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Abstract 

The aim of this thesis is to investigate concepts and possibilities for cryogenic 

cooling systems within future superconducting all-electric thrust aircraft (AETA) 

electrical networks. The research comprises of a combination of qualitative and 

quantitative analysis, following the systems engineering process where possible. The 

thesis presents a modified version of the Rolls-Royce systems engineering process 

suitable for early stage conceptual design that was used to enable decision-making 

analysis of conceptual cryogenic systems. The research has led to a robust choice of 

cryocooler, a toolset capable of design space analysis, and determination of where 

future research efforts should be concentrated for eventual successful 

implementation.  

The thesis begins by gathering information from literature about the various topics of 

expertise in this project, and then taking a systems engineering approach to design 

using the Rolls-Royce process as a guide. The most likely concept for cryocooling 

was identified through qualitative analysis as the reverse-Brayton cycle through 

function means analysis. A set of numerical models for superconducting machines 

and cables were developed to examine the interrelationships that exist within a basic 

superconducting electrical network. Two cryocooler models were generated; a 

single-stage and a two-stage reverse-Brayton cryocooler.  

It was found that the single stage option could only be used for the MgB2 liquid 

hydrogen-cooled concept. The two-stage design was deemed feasible for the MgB2 

liquid methane-cooled concept and for the BSCCO liquid methane and air cooled 

concepts. Furthermore, it was found that after overall temperature configuration, the 

compressor and turbine polytropic efficiencies were the most critical technologies to 

develop.  

The key contributions to knowledge include a set of design assessment tools that 

can rapidly assess the feasibility of high-level cryocooler concepts. The development 

of the world’s first fully superconducting and cryogenic support system models that 

can be used to determine future research direction are also a key contributions. The 

key industrial benefit to the sponsor, Rolls-Royce plc, is a clear indication of which 

concepts are feasible for cryogenic cooling systems, along with a toolset that 
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advances the companies capability in this research area. This will prove valuable in 

proposed future projects, most crucially as distributed propulsion technology matures 

and the need for superconducting components grows. Furthermore, identification of 

the compressor and turbine as the most critical technologies to develop highlights 

that Rolls-Royce’s expertise could be used to commercial advantage if high-power 

cryogenics are ever required.  

Keywords: Distributed Propulsion, Cryogenics, Superconductors, Systems 

Engineering 
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Chapter 1.   Introduction  

1.1.  Project Motivation and Background 

The work described in this research thesis was carried out as part of a Rolls-Royce 

Industrial sponsor project involving a full-time placement at Rolls-Royce’s Strategic 

Research Centre within their Electrical Systems and Measurement team. The work 

focusses on providing strategic system design to their aerospace sector.    

Aviation is expected to grow at 4.7% per year (ATI, 2013). This growth is highly 

dependent on the control of operating costs. Two key factors in controlling this 

operating cost include fuel cost and future stringent emissions targets in order to 

minimise the impact of the growth (ACARE, 2011). It is perceived in the industry that 

current aircraft traditional tube-and-wing, turbofan-driven configurations, having been 

developed for more than 60 years, are beginning to see limited opportunities to 

achieve the step-change benefits required to achieve the latest targets. Rolls-Royce, 

in collaboration with airframers, is investigating future potential new aircraft with 

integrated propulsion systems in order to address these concerns.  These new 

concepts involve the integration of new aircraft configurations and novel propulsion 

systems necessitating a new collaborative systems design engineering approach 

between airframers and propulsion system providers. Both the US and European 

aerospace sector are focussing on a more-electric solutions, involving the use of 

superconducting electrical technologies with their associated cryocooling systems. 

This work describes the method and delivery of design concepts in cryocooler 

solutions to support this collaborative work.    
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Figure 1-1 - ‘S’ Curve graph of aircraft engine development (Parker, 2013) 

Figure 1-1 shows an ‘S-curve’ representation of the historical manner in which new 

aircraft revolutionary propulsion technology has been adopted. Typically a new 

propulsion method is discovered long before it begins to make financial sense; 

hence development initially is slow and costly. Early jet engines were conceived 

during the 1930’s through efforts led by the UK and Germany, however realisation of 

practicable use was not realised until over a decade later (Rolls-Royce, 1986). The 

current gas-turbine solution employs Brayton turbofan technology which has been 

around for almost 50 years. Given this development period it is now perceived that 

ongoing development is now becoming more costly and delivering diminishing 

returns. The aviation industry is approaching the point on the S-curve whereby new 

methods of propulsion are being considered. This need is further compounded with 

air traffic set to double between 2010 and 2025 and with fuel supplies worldwide 

dwindling in availability (ACARE, 2011), there is an ever-increasing urgency with 

which these new technologies must be developed if aviation is to be environmentally 

sustainable. 

Airframe designers and engine manufacturers are now working within their strategic 

centres to address these challenges through collaborative working relationships. 

Integration between airframe and propulsion systems such that overall benefits can 

be achieved is driving innovation, rather than the modular evolutionary improvement 
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methodology used at present. Systems engineering methods can highlight which 

systems aboard aircraft are closely linked with others, such that overall efficiency 

gains can be made where previously no known link existed. By investigating links 

between various systems, relationships can be established between incremental 

improvements of a modular nature, combining them to assess the overall benefits of 

a given system configuration. Systems engineering provides a clear, repeatable, 

reliable methodology of assessing complex problems such as the one presented in 

this thesis. 

 

Figure 1-2 - NASA’s N3-X Blended Wing Body (BWB) airframe concept (Armstrong 

et al, 2012) 

For example, Blended wing body (BWB) airframes, shown in Figure 1-2, is one 

collaborative option considered as a major leap forward in terms of aerodynamics 

and integrated systems by industry leaders, with NASA, Airbus, and Boeing all 

beginning to investigate this promising airframe configuration. The primary benefits 

associated with BWB aircraft are perceived as: 

 Reduction or elimination of parasitic drag on the fuselage and wing roots 

 Increase in the lift-to-drag ratio  

 Larger storage space within the aircraft for additional payload and systems 

 Lower overall empty weight due to reduction in required wing box 

reinforcements 

 Integrated propulsion systems 
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New propulsion configurations are also being considered as part of the integration of 

systems, to allow many previously undiscovered advantages to take place. With the 

current Brayton cycle the key efficiency challenges are thermal and propulsive 

efficiency.  Thermal efficiency is approaching its theoretical maximum and would 

require new materials to deliver any reasonable levels of improvement.  The main 

focus, in terms of efficiency improvement, focusses on propulsive efficiency that is 

largely achieved by increasing the bypass ratio. However, fan sizes are reaching 

practical limits imposed by the configuration of the aircraft. Traditional engine 

placements on pylons below the wing mean that the wing-to-ground clearance 

becomes a critical consideration when trying to increase the fan size (Gohardani, 

Doulgeris, and Singh, 2011). Fan blade material technology is also becoming a key 

area of research due to ever larger fan size requirements, pushing the limits of what 

is physically possible with current titanium and composite designs. Despite 

considerable development efforts in these areas, designers are seeking to explore 

other ways of increasing the bypass ratio. One of the most promising concepts for 

increasing the engine bypass ratio is to use distributed propulsion, whereby one gas 

turbine drives multiple fans or propellers leading to an increased swept area.  

 

Figure 1-3 – Distributed propulsion schematic 

Distributed propulsion (Figure 1-3) is not a new concept; many previous designers 

have highlighted this as a way of increasing the efficiency of aircraft (Kim, 2011). 

Present day iterations however are looking at ducted fan distributed propulsion 

placed at aerodynamically strategic locations around the airframe, where additional 
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benefits such as wake re-energising and boundary layer ingestion (BLI) can be 

realised (Figure 1-4).  

 

Figure 1-4 – Boundary layer ingestion (BLI) schematic 

While there are different methods of distributing propulsion, including mechanical 

and pneumatic, to coincide with developments in more electric transportation (cars, 

trains and ships), electrically distributed propulsion is being considered in detail due 

to a number of perceived advantages. The advantages include: 

 Freedom of propulsor placement 

 High energy transmission efficiency 

 Ability to separate thermal and propulsive efficiencies for the propulsion 

system 

 Greater control  

 Potential to utilise technologies being developed in the other transportation 

applications 

The key caveat to using electrically distributed propulsion however is that to achieve 

favourable power densities that enable overall benefit over present day technology, 

machines and networks may have to utilise superconductivity.  

Superconductivity is the phenomena exhibited by certain materials of the ability to 

carry current in DC with zero electrical resistance. Extremely high power densities 

can be achieved through use of superconducting components (Figure 1-5), with even 

very small conductors able to transport large currents with very little loss. 

Superconductivity is used in many industries ranging from MRI scanning to particle 
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acceleration and fusion research, mostly due to their ability to sustain high magnetic 

fields. Superconducting components for machines such as rotors have been 

developed in the past (Gamble et al, 2011), however to-date there are no fully 

superconducting electrical machines or comparable networks that exist. Therefore 

there are numerous electrical challenges that need addressing before any benefits 

can be accurately predicted. Superconductivity however is not without its own 

caveats; superconducting materials that currently exist require extremely low 

temperature environments in order to function normally, typically in the cryogenic 

temperature range (Ekin, 2006).  

 

Figure 1-5 – Copper and superconducting cable examples, both with a 12,500 A 

current rating (CERN, 2015) 

Cryogenic cooling systems are widespread throughout numerous industries. It is 

however when applying cryogenic cooling to aerospace problems that the commonly 

associated issues with cryogenics of weight and efficiency adds significant 

complexity to any study. Coupled with the high power requirements, the cryogenic 

cooling system required at present day technology performance will add significant 

weight to any superconducting propulsion concept, offsetting benefits gained through 

their use. This project aim is to formulate a design process for high-power aerospace 

cryogenic systems, through taking the systems engineering approach, identifying the 

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://home.web.cern.ch/about/engineering/powering-cern&ei=UHfLVL2EJ8i6Udr9gdgG&bvm=bv.84607526,d.d24&psig=AFQjCNF7VvPLKm8gdEYcZbffQz5ydcFsAg&ust=1422706864191919
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optimum choice of thermodynamic cycle and configuration based on a combination 

of qualitative and quantitative research methods. 

1.2.  Problem Definition 

Part of successfully performing research of such a conceptual nature is to accurately 

define the problem. The best way to do this is to explore the challenges implying the 

complexity in the system, identifying areas that require significant improvement and 

assessing whether those areas can be suitably addressed within the bounds of this 

project.  

Cryogenics is a well-established and understood field of science; however the 

application of cryogenics to the specific problem of high power superconducting 

networks is new. Superconducting machines are still only in their infancy in terms of 

practical use with some partially superconducting machines already in development 

(Masson and Luongo, 2005). At the time of writing however there has never been a 

fully superconducting machine demonstrated in practical form. This statement is 

particularly relevant when considering the cryogenic cooling system, because it 

means that the magnitude of thermal losses in any future superconducting network is 

not fully understood. In addition, cryogenic cooling requires a large amount of input 

power. This cannot be circumvented; the coefficient of performance of a cryogenic 

cooling system is given by: 

𝐶𝑂𝑃 =  
𝑇𝑐

𝑇ℎ−𝑇𝑐
                                                   (1) 

Where the hot (𝑇ℎ) and cold (𝑇𝑐) temperatures are the desired cooling point and 

rejection temperatures in Kelvin respectively. When considering that the COP is the 

ideal performance, as the cold temperature approaches 0 K, the COP dramatically 

decreases; hence cryogenic cooling systems are inherently inefficient as the desired 

temperature reduces. Typical actual efficiencies when cooling to 4 K from 300 K 

rejection are below 1%, with a maximum theoretical efficiency of only 1.3% given by 

equation (1) at these temperatures. When considering the coefficient of performance 

for a cryocooler (COP), the low temperatures necessary for superconductivity mean 

that considerably more power than is absorbed in the cryostat must be put in to the 

system. When fixing the rejection temperature and cold power in a cryogenic system, 

the required input power with respect to temperature follows a rough inverse-square 
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curve as given in equation (1). This non-linear relationship begins to describe how 

small changes within the cryogenic system input parameters could potentially have 

significant impacts on key output parameters, in this case the required input power 

and mass of the system. There will be a number of design trade-offs within the study 

also, meaning that there is likely to be an optimum scenario for any given concept or 

set of parameters.  

The first major design trade-off challenge arises out of the previous optimum 

scenario statement when considering the performance of superconductors. A 

superconducting materials’ current-carrying capability depends on three parameters; 

current density, magnetic field density, and temperature. For example if the 

temperature for a given superconductor is lowered, the current density and magnetic 

density parameters improve leading to improved electrical system performance. 

Decreasing the temperature however means that the cryogenic cooling system will 

have to work exponentially harder as described by equation (1).  This effect can be 

observed in N3-X study where the potential cryogenic plant weight is between 25-

34% of the total propulsion system weight depending on whether Bismuth Strontium 

Calcium Copper Oxide (BSCCO) or Magnesium Diboride (MgB2) superconducting 

materials are used respectively (Brown, 2011).  From a design perspective this 

means that the performance of the superconducting network will vary inversely to the 

performance of the cryogenic system.  This presents the opportunity for an optimum 

design between the superconducting network and cryogenic system, whereby the 

design is determined effectively by the temperature input parameters.  

The second major trade-off between the systems is the weight, whereby a larger 

superconducting network will result in a larger cryogenic system by definition, 

therefore requiring more fuel over any given mission. However, the efficiency of both 

the superconducting network and the cryogenic system is proportional to the size; 

hence the additional fuel required for the additional equipment may be offset by the 

efficiency gains made by increasing the network size. Currently it is unknown how 

much superconducting machines efficiency may increase with size, however 

cryogenic systems are better understood. Larger machines are more efficient than 

smaller machines in conventional electrical networks, and larger cryogenic systems 

result in an overall better efficiency. The key to understanding this will be to 

determine whether the increase in efficiency in fuel burn terms surpasses the 
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additional fuel burn required for the heavier system. This will lead to one of two key 

outcomes; the system will either benefit from being larger or smaller overall in terms 

of propulsive power. This trade-off will heavily affect future concept configurations, 

as a key question to be answered will be whether to use the electrical system as a 

support to the turbofan or as the primary source of propulsion.  

There are also trade-offs that exist within the cryogenic cooling system itself. Of 

particular significance is the trade-off between different rejection temperatures. Since 

the system is likely to have losses in the kilowatt to sub-megawatt range, the 

medium through which heat is dispersed is crucial to success. An example of this 

could be the trade-off to using liquid open-loop heat sinks, or gaseous open-loop 

heat sinks. There are advantages and qualities that are present in both, however for 

any given concept, this could change. This further illustrates the need to understand 

the system and to have an adaptive model that can be applied in each scenario to 

understand the impact certain design choices will make. Furthermore, there are 

many different methods of achieving cryogenic temperatures. The options must be 

assessed according to their most critical parameters and qualities, leading to the 

more complex challenge of requirements. The systems engineering process was 

followed in order to understand the system in greater detail. 

Given the complexity of the system, the problem can thus be defined as follows: 

 The superconducting network is as of yet unknown; therefore the likely size 

and power of the cryogenic system is a resultant compound unknown. This 

lack of knowledge must be mitigated using expert opinion and qualitative 

analysis backed up by numerical modelling of the known aspects. The 

validation steps taken must be rigorous and numerous to ensure information 

is not missing or misunderstood.  

 The cryogenic cooling system is unknown; the system relies upon knowing 

the requirements, hence requirements must be accurately captured and 

complete. A complete set of requirements from all involved stakeholders 

should ensure that any design process is valid, with a clear and repeatable 

process followed.  

 Design options for the cryogenic cooling system are known, but in terms of 

suitability are unknown; each concept for cooling must be assessed in terms 



10 
 

of their overall suitability to the system, therefore a database of ideas must be 

generated in order to understand which options are available and which 

options are unfeasible when considering the problem from an aerospace 

design perspective.  

 Rapid iteration design capability does not yet exist; numerical modelling must 

provide the capability to assess different parameters and aircraft 

configurations in terms of impact on the overall aircraft system, its weight, and 

its overall viability when considering the aircraft constraints such as available 

power.  

 The critical components within the cryogenic cooling system are not yet 

known; numerical modelling again will also play a key role in determining this, 

however before this can be completed, a concept must be selected. Different 

concepts are modelled fundamentally differently; hence a baseline concept 

idea must be outlined before this can take place.  

Each of these challenges is addressed to varying degrees throughout this project in 

order to gain a meaningful understanding of how the cryogenic cooling system 

concept must perform and how it must interact with the supported systems and 

aircraft. At the end of each chapter in this project, a brief discussion will refer back to 

these challenges, and will examine whether part or all of any of these have been met 

and to what extent. The final conclusion will also refer back to this section to assess 

whether or not these challenges still exist. If they do exist, how can they be 

answered in the future work, and if not, then speculation is offered as to what other 

challenges have been uncovered during the course of the project.  

1.3.  Research Aim and Objectives 

The overall aim of this project is: 

 “To investigate concepts and possibilities for cooling systems within future all-

electric thrust aircraft (AETA) systems” 

The five key objectives within the research are as follows: 

 Capture and structure knowledge on current cryogenic cooling systems and 

evaluate standard industry practice. 
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 Establish requirements for the design of the AETA electrical systems and the 

cooling subsystem. 

 Identify the functions to be satisfied by the AETA cooling systems and 

represent relationships among the different subsystems of the AETA systems 

that are directly linked to the cooling system. 

 Generate options regarding the cryogenic cooling system and assess and 

validate them through the use of models. 

 Consider future technology enablers and how they may impact the models 

and outcomes of the project. 

1.4.   Research Scope 

The scope of this project must ensure that adequate coverage of the objectives is 

ensured without being too broad or narrow. Limitation is crucial with such a 

multidisciplinary project because of the high tendency to follow a tangential route 

when looking at different technologies. The limited availability of knowledge, 

particularly regarding superconducting components, means temptation to explore 

these areas is high. The scope however must limit the field of research to suit the 

objectives and overall aim such that realistic goals that still challenge the researcher 

and push the boundaries of scientific knowledge are realised. 

It is easier in this case to define what is out of scope for the research. Within the 

scope is a multidisciplinary investigation into the system level intricacies of a 

complex conceptual aircraft propulsion system. However, by defining accurately 

what is out of scope, the project is then not bound by the in-scope definition; rather it 

is constrained to what is off limits, allowing exploration of non-out-scope topics not 

covered by the more restrictive in-scope. 

The out of scope topics for this project are as follows, with a brief explanation given 

to what each statement entails: 

 Investigation into the aircraft types other than commercial 

This essentially means looking at other types of aircraft such as military, business 

jets, or unmanned systems is out of the project scope. The reasons for this are that 

each type of aircraft will have its own set of requirements, and thus the process 

during this project would have to be repeated in order to find the optimum system for 
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a given application. Since the process is not known it is best to develop the process 

for the most pressing application, which is commercial airliners, whether the purpose 

is for freight or passengers. Once the process is perfected and streamlined, it can 

then be applied to other concepts more rapidly, with models already in place to 

predict the possible benefits available for each type of aircraft. 

 Aircraft system design aspects outside of the cooling system and electrical 

network  

Systems such as the gas turbine used to drive the generators, the cabin 

environmental control system, or auxiliary power units, will be ignored in the study. 

The reason for this is that whilst there are likely to be synergies for exploitation, the 

overall aim of this project is essentially to understand firstly whether cryogenics for 

superconducting electrical propulsion can be light and efficient enough to provide an 

overall benefit, and secondly what that system would look like in terms of concept 

and configuration. Since the primary driver of both weight and efficiency will 

ultimately be the loss within the electrical system, the other aircraft level subsystems 

can be ignored at this stage as this project is looking at feasibility as the critical 

factor.  

 Aerodynamic design aspects  

Aerodynamic design is integral to the success of BWB, BLI, and potentially a myriad 

of other advantages so far not conceived, however these are complex issues that 

require detailed investigation. Aerodynamics forms the basis of other concurrent 

studies undertaken by other researchers/institutions; hence it will not be necessary 

to include them in this project. 

 The impact of using LH2 on systems outside of the cryogenic cooling system, 

although design impact and challenges to implementation are addressed 

Liquid hydrogen (LH2) is a favourable coolant due to its temperature, high latent and 

specific heat capacities, and energy content, which coupled with its flammability, 

make it an excellent fuel. LH2 will be discussed in part of this project purely for 

investigation on whether it could be used in conjunction with cryocoolers but detailed 

investigation into whether it can be used alone without cryocoolers is out of scope for 

this project. The reasons for this include super-system level considerations, such as 
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whether a hydrogen economy can be sustained and the practical challenges of 

storing hydrogen. These issues will be discussed briefly; however no further analysis 

will be given with respect to modelling hydrogen-specific systems.  

1.5.   Industrial Sponsor Overview: Rolls-Royce plc 

Rolls-Royce plc is an internationally renowned brand in power systems, most notably 

in the aero engine market. With a market share of 50% in wide-body aircraft engines, 

Rolls-Royce is a global leader in aviation propulsion (Rolls-Royce, 2016). A long and 

prestigious history precedes it; previous aircraft that flew using Rolls-Royce engines 

include the Spitfire, Lancaster, Concorde, Harrier Jump Jet, Boeing 747, and more. 

Many iconic aircraft have flown using Rolls-Royce engines, and as the current 

producer of the world’s most efficient aircraft engine (at the time of writing), the Trent 

XWB, its future is all but secured (Rolls-Royce, 2016). 

Rolls-Royce also produces a number of non-aviation power systems products. The 

UK nuclear deterrent fleet of submarines are all powered by the Rolls-Royce 

Pressure Water Reactor (PWR). The PWR 3 has also been selected to power the 

UK Trident replacement submarines, set to take over nuclear deterrent 

responsibilities when the current Vanguard-class fleet is retired. Rolls-Royce also 

produces both land and sea power systems, with the MT-30 engine, derived from the 

Trent aero engines, being one of the most successful ship power system products in 

Rolls-Royces history.  

Despite the strong position and global brand of Rolls-Royce, technology is ever 

changing. In order to maintain global dominance of the power system market, Rolls-

Royce must look to the future. This project shows that Rolls-Royce is willing to look 

into the distant future, where uncertainty is high and the technology is highly 

immature. Rolls-Royce has a history of doing so, and often it has paid dividends to 

do so. Rolls-Royce has always been ahead of the technology curve, and its aim with 

research projects such as this thesis is to continue the trend and to develop the skills 

and tools to compete in the hostile world of aviation.  



14 
 

1.6.   Thesis Structure 

The structure of this thesis will follow a loose chronological format whereby the 

chapters are arranged in the order the work was undertaken, with the objectives 

given priority in each chapter. 

Chapter 2 shows the structure of the thesis and the research methodology taken, 

with tables showing how each process is completed.  

Chapter 3 provides a comprehensive literature survey of all of the related and 

relevant subject areas within the project. The subject areas will be aircraft concepts, 

superconductivity, and cryogenics. Each subject will have sub-categories within each 

area, for example, aircraft concepts will include distributed propulsion, BWB aircraft, 

and BLI.  

Chapter 4 focuses on stakeholder identification and requirement capture. This 

chapter begins the project by finding out firstly who holds a major stake at this 

conceptual stage, what their individual requirements are, and then interviewing those 

stakeholders in order to find out which requirements they deem most important. The 

outcome of the chapter is a completed set of requirements, knowledge of who holds 

the largest stake in the project, and their views on which requirements overall should 

be given highest priority.  

Chapter 5 follows on from Chapter 4 by isolating the functional requirements of the 

cryogenic cooling system from the main set of requirements and completing these 

through functional modelling. The overall functional model is generated providing the 

systems with which it must interact, and then the internal cryogenic model is 

generated, showing how each input or output parameter is managed. The model is 

then tested for sensitivity once it is validated by experts, using three system 

engineering methods; sensitivity matrix, failure modes and effects analysis (FMEA), 

and the house of quality (HoQ). The outcome for chapter 4 is a greater 

understanding of the system and a qualitative assessment of which functions are 

most critical, along with identification of which events are more likely to adversely 

affect the cryogenic cooling system during operation. 

Chapter 6 presents a systems engineering optimisation proposal, with a detailed 

explanation of where the Rolls-Royce process breaks down and how optimisation 
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using numerical modelling can prevent the project from stagnation. Once the 

adapted process is defined, concepts are explored within the cryogenic cooling 

system options using function means analysis (FMA), where each way of achieving a 

function is listed and qualitatively assessed. This allows the selection of a few 

possibilities that appear feasible for future testing, and for the first parts of a 

cryogenic concept to be chosen. The first key design choices are made within this 

chapter.  

Chapter 7 is where the first numerical assessment takes place to better understand 

the superconducting electrical network. Close collaboration with experts and other 

researchers is used to develop the first known design tools of superconducting 

electrical machines, which are used to assess the likely magnitude of required 

cooling power for the cryogenic system. Models built within this chapter allow the 

project to begin quantitative assessment of concepts, providing the ability to rapidly 

iterate concepts by modifying the assumptions and parameters that are most likely to 

affect the system.  

Chapter 8 outlines the modelling process used for the cryogenic cooling system, 

once the parameters from chapter 6 are fully understood. By this chapter the overall 

cryogenic concept is chosen as the Reverse-Brayton cycle, and the modelling 

centres around two key concepts for this; single and two-stage designs. The chapter 

describes the models in detail, with the models allowing rapid iteration of certain 

aircraft-level design choice impacts.  

Chapter 9 presents the results of the modelling for chapters 7 and 8, culminating in a 

detailed design space understanding that highlights where the biggest design 

configuration gains can be made. The chapter also shows at which point individual 

concepts of design choices fail or succeed based on the numerical results, and 

considers the FMA results from chapter 6 to see if any of these concepts can 

realistically be achieved with present day technology. Critical components are able to 

be identified within this chapter, with the most critical for given parameters explained 

in detail. Finally within chapter 9 potential design mitigations are offered for concept 

optimisation, with some recommendations given in the discussion section as to how 

performance improvements could be made in the future.  
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Chapter 10 will present the conclusions and findings of the project, and provide 

detailed discussion of the strengths and weaknesses of the project in retrospect. The 

final conclusions on viability, feasibility, and commercial potential are discussed with 

respect to cryogenics, with a prediction outlined for the future based on these 

conclusions. Future work recommendations will also be provided, highlighting based 

on the results of the thesis where future efforts should be concentrated. 

The references section will show sources used, and the appendix will include any 

incidental information on the models used and the data generated, principally expert 

questionnaires and model assumptions not used in the main text but deemed 

relevant nonetheless. 
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Chapter 2. Literature Review 

2.1.  Introduction  

Cryogenic cooling systems for superconducting electrical aerospace propulsion 

networks are at the very first concept stage in terms of development. This means 

that at the time of writing this thesis, there are no specifically targeted previous 

papers on the issue of cryogenics for this application. Therefore in order to have a 

thorough survey of technology that could be relevant to the project, it is necessary to 

outline the areas of technological interest. Given the complexity of this project and 

the many facets of knowledge that will have to be incorporated, the literature search 

is not straightforward. While it is necessary to cover all topics associated with this 

project, it is also necessary to limit the reach of the literature review to avoid out-

scope study. The first task is to identify the literature review scope, which includes all 

of the topics and sub-topics to be analysed. As the project evolved with time, certain 

subject areas were deemed moot whilst others were introduced. This continuous 

evolution of the knowledge areas required further highlights the projects complexity, 

particularly concerning the cryogenics aspects of the project.  

 

Figure 2-1 – Literature review topic scope including major sub-topics (Acronyms 
described in list of acronyms) 
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Figure 2-1 shows the relationships and categories of the topics covered within the 

literature review however the structure of the search is not represented. Since the 

complexity of this project is high, it is necessary to develop a strategy for knowledge 

capture in order to understand better the knowledge areas that must be covered.  

 

Figure 2-2 – Literature review strategy shown in order of capture 

Figure 2-2 shows the methodological order in which topics were researched, starting 

with the super-system (aircraft), supported system (electrical and superconductor), 

and finally the cryogenic cooling system. The rationale behind capturing knowledge 

in these areas in this order largely stems from the understanding of each system. 

Since the cryogenic cooling system is a support system to the superconducting 

electrical network, which in turn is a support system for the aircraft, each system 

must be understood before the design process can begin. Conversely, the number of 

topics and associated depth of knowledge increases as each key topic progresses, 

leading to the conical structure shown in Figure 2-2. For each literature review 
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section, the topics will be covered briefly with the relevance to the project discussed. 

Some topics shown in Figure 2-2 are not presented during this section. Reasons for 

exclusion include low relevance, technological crossovers or technological 

similarities to already covered topics, and basic knowledge that is not the state-of-

the-art in terms of knowledge capture. Some areas of knowledge shown in Figure 2-

2 are covered during latter stages of the project, particularly Chapter 6 where 

concepts are qualitatively eliminated. As previously stated, to keep the literature 

review at a sensible length, some topics are omitted until they are required, where 

they are described at a later date.  
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2.2.  Aircraft 

The aircraft that utilise distributed propulsion are varied from traditional tube-and-

wing configurations to more novel BWB airframes. This section presents a brief 

summary of the known concepts that are being considered. Aircraft are necessary to 

consider for this project because of the implications surrounding the configuration of 

aircraft affecting the cryogenic system design, such as type of fuel used and 

assumed power levels of the superconducting system.  

 

Figure 2-3 – NASA’s N3-X BWB concept electrical schematic showing propulsion 

system configuration (Armstrong et al, 2012) 

The first such notable concept is the N3-X, a BWB airframe design using turbo-

electrically driven BLI distributed propulsion (Felder et al, 2011). The N3-X concept 

in summary includes two wing-tip mounted gas turbines that drive four 
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superconducting generators, which drive fourteen superconducting ducted-fan motor 

propulsors mounted on the trailing edge of the body (Figure 2-3). From an electrical 

perspective, the N3-X project is investigating two types of superconducting material 

that require different cooling conditions to function. The first is Magnesium Diboride 

(MgB2), superconductor with a critical temperature (𝑇𝑐) of 39 K (Nagamatsu et al, 

2001). The second is Bismuth Strontium Calcium Copper Oxide (BSCCO), which 

describes a family of superconductors. The type of BSCCO that is assumed for the 

N3-X project has a 𝑇𝑐 of 110 K (Ekin, 2006). The aircraft assumes a fully 

superconducting network with a total installed maximum propulsion power rating of 

approximately 80 MW (Felder et al, 2011).  Predicted generator-to-propulsor losses 

for the N3-X are as low as 0.03% for the concept with fully-superconducting electrical 

machines and DC distribution. With these improvements the estimated reduction in 

fuel burn for the concept is 72% for the LH2 cooled MgB2 version and 70% for the 

BSCCO version when compared to the baseline aircraft, a Boeing 777-200LR 

(Felder et al, 2011).  

Use of a cryocooler for the N3-X is restricted to the BSCCO concept, due to the 

exponential rise in required cryocooling power as temperature decreases. The 

primary assumption behind this is that the cryocooler will exchange heat with the 

ambient air, using air flow as the heat sink in order to remove loss inside the 

cryostat. Both of these types of superconducting material will be discussed in terms 

of suitability in more detail during this literature review. 

NASA’s N3-X is the only study at present that incorporates the novel BWB airframe 

design, BLI, and the distributed propulsion concept. Boeing have also looked at BWB 

designs for their aircraft, however as of yet they are not incorporating distributed 

propulsion or BLI within the same design. The Boeing X-48 series of testing aircraft 

has undergone three iterations, the X-48, X-48B, and the X-48C (Croft, 2010), 

working with Cranfield Aerospace based at Cranfield University.  

The original X-48 was intended to be a small-scale testing model in order to assess 

the aerodynamic performance of the BWB shape. The propulsion configuration was 

three small turbojet engines on the top leading edge of the body. The similar X-48B 

was slightly larger, with a slightly different aerodynamic shape, intended to assess 
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the performance of the aircraft during stable flight and for ground mission profile 

phases (Figure 2-4).  

 

Figure 2-4 – Boeing and Cranfield Aerospace’s X-48B test aircraft (NASA, 2010) 

The X-48C was originally planned to be much larger, however testing on the 

modified X-48B was deemed sufficient. This has led to further studies between 

NASA and Boeing on BWB designs, assuming the incorporation of ideas from the 

N3-X concept and X-48 programs (NASA, 2010). Since this aircraft is not assuming 

electrical propulsion configurations, the X-48 aircraft is provided as reference only, 

serving to highlight the fact that both competing major airframe manufacturers 

(Airbus and Boeing) are considering radical airframe designs. 

Airbus is working closely with Rolls-Royce and Cranfield University on the Innovate 

UK (formerly the Technology Strategy Board) funded project DEAP (Distributed 

Electrical Aerospace Propulsion) (Wright et al, 2015). The concept began in 2012 

with the primary aim to investigate the feasibility of using electrically driven 

propulsion for commercial aviation. The key difference between the NASA N3-X 

study and DEAP is the airframe; DEAP assumes a more traditional tube-and-wing 

configuration. The reason for this decision to use tube-and-wing for the study is to 

assess a like-for-like propulsion system comparison, such that the real benefits can 

be assessed without over-complicating the design. Should a benefit over the 

baseline comparison be realised, the technological area providing the benefit can be 

much more easily identified. There is a caveat however; BWB or other novel types of 

airframe could produce a compound benefit when the purported benefits of BLI are 
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included, hence the result from the DEAP study may not be the optimum solution 

overall. DEAP is critical to understanding of the capacity of electrical propulsion to 

produce benefits over traditional turbofan technology through design space mapping 

and concept feasibility studies.  

 

Figure 2-5 – DEAP concept schematic overview showing location of the BLI intake 

(note the number of fans shown is not representative of the likely true number) 

(Wright et al, 2015) 

The general propulsion configuration of the DEAP aircraft is to use BLI on the rear 

fuselage instead of over the wings to reduce parasitic drag (Figure 2-5), with two 

conventional turbofans supplying a portion of the thrust. The portion of thrust 

supplied by the turbofan or electrical system is another variable. As of yet there is no 

fixed number of generators or motors, as this is another variable that is being 

investigated by the study. By placing the electric fans on the fuselage, the fuselage 

drag profile can be reduced, making the overall drag profile of the aircraft smaller. 

This potentially yields benefits from making the overall propulsion system smaller, to 

allowing better cruise propulsion system operation point optimisation. The DEAP 

aircraft is the baseline example to which the models for this project are created for 

and are tested against. The key system-level assumptions that affect the cryogenic 

cooling system are: 
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 Use of fully superconducting network, despite no fixed configuration 

 Use of MgB2 as the default superconductor 

 Minimum redundancy level within the cryogenic system of at least 2 

Further assumptions are needed for numerical analysis of both the superconducting 

and cryogenic cooling systems, and are explained during Chapters 7 and 8.  

2.3.   Superconductors 

Superconductivity is a property of certain elements and compounds whereby 

electrical resistance suddenly drops to zero at a specific temperature. The 

temperature at which each respective material or compound exhibits this 

phenomenon is called the critical temperature, 𝑇𝑐. The strange quantum effect was 

discovered in 1911 by Heike Kamerlingh Onnes, a Dutch physicist, by cooling 

mercury down to 4.2K (Shi, 1995). Superconductivity has many strange properties 

regarding magnetism and conductivity, which make them useful for certain 

applications in the fields of medicine, transportation, power transmission, and 

electronics.  

 

Figure 2-6 – Examples of equal current carrying capacity cables; conventional in the 

background, with superconducting in the foreground (CERN, 2006) 

Figure 2-6 shows the equivalent current carrying capacity of two types of 

transmission cable, the smaller type is the same type of superconducting tape used 

in the Large Hadron Collider (LHC) at CERN Laboratories in Switzerland. The 
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notable size difference illustrates the huge potential superconductors have regarding 

power density for components such as generators and motors.  

 

Figure 2-7 – Meissner effect on a superconducting sphere; left,𝑇 >  𝑇𝑐; right, 𝑇 <  𝑇𝑐 

In 1933, Walther Meissner and Robert Ochsenfeld discovered what is known as the 

‘Meissner Effect’ whereby as a superconductors temperature reaches its 

respective 𝑇𝑐, any magnetic field applied to the material is expelled (Figure 2-7). 

When a superconductor reaches its 𝑇𝑐, an electric current begins to autonomously 

circulate within the material creating its own electric field that opposes any induced 

field outside of the material. This works to effectively repel magnetic fields applied to 

it, making the material simply levitate above the conventional magnet (Meissner and 

Ochsenfeld, 1933).  

This effect was characterized by images of levitating cylinders of superconducting 

materials. The effect also states that by effectively parting the magnetic flux lines 

(Figure 2-7), it is able to hold its position above a magnet in both the vertical axis (y) 

and the x-z plane. A good analogy to use with this effect is to imagine a 

superconducting maglev train model, and to position it above a magnetic track. Due 

to a superconductors’ ability to hold its position within flux lines, the model, when 

given forward momentum, will cruise around the track at the same height above it, 

and will not lean to the side or fall off of the track at the corners (Figure 2-8). The 

effect will allow you to alter the height of the model physically, the position of which 

will then remain fixed until disturbed once more, or the temperature of the 

superconducting material rises above its 𝑇𝑐. 

Since the first discovery of superconductors, progress has been made in establishing 

which materials exhibit this property. Advances in materials science and crystal 

structure analysis have meant that there are now many types of practical and 
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theoretically predicted superconductors. The reason for ongoing research is to 

ultimately reach a point where superconductors can operate with a  𝑇𝑐 at or above 

that of room temperature, effectively eliminating the need for cryogenic cooling 

systems. The discovery of a material or compound with these properties has yet to 

be made, however many superconductors have been discovered with varying critical 

temperature values. 

 

Figure 2-8 – Meissner effect of a HTS material (Warwick, 2000) 

Superconductors currently fall into four main overlapping categories, low 

temperature superconductors (LTS), high temperature superconductors (HTS), and 

Type I and Type II superconductors. The definition of a HTS material is given to be a 

material where 𝑇𝑐 > 30K (Shi, 1995). These HTS materials are an important 

discovery, as their cooling power requirements will be significantly less than LTS 

materials. Type I and Type II superconductors are defined by their magnetic 

properties, whereby Type I materials completely eject any outside magnetic field, 

and Type II have a magnetic penetration depth or London penetration depth, 𝜆𝐿 

(London and London, 1934). Type II superconductors are largely HTS however there 

are a few LTS examples. Type II superconductors are essential within aerospace 

applications, due to the earlier explained magnetic field ejection. For electrical 

machines such as generators and motors to work, magnetic flux lines must be 

passed through and cut, generating current through the material. If the material is a 

Type I superconductor the magnetic flux is completely repelled, creating no useful 

current in generators and repelling any induced magnetism in motors. 
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Project DEAP has specified that Magnesium Diboride (MgB2) is to be used as the 

superconducting material for their generators and electric motors. This means that 

the machines have a fixed target temperature range dictated by the 𝑇𝑐 of MgB2 at 

39K (Nagamatsu et al, 2001). The reasons for this choice are that as Type II 

superconductors suffer from alternating current (AC) losses when moved through a 

magnetic field (due to their London penetration depth), it is beneficial to find 

materials that both exhibit superconductivity and have easy to manipulate physical 

structures. Rectangular strips (As is the typical geometry for most ceramic HTS such 

as YBCO) geometrically have a small cross sectional area when penetration depths 

are accounted for (Figure 2-9). This can be largely avoided however by 

manufacturing circular cross-sectional wires instead of strips, twisted together like 

traditional cables minimising the AC losses (Prestemon et al, 2007). The rationale 

behind this can easily be confirmed using a simple calculation to check whether two 

samples of the same cross sectional area.  

 

Figure 2-9 – Comparison of wires and strips with equal penetration depths, 𝜆𝐿, and 

with equal areas, 𝐴 

Figure 2-9 shows two cross sections, one rectangular (strip) and one circular (wire). 

The total area of both is set to be 20 mm2. The dotted line shows a magnetic 

penetration depth of 0.5 mm from the outside wall. If the area within the dotted line is 

larger, the wire will be able to carry more current free from interference, and 

therefore higher magnetic fields will result. The following calculation shows how the 

cross sectional area varies in a non-linear fashion with these two shapes when the 

same material (and therefore same London penetration depth) is applied. The suffix 

𝑟 denotes the rectangular cross section shown in Figure 2-9, while the suffix 𝑐 

demotes the circular cross section. The suffixes 𝑜 and 𝑖 denote outer area (total) and 

inner area (dotted line area) respectively.  

𝐴𝑟𝑜
= 𝐴𝑐𝑜
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𝐴𝑟𝑜
= 𝐿 × 𝑊                    𝐴𝑐𝑜

= 𝜋𝑟2  

∴ 𝐿𝑊 = 𝜋𝑟2 

For a penetration depth 𝑝: 

𝐴𝑟𝑖
= (𝐿 − 2𝑝)(𝑊 − 2𝑝) 

𝐴𝑐𝑖
= 𝜋(𝑟 − 𝑝)2 

Substituting values for 𝑝, 𝑊, 𝐿, and 𝑟: 

𝑙𝑒𝑡:     𝑝 = 0.5;     𝐿 = 10;     𝑊 = 2;      𝑟 = 2.523 

𝐴𝑟𝑖
= 9 𝑚𝑚2 

𝐴𝑐𝑖
= 17.725 𝑚𝑚2 

As indicated by this simple check, the choice of MgB2 due to its ability to be drawn 

into wires is an important one, as nearly double the current can be passed through a 

circular cross section than with a rectangular one. This yields greater magnetic fields 

overall, with the ability to resist AC losses due to the uniform nature of the 

penetration depth. The manufacturability of MgB2 is also a much simpler process due 

to its comparatively less complex molecular structure, shown in Figure 2-10. 

 

Figure 2-10 – Molecular structure of MgB2 

Despite the information available on MgB2, there is limited information on the many 

other types of superconductor listed in online resources and books, due to their 

technological infancy and variability in terms of practical synthesis. The motivation 
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behind looking at different superconductors is to theorise what impact the choice of 

superconductor might have, even if only briefly, on future cooling system designs. 

Looking at future technology and hypothesising the cooling requirements, or at least 

generating a rule-of-thumb for certain relationships, will allow faster analysis and 

design when technology does become available, ensuring the user does not waste 

time on problems that have already been solved. In this paper however, it is 

worthwhile to look at the current alternatives to MgB2, to establish why they are being 

ignored along with some general information about their properties. The effect on the 

required operation temperature of superconductors will heavily impact the results of 

the cryogenic cooling system both in terms of power and weight. Knowing the basic 

thermal properties of other types of superconductor for use within models developed 

may influence the outcome of the project future goals, since the likely power required 

would decrease drastically. 

 

Figure 2-11 – YBCO molecular structure and physical appearance 

The first type to be examined is the YBCO family, or Yttrium Barium Copper Oxide 

superconducting family. This material was first discovered to be superconducting in 

1987, and was the first to be demonstrated with a 𝑇𝑐 > 77 K, the boiling point of 

Nitrogen (Wu et al, 1987). The material comprises of layers of atoms, bonded 

together to form a stack with an Yttrium atom in the centre of the stack (Figure 2-11). 

The physical properties of YBCO, largely its brittleness, restrict the material in its 

application within superconducting machines. Despite the very favourable 𝑇𝑐 and 

lightweight structure, the material cannot be easily manipulated due to its complex 
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molecular structure, meaning it cannot be drawn into wires, and cannot be wound 

once formed due to its brittleness (Holland and Stacy, 1988). This limits the material 

significantly, and despite becoming a superconductor at a much higher temperature 

than MgB2, it is these physical properties that mean YBCO currently is not a viable 

option for consideration. However if manufacturing technologies can produce either a 

flexible version, or can produce a variant that can be manipulated more easily, then 

YBCO could potentially make cryogenics for this application much more feasible.   

 

Figure 2-12 – BSCCO molecular structure and physical appearance 

Aside from YBCO, BSCCO, or Bismuth Strontium Calcium Copper Oxide is the other 

common alternative in HTS. It has a 𝑇𝑐 of between 95 K and 108 K, depending on 

the molecular structure, making it one of the highest known 𝑇𝑐 superconductors (Van 

der Laan et al, 2008), (Figure 2-12). Unfortunately much like YBCO, BSCCO is brittle 

and difficult to manipulate physically, making it an unappealing prospect for 

implementation. The potential benefits with these two HTS materials are huge; 

however it is worth noting that machines of this type have been built, and are 

explained in the next section. 

2.4.  Electrical Components 

An essential part of determining the efficiency and required size of the cryogenic 

system will be to determine the dimensions and required heating capacity of the 
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proposed design. As specified in the previous section, the superconducting parts of 

these components will be made of MgB2, so as to minimise AC losses. The 

superconducting electrical network configuration will have a significant impact on 

how cryogenic cooling system will be designed, particularly when concerning the 

practical aspects of keeping electrical machines at the desired temperature.  

 

Figure 2-13 – Eddy currents shown in a superconducting inductor (Masson and 

Luongo, 2005) 

It will be highly likely that both the stator and rotor will be superconducting, as it will 

provide the most efficient electrical system, with minimal losses. In the past, the 

United States Air Force (USAF) has shown interest in superconducting motors and 

generators, as early as 1977, in which scientists speak of both superconducting 

stator and rotor windings (Oberly, 1977). The paper states that at certain speeds, the 

motors can be subject to strong eddy currents (Figure 2-13) and can quench the 

superconductors, meaning that in the superconducting coils sudden heating can 

occur in localised areas, effectively raising the temperature of the material past their 

𝑇𝑐. This effect then in turn causes Ohmic heating due to the sudden resistance 

incurred; meaning the material (or at least the quenched local area) must be then 

allowed to cool down before resuming normal operation. These Eddy currents are 

unfortunately unavoidable due to the high strength of magnetic field that will be 

essential to operation. Their effects however can be minimised though having a safe 

current and magnetic field limit that does not surpass any of the critical values shown 

in the superconducting phase diagram in Figure 2-14.  



