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EXECUTIVE SUMMARY

According to the latest industry forecast studies, the Uncrewed Aircraft Syst#8) foarket

volume is expected to reacly8million units by 207 [1]. Nonetheless, safety, regulatory, social,

and technical challenges must be addressed before the sight of an uncrewed aircraft in the sky
becomes as common and accepted by the public as its crewed counterpart. The primary goal of
regulating UAS operations the National Airspace System (NAS) isdosurean appropriate

level of safety. The effect of an airborne collision between a UAS and a crewed aircraft is a
concern to the public and government officials at all levels. Research is needed to dedme airb
hazard severity thresholds for collisions between uncrewed and crewed aircraft or collisions with
people on the ground.

This report analyzes airborne collision scenarios betveeesnge of UAS (2.Tbs. to 551bs.
guadcopters and fixeding) with a 14Code of Federal Regulation€KFR) Part Z rotorcraft.

Detailed Finite Element Models of the UAS and therotorict v al i dat e Buildinghr ough
block approach have been used to reduce the time and costs associated with physical testing at the
full-sale level. The following critical areas for the rotorcraft were identified for analysis: the front
cowling, horizontal stabilizer, rear servo, windshield, and main rotor blade. The severity evaluation
criterion follows the guidelines of the ASSURE Airber@ollision Phase | prograf@] andan
updatedBlade Damage criteriomriginally defined in the UAS Airborne Collision Severity
Evaluation of Part 29 Rotorcraft prograf8]. The criteriadefine four levels for damage
assessment, as showrnTiablel.

Tablel. Damage severity evaluation criteria.

Severity Airframe Damage Description Blade Damage Description
The airframe is undamaged. Blade undamaged.
Level 1 Small deformations. Scratches msmall dents on a rotor blade.

No crack initiation.

Extensive permanent deformation on external surfad Dents on a rotor blade leading edge

Level 2 Some deformation in internal structure. Minor crack initiation
No Skin Failure. No debonding
Skin fracture. Any debonding
Level 3 Penetration of at least one component into the airfral Skin buckling
Major crack initiation
P Penetration of UAS into airframe and failure of the Any material loss leading toldadeimbalance
eve

primary structure. Heavy blade twist and deflection leading to an imbala
on a singleblade

Overall, the small size and type of construction utilized in the Part 27 rotorcraft results in severe
damage when there is a mad collision with larger SUAS (25 and 55 Ibs.). Conversely, impacts
with sUAS less than 10 Ibs. are less severe, even atrligheds (149 knotsjhe findings from

this research may be used to conservatively define airborne hazard severity thresholds for
collisions between sUAST several sizeand weigh$ anda Part Z [4] rotorcraft
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1 INTRODUCTION

Uncrewed Aircraft Systems (UASgrethe fastestgrowing sector of the aviatiandustry today
according to The Association for tiewed Vehicles International, the largest trade group around
UASSs, estimaté (as of 2013)hat by 2025 more than 100,000 jobs will be created in the US with
an economic impact of more than $82 billi{gh. In addition, the UAS market volume is expected
to reach ZZ8 million units by 207 [1]. Nonetheless, safety, regulatory, social, and technical
challengesmust be addresed before the sight of ananewed aircraft in the sky becomes as
common and accepted by the public asfiesved counterparts.

The effect of an airborne collision between a UAS anckaed aircraft is a concern to the public

and government officialstall levels. The primary goal of regulating UAS operations in the
National Airspace System (NAS) is éosurean appropriate level of safety. While the effects of

bird impacts on airplanes are well documented, little is known about the effects of nbeadg

higher mass UASs on aircraft structures and propulsion systems. This research evaluates the
severity of small UAS (sUAS) (under 3Bs. as defined in the Small Wrewed Aircraft Rule

(Part 107) collisions on rotorcratft.

Previousresearch effoston the A16 Task of ASSURH3, 6] focused on analyzing airborne
collisions between sUAS and general aviation airpldde€SFR Part 237], as well as rotorcraft
airframes certified under patt CFRPart 29 [8]. The research in this documenttends to larger
SUAS (up to 55 Ibs)It will focus onthe impactdo mediumsizedPart 27 helicopters, which cover
the larger majority of helicopters operating in the N&Ssirrently, 94% of the total number of
helicopters in the NAS falinder 14 CFR Part 2[4, 9]. The impact cases under this research
examine the following five locations:

1. Horizontal Stabilizer

Vertical Stabilizer

Main Rotor Blade Support (Mast)
Blades

Windshield

Nose

R

Three differentollision speed scenarios will be considered

1. Forward flight at a collision speed 84 kts. (Medium).

2. Cruise flight at a collision speed o44kts. (Max).

3. Hover condition with a speed of collision of 39 kts. In this condition, the severity
of a lateral mpacton the tailconeand the tail rotor needs to be considered.

To accelerate results, the lessons learned and the sUAS Finite Element Models (FEM) developed
in previous ASSURE TaskA3, A14,A16, A17, and Large sUAS Impact collisistudies were
used for analysis where possible



1.1 BACKGROUND
1.1.1 Uncrewed Aircraft Systems Categories

A UAS is an Urrewed Aircraft Vehicle (UAV) and the equipment necessary fatthircraft's

safe and efficient operatioA UAV is a component of a UAS. It is defined &tatute as an aircraft
that is operated without the possibility of direct human intervention from within or on the aircraft
[10]. It can eithefly autonomously or be piloted remotely.

Currently, there is no standard for the classification of UASs. Defense agencies have their,standard
and civilian agencies worldwide have itheverevolving categoriesnd definitions for UASs.
Currently the Federal Aviation Administration (FAA) classifies UASs into the following
categories:

- Small Uncrewed Aircraft Rule (Part 107 [11]: The rule does not cover the full spectrum

of UAS types or weights. The FAA acknowledges that rulemaking is an incremental stage

of adding UASs into the NAS. The small ndrobby or norrecreational UASs must be

operated under the following limitations:

- Uncrewed aircraft must weigh less than I8S. (25 kg).

- It cannot be flown faster than a growspked of 87 knots (100 mph).

- ltcannotbeflowhi gher than 400 ft. (4d4122 m) above
a 400 ft. radius of a structure and does
immediate uppermost limit.

- Minimum visibility, as observed from the location of the constaltion, may not be
less than three statute miles (sm).

- The minimumdistance fromclouds500 ft (4152 m) below a c
2,000 ft. (4610 m) horizontally from the

- Micro-UAS: The Aviation Rulemaking Committee (ARC) was focusedraflight over

people andin furtherance of that goal, identified four SUAS categories, defined primarily

by thelevel of risk of injury posed for operations over people. For each category, the ARC

recommends a risk threshold that correlates to eitherghiv@i impact energy equivalent

and, to the extent necessary to minimize the risks associated with that category, additional

performance standards and operational restrictions. The following is a summary of the

category recommendatiofis2]:

- For Category 1, an sUAS may operate over people if the mass (including
accessories/payload,g, cameras) is 250 g or less.

- Under Categories 2, 3, @, an sUAS may operate over people if it does not
exceed the impact energy threshold specified for each category, as certified by the
manufacturer using industry consensus test methods, and if its operator complies
with operational restrictions specifiéar each category.

1.1.2 Uncrewed Aircraft Systems Market Size
The UAS market is divided into two groups: Hobbyist and Commertallle 2 presents the
registration forecast for SUAS until 2D{1].



Table 2. Registration forecagbase)summary (million SUAS unitd}].

208 | 204 | 205 | 206 | 202/

Hobbyist (modehircraft) 1.750| 1.785| 1.804 | 1.815| 1.823

Commercial (normodel aircraft) | 0.805| 0.862 | 0.904 | 0.933 | 0.955

TOTAL UASs 2555 | 2.647 | 2.708 | 2.748 | 2.778

1.1.2.1 Hobbyist UAS Forecast

To operate in the NAS, the FAA must ensure that aircraft operatossvare of thesystem they

are operating anthat the agency also hids means to identify owners. Oney to accomplish

this is through aircraft registration and marking. On December 14, 2015, the FAA issued a rule
requiring all UAS weighing more than 0.5lbs. (250 g) and less than 3Bs. (24.9 kg) to be
registered using a new online system (4Af&ighing more than 5bs. must be registered using

the existing Aircraft Registration Process). This registration rule aids in investigations and allows
the FAA to gither data about UAS use.

The FAA forecasts the market each year according to the sales and registration records. This yearly
update identifies the UAS market growth, predicts the following years, and determines an accurate
count of the actual active velgs.Figurel presents the most recent record on recreational UAS
registration1] since the rule was instated in 2015. Registrations reached 1.44 million UAS by the
end of 202, which is lower than whahe FAA expected in its previous annual prediction. One of

the factors affecting the slower registration rate has bee@@é&D-19 pandemic, which has
changed the market's inertia.

