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1. Mission Specification and Profile

The mission specificatiorequirementsputlined by theAmerican Institute of Aeronautics and Astronautics
(AIAA) designrequest foproposalRFP) for the 20262021Graduate TearShoulderLaunched AntUAV Missile
SystemDesignCompetition[1], are listed below iTable1.1.

Table 1.1: Mission Specification Given by RFHF[1]
Weight Specifications

1 Launcher + 1 Missile 40 pounds
1 Launcher + 10 Missiles 125 pounds
Maximum personnel carrying capacity 50 pounds
Performance Specifications
Threshold Ceiling 3000 ft AGL
Objective Ceiling 5000 ft AGL
Threshold Range 3.0 nm
Objective Range 3.5nnm
Maximum Launch Accelerain 2 gbs
Minimum Warhead Arming Distance 200 ft
Maximum Noise within 100 ft of Launch 120 dBA
Capability Specifications
Minimum Interdiction 10 drones per hour
Storage Length Up to 10 years with no maintenance

The preliminary mission profile of thdesign flight plan is shown below Figurel1.1.

4. Engage @ 200-250
knots and Neutralize

5. Wreckage
; e Falls In
+~ Controlled

Descent
Q‘ofaa‘;@ 7. Prepare form‘ 5
A DO next target or?
e ® @\%0 oY e('\et @
< 3 . L ol
@,’ﬂ\e ) o \’\203 0§t P\GL

. B
r‘f&‘%e X % AQOO fr
' p s ots
1aunc 120 xno
\0 @

3. ?&“‘ 5w
AGH?

2. Range Credit
Climb to 5,000

ft @ 180 knots 9. Range Credit
Descent to Launch

Platform for Refueling

Figure 1.1: Mission Profile [2, 3
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2. Historical Review and Competition in the Market

Although Unmanned Aerial Vehiclke(UAVs) have been used for combat as early as 1849, when Austrian
forces tied bombs to hot air balloons and launched them over V@hidbese vehicleéypesand thé roles have
changed greatly over time. With small civili@perated UAVs only recentlyaining popularity (andstartingto
cause trouble fdooth civilians and thanilitary), the history of purposbuilt antidrone weapons is somewhat short.

While traditional firearms may be effective at countering some types of UAVSs, this chapter wiltilgrima
investigate devices designed specifically for coultBV operations. Nearly all devices appropriate for countering
type 1 and 2 UAVs as they are known today are currently available while others are still in development. These

devices fall into thregeneral categories: jamming devices, projectile launchers, and airborne platforms.

2.1 Jamming Devices

In many cases, the simplest and safest way to disable a UAV is to do so electrotiieadlpyavoiding
explosivesandhigh-energy materials. AMUAV jamming devices, such as the DroneShield Drong@liand the
Paladyne E1000MP8], shown inFigure2.1 andFigure?2.2 respectively, emit a jamming sigratl a frequencyhat
matchest he t arget 6s c.oThinfarcestlieat i on
target into a controlled descent or eliminates control entirely.
A concept of operations, CONOPS, diagram for devices of

this type is shown irigure2.3. Currently available devices

of this type are practical and simple to operaterbgtire a

Figure 2.1: DroneShield Dronegun . .
Jamming Device [5] line of sight between the operator and the targiey can

interfere with nearby communications and GPS technology, limiting their availability to civilians. Many also
struggle to be effective at a rangieaterthan one kilometer.

Some larggamming devices, such as the Skyfeficg create a

stationary fAwall o through whic pass
losing control; this strategy is effective for area protectlout is
immobile. Other devices, like the Dronekill8] do not jam the target,

but instead emit a softwarkefined radio signal which increases the bit

error rate of onboard equipment. Figure 2.2: Paladyne E1000MP
Jamming Device[6]

é; Aerospace Engiering 2
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Depending on the

Operating in
Jamming Si; hes ] ) '
R i Target (fAvg;, to Connectionjto  configuration and flight path of the
1 Kilometer Away UAV Operator
Is Severed target, a cotrolled descent may not
TR be possible, resulting its destruction
Controlled
Descent and collateral damage to the

ﬁTarget Retrieved  SUrrounding area.
For Forensic
Investigation

2.2 Launched Projectiles

Figure 2.3 Jamming Device CONOPS More consistent with the
missile design strategigunched projectilelevices enable a single soldier or vehicle to fiprajectile at a UAV
target with the intent to disable or destroy it. A popular shodlerched missile system is the Raytheon B/
Stinger: an infraredyuided antiair missile with a 6.ound warhead and a range of nearly 5 kilomd&rsShown
in Figure 2.4, the Stinger missile has been in service since
1978 and has been combat proven in conflicts around the
world. Despite its reputation and versatility, it is a somewhat
large system and may struggle to hitadl, agile targets such

as quaetopter UAVS, inpart due to their low infrared

. . — signature A less dangerous alternative to the Stinger missile
Figure 2.4 Raytheon FIM-92 Stinger Missile P]

is the SkyWall capture system, which firegsamnister containing a deployable net toward the target UAV. Once
cgptured, the target is lowered to the ground with a parachute, allowing for forensic afdlysghown inFigure

2.5 andFigure2.6, the SkyWall system offers a safe andisable solution here electrofjgmming devices cannot

be used, although at an operational range of only 0.3 kilometers.