32 
 

 

Figure 2-14 – Superconducting material phase diagram showing the critical 

parameter relationships for a superconducting material 

Once a material is cooled below its superconducting inversion temperature, its 

performance as a superconductor is dependent on three critical parameters; 

temperature, magnetic field, and current density (Buckel and Kleiner, 2004). If a 

superconductor is cooled far beyond its critical temperature, the permissible 

magnetic field or current density in the conductor is increased, resulting in better 

electrical performance. This however relies upon available cooling power; there is 

certainly a trade-off decision between electrical and thermodynamic performance. If 

the current in any given portion of the superconductor surpasses the critical density 

limit, or similarly if the magnetic field at any given point is sufficiently high, a quench 

can occur. This is complicated by potential minute variations in the superconducting 

material temperature, which in turn varies the criticality properties. Accurate 

temperature control will be essential to practical operation that is free from 

unreasonable limits to safety margins for the critical parameters. This trade-off is 

crucial in estimating the losses within electrical machines, particularly when 

considering the speed and torque of machines. A machines speed will largely dictate 

the level of losses encountered in the form of AC losses, whilst torque is a crucial 

consideration when considering the current in the machine. These relationships are 

explored in more detail within Chapter 7.  
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The issue presented by quenching may be an early indication of the likely operating 

parameters that may have to be established. If quenching occurs during operation, 

the motor may need to be shut down completely and allowed to cool back to its 

superconducting state should the rate of cooling be insufficient. If cooling is not 

allowed to happen, the likely outcome will be that the material (which would at that 

point suddenly have a resistive value) could continue to heat through the likely very 

large current flowing, possibly leading to catastrophic failure. This potential failure 

mode will need addressing during the modelling phase to ensure the final solution is 

robust enough to cope without significant loss either to system operation time or 

functionality. 

 

Figure 2-15 – Example of a BSCCO-wound rotor superconducting machine, with 

cooled copper stator (Gamble et al, 2006) 

There are numerous examples of superconducting electrical machines with either a 

superconducting rotor or stator. There are however at the time of writing no known 

examples of a fully superconducting electrical machine, due to the complexity 

associated with them. A short analysis of current partially superconducting machines 

highlights the relatively new introduction of MgB2 into the public eye as a 

superconducting material. Figure 2-15 shows a cutaway diagram of a hypothetical 
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partially superconducting machine, with the rotor only being superconducting. The 

stator in this example is cooled copper, taking advantage of the increase in current-

carrying capability of copper when cooled. The machine itself is sealed within a 

cryostat, which keeps the machine windings cooled.  

 

Figure 2-16 – Siemens 36.5 MW superconducting motor for marine propulsion 

Siemens are currently developing a 36.5 MW superconducting motor for naval 

propulsion pictured in Figure 2-16, using BSCCO windings on the rotor (Gamble et 

al, 2011), while Kyoto University in Japan have constructed a proof-of-concept MgB2 

rotor winding cage example (Nakamura et al, 2011) with the first known machine to 

implement a liquid cooling system. Both machines pay heavy attention to the design 

of the motor, however the cryogenic plant is neglected almost entirely, leading to 

inevitable space and weight problems on the potential aerospace applications of 

such technology. Since the key advantage to superconducting machines is the 

current density available, by definition superconductivity will increase the force 

exerted in the windings, making them attractive in high-torque applications where the 

size of the machine may be an issue. Torque and rpm will be discussed with regards 

to their relevance within Chapter 6 of this thesis.  

While there are numerous examples of partially superconducting machines, 

researchers are reluctant to state how these machines are cooled. Since 

superconducting machine technology is so novel and complex, most research 

projects are likely concerned only with the machine itself while support systems is 
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commonly a secondary consideration. Through their choice not to investigate the 

cryogenic plant, it can be confidently postulated that aerospace application of these 

particular examples of superconducting machine in their current state is out of the 

question. Some previous work however has highlighted that there will be a need to 

study both superconducting networks alongside cryogenic cooling systems. Luongo 

et al, 2008, examines the overall viability of HTS within aerospace propulsion 

applications. Within this study, the first indication of integration of both cooling 

systems and superconducting networks is given, with useful target values in terms of 

efficiency and specific mass given. Further scrutiny of this paper is given within 

Chapter 8 when investigating the cryogenic cooling system in more detail, 

particularly when considering he outcomes of the models generated. 

Superconducting cables are capable of delivering many times the current of 

traditional copper or aluminium cables with far superior efficiencies (Figure 2-18). DC 

distribution losses are typically assumed to be zero, whilst AC superconducting 

cables typically experience losses of less than 0.001% (Oomen, 2000). Typical uses 

at present for superconducting cables are applications where losses must be 

avoided or where high power and high current or low voltage distribution, particularly 

over large distances is a priority. One example of large-scale use of superconducting 

cables is the LHC at CERN on the French-Swiss border, where the large main LHC 

ring requires high current power distribution for the many superconducting magnets 

(CERN, 2011). In the future it is thought that the short distances of cabling between 

power station generators and step-up transformers is an ideal candidate for 

superconducting technology because of the potential large losses before the voltage 

is increased. Ohmic losses for these applications can be high at peak power outputs; 

hence if even a single percentage point can be gained on 500 MW of power, this 

translates to an efficiency power saving of 5 MW.  

The application of superconducting cables to aerospace use is relatively novel and 

new. Aerospace applications have previously not required such efficient power 

distribution because electrical power levels have typically been too low to realise 

advantages over the additional complexity required for cooling. With the advent of 

aircraft producing over 1 MW of electrical power, as in the example of the Boeing 

787, the desire for ever more efficient and lightweight power distribution is increasing 

(Malkin and Pagonis, 2015). Furthermore, aerospace electrical designers must 
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overcome the design challenge of electrical voltage vs electrical current distribution. 

Using traditional conductors, the increasing electrical power levels on aircraft mean 

that either current or voltage must be increased. Increasing the current results in 

larger, heavier conductors, whereas increasing the voltage increases the chance of 

dielectric breakdown due to the Paschen’s law (Figure 2-17).  

 

Figure 2-17 – Graph showing Paschens law; breakdown voltage results in arcing 

from the conductor (McAllister and Crichton, 1987) 

 

Figure 2-18 – An example of a cross-section of a superconducting cable (SupTech, 

2013) 

Through using superconducting cables, the voltage level can be kept low for non-

superconducting components, and the current can be increased without loss or 

significant increase in mass. The caveat to this is cooling, as with all other 

superconducting components.  

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiW2L-Ug5jKAhXFnA4KHUnkBxcQjRwIBw&url=http://www.highvoltageconnection.com/articles/paschen-curve.html&psig=AFQjCNEL8b7wF4ApEpFpkPoYHvPi2dGXPg&ust=1452267222807274
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj8nenH_5fKAhUHDQ8KHbEtAnsQjRwIBw&url=http://www.suptech.com/transmission_cables_n.php&psig=AFQjCNFVrpQ-TvpzojdkpQX_LaXSSFOU6A&ust=1452266257610772
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2.5.  Cryogenics 

Cryogenics by definition is the science behind low temperature measurements, 

specifically below 77K (Ekin, 2006) which is approximately the point at which 

nitrogen becomes a liquid. At these temperatures materials behave differently, for 

example certain metals (mild steel, aluminium, titanium) suddenly exhibit properties 

not previously seen, such as becoming brittle and easily fractured, while others 

retain toughness or contract as the temperature drops. Knowledge of current 

cryogenic cooling systems will be crucial to success of this project, as all of the 

potential options must be explored. This will include examining current practices for 

cryocoolers and the theoretical principles behind each of them, to determine whether 

cryogenics for aerospace propulsion applications can be commercially feasible.  

2.5.1. Thermodynamic Cycles and Techniques 

To fully investigate the possibilities regarding cooling options, this project must look 

at each cooling method from a fundamental perspective, allowing a systems 

approach to selection of potential candidate cycles. Some are unsuitable due to their 

temperature limitations, while others are simply impractical from a physical 

perspective. Gathering knowledge on cycles will be important for selection purposes 

during the latter stages of the project. There are five cycles known that are 

applicable to cryogenic refrigeration, however there are a number of methods and 

techniques that cannot be classified as cycles that must be examined, such as 

liquefaction processes and throttling valves.  

2.5.1.1. Reverse Brayton Cycle 

The reverse Brayton cycle, also known as the Bell-Coleman cycle is a method of 

turbo-driven expansion whereby a fluid is first compressed, then allowed to expand 

through an expansion nozzle or turbine and pass through the target cold space or 

object. It works in the opposite way to a Brayton cycle, where the main objective is to 

extract work from the shaft. The reverse Brayton requires mechanical input from the 

shaft, which then does work on the fluid in a closed loop to separate the heat into 

different parts of the cycle. The hot heat exchanger then takes the heat away to be 

ejected, while the cold side heat exchanger cools the required space. Figure 2-19 
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shows the process in schematic terms along with its temperature-entropy diagram, 

illustrating the cycle and in which parts of the system heat is removed. 

 

Figure 2-19 – Adiabatic Reverse Brayton cycle and T-s graph (Boles, 1998) 

The reverse Brayton could potentially offer a viable solution as it can cool rapidly due 

to high mass flow rates. They are also highly reliable, with previous examples of 

reverse-Brayton cryocoolers surpassing 50,000 hours of maintenance free operation 

(Zagarola et al, 2009). The shaft could potentially be linked to the shaft inside current 

GT engine designs, achieving a compact synergy between the two processes. There 

is evidence to support this type of application; a patent granted in 2008 (Andres, 

2008) showed that the idea had already been theorised, however as the idea is so 

new, no known examples of an internally housed, GT reverse Brayton cryocooler are 

available for comparison.  

2.5.1.2. Stirling Cycle 

The Stirling cycle was invented in 1816 by Reverend Dr. Robert Stirling, as a 

reversible way of producing work from heat or vice-versa (Walker, 1980).  The 

Stirling engine works with a closed fluid, two pistons, and a rotating crank, connected 

to both pistons with an offset in timing.  
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Figure 2-20 – Stirling cycle schematic and P-V graph (Bole, 1998) 

Figure 2-20 shows the basic principle behind the Stirling cycle from start to finish. 

The parts of the machine can clearly be seen in the schematic, with the pistons 

either side of the tube, the hot head (left) and cold head (right) shown in red, and the 

regenerative matrix in the middle shown in orange.  

 At point A the hot piston begins to compress the fluid, creating heat while the 

cold piston remains stationary.  

 Then at B the fluid reaches its maximum pressure, and the hot head ejects 

the heat outside the system. 

 At C the cold piston begins to retract, allowing the fluid to expand, thus 

absorbing heat from the cold head surroundings. 

 Finally at D the cold piston has expanded to its limit, and both pistons then 

move in unison to the starting point of A. 

The regenerator matrix is there to store thermal energy (or debt) while the fluid is 

expanded of compressed. This ensures the separation of hot and cold fluid at either 

end. The Stirling engine is currently in use within many different applications, with 

one of the most recent in solar power stations in Spain, where heat from solar arrays 

heat the fluid which creates mechanical work for generators. The cycle could 

potentially be used for this application, although the effective temperature range of 

between 60 and 80 K may restrict it for the purposes of use with MgB2 machinery 

(Jha, 2006). 
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2.5.1.3. Vapour-Compression Cycle 

The vapour-compression (VC) cycle is a common means of removing heat from a 

desired area through phase change from vapour to liquid and back again. The main 

components of a VC refrigerator are compressor, condenser, expansion valve, and 

evaporator. The evaporator is essentially a heat exchanger, whereby an outside fluid 

(usually ambient air) is used to evaporate the closed circuit fluid and cool the desired 

space.  

 

Figure 2-21 – Vapour-Compression cycle as used in air conditioning systems 

(Rodway, 2009) 

Figure 2-21 shows the VC cycle and its components; however it is worth noting that 

the diagram only shows single stage refrigeration, whereas typical applications use 

multi-stage systems.  

The cycle begins with a closed loop refrigerant, typically fluids with boiling points 

close to the desired temperature range, although other considerations such as safety 

and environment may affect the choice. The fluid starts as a vapour and is then 

compressed via the compressor, heating the fluid. The fluid then passes through a 

condenser, which is essentially a heat exchanger where the compression heat is 

removed and the fluid cools to liquid state. The fluid is then expanded through an 

expansion valve, which is usually a throttle valve, losing heat further, but partially 

vaporising. The cold vapour-liquid mix then passes into a vaporiser located in the 

desired cold space, vaporising the liquid while absorbing the heat from the cold 
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space. In multi-stage designs, the fluid may pass through more compression and 

expansion stages, achieving lower temperatures than with single stage designs.  

The VC cycle on initial analysis appears to be unsuitable for cryogenic applications, 

as the ΔT from ambient to operational temperature is likely to be too large; however 

it may be beneficial to combine one or more cycles for a more efficient overall 

system, and the use of such a cycle for perhaps initial refrigeration of systems not 

able to initiate from ambient conditions must be considered.  

2.5.1.4. Carnot Cycle 

The Carnot cycle is essentially a basic principle used to determine ideal 

performances of thermodynamic systems, so that it can be compared to real 

systems for a calculation of efficiency. It was conceived in 1824 by Nicolas L. S. 

Carnot (Carnot, 1878), and has ever since been used to determine the ideal 

operating principles for all types of heat engines. The related equations are as 

follows (Brake and Wiegerinck, 2002): 

𝜂𝐶𝑎𝑟𝑛𝑜𝑡 =
𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑒𝑟

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡
     𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑒𝑟 =

𝑄𝑐

𝑃𝑖𝑛
     𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 =

𝑇𝑐

𝑇ℎ−𝑇𝑐
 

Where: 

 𝜂𝐶𝑎𝑟𝑛𝑜𝑡 = Carnot Efficiency 

 𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑒𝑟 = Coefficient of performance for the cooler 

 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 = Coefficient of performance (Carnot) 

 𝑄𝑐 = Cold heat power supplied 

 𝑃𝑖𝑛 = Power supplied into the system 

 𝑇𝑐 = Cold head temperature 

 𝑇ℎ = Ambient temperature (heat rejection temperature) 

With these equations it is possible to perform overall simple-terms analysis, and 

compare efficiency of predicted performance with other coolers, allowing a simple 

evaluation of effectiveness. To assess the required mechanical work for the 

compressor, the following equation is used (Bumby, 1983):  

𝑊 =
𝑇2 − 𝑇1

𝑇1
𝑄 
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Where:  

 W = energy input from compressor (W) 

 T1 = Desired temperature (K) 

 T2 = Ambient temperature (K) 

 Q = Amount of heat removed from the cold space at temperature T1 (W) 

This allows estimates of the required power for compression of a fluid, which is 

essential in any thermodynamic heat pump cycle. All of these techniques (including 

component-specific equations) will be applied at a later date during quantitative 

analysis phases, to build a database of values from tried and tested machines. This 

will create a benchmark for improvements, and will act as a good representation of 

project performance. 

2.5.1.5. Siemens Cycle 

The Siemens cycle is similar in principle to the Stirling cycle, with the main difference 

being that the cooling of the hot compressed fluid is achieved by passing it through a 

recuperative heat exchanger in a continuous loop rather than a regenerative 

reciprocating heat exchanger. Due to its similarity to the Stirling engine, the Siemens 

cycle can be quickly described to save time reiterating the same points. It does 

however have importance when describing Joule-Thompson valves in the next 

section.  

2.5.1.6. Joule-Thompson Valves 

This type of valve is essentially a convergent-divergent choke nozzle that forces the 

molecules of vapour or gas to do internal work on each other before expanding the 

fluid, cooling it in the process (Jha, 2006). The simplicity of the device means it has 

no moving parts, which is extremely advantageous due to the extremely low 

temperatures in its usual application. Moving parts tend to fatigue and wear faster 

under cryogenic temperatures (Ekin, 2006) due to the lack of lubricant, and so this 

type of valve is preferable to having multiple, progressively colder stages in a cycle. 

Usually in a low temperature cryocooler, the J-T valve is the final stage in the cooling 

process. Joule-Thompson expansion is often used where liquefaction is the target, 

since the small amount of work required and lack of moving parts means the 
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reliability is high. J-T valves are often used in series with fluid cycles such as the 

Siemens cycle.   

2.5.1.7. Hampson-Linde Cycle  

The Hampson-Linde (HL) cycle is a combination of the Siemens cycle and JT valve 

specifically for liquefaction of gases. The method was patented in 1895 by W. 

Hampson and C. Von Linde (Jha, 2006), with the difference to the Siemens cycle of 

having the JT valve where the cold expansion piston would normally be.  

 

Figure 2-22 – Schematic and T-s diagram of the Hampson-Linde liquefaction cycle 

(Bole, 1998) 

Figure 2-22 shows a schematic diagram of the HL cycle, with the key components 

shown on the adjacent temperature-entropy graph. The cycle is the most common 

used for liquefaction of gases, with numerous applications in use throughout the 

world. Understanding this cycle will be important because of the likelihood of the 

need for re-liquefaction of boil-off gases in a proposed system, and knowing whether 

or not a system is capable of returning all boil-off products to liquid state. Analysis of 

the HL cycle will take place at a later stage in the project, as part of the quantitative 

assessment.  
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2.5.1.8. Low Temperature Cryogenics 

While cryogenics focuses on low temperature physics in general, it is worth noting 

the specialised branch of cryogenics, which deals with temperatures in the single 

Kelvin range or less. The methods to achieve such low temperatures are somewhat 

novel and exotic, however knowing their applications and limitations will help to 

either include or disregard them when the concept selection is underway. The two 

main methods for achieving such low temperatures are the Dilution Refrigerator, and 

the Magneto-Caloric effect.  

 

Figure 2-23 – Dilution refrigeration practical example for the Planck satellite 

(Collaudin and Passvogel, 1999) 

Dilution refrigeration (Figure 2-23) is used only for very low temperature physics, 

where coolers are typically used for achieving temperatures below 1 K (Radebaugh, 

2009). The method uses liquid Nitrogen (LN2) and Helium (4He) to cool a closed loop 

system of Helium (3He) through various stages of heat exchangers. The use of 3He 

however is controversial, the reasons for which will be explained in the cryogens 
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section. The method at this stage is not a viable option, due to its reliance on 

different cryogens and possible effects on weight as a result.  

The Magneto-Caloric (MC) effect is a cooling method whereby a strong 

electromagnetic field is applied to the solid ferromagnetic mass inside a cooler 

(typically Gadolinium) (Gomez et al, 2012). The material experiences heating whilst 

inside the magnetic field, giving off heat through adiabatic magnetization. The 

material then is cooled with fluid (4He), losing enthalpy. The magnet is then switched 

off (adiabatic demagnetisation), and the material cools. The system then is allowed 

to return to thermal equilibrium, whereby it can begin again. This type of cooler could 

prove useful, due to the high magnetic field available with superconducting electrical 

machines, and one day a possible synergy between the SC electrical machines and 

coolers could be achieved. MC cooler efficiency is high at around 50%, and with a 5 

Tesla magnetic field, can generate up to 600 W of cooling power. This however is at 

a significant weight penalty due to the mass of the ferromagnetic material and 

superconducting systems. It will be worthwhile researching despite this possible 

weight penalty, and cannot be discounted at this stage. 

2.5.2. Cryocoolers and Fluid Transfer 

Cryocoolers will be one of the key areas of focus within this project, due to the 

implications of each possible design and the impact that choice of cooler will have on 

the efficiency of the overall system. To make sure the correct decision is being 

made, and that the choice is not made under bias on current technology or ideas, 

every possible variable will be scrutinised from the basic cycles that dictate their 

operation, to the physical manufacture of the machines, in an attempt to understand 

the areas that could either me improved upon or completely re-assessed. The 

literature search will eventually be turned into first stage concept designs and system 

configuration, which will in turn be validated through cryogenics industry experts. 
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Figure 2-24 – Graph showing the optimum temperature ranges for some types of 

cryocooler (Jha, 2006) 

There are a number of different types of cryocooler, with all types having a 

theoretical limit to their operative temperature ranges. Figure 2-24 shows the current 

perceived effective temperature ranges for some types of cryocooler, with the 

temperature ranges shown on a logarithmic scale for visual proportionality. Rolls-

Royce have already specified that MgB2 is to be used for the large part of 

superconducting materials, hence the temperature range to be considered should 

include LH2 as a fuel, and be below the Tc of MgB2. However the effective range of 

other cryogens should also be considered, allowing full analysis of cryocoolers with a 

range encompassed by ~15K to 77K using different cryogens. Figure 2-24 shows 

most of the types of cryocooler that will be of possible interest to the project, with a 

few missing compared to this literature search. The main missing elements in the 

graph are the Pulse tube cooler, a relatively new type of cryocooler with no moving 

parts at the cold head, and the reverse-Brayton cycle. As the project is trying to 

determine the feasibility of using these types to cool various cryogens, extensive 

work on each cryostats properties and workings must be undertaken, to ensure the 

proposed design is capable of efficiently utilising the respective cryogen. 

Three main cryocooler will be investigated for use, due to the availability of data from 

various companies that manufacture the coolers. These are Gifford-McMahon (GM), 

Pulse tube (PT), and Stirling engines (SE). Other types such as the reverse-Brayton 

cycle cryocooler do exist, however it will be difficult to compare them within this 

report due to their custom design nature. Another method of cooling explained within 
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this section will be fluid transfer, which although relies upon coolers to maintain 

temperature, has potential applications in its own right. 

2.5.2.1. Gifford-McMahon Coolers 

The GM cooler uses the Ericsson cycle, which has not been included in the 

thermodynamic cycle’s section due to its close relationship with the Stirling cycle. 

The only difference between the GM and SE cycle is that the coolers hot piston or 

displacer provides the work for the machine, where the Stirling uses the crank shaft 

(Ekin, 2006). The GM cooler is used throughout industry as a benchmark for 

cryocoolers, and is the most common type due to its availability and reliability. It can 

also be combined with JT valves to cool further, and as with most other cryocooler, 

practical examples can have multiple stages. Multiple stages help cool samples or 

machines from ambient, with first stages generating between 77 and 40 Kelvin, and 

the second stage typically ranging from 20 to 4.2 Kelvin. This makes the cooler ideal 

for the desired temperature range of MgB2.  

 

Figure 2-25 – GM cooler schematic of operation phases (Boles, 1998) 

Figure 2-25 shows the simple schematic arrangement for a typical single stage GM 

cooler. In phase A, the high pressure valve is open and the regenerative piston 

begins to move to the ambient heat exchanger shown in red on the left, compressing 

the fluid and forcing the fluid through the piston. Phase B then shows the piston fully 

extended into the ambient exchanger, whilst the fluid is at maximum pressure. Phase 

C then shows the valve switch to low pressure, causing the fluid to expand and 
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absorb heat, which then in turn causes the regenerator to move to the right once 

more, completing the cycle. Typical frequencies of this cycle are fixed at 50-60 Hz, 

relating to the electrical supply available in most areas. A major disadvantage of the 

GM cooler is the requirement for a separate compressor. These are often large and 

bulky, and are likely to detract significantly from any advantages gained. 

2.5.2.2. Pulse Tube Cryocoolers 

Pulse tube cryocoolers are a relatively new type of cooler, popularised by its low 

vibration operation and zero moving cold-head parts. They essentially work using the 

Stirling cycle principle, with the cooler acting as the expander only while fluid is 

pulsed through the device.  

 

Figure 2-26 – Pulse tube cryocooler schematic (Radebaugh, 2000) 

Figure 2-26 shows the schematic of the pulse tube, with the compressor piston to the 

left in black, hot and cold heads shown in red, and the regenerator material shown 

as crosshatched between the hot and cold heads. There is also an orifice to resist 

flow into the buffer, which is essentially a closed reservoir of the fluid. The cooling 

phases are not illustrated on the diagram; however they follow the same four phase 

pattern as with most cycles: 
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 Phase A – The piston moves to the right, creating high pressure and raising 

the temperature of the fluid, as it passes through the hot head and 

regenerator material. 

 Phase B – The fluid loses its heat in the regenerator, which then passes 

through into the cold head, then compressing through the second hot head 

and through the orifice, losing further heat. 

 Phase C – The piston then moves to the left, pulling the fluid back through the 

regenerator, with the fluid expanding and absorbing heat at the cold head.  

 Phase D – The fluid passes through the regenerator, gaining its heat back 

and dispersing it through the first hot head, ready to be repeated back to 

phase A. 

The Pulse tube has advantages with maintenance and lifespan, as it operates with 

no moving parts at the cold head (Radebaugh, 2000). They can typically achieve the 

same temperature ranges as GM coolers, and similarly have multiple stages. 

However due to the technology’s low maturity, coolers are limited in size, and can be 

bulky and heavy. As with GM coolers, pulse tubes also require external compression 

equipment, which are typically bulky and heavy.  

2.5.2.3. Stirling Engine Cryocoolers 

As the Stirling cycle has been explained in detail previously, it is not required to 

reiterate its operational characteristics. They are in use throughout the world, and as 

previously mentioned, currently are favoured for solar power arrays around the world 

(Figure 2-27). They however cannot on their own reach the same temperatures as 

GM or PT coolers, and may be subject to combination of other coolers, should the 

Stirling engine present any major benefits.  
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Figure 2-27 – Solar array with Stirling cryocooler in Spain (Schlaich Bergermann, 

2006) 

2.5.3. Fluid Transfer Cooling 

Although cryocoolers are the preferred method for generating low temperatures, 

transfer of cold fluid through components exists as a major option. Having a liquid 

cryogen storage stabilised by cryocoolers and then pumped around a network of 

transfer lines to major components has numerous potential benefits. The key 

potential advantage of using the fluid is the option of choosing a combustible fluid 

which can be used to fuel or supplement the fuel of the aircraft. Using either liquid 

hydrogen (LH2), liquid Methane (LCH4) would exploit this synergy, with both fuels 

having high energy density and desirable ambient liquid temperatures.  

2.6.  Cryogens 

The choice of cryogen will be essential with regards to the temperature range and 

choice of cooling method. The cryogen or heat sink medium used will decide the 

other main temperature constraint around which the system must be designed. For 

the purpose of research, two cryogens are being considered at this stage, LH2 and 

LCH4.  

2.6.1. Liquid Hydrogen 

LH2 as previously mentioned was initially of interest due to its high specific heat 

capacity, and potential use as a fuel supplement in the GT. LH2 is a viable choice as 
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cryogen for cooling MgB2 as its temperature range of 14.01K-20.28K (Ekin, 2006) 

falls neatly within the Tc area of MgB2 (Figure 2-28). 

 

Figure 2-28 – Temperature-Resistance graph of MgB2 showing LH2 range in red 

(Nagamatsu et al, 2001) 

The state of LH2 can be controlled by pressure, so using higher pressure systems, 

LH2 can be achieved at temperatures above its condensation temperature at only 

1atm. The idea behind using LH2 as a gas turbine supplement as well as a coolant 

can yield many advantages, such as higher fuel efficiency, lower fuel consumption, 

and cheaper overall operating costs due to certain overseas applications within the 

military (Johnson, 2012, Appendix A). 

The use of LH2 presents a number of problems, primarily to do with the system itself 

which will be required to be open loop, rather than closed loop. The reason this 

presents a problem is that for current cryogenic systems the expulsion of cryogen is 

not essential or necessary and would be seen as a disaster; this type of system 

however would require the LH2 to pass through the cooling system and then be burnt 

in steady-stream fashion in the GT. Any mismatch in the mass flow rates between 

required cooling and required fuel flow presents design challenges, and further 

recuperative cryogen heating is likely to be required. In the scenario that more fluid is 

needed for fuel, advantages of compressor cooling on the gas turbine could be 

realised. If cooling demands are greater than fuel flow demands, then the warmed 

LH2 could be fed back into a reservoir system, adding mass and complexity.   
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It will be a challenge in itself simply to keep the system under the required pressure 

and temperature in large enough quantities for commercial applications. The 

European Cryoplane project notes that only cylindrical or spherical storage tanks 

would be suitable (Faab, 2001), however during an interview with an expert in 

cryogenics, the expert confirmed that this was not the case, and that LH2 storage 

does have a degree of freedom regarding geometry (Harrison, 2012, Appendix A). If 

a solution can be reached to this problem, then this may well be the initial 

progression to the first truly continuous open-loop cryogenics system used in aircraft 

applications. As the use of LH2 as a cryogen is relatively new and the idea for its use 

as a double function coolant and fuel supplement is all but unheard of, there are no 

released articles concerning those topics apart from NASA’s space shuttle main 

engines, which are also cooled by hydrogen before it is burnt in similar synergistic 

style (Kacynski and Hoffman, 1994).  

There are similarities to both systems, and the study of the space shuttles main 

engine nozzles provides a working example to analyse, identifying whether any of 

that technology is useful for this research project. This study could yield benefits 

from trying to understand how their storage tanks function also, and in attempting to 

establish if the method of pumping could be limited to a slow trickle of LH2 rather 

than the extreme quantities that are burnt per second during main engine burn. 

Despite the lack of data available on LH2 in aviation applications, hydrogen fuelled 

aircraft are not a new concept. During the 1950’s, 1960’s, and 1970’s, U.S. hydrogen 

production grew to commercial scale, to fuel their space program. Lockheed 

Aeronautical Systems engineers worked on behalf of NASA and the USAF to 

produce viable design ideas for possible hydrogen fuelled aircraft (Brewer, 1991). 

The results were convincing, and while at the time hydrogen technology and demand 

for alternatives was minimal, today’s problems with emissions and fuel 

costs/availability cement the need for such research. The results of the research will 

be a key part of this reports interest in LH2 and will feature heavily during analysis 

stages.  

2.6.2. Liquid Methane 

Liquid methane (LCH4) essentially is an alternative to LH2, whereby it can double up 

in function as a cryogen and fuel supplement for aircraft. The temperature range for 
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LCH4 in liquid state at ambient pressure is between 90.72 K and 111.7 K (Ekin, 

2006). For the purposes of analysis during this paper, the upper limit will be taken in 

numerical analysis to give the worst-case scenario and avoid overt optimism. This 

temperature range is outside of the required temperature for operation of MgB2 as a 

superconductor, and due to this, initially would be discounted. It also further adds to 

the problem of emissions, and essentially is still an un-renewable fuel that emits vast 

quantities of CO2 and NOx gases. It is worth investigating form an analysis 

perspective however, to ascertain whether using LH2 with liquid methane could yield 

any benefits over standard jet fuel. The theory will be simple to test also, without the 

need for expensive test rigs and specialist or customised equipment. 

2.7.   Support Systems and Cryogenic Architecture 

In addition to the core components, it will be important to examine what is required to 

control and operate cryogenic systems in order to understand the likely implications 

of their integration within aerospace applications. For example, when considering the 

weight of a cryogenic system, cryocoolers will require thermal shielding, sensory 

equipment, vacuum pumps, and more. This section of the literature review looks at 

familiarising the project to the additional requirements, with the aim of summarising 

current technology. The cryogenic architecture will also be mentioned as a statement 

of possibility, meaning initial theories on the most effective network arrangements 

should fluid transfer be the most appealing solution. 

2.7.1. Thermal Shielding 

Due to the extremely low temperatures required for operation, thermal shielding of 

superconducting components will need to be as effective as possible, to minimise 

the amount of heat leaking in. The most commonly used method to date is to have 

an evacuated space between the cold and ambient parts. This is achieved by 

pumping all of the air out of the space. This has two effects; firstly heat transfer by 

means of convection and conduction are eliminated and minimised respectively, and 

secondly and moisture or air that could freeze and decrease insulation properties is 

removed. For a high quality vacuum to be achieved, current systems use turbo-

molecular pumps (Ekin, 2006) which can reduce the pressure within a system to 

around 10-5-10-8 Torr, or around 1.32×10-3-1.32×10-6 Pascals.  
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Figure 2-29 – Aerogel samples; the left picture is a 2.5 kg brick supported by a 2 g 

slice of Aerogel; the right picture is a flower being shielded from a naked blowtorch 

flame (NASA, 2004) 

Thermal shielding cannot fully eliminate heat absorption however, as the pipes and 

various components must have at least minimal contact. Current cryogenic systems 

use small, thin strips of stainless steel (Ekin, 2006) to support the vacuum jacket 

whilst at the same time minimising heat loss, however it may be beneficial to explore 

other types of material for this purpose. One such material that may be ideal for this 

is silica Aerogel, a very light, very low thermal conductivity porous material 

developed for space applications (Figure 2-29). 

The silica-based material is classed as ceramic, although the material does not 

shatter as easily as traditional ceramics. Aerogel is unique in its properties, with the 

lightest example of the material weighing around 2 mg per cm3 (Fesmire and 

Augustynomicz, 2005). This makes it almost as light as air (1.2 mg per cm3). The 

material also exhibits a very high porosity at up to 99%, allowing either fluid or 

vacuum permeation, further increasing its versatility. Furthermore, its thermal 

conductivity is very low, with some types exhibiting around 0.001 W/m-K. No other 

material exhibits the same combined properties as Aerogel, with only multi-layered 

insulation (MLI) surpassing its performance in terms of thermal insulation. It will be 

worth investigating Aerogel in terms of weight and effectiveness, as it could 

potentially be highly viable as an insulator.  
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Figure 2-30 – Schematic diagram of multi-layered insulation (Keller et al, 1994) 

MLI is another typical cryogenic insulator, used throughout the space industry as 

instrument shielding against the harsh thermal environment of space. MLI consists of 

alternating layers of reflective and insulating sheets of material, typically high-

reflective aluminium foil and Mylar or fibre spacer respectively (Figure 2-30). By 

alternating reflective and insulating layers, MLI eliminates radiative, conductive, and 

convective heat transfer components. This makes the material highly effective, with 

lowest heat transfer coefficients of 0.073 mW/m-K, making MLI the best thermally 

insulating shielding known (Johnson, 2010).  

Seals for the rotor of superconducting machines are a major design challenge. Due 

to the rotors need to spin at potentially high speeds, cryogenic fluid or cooling must 

be able to access a rotating medium, through fluid cooling or otherwise. This means 

rotating seals will have to be selected, which could include cryogenic bearings or 

graphite lubricated standard bearings. This problem however is outside of the scope 

of the project, as it is part of the detailed design of a concept, rather than the high 

level analysis undertaken. Despite this, it is worth noting the challenge in such 

components, in case the knowledge is relevant at any stage. 

2.7.2. Operational Procedures 

Cryogenics technology has very specific operational requirements, due to the 

potentially hazardous nature of some cryogens and cooler limits and specifications. 

Start and shut down procedures must be considered, otherwise designs in the 

theoretical sense may be unachievable in the practical sense. To understand real 
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world systems, a practical tour of Manchester University’s electrical UTC was 

attended in February 2012, UK. The example shown was a double-stage GM cooler 

with He2 compressor, manufactured by CryoMech (Smith, 2012, Appendix A). The 

operational procedures for the systems were as follows: 

 “Turn on vacuum pump, ensuring the pressure is at the desired level (10-3 

mbar for this system)” 

 “Our LN2 transfer medium into cryostat (this is to lower the temperature to 77 

K, saving time waiting for the cryocooler to reach operational temperature).” 

 “Turn on the compressor/cryocooler and seal the cryostat.” 

 “Wait for temperature to reach the desired level.” 

These procedures are common practices throughout the cryogenics industry, with 

some small differences such as methods of pre-cooling, whether the cold space is a 

cryostat or superconducting machine, and the cryogen used. Shut down procedures 

must also be adhered to; ensuring equipment lifespan is at its maximum. The 

shutdown procedures are: 

 “Using the temperature controller, step the temperature down gradually, for 

example if the sample is at 20 K, step the sample first to 40 K, then to 60K, 

then when the temperature reaches the boiling point of LN2, turn off the 

compressor/cryocooler. This gradual rise in temperature is preferable to sharp 

sudden rises due to thermal expansion allowances and the risk of material 

fracture (Ekin, 2006).” 

 “Once the temperature rise above 77 K, the cryostat lid can be opened, and 

the nitrogen can be allowed to boil off. As nitrogen can asphyxiate, care must 

be taken when working in enclosed spaces to ventilate the area.”  

 “Finally the vacuum can be switched off once the temperature reaches 

ambient.” 

These procedures highlight a possible problem regarding the design of 20 K 

machines, which is pre-cooling of superconducting components. It may be beneficial 

to use a separate system to first pre-cool, and then use the primary cryogen/method 

for the operation of the machines. It is likely that for large-scale aviation, turn-around 

times for aircraft may present a significant technical challenge, particularly at 
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locations where maintaining cryogenic temperatures will be energy intensive such as 

in desert climates. 

2.8.   Research Gap Analysis 

Cryogenics in aerospace systems is already scarce in terms of prior literature. The 

research gap widens when considering the application of high-powered propulsion 

cryogenics, hence the research gap is extremely large and easy to identify. For 

example: 

 There are no high-powered (>5 kW cooling power) aerospace cryocoolers 

currently in existence.  

 There are no superconducting electrical machines yet available in the form of 

fully superconducting motors or generators.  

 To the best of public knowledge, there are no size and weight estimation tools 

for either superconducting components or networks or cryogenic cooling 

systems. 

 There are no processes available that can readily tackle the problem of sizing 

an unknown system that exists to cool another unknown system for an as-yet 

undefined concept aircraft.  

 There is no definitive and repeatable process to find a cryogenic cooling 

system design solution to the problem of superconducting electrical 

aerospace propulsion. 

There are many more areas of potential investigation that can be discussed; 

however these gaps appear to be both the largest and most pertinent to the 

academic and scientific field. 

2.9.   Summary 

In summary for this chapter, it has been highlighted that there are numerous different 

topics involved in this thesis. The term multidisciplinary can be justified in the case of 

this research, since the incorporation of electrical engineering, aerospace 

engineering, thermodynamics and superconductivity along with systems engineering 

shows a highly varied subject matter. Although the project is about a conclusion 
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within cryogenics, the research touches on a number of firsts, particularly during the 

systems engineering and modelling phases of the project.  
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Chapter 3.   Research Methodology 

3.1.   Introduction 

The research methodology can be effectively summarised as an adapted systems 

engineering process that incorporates numerical modelling to bridge gaps in 

knowledge. The traditional systems engineering process describes a robust method 

for solving complex problems by initially performing stakeholder analysis and 

requirements capture. By doing so, the problem can be much more effectively 

defined before solutions are suggested, making the likelihood of missing information 

or poorly defined requirements substantially lower. This project is however highly 

conceptual in nature; most traditional system engineering projects have all of the 

information or research available on concepts, and thus the process can be followed 

without modification. This project faces many unknowns in terms of technology, the 

supporting systems, and the overall concept; hence the system engineering process 

must deviate away from purely qualitative assessment and incorporate numerical 

analysis and modelling. By including numerical modelling, concepts can be 

investigated for the first time, effectively filling in any gaps in known research and 

allowing the process to continue. A more detailed breakdown of the optimisation of 

the systems engineering process is given in Chapter 6.  

3.2.   Adopted Research Methodology 

This research methodology section aims to give a high-level view of each research 

phase. The phases themselves have undergone a number of iterations throughout 

the project, with the final structure presented in Figures 3-1 and 3-2. In Figure 3-1 

the first three project phases can be seen, showing the initial requirements capture 

and the functional modelling stage. The reason this stage is so comparatively large 

is that both the literature review and requirements capture phases were significant in 

size. The literature review encompassed dozens of topics, and the requirements 

capture and functional definition was complex because of the number of remaining 

unknowns.  Furthermore, the requirements capture and functional definition phase of 

this project was vital to its success. The number of unknown qualities and quantities 

means that if the requirements capture phase is treated hastily, the proceeding 

quality and decision robustness of the project will diminish. Figure 3-2 shows the 

second part of the thesis where the functional modelling leads to numerical 
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modelling and a re-evaluation of the overall system engineering process. Some 

milestones are also marked, such as the submission of final Rolls-Royce technical 

report and various conference and journal paper deadlines. These are to indicate the 

increasing maturity of the project as time progresses, along with highlighting the 

academic and industrial differences in reporting strategy.  The steps taken in Figure 

3-1 are explained in more detail in Tables 3-1 and 3-2, with steps taken during 

Figure 3-2 explained in more detail in Tables 3-3, 3-4 and 3-5.  

Figure 3-1 shows the qualitative approach taken initially during the research. The 

rationale behind applying a qualitative approach early on is driven by the need to 

reduce the number of variables. Cryogenic cooling systems for high power 

aerospace applications are considered a radical application of technology, with no 

examples or present requirements for comparison. Due to this, the research 

methodology had to adopt a fluid and generic approach to remove the variables 

through broad technological study. Furthermore, the research validation had to be 

robust and regular for the same reasons. Expert validation is critical, particularly 

during the transition between qualitative and quantitative analyses. Figure 3-2 shows 

the step-by-step validation when modelling takes place, ensuring the assumptions 

and methodologies are all consistent with current scientific understanding. By using 

expert opinion, recognised toolsets, company collaboration and peer review, the 

variables during numerical modelling were reduced or mitigated sufficiently. Further 

validation also took place in cross-company studies with Airbus and NASA, with the 

combined approach resulting in a low risk of error or anomaly.  
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Phase 1 – Project Definition (0-3 Months)

Phase 2 – Knowledge Capture and Research Orientation (3-9 Month)

Phase 3 – Requirement Generation and Validation (9-15 Month)
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 Figure 3-1 – Project Phases 1-3 
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Phase 4 – Functional Modelling and Sensitivity Analysis (15-21 Month)

Phase 6 – Concept Testing, Model and Design Optimisation (27-42 Month)

Phase 5 – Cryogenic System Modelling and Concept Generation (21-27 Month)
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Figure 3-2 – Project phases 4-6 
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Table 3-1– Phase 1 and 2 detailed breakdown of tasks 

Activity Tools and Methods Rationale Outcome 

Phase 1 – Project Definition 

Initial Literature 

Review 

Reading journal and conference 

papers, past scientific community 

approved presentations, and 

related books. 

Capture basic knowledge on the 

principles behind the key topics 

to do with electric flight and 

superconducting technology 

Understanding of fundamental 

subject areas relevant to the design 

aspects of systems later in the 

research. 

Initial Areas of Focus 

Gathering data on the high level 

aspects of the project. Internet 

searches, sponsor documents and 

academic resources. 

To understand initial direction 

and to secure the relevant 

knowledge areas for analysis 

during the project. This is 

performed closely with the 

literature review. 

Better scope definition, objective 

planning, and understanding of the 

required individual high level 

aspects required for research within 

the project. 

Contact consultants 

Contact the relevant 

recommended consultants with 

arrangements made for future 

meetings/interviews. 

To enable future liaison with the 

consultants, and to show general 

interest in their respective 

research areas. 

Acknowledgement of interest to the 

consultants, such that they are 

aware of my presence and 

intentions in research. 

Product Design 

Specification 

Produce requirements for the 

individual applications 

concerning commercial designs 

using gathered knowledge about 

typical operating conditions. 

Form a basic framework of 

understanding for the individual 

needs of each applications 

cooling system, which allows 

expansion.  

Knowledge of the theoretical types 

of suitable systems known, and can 

also be used as a rudimentary 

validation tool at a later date. 

Phase 2 – Knowledge Capture and Research Orientation 

Consultant Interviews 

Visits to the various departments 

available for comment with a 

stake in the project. Construction 

of questionnaires with targeted 

questions relating to each 

consultants expertise  

To establish and validate 

direction of the project before 

further progression, and to 

understand the main barriers to 

the research in the project.  

Validation of initial project 

direction, understanding of 

stakeholder and industry 

professional requirements, and 

information on various aspects of 

the project. 

Detailed Literature 

Review 

Continue to read journal and 

conference papers on relevant 

topics, begin to catalogue all 

relevant aspects; use of internet 

searches, books, journals, 

conferences, presentations, expert 

contact. 

To gain knowledge on specific 

areas of cryogenics, including 

cryocooler, thermodynamic 

processes, cryogen data, and 

superconducting machinery. 

Detailed understanding of modern 

cryogenics, superconducting 

machinery, and theoretical low-

temperature thermodynamics. 

Database Research 

Collection of manufacturer’s data 

on all commercially available 

products related to the project. 

Data from companies collected 

extensively. 

To build a picture of typical 

performance characteristics and 

to understand the state of 

currently available cryogenic 

technology. 

Large sample of the types of 

coolers available, with many 

different parameter values gained 

for comparison later during the 

project. 

Product Market 

Analysis 

Database analysis with respect to 

fundamental parameters such as 

weight, efficiency, and power. 

To gain initial techniques for 

analysis, making further 

analysis simpler and less time 

consuming. 

Familiarisation of the benchmark 

standards for current types of 

available components. 

System Design 

Knowledge Capture 

Attend systems engineering 

course in Derby, work with 

EPACS at Rolls-Royce Derby. 

To gain knowledge of the tools 

and methods of selecting 

complex problem concepts and 

to gain skills in analysis, 

selection process and 

requirement generation. 

