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Executive Summary

This report presents the definition of a research programme which, once carried out, will
provide stakeholders with validated results in the area of drone-aircraft collision. The approach
of the research programme is coherent with the recommendations made by the EASA drone-
aircraft collision task force in October 2016. It leverages numerical models and laboratory tests
aimed at validating these models, in order to assess the consequence of the impact of several
classes of small drones against fixed and rotary wing aircrafts. The research focuses on the
assessment of the damage at part level. Once this is known, the consequences at aircraft level
can be deduced.

Within the 25 proposed work packages, two are dedicated to the analysis of manned aircraft
and UAS operations in order to derive probabilistic indications about, for example, airspace,
altitude and speed at which a collision may take place. This, together with the detailed
assessment of the physical phenomena of drone collision, would fill current knowledge gaps
and provide the possibility to assess potential actions that might be needed to address the
drone-aircraft collision risk.
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1

1.1

1.1.1

Introduction

Background

In 2016, the European Aviation Safety Agency (EASA) assembled a ‘Drone Collision’
Task Force in response to the increasing perceived risk of a mid-air collision (MAC) threat
between Unmanned Air Systems (UAS) and manned aircraft. The Task Force published
its assessment of the threat in October 2016 [1], which included three key
recommendations for further research and risk assessment.

To further this study, EASA tendered a proposal [2] with the aim to establish the baseline
for subsequent coordinated and collaborative research, accounting for existing research
which could be extended to satisfy the Task Force recommendations. The tender defined
five Work Areas (WA) to be considered:

. WA1: Proposed Research Programme, drawing from recommendations of
subsequent WA2-WADS5 (this report);

) WA2: Refinement of UAS threat, maturing the definition of the UAS threat and
identifying a route to develop numerical representations.

o WAZ3: Impact Effect Assessment, identifying locations at which impacts might
occur for the various different classes of manned aircraft.

. WA4: Hazard Effect Classification, outlining an approach that can be used to
evaluate impact effects for any combination of UAS and manned aircraft.

. WADS: Risk Assessment, developing a preliminary hazard analysis to characterise
the interplay between threats, consequences, and barriers/mitigations for airborne
conflict.

EASA have contracted QinetiQ to undertake the definition of this study to build upon the
Task Force’s findings and develop a technical approach that will enable the threat posed
by UAS to manned aviation to be better understood.

Whilst this study does not include any additional testing, predictive modelling or
quantitative vulnerability assessments, it does draw upon QinetiQ’s relevant experience
of testing and impact modelling of UAS collisions. The recommendations from this study
includes a coherent set of Work Packages (WP) against which future programmes of
practical work and modelling may be contracted. This construct is illustrated in Figure 1-1.
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Figure 1-1: QinetiQ's interpretation of EASA's UAS collision research construct

L

Scope of this report

The purpose of this report is to draw upon the findings and recommendations from WA2
to WA5, defined in [4], and to outline a programme of work which, if undertaken, will
address EASA’s requirement to evaluate the MAC threat posed by small UAS to manned
aircraft.

This document is the final version of QinetiQ’s deliverable report for WA1 and represents
Deliverable D5 in QinetiQ’s project plan [3].

Following this introduction, Section 2 describes the suggested approach taken to
achieving EASA’s goals in a pragmatic and cost-effective manner. Section 3, the bulk of
this report, describes in detail the proposed research, split out into a series of WPs, with
Appendix D summarising each WP in terms of Description; Benefits; Precedents;
Dependents; Inputs; Outputs; and Assumptions. Finally, Section 4 describes the
suggested phasing of the research work.

Page 6 of 88 QINETIQ/17/01933/4.0



Approach

21 The EASA requirement

2.1.1 The EASA Impact & Hazard Effect Assessment (IHEA) process, shown in Figure 2-1,
provides a systematic approach to making aircraft assessments.

21.2 Although the IHEA process is reasonably well defined, the ability to make accurate and

evidence-based assessments of aircraft damage (IEA) across multiple aircraft types, UAS
types and impact regions is immature and must be addressed.

DTS: Aireraft
1) KCC (hard & sharp] (LA, GA, Light R, Large R)
2) Drone a5 Soft Body + Airframe (wing & Stab Leading
+ T o T
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« Engines
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Certification (Bird, Ice, Hail)
= Other Certification & Industry

Design Std
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@ In-service collision data

Hazard Effect Impact Effect Assessment

WEC M v

Conclusions AJC-DTS

Figure 2-1: EASA Impact & Hazard Effect Assessment process, from [1]

213 This is not a trivial requirement as EASA’s interests include many classes of aircraft,

multiple UAS configurations and many possible impact locations. The permutations are
therefore significantly greater than might apply to other, established, Particular Risks
where decades of research and testing have led to a greater understanding of the threat
zones and a reduced number of variables for test.