Model/Recreation Registrations by Quarters/Year (Cumulative):
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1.1.2.2 Commercial UAS Forecast

In 2015, in support of the SUAS registration rule, a sales forecast for commercial SUASs was
developed to derive the potential demand for the new online registration system. That forecast
predicted that the potential sales of commercial SUAS requiring registr@ould grow to 2.7

million by 2020[5]. The actual market did not evolve at the speed those predictions indicated, but
it is constantly growing, as inchted inFigure2. In addition, the FAA noted in its latest annual
revision[1] that the regulatory clarity provided by Part I07] in the recent update on Operation
overPeople increases the opportunities for further integration of SUAS into the NAS.

Non-Model Registrations of sSUAS Aircraft by
Quarters/Year (Cumulative)
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Figure2. Commercial UAS registrationdDecember 2020 updafg].

The fastgrowing UAS marketdemandswaivers to operate beyond the existing Part []
regulationsFigure3 shows the=AA's five most common waiver requesistil December 2020.
Waivers to operate commercial SUAS at nigtgthe most repeated waiver requsest

DroneZone Top 5 Requested Provisions
(as of end of December 2022)
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1.1.3 Uncrewed Aircraft Systems Impact Severity Classification

ConventionalTitle 14 (14 CFR safety analysepl, 7, 8, 13]include hazards to flight crew and
occupants that may not be applicable toramed aircraft. However, UAS operations maysgo

unique hazards to other aircraft and people on the ground. Therefore, it is necessary to determine
hazard severity thresholds for UASs using safety characteristic factors that affect the potential
severity of UASs in collisions with other aircraft oretground or in airborne encounters and
collisions with people on the ground. The factors that determine the outcome of an airborne
collision are numerous and complex dmnghly dependent on the structural design and materials
used to construche UAS.

1.1.3.1 Uncrewed Aircraft Systems Mid-Air Collisions Equivalent Level of Safety

The primary goal of regulating UAS operations in the NAS is to assure an appropriate level of
safety. Nati onal aviation agencies qulotify t
with crewed aviation. However, there are major key differences beteeswed and uorewed

aviation thatie not onl in the separation of the pilot from the cockpit and the level of automation
introduced but also in the variety of architectures aatenals used for the construction of UASs.

These differences could introduce new failure modes and, as a result, increase the perceived risk
that needs to be evaluatdd!].

To have an EL0S, according to the definition of the Range Commanders Council in its guidance
on UAS operations, any UAS operation or test must show a level of risk to human life no greater
than that for an operation or testaopiloted aircraff15].

Although currenttrewed aviation regulations do not impose limits on fatality rates, a statistical
analysis of historical data can provide valuable insightaré@ed aviation's collision and fatality
rates It could beused to define the basis for the EL0S of UAS.

For an ELoS to be derived, accident statistics involving-amiccollisions are required. The

Nati onal Transportation Safety Board (NTSB) |
accident scenario¢) inpi ght col |l i si ons with obstac(i)es suc
mid-air collisions with other aircraft. The latter could be used to define the UAS requirements.

Data pertaining to this approach is presented in referjdd¢do NTSB data compiled between

1983 and 2006. If this approach is used in the future as a reference metric to define the EL0OS, it is
recommended to conduct furtheudies that include updated NTSB data available.

Once the EL0S is defined based on historical data tremed aviation, the next step is to develop

a method to estimate the probability of raid collisions between UASs aratewed aircraft.
Several autors have published methodologies on how to evaluate the risk edingdllisions
betweencrewed aircraft and UASEL5, 16]; some of the midair collision models are based on a
theory originally developed to predict the collision frequency of gas mole¢LfgsThis theory

was similarly applied to air traffifl7, 18] The collision frequency between a single UAS and
transient air traffic is a product of the transient aircraft density, the combined frontal areas, and the
relative closing velocitpetween the collidingrewed and uarewed aircraff16].

The dorementioned metrics provide statistical probabilities of UAS-anictollisions according
to specific parameters defined for the evaluation. It should be noted that not all collisions could
lead to catastrophic accidents. The large variability of UA8ssaind the fact that not all aircraft
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systems are critical for remaining airborne means that the aircraft involved may survive certain
collisions.

The risk assessment to develop an Airborne Collision UASs Impact Severity Classification can be
divided intothree elements:

- Estimation of the probability of mid-air collision between UASs andrewed aircratft.
This will be a function of the operating airspace, airapératingwithin the airspaceand
the UAS configurations operating within the shared airspslethods to estimate the
probability of impact are presented in referer{dés 16}

- Evaluation of damage potential fo typical UASs classes based on weight, architecture,
operational characteristics [altitude, velocity] raid collision scenarios pecrewed
aircraft class (commercial, general aviation, rotorcraft, etc.) to assess the damage severity
to crewed aircraft.Several groups advocate using simplified ballistic penetration models
[19], similarity principles to existing bird strike requiremertskinetic energy thresholds
[20, 21] This project aims to evaluate the severity of a typical quadcopter anednirgd
UAS airborne collision with detaileBEM of the UASs and the target aircraft. These
results will be compared with the proposed penetration mechanics and -basegy
criteria.

- Once the probability of an airborne collision is determitieel damage models obtained
through the research presented in this study can be combined with the probabilistic
collision models to define appropriate ELOS criteria.

1.2 PROJECT SCOPE

sUAS generally operataat lower altitudes, often sharing airspace with patrol aircraft, agricultural
operators, and emergency medical rotorcraft. Impact scenarios of UAS with rotoddffefts
considerably from those scenarios involving commercial pranisor business jets (Task A3).
Expanding on the rotorcraft work in Task Al&h analysis of probable scenarios a midair
collision between sUAS from 2.7 to 55 lkend Part 27 helicopter componenil be performed

in this researchThe Robinson R4#elicopterwasreverseengineered into a detailébmputer

Aided Design(CAD) and Finite Element (FE) model as a representative Part 27 helicéqter
these new scenarios. Finally, impact simulations that focus on providing airframe severity
evaluations dér impactwerecompleted. To accelerate results, lessons learned and the UAS FE
developed irprevious ASSURBPprojecs wereused for analysis where possible.

Themain research questions being answered through this research are:

1 What are the hazard seitgrcriteria for an UAS collision (mass, kinetic energy, etc.)?
1 What is the severity of an UAS collision withPart 27rotorcraft in midair?

1 Can the severity of an UAS malr collision with aPart 27rotorcraft be characterized into
categories based eohe UAS? What would those categories look like?

Can an UAS impact be classifiadsimilar to a bird strike?

What are the characteristics of a UAS where it will not be a risk to an aircraft?

How is the severity of collision with Part 27 rotorcraft comped with Part 29 rotorcraft
for relatively smaller UAS (2.7 and 4.0 I3

= =4 =
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It is important to emphasize that the intent of this research was not to conduct an assessment of
already certified producte(g, 14 CFR Part 23/25/27/29/3®ut to analyze the characteristics of

small UAS that contribute to damage of the airframe of manoiedcraftas a resulting from an
airborne collision.

The collision severity evaluation criterion follows th@fSSURE Airborne Collision Phase |
program gudelinesfor the airframe[2] and the Blade Damage criteriodefined in the UAS
Airborne Collision Severity Evaluation of Part 29 Rotorcraft progi@mThe criteriadefine four
levels for damage assessméexel 1 as the lowest (no damage) and levelthebkighes{primary
structure compromiséebtor dade complete failure/separatjon



2 UAS PROJECTILE DEFIN ITION

In Task A3[22], NIAR developed a 2.Ibs. quadcopter, which was a representative DJI Phantom
3 Standard shown iRigure 4 The quadcopter was validated through compolexa testing and
full-assembly impacts. In a later effort, under Task B3}, NIAR updated a 4.tbs. fixed-wing

UAS FEM developed by Mississippi State University in Task24 to develop a 4bs. scaled
down version of the Fixewing. The fixedwing model is based on adeision Hawk Lancaster
Hawkeye Mark Il] shown inFigure5. The updates involved coupon and impact testing carried
out at NIAR facilitiesto validate and verifyhe cash behavior of the model.

In a different progranthat collaborated with an industry partng@5], NIAR developed larger
guadcopter and fixediing UAS models (NIARUAS), asshown inFigure6. These modelaere
adjusted to represent a Bfs. and 55lbs. configurationin the large UAS collision repof26].

This chapter presents the UAS models selected for current work. Those models are:

- UAS 2.7Ibs. Quadcopter

- UAS 4Ibs. FixedWing.

- UAS 10lbs. Quadcopter: scaledp nodel of the Task AB22] 2.67Ibs. Quadcopter.
- UAS 12bs. Fixed-Wing: scaleeup model 6the Task A1423] 4.41bs. Fixed-wing.
- UAS 25Ibs. Quadcopter: scaled version of UAS developed by NJ26.

- UAS 25Ibs. FixedWing: scaled version of UA8eveloped by NIAR26].