Understanding of the next steps 

after the literature search has been 

completed, relating to the concept 

design phase. 
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Table 3-2 – Phase 3 detailed breakdown of tasks 

Activity Tools and Methods Rationale   Outcome 

Phase 3 – Requirements Generation and Validation 

Stakeholder Mapping 

and Interviews 

Group brainstorming, stakeholder 

meetings, Design Rationale 

Editor (DREd) 

To gain detailed understanding 

of whom the stakeholders are 

within the project and their 

influence. 

Knowledge of who influences the 

project, knowledge of which 

stakeholders are critical to 

understanding system requirements. 

Ongoing Literature 

Review 

Continue to read journal and 

conference papers on relevant 

topics, books, and any other 

resource deemed useful to the 

project.  

To ensure any new or 

overlooked information is not 

ignored.  

Complete knowledge capture with 

low risk of lack of current 

information. 

Requirement 

Generation and 

Categorization 

DREd, brainstorming, group 

sessions with key stakeholders, 

tree diagrams.  

To understand the generic 

overall requirements of the 

cryogenic cooling system and 

what it must do to meet 

stakeholder expectations. 

A large set of ungrouped 

requirements. 

Requirement Validation 

Stakeholder interviews, with later 

revisit of requirements once 

numerical modelling has been 

completed. 

To gain approval on the 

requirements generated, and to 

identify any missing or needless 

requirements, including any 

modifications to existing 

requirements. 

A stakeholder verified set of 

generic requirements for the system 

along with stakeholder preferred 

areas of interest. 

Functional Requirement 

Generation 

DREd, brainstorming.  To group together all of the 

functional requirements. This 

will also highlight other types of 

requirements already generated, 

such as performance 

requirements and non-functional 

requirements.  

A large set of proposed functional 

requirements, understanding of 

which functional requirements are 

missing. 

Functional Requirement 

Validation 

Stakeholder interviews, 

comparison with numerical 

modelling outcomes later during 

the project. 

To validate the general set of 

functional requirements 

perceived by the stakeholders 

before modelling and analysis. 

A set of validated requirements to 

take to the next stage of modelling 

and analysis. 

 

 

Table 3-3 – Phase 4 detailed breakdown of tasks 

Activity Tools and Methods Rationale   Outcome 

Phase 4 – Functional Modelling and Sensitivity Analysis 

Functional Model 

Generation 

Functional flow diagrams, modes 

of operation, missions profiles, 

DREd. 

To understand how the system 

interacts with other systems, 

how the system processes the 

inputs and outputs, and to assess 

which mode of operation is 

most critical according to 

mission segments. 

Understanding how the system 

interacts with other systems, how it 

processes inputs, and which mode 

of operation is most critical. 

Expert Validation 

Using the previously mentioned 

expert opinions as to whether any 

critical analysis is missing, if so, 

what? If not, move to the next 

task. 

Making sure the functional 

model is complete is critical to 

the proceeding tasks to ensure 

validity of the analysis 

techniques outcomes. 

A validated, modified functional 

model free from error for testing. 
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Sensitivity Analysis 

Sensitivity Matrix, DREd. To understand which part of the 

cooling system is most sensitive 

to input variation, and to 

highlight the areas of high 

sensitivity within the system. 

Confirmation of the most sensitive 

functions within the cooling 

system, knowledge of how the 

system will behave during input 

variation. 

FMEA Analysis 

FMEA spreadsheet. 

Systematically go through each 

function in the functional flow 

diagram and assess how they 

could fail and how likely and 

severe it potentially would be. 

Mitigation suggestions.  

To understand the risks and 

impacts of potential failures of 

any given function prior to 

concept selection. This enables 

early warning of how a system 

may fail based on function, and 

can decide design choices early 

on. 

Possible design choices made, 

understanding of possible failure 

modes, and deeper understanding 

of the risks associated with 

cryogenic cooling systems. 

QFD Analysis  

QFD spreadsheet, listing original 

requirements with functional 

model parameters to understand 

whether the proposed model 

meets the expected requirements. 

To validate the approach and 

model against the original 

overarching requirements, as a 

final validation step before full 

system modelling and concept 

generation.  

A validated system model that can 

be developed further, that meets all 

original requirements.  

Concept Model Planning 

Brainstorming on how to 

approach modelling the system 

from a quantitative viewpoint. 

To ensure a plan of action is 

implemented due to the 

complexity of the model and the 

likely topics where out-scope 

knowledge is required. 

A general plan of attack, whereby 

any unknown aspect of the 

modelling process is identified and 

mitigated. 

Quantitative Knowledge 

Capture 

Textbooks, internet resources, 

journals.  

A low-level knowledge capture 

on all parts of the system to be 

included, to a basic level such 

that subsequent workshops and 

data can be understood 

properly. 

A basic understanding of electrical 

machines, cables, power 

electronics, and power networks. 

Electrical Machine 

Workshops 

Workshops with the SRC 

electrical team, where sets of 

questions are asked and discussed 

as to the primary focus of the 

thermal loading. 

To understand how to calculate 

thermal loads within electrical 

components, loss mechanisms, 

sizing rules and relationships. 

A more detailed understanding of 

the electrical system and it 

components, the losses and loss 

mechanisms, and the rules and 

relationships surrounding them, 

including how they vary with 

power. 

Electrical Machine Data 

Capture 

Internet resources, companies and 

manufacturers, internal databases. 

Collecting mass data on various 

types of electrical machine  

So that rules can be generated 

based on efficiency for thermal 

loss estimation on the model 

first pass. 

A comprehensive database that can 

be analysed to provide accurate 

estimations of efficiencies and 

other parameters within the project. 

Modelling Parameter 

and Equation Capture 

Textbooks and expert advice. 

General gathering of theoretical 

and mathematical relationships 

and parameters. 

To enable effective modelling 

capability within Simulink. 

Enhanced understanding of 

electrical machines and networks.  

Simulink Learning and 

Modelling 

Using Simulink and Matlab, 

reading tutorials and related 

textbooks, using internet 

resources and basic modelling 

examples. 

To learn how to use the 

modelling software Simulink 

effectively. 

Knowledge of Simulink, gained 

experience of modelling thermal 

systems. 

Table 3-4 – Phase 5 detailed breakdown of tasks 
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Activity Tools and Methods Rationale   Outcome 

Phase 5 – Cryogenic System Modelling and Concept Generation 

Model First Pass 

Simulink Modelling, input of 

parameters by compiling rules 

and relationships associated with 

electrical machines and 

cryogenics. 

To allow the initial 

understanding of the effects of 

the electrical system on the 

cryogenics and the impact it 

will have on efficiency affecting 

factors. 

Knowledge on how the basic 

electrical system affects the 

cryogenic system. 

Electrical System Model 

1, 2, and 3 

Simulink models of increasing 

fidelity and complexity 

representing the electrical 

network and components. 

To understand the efficiencies 

and loss mechanisms within the 

system and how they are spread 

within the network. 

A high fidelity model of the 

electrical system and a detailed 

knowledge of the how the electrical 

network is likely to perform. 

Cryogenic System 

Model 1,2, and 3 

Simulink models of increasing 

fidelity and complexity 

representing the electrical 

network dependant cryogenic 

cooling system. 

To gain knowledge on how the 

cryogenic system performs with 

increasing electrical network 

complexity, and how the system 

must perform from a 

quantitative perspective. 

Knowledge of the quantitative 

requirements of the cryogenic 

cooling system and a model able to 

cope with increasing complexities 

within the electrical network. 

Expert Validation 

Meetings with experts, 

presentations, and peer reviewed 

articles. 

to confirm the thermodynamic 

and electrical aspects of the 

models are accurate and valid 

and any new numerical methods 

are suitable. 

A validated set of models or 

feedback on how to improve the 

models based on expert advice. 

FMA Concept Analysis 

Pooling of concept ideas and 

options by assessing the ideas 

from basic quantitative analysis 

using FMA. 

To enable a smaller selection of 

concepts to be further assessed, 

and to eliminate outlandish or 

unlikely concepts before further 

scrutiny. 

A selection of possible concepts 

and configurations that can be 

further assessed and modelled. 

 

Concept Selection  

Final selection of the cooling 

concepts for scrutiny by the 

model and qualitative analysis 

using the systems approach. 

To generate a number for 

concepts ready for testing using 

the model, and to observe their 

behaviour when placed under 

different modes of operation. 

A small selection of plausible 

concepts that can be modelled 

numerically. 

Concept Testing  

Assessment of the final group of 

concepts using Simulink and 

detailed qualitative analysis. 

To understand how the specific 

concepts will perform within the 

model, and whether there are 

any clear out runners or obvious 

choices.  

Knowledge on which concepts are 

viable to the already validated 

system model. 

Table 3-5 – Phase 6 detailed breakdown of tasks 

Activity Tools and Methods Rationale   Outcome 

Phase 6 – Concept Testing, Model and Design Optimisation 

Final Concept Analysis 

and Data Generation 

Testing of the models using 

assumptions based on expert 

advice. 

 

To generate a large set of data 

from which design choices can 

be made. 

Generation of a design map that can 

be used to determine the best 

concept based on assumptions.  

Final Concept 

Comparison 

Final quantitative and qualitative 

analysis is collated and discussed, 

with analysis of viability through 

the system process compared to 

original requirements.  

To highlight the concepts most 

viable for future concepts, and 

to identify the parameter limits 

to each concept. 

Knowledge of the wider impacts of 

the chosen concept on the system 

and the systems outside the aircraft, 

and which concepts should be 

chosen for a given case. 
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Final Concept 

Validation 

Expert interviews and stakeholder 

meetings. 

To gain insight into how the 

concept will perform and gain 

opinions as to the viability of 

the concepts based on their 

reactions to the analysis. 

 

Insight into the viability of the 

concept, and whether any 

optimisation would be needed to 

enable to concept to progress.  

Optimisation and 

Critical Analysis 

Generation of ideas that may 

mitigate any problems 

encountered, along with novel 

solutions and component design 

concepts. 

To understand whether there are 

any novel design solutions that 

may provide any additional 

advantages or competitive 

benefits within the cryogenics 

concept. 

Possible intellectual property, an 

optimised final concept and 

understanding of the future 

mitigations to any issues with 

implementation of the concept. 

Stakeholder Validation 

of Concept 

Stakeholder meetings and 

discussions, expert interviews and 

discussions. 

Final concept validation to 

ensure the process was fully 

comprehensive and to assess the 

success of the overall concept 

choice and whether it is likely to 

be implemented. 

Valuable insight into the processes 

flaws and successes, with good 

indication whether the concept is 

viable for future implementation or 

whether it requires modification of 

any kind. 

Thesis Write-Up and 

Viva 

Write-up of all data gathered and 

defence of the thesis. 

This is the required final 

element in fulfilment of a PhD. 

Final acceptance of academic 

merits and criticism of research for 

publication. 

Final Sponsor Report 

Submission and 

Presentation 

Report to Rolls-Royce plc on the 

project, its outcomes, suggested 

further research, and 

recommendations based on the 

thesis to the feasibility of 

technological integration. 

Required as part of the 

sponsorship agreement for the 

PhD, and to inform the sponsor 

of the findings and any other 

important aspects. 

Final approval for publication 

release, possible future employment 

prospects. 
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Chapter 4.   Stakeholder and Requirements Analysis 

4.1.    Introduction 

The complexity of the cryogenic cooling system and the number of interrelationships 

between parameters requires a high-level systems engineering approach, whereby 

the problem is clearly defined before a solution can be found. Using a systems 

approach to design ensures a clear and repeatable methodology is adopted, making 

validation of design choices less prone to error and much simpler to validate. The 

chapter begins by simple use of brainstorming in order to gain knowledge of all of the 

potential stakeholders involved in this project. Once all stakeholders have been 

collated, each one is assessed in terms of their criticality at the current concept 

phase of the project, with the key stakeholders then identified through recording the 

rationale used in the elimination process.  

Once the key stakeholders were identified, each one deemed to have a technical 

input to the conceptual design process was interviewed in order to gain a 

comprehensive list of individual requirements. In order to avoid bias during the 

process, two people from each group were selected for interview, with each chosen 

according to their seniority. By choosing two levels of seniority within a given group, 

an impartial view free from bias can be obtained through a ‘top-down, bottom-up’ 

type approach. Once an overall set of requirements is gained, the interviewees are 

asked to rank each requirement with an importance factor between one and five, 

with a rank of one equating to least important and five the most important. These 

factors are then used within the functional analysis section in order to understand the 

criticality of the functions of the cryogenic cooling system. 

Finally, each key stakeholder is prompted to select one requirement from each 

branch group as the most critical, with results and views discussed further. The 

outcomes for this chapter will be a comprehensive list of overall requirements, fully 

validated through expert opinion and actual project stakeholders. This chapter 

provides the basis for the overall systems study, whereby functional requirements 

can be derived.  
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4.2.   Stakeholder Identification and Selection 

The initial phase when taking the system approach to design is to gather data on the 

various stakeholders involved in the project, in an effort to understand which is most 

critical in terms of requirements. The initial step is to create a large list of all 

stakeholders that will eventually be affected by the cooling system, from the early 

design stages to the end user and operations. These are then grouped according to 

the type of stakeholder they represent and compiled into a tree diagram for visual 

representation. A large generic group was compiled using other examples of 

stakeholder groups shown in the Rolls-Royce Systems Engineering Handbook 

(Rolls-Royce, 2012).  

Eight separate groups of stakeholders were identified: 

 Pressure Groups – These stakeholders are organisations or bodies that exert 

pressure on the project, which can come in different guises such as political, 

environmental, and regulatory. 

 Friendly Parties – These stakeholders are organisations or companies that 

will benefit in some way from the technological implementation of the project 

and its systems, including business partners, research partners, and 

maintenance. 

 Shareholders and Funding – These groups are those which have a direct 

financial stake in the project, and include governments, research councils, 

and company shareholders. 

 Users – This group represents anyone who directly uses the technology when 

it is eventually put into use, such as pilots, ground crews, air traffic control, 

and passengers. 

 Fuel/Cryogen Suppliers – These groups or companies are those which must 

supply and continue to supply the system with the required fuels or 

expendables. 

 Operators – These are the groups that will use the technology within their 

business, such as airline operators, airports, and air forces. 

 Airframe Designers – Companies who will implement the technology as part 

of the overall propulsion system, and will have to integrate the technology 

within their products. 
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 Rolls-Royce – Although this is strictly described in general terms as 

propulsion designers, since the project is funded by only Rolls-Royce, they 

can be assumed to be the only party in this group. They are however multi-

faceted and different departments of Rolls-Royce are considered due to the 

technological roadmap these systems will have to follow to eventual 

implementation. 

Once all of the known stakeholders are gathered into these groups they are 

individually assess through reasoning as to where they fit within the project at its 

current stage. A map of all stakeholders is shown in Figure 4-1.  

 

Figure 4-1 – Stakeholder map  

In Figure 4-2, the stakeholders shown in Figure 4-1 are gradually eliminated through 

critical reasoning of their individual level of involvement and the likelihood of 

relevance at this early concept stage of research. This stakeholder map must be re-

assessed as time and technology progresses to accommodate the eventual inclusion 

of each group. As the likely time frame is in decades, the three year duration of the 

project alone is not enough to warrant re-evaluation of the stakeholders’ 

involvement; however the map generated provides a strong foundation for future 

rapid re-assessment. Should the technology enter service in the future, all of these 
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stakeholders will need to be appeased in some form, ensuring completeness of the 

systems process and minimising the risk of hidden requirements being overlooked.  

 

Figure 4-2 – Stakeholder exclusion map with rationale for stakeholder exclusion or 

inclusion for further study 
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From the rationale stakeholder map shown in Figure 4-2, critical reasoning has 

highlighted that the key stakeholders of the project at this stage in design are 

perceived as follows: 

 Business Partners – These could be companies or research institutions who 

are directly involved with the concept phase, whether it be through technology 

transfer or collaboration agreements. They may be valuable in determining 

the overall system parameters, such as superconducting electrical machine 

performance and network requirements. 

 Certification Bodies – Although at this stage the certification of products is far 

into the future, aviation rules and regulations must be followed to ensure the 

system is fully compliant. This may include issues such as redundancy and 

reliability, whereby strict rules that are already in force regarding electronics in 

aviation may be transferred to this project. 

 Rolls-Royce Technical Experts and Technologists – Should Rolls-Royce 

eventually implement this technology in the future, and considerations such as 

manufacturing will need to be addressed, at this stage the concept is still very 

immature, hence only the research teams and relevant experts will need to be 

involved. 

 Rolls-Royce Maintenance Experts – Maintenance will be a key qualitative 

issue whereby the eventual system solution will be required to enable ease of 

maintenance. Rolls-Royce currently draws over half of its business from its 

TotalCare® through-life service plans and as a result, maintenance must be 

considered at the very concept stages. Failure to do so may result in a system 

that cannot be easily or cheaply repaired or modified, potentially devaluing the 

system overall. 

 Airframe Designers – These aircraft manufacturers including military and civil 

makers will be crucial to understanding the limits and boundaries of the 

concept, such as weight and size. Understanding the configuration options 

and limitations is key to this projects goals, as well as their understanding of 

how the cryogenic cooling system is likely to be in terms of performance, size, 

and weight is on their airframe designs. 
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Despite these stakeholders being identified as key, some of these can be ruled out 

of initial engagement. First of these is business partners, excluding universities. 

Since the project is at such an early technological stage, the potential implications of 

divulging sensitive information to outside businesses must be controlled. In order for 

comprehensive gathering of requirements, business partners would need to be 

informed to a reasonable level of technical detail on the project aims. Unless there 

are sufficient protections in the form of non-disclosure agreements in place, it is 

unreasonable at this stage to interview potential future business partners who aren’t 

directly involved with the project already.  

Certification bodies are crucial to the success of any given commercial aerospace 

concept. However, it is the opinion of the researcher that early involvement of these 

regulatory bodies could stifle early concept generation by applying potentially moot 

regulations to early stage ideas. Given the highly conceptual nature of this project 

and the adoption of the systems engineering process, it is crucial to not rule out 

potential ideas based on potentially non-applicable aviation regulations. Therefore 

certification bodies were not contacted during the course of requirements capture.  

Maintenance within Rolls-Royce is crucial to the commercial success of a given 

concept. Maintenance relies on knowing the details of a system that can be 

manufactured with respect to a known life-cycle. Since the end goal of this project is 

to specify the concept, no planning overlap exists within the scope of work 

undertaken; hence maintenance is not consulted within this project. Furthermore, 

requirements for maintenance are unknown since the concept is unknown. Until a 

concept can be specified, inputs from potential maintenance stakeholders will be 

irrelevant, therefore they are not interviewed.  

Airframers play a crucial role in the understanding of the concepts likely power 

requirements and the configuration of propulsors. The cryogenic cooling system can 

be defined as a support system crucial to the overall propulsion concept. When 

considering the systems the cryogenic cooling system must interact with, the 

airframe is on the second order of command. Any communication between the 

airframe and the cryogenic cooling system is as a function of the superconducting 

network rather than directly.  Requirements expressed by the superconducting 



74 
 

network will mirror those felt by the airframers. Therefore their input for requirements 

is deemed to be adequately represented by Rolls-Royce aerospace engineers.  

4.3.  Key Stakeholder Interviews and Requirements Capture  

Once the key stakeholders were identified as the technologists and experts at Rolls-

Royce, a selection of those stakeholders were interviewed. They were separated 

according to their relevance to the project given their stake at this stage of the 

technology in order to gain a large, generic set of requirements. As cryogenic cooling 

for aerospace propulsion is at such an early stage in terms of development and 

technology maturity, the key stakeholders interviewed consist of three groups;  

 Aerospace research – This is to enable a view that reflects the requirements 

of airframe designers and to satisfy aerospace compatibility challenges. 

 Electrical research – Electrical research is to satisfy the novel electrical 

challenges associated with superconductivity and novel electrical network 

design. 

 Electrical power and control – This group is to enable understanding of the 

requirements present from a practical perspective given that this is the 

department that the project will eventually be transferred to, should 

confidence in purported benefits increase. 

Within Rolls-Royce there are a number of stakeholders that have to be addressed 

directly within the project. These were deemed to be Electrical Power and Control 

Systems (EPACS) and the Strategic Research Centre (SRC). Due to the 

interdisciplinary nature of the project, the SRC must be divided into two categories, 

the Aerospace Team and Electrical Team. The SRC Aerospace Team at this stage 

can be assumed to adequately represent the wishes of the airframe designer due to 

their close interaction on project DEAP with Airbus Group Innovations. To ensure 

that no one person is responsible for the analysis of requirements from each team, 

two people are selected from each team to ensure any risk of a single person adding 

or neglecting requirements not necessary is sufficiently managed. 

The selected stakeholders in this case were the team leader and a team member of 

the SRC Electrical Team, a senior team member and team member of the SRC 

Aerospace Team, and the chief and a team member of the EPACS department. 
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Each stakeholder was interviewed separately and prompted to evaluate the 

requirements tree according their individual requirements for the perceived system. 

Each stakeholder was then asked to select one requirement from each tree branch 

as the key requirement for assessment. This approach was used for two reasons; to 

understand whether any requirements should be added, removed, or changed, and 

to understand which of the requirements from each category was deemed important 

to the project. 

To understand the potential cryogenic cooling system, the system must first be 

defined using a comprehensive set of requirements, which follows the system 

approach. There are a number of methods for ensuring the requirement set is 

complete or contains the essential elements for operation and fulfilment of the design 

specification. The first step is to brainstorm a number of overall, unsorted 

requirements by imagining the stakeholder is dictating what their requirements for 

the system are. Each stakeholder deemed in the stakeholder analysis to have a 

stake in the project at this stage is considered, such that a number of requirements 

are gathered. The stakeholders themselves are then approached to give critical 

advice as to which requirements are adequate, which are not required, and whether 

any modifications to those generated should be made. 

 

Figure 4-3 – Initial set of requirements tree diagram 
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The first pass tree diagram shown in Figure 4-3 shows that the requirements initially 

generated have been grouped into five categories, describing a general 

characteristic the system must exhibit. They each have a number of subcategories 

attached them, which describe in more detail how the system must perform or 

qualities it must adhere to. The overall rationale behind grouping these requirements 

into categories is to understand whether there are any requirements at this stage 

that share categories. Some similar requirements such as ‘Maintain 30 K’ and 

‘Maintain Temperature’ may seem duplicated and unnecessary, however since the 

former specifies a target temperature whilst the more generic ‘Maintain Temperature’ 

requirement could refer to maintaining an intermediate temperature or temperatures 

at other points within the cryogenic cooling system other than the desired cool area.  

 

Figure 4-4 – SRC electrical team leader requirements tree and key requirement 

selections 

The first stakeholder interview took place with the SRC Electrical Team leader, with 

results shown in Figure 4-4. It was recommended that airframe compatibility be 

treated as a category all of its own, whereby the proposed cryogenic system must be 

environmentally compatible, and adhere to a number of sub-requirements within this 

subject. It was also specified that the original ‘safe system’ requirements was not 

required, and that it should be replaced by a ‘commercially viable’ group, to which 

two more requirements were added. ‘Intellectual Property Availability’, which will be 
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important to maintain competitive advantage over competing companies, and 

‘Equipment Capability and Sourcing’, whereby a supply chain and manufacturing 

capability must be considered. Also highlighted was the key requirements from each 

tree to be considered as most critical as low weight, reliable, maintain 30 K, shock 

endurance, and airframe compatibility. It was specified that due to the nature of the 

commercially viable branch, each requirement was as important as each other and 

the entire branch was selected for consideration; hence the branch was eliminated 

for subsequent meetings. 

 

Figure 4-5 – SRC electrical team member requirements tree and key requirement 

selections 

The team member of SRC Electrical Team reviewed the initial requirements tree 

diagram and largely agreed with the requirement set with no suggestions for 

exclusions, shown in Figure 4-5. It was however recommended that for the Good 

Performance branch, two additional requirements be included; Cooling to 30 K, and 

Operate in a Harsh Environment. The rationale behind the inclusion was that the 

system would be expected to perform in a range of different environments, for 

example at different locations in the world varying from deserts to arctic conditions, 

and would need to function as required in both types of environment including at 

different humidity’s, air qualities, and in other extreme weather phenomena with no 
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significant deviation in performance. It was also suggested that the Operate at 30 K 

requirement should be placed in the Good Performance branch as well as the Good 

Control branch, as it can be considered both a performance and control requirement. 

It is briefly worth noting at this stage that the agreement on the requirements of both 

electrical experts is why different groups of stakeholders are used as validation. This 

is in order to understand how the requirement perspective varies with respective 

expertise, with the exception of the Operate in Harsh Environments requirement 

outlined. The rationale behind the inclusion was that other than Maintain 30 K, the 

other requirements in the branch could be mitigated using outside systems, for 

example where the team leader had selected the Endure Shock requirement as 

being key, the team member stated that frames and shock absorbing cradles could 

be used to ensure shock is not a problem. 

 

Figure 4-6 – SRC aerospace team member requirements tree and key requirement 

selections 

The SRC Aerospace team member agreed largely with the original requirements set, 

with the inclusions given and key selected requirements chosen shown in Figure 4-6. 

The only addition made to the set was to add a requirement for superconducting 

component fault prediction, to be added to the Good Control branch. Rationale 
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behind the inclusion given was to be used as a future consideration only, as at 

present it is not possible to detect faults and mitigate them before they happen. 

However, it was proposed that perhaps fault-likely mission segments such as take-

off where maximum power was being utilised, over-cooling in some form could be 

used to prevent any possible quench or system electrical heating. Many of the same 

key requirements were highlighted as with previous interviews, with the aerospace 

team member agreeing with the electrical team leader on the Shock Endurance 

requirement. It was perceived that harsh environments may be irrelevant based on 

solution, such as in the case of LH2 cooling, although it was agreed that it should be 

considered in more detail than other requirements 

 

Figure 4-7 – SRC senior aerospace team member requirements tree and key 

requirement selections 

The second member of the SRC Aerospace Team to be interviewed was a senior 

specialist technician with over 40 years engineering experience. The requirement 

set, which was now modified to include the Operate in Harsh Environments 

requirement, was again largely agreed upon, with the exception of the 30% Carnot or 

More efficiency shown on the Good Efficiency branch of Figure 4-7. It was stated 

that although if using a cryocooler concept this was favourable, inclusion of this 

requirement was making an assumption that using cryocoolers is the preferred 

solution, and this does not allow for LH2 consideration during future concepts. Since 
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the scope of the project considers LH2 only in basic detail, the comments were taken 

into consideration, despite the cryocooler being the main focus of this project. The 

recommendation was made to include it in the diagram; however with a proviso 

stating the requirement is concept specific. The same key requirements as the 

Aerospace team member and Electrical team leader were selected, with no 

exceptions 

 

Figure 4-8 – EPACS team member requirements tree and key requirements 

selections 

The EPACS department at Rolls-Royce was included in the stakeholder validation 

process based on its stake within the project and its expertise in electrical matters 

on-board current aircraft. The first of these was a team member with past experience 

with the concept of AETA, providing the basis for an MSc thesis (Cantos, 2010) for 

which this cryogenic cooling system study is derived, with that persons preferred 

requirements tree shown in Figure 4-8. Once again the key requirements list was 

agreed upon, and no additional requirements were included; however slightly 

different key requirements were selected, highlighting the difference in experience 

and expertise between stakeholder departments. The rationale behind choosing 

system redundancy was that CAA and FAA regulations in the civil concept case 

would require the cryogenic cooling system to be at least triple-redundant. Therefore 



81 
 

reliability was an overall requirement rather than a configuration or performance 

requirement. Another difference from the majority of other stakeholders was the 

selection of Process Mission Demands over Maintain 30 K, which was selected on 

the Good Performance branch instead. The rationale behind this decision was that 

the cooling system would be required to process mission demands, and a failure to 

do so would result in the loss of or inadequate cooling of the propulsion systems, 

potentially leading to catastrophic loss in propulsive power. Although the reasoning 

behind this selection is robust, due to the other experts’ choices of key requirements, 

this will be ignored at this stage in the project. 

 

Figure 4-9 – Head of EPACS requirements tree and key requirement selections 

The final expert to be interviewed was the Head of EPACS department. As a high-

level expert who is directly involved with the implementation of aircraft electrical 

systems, the Head of EPACS was chosen for the valuable insight that can be gained 

with regards the requirements and how they should look according to holistic views. 

The requirements generated in previous interviews were agreed upon, providing final 

validation of the overarching set shown in Figure 4-9, which at this stage includes the 

expansion of the Airframe Compatibility requirement. Reliability was a key area of 

focus, and it was mentioned that reliability would be difficult to assess in terms of 

selection criteria, unless a concept was decided upon that does not involve new 
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technology or designs. The key requirements as perceived were again largely the 

same as previous experts’ opinions, completing the choice of criteria with which to 

initially assess by majority vote as Maintain 30 K, Low Weight, Shock Endurance, 

Reliability, and Airframe Compatibility. 

4.4.   Key Requirement and Requirement Type Identification 

The consolidated set of requirements generated through stakeholder interviews are 

shown in Figure 4-10. The key requirements shown were chosen based on the 

interviewed stakeholders preferences on which requirements were most critical to 

any successful design.  

 

Figure 4-10 – Final set of consolidated requirements with key requirements 

It is necessary to explain each key requirement since these will form the basis of 

selection criteria during the project concept stages.  

 Low Weight – Keeping the weight low is a high priority on any aerospace 

system due to the relationship between required thrust and lift to keep a given 

weight in the air. Any cryogenic cooling system must be as light as possible to 

minimise its overall impact on the aircraft as an additional required system. It 
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is difficult to estimate the point at which a concept becomes unrealistic due to 

excess weight because of the early stage of design.  

 Maintain 20 K – Originally it was thought that the cryogenic cooling system 

would have to maintain 30 K temperatures in order to provide sufficient 

cooling performance. Subsequent interviews with experts have highlighted 

that superconducting components performance improves with temperature, 

therefore the 30 K temperature was recommended to be lowered to 20 K. 

Furthermore, the operating temperature was recommended to be considered 

a variable. Modelling work during later chapters considers the effect of 

different operating temperatures on the overall system performance. 

 Shock Endurance – Aircraft are highly dynamic environments, and any 

solution to the cryogenic cooling problem must be able to operate in these 

varying conditions. Shock in the form of repeated landings and turbulence is 

commonplace, therefore any system solution to cryogenic cooling must be 

able to operate in these environments with no degradation in performance or 

reliability. Some cryogenic cooling systems can be interrupted by sudden 

shaking due to the nature of their moving parts, hence it will be crucial to have 

robust systems that mitigate or eliminate these challenges.  

 Availability/Reliability – Superconducting propulsion solutions will mean that 

cryogenic cooling systems are considered a critical system that cannot fail. 

Failure of these systems would likely result in catastrophic loss of aircraft, 

hence reliability is paramount. Further to this, the availability of the system is 

also crucial in terms of operations. A system that requires maintenance of 

more than a few hours at a time every flight will be impractical for the reason 

that the current operational availability of aircraft would have to be reduced. 

Similarly, long term maintenance must be of a similar time and interval 

requirement as present day aircraft to avoid making new technology 

unattractive or overly laborious. 

 Airframe Compatibility – For a new system to be accepted on to a commercial 

aircraft, it must be able to fit on board. An example of the type of airframe 

compatibility that is referred to for this requirement would be volume 

restrictions. If the cryogenic cooling system is too large in a given dimension, 

it may not be able to be located on board an aircraft that is optimum for 



84 
 

placement. Since aircraft centre of gravity must take precedent over 

performance, a large, bulky cryogenic cooling system might have to be 

located further away from the cooling target, meaning higher pressures and 

lower temperatures would have to be achieved due to transport losses. Other 

examples of airframe compatibility would be issues such as noise and 

vibrations, electrical interference, and knock-on system failure effects, should 

the cryogenic system fail and other systems be affected.  

 Safety – Safety on board modern commercial aircraft is of utmost importance. 

This early stage concept however should not consider safety a priority. The 

reasons for this are that at this early stage, what could be considered 

dangerous at present may have mitigating solutions in the future. An example 

might be the use of hydrogen; whilst hydrogen presents a clear danger if 

mishandled, future regulations and handling procedures would likely mitigate 

any issues encountered. Aircraft are already dangerous vehicles when 

considering the large amount of high-octane hydrocarbon fuel present, 

however regulations and safety procedures mitigate dangerous events. Safety 

considerations at this stage may rule out viable ideas early on before 

mitigations can be suggested, effectively stifling innovation. Therefore safety 

is disregarded as a key requirement at this stage until a group of known 

concepts exists.  

Also shown in Figure 4-10 is a branch highlighting commercial viability requirements. 

These are important to the project sponsor, Rolls-Royce, since any idea would have 

to be profitable and protectable in order to be successful commercially. Interviewees 

were not asked to highlight a key requirement on this branch as the branch was 

added after the last interview was made. However in the context of the concept 

development, these are used for overall final concept assessment. The commercial 

viability of the end solution has to be realistic in order for the sponsor to gain benefit 

from the pursuit of the technology. Without certain aspects of commercial viability, 

any solution is unlikely to gain future investment.  
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Figure 4-11 – Final set of requirements with requirement type labels and exclusion 

rationale  

For the final tree diagram shown in Figure 4-11, the overall generated set of 

requirements is compiled, along with designation as to the type of requirement they 

conform to. There are four main types of requirements: 

 Operational Requirement (OR) – This describes what the system must do as 

a whole. This can be easily described as simply ‘To cool the 

superconducting electrical network to the desired temperature during 

each phase of the aircrafts operation’.  

 Functional Requirement (FR) – These describe individual functions that the 

system must perform. These are numerous, however not immediately 

obvious, and as such require further analysis and thought to fully generate.  

 Non-Functional Performance Requirement (NFPR) – Quantitative 

performance targets for a specific function. These are at this stage difficult to 

predict without specifying a solution, and as a results are limited. Further 

iteration of the system process later during the project may highlight 

performance targets.  

 Non-Functional System Requirement (NFSR) – Non-performance related 

requirements, or qualitative requirements. These will be the most numerous of 
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requirements to begin with because they specify generic requirements of the 

system from how the system must interact with outside systems, to what the 

system must be capable of throughout its lifetime.  

The overall requirements set branches can now be explained in greater detail 

because they will no longer change during subsequent analysis. The branches are 

explained below, with the respective components that may be obscure also given 

brief explanation.  

 Good Control – These functions relate to the overall control aspects of the 

cryogenic cooling system. Requirements such as Maintain 20 K and Process 

Cooling Demands are essential to the operation of the superconducting 

electrical system, and are seen as essential to the control of the system, 

whilst other control aspects are also added. All of the Good Control 

requirements are FR; however during subsequent functional analysis some of 

these may be modified or eliminated. 

 Good Performance – The Good Performance functions are intended not as 

performance requirement, but pertain to the types of performance-altering 

scenarios it may encounter. Shock and Inversion Endurance is considered as 

key due to the requirement of all aircraft to land, and the possibility of 

inversion or at least a change in orientation through banked turns and 

manoeuvres, particularly through turbulence. These are all of the NFSR type. 

 Long Life – This branch covers any through-life requirements that may be 

necessary at this stage, such as reliability and maintenance. At this stage of 

the design, through-life considerations such as disposal and maintenance are 

solution dependant, and as a result are put aside for consideration when 

solutions begin to emerge from the system study. These requirements are all 

NFSR. 

 Easy Integration – This branch of the tree diagram shows the requirements of 

the system for integration with the systems it must interact throughout its 

operational lifespan. This includes both the physical systems within the 

aircraft, the transport hubs where it must be used, and the users who will 

operate the system and its associated systems such as pilots and ground 

crews. These requirements are again all NFSR. 
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 Commercially Viable – This branch states the requirements of the cryogenic 

cooling system to be worthwhile and feasible, such that the route to eventually 

marketing and manufacturing the technology can be achieved. This branch is 

very broad in terms of the lifespan of the technology, beginning with IP 

protection and capabilities, to through-life costs and certification requirements. 

These are once again all NFSR.  

 Safety – As a stand-alone requirement, this was agreed by all parties as being 

critically important throughout the proposed life cycle of the system, including 

the early stages of this project. Due to its importance as a NFSR, the stand-

alone branch highlights that it will be considered separately throughout the 

project, playing a supplementary role rather than a design or concept 

generation role. As mentioned previously, over reliance on current best safety 

practices could stifle innovation, so supplementary involvement rather than 

major consideration is necessary. Safety consideration examples include 

cryogenic best practices, hydrogen safety, event simulation such as crashes 

and hard landings, and failure modes and analyses.  

 Good Efficiency – These are requirements that directly affect the efficiency of 

either the aircraft or the cryogenic cooling system itself. This includes weight 

requirements for the reason that aircraft efficiency is directly and critically 

affected by weight, which in turn is related to density and volume. Therefore 

low weight and compact design are key requirements. They are all NFSR, 

however with the exception of the 30% of Carnot requirement, which is a 

NFPR. As previously mentioned, this is solution dependant, but important 

nonetheless. 

4.5.  Discussion 

It is worthwhile to note that whilst the key stakeholders have been identified and 

interviewed, should any of the other stakeholders identified as key at this project 

stage suddenly become available, they will be consulted where appropriate. 

Stakeholders of particular interest might be those who are more difficult to arrange 

meetings with but may become available during the course of the project, for 

example airframers and certification body representatives. Although the viewpoint of 

the airframe designers was largely gathered through the SRC aerospace team 

members, there could always be considerations that may have been overlooked. 
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Since the project works closely with Airbus Group on project DEAP, the 

requirements of the air frame designers will be discussed in Chapter 6 when close 

collaboration is used for modelling work.  

The key requirement selections of each stakeholder are crucial to later assessment 

of concepts. The choices that have been made by the stakeholders highlight the 

different facets of those involved. By selecting the range of seniorities and roles 

available, the approach has ensured a robust methodology has been adopted. This 

methodology ensures minimal risk of overlooked requirements whilst at the same 

time avoiding over-complication of the early stages of the project. Stakeholders 

during interviews were also asked to discuss the other requirements that were not 

selected, with each assigned a number between 1 and 4. The number 5 was 

reserved for the key requirements selected. These numbers are used during Chapter 

5 for the House of Quality (HoQ) analysis in order to assess the functional models 

generated. By doing this, the cryogenic cooling system components can be ranked in 

terms of criticality to the success of the system.  

Future revisiting of the requirements stage will be essential. The reason for revisiting 

is that once a concept has been defined, the more generic requirements can be 

eliminated and a much more specific set generated. Stakeholders may have 

changed also, with the likelihood of any outside contractors or business partners 

being involved increasing due to the need for specialist expertise. It is likely that any 

final concept will be iterated and changed a number of times as time progresses; 

however each time the process is repeated the concept does not undergo complete 

transformation. The transformation would see a step change in fidelity, such that the 

initial concept high-level design can be developed into a more refined, more defined 

architecture that could be manufactured. This is the ultimate aim of the project, to 

initiate the process and to understand whether the systems engineering 

methodology can be applied to this complex problem. If the systems process can be 

used, can it be used throughout each stage un-modified? If not, what modifications 

will the process require to be fit for the purpose such that the process can continue 

without major methodological changes? These are the crucial questions that this 

project addresses, with this chapter providing the foundation to begin to answer that 

important question. 
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The proceeding section must expand upon the functional parts of the system, to 

begin to understand how the system will be used, what functions it must perform, 

and which systems it must interact. The functional requirements generated in this 

section will form the basis for that analysis, and the rankings and overall key 

requirements will assess whether the functional models generated are complete and 

correct.   
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Chapter 5. Functional Requirements Modelling, and Analysis 

5.1.   Introduction 

Once stakeholders and overall requirements are satisfactorily captured and analysed 

as presented in Chapter 4, the next step in the research is to capture the functional 

requirements and model how the functions of the cooling system are performed. This 

chapter begins by selecting the already known functional requirements from the 

previous chapter. Any unknown functional requirements are then found by 

considering the modes of operation the cryogenic cooling system must adhere to, 

including the likely mission profile of the aircraft.  

Once the most critical mode of operation is discovered and functions are 

satisfactorily well defined for that mode, functional models are developed by 

assessing how the system handles inputs and outputs. The first step to building 

functional models is to list the generic inputs and outputs from a super-system 

perspective. This involves first defining the systems with which the cryogenic system 

must interact and listing the inputs and outputs to and from each system. The 

cryogenic system is then considered in respect to how the inputs and outputs are 

handled within the system itself. This process effectively fills in any unknown 

functional requirements and highlights redundant requirements, providing a robust 

model that can be assessed. 

The functional model is assessed using three different systems engineering 

methods, with each designed to test a different aspect of functionality. The methods 

used are Sensitivity Analysis (SA), Failure Modes and Effects Analysis (FMEA), and 

the House of Quality (HoQ) method within the Quality Function Deployment (QFD) 

method. SA is designed to assess the system outputs sensitivity to the system 

inputs, to highlight any areas of critical function in the system. FMEA highlights 

where failures of any component function could disrupt the system, and considers 

the effects and possible mitigations of component function failure. HoQ finally 

assesses the functional requirements against the overall set of requirements defined 

in Chapter 4, by looking at the impact and connection strength that each 

requirements has on each function. Weighting factors for the overall set of 

requirements are given and rationalised, and final scores highlight which of the 

functions are most critical to the system from a qualitative perspective. 
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5.2.   Functional Requirement Capture 

It is necessary to obtain a more complete set of functional requirements of the 

cryogenic cooling system in order to understand how the system behaves in different 

scenarios. There are already a small number of apparent functional requirements 

outlined in Chapter 4; however this is not a completed set as functional requirements 

were not the key focus of stakeholder interviews. To ensure the functional 

requirements are mostly complete, the same first approach is taken as with the 

overall requirements generation during Chapter 4. A brainstorm is undertaken by the 

author to gather all of the known perceived functional requirements that the system 

must perform, and they are grouped into a brainstorm diagram shown in Figure 5-1.  

 

Figure 5-1 – Functional Requirements Brainstorm Results 

Once all of the conceivable functional requirements are generated at this stage, they 

are assessed as to whether any of them are redundant or can be combined, to 

simplify the system. For example, functional requirements such as ‘Cool Motors’, 

‘Cool Generators’, ‘Cool Cables’, and ‘Cool Power Electronics’ can be grouped into a 

single ‘Cool Components’ requirement. This simplifies the functional model since 

each of the separate requirements will require the same inputs and outputs. Since at 

this stage in the process it is still necessary to maintain impartiality, some functions 

defined in Figure 5-1 are likely to be surplus to requirement for the final functional 

model.  



92 
 

5.3.   Mission Profile and Modes of Operation 

Once the generic set of functional requirements is satisfactorily defined, the next 

step is to model the functional system using Functional Flow Diagrams (FFD). FFD’s 

analyse the system inputs and outputs to understand how the system processes 

them on different scales. The first step is to look at the Modes of Operation, to 

understand the different operating regimes the cryogenic cooling system will have to 

adhere to. To understand what modes of operation the system will require, the first 

step will be to look at mission profiles of comparable aircraft.  

Since the NASA study is comparing the performance in recent papers to that of the 

Boeing 777-200LR aircraft, this project will use the same example in qualitative 

terms to keep performance assumptions constant and relevant to current studies. 

The B777-200LR is a new type of long range, large passenger aircraft that has 

recently entered service, with a 301 passenger capability, a 9,380 nm range, and a 

maximum take-off weight of 322 tonnes (Boeing, 2011). A basic mission profile is 

being considered without ranges or timescales, to allow simple model building which 

can be varied in complexity at a later date. Figure 5-2 shows the basic mission 

profile of the B777-200LR. 

 

Figure 5-2 – Basic mission profile of the Boeing 777-200LR showing altitude on the 

vertical axis in feet 
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The typical mission profile of a Boeing 777-200LR contains the following segments; 

 Engine start  descent  

 Taxi   landing  

 take-off   taxi  

 climb   Engine shutdown  

 Cruise  

Although the mission profile is basic and does not account for missed landing 

approaches or aborted take-off, this mission profile is meant as a generic, 

unconstrained example that can be segmented according to the modes of operation 

they fit into. Maintenance of the system can be classified as a shut-down/start-up 

procedure, and added as an extra segment within the mission between them.  

 

Figure 5-3 – Modes of Operation of the Cryogenic Cooling System 

Figure 5-3 shows the proposed modes of operation diagram for the generic cooling 

system, generated by considering the mission profile and the different functions it 

must fulfil. The cool down and warm up procedures are self-explanatory and are 

effectively extensions of the maintenance mode. Maintain temperature at load is 

assuming that the superconducting electrical system is in operation, whether it be on 

the ground or in the air. Finally the zero-load maintains temperature is for aircraft 

turnaround such that for a given mission, it can be kept cool at the end of the flight 

ready for further operation. This is based on the assumption that it will take 

substantially more time to allow the aircraft to warm (and then have to cool again) 

than to keep it cool while ground crews service the aircraft.  
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Figure 5-4 – Modes of operation with associated mission segments 

Figure 5-4 shows the modes of operation with associated mission segments. It can 

clearly be seen that the ‘Maintain temperature at Load’ mode has the most 

associated mission segments. When considering the criticality of mission segments, 

in-flight segments are most crucial; all in-flight segments are associated with the 

‘Maintain Temperature at Load’ mode. It is therefore deemed that for any concept to 

be considered further from a qualitative perspective, it must satisfy the ‘Maintain 

Temperature at Load’ mode.  