Figure 2.5: SkyWall Net Mechanism[10]

ﬁ Aerospace Engeering 3
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Another mobile launcher option is the SAVAGE missile
concept, which is currently under development by SmartRounds
Inc. and not yet available to consuméid]. The SAVAGE

missile system launches a-#tim nonrexplosive missileFigure

Figure 2.7: SAVAGE Kinetic Missile [11] 2.7  from a
shoulderlaunch platform (Figure 2.10). Electreoptical sensors
guide the missile toward the target, which is then disabfezh
impact. These reisable rounds are effective against type 1, 2, an

UAVs up to a 5-kilometer range but the ballistic nature of this

system limis its availability and usefulness in populated areas. .
Figure 2.8: SAVAGE Launcher [11]

Some counteJAV
devices employed by military
\ groups are too large for a single

soldier to wield and must be

Fragmentation

Warhead

Suisuation transported by a large vehicle.

Mid-Fligh

Course

Comnection

This category includes 5@&m

— antrUAV shells launched from
the Northrop Grumman
Figure 2.9 Operation of Anti-UAV 50-mm Shell [13] Bushmaster cannor{1Z, as

Projectile Intercepts Shown inFigure2.9, as well as

Operating in Remote Area .
Where Ballistic Devices are x’farget 5 I.(llf:)meters )
Appropriate Away (Missile) any standard vehiclmounted
ﬁff;&a;;:f,ﬁes automatic  firearm.  Some
Target UAV I/ “M[ devices, such as the Lockheed
) R Martin ATHENA, destroy their

Target Destroyed
) Target Captured . .
Device Launched A And Retrieved  targets with directed laser
From Single
Operator Or Large
Vehicle

weapons. Due to the military

nature of larger devices such as

Figure 2.10: Shoulder or Vehicle Launcher CONOPS these, their marketability and

ﬁ Aerospace Engiering 4




viability in populated areas is greatly reducAd.launched projectile products require a line of sight between the
target and the launcher to be effectiiurthermore, the target is destroyed, preventing forensic analysis. A

CONOPS diagram is shown kigure2.10.

2.3 Airborne Platforms

Perhaps the safest (although somewhat complex) sol

to the countedrone problem isa fully controlled airborne
platform which interceptssmaller UAVs non-destructively
Systems of thd type, as seen in service by Japanese police fo

[14], can capture UAVs in a populated area without the use—

Figure 2.11: Delft Dynamics
DroneCatcher [15]

target.Such a system is thgelft Dynamics DroneCatchét5]. As siown inFigure2.11, the DroneCatcher utilizes

high-energeticsand without a lineof-sight connection to the

a quadcopter configurationwith a mountedoneumatic net gun with a range of 20 meters. The DroneCatcher
intercepts a target with a speed of 20 meters per second, then hovieysheéaire firing the net. The captured UAV
can be towed back to an operator or dropped with a parachute if the target is too heavy to retrieve. The DroneCatcher
system is safe to use in populated areas but requires a ground station and an experiens&lQNQPS diagram
for this device is shown iRigure2.12.

A comparison between the CONOPS diagrams of all three system Bigase@.3, Figure2.10, andFigure

t hat

212r eveal s nearly al/l | auncher devices on -the m
o ki1l o Vi a j ammi
Operating in Populated Area
Approach Target .‘ Target UAVis  capture can reduce
Ground Station At 20 Meters per Captured in Net
Identifies Target, Second / From 20 Meters collateral damage and

Trained Operator

Pilots Counter-
UAV Drone

i

=

Al

Operator

Figure 2.12: Airborne Platform CONOPS
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3. Introduction of Design

Since UAVs and the threats they pasey greatly and change quicklersatility and adatability were key
consideration while designing this vehiclé-urthermore, system safety and mitigation of collateral damage are
points of concern for any combat system. With themeupeterdin mind, the HFBWEB team has created the
RHI*NO (Ramming Halolnterceptor *Net Optionai)A re-usable and durable UAystemwhich is capable of
multiple interception techniques.

The coleopter configuratiomf the RHI*NO allows for vertical takeoff and landing froomevenground,
transition to a higtspeed climb odashyery high maneuverabilithover capabilityand survival of extreme forces
and impacts during operatioin emphasis on humasituational awarenessid system redundancy helgngprove
safetyandmitigate collateral damagA robust sensor suitensures accurate payload delivergdgrobability-of-
kill is increased greatly by the ability to turn andergage a target. The standard payload allows for up to six kills
per deployment, with even more possible through other engagement strataglesds can be deployed during a
close overfly maneuver, or in a hovering loiter above slaweving targets.

Key features of the RHI*NO, later referred to as the hovering masdeHovering Missile System (HMS)
are outlined irFigure3.1 andincludea titaniumarmored Kevlar fuselagejicrostator guards teeduce operational
noise andorotect the variable pitchcimitarbladepropellers, and standard payload whialisables targets with
nets fired from shotgun shelBlectric motas eliminate storage and flight control concerns related to fuel burn and
internal combustion engineghile providing exceptional performance at altitude. Hjglecision acoustic vector
sensors andigh-definition video transmittedto the operatoiin real time allow for first person (with depth
perception) supervision or control of interceptioas well as human assessment of target priority and identity to
supplement the identification algorithms of the onboard comgitlectronically hardened internabmponents (all

of which are currently available TRL 10 devices)d triple-redundant flight controlsffer reliability during any

mission. The entire system fits into a compact case and can be quickly assembled and launched by a single operator

in a hostie environment.