- UAS 55Ibs. Quadcopter: scaledp version othe25Ibs. UAS model.

- UAS 55lbs. FixedWing: scaleeup version othe 25 Ibs. UAS model.

_ _
. '_,

L\ Lo

Figure4. DJI Phantom 3.



Figure6. NIAR-UAS hybrid VTOL/CTOL configuration prototype

Figure7 illustrates the process followed to reveeswineer the UASodels during the Task A3
program[22, 24] The process conset of scanning the physical article to generate cloud point
data of the geometrgreating theCAD model, and discretizinthe geometry.

UAS 3D Scan
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Finite Element Model CAD
Figure7. UAS FBEM process.



2.1 CAD DEFINITION

This section provides an overview of the CAD model development procese fepresentative
UAS geometries, including a detailed description of the models foui@skA3 final report
Volumes II[22] and 11l [24]. Additionally, it discusses the CAD datasesed todefine theUAS
numerical modeBvariants ofthe 2.7 Ibs. quadcoptergcaled tal0 lbs.) andthe 4 Ibs. fixed-wing
(scaled tol2 Ibs) models used in previous ASSURE prografgther detailsareavailable in
Volume Il [22] and Volume Il [24] reports. Sections 2.2.3 and 2.2.4 present the scaling
methodology for the Q10 and F12 models. Furthermtbrie,sectionntroduces the NIARJAS
models, ranging from 25 to 3bs., configured from a modular sUASstem as shown in Figure
5. This modefacilitatesVertical Takeoff and_anding (VTOL) operationsZonventionalTakeoff
andLanding (CTOL) modes, as well as a hybrid takeoff and landing configyratiowing both
VTOL and CTOL capabilities.

HTOL ( [CTOL] + [VTOL])

Electric Engine (VTOL)

Piston Engine (CTOL)

Figure8. NIAR-UAS modular system CAD representatibardware and VR demo

2.1.1 UAS 2.7lbs. Quadcopter

The DJI Phantom 3 was identified as the most common quadcopter st A&marketduring
Task A3[2]. As a result, physical Phantom 3 UA®as disassembled, scannadd reverse
engineeredd create th&€AD geometry of thevirtual model.Figure9 illustrates the envelopes of
the quadcopteat eachstageleading to the CAD creation: cloud point contour, polygonal mesh
and CAD geometry.
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Captured Point Cloud Polygonal Mesh Final CAD Model
Virtually Assembled

Figure9. UAS 2.7Ibs.quadcopter CAD model development steps.

Figure 10 shows an overall and exploded vieivthe quadcoptethat highlights the mia sub
assemblies of thenodel

Figurel10. UAS 2.7Ibs. quadcopter geometry model

Table3 gathers the most relevant specifications of the DJI Phantom 3 St§@2larthis data was
considered during the CAD creation and the FEM development processes.
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Table3. Relevanspecifications of théJl Phantom Ftandard22].

Mass 1,216 g 2.68lbs.
Diagonal 350 mm 13.8in.
Max. Horizontal Speed 16 m/s 31 knots
Max. Service Ceiling 6,000 m 19,685 ft.
Electronic limit above grounc 120 m 394 ft.
Max. Motor Speed 1,240 rad/s 11,840 rpm
Motors 4x brushless DC motors; mass: 54 g
Battery 4x LiPo cells; capacity: 4480 mAh; mass: 363

2.1.2 UAS 4.0lbs. Fixed-Wing

The Precision Hawk Lancaster Malilkwas selected aarepresentative fixetving SUASIn the
A3 prograni24]. A physical article was disassembled and reverggneered tgeneratéhe CAD
geometryFigurell shows theCAD of the4.0lbs. fixed-wing UAS.

Figurel2shows the CAD geometry of the fixed wing's sagsemblies: motor and propeller, main
body, tail, battery, wing, and camerBable 4 gathers the most relevant specifications of the
Precision Hawk Lancaster Mark I[24]. These specifications were considered for the CAD
creation and FEM development processes. Note that the original fixed wing's Maximadt Tak
Weight (MTOW) (5.5 Ibs) i's higher t hanlbs)l[24k Khis & 3deso the A S
requirement in Task AR4] to develop a scaledown version of the UAS to facilitate comparing

a UAS airborne collision and alds. bird strike.
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Figurell Fixedwing CAD model: (A)front view, (B)side view, and (C)sometric view.

13



FWD

UpP

FWD

(9]

<

J*"*Q
s (®)

Figurel2. Fixedwing UAS subassemblies: (A) motdt propeller, (B) mainbody, (C) tail, (D) battery,
(E) wing, and (F) camera.

Table4. Relevanspecificationsof the Precision Hawk Lancaster Hawkeye MarK2H].

Mass (MTOW) 2,495 g 5.51bs.
Wingspan 1,500 mm| 4 ft. 11 in.
Length 800 mm | 2 ft. 7.5in.

Max. Horizontal Speed | 19.5m/s| 38 knots

Max. Service Ceiling 4,000 m | 13,120 ft.

2.1.3 UAS 25 & 55lbs. Quadcopter

Thegeometric angherformance specifications of the 2&land 55IIs. versions of the NIARJAS
Quadcopter are summarizedHigurel3andTable5. The original design, analysis, and prototype
manufacturing efforts were conducted under a technology demonstration project 8027016
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[25]. Based arond the central body, the modular UAS architecture allows multiple mission
profiles to be addressedavinterchangeable systems and structures. The modular UAS design
makesproducing a Quadcopter style configuration possilitiézing four pairs of counterotating
VTOL-oriented motors mounted to longitudinal boom Pylons. VTOL endurance is supported by
the VTOL Aft Fuselage module battery pack, housing additional batteries for extended flight time.
Due to the modular architecture of the UAS, the equipment, components, and modules that are
included in a given configuration can be selected based on theomisfile. Therefore,
components such as the search and rescue payload are not always present in the flight
configuration. The UAS has an internal payload bay, which can carry ugb® &f various
objects, supplies, or alternate flight equipment. therpurpose of this research, the payload was

not defined, and the weight allowance was used to incorporate conventional aircraft components
such as retractable landing gear and the gimbal assembly.

25 Ibs. & 55 Ibs. Quadcopter
Geometry

Figurel3. NIAR UAS quadcopter configuration CAD representation

Table5. Relevant specifications of the NIAR UAS quadcopter configuration

UAS Configuration Q25 (metric) | Q25 (US) | Q55 (metric)| Q55 (US)
Mass 11.34 kg 251bs. 24,95 kg 551bs.
Length 969.4 mm 38.21in 1261.5 mm 49.7 in
Width 875.4 mm 34.5in 1138.9 mm 44.84 in
Height 247.6 mm 9.751in 322 mm 12.7 in

15



2.1.4 UAS 25 & 55Ibs. Fixed-Wing

The 25lbs. and 59bs. iterations of the NIAR UAS FixedlVing configuration have the geometric
properties and performanspecifications shown iRigurel4andTable6. As with the Quadcopter
configuration, the original design, analysis, and prototype manufacturing efforts were conducted
under a technology demonstration projec20162017[25]. The modular UAS design makes
producing a FixedVing style configuation possibleutilizing modular Wings, Pylon Filler Wing
sections, and a CTOL Aft Fuselage Module that houses a gas motor, fuel, and exhaust systems.
Due to the modular architecture of the UAS, the equipment, components, and modules that are
included ina given configuration can be selected based onnilssion profile. Therefore,
components such as the search and rescue payload are not always present in the flight
configuration. The UAS has an internal payload bay, which could carry upbt & various

objects, supplies, or alternate flight equipment. For the purpose of this research, the payload was
not defined, and the weight allowance was used to incorporate conventional aircraft components
such as retractable landing gear and the gingssrably.

25 Ibs. & 55 Ibs. Fixew/ing
Geometry

Figurel4. NIAR UAS fixedwing configuration CAD representation

Table6. Relevant specifications of the NIAR UAS fix@dng configuration

UAS Configuration F25 (metric) F25 (US) F55 (metric) F55 (US)
Mass 11.34 kg 25.0lbs. 25.0 kg 55.0lbs.
Length 1388.1 mm 54.7 in 1867.1 mm 73.51n
Wingspan 3119.6 mm 122.81 in 4200 mm 165.3in
Height 406.0 mm 16.01in 546.2 mm 21.5in
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2.2  FINITE ELEMENT MODEL

This chaptersummarizeshe UASFEM develomdin Task A3[22, 24] TaskA14[23], Tak A30
[26], and through other research efforts26ibs. and 55bs. UAS [25]. This chapteralsobriefly
summarizeghe validation updees applied to themall UAS FEMs (specifically the 2.7 Ibs.
Quadcopter and ¥s. FixedWing) based on the additionebmponendevel testing performeuh
Task A16[3].

2.2.1 UAS 2.7Ibs. Quadcopter

The2.7lbs.quadcopteg e o met ry was discretized foll owing I
allowedit to capturanostof the geometry featuresd keepatime stepbelow 0.1 microseconds

Table7 summarizes the mesh criteria followed for this FEM.