5.4.   Functional Modelling 

Once the most critical mode of operation is identified, the next step is to begin 

functional modelling of the system as a whole. The functions generated in Chapter 4 

are transformed into a series of functional flow diagrams (FFD’s) to understand the 

relationships between each function and how they process the various inputs and 

outputs to the system. The FFD’s are split into two tiers, with the first tier at the 

higher system level modelling interactions between the system and any outside 

influences, shown in Figure 5-5. The second tier was to model the system itself, and 

the likely interactions between the different functions of the cryogenic cooling 

system.  
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Figure 5-5 – Higher Tier Functional Flow Diagram 

Figure 5-5 shows the systems with which the cryogenic cooling system must interact 

for the ‘Maintain Temperature at Load’ mode of operation. The diagram describes 

three systems that are defined as follows: 

 Outside Environment – This system interaction is energy related, for example 

any heat in-leak to the system or cooling air that may be required would be 

seen as interaction between the system and the outside environment. Data 

from the outside environment is ignored (for example, cooling air temperature 

or humidity data), since this begins to imply an air-cooled solution. Inclusion at 

this stage must be minimal. 

 Superconducting Components – Any superconducting components that exist 

and have to be actively cooled, including motors, generators, cables, and any 

power electronics. Unlike with the outside environment, superconducting 

components are likely to provide energy and data to the system. 

 User/Control Interface – This will constitutes any control interface, whether 

manual or automatic, responsible for control of the system. This system is a 

largely data-centric exchange, with most decisions being made here.  

One consideration for this level of FFD is the lack of connections between systems 

outside the cryogenic cooling system. The rationale behind exclusion of these is that 

whilst there will certainly be connections between all systems, the super-system is 

not within scope of the project, nor do those connections have any impact on the 

cryogenic cooling system itself.  
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For the lower tier FFD shown in Figure 5-6, the inputs and outputs to the system are 

consistent with Figure 5-5 (Higher tier). Within the cryogenic cooling system, those 

inputs and outputs from the outside systems must be managed by the system as 

simply as possible, with as few functions as is necessary. Hence the method is to 

have a number of functional nodes, to which the known inputs and outputs are 

added. They are then individually tracked through the system, highlighting where any 

mistakes have been made, and where functions are either not required or are too 

complex. For both Figures 5-5 and 5-6, a number of model design iterations were 

performed, each iteration highlighting further redundant and missing functions. 

Functions included in the final lower-tier model shown in Figure 5-6 and their 

rationale is as follows: 

 Insulate Components – This function is deemed necessary and separate from 

any other function. The function itself is generic as it could refer to cryogenic 

fluid storage, cryostats, or cryocoolers and transfer lines.  

 Detect Cooling Demands – Cooling demands could be considered a part of 

monitor functions; the reason it is not is because cooling demands refers 

specifically to superconducting components rather than the cryogenic system. 

Having these separate is necessary when considering operation during flight 

phases; cooling loads may decrease during cruise, however temperature and 

pressure is likely to remain constant.  

 Monitor Temperature/Pressure – Temperature and pressure within the cooling 

system are deemed crucial to delivering the correct level of performance. 

Since they are intrinsically linked, and it is likely that both can be detected by 

the same components, they are considered to perform similar enough tasks to 

be combined.  

 Detect Quench – Quenching can occur at any point within the 

superconducting system, and response to a quench must be rapid since the 

potential for damage to occur is high. Quench is likely to be detected initially 

through a rise in local temperature and/or loss in transmission efficiency; 

however the function is treated separately from the monitor functions because 

it is likely that temperature will not be used as the initial detection method for 

the reason that this implies retrospective detection rather than predictive. If 
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damage and loss of function is to be limited, electrical means of detection are 

more likely to be implemented, hence it is treated separately. 

 Maintain Temperature/Pressure – This function implies maintenance of 

temperature and pressure where specific temperature/pressure requirements 

exist. The method of achieving this function is likely to coincide with other 

functions, such as transport/pump cryogen or exchange heat; however to 

maintain genericity it is kept independent.  

 Exchange Heat – The functional requirement to exchange heat might seem 

obvious in any cooling system, however the ability to do it in quantitative 

terms is a challenge, particularly in aerospace systems where weight must be 

kept to a minimum. The functional model must consider how critical this ability 

is, hence it is included as a stand-alone function, despite being used in 

multiple areas of the system.  

 Transport/Pump Cryogen – This function is again crucial to any potential 

solution. Any solution that will satisfy the requirements will need compressive 

equipment; however the method of achieving compression is the subject of 

discussion during later chapters.  

 Monitor Cryogen Levels – This is dependent on whether the solution uses 

open or closed loop system to a large extent, although in any closed-loop 

helium system, an on-board supply of helium will be required due to the 

nature of helium and its propensity to leak. Monitoring the levels of cryogen is 

deemed crucial as any loss of cryogen will likely have a large impact 

downstream of the system in terms of functionality, although the following 

sections within this chapter will investigate this fully.  

 Store Cryogen – The ability to effectively store the cryogenic fluids used will 

be important. This is somewhat tied to the insulation and monitor levels 

functions however the storage medium is likely to dictate how viable any 

open-loop concept will be.  

 Vent Boil-Off – This function is again dependant on the type of cryogen used. 

Should a system that does not use latent heat energy in any form, this 

requirements will become redundant in terms of the word ‘Boil-Off’. However, 

should a sudden quench event happen or for whatever reason a sudden rise 

in pressure is experienced, the excess will need to be rapidly removed.  
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 Figure 5-6 – Lower Tier Functional Flow Diagram 
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The lower tier FFD in Figure 5-6 shows the flow of inputs and outputs through the 

cryogenic cooling system, with the diagram kept as generic as possible to avoid any 

design choices to be inadvertently made at this stage of the project. It can already be 

clearly seen that the most complex part of the cryogenic cooling system will be the 

‘Monitor Temperature and Pressure’, ‘Exchange Heat’, and ‘Transport/Pump 

Cryogen’ functions, by simple adding of the inputs and outputs. It may seem that the 

‘Detect Quench’ function is somewhat redundant, or that it may constitute part of the 

‘Detect Cooling Demands’ function; it is worth noting again that quench detection can 

come in one of three forms. Current overloading, magnetic field overloading, and 

temperature rise (all due to the earlier referred-to superconducting phase diagram 

relationship), can all push a superconducting component to quench; hence simply 

detecting the temperature rise will be no clear indication of whether a quench is 

going to happen at any given point in time.  

Validation of the models comes in the form of iterative expert opinion. Since at 

present there are no comparable models or design processes for high-power 

aerospace cryocoolers, expert opinions at each stage are crucial. As the first model 

is developed at each stage, experts are contacted to view the models and modify at 

will, with rationales given. Meetings largely confirmed the system process validity, 

and no adjustments were made to the final models. The experts involved were those 

mentioned in Chapter 4 from the SRC, both electrical and aerospace team members. 

Since this is an early stage concept design, it is not considered critical enough to 

revisit requirements at this stage, since analysis is yet to be performed as to which 

functions are most critical. 

5.5.   Functional Model Analysis 

The next step after the FFD models are validated is to perform a number of analysis 

techniques on them. This is in order to understand how sensitive they are to input 

variation, how they will respond to failures within the system, and to understand if 

they meet the initial requirements outlined in the project by the system. This is 

necessary to recognise the areas of functionality that must be closely monitored, and 

to properly assess where failures will be of higher consequence than others. 

Sensitivity analysis takes place using a method known as a Sensitivity Matrix shown 

in Table 5-1. This is performed by listing all of the inputs of the system function by 
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function on the vertical axis, while the top horizontal axis has a similar list of all of the 

outputs. They are then assessed using a three variable system, where the variation 

of an input is considered against the variation of the output. If the input is varied and 

the output is severely sensitive or directly sensitive, it is given the symbol ΟΟ. If the 

output is moderately affected, it is given a Ο, and if the input is not at all affected or 

is insensitive, then it is given the symbol Δ. This will then highlight the areas of the 

system that are most sensitive, and those that should be considered high-risk when 

looking at concepts.  

From Table 5-1, it can be observed that there are two main areas of high sensitivity 

with many dependant inputs and outputs, the Exchange Heat function and the 

Transport/Pump Cryogen function. The two cryogen storage related functions are 

also highly sensitive despite their relative simplicity as functions, along with the 

Maintain Temperature and Pressure function. The other functions exhibit small areas 

of sensitivity, however for the time being they can be ignored, due to the critical 

nature of the other identified sensitive functions. Further discussion is given in the 

next section once all three methods are shown to build an overall picture of the 

functional analysis. 
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Table 5-1 – Flow Sensitivity Matrix for the Maintain Temperature at Load Mode 
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The next analytical method used is Failure Mode and Effects Analysis (FMEA), to 

understand whether there are any major risks associated with any of the functions. 

The way functions interact within the FFD is scrutinised, and if mitigation is required 

on any given failure mode, options for how that could be achieved can be suggested 

before final design choices are made. FMEA can make design choices easier and 

more obvious also, by highlighting where additional care must be taken within 

sensitive functions. Configuration choices can also begin to be discussed, since 

redundancy requirements, particularly in the case of one event leading to a 

catastrophic failure are discovered and recorded.  

FMEA is performed by first theorising all known possible failure modes for each 

function in the FFD, by simple brainstorm with the stakeholders used to validate the 

FFD. Since the research is still in the pre-concept phase, failure modes are largely 

speculative, and are generally kept solution independent. Once a large set of 

possible failures is gained, the possible downstream effects are considered, using 

the FFD. The possible causes of the failure are recorded, and the method of 

detection for each failure is considered. Three numerical factors are considered; 

severity, occurrence, and detection. Each factor is given a number between 1 and 

10, with 1 representing the least severe or most likely for detection, and 10 

representing the most severe or least likely to be detected. These numbers are then 

multiplied together to give a risk priority number (RPN), which highlights the most 

serious potential failures within the system. Solutions can then be theorised 

according to the RPN, and a new occurrence number is given to provide a new RPN 

that considers the mitigating design solutions.  

Table 5-2 shows the FMEA for the ‘Maintain Temperature at Load’ mode. It is 

important to note that this analysis path, including the Sensitivity Matrix and FFD’s, 

must all be completed for each mode of operation with a full assessment once 

unknowns regarding concept selection are known. The full analysis on whether each 

mode of operation can be satisfied by the concept can only be completed once the 

overall concept is known, since many requirements require definition of the system 

particularly with reliability requirements. For the purposes of this research, interest is 

expressed only in the most critical phase for assessment, with the rationale that if the 

proposed cryogenic cooling system concept cannot adhere to the most critical of 

modes, then it will be useless for all other modes by default.  
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Table 5-2 illustrates that the riskiest situations mostly arise within the detection 

phases according to the Risk Priority Number (RPN). This can be explained by the 

fact that the RPN is calculated using the severity of the proposed failure out of 10, 

with 1 being the least severe and 10 being the most, multiplied by the likelihood of 

occurrence and the ease with which it is detected, with both again graded out of 10. 

The detection of a quench or heat loads is deemed to be critical to operation. As a 

result, any failure to process the demands or relay an impending or occurring quench 

would be both severe and difficult to detect, given that these are supposed to be the 

functions performing the detection. This highlights the need for a comprehensive 

monitoring system, much like modern day gas turbine engines currently do. This is 

listed as a potential mitigating action, and a new risk priority number is given to it 

based on the opinions of the author on how likely the scenario is to occur.  

Another potential failure that has been shown is the insulate components section, 

specifically the chance of the vacuum spacing leaking or gaining some form of 

foreign object. The reason this is marked as a potential problem is that due to the 

temperatures the cold parts of the system will be under, even the slightest air in-leak 

will cause moisture and the air itself to freeze inside the vacuum, potentially causing 

the system to rupture due to ice expansion. This could also potentially cause 

damage to any high-speed vacuum pumps in operation, resulting in total loss of 

vacuum. This would again be potentially catastrophic, as the secondary effects to a 

larger rupture would certainly raise the temperature past the critical point and result 

in loss of superconductivity, and in turn propulsive power. Mitigation step for this 

could include a dual walled seal, filters on the vacuum pumps, or even multiple 

pumps, adding redundancy and reducing the load on individual pumps. For some 

parts, pumping may not be necessary, as hermetically-sealed vacuum insulation can 

be used. More details are given in Chapter 6. 

Finally the last notable inclusion within Table 5-2 is the Vent Boil-Off function, which 

is designed to vent any cryogen (Closed Loop or Open Loop) that cannot be 

recycled, to prevent rapid expansion of the fluid inside the pressure system. This 

shows the system may be susceptible in the same way as the vacuum system such 

that the system could be blocked in an area where there are no pressure release 

valves, and the system could rupture due to the huge increase in sudden pressure. 

When considering mitigation factors for a foreign object situation or icing, the author 
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was unaware of any way to currently detect foreign objects within the system, as it 

has never been a major problem for previous cryogenic systems. There has never 

been a need in the past within these systems to have such detection ability because 

cryogenics are typically in laboratories or systems that are never opened. For aircraft 

applications it is highly likely that systems will need replacement, hence foreign 

objects are much more likely. This discovery may lead to a design process or 

operational guidelines that see a cryogenic foreign object detection system or 

procedure, and possibly future intellectual property. 
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Function 
Functional Failure 

mode 
Effects S Causes O 

Current Detection 
Method 

D RPN Design Suggestions 
New 

O 
New 
RPN 

(1) Insulate 
Components 

Loss of power to 
vacuum pump 

Quenching 8 

Technical failure 

2 

Thermal sensors 

1 16 
APU power available 
should failure occur 

1 8 

Loss of propulsive 
power 9 1 1 9 

Automatic temperature 
gradient response system 

put in place 
1 9 

Shielding failure 
9 

Maintenance error, 
manufacturing fault 

1 

Thermal sensors, 
air detectors 

2 18 Armoured shielding 1 18 

Shielding 
contamination 

6 
Maintenance error, 

manufacturing/assembly 
fault 

3 2 36 

FOD awareness during 
maintenance and 

assembly, process control 
for manufacturing 

2 24 

Breach in thermal 
shielding  

Shielding damage 

7 
Maintenance error, 

assembly error, 
operational hazard 

3 3 63 Armoured shielding 1 21 

Foreign object in 
vacuum zone 

Vacuum pump 
damage 8 

Maintenance error, 
assembly error 

5 

None 

5 200 
Clean room assembly and 

FOD awareness during 
maintenance 

2 80 

Vacuum pump 
failure 9 5 5 225 

Multiple pumps for 
redundancy 

2 90 

(2) Detect 
Cooling 

Demands 

Sensors not working 

SC system 
Quenching 

8 

Faulty sensors, 
damaged sensors, 

system damage through 
maintenance 

5 

Thermocouples, 
capacitance 

thermocouples, 
thermistors 

10 400 

Use multiple sensors for 
high redundancy 

1 80 

Cryogen flooding 
and/or excessive 
cooling 

6 5 10 300 1 60 

Sensors giving 
wrong readings 

SC system 
Quenching 

8 5 10 400 Use multiple sensor types 
to ensure type is not the 

problem, also test sensors 
under different magnetic 

conditions 

1 80 

Cryogen flooding 
and/or excessive 
cooling 

6 5 10 300 1 60 

Wrong demand 
Interpretation 

Excessive or 
inadequate cooling, 
loss of cryogen 

7 
Software error, sensor 

damage 
2 10 140 

Software checking 
needed, with high rate of 

redundancy on processing 
1 70 

(3) Detect 
Quench 

No/Incorrect quench 
data 

SC system 
Quenching without 
knowledge, system 
overheats and 
permanent damage 
occurs 

9 

Faulty sensors, 
damaged sensors, 

system damage through 
maintenance 

2 

Thermocouples, 
capacitance 

thermocouples, 
thermistors, (boil-

off measurement?) 

10 180 
High sensor redundancy, 

software maintenance 
1 90 

System not 
quenching, but 
flooded/shut down 
for no reason 

7 2 10 140 High sensor redundancy 1 70 

Quench Not 
Detected 

Permanent SC 
System Damage 9 2 10 180 High sensor redundancy 1 90 

Quench falsely 
detected 

Overload cooling 
system, possibly 
engine shutdown 

7 1 10 70 High sensor redundancy 1 70 

(4) Monitor 
Temp/Press 

Incorrect Press/temp 
adjustments 

SC system 
damage, loss of 
propulsive power 

9 
Software error, sensor 

damage 
1 

Temperature 
sensors 

1 9 None required N/A N/A 

Information 
processing delay 

Possible quench, 
possible SC 
system damage 

9 
Software error, input 

overload, faulty 
hardware 

1 
Tolerance 

checking, time 
calibration 

1 9 None required N/A N/A 

Inaccurate 
information due to 

faulty sensors 

Quenching, loss of 
propulsive power 9 Faulty sensors 1 

Inconsistency with 
other sensors 

1 9 None required N/A N/A 

(5) Exchange 
Heat 

Fluid damage to 
heat exchanger 

Cryogen leak 
4 

Fluid used causes 
embrittlement or is 
impure, inadequate 

surface finish within HE 

1 
Helium/hydrogen 

detectors 
2 8 

Anti-fouling/embrittlement 
coatings 

1 8 

heat exchanger 
mechanical failure 6 1 

Sensor detection, 
loss in cooling 

capability 
2 12 1 12 

vacuum/insulation 
breach 

5 1 
vacuum sensors, 

fluid sensors 
1 5 1 5 

Blockage in heat 
exchanger 

Heat exchanger 
ruptures 

6 Contamination by 
foreign object(s), 
embrittlement, HE 

damage 

1 
Sensor detection, 
drop in pressure 

1 6 
Filters with sensors at 

entrance and exits of HE's 

1 6 

Inadequate cooling 
capacity 

7 1 
Rise in 

temperature 
2 14 1 14 

boil-off unable to 
escape 

Cryogenic system 
ruptures 

9 
Boil-off valves faulty, 

poor HE design 

1 
Sensor detection, 
drop in pressure 

1 9 Regular valve placement, 
emergency over-pressure 

valves 

1 9 

damage to heat 
exchanger 

6 1 
Rise in 

temperature 
2 12 1 12 

(6) Maintain 
Temp/Press 

Over/under adjusting 
pressure/temp 

Cooling demands 
not met; system 
overheats 

6 

System not calibrated 

2 

Thermal/pressure 
data changes 

1 12 

Perform system calibration 

1 6 

Available cooling 
power depleted too 
early; system 
overheats 

6 2 1 12 1 6 

Not adjusting 
pressure/temp 

System 
overheats/over 
pressurises; loss of 
propulsive power 

9 

Input data incorrect; 
commands conflict with 

demand (system 
overload) 

1 1 9 
Automatic override, with 

manual override for 
emergencies 

1 9 

(7) 
Transport/Pump 

Cryogen 

No pressure Loss of cooling 
power 

6 
Blockage in pump, 

Pump malfunction, loss 
of power 

2 Pressure gauges 1 12 Pump redundancy  1 6 

low pressure Reduction in 
cooling power 

4 
Pump obstruction, 

contaminated cryogen 
2 Pressure gauges 1 8 Pump redundancy  1 4 
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high pressure 
Excessive cooling 
power, possible 
system rupture 

7 
Pump is pumping too 
fast, obstruction in HP 

areas 
1 Pressure gauges 1 7 Pump redundancy  1 7 

(8) Monitor 
Cryogen Levels 

Incorrect 
adjustments to 
cryogen levels 

Cooling demands 
not met/overcooling 6 Inaccurate cryogen data 2 Pressure/temp 

gauges 
1 12 None required  1 6 

No command 
response to cryogen 
level changes (i.e. 

Dump cryogen) 

Possible 
overheating, 
possible under 
cooling 6 

Component malfunction, 
incorrect cryogen data 

2 

Pressure/temp 
gauges, 

software/hardware 
reliability checking 

through other 
functions 

1 12 None Required  1 6 

(9) Store 
Cryogen 

Excessive boil-off 
Early depletion of 
cryogen 

6 

Vacuum failure, damage 
to insulation, excessive 

thermal 
radiation/conduction 

exposure 

3 

Pressure sensors 
on tank, 

temperature 
sensors, boil-off 
valve mass-flow 
measurement 

1 18 None Required  3 18 

Excessive pressure 
build-up 

Possible tank 
rupture, loss of 
cryogenics 

10 

Emergency pressure 
valve failure, loss of 

insulation/vacuum, over 
exposure to thermal 
radiation/conduction 

1 
Pressure sensors, 

temperature 
sensors on tank 

1 10 None Required  1 10 

(10) Vent Boil-
Off 

boil-off unable to 
escape 

Possible cryogenic 
system rupture, 
loss of cryogenics 10 

Venting system failure, 
'sticky' valves, trapped 
contaminant blocking 

valves 

3 Pressure sensors 9 270 
Method for detecting 
contaminant required. 

 N/A N/A 

excessive cryogen 
boil-off 

Early depletion of 
cryogen 

6 
Open 'sticky' valve, 
valve malfunction 

2 
Valve pressure 

sensors 
5 60 

High reliability valves 
needed 

 1 30 

 

Table 5-2 – FMEA for the Maintain Temperature at Load Mode 
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The final step in understanding the system from a requirements perspective is to 

perform a Quality Function Deployment analysis, whereby a model is used to assess 

the relative importance of the initial overall stakeholder requirements against the 

functional requirements of the system, providing guidance as to which functions are 

most related to the overall project goals. It can also be used as a method of 

validation, whereby the visual aspect of having all of the relationships between 

aspects of the system can be examined, and if certain requirements are not met by 

at least one function, or if there is an incomplete set, it should become clear.  

The QFD analysis for this research is performed by using a ‘House of Quality’ 

diagram (HoQ) shown in Figure 5-7. The first step is to list all of the stakeholder 

requirements on the vertical axis and all of the functional requirements of the system 

on the horizontal axis. Scores for importance between 1 and 5, with 5 being most 

important are then given to the customer requirements. This was done by using the 

previously gathered data on which requirements were considered key for each one 

of the six stakeholders interviewed, and based on previous expert interviews’ 

considered key requirements and areas of focus.  

The next step is to analyse the requirements against the functions, giving them a 

value within the matrix of 1, 3, 9, or a blank square. A number 1 represents a weak 

relationship, a 3 represents a moderate relationship, a 9 corresponds to a strong 

relationship, and a blank square represents no relationship. Each figure is multiplied 

by the relative importance of the stakeholder requirements, and then added together 

to form the overall absolute importance figure. The relative importance figure is also 

given, to show in relative terms the significance of each function. In this case, the 

customer requirements evaluation on the right side of the House is intentionally 

vague, as there are no known parameters or methods of assessing what the targets 

are other than the best performance possible. Should a viable solution exist that 

warrants further investigation, the HoQ will be revisited with clearer targets, 

particularly once the detailed targets are known from the air frame designers further 

into the future.  

The QFD shown in Figure 5-7 shows that four of the functions within the system can 

be considered critical to the success of the project, with scores of above 500 on the 

absolute importance scores. These are the Exchange Heat, Store Cryogen, and 
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Vent Boil-Off functions, with the Transport/Pump Cryogen function scoring over 600, 

making it the most critical function. This is as expected, due to the pump or transport 

mechanisms probable role in compression of the fluid, meaning the cooling system 

itself relies on its functional operation. This result is also confirmed by the sensitivity 

matrix in Table 5-1. The Store Cryogen function is also expected to be critical to 

operation, which confirms the need for a reliable lightweight tank. This again is 

expected due to the possible inclusion of a LH2 coolant; however since LH2 

considerations are out of scope except in the case of a heat sink, this is not 

investigated in depth. The Exchange Heat function again was realised as critical 

during the early stages of the project, and the HoQ analysis has confirmed this 

assumption. The nature of the heat exchange must be examined closely, since this 

will be crucial to the performance of the system during operation. Although the 

method of heat exchange is unknown, this analysis result confirms that close 

attention must be paid to this function in order to ensure the system can function 

correctly at the level of expected performance. Finally the Vent Boil-Off function was 

also identified as critical, which is somewhat unexpected. The reason this is an 

unexpected result is that during functional modelling, Vent Boil-Off is reliant only on 

inputs to function, which is the boil-off gases from various parts of the system. 

However, when looked at within the FMEA and HoQ analysis, due to its interaction 

with a number of the other critical functions, and therefore its requirements to 

properly function for the dependant functions to work properly, Vent Boil-Off is 

deemed as critical.  

The HoQ also highlights which functions are least of concern, such as the Maintain 

Temperature and Pressure function and Monitor Cryogen Levels function. Both of 

these scored below 400 for the absolute importance, and as a result, they may need 

to be revised in terms of their requirement to exist. They could be combined within 

the other functions, however doing so will render the system to-date irrelevant, and 

will constitute iteration. At this stage, since the functions have shown some 

sensitivity and they depend on being separate from other similar functions for 

redundancy or independence reasons, they will be included in the further study. 

This step now ensures the system has been evaluated thoroughly enough to allow 

the first stages in quantitative analysis. The qualitative phase of the project must 
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begin by first gathering all governing laws, equations, and relationships that are 

physically present within the overall electrical and cryogenic system. 
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Figure 5-7 – QFD House of Quality for Maintain Temperature at Load Mode
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5.6.   Functional Analysis Discussion 

The outcome for this chapter is the world’s first functional mapping of a 

superconducting network cryogenic cooling system. Despite previous efforts by 

NASA, the functional behaviour and characteristics of a cryogenic cooling system for 

the purpose of aviation propulsion support has remained unknown. Qualitative 

analysis in the case of early stage concept research has proven to be useful within 

this project. Stakeholders’ opinions on each gathered requirement proved to be 

useful in determining the most critical functions. Since the opinions gathered were 

from different people, in different engineering disciplines, and at differing levels of 

seniority and responsibility. This approach led to some differences of opinions on 

which requirements were most critical; however an overall viewpoint on the system 

requirements was gained by taking the average closest integer and this method 

keeps early analysis simple.  

Simplicity is crucial at this stage in the concept development. Since the number of 

variables in the project is already considerable, minimisation in different forms has 

permeated the research. Requirements were kept simple for generality and 

impartiality such that design choices could be made at a later date without restriction. 

The Maintain Temperature at Load mode was selected out of the five hypothesised 

operational modes, using a simplified mission profile that identified modal pertinence 

of each mission segment. FFD’s were also designed with simplicity as the key 

consideration. This approach allows multiple function combination to achieve the 

minimal possible complexity for further analysis, and crucially to reduce the 

requirement for further iteration. Finally, the methods used to analyse the FFD’s 

were manipulated from typical designs. The QFD process in particular was modified 

to suit the conceptual nature of the project, since many customer requirements are 

not known.  

The process development is a key aspect to conceptual-level systems engineering-

based research. The systems process outlined by Rolls-Royce, although favoured as 

a method of design and decision making for complex problems with many variables, 

does not consider that many of these variables are either completely unknown or 

unquantifiable. An example of this is with superconducting technology, where 

traditional rules at even the basic physics level, break down completely. In an 

electrical system where DC resistance is at zero, Ohm’s law is no longer applicable, 
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making losses more difficult to assess. This is one of many similar challenges that 

make this project difficult, even when using the systems engineering techniques 

outlined by Rolls-Royce. 

When assessing the losses (And therefore cooling requirements) in a complex, as-

of-yet undefined electrical superconducting architecture, the challenge of 

quantification becomes significantly tougher. It is only through simplification that the 

first steps can begin, initiating an iterative process that grows in process complexity 

once some of the crucial unknown variables are identified and quantified. Particularly 

difficult to assess with regards unknown quantities will be the weight of any solution. 

Typically, weight is assessed first in any aeronautical design as it is crucial for wing 

sizing. With an unknown system such as this, quantification of the weight is tricky 

because at present, the solution is a complete unknown, along with the potential for 

improvement when applying aerospace-grade technology and materials to industrial 

designs.  
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Chapter 6.  Systems Engineering Process Adaptation and Concept 

Selection 

6.1.   Introduction 

Systems engineering has been used for decades to manage complex 

interdisciplinary projects such as NASA’s Apollo program (NASA, 2007). The method 

works by first accurately defining a problem through talking to all involved parties and 

creating a large set of requirements. For the purpose of this project, systems 

engineering alone is not sufficient to reach a solution because of the large number of 

fundamental unknowns, whether those unknowns are in the form of assumptions, 

requirements, or even basic performance targets.  

For the purpose of this research, the Rolls-Royce systems engineering process has 

been adapted in order to reach a first-pass solution. Certain elements are changed, 

some are dropped completely, and other methods are defined. This chapter 

highlights the overall high-level perspective as to why the process was adapted, why 

elements of the Rolls-Royce systems engineering process were used and others 

omitted, and how other methods were utilised. Crucially this chapter provides a top-

down view of the route used to generate a first concept.  

The second part to this chapter suggests potential candidates for concepts for the 

cryogenic cooling system, using function means analysis (FMA). FMA is carried out 

by suggesting all known ways of achieving the functions within the earlier defined 

functional model for the Maintain Temperature at Load mode. Once all known 

possible concepts, however outlandish or unlikely, are compiled into the FMA, 

elimination takes places using DREd charts, and an overall set of plausible concepts 

is generated. From this set of ideas, the most likely best concept is selected for 

numerical modelling. Discussion at the end of the chapter centres on the transition 

between qualitative and quantitative analysis outlined in the modified systems 

engineering process that was adopted.  

6.2.   Rolls-Royce Systems Engineering Process Overview 

Systems engineering relies on a clearly defined process of gathering requirements, 

deriving the functionality of the system being designed, and then choosing the 

correct methods of achieving those functions based on the performance of concepts 
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generated. The traditional process (simplified for diagrammatical purposes) used by 

Rolls-Royce is described in Figure 6-1.  

 

Figure 6-1 – Overall Rolls-Royce Systems Engineering Process 

Figure 6-1 gives the process in high-level terms, whereby the systems process is 

described by six distinct phases. The phases in Figure 6-1 are described as follows, 

with brief descriptions on the processes, taken from the Rolls-Royce Systems 

Engineering Handbook (Rolls Royce, 2012): 

1. Stakeholder Analysis – Stakeholders for the project and their respective 

roles and influences are defined, and stakeholder participation is used to 

understand requirements. Stakeholder analysis techniques include brain-

storming, tree diagrams, and stakeholder group and elimination rationale 

diagrams. 

2. Requirements Capture and Validation – Requirements must be captured 

using different perspectives, with stakeholders/customers making up a large 

portion of requirements input. Once stakeholder input is known, the 
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requirement set is enlarged through techniques such as the affinity diagram, 

further tree diagrams, and needs means analysis, to see if early stakeholder 

requirements can be met early on.  

3. Operational Modes and Functional Modelling – Once requirements are 

known to a reasonable degree of completion, the system under investigation 

is functionally considered, by recording the operational modes the system 

must operate under. The system is then mapped in terms of functionality 

using FFD’s. This is done for each mode, and at the various stages, including 

for sub-functional processes.  

4. Functional Analysis – Once a full set of functional models is generated, they 

are assessed using sensitivity studies, failure modes analysis, and early QFD 

analysis. This step begins to define the solution, as choices can be made 

once it is clear which requirement targets are met by early stage concepts. 

5. Quality Function Deployment – QFD is a method of finalising the 

requirement set and to assess which functions within the system are most 

critical to the successful concept. This step typically results in iteration, 

whereby knowledge gained so far can be inputted in earlier stages, making 

any final concept more robust as a solution. The methods used are HoQ, N2 

analysis, and logical system architecting.  

6. Concept Selection and Validation – This is the final stage of systems 

engineering design, whereby all known methods of achieving the functions 

within the now-validated functional models are incorporated, and those with 

the best performance against the pre-defined requirements are selected. 

Methods for concept selection include the function means analysis (FMA), 

Pugh matrices, and a further QFD HoQ analysis. The final outcome should be 

a robust concept solution to the original design requirements.  

The systems engineering process is intended to limit any undesired issues occurring 

at a later stage in design. The primary driver behind this is cost; it is far cheaper to fix 

a problem sooner rather than later. Figure 6-2 shows the cost of fixing errors at 

various stages of a project.  
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Figure 6-2 – Table showing the cost factors of fixing errors at various project stages 

(UK Systems Eng Council, 2009) 

When considering the cost of fixing a system can be 250 times higher once it is in 

service than fixing the problem at the requirements stage, it is clear to see why a 

robust method of design is crucial to modern day business. Engineering projects and 

systems are also increasing in complexity, whereby many different operational parts 

must cohere, often spanning different engineering disciplines. Systems engineering 

is seen as the solution to increasing complexity because of its reliance on getting the 

requirements correct, minimising the risk of undesirable emergent behaviour in any 

generated solution at a later date.  

At present, most engineering problems are solved using a solution-based approach, 

whereby solutions are suggested to a problem based on the customer brief. This 

approach, while instantaneous in its visibility, typically leads to undesirable emergent 

behaviour that inevitably leads to troubleshooting throughout the design process. By 

focusing on requirements, even complex problems can be solved through thorough 

understanding at an early stage.  

There are however limitations to the Rolls-Royce systems engineering method. 

Although systems engineering thinking is useful for complex problems, typically most 

information about a system is known, for example customers know their 

requirements for performance, safety standards, etc. This project poses many 

challenges for the traditional systems process followed by Rolls-Royce; hence it 

must be adapted to suit the needs of this research.  The process also takes time. 

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&ved=0CAcQjRw&url=https://incoseonline.org.uk/Program_Files/Publications/zGuides_3.aspx?CatID=Publications&ei=z2YtVdXMI8qrPIu0gNAC&bvm=bv.90790515,d.ZWU&psig=AFQjCNHayXzhYeEBaNkTyo2L5Korzg1C8A&ust=1429124278241703
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Many opponents of systems engineering within Rolls-Royce typically state that the 

time taken to fully understand every requirement can mean losing competitive edge. 

Simplification is needed in order to make the process more attractive initially, since 

the benefits of systems engineering are hidden.  

This chapter shows how the Rolls-Royce systems engineering process can be 

simplified for use at early stage conceptual design, in order to both provide early 

results, and to minimise the risk of undesirable emergent behaviour in any given 

system.  

6.3.   Rolls-Royce Systems Process Limits and Adaptation 

Throughout this project, the Rolls-Royce systems engineering methodology has 

been used due to the complexity of the challenges encountered. Systems 

engineering is a means of breaking down complex problems in a robust and 

repeatable way such that even very difficult problems become a matter of process. 

Despite the highly robust nature of the systems engineering process, the research to 

date has encountered numerous challenges that Rolls-Royce systems engineering 

process cannot address.  

Most of these challenges arise when considering the highly theoretical nature of the 

project; most of the components that require cooling do not yet exist, and there are 

no comparable networks or components, hence systems concept selection becomes 

suddenly difficult. The Rolls-Royce systems process typically has an iterative nature 

but fairly linear structure in terms of the overall process, whereby functional analysis 

can translate directly into systems concept selection. This linear (although iterative) 

process is shown in Figure 6-3. In order to circumvent the issues that arise from 

theoretical concept design, systems engineering must go hand in hand with basic 

numerical modelling and solutions thinking. Figure 6-3 also shows the adapted Rolls-

Royce process used throughout this project.   
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Figure 6-3 – Standard (left) and modified (right) Rolls-Royce systems engineering 

processes  

When the research entered the concept selection stage it became apparent that the 

sensitivity to heat load for the cryocoolers was high. Any slight change in the 

required cold power in the superconducting system is likely to result in large changes 

in cryocooler required power.  This is due to the fundamental relationship between 

cryocooler required input power and cooling output power; typical cryocoolers have 

cold powers one or two orders of magnitude lower than the required input power. 

Since the concept may potentially change as and when new information from 

experimental research becomes available, complexity begins to arise from the 

combined high sensitivity and high variability of best concept. This highly 

interdependent relationship between the superconducting network and the cryogenic 

cooling system coupled with poor understanding of those relationships at present led 

to a proposed change in the way the Rolls-Royce systems process is performed.  

The changes consist of three different key aspects; overall process modification and 

modelling incorporation, current technique modification, and validation strategy. The 

process modification is shown in Figure 6-3. On the left the original Rolls-Royce 

systems process is shown to be largely linear. Since the large number of unknowns 

means the concept must first be defined, the concept and component level concepts 

must be performed in tandem. As a concept is defined by the qualitative process 
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gradually, the likely resulting components are also defined. Once numerical models 

are developed for components, they are validated through expert opinion. These are 

then fed back into the overall concept for modelling within the holistic system. The 

qualitative analysis results are crucial to the successful modelling of any solution, 

since the choice of cryogenic cycle will determine which equations are used to 

handle inputs and outputs of components.  

To enable rapid first-pass concept generation, the overall process was modified to 

suit the needs of this project. Of particular note is the HoQ used, shown in Figure 5-

7. Typical HoQ analysis is performed once customer requirement targets are known, 

so any concept can be numerically assessed. In this highly conceptual theoretical 

problem, it is necessary to put into perspective the problem that arises with the need 

to know this information. At present, the customer identity is known, yet the customer 

does not know of the requirement for the cryogenic cooling system. Since the idea of 

electric propulsion is relatively new, customers do not know their requirement 

metrics, hence most targets are simply ‘As Good As Possible’. This freedom from 

customer targets is both advantageous and disadvantageous. It allows the complete 

conceptual design freedom without any concept being ruled out; however it also 

means any concept that eventually gets selected must undergo further scrutiny, 

since it will be unknown from the outset whether the concept selected meets the 

performance criteria.  

Within the qualitative analysis, numerous similar simplifications have taken place. 

The Maintain Temperature at Load mode is selected as the critical mode by 

assigning the mission profile segments to each mode, and selecting the mode most 

associated with flight segments. This normally would not take place; in a less 

theoretical system, each mode would be modelled from a functional perspective, 

however since the concept could change when new information becomes available, 

it is necessary to effectively streamline the process. Simplification methods used are 

as follows: 

 Stakeholders are eliminated early on to avoid correspondence with 

stakeholders that may influence or potentially stifle innovation. 
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 Requirements interviews are conducted with technical experts only, ignoring 

other stakeholders identified at the early concept stage for the reason of 

allowing freedom of design. 

 Operational modes are identified and the critical mode is selected by 

assigning mission segments. The critical mode is then the only mode selected 

for functional modelling. 

 Functional modelling of just the critical mode; level 0 and level 1 modelling is 

used, level 2 is too detailed since it requires definition of the concept, and at 

level 0 the relationships between interacting systems are not considered for 

the reason of simplicity.  

 Functional analysis methods are reduced in scale or simplified. Sensitivity 

analysis and FMEA is performed only on the FFD generated for the critical 

mode identified. The QFD analysis consists only of the HoQ which is 

simplified to suit the needs of the project. Customer requirements are not 

known in detail, and targets from a quantitative perspective are unlikely to be 

known at such an early design stage.  

 Concept selection is limited to only the most critical components as identified 

by the systems process.  

The systems process methods are intended to coalesce together to form a robust 

decision on design. Concept selection can take place once all the methods have 

been performed, and consistency between methods is exhibited.  

 

Figure 6-4 – Customer excitement and satisfaction diagram 
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Figure 6-4 shows how the systems methods used effectively capture and assess the 

requirements of the system. The diagram shows the order of methods used in two 

metrics; customer satisfaction and customer excitement. Systemic textual analysis is 

typically defined by the customer, hence it is likely the customer will be enthused by 

their own requirements, and thus ranks highly on the excitement axis. However since 

customers are unlikely to initially define their needs adequately, the overall solution 

(should only the requirements defined by the customer be used) is likely to 

disappoint, therefore the customer is less satisfied. Viewpoint analysis is likely to 

capture more requirements from the designer, but the customer is unlikely to be 

enthused or excited about requirements generated using this method. Functional 

modelling is likely to satisfy the customer in terms of a solution as it will uncover 

functions that could be performed by singular components or similar simplifications; 

however it is unlikely to generate excitement as it will not define concepts or 

solutions. Sensitivity and failure analysis is likely to generate both excitement and 

satisfaction, since it begins defining potential solutions along with highlighting 

potential failure modes. The final QFD analysis provides validation on the methods 

used, incorporating the results from each method, and checking for consistency in 

the functional analysis and sensitivity study. This rigorous approach to design forms 

a foundation for which concepts can be generated. 

 Systemic textual analysis was used to translate the brief given by Rolls-Royce 

on how the cryogenic system should operate and to analyse what was said 

through experts interviewed.  

 Viewpoint analysis was used when considering stakeholder requirements and 

relevance.  

 Functional modelling was used to understand the functional behaviour of the 

system, and functional analysis was performed to determine the validity of the 

FFD’s.  

 Sensitivity analysis was used to assess the functional models in the event of 

failure or performance degradation. 

 QFD analysis brings all four aspects together by assessing the originally 

generated requirements against the functional sensitivity of the system.  
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The critical functions are now defined, allowing concept generation to take place. 

Using the methods outlined in Figure 6-4, the qualitative analysis of the project is 

mostly complete, with only qualitative concept selection left to perform. Once a 

baseline concept is defined numerical analysis can be performed to assess the 

quantitative aspects of the solution.  

6.4.   Concept Selection Overview 

Concept selection follows on directly from the qualitative analysis by defining (as far 

as possible) preferred solutions to functions that must be satisfied. Since the concept 

is still at such an early design stage, some solutions are not possible to define or are 

not pertinent. The first step is to list all known ways of achieving a function and 

compile them into a function means analysis diagram (FMA). The FMA solution set is 

then examined in more detail, exploring the qualitative and known quantitative 

aspects of each solution in brief using DREd diagrams. Once the most critical 

functions are defined, numerical modelling can take place, particularly when a 

thermodynamic cycle is chosen, as cycle choice will determine which set of 

equations are used. Since there are many requirements, the choices made within the 

analysis of the FMA will be graded on the most critical requirements, particularly 

those given a 5 in the HoQ diagram in Figure 5-7. The outcome for this chapter will 

be a partially defined cryogenic cooling system solution that can be modelled 

numerically. The final part of the chapter will discuss the solution generated, the 

concept selection process effectiveness, and how issues encountered during the 

concept selection and Rolls-Royce systems process adaptation were mitigated. 

6.5.   Function Means Analysis 

Following on from the Rolls-Royce systems process adaptation, the FMA compiles 

all the functions of the cryogenic cooling system and all of the conceivable means of 

achieving that function so that overall concepts can be suggested. The procedure for 

determining the viability of any single functional solution begins with a qualitative 

analysis. The criteria for inclusion within the FMA is firstly based on whether there 

are any challenges that cannot in any way be mitigated. The remaining options have 

varying degrees of viability and are all included at this stage, but when concept 

selection takes place, they will be quantified as best as possible and ranked 
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according to their system suitability and performance. Priority is given to solutions 

that can satisfy multiple functions, simplifying any potential system.  

Figure 6-5 shows the layout of an FMA. The functions are listed on the left, and 

solutions to satisfy each function are hypothesised. Potential concepts must select 

one solution from each function. This generates individual concepts that can then be 

compared in merit numerically. Figure 6-5 also shows how different numbers of 

solutions can exist for each function. Function B in the example shown shows only 

one solution; this can occur frequently, however it is undesirable since it limits the 

possible number of concepts. If a single solution function does occur, the concept is 

selected, however further investigation is essential. If the concept cannot possibly 

fulfil the requirements due to a single solution function, this highlights a critical 

technology gap in fulfilment of that specific function. This could lead to intellectual 

property development.  

 

Figure 6-5 – Example of FMA 
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This section is divided into three phases; basic FMA table and known solutions, 

solution exclusion rationale and updated FMA table, and concept selection and 

analysis.  

6.5.1. FMA Solutions  

This section will show the FMA diagram (Figure 6-6) and list the solutions to each 

function, providing a very brief explanation by what is meant by each solution where 

needed.  
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Figure 6-6 – FMA diagram showing all conceivable means of achieving the functions generated

Functions 
Means 

Concept 1 Concept 2 Concept 3 Concept 4 Concept 5 Concept 6 
Concept 

7 
Concept 8 Concept 9 

Concept 
10 

Detect cooling demands 
Computational 

calculation 

Direct 
measurement 

of fan rpm 

Direct 
Measurement of 

temperatures 

Measurement 
of pilots 
power 

demand 

Electrical 
power 

measurement 

Efficiency/load 
calculation     

Detect quench 
Pressure 
Sensors 

Direct 
Temperature 
Measurement 

Electrical fault 
detectors 

Direct 
performance 
measurement 

      

Insulate components 
STS ET tank 

foam 
aerogels 

vacuum jacketed 
cryostat 

combined 
polymer 

aerogel, MLI, 
and vacuum 

2-stage 
shielded 
cooling 

Multiple stage 
shielded 
cooling 

Multi-
layered 

insulation 
   

Monitor Pressure Pitot tubes strain gauges Manometers 
piezoelectric 

detection 
Magnetic 
detection 

Capacitive 
detection 

Optical 
detection 

Thermal 
conductivity 

(RTD's) 

Flow 
measurement 

through 
transporter 

 

Monitor temperature Thermocouples 
Platinum 

RTD's 

Superconducting 
magnetic field 

detection 

Silicon 
diodes 

thermistors 
     

maintain temp/press Reverse Brayton 
GM cold 
head and 

compressor 

PT cold head 
and compressor 

Magneto 
caloric effect 
with closed 
loop helium 

circuit 
(Compressor) 

Stirling cooler 
Vapour-

compression     

Exchange heat 
Cross 

corrugated HX 

Tubular 
microchannel 

HX 

Shell and tube 
HX 

Plate and 
shell HX 

Plate fin HX 
Pillow-plated 

HX 
Spiral HX Coiled HX 

Phase 
change HX 

Diffusion 
bonded 

block heat 
exchanger 

Transport/pump cryogen Cryocooler 
separate 
singular 
pump 

Separate 
multiple pumps        

Monitor cryogen levels 
Pressure 
gauges 

Mass flow 
meters 

Float 
       

Store cryogen 
Stainless steel 

tank 

ceramic 
coated steel 

tank 

Lightweight 
composite tank 

Hydride 
coated 

stainless 
steel tank 

Polymer 
laminate tank      

Vent boil-off Active valves 
Passive 
valves 

Directive boil-off 
system 

Rupture disks 
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Detect Cooling Demands 

 Computational Calculation – Using pre-determined data from standard values 

and set points from throttle and airspeed, cooling demands can be calculated 

based on machine RPM or other parameters easy to track. 