é Aerospace Engeering 6
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Durable Polycarbonate

Nosecone
\ Emergency
NACA Inlets to Cool Parschute
Internal Electronics 1
Microstators Protect S\Strong Kevlar
| Fuselage

Scimitar-Bladed \

Variable-Pitch Propellers

Titanium Armor and/ﬁ‘é:': Precise
Foldable Landing " A Acoustic Vector

Shotgun Payload Fires
Through Ballute Tailcone /

Gear Legs :3 Sensors
Triple-Redundant
Flight Control Servos Adjustable
-
. Length Feet
l
i

Figure 3.1: RHI*NO Design Features Overview

The RHI*NO was developed as a conceptual expansion of th&38rojec{16]; a compact aircraft with
exceptional performance, control, and diligh Since the XQ138 is known to have favorable handling and flight
qualities, three size variations of the RHI*NO are scaled with these known proportions. These variations offer
differing payload sizes for different missions and customers, so that eperator can choose their preferred
balance between safety and firepower.

The performance characteristics of this design suggest that targets far beyond those detailed in the competition
guidelines can be engaged: UAbfKclass | toclass V, ground targe, small manned aircraft, and beyofitie re
usablenature of the RHI*NO greatly reduct®e systentostperinterception compared toore conventiongland
more dangeroud)allistic devicesAs outlined in this report, the RHI*NO stands to replace huméigns of the
current market for count@d AV devicesand provide a versatile and robust platfdommilitary and security forces

for years to come.
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4. |nitial Design Considerations

The following sectiordetailsthe process by whickhe system design cogfiration and target drone
engagemenmethods were chosen by providing an overview of the design optimization function and its parameters
andutilizing this functionfor the initial desigrdown-selecion.

4.1 Design Optimization Function

The following gtimization function provides a method to quantitatively assess and compare the viability and

desirability of each preliminary desigimd engagement mechanisonsidered for purposes of dowsalection.

50 YO O (Eq.1)

Thefollowing requirementsnd their respective quantitieere predetermined bydke listed in th&®@FP[1].

mQRE QDOETE 0 QIR QGO wi nm QQwE Qe a Q

Yo o 00da e 0 QIR RAH oi (T4 2 Y o oooe ot ao (49
Oonea T o nQQ  ofm 0 "0
Yoo tmd (Ea. 3) Y oo  ounes op E10
O nRQ pcod o RO pAYd @i OB
Yo o0@ pcad (Ea. 4) Y 500 pnAvéojon E41D
O OROGTROBI &M@ O ¢ ichims Q0 <Gl
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The objectives encapsulate HMBEB 6 s pr i mary goals for the systembs

each of the design objectives are correlatét the relative importance of each metric as defined by the team.

i e "QEBtE aQ

QEBE 6 Qe Q@E a nORE HOEB QU XNEPNO wi

0 o ™E aQ (Eq. 15) O W o i 7 e s n e e v T o (Eq. 22
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m QEQWI06 6 I'00 6 'Q'QO6 & ol 'AEQ
0 Y QQUAI0S & i'00 6 Q"Q6 a wol GO (Eq. 19)
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4.2  Configuration Down-Selection

The effectiveness of each design tygmnsideredor this mission can be assessed with the optimization
function described ithe above sectioi he followingsevenconfigurationsareconsidered and analyzealmissile,
ahovering missileaquadrotor missileaquadcopterafixed wing UAV, a lineof-sight jammer gun, and a lirad-
sight shotgunThe missile considetbe use obotha warhea@nd a reinforced structure for ramming target drones
The hovering missile, quaator missile quadcopter, and fixed wing designs each consiter following
engagement methods shotgunthat deploysetpackedshells a pneumatic net guthe use of Kewr strands for
entangling the rotors of target dr@nand a ramming technigui€he two lineof-sight configuration®nly consider
a single kill methoda jamming signafrom the jammer guror anet from the shotgunTable 4.1 outlinesthe
requirementsaind objectives thadre met by each system configuratiatong with their final score as determined
by the optimization functionDesigns that fail to meet the mission requirements are highlighted in red, and the
highest scoring desigrare highlighted in greerifhe engagement methods associated withhthbest scoring
configuration are dafledanddown selecteéh the following section

This effectiveness analysis suggests that-asedle hovering missile design will be the most ¢ifec
configuration for this mission, although it isiclearwhich of theengagementmechanismsg shotgun net, a
pneumatic net gun, rotor entanglement via Kevlar strandseinforcing the structure for rammipgre most
advantageoysas thecloseness athe total optimization function scores indicatemodular hovering missile with
multiple payload optionis likely the most effective against a large range of targets in many interception scenarios.
This versatilityincreass thelikelihood ofinterceptig eachand anytarget droneas therearemultiple engagement
mechanismgvailable upon each deployment of the hovering misBhes level ofvariability is optimal due to the

wide range of drones that this system must be capalbiéeoepting.