214 A number of approaches could be made to establish solutions to this requirement, some

of which are illustrated in Figure 2-2, where the perceived cost against the confidence in
the approach is shown. To test a full range of MAC scenarios for all classes of aircraft
would be prohibitively expensive, although such an approach would provide a good level
of confidence and accuracy in the effect. Whilst the cost of assessing all MAC scenarios
using detailed FE modelling would be less, it would still require significant effort to
develop appropriately detailed models that are representative of each of the aircraft
classes. At the other end of the spectrum, where the cost is low, it might be possible to
make scientific estimates of the outcome, but here the confidence in the approach would
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be lower, dependent on the considered scenario and current knowledge. A more
pragmatic approach, and the one proposed here, is to develop a feature-based approach
that is aimed at providing results that can be read-across to a range of different aircraft
impact regions, whilst also providing a means by which to undertake more detailed
modelling as required. This report expands upon this concept as it represents a cost-
effective way to cover the many possible scenarios.

Full testing solution

1

1

1

1

|
)
'®©
&
el

I
- Detailed validated modelling :2
8 (Enabled by proposed programme) ! ?_
&) o
1 O
'S
12
Validated feature-based 'S
approach with read-across data 1 9
(Basis of proposed approach) =
10

l

Engineering :

estimates :

Confidence
Figure 2-2: lllustration of perceived cost vs confidence for different approaches
2.2 Proposed approach
2.2.1 In recognition of EASA’s requirements, the following guiding principles have been

adopted to ensure that the IHEA process could be implemented in a practical and
affordable manner:
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Evidence-based — Impact Effect Assessments must be substantiated with relevant
evidence. This is in contrast to the ‘engineering judgement’-based approach that
was necessarily applied by the EASA Task Force and also used in the down-
selection of priority features in Work Area 3.

Efficient — Looping through the IHEA process must be relatively quick once the
initial research has been completed. Although there may be isolated cases where
additional levels of assessment are required, the results from research activities
should be sufficient to make informed judgements on the majority of high priority
impact scenarios.

Affordable — Maximum value must be gained from any research as standard test-
based approach on each platform would not be possible.

Versatile — The data generated by future research activities should be applicable to
a broad range of impact scenarios e.g. UAS type, aircraft type, impact location,
impact velocity etc. This will also enable the effect of potential changes to
legislation or operational usage to be evaluated e.g. benefit of enforced UAS
altitude limits.

QINETIQ/17/01933/4.0



222

223

224

225

. Adaptable — It should be possible to modify or augment the data generated and
methods employed to accommodate evolving UAS configurations and usage
trends. An example of this might be the ability to account for a new UAS
configuration.

These guiding principles have influenced many aspects of this programme, including the
down-selection and categorisation of high priority aircraft features and the combined use
of testing and FE-based analysis.

In describing this approach, there are extensive references to the development of
‘models’ and ‘modelling’. In the interests of avoiding confusion, a glossary of similar
terms relating to modelling activities is included in Appendix A.

A comprehensive description of the proposed approach is covered in Section 3, but a
pictorial summary of how the findings and recommendations from Work Areas 2 to 5
influence the proposed programme of work is shown in Appendix B.

A description of how the data generated by the proposed programme of work will be used
to make Impact Effect Assessments within the EASA Impact & Hazard Effect Assessment
process (Figure 2-1) is included in Section 3 of the Work Area 2 to 5 report [4]. A further
example is included in Appendix C.
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Introduction

This Section describes a framework of proposed Work Packages to address EASA’s
requirement for a means by which to assess the effect of collisions between small' UAS
and manned aircraft.

The proposed Work Packages can broadly be categorised as follows, and as illustrated in
Figure 3-1:

Developing the UAS Threat Model (Finite Element (FE) model);

. Assessing the probability of impact and associated velocities, and;

. Undertaking collision assessments to determine the level of damage that would
be sustained to the manned aircraft.
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Figure 3-1: Top-level work structure

Although the level of available funding is not currently known, it is understood that it
would be desirable to consider a phased approach to future work. In respect to this,
alternative approaches are also identified for each Work Package in the event that some
research areas are not funded, and Section 4 outlines a proposed phasing for the work.

Small UAS in this context is defined as UAS up to 25kg in mass (EASA proposed ‘Open
Category’). However, as discussed in QinetiQ’s Work Area 2-5 report [2], the current focus is on
quadcopters that are up to 0.25kg (‘Harmless’), 0.5kg (‘Small’), 1.5kg (‘Medium’) and 3.5kg
(‘Large’).
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3.1.5

3.1.6

3.2

3.2.1

3.2.2

3.2.21

3.2.2.2

3.2.2.3

3224

3.2.2.5

As well as allowing activities to be tailored to available funding, a phased approach will
also enable the scope of later work packages to be influenced by results from initial
activities. This flexibility in scope will ensure that best value is achieved from all research.