 Direct Measurement of Fan RPM – Knowing the fan RPM, cooling demands 

can be calculated since knowing fan RPM means knowing the motor RPM 

(gas turbine RPM is already known). 

 Direct Measurement of Temperatures – Using an array of thermal sensory 

equipment, temperature changes can be translated into cooling demand. 

 Measurement of Pilot Power Demand – Using the throttle position given by 

the pilot, loss in the system can be calculated (similar to fan RPM 

measurement, but from the other end of the system).  

 Electrical Power Measurement – Direct measurement of the frequency and 

current in the system to give the thermal loss, therefore the cooling demands. 

 Efficiency/Load Calculation – Knowing the efficiency of the system at different 

loads, the loss can be derived, meaning no additional equipment.  

Detect Quench 

 Pressure Sensors – Any quench will be accompanied by a sharp increase in 

pressure of the cryogen fluid. This could be detected rapidly at source by 

pressure sensory equipment. 

 Direct Temperature Measurement – Temperature measurements at short 

intervals within windings or cables could detect a quench as it happens. 

 Electrical Fault Detectors – Magnetic measurement or circuit breakers could 

detect a sharp decrease in current or magnetic field, detecting any quench as 

it happens.  

 Direct Performance Measurement – The drop in propulsive power can be 

detected, leading to the conclusion that a quench has occurred.  

Insulate Components 

 STS ET Tank Foam – Space Transportation System (STS) External Tank 

(ET) foam, made of a spray-on polyurethane composition.  
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 Aerogel – Aerogel is a low density, low thermal conductivity solid, made by 

dehydrating gel structures under controlled conditions. 

 Vacuum Jacketed Cryostat – Essentially two containment vessels separated 

by a gap that is evacuated with a vacuum pump. 

 Combined Polymer Aerogel, MLI, and Vacuum – A multi-solution approach 

that uses thin layers of polymer aerogel (for thermal conductivity), MLI (for 

radiation), and a vacuum (for convection and conductivity) to take advantage 

of multiple desirable properties. 

 2-stage Shielded Cooling – Use of a cooled outer layer within a cryostat, 

reducing the temperature differential per-stage through the wall of the 

cryostat. Requires two different temperature cryogenic fluids. 

 Multi-stage Shielded Cooling – Similar to 2-stage shielded cooling, except 

multiple stages are used through novel heat exchange design. 3 or more 

stages. 

 Multi-Layered Insulation (MLI) – MLI consists of multiple alternating sheets of 

Mylar® (or similarly low thermal conductive material) and reflective foil (such 

as aluminium). It is commonly used in space applications for its radiative heat 

shielding properties. 

Monitor Pressure 

 Pitot Tubes – Measures the fluid flow velocity to give a direct pressure 

measurement. 

 Strain Gauges – Strain gauges placed at strategic points can detect the small 

deformation of the cryostat in order to calculate the pressure. 

 Manometers – Manometers use liquid in a U-shaped tube, measuring the 

distance the fluid moves up the opposite side to the pressure measurement 

fluid.  

 Piezoelectric Detection – Placing piezoelectric material on the outside of the 

cryostat, detecting any deflection in the pressure vessel through electrical 

impulse.  

 Magnetic Detection – Small magnetic pieces of material embedded into the 

cryostat with hall-effect sensor to detect the change in interacting fields. 
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 Capacitive Detection – Placement of metal plates either side of a tube through 

which cryogen flows, with change in field across the tube measured through 

physical change in size, detected through capacitive means. 

 Optical Detection – Use of lasers to accurately determine the change in length 

of a flow tube. 

 Thermal Conductivity (RTD) – Resistance Temperature Detectors (RTD) can 

be used in conjunction with mass flow measurements to determine the 

pressure of a system by measuring temperature.  

 Flow Measurement through Transporter – Measurement of the flow change 

between the inlet and outlet of the compressor or ‘transporter’ function gives 

the pressure change.  

Monitor Temperature 

 Thermocouples – Use of thermocouples which rely on two different 

conductive materials at strategic points around the system to directly sense 

temperature. 

 Platinum RTD – Platinum RTD’s are commonly used in cryogenic temperature 

measurement. They are similar to thermistors, except the conductor is metal. 

 Superconducting Magnetic Field Detection – Use of superconducting 

materials to generate a field within the system, using a Hall-effect sensor to 

detect the self-induced field inside the system with no penetration of the 

cryostat. 

 Silicon Diodes – In silicon diodes, the forward Voltage is dependent on the 

temperature. These could be placed at strategic locations around the cryostat. 

 Thermistors – Use a ceramic or polymer conductor whose resistance varies 

with temperature. 

Maintain Temperature/Pressure 

 Reverse-Brayton – Consists of a compressor, turbine, and heat exchangers, 

and relies on direct fluid flow around the network. 

 GM Cold Head and Compressor – Uses a GM cold head and separate 

compressor, with conductive heat transfer. Fluid flow pumps would be 

required. 



130 
 

 PT Cold Head and Compressor – Uses a PT cold head and compressor, with 

conductive heat transfer. Fluid flow pumps would be required. 

 Magneto Caloric Effect with Compressor/Helium Loop – Uses a solid 

conductor ring and high-powered magnets to remove thermal energy. Would 

require separate fluid pumping and compressor to drive interface fluid.  

 Stirling Cooler – Uses a closed-loop fluid to generate temperature differential. 

Would require a fluid transfer pump for interface between the conductive cold 

head transfer fluid. 

 Vapour Compression – Uses the vapour-compression cycle to remove heat. 

Does not require incidental equipment, as compressor, throttle valve, and 

heat exchangers are in-built. Would require low inversion temperature fluid. 

Exchange Heat  

 Cross Corrugated – Consists of stacked corrugated plates, with the direction 

of corrugation set perpendicular to each other, allowing perpendicular flow of 

the two fluids. 

 Tubular Microchannel – Consists of many tiny tubular channels in a small 

space, which significantly increases surface area per unit volume.  

 Shell and Tube – Consists of small tubes set inside a long shell with baffled 

overflow fluid path. 

 Plate and Shell – Consists of plate heat exchangers set inside a large shell 

with baffled overflow fluid path. 

 Plate Fin – Consists of many plate heat exchangers with perpendicular flow 

paths, much like cross corrugated. The key difference is the ability to separate 

plates.  

 Pillow-Plated – Plate heat exchangers that are spot-welded thoroughly 

throughout the plate, increasing the basic surface area of the plate heat 

exchanger. 

 Spiral – Two sets of spiral sheet metal set inside one another, allowing 

cylindrical containment of a heat exchanger with high surface area. 

 Coiled – A basic shell with a coiled (or number of coiled) fluid pipes inside.  

 Phase-Change – A heat exchanger specifically designed to handle liquid to 

gas phase changes, making use of latent heat capacity of a liquid. 
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 Diffusion Bonded Block – Similar to cross corrugation in geometry, this 

method of manufacture allows much smaller heat exchangers to be made at 

higher rated pressures. 

Transport/Pump Cryogen 

 Cryocooler – Using the cryocooler (if possible) to drive the fluid around the 

system to the parts that require cooling. 

 Separate Single Pump – Using a single pump in the case of conductive 

cryocoolers to move cooled fluid around the superconducting network. 

 Separate Multiple Pumps – Multiple pumps for redundancy segmented into 

sections to move cooled fluid around the superconducting system. 

Monitor Cryogen Levels 

 Pressure Gauges – Using pressure gauges with tank design to calculate 

remaining cryogenic fluid. 

 Mass Flow Meters – Use of mass flow meters to record how much cryogenic 

fluid goes into the tank and the rate of use. 

 Float – Use of a float to record the physical position of the amount of liquid 

cryogen left in storage. 

Store Cryogen 

 Stainless Steel Tank – Use of simple polished stainless steel to store 

cryogenic fluids. 

 Ceramic-Coated Steel tank – Ceramic coatings on stainless steel tanks can 

reduce the leak rate of small molecules that are likely to be used such as 

helium or hydrogen.  

 Lightweight Composite Tank – Composites can offer lightweight solutions to 

tanks and are less susceptible to embrittlement in the case of hydrogen.  

 Hydride-Coated Stainless Steel Tank – Hydride coatings effectively fill 

molecular spaces that could otherwise increase the rate of leakage of small 

molecules.  
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 Polymer Laminate Tank – Tanks that have laminates both have excellent 

thermal properties and strength. Laminates can include tightly packed 

molecular structure materials, effectively allowing custom design. 

Vent Boil-Off 

 Active Valves – Active valves use pressure monitoring sensors to vent in real 

time reactively. This type of valve would keep the system level in pressure. 

 Passive Valves – Passive valves would react to increases in pressure by 

venting until below a given pressure threshold.  

 Directive Boil-Off System – Directive boil-off systems could direct any boil off 

in any part of the system toward either venting or return cooling. This method 

would be complex to implement but might provide advantages in fuel saving. 

 Rupture Disks – Rupture disks would burst when pressure goes over a certain 

threshold, saving the system from rupture in other more sensitive places. 

6.5.2. Solution Elimination Rationale and Final FMA 

To enable the rationale to be effectively presented, design rationale editor (DREd) 

was used in order to preserve the critical thinking process used to eliminate each 

solution. Figures 6-7 to 6-14 show each functions design rationale. For each option, 

not all solutions are eliminated; hence the final FMA will still have options that are 

difficult to distinguish between. Elimination at this stage using rationale is purely 

qualitative and relative. For example, a solution could be considered lightweight if the 

technology is lighter than the majority of other solutions in the functional solution 

category.  

Two functions are ignored at this stage; monitor pressure, and monitor temperature. 

The reason for exclusion is that the impact of these two functions on the 

performance of the cryogenic cooling system (from the critical success criteria 

outlined previously, weight and required input power) is negligible. Regardless of 

solution, temperature and pressure sensing is highly unlikely to impact the weight or 

input power, since they are passive metrological components. For that reason, they 

are omitted in the FMA concept solution, and are considered part of the future 

detailed design once an overall cryogenic cooling system solution is defined in terms 
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of thermodynamic cycle and component set. The choice of cycle is likely to influence 

the solutions for both monitor temperature and pressure functions.  

Also omitted in the rationale section is the Vent Boil-off function. The reason for this 

is that the function is considered solution dependant. Should a system consist only of 

gaseous fluid, boil-off is not considered a primary issue. Since concepts for 

management of the function are known, the solution to this function is considered 

low priority, despite its high criticality score on the HoQ analysis. Once a concept is 

defined and the design begins to emerge, the function solutions will be revisited to 

discuss whether the function is relevant, and if so, which solution would be most 

suitable.  
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Figure 6-7 – DREd solution rationale for ‘detect cooling demands’ function 
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Figure 6-8 – DREd concept rationale for detect quench function 



136 
 

 

Figure 6-9 – DREd concept rationale for exchange heat function 
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Figure 6-10 – DREd concept rationale for insulate components function 
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Figure 6-11 – DREd concept rationale for maintain temperature/pressure function 
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Figure 6-12 – DREd concept rationale for monitor cryogen levels function 
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Figure 6-13 – DREd concept rationale for transport/pump cryogen function 
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Figure 6-14 – DREd concept rationale for store cryogen function
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6.6.   Completed FMA and Concept Selection 

Figure 6-15 shows the FMA after rationale elimination. There are a number of areas 

of interest within the diagram. First of these are the excluded functions, Monitor 

Pressure, Monitor Temperature, and Vent Boil-off. Although the reasons for 

exclusion have been explained, it is worth nothing further this exclusion in broad 

concept terms. Monitoring cryogenic temperatures and pressures, whilst crucial to 

the functionality of the overall system, will not significantly affect the efficiency, size, 

or weight of the final solution. Since the key metrics of success were defined as 

minimal input power and minimal weight, monitoring the temperature and pressure of 

any concept is not seen as a barrier to success. Successful methods of pressure and 

temperature monitoring at cryogenic temperatures exist already, therefore it is 

considered moot in the wider overall feasibility study.  

Vent Boil-off is also omitted in the final FMA. As explained previously, this is for the 

reason that boil-off may not be present; and the function is solution dependant, 

therefore the function solution is irrelevant at this stage until an overall cryocooler 

concept is defined, modelled, and settled upon.  

Also worthy of note is that there is a common best solution for both the Detect 

Quench and Detect Cooling Demands functions in the form of direct temperature 

measurement. Measurement of the temperatures within the system is considered the 

fastest way to detect any quench, and the method is not reliant on secondary 

reactions such as pressure increase or other symptomatic events. It also seems 

likely to be the best way to detect any cooling demands. Cooling demand is driven 

by thermal losses in the superconducting system. Increases in temperature can 

easily predict where local cooling may be required, and can also predict component 

failure and quench. Knowing the temperatures of each part of the system can allow 

management of the cooling flow, which can increase the efficiency of the overall 

solution. Since two functions are performed by the same components, the use of 

temperature sensors in both cases is obvious. 

The FMA has highlighted the preferred cryocooler concept thermodynamic cycle as 

the Reverse-Brayton cycle for the Maintain temperature/Pressure function. There are 

three key reasons the reverse-Brayton cycle was chosen. The first is that it is entirely 

self-contained. The cycle includes heat exchangers, compressors, and turbines; 
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hence there is no requirement for separate pumps or compressors, or even for 

tertiary helium coolant cycles for transport. This means for the Transport/Pump 

cryogen function, the cryocooler solution can be chosen, saving large amounts of 

weight and power. The second reason is power density; reverse-Brayton cycle 

cryocoolers have already been demonstrated in high powers, with multi-kilowatt 

versions commonplace. All other cryocooler types described are much smaller, and 

are likely to be heavier and more complex due to the large number of required 

incidental items for normal operation. Finally, the reverse-Brayton cryocooler has 

shown itself to be highly reliable, with some examples running for over 50,000 hours 

without maintenance as mentioned previously in Chapter 3. The reverse-Brayton 

cycle meets all of the critical criteria in relative terms to other concepts; hence it is 

the clear choice for numerical modelling. 

Conversely to the cryocooler solution, there are three functions that highlight further 

challenges to concept selection. Each of the Insulate Components, Exchange Heat, 

and Store Cryogen functions has highlighted five plausible solutions. This result in 

the FMA means that qualitative analysis alone cannot provide answers to which 

insulation is best to use or which type of heat exchanger is most appropriate. This 

result confirms that in order to make those decisions, the numerical model of the 

cryocooler must first be developed to understand parameter magnitude. Heat 

exchanger required power, maximum permissible efficiency losses, or maximum 

permissible heat in-leak for any given mission, are all required to enable further 

solution elimination.  

The concept, a reverse-Brayton cryocooler, must now be modelled in numerical 

terms. Since there are many options within numerical modelling the reverse-Brayton 

cycle, a number of models must be developed to explore the options available. Also 

of critical importance is understanding of the magnitude of the loss likely to be 

present within the superconducting electrical network. Since no reference networks 

or machines exist, it is necessary to try to better understand the likely sensitivities 

within the full superconducting system. The next chapter will follow the work to 

understand the superconducting parts of the system and the process used to model 

the loss and understand the relationships between the superconducting machines, 

superconducting network, and cryogenic cooling system. 



144 
 

Functions 
Means 

Concept 1 Concept 2 Concept 3 Concept 4 Concept 5 Concept 6 
Concept 

7 
Concept 8 Concept 9 

Concept 
10 

Detect cooling demands 
Computational 

calculation 

Direct 
measurement 

of fan rpm 

Direct 
Measurement of 

temperatures 

Measurement 
of pilots 
power 

demand 

Electrical 
power 

measurement 

Efficiency/load 
calculation 

        

Detect quench 
Pressure 
Sensors 

Direct 
Temperature 
Measurement 

Electrical fault 
detectors 

Direct 
performance 
measurement 

            

Insulate components 
STS ET tank 

foam 
Aerogels 

vacuum jacketed 
cryostat 

combined 
polymer 

aerogel, MLI, 
and vacuum 

2-stage 
shielded 
cooling 

Multiple stage 
shielded 
cooling 

Multi-
layered 

insulation 
      

Monitor Pressure Pitot tubes strain guages Manometers 
piezoelectric 

detection 
Magnetic 
detection 

Capacitive 
detection 

Optical 
detection 

Thermal 
conductivity 

(RTD's) 

Flow 
measurement 

through 
transporter 

  

Monitor temperature Thermocouples 
Platinum 

RTD's 

Superconducting 
magnetic field 

detection 

Silicon 
diodes 

thermistors     

  

    

Maintain temp/press Reverse Brayton  
GM cold 
head and 

compressor 

PT cold head 
and compressor 

Magneto 
caloric effect 
with closed 
loop helium 

circuit 
(Compressor) 

Stirling cooler 
Vapour-

compression 
        

Exchange heat 
Cross 

corrugated HX 

Tubular 
microchannel 

HX 

Shell and tube 
HX 

Plate and 
shell HX 

Plate fin HX 
Pillow-plated 

HX 
Spiral HX Coiled HX 

Phase 
change HX 

Diffusion 
bonded 

block heat 
exchanger 

Transport/pump cryogen Cryocooler 
separate 
singular 
pump 

Separate 
multiple pumps 

  
            

Monitor cryogen levels 
Pressure 
gauges 

Mass flow 
meters 

Float               

Store cryogen 
Stainless steel 

tank 

ceramic 
coated steel 

tank 

Lightweight 
composite tank 

Hydride 
coated 

stainless 
steel tank 

Polymer 
laminate tank 

          

Vent boil-off Active valves 
Passive 
valves 

Directive boil-off 
system 

Rupture disks             

 

Figure 6-15 – Final FMA diagram showing eliminated solution (red wording, crossed), accepted viable solutions (Dark green) and plausible solutions (light green) 
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6.7.   Discussion 

The key outcome for this chapter is a robust decision on which cryocooler concept is 

best suited to the overall aim of the thesis using an adapted version of the Rolls-

Royce systems engineering that is better optimized for complex, conceptual 

problems. This chapter follows two key themes that are inherently linked by the need 

to find a solution to the problem of aerospace high-power cryogenic cooling. The first 

theme of systems engineering and Rolls-Royce systems process adaptation 

provides the path to follow to allow a concept to be generated. The second theme 

shows the concept selection taking place, with the overall outcome of the chapter a 

final concept that can be numerically modelled. The highly conceptual nature of this 

project raises a number of challenges, particularly when considering the number of 

unknowns regarding the pass or fail criteria of any concept. This means that vague 

statements such as ‘As good as possible’ must be applied to requirements. A 

number of realisations have taken place during this chapter that warrant further 

discussion. 

Firstly, it is noted that the current Rolls-Royce systems engineering methodology is 

long and arduous, regardless of whether a conceptual design or later-stage design 

challenge is being undertaken. Since it is difficult to ascertain which, if any, methods 

should be dropped or modified, the research has had to adopt a skeletal approach to 

the Rolls-Royce systems engineering process. The success of this approach is 

evident; had the Rolls-Royce systems engineering methods been followed either 

fully, without adaptation or simplification, the requirements and stakeholder 

involvement would have been significantly more complex. Furthermore, the added 

complexity would have yielded little additional insight into which concept would be 

most suitable for further investigation. Dwelling too heavily on details such as 

performance metrics in such a conceptual, highly unknown complex challenge can 

stifle progress. By simplifying the HoQ method and simply identifying the most critical 

aspects of the system, concept selection can take place at a basic level that allows 

meaningful numerical analysis. This adaptation has taken place as a result of the 

typical focus of Rolls-Royce’s systems engineering process, which is detailed design 

products where metrics and the fundamental physics is known. 
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Also of critical importance is the likelihood of change. Should the Rolls-Royce 

systems engineering methods be thoroughly conducted at an early stage with so 

many unknowns, there is a strong likelihood that key aspects of the requirements 

could change. Particularly of concern is the superconducting network. At the time of 

writing, even basic architectures have not yet been defined for any solution, making 

the decision of cryogenic cooling concepts difficult. Orders of magnitude of loss are 

known, however the sensitivity to changes must be explored more urgently than 

establishing a final concept. By investigating the sensitivity of the interrelated 

superconducting and cryogenic systems, the impact of certain design decisions can 

be identified. This plays a crucial role in further analysis and design decision-making, 

since basic physical models can be constructed that will be representative of how 

these system will interact. Since the concept itself is subject to change, knowing the 

impact of design choices will prove invaluable in saving time and cost.  

There are some concerns that must be considered when modifying such a process. 

The primary concern is that reducing the rigor of the Rolls-Royce systems process in 

favour of simplification may have undesirable consequences for the robustness of 

the design process. Although this would be highly likely when considering a normal 

design exercise, the conceptual and highly unknown nature of the challenge 

regarding cryogenics for this application means there is no appetite to go into great 

detail. Keeping genericity at this stage is crucial. Going into detail with projects such 

as this that are in a constant state of decision-making flux is likely to lead to moot 

analysis and redundant information. Detail is crucial when a design concept is 

identified; however before that can take place, basic knowledge must be established.  

Crucial to moving forward from the requirements analysis stage is the concept 

selection phase. This chapter has identified a preferred thermodynamic cycle, the 

reverse-Brayton, through purely qualitative means. The identification of the reverse-

Brayton cycle as the most likely best candidate means that numerical modelling can 

take place, and also supports the conclusion reached by the NASA N3-X project 

(Felder et al, 2011). Furthermore, with numerical modelling, the conclusions reached 

by the qualitative analysis can be scrutinised; the most critical components can be 

identified by varying the input parameters within the models, and the highlighted 

critical functions can be tested for validity.  
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Key learning outcomes for the concept selection are as follows: 

 The reverse-Brayton cycle has been identified as the most likely best 

candidate for future concepts. 

 Sensory equipment and boil-off management concepts can be side-lined in 

terms of concept selection at this stage. The main reason for this is relevance 

to the critical performance metrics of weight and input power required.  

 The heat exchanger selection must be given consideration at a later date, with 

comparison of types likely to form further study.  

 Temperature detection should be considered a crucial technology for 

implementation of any concept. The qualitative analysis and concept selection 

shows that multiple functions can be satisfied through robust temperature 

measurement.  

 The method of storing the cryogen, whilst not critical, may influence the 

concept in terms of weight significantly, especially if a cryogenic fuel is used. 

 Options for insulation are numerous, and the performance of insulation, while 

crucial to success, is not considered a problem due to the maturity of the 

technology. 

These assumptions are important to validate, and the validation was performed by 

discussion with the cryogenics expert previously interviewed during Chapter 3. The 

interview consisted of an informal conversation with questions relating to the 

assumptions made during this chapter. The expert independently confirmed that the 

assumptions would not significantly impact the design decisions, and the expert 

agreed that the decisions taken to-date are rational and reasonable for a project at 

such an early conceptual stage. This chapter satisfies the first part of the fourth 

objective of the thesis, to generate options for cryogenic cooling systems and to 

assess them qualitatively.  
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Chapter 7.   Superconducting Network Modelling 

7.1.   Introduction 

A critical constituent of the overall aircraft level propulsion system is the 

superconducting power distribution network. Understanding the network sensitivities 

with respect to changes in various parameters is crucial to understanding the full 

propulsion system and cryogenic cooling system quantitative requirements. Exact 

values are impossible to establish regarding thermal losses and weight of the 

network; however knowing the system sensitivities will highlight where future 

research is most valuably concentrated.  

This chapter focuses on three constituents; electrical machines, cables, and power 

electronics. Their basic architectural principles within the context of electrical 

propulsion are shown in Figure 7-1 for two example networks, AC/AC and 

AC/DC/AC. These two networks represent the basic architecture principles behind 

the DEAP aircraft and N3-X aircraft concepts respectively.  

 

Figure 7-1 – Example schematic power flow networks for AC/AC (Top) and 

AC/DC/AC (Bottom) 
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Modelling a superconducting network can be difficult; superconducting components 

do not follow traditional laws such as Ohm’s law. This can simply be proved using an 

example DC cable; under DC conditions, superconductors have zero resistance. 

Ohm’s law states: 

𝑉 = 𝐼𝑅 

When considering that 𝑅 = 0 for superconducting components, Ohm’s law 

immediately becomes impossible to implement. This makes conventional electrical 

models impossible to apply, particularly when considering the many other 

relationships that build upon Ohm’s Law. Models were constructed using Simulink 

within Matlab. Then a step-by-step model generation and validation procedure is 

derived and undertaken, described in Figure 7-2. 

 

Figure 7-2 – Model validation strategy  

The procedure described in Figure 7-2 is crucial to success of the modelling aspect 

of this project. Since no known examples of fully superconducting machines or 

networks exist, a process of incremental validation must take place. 

1. Knowledge Capture – Equations and relationships must first be established 

before models can be generated. This is obtained through literature survey 

and workshops with experts. Once a satisfactory level of component 

knowledge is obtained that can be applied to superconducting components, 

experts are then used to validate the knowledge and its applicability within 

numerical models.  

2. Design Model – Model design is critical to sensitivity studies. The method 

used to design each model is to structure the knowledge gained previously 

and to specify known input parameters and desired output parameters. Input 
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parameters are then used in equations gained through knowledge capture 

and missing input parameters are identified. In areas of complete unknowns, 

particularly with mass estimation, surveys are performed to establish 

relationships between known similarities between conventional and 

superconducting components. Once a full set of equations and input 

parameters is gained, the model is run to highlight potential errors. Validation 

of the model design is through using conventional component data and 

checking the output results with known parameters. 

3. Test Model – When models are completed, they are tested rigorously by 

running a range of input parameter values and recording the output results. 

Experts then validate the results through firstly checking whether input and 

output parameters match expected proportional or inversely-proportional 

relationships, and finally by checking the output values themselves, to see if 

the results are as expected based on their experience.  

4. Validate Model – This final step of overall validation is intended to validate 

the process of model development. The knowledge capture, model design, 

and testing of the model is scrutinised by experts in both the respective 

component being modelled and in modelling as a discipline. This ensures 

that the approach taken is valid to the best of expert knowledge, and that the 

numbers generated can be relied upon to a first-order degree without 

returning to the models at a later date.  

This method of both constant validation and final product and process validation 

provides the best chance of accuracy of modelling superconducting networks. At the 

time of writing, superconducting networks are non-existent and the basic physical 

principles behind superconducting materials are still poorly understood in the context 

of complex applications. By using the methods derived in this chapter, network-level 

assessment can take place with respect to mass and efficiency, without which 

design and configuration concept viability would be difficult to ascertain in any case.  

The discussion part of this chapter comments on the strengths and weaknesses 

encountered during the modelling, with some basic recommendations given for 

future superconducting component research based on the modelling outcomes.  
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7.2.   Superconducting Machines 

Superconducting machine examples already exist in partial form whereby either the 

stator or rotor is superconducting. Previous examples have reached into the multi-

Megawatt range, and are being investigated for a range of applications from power 

generation to marine propulsion (Gamble et al, 2006). Fully superconducting 

machines at the time of writing do not yet exist. In order to model superconducting 

machines, the first step is to list the input parameters that are known. Once initial 

input parameters are known, conventional machine equations and relationships must 

be collated. When a set of governing equations is established, the missing input 

parameters can be established, and the barriers to mass estimation identified. Mass 

estimation initially takes place by looking at mass-affecting parameters, particularly 

geometric and electrical parametric relationships such as torque and radii of the 

machine parts. Once mass estimation can be performed reliably, the model is tested 

for possible errors by looking at the known relationships in parameters for machines 

of either conventional or superconducting topology.  

The overall goal of developing a mass-sensitive superconducting machine model is 

to understand the sensitivity of machine output parameters with cooling input 

parameters when considering the propulsion network architecture in full. Knowing 

the approximate mass and efficiency sensitivity of machines is invaluable for 

targeting future research and for concentrating innovation thinking during 

subsequent research. 

7.2.1. Machine Topology 

Electrical machines, whether conventional or superconducting come in two forms; 

generators and motors. Topologically, they are exactly the same, in that they contain 

all of the same components. The main components of a generic electrical machine 

are as follows: 

 Rotor – The rotor is the electrically active rotating part of the machine. The 

rotor consists of electrical windings or a bulk magnetic material that can be 

charged or controlled to exert a magnetic field around it. The rotor is spun by 

the stator, transferring power to the shaft through varying the magnetic fields 

around its circumference and opposing the magnetic fields generated by the 

stator. Design challenges for a superconducting rotor include cooling; a 
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rotating cryogen feed is required for normal operation. Previous rotor designs 

have included a thermosiphon design that allows flow and return of cryogen 

despite the rotating design (Aguayo et al, 2011). 

 Stator – The stator is the active static part of the machine that generates a 

magnetic field through windings around the outside of the rotor. The opposing 

magnetic field in the rotor causes a rotating motion through Lorentz forces 

generated by the passing stator current. The stator is typically made from a 

ferromagnetic material in order to better support magnetic flux lines 

throughout the machine that are generated by the active electrical parts. 

 Back-Iron/Enviroscreen – This component is common on high-power 

machines where efficiency is crucial. The enviroscreen consists typically of a 

bulk of iron around the stator, responsible for carrying magnetic flux lines 

around the outside of the stator. The iron (or other ferromagnetic material) 

provides a more efficient medium for flux to be carried than air. This reduces 

the losses in flux lines around the outside of the stator and allows more force 

per unit current to be passed through the stator. Furthermore, the 

enviroscreen prevents electromagnetic interference to other devices, a critical 

consideration within aerospace applications.  

 Shaft – The shaft is responsible for transferring power from the rotor to the 

propulsor or gas turbine for motors and generators respectively. Within 

superconducting applications, the shaft must be both electrically and thermally 

insulating; this presents a significant design challenge when considering the 

likely torque transfer requirements of aerospace applications.  

 Bearings – Bearing are responsible for holding the shaft and rotor in place 

with the stator. Significant mechanical loads are expected when considering 

multi-Megawatt sized machines paired with propulsors and gas turbines, 

along with high rpm values. Furthermore to the problem is thermal isolation; 

bearings in a cold space will generate significant heat.  

These parts are common to both conventional and superconducting machines; 

however superconducting machines require two more components: 

 Shaft Seal – The shaft in a superconducting machine will require shielding 

from ambient temperatures. Heat in-leak poses a unique challenge when 
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considering cryogenics; even small leaks of thermal energy to the machine 

can raise the temperature of the superconductor past its critical temperature. 

Shaft sealing is likely to be highly complex; the machine may require vacuum 

sealing, rotate at high rpm (>10,000 rpm), and protect the superconducting 

parts from heat in-leak.  

 Cryostat – The cryostat is used to thermally shield the superconducting 

components from ambient temperature. Cryostats are typically layers of 

insulation such as MLI, supplemented with a vacuum shielding system, with 

the inner and outer layers usually made from stainless steel. A cryostat will be 

critical to the success of any practical superconducting machine design, as it 

will likely be the heaviest part of the system (as it essentially wraps all other 

parts, it will geometrically be the largest by material volume).  

Figure 7-3 shows an example superconducting machine topology with all parts to 

scale, generated through work on Project DEAP (Wright et al, 2015). The 

diagram shows the enviroscreen outside of the cryostat as one option; the other 

option is to enclose it within the cryostat.  

 

Figure 7-3 – The major parts of a superconducting machine (Wright et al, 2015) 

Loss mechanisms in an electrical machine were discussed in the first of three 

workshops held with two electrical machine experts. The losses in an electrical 

machine were described as follows, with a summary of losses and mechanisms 

given in Table 7-1:  
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 Bearing Losses – Losses in the bearings are mostly generated in the form of 

friction, with vibration and noise making up a small portion. Bearing location 

within superconducting machines is likely to be outside of the machine 

cryostat, and as a result the bearings will not require active cooling. Magnetic 

bearings are also a possibility; since large currents and electrical powers are 

available, it may be advantageous to use active magnetic suspended 

bearings since losses are largely negligible (<0.1% of total losses). 

 Windage Losses – Windage loss occurs within the air gap of an electrical 

machine between the rotor and stator. Windage losses are not an issue within 

superconducting machines for the reason that the rotor must operate inside a 

vacuum. When considering the issue of cryostats, separately sealing the rotor 

and stator in individual cryostats will be unmanageable. Varying magnetic 

fields will induce currents within the rotor and stator cryostats causing early 

cyclic fatigue, the air gap between rotor and stator will increase (decreasing 

the magnetic interaction efficiency between rotor and stator), and the power 

per unit mass will decrease since two separate cryostats are required instead 

of one for the whole machine. Therefore windage losses can be ignored. 

 Eddy Losses – Eddy loss occurs in the iron parts of the machine as the 

varying magnetic fields induce EMF in the iron. These losses are primarily 

expressed in thermal energy. Therefore these are of primary concern for 

future machine designers. Previous work by Pei et al, 2013, has shown that 

iron losses increase progressively as the temperature of the iron reduces; for 

a wire loss of 0.5 W per metre in all other loss mechanisms, a 2 kW loss was 

recorded in the iron parts of the rig. Mitigation has been suggested in the form 

of using iron-doped epoxy resin or other composite material for traditionally 

iron-made parts. Despite this, Eddy currents will likely make up the majority of 

the thermal loss within machines, with previous work showing efficiency of a 

fully superconducting machine is likely to be >99.9% based on first-generation 

wire testing.  

 Hysteresis Losses – These losses occur as the iron or ferromagnetic parts 

of the machine experience reversal in magnetic direction, i.e. when the 

northern pole of the material reverse to south. Hysteresis losses are a 

function of the machine rpm, or the electrical frequency. These losses also 
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manifest themselves as thermal energy, hence they are important 

considerations. Since it is unlikely that iron will be present in the machine, 

hysteresis losses are unlikely to be an issue with superconducting machines; 

experts within the workshop have confirmed this assumption.   

 Resistive Losses – Resistive losses are present within the stator, and 

typically make up a large portion of the loss in conventional machines due to 

losses in the copper used in windings. However, superconducting 

components will decrease the losses within any conductive parts of the 

machine; therefore resistive losses can be ignored.  

 Enviroscreen Losses – Losses in the enviroscreen are likely to be high, 

since the losses increase with field strength. There are developments being 

considered for the future however; an enviroscreen made of iron present a 

significant problem within aerospace applications. Iron is typically heavy, and 

to have a thick surrounding case of iron around the outside of the machine will 

significantly increase the weight (and critically, the cross sectional area) of 

any machine concept. Furthermore, losses may be induced within the 

enviroscreen (if contained within the cryostat) that prohibit the use of 

cryogenics due to sheer loss magnitude. Should the enviroscreen be located 

outside of the cryostat, the rapidly varying, high-power magnetic fields will 

effectively induce currents within the cryostat, making thermal and electrical 

insulation a significant challenge.  

Loss Type 
Primary Energy Loss 

Mechanism 

% of Total Losses in 

Superconducting 

Machine 

Relevant to 

Superconducting 

Machines? 

Windage Losses 
Drag, Shock at high Mach 

numbers 
<0.1% No 

Bearing Losses 
Friction/Thermal, Noise, 

Vibration 
10-15% 

No (outside of 

cryostat) 

Eddy Losses 
Thermal, Rotor 

Mechanical Drag 
30-40% Yes 

Hysteresis Losses Thermal <1% No 

Resistive Losses Thermal <1% No 

Enviroscreen Losses Thermal 30-40% Yes 

Table 7-1 – Superconducting machine loss types, mechanisms, suggested 

percentage share, and relevance to cryogenics 
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7.2.2. Input and Output Parameters and Relationships 

Once machine topology is understood, the input and output parameters used in 

modelling must be stated, along with the relationships that link them. Despite their 

differences in operation, motors and generators will have the same input and output 

parameters. This can be proved given the example of power and speed; for motors, 

the fan propulsor must have a design rpm and propulsive power. Generators are 

sized according to the gas turbine optimum shaft speed and power; therefore the 

models for both motors and generators will contain power and speed as basic input 

parameters. These can be related to produce a torque value, which can be used to 

size the machine.  

This method of input parametric gathering and relating to outputs ensures that 

missing inputs are found and missing relationships are identified and generated. 

Table 7-2 shows the inputs, outputs, and equations used within the model. Electrical 

equations used were taken from known electrical machine information sources 

(Bumby, 1983). Machine physical dimensions and mass estimation was derived for 

this study and is explained in the next section.  
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Table 7-2 – Superconducting machine model inputs, outputs, and transfer functions 

7.2.3. Machine Dimension and Mass Estimation 

In order to estimate the mass and dimensions of a superconducting machine, a 

geometric approach must be taken as there are no known examples of fully 

superconducting machines to compare to. By estimating the dimensions of a 

superconducting machine, the mass can also be estimated by breaking down the 

constituent parts of the machine and assessing the relative mass portions. It is 

known that electrical machines, regardless of the type of conductor, scale 

proportionally in size with torque based on electrical machine surveys. This can be 

easily proved when considering an arbitrary example machine of a given electrical 

current at two different rotor radii: 
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𝐿𝑒𝑡: 𝑅1 = 1 𝑚;     𝑅2 = 2 𝑚;       𝐿 = 2 𝑚 

𝐿𝑒𝑡: 𝐶𝑢𝑟𝑟𝑒𝑛𝑡, 𝐼 = 20 𝐴;       𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑, 𝐵 = 1 𝑇 

Using the force exerted by a single conductor using the Lorentz force law: 

𝐹 = 𝐼𝑙𝐵 

Where 𝐹 is the force exerted, 𝑙 is the length of the conductor, and 𝐵 is the magnetic 

field strength. This now becomes a simple moment analysis. It is clear that applying 

the same force at two different moment lengths will result in a difference in torque: 

𝐹 = 20 × 2 × 1 = 40 𝑁 

𝜏 = 𝐹𝑅 

𝜏1 = 40 × 1 = 40 𝑁𝑚;     𝜏2 = 40 × 2 = 80 𝑁𝑚 

Furthermore, machine size is also linked to slower designs by the relationship: 

𝜏 =
𝑃

𝜔
 

As torque increases for a given machine power, speed must decrease. In order to 

estimate a machines size, the electrical and performance requirements can be used 

through knowing how machine size is affected by other parameters.  

To estimate a superconducting machines mass, the machine must be broken down 

into two parts; the active parts and the inactive (cryostat) parts. Firstly, the rotor 

volume is found using the torque per unit volume method (Dorrell et al, 2011). Once 

this is known, a variable must be introduced in order to continue; the length-diameter 

ratio must be defined. It was found during studies of active length vs active diameter 

(L/D) for conventional machines that the ratio is typically between 0.1 and 1.5, as 

shown in Figure 7-4. There is seemingly no correlation between the machine volume 

and the L/D ratio for examples surveyed. The graph does however illustrate the 

range of known L/D ratios for conventional machines. It is not expected that for a 

superconducting machine the ratio will vary significantly. The key factor in 

dimensional change from conventional to superconducting machines is cooling and 
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insulation, which will be present throughout all parts of the active machine; hence the 

ratio will remain the same.  

 

Figure 7-4 – Survey of conventional machines for active length to active outer 

diameter ratios against volumes 

Using an L/D ratio, both the length of the machine and diameter of the rotor can be 

determined. To determine the outer diameter of the active part of the machine, 

another survey was employed, looking at both known partially superconducting 

machines and conventional machines. A relationship (shown in Figure 7-5) was 

found to exist between the rotor outer diameter and stator outer diameter in all 

cases. Figure 7-5 shows the clear correlation between machine rotor and stator 

diameters. Two trend lines were used to generate a rule, one linear log rule and one 

power log rule. The linear rule was shown to be marginally better when considering 

the regression analysis, with an R2 value of 0.9891 as opposed to the power log rule 

of 0.9887. Figure 7-5 illustrates three partially superconducting machine examples 

where the dimensions are known. In each case, the superconducting machines 

stator is larger for a given rotor diameter. This is likely attributable to the partial 

mature of the superconducting machine; in all three cases, the rotor is 



160 
 

superconducting; hence the rotor must be shielded from heat in-leak from the stator. 

The necessary cryostat between rotor outer diameter and the stator inner diameter 

results in an increased stator outer diameter for a given rotor diameter. It is expected 

that for fully superconducting machines that the relationship shown between 

conventional machines will be effective. 

 

Figure 7-5 – The relationship and curve fit for stator and rotor diameters of known 

conventional and partially superconducting machines 

The machine active dimensions can now be estimated using the generated rule, 

since the rotor diameter is known from using the TRV method previously outlined. In 

order to estimate the mass of the active machine portion, an average estimated 

density is used to multiply with the volume of the machine. The maximum and 

minimum machine density is taken to be 8000 kg/m3 and 2600 kg/m3 respectively. 

This reflects the respective densities of both the densest (steel) and least dense 

(MgB2) materials found within active machine parts. When considering the likelihood 

of the use of alternative materials such as epoxy resin, the average machine density 

is likely to fall significantly, since less iron or steel can be used. For modelling 

purposes, it is reasonable to assume a density of 4000 kg/m3 for active parts of the 

machine for this early stage conceptual study. 
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Since superconducting machines require thermal shielding to operate, the overall 

machine mass must also be calculated that includes the active parts of the machine 

as well as the cryostat. During discussions with a cryogenics industry expert, it was 

noted that cryostats can be made extremely lightweight. Cost is the largest affecting 

factor; the more a project is likely to spend on a cryostat, the more lightweight it can 

be made. When pressed to give a figure for the cryostat weight portion as a 

percentage of the component being cooled, a range of between 10% and 50% of the 

active parts was suggested. Since the application being considered is aviation-

centric, it is assumed that the cost is less of a concern than performance. 

Furthermore, the likely aviation mass addition range could be between 10% and 20, 

with a likely average added mass of 15%. This average added mass is incorporated 

into the machine model.  

There is a limitation with this method however; the density of the active part of the 

machine in turn affects the cryostat weight, even when all other parameters such as 

dimensions remain constant. This consideration must be addressed in subsequent 

models for future iteration, however for this early stage conceptual design; it is not of 

primary concern, since the density in this case is not considered a key variable. At 

this early conceptual stage, basic physical relationships must first be established that 

enable sensitivity analysis. Exact mass and dimensional figures are likely to vary; 

however relationships that define sensitivities will remain constant, and are crucial to 

understanding where to focus future research efforts.   

7.2.4. Final Machine Model Overview 

The final machine model is shown in Figure 7-7. The constituent parts of the model 

and its operation processing of inputs to outputs can clearly be seen from the 

Simulink overview. The model performs as expected, with the relationship shown in 

Figure 7-6 showing the expected relationship between machine mass and machine 

power and speed. Figure 7-6 illustrates the sensitivity of the machine mass to power 

and speed when fixing all other variables. The model assumptions made for the 

graph were based on expert recommendations and can be found in the appendix.  

There are however model limitations in its present form. When considering the 

primary objective of this research to investigate cryogenic cooling system 

possibilities, understanding the losses in the wider system is critical to making the 
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correct early conceptual decisions. Within the developed machine model, the 

machine efficiency figure is simply multiplied by the overall machine power level to 

give an assumed thermal loss. This method does not accurately portray the loss 

sensitivity to key aspects, such as machine speed and current. It is expected that 

machine speed will impact the losses proportionally, since the ac loss experienced 

will increase.  

Another key limitation is the electrical aspects of the machine model. Since the 

machine is topologically undefined at this stage in the research, any number of 

arbitrary values for parameters such as winding factor, number of turns, and 

transmission voltage, must be estimated. Phase current determination is a critical 

aspect of assessing the likely losses in a superconducting machine, particularly 

when considering the likely magnitude of current within the machine windings. Future 

modelling recommendations are given in the discussion section of this chapter 

highlighting where efforts must be concentrated in future machine model iterations. 

 

Figure 7-6 – Graph showing the machine model generated variation in machine 

mass with machine power and machine rpm 
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Figure 7-7 – Superconducting machine model overview in Matlab Simulink
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7.3.   Superconducting Cables 

Superconducting cables have long been used and understood for DC applications 

such as power distribution and MRI scanners. For aviation purposes both AC and 

DC power distribution networks are being considered and as a result, both AC and 

DC superconducting cables must be examined in more detail. Since DC losses in 

superconducting cables are zero, AC cables must be investigated in order to better 

understand the implications of using ac distribution. This section focuses primarily on 

AC cable modelling.  

When considering cooling demands, AC distribution will increase thermal losses 

incurred within the distribution system, therefore increasing the required cooling input 

and likely mass of the cryogenic solution. Despite the prospect of having no losses, 

DC distribution requires the use of inverters in order to change the AC generator 

output to DC, and then back to AC at the motors. This inevitably incurs a penalty of 

efficiency. This design trade-off between AC or DC distribution will impact the 

outcomes of the cryocooler power input and mass significantly. By understanding 

which factors within the superconducting component affect the thermal losses, and 

by understanding the relative sensitivities, early design decisions can be confidently 

made.  