é Aerospace Engeering 9




Table 4.1: System Design and Engagement Method Dow&election Via the Optimization Function Defined in Chapter 3.1
: : : Engagement Requirements Objectives Optimization
SystemDesign Configuration Method F ion Total S
etho Ri|R2| Rs3| Ra | Rs | Re | R7| Rs | Ro | Rio | Ri1 | Ri2 | R13 | O1 | O2 | O3 | O4| Os5| Os | O7 | Os | Og | O10 | O11 | O12 | O13 | O14 unction Total Scae
0 (Requirements
Warhead 17111 11111 |1 |1 1 0 1 1 6 |2 |3 |8 |0 |2 |0 |0 |0 |8 0 5 (10 |15
. not Met)
Missile Ey——
equirements
Ramming 112 (1 |1 |21 1|1 |1 1 0 1 1 6 |2 |3 |8 |7 |2 |0 |0 |0 |8 0 5 |10 |15 (Req
not Met)
) Shotgun Net 1 111 1 1)1 1 1 1 1 1 1 1 6 2 3 8 0 2 5 8 5 8 25 | 5 10 0 64.5
,—q{ y \}/
Hoveri % 4 PneumaticNetGun | 1 | 12 |1 |1 |12 |12 |12 |2 |2 |21 |1 |2 |21 |6 |2|3|8 |7 |2|5|8|5|8 |5 |5 |10]0 74
overing 2
AISEl KevlarStrands | 1 |1 |12 |21 |2 |1 |12 |2 |2 ]2 |2 |1 |1 |6|2|3|8|7|1|5|8|5|8 |5 |5 |10]0 73
'/,,'/
Ramming 1 111 1 1 1 1 1 1 1 1 1 1 6 2 3 8 7 2 5 8 5 8 0 5 10 0 69
Shotgun Net 1111 1(1]1 |1 |1 |1 1 1 1 1 6 |2 |3 |8 |0 |2 |5 |0 |50 0 0 5 0 36
Quad- PneumaticNetGun| 1 | 1 |1 |1 |1 |1 (1 |1 |1 1 1 1 1 6 |2 |3 |8 |7 |2 |5 |8 |5 |0 5 0 5 0 56
Rotor
Missile Kevlar Strands 11212 (1 |1 (1 |1 |1 |1 1 1 1 1 6 |2 |3 |8 |7 |1 |5 ]|0|5]0 5 0 5 0 47
Ramming 1 /11 |1 |1 |1 |1 |1 |1 1 1 1 1 6 |2 |3 |8 |7 |1 |0 |0 |0 ]|O 0 0 5 0 32
Shotgun Net 1]1 11 1 (11 |1 |11 1 1 1 1 6 |2 |3 |8 |0 |2 |5]|0|5 |8 0 0 5 |15 45.5
Pneumatic®tGun | 1 | 1 |1 |1 |1 |1 (1 |1 |1 1 1 1 1 6 |2 |3 |8 |7 |2 |5 |8 |5 |8 |25]0 5 |15 63
Quadcopter >
i%/’ _.“ ] Kevlar Strands 11212 (1 |1 (1 |1 |1 |1 1 1 1 1 6 |2 |3 |8 |7 |1 |5 |8 |5 |8 |25]0 5 |15 62
Ramming 1 111 1 1 1 1 1 1 1 1 1 1 6 2 3 8 7 2 0 8 0 8 0 0 5 1.5 50.5
Shotgun Net 1111 1111 |11 1 1 1 1 6 |2 |3 |8 |0 |2 |5 |0 |50 0 5 0 0 36
\ PneumaticNetGun| 1 | 1 |1 |1 1 1)1 1 |1 1 1 1 1 6 |2 |3 |8 |7 2 |5 |8 |5 0 10 5 0 0 61
Fixed Wing
\/ KevlarStrands | 1 | 1|1 |1 |1 |1 |1 |1 |1 |1 |21 |1 |1 |6 |2 |3 |8 |7 |1 |5|8 |5 |0 |10|5 |00 60
Ramming 1 111 1 1 1 1 1 1 1 1 1 1 6 2 3 8 7 2 0 8 0 0 0 5 0 0 41
Line-of-
; 0 (Requirements
=il JammingSignal | 1 | 1|1 |1|21]2 |12 l0o]o |1 |2 |1 |1 |o|o|o]o]|7 ||NAa|O |8 |5 |NA|O |5 |[NA]S (Red
Jammer not Met)
Gun
Ling-of- 0 (Requirements
Sight Net Capture 1111 1/ 1)1 |1 ]0 |0 1 0 0 1 0|0 |0 |8 |0 NA|5 |0 |5 |NA|O 5 |IN/A | 3
Shotgun not Met)
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4.3 Hovering Missile Engagement Systenbbown-Selection

The firstoption for engagemeif target dronets
the use of antdrone shotgwtaunched net shells. Th
most proven example of these on the market today
SkyNet Mi5 shells, shown irFigure 4.1, which are

already in use in military and civilian law enforceme: Military { Police | Cilian

I 3w bl L e v

[18]. These shells are traditional-iauge rounds which Figure 4.1: SkyNet Shotgun Net Shells [17]
contain a fivefoot wide net 18]. When the rounds are fired, five tethered pieces extend to createtthatwraps
around the target dronaes illustrated irFigure 4.2, disabling its propulsion system and crashing it. This leads to
impact damage to the drone, and the possibility of drone recovery and examifiati@kyNetshells ae equipped

with a parachut preventdamage and injurgaused bylangerous fallingebrisif the target isnissed. These shells
are already proven to be effective in use against
Class 1 and 2 drones, as the Air Force uses these
shells with modified Remigton Model 870

shotguns[17]. For use in a reusable missile

design, some sort of shotgun style launch system

Figure 4.2: Shotgun Net Capture [3] would be necessary, althoughmitty not require
the range or power of a normal shotgun depending on proximity of the missiledogbieA simple loading of the
shotguns shells would take less than 5 minutes to complete ensuring the RIIFIS$Qo return into action.

