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Preface

It is well known that improvements in space and aviation are the leader of today’s technolo‐
gy, and the aircraft is the most important product of aviation. Because of this fact, the books
on aircraft are always at the center of interest. In most cases, technologies designed for the
aerospace industry are rapidly extending into other areas. For example, although composite
materials are developed for the aerospace industry, these materials are not often used in air‐
craft. However, composite materials are utilized significantly in many different sectors, such
as automotive, marine, and civil engineering. And materials science in aviation, reliability
and efficiency in aircraft technology have a major importance in aircraft design.

In such an important issue, IntechOpen fulfills its mission the best. Until now, many books
on airplanes and aircraft technology have been published by IntechOpen, and the public
opinion and the academic world have been informed about this important issue.

In this book titled Aircraft Technology, which is one of these studies, we have discussed this
important topic under three important headings: Flight, Design, and Manufacturing.

The first section is titled “Flight.” It has five chapters. Naturally, the most important concept
for an aircraft is flight, which includes many concepts from autopilot systems to pilot psy‐
chology and flight safety to GPSs.

Design is a very important activity for every part of the process from the idea of a new air‐
craft to its production and use. Therefore, the second section is titled “Design.” In this sec‐
tion, three important chapters related to the design are presented to the world of science by
our valuable authors.

The last part of the book is titled “Manufacturing.” As is known, manufacturing methods
developed in aircraft production have always been privileged; some of these methods are
still used only in the space and aviation sector. The additive manufacturing method is also
an extremely suitable method to use in the aircraft industry. Therefore, in this section, the
additive manufacturing method in the aircraft industry is discussed.

Finally, I would like to point out that we are excited to share our book with valuable avia‐
tion public opinion and the world of science. I would like to thank all the staff from Inte‐
chOpen, especially Mrs. Kristina Kardum, for their valuable support.

Assoc. Prof. Dr. Melih Cemal Kuşhan
Eskisehir Osmangazi University

Head of Aviation Scince and Technology
Eskisehir, Turkey
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Adaptive Automation and the Third Pilot

Joan Cahill, Tiziana C. Callari, Florian Fortmann, 
Stefan Suck, Denis Javaux, Andreas Hasselberg and 
Sybert Stroeve

Additional information is available at the end of the chapter

Abstract

Currently, automation does not take into consideration the cognitive and emotional 
state of the crew. Rather, automation provides assistance based on explicit and static 
task assignments, with no adaptive capabilities, even though it is capable of providing 
higher or lower levels of support depending on the crew state and/or complexity of the 
operational situation. This chapter presents a new adaptive automation concept which 
offers an innovative ‘team’ centred approach to solving crew awareness/workload man-
agement problems and enhancing flight safety. Partnership underpins the ‘Third Pilot’ 
approach. The crew (pilot flying and pilot monitoring), automation and the ‘Third Pilot’ 
are in charge together. Overall, partnership is proposed. This replaces existing paradigms 
involving dynamic changes in control function, where changes can be autonomously 
controlled by the system. Moreover, a new multimodal cockpit concept is advanced pro-
viding enhanced assessment of crew state/workload.

Keywords: adaptive automation, teamwork, workload, human factors, situation 
awareness, pilot decision making, stakeholder evaluation, cockpit

1. Introduction

Crew task support and information needs vary according to the crew composition, the crews own 
experience (i.e. familiarity with type, knowledge of the route), the specific flight situation (i.e. traf-
fic and weather), and the crew state (i.e. fatigue, confusion) [1, 2]. With increasing duty time and 
traffic growth, pilots can benefit from an ‘experience aid’. Ideally, the crew and the ‘experience 
aid’ (or assistance system) comprise a cooperative system [1, 2]. This cooperative system approach 
follows the cognitive systems engineering frameworks, as advanced by Hollnagel and Woods [3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In its current form, automation does not take into consideration the pilot’s cognitive and emo-
tional state. Rather, automation provides assistance based on explicit and static task assign-
ments, with no adaptive capabilities, even though it is capable of providing higher or lower 
levels of support depending on the crew state and/or complexity of the operational situation 
[1, 2, 4]. It is argued that safety is optimised when human and automated systems adapt both 
to each other and to the specific operational context. This guarantees fluent and cooperative 
task achievement—maintaining safety at all times.

This research was undertaken as part of the Applying Pilots’ Model for Safer Aircraft 
(A-PiMod) project, funded by the European Commission (Framework Programmes for 
Research and Technological Development) [1]. The aim of this project was to demonstrate a 
new approach/concept (and associated technologies) for an adaptive automation and multi-
modal cockpit which might mitigate and/or reduce human error. The project commenced in 
September 2013 and finished in September 2016.

2. Background

2.1. Automation

Currently, Pilots share responsibility for different flight tasks with cockpit systems. As defined 
by Kaber and Prinzel, adaptable systems are systems which require human delegation of task 
and ‘function authority’ to automation during real-time operational performance (i.e. the task 
distribution is controlled by the user) [5]. This is different to adaptive automation (AA), which 
allows for dynamic changes in control function allocations between a machine and human 
operator based on states of the collective human–machine system’ [6, 7].

Human factors problems with automation have been cited as contributory factors in many 
air accidents. This includes: Flight Air France 447 (2009) [8], Flight Spanair 5022 (2008) [9], 
Flight Helios Airways HCY 522 (2005) [10], Flight China Airlines 140 (1994) [11], and Flight 
Air Inter 148 (1992) [12]. The air accident reports highlight several human factors issues such 
as automation surprises, reduced situation awareness, workload problems and over-reliance 
on automation [1].

2.2. Crew errors

Errors are defined as ‘actions or inactions by the flight crew that lead to deviations from 
organisational or flight crew intentions or expectations’ [13]. Unmanaged and/or misman-
aged errors frequently lead to undesired aircraft states. Flight crew errors reduce the mar-
gins of safety and increase the probability of adverse events [13]. As documented by the 
International Civil Aviation Organisation [14], human error is a causal factor in between 
60%-80% of accidents and serious incidents. It is stated in the ‘Flightpath 2050, Europe’s 
Vision for aviation’, that ‘the occurrence and impact of human error’ will be ‘significantly 
reduced through new designs and training processes and through technologies that support 
decision making’ [15].

Aircraft Technology4

2.3. Theoretical starting point

In line with a cooperatives systems approach, the question of automation status/communica-
tion and its role in the execution of the flight, should to be framed from a team perspective 
and linked to a risk assessment of the mission and the selection of a course of action. Thus, the 
theoretical starting point for addressing human factors issues with automation (specifically, 
teamwork, task distribution, authority, situation awareness, error detection and workload 
management), is the assessment of the crew/automation/aircraft/environment state in rela-
tion to the achievement of the mission level goal (i.e. mission level risk assessment), and the 
identification of a suitable task distribution at cockpit/agent level, to achieve this [1, 2]. So con-
ceived, automation has a role in relation to (1) real-time risk assessment, (2) the identification 
of a course of action, (3) the selection and subsequent implementation of a course of action, 
and (4) the identification of an appropriate task distribution based on the crew state [1, 2].

Further, it is argued that there is relationship between addressing human factors issues with auto-
mation (specifically, teamwork, situation awareness, task distribution, authority, error detection 
and workload management) and improving crew interaction with cockpit systems. The provi-
sion of a multimodal concept can support the above. In addition to (1) allowing for flexible inter-
action with cockpit systems and (2) providing a means to communicate with the crew in relation 
to crew state and decision support, the multimodal cockpit has a role in relation to (3) supporting 
the better assessment of crew state/workload (information inputs re crew activity/interactions).

2.4. Methodological background

Stakeholder involvement in programme evaluation has been recognised as one of the most 
effective approaches to enhancing the use of evaluation findings, and ensuring the validity 
of the evaluation activities [16]. Stakeholder involvement is defined as the participation of 
(programme) stakeholders in any phase of an evaluation [17]. Stakeholder involvement can 
vary with regard to diversity in stakeholder selection for participation, the control of techni-
cal evaluation decisions and the depth of stakeholder participation in the programme/project 
evaluation process [18]. Stakeholders are conceived as invaluable source of knowledge, per-
spectives, information on context and needs. Drawbacks of stakeholder involvement are also 
reported. This includes the feasibility of implementing a successful participative study. For 
example, time, cost, involvement from (disadvantaged) groups and skills required from an 
evaluator in facilitation and ‘good listening’ [19].

The involvement of stakeholders to accomplish given tasks by participating in common activi-
ties has been central to ‘Community of Practice’ concepts [20]. ‘Community of Practice’ members 
engage in a set of relationships over time around some particular area of technical knowledge 
or skill associated with the given tasks. This allows the members of a specific ‘Community of 
Practice’ to generate a sense of joint enterprise and identity by sharing a practice—doing things 
together, developing a sense of place, common goals. In Wenger’s analysis, three characteristics 
are crucial to define a ‘Community of Practice’: (1) the ‘domain’—which specifies the identity of 
COPs with the specific competence and commitment the stakeholders engage; (2) the ‘commu-
nity’—stakeholders build their relationship interacting in joint activities, sharing information 
and common objectives and learning from each other; and (3) the ‘practice’—stakeholders share 
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a repertoire of resources (experiences, stories, tools, ways of addressing recurring problems) 
which help forming the practice with time and sustained interaction [20].

3. Research design

3.1. Objective

The aim of the A-PiMod project was to demonstrate a new adaptive automation concept 
(and associated technologies) enabled by a hybrid of three elements: (1) multimodal pilot 
interaction, (2) operator modelling and (3) real-time risk assessment. It is anticipated that the 
introduction of this new automation concept will reduce human error—making substantial 
progress in relation to aim of reducing the accident rate by 80%. Table 1 below provides a 
description of the high level project goals

3.2. Overview

The overall design/evaluation methodology combines formal HMI design/evaluation activi-
ties (i.e. interviews and simulator evaluation), informal HMI design/evaluation approaches 
(i.e. participatory design activities), along with an integrated stakeholder approach to evalu-
ation [4]. Overall, 23 COP sessions and two phases of simulator evaluation have been under-
taken. The first phase of simulator evaluation involved eight participants, while the second 
phase involved 12 participants. This has been reported in more detail in [1, 2].

3.3. Community of practice

The concept of ‘Community of Practice’ as proposed by Wenger [20] underpins the A-PiMod 
‘Community of Practice’ approach. The A-PiMod ‘Community of Practice’ involved stake-
holders who shared technical knowledge and skills associated with relevant functions in the 
Air Traffic Management (ATM system), and broader aviation related domain. Overall the 
role of participants in the A-PiMod ‘Community of Practice’ concept was characterised as a 
‘participatory’ approach. Members engaged in a range of validation/evaluation activities on a 
continuous/regular basis, through the run-time of the project.

The panel of stakeholders in A-PiMod included both ‘primary users’ (i.e. internal stakeholders 
representative of each project partner), and ‘all legitimate groups’ (i.e. external stakeholder 

No A-PiMod high level project goals

1 To reduce accident rate by 80%

2 To achieve a substantial improvement in the elimination of and recovery from human error

3 To mitigate the consequences of survivable accidents

4 To support smart pilot assistance

Table 1. A-PiMod high level project goals.
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representative of the aviation-related industry and Flight operational system). Stakeholder par-
ticipation involved consultative interaction along with engagement in technical research tasks.

Figure 1 below depicts the composition of the community of practice – with attention to the 
levels of expertise of both internal and external stakeholders. Internal stakeholders are repre-
sented in blue. External stakeholders are represented in amaranth. The overlapping levels of 
expertise are indicated by the red dotted line.

3.4. Simulator evaluation

Two sets of simulator evaluation were undertaken. In both cases, the evaluation involved a 
mixed-method approach with the administration of semi structured interviews, simulator obser-
vations, collaborative workshop sessions and questionnaires. Each set of evaluations involved 
two crew members and elapsed over 2 days. Overall, a scenario-based evaluation approach 
was adopted. Simulator evaluation involved the use of the DLR simulator—the GECO system.

In day 1, participants were first briefed about the overall procedures, consent was obtained, 
and profile information was elicited. Then participants undertook a semi-structured inter-
view regarding the current state of automation and HF still-open issues. After this both 
participants obtained training, in relation to interacting with the new adaptive automation 
multimodal concept/technologies in the simulator. The training was delivered with the sup-
port of slides, software training tools, and some hands-on training in the simulator (i.e. using 
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the A-PiMod user interface displays such as the MC-M Display and the MultiModal ND). 
Then, hands-on training in relation to using the GECO simulator was provided. After this 
training session, participants undertook the specific simulator evaluation session, addressing 
the adaptive automation and multimodal concept/technologies. After the simulator sessions, 
participants were asked to complete a questionnaire evaluating the adaptive automation and 
multimodal concept and technologies. Further, a specific simulator session was undertaken 
with a focus on the interaction with the MultiModal ND. This involved a collaborative session 
to evaluate the operational and safety aspects pertaining to the multimodal cockpit.

In day 2, participants were asked to evaluate the adaptive automation and multimodal con-
cept and technologies. This involved individual post evaluation individual semi-structured 
interviews. Then a collaborative workshop session was undertaken. This focussed on three 
distinctive scenarios (i.e. (1) supporting routine operations, (2) avoidance of conflict of taxi/
way or apron, (3) Incapacitation (VETO)) and to what extent A-PiMod could support the 
Pilots in relation to workload management, error identification, situation awareness, team-
work, and how this would have an impact on the error reduction. After this, the participants 
completed an individual questionnaire related to benefits analysis.

3.5. Assessment of benefits/safety impact

In order to assess the potential safety impact of the new automation concept (and allied multi-
modal cockpit), a systematic approach was applied. This involved the elicitation of structured 
feedback from pilots and experts, using the Total Aviation Risk model [21]. Specifically, struc-
tured feedback was captured in relation to potential change factors for base events in this risk 
model [21]. The total aviation system risk model contains 425 base events and 51 end states. 
The particular structure of an event sequence diagram and its connected fault trees depends 
on the scenario considered. The probability change factors of all impressionable base events 
are determined in the safety assessment on the basis of information gathered in multiple 
workshops with members of the Community of Practice (COP). In the workshops the par-
ticipants discussed the kinds of mechanisms facilitated by the innovative concept which may 
increase or decrease the probability of a particular base event in a scenario. The specific details 
of the quantification of safety impact have been reported in another paper [22].

4. Proposed adaptive automation concept

Overall, the objective is to provide assistance to the flight crew when and if required. 
Automation acts as a third crew member providing information and task support to crew 
–safeguarding the mission level goal [1, 2].

The third pilot approach involves providing (1) decision/information support, and (2) work-
load support. This follows from the hypothesis that information underpins good decisions, 
which in turn results in safe aircraft states. Further, it follows the philosophy that if there in 
increase in workload, certain functions should be shifted to automation, to reduce the cogni-
tive/physical burden on the crew.

Aircraft Technology8

The overall approach involves continuously monitoring the operational situation and the 
allied crew/automation state, to determine the best distribution of task activity between 
the crew and automation [1, 4]. It is anticipated that this will ensure the safe completion 
of the flight. If there is an increase in workload, certain functions will be shifted to auto-
mation, to reduce the cognitive/physical burden on the crew. Also, automation is used 
to support information management tasks (i.e. information gathering and information 
assessment). This in turn has an impact on safety. Real-time feedback is provided to the 
Flight Crew via a cockpit user interface (i.e. HMMI Interaction Manager), so that the crew 
at all times understand the status of (1) the operational situation, and (2) the joint crew 
automation system. This ensures full situation awareness, which in turn impacts on mis-
sion safety. All of the above ensures that the aircraft remains in a safe state. This in turn 
has consequences at a process level (i.e. both single and multiple flight levels).

The team comprises the Flight Crew (namely the Pilot Flying and the Pilot Monitoring), the 
‘Third Pilot’ and automation. Accordingly, the third pilot is conceived as a virtual team-
member [1, 2, 4]. All team members co-operate in relation to making and executing mission 
level decisions. Mission level decisions are enacted at the mission level and translated into 
new cockpit level tasks that have to be distributed between the crew and automation, and 
then performed by them. The system continuously monitors the operational situation and the 
allied crew/automation/aircraft state, to determine the tasks the team has to perform together, 
and how to best distribute them between the crew and automation.

The new cockpit technology (i.e. automation and associated systems) allows us to answer the 
following questions:

• Is the joint crew/automation system in a safe state?

• Is there a potential for a safety critical aircraft state (i.e. now and/or the near future)?

• Do the crew (Pilot Flying and Pilot Monitoring) require support in terms of increased levels 
of automation?

• Do we need to adjust the level of automation?

• Do the crew require information/decision support?

A-PiMod flags potential risks—providing operational guidance in relation to managing those 
risks. Pilots have final control, but are responsible and accountable for their decisions and 
actions [1]. The crew are responsible for assessing the risk status of situation and the appro-
priate course of action. As such, the crew are not required to follow the decision support 
provided by the third pilot. This decision support is an aid, not a requirement. The crew can 
over-ride system proposals/decisions, except in certain critical situations (i.e. incapacitation).

A-PiMod adopts a team centred approach as opposed to a crew centred approach. Specifically, 
is assists the Flight Crew in relation to information and workload management (i.e. interven-
tion if over and/or under loaded). Automation is conceived as an extension of the pilot’s ability 
to carry out an action(s). Automation provides decision and information support. In principle, 
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we are focussing on the outcome. That is, we are considering what is best for the safe and 
efficient completion of the mission, as opposed to adapting to human needs. As indicated in 
the architecture concept (see below), if the Pilot Flying/Pilot Monitoring is overloaded and this 
threatens the completion of the mission, the task distribution is adapted at the agent level [1, 2].

As reported previously, we propose partnership as opposed to dynamic changes in control func-
tion (such that changes can be managed autonomously by the system) [1]. The A-PiMod architec-
ture describes the means for the adaptive completion of Mission Level tasks and their distribution 
between the crew and automation. This includes the real-time analyses of both the pilot’s state 
(situation awareness and workload) and mission risks [1]. Apimod will permanently assess 
what has to be done by the cockpit (mission and its context = > cockpit level tasks), distributing it 
between the crew and automation, and assessing if these agents are correctly performing the tasks 
they have been assigned (i.e. recover from a stall, avoid ground obstacles, etc.). Task distribution 
is the product of a situation management process [1]. Here, the pilot flying and pilot monitoring, 
along with other automated processes cooperate to assess the situation, its risks, what has to be 
done (cockpit level tasks) and the associated risks [1]. This results in a task distribution.

As described in the architecture concept, in situations where the flight crew are overbur-
dened, task distribution is adapted at the agent level [1]. Automation adapts to crew states 
and capabilities, so that all required cockpit-level tasks are performed [1]. It is this architec-
ture that guarantees the safe completion of the flight.

The proposed automation concept addresses the key decision requirements as defined in the 
safety case [1, 2, 4]. For more information, please see Table 2 below.

No Decision 
requirement

How supported by automation

1 Authority Boundaries for automation set in relation to role of Pilot and associated decision authority

2 Information Supports information acquisition and analysis

3 Time Automation provide real time updates as to status of situation (both current and future) so 
have time to anticipate potential future problems and how might manage them

4 Judgement Automation provides decision assistance – providing feedback on potential course of 
actions and risk associated with each.

Automation can gather decision support information from actors outside the cockpit – if 
collaborative/consultative decision

5 Teamwork Human agents/crew and automation are conceived as a team

Better collaboration between team members – enhance situation awareness and increase 
safety

Cockpit as a cooperative system

Support teamwork in terms of information sharing: (1) information sharing between crew 
and automation, and (2) information sharing between cockpit and agents outside the 
cockpit

6 Feedback Automation provides feedback (updated information picture) in relation to the outcome of 
decisions taken and next steps

Table 2. Automation provides support for decisions.

Aircraft Technology10

Underpinning the Third Pilot concept is the A-PiMod multimodal cockpit concept [1, 2]. The 
multimodal cockpit (1) allows for monitoring of crew interactions with cockpit systems, (2) 
supports crew communication with automation (i.e. via the MCM Display) and (3), enables 
voice and touch interaction with cockpit displays [1, 2].

5. Proposed technical architecture

The A-PiMod architecture allows for (1) adapting the mission based on current circumstances 
and (2) the subsequent organisation of the cockpit (task distribution between the crew and 
automation) and (3) the circulation of information between the crew and cockpit systems 
(including automation) to the current and future situation(s) [23]. The starting point in the 
architecture is to adapt the mission permanently, and to translate a given mission configura-
tion (e.g. decision to divert to closest airport) into tasks that have to be executed by the ‘team’. 
The tasks are then distributed between the team members (crew and automation) based on 
their current states and capabilities.

Figure 2 below depicts the A-PiMod architecture. This is based on a three layer hierarchy of 
tasks [23].

Figure 2. Task Hierarchy.
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The architecture is a ‘control’ architecture; it’s about the distributed control of a given object. 
In this example, this refers to the overall aircraft state including navigation and trajectory. 
Tasks at a given level are translated into the tasks of the level below based on the context 
of their execution [23]. At the mission level, the context of execution includes (1) the state of 
the aircraft and (2) the traffic and environmental context in which the aircraft is flying (i.e. 
weather, ATC, traffic). At the cockpit level, context refers to (1) the status of the cockpit agents 
(namely pilots and automation) and (2) cockpit equipment (i.e. displays).

As detailed in Table 3 below, this control architecture is elaborated in relation to three levels. 
This includes the mission level, the cockpit level and the agent level. These levels are hierar-
chical—each level is a decomposition of the level above. All actions occur at the agent level. 
The upper levels are about deciding what tasks the different agents perform, based on the 
current contexts, at the mission and cockpit levels.

The key level is the cockpit level. We are trying to see what the cockpit as a whole (i.e., all of 
its agents—be they human or machine) has to do at a given point to achieve the Mission Level 
Tasks (in the current situation). Then, what the cockpit as a whole has to do is distributed 
between the agents available in the cockpit.

It should be noted that the broader ATM system level is not explicitly referred to in the archi-
tecture. This is because the other aircraft are not under the control of the architecture. They are 
part of the context in which the architecture is flying (i.e. achieving its control tasks).

As indicated in Figure 3 below, several technical components have been specified, linking to 
the overall architecture concept.

As outlined in Table 4 below, the A-PiMod architecture consists of seven components and 
two separate software systems [22].

A key feature of the architecture is the distinction between components and modules:

• A component is a functional unit that performs specific tasks (e.g. risk assessment at the 
mission level). In the A-PiMod architecture a component is always a small cooperative 
system made of the crew +1 module.

• A module is a software system that acts with the crew as a team in this specific functional 
unit. The module provides assistance to the crew in the performing the component’s tasks

Level Description

Definition of mission level 
tasks

Single flight level—mission phase/sub-phase, context, A/C state—the context the 
aircraft is in

Definition of cockpit level 
tasks

Tasks that need to be performed by all (i.e. crew and automation) to achieve mission 
goals given specific context elaborated

Definition of agent level 
tasks

Actions undertaken by crew or automation to achieve mission goals in specific context

Table 3. Architecture levels.

Aircraft Technology12

Thus regarding risk assessment at the mission level, it will always be performed together by 
the crew and the dedicated module, acting as a small team for that purpose. Both the crew and 
the module have the common goal to achieve the function assigned to the component. This 
is what brings great flexibility to the architecture. It allows each component to be executed 

Figure 3. A-PiMod Architecture (Source: Cahill et al. [2]).

Component 1. Situation determination @Mission Level

2. Risk assessment @Mission Level

3. Situation modification@ Mission Level

4. Task determination @Cockpit Level

5. Situation determination @Cockpit Level

6. Task distribution @Cockpit level

7. Risk assessment @ Cockpit Level

Separate Software Systems 1. Crew state inference

2. HMMI interaction manager

Table 4. A-Pimod architecture.
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Table 3. Architecture levels.
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Thus regarding risk assessment at the mission level, it will always be performed together by 
the crew and the dedicated module, acting as a small team for that purpose. Both the crew and 
the module have the common goal to achieve the function assigned to the component. This 
is what brings great flexibility to the architecture. It allows each component to be executed 

Figure 3. A-PiMod Architecture (Source: Cahill et al. [2]).

Component 1. Situation determination @Mission Level

2. Risk assessment @Mission Level

3. Situation modification@ Mission Level

4. Task determination @Cockpit Level

5. Situation determination @Cockpit Level

6. Task distribution @Cockpit level

7. Risk assessment @ Cockpit Level

Separate Software Systems 1. Crew state inference

2. HMMI interaction manager

Table 4. A-Pimod architecture.
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exclusively by the crew (‘manual’ mode), e.g. the crew solely assess the risks, by the module 
(‘automated’ mode), e.g. the module solely assess the risks and the crew has no say in that 
evaluation, or by both the crew and module (‘mixed’ mode), e.g. the module produces a risk 
assessment and the crew acknowledge or reject it. This is true for all seven components in 
the architecture. Each is made of the crew and a dedicated module. Given the crew can par-
ticipate to all seven components, the crew superposes the seven functions associated with 
the individual components, and this is exactly what human pilots do. They perform all these 
operations permanently, without being aware of that dissociation between seven elemen-
tary functions. They are thus part of the situation assessed by the Situation Determination/
Modification @Mission Level component. All these tasks are permanently revised, distributed 
and executed, based on the context.

In addition, visual analysis of pilots’ behaviour is recorded to infer human operator’s (pilot’s) 
mental state, stress level, and general workload. The following instruments/technologies are 
used to obtain information about the pilot’s behaviour:

• Eye tracking

• Gesture recognition

• Head pose

6. Pilot interaction in the cockpit and associated user interfaces(s)

6.1. Overview

Crew interaction with cockpit systems is simple and user friendly. In addition to traditional 
controls, pilots interact with the system using voice and touch. This interaction is tracked by 
the system (i.e. what tasks performing, level of fatigue, involvement in activity). This form 
of tracking is referred to as ‘crew state monitoring’ [1]. Crew feedback is provided via a new 
cockpit user interface (Mission and Cockpit Level Management Display—MCMD). This 
provides information about (1) the risk status of the operational situation (this includes an 
assessment of the status of joint crew/automation system) and (2) what to do (including the 
provision of best options/alternatives based on different ‘technical’ contributing factors such 
as fuel remaining, the weather status at alternate airports and so forth) [1, 2]. As noted previ-
ously, the crew can over-ride system proposals/decisions, except in certain critical situations 
such as crew incapacitation.

6.2. The A-PiMod MC-M display

The A-PiMod Mission and Cockpit Management Display (MC-M Display) enables commu-
nication between the Flight Crew and the new adaptive automation technologies [1]. The 
MC-M Display supports both mission and cockpit management tasks. As depicted in Figure 4 
below, the proposed MCMD features two related sub-displays—the mission and cockpit level 
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displays [21]. In the cockpit level display, one can see the tasks assigned to the crew and to 
automation. The software allows the crew to change that distribution—both manually (crew) 
or automatically (automation). In keeping with concepts of authority/pilot control, all task 
distribution changes have to be approved by the crew before becoming active.

6.3. Multimodal interaction

During the A-PiMod project a multimodal system prototype was developed to explore possibili-
ties of multimodal interaction in context of flight deck. From the perspective of human-machine 
interaction, the flight deck interfaces should be able to accommodate large number of diverse tasks 
while maintaining high level of efficiency, usability and uncompromised safety. In A-PiMod mul-
timodal interaction was demonstrated through the Multi-Modal Navigation Display (ND) [1, 2].

A number of other systems are linked to the crew state estimation and crew task determi-
nation components, for the purpose of inferring (1) the pilot’s mental state, stress level and 
general workload, and (2) predicting potential errors, missed events and/or overlooked infor-
mation. This includes eye tracking, gesture recognition and head pose tracking technology [1].

Figure 4. The MC-M Display (Source: Cahill et al. [1]).
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7. Crew state monitoring

Crew state monitoring (that is, focussing the Pilots attention on their state along with that 
of their crew member—and on the current and future state of the aircraft) is an important 
function of the third pilot. If fatigued, pilots may either forget or omit to review all the safe 
options. The 3rd crew member (automation) will consider all safe options and prompt the 
crew in regard to possible options, to ensure that a safe decision is made. In this context, a 
key challenge is how to get the two human crew members to share their ‘current state’ with 
the 3rd crew member [1]. Such an exchange should be meaningful and informative but not 
self-incriminating in any post hoc analysis [1]. Normal human interactions can easily accom-
modate this. For example, such information might be imparted as part of pre-flight social 
interactions/conversation. However, this is hard to replicate in relation to human/machine 
(i.e. third pilot) interaction

The assessment of crew state goes beyond issues of workload. It concerns many factors 
including crew experience, flight hours, crew familiarity with the proposed route and depar-
ture/landing airports, training background and so forth. The crew state might be assessed as 
less optimal in situations when the two crew members are unfamiliar with the route. From an 
operational/Pilots perspective, the starting point for crew state monitoring is the crew brief-
ing/flight planning. Depending on the crew situation, this might occur a week before the 
flight and/or at the time of the pre-flight, flight planning and briefing task. In addition, knowl-
edge of the joint crew status is and any issues linked to this is required [1, 2]. Potentially, the 
crew might need to report their status/state before the flight commences [1, 2]

The means/basis by which crew state information (i.e. eye tracking data, gesture data, voice, and 
touch data) is used to assess the crew state needs to be carefully considered. The assessment 
of this data depends on what we already know about the crew (for example, location in roster 
and expected level of fatigue). For example, if the crew are not looking at the correct area of the 
screen, and/or are blinking their eyes a lot, it may not be a problem. In this case, the crew might 
be very familiar with the route and may be more or less fatigued (i.e. location in roster—first 
day or last day). However the system might interpret this behaviour differently if the crew are 
unfamiliar with the route, and on the last day of their roster (i.e. expect higher level of fatigue)

If A-PiMod is to become a trusted (and relied upon) 3rd crew member, it needs to interact 
with the crew in a manner consistent with ‘normal’ human-human interaction [1]. Potentially, 
to be fully integrated in the ‘team’, it needs to engage in some form of ‘social’ interaction, and 
not only technical interactions [1, 2]. This latter issue has not been explored in A-PiMod and 
requires further consideration

How emphatic a team member is automation? When and how can it articulate its concerns, 
and potentially, over-ride the crew member’s decisions? In most (but not all situations), the 
cockpit crew have the final authority and can veto automation. This approach reflects an 
‘adaptable systems’ logic. However, there may be situations (identified by the crew monitor-
ing technology) where it is necessary for automation to ‘take charge’ to ensure flight safety (for 
example, situations of crew incapacity). Accordingly, three different levels of crew state moni-
toring can be defined. For example, (1) passive support, (2) active support and (3) intervention/
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over-ride [1]. In this sense, A-PiMod represents an adaptive automation approach. Arguably, a 
fully adaptive automation approach requires modelling and assessment of both the crew and 
aircraft state [1, 2]. The A-PiMod system represents a significant advancement in relation to 
the modelling of crew state (i.e. touch, voice, gesture, use of multimodal displays and so forth). 
However, aircraft state modelling potentially necessitates integration with aircraft systems 
and wider ATM and ground systems. This has not been demonstrated in the A-PiMod project

8. Innovation

It is proposed that the Third Pilot/A-PiMod system (1) reflects a mix of the logic associated 
with adaptable systems and adaptive automation, while (2) also providing something new 
(i.e. multimodal cockpit concept).

In relation to (1), we are

• Providing a framework for crew-automation cooperation for all activities occurring in the 
cockpit involved in the completion of a flight

• Extending concepts of assistance (as defined by adaptable systems), where the crew are in 
conceived to be in control all of the time

• Utilising certain features of adaptive automation—that is, providing task support to the 
crew following an assessment of crew state (i.e. inferences about crew situation awareness 
and workload)

In general, this new automation concept is predicated on concepts of partnership. The crew 
and automation are in charge together. As reported previously, in principle, the crew are in 
charge (concepts of professionalism and responsibility). However, there will always be par-
ticular safety critical situations when automation can take charge (i.e. fully adaptive).

In terms of (2), a new multimodal cockpit concept has been advanced. This enables improved 
assessment of the crew state/workload and provides a means to provide task and decision 
support information to the crew. Further, it allows for touch and voice interaction with cock-
pit systems. Evidently, the application of multimodal in the cockpit is not new. However, the 
application of crew interaction data (i.e. crew voice and touch interaction in the cockpit), as 
an input to crew state monitoring is innovative.

The third pilot has different modes of operation. This includes (1) passive monitoring, (2) 
active monitoring and (3) over-ride. It is anticipated that (1) and (2) will be the most typi-
cal operational modes. That is, providing task and decision support to pilots based on an 
understanding/assessment of the crew state and specific workload requirements at a given 
point in time. In certain non-routine situations (3) will be required (i.e. fully adaptive). The 
partnership/third pilot concept is defined in relation to the combination of these three modes 
of operation. In the future, mode (3) might be become routine, whiles modes (1) and (2) might 
become less routine. Either way, the advancement of this concept will require considerable 
effort in relation to both development and certification [1].
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9. Assessment of benefits and safety quantification

9.1. Assessment of benefits/impact

The expected benefits/impact were validated through extensive field research including 27 
COP sessions, Validation Cycle 1 (VC1), Validation Cycle 2 (VC2) and evaluation with stake-
holders at a demonstration day event [1, 2]. Overall, validation activities indicate that the 
‘Third Crew Member’ may yield many operational and safety benefits. As defined in Table 5  
below, these benefits can be grouped at different levels (i.e. cockpit, task, process and ATM System).

It is anticipated that this third pilot approach will enhance flight safety, especially in abnormal 
situations. The third pilot will not remove human error. Rather, it will reduce it. This is largely 
attributable to improvements in error detection and error management. A cockpit that is designed 

No Benefit Benefit level

1 Improved access to information—faster access Cockpit

2 Improved mechanisms to interact with information (i.e. voice, touch and gesture)

3 Provide variability in way of the automation control selection (i.e. via voice, touch and 
gesture)

4 Better interaction between automation and Pilots—clear communication lines, clear 
understanding of who does what and, when/how transfer work between both

6 Flexible and natural interaction with cockpit systems (MM) Task

7 Decision support—how to proceed in safety critical situation and/or normal situation

8 Provide task support to crew in relation to assessing the situation and deciding on a 
course of action

9 Reduce workload in complex/high risk situations

10 Pilots always know ‘what is going on’ (i.e. reliable situation awareness)

11 Complementary ways in which to interact with information (i.e. MM interaction)

12 Reduction in workload

13 Improvement in information management—support information acquisition and 
information analysis

14 Improvement in situation awareness

15 Improvement in situation assessment

16 Provision of new information (i.e. status of operation, status of automation and routing 
advice)

17 Improvements in the elimination of and recovery from human error

18 Support for error identification and broader TEM

19 Error reduction

20 Error mitigation

21 Error avoidance—avoidance of safety critical situations

22 Better interaction between automation and Pilots—clear communication lines, clear 
understanding of who does what and, when/how transfer work between both
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with the A-PiMod approach in mind will extend automation capabilities in an adaptive way, to 
the extent necessary to support a safer flight. Potentially, such an adaptive automation approach 
might prevent many accidents. In this regard, we might consider the AF 447 accident [8]. As 
indicated in the accident analysis research with COP members and VC2 participants, all 19 par-
ticipants indicated that A-PiMod would have played a significant role in preventing this accident.

9.2. Safety quantification

As reported previously, it is expected that the A-PiMod concept might lead to a reduction in 
the probability of fatal accidents by 43% [1, 21].

The assessment of safety impact concerns what has been advanced from a conceptual per-
spective (i.e. A-PiMod concept), as opposed to the technological progress (set of tools devel-
oped in the A-PiMod project, which reflects a particular implementation of the concept) [1, 
21]. It is these set of tools that were validated in simulator evaluations [1, 2, 4]. These tools can 
be viewed as a first technical instantiation of the A-PiMod system. The sophistication, scope 
and integration of the tools can be improved in future research and development [22]. Once 
implemented, the expected impact might be further assessed.

10. Conclusions

In the perfect world, A-PIMOD would provide an airline with the most experienced team (crew 
and automation), capable of dealing with any situation (routine, non-routine, safety critical), where 
skill level is constant, across all weather/routes/airports/time zones. The third Pilot helps avoid 
dramas. The Third Pilot/A-PiMod will not eliminate human error. Rather, it will reduce error 

No Benefit Benefit level

23 Completion of mission in accordance with the flight plan Process

24 Safe landing

25 Reduction in accident rate

26 Help mitigate the consequences of survivable accidents

27 Indirect support—flight punctuality

28 Indirect support—management of delays

29 Indirect support—more efficient flights (and allied impact on fuel consumption)

30 Reduction in accident rate System/ATM

31 Indirect support—flight punctuality

32 Indirect support—management of delays

33 Potential link to SESAR SWIM concept (i.e. sharing information across ATM network)

34 Potential to extend to support single crew operations

Table 5. Operational and Safety Benefits.
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with the A-PiMod approach in mind will extend automation capabilities in an adaptive way, to 
the extent necessary to support a safer flight. Potentially, such an adaptive automation approach 
might prevent many accidents. In this regard, we might consider the AF 447 accident [8]. As 
indicated in the accident analysis research with COP members and VC2 participants, all 19 par-
ticipants indicated that A-PiMod would have played a significant role in preventing this accident.
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the probability of fatal accidents by 43% [1, 21].
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(human error is a reality and errors will always happen), and help manage them if they occur. 
In this way, the third pilot approach can be conceptualised in relation to ‘Smart Pilot Assistance’.

A-PiMod will enable the automation system to account for pilots’ emotional and cognitive 
states. For example, normal, tired, stressed, overloaded and incapacitated. Together with a thor-
oughly designed adaptive multimodal cockpit, this new technology will significantly improve 
the safety of flight, especially in abnormal situations and during situations of crisis management.

It should be noted that the assessment of safety impact has been undertaken for the A-PiMod 
concept, rather than for its particular implementation as achieved in the A-PiMod project. 
The A-PiMod concept is an advanced adaptive automation concept for a multi-modal cockpit, 
wherein the automation is seen as a third pilot, and crew and automation continuously adapt 
to each other and the context, such that safety is maintained. In the course of the A-PiMod 
project a particular implementation of the concept was achieved by development of a set of 
tools, and these tools were used in validation experiments (i.e. validation cycle 1 and valida-
tion cycle 2), in a flight simulator context. This set of tools can be viewed as a first technical 
instantiation of the A-PiMod system, and the sophistication, scope and integration of the tools 
can be improved in future research and development.
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Abstract

The world is talking about the Industry 4.0 or the fourth industrial revolution, that is, the 
current trend of higher level of automation, digitalization and data exchange in manu-
facturing technologies. It includes cyber-physical systems, Internet of Things and cloud 
computing among other technological assets. With more than 5000 sensors, which gen-
erate up to 10 GB of data per second, modern aircraft engines are an exponent of what 
digitalization and the Internet of Aircraft Things could furnish, as part of the upcom-
ing Industry 4.0 revolution, in the aviation industry. This new era has the potential to 
improve air transport key performance areas. Particularly, in an industry where safety 
levels are so high and the margins for improvement are extremely tight, this upcom-
ing era might imply a shift in safety improvement. In an attempt to define Aviation 4.0, 
this chapter discusses the stages of aviation development from basic VFR flight rules 
at Aviation 1.0 up to Aviation 4.0 where cyber-physical systems are designed to assist 
humans’ unkind or hazardous work, to take decisions and to complete tasks autono-
mously. It illustrates the current and future cases of application of Aviation 4.0 to increase 
the aviation safety, while outlines how they might increase aviation safety levels.