This section initially describes a typical AC superconducting cable topology, along 

with an overview of the Matlab Simulink model developed by Manchester University 

for use within DEAP. A brief discussion will follow the model description that 

recommends future research opportunities that will allow better understanding of the 

losses within superconducting cables.  

7.3.1. Superconducting Cable Topology 

Superconducting cables exhibit a number of key differences from conventional 

cables. Two key constituents are present in any conventional or superconducting 

cable; conductors and insulation. Both parts are more complex for superconducting 

technology, and require more design effort. As previously highlighted in Chapter 3, 

superconducting materials conduct current through the outer surface of the 

conductor, or London penetration depth. Cable design therefore will benefit from 

adding many strands of superconductor, to increase the effective surface area of a 

conductor relative to its length. Multi-strand wires however are more susceptible to 
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AC losses; magnetic fields are more likely to interact with an increased number of 

strands, hence a trade-off exists between these two design options. Research is 

ongoing to identify the optimum scenario for different design cases. 

 

Figure 7-8 – Typical cross-section cutaway view of both conventional (top) and 

superconducting (bottom) 3-phase AC cable examples (Nexans, 2012). 

Figure 7-8 shows typical 3-phase examples of conventional and superconducting AC 

cables. The key difference between them is thermal insulation. The conventional 

conductor requires no active cooling, as the copper conductors can operate at 

ambient temperature normally. Superconducting cables operating at cryogenic 

temperatures are typically cooled using a fluid coolant, most commonly liquid 
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nitrogen for HTS cables. The superconducting cable shown in Figure 7-8 shows the 

flow and return paths for the liquid nitrogen. The lower temperature flow is passed 

through the centre of the superconductor to allow lower thermal leak from the fluid to 

the outside environment. The return then shields the neutral conductor from thermal 

leak through the cryostat. The cryostat itself is made from high-reflective corrugated 

metal, commonly stainless steel, to allow both flexibility and strength. The space 

between the inner and outer cryostat walls is evacuated to provide further thermal 

insulation.  

7.3.2. Superconducting Cable Model Overview 

The superconducting cable model used in the DEAP study was developed at 

Manchester University (Smith et al, 2015). The model was constructed using known 

relationships within superconductors and using results obtained during experimental 

work carried out on strands of MgB2. This section will present a model overview 

including a brief explanation of some of the relationships used and analysis of key 

parameters of interest to the investigation of thermal loss. The outcome for this 

section is a greater capability for investigation of the likely interaction between the 

superconducting machines and cables that might affect the required cooling power of 

the system.  

Two key variables are of interest for the cable that can be merged with the outputs of 

the machine model to provide sensitivity data; frequency and cable current. Both 

parameters are machine model outputs, and the interaction between these 

parameters is likely to show either optimum design points that illustrate trade-offs in 

design. 

Although one of the largest efficiency-affecting parameters is likely to be 

superconductor operation temperature, it is assumed constant throughout this 

chapter at 20 K since the relationship is well understood.  

The losses for the wire are calculated by using the Norris model for superconducting 

wires (2) (Perez et al, 2003). The model is intended for use within simple 

superconducting wires, of uniform shape, no outside interference (magnetic or 

otherwise) and of uniform manufacturability.  
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                                𝑃𝑁 =
𝜐𝜇0𝐼𝑐

2

2𝜋
[(2 − 𝛽)𝛽 + 2(1 − 𝛽) ln(1 − 𝛽)]   (2) 

Where 𝜐 is the frequency, 𝜇0 is the magnetic permeability (4𝜋 × 10−7 H/m), 𝐼𝑐 is the 

critical current, and 𝛽 = 𝐼𝑝 𝐼𝑐⁄ , where 𝐼𝑝 is the peak current.  

For the purposes of this model it is assumed that the ac losses are dominant over 

other forms of loss. As frequency diminishes, it is likely that the ac loss is overcome 

by other loss mechanisms. This study is looking at typically high-rpm machines; 

therefore frequency is likely to be high in any case investigated. 

Mass of the cable is calculated by combining two methods; assessing the cross-

sectional superconductor area multiplied by its length and known density, and by 

adding a per-metre value of weight for the cable cryostat. Previous examples of real-

world superconducting cables show that 3 kg/m is typical for land-based 

superconducting cables. Subsequent simulations of the pessimistic and optimistic 

values for cryostat weight will be set to 3 kg/m and 1 kg/m respectively, based on 

discussions with the aforementioned cryogenics expert.   

Figure 7-9 shows the superconducting cable model. The model is divided into two 

parts, single strand and multi-strand analysis. For the purposes of this project, the 

single strand is assumed to avoid complication and to investigate the worst-case loss 

scenario. Single strands as opposed to multi-strand exhibit the highest possible 

losses for a given cross-sectional area due to the London penetration depth. The 

model shows the difference in losses and cable mass for both the single and multi-

strand versions of the cable. Shown in magenta are the model blocks of interest, the 

Norris model sections and the total weight calculation section. The additional blocks 

used within the model contain information on MgB2 wires that were obtained through 

experimentation at a test facility at Manchester University. A table of assumptions 

made that are fixed for the analysis used in this chapters discussion section can be 

found in the Appendix B of this report.  

For the purposes of this chapter, the only parameters investigated will be frequency 

and current within the machine model, to compliment outputs from the machine 

model. This allows the first multi-component trade-off identification to take place. The 

results of the cable model and machine model sensitivity study is shown in the 

discussion section of this chapter.  
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Figure 7-9 – Superconducting cable model overview
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7.4.   Power Electronics 

Power electronics (PE) will be necessary in practical configurations for future 

superconducting networks. It is not yet known whether the power electronics 

components themselves will be superconducting or conventional, since 

superconducting PE does not exist at the time of writing this research thesis. This 

section describes what types might be present on practical solutions, and why PE is 

being omitted in modelling for this research.  

There are four types that are currently thought to be likely present in practical 

distributed propulsion electrical networks. These are: 

 Inverters/Rectifiers – These change electrical current types from ac to dc or 

vice versa. They will be essential for AC-DC-AC networks, and are likely to be 

used on board AC-AC-AC networks as a means of limiting losses in cables. 

Superconducting versions are not currently known to exist, although high-

efficiency cryogenic versions are known to exist and exhibit high efficiencies 

of around 99.8% (Mueller and Mueller, 2000). 

 Fault Current Limiters (FCL) – FCL are essential within superconducting 

applications for preventing damage to sensitive components caused by high 

transient currents. Protecting key electrical components from high short-term 

currents will be important. Superconducting versions of FCL already exist for 

power applications; however in their present form at the time of writing, they 

will require significant size and weight reduction (Pei, Smith, and Barnes, 

2015). 

 Switchgear – Switchgears are used to isolate the different parts of the 

superconducting system. For AC networks, switchgear is relatively simple as 

isolation can be performed whilst the current value is zero. DC configurations 

however are much more challenging; no known DC superconducting 

switchgear exists. A key challenge for either AC or DC switchgear within 

superconducting applications is the quality of connection; by nature of 

superconductivity and its requirement for precise connection, it is likely that 

significant thermal losses will be present in mechanically operated 

switchgears. Magnetic switchgears that raise the local resistance may be 

possible. 
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A number of reasons lead to the omission of modelling of PE for this research. The 

primary concern is uncertainty; the type of each PE solution and the uncertainty 

around electrical network configuration means that the number and nature of 

individual PE components is unknown. This means that solutions may vary wildly in 

performance with greatly diminished validation accuracy. Furthermore, any 

sensitivity observed in a configuration through modelling will be more difficult to 

attribute to any single component or section, slowing progress in network component 

interaction understanding. Since the basic types of each component and its 

constituent parts are presently unknown, PE modelling is deemed too complex and 

uncertain to pursue in this phase of research. Future modelling must take place as 

soon as knowledge is gained on likely candidate architectures and preferred PE 

technology.  

7.5.   Discussion 

The key outcome for this chapter is the development of the world’s first expert-

validated conceptual superconducting machine sizing tool, and contribution towards 

a similar superconducting cable tool. Modelling superconducting networks is 

essential to understanding the relative component sensitivities that are likely to be 

present in distributed propulsion design solutions. Models of both superconducting 

machines and superconducting cables have been generated through collaborative 

efforts between Cranfield University, Rolls-Royce, and Manchester University. 

Machine models were developed using a combination of existing knowledge of 

conventional machines and expert advice, while cable models were generated 

through application of both theoretical and experimental knowledge. Both models 

were validated through expert opinion, peer review and comparison with known 

existing components and both were found to be adequately accurate for the purpose 

of sensitivity analysis and basic configuration design.  

The validation approach taken throughout the modelling is crucial to success. 

Validation at each step of the modelling process ensures that reasonable steps were 

taken to prevent any relationships between parameters being incorrect or 

disproportionate in the relative context they are used. In order to accurately assess 

the sensitivities between machines and cables, and between parameters within the 

models themselves, the variability must reflect reality to the best of current 
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knowledge. Since no known examples of fully superconducting machines exist at the 

time of writing of this thesis, the rigorous validation approach ensures the risk of 

error is kept sufficiently low. Future modelling work must increasingly incorporate 

experimental data in order to advance knowledge in the field and to minimise 

potential errors in the inevitable increasingly complex models.  

This discussion section highlights the basic observed sensitivities between the 

machines and cables that will be of importance to cryogenic cooling system 

modelling. Machines have already been shown to decrease in size for a given power 

rating when the speed of the machine is increased. By increasing the machine speed 

however, the frequency is also increased, leading to increasingly significant losses in 

the cables. Figure 7-10 shows the impact of frequency increase for increasing 

current values on the cable power loss for the assumptions outlined in Tables B-1 

and B-2 in Appendix B.  

 

Figure 7-10 – The relationships between different cable current (A) values and 

frequencies (Hz) on the cable losses  
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Figure 7-10 shows that by increasing the frequency of a superconducting cable, the 

percentage losses per metre are increasingly large. Furthermore, as the current is 

increased, the effect is magnified, leading to proportionally greater losses per metre 

in the superconducting cable. Since superconducting cables are likely to transport 

large currents, this relationship cannot be ignored. This trade-off between machines 

and cables becomes more critical when considering the cryogenic cooling system. 

When considering the added mass and required power input of the cryocooler, the 

choice to use faster machines becomes less attractive as losses increase from both 

an efficiency and mass perspective. Chapter 9 further highlights the impact of this 

design variable. The machine and cable interaction must also be considered with 

respect to mass.  

 

Figure 7-11 – The variation in generator-to-cable system mass against machine 

speed for assumptions outlined in Tables B-1 and B-2 in Appendix B 
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Figure 7-11 shows the variation in a generator-to-cable system mass to the machine 

speed. The values for cable current were fed into the cable model from the machine 

model, along with the frequency. The relationship in Figure 7-11 suggests that 

increasing the machine speed delivers diminishing returns in system mass as the 

rpm of the machine is pushed past 10,000 rpm. Furthermore the variation in cable 

mass was deemed insignificant to the overall mass change. This can be directly 

attributed to the large mass difference between the conductive parts of the cable and 

the cryostat. As the current increases in the conductor, the difference in mass for the 

cable is negligible, hence Figure 7-11 mainly shows how machine mass varies with 

machine speed. This leads to the conclusion that cable current can be increased 

with little mass penalty when considering only the cable; however the system is more 

sensitive to frequency variations at higher currents, and therefore loss will be 

increased. Cryocooler modelling must assess whether the increase in loss at higher 

frequencies is worthwhile when considering the positive impact on the machine 

mass. 

Models were developed that have allowed comparison of two key components in the 

superconducting network that have enabled some system sensitivities to be 

observed. Limitations were identified within the machine model that must be 

addressed during future research. The key limitations are: 

 Poor loss prediction – The machine model cannot account for increases in 

loss as machine speed is increased. This must be better understood in order 

to allow confident decision making when considering high speed or low speed 

superconducting machines. 

 Poor machine density understanding – The machine density is estimated 

using known examples of partially superconducting machines, with many 

aspects of practical design unknown at this early conceptual stage in 

research. Future research must address this by better understanding the likely 

materials and configuration that will be present in fully superconducting 

machines.  

 Poor current and voltage prediction – The method used to predict the current 

and voltage is dependent on other parameters; future machine model 

iterations should be able to allow voltage to be fixed. Electrical results cannot 
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be relied upon until superconducting materials are better understood in terms 

of current and voltage prediction.  

 Obscure inputs – Some inputs for the machine model are likely to be decided 

at a later date, particularly the number of turns and number of machine poles. 

These design decisions are likely to impact the machine model significantly, 

however since practical figures are unknown, they are fixed. Future modelling 

must examine the effect endured on overall machine mass when these are 

varied. 

The cable model developed at Manchester University (Smith et al, 2015) has proven 

to be useful for predicting interactions between the machine and cable regarding 

losses and mass. The key outcome for the merging of these models is the mapping 

of sensitivities between system mass, system loss, and what impact some key 

variables have on these parameters. The next step in this research is to assess how 

the necessary cryogenic support system will impact these sensitivities. At this stage 

of the research, the conclusions would support a high-speed machine when 

considering mass and a low speed machine when considering loss. When 

cryogenics are added to the mass and loss figures, a more defined overview will 

develop regarding whole-system design choices. It is highly likely that the 

conclusions derived from only modelling the electrical system will change 

significantly when cryogenics are included in power and mass performance analysis. 
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Chapter 8.   Cryogenic Cooling System Modelling  

8.1.   Introduction 

There are numerous ways of achieving cryogenic temperatures, as stated in Chapter 

2. This chapter will reiterate the reasons that the reverse-Brayton cycle (RBC) was 

chosen and state the basic principles behind how they operate and the variants on 

the basic cycle design. This chapter covers four key areas in development of 

cryocooler models:  

 The basic thermodynamic principles behind RBC cryocoolers;  

 The schematic layout and system walkthrough for single and two-stage RBC 

designs;  

 The configuration options and differences between them;  

 The models and methods used to develop them.  

Modelling results take place in Chapter 9 on design space mapping. The outcomes 

of this chapter are: 

 A detailed understanding as to why the choice was made to use RBC over 

other cycles. 

 Clear understanding of how RBC works in both theoretical and practical 

principles.  

 Detailed overview of how each model block was developed and the 

assumptions made for modelling.  

 Information gained on available alternative configurations and their 

implications on modelling.  

Chapter 9 has detailed the implications for design of cryogenic cooling systems 

highlighted by modelling work. Furthermore, design solutions can be made through 

the modelling work in this chapter and their impact on the wider superconducting 

network performance.  

8.2.   Reverse-Brayton Cycle Cryocoolers 

This section presents the RBC basic concept and a brief recapitulation as to why the 

cycle was chosen over other designs. The overarching qualitative assumptions are 
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stated along with reasons given why each was chosen and how they will affect the 

modelling. The single and double stage RBC basic principles are outlined with 

diagrams and step-by-step walkthroughs of the processes in each. Finally, other 

configuration options are outlined through diagrams and discussion, with brief 

comment on how they may affect both theoretical and practical concepts. 

8.2.1. Overview  

The RBC has been selected as the most promising thermodynamic concept for 

cryocooling at high power densities through qualitative methods. Previous studies by 

NASA have also arrived at the same conclusion within the N3-X project (Felder et al, 

2011). Before the quantitative aspects of RBC design are described in detail, it is 

worthwhile summarising the qualitative reasons for selection as the most suitable 

concept. It is also useful to re-introduce the thermodynamic cycle principles at this 

stage, such that the proceeding sections can be more easily absorbed without re-

reading other chapters of this thesis.  

RBC advantages over other methods of refrigeration include:  

 High reliability – Examples of RBC cryocoolers have achieved in excess of 

50,000 hours of continuous maintenance-free operation. Stirling cycle 

cryocoolers are also capable of such reliabilities, but not at the same power 

densities as RBC (Brake and Wiegerinck, 2002).   

 Self-contained cycle – Self-containment means all components required are 

present within the system. Conversely, Gifford-McMahon and Pulse Tube 

cryocoolers require external compression systems that typically raise the 

system weight by an order of magnitude.  

 Fluid coolant – Use of a fluid coolant negates the need for thermal conduction 

paths throughout the electrical network. Fluid coolant is capable of faster 

cooling response to thermal events, shorter cool-down times, and is not 

impeded should hot-spots along the cooling path become apparent. No other 

type of cryocooler uses fluid cooling without separate systems that incur 

additional loss. 

 Low weight – RBC cryocoolers possess favourable input-power-to-weight 

ratios (better than 136 W/kg, Chow et al, 2005) and as a result are often the 
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cryocoolers of choice for space missions. For comparison, Stirling, GM and 

PT cycles typically exhibit ratios of no more than 226 W/kg for aerospace 

optimised designs (Ladner, 2011).  

These reasons combined show that for this weight-sensitive, high power application, 

the RBC cryocooler is qualitatively the most suitable thermodynamic cycle to choose.  

 

Figure 8-1 – The difference between Brayton and reverse-Brayton cycles for both 

temperature-entropy (T-S) and pressure-volume (P-V) graphs (note: both cases 

shown are adiabatic for comparison purposes) 

The Brayton and reverse-Brayton thermodynamic cycles are shown in Figure 8-1 for 

both temperature-entropy (T-S) and pressure-volume (P-V) graphs. The cycle 

operation can be described as follows, with reference to the original cycle.  
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Brayton Cycle Reverse-Brayton Cycle 

1-2: Compression 1-2: Compression 

2-3: Combustion 2-3: Heat out 

3-4: Expansion 3-4: Expansion 

4-1: Expulsion 4-1: Heat In 

The key difference between the Brayton and reverse-Brayton cycles is purpose. 

Whilst the Brayton cycle is typically used to produce work or thrust using an open-

loop cycle, the reverse-Brayton cycle requires a work input in order to move a 

closed-loop fluid for low temperatures to be achieved. Despite these fundamental 

differences, Figure 8-1 highlights how the cycles are similar in nature. At the 

component level they also require all of the same active components, with some 

minor differences. Both require a compressor and turbine, however in place of the 

combustor within the Brayton cycle a heat exchanger is used for the reverse 

Brayton, with the addition of a cold heat exchanger between the turbine and 

compressor stages.  

 

Figure 8-2 – A reverse-Brayton cycle refrigerator showing components and relative 

thermodynamic process points 1-4 as shown in Figure 8-1 
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Figure 8-2 shows the reverse-Brayton cycle basic schematic. The operation of the 

cycle is described as follows: 

1. The fluid enters the compressor at ambient temperature, to be compressed 

and sent to the warm heat exchanger. 

2. The fluid has gained temperature and pressure through compression and 

enters the warm heat exchanger. The warm heat exchanger decreases the 

fluid temperature. 

3. The fluid has now cooled and is ready to enter the turbine. The turbine fulfils 

two functions; the pressure decrease results in a drop in temperature, and the 

turbine also recovers work from the fluid through expansion.  

4. Once the fluid has been expanded and cooled, it is passed through the target 

cold area. The heat gained in the cold area brings the fluid back to ambient or 

near-ambient ready to repeat the cycle.  

8.2.2. Assumptions 

In order to fairly compare concepts and to yield clear conclusions from simulation 

data, a number of assumptions must be taken when modelling RBC cryocoolers. 

Assumptions made in modelling are listed with rationale explaining why the 

assumption was made. For each assumption made, the effects are considered, and 

should any issues arise from assumptions made that create significant problems, 

mitigation is suggested. This approach ensures that assumptions do not adversely 

affect the credibility or overall validity of the models gained. The assumptions are: 

 No transport losses – Transport losses refer to losses experienced in the 

fluid pipes that carry fluid between components. Losses manifest themselves 

in the form of pressure loss and heat loss/gain, with numerous reasons for 

each such as compressibility, pipe wall friction, fluid viscosity, and outside 

heat leak being some of the major reasons. This assumption can be 

reasonably made because components modelled will be capable of assessing 

the impact of either thermal change or pressure loss. The impact on overall 

efficiency is not negligible, particularly for large systems with abundant 

pipework. However, by negating these losses, critical components can be 

identified, and should the pressure losses in constant pressure components 
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(such as the heat exchanger) be significant, subsequent modelling can 

address the issue by including pipework. Thermal losses are not considered 

an issue since insulation methods are highly effective, and pipe residency 

time is likely to be small. Therefore this assumption is considered reasonable.  

 The system is closed – There is no external heat transfer to the system 

apart from through either heat exchanger. The compressor and turbine gain 

and lose heat without external heat transfer. Heat transfer from the outside 

environment to the system will negatively impact efficiency, however at this 

early stage conceptual level, many details are unknown. Operating 

environment temperature is both unknown and likely variable (at different 

altitudes), the type and performance of the insulation used for final design is 

unknown, and the temperatures of the system are also speculative, therefore 

potentially giving incorrect indicative values. For these reasons, the system is 

assumed closed to outside heat sources or sinks other than those defined 

within heat exchange parts and the input from the motor/s.  

 Constant specific heat capacity values – Specific heat capacity is highly 

variable from fluid to fluid, however for helium which is the chosen working 

closed-loop fluid, the variability for specific heat for the likely temperature 

range is negligible (10 K to 300 K, variability of 0.002 kW/kg.K (McCarty, 

1973)). The warm heat exchanger heat sink fluid could be much more 

variable, hence the minimum value of specific heat is used within the given 

temperature range, such that a minimum mass flow rate can be obtained for 

heat sink operation where necessary. Although a small effect will be felt by 

assuming a constant specific heat value, this assumption is considered 

reasonable for first-order simulations, as the component sensitivities are not 

yet known.  

 50% specific and latent heat capacity share – Within the warm heat 

exchanger, the latent heat capacity is shared in a 50% split with specific heat 

capacity (i.e. for a given energy exchange, half of the energy is dissipated 

using latent heat energy and half by raising the temperature through specific 

heat capacity). The reason for this is that is the latent heat capacity was 

assumed to constitute 100% of the energy exchange, this would automatically 

assume the largest heat sink fluid mass flow rate. By limiting the latent heat 
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exchange energy to 50%, an average figure is gained for heat sink mass flow, 

without resorting to the immediate worst-case scenario. Keeping this fixed 

throughout the modelling will ensure a fair comparison between concepts.  

 The motor used is superconducting – As there is already cooling available, 

the use of conventional machines would add to the weight of any given 

system unless operating at very high rpm. Although it may make more sense 

in a practical solution to use conventional machines for safety purposes, the 

high power levels indicate that superconducting machines, should they 

already be viable for use in propulsion, would also provide similar benefits in 

space and weight saving. Therefore the machines within the cryogenic cooling 

system are all considered fully superconducting in nature. 

 Numerical assumptions taken are from current best practice for similar 

aerospace grade single stage reverse-Brayton cryocoolers – Numerical 

assumptions for modelling are taken from literature available on RBC 

cryocooler designs. This is to ensure that numerical values used throughout 

are both reliable and realistic.  

8.2.3. Single Stage  

Single stage RBC cryocoolers are used throughout the cryogenics industry, most 

commonly on satellites and in low temperature small-scale physics. They consist of 

one set of each component, although some variations are possible on the design 

shown in Figure 8-3. 

 

Figure 8-3 – A single-stage simple RBC and its associated T-S diagram 
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Figure 8-4 shows one possible variation, which is recuperation of the outflow from 

the warm heat exchanger with the outflow of the cold heat exchanger. This 

configuration allows separation of the hot and cold parts of the cycle, such that 

smaller temperature differentials are required when compression and expansion 

takes place. This allows a reduction in the size and therefore mass of the 

compressor and turbine, but at the weight penalty of adding another heat exchanger 

and more cryogen transport lines. Therefore there clearly exists a design trade-off for 

this concept. If the single-stage RBC cryocooler is shown to provide acceptable 

performance in its most basic form, recuperative cycles can be investigated in 

greater detail.  

 

Figure 8-4 – A single-stage recuperated RBC and its associated T-S diagram 

Another single-stage RBC concept is to use intercooled compression, as shown in 

Figure 8-5.  
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Figure 8-5 – A single-stage intercooled RBC and its associated T-S diagram 

By using an intercooler between compression stages, the pressure ratio over the 

expander can be increased without significantly increasing the compressor outlet 

temperature. This can limit the amount of compression per-stage, reducing power 

input, and the rejection temperature at the warm heat sink can be lowered, 

increasing the Carnot efficiency of the cycle. This variation is mentioned for 

reference only, since the modelling analysis must establish differences in major 

concept decisions rather than component-level designs choices.  

8.2.4. Double Stage 

Double stage, commonly referred to as ‘two-stage’ RBC cryocoolers, effectively 

reduce the temperature difference between the warm and cold heat exchangers 

through staging (Figure 8-6). By using two RBC cycles and combining them such 

that the warm heat exchanger on the cold cycle is merged with the cold heat 

exchanger on the warm cycle, the Carnot efficiency per-stage can be increased. This 

configuration however comes at a cost; each component is multiplied by a factor of 

two. This is likely to add significant weight to the overall concept.  
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Figure 8-6 – A two-stage RBC with its associated T-S diagram 

The two-stage design has all of the same components of a single stage design 

except for the intermediate heat exchanger is shared.  
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Figure 8-7 – A two-stage recuperated RBC design 

As with the single-stage RBC design, the two-stage design can be modified to 

increase performance, such as by recuperation (Figure 8-7) or by intercooling. As 

with the single-stage design, modelling efforts will focus on the worst-case scenario 

to establish whether there is merit in pursuing either type. By focusing modelling 

work around unmodified designs, a clearer view of which components drive 

inefficiency and mass estimation methods will be more effective.  

The key design trade-off within the two-stage design analysis must involve both 

efficiency and mass. The key question of whether the mass increase that is 

inevitable with two-stage designs can be offset by the Carnot efficiency gains made, 

or whether any other mitigating factors arise must be answered. 
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8.2.5. Other Configurations 

A number of other cooling ideas can be incorporated into RBC designs that can also 

improve performance or provide other advantages over standard designs. First of 

these is the use of a Joule-Thomson valve (Figure 8-8). The Joule-Thomson effect 

occurs to fluids when forced through a throttle valve, whereby if the fluid is below its 

respective inversion temperature when it passes through the valve, the fluid cools as 

it expands. The effect is most commonly observed in household deodorant cans. If 

the fluid is forced through the valve above its inversion temperature however, the 

effect is reversed. Since the working fluid is helium in the considered RBC designs, 

the inversion temperature for 1 atm pressure is around 40 K, with an absolute 

maximum of 55 K for low pressure helium (McCarty, 1973). This inversion 

temperature, although low, makes it potentially ideal for localised cooling.  

 

Figure 8-8 – Single-stage recuperated RBC with J-T expansion valve and its 

associated T-S diagram 

Local cooling using J-T valves may be advantageous in a number of ways. It does 

not require any moving parts and is therefore 100% reliable at its design condition. 

Fluid can be transported at a higher temperature toward the cooling target and 

expanded locally, reducing potential transport losses. Furthermore, the J-T valve 

does not add to the mass directly, and may reduce the mass of the turbine since only 

partial expansion would be required. There are however caveats to these 
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advantages; by taking expansion energy from the turbine, the compressor will 

require more input power. This will mean an increase in compressor mass to 

compensate for the reduction in energy recovery as the compressor must account 

for the increase in net energy input to the fluid. Further research into how J-T valves 

can be exploited is required.  

 

Figure 8-9 – Two-stage, multiple b-stage RBC design 

Figure 8-9 shows how multiple b-stages can be connected to a central, larger a-

stage. This concept allows localised cooling at a cost of overall efficiency as smaller, 

local cryocoolers will sacrifice efficiency for convenience. Another advantage to 

multiple b- stage designs is that they provide some redundancy to the system. 

Should one of the b-stages fail, there is still some cooling available from the 

remaining b-stage. Furthermore, since the a-stage can be made larger and more 

central, the a-stage will be likely more efficient, and transport losses are likely to be 

minimised due to the higher distribution temperature. Some analysis is performed on 

this concept within this thesis, however further investigation is required to fully 
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understand the benefits if the preferred concept is concluded to be the two-stage 

RBC over single-stage designs. 

8.3.   Modelling 

Modelling RBC cryocoolers must follow the same strict regimen of validation as with 

the superconducting network. Cryogenic cooling system modelling for an unknown 

load and unknown configuration is complex and presents a challenge when trying to 

validate simulation data. Initially it is wise to specify the same modelling format as 

with superconducting network modelling; steady-state Simulink-based theoretical 

models.  

This chapter section first outlines the modelling process taken, which models are 

being made and the reasons behind the decisions, and the methods used to create 

them, including mass estimation strategy. Finally, numerical assumptions for the 

models are given and the models themselves are clearly defined step-by-step, 

written as a guide to potential future users. The outcome will be a set of models that 

are then ready for use in simulation analysis for both the cryogenic cooling system 

and the wider superconducting network analysis.   

8.3.1. Modelling Method and Mass Estimation 

Cryogenics are modelled in this research in the same format as with the 

superconducting network; Matlab/Simulink is used to create steady-state design 

tools that allow rapid design iteration based on known numerical input values. The 

key difference between the superconducting component models and the cryogenics 

models is fidelity. While the machine model outlined previously combines known 

information into a single mask model, the RBC cryocooler models are separated into 

individual components. This method is adopted in order to assess component level 

performance impact on overall power and weight metrics. By using this method, the 

outcome is to show where component research efforts must be concentrated and to 

compare and contrast the qualitative methods used in the systems process with the 

numerical methods used within the solutions process. The outcome will also highlight 

potential issues with the newly defined systems-solutions effort for complex 

conceptual design.  
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Equations and relationships for the RBC are well known and understood by the 

scientific community, and the modelling work on RBC’s in this report is based on 

equations outlined by Swift, 1993. Some unknown relationships were derived, 

particularly with mass estimation, and require more explanation into the process 

used.  

Mass estimation for RBC cryocoolers is particularly difficult. There are a number of 

reasons as to why: 

 Custom design nature – RBC cryocoolers are not off-the-shelf components. 

The reason is because of the direct fluid cooling nature of RBC rather than 

conductive which are commonly ‘plug and play’-type devices that can attach 

to most target cooling rigs. This makes their design highly variable by 

purpose, and their custom nature also makes information about their mass 

scarce except in aerospace cases where it is pertinent.  

 Mass often unknown – As previously stated, many examples masses are 

unknown, since many designs are for industrial purposes where mass is not 

of concern. Aerospace examples typically occupy the multi-Watt or milliwatt 

range, whilst industrial examples typically operate at the high kilowatt range. It 

is essential to determine how industrial and aerospace RBC designs vary in 

terms of mass differential for a given power.  

 Configuration differences – Practical designs are often not simple. Many 

contain multiple compression stages, intercooling, recuperation, and other 

configuration variables. This further complicates design efforts, particularly 

when considering mass. 

 Scarcity – Due to the custom nature of RBC cryocoolers, there simply are not 

many examples available for comparison. The most common types are 

typically industrial designs that give no mass, whilst aerospace designs are 

often defence-related or satellite based, and as a result the mass is not 

released.  

In order to estimate the mass of reverse-Brayton cryocoolers, a survey was 

performed on the few known systems that were found to establish a guideline 

correlation between mass and input power. The method was taken from an earlier 

NASA presentation (Barrett and Johnson, 2005). The presentation shows mass 
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estimation curves of space-borne Brayton power generators, and although they 

perform a different function to cryocoolers, they are directly comparable. The key 

difference is that power is being generated through heat, rather than heat being 

removed through power.  

The components are identical; the Brayton power cycle works in a closed loop, with 

compressor, turbine, generator, and two heat exchangers. There are likely to be 

small caveats with this type of mass estimation; use of helium as a closed loop fluid 

is expected to increase the mass of compressor and turbine components. The 

primary reason for this is that helium is monatomic and very low mass; hence the tip 

clearance of any dynamic compressive components means efficiency is lowered, 

and the mass for fixed target compression ratio is going to be higher. For these 

superconducting systems however, the heat exchanger on the cold end can be 

assumed to have zero mass. The superconducting components themselves are 

designed as heat exchangers. Therefore any increase in mass in other components 

can be adequately compensated for.  

Figure 8-10 shows the NASA curve used as the baseline method (Barrett and 

Johnson, 2005). The plot shows the alternator power against the specific mass of the 

system.  
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Figure 8-10 – Specific mass curve for space Brayton turbo-alternators 

A small number of mass-specific examples were found for reverse-Brayton 

cryocoolers. Due to the reasons previously outlined, the known examples have to be 

comparable. The first requirement is that they must be single stage, i.e. they must 

contain only one set of compressors, turbines, and two heat exchangers. The 

second is that they must have known mass and input power. Mass is essential 

because it cannot easily be calculated. Input power can be calculated if enough 

information is known, such as overall efficiency and available cold power. Table 8-1 

shows the examples found that match the criteria.  

Mass 
(kg) 

Cooling 
Power 
(W) 

COP Cold 
Temp 
(K) 

Pc/Tc Input 
Power 
(W) 

Specific 
Input 
power 

Specific 
RB mass 
(kg/W) 

Input 
Power 
(kW) 

Specific 
Mass 
(kg/kW) 

22 30 0.010 18 1.667 3000 136.3 0.73 3 7.3 

15.5 0.45 0.002 35 0.013 200 12.9 34.44 0.2 77.5 

11 0.45 0.003 35 0.013 160 14.5 24.44 0.16 68.7 

11 2.95 0.011 35 0.084 260 23.6 3.72 0.26 42.3 

270 1000 0.050 95 10.526 21000 77.7 0.27 21 12.8 

21 7 0.018 70 0.100 400 19.0 3.00 0.4 52.5 

8000 24000 0.025 77 311.688 1000000 125.0 0.33 1000 8.0 

Table 8-1 – All known reverse-Brayton cryocoolers with masses given (Breedlove, 

Magari and Miller, 2008, Chow et al, 2007, Crespi, 2012, Davis and Abhyankar, 

2004, Swift, 1993, Swift et al, 1999, Zagarola et al, 2009)  

 

Figure 8-11 – Relationship between cryocooler specific mass and Log10 of cryocooler 

input power for known RBC cryocooler examples 
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The data was then collected, plotted, and a rule generated. Figure 8-11 shows the 

plot. In Figure 8-11, the curve shown in solid red is the curve fit applied. However 

there are two other scenarios worthy of note. The dotted lines shown represent 

aerospace and non-aerospace optimised versions. The data collected was not purely 

aerospace-related, due to the limited number of examples with the required data 

available. The top curve highlights the expected non-aerospace relationship, while 

the lower curve shows aerospace optimised versions. In order to estimate aerospace 

potential for mass savings, previous work was completed on improvement potential 

(Palmer et al, 2012). A weight saving of 80% and a volumetric saving of up to 90% 

was found to be plausible on current industrial designs. The curve fit (solid line, 

Figure 8-12) shows this improvement on non-aerospace versions found, hence it can 

be deemed acceptable for the purposes of this study. Aerospace predictions begin to 

narrow with the actual curve fit when input powers rise above 100 kW.  

 

Figure 8-12 – Curve fit for all known reverse-Brayton cryocoolers with generated 

equation shown  

Overall error on the curve fit with known examples show an R2 value of 0.855, which 

is acceptable for the purposes of this study. The R2 value corresponds to the 

statistical ‘goodness of fit’ of the data to the regression curve generated in Matlab, 

and is calculated by taking the ratio of the sum of squares of residuals by the total 
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sum of squares. In terms of percentage error, a value of 0.855 represents an overall 

margin of error of 14.5% for the data range selected. When considering the values 

furthest away from the curve, such as those at the higher end of the x axis, mitigation 

can be found in the aforementioned study on improvement potential, which would 

inevitably push the R2 value higher for the given range, assuming the regression 

curve did not change. Since it is the higher input power part of the curve that is of 

interest, the remaining values can be ignored, as the overall R2 value is well within 

the permissible error margin for an early stage concept design which in this case is 

denoted by Pareto’s 80:20 rule, or above 80% confidence level.  

8.3.2. Single Stage 

The single-stage model is developed using a combination of methods. Firstly, a set 

of known physical rules were collected using available literature (Swift, 1993). Once 

a series of relationships were established, a ‘parametric feedback’ method of 

assessing parametric values was used, shown in Figure 8-13. 

 

Figure 8-13 – Single-stage RBC cryocooler with input-output flow shown by thick 

black arrows 
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Parametric feedback starts with the model block where most knowledge is known; 

the cold heat exchanger. From the cold heat exchanger, the inputs values are all 

determined by the user. Heat exchanger equations are then applied in ‘reverse’ 

order, with the term ‘reverse’ referring to the flow of parameters opposite direction of 

travel to the fluid in the cycle. This continues through the turbine, warm heat 

exchanger (also known throughout the models as the heat sink heat exchanger 

(HSHX) or transfer heat exchanger), and finally the compressor and motor blocks. 

Throughout the process, inputs are added where necessary and outputs that 

terminate at a given block are either exported to the workspace or shown in a display 

screen. The model block is shown with inputs and outputs,  

 

Figure 8-14 – Cold heat exchanger model block and table of inputs, transfer 

functions, and outputs 
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Figure 8-14 shows the cold heat exchanger block with all inputs, transfer functions 

and outputs. The relationships below the model block can clearly be seen, with the 

parametric flow direction leading to the turbine. The motor cryocooling required is not 

calculated until the overall cryogenic cooling input power is known at the final part of 

the model.  

 

Figure 8-15 – Turbine model block and table of inputs, transfer functions, and 

outputs 

The relationships shown for the turbine model block in Figure 8-15 are derived from 

previous work performed by Swift, 1993, on RBC thermodynamics.   
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Figure 8-16 – HSHX model block and table showing inputs, transfer functions, and 

outputs 

Figure 8-16 shows how the helium and heat sink material interact within the HSHX. 

A particular challenge when considering the heat sink fluid is the determination of 

temperatures and pressures. For this research, the pressures are assumed to be 

irrelevant since the fluid will likely need recompression should it need to enter the 

gas turbine. As the effects of fuel and fuel burn in the wider system as a result of 
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changes are out of scope for this project, the overall mission fuel requirements and 

fuel burn is not analysed; project DEAP however has used these models in wider 

aircraft-level system context. Information can be derived from knowing the impact of 

using different heat sinks on the overall aircraft.  

 

Figure 8-17 – Compressor model block and tables showing inputs, transfer functions, 

and outputs 
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While Figure 8-17 shows the model motor section, the model mask is the same as 

the motor outlined in Chapter 7. Also key to note within Figure 8-18 is the motor 

mass. The total mass is inclusive of the motor mass, since the motor mass is 

included in all surveyed designs. The cold motor load is more of a crucial 

consideration, since it will need to be cooled by the cryocooler. This creates a 

parametric feedback loop where for each case the model converges on the steady-

state condition.  

 

Figure 8-18 – Motor, mass estimation, and input power model blocks with table 

showing inputs, transfer functions and outputs 

Figure 8-19 shows the model in full. The model input and output parameters can 

clearly be seen as described in Figures 8-14 to 8-18.  
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Figure 8-19 – Full-model over view of the single stage RBC Simulink model 
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8.3.3. Double Stage 

Modelling the double stage RBC concept is similar to the single stage in terms of 

relationships (Figure 8-20). An additional component exists however with the two-

stage design; the intermediate heat exchanger. The intermediate heat exchanger 

acts as the cold stage heat sink and the warm stage cooled component. By doing 

this, the temperature gradient between the heat sink (warm heat exchanger) and the 

cold component (cold heat exchanger) can be reduced, effectively reducing the likely 

need for additional compression stages or very high pressure ratios. This advantage 

however is not without cost. The additional stage means additional mass is 

inevitable, and the efficiency of twice the number of components must be 

considered. This means design space modelling must take into account these likely 

issues and consider the impact of having these additional components on both single 

and two-stage designs.  

 

Figure 8-20 – Two-stage RBC showing parametric flow direction with black arrows 
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The first step with the two-stage design is the same as the single stage. The cold 

model block is identical in the transfer functions it performs and the inputs and 

outputs, shown in Figure 8-21.  

 

Figure 8-21 – Cold stage cold heat exchanger model block and table showing block 

inputs, transfer functions, and outputs 

An issue arises however when considering the next block, the cold stage turbine 

block. Previously with the single stage model, the turbine outlet temperature 𝑇4 and 

turbine inlet temperature 𝑇3 are known, with the former defined as the target 

superconductor temperature and the latter defined by the heat sink inlet temperature. 

For the two-stage design, the stages split into 𝑎 and 𝑏 stages, whereby 𝑇4 

becomes 𝑇4𝑏, and 𝑇3 now becomes 𝑇3𝑎. Therefore 𝑇4𝑎 and 𝑇3𝑏 must be specified 

before the parametric flow can continue.  
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The method chosen for this research is to create an equal Carnot efficiency share 

between stages. In order to reach the optimum scenario for fair system level 

comparison, each stage must be equally efficient to highlight the differences 

between single stage and double stage designs. Figure 8-22 shows the model block 

used to share the temperature ratios and the equation associated 

 

𝑇3𝑏

𝑇4𝑏
= √

𝑇3𝑎

𝑇4𝑏
                      (3) 

Figure 8-22 – Stage-to-stage temperature share model block and transfer function 

equation 

Equation (3) shown in Figure 8-23 shows how the cold stage turbine outlet 

temperature (𝑇4𝑏) can be used with the warm stage turbine inlet temperature (𝑇3𝑎) to 

obtain an optimum average temperature for the intermediate heat exchanger. The 

Carnot efficiency, commonly called the coefficient of performance (COP) for a 

refrigerator is given by the equation: 

𝐶𝑂𝑃 =
𝑇𝑐

𝑇ℎ − 𝑇𝑐
 

When considering both stages of the cryocooler, then the COP must be equal for 

optimum stage-to-stage performance. Using the equation (3), the overall 

temperature ratio between 𝑇4𝑏 and 𝑇3𝑎 is found and square-rooted. The result is then 

multiplied by the cold stage turbine outlet temperature 𝑇4𝑏 to give the optimum 
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intermediate temperature (𝑇3𝑏). It is known that the actual outlet temperature of the 

intermediate heat exchanger will not be an ideal case, hence the model block shown 

in Figure 8-24 (IHX) allows for the inclusion of a temperature differential between 

input and output stage-to-stage helium loops.  

 

 

Figure 8-23 – Cold stage turbine model block and table showing inputs, transfer 

functions, and outputs 

Using the temperature derived using equation (3), the cold stage turbine block can 

now be defined, shown in Figure 8-23. The intermediate heat exchanger block 
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shown in Figure 8-24 then follows on, with the aforementioned input showing the 

input-to-output temperature differential in green at the bottom of the block. The mass 

flow rate is assumed to be equal, therefore the intermediate temperature inputs and 

outputs for both stages are assumed either equal or equally different. For example, if 

a temperature differential of 10 K is defined, the cold stage input will be 10 K higher 

than the warm stage output, and similarly the cold stage output will be 10 K higher 

than the warm stage input.    
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Figure 8-24 – Intermediate heat exchanger model block and table showing inputs, 

transfer functions, and outputs 
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Figure 8-25 – Cold stage compressor model block and table showing inputs, transfer 

functions, and outputs 

The cold stage compressor block and associated motor blocks are the same model 

block designs as previously used for the single stage model.  
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Figure 8-26 – Warm stage turbine model block and table showing inputs, transfer 

functions, and outputs 

Figures 8-26, 8-27 and 8-29 all show that the warm stage model blocks are identical 

to those used in the single stage model.  
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Figure 8-27 – Warm stage heat sink heat exchanger model block with table showing 

inputs, transfer functions, and outputs 

The final aspects of the two-stage model are the motors and mass estimation. Since 

there are two sets of components, the mass estimation is performed per-stage and 

then added for a final value. This method of mass estimation is deemed valid since 

each stage has one warm heat exchanger; the intermediate heat exchanger is 

assumed to be of zero mass to the warm stage, and the cold heat exchanger is likely 
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to be integrated into the superconducting components. Therefore the cold stage cold 

heat exchanger mass can be ignored, and the mass estimation method is 

reasonable.  

   

Figure 8-28 – Warm and cold model blocks for the two-stage RBC model 

Finally, an overview is provided of the whole model so the parametric flow can be 

followed by the observer, shown in Figure 8-30.  



211 
 

 

Figure 8-29 – Warm stage compressor model block and table showing inputs, 

transfer functions, and outputs 
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Figure 8-30 – Two-stage RBC model overview showing all components of the model, inputs, parametric flow, and outputs
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8.4.   Discussion 

The outcome for this chapter is a set of two conceptual cryogenic cooling system 

models for the reverse-Brayton cycle cryocooler. Furthermore, the models were 

designed to be adaptive in nature, making them unique, and are able to be used in 

numerous configurations and concepts in order to test different configurations within 

the design space. The reverse-Brayton cycle (RBC) has been properly defined and 

the variants explored in this chapter, with two concepts being chosen for further 

modelling; single and two-stage RBC. The reason these two were chosen was to be 

able to derive the design space sufficiently such that the concept design space can 

be explored. The variants shown in this chapter have highlighted the high-level 

variables that can be explored once a preferred concept is chosen. 