Another option for capturing a target drone involves the use of a pneumatic net gun, as dfigwreh3.
Advantages of using a pneumatic netgun over a shotgun net include the following: there is no need for a casing
around the net which allows for nets to be reused
and reloaded with ease, the net can be tethere:
the system due to ¢ebe
there is minimal recoil from firing the net, nc
propellant is necessary which increases safety,

there is no gunshot residue which prevents eng

Figure 4.3: Pneumatic Gun Net Capture [3]

e
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ingestion, damage, and stall.disadvantage of a pneumatic net gsithe low power and firing rangef the net
This require the system to be closer to the target drone for interdiction and captur®etfteDynamics
DroneCatchefmentioned in Sectio.3) utilizes a pneumatic net gwith a range of 66 fedtl5. However, by
interdicting the target drone at a closer range, less accuracy is required, thereby guaranteeing consistently high rateg
of interception given the systemds man elushorld Bemotddi t vy
that pneumatic gunquirea nontrivialamount of compressed air storagen to shoot targets at relatively close
distanceswhich add additional complexityvolume, and weight to the system.

The thirdengagemennethod considedinvolves interfering with the rotors oféttarget drone. By dropping
or shooting Kevlar strands in its flight patis shown irFigure 4.4, the Kevlar entangkethe exposed rotors to
disable the drone and potentially haul it back to base. The employment of this methodeofajtare adds an
additional level of complexity to prevent the Kevlar from entangling the propulsion system of tHeoametimissile.
However, because rotor entanglement hi

not yet been employed as a method of drol

capture, additional research anditesmust 4 5 “
?((" e _
be performed to more clearly understand tr ‘; o=
N
capabilities and limitations of this capture
method. While all three of these Figure 4.4: Kevlar Strand Rotor Entanglement [3]

engagement systems which require firing a net or strands at a target could be deployed during a close overfly
maneuver, thegould also be deployed after entering a hover above the target and firing downward. This method
allows for several attempts at hitting sloweoving targets such as quadpters.

The ramming engagement methisatconsidered for its effectiveness and praddtig. The baseline method
utilizes strengthening certain sections or the whole body d®H&NO. Another concepis the inclusion of a front
plating which would extend from the notseact asahorn to pierce enemy systenise ideal engagement consist
of damaging the wing and/or the projgelbf the target dronghereby renderinghe target inoperable. To achieve

this goa) Kevlar and titaniunare both consideredue to theitigh strength and fracture toughness

é}: Aerospace Engiering 12
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The following concepts

> gl

, - _n
o
( f were taken ird consideration:
4

ramming horn, outer rim

hardening, and full body

hardening. Once the RHI*NO

Figure 4.5: Piercing Horn Design[3] reacheshe engagement phage

the operation, théight speed would increase to ensure the horn pierces the wing, propeller, or body of the target,
as shown irFigure4.5. A potential flaw is if theHMS is unable to penetrate completely through the target drone or
create a large enough hpléthis occursthe target may remaion the horn throughout the duration of the flight
This anbeavoided by focusing on attacking the outer edges of the wings.

The outer rim variant utilizes strengthening a portion of the casing which surrounds the propeller. The missile
engagethe target and strilawith this strengthenedection against the wisgr propelleras shown irFigure4.6.
With a largerammingareathis method has a higher probability of successhitikingthe target withoulamaging
the missile.This specific area of hardeningutbe removed and applied @een necessary for the mission. The

complexity of the systens low, as only dayer ofplating is attached.

S

‘» Inﬁ'
P |
]

v

o -
V= s

Figure 4.6: Hardened Shell Desigrfor Kinetic Kill [3]

The final ramming technique explored is the full body hardening. This technique employs adding a hardened
shell to the entire missile likedtexoskeletorof an insectThe missile would then be able to charge full force against
the target without concern of how édffectivelyhit it. It is also the heaviest since the entire systequiresarmor,
thus reducing usable weight. The concept of deisigimilar to the hardened outer rim design showrigure4.6.

All of theserammingconcepts employhe use of microstatorsver the propeller intakeo as toprevent
ingestion of debris created through impalthe ramming methib of engagemendoesnot allow for controlled

descenbf the target and debrishich may pose a hazard to civilgifioperated in an inhabited location.

Aerospace Engeering 13
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Upon comparing and contrasting the target drone engagement mdéiaiisd in this sectiont is decided
that the first RHI*NO release will employ the use of bottaedened shell design for ramming andaerialshotgun
launchednet shell for disabling the target drofldve pneumatic net gua provided as an option for future models
and product releses of the RHI*NGf more densely packed compressed air stocagebe achievedhe Kevlar
strand payloagvas considered as option buttestingresulted irnthe strands becoming entangled with one another

and being ineffective.

5. Systems Design

The following section documents the senaaod communication system selection for the RHI*NO HMS.

5.1 Stability and Control Sensors

Several sensors are needed for the hovering missile to maintain flight control as well as to track and intercept
a target.Sensors relate to the navigation and control of the vehicle include a gyroscope, accelerometer,
compass/magnetometeand GPS[19]. An inertial measurement unftMU) is used in place of the gyroscope,

accelerometer, and magnetometer.