The proposed Work Package structure is outlined in greater detail in Sections 3.2 to 3.4
and draft short-form summaries in Appendix D. These include a description of the activity,
a summary of the benefits and inputs, outputs and assumptions. Furthermore, Appendix
D presents each Work Package in pro-formae giving a brief description of each, along
with their benefits, precedents, dependents, inputs, outputs and possible alternatives.

Section 3.2 describes the UAS Threat Modelling Work Packages and Section 3.3 covers
activities associated with impact probability. Section 3.4 outlines work associated with
collision assessments and includes the greatest number of individual Work Packages;
these include activities to assess impacts against a range of prioritised aircraft features
using a combination of test, FE model development, validation and analysis.

UAS Threat Model Work Packages

Two work packages are proposed under the ‘UAS Threat Model’ title in Figure 3-1. The
first Work Package, ‘WP-TM1’, involves the development of theoretical representations of
the UAS configurations whilst ‘WP-TM2’ compares the impact response of the constituent
components to that of conventional Particular Risk threats, such as birds, hailstones, tyre
fragments and engine fragments.

Work Package WP-TM1: UAS Threat Model Generation

The generation of UAS Threat Models is an essential activity and represents the starting
point for any new UAS collision modelling work; Figure 3-2 shows how this WP fits into
the top-level work structure.

Impact threats of various types are accepted as part of the design and certification
requirements for many classes of manned aircraft. Although impacts can be crudely
described in terms of the ‘projectile’ mass, closing velocity and therefore the effective
energy, this is not sufficient to characterise the severity of the threat.

For example, the level and type of damage that might be expected from an impact with a
41b bird (which behaves as a fluid upon impact) would be significantly different from that
associated with a 3” diameter steel sphere of the same mass. Clearly a UAS does not fit
either of these two extremes as it will typically include a combination of hard, soft and
frangible components. It is therefore important to determine how each of the primary
threat components interact with the aircraft structure and the rate at which their energy is
transferred; this characterises the ‘signature’ of the UAS threats.

This Work Package involves the generation of FE representations of each of the UAS
threat configurations outlined in Section 2.5 of QinetiQ’s report against Work Areas 2 to 5
[4].

The process for generating these FE models is also outlined in [4] and involves
characterising the impact response of the UAS at component level? before assembling

2

Detailed characterisation may be limited to components that are considered to be of greatest
threat during an impact e.g. motors and batteries.

QINETIQ/17/01933/4.0 Page 11 of 88



the component representations into FE models of complete UAS airframes®. The
characterisation process should include a combination of physical testing and numerical
modelling as identified in Figure 3-2.

3.2.2.6 All testing is to be undertaken at component level (bottom of test pyramid), though for the
impact tests, it is important to ensure that a suitable system e.g. an appropriately sized
Hopkinson Bar, is used to accurately measure the transient forces. A schematic of the
experimental arrangement is shown in Figure 3-3 and example images from similar
testing are included in [4].

‘ UAS threat model generation .
UAS Threat Collision Assessments Impact EASA Hazard
Probabilities Assessment
Process
P {UAS threat model : (Muttiple Work Pockages) ';q_";_i-"[k:
Existing UAS et "~ + Nfight anayss |

] 1
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threat model data

(i

Collision risk
reduction
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UAS Threat Model Generation
- Testing of UAS components
- Calibration of component theoretical
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EASA Impact &

| Collision assessments against
-
Hazard

)
prioritised a/c classes & T
= 1
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M

v
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! Particular Risk 1 \
comparison | ~ = i analysis 1
(w-Tmz) I "2 1
‘eccmmasa=s ’ oS ko Collision effect
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o

Figure 3-2: UAS Threat Model generation workflow

3 The final Threat Models may exclude some components that are not considered to have a

significant contribution on the overall impact threat.
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Figure 3-3: Threat Modelling test schematics

3.2.2.7 Table 3-1 shows an example test matrix for the primary threat components in the four
classes of Quadcopter defined in the Work Area 2-5 report [4]. This assumes that each of
the down-selected components are tested in just one axis under quasi-static* crush
conditions and at two different impact velocities.

3.2.2.8 The results from the component testing should be used to develop and calibrate
simplified FE representations of each of the main threat components. These individual
components should then be assembled into FE models of the different classes of UAS

In a ‘quasi-static’ test, the rate of deformation is sufficiently low that inertia effects can be
considered to be negligible and no strain rate effects are observed. This would be typical of
standard, low rate compression testing.
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3.2.2.9

3.2.210

3.2.2.11

(‘Threat Models’) so that they can be used in collision assessments, described in later
Work Packages. Note that this process of assembling the constituent components
(motors, batteries etc) into full UAS Threat Models will also require consideration of the
UAS fuselage materials and construction, including joints and appropriate failure
mechanisms. An example of a fully assembled UAS Threat Model is shown in Figure 3-4.