The two models constructed were chosen based on the uncertainty surrounding 

RBC design, particularly at high cooling powers. The method used allows fair 

comparison between the models as the methods used are consistent. New methods 

also had to be adopted; a new method for estimating the mass was derived, along 

with a method for determining the intermediate temperature between the hot and 

cold stages in the two-stage design. These novel modelling methods adequately 

facilitate the analysis during the next chapter to explore the relationships between 

key thermodynamic parameters and mass. Without these derived methods, mass 

estimation and fair parametric comparison would be largely invalid or impossible due 

to the high level of uncertainty surrounding mass.  

The models themselves are deemed fit for the purpose of design space mapping. By 

constructing and understanding these models and taking a rigorous validation 

approach, the design space in different scenarios can be mapped, creating a level of 

understanding previously unknown regarding high-power aerospace cryogenics. 

Once the design space is understood in relation to specific parameters, a decision 

table can be constructed. This allows future designers to rapidly assess concepts 

based on minimal input parameters, and determine how the thermodynamic cycle 

must be architected. This method of rapid design iteration saves significant amounts 

of time during the design process. 



214 
 

The next chapter will focus on how effective these models are in mapping the design 

space, and will lead to a number of conclusions regarding whether modelling work 

used in the system process in the methodology specified is suitable. The ideal 

outcome will be confirmation of the validity of the approach and a first order 

component level understanding of which parameters are the key drivers for 

inefficiency within RBC concepts.   
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Chapter 9.   Modelling Results Analysis 

9.1.  Introduction 

This chapter focuses on the exploitation of the developed models to derive 

conclusions about the design space for cryogenic cooling system design. During this 

chapter, the impact of parametric variability will be explored to understand the 

subtleties present within the cryogenic cooling system and wider superconducting 

electrical system. The structure is to present the component-level and system-level 

variances first, which then feeds the analysis of the multi-system sensitivities. The 

outcome for this chapter will be a detailed numerical understanding of both the 

cryogenic and electrical systems, and how the key outputs such as required input 

power and mass vary according to certain design variables. There will also be a 

discussion on how the results can be interpreted moving forward, particularly the 

implications on future design work and analysis.  

9.2.  Cryogenic Cooling System Observations 

9.2.1. Single Stage Model 

The first section of the single stage cryocooler results focuses on two key input 

parameters and six key output parameters. The input parameters are: 

 Compressor Polytropic Efficiency – This input parameter is designed to 

highlight the sensitivity of output parameters to input parameters and to reveal 

whether the compressor (and as a result the turbine) is a critical component 

as qualitative methods suggest. This figure is varied between 75% and 92% in 

order to reflect the best and worse-case compressive scenarios envisaged in 

aerospace design when taking the helium working fluid into account.  

 Heat Exchanger Pressure Drop – Since pressure largely dictates the 

efficiency of a compression system, the pressure drops should be varied 

across the heat exchangers available; this has two effects. The first is that it 

compensates for the assumption of no transport losses in pressure terms, and 

the second is that it allows the potential elimination of future heat exchanger 

pressure sensitivity concerns. This parameter is varied between 1% and 15% 

to reflect available heat exchanger pressure drop data found from various 
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sources. The 15 % figure is intended to be overly pessimistic such that the 

likely range of values for heat exchanger pressure drop is captured.  

The output parameters used are: 

 Required Input Power – This shows how much power is required at that 

design condition for a given cryocooler to operate. 

 Mass – This shows how much mass the cryocooler has at any given design 

point. 

 Required Pressure Ratio – This indicates the required pressure ratio for the 

compressor to deliver at a given design point. 

 Overall Efficiency – This shows the overall efficiency of the cryocooler taken 

from the difference between input power and output cold power. 

 Percentage of Ideal Efficiency (Carnot) – This shows as a percentage how 

much of the ideal efficiency (Carnot) is achieved at a given design point. 

 Target Specific mass – This shows the target specific mass of a cryocooler at 

any given design point, and provides an indication of feasibility for future 

practicality. 

This section will highlights the effect of various input parameters on these six output 

parameters. Some results are discussed in later sections when it is necessary to 

compare the single stage results to those of the double stage cryocooler concept. 

For the purposes of the six-output parameter single stage comparison, the 

temperatures are fixed to 𝑇𝑐 = 20 K and 𝑇ℎ = 110 K. This variable will be explored 

during the latter part of this chapter. 

The first of these is input power, shown in Figure 9-1. The graph illustrates that the 

heat exchanger pressure drop makes little difference to the required input power 

when compared to the compressor polytropic efficiency. As can be observed from 

Figure 9-1 a 10% change in pressure drop results in a required input power increase 

of between 10 and 100 kW (Taken between 75% and 92% polytropic efficiency 

lines). When the same 10% difference is applied to the compressor polytropic 

efficiency however, a significantly larger increase of between 480 and 550 kW is 

observed (Taken at the 5% and 15 % pressure drop points). This indicates early on 

that the compressor polytropic efficiency is significantly more critical than the 
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pressure drop when considering the efficiency of a cryocooler. Furthermore, the 

compound effect observed shows that the pressure drop impact on required output 

power is worsened as the compressor polytropic efficiency falls, and vice versa. This 

would suggest that although the compressor polytropic efficiency is shown to be 

significantly more critical, that the heat exchanger pressure drop (and by association 

the transport pressure losses) should not be ignored.  

 

Figure 9-1 – Required input powers for a single stage cryocooler  

Figure 9-2 shows the corresponding masses for the powers shown in Figure 9-1. 

The figure indicates that for the least efficient compressors, the mass is around 

double that of the most efficient. The translation of power into the mass equation 

highlights that despite having nearly 400% more required input power, the mass 

increase of an inefficient concept is limited by the damping effect of the exponent of 

the mass equation originally shown in Figure 8-12: 

𝑚𝑅𝐵𝐶𝐶 = 27.5𝑃𝑖𝑛𝑝𝑢𝑡𝑒−1.225(log10 𝑃𝑖𝑛𝑝𝑢𝑡) 

Furthermore, the minimum associated mass with a cryocooler means that as the 

input power reduces, the mass decrease diminishes increasingly, leading to a less 
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sensitive mass relationship. The mass also dampens the compound effect described 

previously with Figure 9-1, with the highest and lowest efficiency concepts showing 

relatively little difference to their nearest counterparts.  

 

Figure 9-2 – Cryocooler mass for a single stage cryocooler 

Figure 9-3 shows the pressure ratio required for the compressor for the 92% 

polytropic compressor efficiency case. This graph is intended to check the feasibility 

of construction of a real world example. Since the physics of the model allows 

comparison of any parameter within and without reason, the feasibility of a concept 

can easily be overlooked. Figure 9-3 shows that for even the most efficient single-

stage cryocoolers, at the temperatures defined the pressure ratio is completely 

unrealistic. Figure 9-3 shows the 1, 2 and 3 stage compressor regions. It is assumed 

that the maximum pressure ratio for a single stage compressor is 10:1, assuming a 

high-efficiency centrifugal or axial-centrifugal compressor. Since the mass estimation 

rule begins to break down as more compressor stages are added, it is assumed that 

30:1 as an overall pressure ratio is considered the maximum practical limit.  
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Figure 9-3 – Required compressor pressure ratio for a single stage cryocooler with 1, 

2, and 3 stage compressor regions shown between ratios 0 and 30 

At 92%, the single stage concept requires pressure ratios in excess of 100 and rising 

to over 150 for the highest heat exchanger pressure loss cases. This is deemed 

unfeasible; hence the single stage concept is unlikely to be the final concept. 

Reasons for such unfeasibility are the temperatures of operation; since the 

temperature change from the Tc to Th parts is 90 K, it is highly likely that for lower 

temperature delta concepts, the single stage will become more viable. Moving 

forward, it is worthwhile exploring the other remaining three output parameters for 

sensitivity and relationship understanding purposes.  

Figure 9-4 shows the predicted overall efficiency for the single stage concept. The 

graph shows a significant variation in efficiency from the most to least polytropic 

efficient compressor lines, with an average variability form 75% to 92 % of 6.35%. 

The heat exchanger average efficiency change from 1% to 15% loss is 0.81%. This 

confirms that of the heat exchanger and compressor components, the compressor is 

the most critical efficiency driving component.  
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Figure 9-4 – Cryocooler overall efficiency for a single stage cryocooler 

 

Figure 9-5 – The percentage of ideal efficiency achieved for a single stage 

cryocooler 
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Figure 9-5 shows the percentage of the ideal efficiency for the single stage 

cryocooler design space. The reason this figure is important in this investigation is 

that it is one of NASA’s key technological targets for cryocoolers to hit 30% of Carnot 

efficiency (Felder et al, 2011). Figure 9-5 suggests that for that to become a reality 

for single stage cryocoolers, both pressure drops and compressor polytropic 

efficiencies will need to be optimised. Although the pressure ratio figures for this 

concept are unfeasible, this analysis gives an indicative view of the likely 

development work that must take place to make high-efficiency components a 

reality, and provides a performance target beyond the overtly simplified figure of 30% 

of Carnot.  

 

Figure 9-6 – The target specific masses for a single stage cryocooler 

Figure 9-6 shows the specific mass target for the cryocooler at given design points. 

This comparison is useful as a measure against NASA’s 3 kg/kW input power target 

stated previously. Using the figure as a guide, the single stage again shows 

infeasibility as a concept, as no value or range meets this 3 kg/kW target.  

From these analyses, it is clear that single stage reverse-Brayton cryocoolers are not 

viable for the temperature conditions outlined (20 K Tc, 110 K Th). This is likely to 
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change however when considering different heat sinks and their respective 

temperatures. There are three potential heat sinks in consideration; liquid hydrogen 

at 21 K heat exchanger inlet temperature (LH2), liquid methane/liquid natural gas at 

110 K heat exchanger inlet temperature (LCH4), and ambient air, at 300 K heat 

exchanger inlet temperature. There are numerous aircraft-level and wider airport 

infrastructure level implications for using each of these three heat sinks, however 

those are not considered in this study; this study is looking only at the cryogenic 

system implications and potential wider electrical system implications.  

The other major variable to be examined is the cold temperature. Since there are a 

number of different superconducting materials, it is worthwhile investigating how the 

two major assumptions within NASA’s N3-X concept affect the overall performance 

of a cryocooled solution. MgB2 and BSCCO (Bi-1222 configuration) are considered, 

with respective operation temperature between 10-30 K and 55-75 K respectively for 

this study. The operation temperature is chosen to reflect the safety margin required 

below a superconducting materials critical temperature for use in practical operations 

without the threat of quenching. Furthermore, this temperature range for each 

superconductor allows the prospect of sufficiently high magnetics fields to be 

generated without quench.  

By assessing whether each potential heat sink and superconductor can meet targets 

outlined, the single stage cryocooler analysis can be completed to a reasonable 

degree of confidence, with decisions robustly made on which configurations can 

feasibly result in its use. The analysis assumes a constant pressure drop and 

constant compressor and turbine polytropic efficiency, with a fixed temperature 

difference in each heat exchanger (except the heat sink) of 10 K.  

Figure 9-7 shows the temperature cold targets against the required input power for 

the three heat sinks. The LH2 heat sink is not considered for the 55 K BSCCO case 

since its boiling temperature at atmospheric pressure is below the target 

temperature. The graph shows the large difference in required input power for each 

concept, with the LH2 concept requiring low input power to remove the 10 kW heat 

load. The LCH4 cooled 55 K concept for the single stage also shows a low required 

input power. The graph highlights the impact that temperature has on required input 

power, with the characteristic exponential rise in required input power shown for the 
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lower temperature concepts. Based on Figure 9-7, the single stage concept may only 

be useful for the 55 K LCH4 cooled or 10 K LH2 cooled configurations.  

 

Figure 9-7 – Required input power for heat sink and target cold temperatures for 

single stage cryocoolers 

It is necessary to perform the same feasibility check on all concepts as previously 

with Figure 9-3, by examining the required pressure ratios. Figure 9-8 shows the 

pressure ratios for the five concepts outlined in Figure 9-7. As previously mooted, the 

only feasible concepts are the 10 K LH2 concept and the 55 K LCH4 concepts, with 

pressure ratios below 30, allowing feasible practical fabrication. The other concepts 

show high-to-extreme pressure ratios required, with the air concept requiring 

pressure ratios of over 10,000.  

Figure 9-9 also supports the previous conclusion; the target specific masses for the 

feasible concepts are above the NASA target of 3 kg/kW. This supports the final 

conclusion on the single stage analysis that only the LH2 concept can be feasible 

with a single stage cryocooler when using MgB2 as the superconducting material, 

and the LCH4 concept when using a BSCCO superconductor.  
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Figure 9-8 – Required pressure ratio for single stage cryocooled concepts at different 

heat sink and target cold temperatures 

 

Figure 9-9 – The target specific masses of the heat sink and cold target temperature 

concepts for the single stage cryocoolers. 
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9.2.2. Two-Stage Model 

The two-stage model analysis is conducted in the same way as the single stage 

analysis, whereby the pressure drops and polytropic compressive efficiencies are 

first analysed, with the analysis moving towards the heat sink and temperature 

concept cases. The two-stage analysis will use the 20 K Tc and 110 K Th 

assumptions for the six output cases outlined previously, as well as the 10 kW heat 

load assumption.  

 

Figure 9-10 – Required input power for two-stage cryocooler 

Figure 9-10 shows the variation in required input powers for the two-stage model. As 

with the single stage model, the compressor polytropic efficiency is shown to be the 

most critical parameter over the heat exchanger pressure drop, with the same 

compounding effect observed as with Figure 9-2. The overall power amount is higher 

when considering the single stage concept, which can be attributed to the efficiency 

impact of having two stages instead of one, therefore applying the same 

inefficiencies twice.  

Figure 9-11 shows the corresponding mass increase for Figure 9-10. The masses 

are higher than with the single stage model, however the minimum associated mass 



226 
 

is doubled due to the two-stages instead of one, hence the mass increase is larger 

than expected. The mass increase is significant; between a 70% and 80% overall 

mass increase from the single stage design is observed, compounded by the 

minimum associated cryocooler mass effects and the higher overall required input 

power.  

 

Figure 9-11 –The masses of a two-stage cryocooler 

However, since the single stage design is severely limited by its feasibility given the 

required pressure ratios, the two-stage design pressure ratios shown in Figure 9-12 

are far more reassuring. In all cases in Figure 9-12, the two-stage concept meets the 

30:1 pressure ratio feasibility limits, with many of the higher compressor polytropic 

efficiency values allowing a two-stage compressor rather than a three-stage. This is 

a significant result for the 20 K cold target 110 K heat sink concept, since it 

potentially allows feasible design studies to take place. The higher associated mass 

and required power input is detrimental to the concept. However the reality of 

feasibility means that two-stage designs are far more viable for cryocooling over 

single stage designs at higher heat sink temperatures and larger temperature 

differentials between hot and cold stages. 
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Figure 9-12 – Required compressor pressure ratios of a two-stage cryocooler 

 

Figure 9-13 – The overall efficiency of two-stage cryocoolers 
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Figure 9-13 shows that the overall efficiency of the design is severely impacted again 

by the compressor polytropic efficiency. Interestingly, the efficiency range is smaller 

than with the single stage graph of similar nature (Figure 9-4). This would suggest 

that the two-stage cryocooler is less susceptible to component performance 

sensitivities than the single stage cryocooler design.  

 

Figure 9-14 – Percentage of ideal efficiency achieved by a two-stage cryocooler 

Figure 9-14 shows the expected drop in ideal efficiency of the two-stage design 

given the higher required input power for the same cold load. As with Figure 9-13 

however it can be seen that the overall ideal efficiency differential from most efficient 

to least efficient compressor design is smaller. This again suggests a lower 

sensitivity to component performance than with single stage designs for two-stage 

versions. The NASA target figure of 30% of Carnot is achieved by the two-stage 

design at the highest component level efficiencies for both compressor and heat 

exchanger pressure drops. This suggests that although not unfeasible, the NASA 

goals are highly aggressive and could be challenging to meet.  

Similarly, Figure 9-15 shows the concept target specific masses for the two-stage 

design. The results suggest that the two-stage concept will struggle to meet the 
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NASA specific mass target of 3 kg/kW in the configuration case used for component 

analysis, however the targets are far more achievable than with the single stage 

results of the same concept shown in Figure 9-6. From a feasibility perspective the 

two-stage design appears far more palatable, with targets for specific mass more 

likely to be met earlier with developments in compressor and heat exchanger 

technology as research progresses.  

 

Figure 9-15 – The variation in target specific mass of a two-stage cryocooler 

It is when considering the viable range of temperatures however that two-stage 

designs begin to realise their advantages over single stage designs. Figure 9-16 

shows the required input power for the heat sink and cold temperature target cases 

previously described in Figure 9-7. The required input power in all cases is higher 

than those of the single stage designs for reasons previously stated. However when 

considering the feasibility factors of pressure ratio and target specific mass in 

Figures 9-16 and 9-17 that the advantages become clear.  
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Figure 9-16 – The required input power for two-stage cryocooler at different heat sink 

and cold target temperatures 

 

Figure 9-17 – The two-staged average required compressor pressure ratios for two-

stage cryocooler at different heat sink and cold target temperatures 
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Figure 9-17 shows that the required compressor pressure ratio is feasible for four out 

of five concepts, with both BSCCO concepts showing high feasibility with lower than 

20:1 pressure ratios. The MgB2 concepts show high feasibility also, with only the air 

heat sink proving unviable. The LCH4 heat sink concept in Figure 9-17 shows a 

transitional pressure ratio range of between 52:1 and 18:1, showing that the cold 

desired temperature has a large impact on the design requirements of the 

compressor.  

 

Figure 9-18 – Target specific masses for two-stage cryocoolers for various heat sink 

and cold target temperatures 

Figure 9-18 shows the range of target specific masses for the two-stage design. 

Contrary to the pressure ratio results shown in Figure 9-16, the feasibility of the 

LCH4-cooled MgB2 concept is reduced, suggesting that a minimum target specific 

mass of 2 kg/kW is necessary before even the highest cold temperature can feasibly 

be realised. The LH2 cooled concept shows promise as with the single stage, 

suggesting that even using present day technology, cryocoolers can feasibly be 

constructed to meet the specific mass target outlined by NASA. Further to the 

previous graphs for the two-stage design versus single stage, Figure 9-16 also 

suggests that future improvements within compressor technology will impact two-
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stage designs more than with single-stage. This assertion is corroborated when 

considering how two-stage designs require a minimum of two separate compressors; 

although detrimental performance affects are doubled, so are performance gains. 

This  would suggest that not only are two-stage designs more feasible over a larger 

temperature range, but they will also show more improvement in the future with 

compressor efficiency improvements and other performance developments.  

9.2.3. Concept Comparison  

It is necessary to compare and contrast both the single stage and two-stage 

cryocooler concepts in order to establish design boundary conditions for each 

potential configuration option. This section will cover the previous set of generated 

data in detail in comparison for the 20 K cold temperature 110 K heat sink 

temperature configuration. Then an overview of the different temperature 

configurations will be briefly commented upon with a summary of findings for each 

temperature case. The format will once again focus on the two input variables 

(Compressor polytropic efficiency and heat exchanger pressure drops) as previously. 

There are six comparisons as before.  

  

Figure 9-19 – Surface plots showing the required input power for both single stage 

(left) and two-stage (right) cryocooler designs 

Figure 9-19 shows the difference in required input powers between single and two-

stage cryocoolers. The graphs show that the two-stage model has a greater range of 

required input powers, with a larger overall input power requirement. As previously 

suggested, this confirms that although the single-stage design appears unfeasible, 

where possible it is beneficial to employ a single stage over a two-stage since they 
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are more efficient. This result was repeated through the five different temperature 

cases outlined in the previous sections for varying heat sinks and cold target 

temperatures with the same result.  

  

Figure 9-20 – Surface plots showing the cryocooler mass for both the single stage 

(left) and two-stage (right) cryocooler designs 

Figure 9-20 shows the corresponding masses to Figure 9-19. Once again a larger 

range of results coupled with a higher overall mass for similar input parameter cases 

confirms the assertion that where possible the single stage cryocooler should be 

considered.  

  

Figure 9-21 – Surface plots showing the required pressure ratios for both the single 

stage (left) and two-stage (right) cryocoolers designs 

Figure 9-21 shows the large difference in pressure ratios between single stage and 

two-stage concepts. This measure of feasibility clearly shows that for the MgB2 cold 

target and LCH4 heat sink temperatures the single stage cannot meet practicality 

standards. As with previous results however, when considering LH2 for the heat sink, 
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the single stage not only becomes viable, but preferable over the two-stage design 

for its lower input power requirement and therefore mass. The effect of staging the 

cryocooler is highly evident in Figure 9-21. Pressure ratios are reduced from over 

100:1 to lower than 30:1, making concepts far more feasible. Pressure ratios of over 

100:1 (Compression ratio for helium for 100:1 pressure ratio is 16.025:1) have been 

achieved in fixed displacement configuration compressors. The relationship between 

compression ratio and pressure ratio is favoured by the high ratio of specific heats 

(𝛾) value of helium at 1.66 (McCarty, 1973), leading to potentially viable lightweight 

fixed displacement compressor designs. This will require significant development 

however, as helium is notoriously difficult to seal at high pressures. 

Figure 9-22 highlights the difference in both efficiency range and overall efficiency 

between single stage and two-stage cryocooler designs. Although the difference is 

small in all cases, the effects of component level efficiencies increasingly impact the 

overall system efficiency for the single stage design more than the two-stage. This 

draws two conclusions. The first is that the single stage design is more receptive to 

improvements in component level improvements; however the second conclusion is 

that the two-stage design is less susceptible to performance decreases. This 

suggests that although the single stage concept is preferred where feasible, the two-

stage design is more stable within its design space due to the splitting of component 

level efficiencies between two sets of components.  

  

Figure 9-22 – Surface plots showing the overall efficiency for both the single stage 

(left) and two-stage (right) cryocooler designs 

Figure 9-23 shows the percentage of the ideal efficiency achieved for both single and 

two-stage designs. The previous conclusion from Figure 9-22 is supported by Figure 
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9-23 that the single stage concept is preferred over the two-stage cryocooler where 

possible given its higher efficiency at any given point on the graphs. Similarly the 

conclusion about stability is also mirrored; the two-stage concept is less susceptible 

to performance drops at the component level. NASA’s target of 30% of Carnot will be 

difficult to achieve given this temperature range. Furthermore it seems that the ideal 

efficiency is highly sensitive to component level efficiency, with even the previously 

benign heat exchanger pressure drop contributing a significant differential between 

maximum and minimum input values.  

  

Figure 9-23 – Surface plots showing the percentage of ideal efficiency achieved for 

both single stage (left) and two-stage (right) cryocooler designs 

  

Figure 9-24 – Surface plots showing the target specific masses for both the single 

stage (left) and two-stage (right) cryocooler designs 

Figure 9-24 shows the target specific masses for the single stage and two-stage 

cryocooler designs. The single stage design exhibits a smaller sensitivity than the 

two-stage design, suggesting that improvements in compressor or heat exchanger 

technology will not have as significant an impact on overall specific mass. The 
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values of specific mass target for the two-stage design are also higher, leading to the 

conclusion that as technology improves, the two-stage design will become viable 

before the single stage.  

Comparisons were also carried out for the five temperature cases previously outlined 

on both the single stage and two-stage designs, which conclude that neither 

concepts that are air-cooled can meet specific mass targets when considering future 

component level performance improvements. The LH2 cooled concept will benefit 

from using a single-stage cryocooler, while the LCH4 cooled cases can be viable only 

when choosing a two-stage configuration. Three stage concepts were also 

considered; however the returns diminish given the increase in mass. Although 

component level performance increases show that three-stage designs will further 

benefit over two-stage designs from component performance increases, the 

additional complexity and component size reduction means that the advantages are 

likely negated.  

9.2.4. Model Limitations 

During the course of the cryocooler modelling, a number of limitations were 

discovered within the model that can limit the effectiveness of the results. They are 

summarised thus: 

 The models cannot assess concept feasibility – Although the feasibility of a 

concept can be derived through assessing the pressure ratios, the models do 

not prevent calculations on unfeasible concepts, leading to potentially 

erroneous results. Single stage designs were nearly all shown to be 

unrealistic, leading to the need for future work on feasibility.  

 Mass estimation does not account for additional compression stages – The 

simplicity of the mass estimation method cannot be avoided given the highly 

conceptual nature of this research. However, future models must begin to 

take individual component variability into account, since concepts requiring 

differing numbers of compression do not show the correct likely amount of 

mass increase.  

 The models cannot assess the impacts of geometric designs – Heat 

exchangers typically vary considerably from type to type, hence future models 

must begin to take into account the variables. The models in their present 
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form cannot account for this, although since the initial design work has been 

successful, future work is likely to centre on component level considerations.  

 The models cannot assess cycle variability – Many permutations on the 

reverse-Brayton cycle exist that can alter the performance characteristics of a 

concept. Recuperative and regenerative heat exchangers, different 

compressor technology, and numbers of cryocoolers and stages can all be 

varied in reality, while the model is unable to account for these. Again future 

work must look at component level details in greater fidelity, to understand 

whether small gains can be made on already promising concepts identified by 

this research.  

9.3.   System Level Interactions and Sensitivities 

Cryocoolers are at this point in the research well understood; input power is largely 

dictated by hot and cold temperatures, component efficiency (critically compressor 

polytropic efficiency), and required cold power. This however must be understood 

within the wider superconducting system context in order to fully understand the 

cryogenic system design choice implications and what impact certain electrical 

design choices may have on cryogenics. This is performed by using the 

superconducting machine and cable models previously described and varying the 

input parameters from -10% to +10% in 5% increments whilst keeping all other 

parameters fixed. This allows observation of which design choices will most affect 

the cryogenic cooling system within the superconducting network and vice versa. 

Furthermore, it also highlights where models require increased capability or fidelity 

for future research.  

Superconducting machines were first examined, with the sensitivity graph shown in 

Figure 9-25, derived from data shown in Table 9-1. The superconducting machine 

0% values were arbitrarily chosen based on studies performed in Project DEAP 

(Wright et al, 2015). From Figure 9-25 the superconducting machine mass is shown 

to exhibit high sensitivities towards the geometric inputs of the model. This 

correlation is expected, particularly considering the method of mass estimation used 

for the machine model which centres on active densities rather than full geometric 

calculation. Interestingly the machine mass is shown to exhibit high sensitivity to 

variations in number of machine turns in windings. Machine turns, along with the 
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winding factor (overlaid above the flux density), show the highest inversely 

proportional mass relationships with the machine model. The proportional 

relationship sensitivities are as expected; machine density and machine power are 

the biggest drivers of proportional mass increase.  

Table 9-1 – Machine mass sensitivity to outputs 

  
Mass Percentage Change 

  
-10 -5 0 5 10 

Machine Power (W) 2000000 -8.28% -4.14% 0.00% 4.14% 8.23% 

Machine Speed (rpm) 10000 9.14% 4.35% 0.00% -3.92% -7.54% 

Electric Loading (A/m) 200000 9.14% 4.35% 0.00% -3.92% -7.54% 

Flux Density (T) 1.9 9.14% 4.35% 0.00% -3.92% -7.54% 

Winding Factor 0.9 9.14% 4.35% 0.00% -3.92% -7.54% 

L/D Ratio 1.2 -1.81% -0.86% 0.00% 0.86% 1.72% 

Number of Turns 70 0.00% 0.00% 0.00% 0.00% 0.00% 

Machine Active Density (kg/m3) 4000 -10.00% -5.00% 0.00% 5.00% 10.00% 

Machine Efficiency (%) 99.9 0.00% 0.00% 0.00% 0.00% 0.00% 

Cryostat Weight Percentage (%) 15 -1.29% -0.65% 0.00% 0.65% 1.29% 

Mean Stator Radius Factor 0.66 12.41% 6.08% 0.00% -5.82% -11.47% 

 

Figure 9-25 – Sensitivity graph showing percentage mass variation against 

percentage input variation 
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The power and frequency outputs of the machine model were also considered; 

however as can be seen from Tables 9-2 and 9-3, graphical representation is not 

necessary. Tables 9-2 and 9-3 highlight the need for more detailed models before 

full network implications can be properly assessed. Table 9-2 shows the proportional 

change in machine loss to only two input parameters, machine power and machine 

efficiency. Until future experimental work can confirm the relationship between 

efficiency and other machine parameters, the model derived in this research cannot 

account for other mechanisms of loss, particularly AC losses encountered through 

higher rpm machines.  

Table 9-2 – Table showing the machine loss sensitivities to changes in input 

parameters 

  
Loss Percentage Change 

  
-10 -5 0 5 10 

Machine Power (W) 2000000 -10.00% -5.00% 0.00% 5.00% 10.00% 

Machine Speed (rpm) 10000 0.00% 0.00% 0.00% 0.00% 0.00% 

Electric Loading (A/m) 200000 0.00% 0.00% 0.00% 0.00% 0.00% 

Flux Density (T) 1.9 0.00% 0.00% 0.00% 0.00% 0.00% 

Winding Factor 0.9 0.00% 0.00% 0.00% 0.00% 0.00% 

L/D Ratio 1.2 0.00% 0.00% 0.00% 0.00% 0.00% 

Number of Turns 70 0.00% 0.00% 0.00% 0.00% 0.00% 

Machine Active Density (kg/m3) 4000 0.00% 0.00% 0.00% 0.00% 0.00% 

Machine Efficiency (%) 99.9 10.00% 5.00% 0.00% -5.00% -10.00% 

Cryostat Weight Percentage (%) 15 0.00% 0.00% 0.00% 0.00% 0.00% 

Mean Stator Radius Factor 0.66 0.00% 0.00% 0.00% 0.00% 0.00% 

Furthermore, the key cable loss driver frequency is only affected by two parameters, 

the machine speed and the number of poles within the machine, shown in Table 9-3. 

Since the pole number cannot be varied by percentage, the pole number if excluded, 

however the relationship between pole number and electrical frequency is well 

understood; the frequency will double if the pole number is doubled. The machine 

speed shows high frequency sensitivity as expected, with a near-equal proportional 

relationship. Given the relationship known between AC losses and frequency, this 

sensitivity suggests that slower machines will incur lower thermal losses. This can be 

concluded despite not understanding the relationship fully. Therefore it can be stated 

that for a lighter, smaller cryogenic system, the machine rpm should be kept as low 

as possible.  
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Table 9-3 – Table showing the machine frequency sensitivities to changes in put 

parameters 

  
Frequency Percentage Change 

  
-10 -5 0 5 10 

Machine Power (W) 2000000 0.00% 0.00% 0.00% 0.00% 0.00% 

Machine Speed (rpm) 10000 -10.02% -5.04% 0.00% 4.98% 9.96% 

Electric Loading (A/m) 200000 0.00% 0.00% 0.00% 0.00% 0.00% 

Flux Density (T) 1.9 0.00% 0.00% 0.00% 0.00% 0.00% 

Winding Factor 0.9 0.00% 0.00% 0.00% 0.00% 0.00% 

L/D Ratio 1.2 0.00% 0.00% 0.00% 0.00% 0.00% 

Number of Turns 70 0.00% 0.00% 0.00% 0.00% 0.00% 

Machine Active Density (kg/m3) 4000 0.00% 0.00% 0.00% 0.00% 0.00% 

Machine Efficiency (%) 99.9 0.00% 0.00% 0.00% 0.00% 0.00% 

Cryostat Weight Percentage (%) 15 0.00% 0.00% 0.00% 0.00% 0.00% 

Mean Stator Radius Factor 0.66 0.00% 0.00% 0.00% 0.00% 0.00% 

Conversely, the machine mass reduces as the speed is pushed higher; leading to a 

critical trade-off that must be investigated further. It may be necessary where 

possible to use gearboxes where high rpm rotors are unavoidable. A key advantage 

to superconducting machines is that although the machines typically scale with 

torque (and therefore conductor cross sectional area as per Lorentz’s force law), 

additional current capacity at little to no additional weight can be achieved. This 

leads to the conclusion that despite high complexity and low technology maturity, 

superconducting machines should be considered within future research for more 

detailed scrutiny. If difficulties are overcome, the rewards of a system that is barely 

sensitive in mass or efficiency terms would be highly lucrative for commercial parties. 

Superconducting cables are also crucial to understanding how the cryogenic system 

must perform. Since cables are likely to experience lower losses than the machines, 

they are likely to take secondary consideration, however some input parameters 

could increase the losses experienced within the cable to levels that might negative 

any advantages gained elsewhere. Initial cable input values were similarly chosen 

arbitrarily at sensible levels. Since the model has the capability for both single and 

multi-strand loss and mass calculation, the single strand case was chosen. Single 

strand wires for superconducting cables are typically the worst-case scenario 

dictated by the London penetration depth and current carrying nature of 

superconductors as discussed previously during Chapter 3.  
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Table 9-4 – Mass percentage variability with varied input parameters 

Parameters 
Start 
Value 

Mass Percentage Change 

-10% -5% 0% 5% 10% 

Frequency (Hz) 500 0.00% 0.00% 0.00% 0.00% 0.00% 

Current (A) 10000 0.00% 0.00% 0.00% 0.00% 0.00% 

Temperature (K) 20 -0.03% -0.02% 0.00% 0.02% 0.03% 

Percentage of MgB2 in Wire 20 0.17% 0.07% 0.00% -0.03% -0.03% 

Percentage Manufacturing 
Variability for Jc 20 0.00% 0.00% 0.00% 0.00% 0.00% 

Current Safety Factor Percentage 50 0.03% 0.03% 0.00% 0.00% -0.03% 

Cryostat Weight 3 -9.99% -4.99% 0.00% 4.99% 9.99% 

Table 9-4 shows the superconducting cable mass percentage sensitivity to input 

parameters, with Figure 9-26 showing the graphical representation. The result is as 

expected; since the cryostat mass dominates practical superconducting cables with 

three orders of magnitude larger mass per metre, the cryostat shows the most 

proportional sensitivity. The second largest mass-affecting input parameter is the 

percentage of MgB2 to steel in a given wire. As the amount of superconducting 

material in a steel sheath is reduced the natural current carrying capability is reduced 

at a fixed diameter. However since the model calculates the necessary diameter 

based on the current carrying requirements, the diameter increases and therefore so 

does the mass. Despite this relationship, the increase is insignificant in comparison 

to the cryostat mass.  
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Figure 9-26 – Sensitivity graph showing the cable mass sensitivity with input 

variables 

A more interesting picture is derived when considering the superconducting cable 

losses with variation in the same parameters. Table 9-5 and Figure 9-27 show the 

loss sensitivity to the model input parameters when input parameter are varied.  

Table 9-5 – Cable loss sensitivity to percentage variations in input parameters 

Parameters 
Start 
Value 

Loss Percentage Change 

-10% -5% 0% 5% 10% 

Frequency (Hz) 500 -9.97% -4.98% 0.00% 4.98% 10.03% 

Current (A) 10000 -19.03% -9.76% 0.00% 10.24% 21.04% 

Temperature (K) 20 0.00% 0.00% 0.00% 0.00% 0.00% 

Percentage of MgB2 in Wire 20 0.00% 0.00% 0.00% 0.00% 0.00% 

Percentage Manufacturing 
Variability for Jc 20 0.00% 0.00% 0.00% 0.00% 0.00% 

Current Safety Factor Percentage 50 -23.60% -12.04% 0.00% 12.73% 26.09% 

Cryostat Weight 3 0.00% 0.00% 0.00% 0.00% 0.00% 
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Figure 9-27 – Sensitivity graph showing the variation in cable loss to input 

parameters 

Three input parameters are shown to exhibit sensitivity to loss, in all case the 

sensitivity is increase-proportional. The most sensitive input parameter is the current 

safety factor margin, which is a user-defined level of safety for reducing the 

possibility of a superconducting quench. Typical margins are set to 50%, whereby 

the peak current in a superconducting wire should not exceed 50% of the rated Jc for 

the superconductor at the operating temperature. The next largest influencing factor 

was the current, which coupled with the safety factor, affect the losses in a given 

cable significantly. Finally as expected the frequency also proportionally negatively 

affects the loss figures for cables. This would suggest that the ideal solution when 

considering both the machines and cables that a lower frequency network solution 

should be adopted for an AC-AC network configuration. For AC-DC-AC networks, 

the likelihood is that although DC transmission does not suffer similar AC cables 

losses to those of AC transmission, the power electronics necessary will prefer to 

operate at lower frequencies when considering efficiency (Rashid, 1993). 
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9.4.   Discussion 

The outcome of this chapter is a clear observation that the two-stage cryocooler 

design is more suitable in terms of viability and future performance improvements 

than the single stage design. Furthermore, the adaptive nature of the models 

generated has been demonstrated, by comparing results from different 

superconducting materials, heat sink options, and component level efficiencies and 

performance parameters.  

The modelling results of this chapter are critical to understanding the cryogenic 

cooling system intricacies and the wider implications of the superconducting 

electrical network. The results in general show agreement between the systems 

engineering qualitative methods and the performance-centric modelling methods, 

that the most critical function of the cryogenic cooling system is transport/pump 

cryogen, and that the heat exchanger function must also not be ignored if 

performance targets are to be met.  

From a qualitative perspective, the research has allowed the key critical functions of 

a performance nature to be identified early on. Once quantitative methods can be 

assessed, the results have clearly agreed with the quantitative, but placed more 

importance on the compression/pump side of the requirement than on the transport, 

as reflected in the first part of this chapter.  

This observation leads to the first key observation and outcome of this research, that 

compressors and expanders/turbines will be critical to future concept success. If the 

compression ratios and compression efficiencies required of a given concept cannot 

be met in the future, then the overall system viability collapses. For any given 

concept studied at any temperature, improvements will need to be made if the 

aggressive goals set by NASA on percentage of Carnot and specific mass are ever 

to be met. New disruptive compressive technologies are unlikely to emerge, since 

compressors are already highly efficient within aerospace applications, however the 

application of aerospace technologies to the cryogenics industry is still in its infancy. 

Only small-scale satellite cryocoolers are making use of aerospace-grade materials 

and design methods, and with such high power applications required for 

superconducting aircraft propulsion, this must continue to progress. Aerospace 
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engine manufacturers are uniquely placed to enable this given the decades of design 

experience in materials and manufacturing methods.  

In concept terms, significant knowledge of the reverse-Brayton design space has 

been gained. It is now known and understood as a direct result of this research 

which cryocooler concepts can be feasible and which are unlikely ever to meet the 

feasibility standards set previously by NASA.  

 

Figure 9-28 – Projected future development of reverse-Brayton cryocoolers (1990-

2050) 

Figure 9-29 shows how the future projected development of cryocoolers is predicted 

to progress. The graph was derived by first plotting the state-of-the-art reverse-

Brayton cryocoolers of the past three decades. The trend is then extrapolated for the 

next four decades. Future development is likely to be driven by the increasing need 

to ever-larger aerospace cryocoolers for cooling avionics, particularly given the 

increasing electrical load present on many proposed civil and military aircraft. The 

confidence level on the graph is likely to be sufficiently accurate for the purposes of 

conceptual research, particularly as NASA’s development goal for N3-X lies directly 

on the graph despite being independent of the data. The NASA target of 3 kg/kW 
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input power lies directly on the trend for the predicted time frame of 2035. This 

confirms the goal as reasonable for the projected time frame, as well as aggressive 

considering the necessary advancements in cryocooler technology to meet the 

target.  

Table 9-6 shows the summary of the temperature results and their implications for 

future configuration options. The ambient air concept has shown low feasibility 

regardless of the superconducting material used, with the MgB2 air cooled concept 

being ruled out completely, even considering future cryocooler improvements. The 

LCH4 cooled concept shows moderate feasibility in both superconducting material 

concepts, although the MgB2 concept will need significant cryocooler technology 

development to become feasible. The LH2 cooled concept could feasibly be 

developed form technology available in much shorter time frames. However as 

previously discussed with LH2, the key challenge isn’t with the performance aspects; 

rather it lies with the development of a suitable infrastructure to handle its synthesis 

and liquefaction at airports.  

Table 9-6 – Feasibility of cryocooler concepts at different temperature configurations 

 
MgB2 Superconductor 

(10-20 K) 
BSCCO Superconductor 

(55-65 K) 

LH2 Cooled Heat Sink 
(21K) 

Single Stage Reverse-
Brayton – High Feasibility 

Not Applicable 

LCH4 Cooled Heat Sink 
(110 K) 

Two-Stage Reverse-
Brayton - Moderate 

Feasibility  

Two-Stage Reverse-
Brayton – Moderate-to-

High Feasibility 

Ambient Air Cooled Heat 
Sink (300 K) 

Not Feasible 
Two-Stage Reverse-

Brayton – Low Feasibility 

The outcome of this chapter has proven invaluable; not only has the research carried 

out identified that the reverse-Brayton cryocooler (RBC) is the most suitable concept, 

the modelling work carried out has allowed decisions to be made on which 

configuration the RBC should be used in when considering high-level design 

decisions, such as choice of heat sink and superconducting material used. 

Furthermore, future research has been supplied with direction regarding 

development of cryocoolers; with the compressor and turbines in a given concept 

proving most critical to performance targets. These aspects of this chapter have 

neatly converged into a future recommendation and final conclusion.  
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Chapter 10. Discussion and Conclusions 

10.1.   Introduction 

This research has been carried out while the main focus, electrical propulsion, has 

been highly topical. Many studies have been launched during and after this research 

has taken place, whereas beforehand the notion of distributed propulsion using 

superconducting electrical networks was essentially unheard of. Since this project 

began, significant advancement has been made on the aspects of superconducting 

electrical propulsion; however the cryogenics aspects are still relatively unknown. 

NASA’s N3-X has provided an excellent starting point for the project as a guide and 

as a concept that highlights some of the many potential options. Project DEAP 

(Wright et al, 2015), a close collaboration between Airbus Group Innovations, Rolls-

Royce, and Cranfield University, then proved invaluable in developing the models for 

this report. Previous chapters have had discussion sections that go into more detail 

about specific aspects of this research; however this chapter aims to give a high-

level perspective and to look retrospectively upon the thesis objectives, giving 

commentary as to the success of the project.  

This conclusions section is divided into five sections, which all provide commentary 

on the various conclusions and outcomes of each part of this thesis. The final two 

sections present the overall high-level conclusions and findings, as well as the 

authors’ opinions on where future research should be concentrated. Finally, the 

author will give final recommendations as to which concept is most likely to win 

overall, should electrical propulsions ever be adopted using superconducting 

technology.  

10.2.  Methodology and Systems Process 

Adopting the Rolls-Royce systems engineering process has proven invaluable given 

the scale and complexity of this research. Before undertaking the research, many 

aspects of cryogenics for high-power aerospace propulsion were complete 

unknowns, particularly given that the superconducting system intended for support 

was also unknown. Managing the complexity has been challenging, however a 

number of conclusions can be drawn from the methodology used and the Rolls-

Royce system process in general. 
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Firstly, the method itself is highly useful in complex, unknown engineering 

challenges. Gathering requirements and understanding the functionality of a system 

should be paramount in any complex system involving multiple variables. The caveat 

however is available time. If the Rolls-Royce systems process had been followed in 

its entirety, the research could not have been conducted in a timely manner. This 

highlights the first trade-off in this conclusion chapter, which is whether to use the full 

Rolls-Royce systems engineering approach or a more traditional solutions 

engineering approach. 

Systems engineering versus solutions engineering is an ongoing battle fought within 

industry and academia. The advantages of systems engineering (robust, repeatable 

design, more likely to be the optimum solution) versus the main disadvantage of time 

constraints mean that systems engineering is often used but not completed, 

particularly within Rolls-Royce. Solutions engineering has long been the bastion of 

engineering and research, however often mistakes are made, and research is often 

partly or even wholly rendered moot as a result. This would have easily been the 

case with this research, given its complexity. This project has both complexity and 

time constraints, which are highly evident in this thesis. The method to overcome this 

was to adapt and simplify the Rolls-Royce systems process and merge the systems 

process with the solutions process.  

By taking the unmodified Rolls-Royce systems process first to identify the problem 

and corresponding solution, numerical modelling and solutions engineering can take 

place. Stakeholder requirements and functional modelling were crucial to understand 

what a given solution must look like. However since the cryogenic cooling system of 

an as-of-yet (at the time) undefined superconducting electrical network was unknown 

in both concept and scale, this presented a challenge. The solution was to simplify 

the methods but not the overall process.  

Modifying the House of Quality and QFD process was crucial to hastening the Rolls-

Royce systems process. The decision not to return to the stakeholders and 

functionality as is normally typical for second or even third passes was also taken. 

The reason behind that decision was that this early, conceptual level study is not 

intended to be a detailed design effort. Therefore, if a single pass can capture 
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around 80% of the functionality or more, this is sufficient to base high-level design 

decisions on.  

The method of stakeholder engagement was carefully considered, due to the 

complexity and high level of unknowns. Elimination of positional or technical biases 

whether from senior or junior engineers from different fundamental engineering 

disciplines was essential to maintaining impartiality. This method generated some 

interesting minor differences; however the majority tended to agree with each other 

on both general and key requirements. This gives the research confidence that the 

requirements set is sufficiently complete to proceed with the project. 

Functional analysis was performed once key requirements were known and 

understood. The generation of functional models was critical to concept selection, 

hence it could not be skipped and the method was also simplified. Two tiers of 

functional models were generated; the system-level and the sub-system level. 