5.2 Target Drone Tracking Sensors

Senwrs used to identify and trackgroup! or Il UAV include the following types as described bgble
5.1. Due to the high variation among potential targets, at least two of these detection maibtimsemployedto
provideversatility.
Table 5.1: Target Tracking Sensors

Sensor Type Functionality Appropriate for Counter -UAV?
YES

Detect changes irheatsignature tdfollow

IR (Infrared) target (May not beeffective beyond 130t or
9 against sometargetg20])
RADAR (Radio . NO
Detection and Ranging Detecs radiowavesreflectedoff target (RADAR antennatoo large)
YES

EO (ElectroOptical) Detectvisible light reflectedoff target (Currentlyavailableandcompatible with
imageprocessingalgorithms)

AVS (Acoustic Vector Detectacousticsignature tdfollow target VES

Sensing (Requirestuningout hostaircraft noise)
RF (Radio Frequency| Detectradiocommunicatiorbetween NO

Detector target andperator (Detector Too Large)

é Aerospace Engeering 14
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5.2.1 Acoustic Vector Sensors

Acoustic vectoisensos, made commercially available ir
2002 by Microflown Technologies, operate on the principle
measuring air particle velocity2]]. Compared to standarc
acoustic sensors which only measure sound pressigréd\{S

system has the capability to determine the direction of

acoustic wave with aneasurement at a single point. The AV

has already been integrated into UAVs significantly smaller th-~::
Figure 5.1: AVS Onboard Small UAV [21]

the hovering missile as shownhigure5.1 and can accurately detgmtecise acoustic signaturetspecific UAV

types at a range of 10 Hz to 10 kF2A] without a line of sight to the target.
The AVS utilizes two wires strung across a channelutinowhich air flows. As aacoustic wavelisturbs
the air within the channel, the wires are cooled at a differential rate according to the direction and intensity of the

wave. This coolinghangeshe electricatesistance of the wires, allowing fopeecise measuremeumitthe direction

and distance from which the sound originated. A cluster of three of these sensors pointing in three perpendicular
directions can locatthe source of a sound within thrdemensional space. As shownhkigure5.2 andFigureb.3,

these sensors are remarkably small and lightweight, @mideceasily integrated onto a UAV.

Figure 5.2: VS Wires Acros Airflow éhannel _E21] Figure 5.3: AVS Instrument Scale [22]~

The AVS system daenot require a silent host aircraft to be effective. Background noise caused by rotors or
the environment can be filtered out by computer algorithms which search for specific acoustic footprints generated
by potential targets. The accuracy of these aflgao$ for drone detection has been measured at 96% or higher in

four different noise environments by a study in 2023],[as shown imTable5.2.

a?
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Table 5.2: AVS Drone Identifi cation Accuracy[23] I turbulent airflow generated by the hovering
Setting of Drone o . .
Identification Accuracy | Precision missile woutl impede the accuracy of the AVS system,
Crowd 0.964 0.984 . . ;
Nature in Daytime 0.992 0.983 a rotating casing can be used to create laminar flow
Natgrtfe\g;tcv:haﬁ;ﬁcﬂall 8322 8323 over the sensor2f]. This casing would resemble a

bullet protruding from the aircrafshown inFigure5.4) and would house the AVS. Thetating outer shell would
provide laminar flow through which acoustic waves pass without interruption, as well as protection against dirt
particles and debris.

While acoustic vector sensors are accurate ¢
conveniently sized, the origin of a-@@cibel noise (about

the volume of a normal conversation) can only be tracl

from 164 feet awayZ5]. Therefore AVS is beneficial for
Figure 5.4: Laminar Flow Sensor Housing [24]
endgame maneuverbutrequires supplementation from other sensory equipnientracking outside of thisange
As thehovering missile enters the final interception maneuver, the acoustic vector sensors will provide a precise

measurement ofthe a r g e t 6 is 30 spacaastshowmirFigure5.5. With this information, the autopilot can

execute a ramming maneuver if desired, or closely overfly the target andrdfiop one of several specialized
payloads including SkyNet shellsThe acoustic vector sensors remain effective regardlediseation andallow

for precise payload deployment when the target is behind or below the hovering missile, as sfigune 6.

AVS Range AVS Range
5 < [X.Y.Z]=(0.0.0) [X.Y.Z] = (0.0,0)
b (3053;N - i [X.Y.Z] = (-10,0,0)
s i — G — " X,
I | R
- Shotgun Blast
Course Correction Calculated by AVS Guides Accurate
Parallax and Depth Perception Drop or Firing of Payload
AVS Range AVS Range
Figure 5.5: AVS Target Tracking During Figure 5.6: AVS Target Tracking During
Approach [26] Interception Maneuver [26]
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5.2.2 Electro-Optical Sensors

Similar to acoustic vector sensors, eleapical (EO) sensors offer an extremely lightwgét (3.4 g) and
compact means of detecting targets within close rardggdjike AVS, a computer algorithm can be used to identify
the signature geometry of target UAVs. Eleatqitical sensors onboarc
the hovering missile allow the operator to monitordaaintain control
over) the interception with a firgterson view. Integrating two small EC

sensorslike the oneshownin Figure 5.7, on either side of the rotor

shroud increasethe effectiveness of the sensors and the sitoailtic

Figure 5.7 Wolfwhoop F4SD
awareness of the hovering missile via depth perception. FC Integrated OSD [27]