As identified in Figure 3-2, there is an opportunity within this Work Package to utilise UAS
Threat Models that have already been developed within industry for the purpose of
collision modelling. However, care must be taken to ensure that any Threat Models that
are accepted have been generated and calibrated to an appropriate standard and are
applicable to the defined UAS configurations.

A short Work Package description for this activity is included in Appendix D.

It is also worthy of note that the database of component models and UAS Threat Models
generated within the Work Package could be readily expanded to accommodate new
UAS configurations and technologies. For minor changes this could be achieved by re-
configuring existing components or applying scaling factors. For more significant changes
then additional testing and component modelling may be required.

Number of tests
EASA mass class Component
Crush Impact
Motor 1 2
'Harmless' | 0.25kg | Battery 1 2
FPV camera 1 2
Motor 1 2
'Small' 0.5kg | Battery 1 2
FPV camera (same as 'Harmless') 0 0
Motor 1 2
'Medium' | 1.5kg | Battery 1 2
Camera 1 2
Motor 1 2
'Large’ 3.5kg Battery L 2
Camera 1 2
Frame components 1 2

Table 3-1: Example UAS Threat Model generation test matrix

Page 14 of 88 QINETIQ/17/01933/4.0



3.2.3

3.2.31

3.232

3.2.3.3

Calibrated motor and
internal battery models

Airframe modelled as two shell
components, joined together at
discrete locations to represent
the screws and clips.

Figure 3-4: Example QinetiQ UAS Threat Model
Work Package WP-TM2: Particular Risk Comparison

Work Package ‘WP-TM2' is an extension of ‘WP-TM1’ and will allow the UAS impact
threat to be quantitatively compared against conventional threats such as hail stones, tyre
fragments, birds and engine fragments. This is shown in Figure 3-5.

_____________________________

e = UAS Threat Collision Assessments Impact EASA Hazard
’ UAS threat model generation \ Models Probabilities Assessment
I' | Process
| ‘ : {URS threat model | Ihauitple Work Pockages) ;' Manned aircraft | |
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| | a ! Particular Risk b 1 i 1 “uas operation |
: | i comparison | - - 1 analysis ! £ T
|

1 1 g : R £ Collision effect

mitigation
measures

Figure 3-5: Particular Risk Comparison workflow

This activity will include impact testing similar to that described in WP-TM1, whereupon
projectiles associated with conventional Particular Risks are fired against an instrumented
target. The ‘force-time’ impact response data generated will be directly comparable with
that generated for the UAS components in WP-TM1.

The objective of the comparison is to highlight any cases where it can be shown that that
the UAS impact threat (for each UAS mass class) is less severe than conventional
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3.2.34

3.3

3.3.1

3.3.2

3.3.3

3.34

3.3.4.1

3.34.2

Particular Risks®. Where such an argument can be made, it will provide early evidence for
EASA’s hazard assessments without the need for additional testing or analysis.

In order to benefit from economies of scale, it is proposed that this activity should be
conducted at the same time as ‘WP-TM1’ and include impact tests against the same
configuration of instrumented targets. There may be opportunities to utilise existing test
data for some impact cases though it would be beneficial to complete the relatively small
number of additional tests using the same experimental arrangement.

Impact probabilities

The safety case associated with the concurrent operation of small UAS and manned
aircraft must consider both the likely severity of a collision and also the probability of
occurrence.

Existing Particular Risk certification requirements make the assumption that the aircraft
(or at least, the aircraft type) will experience the relevant impact threat during its design
life. However, there is no equivalent certification requirement for UAS collisions and
although incidents involving UAS have been well publicised, their frequency in recent
years is orders of magnitude lower than other threats such as bird strikes®.

Two Work Packages are therefore proposed to firstly examine how different classes of
manned aircraft are operated (WP-IP1) and secondly how UAS are operated, including
consideration of future trends (WP-IP2).

Work Package WP-IP1: Manned Aircraft Flight Analysis

The purpose of this Work Package is to gain a probabilistic understanding of operating
behaviours of manned aircraft. This will be used to determine the likely effectiveness of
potential measures to limit the locations and altitudes at which UAS can operate as a
means to increase aviation safety. It will also provide statistical data to determine the
likely (rather than maximum) speeds at which collisions may occur for various classes of
manned aircraft.

Large datasets of historic flight information exist and can be interrogated to provide
statistically meaningful assessments of the usage patterns of different classes of manned
aircraft. It is proposed that this activity should include the following:

. Statistical distribution of flight speeds with respect to height above ground (by
aircraft class)

- To determine probable collision speeds as a function of UAS altitude
capability/restrictions.

. Occurrences and durations of flight activities within discrete lower altitude bands (by
aircraft class)

Whilst a very crude comparison between UAS threats and conventional Particular Risks could be
made based upon their relative kinetic energies, this is not sufficient to define the severity of the
impact.