Typically during the Rolls-Royce systems process, even sub-system level functions 

are then functionally mapped. However for the purpose of impartiality, and since a 

concept had not yet been defined, the lower tier functional flow diagrams were not 

generated. In doing so, the functional flow diagrams remained unbiased toward 

potential concepts.  

Once sensitivity analyses and critical functions were identified, concept selection and 

modelling took place. This method of combining systems techniques with numerical 

modelling proved crucial. Qualitative and quantitative metrics are often difficult to 

compare, since they rely on fundamentally different principles. It is often difficult to 

quantify a quality, and similarly it is difficult to assess the qualitative effects of a 

known quantity. This research attempted to circumvent this by keeping the two 

separate but in competitive comparison. By first defining the critical functions and 

then modelling the preferred system concept through modelling, the final outcomes 

can be compared. The overall outcome for the adapted Rolls-Royce systems 

engineering method has been successful with some caveats. The success is that 

both the qualitative and quantitative methods agree on key requirements and where 

future focus lies; the caveats are that the systems process identified moot functions 

that need reassessment, and the modelling work has been limited by the number of 

unknowns still present.  
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10.3.   Concept Selection and Modelling 

The concept selection part of this research was also largely successful, because it 

identified where efforts must be concentrated and where knowledge is lacking in the 

scientific community. The details of the available different cryocoolers had to be 

understood and the advantages and disadvantages from a qualitative perspective 

considered in a robust manner. Using the functions means analysis (FMA) method 

proved invaluable. The less important functions from a performance perspective 

were identified, particularly the detect functions, through rationalising how they affect 

the quantitative performance. This method of function neglect is not recommended 

as a method for other projects however; it was simply necessary given the 

complexity of the challenge, and the time scales that constrain the research.  

The concept selected was the reverse-Brayton cryocooler. This concept showed the 

most qualitative and quantitative potential, given its high reliability, use of cryogen 

instead of conduction heat transfer, and its superior power-to-mass ratio. Although 

the results of this study agree with the conclusions drawn from the N3-X NASA study 

regarding cryocooler selection, the methods of selection were entirely different and 

independent. NASA used Creare Inc., an engineering research and development 

company that have a history regarding the design of cryocoolers to propose a design 

of cryocooler in the 55 K Bismuth Strontium Calcium Copper Oxide (BSCCO) case 

(Felder et al, 2011). It is the author’s opinion that this decision was based on the 

choice of ambient air as the heat sink. With its much lower Tc of 39 K, and even 

lower likely operating temperature of <25 K, MgB2 would have certainly been ruled 

out quickly. The rigorous approach taken to design and modelling in this thesis also 

confirms that decision as correct, given the feasibility of design for two-stage 

reverse-Brayton cryocoolers at MgB2 and ambient air cold and hot temperatures.  

Other cryocoolers were considered; the impact of increasing efficiency of external 

compressors in the case of pulse tubes, Gifford-McMahon, and Stirling cycle 

cryocoolers cannot be ignored. If it is assumed that the compressor portion of the 

cryocooler no longer constitutes the largest aspect, but instead is in line with those 

assumed in the reverse-Brayton cryocoolers, the mass drops considerably. 

However, due to the reciprocal nature of the PT, GM, and SC type cryocoolers, the 

efficiency can never fully be equalled because of reverse-momentum losses per 
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cycle of the fluid. The fluid frequency is also a limiting factor. The higher the 

frequency, the higher the theoretical efficiency, however the higher the frequency is 

pushed, the larger the regenerative material in the system needs to be, therefore the 

size increases significantly.  

Furthermore, these systems will all require secondary thermal transfer loops and 

cannot be used alone. Since they are all effectively conduction-heat transfer type 

refrigerators, they will either require a series of complex conduction carriers leading 

to the target cooled parts, or a secondary fluid loop that carries the cold fluid. In 

either case, this presents significant design challenges. Conduction carriers are 

typically copper, and are as a result, heavy. Furthermore, should there be a sudden 

quench or break in cooling within the conductor (hotspots can cause this), the hot 

spot or quench must first be cooled before cooling can reach beyond it. This can be 

mitigated by parallel thermal conductors; however this again significantly increases 

the mass of the concept. Secondary fluid loops can be used, however once again 

this is at significant additional mass penalty (heat exchangers, transfer tubes) 

compounded with the added losses in the required pumping system to drive the fluid 

around. Since the reverse-Brayton cryocooler (RBC) already uses a fluid loop, the 

conduction issue is avoided entirely. It requires no additional mass, the heat 

exchange masses can be reduced through integrated design of components and 

heat sinks, and the fluid cooling reliability is much higher than that of conduction 

cooling. When coupled with the clear power-to-mass superiority that RBC has over 

any other type of cryocooler, this makes it the obvious choice. 

Liquid hydrogen (LH2) has largely been ignored within this study, despite being a 

critical consideration within the NASA N3-X study. The reason for omission is two-

fold; firstly the omission is down to wider issues present with LH2. Although LH2 is 

attractive from a performance perspective (large specific and latent heats, high 

energy of combustion, ideal boiling point at atmospheric pressure for MgB2), the 

issues with handling, production, transportation, and availability are too great. For 

the concept to prove a reality, aviation safety would need significant update due to 

the properties of hydrogen, particularly the ability of hydrogen to diffuse and cause 

embrittlement to most metals.  
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The production of LH2 is also highly inefficient. Typical efficiencies in LH2 production 

to useful energy is around 70% at present-day liquefaction and cooling technology 

(Schwartz, 2008), which when considering the inefficiency of combustion (between 

40-60%) leads to an overall loss of up to 75%.  For this kind of energy loss to be 

acceptable, large-scale renewable energy will need implementing along with cheap 

nuclear reactors. Even if that becomes a reality, it is likely that a 25% round-trip 

efficiency is too large of a loss to accept.  

Arguably the largest single issue is with the public image of hydrogen. Wider political 

issues have long hampered widespread hydrogen economy, particularly the advent 

of the thermonuclear age and the highly-publicised Hindenburg airship disaster. This 

political and propagandist attention has significantly hampered efforts to promote 

hydrogen as a safe alternative to hydrocarbon fuel. Despite the negative 

connotations of the term ‘H-bomb’, many members of the general public would likely 

be shocked to learn that thermonuclear weapons also heavily rely on lithium to 

facilitate fusion, a key component in every smartphone battery today. This shows the 

power of propaganda, and this issue will be toughest to overcome if hydrogen is ever 

to become a fuel of the future.  

The modelling work during this thesis has been largely successful, but not without 

difficulties. The problem that quickly became apparent at the start of the project was 

the number of unknown quantities. Unknown quantities can be considered in two 

categories; known-unknowns, and unknown-unknowns. In the former, the quantity 

may be unknown, but the metric may be known, for example the cooling power 

required to operate a cryogenic cooling system is a known unknown. Unknown-

unknowns however are more difficult to assess; the current sharing properties of 

multi-cabled superconducting networks is an example of an unknown-unknown, 

since the physical principles of the formula 𝑉 = 𝐼𝑅 are no longer applicable due to 

the zero DC resistance property of superconductors. In order to manage this difficult 

and complex problem, a two-tiered approach was taken to modelling; simplification, 

and investigation through expert liaison. Using simplified analogies such as basic 

thermodynamic principles and relationships and gathering best-knowledge in the 

form of expert opinions on modelling techniques was how the majority of the 

electrical models were derived. By doing this, models were able to be built in a step-
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by-step methodical manner that resulted in the four-stage validation process. The 

four stage process of validation at the knowledge capture, model design, model test 

results, and overall model performance proved highly effective in producing results 

that were deemed reliable by numerous subject experts. The process undertaken 

ensured that the models generated could be deemed valid despite the many 

assumptions and simplifications made. 

The purpose of the models (both electrical and cryogenic) was to understand the 

relationships and sensitivities rather than to give definitive accuracies regarding 

weight or efficiency. It was well understood throughout the project that reliable 

absolute numerical figures would be near-impossible to achieve due to the novel and 

highly conceptual future-based nature of the research. The sensitivity and scalability 

of each input and output however is accurate; particularly concerning the inputs that 

influence key outputs, such as required input power and weight. The method used to 

determine the weight is approximate and will require significant further work to fully 

understand, however the sensitivity observed is highly useful in understanding future 

systems. Furthermore, the method allowed the generation of future targets, the 

validation of the NASA cryocooler specific mass targets, and the effective 

confirmation of the necessary roadmap to realisation that cryogenic cooling systems 

must adhere to in order to become viable. Confirmation of the overall targets validity 

serves as validation of this research through mutual, independent agreement, with 

the NASA goals appearing realistic but aggressive; typical for NASA future targets.  

The assumptions for each model were again generated using expert opinions on 

performance targets. This again followed a rigorous validation approach, ensuring 

that no single expert had agreed on any single assumption; for acceptance as a 

value or range of values to test, there must be agreement between all experts that 

the values are sensible and practical. This proved more difficult than anticipated; 

many experts found it difficult to estimate values of machine and cryogenic cooling 

properties when considering none of either had ever been built and tested.  

Overall the concept selection and modelling has proven a valuable exercise and 

learning experience. Dealing with extreme ambiguity regarding finite-quantity 

numerical models is highly challenging. By taking the rigorous validation 

methodology in this research and by simplifying the systems process and concept 
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selection methods, a robust solution was found and exploited to produce results, 

leading to the conclusion that this section is successful in both aim and approach.  

10.4.   Discussion of Results, Analysis, and Concepts 

The results derived from the modelling show the highly sensitive nature of both the 

electrical system and the cryogenic cooling system. The reverse-Brayton cryocooler 

can be configured in numerous ways as shown previously, however the results 

suggest that only two-stage designs are feasible when minimising the temperature 

differential between the cold and hot parts of the cryocooler. The single stage design 

can only be feasible when considering current or future specific mass targets when 

using liquid hydrogen as a heat sink. Two-stage designs, although heavier than 

single stage concepts, show much higher feasibility when the component level 

targets are considered. By taking into account the required compression ratios, 

feasibility limits were established for both concepts. In doing so, the NASA target for 

specific mass of 3 kg/kW can be met with future improvements in compressor 

design. Compressors for cryogenic cooling systems typically occupy the 75-85% 

region of efficiency, however when considering Rolls-Royce’s compressor design 

expertise, it is not beyond reason that the upper limits of aerospace air compressors 

seen in modern turbofan engines (>90% polytropic) could be achieved, paving the 

way for lightweight, aerospace-grade high power cryogenic cooling systems.  

Specific mass targets for each concept were also derived, making future 

improvements easier to understand in terms of their implications for wider 

implementation. It was found that the NASA targets are aggressive, however 

considering the likely time scales of 20+ year’s development, they are not 

unsurmountable. It is the authors opinion based on this research however that to 

enable superconducting electrical propulsion for aerospace, the priority should be to 

reduce overall electrical system losses. The loss incurred within the superconducting 

network has by far the largest impact on cryocooler weight and input power, 

exhibiting a cumulative effect as electrical efficiency drops. When considering the 

likely overall cryocooler efficiency of between 1-8%, for every Watt dissipated within 

the electrical system due to inefficiency, the cryocooler requires between 12-100 W 

of input power. Therefore future work must address this loss.  
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The highly interdependent nature of the system can bring advantages however. The 

target specific mass graphs for the two-stage design means that as incremental 

improvements occur in compressor design, the concept rapidly becomes feasible 

under the right conditions. It is the author opinion that this is a major outcome of this 

research; the feasibility of the two-stage design is far more likely to come to fruition 

than that of the single-stage design, leading to the final conclusion that single-stage 

concepts are flawed in all cases except that of liquid hydrogen fuelled concepts. 

Liquid methane/liquid natural gas concepts show more attractive near-term 

prospects. Since oil prices are likely to continue to rise, and as the world moves to a 

reduced carbon economy, liquid methane, a potent greenhouse gas, is widely 

considered a clean alternative fuel. Furthermore, it is already transported worldwide 

in its liquid state; the energy deficit necessary to provide cooling is already inherent 

in its use. Ambient air as a heat sink is shown to be unfeasible in all cases where 

magnesium diboride is used as the active superconducting material due to its low 

temperature requirements. This again seems to support the NASA conclusions that 

for BSCCO-based electrical networks, air could one day be viable with 

advancements in cryocooler technology. However, since NASA has not produced a 

concept detailing liquid methane as an option for cooling, the MgB2 concept is ruled 

out unless using liquid hydrogen. The author of this research would like to suggest a 

third alternative concept; the liquid methane-cooled, MgB2 concept. This concept 

would provide an attractive step between using liquid hydrogen, and using ambient 

air but an unfavourable superconducting material.  

10.5.   Fulfilment of Research Objectives 

The thesis objectives have all been met during the course of the research. This 

section explains how each was met and briefly comments on the level of success for 

each objective.  

Objective 1: Capture and structure knowledge on current cryogenic cooling systems 

and evaluate standard industry practice. 

This objective was met through intensive literature searching and discussions with 

experts. Many facets of knowledge in this thesis meant that a broad literature search 

was necessary, with many topics covered and evaluated. Structuring the knowledge 

came in the form of concept selection in Chapter 6, where function means analysis 
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was used to qualitatively select a high-level concept cryocooler design. Standard 

industry practice for high-power aerospace cryogenics does not yet exist, however 

the interview undertaken with Manchester University (Appendix A) shows how small-

scale laboratory cryogenics standard practice is implemented. 

Objective 2: Establish requirements for the design of the AETA electrical systems 

and the cooling subsystem. 

Chapters 4 and 5 both centre heavily on the cryogenic cooling system requirements 

from a generic and functional perspective respectively. The electrical systems had to 

be modelled in later chapters, however given that the network configuration is still 

highly variable, this thesis had to limit involvement with the electrical systems. 

Modelling the electrical components was crucial to understanding of qualitative and 

quantitative requirements of the cryogenic cooling system; hence the requirements 

of the electrical system were gathered through analysis carried out in Chapter 7.  

Objective 3: Identify the functions to be satisfied by the AETA cooling systems and 

represent relationships among the different subsystems of the AETA systems that 

are directly linked to the cooling system. 

Functional analysis was carried out during Chapter 5 whereby the functions of the 

cryogenic cooling system in its most generic form were generated and analysed. The 

subsystems of the cryogenic cooling system were identified through functional flow 

diagrams and the most critical functions identified through sensitivity analysis, failure 

mode analysis, and the house of quality tool. This qualitative analysis formed the 

basis for later validation used in conjunction with numerical modelling, which 

confirmed the validity of the final solution and results.  

Objective 4: Generate options regarding the cryogenic cooling system and assess 

and validate them through the use of models. 

The options regarding the cryogenic cooling system were first reduced through 

qualitative analysis carried out during Chapter 6, whereby the reverse-Brayton 

concept was preferred. Chapter 8 then focused on the modelling of reverse-Brayton 

cryocoolers, with two key options considered, single-stage and two-stage 

cryocoolers. The models validated the previously predicted critical functions, in 
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particular the ‘Transport/Pump Cryogen’ function which relates to the most sensitive 

component, the compressors and turbines, within the cryocooler models. 

Objective 5: Consider future technology enablers and how they may impact the 

models and outcomes of the project. 

Future technology enablers were assessed within Chapter 8 where variations on the 

reverse-Brayton cycle design were considered. Although these were not modelled, 

the impact of intercooling, recuperation, and additional techniques such as Joule-

Thompson valves was briefly commented on. The rationale behind omitting these for 

modelling was that the high-level choice of number of stages and heat sink fluid was 

deemed more critical. The number of variations within each type of cryocooler led to 

the decision that to gain the most relevance to Rolls-Royce and future projects, the 

design choice as to whether to use a single-stage or two stage cryocooler should be 

given priority. The results of the modelling confirmed that a broad range of solutions 

are feasible dependant on the high-level design decisions taken, therefore the 

modelling work performed during this thesis remains most relevant. The risk of 

developing detailed models for either the single-stage or two-stage designs at this 

early conceptual stage would have been potential irrelevance in certain design 

conditions. By assessing the future design decisions such as heat sink choice, which 

will likely be a decision made at the airframe level, future designers can quickly 

determine which models to focus on without worrying about whether a high-level 

design choice might negate modelling efforts. 

10.6.   Contribution to Knowledge 

The contributions to knowledge of the project can be summarised as follows: 

 Development of the world’s first functional modelling and analysis of a high-

power cryogenic cooling system for aerospace propulsion purposes. 

 Independent selection and verification of the reverse-Brayton cycle as the 

most likely plausible candidate for high-power aviation superconducting 

propulsion networks.  

 Development and testing of the world’s first superconducting component 

sizing tools for system-level and super-system level analysis of the electrical 

propulsion network design space. 
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 Identification of the most suitable configuration of reverse-Brayton cycle and 

the most critical components within the cryocooler. 

 Collaborative buy-off from world experts in electrical, cryogenic, aerospace 

and systems engineering, including validation from experts in Cranfield 

University, Rolls-Royce plc, Airbus Group Innovations, and Manchester 

University. 

These knowledge contributions lead to the conclusion that the research undertaken 

in this thesis is novel. By developing some of the world’s first models and by 

following an adapted version of the Rolls-Royce systems process that is optimised 

for early-stage highly conceptual problems, rapid iteration capability has been 

developed that is capable of assessing future concepts as well as making design 

decisions where knowledge was previously sparse.  

10.7.   Overall Conclusions 

The research undertaken in this thesis has been successful at identifying the 

process required to determine a conceptual design of cryocooler for high power 

aviation use. Furthermore, the cryocooler design space has been assessed and 

quantified, as well as a thorough qualitative survey carried out. It is both justifiable 

and defendable to state that this research has been a success. The position at the 

start of research was a compound unknown, where a cryogenic cooling system must 

be selected and modelled with unknown inputs, unknown cooling targets, and 

unknown design and feasibility definition. Furthermore to these challenges, the 

electrical system was also unknown, often at the fundamental physics level, 

particularly when concerning superconducting material electrical properties. The 

outcome is a defined concept and robust methodology, produced in a repeatable 

manner, and the development of a toolset that allows rapid iteration and comparison 

of multiple cryocooler design topologies. The research has not been without its 

difficulties however.  

Due to the interdisciplinary nature of the research, the literature reviewed was 

extensive, coving topics ranging from thermodynamics, aerospace engineering, 

electrical components, physics, materials, superconductivity, and more. The project 

is truly a multi-disciplined approach, with the author taking inputs from a wide range 
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of sources and experts, to build up a picture of clarity which highlights the feasibility 

of cryogenics for high-powered aerospace applications in a range of configurations. 

The key high level conclusions for the thesis are as follows: 

 The world’s first functional mapping of a superconducting network cryogenic 

cooling system, yielding results that show the “Transport/Pump Cryogen” 

function is the most critical moving forward. 

 The development of the world’s first expert-validated conceptual 

superconducting machine sizing tool, and contribution towards a similar 

superconducting cable tool. This allowed sensitivity relationships to be 

understood, and led to numerous design-level conclusions and relationships 

that will influence future design work. 

 Development of a set of two conceptual cryogenic cooling system models for 

the reverse-Brayton cycle cryocooler that enabled the testing and validation of 

both the system process conclusions along with the ability to assess 

component level and high-level design decisions made in future work. 

 Clear observation that the two-stage cryocooler design is more suitable in 

terms of viability and future performance improvements than the single stage 

design, and the conclusion that the modified system process is valid and 

correct through agreement between both the qualitative and quantitative 

methods used that the “Transport/Pump Cryogen” function was indeed the 

most critical.  

10.8.  Recommendations for Future Work 

Recommendations can be summarised by the section of each research and concept. 

The recommendations are easily derived from results obtained. Section 9.4 shows 

the cryocooler concept feasibility at different temperature configurations, and reflects 

author opinion on the most suitable concepts and their feasibility. Further to this, 

compressor technology must be considered critical to the success of any future 

concept. By building demonstrator projects and using in-house specialist knowledge 

and tools within Rolls-Royce, the author is confident that a viable helium compressor 

design that meets design and feasibility targets can be both designed and 

manufactured. The turbine must also be considered critical to success. The ability to 
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extract the inevitable large amounts of energy required for compression will be vital 

to keeping the required input power to a minimum.  

Heat exchanger designs must also be considered a priority. Although the pressure 

drop was shown to be insensitive, the weight of heat exchangers typically scales with 

the rejection power at the peak condition. This implies that for a large system, the 

heat exchanger mass is likely to increase beyond the weight estimation capability of 

the models derived. Since the largest type of cryocooler surveyed had an input 

power of 1 MW, the likely weight of concepts beyond that size is difficult to estimate. 

Weight estimation accuracy must also increase. Despite the cryocooler weight being 

of secondary concern to the cryocooler efficiency when considering the whole-

aircraft system, the method of estimation must increase in fidelity to ensure viable 

concepts are not being ruled out at this early stage. This can be achieved by 

considering the component-level weights and then producing a sum-of-parts weight 

estimation based on the component inventory in any given concept. This would be 

an ideal topic of interest for future research projects, since it is both challenging and 

feasible given the time frame; and it is of critical concern moving forward should the 

research climate favour further investigation into this area.  

The adapted Rolls-Royce systems engineering process used throughout this thesis 

should be investigated further as a possible alternative to the typically long and often 

unpopular traditional Rolls-Royce systems process. Further research to assess the 

validity of the adapted process may lead to new process applications within Rolls-

Royce which can benefit from the rapid methodology. The shortened process used 

for this thesis is tailored to early stage complex systems with multiple unknowns. As 

technology progresses through the current incremental evolutionary improvements, 

the need for radical technology and multidisciplinary collaboration will increase. This 

will lead to the need for new validated techniques that can reduce the time required 

to perform conceptual level research which helps to maintain competitiveness within 

an industrial setting. Furthermore, the interdisciplinary nature of this thesis meant 

that solutions to problems were not biased in any way toward any single engineering 

discipline. Research in the future should focus on how interdisciplinary studies could 

lead to whole-system optimisation, which often yields benefits through non-obvious 

means. An example of this is superconducting electrical aircraft propulsion concepts; 
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the primary system is the superconducting electrical network. By optimising the mass 

of the superconducting network, the first-order loss mechanism for fuel burn is 

satisfied as far as the electrical network boundary. However the cryogenic cooling 

system may suffer as a direct result, and make the entire system-level concept 

unviable due to the single-system optimisation. The need for closer collaboration and 

even merged studies with interdisciplinary projects is highly apparent from this 

example.  

The final future recommendation for this thesis is to undertake a study on 

thermodynamic cycles and cycle optimisation. This would also make a suitable 

research project, and requires extensive research into options and their variability. 

Since numerous assumptions would need to be made, this research serves as the 

ideal pre-cursor to the potential project, where assumptions can be carried over from 

the numerous experts. By understanding the ideal version of the reverse-Brayton 

cycle to use, future projects will be able to define the design space in more detail, 

leading to a more defined technological roadmap to realisation. 
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Appendix A 

UAS/UAV Questionnaire – Bristol 

Name: - Martin Johnson 

Organization: - Rolls-Royce plc 

Position: - Specialist Propulsion Systems 

Years of Experience in Industry:- 20+ 

Research Areas: - Defence propulsion systems 

1. Which aircraft (types/mission profile) can you see electrical systems 

buying their way onto, and why? 

There are four main types of defence aircraft essentially, which are: 

• Counter-air 

• Non-persistent  

• Persistent strike  

• ISTAR (Intelligence, Surveillance, Target Acquisition, Reconnaissance)   

UAV’s tend to operate currently in the ISTAR and persistent types. For rapid 

deployment operations in high threat or rapidly changing situations manned aircraft 

are still required.   On the other hand for long endurance surveillance operations or 

fixed target weapon deployment a UAV platform is preferred.  The ultimate goal will 

be to create a total unmanned solution but for a number of missions such as counter-

air operations these are currently too intricate for UAV’s to deal with.  

Non-persistent strikes are largely fulfilled by cruise missiles such as the Tomahawk 

and the Storm Shadow; hence UAV’s are not required for these roles at present. The 

business value regarding UAV’s can be seen from a military and civil perspective, as 

there are clearly overlaps between the requirements. An example of this ISA 

surveillance UAV, carrying high-power monitoring equipment, that can be used for 

border control, agriculture monitoring, disaster relief, high voltage lines monitoring, 

harbour monitoring and high profile security at events like the Olympics.  Other than 
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being able to carry and power the payload the key requirement for such UAV’s is 

endurance.   The ability to be operational for a long time reduces the number 

required to provide 24 -7 monitoring.  There is also the drive to improve autonomy to 

reduce the number of operators required to support the UAV.   Currently a team of 

about 100 people are required to maintain a 24-7 air capability.   .  

Rolls-Royce are currently a partner on the ASTRAEA project that is seeking to prove 

UAV technology suitable for un-segregated airspace, because at present the only 

places they are permitted to fly is Australia or conflict zones where air space laws 

are militarily controlled.  

The specific types of UAV that exist now that would likely be able to utilize 

superconducting technology would be: 

• Scavenger 

• Reaper 

• Global Hawk 

• Mantis 

UCAV applications would also be a worthy candidate, and perhaps the second step 

on the theoretical roadmap to market (to run parallel to the civil introduction of small 

UAV’s) because of the time scales involved and the size of the aircraft (7-8 tonnes).  

As identified above the key requirement is efficiency of fuel burn.   As endurance is a 

key requirement significant levels of fuel are required and thus the heaviest weight of 

the aircraft is fuel weight.   This means that the preferred power solution would tend 

to be a more efficient generation and propulsion system even if is heavier than a 

conventional generation and propulsion system because it will save more weight in 

fuel for a given endurance.  It was highlighted by Martin that all the potential 

payloads can be considered as requiring an electrical supply and this is another key 

reason why electrical systems are preferred.   Certain required features of UCAV’s 

such as stealth capability would mean significant advantages result from having a 

propulsion system that does not have a heat signature (or less of one). (PERSONAL 

FOOTNOTE: Cooling systems could also be utilized to cool down any exhaust gases 

to reduce heat signature much like the synergy theorized with regards compressor 

pre-cooling.) UCAV’s are limited in altitude due to their platform and stealth aspects, 

and so usually are attributed to the 40,000-45,000ft range.  
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Mission profiles for UAV’s are varied, and should be treated as such. Some types will 

be high altitude, long endurance (HALE) while others will be combat driven, with a 

range of different phases. Of particular interest is the cruise section of mission 

profiles, where generally the requirements for power are overestimated. This may 

perhaps suggest a benefit from having a hybrid electrical system, where the climb 

uses standard propulsion, and the cruise segment is facilitated by the electrical 

propulsion system. (Consideration has also been given to reusable power pods, 

similar to space missions that serve to launch the aircraft, get it to its cruise position 

before being ejected where it can be recovered).  This could potentially save fuel 

burn, which as previously mentioned would increase the flight range of the aircraft.   

2. Inversely, which type of aircraft do electrical systems clearly not buy 

their way onto, and why? 

In terms of aircraft design, the diameter of the engine generally has implications on 

overall size of the aircraft. Due to the fixed nature of the platform required for stealthy 

operation, if an engine diameter can be reduced and thus the drag this causes then 

the size of the entire aircraft can then be reduced further reducing losses and fuel 

burn. The aircraft would benefit from these (SC/cryogenic) systems by allowing a 

smaller embedded GT engine, with a distributed propulsion system.  Based on this it 

was highlighted that Martin believed the benefits of superconductivity would be more 

pronounced for larger aircraft.  On the other hand small UAV’s such as handheld or 

field operated types would not benefit from superconducting electrical systems, as 

the additional burden of the cooling system is highly likely to erode all the 

superconductivity advantages.  As described above superconducting systems would 

more than likely be present on larger types of UAV such as being considered by the 

ASTRAEA project.  

3. If cryogenic systems could enable significant weight/volume/efficiency 

benefits (or a combination of the above) on an electrical system, would you 

see this situation significantly changing?  

Possibly, but for the reasons given in question 2, the systems that require 

superconducting technology (and therefore a cooling system) would be thought of 

first with respect to weight and volume. The minimum mass associated with cooling 

systems as previously mentioned would be the key barrier, however if the benefits 
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were numerous enough, then the cooling system would potentially buy its way on to 

smaller aircraft, where required.  

4. Are you aware of any other customers and/or competitors who are 

investigating or see cryogenics on their future road-map? 

NASA has certainly done a significant amount of research into these systems, 

however other than that, no. GE are likely to be doing work on this, however this is 

pure speculation.  

5. What do you perceive to be the biggest risks associated with achieving 

aerospace compatible systems? 

The potential risks could be from any number of sources; however the main risk at 

present (to civil use mainly) is political pressure. At the moment the public and 

governments opinion of automated aerial systems is fairly low, largely due to bad 

press and poor understanding of the systems themselves. This is largely what 

ASTRAEA hopes to dispel, however changing people’s perceptions is not an easy 

thing to do, especially when you hear the word ‘drone’ associated with UAV systems. 

Technology will be another major hurdle to overcome, because if the technology isn’t 

proven to be safe and compatible with the wider systems required (for example 

support networks, refuelling, and general UAS) then it will never make it into a civil 

application.  

6. What would you see in the future is the highest value aerospace 

market? 

Civil markets would be the largest application by far; however it would also be the 

hardest to break into regarding regulations, certification, and politics/public opinion. 

This is likely to be de-risked by developing the technology for the military market first.       

From this route to market commercial applications can follow that would more likely 

be smaller aircraft (UAV or manned [passenger or transport]) followed by larger 

commercial aircraft.  The civil market is the highest value market. 

7. What (in your view) would be a plausible route to market and why? 

The first step would be to concentrate on military applications because they have 

more freedom regarding certification and airspace. This would allow the technology 
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to grow out of its infancy, promoting further research onto the technology, eventually 

leading to better, more reliable systems. The types of UAV’s would be typical 

Reaper/Scavenger/Global Hawk ISTAR/persistent strike and future UCAV systems 

as well. Once UAV technology advances sufficiently, and ASTRAEA is seeking to 

de-risk the technology, then these military UAV’s could be used for civil purposes, 

gradually building trust.  This would then be the prerequisite to civil applications. 

8. As this study moves forward and progress is made, would you be 

willing and interested to review my workings? 

Yes, I would be very keen to know what your findings would be, and would 

appreciate further correspondence.  

 

David Morgan – Chief of Research and Technology (ASTRAEA 

contact) 

What is ASTRAEA? 

ASTRAEA is an industrial consortium consisting of a number of large companies 

with the aim to prove UAS technology for use within un-segregated airspace. The 

consortium consists of BAE Systems, AOS, Rolls-Royce, Cassidian (EADS), 

Cobham, QinetiQ, and Thales. Each company is investigating a different aspect of 

the project, with Rolls-Royce handling the autonomy section. The aim is to generate 

a number of concepts to find out the requirements of future UAV systems, and what 

the wider implications will be. Systems engineering will play a major role in the 

project, with respect given to certification issues, feasibility, safety, and framework 

assessment. Autonomy however will not necessarily mean unmanned, it will simply 

mean that the systems are more autonomous, with most of the load and decision 

making being computer based.  Human interaction will play a key part in the 

development roadmap to autonomy, so complete autonomy will not be considered 

until the first stage technology is tried and tested.  

What technology would be the key enablers to the vision of autonomy 

according to Rolls-Royce? 



277 
 

EHM will be a key technology in enabling these systems, as the current situation 

means that to detect vibrations, bird strikes, etc. would require a multitude of sensors 

to understand where the problems cause lies. We take for granted being able to 

detect problems on-board aircraft with our senses, so bringing autonomy into aircraft 

such that their use is safe over populated areas means that complex and 

comprehensive systems must be in place for detection of faults. 

 

Cryogenics Expert Questionnaire  

1. Name:- Stephen Harrison 

2. Organization:- Scientific Magnetics 

3. Products Manufactured: - Superconducting machines, cyclotrons, 

synchrotrons, cryostats, control systems, and consultancy. 

4. Years of Experience in Industry:- 20+ years 

5. Research Areas: - Cryogenics, space technology, superconducting magnetic 

machines, superfluid helium, particle acceleration. 

1. How far do you see cryogenic technology developing in the next 20 

years, in terms of packaging, reliability, and efficiency? Do you know of any 

publicly available references regarding future cryogenic developments? 

I see smaller cryocoolers becoming more and more prevalent.  There is a growing 

need for smaller cooling power as MRI scanners and mobile applications increase.   

For both floor-space and weight (civil engineering) requirements are becoming more 

important.   Output power per kg should improve with time, with the advancements 

being made.   These advances include compressor technology, heat exchanger 

technology and overall cooling strategy employed.   On the later it was highlighted 

that given the increasing cost of helium many suppliers were now targeting indirect 

cooling methods.  The main issue that is still a problem is the input power, though 

there is significant research on this being carried out globally.  The overall efficiency 

of the cryocooler cycle is still poor and often limits the addressable mobile market 

because of the relatively high 3-phase input power requirement   
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Another major problem with current cryocoolers is that the majority of them are LHe2 

based. Helium only comes from a few places in the world as a by-product of natural 

gas extraction, with the US supplying most of the world’s stocks seconded by Algeria 

and Qatar supplying much of the rest. The problem with Helium is that it tends to 

diffuse quite easily, and for major cryogenic boil-offs, the gas is released directly into 

the atmosphere. Because of the molecular density of helium, the gas will float to the 

top of the atmosphere and escape into space through solar wind, particle 

momentum, and ionization from the charged particles forming at the magnetic poles 

of the earth. Current predictions are that the US will run out of commercially available 

helium within the next 5 years, which will add to an increasingly short supply. As the 

cryogenics industry is the single largest industrial use of helium, this presents a 

major problem regarding low temperature cryogenics, especially MRI scanners. This 

is already leading to significant increases in the cost of helium but also ultimately 

means helium will eventually have to be phased out of commercial cryogenics, which 

may lead the way for research into using hydrogen as a cryogen.  

For future technology references, I would refer you to conferences, as this is where 

the state-of-the-art and experts in the field tend to congregate. 

2. Where do you see pulse tube technology evolving in the next 20 years? 

Could you recommend any references on this? 

Pulse tubes are largely for applications that are particular sensitivity to vibrations, as 

the cryocoolers themselves have no moving parts.   In his experience, they are less 

reliable, they are prone to contamination (from water or other type of molecule from 

inadequate purging), and also cannot be oriented in any other direction than upright. 

All of these facts limit the use of PTs to vibration sensitive applications only.  He also 

highlighted that PT coolers are also less efficient and weigh more per kW input than 

GM coolers, so they are unlikely to ever be suitable for use within aviation.  GM 

coolers have better potential, reliability can be improved with development and 

focus, and they can be used freely without restriction, as long as unit induced 

vibration is not a problem.  

3. In your view, would existing cryocooler systems require significant 

modification to use hydrogen as a transfer fluid?  
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No significant modifications would be required.  LH2 would behave almost identically 

to LHe2, with the exception of the boiling point and pressures required.  These would 

only equate to minor adjustments in settings, rather than overhaul or modification in 

a physical sense. 

4. What role do you see LH2 playing in future cryogenic systems, and what 

do you see as the key barriers to this? Do you recommend any sensible 

references on this topic? 

Car manufacturers are already using LH2 as a fuel (BMW Hydrogen 7), however the 

limitations to this are the infrastructure needed to support it, and the energy required 

to produce it. Using the hydrogen as a high pressure gas cooling system from liquid 

presents the biggest potential for aviation, as it requires cooling only for storage, with 

the boil-off used to keep the superconducting systems cool.  Hydrogen embrittlement 

shouldn’t be a problem with standard cryogenic materials including stainless steel.  

The main barrier to hydrogen usage would be the safety aspects of storage and 

potential accidents, which would include persuading the public that it would be as 

safe as current types of transport. As part of this it needs to be recognized that 

Hydrogen also tends to burn in air with a blue, near invisible flame that rises vertical 

(i.e. does not spread), leading to differing HSE concerns relating to fires, in particular 

detection. There is a good reference available on hydrogen powered aircraft and 

their implications, by Lockheed and NASA as a joint project (ISBN: 0-8493-5838-8). 

 

Cryogenics Questionnaire - Practical Knowledge Capture 

(Manchester University Rolls-Royce Technology Centre) 

General 

1. Name:- Prof. Sandy Smith 

2. Organization:- Manchester University UTC 

3. Research expertise:- B.Sc. Hons (Aberdeen), PhD (Aberdeen), MA, C.Eng, 

SMIEEE, FIET 

4. Years of experience:- 32 

5. Role:- Professor of Electrical Machines 
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6. Current Projects:- Superconducting/low temperature machines, motor 

design, generator design, actuator applications and technology, computational 

electromagnetic methods, induction machines 

Refrigerators/Coolers 

7. a) What types of coolers are used, and what are the typical temperatures 

at which they operate? 

Rationale: Basic information on the type of coolers used for database purposes 

Gifford-McMahon single-stage cold head, air-cooled AL230 compressor with 

temperature range 20K-77K (for LN2 operation) 

 

b) Basic specifications of the coolers 

Rationale: Database purposes and clarification of typical performance parameters 

Manufacturer: - Cryomech (Model AL230) 

Approx. dimensions: - 0.55×0.55×1.2 metres (compressor), 0.5×0.3×0.2 metres 

(Cold Head) 

Weight (total):- Cold head: 20kg; Compressor: 176kg 

Cryogen: - LHe2 compressor, with LN2 transfer medium within test bed (LHe2 

pressure: 21.5 bar out, 5 bar return) 

Power consumption: - 8.5A, 380-420V (400V mean), 3-phase supply, 5888.8 W input 

power  

Cooling capacity: - 20W at 20K, 100W at 77K, 50Hz power frequency 

Cool-down time:- 4 to 8 hours cool-down, with a 4 to 5 hour ambient to evacuated 

shielding time 

8. What are the practical/operational issues with the coolers within their 

specific applications?  
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Rationale: Regarding specific applications affected by parameters such as reliability, 

orientation, ease of maintenance, vibration, operating environment, etc. with respect 

to day-to-day operation 

Cryostat: Not much maintenance, very reliable, must be upright. Inversion is a major 

problem due to the nitrogen bath transfer medium. 

Compressor: Filter cleaning every 2000 hours (easily done with a vacuum cleaner in 

around 1 minute), reliable, air cooled (may need high air supply). Orientation effects 

unknown, although suspected that it would cause inoperability or major problems 

(more study required). 

Cold Head: maintenance every 20,000 hours, reliable, free orientation (performance 

affected due to orientation, more study required). 

Cryogens 

9. What cryogens (if any) are you using to cool superconducting 

machinery?   

Rationale: To establish whether non-conduction cooled SC machines are currently 

typical 

LHe2 for compressor use, LN2 for cryostat transfer medium. 

10. To your knowledge, has LH2 been practically used as a cryogen in either 

industry or research (NASA excluded)? If so, details? 

Rationale: To gather knowledge on the industry and research opinion on LH2 as a 

cryogen, and to establish routes of contact/investigation into its current use 

Power stations use hydrogen cooling for their turbo-generators. Fuel cells use 

gaseous hydrogen, however could be of some importance. Leak detection and safe 

venting is an issue (venting is a problem within aerospace due to the limited supply 

available). Storage can be problematic due to leakage and detection. Most UAV 

applications will be redundant, due to most types requirement to be high altitude, 

long endurance (HALE). UCAV’s deemed to be the best application due to the 

weight of required systems.  
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11. How do current systems cope with sudden boil-off of a cryogen 

(especially if the cryogen cannot be vented to the outside atmosphere)? 

Rationale: Knowledge capture on methods of venting, typical working pressures, 

causes and contingencies in the event of a boil off 

The procedure is as follows for a minor boil off: The initial small pressure relief valve 

actuates, relieving pressure to the acceptable levels. During major boil off, the 

sudden pressure release cap will fly off, releasing large amounts of cryogen into the 

atmosphere. As the lab is inside, the area may need to be evacuated and ventilated 

during this event, should the boil-off be very large. 

Cooling System 

12. List the major practical and operational advantages/disadvantages of 

conduction cooling. 

Rationale: Understanding of practical challenges and benefits of conduction cooling 

methods  

Advantages: Leaks are impossible, hence higher reliability; ‘to-and-from’ transfer 

lines not required, so lower weight penalty; No cryogen, so no boil-off/pressure build 

up problems 

Disadvantages: Slow recovery time for quenching/local heating; local heating can 

block cooling (i.e. if the transfer conductor has sudden heating that cuts off one side, 

that part must cool before the rest can continue; uneven cooling/heating) 

13. List the major practical and operational advantages/disadvantages of 

fluid transfer cooling. 

Rationale: as with question 11, except with fluid transfer   

Advantages: More uniform cooling; good quench/local heating response; higher 

redundancy options; generally faster cooling; double function cryogen (can be burnt 

in GT as fuel supplement), this yields multiple advantages (open-loop LH2 system, 

lower SFC, plus more) 
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Disadvantages: Complicates structure and ergonomics; requires high insulation; boil-

off can cause problems with system pressure; detection measures required; GT 

modification required. 

14. What equipment is required to control the cooling system?  

Rationale: Knowledge capture of the requirements within current cooling systems, 

and what is required for their safe operation 

• Temperature controller 

• Temperature probes 

• Temperature monitor/display 

• Compressor (including LHe2 transfer leads) 

• Vacuum pump (turbo-molecular) 

• Cryostat (Cold head, current leads, cryogen bath) 

• Signal sockets (power) 

 

Operation 

15. Explain the start-up/shutdown procedure.  

Rationale: Basic understanding of how SC machines need to operate to be used 

effectively and for consideration when looking at system requirements during the 

system design phase 

Start:  

• Turn on vacuum pump; check pressure (<10-3 mbar) 

• Pour LN2 transfer medium into cryostat bucket 

• Turn on compressor; close lid on bucket 

• Wait for temperature to reach desired level 
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Shutdown: 

• Step the pressure down using controller (at 20K, drop down 20K each time, 

i.e. 20K, 40K, 60K, then 80K. Once above 77K, the compressor can be switched off) 

• Once temperature is above boil (77K) the bucket lid can be opened 

• Turn off vacuum pump 

16. During operation, what happens if quenching occurs, what are the 

procedures for this event, and how long does it typically take to return to 

optimum state with current equipment?  

Rationale: This question is to gain knowledge on the kind of real operational hazards 

associated with high power SC machinery and their thermodynamic characteristics 

during quenching 

Quenching has two scenarios, which is recovery without load, and recovery with 

load. Tests so far have only covered recovery without load. The typical values are as 

follows; small quench, low ΔT, 2-3 minutes; Large quench, higher ΔT, >10 minutes. 

YBCO and MgB2 conduct electrically at T > Tc, however it may cause damage to the 

material. Current design parameters for quenching are that the system is designed 

with a maximum operating condition factor of 1.6. 

17. What are the current maintenance requirements of the equipment, and 

what is the expected lifespan of the system?  

Rationale: Understanding of maintenance frequency and life cycle basics of 

cryogenic equipment 

The system will last for more than 20 years if procedures are adhered to. Routine 

simple maintenance is required around every 10 weeks with constant operation, 

assuming 24 hour operation for each component.  

Miscellaneous 

18. How much does the cryogenic system cost in total? 

Rationale: Practical information required for estimation and case building for a future 

experimental cryogenic test rig 
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Roughly £100,000; much of the cost is down to the custom design of the system. Off 

the shelf cost would probably be around £50,000; however those costs would be 

driven down if the market began to require more of these cryocoolers. 

19. What laboratory requirements exist for cryogenic/superconducting 

machinery to operate? 

Rationale: As with Question 18 

3-Phase industrial power supply (32A, 420V), adequate venting/space for working 

within, without risk of asphyxiation from boil-off 

20. What safety measures are in place within the laboratory? 

Rationale: As with Question 18 

PPE – Heat proof gloves, goggles, fan (for driving away boil off gas) 

Risks – Electric shock, LN2 burns, asphyxiation, manual handling injuries 

Note: Detectors in lab monitor O2 levels in the lab rather than N2 or He2. 
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Appendix B 

Table B-1 – Superconducting machine model assumptions table 

Machine Model Parameter Parametric Model Assumption 

Electric Loading (A/m) 
400,000 – Electric loading figure predicted 

by experts 

Magnetic Flux Density (T) 1.9 – Experts conservative estimate 

Winding Factor 0.9 

Pairs of Poles 1 – To minimise machine frequency 

Efficiency (%) 
99.9 - Experimental loss analysis in 

superconducting wires  

Power Factor 1 

L/D Ratio 1.2  

Number of Turns 70 – Arbitrary number given by experts  

Mean Stator Radius Factor 

0.66 – Likely stator mean radius portion 

above the rotor radius; expressed as a ratio 

of the distance between outer stator radius 

minus the outer rotor radius 

Active Density (kg/m3) 

4000 – Likely density of superconducting 

machines based on relative component 

densities and expert discussions 

Cryostat Added Weight (%) 
15 – Expert opinion based on aerospace 

technology and likely expenditure 
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Table B-2 – Superconducting cable model assumptions table 

Cable Model Parameter Parametric Model Assumption 

Temperature (K) 
20 – Proposed optimum MgB2 operation 

temperature 

Percentage of MgB2 (%) 
20 – Typical MgB2 cable manufacturer 

guideline 

Manufacturing Variability in Jc (%) 
20 – Typical MgB2 first generation 

manufacturing variability tolerance 

Current Safety Factor (%) 
50 – running at 50% of critical current to 

allow suitable cable quench protection 

Number of Strands 30 – Typical multi-strand wire number 

Cryostat Weight (kg/m) 
3 – Present day cable cryostat weight per 

metre 

 

 


