root 
(°C) 

Tin 
(°C) 

Tout 
(°C) 

Mass flow 
(kg/s) 

dT in-
out (K) 

Power diss 
(W) 

dT (K) Time (s) 

Test 1 Stand 6-10 30 30,3 30 0,008 ± 0,001 0,3 10,0 ± 8,8  0,2 2000 

Test 1 Lying 6-10 30 29,6 29,2 0,008 ± 0,001 0,4 13,4 ± 8,8  0,2 3000 

Test 2 Stand 10-10 30 30,1 29,5 0,008 ± 0,001 0,6 20,1 ± 4,4  0,1 1000 

Test 2 Lying 11-10 30 30,1 29,6 0,008 ± 0,001 0,5 16,7 ± 8,8  0,2 3000 

Test 1a Stand  5-10 45 44,8 43,6 0,008 ± 0,001 1,2 40,1 ± 8,8  0,2 600 

Test 1b Stand 6-10 45 44,4 43,5 0,008 ± 0,001 0,9 30,1 ± 8,8  0,2 200 

Test 1 Lying 6-10 45 44,9 44,4 0,008 ± 0,001 0,5 16,7 ± 17,6  0,4 1000 

Test 2 Stand 10-10 45 44,2 42,7 0,008 ± 0,001 1,5 50,2 ± 8,8  0,2 1500 

Test 2 Lying 11-10 45 44,9 43,7 0,008 ± 0,001 1,2 40,1 ± 13,2  0,3 2000 

Test 3 Stand 23-10 45 44,9 42,7 0,008 ± 0,001 2,2 73,6 ± 13,2  0,3 1500 

Test 3 Lying 23-10 45 45,1 43,7 0,008 ± 0,001 1,4 46,8 ± 13,2  0,3 2000 

Test 1 Stand 5-10 60 59,8 58,1 0,008 ± 0,001 1,7 56,9 ± 17,6  0,4 2000 

Test 1 Lying 6-10 60 60,2 59,4 0,008 ± 0,001 0,8 26,8 ± 17,6  0,4 500 

Test 2 Stand 10-10 60 60,1 57,8 0,008 ± 0,001 2,3 76,9 ± 17,6  0,4 1500 

Test 2 Lying 11-10 60 60,3 58,6 0,008 ± 0,001 1,8 60,2 ± 22  0,5 2000 

Test 3 Stand 23-10 60 59,8 56,4 0,008 ± 0,001 3,4 113,8 ± 17,6  0,4 2000 

Test 3 Lying 23-10 60 59,8 57,3 0,008 ± 0,001 2,5 83,6 ± 17,6  0,4 2000 
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Appendix I: Sensitivity analysis, uncertainty parameters 

Uncertainty parameters 

Parameter Uncertainty 

Dimensions (m)  

- Thickness PGS ≤  10% 

- Thickness Kapton ≤  10% 

- Thickness adhesive ≤  10% 

- Thickness tube (measured) ≤  10% 

- Radius tube (measured) ≤ 5% 
- Tube interface contact coefficient ≤  12,5% 

Temperatures (°𝐶)  

- Root (measured) ≤  2,5% 

- Environment ≤  2,5% 

Flow (water)  

- Volume flow (𝑙/𝑚𝑖𝑛) (measured) ≤  10% 

- Conductivity (𝑊/𝑚𝐾) ≤  5% 

- Specific heat (𝐽/𝑘𝑔 𝐾) ≤  1% 

- Density (𝑘𝑔/𝑚3) ≤  1% 
- Kinematic viscosity ≤ 4% 
- Tube length (𝑚) ≤ 67% 

Optical  

- Emissivity FR (measured) ≤  2,5% 
- Emissivity environment ≤  6% 

Conductivity (𝑊/𝑚𝐾)  

- PGS – in plane (from measurement data) ≤  3,6% 
- PGS - out of plane ≤  15% 
- Kapton ≤  50% 
- Tube ≤  50% 
- Adhesive ≤  56% 

Natural convection  

- Heat transfer coefficient (W/m2K) ≤  20% 
 