In the UK during 2016 over 1,800 bird strikes [7] were confirmed by the Civil Aviation Authority
(CAA) plus an additional 821 unconfirmed impacts and 268 near misses. In the same year, up until
the end of May, approximately 250 remotely piloted air systems (RPAS) related ‘occurrences’
(including near misses) were catalogued by EASA across the whole of Europe [1].
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3.34.3

3.34.4

3.3.5

3.3.5.1

3.3.5.2

3.3.5.3

- To estimate relative probability of collision as a function of UAS altitude
capability/restrictions.

. Occurrences and durations of flight activities within discrete lower altitude bands,
excluding regions around airports or for take-off and landing (by aircraft class)

- To assess the potential effectiveness of restricting UAS operations in the
vicinity of airports or specific high traffic areas.

The output of this Work Package will be aimed at understanding the probabilities and
impact speeds of collisions with UAS, but it would also be highly applicable when
considering other aviation hazards such as bird strike.

If this activity is not funded during initial phases of a UAS collision assessment
programme then it would be necessary to estimate aircraft speeds at credible altitudes;
this may include consultation with pilots, reference to performance specifications for
General Aviation classes and/or input from organisations such as Eurocontrol.

Work Package WP-IP2: UAS Operation Analysis

This second Work Package is analogous to WP-IP1, but is intended to assess
operational behaviours of UAS rather than manned aircraft. The combined outputs from
the two Work Packages would provide data to allow the probability and speed of
collisions to be assessed, thereby enabling informed decisions to be made using
principles of risk management rather than simply evaluating worst-case scenarios.

The level and type of data that is available to support this activity is likely to be different to
that for manned aircraft. Possible sources may include:

. Performance limitations’, practical usage limitations® and software-based
restrictions® imposed on UAS

Analysis of reported incidents

Survey of UAS ownership and usage

Flight plans and licenses for commercial operators

Data collected through voluntary apps such as the UK National Air Traffic Control
Services (NATS) ‘Drone Assist’ [5]

The usage of UAS is evolving rapidly and is fuelled by technological advances, reduced
cost of ownership, consumer trends and commercial opportunities for small businesses
(e.g. aerial photography) and large corporations (e.g. delivery services). There are also
greater levels of resources being put into publicising the potential hazards associated
with UAS operations, providing guidance on safe usage and legislative measures. Each

Performance limitations include physical limits on flight operations at altitude.

Practical usage limitations might include consideration of whether it would be practical to operate
the UAS at high altitude and also whether battery limitations would also place usability limits,
rather than just physical capability limits. This is particularly relevant for ‘Harmless’ and ‘Small’
UAS, which are more suited to remotely piloted (rather than pre-programmed), low-level operation.

Limitations on attained altitude imposed through Firmware. Note that there are currently cases of
such limitations being imposed by manufacturers and then nullified by non-official third-party
software; however, it is likely that users who actively seek to circumvent these features would
represent a small minority.
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3.4.1.5

of these factors influence the way in which UAS are operated and the scale of their
usage.

It may be sufficient to make basic assumptions about UAS usage during early phases of
a UAS collision assessment programme. However, as usage patterns become
increasingly complex, flight endurance times and payloads increase, and governing
bodies face increasing challenges to implement effective but proportionate legislative
measures, the benefits of a thorough understanding of UAS usage increases.

Collision assessments
General approach to collision assessment

Although it might be the most definitive and comprehensive approach, full-scale impact
testing of all manned aircraft designs/classes against each UAS threat is not a practical
option and would be prohibitively expensive. For this reason it is necessary to consider
prioritised critical areas using a combination of feature-based tests and analysis. The
recommendations from Work Area 3, described in [4], are assimilated into this proposal of
work.

The physical impact tests should be against examples of the prioritised critical
areas/features identified in Figure 3-6, which also shows the associated Work Package
label. These tests will provide data that can be used to develop and validate models, and
allow read-across to different aircraft structures. The Work Packages for the collision
assessments are therefore arranged by feature type, typically with individual activities
defined for the manufacture, test & validation, and broader assessment phases.

The nomenclature for the collision assessment Work Package labels includes single-
letter codes for the feature type and configuration. For example, ‘WP-CA-P-M1’ is ‘Work
Package (WP) — Collision Assessment (CA) — Panels (P) — Metallic (M) - <WP number>’.
The letter codes are highlighted in Figure 3-6.

The proposed phasing is discussed further in Section 4, which is based upon perceived
priority and knowledge of existing data that may be relevant to specific areas. However,
because it is not yet defined who may conduct any future programmes, and therefore
what existing data they may have access to, the full suite of Work Packages are
described herein for completeness.

The following Sections outline the proposed activities against each of the prioritised
features shown in Figure 3-6. The first of these covers impacts against ‘Panels’, which
are further sub-divided by material type/structural configuration in order to be
representative of a large number of general aircraft impact zones. Later Sections cover
Windshields, Engines and Rotors.