Table7. Quadcopter mesh quality criteria.

Quality Parameter Allowable Min. | Allowable Max.
Element Size 0.8 mm 5 mm
Aspect Ratio - 5
QuadAngle 45° 140°

Tria Angle 30° 120°
Warp Angle - 15°
ooian | S7GOETeN)|
Time-step 1E7s -

Figurel5compareshequadcopter components' geometry and mesh, provairexample othe
level of detail maintained during tlugscretization

Material definition and calibration eve carried out in Task AR2] through coupon level and
other test experiments at tbemponent levelThe currentquadcopter FEMreserve the same
materiak SpecificationsFigurel6 presents a colecoded exploded viemdicating the materials
applied inthe 2.7Ibs. quadcopter FEM

17



Figurel5. UAS 2.7Ibs.quadcoptersu s s emb | y 6 s

Code

Material

Polycarbonate

Nylon

Cast Aluminum 520-F

Steel 4030

G-10 Fiberglass (PCB)

Li-Po Battery Cell

Aluminum Film 1145-O

Figurel6. UAS 2.7Ibs. quadcopter materials.
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The definitions of connections and contawtere determined and validatedprevious research
[22]. Figurel7 illustrates the overall review of tt&7 Ibs. quadcopteFEM connections.

Figurel7. UAS 2.7Ibs. quadcopter connections.

A final mass check wagerformedto confirmthatthe UAS mass distributiorepresentshe 2.7
Ibs. quadcoptephysical modelFigure18 shows the 2.Tbs. quadcopter FEM and the location of
its center of gravity.

N ——

Figurel8. UAS 2.7Ibs.quadcopter FEM center of gravity.
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2.2.2 UAS 4.0lbs. Fixed-Wing

The CAD geometrwas generatenh a previous researchrogram[24]. After disassembling and
scanning the fixeaving UAS componentsthe geometrywas discretizedwith 2D and 3D
elementsTable8 presents the quality criteria considered to mesh thibd.fixed-wing model

Table8. Fixedwing meshquality criteria.

Allowable
Quality Parameter
Shell Elements Solid Elements
Min. Side Length 1mm 1mm
Max. Aspect Ratio 5
Min. Quad Angle 45° -
Max. Quad Angle 140° -
Min. Tria Angle 30° -
Max. Tria Angle 120° -
Max. Warp Angle 15°
Min. Jacobian 0.7 0.5

Figure 19 separates the model components based on the type of elements used for the
discretization2D and3D elements.

2D elements mesh — 3D elements mesh

FWD

Figure19. UAS 4.0lbs. fixed-wing parts modeled with 2D and 3D elements.

The definitions of materials, connections, and contactsdiscussed in detail in Task 'a8nal
report[24]. The same properties and specificasisrere kept for this researcim addition, allthe
componenimasgsweredocumentd during thereverseengineering process capturean accurate
mass distributionn the virtual modelFigure 20 illustratesthe 4.0lbs. fixed-wing FEM and the
location of its center of gravity.
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Figure20. UAS 4.0Ibs. fixed-wing FEM center of gravity

2.2.3 UAS10lbs.Quadcoper

In TaskA30 [26], NIAR performed the scaling of the 2. quadcopter t@ 10 Ibs. quadcopter

using the same procedsscribedn TaskA3 [24]. The model scaling meddology assumes that

all components of a scaled UAS would increase its mass linearly, independently of its construction
anddesign. Consequently, if materials are not varied, the density remains constant. Therefore, a
guadratic relationship between lineimensions can be established (so volume is proportional to
mass).

Yo @adhe ¢ 0 QTVOONADY 0 o soevg
For instance, to scale up the quadcopter tths0) the mesh of the A& was increased linearly
along all directions by a factor of 1.632. Whersiang twedimensional elementshethickness
was multiplied by the same factor to complteelement scaleip process. Nostructural mass
was scaled up accordingly. AdditiongllNIAR removed all the intersections/penetrations
introduced during the scaling procdssm the scaledJAS modelto avoid any contact issues
within the FEM.The scaledup 101bs. quadcopter followghe same mesh criteria presented in
Table7. Figure21 shows the comparison between the original model and thes 10AS.
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2.67 Ib. — Top View

2.67 Ib. — Front View 10 Ib. — Front View

Figure21. Comparison of A3 model vs. scalelAS 10Ibs. quadcopter

Figure22 shows the mass calculation of theltk®. quadcopter FEM. The mass unit used ir LS
DYNA is themetric ton. Therefore, the output value circledrigure22is in terms of this mass
unit. Performing unit conversion, 4.53108 tonsis equivalento 101Ibs., confirming the mass of
the scaled model. Overall dimensions and specifications for the assembly are sh@gunaia3.
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= INFORMATION J =]

o« Jll scercriseecreo Il potcol

Following items have been selected for mass calculation
7111 item(s) of type NODE

225964 item(s) of type SOLID

— 16 item(s) of type BEAM

94696 item(s) of type SHELL

4 item(s) of type DISCRETE
76 item{s) of type MASS

Mass Properties for visible elements in model 1

Mass: 4.5318e-03

= l =

Figure22. UAS 101bs.quadcoptemass check

13in.
(330mm)

- MTOW: 10.0bs b
(4.54kg) | |
*  Height: 13in.

(330mm)

*  Length: 25in.
(636mm)

«  Width: 25in.
(636mm)

235in. .
(636mm)

|
%

Figure23. NIAR-UAS 10Ibs. quadcopter overall dimensions, MTOW, and c.g. location

2.2.4 UAS12Ibs.Fixed-Wing

Similar to the process followed for the 1&. Quadcopter, NIAR alsscaledthe 4.4 |bs. Fixed
Wing model to 12 |b. in TaskA30 [26]. The penetrations/intersections introduced during the
scaling process were removiedm the scaled UAS mod#l avoid any contact issues. The scaled
up model follovs the same mesh criterionr@sented iMmable8. Figure24 compares theriginal
4.41bs.andthe 12 Ibs. fixed-wing models.
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4.4 Ibs. — Top View

I R

4.4 |bs. — Front View

——
E—

===

12 Ibs. — Top View

12 |bs. — Front View

Figure24. Comparison of A14 model vs. scalddS 12Ibs. fixed-wing.

Figure25 shows the mass calculation of the fixethg FEM. Performing unit conversion to the
output value circled ifrigure25, 5.443 EO3 tonsis equivalento 12Ibs., confirming the mass of
the scaled model. Overall dimensions and specifications for the assembly are sR@unaR6.

=] INFORMATION =i

[0 [l sercnseiecreo [l Puorc ol

Following items have been selected for mass calculation
10122 item({s) of type NODE

69565 item(s) of type SOLID

. 56 item(s) of type BEAM

30041 item(s) of type SHELL

12 item(s) of type SEATBELT

9 item(s) of type MASS

Mass Properties for visible elements in model 1

Mass: 5.4438e-03

— f I

Figure25. UAS 12 Ibs. fixed-wing mass check
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«  MTOW:12lbs
(5.44kQ)

*  Height: 18.62in.
(473mm)

* Length: 64.92in.
(1649mm)

«  Wingspan: 90in.
(2286mm)

> 1 >

64.92in. (1649mm)

B 90in. (2286mm) R R

Figure26. Scaled UAS 1Ms. fixed wing overall dimensions, MTOW, and c.g. location

2.2.5 UAS25Ibs.Quadcopter

The 25Is. Quadcopter configuration (Q25) is a scale@ r si on o0 {houdd ldesigh@ds | n
modular search and rescue drone. This configuration utilizes interchangeable pylons and rear
fuselage components that allow for quadcoptgle VTOL operations. All geometridetails,

internal structural components, design assumptions/simplificati@msl their material
specificationsand calibrationsre described in detail in Tag30 [26]. The overall dimensions

and specifications for the assembly are shawFigure27.

The25I1bs.Quadcopter follows the same mesh criteria presentalile7; however, an exception

was made when establishing the minimum element size for this FEM. To facilitate the geometry
discretization task, and with no penalty to the computational efficierqpyresl to perform the
analysis, the 2#s. quadcopter FEM minimum element size was set to 0.7 Titma.Task A30
report[26] provides details about the element types used, conndisjpesfications, and contact
definition for the 28bs. quadcopter FEMFigure 28 andFigure29 show some details about the
25Ibs. quadcopter FEM.
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PRTEEI | scnme e e
(9.75in.) I

130.37mm
(5.133in.)

MTOW: 11.34kg
(25.0Ibs)

Height: 247.6mm
(9.75in.)

Length: 969.4mm

(38.17in.)
Width: 875.4mm
(34.46in.) ; i | |
437.7mm ! ' + 53327mm
(17.23in.) ' i i (21.0in.) L |
13 875.4mm | A 969.44mm, |
' (34.46in.) (38.17in.)