Keywords: industry 4.0, aviation 4.0, digitization, IOT, big data, cyber-physical

1. Introduction

The manufacturing industry is going through remarkable changes. The fourth revolution, 
driven by the Internet of Things (IoT), is here. It is creating intelligent networks, connecting 
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machines, work, and systems that can independently interchange data and commands, initi-
ate actions and control each other autonomously [1]. Experts estimate that 85% of enterprises 
will implement Industry 4.0 solutions in all important business divisions in 5 years. By 2020, 
it will be equivalent to an annual expenditure of €140 billion only at European level [2].

However, what is the Industry 4.0? This is the question that the industry world is talking 
about. Industry 4.0 [3] is sometimes referred to as the fourth industrial revolution, after the 
steam-powered mechanical machines, the electrically powered mass production and the 
electronically/IT-powered automated manufacturing. It focuses on the establishment of intel-
ligent products and smart production processes as well as on vertically and horizontally inte-
grated manufacturing systems [4]. Smart products are distinctively distinguishable, may be 
situated at any moment in time, and record past and current information or status as well 
as alternative ways to attain their target. Smart production processes [5] are intelligent pro-
duction processes in which the various steps in the lifecycle are integrated with each other, 
starting with the design phase and ending with the retirement phase. The four stages of the 
industrial revolution are illustrated in Figure 1.

The concept is renamed locally according to the different initiatives going on in various geo-
graphical areas and industry branches. A few of them are:

• Internet of Things (IoT) [6] refers to the world in which all everyday objects and devices are 
completely interconnected for seamless interoperability;

• Industrial Internet of Things (IIoT) [7] is what you get when applying the concepts of IoT 
to an industrial setting, for example, in production;

• Smart Manufacturing is a term mainly used in the USA, and China2020 is a term mainly 
used in China [8];

• Factory of the Future is a large research initiative supported by the EU, in which new tech-
nologies (such as IoT) should be applied to factories;

• Industrial Internet (General Electric), Connected Enterprise (Cisco), and so on;

• Industrial Digitalization is a term used in Sweden, which stresses the impact and potentials 
of digitalization in both manufacturing and process industries.

The difference between these initiatives does not lie in the goals, but rather in the selection 
of enabling technical solutions (e.g., wireless or not, use of Internet or proprietary networks, 
point-to-point communication or not, cloud-based or not, etc.).

As far as aviation is concerned, the main applications of the Industry 4.0 concept so far are 
related to the aerospace manufacturing processes. Barbosa [9] provided a contextual outline 
of how robotics, additive manufacturing, augmented reality, IoT and simulation are currently 
applied at the aeronautics manufacturing industry. He illustrated some novelties in the aero-
space industry related to Industry 4.0 and its day-to-day benefits.

Even if there is still a long way to go before the first fully automated airplane is produced, 
application of robots at Airbus and Boeing will make monthly production rates above 30 units 
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possible for some aircraft types. A new Airbus spin-off company, InFactory Solutions, is devel-
oping the corporation vision of the “Factory of the Future,” with products and services for 
connected manufacturing under a fully connected and digital production environment. [10]

At the same time, some authors have pointed out the impact of Industry 4.0 key enabling 
technologies on how safety is managed at the production sites. Big data analytics can provide 
precise data for operational control, and IoT might improve equipment safety through a bet-
ter maintenance [11–13].

However, the potential of Industry 4.0 key enabling technologies to increase the extremely 
tight safety levels in aviation operation has not yet been addressed. This chapter discusses 
how the upcoming Aviation 4.0 era (Industry 4.0 for aviation) might imply a paradigm shift 
opportunity in safety improvement. It analyzes, from an evolutionary perspective, the stages 
of aviation development, from basic VFR flight rules at the Aviation 1.0, up to Aviation 4.0 
stage where cyber-physical systems will be designed to assist humans’ physically strenuous, 
unpleasant or dangerous work, to take decisions and to complete tasks autonomously. It also 
illustrates case studies of the application of the Aviation 4.0 concept to increase aviation safety.

2. The concept of aviation 4.0

Just as we can establish four stages in the industrial revolution, we can establish four stages 
in the evolution of commercial aviation. These four stages are closely related to the adoption 

Figure 1. The four stages of the industrial revolution.
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space industry related to Industry 4.0 and its day-to-day benefits.

Even if there is still a long way to go before the first fully automated airplane is produced, 
application of robots at Airbus and Boeing will make monthly production rates above 30 units 
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possible for some aircraft types. A new Airbus spin-off company, InFactory Solutions, is devel-
oping the corporation vision of the “Factory of the Future,” with products and services for 
connected manufacturing under a fully connected and digital production environment. [10]

At the same time, some authors have pointed out the impact of Industry 4.0 key enabling 
technologies on how safety is managed at the production sites. Big data analytics can provide 
precise data for operational control, and IoT might improve equipment safety through a bet-
ter maintenance [11–13].

However, the potential of Industry 4.0 key enabling technologies to increase the extremely 
tight safety levels in aviation operation has not yet been addressed. This chapter discusses 
how the upcoming Aviation 4.0 era (Industry 4.0 for aviation) might imply a paradigm shift 
opportunity in safety improvement. It analyzes, from an evolutionary perspective, the stages 
of aviation development, from basic VFR flight rules at the Aviation 1.0, up to Aviation 4.0 
stage where cyber-physical systems will be designed to assist humans’ physically strenuous, 
unpleasant or dangerous work, to take decisions and to complete tasks autonomously. It also 
illustrates case studies of the application of the Aviation 4.0 concept to increase aviation safety.

2. The concept of aviation 4.0

Just as we can establish four stages in the industrial revolution, we can establish four stages 
in the evolution of commercial aviation. These four stages are closely related to the adoption 

Figure 1. The four stages of the industrial revolution.
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of higher levels of automation on board aircraft; and controversially, they do not correspond 
to a deliberate attempt of improving aviation safety in a steady way, but rather to a continu-
ous adaptation to the challenges imposed by its environment following a trial-and-response 
approach. The four stages in commercial aviation revolution, from Aviation 1.0 to Aviation 
4.0 are summarized in Table 1.

The first evolutionary stage, Aviation 1.0, corresponded to the beginning of the commercial 
aviation were flight evolved under visual flight rules, following visuals clues and signals and 
there was hardly any instrumental aid to help pilots to fly. This era was dominated by the 
technological challenges posed by how to build and fly an aircraft. Very simple instruments 
constituted the so-called first steps toward “virtualization of the environment”; and provided 
basic indications required for the flight: first, anemometers and altimeters to indicate air-
speed and altitude; pneumatic and electric gyroscopes to measure attitude and stabilize an 
artificial horizon; basic mechanical autopilots to keep a straight flight; servos and devices to 
perceive forces on aerodynamic surfaces (artificial feel load, Mach trim compensator), and so 
on. Mechanic inventions were progressively incorporated to flight controls in parallel with 
electric basic instruments to help pilots.

The second stage, Aviation 2.0 was dominated by the replacement of old mechanism by elec-
tric devices. Technological advances were driven by two important challenges imposed by 
the continuous and steady growth of aviation, with a higher number of aircraft operating in 
the same environment, under all weather conditions: (i) how to fly an aircraft under adverse 
meteorological conditions? and (ii) how to control multiple aircraft flying in dense traffic in 
the same airspace?

New instruments such as the VOR (very high-frequency omnidirectional range) and ILS (instru-
ment landing system) allows the pilots to follow safely tracks and approach paths. On board 

Stage of aviation 
development

Characteristics Characteristics of signal 
processing

Main challenges

Aviation 1.0: VFR Airspace Visual signals How to build and fly an aircraft?

Aviation 2.0: IFR Frequency Space Technical analog signals How to fly an aircraft under 
adverse met conditions? How to 
control multiple aircraft flying in 
dense traffic in the same airspace?

Aviation 3.0: Assistance 
Systems; Safety Nets

Data Space (Digitization; 
Informatization)

Digital data processing; 
Digital data 
communication

To support the people with the 
help of aggregated, visualized, 
understandable information to 
make informed decisions; SWIM

Aviation 4.0: AFR, 
RPAS, Decentralized 
decisions by systems

Cyber Space (Automation; 
Artificial Intelligence)

Cyber-physical systems Cyber-physical systems to assist 
humans’ physically strenuous, 
unpleasant or dangerous work.

Cyber-physical systems to take 
decisions and to complete tasks 
autonomously

Table 1. The four stages in commercial aviation revolution: From aviation 1.0 to aviation 4.0 [17].
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innovations, such as electric autopilots, auto-throttle, flight directors, airborne weather radars, 
navigation instruments, inertial platforms, and so on, resulted in high safety enhancements. This 
evolution comes with a rise of information to be managed by the pilot, who might be confronted 
with more than 600 devices and indicators to be monitored and controlled in the cockpit.

Aviation 3.0, the third stage in the revolution of commercial aviation involved the massive 
incorporation of electronics in the cockpit, driven by the availability of reliable and usable 
digital data processing and data communication technology that invaded the market and 
society. At the beginning of this revolution, electronics significantly helped to diminish the 
clutter of instruments and replace the old indicators with integrated colored displays, cathode 
ray tube (CRT) and liquid crystal display (LCD), capable of providing a synthetic and analytic 
view of multiple parameters in a limited area of the cockpit. Technological solutions were 
progressively designed to support the operators (pilots and controllers) informed decisions, 
with the help of aggregated, visualized, understandable information. Operations onboard 
and outside of the aircraft shifted from tactical to strategic, and assistance systems and safety 
nets became crucial elements to increase the level of safety in commercial aviation.

The amount of information available in the system raised exponentially while became no 
longer immediately accessible and visible to the operator, who was forced to evolve his/her 
role from an active role (flying or controlling tasks) toward a monitoring role. This third revo-
lution in aviation brings the emergence of the notion of the “electronic echo-systems.” As 
an example, an A-320 incorporated around 190 computers, placed all through the fuselage, 
which interacts with them without the pilot being aware. The complexity of the “electronic 
echo-systems” is an epistemological obstacle for pilots and controllers, which might adversely 
affect the safety of the operation as far as they become sometimes “out of the loop.”

Modern advanced aerospace systems will be characterized by a tight combination between 
onboard cyber systems (e.g., processing, communication) and physical elements (e.g., plat-
form structure, sensing, actuation and environment), defined by researchers as “engineered 
systems that are built from and depend upon the synergy of computational and physical 
components” [14, 15]. Therefore, Aviation 4.0 is concerned with the design of cyber-physical 
Systems (CPS) that are able to assist humans’ demanding work by helping them to take deci-
sions and to complete tasks autonomously, and with its integration of cyber-physical compo-
nents in future aviation information systems [16].

Cyber-physical systems will make the Aviation 4.0 airframe a digital and smart airplane. The 
amount and diversity of operational data that can be collected onboard of the aircraft and 
by ground operations will raise exponentially. In Aviation 4.0, supervisory control in the 
manufacturing processes and big data acquisition and processing networks make possible 
automation and integration with IT systems. Airplane operations relay on a grand scale on 
the employment of CPS. Future Air Traffic Management systems are conceived as a cyber-
physical system-of-systems (CPSS) that demand tight amalgamation to provide the required 
capacity, efficiency, safety and security system performance. In this scheme, examples of 
cyber components are aircraft digital communications, weather/traffic forecast, flight plan-
ning/optimization algorithms, situation awareness and decision support software, and so on, 
while example of physical components are mobile aircraft; dynamic airspace traffic, weather, 
pollution, noise; pilots, air traffic controllers, airlines crew, and so on.
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of higher levels of automation on board aircraft; and controversially, they do not correspond 
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4.0 are summarized in Table 1.
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there was hardly any instrumental aid to help pilots to fly. This era was dominated by the 
technological challenges posed by how to build and fly an aircraft. Very simple instruments 
constituted the so-called first steps toward “virtualization of the environment”; and provided 
basic indications required for the flight: first, anemometers and altimeters to indicate air-
speed and altitude; pneumatic and electric gyroscopes to measure attitude and stabilize an 
artificial horizon; basic mechanical autopilots to keep a straight flight; servos and devices to 
perceive forces on aerodynamic surfaces (artificial feel load, Mach trim compensator), and so 
on. Mechanic inventions were progressively incorporated to flight controls in parallel with 
electric basic instruments to help pilots.

The second stage, Aviation 2.0 was dominated by the replacement of old mechanism by elec-
tric devices. Technological advances were driven by two important challenges imposed by 
the continuous and steady growth of aviation, with a higher number of aircraft operating in 
the same environment, under all weather conditions: (i) how to fly an aircraft under adverse 
meteorological conditions? and (ii) how to control multiple aircraft flying in dense traffic in 
the same airspace?

New instruments such as the VOR (very high-frequency omnidirectional range) and ILS (instru-
ment landing system) allows the pilots to follow safely tracks and approach paths. On board 
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Aircraft Technology28

innovations, such as electric autopilots, auto-throttle, flight directors, airborne weather radars, 
navigation instruments, inertial platforms, and so on, resulted in high safety enhancements. This 
evolution comes with a rise of information to be managed by the pilot, who might be confronted 
with more than 600 devices and indicators to be monitored and controlled in the cockpit.

Aviation 3.0, the third stage in the revolution of commercial aviation involved the massive 
incorporation of electronics in the cockpit, driven by the availability of reliable and usable 
digital data processing and data communication technology that invaded the market and 
society. At the beginning of this revolution, electronics significantly helped to diminish the 
clutter of instruments and replace the old indicators with integrated colored displays, cathode 
ray tube (CRT) and liquid crystal display (LCD), capable of providing a synthetic and analytic 
view of multiple parameters in a limited area of the cockpit. Technological solutions were 
progressively designed to support the operators (pilots and controllers) informed decisions, 
with the help of aggregated, visualized, understandable information. Operations onboard 
and outside of the aircraft shifted from tactical to strategic, and assistance systems and safety 
nets became crucial elements to increase the level of safety in commercial aviation.

The amount of information available in the system raised exponentially while became no 
longer immediately accessible and visible to the operator, who was forced to evolve his/her 
role from an active role (flying or controlling tasks) toward a monitoring role. This third revo-
lution in aviation brings the emergence of the notion of the “electronic echo-systems.” As 
an example, an A-320 incorporated around 190 computers, placed all through the fuselage, 
which interacts with them without the pilot being aware. The complexity of the “electronic 
echo-systems” is an epistemological obstacle for pilots and controllers, which might adversely 
affect the safety of the operation as far as they become sometimes “out of the loop.”

Modern advanced aerospace systems will be characterized by a tight combination between 
onboard cyber systems (e.g., processing, communication) and physical elements (e.g., plat-
form structure, sensing, actuation and environment), defined by researchers as “engineered 
systems that are built from and depend upon the synergy of computational and physical 
components” [14, 15]. Therefore, Aviation 4.0 is concerned with the design of cyber-physical 
Systems (CPS) that are able to assist humans’ demanding work by helping them to take deci-
sions and to complete tasks autonomously, and with its integration of cyber-physical compo-
nents in future aviation information systems [16].

Cyber-physical systems will make the Aviation 4.0 airframe a digital and smart airplane. The 
amount and diversity of operational data that can be collected onboard of the aircraft and 
by ground operations will raise exponentially. In Aviation 4.0, supervisory control in the 
manufacturing processes and big data acquisition and processing networks make possible 
automation and integration with IT systems. Airplane operations relay on a grand scale on 
the employment of CPS. Future Air Traffic Management systems are conceived as a cyber-
physical system-of-systems (CPSS) that demand tight amalgamation to provide the required 
capacity, efficiency, safety and security system performance. In this scheme, examples of 
cyber components are aircraft digital communications, weather/traffic forecast, flight plan-
ning/optimization algorithms, situation awareness and decision support software, and so on, 
while example of physical components are mobile aircraft; dynamic airspace traffic, weather, 
pollution, noise; pilots, air traffic controllers, airlines crew, and so on.
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Even today, with only a limited deployment of airborne cyber-physical systems, the available 
information is immense: maintenance messages/fault codes, quick access recorder (QAR) of 
flight and system parameters; maintenance action logs/test results/shop data; real-time data 
and real-time information management for decision-making, and so on. The great technologi-
cal parallel developments in data analytics will support active reaction to these enhanced air-
craft operations. To illustrate the diversity and the volume of data that the total deployment of 
aviation will imply 4.0, let us consider that the modern engines (such as the Pratt & Whitney’s 
Geared Turbo Fan GTF engine) can have up to 5000 sensors generating up to 10 GB of data per 
second. A single twin-engine aircraft with an average 12-h flight time can produce up to 844 TB 
of data, 20% more data than Facebook daily accumulated data. While an Airbus A320 transmits 
about 15,000 parameters per flight, the figure is 250,000 for the A380 and 400,000 for the A350. 
It seems, therefore, that the data generated by the aerospace industry alone could soon surpass 
the magnitude of the consumer Internet. However, the wave of data is “useless” without tar-
geted analysis.

This revolution is not exempted of defies. Challenges related to information assurance and 
cyber security include the certification of cyber security requirements for e-Enabled airplanes; 
the development of anti-tamper avionics hardware and software and the collaboration of 
industry and governments to address the cyber threat to aviation. There are also very impor-
tant technological challenges for airplane operations, which are as follows:

• worldwide aeronautical networks interoperability, including signal processing and wire-
less performance as well as the aircraft interfaces to the Internet;

• verification and validation of the onboard software, how to secure end-to-end entire SW 
supply processes, the understanding of cyber-physical life-cycle scale;

• improvement of airplane health, control and prognostics by exploiting sensor networks and 
data fusion, information management and data analytics and, critical real-time data shar-
ing, appropriate end-to-end information exchange, distributed decision-making; and finally

• human-automation interface issues such as visualization, keeping human-in-the-loop and 
connection between aircraft controls and air traffic systems.

Industry 4.0 technologies (automation, IOT, artificial intelligence, cognitive computing, big 
data analytics, digitization, etc.) have the potential to generate a paradigm shift in the avia-
tion industry, generating new mechanisms to make it not only more efficient but also safer. 
Unexplored concepts and approaches to safety start to being discovered by companies and 
researchers in an attempt to approach safety from different perspectives with the new tools 
that Aviation 4.0 makes available.

In the following sections, we revise up to six case studies that illustrate the application of 
Aviation 4.0 concept to significantly increase the safety levels in aviation.

1. Automatic flying in predefined situations in a rule-based way.

2. Developing a robust aircraft predictive maintenance.
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3. Cockpit safety cognitive computing aid systems.

4. Real-time weather information update.

5. Improved search and rescue services especially in the oceanic or remote area.

6. Real-time human performance monitoring and alerting based on nonintrusive physiologi-
cal sensors/signals and contextual information.

3. Automatic flying in predefined situations in a rule-based way

Recent aviation history is splashed with occurrences that have led researches to consider the 
concept of AFR “Automatic/Autonomous Flight Rules,” which implies “Automatic flying in 
predefined situations in a rule-based way”.

On 1 July 2002 at 23:35, flights DHL Flight 611 and Bashkirian Airlines Flight 2937 collided at 
36,000 feet over the German town of Überlingen. The investigation identified the deficiencies 
in the air traffic control service and the error of one of the crew to follow the indications of the 
onboard aircraft collision avoidance system (traffic collision avoidance system—TCAS) in the 
origin of the accident. The TCAS was able to effectively anticipate the collision and generate 
proper and correct alarms to alert the crews and generate evasion trajectories to be followed 
by each crew. TCAS resolution maneuvers were correctly generated. If both crews had acted 
accordingly, following the “rules” and the TCAS resolution indications, the accident would 
have been avoided.

On 24 March 2015, the flight German Wings Flight 4 U 9525 crashed in the French Alps. The 
aircraft followed a descent trajectory guide by the pilot, who had set the autopilot to descend 
to 100 ft. (30 m) and augmented the descending speed of the aircraft. One minute before the 
aircraft hit the ground, the system that alerts of dangerous proximity of the aircraft to the ter-
rain (enhanced ground proximity warning system—EGPWS) generated correct and proper 
warnings indicating to the pilot to ascend to avoid collision with the ground.

On both situations, the aircraft systems correctly detected the dangerous situation and “warn-
ings” were generated properly, although not appropriately followed by the crew. Both cases 
would have been avoided if the warnings have been automatically followed when the crew 
was not taking appropriate action in due time.

These support the idea to develop “rules of flight” where the Aviation 4.0 cyber-physical 
(expert or AI) aircraft system will follow the warnings automatically, in case the crew is not 
taking appropriate action in due time.

Other recent occurrences raise the question about the capabilities of Aviation 4.0 to prevent 
or avoid particular accidents. Malaysian Airlines Flight MH370 left the cleared flight path 
and disappears from radar screen without any communication with ATC. Could an Aviation 
4.0 FMS prevent from deviating from the filed flight plan in that massive way (without hav-
ing activated/provided a feasible “alternate” routing)? In a more general approach, could an 
Aviation 4.0 FMS prevent from flying into a no-fly-zone (NFZ) or a restricted area?
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• human-automation interface issues such as visualization, keeping human-in-the-loop and 
connection between aircraft controls and air traffic systems.
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On 1 July 2002 at 23:35, flights DHL Flight 611 and Bashkirian Airlines Flight 2937 collided at 
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in the air traffic control service and the error of one of the crew to follow the indications of the 
onboard aircraft collision avoidance system (traffic collision avoidance system—TCAS) in the 
origin of the accident. The TCAS was able to effectively anticipate the collision and generate 
proper and correct alarms to alert the crews and generate evasion trajectories to be followed 
by each crew. TCAS resolution maneuvers were correctly generated. If both crews had acted 
accordingly, following the “rules” and the TCAS resolution indications, the accident would 
have been avoided.
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aircraft followed a descent trajectory guide by the pilot, who had set the autopilot to descend 
to 100 ft. (30 m) and augmented the descending speed of the aircraft. One minute before the 
aircraft hit the ground, the system that alerts of dangerous proximity of the aircraft to the ter-
rain (enhanced ground proximity warning system—EGPWS) generated correct and proper 
warnings indicating to the pilot to ascend to avoid collision with the ground.

On both situations, the aircraft systems correctly detected the dangerous situation and “warn-
ings” were generated properly, although not appropriately followed by the crew. Both cases 
would have been avoided if the warnings have been automatically followed when the crew 
was not taking appropriate action in due time.

These support the idea to develop “rules of flight” where the Aviation 4.0 cyber-physical 
(expert or AI) aircraft system will follow the warnings automatically, in case the crew is not 
taking appropriate action in due time.

Other recent occurrences raise the question about the capabilities of Aviation 4.0 to prevent 
or avoid particular accidents. Malaysian Airlines Flight MH370 left the cleared flight path 
and disappears from radar screen without any communication with ATC. Could an Aviation 
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Aviation 4.0, using the potential of automatic flying in predefined situations, as illustrated in 
Figure 2, and in a rule-based way, could help to overcome today‘s safety and security gaps, 
although key R&D work (Aviation 4.0 Research Agenda) is still needed to get it done, such 
as the:

• Identification and definition of automatic/autonomous flight rules.

• Predefinition of situations, where automatic (autonomous) flying to be activated and to be 
deactivated after the situation has improved.

• Standardization of “sensor” signals (data inputs) needed to determine, whether an in-flight 
situation is out of an acceptable “envelope.”

• Safety Analysis for Aviation 4.0.

• Resolution of regulatory and liability issues.

Many puzzle stones needed are already available and in operational use, and developments 
and experiences from other domains can be taken on board. Missing links are topics for a 
future research agenda; however, no unsolvable issues identified so far. On the one hand, 
engineering and operational skills and experience are needed; on the other hand, skills and 
experience in (social) change management are not negligible.

4. Developing a robust predictive aircraft maintenance

Although most commercial jets still operate engines with limited sensing capability (around 
250 sensors), the last onboard maintenance systems manage to enable structure preventive 
maintenance services. Typically A380 preventive maintenance system is able to generate a list 
of “pending items to fix” to prevent the next failures causing MMEL issues affecting aircraft 
dispatch. Ground statistical analysis of fleet historical aircraft maintenance messages and air-
craft condition monitoring are used to start preventive maintenance actions upon preventive 
conditions. Nevertheless, these systems are not able to provide information about the real-time 

Figure 2. Automatic flying in predefined situations.
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remaining tolerance margin before the occurrence of the next impacting MMEL item, in terms of 
additional remaining failures of line replaceable units, failure combination and quantified risk.

However, with the advent of Aviation 4.0, the challenge of achieving a real-time effective predic-
tive maintenance capability is becoming a new market for the aeronautical industry. The A350 
is able to record in-flight 400.000 parameters, what combine with big data analytics have the 
potential to comprehend the comportment of the aircraft deeply enough to conduct the mainte-
nance interventions before failures occur. To exploit this market, Airbus and Rolls-Royce have 
already established a partnership to offer a global expertise in predictive maintenance on A350.

Predictive maintenance has the potential to avoid accidents and extend the aircraft’s lifetime 
by the anticipation of problems before they worsen and spread, and even by programing 
maintenance of replacement just before the failures or problems occur.

The advantages of Aviation 4.0 IoT aircraft extend to fuel costs and efficiency. Real-time anal-
ysis of an airplane engine’s sensors can detect and correct the operating inefficiencies that 
translate to increased fuel consumption.

The potential of predictive maintenance combined with synchronized logistics will have the 
potential to improve turnaround times, diminish maintenance interventions and the time and 
number of inactive aircraft in hangars while waiting for parts and service. Real-time reception 
of the onboard data will allow ground maintenance teams to have parts and technicians ready 
before the plane lands, so the technical interventions might be done in the minimum time, 
reducing affections to the flight schedule.

If additionally combined with augmented work technologies, the maintenance work could be 
transformed into an enhanced troubleshooting environment where technicians might have 
in a single view of all necessary maintenance information pertinent to the problem. This will 
reduce the occurrence of human errors during maintenance interventions, impacting posi-
tively the probability of accidents due to maintenance errors as well as improving both effi-
ciency and economics.

This information is useful for maintenance purposes after the flight has landed, and the data 
are downloaded and evaluated. What if centralized maintenance and aircraft condition moni-
toring data were received in real-time by maintenance personnel on the ground? Or combined 
in real-time with data analytics, centralized maintenance and logistics information? Or used 
to integrate aircraft preventive diagnosis with information coming from prognostics?

Data received in real-time by personnel in charge of the maintenance while they are on the 
ground waiting for the flights will allow the maintenance teams to anticipate any problems 
before the flight lands, and it will allow technicians to have the parts and specialist ready for 
a quick intervention. Data analytics and interconnected smart sensors will allow to combine 
predictive maintenance with synchronized logistics system and reducing not only the risk of 
in-flight failure but also the cost of aircraft awaiting parts and service.

Maintenance technicians are alerted of a maintenance problem from ACARS messages, voice 
messages, the aircraft crew logbook and/or conversation with the flight crew. But until now, 
the troubleshooting information needed to combat the problem has not been centralized, and 
is not easily accessed while the technicians are on the ramp working on a plane. Technologies 
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Aviation 4.0, using the potential of automatic flying in predefined situations, as illustrated in 
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remaining tolerance margin before the occurrence of the next impacting MMEL item, in terms of 
additional remaining failures of line replaceable units, failure combination and quantified risk.
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reducing affections to the flight schedule.
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like Google Glasses have the potential to recreate complex diagrams and technical information 
in a 3D-augmented reality environment that boosts the perception of the technicians about 
the problem and its possible solutions. Maintenance teams might benefit from augmented 
work technologies to enhance the maintenance and service. An enriched troubleshooting 
environment with an integrated view of all necessary maintenance information pertinent to 
the problem might become a fourth dimension that enables remote assistance and guidance 
as well as real-time access to the most complete documentation while on the job. Predictive 
and augmented maintenance applications are illustrated in Figure 3.

5. Cockpit safety cognitive computing aid systems

Cognitive computing is the capability of the computational systems to emulate the behavior 
of the human brain, that is:

• Manage and stock huge volumes of data and information in a wide variety of formats (pic-
tures, sound, text, symbols, alphanumeric characters, conversations, etc.);

• Find optimal solutions and process situations that are never experienced before;

Figure 3. Predictive and augmented maintenance.
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• Process information and inputs without requiring data to be organized or compliant with 
a predefined and close structure or format;

• Organize data and information to find patterns and obtaining hindsight from the 
information;

• Integrate and combine new data with previous past knowledge and experiences, making 
sense of such mixture;

• Learn from experience, retaining prior questions and contexts;

• Make decisions and provide intelligent answers to questions based on inferences from the 
information received;

• Refine and update of decision and answers from a continuous information gathering and 
processing.

Applications of cognitive computing in aviation safety are illustrated in Figure 4. A good 
exponent of a cognitive computing system is IBM’s Watson. Watson is able to process ques-
tions expressed in natural human language, and gather and analyze unstructured informa-
tion and assistance operators make enhanced sensitive choices. Information feed into Watson 
does not need to match any inflexible parsing. Watson learns from previous experience, prior 
information and questions, and the context where those questions were made. Moreover, the 
system is able to argument the evidence it relies on and therefore, the explanations behind 
its recommendations. All these capabilities for interpreting, evaluating and recommending 
solutions convert Watson (or other similar cognitive computing systems) into a key enabler 
for aviation safety improvement.

Airbus Group is working on the development of a Watson Cockpit Mentor, that is, studying 
how to use Watson technology to help guide pilots through crisis and reducing the information 
overload pilots during an emergency. In the case of a flight emergence, the system will be able 

Figure 4. Aviation safety cognitive computing applications.
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to interpret not only the information about the status and performance of the aircraft systems 
but also the pilot description of the problem in simple spoken natural language and the rele-
vant technical materials and documents. Watson crew assistance will interpret the problem and 
all the information logically will discern critical information on the cabin relevant to the prob-
lem solution and make recommendations to the pilot. Those recommendations might concern 
a modification of the operation of the aircraft to mitigate the problem, a guide in the trouble-
shooting of the problem, and so on. The system might take care automatic control of less criti-
cal decisions and flight task, relieve the crew of nonessential emergency-related activities and 
therefore, allow the pilot to concentrate on these resources on the resolution of the emergence.

As much as this project might look like science fiction, it is actually one of the collaborative 
activities between Airbus and IBM. Airbus is also developing cognitive computing applica-
tions in other fields of the aircraft operation such as fuel efficiency, maintenance capabilities 
and operational optimization of the aircraft.

6. Improved search and rescue services especially in oceanic or 
remote area

Some recent accidents have involved aircraft disappearing, sometimes over the oceans with-
out notice or communications, and very expensive and sometimes unfruitful rest recovery 
campaigns. The last unfortunate MF370 event has reinforced the efforts of the aeronautical 
community to develop the concept operations for the Global Aeronautical Distress and Safety 
System (GADSS). This system will track the aircraft everywhere and under all conditions, it 
will locate the aircraft when in distress, and it will ensure the timely recovery of Flight and 
Cockpit Voice Data.

The requirements for these systems are established for normal tracking conditions and for 
the location of an airplane in distress conditions. It has been establishing an aircraft-tracking 
time interval of 15 min whenever air traffic services obtain an aircraft’s position information 
at greater than 15 min intervals for airplanes with a seating capacity greater than 19.

Requirements for the location of an airplane in distress (a state that if uncorrected could result 
in an accident) establish airplane to autonomously transmit information from which a posi-
tion can be determined at least once every minute. This will provide a high probability of 
locating an accident site to within a 6 NM radius. This transmission can be activated:

• automatically based on flight behavior and triggered by abnormal or specific events;

• manually from the air crew; and

• manually from the ground.

These requirements will be applicable to new airplanes with take-off weight greater than 
27,000 kg from 1 January 2021. The provisions relating to one-minute distress tracking are per-
formance-based, not technology-specific, which means that airlines and aircraft manufacturers 
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may consider all available and emerging technologies which can deliver the one-minute location 
tracking requirement specified. Main characteristics of Aviation 4.0 distress tracking systems are 
summarized in Figure 5.

There is a range of already installed aircraft technologies/services that can be used for this 
purpose in the near-term (ADS-C, DS-B, stand-alone sitcom, ACARS, etc.). Mid-term solu-
tions imply space-based ADS-B solutions based upon LEO polar satellite systems, expected to 
be available around 2018. Long-term solutions envisage automatic deployable flight recorders 
or real-time data streaming.

The advantages of aviation 4.0 IoT aircraft will allow real-time analysis of an airplane perfor-
mance and operation, detecting deviations of normal behavior, not standard operating condi-
tions and not desired aircraft states as well as precursors of dangerous conditions that might 
lead to an accident. IoT would help to connect the missing dots, proper alarm generation, 
proper tracking, administration, intercommunication among the stakeholders.

7. Real-time human performance monitoring/alerting

The ecosphere of wearable devices is probably one of the newest, more attractive and at the 
same time, challenging area of the Internet of Things (IoT). Its applications might vary widely 
and in particular, the possibilities in the field of aviation are just beginning to be explored. 
The design, production and integration of wearable devices in aviation operations are on the 
IoT cutting edge. Requesting to be the first airline to incorporate wearable technology in its 
operation, EasyJet has designed and produced advanced uniforms that integrate wearable 

Figure 5. Aviation 4.0 distress tracking systems.
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technology for the in-crew and ground staff, with an aim to increase safety in the operation. 
Air New Zealand uses wearable devices to track unaccompanied children on short- and long-
distance flights.

This technology allows sensing, storing, interpreting and communicating information about 
the wearer’s body or surroundings by using reliable, not expensive and nonintrusive sensors 
and devices. Real-time human performance monitoring and alerting based on nonintrusive 
physiological sensors, signals and contextual information are illustrated in Figure 6.

Real-time integration of nonintrusive physiological sensors and signals combined with con-
textual information offers a great potential to tackle problems related to one of the aviation 
safety corner stones, human factors. This technology could help to:

• detect and alert the reduced human performance situations (fatigue, stress, lack of SW, 
etc.);

• develop better and more reliable human performance adaptive automation; and

• improve skills and rate of learning based upon neuro assessment of learning processes in 
aviation, and so on.

8. Conclusions

The manufacturing industry is going through amazing fourth evolution driven by technological 
breakthroughs such as the Internet of Things (IoT), intelligent networks, connecting machines, 
work and systems, that can independently interchange data and commands, initiate actions and 

Figure 6. Real-time human performance monitoring and alerting based on nonintrusive physiological sensors/signals 
and contextual information.
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control each other autonomously. New manufacturing focuses on intelligent products and smart 
production processes as well as on vertically and horizontally integrated manufacturing systems.

Even if renamed locally according to different initiatives going on in various geographical 
areas and industry branches, the concept is universal. Experts estimate that 85% of enterprises 
will implement Industry 4.0 solutions in all important business divisions in 5 years. By 2020, it 
will be equivalent to an annual expenditure of €140 billion only at European level.

As far as the aviation is concerned, the main applications of the Industry 4.0 concept so far are 
related to the aerospace manufacturing processes such as robotics, additive manufacturing, 
augmented reality, IoT and simulation. However, the potential of Industry 4.0 key enabling 
technologies to increase the extremely tight safety levels in aviation operation has not yet 
been addressed, besides for the consideration on how safety is managed at the production 
sites. This chapter discusses the potential of Industry 4.0 key enabling technologies to increase 
the extremely tight safety levels in commercial aviation, and how the upcoming Aviation 4.0 
(Industry 4.0 for aviation) might imply a paradigm shift opportunity in safety improvement.

This chapter analyzes, from an evolutionary perspective, the stages of aviation development, 
from basic VFR flight rules at the Aviation 1.0 up to Aviation 4.0 stage where cyber-physical 
systems will be designed to assist humans’ physically strenuous, unpleasant or dangerous 
work, to take decisions and to complete tasks autonomously.

The authors establish four stages in the evolution of commercial aviation, which are similar to 
the four stages in the industrial revolution. These four stages are closely related to the adop-
tion of higher levels of automation on board aircraft. The first evolutionary stage, Aviation 1.0, 
corresponded to the beginning of the commercial aviation were flight evolved under visual 
flight rules, following visuals clues and signals, and there was hardly any instrumental aid 
to help pilots to fly. The second stage, Aviation 2.0 was dominated by the replacement of old 
mechanism by electric devices. Aviation 3.0, the third stage in the revolution of commercial 
aviation involved the massive incorporation of electronics in the cockpit. Finally, Aviation 4.0 
is concerned with the design of cyber-physical systems (CPS) that are able to assist humans’ 
demanding work by helping them to take decisions and to complete tasks autonomously, and 
with its integration of cyber-physical components in Future Aviation Information Systems. 
Cyber-physical systems will make the Aviation 4.0 airframe a digital and smart airplane.

Aviation 4.0 technologies (automation, IOT, artificial intelligence, cognitive computing, big 
data analytics, digitization, etc) have the potential to generate a paradigm shift in the avia-
tion industry, generating new mechanisms to make it not only more efficient but also safer. 
Unexplored concepts and approaches to safety start to being discovered by companies and 
researchers to approach safety from different perspectives with the new tools that Aviation 4.0 
makes available. The authors have finally illustrated six case studies of the application of the 
Aviation 4.0 concept to increase the aviation safety, which is a reality nowadays:

• Automatic flying in predefined situations in a rule-based way.

• Developing a robust aircraft predictive maintenance.

• Cockpit safety cognitive computing aid systems.
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• Real-time weather information update.

• Improved search and rescue services especially in the oceanic or remote area.

• Real-time human performance monitoring and alerting based on nonintrusive physiologi-
cal sensors/signals and contextual information.

However, this revolution is not exempted of defies. Challenges related to information assur-
ance and cyber security include the certification of cyber security requirements for e-Enabled 
airplanes; the development of anti-tamper avionics hardware and software and the collabora-
tion of industry and governments to address the cyber threat to aviation. There are also very 
important technological challenges for airplane operations, which are as follows:

• worldwide aeronautical networks interoperability, including signal processing and wire-
less performance as well as the aircraft interfaces to the Internet;

• verification and validation of the onboard software, how to secure end-to-end entire SW 
supply processes, the understanding of cyber-physical life-cycle scale;

• improvement of airplane health, control and prognostics by exploiting sensor networks 
and data fusion, information management and data analytics and, critical real-time data 
sharing, appropriate end-to-end information exchange, distributed decision-making; and 
finally

• human-automation interface issues such as visualization, keeping human-in-the-loop and 
connection between aircraft controls and air traffic systems.
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• Improved search and rescue services especially in the oceanic or remote area.