Page 18 of 88 QINETIQ/17/01933/4.0



UAS Threat Collision Assessments Impact EASA Hazard

Models Probabilities Assessment
e Process
:’U_A_S_tr:r;a; ;n;;e—t'. (Multiple Work Packages) :(Manned aircraft | !
- | Beneration : .+ flight analysis :
@ 9 (WP-TM1) 1 N (we-iP1) ;!
& !
X Collision risk
% reduction
z measures
S 7
© " Collision assessments against EASA Impact &
g 4’*‘ prioritised afc classes & . Hazard
? _____ _| _____ ' mem.-dnmf:n:!e:reswmemcm ' Process
(- : Particular Risk ‘I ‘L-('o"w':s-or‘ussessmm: rioritised : L1 UAS operation :
QECCHIRUSE | T T — | analysis t f
1 (WP-TM2) ) [ (we-1p2) ¥
___________ ettt Collision effect
H mitigation
measures
\ ) ' ™
Metallic
WP-CA-P-M<1,2,3>
(3 WPs)
(" T
Monolithic FRP
Panels Composite
(9 WPs) WP-CA-P-C<1,2,3>
\ (3 WPs)
' ' ™
Windshields Sandwich FRP
WP-CA-W<1,2,3> WP-CA-P-S<1,2,3>
(3 WPs) (3 WPs)
Prioritised features - .
Engines
WP-CA-E<1,2>
2 WPs .
L ( ) Tail rotors
WP-CA-R-T<1,2>
( (2 WPs)
Rotors
(4 WPs)
L Rotor Hub
WP-CA-R-H<1,2>
(2 WPs)
Figure 3-6: Prioritised a/c features for collision assessment
3.4.2 Panel collisions
3.4.21 Introduction to Panel collisions

3.4.21.1 The Panels Work Packages are sub-divided by material type/structural configuration as
shown in Figure 3-6. This demarcation is considered necessary because each of these
configurations will behave differently and exhibit different failure modes; they must
therefore be tested and the FE models validated separately.

3.4.21.2 However, notwithstanding the importance of recognising their uniqueness, the workflow

for each configuration is similar. Therefore, the following Sections describe the Work
Package structure for all of the Panel configurations. These are split as follows:
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34222

34223

34224

34225

o Design and manufacture (Section 3.4.2.2)
o Testing and model calibration (Section 3.4.2.3)
. Feature assessments (Section 3.4.2.4)

In order to maintain affordability, the number of panels of each type proposed within this
programme represents the minimum that are required for basic validation of good quality
FE modelling methods. The number of test specimens could be increased to provide a
greater dataset for model development and validation, though this will increase the cost
of manufacture, test and validation exercises. Particular consideration may be given to
inclusion of additional composite panels as these are likely to present the greatest
challenges when developing accurate FE impact models with appropriate failure modes.
Additional composite panels could include different materials, lay-ups, features or testing
with a greater range of impactors.

Work Package WP-CA-P-M/C/S1: Panels - Design and manufacture of test panels &
fixture

This section is relevant to metallic (M), monolithic composite (C) and sandwich composite
(S) panels. The workflow for WP-CA-P-M/C/S<1-3> is shown in Figure 3-7.

The design and manufacture of a panel, for the purposes of the programme will allow
control over the simplicity of the design and the materials making up the feature will be
known. This is important as the panel impact tests will be used to validate FE models of
the impact collision and so reduces the number of unknowns.

For initial planning purposes, it is proposed that the panel be curved in a Leading Edge
type design'’®. The shape, thickness and materials/lay-up of this specimen will be
designed such that it is representative of a critical feature on an aircraft class of primary
interest e.g. passenger aircraft such as CS-25, CS-23 or CS-29.

As a minimum only one panel type is required, as this is for the purposes of FE model
validation of the impact collision. For a given projectile type, a number of panels (typically
a minimum of three) will be required to estimate not only the penetration threshold
velocity, but the levels of any damage at velocities below this threshold; this information
will be used to calibrate material models to predict similar outcomes, giving confidence in
the further use of the FEM.

An alternative to this design and manufacture activity would be to source multiple
examples of relevant aircraft components/sub-assemblies for test. Whilst this may avoid
the need to manufacture any new specimens and would provide excellent test results for
a given impact scenario, it is envisaged that these advantages would be outweighed by
the following factors:

o Difficulties sourcing appropriate aircraft structures in the required quantities;
o Requirement to mount complex aircraft sub-assemblies in test fixture whilst
ensuring well-defined support/boundary conditions”;

Other panel configurations could be considered. Ideally the selected configuration would be
broadly representative of one of the down-selected critical aircraft features and also be relatively
inexpensive to manufacture.

Well-defined support/boundary conditions are required for all tests and FE models, but complex
configurations will require bespoke, more costly, support structures and may be subject to greater
uncertainty.
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) Increased structural complexity may not lend itself to efficient model validation
and read-across of results, and;

o Detailed structural survey would be required to ensure that modelling work
accurately represents the test specimen.