Figure27. NIAR-UAS 25Ibs. quadcopter overall dimensions, MTOW, and c.g. location

=

S T ~ he

Figure29. Quadcopter FENI 3D element distribution on wireframe and isolated views
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2.2.6 UAS25Ibs. Fixed-Wing

The 25Ibs. Fixedwing configuration (F25) is a scalede r si on o f NI AR6s modu
rescue drone. This configurationlizes interchangeable wings and rear fuselage components that

allow for conventional aircraft operatior@omprehensive information about the mogiebmetry
assumptionsand simplification, along with the material specificatiorend calibrationsare

presented ithe TaskA30 report{26]. The overall dimensions and specifications for the assembly

are shown irFigure30.

A
406mm l
(15.98in.) 5 "

165.1mm (6.50in.).

.+ MTOW: 11.34kg
(25.0Ibs)

* Height: 406.0mm
(15.98in.)

* Length: 1388.1mm
(54.65in.) :

*  Wingspan: 3119.6mm |
(122.81in.) E

1559.8mm E | 1589.83mm
(61.4in.) | (23.22in)
3119.6mm P

(122.81in.) © 1 1388.1mm (54.65in.) '

Figure30. Fixedwing overall dimensions, MTOW, and c.g. location

The 259Ibs. fixed-wing FEM follows the mesh criterion presented able?. Similar to the 2%bs.
guadcoptemodel, an exception was made when establishing the minimum element size for this
FEM, setting the lower boundary element size to 0.7 Figure 31 andFigure 32 show some
detailsof the 25lbs. fixed-wing FEM.

Figure31 Fixedwing FEMT 2D element distribution exterior and interior views
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Figure32. Fixedwing FEM1 3D element distribution on wireframe and isolated views

2.2.7 UAS55Ibs. Quadcopter

The 55Ibs. quadcopter configuration (Q55) issaaledv e r si o n  o-lousbldegdigRé& andi n
analyzed modular search and rescue drone. It is identical to the Q25 model in terms of the FE
representationsonly the geometry and weight have been scaled. Overall dimensions and
specifications for the assily are shown ifrigure33.

322mm
(12.68in.)

- MTOW: 24.95kg
(55.0Ibs)

* Height: 322mm
(12.68in.)

 Length: 1261.5mm
(49.65in.)

. Width: 1138.9mm
(44.84in.)

| 569.45mm | ., 6938mm |
T (2242in) " - T @ratn)
' 1138.9mm X

1261.5mm,|

< >

(44.84in) ' (49.65in.)

Figure33. NIAR-UAS 55Ibs. quadcopter overall dimensions, MTOW, and c.g. location

The 55Ibs. quadcopter FEMdllows the mesh criterion summarized rable 7. Figure 34 and
Figure35 highlight thematerialinformationof the 25 Ibs. and 59bs. quadcopter FEM.
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MAT001
MATO015
MAT024
MATO054
MATO058

MATO063

MAT224

Figure34. Q25 & Q55 UAS material models for LIZYNA solver.

CFRP
Ultem 9085
Polycarbonate
Copper Berillium 17200
2024-T351
Nylon
Aluminum 520-F
Steel 4030
Steel 4340
Polyurethane
G-10 Fiberglass (PCB)
Li-Po Battery Cell
Aluminum Film 1145-0

Figure35. Q25 & Q55 UAS materials

29



2.2.8 UASS55Ibs. Fixed-Wing

The 55Ibs. fixed-wing configuration (F55) is a scalede r s i o n o-fioushl desigdédsandi n
analyzed modular search and rescue drone. It is identical te2thenodel in terms of the FE
representationsonly the geometry and weight have been scaled. This configuration utilizes
interchangeable wings and rear fuselage components that allow for conventional aircraft
operations. Overall dimensions and specifaadifor the assembly are showrFigure36.

546.2mm
(21.5in.)

221.4mm (8.72in.)! E b 2 -

«  MTOW: 24.94kg

(55.0lbs)
*  Height: 546.2mm
(21.5in.)
 Length: 1867.14mm
(73.51in.)
«  Wingspan: 4199.6mm ’
(165.32in.) i 5 Lo 5
6267 |  @ron
4199.6mm o =
(165.32in.) ' 1867.14mm (73.51in)’

Figure36. Fixedwing overall dimensions, MTOW, and c.g. location

The 55Ibs. fixed-wing FEM followsthe mesh criterion summarized fable 7. Figure 37 and
Figure38 highlight thematerialinformationfor the 25 Ibs. and 55 bs. fixed-wing FEM.

MAT001

MAT015

MAT024 -

MATO54 ’g,.y »® “®
MATO058 : :! e “

MAT063 - e 3 !!u_ L

Figure37. F25 & F55 UAS materiahodels for LSDYNA solver.
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CFRP
Ultem 9085
Polycarbonate
Copper Berillium 17200
2024-T351
Nylon
Aluminum 520-F
Steel 4030
Steel 4340
Polyurethane
G-10 Fiberglass (PCB)
Li-Po Battery Cell
Aluminum Film 1145-0

Figure38. F25 & F55 UAS materials
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2.3 COMPONENT LEVEL TESTS

In Task A3[2], The mainJAS componentécamera, motor, and battefgy the2.7Ibs.quadcopter
andthe 4 Ibs. fixed-wing were validated formpact velocitieaup to 250 knots. Additionally, in
Task A16[3], there verefurther validation efforts for the same componattsnpact velocites
betweerb0 to 500 knots. Treetests were conducted at the University of Alabama in Huntsville.

Task Alé6report[3] provides comprehensive detabout the selection of components for ballistic
tests, the test conditions, test setup, test equipraadtinstrumentation used, and tognponent

level test results, validations, and summary tfteg main UAS component§he components
evaluated during the testing includlee battery, motor, and camer@hese components were
impacted against two different thickness aluminum panels: 1.6 mm (0.063 in.) and 6.35 mm (0.25
in.). These thicknesses are representative of the lower and upper thresholds for aluminum
aerospace structures such as skins, sparseth§urthermorethe battery was impacted against

an aluminum sharpdge target that simulatéhe leadingedge shape of a rotorcraft blade.

The 10Ibs.quadcopter and 1Bs.fixed-wing models were developé&wm the 2.71bs.quadcopter
and 4.4bs.fixed-wing, respectively Thereforethecomponent levelalidationefforts forimpact
velocities in the range of 50 to 500 knate applicable for these models since the modeling
methodology and material models remain unchanged

The large UAS modelg@5 Ibs. and 55bs.) used in the present studiere modeledollowing the
building block approachThe composite material models were validated through coupon and
component level testand the properties of the metallic composentre extracted frorthe
metallic materials properties development and standardizagiotbooK27]. Thecomposite fiber
reinforced plasticoupon and componelavel testing performed for the #%s.and 53bs.models

in TaskA30[26] indicates that the material modetapableof characterizinghe onset of laminate
damage andepresentinghe energy absorption capabilities.

2.3.1 ExampleComponent Level Test

This section presesbne of thecomponenievel st performed in Task Al@o highlight the
validation efforts of the UAS components. Th&lbs.q u a d ¢ ontbrevas dnpacted with the
6.35mm (025 flat aluminum panel at a nominal velocity of 257.2 m/s (500 kndtsgnty-three
(23) componentevel tests werperformedn this test campaigimable9 andTable10 summarize
the component level matrix of the quadcopter and fixedy component level tests, respectively.
Each one of thessomponerdevel tessis documentedh detail in Appendix A of Task AlGport
[3]. The following data was compared between testing and simulation results:

Test video kinematics

Load cells' time history

Strain gages time history

Digital Image Correlation (DIC) uplane strain contour.
Panel maximum displacement

Target damage

Projectie damage

@ paopooTp
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Table9. Quadcopter componeldvel test matrix summary.