• Real-time human performance monitoring and alerting based on nonintrusive physiologi-
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finally

• human-automation interface issues such as visualization, keeping human-in-the-loop and 
connection between aircraft controls and air traffic systems.
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Abstract

Fourth generation aircraft, such as the McDonnell Douglas F-15 “Eagle,” and the fifth
generation platforms that followed, including the Lockheed Martin F-22 “Raptor,” pose
unique physiological challenges to arguably the most important “system” on the aircraft,
the human. Advances in aeronautical engineering have enabled next-generation aircraft to
operate well beyond the natural limits of human endurance. Although the demand for
unmanned systems is increasing exponentially, continued use of manned aircraft is still
desirable within civilian and military operations for various safety and security reasons.
With the continued presence of pilots in cockpits, future aircraft designers will require a
basic understanding of the unique physiological factors affecting human performance in
this domain. Given knowledge of human limitations, strategies for real-time on board
monitoring of the “human system” may be employed to increase the safety of the pilot
and aircraft.

Keywords: fifth generation aircraft, aerospace medicine, acceleration atelectasis, future of
manned flight, human cockpit monitoring

1. Introduction

Aerospace Medicine is a sub-specialty within the broader Occupational Medicine discipline,
requiring licensed physicians to complete specialized training to ensure and enhance the
health, safety, and performance of individuals exposed to air and space operational settings.
Unique hazards in these environments include exposure to microgravity conditions, various
radiation sources, multi-axial G-forces, and hypoxic conditions, among others. Aerospace
medicine practitioners often further specialize in niche aspects of aerospace medicine, applying
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human performance enhancement (HPE) and human systems integration (HSI) tenets to both
hyperbaric environments (dive medicine) and hypobaric disciplines (space medicine, high-
altitude wilderness medicine). Additionally, some specialize in human dynamics; focusing on
highly integrated “man-machine” challenges such as high-performance aircraft and ejection
seat emergency escape technologies [1]. As human factors specialists, Aerospace Medicine
specialists are ideally suited to participate in the development of new life-support systems in
modern aircraft. Unfortunately in recent times, there appears to be a decrease in the medical
role during initial design and testing, leaving medical specialists scrambling to make sense of
new physiologic ailments after an aircraft has become operational. This has not always been
the case. This chapter will address emerging challenges to human health in modern “next
generation” fighters as well as ways in which engineers and aerospace medicine professionals
may address them.

1.1. Brief history of aerospace medicine

Scientific interest in the effects of human and animal exposure to high-altitude environments can
be traced to the observations of Father Jose de Acosta in the late 1590s, more than 300 years
before the Wright brothers first flew their Flyer among the dunes at Kitty Hawk, North Carolina.
Evaluating the Andes high-altitude mountainous environment, Father Acosta surmised the thin
“element of air” was causing animals and humans to become ill [2]. Decades later, in 1643,
Evangelista Torricelli created the first experimental vacuum. In honor of his accomplishments
physical units of pressure were named after him and are known as torrs [3]. Later, Robert Boyle
of “Boyle’s Law” fame, described the first case of decompression sickness when he observed
bubble formation in the eyes of a viper exposed to vacuum environments [4].

Research on the physiologic responses specific to flight took place among early balloonists. On
September 19, 1783, brothers Joseph and Etienne Montgolfier sent aloft a duck, a rooster, and a
sheep to elucidate hypoxia-like effects on mammals [5]. Unfortunately, shortly thereafter in 1783,
researcher Jacques Charles, of Charles’ Law fame, endured the first aviation mishap. While
piloting a balloon, his passenger unexpectedly exited the basket, thus lightening the balloon
and triggering a rapid ascent to an approximate altitude of 10,0000 MSL, causing Charles to
experience ear and sinus pain [6]. Even one of the United States’ founding fathers, Benjamin
Franklin, took an early interest in high altitude research when he asked early balloonist Dr. John
Jeffries to take his pulse during a flight. Jeffries noted that his pulse increased from 84 beats per
minute (bpm) at sea level, to 92 bpm at an altitude of 58120 MSL [7].

Regrettably, the first fatalities in aviation occurred on June 15, 1785 when Pierre de Rozier and
Pierre Romain unsuccessfully attempted to pilot a balloon across the English Channel. Thirty
minutes after takeoff their balloon caught fire, killing both of them. Interestingly, this event
also witnessed the first ground casualty, although not as a direct result of impact; De Rozier’s
fiancée, who witnessed the event, subsequently collapsed and died. Other notable medical
incidents occurred during early balloon flights including the first in-flight emergency (IFE)
when, on March 7, 1809, John Pierre Blanchard experienced a cardiac arrest, otherwise known
as a “heart attack,”while piloting his balloon. During the episode, he fell from his balloon from
a height of approximately 500, dying a year later from his related injuries [7].
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One of the early grandfathers of Aviation Medicine was French physiologist Paul Bert. He
trained in engineering, law, physiology, and medicine. His work included experiments dem-
onstrating oxygen toxicity on animals as well as the therapeutic nature of oxygen in relieving
symptoms found in balloonists at altitude. In 1878 he wrote La Pression Barometrique, Recherches
de Physiologie Experimentale, which was so comprehensive it was later translated into English
and used by early aerospace physicians during World War II [4, 8].

The Wright Brothers, with their successful flight on December 17, 1903, ushered in the age of
powered heavier-than-air flight. Within 5 years, on September 17, 1908, the first passenger
died in an aircraft accident. Orville Wright was demonstrating the latest model of the Wright
Flyer to the US Army when the right propeller broke in flight leading to a stall and crash. The
passenger on that flight was Army Lieutenant Thomas Selfridge who suffered a skull fracture.
Despite attempts at early neurosurgery, Lt Selfridge died 3 h later. Orville himself suffered four
broken ribs, a broken thigh, and a dislocated hip. It was felt that Lt Selfridge may have
survived had he been wearing head protection and as a direct result of this accident, one of
the first human safety measures in aviation was employed: the use of a helmet [9]. Later, after
all six of the Wright model C aircraft, which the army had purchased, crashed, further engi-
neering safety measures were taken by the US Army. An investigation board felt that “pusher”
type aircraft were more unstable and a crash would result in the engine, which was situated
behind the pilot, coming forward and crushing the aviator. Subsequent US military aircraft of
the era had engines in the “tractor” configuration [10].

Aside from aircraft design, advances in pilot selection began to make aviation safer. Pre-war
aviators often were those found to be unfit for the infantry. Even early in WorldWar 1 “soldiers
disqualified for further combat because of battle fatigue, shell shock … became pilots.” The
end result was up to 42% of aircraft losses and deaths may be caused by “human factors” [11].

In this setting Dr. Theodore Lyster appeared. Dr. Lyster is considered by many to be the
“Father of Aviation Medicine.” An American Army doctor, he arrived in Europe in December
of 1917 and spent 3 months studying pilots and conditions affecting their performance. He
then returned to the United States and established the Air Service Medical Research Lab on
Long Island which had a hypobaric chamber. He developed new medical standards for the US
Army Air Corps. In addition it was Dr. Lyster who first introduced the term “flight surgeons”
when describing physicians who specialize in caring for aviators, and he was instrumental in
ensuring that flight surgeons were part of each flying unit and would deploy with their
squadrons rather than being assigned to a separate larger medical command [12]. This practice
is still in place today in the United States military where an assigned flight surgeon is an
integral part of each squadron.

Despite these new standards set by Dr. Lyster, it seemed as if the medical and aviation
communities were in a perpetual battle between standards that were too rigid and aviators
who excelled despite physical defects which would have otherwise grounded them. One
famous civilian who personified this was Wiley Post who lost his eye in an oil rig accident
early in his aviation career. He subsequently went on to become the first pilot to solo around
the world, discover the jet stream, and he created the first practical pressurized suit for high
altitude flying [13].
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Additional examples of highly skilled pilots who did not meet the current medical standards
are found in World War 1. One of the most famous American units to fight in the war was the
Lafayette Escadrille. These flyers, several of whom obtained the unofficial title of “Ace” after
downing five enemy aircraft, were hard worn by their combat service. Many of the members
could not meet the Army Air Corps medical standards. Raul Lufbery, the triple Ace, was
“over-age, had rheumatism, and could not walk a straight line backwards.” Others had poor
vision, color blindness, and injured extremities. Eventually these pilots would be granted
special approval so their valuable experience would not be lost in a fledgling service so in need
of experienced veterans [14].

The controversy continued into World War 2, where one can find any number of stories of
aviators “cheating” at their eye exam. This includes Robert Morgan who would later pilot the
“Memphis Belle,” one of the first B-17s to famously complete all its required missions with its
crew intact [15]. After the war Chuck Yeager broke the sound barrier with broken ribs after he
fell from his horse, a condition which would have surely temporarily grounded him had he
disclosed it to his flight surgeon [16].

In recent years, there has been a shift in the medical community from a restrictive approach, to
the perspective of “how do we keep aircrew in the cockpit.” An example of this is seen in how
NASA decided to return to space the well-known astronaut Story Musgrave after he
underwent cataract surgery [17]. A further example is the United States Air Force’s lifting of
restrictions on pilots who have had laser corrective eye surgery, or the fact that the Federal
Aviation Administration (FAA) grants Special Issuances which by 2014 constituted 6% [18] of
all certificates. It is with this mindset that the rest of the chapter is devoted, that of keeping the
pilot in the cockpit even when technological advances push the limits of human endurance.

1.2. Current training and educational programs of aerospace medical personal

In the United States there is a wide array of education and training among the physicians who
work in the realm of aerospace medicine. There are two primary tracks, military and civilian,
with each track consisting of a “basic” and “advanced” level. The advanced levels of each track
graduate medical specialists competent to become board certified in Aerospace Medicine
under the purview of the American Board of Preventive Medicine.

In the military, physicians are referred to as flight surgeons. “Basic” flight surgeons attend
their service’s specific primary courses, after which they are considered flight rated officers in
the U.S. Military. Military flight surgeons have graduated medical school and have completed
1 year of post-graduate training, typically referred to as an intern year. Each branch of the
military has different course requirements and duration to obtain “basic” flight surgeon status.
The Air Force program consists of three courses of several weeks’ duration which include
classroom training as well as civilian and military flight experiences. Students are exposed to
hypobaric conditions using altitude chambers and those who fly with fighter aircraft are tested
in centrifuges. Basic Army flight surgeon training is similar with an emphasis placed on rotary
wing aircraft and Blackhawk helicopter simulations. The Navy program is substantially longer
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and includes phases in which Naval flight surgeon candidates take basic ground school side
by side with student Naval and Marine aviators, as well as significantly more “stick time” in
both rotary and fixed wing aircraft. Regardless of the branch, all military flight surgeons are
expected to fly with their assigned aircraft. In this way trust is built between the flight surgeon
and his/her aviator patients, and the rigors of flight can be experienced firsthand, something
which cannot be gained from medical books or classroom didactics (Figure 1). Physicians in
the civilian sector who certify civilian pilots under Federal Aviation Administration (FAA)
guidelines are referred to as Aviation Medical Examiners (AMEs). These are physicians trained
and designated by the FAA to certify pilots’ medical certificates. Physicians can be trained in
any specialty with the requirement that they attend a 1-week course with refresher training
every 36 months [19].

Advanced training in Aerospace Medicine leading to board certification is significantly longer
than civilian or military basic courses and lasts 2–3 years depending on the program. These
programs include the Air Force program located at Wright-Patterson Air Force Base, the Army
program at Ft. Rucker in Alabama, and the Navy program located at Pensacola, FL. The
civilian programs are located at the University of Texas-Medical Branch in Galveston, TX, and
the Mayo Clinic in Rochester, MN [20]. All programs require completion of an MD or DO
degree and at least 1 year (internship) in clinical care. In addition, most programs require
students to obtain a Masters in Public Health during their time spent in training. Although
there is naturally some overlap in topics covered, the programs then diverge in their education
to focus on the specific needs of the respective military or civilian populations.

Military training focuses on a typically younger, healthier population that works with high-
performing aircraft in challenging training and combat situations. Therefore a variety of
training is needed including learning the flight environment, broad clinical experience, and
even accident investigation. In addition, aerospace trained physicians in the military will also

Figure 1. United States military flight surgeons are mandated to experience the rigors of flight to better understand the
physiologic demands placed on their aircrew patients. The rise of single-seat only aircraft are challenging the abilities of
these medical professionals to diagnose and treat new ailments seen in modern fighter-type aircraft.
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expected to fly with their assigned aircraft. In this way trust is built between the flight surgeon
and his/her aviator patients, and the rigors of flight can be experienced firsthand, something
which cannot be gained from medical books or classroom didactics (Figure 1). Physicians in
the civilian sector who certify civilian pilots under Federal Aviation Administration (FAA)
guidelines are referred to as Aviation Medical Examiners (AMEs). These are physicians trained
and designated by the FAA to certify pilots’ medical certificates. Physicians can be trained in
any specialty with the requirement that they attend a 1-week course with refresher training
every 36 months [19].

Advanced training in Aerospace Medicine leading to board certification is significantly longer
than civilian or military basic courses and lasts 2–3 years depending on the program. These
programs include the Air Force program located at Wright-Patterson Air Force Base, the Army
program at Ft. Rucker in Alabama, and the Navy program located at Pensacola, FL. The
civilian programs are located at the University of Texas-Medical Branch in Galveston, TX, and
the Mayo Clinic in Rochester, MN [20]. All programs require completion of an MD or DO
degree and at least 1 year (internship) in clinical care. In addition, most programs require
students to obtain a Masters in Public Health during their time spent in training. Although
there is naturally some overlap in topics covered, the programs then diverge in their education
to focus on the specific needs of the respective military or civilian populations.

Military training focuses on a typically younger, healthier population that works with high-
performing aircraft in challenging training and combat situations. Therefore a variety of
training is needed including learning the flight environment, broad clinical experience, and
even accident investigation. In addition, aerospace trained physicians in the military will also

Figure 1. United States military flight surgeons are mandated to experience the rigors of flight to better understand the
physiologic demands placed on their aircrew patients. The rise of single-seat only aircraft are challenging the abilities of
these medical professionals to diagnose and treat new ailments seen in modern fighter-type aircraft.
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take care of family members of the aircrew, which expands the requisite medical knowledge
needed for competent care.

The civilian programs focus on care for the civilian aerospace communities (commercial and
private pilots, Air Traffic Control, etc.) and, more rarely, space crew and passengers. As
mentioned previously, there has been a shift in medical evaluations from a restrictive approach
to developing standards for safe return to flight after adequate medical evaluation and treat-
ment. Therefore, there is a strong emphasis on clinical experience and working closely with the
Civil Aerospace Medical Institute (CAMI) division of the FAA. In the case of space crew
members or passengers, training is coordinated with NASA, private agencies, and the FAA.

With increasing numbers of single-seat aircraft it is becoming harder for flight surgeons to
actively participate in this unique environment (Figure 2). Fifth generations aircraft such as the
F-35 and F-22 are all strictly single seat aircraft. When these modern aircraft have been
associated with unusual and unexpected health concerns for their pilots, it has been more
challenging for flight surgeons to diagnose and treat these problems since they cannot experi-
ence these conditions for themselves. A small cadre of military pilot-physicians exists, and they
have been useful in human-machine risk assessment and mitigation approaches, but most
flight surgeons serving high performance aircraft operations are limited in their ability to
directly observe flight operations, and this has hampered investigations.

Figure 2. Advanced training in Aerospace Medicine may include further hands on exposure in high performance aircraft.
Here, a United States Air Force Resident in Aerospace Medicine undergoes training in the T-6 Texan II aircraft with an
instructor pilot during Medical Officer Flight Familiarization Training.
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2. Decompression sickness in extreme high altitude aviation

2.1. Current cabin pressure control and mitigation strategies

Due to the altitudes flown by many high performance aircraft, cabin pressurization is impor-
tant for a number of reasons. These reasons include hypoxia, hyperventilation, extreme tem-
perature changes, as well as expanding trapped gasses and the risk for decompression
sickness. Thus the need for protecting the pilot from stressors in the hypobaric environment is
imperative.

Two physiologic responses to high altitude, hypoxia and hyperventilation, share similar symp-
toms and can be confused for one another. This confusion can make it difficult for aerospace
medicine professionals as well as aircraft designers to determine the underlying cause of a
pilot’s symptoms. These symptoms include muscle cramps, paleness, and cold clammy skin.
There may also be changes in mental status which can make a pilot’s recall of the event
difficult.

The interactions between hypoxia and hyperventilation are as follows, with the caveat that
hyperventilation can also be brought about by other causes such as heat, air sickness, positive
pressure breathing, and psychological stressors such as fear and anxiety. In brief, lower pres-
sures lead to lower partial pressures of oxygen and increase the risk for hypoxia. Hypoxia in
turn will increase respiratory rate, thus causing hyperventilation. With the increased respira-
tion rate, blood CO2 levels fall which in turn change pH. Changes in blood pH and CO2 levels
may lead to many of the symptoms and can negatively impact cerebral blood flow and thus a
pilot’s ability to process information and make decisions or react to emergencies.

Different strategies are employed to maintain cabin altitude in order to decrease the risks of
high altitude and maintain pressures which are more tolerable for humans. These include
isobaric, constant differential, and a sealed capsule. Modern airliners utilize an isobaric mode
of pressurization, typically after reaching 6000–8000 ft. Any further increase in altitude beyond
the predetermined altitude will not result in a corresponding change in cabin pressure. High
performance aircraft on the other hand generally employ a constant differential strategy that
maintains a constant pressure difference between the atmosphere inside and outside of the
cabin. One advantage for military use with the latter system is, by allowing a higher cabin
altitude, less catastrophic results may occur from damage incurred during battle, such as a
damaged canopy which would lead to a major pressure breach.

Cabin pressure has typically been maintained by diverting high pressure “bleed air” from the
aircrafts engines, cooling the air, then instilling it into the cabin. Since air is continually
entering the cabin, it also needs to be released via a pressure valve. Thus aircraft cabins are
not air tight and a continual supply of fresh air should always be entering the cabin. Unfortu-
nately, flaws in the bleed air system have proven to be fatal. In 2010 an F-22 crashed in Alaska
after an overheating engine caused the bleed air environmental control system and the
onboard oxygen generating system to shut down [21]. The widow of the pilot filed suit against
the major manufactures of the aircraft and eventually settled litigation. Interestingly the
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take care of family members of the aircrew, which expands the requisite medical knowledge
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mentioned previously, there has been a shift in medical evaluations from a restrictive approach
to developing standards for safe return to flight after adequate medical evaluation and treat-
ment. Therefore, there is a strong emphasis on clinical experience and working closely with the
Civil Aerospace Medical Institute (CAMI) division of the FAA. In the case of space crew
members or passengers, training is coordinated with NASA, private agencies, and the FAA.

With increasing numbers of single-seat aircraft it is becoming harder for flight surgeons to
actively participate in this unique environment (Figure 2). Fifth generations aircraft such as the
F-35 and F-22 are all strictly single seat aircraft. When these modern aircraft have been
associated with unusual and unexpected health concerns for their pilots, it has been more
challenging for flight surgeons to diagnose and treat these problems since they cannot experi-
ence these conditions for themselves. A small cadre of military pilot-physicians exists, and they
have been useful in human-machine risk assessment and mitigation approaches, but most
flight surgeons serving high performance aircraft operations are limited in their ability to
directly observe flight operations, and this has hampered investigations.

Figure 2. Advanced training in Aerospace Medicine may include further hands on exposure in high performance aircraft.
Here, a United States Air Force Resident in Aerospace Medicine undergoes training in the T-6 Texan II aircraft with an
instructor pilot during Medical Officer Flight Familiarization Training.
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pilot’s symptoms. These symptoms include muscle cramps, paleness, and cold clammy skin.
There may also be changes in mental status which can make a pilot’s recall of the event
difficult.

The interactions between hypoxia and hyperventilation are as follows, with the caveat that
hyperventilation can also be brought about by other causes such as heat, air sickness, positive
pressure breathing, and psychological stressors such as fear and anxiety. In brief, lower pres-
sures lead to lower partial pressures of oxygen and increase the risk for hypoxia. Hypoxia in
turn will increase respiratory rate, thus causing hyperventilation. With the increased respira-
tion rate, blood CO2 levels fall which in turn change pH. Changes in blood pH and CO2 levels
may lead to many of the symptoms and can negatively impact cerebral blood flow and thus a
pilot’s ability to process information and make decisions or react to emergencies.

Different strategies are employed to maintain cabin altitude in order to decrease the risks of
high altitude and maintain pressures which are more tolerable for humans. These include
isobaric, constant differential, and a sealed capsule. Modern airliners utilize an isobaric mode
of pressurization, typically after reaching 6000–8000 ft. Any further increase in altitude beyond
the predetermined altitude will not result in a corresponding change in cabin pressure. High
performance aircraft on the other hand generally employ a constant differential strategy that
maintains a constant pressure difference between the atmosphere inside and outside of the
cabin. One advantage for military use with the latter system is, by allowing a higher cabin
altitude, less catastrophic results may occur from damage incurred during battle, such as a
damaged canopy which would lead to a major pressure breach.

Cabin pressure has typically been maintained by diverting high pressure “bleed air” from the
aircrafts engines, cooling the air, then instilling it into the cabin. Since air is continually
entering the cabin, it also needs to be released via a pressure valve. Thus aircraft cabins are
not air tight and a continual supply of fresh air should always be entering the cabin. Unfortu-
nately, flaws in the bleed air system have proven to be fatal. In 2010 an F-22 crashed in Alaska
after an overheating engine caused the bleed air environmental control system and the
onboard oxygen generating system to shut down [21]. The widow of the pilot filed suit against
the major manufactures of the aircraft and eventually settled litigation. Interestingly the
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lawsuit stated that the system was built “without adequate backup safety measures or proper
sensors to warn the pilot if there is a problems” [22]. Of note, the Boeing 787 was designed to
maintain cabin pressurization using electrical pumps versus bleed air systems. Whether this
approach will be introduced in high performance aircraft remains a question.

2.2. U2 and other airframe exposures

Exposure to high attitude carries with it a significant risk of decompression sickness (DCS).
DCS is thought to occur when inert gasses, primarily nitrogen, come out of solution within
tissues at low barometric pressure. In aviation, the first reported cases occurred in high altitude
balloons in the 1930s. The risk for DCS can be reduced for altitudes of 18,000–43,000 ft by
breathing 100% oxygen prior to ascent for short exposure times of 10–30 min. This has the
advantage of “washing out” excess nitrogen. Staying on 100% oxygen is required in flight if
exposure to these altitudes is continued. Risk factors for DCS include physical activity at
altitude, repeated exposures to altitudes greater than 18,000 ft, prior history of DCS, faster
rates of ascent, alcohol consumption prior to ascent, persons with higher body fat, and scuba
diving prior to flight. There is also some thought that increased age as well as prior long bone
injuries put one at risk [23].

DCS is broken down to Type 1 or Type 2. Type 1 is less serious and involves musculoskeletal
and skin illness, classically referred to as the “bends” and “creeps” respectively. Type 2 is more
serious and involves neurologic and cardiopulmonary disease, the latter which is termed the
“chokes.” Neurologic symptoms range from dizziness, ringing in the ears, numbness, bladder
incontinence, and inability to walk, to seizures, coma, and death [24]. According to research
conducted by the Air Force Research Laboratory (AFRL), descent from high altitudes to
ground level is an effective treatment for altitude DCS. The majority (95%) of DCS sufferers
who were tested at the AFRL were treated with ground level oxygen and saw a rapid decrease
in DCS symptoms, while the remaining individuals were given hyperbaric treatment. Descent
is an effective treatment method because DCS is caught early through crew monitoring in the
controlled environment at the AFRL. During actual operations, it is likely that a higher percent
of DCS sufferers would need hyperbaric treatment [25].

It was well known for years within the Flight Surgeon community that some pilots of high
altitude aircraft were experiencing signs and symptoms consistent with decompression sickness
and these were often underreported. This was particularly true in the Lockheed U2 community.
In the past decade, pilot and researchers have been more open and a number of studies have
been performed on U2 pilots as well as personnel who work as safety monitors inside altitude
chambers. Excellent work by McGuire and colleagues has now been published in a number of
studies. These studies report brain changes with repeated exposures to hypobaric normoxia.
Specifically U2 pilots and altitude chamber staff have white matter changes which are seen on
MRI [26, 27]. These changes have been linked to diffuse axonal injury [28] and those with a
higher burden of white matter changes score lower on neurocognitive tests when compared to
other pilots [29]. All these changes were linked to hypobaria without hypoxia, thus it seems low
pressure itself may be a risk for permanent changes in the brain which can lead to subtle
cognitive decline.
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Future aircraft may go higher and even skirt the edges of space. Thus careful consideration
needs to be given for aircrew protection. U2 pilots are equipped with a pressure suit, however
as seen above, neurocognitive changes may already be occurring. One possible explanation
may be that most pressure suits do not provide the wearer with a full 1 ATM of pressure, due
to the need for a flexible suit, thus the pilot is exposed to hypobaria.

As opposed to chronic repeated exposures to hypobaria, acute exposure to high altitude, such
as a rapid decompression, has its own set of problems. During acute exposure aircrew have a
limited amount of time to institute measures to save themselves. This is termed “Time of useful
consciousness” or TUC for short. Intuitively the higher an aircraft is, the less time is available
for a pilot to save himself. By 50,000 ft an aviator only has between 9 and 12 s before they
become unconscious (Table 1) [30]. Factors such as exercise and smoking will even further
decrease that amount of time.

At the altitude of Armstrong’s Line, 63,000 ft, pressure is so low that water boils at body
temperature (37�C), although due to the strength of skin in practice this typically does not
occur at that level. Above that level the process of ebullism may occur, gas bubbles forming
within bodily fluids. There have been accidents which have occurred at these altitudes,
although not within fighter aircraft. Most recently the crew of the Space Shuttle Columbia died
from this phenomenon. Although they were wearing pressure suits, none were able to close
and lock their visors prior to incapacitation and some had their gloves off, thus limiting the
protection received by the rest of the suit. Surprisingly exposure to these altitudes is survivable
if caught and treated quickly enough. In 1966 a spacesuit technician working in a ground
based chamber was accidently exposed to the equivalent of 120,000 ft. He is reported to have
felt the saliva “boiling” off his tongue as he passed out. He regained consciousness at 14,000 ft
as he was repressurized. Amazingly he suffered no neurologic sequelae and did not even
require hospitalization. In 1982 another ground based chamber accident exposed an individual
to 73,000 ft for what is believed to be 1–3 min. After a 5-h hyperbaric recompression, he
survived. More amazingly a 1-year follow-up revealed no neurologic abnormalities [31].

Altitude Time of useful consciousness

18,000 20–30 min

22,000 10 min

25,000 3–5 min

28,000 2.5–3 min

30,000 1–2 min

35,000 0.5–1 min

40,000 15–20 s

43,000 9–12 s

50,000 9–12 s

Table 1. Time of useful consciousness “TUC” is the amount of time aircrew members have to institute life saving
measures before they are incapacitated after acute exposure to the hypobaric conditions of high altitude.
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ground level is an effective treatment for altitude DCS. The majority (95%) of DCS sufferers
who were tested at the AFRL were treated with ground level oxygen and saw a rapid decrease
in DCS symptoms, while the remaining individuals were given hyperbaric treatment. Descent
is an effective treatment method because DCS is caught early through crew monitoring in the
controlled environment at the AFRL. During actual operations, it is likely that a higher percent
of DCS sufferers would need hyperbaric treatment [25].

It was well known for years within the Flight Surgeon community that some pilots of high
altitude aircraft were experiencing signs and symptoms consistent with decompression sickness
and these were often underreported. This was particularly true in the Lockheed U2 community.
In the past decade, pilot and researchers have been more open and a number of studies have
been performed on U2 pilots as well as personnel who work as safety monitors inside altitude
chambers. Excellent work by McGuire and colleagues has now been published in a number of
studies. These studies report brain changes with repeated exposures to hypobaric normoxia.
Specifically U2 pilots and altitude chamber staff have white matter changes which are seen on
MRI [26, 27]. These changes have been linked to diffuse axonal injury [28] and those with a
higher burden of white matter changes score lower on neurocognitive tests when compared to
other pilots [29]. All these changes were linked to hypobaria without hypoxia, thus it seems low
pressure itself may be a risk for permanent changes in the brain which can lead to subtle
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may be that most pressure suits do not provide the wearer with a full 1 ATM of pressure, due
to the need for a flexible suit, thus the pilot is exposed to hypobaria.

As opposed to chronic repeated exposures to hypobaria, acute exposure to high altitude, such
as a rapid decompression, has its own set of problems. During acute exposure aircrew have a
limited amount of time to institute measures to save themselves. This is termed “Time of useful
consciousness” or TUC for short. Intuitively the higher an aircraft is, the less time is available
for a pilot to save himself. By 50,000 ft an aviator only has between 9 and 12 s before they
become unconscious (Table 1) [30]. Factors such as exercise and smoking will even further
decrease that amount of time.

At the altitude of Armstrong’s Line, 63,000 ft, pressure is so low that water boils at body
temperature (37�C), although due to the strength of skin in practice this typically does not
occur at that level. Above that level the process of ebullism may occur, gas bubbles forming
within bodily fluids. There have been accidents which have occurred at these altitudes,
although not within fighter aircraft. Most recently the crew of the Space Shuttle Columbia died
from this phenomenon. Although they were wearing pressure suits, none were able to close
and lock their visors prior to incapacitation and some had their gloves off, thus limiting the
protection received by the rest of the suit. Surprisingly exposure to these altitudes is survivable
if caught and treated quickly enough. In 1966 a spacesuit technician working in a ground
based chamber was accidently exposed to the equivalent of 120,000 ft. He is reported to have
felt the saliva “boiling” off his tongue as he passed out. He regained consciousness at 14,000 ft
as he was repressurized. Amazingly he suffered no neurologic sequelae and did not even
require hospitalization. In 1982 another ground based chamber accident exposed an individual
to 73,000 ft for what is believed to be 1–3 min. After a 5-h hyperbaric recompression, he
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Current fighter aircraft have been reported in the lay press to operate at extreme high altitude,
although likely below the level of the Von Karmann line, which is at 47 miles and is the level at
which the atmosphere is too thin for aerodynamic surfaces to control the direction of the
aircraft. As fighter aircraft go higher and higher, the very real possibility of aircraft operations
in the early reaches of space exist. With this in mind, systems which automatically detect cabin
or “space suit” pressures may be needed. In the event of a pressure breach, either through
accident or combat, there is mere seconds for a pilot to react. The life of the pilot and the
aircraft itself may be saved by an “automated” copilot within the aircraft. This would necessi-
tate a computer system taking over should there be a breach in the pressure system and the
pilot not responding to an automated computer generated inquiry.

3. Acceleration, G-forces, and countermeasures

3.1. Brief explanation of Gx, Gy, Gz

During flight, acceleration and changes in vectors can cause changes in the amount of gravita-
tional force that is experienced by a pilot. These can be positive (increased force) or negative
(decreased force). Pilots feel forces acting on their bodies is in the opposite direction of the
actual force vectors. This can be somewhat confusing so convention sets the positive directions
of the acceleration forces. Unfortunately, multiple conventions are used which can further add
to the confusion [32]. No one convention is better than another. One commonly used conven-
tion is the “right hand rule” (Figure 3). The pilot holds his right hand and fingers as indicated
in the figure and the fingers then point in the positive direction of each force, +Gx in the
direction of the pointing finger, +Gz in the direction of the thumb, and +Gy in the direction of
the middle finger.

Another way to think about acceleration forces is to think about how the eyes would move in
response to the given acceleration [32]. When the pilot is experiencing +Gx it is referred to as
“eyeballs in,” and �Gx is referred to as “eyeballs out.” One of the advantages of this convention
is that it leaves little room for error since the experience of the pilot is exactly what is described.

3.2. Human limitations

There are limits to how much acceleration force the human body can tolerate. Tolerance
depends on several factors including the magnitude of the acceleration force applied, direc-
tion, and duration as well as subject factors including age, weight, height, and blood pressure
[33, 34]. Tolerance is somewhat subject to training, and there is wide variability between
individuals. In addition, other factors can affect tolerance of G-forces including medical condi-
tions, medications, and use of other substances (such as alcohol).

Despite the high number of variables that contribute to tolerance, one of the most important
factors remains the direction of the acceleration force. Each axis has its own specific limitations
in the positive and negative directions. For example, humans can tolerate >10 G in the +Gx
direction while only about 2–3 G in the �Gz direction. This is due to the fact that there are
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physiologic compensatory mechanisms to increase blood flow to the brain but none to prevent
excess blood flow.

There are also different terms used to describe various aspects of G-force intolerance. “Gray-
out” describes when vision loses hue and vision appears to be more gray. Tunnel vision
describes the progressive loss of peripheral vision. “Blackout” is the complete loss of vision
while still maintaining consciousness. “A-LOC” stands for “Almost Loss of Consciousness”
and “G-LOC” describes a G-force induced loss of consciousness. “Red-out” describes the
reddening of vision from negative G-forces which drive the lower eyelid into the field of vision.

3.3. Current countermeasures

Excessive G-forces may result in a sufficient reduction in blood flow to the brain such that G-
LOC ensues. G-LOC can be and have been catastrophic and countermeasures have been
developed to try and prevent G-LOC.

Figure 3. The right-hand rule. This figure demonstrates the “right hand rule” convention of G-force direction. The pilot holds
his right hand and fingers as indicated in the figure and the fingers then point in the positive direction of each force, +Gx in the
direction of the pointing finger, +Gz in the direction of the thumb, and +Gy in the direction of themiddle finger. As an example,
when a pilot experiences +Gx (which is pushing forward) the sensation felt is that of being pushed into the seatback (drawing
acknowledgement Iaswarya Ganapathira, D.O.).
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“eyeballs in,” and �Gx is referred to as “eyeballs out.” One of the advantages of this convention
is that it leaves little room for error since the experience of the pilot is exactly what is described.
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Despite the high number of variables that contribute to tolerance, one of the most important
factors remains the direction of the acceleration force. Each axis has its own specific limitations
in the positive and negative directions. For example, humans can tolerate >10 G in the +Gx
direction while only about 2–3 G in the �Gz direction. This is due to the fact that there are

Aircraft Technology52

physiologic compensatory mechanisms to increase blood flow to the brain but none to prevent
excess blood flow.

There are also different terms used to describe various aspects of G-force intolerance. “Gray-
out” describes when vision loses hue and vision appears to be more gray. Tunnel vision
describes the progressive loss of peripheral vision. “Blackout” is the complete loss of vision
while still maintaining consciousness. “A-LOC” stands for “Almost Loss of Consciousness”
and “G-LOC” describes a G-force induced loss of consciousness. “Red-out” describes the
reddening of vision from negative G-forces which drive the lower eyelid into the field of vision.

3.3. Current countermeasures

Excessive G-forces may result in a sufficient reduction in blood flow to the brain such that G-
LOC ensues. G-LOC can be and have been catastrophic and countermeasures have been
developed to try and prevent G-LOC.
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Physiologic countermeasures include physical training to improve overall fitness, cardiovas-
cular function, positive pressure breathing for protection against G, and the anti-G straining
maneuver [35]. These measures employ physical techniques to improve G tolerance. They can
be helpful but have limitations as well.

Mechanical countermeasures revolve around the anti-G suit, positive pressure breathing
(PPB), and (theoretically) cockpit design. During World War 2, Dr. Earl Wood was working as
part of a laboratory team located at the Mayo Clinic charged with finding ways to improve G-
force tolerance of pilots (Figure 4). Their work led to the development of the anti-G suit. The
conventional “suit” is worn like trousers and, with the aid of a weighted valve, inflates when G
force is above 2G. This compresses the lower extremities and abdomen using air bladders
promoting return of blood back to the heart and head (Figure 5). Newer versions of the anti-
G suit add higher G-force protection [36]. PPB works by assisting pilots to maintain oxygena-
tion when G forces and constricting chest garments work to restrict chest movement and lung
expansion. Wood et al. recommended changes in cockpit design to maximize G tolerance,
recommending prone position as the best solution. An attempt to improve G tolerance by
canting the seat backward was done in the F-16, and while appearing logical, was not
supported by centrifuge testing. All recent high performance jets now place the pilot upright
in the cockpit [37].

As more advanced aircraft have been created which test the boundaries of human tolerance,
there has been ongoing interest in developing more advanced anti-G systems. One of these is
the Advanced Technology Anti-G Suit which confers effortless protection up to +9 Gz and
consistent protection up to +12 Gz with additional straining [38].

A new challenge for pilots in fifth generation aircraft is multi-axis acceleration wherein thrust
vectors may be variable allowing increased aircraft maneuverability. G forces in these aircraft
are likely to be multi-axis versus simple Gz or Gx forces. Effects on pilots remain investiga-
tional, with research ongoing in specially constructed centrifuge facilities [39].

Figure 4. Dr. Earl Wood (on the right, wearing a white lab coat) is working in the Mayo Clinic centrifuge laboratory to
help develop the G-suit.
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4. Acceleration atelectasis

4.1. Alveolar collapse under acceleration and increased oxygenation concentrations

Acceleration atelectasis is an old condition which has become new again. In healthy lung
tissue, the smallest unit in the lung is the alveoli. These tiny sac-like structures are delicate
and as described by John West in west’s lung zones, blood flow through each region of the
lung is influenced by gravity. Typically at the end of expiration the pressure in the alveoli is
within 2 mmHg of atmospheric pressure. Current thinking of the pathophysiology of acceler-
ation atelectasis is, under conditions of high G forces and high increased fraction of inhaled
oxygen, alveolar collapse occurs in the dependent regions of the lung. This collapse can cause
chest pain, shortness of breath, and cough [40].

Tacker and colleagues found that atelectasis, alveolar collapse, can be exacerbated by three
conditions: the use of 100% oxygen, +Gz, and even by the anti-G suit itself. In their study
Tacker exposed 12 subjects to aerial combat maneuvers under a range of forces spanning from
4.5 to 9 G. They found that above 5 G up to 50% of the pulmonary airways were in some way
distorted and even closed. This distortion of the alveoli led to a reduction of up to 20% of the
vital capacity, the greatest volume of air which can be exhaled after taking the largest possible
breath, in the research subjects. The G-suit itself may further exacerbate the problem by
elevating the diaphragm, thus decreasing vital capacity through extrinsic compression of
pulmonary space [40].

The use of high inspired oxygen percentages requires explanation. Prolonged high levels of
oxygen have long been shown to be detrimental to ICU patients or those undergoing anesthe-
sia, likely due to another condition known as absorption atelectasis. Absorption atelectasis
reflects the fact that the human respiratory system is so efficient at absorbing oxygen that it can
be taken up more rapidly across the alveolar-capillary membrane than what can be delivered
to the alveoli during normal pressure respiration [40, 41]. When the United States Air Force

Figure 5. Dr. Earl Wood is standing next to a display case exhibiting the G-suit he helped develop.
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Physiologic countermeasures include physical training to improve overall fitness, cardiovas-
cular function, positive pressure breathing for protection against G, and the anti-G straining
maneuver [35]. These measures employ physical techniques to improve G tolerance. They can
be helpful but have limitations as well.