5.3 Ground Station

The modular sensors for stability and contesild communications, their specifications, and configuration
within the HMS are outlined more thoroughly $ection8. However, to communicate effectively with the HMS
while it is in the field and to track unidentified drones that enter the airspace, a ground
station is necessary. This ground station incd@afeRF sensor and a fifgerson view
(FPV) headset. Due the long range and minimum weight requirements, the Dedrone
RF160(shown inFigure5.8) is utilized as a backup tracking system for the RHI*NO
and for detecting target drones that enter the airspace. This detector adighS

Ibf [28], so it can be carried into the field witbase. Thecameras on board the

Figure 5.8: Dedrone R~
160 28]

the RHI*NO is capable of operatingutonomouslyit may still be

RHI*NO wirelessly feed into the Orga FPV.One headset shovgiare5.9. While

necessary for a pilot to intervene and direct the disrféendly
UAVs are in the area an the event that it comes across terrain t

can only be realized from a camera. This active pilot monitor

allows for identification of the target drone prioréngagement.

6. Powerplant Design Figure 5.9: Orqa FPV.One Headset 29

Thefollowing section documents the propeller, batt@ryd motosizingselectioranddesign proces®r the

RHI*NO HMS.
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6.1 Propeller Sizing

This section highlights the propeller design for HS at 8, 12, and 16 lb#\ blade element momentum
theory,(BEMT) code wagleveloped by HFBNVEB andutilized for the analysis of the propeller in all thféght
conditions: hover, climb, and dash. The hover conditsotlefined for a VTOL starting from 5000 ft to an altitude
of 10,00 ft at 10 kts. The climb conditioirs based on traveling 5000 ft vertically and a distance of 3.5 nmi
horizontally to achieve a climb gradient of 23.5%. The dash condgibased on traveling the complete distance
of 3.5 nmi at a speed of 250 kts. Atiree of thesdlight conditionspecificationsareinvestigatedo optimize the
RHI * NO6s p.erformance

Two different rotor sizeareanalyzed to find the best fit for the missidime firstutilizes a large rotor chord
while the second utilizea smallerrotor chordat half the valueof the first A rough skin approximation to account
for dust and scratches from operation or shipping and handlegiimatedo approximate the coefficient of skin
friction.

Design relationships between key design featanekthe rotor diameterregatheredrom Ref.30, asshown
in Table6.1, to use for design calculation estimat€le equationare rearranged tbe in terms of rotor diameter
asit made desigmadjustments simple to empldéyr a family of sizes of thatHMSs

Table 6.1: Salient Characteristics Relationship to Rotor Diameter 31, 33

Salient Relationship to Rotor Diameter
Characteristics Large Rotor Chord, Rough Surface Small Rotor Chord, Smooth Surface

Fuselage ) . . ,

Length a ¢d0 (Eq. 29) a ¢®0 (Eq. 37)

Fuselage , O ] (0]

Diameter O o (Eq. 30) O 5 (Eqg. 39
ROtg;Sr‘jard & PO (Eq. 31) ) PO (Eq. 39)
Rotor guard . O " O

chord 0 C (Eq.32) @ - (Eq. 40)
Wetted Area Y 180 (Eg. 33 Y ¢® © (Eq. 41)
Skin g”c“on' 8 0.004 (Eq. 34) 6 0.003 (Eq. 42)
P itéArea, . »

ara§!Q rea Q pm 8 8 (Eq. 35) Q pm 8 8 (Eq. 43
Coefficient of | pm?d 8 6 ) pm?é 8 6

- —_ Eqg. 36 —— (Eq. 44

Drag, ° e A ™® © oo 449

With the known required thrust, flight speed, and target rotor diantkeéprimary featureaf thepropeller
wasestablishedTo allow fordesignflexibility , a nonlinear twist in the propelleis incorporated. This allosfor

increased efficiency between all three flight mqaessthe only variablparametersluring flightarethe rotor speed
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and the root pitch angle via a variablgtch

propeller. The pitch of the propeller blades i

varied by a servo connected to each propel ‘
B = Rotating Component

. . [[]= Sliding Component (Along Longitudinal Axis)
with a swash plate assembly, as ShdWQUIe G- piade pitch Actuation Servo o

|:|=Motor
6.1. The BEMT code incorporateEq. 45to Eq.
52 [33] to provide realistic values of thrust thi
propeller produed by the propelleiThis code is "\

capable ofaccounting for the mitigation dip-

loss effects from the induced inflogaused by

Figure 6.1: Propeller Actuation System

the utilization of a ducted fan. The code allowed for the géineraf plots similar tahose shown ifrigure6.2 and
Figure 6.3, which indicate where along the span of the propeller that lift is generated or stall.oCcarmflow
ratiois calculated from Ed@l5, where r is the radius of the propeller from the root defined from the propeller stations

divided by 2 using the trapezoid rule. The induced power/ torque coeffisiealculated based on Esf).