Deviation
Test . Panel |Projectile |Projectile| Impact Impac_t from | Impact Panel Peak | Permanent | Max. Panel
Iteration Velocit
Number Type Type | Weight |Velocity y nominal | Energy [Penetration| Load | Deformation |Displacemen
velocity
HxV)
[a] [knots] | [m/s] [J] (Y/N) [N] [mm x mm] [mm]
1 sh 350.80 | 510.7 |262.73| 2.14 % [12,107.q NA  |17,778.1 NA NA
01 arp
2 Edge 350.80 | 516.6 |265.76| 3.32% (12,3884 NA  |18,964.1 NA NA
1 . 344.20 | 503.6 |259.07| 0.72% [11,551.9 Y 2,564.7 NA 6.75
02 0.063 Battery A
2 [Al-Pane 343.40 | 500.6 |257.53| 0.12% [11,387. Y 2,297.1| 2115x76.29] 558
o 1 o5 Al 34290 | NA | NA NA NA N NA NA NA
2 Panel 343.40 | 500.6 |257.53| 0.12% (11,3874 N 45,803.4154.19 x 137.7]  41.29
1 . 51.40 | 513 |263.91] 2.60% | 1,790.0| Y 609.3 | 72.46 x81.05,  N/A
o4 0.063
2 [Al-Pang 51.10 | 507 |260.82| 1.40% |1,738.1 Y 809.2 | 62.24x85.06)  3.35
Motor A
1 . 51.00 | 520 |267.51 4.00% |1,8248 N 10,871.5 60.98 x 44.89]  13.70
05 0.25" Al.
2 Panel 5060 | NA | NA | N/A NA N 9,724.9 57.59 x68.75  NA
1 . 51.90 | 508 |261.34] 1.60% | 1,7723| Y 1,986.6/160.59 x128.0]  7.00
06 0.063
2 [Al-Pang 52.90 | 518 |266.48| 3.60% | 1,878.3 Y 3,260.9/110.59 x 110.6,  4.56
Camera
1 . 52.40 | 522 |268.54 440% |1,880.4] N 17,787.4 4572 x57.74]  12.84
07 0.25" Al.
2 Panel 53.10 | 521 |268.03| 4.20 % | 1,907.3 N 18,556.] 59.96 x 38.15|  12.75
1 . 34320 | 52 | 26.75| 4.00% | 122.8 N 9,630.4 69.33x57.79|  15.54
08 0.063
2 [Al-Pane 34370 | 515 | 26.49| 3.00% | 120.6 N 8,502.4| 57.96 x60.61]  15.51
1 . 342.60 | 120.87| 62.18| 0.73% | 662.3 N 7,211.4) 69.94x7757]  23.60
09 0.063 Battery A
2 [N Pane 343.10 | 1185 | 60.96 | -1.25 % | 6375 N  |7589.8 64.65x73.38 2433
1 . 343.80 | 116 | 59.68| -3.33%| 612.2 N 12,369.0 34.95x31.77| 10.64
10 0.25" Al
2 Panel 33450 | 122 | 62.76| 1.67% | 658.8 N 13,567.0 48.44 x 44.93]  12.05
1 . 50.80 | 124 | 63.79| 3.33% | 103.4 N 1,415.2| 33.01 x 40.96]  9.97
1 0.063
2 [N Pane 51.80 | 120 | 61.73| 0.00% | 98.7 N 1,408.8| 35.29 x40.88|  9.83
Motor A
1 . 51.30 | 57 | 29.32|14.00%| 22.1 N 1,739.4| 22.86 x 23.92]  5.90
15 0.063
2 [Nl Pane 50.80 | 57 | 29.32|14.00%| 21.8 N 1,208.4| 24.12x18.31  6.09
1 . 51.30 | 121 | 62.25| 0.83% | 99.4 N 1,122.8| 40.63 x37.05|  8.92
13 0.063
2 |Al-Pane 5230 | 123 | 63.28| 2.50% | 104.7 N 1,839.0 38.11x38.28]  9.67
Camera
1 " 5230 | 53 | 27.27| 6.00% | 19.4 N 1,692.0| 20.36 x 19.87|  5.67
14 0.063
2 |Al-Pane 5220 | 486 |25.00| -2.80%| 163 N |15257 26.65x20.91 559
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Table10. Fixedwing componentevel test matrix summary.

Deviation
Test lteration Panel |Projectile |Projectile| Impact | Impact | from |Impact| Panel Peak | Permanent | Max. Panel
Number Type Type | Weight |Velocity|Velocity| nominal |[Energy|Penetration Load | Deformation [Displacemen
velocity
HxV)
[a] [knots] | [m/s] [ (YIN) [N] [mm x mm] [mm]
1 NA | 5095 | 262.11| 1.90% | NA NA  [23,069.6 NA NA
15 Sharp
2 Edge 259.60 | 498.87| 256.64| -0.23% (8,549.9 NA  |23,202.] NA NA
1 . 264.80 | 509.5 | 262.11| 1.90% [9,096.0 Y 1,828.9/160.32 x 138.1]  4.35
0.063
16 Al Pane Battery B
2 : 259.60 | 499.46| 256.94| -0.11 % [8,569.4 Y 1,341.3210.29 x 143.3  4.33
1 . 263.90 | 499.46| 256.94| -0.11% (8,711.4 N  |45,298.4 140.50 x 91.6]  28.32
17 0.25" Al
2 Panel 264.00 | 501.2 | 257.84| 0.24% |8,775.9 N  |44,350.§138.82x90.0¢  28.18
1 . 7590 | 527 |271.11| 540% |2,7894 Y 718.2 | 68.35x116.81  2.61
18 0.063
2 [Al-Pang 76.00 | 525 | 270.08| 5.00% |2,771.9 Y 7702 | 67.69x 137.6]  2.44
Motor B
1 . 76.10 | 527 |271.11| 540% |2,7964 N NA | 74.90x65.86| 18.14
19 0.25" Al
2 Panel 76.50 | 522.5 | 268.80| 4.50% |2,763.4 N 17,969.4 73.14x60.25|  18.15
1 . 26440 | 52 | 26.75| 4.00% | 94.6 N 4,469.5 26.23x19.20 12.54
20 0.063
2 [Al-Pane 26440 | 52 | 26.75| 4.00% | 94.6 N 3,133.0 30.50 x 33.08| 12.24
Battery B
1| 063" 264.00 | 119.68| 61.57 | -0.27 % | 500.4 N 11,839.4 48.27 x45.28|  19.32
21 .
2 [Nl Pane 265.0 | 120.87| 62.18 | 0.73% | 5125| N [11,652.] 52.35x45.28  19.35
1 . 76.20 | 49 | 2521 | -2.00%| 24.2 N 1,844.3| 17.83x25.02|  7.20
- 0.063
2 [Nl Pane 7660 | 52 | 26.75 | 4.00% | 27.4 N 2,087.3 19.01x24.83|  7.05
Motor B
1| 0.063" 76.70 | 123 | 63.28 | 2.50 % | 153.6 % 3,763.6| 54.66 x36.75|  6.27
23 :
2 [N Pane 7680 | 123 | 63.28 | 250% | 153.8| Y  |3.409.9 5845x3551  6.62
2.3.1.1 A.6Test051 Motor at 500 Knotsi 6.35mm AL Panel

Test 05 consists of the impactmbtor Aonthe 6.35 mm (0.25 aluminum panel at a nominal
velocity of257.2 m/s. Two iterations were carried out to evaluate data repeatability. For iteration
2, a triggering errocompromisedhe data recording. Hence, NIAR has selected iteration 1 for the

FEM validation.

An initial velocity of 267.51 m/s (520 knots) wapplied to the motor A FEM, corresponding to

the velocity recorded for repetition 1 in the test documentation

Figure 39 through Figure 42 show the comparison of the kinematics between the test and

simulation at four different instances of the impact event.
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Quadcopter - Test 05 - Motor A Quadcopter - Test 05 - Motor A Quadcopter - Test 05 - Motor A
0.25 in. Panel - 500 knots 0.25 in. Panel - 500 knots 0.25 in. Panel - 500 knots

Top View Side View 1SO View

Time = 0.00 ms Time = 0.00 ms Time = 0.00 ms

Sl

Figure39. Comparison for motor Aimpacton8.2 al umi num panel at 267.51 m
ms (beginning of contact).

Quadcopter - Test 05 - Motor A Quadcopter - Test 05 - Motor A Quadcopter - Test 05 - Motor A
0.25 in. Panel - 500 knots 0.25 in. Panel - 500 knots 0.25 in. Panel - 500 knots

Top View Side View 1SO View
Time =0.10 ms Time = 0.10 ms Time = 0.10 ms

Figured0. Compari son for motor A impact on 0.250 al umi
ms.
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Quadcopter - Test 05 - Motor A Quadcopter - Test 05 - Motor A Quadcopter - Test 05 - Motor A
0.25 in. Panel - 500 knots 0.25 in. Panel - 500 knots 0.25 in. Panel - 500 knots

Top View Side View 1SO View

Time = 0.20 ms Time = 0.20 ms Time = 0.20 ms

FiguredlCompar i son for motor A impact on 0.250 al umin
ms.

Quadcopter - Test 05 - Motor A Quadcopter - Test 05 - Motor A Quadcopter - Test 05 - Motor A
0.25 in. Panel - 500 knots 0.25 in. Panel - 500 knots 0.25 in. Panel - 500 knots

Top View Side View 1SO View

Time = 0.34 ms Time = 0.34 ms Time = 0.34 ms

Sl

Figured2 Compari son for motor A impact on 0.250 al umi
ms (end of contact).

Figure 43 compares the simulation and test Y (horizontal) and Z (vertical) directiptaire
deformations and the cof-plane displacements with a maximum displaaeinoé the aluminum
panel.
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Figure44 shows the oubf-plane displacement of the panel during the impact event obtained
from the DIC data and the simulation tracked displacemé&h&syvalues on the vertical axis are
not shown for confidential reasons.