Mechanical countermeasures revolve around the anti-G suit, positive pressure breathing
(PPB), and (theoretically) cockpit design. During World War 2, Dr. Earl Wood was working as
part of a laboratory team located at the Mayo Clinic charged with finding ways to improve G-
force tolerance of pilots (Figure 4). Their work led to the development of the anti-G suit. The
conventional “suit” is worn like trousers and, with the aid of a weighted valve, inflates when G
force is above 2G. This compresses the lower extremities and abdomen using air bladders
promoting return of blood back to the heart and head (Figure 5). Newer versions of the anti-
G suit add higher G-force protection [36]. PPB works by assisting pilots to maintain oxygena-
tion when G forces and constricting chest garments work to restrict chest movement and lung
expansion. Wood et al. recommended changes in cockpit design to maximize G tolerance,
recommending prone position as the best solution. An attempt to improve G tolerance by
canting the seat backward was done in the F-16, and while appearing logical, was not
supported by centrifuge testing. All recent high performance jets now place the pilot upright
in the cockpit [37].

As more advanced aircraft have been created which test the boundaries of human tolerance,
there has been ongoing interest in developing more advanced anti-G systems. One of these is
the Advanced Technology Anti-G Suit which confers effortless protection up to +9 Gz and
consistent protection up to +12 Gz with additional straining [38].

A new challenge for pilots in fifth generation aircraft is multi-axis acceleration wherein thrust
vectors may be variable allowing increased aircraft maneuverability. G forces in these aircraft
are likely to be multi-axis versus simple Gz or Gx forces. Effects on pilots remain investiga-
tional, with research ongoing in specially constructed centrifuge facilities [39].

Figure 4. Dr. Earl Wood (on the right, wearing a white lab coat) is working in the Mayo Clinic centrifuge laboratory to
help develop the G-suit.
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4. Acceleration atelectasis

4.1. Alveolar collapse under acceleration and increased oxygenation concentrations
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tissue, the smallest unit in the lung is the alveoli. These tiny sac-like structures are delicate
and as described by John West in west’s lung zones, blood flow through each region of the
lung is influenced by gravity. Typically at the end of expiration the pressure in the alveoli is
within 2 mmHg of atmospheric pressure. Current thinking of the pathophysiology of acceler-
ation atelectasis is, under conditions of high G forces and high increased fraction of inhaled
oxygen, alveolar collapse occurs in the dependent regions of the lung. This collapse can cause
chest pain, shortness of breath, and cough [40].

Tacker and colleagues found that atelectasis, alveolar collapse, can be exacerbated by three
conditions: the use of 100% oxygen, +Gz, and even by the anti-G suit itself. In their study
Tacker exposed 12 subjects to aerial combat maneuvers under a range of forces spanning from
4.5 to 9 G. They found that above 5 G up to 50% of the pulmonary airways were in some way
distorted and even closed. This distortion of the alveoli led to a reduction of up to 20% of the
vital capacity, the greatest volume of air which can be exhaled after taking the largest possible
breath, in the research subjects. The G-suit itself may further exacerbate the problem by
elevating the diaphragm, thus decreasing vital capacity through extrinsic compression of
pulmonary space [40].

The use of high inspired oxygen percentages requires explanation. Prolonged high levels of
oxygen have long been shown to be detrimental to ICU patients or those undergoing anesthe-
sia, likely due to another condition known as absorption atelectasis. Absorption atelectasis
reflects the fact that the human respiratory system is so efficient at absorbing oxygen that it can
be taken up more rapidly across the alveolar-capillary membrane than what can be delivered
to the alveoli during normal pressure respiration [40, 41]. When the United States Air Force
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developed the On Board Oxygen Generation System (OBOGS), Haswell and colleagues found
a significant reduction in vital capacity at inspired oxygen concentrations above 70%. Haswell
noted “Given the unpleasant nature of the respiratory symptoms and the absence of knowl-
edge about the effects of repeated development of acceleration atelectasis, limiting oxygen
concentration … seems worthy of consideration” [42].

This reduced vital capacity could be alleviated by a cough, deep breath, or anti-G straining
maneuver. Both Tacker and Haswell found the reduction in vital capacity could be relieved by
positive pressure breathing at 30 mmHg. It is worth noting that standard patient ventilator
practices in modern intensive care units limit the use of inspiratory pressures to “plateau
pressures” less than 30 mmHg [40, 42]. As discussed later in this chapter, there is a need for
continued research into this “old” concept of acceleration atelectasis.

5. Musculoskeletal injury and impact of life support systems and aircrew
flight equipment

5.1. Neck injuries

Neck pain has been reported in up to 97% of all pilots [43]. Unfortunately the incidence varies
tremendously as does its association with the type of airframe. A systematic review and meta-
analysis of 20 articles conducted by Shiri and colleagues found no difference in the prevalence
of neck pain, cervical disc degeneration, low back pain, or lumbar disc degeneration when
they compared fighter pilots to helicopter or transport/cargo pilots. In the subset of high-
performance pilots, they did however find that those who were exposed to higher G-forces
were at a higher risk of neck pain, as were those that spent time looking over their shoulder in
the “check-six” position [44].

There is disagreement regarding whether different models of high performance aircraft cause
more neck pain. Some reports indicate as little as 18.9% prevalence of neck pain in F-16 pilots
[45], while Verde and colleagues found an incidence of 48.6% in a small group of 35 F-16 pilots.
This group had a much higher incidence than Eurofighter Typhoon pilots who only had a
reported incidence of 5.7% in age matched controls. Verde speculated that the increased neck
pain was secondary to the semi-recumbent seat position of the F-16 [46].

In F-15s, Chumbley et al. found a unique subset of neck pain and speculated it was due to
cockpit layout. Similar to work done by Shiri, Chumbley found differences which may be
attributed to the “check six” position. As part of their work which involved treating neck pain,
Chumbley checked cervical range of motion and found rightward going cervical rotation
improved after traction sessions. They speculated that F-15 pilots preferentially turned to the
left due to cockpit layout, as the throttle is on the left side and slightly behind the stick which is
placed center. In terms of treatment, Chumbley found that neck pain was statistically allevi-
ated, when compared to controls, after cervical traction was applied to pilots after flying. The
amount of cervical traction applied was roughly 10% of the pilot’s body weight [47].
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In their literature review Chumbley and colleagues list proposed etiologies of neck pain
experienced by high performance “fighter” pilots. These include high +Gz, rotation of the neck
under +Gz (check-six position), fatigue, frequency of endurance training and physical exercise,
and prolonged flexed posturing. From an equipment point of view, increasing the weight on
the helmet may also place a pilot at risk. This is seen with the addition of night vision goggles
as well as with the use of the Joint Helmet Mounted Cueing System (JHMCS). Countermea-
sures for the neck pain which have included strengthening and stretching exercises, spinal
manipulation, and physical therapy have demonstrated mixed results, with spinal manipula-
tion showing some promise [47].

5.2. Ejection seat injuries

In the early part of aviation history, pilots who found themselves in damaged or malfunction-
ing airframes had no real options to avoid impending death. Later, use of parachutes became
common (though in WW 1 some services opted not to provide parachutes as they were
worried pilots might leave their aircraft too readily) The challenge these pilots faced was how
to escape the cockpit safely, either climbing or falling out when the situation would allow. In
the jet age, one of the greatest advances in aircraft safety has been the ejection seat. Ejection
seats are powered by rockets to expel the occupant from the cabin and away from the failing
aircraft. Since time is of the essence in these situations, the rocket-propelled seat will violently
eject the occupant. One common ejection seat, the ACES II, will reach 9-12G during the process
which is significantly lower than other seats which could reach more than 18G [48].

Ejections seats, which were designed to save lives, have indeed accomplished that task. One
manufacturer, Martin-Baker, keeps a tally of the pilots who have survived because of their
ejection seats. In early 2017, their count was over 7500 lives saved because of their ejection seats
[49]. However the use of ejection seats comes with the risk for potential bodily harm. Although
injury is much more desirable than the alternative, efforts are still needed to focus on the
prevention of injury to the extent that is possible.

One study looked at USAF injuries related to the use of ejection seats from 1981 to 1995. It was
noted that injuries typically occurred in the head, neck, cervical spine, thorax, thoracolumbar
spine, ribs, pelvis, and the upper and lower extremities. Injury rates were noted to be between
2 and 25%. Moreover, fatality was noted to occur in 0–11% [50]. Injuries can range from minor
back strain that resolves on its own to as severe as a leg broken in 5 places. Continued work is
needed in this area to preserve life and minimize injury.

5.3. Back injuries due to G-forces

Neck pain, as detailed above, and associated injuries are very common in aviation. Although
the neck is the most susceptible area of the spine, G force-related injuries can occur along any
aspect of the spinal column. Even in the controlled environment of centrifuge training, it is
possible to sustain injury to the spinal column. One study assessed 991 subjects who were
undergoing high G training in the centrifuge and found that 2.3% of them suffered from an
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they compared fighter pilots to helicopter or transport/cargo pilots. In the subset of high-
performance pilots, they did however find that those who were exposed to higher G-forces
were at a higher risk of neck pain, as were those that spent time looking over their shoulder in
the “check-six” position [44].

There is disagreement regarding whether different models of high performance aircraft cause
more neck pain. Some reports indicate as little as 18.9% prevalence of neck pain in F-16 pilots
[45], while Verde and colleagues found an incidence of 48.6% in a small group of 35 F-16 pilots.
This group had a much higher incidence than Eurofighter Typhoon pilots who only had a
reported incidence of 5.7% in age matched controls. Verde speculated that the increased neck
pain was secondary to the semi-recumbent seat position of the F-16 [46].

In F-15s, Chumbley et al. found a unique subset of neck pain and speculated it was due to
cockpit layout. Similar to work done by Shiri, Chumbley found differences which may be
attributed to the “check six” position. As part of their work which involved treating neck pain,
Chumbley checked cervical range of motion and found rightward going cervical rotation
improved after traction sessions. They speculated that F-15 pilots preferentially turned to the
left due to cockpit layout, as the throttle is on the left side and slightly behind the stick which is
placed center. In terms of treatment, Chumbley found that neck pain was statistically allevi-
ated, when compared to controls, after cervical traction was applied to pilots after flying. The
amount of cervical traction applied was roughly 10% of the pilot’s body weight [47].
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and prolonged flexed posturing. From an equipment point of view, increasing the weight on
the helmet may also place a pilot at risk. This is seen with the addition of night vision goggles
as well as with the use of the Joint Helmet Mounted Cueing System (JHMCS). Countermea-
sures for the neck pain which have included strengthening and stretching exercises, spinal
manipulation, and physical therapy have demonstrated mixed results, with spinal manipula-
tion showing some promise [47].

5.2. Ejection seat injuries

In the early part of aviation history, pilots who found themselves in damaged or malfunction-
ing airframes had no real options to avoid impending death. Later, use of parachutes became
common (though in WW 1 some services opted not to provide parachutes as they were
worried pilots might leave their aircraft too readily) The challenge these pilots faced was how
to escape the cockpit safely, either climbing or falling out when the situation would allow. In
the jet age, one of the greatest advances in aircraft safety has been the ejection seat. Ejection
seats are powered by rockets to expel the occupant from the cabin and away from the failing
aircraft. Since time is of the essence in these situations, the rocket-propelled seat will violently
eject the occupant. One common ejection seat, the ACES II, will reach 9-12G during the process
which is significantly lower than other seats which could reach more than 18G [48].

Ejections seats, which were designed to save lives, have indeed accomplished that task. One
manufacturer, Martin-Baker, keeps a tally of the pilots who have survived because of their
ejection seats. In early 2017, their count was over 7500 lives saved because of their ejection seats
[49]. However the use of ejection seats comes with the risk for potential bodily harm. Although
injury is much more desirable than the alternative, efforts are still needed to focus on the
prevention of injury to the extent that is possible.

One study looked at USAF injuries related to the use of ejection seats from 1981 to 1995. It was
noted that injuries typically occurred in the head, neck, cervical spine, thorax, thoracolumbar
spine, ribs, pelvis, and the upper and lower extremities. Injury rates were noted to be between
2 and 25%. Moreover, fatality was noted to occur in 0–11% [50]. Injuries can range from minor
back strain that resolves on its own to as severe as a leg broken in 5 places. Continued work is
needed in this area to preserve life and minimize injury.

5.3. Back injuries due to G-forces

Neck pain, as detailed above, and associated injuries are very common in aviation. Although
the neck is the most susceptible area of the spine, G force-related injuries can occur along any
aspect of the spinal column. Even in the controlled environment of centrifuge training, it is
possible to sustain injury to the spinal column. One study assessed 991 subjects who were
undergoing high G training in the centrifuge and found that 2.3% of them suffered from an
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acute spinal injury [51]. In at least one case, the G-force from centrifuge training (which reaches
up to +9Gx) was enough to cause a fracture in the lower spine in an otherwise healthy 32-year-
old Flight Surgeon [52].

The addition of the highly stressful flight combat environment and more powerful aircraft
increases the risk of injury. When the Japanese Air Self Defense Force introduced the F-15 Eagle
into their fleet, there was a significant increase in musculoskeletal injuries related to the spine
with 90% of surveyed pilots reporting pain [53]. There is some ongoing debate in the literature
regarding how important these types of injuries may be and what impact they might have on the
long-term health of subjects. One systematic review, which included 20 individual studies eval-
uating spine injury in pilots, found no statistically significant difference in back pain between
pilots and non-flying personnel [44]. One possible interpretation of these conflicting pieces of
information would be that ejection seats are indeed getting safer, and we are seeing improve-
ment in back injuries. We would hope to see similar improvements in other areas as well.

6. Environmental factors

6.1. Noise

Measured in decibels (dB), sound is an auditory sensation in response to acoustic stimuli.
Subjectively, any undesired sound is considered noise. Since the advent of heavier-than-air
flying machines, both sound and noise remain inherent elements of manned aircraft opera-
tions, and modern high performance aircraft operations are no exception. While the majority of
unwanted sound is generated by the power plant, several other sources of operationally innate
noises include vibrations and sounds secondary to weapons system deployment. Regardless of
the source, sound and noise exposures that exceed permissible exposure limits, as published
by the Occupational Safety and Health Administration and the National Institute for Occupa-
tional Safety and Health, have the potential to result in injury.

Effects of noise on overall health have been studied. Deleterious effects have been seen in
hearing, ringing in the ears, cognitive performance, and possibly even hypertension [54–57].
Although engineering can potentially mitigate much of external noises, there remains a need to
relay critical information to the aircrew in the form of voice communication. This will place
limits on the amount of noise mitigation that can be engineered into the system.

It is also important to distinguish between sound and noise exposures that aircrew experience
while operating within a closed cockpit/flight deck versus the external environment experi-
enced when approaching their aircraft while other aircraft operations are ongoing. As an
example, the F-35A Lightning II is a fifth-generation fighter which has a measured aircraft
ground noise level of 145 dB when the throttle is set to “Military Power” and 149 dB when set
to “Afterburner” [58]. Obviously, the relative attenuation of the closed cockpit environment
serves as an effective adjunct to triple hearing protection utilizing traditional earplugs in
conjunction with the physical protection of a helmet and the acoustic protection of active
noise-canceling technology. However, with the threshold of pain occurring around 120–

Aircraft Technology58

140 dB [59], it is reasonable to conclude that sound and noise considerations will remain
critical in aircraft design and deployment as long as humans intend to work in or around them.

6.2. Vibration

Another factor that aircrew deal with is the vibrational forces created by the powerful
machines at their command. One study looked at the effect of vibration on the ability to
perform complex tasks and found that certain vibration patterns reduced cognitive perfor-
mance [60]. Another study found that excess vibration can cause temporary hearing loss and
impaired vision [61]. Another group studied vibrational effects and found that it reduced
motion control [62]. In addition, airborne vibrations were found to cause symptoms of nausea,
coughing, headache, and fatigue [63]. One of the most reported effects is that of back pain. It
appears to affect rotary-wing aircrew more than fixed-wing aircrew as the former experience
much more vibrational forces than the latter. Long term these effects may lead to chronic
problems [64, 65]. Any of these adverse health effects could jeopardize safety and warrant
continued efforts at mitigation.

6.3. Thermal stress

Another potential physiologic stressor to pilots is thermal stress. Humans are most comfort-
able in ambient temperatures ranging between 15 and 30�C [66]. There is the potential for
cockpit temperatures to rise significantly above this comfortable range. Reports from pilots in
the 1960s state that on hot days sitting on the steaming runway, temperatures in the cockpit
climbed to nearly 60�C [67]. Even in 2015, it is still possible for cockpit temperatures to exceed
45�C. Sweating can unfortunately exacerbate the problem by increasing cockpit humidity and
creating a greenhouse effect. The latest cooling systems try to adjust for humidity as well [68].
Additionally, systems malfunction and a pilot can become stuck inside the cockpit with the
canopy down as occurred in an F-22 in 2006. The F-22 canopy system failed and was unable to
be fixed or opened manually. Over the next 5 h, crews worked to cut off the canopy from the
aircraft, during which cockpit temperatures rose throughout the extraction [69].

Thermal stress has significant implications aside from simple discomfort. Pilots report increased
fatigue levels and decreased G-force tolerance under high thermal stress [70]. This can negatively
impact performance and pose significant risk. Although efforts have been made to minimize the
impact of thermal stress and improvements have been made, there remains ongoing concern in
this area.

6.4. Toxins/fumes

Since the early days of aviation, toxins have impacted the health of the both the aviator and the
ground crew. Perhaps the most well-known of these is the reports of castor oil’s effects on
WW1 pilots. Although difficult to verify, castor oil may have been the cause of significant
diarrhea in combat pilots. It is believed to have been thrown off by the engine and subse-
quently inhaled or ingested by the pilot sitting directly behind the engine [71].
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tional Safety and Health, have the potential to result in injury.
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Although engineering can potentially mitigate much of external noises, there remains a need to
relay critical information to the aircrew in the form of voice communication. This will place
limits on the amount of noise mitigation that can be engineered into the system.

It is also important to distinguish between sound and noise exposures that aircrew experience
while operating within a closed cockpit/flight deck versus the external environment experi-
enced when approaching their aircraft while other aircraft operations are ongoing. As an
example, the F-35A Lightning II is a fifth-generation fighter which has a measured aircraft
ground noise level of 145 dB when the throttle is set to “Military Power” and 149 dB when set
to “Afterburner” [58]. Obviously, the relative attenuation of the closed cockpit environment
serves as an effective adjunct to triple hearing protection utilizing traditional earplugs in
conjunction with the physical protection of a helmet and the acoustic protection of active
noise-canceling technology. However, with the threshold of pain occurring around 120–
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critical in aircraft design and deployment as long as humans intend to work in or around them.
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Another factor that aircrew deal with is the vibrational forces created by the powerful
machines at their command. One study looked at the effect of vibration on the ability to
perform complex tasks and found that certain vibration patterns reduced cognitive perfor-
mance [60]. Another study found that excess vibration can cause temporary hearing loss and
impaired vision [61]. Another group studied vibrational effects and found that it reduced
motion control [62]. In addition, airborne vibrations were found to cause symptoms of nausea,
coughing, headache, and fatigue [63]. One of the most reported effects is that of back pain. It
appears to affect rotary-wing aircrew more than fixed-wing aircrew as the former experience
much more vibrational forces than the latter. Long term these effects may lead to chronic
problems [64, 65]. Any of these adverse health effects could jeopardize safety and warrant
continued efforts at mitigation.
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Another potential physiologic stressor to pilots is thermal stress. Humans are most comfort-
able in ambient temperatures ranging between 15 and 30�C [66]. There is the potential for
cockpit temperatures to rise significantly above this comfortable range. Reports from pilots in
the 1960s state that on hot days sitting on the steaming runway, temperatures in the cockpit
climbed to nearly 60�C [67]. Even in 2015, it is still possible for cockpit temperatures to exceed
45�C. Sweating can unfortunately exacerbate the problem by increasing cockpit humidity and
creating a greenhouse effect. The latest cooling systems try to adjust for humidity as well [68].
Additionally, systems malfunction and a pilot can become stuck inside the cockpit with the
canopy down as occurred in an F-22 in 2006. The F-22 canopy system failed and was unable to
be fixed or opened manually. Over the next 5 h, crews worked to cut off the canopy from the
aircraft, during which cockpit temperatures rose throughout the extraction [69].

Thermal stress has significant implications aside from simple discomfort. Pilots report increased
fatigue levels and decreased G-force tolerance under high thermal stress [70]. This can negatively
impact performance and pose significant risk. Although efforts have been made to minimize the
impact of thermal stress and improvements have been made, there remains ongoing concern in
this area.

6.4. Toxins/fumes

Since the early days of aviation, toxins have impacted the health of the both the aviator and the
ground crew. Perhaps the most well-known of these is the reports of castor oil’s effects on
WW1 pilots. Although difficult to verify, castor oil may have been the cause of significant
diarrhea in combat pilots. It is believed to have been thrown off by the engine and subse-
quently inhaled or ingested by the pilot sitting directly behind the engine [71].
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One WW1 era toxin which has been confirmed is tetrachloroethane. For the ground crew, and
those building WW1 aircraft, tetrachloroethane was found to cause significant adverse health
effects, including death. It was used ubiquitously by all major combatants during the conflict
as the varnish, also known as “dope,” to cover the fabric of the plane’s wings. Unfortunately
reports after the war linked this toxin to at least 70 illnesses and 12 deaths. Many of the
symptoms appear to have been hepatic/liver failure with transmission of the toxin through
both inhalation and transdermal routes [72–75].

Although not next generation fighter type aircraft, there has been work within the commercial
airline sector on this topic. In modern commercial aircraft, multiple volatile liquids exist in the
various systems of an aircraft. Because air is circulated around the engine to be heated and
pressurized, it is possible for cabin air to become contaminated with various fumes. There have
been multiple reports from aircrew and passengers alike complaining of this occurrence.
Symptoms associated with contaminated air include fatigue, dizziness, and anxiety [76]. More
concerning is the increased rates of cancers, cataracts, and motor neuron diseases that may be
associated with exposures, although at doses higher than would be expected in cabin air
contamination events [77]. Despite the numerous concerns, investigations into cabin air quality
of civilian airliners have repeatedly shown that the air quality on commercial flights is very
good and there is no consistent exposure that should affect the general public. As Bagshaw,
referencing cabin air quality, concludes in his article, “Aviation medical professionals through-
out the world continue to monitor the scientific evidence and remain receptive to objective
peer-reviewed evidence” [78].

In military aircraft, hydrazine is a specific example of a toxin which is of medical concern.
Present in some current 4th generation fighters, such as the General Dynamics F-16 “Fighting
Falcon,” it is used to power the emergency power unit (EPU) and is added to other rocket and jet
fuels. Routes of exposure include inhalation, ingestions, or even absorption through the skin and
eyes. Animal studies have shown liver damage and the potential for cancer formation [79, 80].
Exposure in humans can cause skin burns, dizziness, lethargy, vomiting, contact dermatitis, and
conjunctivitis. Long term exposure has been reported in one case to lead to pulmonary edema,
intestinal hemorrhage, liver necrosis, and death [81]. Due to the continued need for this poten-
tially deadly material, the United States Air Force has instituted a multidisciplinary approach to
dealing with this hazard. From the medical side, a surveillance program looking at labs such as
baseline liver function is conducted on those potentially exposed. Furthermore the workers
themselves are educated in minimizing exposure, safe handling when necessary, as well as the
correct response to an accidental spill [82].

6.5. Radiation exposure: both natural and manmade

Radiation exposure is an area of ongoing concern. Typically our atmosphere protects us from
most harmful waves from our sun or other sources of such as cosmic radiation. While operat-
ing at high altitude, there is less atmosphere to protect the aircrew and the job of protection
falls to the windshield and skin of the aircraft, which may not be as adequate as hoped. One
study estimated that pilots who fly for 56 min at 30,000 ft are exposed to the same amount of
UV-A radiation as someone sitting in a tanning bed for 20 min [83]. However, as in other areas
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this is controversial. For example, one study found no measurable increase in UVA/UVB/UVC
radiation in flights at cruising altitude. Interestingly, UVA levels inside the cabins were actu-
ally lower than on the ground based upon the collected data [84]. Pilots have been shown to be
at increased risk of other cancers including brain cancer and Hodgkin’s disease [85]. However
again, there is controversy regarding if cosmic radiation is solely responsible for this increased
risk of cancer [86]. Another complicating factor is that sometimes there appears to be an
increased risk of developing a cancer with no associated increase in the risk of death [87]. This
raises questions of how clinically significant an increase in risk might be, whether a risk even
exists, and whether it is important to address or not.

Design of aircraft cannot fully eliminate the exposure to higher levels of cosmic radiation
during flight. Flight practices have changed allowing pilots to retire at a later age, thereby
allowing a higher lifetime exposure. As such, we must continue to monitor the impact this has
on pilot health and find ways to mitigate any adverse effects.

7. Current issues and controversies

7.1. Hypoxic-like incidents in modern jet fighters

As described above acceleration atelectasis is a pulmonary condition which was well known and
described in the literature by the generation of Aerospace physicians active during the 1950s and
1960s. This “corporate knowledge” seems to have faded. A literature review conducted in 2017
on this topic in a major data base revealed only 15 relevant articles. Of these one article was
speculative, one was historical, three were review articles, thus leaving only 10 articles. Further-
more these articles began in 1963 and ended with the last basic research article written by Tacker
in 1987. Not included in this search was excellent work performed by Dr. J. Ernsting which was
published in the 1960s. His research recommended up to 40% nitrogen for cabin altitude levels of
25,000 ft [88].

This older research has been revisited due to respiratory complaints reported in new fifth and
some older fourth generation fighters. Most notably pilots of the United States Air Force’s F-22
Raptor, a fifth generation stealth fighter, began to experience “hypoxia-like” symptoms in 2008.
Due to the rising number of incidents and the subsequent fatal crash of an F-22 in November
2010, the F-22 fleet was subsequently grounded twice in 2011 [89]. After considerable effort to
investigate possible causes, the problemwas thought to be fixed after researchers came to believe
the cause was effects of the upper body pressure vests on pilots’ G-suits and narrow oxygen
hoses [90, 91]. While the F-22 fleet was returned to flying, unfortunately problems have contin-
ued with “hypoxia-like” symptoms now seen in other aircraft. This has led to the grounding of
both the newer F-35 Joint Strike Fighter as well as the United States Navy’s T-45 jet trainer, an
older aircraft [92, 93]. Problems have also been cited with the U.S. Navy’s F-18 Super Hornet and
the RAF Tornado, both of which use the OBOGS to supply oxygen to pilots.

Although the root cause of these symptoms was initially felt by some, including the United
States Air Force Scientific Advisory Board, to be due to hypoxia, some experts have suggested
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an alternative explanation including acceleration atelectasis. Indeed some of the symptoms
reported by pilots, (cough, shortness of breath, chest pain) are very reminiscent of acceleration
atelectasis [94, 95]. Other possible explanations put forth by renowned pulmonary researcher
John West include reduced cerebral blood flow due to high +Gz, hyperventilation, CO2 reten-
tion from increased work of breathing, decompression sickness, or even toxic fumes [94].
Regardless of the cause, both West and the USAF Scientific Advisory Board (SAB) have called
for in-flight monitoring and warning systems.

7.2. Studying cognition in hypoxia

Loss of cabin pressure can occur quickly in rapid depressurizations or, more insidiously and
dangerously, with gradual or slow depressurizations. United States military aircrews are
taught to learn their individual symptoms by experiencing them first hand in hypobaric
“altitude” chambers. When aircrew experience these symptoms, they are trained to react by
going on 100% oxygen (“gang load” their regulators) to ensure their oxygen equipment is
working correctly and when in doubt, to transfer to stored oxygen (“pulling the green apple”),
descend to less than 10,000 ft, and communicate with the ground by declaring an in-flight
emergency.

Due to the number of decompression sickness (DCS) incidents seen during such training,
many military and civilian groups are now transitioning away from hypobaric hypoxia train-
ing in the altitude chamber toward normobaric hypoxia training which uses mixed gas to
allow aircrew to experience hypoxic symptoms. While initially safer (fewer DCS events), this
approach may lead to the potential that the symptoms experienced by the pilot in training may
be different if those symptoms are due to hyperventilation during low pressure as opposed to
hypoxia.

Additionally the concept of time of useful consciousness “TUC” is a somewhat crude and
individually variable measure to describe the neurocognitive function of an aircrew exposed to
high altitude. Researchers at Mayo Clinic are currently working on ways to detect subtle
degradation due to hypoxia using other physiologic parameters, such as eye tracking,
transcranial Doppler, ECG R-R’ variability, EEG, etc. [96] (Figure 6). After laboratory data are
analyzed, future work will be needed to incorporate these findings into an aircraft in order to
best support and alert a pilot to the possibility of slow cognitive decline way before TUC
becomes an issue.

7.3. Studying cognition in high workload

Pilot workload in flying high performance aircraft has increased largely due to accelerating
informational flows. Cockpits, while seemingly simpler in appearance, present multiple and
layered details on the flying environment, navigational elements, mission specific data, and
systems integration awareness items. Military pilots often are in contact with multiple ground,
space, and aviation related resources. Warning systems often overlap or produce simultaneous
alarms. Net-centric warfare allows for vast quantities of information to be readily available at
the finger-tips of modern airmen. There may be a time in the near future when this information
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is employed in such a way that a pilot in a manned aircraft would control a “squadron” of
unmanned/drone aircraft. The primary processing center for these information flows is the
pilot’s brain. In this setting it would be very advantageous to know the mental state of the pilot
in terms of cognitive overload. Thus if one pilot was showing signs of cognitive decline, from
any source whether it is due to overload or a physiologic even such as hypoxia, control of
unmanned resources could automatically be passed to another manned system, or mitigation
algorithms could assist the pilot to reduce overload or stressors.

There are a number of physiologic measures which have been shown to reveal a subject’s
current cognitive load. These may prove useful if studied to define envelopes wherein perfor-
mance predictions may be calculated and applied. While incapacitation is critical to detect, it
would be better to detect degradation in the early phases to avoid incapacitation. Many of the
monitoring and mitigation approaches have limitations which need to be understood if
employed.

Relatively recent advances in eye tracking have linked subjects’ cognitive loads to pupil
diameter in a variety of tasks such as sports and driving [97, 98]. Not only has pupil diameter
shown to be a useful measurement, but so too does the amount of eye movement and even
blink rates [99]. Because the eye muscles are the most sensitive muscle to oxygen depletion, eye
tracking may also be a good indicator of hypoxia [100]. Limitations of eye tracking may

Figure 6. Ongoing experiments at Mayo Clinic evaluating the physiologic responses which may be early signs of
cognitive degradation during exposure to normobaric hypoxia.
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include difficulty detecting pupils during G-forces that may pull eyelids down thus obscuring
the pupils. Also, due to the continual movement of a pilots head, eye tracking may be better
performed by a device which moves with head motions. This would suggest a likely location
for an eye tracker to be on/in a pilot’s helmet [101–105].

Aside from eye tracking, heart rate variability has been demonstrated by some to also correlate
with physiologic reserve and potential cognitive stress. Each peak on an EKG is called the “R”
wave. By measuring the distance between successive “R” waves, it has been found that the R
to R interval continually changes. In fact there is more variability in young healthy individuals
than those who are older and sicker. The latter have a more “fixed” interval with less variation.
This decrease in variability has also been seen during increased cognitive load [106]. Further
work would need to see if this can be practically performed regularly in flight.

Cognitive function measuring devices have included measurements of ocular saccades (rapid
eye movements which change the point of eye fixation from one point to the next), EEG
monitors, pupil size, and even eye blink velocity [103]. Practical use of these devices has been
limited in the cockpit due to the technical issues such as difficulty of applying electrodes in the
first case, bulkiness and reliability of devices and difficulty positioning sensors due to space
limitations or changes in signaling under acceleration forces. Much more study is needed in
this field but it is clear that in-flight monitoring will be an element in future manned flight.

8. Conclusion and the future of manned flight

An in-flight monitoring and warning system may be one way to safely keep “pilots in the
cockpit.” One theoretical concept would be to monitor various physiologic parameters of the
pilot. If physiologic parameters were found to fall outside of normal references ranges, one
could conceive that an auto-pilot would be activated and either takeover flying the aircraft
completely or “ask” the pilot if it could assist. This could occur until the pilot was able to
regain control, or it may need to “safely” eject the pilot and self-land the aircraft.

This may seem to be very futuristic, but similar technologies already exist. Although not
directly measuring the pilot’s physiology, newer block F-16s have begun to incorporate an
auto-ground collision avoidance system (Auto-GCAS) as of 2014. This system compares the
predicted flight path against the known terrain and institutes an automatic recovery if the two
are predicted to touch. In an aircraft known to have increased risk for G-LOC, especially in
new pilots, this system has already been credited with saving the lives of four pilots and their
aircraft as of 2016. Future work is aimed at creating an Automatic Integrated Collision Avoid-
ance System, which will also help prevent mid-air collisions [107].

Actual monitoring of a pilot’s movement has been in place in combat aircraft for years via
infrared beams. The Army’s AH-64 Apache helicopter uses infrared sensors on either side of
the pilot/gunner to detect movement of the pilot’s head. This system is called the Integrated
Helmet and Display Sight System, better known as IHADSS. It allows a computer to slew the
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aircraft’s gun to the pilot’s monocle such that wherever the pilot/gunner is looking, the gun is
pointed [108]. With a monocle already in place, one could also imagine an eye tracker looking
back at the pilot to monitor the pilot’s cognitive load and gradually assist in taking the
workload off the pilot. It could do this by taking over critical systems of the aircraft, such as
flying to avoid collision. Additionally it may even actively change displays in the cockpit in a
manner which would help redirect the pilot’s attention.

There are experimental research aircraft which currently employ some of these physiologic
monitoring devices. At the University of Iowa’s Operator Performance Laboratory, two Delfin
L-29 jet aircraft are equipped with eye tracking devices as well as ECG monitors. Lead by
Dr. Thomas Schnell, researchers there have developed software termed Cognitive Avionics Tool
Set (CATS). This software imports on board data from physiologic sensors of the pilot in order to
quantify human cognitive workload. Data analyzed include ECG, EEG, and eye tracking to
name a few. Using CATS, operators on the ground can increase or decrease training scenarios
based on how “overwhelmed” a subject is [109]. Further experimentation may be required to
determine if cognitive decline due to hypoxia would also be detected by this system.

Currently the Royal Air Force (RAF) at the RAF Center of Aviation Medicine (CAM) also has
jet aircraft with human physiologic monitoring capabilities. These aircraft are specially modi-
fied BAE Hawk T1 Mk1 aircraft, a platform similar to the U.S. Navy’s T-45 Goshawk training
aircraft. As a tandem aircraft, these jets are suited for research as the safety pilot-in-command
operates the vehicle from the front seat while research subjects ride in the aft seat. Unfortu-
nately, RAF CAM and its specially modified aircraft is scheduled to close by 2020 [110].

With all that has been discovered to date, there is also much more to be learned. By under-
standing current problems faced by pilots of 5th generation aircraft improved monitoring can
take place. Monitoring can increase understanding of physiologic changes which occur as we
push aircraft design into areas never before experienced by humans. By coupling monitors to
automated systems which can “take over” when a pilot becomes incapacitated, human endur-
ance can continue to be pushed to the limits in a safe manner.
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automated systems which can “take over” when a pilot becomes incapacitated, human endur-
ance can continue to be pushed to the limits in a safe manner.
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Abstract

This chapter deals with some intensive methods regarding aircraft gas-turbine-engine
performance enhancement, which are suitable alternatives for the most common tempo-
rarily thrust increasing method—the afterburning. Coolant injection method, into the
compressor or into the combustor, realizes the desired thrust increase for a short period,
when the flight conditions or other aircraft necessities require this. Both methods were
studied from aircraft engine’s point of view, considering it as controlled object. New
engine’s mathematical model was built up, following the thermo- and gas-dynamics
changes and some quality studies were performed, based on engine’s time behavior
simulations; some control options and schemes were also studied. Quantitative studies
were based on the model of an existing turbo-engine; mathematical model’s coefficients
are both experimentally determined (in the Aerospace Engineering Division labs) as well
as estimated based on graphic-analytic methods. This approach and the presented
methods could be applied to any other turbo-jet engine and used even in the stage of
pre-design of a new engine, to estimate its stability and quality.

Keywords: gas turbine, control, cooling, injection, volatile, engine, compressor,
combustor, fuel, thrust augmentation, step response

1. Introduction

Aircraft engine’s performance enhancement is one of nowadays most studied issues. Since
conventional methods (in terms of temperature and/or overall pressure ratio growth) have
failed due to lack of suitable materials, some alternative methods have been sought. Among
these, a few methods for temporarily engine thrust increase were designed and tested, such as
the coolant injection (into the compressor or into the combustor), which is one of the most
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effective, viable and reliable alternatives to the already classical afterburning. In fact, nowa-
days most efficient thrust augmentation method is the afterburning, but it is also the most
expensive because of its significantly increased fuel consumption; moreover, in case of
afterburning implementation, it is compulsory for the engine to have an afterburning chamber
with variable area exhaust nozzle, heat insulation and noise dampers, as well as a fuel injection
equipment with suitable control system(s), which implies important design and manufactur-
ing issues and, consequently, additional costs.

In order to maximize the gas-turbine engine’s thrust, especially of a turbojet, it is necessary that
the energy of the hot gases evacuated through the exhaust nozzle is as high as possible [1, 2].
As far as the available energy of the hot gases leaving engine’s combustion chamber is divided
between the turbine and the exhaust nozzle, there are two methods to increase the nozzle
fraction: (1) additional injection of fuel behind the turbine and burning it in a special combus-
tion chamber, above-mentioned method called “afterburning” (which, obviously, is an exten-
sive method); (2) the reduction of turbine power for the nozzle’s benefit, by reducing the
power required for the compressor, in fact reducing the air compression evolution mechanical
work (which is an intensive method).

The second method may have two ways to be accomplished by (1) reducing compressor’s
specific mechanical work, but keeping the same pressure ratio value, or (2) reducing the com-
pressor air mass flow rate, but keeping the same burned gases mass flow rate, as presented in [1].

The first way involves the conversion of the adiabatic air compression evolution into a
polytropic one, by cooling the air flow through the engine’s compressor. As long as for an
aircraft engine, it is quite impossible to use an external air cooler (because of its prohibited
dimension and volume), the only effective cooling method is the volatile coolant injection into
the air flow, which realizes the heat extraction during its mixing with the air and vaporization.