. Potential commercial difficulties obtaining, sharing and publishing detailed
design data and materials data from aircraft OEMs.

34226

It should be noted that this set of Work Packages and the ones defined in Section 3.4.2.3

(i.e. WP-CA-P-M<1-2>, WP-CA-P-C<1-2>, WP-CA-P-S<1-2>) would not be required if it
is decided that, for the purposes of initial work, existing FE models of UAS and a/c panel
features are sufficiently mature to be applied without further validation. However, this is a
questionable alternative approach as this is not yet a well understood threat and EASA
requires evidence of the validity and accuracy of numerical models.

4 Panel Impact Validation

[ (Same process for metallic, and monolithic/sandwich composite)
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Figure 3-7: Panel feature assessment workflow
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Work Package WP-CA-P-M/C/S2: Panels - Testing and model calibration

The purpose of these Work Packages is to create and validate FE models of impacts
against simple panel features; this will give confidence in use of the FE models for
subsequent prediction of the threshold penetration velocity against a/c features (WP-CA-
P-M/C/S3).

The Work Package will involve a series of physical impact tests, using UAS components
and/or whole UAS assemblies, against the manufactured panels (WP-CA-P-M/C/S1). The
outcome will provide validation “points” for representative panel configurations, which can
be used to develop and validate FE models, giving confidence in their exploitation in
subsequent WPs.

All physical tests should be recorded using high speed video systems and visible damage
should be captured in post-test photographs. For composite panels (monolithic or
sandwich panels), appropriate non-destructive evaluation (NDE) should be undertaken
before and after impact to determine the extent of damage. This is particularly important
for cases where there are no obvious visible signs of damage, but where barely visible
impact damage (BVID) could be present.

The FE modelling activity will use current best-practice for impact modelling against
aircraft structures (composite & metallic). The physical testing will run in parallel with the
theoretical activities which will allow validation/calibration of FE models against the
physical results; the modelling can be used to feedback into the physical testing in terms
of required test impact velocity. The outcome will provide validated FE models which can
be used with confidence'? in further, more complex, collision modelling activities.

Work Package WP-CA-P-M/C/S3: Panels - Panel Feature Assessments

These Work Packages (i.e. WP-CA-P-M3, WP-CA-P-C3, WP-CA-P-S3, all of which are
covered by this description) utilise the validated FE models and limited panel test data
from ‘WP-CA-P-M/C/S2’ to efficiently assess multiple collision scenarios for different
classes of UAS and manned aircraft.

With the input of aircraft OEMs or structural surveys of example aircraft, the geometries
for a range of common/generic panel features across aircraft classes will be defined for
analysis. Model generation and parametric analysis of UAS impacts (four mass classes)
should be carried out against the panel targets to determine levels of damage and
threshold penetration velocities.

Data from testing in WP-TM1 (UAS components) and WP-TM2 (Particular Risks) can be
used to reduce the scope of the mid-air collision scenarios where the UAS threat can be
enveloped into current certification of the Particular Risks. Furthermore the data from the
output of the impact probabilities WPs (WP-1P<1-2>) that will allow the speed of collisions
to be assessed, can be used to limit the number of scenario that need to be modelled.

The level of confidence in each model will depend upon the extent to which it differs from the
configurations against which it was validated. For certification purposes it is not normally
permissible to use modelling evidence to extrapolate beyond validation configurations. However,
for the reasons outlined in Section 2, a more pragmatic approach is necessary within this initial
programme of proposed work.
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3.43.2.2

3.43.2.3

The results of the WP will provide a means of assessing a wide range of features across
different a/c types and feed information into the EASA Impact Effect Assessment (IEA) at
a/c component level to classify the effect (i.e. High, Medium, Low).

As shown in Figure 3-7, there are opportunities to exploit existing tools and capabilities to
aid this activity, which is likely to be computationally intensive and require large amounts
of data to be processed in a consistent manner. For example, tools and methods which
allow parametric UAS collision FE models to be set up, run and post-processed in parallel
batches, in order to significantly improve efficiency and quality.

Windshield collisions
Introduction to windshield collisions

Windshields have been down-selected as critical features across all aircraft types as they
are exposed, susceptible to damage/failure and are critical to the safe operation of the
aircraft.

The windshield Work Packages, described below, include the following activities:

. Constitutive materials (Section 3.4.3.2)
. Windshield model validation (Section 3.4.3.3)
. Windshield impact assessment (Section 3.4.3.3.7)

Note that these follow a different format to the Panels Work Packages because of the
challenges associated with their assessment. For example, because of the complex
interplay between the relatively brittle transparencies and their support structure, it is
highly preferable to test genuine aircraft windshields, installed within fuselage structures
rather than manufacture surrogate specimens. Furthermore, the brittle materials used in
monolithic and laminated transparencies are known to be difficult to accurately predict the
failure of, so a greater emphasis is required on model development and validation.
However, these difficulties may be significantly offset by prior experience in previous
studies [8].