Test 05 - Motor A - 500 knots, 0.25" AL

Displacement X [in]

Panel - X Displacement

E — Sirlation

o —a—TestRep |

[&] Test Rep 2- NA
5

=}

i =4

w

— _“-__\___________‘
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0018
Time [s]

Figure44. Comparison of the test and simulation-ofip | a n e
aluminum panel at 267.51 m/s (520 knots).
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The physical panel was scanned after the tesbtnpare the dimensions of the damaged area.
FigureA5c ompar es t he panel 6s damaged area di mensi
is good agreementbetwee t he physical test and the predict

Damage dimensions | Damage dimensions g
60.98 x 44.89 mm 63.37 x 44.42 mm .

EHE B

HH
| |
I S|
= =j
N
£
3
| I [ [ -I_I 1

Figure45. Comparison of the final damage of the panel for the test (left), scan (middle), and simulation
(right) of the motor A i mpantst520knotsQ. 250 al umi |

Figure46 compares the physical and simulation projectile damage. The motor did not penetrate
the panel for botlthe physical test and simulation but was crushed due to the impact.

Figure46. Comparison of the test (left) and simulation (right) projectile damage for motor A impact on
0.250 aluminum panel at 267.51 m/s (52

Figure47 compares the loatime history of both test repetitions and the simulation load output.
All the curves were filtered with a lopass filter of 15,000 HZThe load data shows good
repeatability for test and simulation and confirms the good correlation up to the end of the contact,
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marked with an asymptote. However, the gogtact oscillations of the panel deviate from those
of the physical test-igure 48 compares the strain data collected at both test iterations to the
simulation strainsThe values on the vertical axis are not shown for confidentabres.
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Figure48. Strain comparison of strain gage$ and 911 for motor A impacto® . 250 al

267.51 m/s (520 knots).
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2.4

UAS FINITE ELEMENT MODEL VALIDATION

The UAS models introduced in preumchaptes were developed followintie Building Block
Approach This exercise was initiated durinibe Task A3 program when the 1.2 kg (21@s.)
guadcopter and the 1.81 (4.0Ibs)) fixed-wing UAS wereinitially reverseengineeredA similar
approach was followed to develop Bfs. and 55Ibs. large UAS FEM. In summary, he UAS
FEMs used in this researdire supprted and validated by the following testiagd validation

data:

Coupon level data for material characterization from TaskZAand A30[26].
Subcomponent testserecarried out to verify the UAS case polycarbonate material (drop
towertest) from Task A322].

Ballisticcomponerdevel test of the battery, mot@nd camea from Task A322, 24]the
validation impact velocity range was 250 knots for this program

Full-scale test through a free drop test of the UAS from TasR2]3

The full scale at low velocity from the Ground Collision Task A14 progf28h.
National Research Council of Canada-fdhle level test with DJI Phanton{Z8] up to
250 knots.

Task A16 ballisticomponerevel test for impact velocity up to 500 kn¢g3.

Task A16 fultscale level test against rotorcraft tard8is

Task A17 Engine Ingestion component and-fgihle level testing against represénéa
engine fan blades for impact velocities up to 700 k[gak

TheseUAS models are intended @ssessmpact severity levels for midir collisions between
UAS andaircraft structures.Due to the previous extensive validation efforts, additional
validation tests were performed for the research presented in this report.
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3 TARGET DEFINITION T R44ROTORCRAFT

This chaptercoversmodelingthe aircraft target areas subjected to UAS impacts. For this study,
Part 27rotorcraftwas modeled. The part 27 rotorcraft selected for reverse engineering was a 1996
R44 Astro RobinsonR4 4 has been -deling rotaraaft lindtiée gendrad aviation
market[30]. The R4 is a fourseatetight helicopterthat has beem production since 19931].

As of 2009 more than 5000 R44 helicopters have been delivered, surpassing tivehiR®2held

the position earlier for the beselling rotorcraft of the Robinson compd3yt].

To build the Part 27 rotorcrafFEM discussed in this work, NIAR followed a physigased
modeling approach, which takes advantage of advances in computational power, the latest
computational tools, years of research in understanding the fundamental physics of the
crashworthiness event, generated-tedest variability data, and verified & validated modeling
methodologies. This approach uses lthiégding block approach as illustrated irFigure49. The

building block approach is the incremental development of analysis and supporting tests, where
typically, there is an increase in the size and complexity of the test article and a decrease in the
number of supportingests. To develop this method, it is necessary to understand the underlying
physics and corresponding test variability from the coupon to the system level. -$3&tétest

results do not drive the definition of the numerical motiedtead it is drivenby a predefined,
verified, and validated building block modeling methodology. Following this approach,
simulations predict the systel@vel test results within an acceptable scatter band. An objective
validation criterion based omnderstandinghe testto-test variability is used to evaluate the
numerical models.

Therotorcraft CAD model was created first using a 3D scanroRd4 Robinsonmeasurement
data, and technical manuals. The CAD model was then converteddatail@dFEM for impact
analysis InLS-DYNA. Detailed information for the CAD and R of the Part 27 rotorcrafis
documented in thishapter

Full Aircraft

&
‘g\é'
Section Test | Sub-assembly A
-ch\\ — : ‘%
11 A %,
& H % %
L i %,
Component Level | Energy Absorbing Devices | Failure Mode oS
L —
Strain Gradients | Connections
In-plane Tension In-Plane Shear In-Plane
N Compression
-] o 5 o o
0L 01, [0 /30 ]“E

Coupon Level Material Characterization | Constitutive Laws | Strain Rate Effects | Failure Criteria

Figure49. Building block approach for the NIAR narrevody aircraft model.
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3.1 CAD Reverse Engineering

A representativeeAD model of @ R44 Astro Robinson rotorcraftas generated by NIAR to be
used as a target for UAS impact studies. Since aobt@icraftdrawings werainavailable, the
CAD model was reversengineered based on 3D scan data and measurements of a gR44dical
Robinson rotorcrafand available information in technical manu@g]. In addition, input from
design engineers helped refine the model and verify the structure's fidelity.

The following assumptions were made for the CAD modeling process due to the limited
information found in the literature:

- Avionics and wires were not modeled

- Internal structures such as seats and insulations were not modeled

- Sheet metal features such as beadingsstentips were not captured on the flanges of
frames and rihs

- Holes less than 5 mm were not captured in the geometry

The model assumptions maintain a conservative approach, which reduces the computational time
necessary foFE Analysis and preserves thgresentative nature of the modeigure50 shows
isometric, front, top, and side views of a representative @Addlel of aPart 27 rotorcraft
developed by NIAR.

Figure51illustrates the overall dimensions of ttetorcraft

Figure50. RepresentativR44rotorcraft CAD model developed by NIAR.
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6’ 11"
41 3”

Figure51. Part 27 Rotorcraft overall dimensions

3.1.1 Disassembly &canning

NIAR acquired a 1996 R44 Astro Robinson rotorcraft, which, although fully intact, was deemed
notairworthy. An outer scan was conducted inuitslamagedtate to obtain an Outer Mold Line
(OML), which was extensively utilized for CAD generationh& OML scans produced using
point cloud data from the rotorcradind cannot be directly used for modeling. Therefore, an
equivalent OML surface was generated from the scan for CAD modeling purpaye® 52
shows he physical test article coated white for OML scanning.

Figure53 shows theequivalentOML surfacegeneratedrom the OML sca. The rotorcraft was
then disassembled into various subsections for shipping and continued scanimibeynaf
geometry at the NIAR facilityas shown irfFigure54:

Fuselage

Tail Cone Assembly
Stabilizers

Main Rotor Blade Assembly
Tail rotor blade Assembly
Engine Mast Assembly

ouhscwNE
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OML scan OML surface

OML scan and surface overlap

Figure53. Part 27 Rotorcraft OMkcan overlapping OMIlsurface

Figure54. Part 27otorcraftsub-assemblies at NIAR
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Figure55 compares the isometric view of thart 27 rotorcraftepresentative CAD model against

the 3D scan cloud points, which is the main data source for the CAD revayiseering process.

The 3D scan data included details and accuracy, such as small hmlesuts. The left side of the
physical test article was stripped to allow accessibility for scanmimgrotorcraft's small sections
andinternal structuresvere scanned individually to increase accuracy and facilitate the reverse
engineering process. TI@AD model includes all the primary structural members. In addition,
mostof the secondary structigesuch as support angles, clips, and douplegse captured in the

scan of the physical article. The reverse engineering of the engine was simplifiellitie ionly

the major components and attachments. Hand measurements and pictures were also taken from the
physicalrotorcraft especially in locations where the scan had no access to generate cloud points.
The subsequent sections present detailed CADnrdtionfor eachtarget arealNote that some
assemblies, such as doors, are hidddrigare55 to show the internal geometry captured in the
scan ancCAD.