The second way involves the injection of a coolant into the rear part of the engine’s combustor,
which, in order to keep constant the turbine’s burned gases mass flow rate, leads to a decrease
of the compressor’s air mass flow rate and simultaneously, for a constant rotational speed, to
the compressor’s final pressure increase and to the compression mechanical work decrease.

Both the abovementioned ways are meant to increase the enthalpy drop of engine’s exhaust
nozzle, by reducing gases enthalpy drop into the turbine, as a consequence of a reduced
necessity of mechanical work of the engine’s compressor. Thus, the methods for temporarily
engine thrust augmentation are based on both previously described operating modes.

2. Gas-turbine jet engine mathematical model

Equations which describe jet engine’s operation are: the motion equation of the spool com-
pressor and turbine rotor, characteristics chart(s) of the compressor and of the turbine, the heat
balance equation of engine’s combustor and, eventually, the mass flow rate equation, as
presented in [3–5].
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bleed air mass flow rate (extracted from the compressor for aircraft’s and/or engine’s necessi-
ties), _mc� injected fuel mass flow rate, A5– nozzle’s effective exhaust area.

All of them are nonlinear equations, which makes them extremely difficult to be used for
study. In fact, in abovementioned equations, all parameters X are multivariable X ¼ X uið Þ;ð
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regime or operation point, using the finite difference method) and bring them to a dimension-
less form (by suitable dividing), then apply the Laplace transformation (with null initial
conditions) in order to obtain the useful form of the mathematical model and the possibility
of the transfer function describing, as it was done in [3, 5]. So, any parameter noted as X, may
be mathematically described as follows:

X ¼ X0 þ ΔX
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2!

þ…þ ΔXð Þn
n!

, (6)
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nozzle, by reducing gases enthalpy drop into the turbine, as a consequence of a reduced
necessity of mechanical work of the engine’s compressor. Thus, the methods for temporarily
engine thrust augmentation are based on both previously described operating modes.

2. Gas-turbine jet engine mathematical model

Equations which describe jet engine’s operation are: the motion equation of the spool com-
pressor and turbine rotor, characteristics chart(s) of the compressor and of the turbine, the heat
balance equation of engine’s combustor and, eventually, the mass flow rate equation, as
presented in [3–5].
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where X0 is the value of X for a steady state regime (assumed as completely determined), ΔX is
the static error (or the linear deviation). Assuming a small value of ΔX, terms containing
ΔXð Þr, r ≥ 2, should be neglected. Consequently, the above-presented equation system has a
new form, becoming a linear one. Moreover, dividing favorable ΔX

X0
, the above mathematical

model can be transformed into a dimensionless-one. In order to obtain the dimensionless
linearized mathematical model, one has to apply the Laplace transformation.

For the first model’s equation, Eq. (1), one observe that turbine and compressor torques may be
expressed as.

MT ¼ MT0 þ ΔMT,MC ¼ MC0 þ ΔMC, (7)

while
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where 0� index refers to the steady-state regime. Meanwhile, compressor and turbine pressure

ratios are expressed as π∗
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and p∗3 ¼ σ∗CAp

∗
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Substituting in Eq. (1) MT and MC with their expressions (Eqs. (8) and (9)), then eliminating the
terms corresponding to the steady-state regime (identically satisfied), one obtains
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then, after applying the Laplace transformation (for null initial conditions), the equation
becomes
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s – derivative operator, X sð Þ�the Laplace transformation image of the dimensionless formal
parameter ΔX

X0
, or, as simplified notation

X X ¼ n;T
∗
3;…

� �
: (13)

By doing the same for the other equations, one obtains their dimensionless linearized new

forms, depending on the same parameters n; T
∗
3; T

∗
4; p

∗
2; p

∗
4

� �
, as follows:

k2nn� k2T3T
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3 � k2p2p∗2 ¼ 0, (14)

�T
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3 þ T
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4 � k3p2p∗2 � k3p4p∗4 ¼ 0, (15)
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4 � k4p2p∗2 � k4p4p∗4 ¼ k4AA5, (16)

k5nnþ k5T3T
∗
3 þ k5p2p∗2 ¼ k5c _mc: (17)

The above presented coefficients can be experimentally determined, or graphic-analytical
estimated, based on engine’s characteristics chart, as done in [3].

As presented in [5], engine’s mathematical model built-up with Eqs. (12) and (14) to (17), may
be expressed as an unique matrix eq. [A]�(u) = (b):

T1sþ r1 �k1T3 0 �k1p2 k1p4
k2n �k2T3 0 k2p2 0
0 �1 1 �k3p2 �k3p4
0 k4T3 k4T4 k4p2 k4p4
k5n k5T3 0 k5p2 0

2
6666664

3
7777775
�
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1
CCCCCCA
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0
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0
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k5c _mc

0
BBBBBB@

1
CCCCCCA
: (18)

Moreover, using the Cramer method, one can solve the equation and obtain the expressions of all
the output parameters in vector (u). As an example, for engine’s speed n parameter expression, it

results in n ¼ det Anð Þ
det Að Þ , or det Að Þn ¼ det Anð Þ, where det Að Þ is A½ �� matrix determinant, while

det Anð Þ is the determinant of the matrix obtained by replacing the first A½ ��matrix column with
the input vector (b). Eventually, one obtains, formally, a1sþ a0ð Þn ¼ f 0 _mc þ g0A5, or else
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where X0 is the value of X for a steady state regime (assumed as completely determined), ΔX is
the static error (or the linear deviation). Assuming a small value of ΔX, terms containing
ΔXð Þr, r ≥ 2, should be neglected. Consequently, the above-presented equation system has a
new form, becoming a linear one. Moreover, dividing favorable ΔX
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linearized mathematical model, one has to apply the Laplace transformation.
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Moreover, using the Cramer method, one can solve the equation and obtain the expressions of all
the output parameters in vector (u). As an example, for engine’s speed n parameter expression, it

results in n ¼ det Anð Þ
det Að Þ , or det Að Þn ¼ det Anð Þ, where det Að Þ is A½ �� matrix determinant, while

det Anð Þ is the determinant of the matrix obtained by replacing the first A½ ��matrix column with
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τmsþ 1ð Þn ¼ kc _mc þ kAA5, (19)

where the involved coefficients a1; a0; f 0; g0
� �

and τm; kc; kAð Þ are used with their expressions
determined in [5], depending on the values of T1, r1, k1T3,…k5p2, k4A, k5c. If one considers the
aircraft flight regime too (airspeed V and altitude H), Eq. (19) must be completed by a term
containing both elements V and H, which is the pressure p∗1 (as determined in [3, 5]):

τmsþ 1ð Þn ¼ kc _mc þ kAA5 � kHVp∗1: (20)

Together with the main output n, secondary outputs may be obtained in the same way:

• Combustor temperature:

τmsþ 1ð ÞT∗
3 ¼ lTcsþ lTð Þ _mc þ lAA5 � kTHVp∗1, (21)

• Engine thrust:

τmsþ 1ð ÞF ¼ lFcsþ lcð Þ _mc þ lFAsþ lAð ÞA5 � kFpp∗1: (22)

If the engine operates at low altitude and speed (such as during the take-off procedure), flight
regime has no influence, as well as the exhaust nozzle area (which must be totally open), so
p∗1 ¼ 0 and A5 ¼ 0.

3. Coolant injection into gas-turbine engine’s compressor

The first described thrust augmentation method consists of the injection of a special cooling
fluid (distilled water, methanol, ammonia or mixtures), identified as coolant, into engine’s axial
compressor, in its front part. In order to achieve its task—the heat extraction by vaporization—
it is compulsory that the coolant injectors are positioned in the front of the compressor to
assure enough room for coolant-air mixing and coolant vaporization. If the coolant is a
combustible fluid (such as methanol), not a neutral fluid (such as water), after its vaporization,
it can participate into the burning evolution in the engine’s combustor, which may reduce the
fuel consumption increase due to the coolant injection [1].

Thrust augmentation is significant for an engine operating at uncommon atmospheric condi-
tions (such as high temperatures, more than 30�C, low pressure and humidity), because
injected coolant’s vaporization is facilitated [1]. Method’s disadvantages consist of icing haz-
ard (air intake’s and compressor’s blades icing, or the suction of ice lumps into the compres-
sor), as well as the necessity of on-board coolant carrying; injection running time is the one
who limits the coolant necessary mass to be boarded, so aircraft’s coolant injection system
design and optimization must take into account aircraft’s take-off payload, as well as aircraft
mission and take-off atmospheric conditions.
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In fact, the temporary thrust augmentation by this coolant injection method may be assimi-
lated to an over-boost method for classic engines; this method is suitable for low or medium
power jet-engines, as well as for turboprops (where the afterburning is impossible to be
adapted).

3.1. Thermodynamic and gas-dynamic phenomena

The air compression evolution into the engine’s compressor is an irreversible adiabatic (of
adiabatic exponent χ ¼ 1:4), characterized by increasing air temperature (enthalpy), as depicted
in Figure 1. The injected coolant vaporizing extracts a significant fraction of the produced
compression heat; consequently, the compressed air becomes cooler, its mass flow rate grows,
while its volume flow rate is kept constant. The extraction of a fraction of the compression heat
(qi in Figure 1) converts the air compression evolution into a polytropic-one (of ai exponent,
smaller than χ) and determines a significant decrease of the compression mechanical work;
meanwhile, compressor’s total pressure ratio changes, from π∗

c to π
∗
ci , as well as the compressor’s

working line on its universal characteristics (which moves much closer to the surge line).

The injected coolant may extract the heat Qi ¼ _mlrf , where rf is coolant’s latent heat of vapor-
ization, _ml� the injected coolant flow rate, which means that, for _ma the air flow rate through
the compressor and for ξl� the injection fraction, one obtains for qi

qi ¼
Qi

_ma
¼ _ml

_ma
rf ¼ ξl � rf : (23)

Mechanical work’s value should be the same for both evolutions (the adiabatic old one, as well
as for the polytropic new one), so

Figure 1. Air compression evolution with and without coolant injection.
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τmsþ 1ð Þn ¼ kc _mc þ kAA5, (19)

where the involved coefficients a1; a0; f 0; g0
� �

and τm; kc; kAð Þ are used with their expressions
determined in [5], depending on the values of T1, r1, k1T3,…k5p2, k4A, k5c. If one considers the
aircraft flight regime too (airspeed V and altitude H), Eq. (19) must be completed by a term
containing both elements V and H, which is the pressure p∗1 (as determined in [3, 5]):

τmsþ 1ð Þn ¼ kc _mc þ kAA5 � kHVp∗1: (20)

Together with the main output n, secondary outputs may be obtained in the same way:

• Combustor temperature:

τmsþ 1ð ÞT∗
3 ¼ lTcsþ lTð Þ _mc þ lAA5 � kTHVp∗1, (21)

• Engine thrust:

τmsþ 1ð ÞF ¼ lFcsþ lcð Þ _mc þ lFAsþ lAð ÞA5 � kFpp∗1: (22)

If the engine operates at low altitude and speed (such as during the take-off procedure), flight
regime has no influence, as well as the exhaust nozzle area (which must be totally open), so
p∗1 ¼ 0 and A5 ¼ 0.

3. Coolant injection into gas-turbine engine’s compressor

The first described thrust augmentation method consists of the injection of a special cooling
fluid (distilled water, methanol, ammonia or mixtures), identified as coolant, into engine’s axial
compressor, in its front part. In order to achieve its task—the heat extraction by vaporization—
it is compulsory that the coolant injectors are positioned in the front of the compressor to
assure enough room for coolant-air mixing and coolant vaporization. If the coolant is a
combustible fluid (such as methanol), not a neutral fluid (such as water), after its vaporization,
it can participate into the burning evolution in the engine’s combustor, which may reduce the
fuel consumption increase due to the coolant injection [1].

Thrust augmentation is significant for an engine operating at uncommon atmospheric condi-
tions (such as high temperatures, more than 30�C, low pressure and humidity), because
injected coolant’s vaporization is facilitated [1]. Method’s disadvantages consist of icing haz-
ard (air intake’s and compressor’s blades icing, or the suction of ice lumps into the compres-
sor), as well as the necessity of on-board coolant carrying; injection running time is the one
who limits the coolant necessary mass to be boarded, so aircraft’s coolant injection system
design and optimization must take into account aircraft’s take-off payload, as well as aircraft
mission and take-off atmospheric conditions.
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In fact, the temporary thrust augmentation by this coolant injection method may be assimi-
lated to an over-boost method for classic engines; this method is suitable for low or medium
power jet-engines, as well as for turboprops (where the afterburning is impossible to be
adapted).

3.1. Thermodynamic and gas-dynamic phenomena

The air compression evolution into the engine’s compressor is an irreversible adiabatic (of
adiabatic exponent χ ¼ 1:4), characterized by increasing air temperature (enthalpy), as depicted
in Figure 1. The injected coolant vaporizing extracts a significant fraction of the produced
compression heat; consequently, the compressed air becomes cooler, its mass flow rate grows,
while its volume flow rate is kept constant. The extraction of a fraction of the compression heat
(qi in Figure 1) converts the air compression evolution into a polytropic-one (of ai exponent,
smaller than χ) and determines a significant decrease of the compression mechanical work;
meanwhile, compressor’s total pressure ratio changes, from π∗

c to π
∗
ci , as well as the compressor’s

working line on its universal characteristics (which moves much closer to the surge line).

The injected coolant may extract the heat Qi ¼ _mlrf , where rf is coolant’s latent heat of vapor-
ization, _ml� the injected coolant flow rate, which means that, for _ma the air flow rate through
the compressor and for ξl� the injection fraction, one obtains for qi
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where i∗1 is air’s specific enthalpy in the front of the compressor, ηc� compressor’s efficiency.
This equation gives the connection between ξl and ai, as shown in Figure 2. The bigger the
coolant fluid flow rate _ml and its fraction ξl are, the lower the polytropic exponent is; its value
tends to 1, which means that the limit evolution is the isothermic-one, extremely difficult to be
achieved. Withal, the bigger compressor’s total pressure ratio is, the bigger ai value becomes.

The new value of the compressors total pressure ratio becomes

π∗
ci ¼ 1þ ai � 1

ai

χ
χ� 1

π∗
c

� �χ�1
χ � 1
ηC

2
4

3
5

8<
:

9=
;

ai
ai�1

: (25)

In terms of the engine’s working fluid mass flow rate, modifications also appear. For the basic
engine, burned gases mass flow rate through the exhaust nozzle _mg is given by

_mg ¼ _ma � _mpr þ _mc, (26)

As stated in [1, 2], the bleed air mass flow rate _mpr and the fuel mass flow rate _mc have near the
same values, which lead to the conclusion that _mg ≈ _ma. Therefore, if the coolant injection
system is active, the burned gases flow rate _mgi becomes

_mgi ¼ _mai þ _ml, (27)

where _mai is the compressor air mass flow rate amount when the coolant injection is active.

Figure 2. Polytropic exponent versus coolant injection fraction.
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As long as nowadays gas-turbine-engines have critical flow in their turbines [1, 2, 8], their flow
parameters should remain constant, even with coolant injection into the compressor. So, the

condition
_mg

ffiffiffiffi
T∗
3

p
p∗3

¼ idem for the turbine flow leads to

_mg
ffiffiffiffiffiffi
T∗
3

p
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3

p
σ∗CAp

∗
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T∗
3

p
σ∗CAp

∗
2i

, (28)

where p∗3� burned gas pressure before the turbine (proportional to p∗2� the air pressure after
the compressor, p∗3 ¼ σ∗CAp

∗
2

�
, σ∗CA� combustor’s total pressure ratio, p∗2i� the air pressure after

the compressor when the coolant injection is active.

Consequently, the new value for the compressor’s air flow rate becomes

_mai ¼ _ma
π∗
ci

π∗
c
, (29)

which, obviously, modifies the value of _mgi given by Eq. (27).

3.2. Gas-turbine-engine with coolant injection into its compressor mathematical model

Coolant injection, as presented in previous section, has a significant influence above engine’s
behavior and, consequently, above its mathematical model form, as well as on its coefficients
expressions and values.

First, the mass flow rate equation is modified because of the presence of _ml; second, according
to the coolant nature (combustible fluid or neutral fluid), the combustor’s equation may, or
may not, be also modified.

In terms of the mass flow equation, Eq. (27) may be written (according to [1, 9] and [10]) as

_mgi p∗3;T
∗
3

� � ¼ _mai p∗2; n
� �þ _ml, (30)

or, using the finite difference method for linearization, as
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0
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∂n

� �

0
Δnþ Δ _ml: (31)

The above-determined equation, after some suitable amplifying and terms grouping, may
be brought to a dimensionless form, then Laplace transformed, as described in [10], giving
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, (32)

equivalent to
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where i∗1 is air’s specific enthalpy in the front of the compressor, ηc� compressor’s efficiency.
This equation gives the connection between ξl and ai, as shown in Figure 2. The bigger the
coolant fluid flow rate _ml and its fraction ξl are, the lower the polytropic exponent is; its value
tends to 1, which means that the limit evolution is the isothermic-one, extremely difficult to be
achieved. Withal, the bigger compressor’s total pressure ratio is, the bigger ai value becomes.

The new value of the compressors total pressure ratio becomes
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In terms of the engine’s working fluid mass flow rate, modifications also appear. For the basic
engine, burned gases mass flow rate through the exhaust nozzle _mg is given by

_mg ¼ _ma � _mpr þ _mc, (26)

As stated in [1, 2], the bleed air mass flow rate _mpr and the fuel mass flow rate _mc have near the
same values, which lead to the conclusion that _mg ≈ _ma. Therefore, if the coolant injection
system is active, the burned gases flow rate _mgi becomes

_mgi ¼ _mai þ _ml, (27)

where _mai is the compressor air mass flow rate amount when the coolant injection is active.

Figure 2. Polytropic exponent versus coolant injection fraction.
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As long as nowadays gas-turbine-engines have critical flow in their turbines [1, 2, 8], their flow
parameters should remain constant, even with coolant injection into the compressor. So, the

condition
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where p∗3� burned gas pressure before the turbine (proportional to p∗2� the air pressure after
the compressor, p∗3 ¼ σ∗CAp

∗
2

�
, σ∗CA� combustor’s total pressure ratio, p∗2i� the air pressure after

the compressor when the coolant injection is active.

Consequently, the new value for the compressor’s air flow rate becomes

_mai ¼ _ma
π∗
ci

π∗
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, (29)

which, obviously, modifies the value of _mgi given by Eq. (27).

3.2. Gas-turbine-engine with coolant injection into its compressor mathematical model

Coolant injection, as presented in previous section, has a significant influence above engine’s
behavior and, consequently, above its mathematical model form, as well as on its coefficients
expressions and values.

First, the mass flow rate equation is modified because of the presence of _ml; second, according
to the coolant nature (combustible fluid or neutral fluid), the combustor’s equation may, or
may not, be also modified.

In terms of the mass flow equation, Eq. (27) may be written (according to [1, 9] and [10]) as

_mgi p∗3;T
∗
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� � ¼ _mai p∗2; n
� �þ _ml, (30)

or, using the finite difference method for linearization, as
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The above-determined equation, after some suitable amplifying and terms grouping, may
be brought to a dimensionless form, then Laplace transformed, as described in [10], giving
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equivalent to
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k=2nn� k=2T3T
∗
3 þ k=2p2p

∗
2 ¼ ξl _ml , (33)

which is a new form for the second equation of the mathematical model, so the new coeffi-
cients in Eq. (33) left member should replace the old ones in the second line of the system
matrix [A]. Withal, the input vector bð Þ should be completed on its second line by ξl _ml, the
right member in Eq. (33).

In terms of the combustor equation, it shall be modified due to the supplementary presence of
the coolant fluid’s energy [10, 11], as follows

_mgicpgT
∗
3 � _mai cpaT

∗
2 ¼ _mcζCAPc þ _mlζCAPl, (34)

where Pl�chemical energy of the injected fluid (if combustible), and T∗
2�air temperature

behind the compressor, which may be expressed with respect to p∗2 as follows

T∗
2 ¼ p∗20

T∗
20

∂T∗
2

∂π∗
c

� �

0

∂π∗
c

∂p∗2

� �

0
p∗2 , (35)

while the term _mai shall be expressed from the compressor’s characteristic with respect to its
rotational speed n and to the pressure behind the compressor p∗2 [2, 8, 10].

Both cases, for neutral, respectively for combustible coolant, were studied in [10], the fifth
equation of themathematical model beingmodified according to each situation, as shown below.

3.2.1. Neutral coolant injection

When the injected coolant is a neutral fluid Pl ¼ 0ð Þ, the term _mlζCAPl becomes null. Conse-
quently, considering Eq. (35) and applying the same above described method (as in [4, 10]),
Eq. (34) becomes

cp T∗
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� �
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∂π∗
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∂p∗2

� �

0

2
4

3
5p∗2 ¼ _mc �

_ml0

_mc0ζCAPc
_ml

(36)

The coefficient
_ml0

_mc0 ζCAPc
of _ml in the above-determined equation has a very small value (104 times

less than any other coefficient), so it may be neglected, which simplifies equation’s final form

k5nnþ k=5T3T
∗
3 þ k=5p2p

∗
2 ¼ _mc, (37)

so the fifth line in matrix [A] of Eq. (18) must be rewritten. Consequently, one obtains a new
form of engine’s mathematical model, as follows:
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T1sþ r1 �k1T3 0 �k1p2 k1p4

k=2n �k=2T3 0 k=2p2 0
0 �1 1 �k3p2 �k3p4
0 k4T3 k4T4 k4p2 k4p4
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2
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3
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1
CCCCCCA
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0
ξl _ml

0
0
k=5c _mc

0
BBBBBB@

1
CCCCCCA
, (38)

which gives for the main output parameter, by Cramer-method solving, an equation similar to
Eq. (19)

τm1sþ 1ð Þ � n ¼ kc1 _mc � kl _ml : (39)

3.2.2. Combustible fluid injection

When the coolant is a combustible fluid, Eq. (34) shall be reconsidered and rewritten; conse-
quently, its right member becomes

1� Pl

Pc

_ml0

_mc0

� �
_mc �

_ml0cp T∗
30 � T∗

20

� �

_mc0ζCAPc
_ml ¼ k=5c _mc � k=5l _ml , (40)

so, the fifth equation of the model shall have a new form, similar to Eq. (37), but considering
the coolant heat effect too:

k5nnþ k=5T3T
∗
3 þ k=5p2p

∗
2 ¼ k=5c _mc � k=5l _ml : (41)

In order to eliminate the term containing the coolant injection flow rate parameter and simplify

the input vector’s form, one has to multiply the second model’s equation by k=5l
ξl
and to add it to

Eq. (40). It results, for the last equation of the model, a simplified form

k=2n
k=5l
ξl

þ k5n

 !
nþ k=2T3
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ξl

þ k5T3

 !
T∗
3 þ k=2p2
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þ k5p2

 !
p∗2 ¼ k=5c _mc (42)

and, consequently, the new form of the main matrix [A2] of engine’s mathematical model
becomes

A2 ¼

T1sþ r1 �k1T3 0 �k1p2 k1p4

k=2n �k=2T3 0 k=2p2 0
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2
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3
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, (43)

while the vectors uð Þ and bð Þ remain the same as in Eq. (38).
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which is a new form for the second equation of the mathematical model, so the new coeffi-
cients in Eq. (33) left member should replace the old ones in the second line of the system
matrix [A]. Withal, the input vector bð Þ should be completed on its second line by ξl _ml, the
right member in Eq. (33).

In terms of the combustor equation, it shall be modified due to the supplementary presence of
the coolant fluid’s energy [10, 11], as follows
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while the term _mai shall be expressed from the compressor’s characteristic with respect to its
rotational speed n and to the pressure behind the compressor p∗2 [2, 8, 10].

Both cases, for neutral, respectively for combustible coolant, were studied in [10], the fifth
equation of themathematical model beingmodified according to each situation, as shown below.

3.2.1. Neutral coolant injection

When the injected coolant is a neutral fluid Pl ¼ 0ð Þ, the term _mlζCAPl becomes null. Conse-
quently, considering Eq. (35) and applying the same above described method (as in [4, 10]),
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The coefficient
_ml0
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less than any other coefficient), so it may be neglected, which simplifies equation’s final form

k5nnþ k=5T3T
∗
3 þ k=5p2p

∗
2 ¼ _mc, (37)

so the fifth line in matrix [A] of Eq. (18) must be rewritten. Consequently, one obtains a new
form of engine’s mathematical model, as follows:
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which gives for the main output parameter, by Cramer-method solving, an equation similar to
Eq. (19)

τm1sþ 1ð Þ � n ¼ kc1 _mc � kl _ml : (39)

3.2.2. Combustible fluid injection

When the coolant is a combustible fluid, Eq. (34) shall be reconsidered and rewritten; conse-
quently, its right member becomes

1� Pl

Pc

_ml0

_mc0

� �
_mc �

_ml0cp T∗
30 � T∗

20

� �

_mc0ζCAPc
_ml ¼ k=5c _mc � k=5l _ml , (40)
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the coolant heat effect too:
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while the vectors uð Þ and bð Þ remain the same as in Eq. (38).
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3.3. About system’s quality

The gas-turbine-engine with coolant injection into its compressor as controlled object, according
to its above-determined mathematical model and as Figure 3 shows, it is a first-order system; it
has two inputs (the fuel mass flow rate _mc and the coolant mass flow rate _ml ), but multiple

outputs (such as engine’s rotation speed n, combustor’s temperature T
∗
3, engine’s thrust F, etc.);

obviously, only one output is the main one (in this case n), the others being secondary outputs.

System’s quality evaluation consists of the study of system’s time behavior, in fact the study
of system’s step response(s); system’s input(s) is (are) replaced by step functions (Heaviside),
and the outputs are evaluated from their behavior point of view, knowing how the system
responds to sudden input(s) and gathering information on system’s stability, as well as on its
ability to reach one stationary state when starting from another [4, 7, 11].

A quantitative study was performed and described in [10], based on an existing VK-1A-type
engine (jet-engine with constant geometry exhaust nozzle), excluding its built-in control sys-
tems (such as rotation speed controller or combustor’s temperature limiter), in order to evalu-
ate only the basic engine as possible controlled object.

One has chosen for study as outputs: the main output – engine’s speed parameter n, as well as

two secondary, but very important, outputs – combustor temperature’s parameter T
∗
3 and

engine’s thrust parameter F. Outputs’ quantitative expressions (determined in [10]) are:

a. engine with neutral coolant injection (distilled water):

n sð Þ ¼ 1:283 _mc sð Þ � 0:092 _ml sð Þ
1:6348sþ 4:5158

, (44)

T∗
3 sð Þ ¼ 1:474sþ 2:748ð Þ _mc sð Þ � 0:047sþ 0:034ð Þ _ml sð Þ

1:6348sþ 4:5158
, (45)

F sð Þ ¼ 1:385sþ 4:516ð Þ _mc sð Þ � 0:089sþ 0:315ð Þ _ml sð Þ
1:6348sþ 4:5158

; (46)

b. engine with combustible coolant injection (methanol):

n sð Þ ¼ 1:43 _mc sð Þ � 0:184 _ml sð Þ
2:161sþ 4:7973

, (47)

T∗
3 sð Þ ¼ 1:816sþ 2:467ð Þ _mc sð Þ � 0:053sþ 0:047ð Þ _ml sð Þ

2:161sþ 4:7973
, (48)

F sð Þ ¼ 1:584sþ 6:317ð Þ _mc sð Þ � 0:113sþ 0:803ð Þ _ml sð Þ
2:161sþ 4:7973

: (49)

Engine outputs’ time behavior is graphically represented in Figures 4–6, for the basic engine
(blue lines), as well as for the engine with coolant injection (green lines for neutral coolant, red
lines for combustible coolant). All the obtained curves are proving that the studied system is a
stable-one, with asymptotic stabilization and static errors.
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In terms of engine’s time constant value, whatever the method was, it remains nearly the same,
settling time values being kept around (2.5–3.0) s, similar to the basic engine.

As Figure 4 shows, whatever the nature of the coolant is, the speed parameter behavior is little
influenced, the deviation from basic engine’s curve being very small; the biggest value is
obtained for combustible coolant (obviously, because its supplementary contribution to the
burning process and supplementary heat transfer).

Figure 5 shows temperature parameters’ initial overshoots, followed by asymptotic settlings.

When the coolant is neutral, one can observe a significant growth of the T
∗
3� parameter’s

value, as a consequence of air mass flow rate increase, which requires a supplementary fuel
injection, in order to avoid temperature and thrust decrease. When the coolant is a combustible
fluid, because of its own heat input, the supplementary fuel injection is smaller and, conse-
quently, one obtains a smaller temperature increase, even if the initial overshoot is comparable
to the first case.

In terms of thrust parameter’s behavior, as Figure 6 shows, after a sudden initial increase, the
curves have similar asymptotic aspects. Most significant thrust increase is obtained when the
coolant is a combustible-one because of engine’s specific thrust increase (due to the additional
heat input), as well as because of air mass flow rate increase, while thrust increase for neutral
coolant injection is moderate.

Figure 3. Formal description of a gas-turbine-engine with coolant injection.

Figure 4. Comparative step response of engine rotational speed parameters.
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3.4. Jet engine with coolant injection controller

The coolant injection into the compressor is done by means of a pump, which may be electri-
cally driven (by a DC motor, supplied by the aircraft electric system), or it may be connected to
the engine’s gearbox and, consequently, driven by engine shaft [10, 12, 14]. As long as an
electric driven pump has a constant rotation speed, both its mass flow rate and its injection
pressure are constant, while engine shaft-driven pump’s speed is equal (or proportional) to
engine’s speed n, thus its flow rate behavior is also proportional to n, which introduces another
feedback into the engine’s control system, as shown in Figure 7. In fact, in order to assure an

Figure 6. Comparative step response of engine thrust parameters.

Figure 5. Comparative step response of engine combustor temperature parameters.
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appropriate engine operation, not only the fuel mass flow rate, but also the coolant mass flow
rate must be controlled; this one must be correlated to the compressor provided air mass flow
rate. Engine shaft-driven pump assures such a correlation, much better than the electric driven
pump (as presented in [12]). Thus, gearbox-driven pump speed follows engine’s speed, so the
coolant mass flow rate grows smoothly (as engine’s speed does); in terms of temperature and
thrust parameters, they also show similar behavior to basic engine’s parameters. Independent
driven injection pump (by an electric DC motor) is a more convenient solution (sometimes
easier to manufacture and less expensive); although it does not affect engine’s stability, it
worsens its time behavior, as stated in [12].

However, some engine manufacturers (based on operational, economic and efficiency rea-
sons) prefer to implement a coolant injection controller (CIC) consisting of an electric driven
pump, assisted by a coolant flow rate controller (which correlates the coolant flow rate to the
air flow rate, following the compressor’s total pressure ratio). Such an embedded system,
presented and studied in [14], consists of a gas-turbine-engine, its speed controller (ESCS -
based on its fuel mass flow rate control) and the coolant injection controller (CIC – built up
with a dosage valve, an actuator and a pressure ratio transducer), as formally depicted in
Figure 8.

Figure 7. Gas-turbine-engine with coolant injection formal block-diagram.

Figure 8. Gas-turbine-engine with speed control system and coolant injection controller.
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Embedded system’s mathematical model has the following equations:

a. ESCS model (as determined in [4, 13]):

• Fuel pump:

_mc ¼ kpnnþ kpyy, (50)

• Throttle:

u ¼ kuαα, (51)

• Speed transducer:

x ¼ kuu� kesn, (52)

• Actuator:

τssy ¼ x� z, (53)

• Rigid feedback

z ¼ rsy, (54)

b. CIC model (similar to the one studied in [15]):

• Pressure ratio transducer:

xa ¼ kpx p∗1 � pR
� �

, (55)

k2Rp∗2 � kxR τaxsþ 1ð Þxa ¼ τRsþ 1ð ÞpR, (56)

• Actuator:

τslsya ¼ xa � za , (57)

• Rigid feedback

za ¼ rlya, (58)

• Dosage valve:

_ml ¼ klyya: (59)

c. jet engine (with operational coolant injection) main output parameter equation, deter-
mined in previous subsections, together with engine’s secondary output parameter p∗2
equation (which is used as CIC main input, as Eq. (56) shows):

Aircraft Technology92

τm1sþ 1ð Þ � n ¼ kc1 _mc � kl _ml � kHVp∗1 , (60)

τm1sþ 1ð Þ � p∗2 ¼ lp2csþ lp2
� �

_mc � lp2lsþ ll2
� �

_ml , (61)

where the new term kHVp∗1 should introduce the effect of flight regime (airspeed and altitude).

Based on above-presented equations, one has built-up embedded controller block diagram
with transfer functions, depicted in Figure 9; the diagram in Figure 9a corresponds to the case
when the coolant injection pump is driven by engine’s shaft, while the diagram in Figure 9b—
to the electrically driven pump case (formally depicted in Figure 8). One may observe that both
embedded control systems have as unique input the engine’s power lever angle parameter α.
In fact, engine’s power lever (throttle) is the only way for the pilot to command the engine, so
the throttle should “control the controllers.”

As long as the coolant injection operates only for take-off and at very low flight altitudes, one
may consider that p∗1 has a negligible variation; consequently, p∗1 ¼ 0, while the terms giving
the flight regime’s influence (kHVp∗1 in Eq. (50) and kpxp∗1 in Eq. (56)) may be neglected.

A quantitative studywas performed and described in [14], based on a VK-1A-type jet engine and
on some studies concerning the involved controllers, developed in [4, 9, 11, 13]. The quantitative
expression of the embedded system mathematical model is given by the equations:

Figure 9. Embedded control systems block diagrams with transfer functions.
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n sð Þ ¼ 1:283 _mc sð Þ � 0:092 _ml sð Þ
1:6348sþ 4:5158

, (62)

p∗2 sð Þ ¼ 0:3425sþ 2:6718ð Þ _mc sð Þ � 0:0672sþ 0:9211ð Þ _ml sð Þ
1:6348sþ 4:5158

, (63)

T∗
3 sð Þ ¼ 1:474sþ 2:748ð Þ _mc sð Þ � 0:047sþ 0:034ð Þ _ml sð Þ

1:6348sþ 4:5158
, (64)

F sð Þ ¼ 1:385sþ 4:516ð Þ _mc sð Þ � 0:089sþ 0:315ð Þ _ml sð Þ
1:6348sþ 4:5158

, (65)

x sð Þ ¼ 0:317α sð Þ � 0:439n, (66)

y sð Þ ¼ 1
1:81 � sþ 5:306

x sð Þ, (67)

_mc sð Þ ¼ 0:5n sð Þ þ 0:5y sð Þ, (68)

xa sð Þ ¼ 0:346
0:8101 � sþ 3:1221

p∗2 sð Þ, (69)

ya sð Þ ¼ 1
1:364 � sþ 4:617

xa sð Þ, (70)

_ml sð Þ ¼ 0:615ya sð Þ: (71)

Simulation was performed based on these equations and on the block diagrams with transfer
functions in Figure 9, considering as single input the power lever angle (PLA) or the throttle angle

Figure 10. Coolant flow rate parameter step response.
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parameter α, while as main output - engine’s speed parameter n; secondary outputs were also

considered, such as coolant flow rate parameter _ml , combustor temperature parameterT
∗
3 and total

thrust parameter F. Embedded system step response is graphically presented in Figures 10–13
for bothof abovementionedpumpdrivingoptions (red lines – electric-drivenpumpwithCIS, green
lines – engine shaft-driven pump). In terms of coolant flow rate, as shown in Figure, one has
obtained for the electric-driven pump with CIS a suitable behavior, very similar to the engine
shaft-driven pump, with smaller static error (around 0.38%), but with a little bigger settling time
(around 3.2 s). Comparing to the basic engine, speed parameter has a different behavior (see
Figure 11); for engine’s shaft-driven injection pump one can observe a similar speed parameter

Figure 11. Comparative step response of engine speed parameters.

Figure 12. Comparative step response of engine combustor temperature parameters.
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behavior, butwithbigger static error (2.1% than1.7%),while for an electric driven-pumpassistedby
a flow rate controller (with respect to engine’s compressor pressure ratio) the static error grows up
to 2.35%. Settling times are also growing, from 2.5 to 3.5 s. Engine thrust parameter has a similar
behavior (seeFigure 13), following the engine speed; theseare the reasonswhy thepresenceof aCIS
ismandatorywhen an electric-driven pump is used.

Combustor temperature parameter’s behavior curves show asymptotic stabilization for all
studied cases (Figure 12), but they all have small initial overshoots; settling time has the same
values as for engine speed parameter, but static errors are bigger.

3.5. Engine performance enhancement

Engine thrust expression shows that it depends on working fluid mass flow rate and velocity [1]:

F ¼ _mgC5 � _maV ¼ _ma ξgC5 � V
� �

, (72)

where C5� exhaust gases velocity, V� airspeed, ξg� gases mass fraction. Consequently, when
the coolant injection is active, the terms _mg and C5 grow, as shown in [1]: working fluid flow
rate grows because of the coolant injection, while exhaust gases velocity grows because of
nozzles enthalpy drop increase, as a consequence of turbine’s enthalpy drop decrease. As long
as the coolant injection is used only during the aircraft take-off maneuver, for short time
periods, at low flight speeds and altitudes, the V� term becomes very small, thus negligible,
so, when the coolant injection is active, it results

Fi ¼ _maiξgC5i ¼ _maiFspi ¼ _ma
π∗
ci

π∗
c
Fspi , (73)

where the i� index refers to the parameters of the engine with coolant injection.

Figure 13. Comparative step response of engine thrust parameters.
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Figure 14a [1] presents engine’s performance (thrust and specific fuel consumption) versus the
coolant flow rate fraction, for a neutral injection coolant (such as distilled water). It is worth

noting that, even for small injection fractions ξl ¼ _ml
_ma
≤ 0:04

� �
, engine’s thrust increases up to

40%, while the specific fuel consumption has a moderate increase (less than 8%), which makes
this method a successful one. Fuel consumption grows because of T∗

2� temperature decrease,
which forces engine’s fuel control system to take action to restore combustor’s T∗

3� tempera-
ture and compensate the loss by additional fuel injection.

Combustible coolant injection (e.g., methanol, water–methanol mixture or other combustible
fluids mixture) also generates T∗

2� temperature’s decreases, but engine’s fuel control system
has to compensate less fuel than for neutral coolant injection, because of the coolant burning,
which brings its own heat into the engine’s combustor.

4. Coolant injection into gas-turbine jet-engine’s combustor

Coolant injection into the combustor is the other thrust augmentation method; it is accom-
plished by an injection system positioned in the rear part of the burner can, near its wall (as
shown in Figure 15). It assures a burner’s wall supplementary cooling, and it facilitates the
mixing of the vaporized coolant into the burned gases. If the compressor’s air mass flow rate
exceeds the combustor’s necessary (as a consequence of the coolant injection), in order to
prevent compressor’s stall or surge, as well as an unstable engine operation, the combustor
may have an air flow rate by-pass duct (see Figure 15), to evacuate the air excess [16].