Work Package WP-CA-W1: Windshields - Constitutive materials
The workflow for WP-CA-W<1-3> is shown in Figure 3-8.

It is known that accurate modelling of the failure response of glass is not a trivial task; the
material model e.g. elastic-plastic/brittle/etc. and its parameters, along with the elements
and mesh density for FE approaches all require detailed consideration. Basic material
properties such as elastic moduli, density and Poisson’s ratio will need to be sourced but
the most appropriate damage initiation and failure terms will need to be determined.

The aim of this WP will be to research and collate appropriate materials property data for
aerospace windshields and undertake static and/or impact testing against coupon/plate
specimens to improve confidence in their failure response. This will greatly de-risk
subsequent test and modelling activities.
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Figure 3-8: Windshield feature assessment workflow

3.4.3.3 Work Package WP-CA-W2: Windshields - Windshield model validation

3.4.3.3.1 The purpose of this Work Package is to create and validate the FE models of the
windshields; this will give confidence in use of the models for subsequent prediction of
the threshold penetration velocities against other aircraft windshields (WP-CA-W3).
3.4.3.3.2 Physical impact testing is proposed to be carried out using whole UAS assemblies
against windshields installed in sections of fuselage. The aim of this is to determine levels
of damage and threshold penetration velocity. The outcome will provide validation
“points” for different classes of windshield and data that will be immediately exploitable for
IEASs.

3.4.3.3.3 It remains to be defined who will source the appropriate test hardware, including all
windshields and sections of fuselage, along with construction details of the windshields.
However, it is assumed that detailed CAD models of the windshields and fuselage
structure will not be available, so this will be obtained via a survey as part of the Work
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Package activities; this will enable the generation of accurate FE models of the
windshields, window frames and immediate aircraft fuselage structure.

The modelling activity would be carried out in parallel with the physical testing and initial
results from impact predictions will be used to determine impact speeds for the first tests.
The test speeds will then be iterated — using the available windshield specimens — to
determine the impact threshold velocity (velocity at which the projectile is expected to
penetrate the structure) and observe the level of damage at lower velocities.

The threshold velocity results provide significantly more information than one-off, single-
velocity impacts and are highly beneficial when developing and validating FE modelling
methods. The outcome of the exercise will be validated FE models which can be used
with confidence in further, more complex, modelling activities involving different classes
of UAS and designs of windshield.

It is proposed that three windshield configurations are tested, including different
combinations of materials and thicknesses; this should include an example of a CS-25
windshield plus two others from CS-23, CS-27 and CS-29 classes. Up to five sets of
impact test are proposed, using a combination of different UAS projectiles. The test
matrix should be determined as part of the Work Package and aim to provide a robust set
of test evidence as well as data for model validation.

As indicated in Figure 3-8, there are opportunities to exploit existing research and data to
greatly reduce the scale of this activity. If previous research, associated data and
validated modelling methods were available to EASA then future activities could be
directed towards incremental improvements to better represent windshield configurations
in civil aircraft.

Work Package WP-CA-W3: Windshields - Windshield impact assessment

This Work Package will provide an efficient method of determining the level of damage
and threshold velocities of different mid-air collision scenarios for different classes of UAS
against relevant aircraft windshields. This Work Package is primarily a FE modelling
activity.

With input from airframe OEMSs or major suppliers, the initial work will involve a survey of
example aircraft windscreens and fuselage structures for CS-classes of interest.

FE model generation and parametric analysis of UAS impacts (four mass classes) will be
carried out against the windshields to determine damage levels and threshold penetration
velocities.

The results of the WP will provide a means of assessing a range of windshield classes
against mid-air collisions with a UAS, and feed information into the EASA Impact Effect
Assessment to classify the effect (i.e. High, Medium, Low).

As noted earlier, relevant data exists for impacts against various classes of aircraft
windshields so there are opportunities to read-across some of these results and methods.
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Engine ingestion
Engine ingestion introduction

Ingestion of a small UAS into an engine has the potential to cause significant damage
and complete loss of thrust.

The effective impact energy associated with engine ingestion is significantly greater than
collisions with the airframe because of the high rotational speed of the fan. Whilst fan
blades are designed to withstand ingestion of birds, hail, ice and small foreign objects
such as runway debris, their survival and continued operation after a UAS impact remains
uncertain.

Work undertaken by a team at Virginia Polytechnic in the United States of America
simulated ingestion of an 8Ib (3.6kg) quadcopter into a 9-foot (2.75m) diameter turbofan
engine at take-off conditions [6]. Although it is not known how accurately the UAS was
modelled, the predicted result was failure of multiple fan blades and catastrophic failure of
the engine.

It is assumed that full-scale testing of high speed UAS ingestion into a running engine
wou