Figure55. Part 27otorcraft 3D scan data vs. CAD model
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3.1.2 Horizontal Stabilizer

Figure56 shows a top view of the horizontal stabilizer CAD model and its overall dimensions. As
observed irFigure50, the horizontal stabilizer is only aheright-hand sidelt is a fixedhorizontal
stabilizerthatdoes not includeraelevator o atrim tab. The horizontal stabilizer is sandwiched
betweenthe upper and lower vertical stabilizer. Efforts were made to capture all the structural
members in the CAD moddtigure57 andFigure58 show the stabilizer with cutosiin the skin

to allow scanning of main structural members to help in CAD development. Itetlaids the
internal structuren the horizontal stabiler CAD model.The geometry did not capture wires,
actuators for the horizontal tail elevatassany other normetallic parts.

Figure56. Part 27Rotorcrafthorizontal stabilizer CAD model overall dimensions

Figure57. Part 27Rotorcrafthorizontal stabilizer CAD vghysical test article
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Figure58. Part 27Rotorcrafthorizontal stabilizer CAD internal structure. yhysical test article

3.1.3 Vertical Stabilizer

Figure59 shows a side view of the vertical stabilizer CAD model and its overall dimensions. The
vertical stabilizer consists of two sections: Upper Vertical Stabilizer and Lower Vertical Stabilizer.
The vertical stabilizer connects to the horizontal stabjlinétich connects to théail cone
assemblyo connect the stabilizer assembly to the rotorcraft airframe. The vertical stabilizer CAD
geometry includes all the primary and secondary-tadying memberd-igure60 andFigure61

present the internal structure detailed views of the vertical stabilizer. It also shows the stabilizers
with cutousin theskin to allow scanning of main stitwral members to help in CAD development.

The CAD geometry did not capture the wires, lights, vertical stabilizer actuators, antetadic

parts.

Upper Vertical Stabilizer »
CAD

Lower Vertical Stabilizer N
CAD

Figure59. Part 27Rotorcraft vertical stabilizer CAD overall dimensions
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Figure60. Part 27Rotorcraft vertical stabilizer CAD v@hysical test article

Figure6l. Part 27Rotorcraft vertical stabilizer CAD internal structure pBysical test article
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3.1.4 Tail Cone Assembly

Figure62showsthe CAD geometry for the complete taibne assembly and its overall dimensions.

The CAD model captures the primary structure, such as frames and stiinggre the structure
integrity. This assembly connectie empennage and tail rotor assembly to the main fuselage
body. The physical test article was dissected at the frame stations to allow detailed scanning of
these frames to aid in CAD modeling. Moreover, secondary structure memioérassdoublers,

clips, and retainers, were also captured during the scanning process and added to the CAD
geometryFigure63 compares the details seen in the skeletal model of the physical test article vs
the detats captured in the NIAR CAD model

r
/

/

Figure62. Part 27Rotorcrafttail coneassembly overall dimensions

Figure63. Part 27Rotorcraft CAD showing the internal structure pBysicaltestarticle.
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Figure 64 compares the frames that were dissected for scanning with the CAD generation. This
was essential as thail coneis a critical section of the rotorcrdftatconnects various assemblies
to each other.

f

Tail Cone Tail Cone Tail Cone Tail Cone Tail Cone Tail Cone Tail Cone Tail Cone
Frame 8 Frame 7 Frame 6 Frame § Frame 4 Frame 3 Frame 2 Frame 1

Tail Cone
Frame 4

Tail Cone
Frame 1

Tail Cone
Frame §

Tail Cone
Frame 2

Tail Cone
Frame 6

Tail Cone

Frame 3 Tail Cone

Frame 7

Figure64. Part 27Rotorcrafttail coneframesi Scan vsphysicaltestarticle vs CAD.
3.1.5 Tail Rotor Assembly
Figure65 shows arisometric view of thdail rotor CAD model and the 3D scan data used in the

reverseengineering process. All major components oftdikerotor assembly, such ake hub,
spinner, spinner bulkheadsjpports, and motowere modeled.

&

Figure65. Part 27Rotorcraft tail rotor CAD model overall dimensions

The CAD geometry for these components was captured based on scan diégasssinbly of the
physical test article (s¢ggure66). Some assumptions were made to determine the dimensions of
a few propeller internal components followiagailable manualand dissected data
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Figure66. Part 27Rotorcraft tail rotor blade dissectians

The motorassembly, blade honeycomb structure, yoke, caps, input cartridge, pitch assémbly
were also modeled in detail to ensure the structural integrity of the tail rotor region to the main
fuselage.Figure 67 compares the CAD overlapped withe scan to show the degree of
representatio with the physical test article.

Figure67. Part 27Rotorcrafttail rotor assembly CADvith overlaid €an

Fasteners andonnections of theotorcraft tail rotorassembly were defined using the scan data
and visual inspection of the structure. The tail rotor assembly connects to tentailuselage
assembly with a machined frame through 4déligure68 compares the CAD witthe frame's
scan and physical test article
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Figure68. Part 27Rotorcrafttail conemachinedframe

This frame also joins the stabilizer assembly toaingame Hence it was modeled with all the
required details as necessdfigure69 presents the stabilizers and tail rotor assembly connected
to thetail cone by this machined frame.

Figure69. Part 27Rotorcraftempennageegion

3.1.6 Fuselage

Figure 70 compares a crossection of the scan model and the CAD geometry for the complete
rotorcraft model. The fuselage body captures the primary structure, such as frames and stringers,
whichdefine theprimaryload paths of the airframe. Moreover, secondary structure members, such

as doublers, clips, and retainers, were captured during the scanning process and added to the CAD
geometryFigure71 compareshe details seeim the skeletal model of the physical test article vs

the details captured in the NIAR CAD model.
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Figure71. Part 27Rotorcraft fuselage detailsPhysical test article (top) vBIIAR CAD model (bottom)

Furthermore, the fuselage also houses the engine, fuel, taxaks rotor mast and gearbox
assembly NIAR made detailed efforts tcapture these details in the fuselage structural model
since these mass items and their supporting structure contributesmtitsize airframe's overall

weight and strengthirigure72 shows theenging engine mast assembliesndtheir representation
in theNIAR Part 27rotorcraft CAD model.
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Figure72. Part 27Rotorcraftenginemastandenginei Physical test articl@op) vs NIAR CAD model
(bottom)

3.1.7 Windshield
Figure73 presents a top view of the windshield CAD and its overall dimensions. The windshield
is a singlelayer acrylic piece that connects to the fuselage througmeeseind extrusions riveted

to the &ins and the front door frames. The windshield thickness was detertoine®.118 inches
Figure74 shows frontal and rear isolated views of the windshield and its surrounding structure

41"

:.8.8

Figure73. Part 27Rotorcraft windshield CAD overall dimensians
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Figure74. Part 27Rotorcraft windshield CAD Internal structure.
3.1.8 Main Rotor Blade

Figure 75 showsthe CAD geomety for the completemain rotor blade assembly and its overall
dimensions for a single bladEhe R44 Robinson rotorcraft is equipped with twain rotor blades

for a totalspan of 33 feet.

U I [ S N

16'7"

PR =

WOl

P

-

Figure75. Part 27Rotorcraftmain rotor blade overall dimensions.

To model the geometry, the first step was to scan the entire blade. NIAR then dissected a single
blade intofive sections based oaliterature review from available manug&2]. As shown in

Figure76, these sections were then carefully studied to document:

1 Aluminum Skin thickness/Layers
1 Composite layupéf any)
1 Metallic parts

1 Leading edge & Trailing edge cressctions
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Figure76. Part 27Rotorcraftmain rotor bladedissections

Additionally, the root region had to be further disassembled and dissastpeérthe literature

review [32] in Figure 77, to ensure all major structural members wereasured correctlgnd
accounted for.

Spindle

Clamp 2
(Small)

Boot

Clamp 1
(Large)

Spacers

Screw
(Twelve)

Figure77. Part 27Rotorcraftmain rotor bladeroot regiondisassemblyDrawings from[32]).

Figure 79 throughFigure 81 comparethe main rotor blade CAD details with the physical test
article. Some simplifications were madelive CAD:

1 The honeycomlore was modeled as a solid
1 Nutplates or bolts (diameter < 5mm) were not modeled
1 Ball bearings (founéh the rootregion) were not modeled
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Figure79. Part 27Rotorcraftmain rotor blade leading edge profileskin layers variations

Furthermore,Figure 81 highlights how the main rotor blades are connected to the rotorcraft
airframe via one bolt through the engimast assembly.

slrm_:lm Trafing ecge of spar Adhesive ~ ’
(Adumirum) (Epaxy) [’a ~ 3 ¥ ’
Figure80. Part 27Rotorcraftmain rotor blade cross sectionE i Physical test article vseference
manuals vsCAD. Image adapted froifi33].

Figure81. Part 27Ratorcraftmain rotor bladeconnection tdheengine mast assembly
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