In most of the practical situations, the injected coolant is distilled (pure) water, which means a
neutral fluid, the injection of a combustible fluid being unnecessary, even prohibited [1, 15].

Both the mass flow and the exhaust nozzle burned gases’ velocity increase cause thrust
augmentation, but only up to 25%, for a coolant flow rate fraction of 5% (see Figure 14b [1]),
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F ¼ _mgC5 � _maV ¼ _ma ξgC5 � V
� �

, (72)
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Fi ¼ _maiξgC5i ¼ _maiFspi ¼ _ma
π∗
ci

π∗
c
Fspi , (73)

where the i� index refers to the parameters of the engine with coolant injection.

Figure 13. Comparative step response of engine thrust parameters.
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_ma
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� �
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while the specific fuel consumption grows moderately, up to 15%, which is an acceptable value
considering the thrust increase advantage [1, 15]. One can observe that, comparing to the
previous described injection method, this one offers less performance enhancements; however,
it offers some other advantages such as constructive simplicity, icing occurring hazard elimi-
nation, as well as less blades’ corrosion hazard. Method’s major disadvantage [1] consists of
the fact that an uncontrolled coolant injection could obstruct the burning duct, and conse-
quently, it could impede burning deployment or even extinguish the combustor’s flame.

4.1. Thermodynamic and gas-dynamic phenomena

As long as the flow in the turbine of the engine is a critical one, the flow parameter should
remain constant, as Eq. (28) states; that means that, for a constant engine operation regime, the
hot gases flow rate through engine’s turbine must remain constant, no matter if the coolant
injection operates or not. Consequently, the greater the coolant mass flow rate _ml is, the smaller
the compressor air flow _ma rate must be and the gases mass flow rate must keep its value;
meanwhile, it leads to an important pressure increase (both p∗2 and p∗3) and engine’s regime
becomes closer to the stall limit, which is an undesirable phenomenon. Therefore, the burned
gases mass flow rate equation should be

_mg ¼ _mai �mpr þ _ml þ _mc, (74)

where _mai is the new compressor air mass flow rate value, smaller than the initial value _ma.

In order to avoid unstable regimes and to keep the flow rate balance, even when the coolant
injection system operates, one has to extract the surplus air mass flow rate _map and to by-pass it
before the engine’s combustor; thus, the mass flow rate equation becomes

_mgi ¼ _ma �mpr � _map þ _ml þ _mc � _mg: (75)

This surplus air mass flow rate should not be a loss for the engine; it may be used into another
external, independent, supplementary combustor; it has its own exhaust nozzle and it is

Figure 15. Gas-turbine-engine combustor with coolant injection system, air bypass and supplementary combustor.
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supplied with fuel by an additional fuel system. One has obtained a supplementary propulsion
system (a complementary thrust augmentation method), which offers its own thrust, added to
the basic engine’s thrust.

4.2. Engine’s mathematical model and quality study

One may observe that, comparing to the basic engine’s model, the equations which change
are the same as for the previous described method, meaning that both mass flow rate equation
and combustor’s equation are to be modified. Therefore, formally, mathematical model’s
equations are the same in subSection 3.2.1, but the coefficients’ values should be calculated
considering the new values of the air flow rate, injection fraction, temperature(s) and pressure
(s), as presented in [16].

A quantitative study was performed and described in [16], based on a VK-1A-type jet engine,
but a completion of the study, concerning the possibility of the supplementary combustor
adding (with its own fuel control system), was performed and presented in [15].

One has studied the common case of a neutral coolant (distilled water) injection into the rear
part of the engine’s combustor [16], which gave as results for outputs as follows:

n sð Þ ¼ 1:411 _mc sð Þ � 0:167 _ml sð Þ
2:3761sþ 4:817

, (76)

T∗
3 sð Þ ¼ 1:8732sþ 2:847ð Þ _mc sð Þ � 0:0823sþ 0:0764ð Þ _ml sð Þ

2:3761sþ 4:817
, (77)

F sð Þ ¼ 1:583sþ 5:167ð Þ _mc sð Þ � 0:0834sþ 0:4725ð Þ _ml sð Þ
2:3761sþ 4:817

: (78)

Engine step responses are depicted in Figures 16–18; one has realized a comparison between
the basic engine behavior (as described in [5]) and the engine with thrust augmentation
systems, as described by the Eqs. (44)–(46), respectively by the Eqs. (76)–(78).

No matter the coolant injection method, engine’s speed parameter is less influenced, as the
small n� parameter increases as shown in Figure 16. Coolant injection into the combustor
brings less speed changes than coolant injection into the compressor, but with a little longer
settling time (about 0.5 s); that means that, comparing to the basic engine, it has become a little
bit slower. From the response time point of view, coolant injection into the compressor makes
the engine a little, but insignificant, faster.

In terms of temperature’s parameter behavior (see Figure 17), it is noteworthy that, no matter
the coolant injection method, it has the same trend as for the basic engine, but bigger initial
overshoots, following the initial supplementary fuel injection, meant to restore combustor’s
T∗
3� temperature.

Engine’s thrust parameter behavior (see Figure 18) has moderate increases, no matter the
injection method. A cause should be the coolant nature, a neutral coolant could not assure
additional heat into engine’s combustor, thus the thrust augmentation is realized only by the

Aircraft Gas-Turbine Engine with Coolant Injection for Effective Thrust Augmentation as Controlled Object
http://dx.doi.org/10.5772/intechopen.76856

99



while the specific fuel consumption grows moderately, up to 15%, which is an acceptable value
considering the thrust increase advantage [1, 15]. One can observe that, comparing to the
previous described injection method, this one offers less performance enhancements; however,
it offers some other advantages such as constructive simplicity, icing occurring hazard elimi-
nation, as well as less blades’ corrosion hazard. Method’s major disadvantage [1] consists of
the fact that an uncontrolled coolant injection could obstruct the burning duct, and conse-
quently, it could impede burning deployment or even extinguish the combustor’s flame.

4.1. Thermodynamic and gas-dynamic phenomena

As long as the flow in the turbine of the engine is a critical one, the flow parameter should
remain constant, as Eq. (28) states; that means that, for a constant engine operation regime, the
hot gases flow rate through engine’s turbine must remain constant, no matter if the coolant
injection operates or not. Consequently, the greater the coolant mass flow rate _ml is, the smaller
the compressor air flow _ma rate must be and the gases mass flow rate must keep its value;
meanwhile, it leads to an important pressure increase (both p∗2 and p∗3) and engine’s regime
becomes closer to the stall limit, which is an undesirable phenomenon. Therefore, the burned
gases mass flow rate equation should be

_mg ¼ _mai �mpr þ _ml þ _mc, (74)

where _mai is the new compressor air mass flow rate value, smaller than the initial value _ma.

In order to avoid unstable regimes and to keep the flow rate balance, even when the coolant
injection system operates, one has to extract the surplus air mass flow rate _map and to by-pass it
before the engine’s combustor; thus, the mass flow rate equation becomes

_mgi ¼ _ma �mpr � _map þ _ml þ _mc � _mg: (75)

This surplus air mass flow rate should not be a loss for the engine; it may be used into another
external, independent, supplementary combustor; it has its own exhaust nozzle and it is

Figure 15. Gas-turbine-engine combustor with coolant injection system, air bypass and supplementary combustor.

Aircraft Technology98

supplied with fuel by an additional fuel system. One has obtained a supplementary propulsion
system (a complementary thrust augmentation method), which offers its own thrust, added to
the basic engine’s thrust.

4.2. Engine’s mathematical model and quality study

One may observe that, comparing to the basic engine’s model, the equations which change
are the same as for the previous described method, meaning that both mass flow rate equation
and combustor’s equation are to be modified. Therefore, formally, mathematical model’s
equations are the same in subSection 3.2.1, but the coefficients’ values should be calculated
considering the new values of the air flow rate, injection fraction, temperature(s) and pressure
(s), as presented in [16].

A quantitative study was performed and described in [16], based on a VK-1A-type jet engine,
but a completion of the study, concerning the possibility of the supplementary combustor
adding (with its own fuel control system), was performed and presented in [15].

One has studied the common case of a neutral coolant (distilled water) injection into the rear
part of the engine’s combustor [16], which gave as results for outputs as follows:

n sð Þ ¼ 1:411 _mc sð Þ � 0:167 _ml sð Þ
2:3761sþ 4:817

, (76)

T∗
3 sð Þ ¼ 1:8732sþ 2:847ð Þ _mc sð Þ � 0:0823sþ 0:0764ð Þ _ml sð Þ

2:3761sþ 4:817
, (77)

F sð Þ ¼ 1:583sþ 5:167ð Þ _mc sð Þ � 0:0834sþ 0:4725ð Þ _ml sð Þ
2:3761sþ 4:817

: (78)

Engine step responses are depicted in Figures 16–18; one has realized a comparison between
the basic engine behavior (as described in [5]) and the engine with thrust augmentation
systems, as described by the Eqs. (44)–(46), respectively by the Eqs. (76)–(78).

No matter the coolant injection method, engine’s speed parameter is less influenced, as the
small n� parameter increases as shown in Figure 16. Coolant injection into the combustor
brings less speed changes than coolant injection into the compressor, but with a little longer
settling time (about 0.5 s); that means that, comparing to the basic engine, it has become a little
bit slower. From the response time point of view, coolant injection into the compressor makes
the engine a little, but insignificant, faster.

In terms of temperature’s parameter behavior (see Figure 17), it is noteworthy that, no matter
the coolant injection method, it has the same trend as for the basic engine, but bigger initial
overshoots, following the initial supplementary fuel injection, meant to restore combustor’s
T∗
3� temperature.

Engine’s thrust parameter behavior (see Figure 18) has moderate increases, no matter the
injection method. A cause should be the coolant nature, a neutral coolant could not assure
additional heat into engine’s combustor, thus the thrust augmentation is realized only by the
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Figure 17. Comparative step response of engine combustor temperature parameters.

Figure 18. Comparative step response of engine thrust parameters.

Figure 16. Comparative step response of engine speed parameters.
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airflow and gases velocity increases. Coolant injection into the compressor assures a more
rapid thrust increase, while growing percentage is near the same for both described injection
methods.

5. Conclusions

Between the nowadays issues of aircraft engine design and manufacturing, thrust augmenta-
tion, along with operational safety, are some of the most important ones; if the classic over-
boost method by afterburning is impossible or too expensive to be adapted (e.g., for turbo-
props or twin-jet turbofans), coolant injection method(s) shall be used, for temporarily thrust
increase. As a result, when the coolant injection system is operational, engine performance
temporarily improves, which means a spectacular thrust increase (from 25–40%) and moderate
specific fuel consumption increase (8% up to 15%), depending on the used injection method [1].

Comparing to the afterburning, which assures spectacular thrust augmentation (up to 65% for
single jets, up to 100% for twin jets) but also significant specific fuel consumption increases (from
50% up to 110%) [1, 2, 4], coolant injection is a less expensive augmentation method, even only
from the fuel consumption point of view, offering acceptable performance enhancement and less
design and constructive issues. In fact, the afterburning is the choice for supersonic aircraft
engines; today it is widespread among combat aircraft engines (for supersonic fighters) and
practically misses from transport aircraft, no supersonic jetliner being actually in service. More-
over, supersonic aircraft engines uses the afterburning at low regimes even for cruise flights,
which makes of it another propulsion system, with its own controller, but using the same fuel
and the working fluid provided by the basic jet engine. Obviously, afterburning’s implementa-
tion involves significant design effort and manufacturing expenses, so its usage is entitled by the
specific necessity of the engine, according to aircraft destination(s) and mission(s).

Coolant injection remains a suitable alternative, meant to equip gas-turbine engines without
afterburning adapting possibilities, but who need temporarily thrust increasing, especially for
take-off, when total thrust is affected by excessive atmospheric conditions, or/and aircraft’s
payload has high values, close to its maximum limit. Injection system design, manufacturing
and implementation is significantly less expensive than for the afterburning; however, the
coolant is, obviously, a different fluid than the fuel, which should be stored in a special tank;
consequently, aircraft or/and engine architecture must change and, because of coolant stored
additional mass, aircraft fuel storage capacity must diminish, which reduces aircraft maximum
flight range. These are reasons for optimization studies, concerning the coolant injection mass
flow rate, injection strategy and duration and storage tank’s capacity.

One has studied aircraft jet engine with coolant injection as a controlled object, from system’s
theory point of view, identifying its input(s) and output(s), as well as some control architec-
tures implementation possibilities. Both coolant injection methods’ implementation involves
thermo- and gas-dynamics engine changes, concerning the air and burned gases mass flow
rate, as well as the heat exchange balance. Consequently, engine’s model as controlled object
changes too, as well as its stability and quality. One has highlighted the mathematical model
modifications of the engine with coolant injection, starting from basic engine’s model, then
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Figure 17. Comparative step response of engine combustor temperature parameters.

Figure 18. Comparative step response of engine thrust parameters.

Figure 16. Comparative step response of engine speed parameters.
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airflow and gases velocity increases. Coolant injection into the compressor assures a more
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specific fuel consumption increase (8% up to 15%), depending on the used injection method [1].
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single jets, up to 100% for twin jets) but also significant specific fuel consumption increases (from
50% up to 110%) [1, 2, 4], coolant injection is a less expensive augmentation method, even only
from the fuel consumption point of view, offering acceptable performance enhancement and less
design and constructive issues. In fact, the afterburning is the choice for supersonic aircraft
engines; today it is widespread among combat aircraft engines (for supersonic fighters) and
practically misses from transport aircraft, no supersonic jetliner being actually in service. More-
over, supersonic aircraft engines uses the afterburning at low regimes even for cruise flights,
which makes of it another propulsion system, with its own controller, but using the same fuel
and the working fluid provided by the basic jet engine. Obviously, afterburning’s implementa-
tion involves significant design effort and manufacturing expenses, so its usage is entitled by the
specific necessity of the engine, according to aircraft destination(s) and mission(s).

Coolant injection remains a suitable alternative, meant to equip gas-turbine engines without
afterburning adapting possibilities, but who need temporarily thrust increasing, especially for
take-off, when total thrust is affected by excessive atmospheric conditions, or/and aircraft’s
payload has high values, close to its maximum limit. Injection system design, manufacturing
and implementation is significantly less expensive than for the afterburning; however, the
coolant is, obviously, a different fluid than the fuel, which should be stored in a special tank;
consequently, aircraft or/and engine architecture must change and, because of coolant stored
additional mass, aircraft fuel storage capacity must diminish, which reduces aircraft maximum
flight range. These are reasons for optimization studies, concerning the coolant injection mass
flow rate, injection strategy and duration and storage tank’s capacity.

One has studied aircraft jet engine with coolant injection as a controlled object, from system’s
theory point of view, identifying its input(s) and output(s), as well as some control architec-
tures implementation possibilities. Both coolant injection methods’ implementation involves
thermo- and gas-dynamics engine changes, concerning the air and burned gases mass flow
rate, as well as the heat exchange balance. Consequently, engine’s model as controlled object
changes too, as well as its stability and quality. One has highlighted the mathematical model
modifications of the engine with coolant injection, starting from basic engine’s model, then
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describing engine’s control schemes by block diagram with transfer functions; based on it,
some simulations were performed and comparative studies of stability and quality were
realized.

Studies have proven that small-to-moderate used injection fraction values and suitable control
methods and architectures keep the engine as a stable system; static errors have grown, as well
as settling times, but still remaining in the acceptable rank of values. Based on the emphasized
engine’s changes, embedded engine control systems may be designed and optimized, even
during the early design stages (pre-design).

Coolant injection into the compressor, in spite of its icing hazard and other disadvantages, if
assisted by a properly designed pump and controller, is an excellent thrust increase method for
take-off (especially for turboprops), better rated than coolant injection into the combustor
(considered suitable for turbojets and higher altitudes flights) [1, 2].

Studies were performed for a single-spool single-jet engine at sea-level atmospheric conditions
and take-off air speed, but can be extended for other engine-types (two-spool, twin jets,
turbofans) or for other altitudes and cruise speeds.
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Abstract

The stator-rotor interaction is an important issue in turbomachinery design when the 
highest performances are targeted. Different characters mark the interaction process in 
high-pressure or low-pressure turbines depending both on the blade height and on the 
Reynolds number. For small blade heights, being the stator secondary flows more impor-
tant, a more complex interaction is found with respect to the high blades, where the stator 
blade wake dominates. In low-pressure turbines, the stator wake promotes the transition 
to turbulent boundary layer, allowing for an efficient application of ultra-high lift blades. 
First, a detailed discussion of the flow physics is proposed for high- and low-pressure 
turbines. Some off-design conditions are also commented. Then, a design perspective is 
given by discussing the effect of the axial gap between the stator and the rotor and by 
commenting the effects of three-dimensional design on the interaction.

Keywords: stator-rotor interaction, axial turbines, wake-wake interaction, vortex-blade 
interaction, high-pressure stages

1. Introduction

The design of high efficiency axial flow turbine stages has to face many challenging problems, 
and one of these is connected to the interaction between the stationary and the rotating rows 
of the machine. In high-pressure gas turbines, additional issues related to the combustor-
turbine interaction take laces leading to further complexity in the design process.

The overall context for the design space is, in fact, an unsteady and three-dimensional flow 
field, where the Mach and the Reynolds numbers vary along the machine. High-pressure 
stages typically operate in high-subsonic or transonic regimes and are normally affected by 
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shock-induced separation on the rotor crown and unsteady stator rear loading [1]. Moreover, 
the high-loading, combined to the low aspect ratio of the first stage blading, drives the genera-
tion of wide swirling structures, whose mixing contributes significantly to the loss budget [2]. 
These secondary flows also affect the flow angle distribution and momentum redistribution 
inside the blade channel and their accurate prediction is fundamental for the designer of the 
gas turbine cooling system [3].

All of these flow structures affect the blade cascade where they are generated and the adja-
cent ones in the so-called stator-rotor interaction process. To make clear such a complex flow 
feature, all of them will be recalled and schematised according to what are available in the 
open literature.

The primary flow structures involved in the interaction process are the wake and the sec-
ondary flows. Many research studies have been proposed in the open literature discussing 
the wake and the secondary flow evolution and their parametric dependence on the typical 
turbomachinery parameters (among others, [4–9]).

The interaction process has been addressed in the last 20 years by many authors both for the 
high-pressure stages and for the low-pressure ones. Differences between high- and low-pres-
sure stages arise for the dependence of the boundary layer and its transition on the Reynolds 
number.

When the high-pressure stages are of concern, the interaction takes place mainly in terms of 
shock wave, wake and secondary flows, leading to the so-called wake-blade and vortex-blade 
interaction. Thanks to the high Reynolds number and high inlet turbulence levels [10], the 
blade boundary layer state is less influenced by the incoming viscous structures (among oth-
ers [11–21]). It has to be taken into account that also the inlet boundary layer properties may 
cause some pressure fluctuation on the cascade loading, as discussed in [22].

Low-pressure stages, on the contrary, are very sensitive to Reynolds number effects. The 
wakes coming from the upstream cascade periodically act as a trigger for the boundary layer 
transition from laminar to turbulent conditions. Such periodic transition, possibly re-laminar-
ization, is beneficial in preventing the boundary layer separation and this allows for higher 
loading. In this context, ultra-high lift blade can be proficiently applied either to reduce the 
aero-engine weight or to power the fan (among others [25–28]).

All these issues have been addressed both experimentally and by proper CFD simulations; 
experiments require high promptness instrumentation like FRAPP (among others [29–32]) or 
LDV and PIV. Simulation, as well, requires high performance codes and schemes able to face 
the sliding of rotors with respect to the stationary components.

In order to gain a general perspective and to quote the importance of the interaction on the 
cascade aerodynamics, the reduced frequency concept has been introduced. It refers to the 
ratio between the time scale of the unsteadiness (typically: Ss/U, where Ss is the stator pitch 
and U is the rotor peripheral speed) and the one related to the transport of the mass flow 
across the device (i.e. b/Vax where b = axial chord and Vax = the mean axial velocity compo-
nent). The reduced frequency definition then is: f = (b U)/(Ss Vax). When f < < 1, the process can 
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be considered as steady and its time variation related to U can be approximated as a sequence 
of steady state. When f > > 1, the process is dominated by the unsteadiness. Finally, when f ≈ 1, 
the unsteady and quasisteady processes have the same order of magnitude and importance. 
In many cases, turbomachinery work is in the range of f ≈ 1 while for example the combus-
tor-1° stage interaction lies in the quasisteady conditions [33].

In the present contribution, the focus is given mainly to the gas turbines geometries and 
operating conditions, even though the same mechanism can be applied to steam stages. 
As already introduced by the title, the core of this contribution is devoted to the gen-
eral discussion of the flow physics, rather than on the quantification and on the detailed 
description of the specific issues: this way, in author’s opinion, once the general aspects 
are acknowledged, the detailed issues - as discussed in papers here referenced - can be 
properly understood.

Finally, the discussion will be on a single stage, constituted by a stator and a rotor, taken as a 
representative for the whole machine. In the case of multistage turbomachines, the flow field 
discharge by the rotor will affect, with the same mechanics described in the following, the 
subsequent stator. Additionally, there could be some “clocking” features between stators and 
rotors that may alter the single stage performance.

Experimental results have been taken by means of a steady five holes probe and fast response 
aerodynamic pressure probe (FRAPP) on the high-pressure axial turbine located at the labo-
ratory of fluid-machinery (LFM) of the Politecnico di Milano. More information on the rig 
and measurement techniques is reported in [14, 15, 29, 31]. It is important to stress that the 
FRAPP is applied in a stationary frame and gives the phase resolved total and static pressure 
(and hence the Mach number) and the flow angle; then, by assuming a negligible effect of the 
temperature fluctuations, the relative Mach number and, by this, the relative total pressure 
are calculated.

CFD results have been obtained on the same HP turbine geometry by means of fluent code.

2. Stator-rotor interaction in axial stages

The stator-rotor interaction features different characters if occurred in high-pressure or low-
pressure stages.

In low-pressure stages, thanks to the high blade height, the main interaction element is the 
wake in a general low-Reynolds environment.

On the contrary, high-pressure stages are typically characterised by small blade heights, due 
to the high mean density and by a stream with high Mach and Reynolds numbers and high 
mean temperatures.

As in all stages, the wake generated by the stator impinges on the rotor blades being an 
important source of interaction, but—due to the specific features of HP stages–other sources 
of interaction are present.
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The small blade height has the primary impact of powering the effects of the secondary and 
clearance flows; in fact, they cannot be considered as negligible and modifies the potential 
flow pattern for a large amount of the blade span. From the stator-rotor interaction perspec-
tive, this feature makes the problem much more complex as an additional source of interac-
tion takes place.

A common feature of the different kind of secondary flows is to be connected to loss cores, as 
found for wakes. However, secondary flows are also vortical structures and hence character-
ised by vorticity whose sense of rotation is different among the different vortices. Therefore, 
in the analysis of the interaction mechanism, this last feature has to be properly taken into 
account.

Mach number typically modulates the intensity and position of the swirling cores [7] and, if 
supersonic, sets the shock wave pattern discharged by the cascades.

The Reynolds number, typically high and for this the flow can be regarded as turbulent, 
mainly sets the interaction between the incoming structures and the rotor blades boundary 
layers.

As mentioned earlier, to aid the reader in the comprehension, the different kinds of interac-
tion are discussed separately.

2.1. Stator wake-rotor blade interaction

The stator wake can be regarded either as a velocity defect or a loss filament.

According to the first approach, the velocity triangle composition shows a very different 
direction and magnitude for the relative velocity. Figure 1 shows the triangles for the free 
stream and for the wake flow; it is evident how the relative velocity of the wake flow (WW) 
heads towards the blade suction side, featuring also a negative incidence on the rotor blade.

According to the second approach, the wake has no streamwise vorticity associated to it, 
being the only vorticity present related to the Von Karman street, whose axis is parallel to the 
blade span. Once the wake interacts with the downstream rotor blade, it is bowed and then 
chopped by the rotor leading edge. Later on, it is transported inside the rotor channel, being 
smeared and showing two separate legs: one close to the suction side and one to the pressure 
side. Globally, the wake is pushed towards the rotor suction side by the cross-passage pres-
sure field and, possibly, its suction side leg may interact with the blade boundary layer, this 
feature depends mainly on the rotor loading.

Figure 2 shows the wake in terms of entropy filament, as computed by CFD in 2D – 1 × 1 case. 
Downstream of the rotor blade, the wake typically appears as a distinct loss core close to the 
rotor wake or as a part of the rotor wake; this option is strictly dependent also on the axial 
position downstream of the rotor where the analysis is done. For this reason, in some papers 
[12, 13, 15–18] this mechanism is acknowledged as “wake-wake” interaction.

Being the rotor blade different in number with respect to the stator one, different rotor chan-
nels experience the interaction in different time even though the basic mechanism does not 
differ.
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The rate of the interaction depends on the stator wake intensity, that is, on the stator loading, 
on the blade trailing edge thickness, on the axial stator-rotor gap, on the Reynolds numbers 
and, for cooled blade, on the kind of cooling applied.

Figure 1. Velocity triangles for the free stream (subscript FS) and the wake (subscript W) flows. V = absolute velocity,  
W = relative velocity, U = peripheral velocity.

Figure 2. Pattern of entropy evolution (bowing, chopping and transport) of the stator wake in the rotor channel, as 
foreseen by CFD.
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In case of low pressure turbines, where typically the Reynolds number is low, as for the aero-
engine cases, the wake – wake interaction is in fact the only effective mechanism. Its impor-
tance grows as the Reynolds number decreases and specifically, the incoming wakes, once 
interacting with the suction side boundary layer, promotes the laminar to turbulent tran-
sition. Such a transition, on one hand increases losses but on the other hand increases the 
boundary layer capability to face adverse pressure gradient and for this delaying the bound-
ary layer separation and hence the blade stall. Thanks to this mechanism, aero-engines low-
pressure stages have seen an increase of loading and for this a reduction of weight, either for 
a reduction of solidity or overall number of rows [25, 26].

It has to be recalled that this mechanism constitutes an aerodynamic forcing on the rotor blade 
whose frequency depends on the stator blade passing frequency that is in the rotating frame 
of reference the frequency which the rotor sees the stator wake passing ahead.

2.2. Stator secondary flows-rotor blade interaction

The basic mechanism for this kind of interaction is the same of the wake-blade one, the vorti-
cal filament is bowed, chopped and hence transported in the rotor channel. Notwithstanding 
such similarity, two main differences can be acknowledged. The vortical structure has its 
own streamwise vorticity in terms of magnitude and sense of rotation and for this a dif-
ferent interaction and impact with the rotor can be expected depending on the entering 
position in the rotor channel. Moreover, the vortex entering in the rotor channel is a flow 
structure specifically localised along the blade span and pitch, whereas the wake is distrib-
uted along the span.

It has to be recalled, without aiming at being exhaustive, that different swirling structures 
can be acknowledged downstream of the stator, as depicted in Figure 3 and discussed in [6]. 
The main ones are the passage vortices, located symmetrically at tip and hub, activated by the 
pressure gradient across the passage and hence directed from the pressure side to the suction 
side. These vortices have a wide extension but typically low intensities (i.e. vorticities). At the 
same time, the presence of the inlet boundary layer activates also the horseshoe vortices, two 
legs per endwall. Coupled to each passage vortex, the shed vortex can be found, activated by 
the interaction between the passage vortex and the low momentum fluid belonging to the 
blade wake. The two passage vortices have opposite sense of rotation. The two horseshoe vor-
tex legs have opposite sense of rotation between them and the pressure side leg is co-rotating 
to the corresponding passage vortex.

Passage and horseshoe vortices start their growing at the stator leading edge and continue it 
along the stator channel, possibly merging among them or smearing depending on the stator 
loading and on the inlet boundary layer thickness.

The shed vortex, being activated by the viscous transport, starts growing at the stator trail-
ing edge at the expense of the passage vortex swirling energy, reaches its highest intensity 
in about half chord and then weakens due to the viscous stress that smoothens the velocity 
gradients. Its sense of rotation is opposite to the one of the corresponding passage vortex.
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Tip clearance vortex may be present depending on the sealing geometries of the stator and of 
the rotor. Typically, it is located at the hub in stators while it is at the tip in rotors, this latter 
case being much more important and frequent. Its sense of rotation is opposite to the passage 
vortex, being directed from the pressure side towards the suction side across the blade.

It is important to underline that all these swirling flows are present both in stators and in 
rotors, but with opposite sense of rotation as a consequence of the different cross pressure 
gradient versus in the two channels.

The secondary flow magnitude and position, besides the difference related to the tip clear-
ance, is different between the hub and the tip. In fact, the radial equilibrium, that onsets due to 
the tangential component downstream of the stator, makes the static pressure at the tip higher 
than at the hub and for this a higher Mach number at the hub. The effect of the Mach number 
is well known and primarily documented by Perdichizzi [7]. Moreover, the pressure gradient 
acts to diffuse and to shift centripetally the vortical structures at the tip and to confine close 
to the endwall the hub ones.

Possible incidence angles to the stator additionally modulate the secondary flows. Positive 
incidence angle strengthens secondary flows, as well as lower solidities, as a consequence of 
the higher blade loading. Among others, a global review is reported in [8].

Figure 3. Simplified schematic of the secondary flows system downstream of a rotor.
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Tip clearance vortex may be present depending on the sealing geometries of the stator and of 
the rotor. Typically, it is located at the hub in stators while it is at the tip in rotors, this latter 
case being much more important and frequent. Its sense of rotation is opposite to the passage 
vortex, being directed from the pressure side towards the suction side across the blade.

It is important to underline that all these swirling flows are present both in stators and in 
rotors, but with opposite sense of rotation as a consequence of the different cross pressure 
gradient versus in the two channels.

The secondary flow magnitude and position, besides the difference related to the tip clear-
ance, is different between the hub and the tip. In fact, the radial equilibrium, that onsets due to 
the tangential component downstream of the stator, makes the static pressure at the tip higher 
than at the hub and for this a higher Mach number at the hub. The effect of the Mach number 
is well known and primarily documented by Perdichizzi [7]. Moreover, the pressure gradient 
acts to diffuse and to shift centripetally the vortical structures at the tip and to confine close 
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Possible incidence angles to the stator additionally modulate the secondary flows. Positive 
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Figure 3. Simplified schematic of the secondary flows system downstream of a rotor.
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The flow entering the rotor is then highly three dimensional and complex, as depicted in 
Figure 4. In the case presented in Figure 4, by the total pressure loss coefficient and the vor-
ticity, the passage vortices, the shed vortices and a corner vortex can be acknowledged. The 
Mach number map is also proposed to show the reduction due to the viscous effects of the 
wake and vortices and the modulation by the potential field.

To get the rotor perspective, unsteady measurements performed in the stator-rotor axial gap 
are reported in Figure 5. Such measurements, taken by FRAPP, have been plotted by applying 
a phase-averaging technique and a phase-lag reconstruction. The rotor pitch being smaller 
than the stator one, the stator wake in some instant occupies more than half of the rotor pitch, 
as clearly evidenced by the total pressure loss map (Figure 5a). The condition of constant inlet 
total pressure both in the absolute and in the relative frame is, so far, an unrealistic condition; 
Figure 5b shows the periodic nonuniformities throughout the relative total pressure coeffi-
cient (CPT,R).

To aid the reader comprehension, it is first introduced that, given such complex and stator 
dependent flow, in this chapter, only the basic flow physics is described; in fact, the scope is to 
provide tools for the fluid dynamic understanding rather than a unique explanation.

As introduced at the beginning of this paragraph, the basis of the interaction between the 
vortex filament and the rotor blade field can be considered as not really different with respect 

Figure 4. Total presure loss (Y%), streamwise vorticity (Ωs) and absolute Mach number (M) downstream of the stator. 
Experiments at the Fluidmachinery Lab. at Politecnico di Milano (Italy).
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to the wake one. The huge difference consists of the streamwise vorticity that characterises the 
vortical filament. Reader can refer to [11–13, 15–18, 20, 21] for this topic.

Once the swirling filament is bended in the rotor channel, the pressure side leg sense of rotation 
changes while the suction side leg preserves the original one (Figure 6). Moreover, being the 
suction side leg accelerated by the overspeed on the rotor section side, its vorticity increases; 
on the contrary, the pressure side leg decreases and it is smeared out along its transport.

Once the vortical structures enter the rotor channel, they interact both with the passage pressure 
field and with the rising vortical structure of the rotor itself. So far, the stator tip passage vortices, 
being opposite to the rotor one, tend to weaken it (and the same occurs for the hub ones). On the 
contrary, the stator shed vortex, being co-rotating with the rotor passage one will strengthen it.

Swirling flows structure entering in the rotor close to the endwalls will have stronger effects 
on the rotor secondary flows generations; on the contrary, the ones entering far from endwalls 
will interact in the downstream portion of the channel.

Moreover, the pressure side legs, as their sense of rotation is opposite with respect the original 
one, will undergo the opposite interaction features.

As the stator vortical structures enter the rotor periodically, with a frequency in the rotor 
frame equal to the stator blade passing one, the interaction process takes places periodically 
and this generates a pulsation of the rotor field.

Before discussing in detail the different time frames, it is straightforward to consider first the 
mean flow (Figure 7a and b): the CPT,R coefficient is in fact the total pressure in the relative  
frame and this evidence the loss cores generated in the rotor and in the stator. The wide 
low CPT,R region is mainly due to the rotor wake with some strengthening and enlargement 
due to the rotor secondary vortices (tip clearance and tip/hub passage vortex). The vortical 

Figure 5. Rotor inlet flow field in the rotating frame of reference. Frame (a) Yloss = total pressure loss. Frame (b) CPT,R: 
relative total pressure coefficient. Experiments at the Fluidmachinery Lab. at Politecnico di Milano (Italy).
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structures can be acknowledged by making use of the Rankine vortex model [34] applied to 
the deviation angle map and reported in Figure 7b. The clearance flow experiences a positive 
deviation angle as it is less deflected by the blade than the main flow. At the same time, the 
cross flow activated at the hub by the transversal pressure gradient, generates higher flow 
deflection and for this a negative deviation angle is found.

However, the time mean flow field differs from the instantaneous one due to the interaction 
process.

Figure 6. Skematics of the stator vortical structure transport in the rotor passage.

Figure 7. Time mean flow field downstream of the rotor for a subsonic operating condition (expansion ratio 1.4, reaction 
degree at midspan 0.3 and incidence angle close to zero). Frame (a) relative total pressure coefficient (CPT,R); frame (b) 
deviation angle (δ). Experiments at the Fluidmachinery Lab. at Politecnico di Milano (Italy).
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Figure 8 shows different time frame of the flow field discharged by the rotor. The full rotor 
crown has been calculated by applying a phase leg technique to the experimental results, 
measured downstream of the rotor for different stator/rotor phases over one stator pitch.

It is clearly shown in Figure 8 how the 25 channels of the turbine rotor experience different 
flow conditions, each of them different with respect to the time mean one.

The tip region, being dominated by the tip clearance vortex is weakly sensitive to the periodic 
flow evolution. On the contrary, the midspan/hub region is strongly periodically pulsating. 
Being the stator (n° 21) and rotor blades (n° 25) prime numbers and given that the closest 
periodicity is around one-thirds, the pattern evidences a periodicity every 120°.

By considering the total pressure unresolved unsteadiness, calculated as the standard deviation 
of the total pressure for each phase and position in the measuring plane [31], the turbulent struc-
ture can be acknowledged: for this it will be considered as the turbulence (Tu). Some of them 
are rotor dependent, like the rotor wake, clearance flows and rotor secondary flows; other struc-
tures, on the contrary have a clear periodic evolution with some instant where they do not exist.

Figure 9 reports different instants of the rotor evolution for three quantities: the relative total 
pressure coefficient, the deviation angle and the unresolved unsteadiness. With respect to the 
time averaged flow reported in Figure 7 (for the same operating condition), the relative total 

Figure 8. Relative total pressure coefficient on the whole rotor crown. Experiments at the Fluidmachinery Lab. at 
Politecnico di Milano (Italy).
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pressure coefficient shows a fluctuating loss region, with the widest extension at t/BPP = 0.83 
and the smallest one at t/BPP = 0.25, mainly in the hub region. For this latter time instant, the 
deviation angle shows the smallest gradient in the hub region and the unresolved unsteadi-
ness the lowest intensity.

At t/BPP = 0.37, a vortical structure, evidenced by a high deviation angle gradient, appears in 
the hub region and magnifies up to t/BPP = 0.83 where its intensity is the largest. Unresolved 
unsteadiness and relative total pressure, mark this structure as a loss core periodically impact-

Figure 9. Relative total pressure coefficient (CPT,R), deviation angle (δ) and turbulence (Tu) for 4 interaction phases. 
Experiments at the Fluidmachinery Lab. at Politecnico di Milano (Italy).
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ing on the rotor channel. The sense of rotation allows accounting this phenomenon as the impact 
of the stator hub shed vortex, strong enough at the stator exit, on the rotor hub passage vortex.

The tip region on the contrary experiences an opposite trend with the strongest vortical struc-
ture at t/BPP = 0.25, when likely the higher inlet total pressure is found.

The highest turbulent and loss contents are found in the tip clearance region due to the high 
dissipation related to the clearance flow [17].

The interaction here briefly described is unfortunately for the designer case dependent where, 
as discussed later one, the axial gap and the loading are important issues.

To get a comprehensive perspective on the importance and on the region where the interac-
tion takes place, the standard deviation among the different time fames is straightforward 
and reported in Figure 10. With reference to the relative total pressure coefficient, the wider 
fluctuations are, as qualitatively expected by Figures 8 and 9 in the midspan-hub region. 
The more sensitive region at midspan is located on the wake suction side border that is the 
place where the stator wake interacts with the rotor one; in that region, the deviation angle 
evidences coherently small fluctuations. The tip region is in fact steady as the clearance flow 
dominates over all other structures. The hub regions, experience both variation on the total 
pressure coefficient and deviation angle, being the seat of the vortex/wake and vortex/vor-
tex interaction. With reference to the deviation angle map (Figure 10b), the deviation angle 
experiences the highest fluctuation in the interface between the tip and hub passage vortex; 
moreover, all along the rotor wake, it fluctuates, showing the flow turning to be highly sensi-
tive to the periodic interaction.

Off design conditions: To improve the analysis, different operating conditions are described 
here, being different for the incidence angle and expansion ratio. The effect of the axial gap 
will be discussed in the following chapter.

As the interaction depends on the rotor loading, all changes in this parameter will affect the 
intensity. Specifically, the increase in the rotor loading, by increasing the incidence angle, will 

Figure 10. Standard deviation of the Cptr and δ for the different time frames. Experiments at the Fluidmachinery Lab. 
at Politecnico di Milano (Italy).
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strengthen the interaction leaving unchanged the basic mechanism. In fact, when the rotor 
loading increases, the rotor suction side boundary layer is more prone to instability and the 
rotor vortical structure more intense, making all of them more sensitive to any variation com-
ing from upstream. Figure 11, shows the relative total pressure coefficient and deviation angle 
standard deviations, calculated among the different time instants, for a negative incidence 
conditions (Figure 11a, incidence at midspan = −10°) and a positive one (Figure 11b, incidence 
at midspan = +10°) [35].

When the overall effect is of concern, the different interaction intensity leaves a trace on the 
total to total efficiency that can be summarised by stating that the higher the interaction, the 
lower is the efficiency.

When the fluid-dynamic forcing on the rotor blade is under study, the frequency of the forc-
ing event is the one of the stator passing frequency multiplied by the number of swirling 
structures found along the pitch.

Figure 11. Rotor loading effects on the stator-rotor interaction. Experiments at the Fluidmachinery Lab. at Politecnico 
di Milano (Italy).
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It has to be brought to the attention of the reader that the stator-rotor interaction is funda-
mental for the analysis of the interconnection frames, as discussed in [23] and of the turbine 
acoustic behaviour [24].

2.3. Stator shock-rotor blade interaction

The third possible source of interaction is related to the shocks generated at the stator trail-
ing edge that impinge on the rotor leading edge region. Stators in high-pressure stages work 
often in transonic conditions at least in the hub region. Rarely, they are chocked as in this 
condition flow rate regulation is limited. The shock system typically has a fish-tail pattern 
characterised by oblique shocks; the suction side shock is stronger than the pressure side one. 
The suction side shock propagates downstream and interacts with the following row, while 
the pressure side one impinges on the adjacent blade, specifically on the suction side, being 
further reflected downstream.

Across the shock, the flow experiences a steep and opposite pressure gradient that, if applied to 
the boundary layer, acts to de-stabiles it, leading to separated flow bubbles. Thanks to the high 
Reynolds number, whose action is to promote the momentum exchange in the boundary layer, 
the effect is not that critical in high-pressure stages; it has to be recalled that rarely the outlet 
Mach number exceed 1.5, value where the entropy rise due to shock starts to be important.

As the stator shock sweep the rotor leading edge region, unsteadiness in the static pressure is 
found and for this in the boundary layer evolution; luckily, this happens where the boundary 
layer momentum deficit is close to be the smallest at the very beginning of the boundary layer 
evolution. As reported by [1, 36–38], the rotor trailing edge region is slightly affected, at least 
in term of static pressure and for this the boundary layer and the rotor wake are expected to be 
almost steady. The highest interaction is found in the leading edge/suction side region as clearly 
reported in Figure 12; the shock sweeping on the rotor leading edge first interact with the suction 
side of the blade (approx. in the location of measuring point n° 6, in Figure 12) and then reached 

Figure 12. Vane shock-rotor interaction in axial turbine blades. Red: computation, black: experiments. Adapted from [1].
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the leading edge (measuring point n° 2). The pressure side is less affected by the interaction 
being overshadowed by the leading edge. It is clear how the blade shape, in terms of camber/
stagger angles and front/rear loading as well, it is a key parameter for this class of interaction.

The magnitude of the stator shock impinging on the rotor is strictly dependent on the axial 
gap; the wider it is, the weaker is the shock effect, being the shock decay rather fast.

From a mechanical perspective, the forcing induced by the stator shock on the rotor is at the 
stator passing frequency multiplied by the number of shocks impinging on the rotor per each 
stator passage, even though typically only one is important.

Other interesting studies on the interaction in transonic turbine are [39–40], where different 
conditions and geometries are discussed.

3. Design perspective

In general, there are a huge number of parameters that can be adjusted during the design 
process. Among the different parameters, some of them will be hereby described to deepen 
the understanding of the interaction features.

3.1. Axial gap

The axial gap is one of the key parameter for the stage optimisation. In general, the increase of 
the axial gap promotes the wake and secondary flows mixing and this leads to a more uniform 
rotor inlet flow field in the absolute frame of reference. However, the mixing increases losses 
and the overall total pressure level reduces. For low axial gaps, on the contrary, low-mixing 
takes places but a highly nonuniform flow enters in the rotor, leading to additional losses in 
the rotor itself. It is clear so far, how the axial gap is a parameter that has to undergo an opti-
misation process and this is the reason why it has been the focus of a number of research that 
gave different results, likely depending on the operating condition and stage loading [41].

In the context of the wide experimental campaign on the stator-rotor interaction at Politecnico 
di Milano, the axial gap has been also addressed and studied. The detailed discussion of the 
results is reported in [17], while in this context only a brief recall is proposed. Three gaps have 
been experimentally investigated, equal to 16, 35 and 50% of the stator axial chord. For the 
lowest gap case, the stator structures like wake and passage vortices are more intense than 
other cases and this promotes a strong interaction that results in a severe periodic fluctuation 
in the rotor outlet quantities. On the contrary as the gap increases, the mechanism is mainly 
driven by the stator shed vorticities that strengthen at the expense of the passage vortices 
intensities, as described in the previous paragraph. The somehow surprising result is that 
the lowest interaction rate is for the design case that is a gap of 35% of the stator axial chord, 
condition where the inlet flow field is the more uniform in terms of relative total pressure and 
rotor deviation angle, as clearly depicted in Figure 13.

For larger gaps, the combination of stator potential field and wake acts to amplify the inlet 
fluctuation, as reported for the incidence angle in Figure 14.
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Overall, the stage experiences the maximum efficiency for the design case (Figure 15), about 
1% higher, showing the potential of this parameter in the optimisation during the design 
process. According to the open literature, this trend is confirmed by some authors [42–46] but 
seems not general (as also reported and discussed by [41]), either for a lack of detailed data 
or for a case dependency in the stator wake-potential field coupling along the axial direction, 
in the axial gap region.

When the aerodynamic forcing is of concern, the axial gap plays a role as discussed in [47], 
since the forcing functions, as the wake velocity defect and the secondary flows, are stronger 
for low axial gaps.

Figure 13. Standard deviation for the different instants of the interaction phases. (A) axial gap: x/bs = 16%; (B) axial gap: 
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the leading edge (measuring point n° 2). The pressure side is less affected by the interaction 
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rotor deviation angle, as clearly depicted in Figure 13.

For larger gaps, the combination of stator potential field and wake acts to amplify the inlet 
fluctuation, as reported for the incidence angle in Figure 14.
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Overall, the stage experiences the maximum efficiency for the design case (Figure 15), about 
1% higher, showing the potential of this parameter in the optimisation during the design 
process. According to the open literature, this trend is confirmed by some authors [42–46] but 
seems not general (as also reported and discussed by [41]), either for a lack of detailed data 
or for a case dependency in the stator wake-potential field coupling along the axial direction, 
in the axial gap region.

When the aerodynamic forcing is of concern, the axial gap plays a role as discussed in [47], 
since the forcing functions, as the wake velocity defect and the secondary flows, are stronger 
for low axial gaps.
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3.2. Endwall contouring and 3D blade geometries

As discussed in the previous sections, the secondary flows are in the high-pressure tur-
bine stages a leading issue for the cascade interactions. Given this matter of fact, any action 
devoted to the secondary flow reduction or segregation is straightforward for softening the 
stator-rotor interaction, aiming moreover to an overall efficiency increase.

Among the possible turbomachinery design methodologies, two of them are here briefly com-
mented: the endwall contouring and the 3D blade design.

The endwall contouring consists of a specific endwall shape, at tip/hub or both, aiming at 
providing lower velocities in the blade portion where the highest loading is applied, that is 
higher turning. This feature results in a lower local cross-passage pressure gradient and a 
strong acceleration in the rear part of the blade. The final result is a reduction of the passage 
vortex in the contoured side of the passage, while the not contoured side experience about the 
same vortical structures [48–50].

The second possible action is the 3D blade design. It consists of a design methodology based 
on a different blade stacking with respect to the conventional radial one, leading to the so-called 
leaned and/or bowed blades. Typically, the lean given to blades is positive that means a blade 
stacking inclined towards the pressure side. The bowing is given by applying a symmetrical 
leaning at tip and hub. These methodologies allow for a “flow control’ at the cascade outlet in 
terms of radial pressure gradient and hence reaction. In case of positive leaning, an additional 
vorticity is introduced on the channel; specifically, it increases the one related to the passage 
vortex at the hub and smear the tip one. At the same time, the lean change the blade loading 
along the span by amplifying the tip one and reducing the hub one: overall such a feature makes 
the secondary flow at the hub less intense than the case of prismatic blades. Figure 4 shows the 
vorticity field downstream of the lean annular cascade, characterised by a positive lean of 10°. 
When the lean is applied symmetrically at hub and tip, this benefit is gained also at tip. Overall, 

Figure 15. Efficiency trend versus the axial gap. Experiments at the Fluidmachinery Lab. at Politecnico di Milano (Italy).
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the final effect in the frame of the stator/rotor interaction process is the reduction of the second-
ary flows and their segregation at the endwalls. This design methodology leads to an overall 
benefit even though the single cascade does not improve significantly its performance [51–54].

3.3. Cascades clocking

Cascades clocking refers to the design option related to the proper alignment of blades 
belonging to different cascades in the same frame of reference (stator/stator or rotor/rotor) 
in the context of multistage machines. In fact, downstream of each stage the “wake avenue’ 
is found, that is the global effect of the stator wake and secondary flows on the rotor outlet 
flow field in the time mean context. This concept can be applied also to the rotor wake, when 
a multistage environment is considered.

To ease the understanding, let us refer to a two stages machine and specifically to the impact of 
the 1° stator wake avenue on the 2° stator. Depending on the kind of stages and their loading, 
the impact of the wake avenue can be proficiently used for increasing the following cascade effi-
ciency. In order to clock the two different rows, cascades should have number of blades that are 
multiple each other and for this the design assumption of prime number have to be abandoned 
(it can be kept for the stator and rotor of the single stage). So far, the highest efficiency is therefore 
gained by using the same blade numbers between the two stators (or rotors for rotor-clocking). 
In LP turbines the clocking is directly linked to the wakes, while in transonic HP turbines the 
effect is mainly related to the interaction of wakes and secondary flows, that is the total pressure 
and total temperature fields on the whole, downstream the first stage with the second stator.

According to the early work from [55], the efficiency is achieved when the segments of the 
first vane wake avenue, released by the rotor, impinge on the leading edge of the second 
vane. The basic reason for this result is that the low momentum fluid coming from the first 
stage, collapse in the boundary layer of the second vane and for this do not affect the passage 
(among others, [56–58]), studied in detail the clocking effects driven by the stator secondary 
flows in a two stage subsonic and transonic turbines.

According to Schennach et al. [58], the interaction with secondary vortices is highly com-
plex due to the different kind and intensity of the vortical structure itself. When the rotor 
structures dominate, as can happen in the tip region due to the tip clearance or for the hub 
secondary vortex, the clocking effect is somehow shadowed. The outer part of the channel, 
being typically the rotor tip passage vortex highly sensitive to the stator-rotor interaction in 
the upstream stage, is the place with the highest potential for the clocking. This result makes 
the proper alignment choice complex for the designer as it is not really general.

In case of transonic stages, the hub region, being the seat of the 1° stator shock wave and hence 
of the highest stator-rotor modulation, has a high potential for clocking.

As a general conclusion, when the low momentum fluid enters on the 2° stator leading edge 
or close to the pressure side, the highest efficiency is found. On the contrary, when the low 
momentum fluid coming from the 1° vane enters close to the 2° vane suction side, the lowest 
efficiency is found, as a consequence of the destabilising effects on the suction side boundary 
layer and the lowest expansion ratio there available and for this lowest suction side overspeed 
and for this blade lift.
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the final effect in the frame of the stator/rotor interaction process is the reduction of the second-
ary flows and their segregation at the endwalls. This design methodology leads to an overall 
benefit even though the single cascade does not improve significantly its performance [51–54].

3.3. Cascades clocking

Cascades clocking refers to the design option related to the proper alignment of blades 
belonging to different cascades in the same frame of reference (stator/stator or rotor/rotor) 
in the context of multistage machines. In fact, downstream of each stage the “wake avenue’ 
is found, that is the global effect of the stator wake and secondary flows on the rotor outlet 
flow field in the time mean context. This concept can be applied also to the rotor wake, when 
a multistage environment is considered.

To ease the understanding, let us refer to a two stages machine and specifically to the impact of 
the 1° stator wake avenue on the 2° stator. Depending on the kind of stages and their loading, 
the impact of the wake avenue can be proficiently used for increasing the following cascade effi-
ciency. In order to clock the two different rows, cascades should have number of blades that are 
multiple each other and for this the design assumption of prime number have to be abandoned 
(it can be kept for the stator and rotor of the single stage). So far, the highest efficiency is therefore 
gained by using the same blade numbers between the two stators (or rotors for rotor-clocking). 
In LP turbines the clocking is directly linked to the wakes, while in transonic HP turbines the 
effect is mainly related to the interaction of wakes and secondary flows, that is the total pressure 
and total temperature fields on the whole, downstream the first stage with the second stator.

According to the early work from [55], the efficiency is achieved when the segments of the 
first vane wake avenue, released by the rotor, impinge on the leading edge of the second 
vane. The basic reason for this result is that the low momentum fluid coming from the first 
stage, collapse in the boundary layer of the second vane and for this do not affect the passage 
(among others, [56–58]), studied in detail the clocking effects driven by the stator secondary 
flows in a two stage subsonic and transonic turbines.

According to Schennach et al. [58], the interaction with secondary vortices is highly com-
plex due to the different kind and intensity of the vortical structure itself. When the rotor 
structures dominate, as can happen in the tip region due to the tip clearance or for the hub 
secondary vortex, the clocking effect is somehow shadowed. The outer part of the channel, 
being typically the rotor tip passage vortex highly sensitive to the stator-rotor interaction in 
the upstream stage, is the place with the highest potential for the clocking. This result makes 
the proper alignment choice complex for the designer as it is not really general.

In case of transonic stages, the hub region, being the seat of the 1° stator shock wave and hence 
of the highest stator-rotor modulation, has a high potential for clocking.

As a general conclusion, when the low momentum fluid enters on the 2° stator leading edge 
or close to the pressure side, the highest efficiency is found. On the contrary, when the low 
momentum fluid coming from the 1° vane enters close to the 2° vane suction side, the lowest 
efficiency is found, as a consequence of the destabilising effects on the suction side boundary 
layer and the lowest expansion ratio there available and for this lowest suction side overspeed 
and for this blade lift.
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Low-pressure turbines behaviour is discussed in detail in [59], where an increase of 0.7% in 
the efficiency is found by numerical simulations.

As a conclusive comment, the benefit achievable by clocking the cascades can be of the order 
of 1% in the 2° stator efficiency, being anyway highly depending on the stage features.

Nomenclature

P = pressure

Y = (PT0 − PT1)/(PT1 − P1): total pressure loss

δ = βblade − βfluid: deviation angle, angles taken form the axial direction.

β = relative flow angle

CPT,R = (PT,R − Patm)/(Pt0 − Patm)

Tu = turbulence intensity calculated by the unresolved relative total pressure [28]

V = velocity

Ωs = streamwise vorticity:   Ω  
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1 = stator downstream
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Abstract

A hierarchical progressive optimization approach is proposed for multidisciplinary opti-
mal design by integrating with generalized parametric modeling and sensitivity analysis.
The framework includes the following: (1) to set up a generalized parametric model for
the geometric parameters of flight vehicles with different levels, (2) to reduce the number
of design parameters using sensitivity analysis method and (3) to use the gradual optimi-
zation design method to solve the problem of integrated aerodynamic-stealth optimiza-
tion design. The results from the application on the configuration optimization of an
aircraft demonstrate that the hierarchical progressive optimization increases the fitness of
the optimization design by 51.1% and improves the conceptual design efficiency.
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sensitivity analysis, multidisciplinary optimization

1. Introduction

Stealth is a significant development trend of weaponry in the future. Because the requirements
of aerodynamics/stealth conceptual design are often contradictory, in order to obtain aircraft
configuration with good aerodynamic/stealth performance, it is necessary to conduct the
studies on multidisciplinary optimization of aerodynamics and stealth.

With the development of computing technology, the integration of high fidelity numerical
simulation and multidisciplinary optimization (MDO) has become common for the conceptual
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design of aircraft configuration [1]. However, the researches mostly rely on the empirical
approach to realize the multidisciplinary concept design.

In view of practical engineering application, there is an inevitable trend to integrate CAD
modeling into multidisciplinary optimization design framework. This parametric modeling nec-
essarily involves more parameters for the optimization of aerodynamics and stealth than those
only for aerodynamics design. The resultant extra-optimization design due to the additional
parameters would reduce the optimization efficiency. Sensitivity analysis is, therefore, necessary
to classify the generalized parameters. Moreover, in comparison to the conventional optimization
method, MDO requires available treatment to the coupling of aerodynamics and stealth.

The present study aims to conduct rapid conceptual design for aerodynamics/stealth optimi-
zation of a four-tailed aircraft configuration. Firstly, parametric modeling method is proposed
to describe aerodynamic/stealth multidisciplinary characteristics. Secondly, hierarchical pro-
gressive optimization process integrated with sensitivity analysis is proposed to achieve rapid
conceptual design. Finally, the methods are applied to rapid optimization for conceptual
design of aerodynamic/stealth of an aircraft. Therefore, this hierarchical progressive optimiza-
tion approach integrated generalized parametric modeling and sensitivity analysis is expected
to simplify the optimization and improve the design efficiency, which has the following
advantages:

(1) Combined with the progressive process of CAD modeling, it can extract the parameters to
describe both aerodynamics and stealth and then provide generalized parameters for hierar-
chical progressive design.

(2) By classifying the generalized parameters with sensitivity analysis, it can not only reduce
the complexity and workload of the optimization but also guide the optimization based on the
parametric sensitivity information.

2. Hierarchical progressive optimization

The main idea of MDO is to integrate the knowledge of different disciplines in complex design
systems, to fully consider the interaction and coupling between the disciplines, to organize the
design of the whole system with effective design and optimization strategies, to reduce the
design cycle by realizing modular parallel design of different disciplines, to exploit design
potential by considering interdisciplinary coupling and to select and evaluate the optimization
design by systematic integrated analysis.

As shown in Figure 1, traditional optimization design is the case, where N = 1. This approach
features simple process and relatively low optimization efficiency. In order to improve the
efficiency of MDO design, hierarchical progressive optimization (shown in Figure 1) is pro-
posed for engineering practice.

The hierarchical progressive optimization is capable of dividing the enormous design space
into several subspaces; each dramatically reduces the number of optimization parameters and
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constraint conditions, which significantly reduce the complexity of optimization. The optimal
solution of the design can be obtained by iteration among the subspace. In order to exert this
design superiority, it is crucial to construct a suitable optimization design system to adapt to
the hierarchical progressive optimization design framework.

2.1. Differential evolution (DE) method

A differential evolution (DE) algorithm is a stochastic heuristic search algorithm to simulate
the biological population evolution in nature of “survival of the fittest” principle. It was
proposed by Storn and Price [2] to improve the genetic algorithm. Due to its simplicity, ease
of use, robustness and powerful global search capability, differential evolution has been suc-
cessfully applied in many fields.

The basic idea is to generate a random initial population in the beginning, to sum up with
vector weighted of any two and third individuals according to specific rules to generate new
individuals. By comparing this new individual fitness and a predetermined individual, the
better individual will be survived. Through the continuous iteration of retaining the excellent
individuals and eliminating the inferior individuals, the search process is directed to approx-
imate the optimal solution.

The differential evolution algorithm has the characteristics of memorizing optimal solution of
individual and sharing information within the population, and its essence is a greedy genetic
algorithm with real coding based on the idea of preserving optimality. Compared with the
traditional optimization method, it has the following main features:

Figure 1. The schematic diagram of hierarchical progressive optimization.
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1. It starts to search from a group, i.e., multiple points rather than a point, which can avoid
the defects of retention at local optimum and thus has high probability to find the global
optimal solutions.

2. The evolutionary rule is based on adaptive information and without any other additional
auxiliary information (such as requiring the function to be derivable or continuous), which
greatly extends its application range and inherits the advantages of genetic algorithm.

3. It has inherent parallelism, which makes it very suitable for massively parallel distributed
processing and therefore reducing the time cost.

4. Using probability transfer rules to search, this is the improvement of the genetic algorithm,
to ensure that it quickly finds the optimal solutions.

Differential evolution algorithm is an evolutionary algorithm based on real coding, which is
similar to other evolutionary algorithms in structure. It consists of three basic operations:
mutation, crossover and selection.

Let suppose that Xi tð Þ is the ith individual in the population t, then

Xt
i ¼ Xt

i1;X
t
i2;⋯;Xt

in

� �
, i ¼ 1, 2,⋯,M; t ¼ 1, 2,⋯, tmax (1)

where n is the chromosome number of the individual (i.e., the number of variables in the
vector), M is the population number and tmax is the maximum number of evolution.

The detailed description of the basic strategies [2] is as follows:

1. Initial population:

In an n-dimensional space, M individuals that satisfy constraint conditions are randomly
generated:

X0
ij ¼ randij ð0, 1Þ XU

ij � XL
ij

� �
þ XL

ij, i ¼ 1, 2,…,M; j ¼ 1, 2,…, n (2)

where XU
j and XL

j are the upper and lower bounds of j chromosome, respectively;

randij 0; 1ð Þ is a random decimal between [0, 1].

2. Mutation:

The most basic variant of differential evolution algorithm is the parent difference vector;
each vector pair includes two different individuals in the parent (generation t) population.
The difference vector is defined as

Dr1,2 ¼ Xt
r1 � Xt

r2 (3)

r1 and r2 represent the index numbers of two different individuals in a population. The
differential vectors are added to another randomly selected vector to generate the varia-
tion vectors. For each objective vector Xt

i, mutation manipulation is used as

vtþ1
i ¼ Xt

r3 þ F∗ Xt
r1 � Xt

r2

� �
(4)
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r1, r2, r3∈ 1; 2;…;NPf g is an integer different from each other, and r1, r2, r3 is different
from the current objective vector index i, so the number of population NP ≥ 4. F is a scaling
factor with a range of [0, 2] to control the differential vector scaling.

3. Crossover:

The crossover operation is used to crossover the objective vector individuals Xt
i in the

population with the mutation vector νtþ1
i to generate the test individuals utþ1

i . In order to

ensure the evolution of the individuals, at least one of νtþ1
i is contributed to utþ1

i by random
selection, while for others, a crossover probability factor CR can be used to decide which
one of νtþ1

i or Xt
i is contributed to utþ1

i . The equation of crossover operation is

ð5Þ

where randlij ∈ 0; 1½ � is the random number in uniform distribution, j represents the jth
variable (gene), and CR is the crossover probability constant with the range of [0, 1], and
the length is predetermined. rand ið Þ∈ 1; 2;…; n½ � is the index of dimension variables for
random selection to ensure that at least one-dimension variable is contributed by the
variation vector. Otherwise, the test vector may be the same as the objective vector and
cannot generate new individuals.

4. Selection:

DE uses the greedy search strategy to compete the test individuals utþ1
i generated by

mutation and crossover operations with Xt
i , and the fitness utþ1

i is chosen as the offspring

only when it is better; otherwise, Xt
i will be directly used as the offspring. For example, the

equation of operation for minimization optimization is chosen as

Xtþ1
i ¼ utþ1

i , f utþ1
i

� �
< f Xt

i

� �

Xt
i , f utþ1

i

� �
≥ f Xt

i

� �
(

(6)

Execute the above four operations repeatedly until the maximum number of evolution tmax is
reached.

2.2. Optimization strategy

The mathematical model of the multi-objective optimization problem (MOP) [3] widely used
and accepted in multi-objective optimization is defined as follows:

min y ¼ f xð Þ ¼ f 1 xð Þ; f 2 xð Þ;⋯; f k xð Þ� �

s:t: e xð Þ ¼ e1 xð Þ; e2 xð Þ;⋯; em xð Þð Þ ≤ 0
where x ¼ x1; x2;⋯; xnð Þ∈X

y ¼ y1; y2;⋯; yk
� �

∈Y

(7)
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� �
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ij � XL
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� �
þ XL
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r2 (3)
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tion vectors. For each objective vector Xt

i, mutation manipulation is used as

vtþ1
i ¼ Xt

r3 þ F∗ Xt
r1 � Xt

r2

� �
(4)

Aircraft Technology132

r1, r2, r3∈ 1; 2;…;NPf g is an integer different from each other, and r1, r2, r3 is different
from the current objective vector index i, so the number of population NP ≥ 4. F is a scaling
factor with a range of [0, 2] to control the differential vector scaling.

3. Crossover:

The crossover operation is used to crossover the objective vector individuals Xt
i in the

population with the mutation vector νtþ1
i to generate the test individuals utþ1

i . In order to

ensure the evolution of the individuals, at least one of νtþ1
i is contributed to utþ1

i by random
selection, while for others, a crossover probability factor CR can be used to decide which
one of νtþ1

i or Xt
i is contributed to utþ1

i . The equation of crossover operation is

ð5Þ

where randlij ∈ 0; 1½ � is the random number in uniform distribution, j represents the jth
variable (gene), and CR is the crossover probability constant with the range of [0, 1], and
the length is predetermined. rand ið Þ∈ 1; 2;…; n½ � is the index of dimension variables for
random selection to ensure that at least one-dimension variable is contributed by the
variation vector. Otherwise, the test vector may be the same as the objective vector and
cannot generate new individuals.

4. Selection:

DE uses the greedy search strategy to compete the test individuals utþ1
i generated by

mutation and crossover operations with Xt
i , and the fitness utþ1

i is chosen as the offspring

only when it is better; otherwise, Xt
i will be directly used as the offspring. For example, the

equation of operation for minimization optimization is chosen as

Xtþ1
i ¼ utþ1

i , f utþ1
i

� �
< f Xt

i

� �

Xt
i , f utþ1

i

� �
≥ f Xt

i

� �
(

(6)

Execute the above four operations repeatedly until the maximum number of evolution tmax is
reached.

2.2. Optimization strategy

The mathematical model of the multi-objective optimization problem (MOP) [3] widely used
and accepted in multi-objective optimization is defined as follows:

min y ¼ f xð Þ ¼ f 1 xð Þ; f 2 xð Þ;⋯; f k xð Þ� �

s:t: e xð Þ ¼ e1 xð Þ; e2 xð Þ;⋯; em xð Þð Þ ≤ 0
where x ¼ x1; x2;⋯; xnð Þ∈X

y ¼ y1; y2;⋯; yk
� �

∈Y

(7)

Hierarchical Progressive Optimization for Aerodynamic/Stealth Conceptual Design Based on Generalized…
http://dx.doi.org/10.5772/intechopen.73282

133



The model consists of n parameters (decision variables), K objective functions and m con-
straints. The objective function and constraints are the functions of decision variables. Among
them, x represents the decision vector, y represents the objective vector, X represents the
decision space formed by the decision vector x, and Y represents the objective space formed
by the objective function y, and the constraint condition determines the feasible range of the
decision vector.

Modern aircraft not only has high aerodynamic performance but also requires good stealth
performance. At present, reducing radar cross section (RCS) is the most important part of
stealth technology. Aircraft design must take into account both the high aerodynamic effi-
ciency and low RCS requirements in the configuration design. However, the requirements of
the two are often contradictory.

Through an auto-adjusting weighted object (AWO) optimization method [3], the multi-
objective optimization problem is transformed into the optimization strategy of the single
objective problem, which can effectively solve the design requirements of such contradictions.

Its advantage is that in the process of optimization, certain adjustments can be done to
improve the objective function for each subject according to the rate of information. It can
avoid the suppression of the further optimization of other objective functions due to the
extremely quick changes of some objective function and therefore obtain an effective solution
with relatively synchronous optimization for all the subject object functions.

AWO is used as follows:

ΔObji ¼
Obji � ReObji

ReObji
�� �� i ¼ 1; 2…;nð Þ (8)

Globji ¼
Xn

i¼1

CiObji,
Xn

i¼1

Ci ¼ 1 (9)

where ReObji is the objective reference value, Obji is the single subject fitness, Globji is the
comprehensive performance (fitness), and Ci is the weighted coefficient. For any i, if
ΔObji ≤ δ0, then accept the optimal solution and change the objective reference, or if
ReObji ¼ Obji, then give up the optimal solution. δ0 is the control value of objective optimiza-
tion, which generally takes δ0 ≤ 0.1. If the optimal solution is accepted, the weighted coefficient
is adjusted:

Cbetter ¼ Cbetter � δc
Cworse ¼ Cworse þ δc

(10)

where δc is the adjustment step size of the weighted coefficient, which is set as δc = 0.1 � 0.9 L,
and L is the optimized step number. Cbetter is the weighted coefficient to optimize the better
objective, and Cworse is the weighted coefficient to optimize the worse objective.

Most optimization problems contain some constraints, which divide the decision space into
two parts: feasible and infeasible. The task of constrained multi-objective optimization is
transformed into finding the Pareto optimal solution in the feasible region of the decision
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space. The penalty function method [4] is used to deal with the fitness function with the
constrained problem, and the individuals beyond the constraint are discarded.

Penalty function method is the most commonly used method for solving constrained optimi-
zation problems. By calculating the constraint offset of the solution, the objective function is
punished, and the constrained problem is transformed into an unconstrained optimization
problem. Before computing the constraint offset, the constraint function is normalized as
ej xð Þ ≤ 0, j ¼ 1, 2,⋯,M so that the offset of the constraint function j is defined as the form of
the following vector:

wj xð Þ ¼ ej xð Þ�� ��, if ej xð Þ > 0
0, otherwise

(
(11)

The sum of the offset of the vector x on each constraint function is called the total offset:

Ω xð Þ ¼
XM

j¼1

wj xð Þ (12)

For the minimization problem, the objective function value of the solution vector x will be
modified as follows:

Fm xð Þ ¼ f m xð Þ þ RmΩ xð Þ, m ¼ 1, 2,⋯, K (13)

where f m xð Þ is the function value of the individual i under the unconstrained condition on the
m objective and Rm is the penalty function coefficient, which is used to balance the differences
caused by the different dimensions of each objective. From the above definition, we can see
that when Ω xð Þ= 0, x is a feasible solution. When x is an infeasible solution, the farther away
from the feasible domain, the greater the value of the objective function, the more penalties.
After obtaining the objective function value after penalty, the unconstrained multi-objective
optimization method can be used to solve the Pareto optimal solution. For example, for
m constraints:

φj xð Þ ≥Cj, j ¼ 1,…, m (14)

Pj ¼
0, φj < Cj

1, φj ≥Cj

(
(15)

The fitness is adjusted to be Yi ¼ Globji
Qn
i¼1

Pj, where Globji is the global performance (fitness).

3. Generalized parametric modeling

Parameters are both the objects for multidisciplinary design and the manifestation of the
design results. Single disciplinary parametric modeling tends to ignore the requirements of
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multidisciplinary optimization as well as the requirements of other disciplines. However, the
multidisciplinary parametric modeling is expected to not only integrate with various disci-
plines but also meet the requirements of practical optimization. Therefore, aerodynamics/
stealth multidisciplinary optimization urges the construction of a parametric system that can
meet the requirements of both aerodynamics and stealth discipline as well as to adapt to
practical optimization design.

3.1. Generalize parameter

Generalized parameters are proposed to assist the increasingly complicated multidisciplinary
design process of aircraft. They are necessary to reflect the discipline characteristics such as
aerodynamics and stealth more than their appearance of the aspect of configuration. The
whole generalized parametric system is divided into four dimensions, namely, design phase,
component, discipline and design. It is constructed for aerodynamics/stealth optimization by
classifying the design phases based on the progressive features of CAD modeling and analyz-
ing the component characteristics of the major components (fuselage, wing, etc.).

3.2. Parametric modeling

Parametric modeling is the direct source of design parameters in multidisciplinary optimiza-
tion design and the prerequisite of analysis and optimization design. Based on the integrated
consideration of different requirements of aerodynamics and stealth on modeling parameters,
the following modeling parameters of three levels is extracted in accordance with the hierarchy
and progressive of CAD modeling:

(1) Twenty-seven general profile parameters: These parameters are used to describe the main
profile of the fuselage cross section, shape characteristics, as well as installation angle and
dihedral angle of wings and tails. The fuselage parameters include deviation angle of the head
longitudinal line, head length, length of the head transition section, length of the intermediate
section, tail length, the magnification ratio of fuselage cross section, and the magnification ratio
of the tail cross section. The wing parameters include aspect ratio, root chord length, sweepback
angle, taper, installation angle, and dihedral angle. Among them, some parameters of angle are
introduced in view of stealth, as is shown in Figure 2; the height of head cross section is
controlled by the upward deflection angle of head longitudinal line ∠AOE and the downward

Figure 2. Geometric parameters of fuselage sections.
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deflection angle of head longitudinal line ∠BOE and head length L1. The parametric relation is
indicated by Eq. 16:

CDj j ¼ L1j j � tg∠AOEþ tg∠BOEð Þ (16)

(2) Twenty major control parameters of cross sections: As shown in Figure 2, the fuselage is
controlled by four control cross sections along the axis. The major control parameters refer to
the line segment ratios, angles, etc. of the main edges of the control cross sections. As shown in
Figure 3, the position of the edge endpoint F is determined by the line segment ratio between
BF and BC, while that of G is determined by the endpoint F and ∠CFG.

(3) Eighty-four profile modifying parameters of cross sections: Based on the specific edge
positions of the cross sections that have been obtained, the conics are applied to modify the
cross section edges. The conic control endpoints are obtained by distributing the line segment
ratios on each edge; then the conics are constructed between the endpoints to obtain the
specific profile of the cross sections. For example, points ①�⑥ in Figure 3 are controlled by
line segment ratios. By altering the position of control points and shape parameters of the
conics, the cross sections can be expressed as various shapes, such as a circle, polygon and so
on, which can meet the requirements of stealth on cross section shapes as the CAD examples
shown in Figure 4.

Figure 3. Geometric parameters of cross sections.
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In general, the width and height of each cross section can be altered through general profile
parameters. Then, the edge position of the cross sections can be changed by adjusting the
major control parameters of the cross section. Finally, extra padding is done at the head,
fuselage transition section, fuselage and tail through interpolation. This parametric modeling
method features clear with progressive modeling and hierarchical parameter, which is highly
applicable for hierarchical progressive optimization.

3.3. Generalized parameter system

Based on the characteristics of the design phase, components and disciplines, the generalized
parameter system with a total number of 131 including 3-level modeling parameters is listed in
Table 1. In order to adapt to hierarchical progressive optimization, the sensitivity analysis is
applied to classify the design parameters.

Figure 4. Several shapes of body sections.

Design phase Parameters Numbers Components Disciplines

Layout Layout parameters 6 Fuselage and wing Aerodynamics/stealth

Component Profile parameters 27 Fuselage and wing Aerodynamics/stealth

Component Control parameters 20 Fuselage Aerodynamics/stealth

Component Modification parameters 84 Fuselage Stealth

Table 1. Design parameters.
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4. Sensitivity analysis

Sensitivity is the derivative information of system parameters versus design parameters, and it
reflects the variation trend and degree. The sensitivity analysis [5] can determine the affecting
magnitude of system design parameters on the objective function and guide the process of
optimization design. N points in the design range are uniformly distributed, and then the
sensitivity is analyzed by central difference scheme, as shown in Eq. 17:

dF
dX

¼ 1
N

XN

i¼1

F Xi þ ΔXið Þ � F Xi � ΔXið Þ
2ΔXi

þO ΔXið Þ2
� �����

���� ≈
1
N

XN

i¼1

F Xi þ ΔXið Þ � F Xi � ΔXið Þ
2ΔXi

����
����
(17)

In consistent with the hierarchy features of generalized parameters, the two-round sensitivity
analysis method is proposed in Figure 5. In the first round, the individual sensitivity analysis
for aerodynamics and stealth is first carried out, respectively, by finite difference method for
hierarchical parameters in order to classify the generalized parameters. Then, in the second
round, sensitivity analysis is carried out based on the optimal fitness to obtain three levels of
design parameters. According to the sensitivity analysis results in practical operation, the
criterion for sensitivity analysis of individual disciplinary and optimal fitness is set as the
sensitivity of the parameters is larger than 1. The relatively independent sensitive analysis of
hierarchical parameters can reserve the progressive of parametric modeling, and the resultant
three-level parameters will be more suitable for hierarchical progressive optimization and get
better optimization efficiency.

Figure 5. Hierarchical progressive optimization based on sensitivity analysis.
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5. Analysis and discussion

5.1. Optimization descriptions

The aerodynamic/stealth optimization design is conducted for four-tailed layout aircraft,
which can be described as follows:

1. Calculation conditions: flight height of 5 km, Mach number of 0.7, radar microwave
frequency of 6.0 GHz and threat angle of 0~120�.

2. Constraint conditions: radar cross section (RCS) in the opposite direction no more than
0.01 and the cross section area of fuselage no more than 0.5 m2.

3. Objective function: the maximum lift-to-drag ratio with the weight of 0.5, minimum RCS
in the forward direction with the weight of 0.5 and minimum RCS in side direction with
the weight of 0.5.

4. Original design parameters: 131 modeling parameters.

As shown in Figure 1, the optimization process is started with parametric modeling for several
disciplines and the corresponding computational grid. The two-round sensitivity analysis is
then conducted to classify the hierarchical generalized parameters. The MDO is implemented
by differential evolution method [6] and hierarchical progressive optimization. According to
the preliminary test of multimodal function with the same number of design parameters, the
control parameters are set for differential evolution method as the initial population is double
of the number of design parameters, the number of optimization generations of each stage is
30, the scaling factor is 0.6, and crossover factor is 0.5.

5.2. Optimization results

The sensitivity analysis results are shown in Table 2. After two rounds of sensitivity analysis,
the number of first-level design parameters is reduced by 39.9%, the number of second-level
design parameters is reduced by 30%, the number of third-level design parameters is reduced
by 80.9%, and the number of all design parameters is reduced by 64.4%.

The normalized optimization process is shown in Figure 6. It indicates that the hierarchical
progressive approach with two-round sensitivity analysis has great advantages with better
optimization efficiency according to the variations of fitness versus the evolution generations.

Parameter level Numbers First round Second round Variation

Level I 28 21 17 39.90%

Level II 20 16 14 30%

Level III 84 36 16 80.90%

Table 2. The variations in the number of design parameters.

Aircraft Technology140

Table 3 is the statistical table of optimization adaptive value. As for the initial fitness of 59.818,
the optimization results show that hierarchical progressive optimization with two-round sen-
sitivity analysis increases the adaptive value by 51.1%. The objective function in two-round
sensitivity analysis is shown in Table 4. It can be seen that the lift-to-drag ratio is increased by
38.5%, RCS in the forward direction is reduced by 52.03%, and RCS in side direction is reduced
by 62.8%. Figure 7 shows the aircraft configuration before and after the optimization. The

Figure 6. The variation of optimal fitness versus evolution generations.

Optimization process Optimal fitness Variation

Second round hierarchical optimization 90.385 51.1%

Second round individual optimization 83.41 39.44%

First round hierarchical optimization 79.91 33.59%

First round individual optimization 76.186 27.36%

Table 3. The variation of optimal fitness.

Optimal objects Initial
value

First round
optimization

Second round
optimization

Second round
optimization

Variation

Lift-to-drag ratio 4.21 4.98 5.32 5.83 +38.5%

RCS in forward
direction

0.0123 0.0086 0.0072 0.0059 �52.03%

RCS in side direction 1.6786 1.2658 0.8963 0.6237 �62.8%

Table 4. The variation of optimal objects.
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cross section of fuselage is significantly altered from quasi-quadrangle to quasi-triangle, which
meets the requirements of stealth, while the aspect ratio and area of the wing are both
increased. RCS in the opposite direction is 0.0055, and the fuselage cross section is 0.396 m2.
Figure 8 shows the comparison between RCS before and after optimization. The RCS value is
significantly reduced, which means the stealth performance is better after optimization.

6. Conclusions

The optimization results indicate that hierarchical progressive optimization based on general-
ized parametric modeling and sensitivity analysis demonstrates high optimization efficiency
and excellent optimization results. Within the prerequisite of optimization constraints, the lift-
to-drag ratio is increased by 38.5% and RCS decreases by more than 50%, which achieve the
goal of multidisciplinary optimization design.

Figure 7. The variation of aircraft shape.

Figure 8. The variation of RCS value.
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Abstract

Due to the developments and the interest of leading aerospace companies, additive man-
ufacturing (AM) has become a highly discussed topic in the last decades. This is mainly 
due to its capability of producing parts with high geometrical complexity, short manu-
facturing lead times, and suitability for customization as well as for low-volume produc-
tion. As is the case with aircraft fuselage body where weight reduction while keeping the 
demanding mechanical properties is of uttermost importance, modern technology appli-
cations sometimes need materials with unusual combinations of properties that cannot 
be solely provided by metals, polymers, or ceramics. In this case, composite materials 
combining two or more materials allow having the preferred properties in one material. 
Thus, AM of composites is becoming more and more important for critical applications. 
Fiber reinforcement can significantly enhance the properties of resins/polymeric matrix 
materials. Although continuous fiber composites even present higher mechanical per-
formance, the manufacturing methods for chopped fibers are more commercially avail-
able. This chapter reviews the studies in the field involving many aspects spanning from 
design, process technology, and applications to available equipment.

Keywords: additive manufacturing, polymer matrix composites, layered 
manufacturing, carbon fiber-reinforced polymers, rapid manufacturing

1. Introduction

Due to the developments and the interest of leading aerospace companies, AM, also known 
as 3D printing, became a highly discussed topic in the last decades. Due to its capability of 
producing parts with a high geometrical complexity and short manufacturing lead times, AM 
has been utilized more especially in aerospace and motorsports. Revenues from the produc-
tion of end use parts, as a proportion of total AM production, have risen from under 4% in 
2003 to 34.7% in 2013 [1]. The first step of applying AM technology was historically producing 
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plastic prototypes using various AM processes such as fused deposition modeling (FDM), ste-
reolithography (SLA), and other processes. Producing complex net-shaped materials includ-
ing metals, ceramics, and composites as functional parts later became available [2]. Today, 
polymers and metals are considered as commercially available materials for AM processes 
(see Figure 1). Meanwhile, ceramics and composites are rather considered still under research 
and development. Table 1 shows various properties of AM processes including the state of 

State of the 
starting 
material

Process Material 
preparation

Layer creation 
method

Typical materials Applications

Filament FDM Melted in nozzle Continuous 
extrusion and 
deposition

Thermoplastics, waxes Prototypes, casting 
patterns

Robocasting Paste in nozzle Continuous 
extrusion

Ceramic paste Functional parts

Liquid SLA Resin in a vat Laser scanning UV curable resin, 
ceramic suspension

Prototypes, casting 
patterns

MJM Polymer in jet Ink-jet printing Acrylic plastic, wax Prototypes, casting 
patterns

Powder SLS Powder in bed Laser scanning Thermoplastics, waxes, 
metal powder, ceramic 
powder

Prototypes, casting 
patterns

SLM Powder in bed Laser scanning Metal Tooling, functional 
parts

EBM Powder in bed E-Beam scanning Metal Tooling, functional 
parts

3DP Powder in bed Drop-on-demand 
binder printing

Polymer, metal, ceramic, 
and other materials

Prototypes, casting 
shells, tooling

Solid sheet LOM Laser cutting Feeding and 
binding of sheets 
with adhesives

Paper, plastic, metal Prototypes, casting 
models

Table 1. Analysis of the state of starting material working principle for AM processes [5].

Figure 1. (a) Safran obtains the first certification for a 3D-printed gas turbine engine major part in the auxiliary power 
unit (APU) from Hastelloy X: conventionally machined by Inconel casting, the 3D-printed part is now 35% lighter and is 
now comprised of only four versus eight components prior to the new manufacturing technique [3]. (b) GE LEAP engine 
fuel nozzle: the 3D-printed nozzle combined all 20 parts into a single unit, but it also weighed 25% less [4].

Aircraft Technology148

starting material, material preparation, layer creation method, typical materials, as well as 
applications [5]. As is the case with aircraft fuselage body where weight reduction while keep-
ing the demanding mechanical properties is of uttermost importance, modern technology 
applications sometimes need materials with unusual combinations of properties which can-
not be solely provided by metals, polymers, or ceramics. In this case, composite materials 
combining two or more materials allow us to have the preferred properties in one material [2].

Fused deposition modeling (FDM) (see Figure 2) is one of the AM technologies and a widely 
used method for fabricating thermoplastic parts with advantages of low cost, minimal waste, 
and ease of material change [7]. In order to improve the mechanical properties of pure ther-
moplastic materials, one of the methods is to reinforce plastic matrix by different materials 
like carbon fibers to produce CFRPs (carbon fiber-reinforced polymers) composites which 
can be directly used as functional end parts. FDM is an advantageous process for producing 
polymer matrix composites because of the possibility to use multiple nozzles with loading 
of different materials. Moreover, being low-cost and high-speed, simplicity makes FDM a 
suitable process for composite manufacturing. One drawback of the FDM process for pro-
ducing PMCs is that the input material has to be in filament form to enable the extrusion. 
Additionally, the usable matrix material is limited to thermoplastic materials due to needed 
melt viscosity (high enough for structural rigidity and low enough for extrusion) [6].

2. AM composites: literature review

Producing CFRPs (carbon fiber-reinforced polymers) by AM is quite a new research topic, and 
therefore there are a very limited number of studies that can be found in the literature as the 
summary in Table 2 presents. Zhong et al. have studied the processability of glass fiber-rein-
forced ABS matrix composites with three different glass contents used as feedstock filaments 
in FDM leading to the result that the reinforcement could improve the tensile strength and 
surface rigidity at the expense of flexibility and handleability [8]. These limits were overcome 

Figure 2. Schematic of fused deposition modeling [7].
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by adding a small amount of plasticizer and compatibilizer. Gray et al. reinforced polypropyl-
ene with thermotropic liquid crystalline polymer fibers and provided a significantly increased 
tensile strength, whereas they encountered some problems of poor adhesion and delami-
nation [9]. Shofner et al. studied reinforcing ABS matrix with vapor-grown carbon fibers 
at nanoscale. Although the tensile properties were improved, the amount of improvement 
depended on built parameters as well as the degree of interlayer and intralayer fusion [10]. 
Tekinalp et al. [11] have studied carbon fiber-reinforced ABS polymers in order to evaluate 
the potential for load-bearing components leading to the result that composites with highly 
dispersed and highly oriented carbon fibers can be printed by FDM process (see Figure 3)  
[11]. Ning et al. have provided a more comprehensive study on the effect of fiber content 
on mechanical properties. Carbon fiber content varying between 0 and 15% was studied on 
tensile and flexural properties of carbon fiber-reinforced ABS plastics. Some limitations such 
as decrease in toughness and ductility as well as encountered porosity were identified [7]. 
Love et al. have addressed reinforcement of ABS material with carbon fibers regarding the 
thermal deformations and leading geometrical tolerances in addition to strength and stiffness 
achieved (see Figure 4). They have concluded that carbon fiber additions can significantly 
reduce the distortion and warping of the material during processing allowing large-scale, out-
of-the-oven, high deposition rate manufacturing [12].

The effect of fiber content on the mechanical properties is also another interesting research 
topic. Tekinalp et al. [11] have investigated the fiber loading on the tensile strength and modu-
lus as shown in Figure 5. Some interesting results were obtained in this study. The results 

Reinforced by Matrix material Investigated 
properties

Limitations

Zhong et al. 
[8]

Glass fibers ABS Tensile strength and 
surface rigidity

Flexibility and handleability

Gray et al. [9] Thermotropic liquid 
crystalline polymer

Polypropylene Tensile strength Poor adhesion and 
delamination

Shofner et al. 
[10]

Vapor-grown carbon 
fibers

ABS Tensile strength and 
tensile modulus

Interlayer and intralayer 
fusion;

change behavior from ductile 
to brittle

Tekinalp et al. 
[11]

Carbon fiber ABS Tensile strength and 
tensile modulus

Porosity, weak interfacial 
adhesion between the fibers 
and the matrix, and fiber 
breakage

Ning et al. [7] Carbon fiber ABS Tensile strength, 
Young’s modulus, 
flexural properties

Decrease in toughness, 
yield strength, and ductility; 
increase of porosity with an 
increased level of carbon fiber

Love et al. 
[12]

Carbon fiber ABS Strength, stiffness, 
thermal properties, 
and distortion and 
geometric tolerances

—

Table 2. A summary of studies in FDM of chopped fibers.
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leading to the fact that modification/optimization of the mixing process to minimize fiber 
breakage and modification of the FDM process to minimize inner-pore formation may result 
in a much more optimized process are summarized as follows [11]:

• An increase in fiber length and fiber orientation improves the tensile properties, whereas 
an increase in void fraction reduces the strength of a composite by both creating stress con-
centration points and lowering the fiber-matrix interface and bonding.

• Tensile strength increases with increasing fiber content in both CM and FDM processes.

• The ABS samples with 0% fiber loading prepared by the FDM process have higher ten-
sile strength, while the standard deviations in tensile strength measurements for the FDM 
samples were significantly lower than those for the CM samples.

Figure 3. Schematic presentation of 3D-printed fiber-reinforced composite by fused deposition modeling [11].

Figure 4. Tensile test specimens produced along z-axis and deformation coupons showing the difference between carbon 
fiber-reinforced ABS and no reinforcement part in terms of deformation [12].
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properties

Limitations

Zhong et al. 
[8]

Glass fibers ABS Tensile strength and 
surface rigidity

Flexibility and handleability

Gray et al. [9] Thermotropic liquid 
crystalline polymer

Polypropylene Tensile strength Poor adhesion and 
delamination

Shofner et al. 
[10]

Vapor-grown carbon 
fibers

ABS Tensile strength and 
tensile modulus

Interlayer and intralayer 
fusion;

change behavior from ductile 
to brittle

Tekinalp et al. 
[11]

Carbon fiber ABS Tensile strength and 
tensile modulus

Porosity, weak interfacial 
adhesion between the fibers 
and the matrix, and fiber 
breakage

Ning et al. [7] Carbon fiber ABS Tensile strength, 
Young’s modulus, 
flexural properties

Decrease in toughness, 
yield strength, and ductility; 
increase of porosity with an 
increased level of carbon fiber

Love et al. 
[12]

Carbon fiber ABS Strength, stiffness, 
thermal properties, 
and distortion and 
geometric tolerances

—

Table 2. A summary of studies in FDM of chopped fibers.
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leading to the fact that modification/optimization of the mixing process to minimize fiber 
breakage and modification of the FDM process to minimize inner-pore formation may result 
in a much more optimized process are summarized as follows [11]:

• An increase in fiber length and fiber orientation improves the tensile properties, whereas 
an increase in void fraction reduces the strength of a composite by both creating stress con-
centration points and lowering the fiber-matrix interface and bonding.

• Tensile strength increases with increasing fiber content in both CM and FDM processes.

• The ABS samples with 0% fiber loading prepared by the FDM process have higher ten-
sile strength, while the standard deviations in tensile strength measurements for the FDM 
samples were significantly lower than those for the CM samples.

Figure 3. Schematic presentation of 3D-printed fiber-reinforced composite by fused deposition modeling [11].

Figure 4. Tensile test specimens produced along z-axis and deformation coupons showing the difference between carbon 
fiber-reinforced ABS and no reinforcement part in terms of deformation [12].
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• The FDM process increases the orientation of the polymer molecules in addition to improv-
ing fiber dispersion and uniformity since the parts are manufactured in a layer-wise and 
line-wise manner.

• The FDM samples can compensate the negative effect of porosity/weak fiber bonding by 
the strongly enhanced fiber and thus still reach strength values close to CM samples.

• For both processes, the tensile strength increase with the increase of the fiber content be-
comes less obvious at higher fiber loadings. This can be attributed to the decrease in aver-
age fiber length with increasing fiber content.

• At 40 wt% fiber loading, the modulus value of the CM composites is increased by nearly an 
order of magnitude. However, the FDM samples could not be fully fabricated due to the 
repeated nozzle clogging at this high fiber loading. These samples could only be printed to 
a few layers of thickness. This thickness difference possibly caused the difference in moduli 
between the FDM and CM specimens [11].

However, the optimum fiber loading obtained in [11] is not in line with the results of Ning 
et al. [7] due to differences in the material in terms of fiber distribution and interfacial bonding 
strength which leads to the conclusion that a basic standard for design and processing needs 
to be established as is the case with many other AM processes. Ning et al. concluded that the 
best performance of the produced parts was obtained with 5% fiber loading and higher load-
ing of fiber reduced the performance. The studies found in the literature have tested up to 40 
wt%, and the composites with higher loading could not be produced due to nozzle clogging 
issues. In addition, it is difficult to make filaments with such high fiber content due to the 
loss of toughness. As a solution to improve feedstock processability, plasticizers are added as 
already mentioned [8]. To eliminate the voids impairing the mechanical properties of FDM 
parts, a novel solution was found by [13]. Thermally expandable microspheres are added to 
the matrix, and a thermal treatment is combined with FDM. The results show that tensile and 
compressive strength of treated specimens increase 25.4 and 52.2%, respectively, in compari-
son to the untreated ones when 2 wt% microspheres are added [13].

Figure 5. Effect of fiber loading on tensile strength and modulus in comparison to compression molded specimens [11].
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Fused deposition modeling is not the only method to produce polymer matrix composites by 
additive manufacturing. Selective laser sintering, a powder-bed AM technology, is also inves-
tigated in this field. Jansson and Pejryd have characterized carbon fiber-reinforced polyamide 
manufactured by this technology using the CarbonMide® (CF/PA12) material provided by 
EOS [14]. The material in its raw form is a powder consisting of polyamide spherical particles 
and carbon fibers of diameter 10 μm and length 100–200 μm. However, porosity is a significant 
problem as is the case with other studies [15–17]. The study given in [14] also has confirmed 
that porosity was concentrated in between the layers produced weakening the material in the 
direction normal to the layered structure. They also obtained different mechanical properties 
along different build directions mainly due to fiber orientation and porosity. They also con-
cluded that the fiber orientation is linked to the powder rake mechanisms (see Figure 6). Some 
sample products produced by CarbonMide® material are demonstrated in Figure 7.

More recently, studies on embedding continuous fiber in the plastic materials are realized 
mainly using fused deposition modeling (FDM) for different applications [20–27]. Yao et al. 
have investigated embedding carbon fiber tows which provided a tensile strength increase of 
70% and flexural strength increase of 18.7% compared to non-reinforced specimens. As seen 
in Figure 8, an artificial hand printed by FDM with embedded carbon fibers is manufactured 

Figure 6. Illustration of the rake spreading a powder layer in the build chamber [14].

Figure 7. Sample products produced from CarbonMide® material [18, 19].
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as a demonstration part [20]. Dickson et al. have utilized a Mark One 3D printer in order to 
reinforce glass, carbon, and Kevlar fibers into nylon material (see Figure 9). For each of the 
printed composites relative to that obtained for the nylon samples with no reinforcement, up 

Figure 9. Schematic description of the process (left) and produced specimens with different types of reinforcement fibers 
(right) [21].

Figure 8. (a) Test specimen geometries per ISO 527-4:1997 for tensile and ISO 14125:1998 for flexural tests and (b) 
demonstration part [20].

Aircraft Technology154

to a 6.3- and 5-fold enhancement in the tensile and flexural strengths were obtained, respec-
tively, and the fiber type superior to others was observed to be carbon fiber [21]. Some studies 
did not only look into material but also equipment development as is the case with [22].

Gardner et al. have investigated reinforcing ULTEM® material with carbon nano-yarn fila-
ments leading to better tensile and electrical conductivity properties (see Figure 10) [22]. 
Rather than FDM or selective laser sintering, some new techniques are proposed by some 
researchers. For example, Parandoush et al. proposed a novel method for AM of fiber compos-
ites by using prepreg composite. A laser is used to heat successive layers of prepreg tapes, and 
a compaction roller is utilized to bond these layers (see Figure 11) [23]. Moreover, Tian et al. 
also proposed a new methodology for continuous fiber reinforcement in AM (see Figure 12 for 

Figure 10. Samples produced: (a) Uniaxial CNT yarn filament layer (b) embedded electrical signal (c) at higher 
magnification (d) Letters nAno printed (e) printed thin walls (f) at higher magnification [22].

Figure 11. Schematic demonstration of the process [23].
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Reinforced by Matrix material Investigated properties Limitations

Yao et al. [20] Carbon fiber Epoxy resin + 
polyamide

Flexural and tensile 
properties, weight 
reduction

Adhesion between fibers 
and matrix and carbon 
fiber placement

Dickson et al. [21] Carbon, glass, and 
Kevlar fiber

Nylon Tensile and flexural 
properties

Weak bonding and 
porosity

Gardner et al. [22] Carbon nanotube 
yarn

ULTEM® Tensile strength, specific 
modulus, and electrical 
conductivity

Cutting mechanism

Parandoush et al. 
[23]

Continuous glass

fiber

Polypropylene Tensile and flexural 
properties

Adhesion

Tian et al. [24] Carbon fiber PLA (polylactic acid) Flexural strength and 
modulus

None reported

Matsuzaki et al. 
[25, 26]

Carbon fiber PLA (polylactic acid) Tensile modulus and 
strength

Irregularity and 
discontinuity of fiber

Table 3. A summary of studies in FDM of continuous fibers.

schematic demonstration of the process). In their study, the influence of process parameters on 
the interfaces and performance of printed composites have been investigated. With the opti-
mized parameters, a fiber content of about 27% could achieve the maximum flexural strength 
of 335 MPa and flexural modulus of 30 GPa [24].

A similar technology is presented by Matsuzaki in [25], while another study conducted by 
Matsuzaki et al. [26] reports a very significant mechanical improvement by reinforcing con-
tinuous carbon fibers by FDM. Their results show that the tensile modulus and strength 
of 3D-printed continuous carbon fiber-reinforced PLA composites are 19.5 ± 2.08 GPa and 
185.2 ± 24.6 MPa, respectively, which are 599 and 435% of the tensile modulus and strength 

Figure 12. (a) Equipment for 3D printing for CFR PLA composites (b) Schematic printing process [24].
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of the pure PLA specimens. This mechanical improvement is much larger compared to that 
of short fiber-reinforced PLA composites [25]. Table 3 gives a summary of studies involving 
continuous fiber reinforcement by FDM technology.

3. AM equipment for processing composites

The commercial machines available in the market for producing composite materials by AM 
are limited as given in Table 4. As seen, only MarkForged equipment (Mark X and Mark 
Two) can build composites with continuous fibers. Some examples of parts produced on a 
Mark Two machine are demonstrated in Figure 13. It is crucial to note that the MarkForged 
company producing Mark series for 3D printing of continuous fiber-reinforced plastics holds 
a patent for this technology [27]. The fiber replacement in Eiger software, which is compatible 
with MarkForged equipment, can be done in different ways as shown in Figure 14. Concentric 
fill strategy involves following the outer profile of the part and fitting a single strand of fiber 
inward in rings from that boundary. The other option is isotropic fill where the whole layer 
is covered with a single strand where the angle of filling can be changed from in 45° changes. 
Moreover, a combination of two fill options is also possible.

Another company working on commercializing continuous fiber-reinforced polymers is 
based in Russia and entitled as Anisoprint [30]. Their equipment named as Composer is 
shown in Figure 15 with sample products. However, the technology is not yet fully commer-
cialized, and thus sufficiently detailed information cannot be found in open literature about 
the technology.

The other machines available in the market for producing composites give the only option 
of using chopped fiber (generally of about 20–35%) in combination with a plastic matrix. For 
example, Roboze offers a material called Carbon PA including 20% chopped carbon fiber 
in nylon combining chemical resistance of nylon and mechanical properties of carbon fiber. 
Some examples of products manufactured on Roboze are shown in Figure 16. Some com-
panies like GE are also investigating this technology, as entitled “fused filament fabrication 
(FFF)” for lightweight structures from other materials like PEEK [31, 32]. Processing high-
temperature materials like PEEK and PEI are advantages of Roboze One+400 compared to 
Roboze One (see Table 4).

Stratasys also offers equipment for processing a composite material FDM Nylon 12CF. The 
material comprises of a blend of Nylon 12 resin and chopped carbon fiber, at a loading of 35% by 
weight. Some sample parts are shown in Figure 17 [33]. Some mechanical properties of Nylon 
12CF and Carbon PA are given in Table 5 to give a general understanding. However, they are 
not comparable due to the fact that the tested specimens are produced along different axes.

At the moment, the easiest method to reinforce carbon fiber in the AM is considered to be the 
use of a filament which typically combines chopped fiber with a thermoplastic polymer for 
FDM processes which are simple and cheap as described above [34]. The manufacturers of 
the filaments are various. It can be either a machine vendor, as is the case with MarkForged 
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of the pure PLA specimens. This mechanical improvement is much larger compared to that 
of short fiber-reinforced PLA composites [25]. Table 3 gives a summary of studies involving 
continuous fiber reinforcement by FDM technology.

3. AM equipment for processing composites

The commercial machines available in the market for producing composite materials by AM 
are limited as given in Table 4. As seen, only MarkForged equipment (Mark X and Mark 
Two) can build composites with continuous fibers. Some examples of parts produced on a 
Mark Two machine are demonstrated in Figure 13. It is crucial to note that the MarkForged 
company producing Mark series for 3D printing of continuous fiber-reinforced plastics holds 
a patent for this technology [27]. The fiber replacement in Eiger software, which is compatible 
with MarkForged equipment, can be done in different ways as shown in Figure 14. Concentric 
fill strategy involves following the outer profile of the part and fitting a single strand of fiber 
inward in rings from that boundary. The other option is isotropic fill where the whole layer 
is covered with a single strand where the angle of filling can be changed from in 45° changes. 
Moreover, a combination of two fill options is also possible.

Another company working on commercializing continuous fiber-reinforced polymers is 
based in Russia and entitled as Anisoprint [30]. Their equipment named as Composer is 
shown in Figure 15 with sample products. However, the technology is not yet fully commer-
cialized, and thus sufficiently detailed information cannot be found in open literature about 
the technology.

The other machines available in the market for producing composites give the only option 
of using chopped fiber (generally of about 20–35%) in combination with a plastic matrix. For 
example, Roboze offers a material called Carbon PA including 20% chopped carbon fiber 
in nylon combining chemical resistance of nylon and mechanical properties of carbon fiber. 
Some examples of products manufactured on Roboze are shown in Figure 16. Some com-
panies like GE are also investigating this technology, as entitled “fused filament fabrication 
(FFF)” for lightweight structures from other materials like PEEK [31, 32]. Processing high-
temperature materials like PEEK and PEI are advantages of Roboze One+400 compared to 
Roboze One (see Table 4).

Stratasys also offers equipment for processing a composite material FDM Nylon 12CF. The 
material comprises of a blend of Nylon 12 resin and chopped carbon fiber, at a loading of 35% by 
weight. Some sample parts are shown in Figure 17 [33]. Some mechanical properties of Nylon 
12CF and Carbon PA are given in Table 5 to give a general understanding. However, they are 
not comparable due to the fact that the tested specimens are produced along different axes.

At the moment, the easiest method to reinforce carbon fiber in the AM is considered to be the 
use of a filament which typically combines chopped fiber with a thermoplastic polymer for 
FDM processes which are simple and cheap as described above [34]. The manufacturers of 
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[29], or material supplier. colorFabb, based in the Netherlands, produces XT-CF20 combining 
polyethylene terephthalate glycol-modified (PETG) copolyester with 20% chopped carbon 
fiber (see Figure 18 (left)) [35]. Proto-pasta’s Carbon Fiber PLA is a mix of PLA and chopped 
carbon fiber [36]. 3DXTECH makes a variety of carbon fiber filaments ranging from PLA 
to ABS, nylon, ULTEM®, and PEEK having different characteristics [37]. A PLA composite 
may be the easiest to print with, whereas ABS may be a bit stronger. Nylon may be even 
tougher and more wear resistant. PEEK may be the ultimate choice for functional applications 
requiring resistance to higher temperatures and chemical attack [34]. Fuel intake runners 
printed from PEEK filament are demonstrated in Figure 18 [38]. Although these filaments 
give superior strength compared to non-reinforced polymers, due to their chopped nature of 
the carbon fibers, the enhancement is limited. Therefore, Arevo Labs has worked on 6-Axis 
Composite Part Additive Manufacturing Platform [39]. Arevo Labs has developed filaments 
with chopped carbon fiber, in addition to continuous carbon fiber filament as well as mate-
rials with carbon nanotubes/nanofibers. In order to overcome the problem of delamination 
with AM of chopped fiber-reinforced polymers, in collaboration with ABB, they have worked 
on a robotic solution for AM of polymer matrix composites [34]. Instead of stacking 2D layers 
on top of each other, the robot can deposit material on a 3D surface, which is not limited to XY 
plane only as demonstrated in Figure 19 [39].

Figure 13. Holder with Kevlar reinforcement (left), head support for go-cart cars with carbon reinforcement (middle), 
and a structural part made of nylon and carbon fiber (right) [28].

Figure 14. Different infill properties for the reinforcement of fibers [29]: left- concentric fiber replacement and right- 
isotropic fiber replacement.

Additive Manufacturing of Polymer Matrix Composites
http://dx.doi.org/10.5772/intechopen.75628

159



M
ar

kF
or

ge
d 

M
ar

k 
X

M
ar

kF
or

ge
d 

M
ar

k 
Tw

o
St

ra
ta

sy
s 

Fo
rt

us
 4

50
R

ob
oz

e 
O

N
E

R
ob

oz
e 

O
ne

 +
 4

00

50
 μ

m
 re

so
lu

tio
n

10
0 

μm
 re

so
lu

tio
n

M
in

im
um

 la
ye

r t
hi

ck
ne

ss
 

0.
12

7 
m

m
N

ot
 s

pe
ci

fie
d

25
 μ

m
 re

so
lu

tio
n

33
0 

x 
25

0 
x 

20
0 

m
m

32
0 

× 
13

2 
× 

15
4 

m
m

40
6 

× 
35

5 
× 

40
6 

m
m

28
0 

× 
22

0 
× 

20
0 

m
m

20
0 

× 
20

0 
× 

20
0 

m
m

D
im

en
si

on
al

 a
cc

ur
ac

y 
on

lin
e 

m
ea

su
re

m
en

t
Pa

rt
s 

ar
e 

pr
od

uc
ed

 w
ith

in
 

an
 a

cc
ur

ac
y 

of
 ±

0.
12

7 
m

m
 

or
 ±

0.
00

15
 m

m
/m

m
 

w
hi

ch
ev

er
 is

 g
re

at
er

Th
e 

X
 a

nd
 Y

 m
ot

io
n 

is
 p

ro
vi

de
d 

by
 h

el
ic

al
 

ra
ck

s 
an

d 
pi

ni
on

s,
 e

na
bl

in
g 

po
si

tio
ni

ng
 

pr
ec

is
io

n 
of

 0
.0

25
 m

m
. A

 C
7 

ba
ll 

sc
re

w
 w

ith
 

fle
xi

bl
e 

m
ot

or
 c

ou
pl

in
g,

 e
na

bl
in

g 
pr

ec
is

io
n 

of
 u

p 
to

 0
.0

25
 m

m
 fo

r z
 a

xi
s

Ex
tr

ud
er

s 
ov

er
 4

00
 C

 d
es

ig
ne

d 
fo

r 
re

ac
hi

ng
 v

er
y 

hi
gh

 te
m

pe
ra

tu
re

s 
an

d 
to

 p
ri

nt
 h

ig
h 

vi
sc

os
ity

 
m

at
er

ia
ls

 (p
at

en
t p

en
di

ng
)

Pl
as

tic
 m

at
er

ia
ls

: n
yl

on
 

an
d 

on
yx

Fi
be

r m
at

er
ia

ls
: c

ar
bo

n,
 

fib
er

gl
as

s,
 K

ev
la

r, 
hi

gh
-s

tr
en

gt
h 

hi
gh

-
te

m
pe

ra
tu

re
 fi

be
rg

la
ss

C
W

 fi
be

r

Pl
as

tic
 m

at
er

ia
ls

: n
yl

on
 

an
d 

on
yx

Fi
be

r m
at

er
ia

ls
: c

ar
bo

n,
 

fib
er

gl
as

s,
 K

ev
la

r, 
hi

gh
-s

tr
en

gt
h 

hi
gh

-
te

m
pe

ra
tu

re
 fi

be
rg

la
ss

C
W

 fi
be

r

N
o 

C
W

 fi
be

r-
ch

op
pe

d 
fib

er

A
BS

, P
C

, n
yl

on
, U

LT
EM

, 
ny

lo
n 

12
C

F

C
ar

bo
n 

PA
 (2

0%
 c

ho
pp

ed
 fi

be
r, 

no
 C

W
), 

A
BS

, n
yl

on
, A

SA
C

ar
bo

n 
PA

 (2
0%

 c
ho

pp
ed

 fi
be

r, 
no

 C
W

), 
A

BS
, n

yl
on

, A
SA

 +
 P

EE
K

, 
PE

I

Ta
bl

e 
4.

 T
he

 c
om

m
er

ci
al

ly
 a

va
ila

bl
e 

m
ac

hi
ne

s 
fo

r p
ro

du
ci

ng
 c

om
po

si
te

s 
by

 A
M

.

Aircraft Technology158

[29], or material supplier. colorFabb, based in the Netherlands, produces XT-CF20 combining 
polyethylene terephthalate glycol-modified (PETG) copolyester with 20% chopped carbon 
fiber (see Figure 18 (left)) [35]. Proto-pasta’s Carbon Fiber PLA is a mix of PLA and chopped 
carbon fiber [36]. 3DXTECH makes a variety of carbon fiber filaments ranging from PLA 
to ABS, nylon, ULTEM®, and PEEK having different characteristics [37]. A PLA composite 
may be the easiest to print with, whereas ABS may be a bit stronger. Nylon may be even 
tougher and more wear resistant. PEEK may be the ultimate choice for functional applications 
requiring resistance to higher temperatures and chemical attack [34]. Fuel intake runners 
printed from PEEK filament are demonstrated in Figure 18 [38]. Although these filaments 
give superior strength compared to non-reinforced polymers, due to their chopped nature of 
the carbon fibers, the enhancement is limited. Therefore, Arevo Labs has worked on 6-Axis 
Composite Part Additive Manufacturing Platform [39]. Arevo Labs has developed filaments 
with chopped carbon fiber, in addition to continuous carbon fiber filament as well as mate-
rials with carbon nanotubes/nanofibers. In order to overcome the problem of delamination 
with AM of chopped fiber-reinforced polymers, in collaboration with ABB, they have worked 
on a robotic solution for AM of polymer matrix composites [34]. Instead of stacking 2D layers 
on top of each other, the robot can deposit material on a 3D surface, which is not limited to XY 
plane only as demonstrated in Figure 19 [39].

Figure 13. Holder with Kevlar reinforcement (left), head support for go-cart cars with carbon reinforcement (middle), 
and a structural part made of nylon and carbon fiber (right) [28].

Figure 14. Different infill properties for the reinforcement of fibers [29]: left- concentric fiber replacement and right- 
isotropic fiber replacement.
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Impossible objects’ composite-based AM (CBAM) technology may overcome some limita-
tions of AM of composites by combining fiber reinforcement with any number of matrix 
materials potentially at high speeds and at scalable sizes. In this process, namely, CBAM, 
a CAD file has been sliced into layers, which are converted into individual bitmaps. Then, 
for every layer, the printer leaves an aqueous solution into the shape of that bitmap onto a 
substrate sheet made from a given reinforcement material [40]. The substrate sheet is subse-
quently poured with the thermoplastic matrix material in powder form, which sticks only 
to the wet from deposited aqueous solution. The excessive powder is then removed, leaving 
only the plastic powder adhering to the liquid (see Figure 20 for process steps). This cycle is 
repeated with each layer of the part to be produced. After all the substrate sheets are layered 
on top of each other, they are heated to the melting temperature and compressed to the final 
height. After the object is then taken out of the oven, the excess un-bonded portions of the 
reinforcement material are removed. The result is a thermoplastic print reinforced with a 
wide variety of options ranging from carbon fiber to silk and cotton [40]. Figure 21 depicts 
some samples produced by CBAM. While the technology as a whole is very promising 
in terms of unlimited geometric complexity, every 3D printing process has its limitations 
when it comes to the exact shapes a system can produce. In CBAM, the geometry is par-
tially determined by the chosen substrate material which brings a restriction on the design. 
Removing carbon fiber requires sand blasting, creating similar limitations faced by SLS due 
to the fact that the sand must be able to access the interior of the part to remove excess car-
bon fiber. This is a limitation regarding internal features. However, a chemical process is 

Figure 15. Anisoprint’s composer (left) and sample products (right) [30].

Figure 16. Products from Carbon PA on Roboze equipment [31].
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used to remove other reinforcement materials, such as Kevlar and polyester. In those cases, 
the geometric complexity is more similar to that possible with FDM, when using soluble 
supports [40].

Another company on the horizon of developing new composite AM methods is EnvisionTEC 
with their first and only industrial thermoplastic reinforced woven composite printer, 
SLCOM (Selective Lamination Composite Object Manufacturing) [42]. SLCOM allows build-
ing composite parts using thermoplastic composite fabric sheets from a roll in a layer-wise 
manner. This technology utilizes a wide range of matrix materials such as PEEK (polyether-
ketoneketone), PEKK (polyetherketoneketone), PC (polycarbonate), PPS (polyphenylene 
sulfide), PEI (polyetherimide), PE (polyethylene), and polyamides (Nylon 6, Nylon 11, or 
Nylon 12), whereas the possible fiber reinforcements include carbon fiber, fiberglass, and 
aramid fiber along with metal fibers (see Figure 22) [42]. The supply roll is fed into the print 
bed. Later, the thermoplastic within the roll is melted and compressed with a heated roller 
passing over. At the same time, a mechanism similar to an ink-jet head deposits a waxlike 
substance and a binding agent to the metal. A carbon blade with an attached ultrasonic 
emitter cleanly cuts away any area with wax. However, the price tag of 1 M USD makes it 
an expensive option.

Figure 17. Products made of Nylon 12CF [33].

Material Vendor Machine 
model

Build 
plane

Yield 
tensile 
stress 
(MPa)

Ultimate 
tensile 
strength 
(MPa)

Tensile 
modulus 
(MPa)

Tensile 
elongation 
at break 
(%)

Tensile 
elongation 
at yield (%)

Melting 
point (°C)

Nylon 12 
CF

Stratasys Fortus XZ 63.4 75.6 7515 1.9 0.9 233

ZX 28.8 34.4 2300 1.2 1.1 233

Carbon 
PA

Roboze ONE XZ 98.0 7850 178

XY 94.0 6400 178

Table 5. Comparison of mechanical properties provided by Nylon 12CF produced on a Fortus equipment from Stratasys 
and by carbon PA produced on a one equipment from Roboze.
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passing over. At the same time, a mechanism similar to an ink-jet head deposits a waxlike 
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emitter cleanly cuts away any area with wax. However, the price tag of 1 M USD makes it 
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Another interesting development in the field of AM of composites is BAAM (Big Area Additive 
Manufacturing) technology [43, 44]. The Oak Ridge National Laboratory has developed this 
technology, which is a large scale out of the oven extrusion-based 3D printer that enables 
faster and cheaper fabrication of large parts. Cincinnati Incorporated has commercialized the 

Figure 20. Process steps of CBAM [41].

Figure 18. 3D-printed car from XT-CF20 material (left) [34]; fuel intake runners 3D printed with Arevo Labs’ PEEK 
filament (right) [38].

Figure 19. Six-axis composite part additive manufacturing platform from Arevo Labs [39].
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system for ABS, PPS, PEEK, and ULTEM® materials. By adding carbon fiber and glass fiber, 
it is possible to increase the strength and thermal stability. It is possible to have built volumes 
up to 6096 × 2286 × 864 mm which allows making huge parts as shown in Figure 23 [45].

Despite the dominance of polymer matrix composites by carbon fiber, graphene is also con-
sidered as an interesting reinforcement material. With a thickness of a single carbon atom, 
graphene is about 100 times stronger than steel, incredibly lightweight, and electrically and 
thermally conductive. The difficulty of 3D printing with graphene is the inability to deposit 
this hydrophobic wonder material from a print head. PLA-based graphene filaments are com-
mercially available from Graphene 3D Lab [46], but no commercial application seems to have 
created impact other than at laboratory scale [47, 48] in open literature.

Figure 21. Sample products produced by Impossible Objects’ CBAM technology [34].

Figure 22. EnvisionTEC’s SLCOM process demonstration (left) and sample parts (right) [34, 42].

Figure 23. Large parts produced by BAAM technology [45].
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Figure 24. Limitations of the AM of polymer matrix composites similar to other materials in their development phases 
adapted from [6].

Figure 25. The number of papers considering filament winding, AFP (automated fiber placement), ATL (automated tape 
layup), and AM (data from Google Scholar) [49].
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4. Summary

Although additive manufacturing of polymer matrix composites has gone through a signifi-
cant improvement in the last years (see the dates of publications in the references list), it 
is still not widely adopted by various industrial sectors for functional applications. Several 
limitations that need to be overcome are demonstrated in Figure 24. These problems are very 
similar to other AM techniques, such as direct metal laser sintering, which are more mature 
and overcome these restrictions for a wider infusion into industry. As seen in Figure 25, the 
interest of the industry and academia in AM for producing polymer matrix composites has 
been growing significantly, and this seems to continue exponentially in the coming years.
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