. p ~
R Y o i x S v Coa S ek g R
R — |Xw§:{' 0 e qﬁ.,.; AT} P& (Eq. 45) —1 0Q—1 0Qi — 1 ©Q(Eq. 49
& @ o
x 5 P, “ ‘
0 x noflwg_gz 1x _X QX z2°Q ix (Eq46) —X —X 02-2-1 (Eq 50)
© Toa 0 oo /
Do 98 e o 6
— 1 mQéTQns(u— L oQ— 6 (Eq. 48) o (Eq. 52)
” T &

To maximize the perfonance during all threight phasesan iterative approach was taken by changing the
values of— (a variable in the nofinear twist equationand— (the linear twist portion Whenthe lift curve over
the propeller span for dag@optimizedby bringingit close to 0 angle of attackAOA) and thebluecurveis straight,
(Figure6.2), thepropelleris stalled over an increased portion of the span fohther conditionFigure6.3). This
mears the propeller desigis optimized for the dash condition of the flight mission. Once an acceptable design was
metthatshowed high efficiencwt therequired thrusfor each flight conditionthe values fo—and— were kept
constant for the rest of the designs involving that weightemissile. Table6.2 displays the key characteristics for

each of the chosen propeller designs.
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Angle of Attack with Radius B Angle of Attack with Radius

25 alpha stall ~ 17° 25 alpha stall - 17%
E 0 @ 20
b b
4 135 .2 135
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E 2

0 B e ————— 0

0 20 40 60 80 100 0 20 40 60 80 100
-5
; Propeller Station Propeller Station
Figure 6.2: Dash Configuration Propeller Figure 6.3: Climb Configuration Propeller
AOA Created with BEMT Code AOA Created with BEMT Code

Each of the rotor diameters are anatyméth variations only in rotor speed and blade root angle, and a trend
is found which displays the required shaft power versus the rotor diameter. The hover, climb, and dash condition
trends are superimposed to creashaft power sizing chart f@achmissile desigrweight, asshown inFigure6.5.
Through this method is possible to find the optimal rotor diameter which fulfills all mission requirements for each
weight class of the missile family.

Table 6.2 Salient Propeller Design Characteristics

8 Ib. 12 1b. 16 Ib.
Hover | Climb | Dash | Hover | Climb | Dash | Hover | Climb | Dash
Diameter Rotor (in) 14.3 17.4 20

Shatft Power (hp) | 1.67 1.05 1.64 2.44 1.59 2.46 3.33 2.15 2.95
Shaft Power (W) | 1245 783 1223 1820 1186 1834 2483 1603 2200
Efficiency/FM (%) 54.9 89.3 70.3 56.8 88.6 69.4 55.9 87.8 70.4

ThetaO 7 32 30 5 20 20 10 27 30
Theta 1 34 33 34
Theta_tw -28 -17 -28
Rotor Speed (RPM] 6650 5780 | 11200 | 4800 4980 9290 4540 4550 8000
Vtip (ft/s) 415 360 700 365 378 705 396 397 700
Fwd F(':gg‘)t Speed | 45 | 120 | 250 | 10 | 120 | 250 | 10 | 120 | 250
Root Chord (in) 1.66 2.02 2.33
Taper Ratio 0.9
Root Cutout (%) 30
Number of Rotor 5
Blades
Ducted fan Yes
Thr“St(lgg'cu'ated 10 | 254 | 151 | 15 | 38 | 224 | 20 | 508 | 296
CT Calculated 0.0296| 0.01 | 0.0016| 0.039 | 0.009 | 0.0016| 0.033 | 0.0084 | 0.0016

6.2 Battery and Motor Sizing

The initial concept design utilizes an electric motor and battery as a power plant. This secties doctie
feasibility ofthis concept and integration into the design family. Multiple electric matersxplored t hes e mot

prominent traits of weight and electrical poveeedisplayed inTable6.3. The electrical power converted into
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mechanical pwer assuming a conservative Table 6.3 Electric Motors [34-39]

efficiency of 92%. | Corr esEedricMotarg ESCO6 sMa’EVwae‘Wg?ht
L Turnigy SK8 6374192KV Sensored
are found for the chosen motors and their Brushless Motor (14P) 4400 940
weights are considered. Currently, the PROPDRIVE v2 5060 270KV Brushless 2400 438
QOutrunner Motor
design utilizes an estimation for the Turnigy RotoMax 50c&ize Brushless 5300 1080
Outrunner Motor
: - Turnigy SK8 6354260KV Sensored
ht of th Il
combined weight o e propeller and Brushless Motor (14P) 3000 630
; Turnigy SK3 90mm (68S 3000w) Fandrive
spinner to be 40 grams. Thmowe to
P g fieo Brushless EDF Motor 39681500 KV 3000 ) 363
weight ratio of the motor, ESC, ang  Turnigy XK'4?74 2000KV Brushless 3000 | 380
nrunner

propeller/spinneis obtained from Eg54. Li-Thionyl Chloride batteries are used for the calculatibgure6.4 was
used to obtaithe power density of theattery, assuming the time fosengle use of this system is 5 mins.
UAVs with standard configurationsse 38% of the takeoff weight for the power plant fuel g0]. This

valueis used as a mass budget for the design fafftilg.weights are summed in Eq.. By rearranging to solve ffo

power, Eq56is obtained and becomes the method employed to justify if an electrical power source is possible.

, 0
w h h Tt

hh 07w S
w T
w WwoQQ S w
. ®
V] 3 v

w hoh w

0

(Eq. 53) With the use of the propeller design
(Eq. 54) resultsthe required shaft power for each of the
(EA.55  three flight phases for a variety of rotor
(Ea.56)  diameterss determined Thisis performedfor

3,5, 8, 12, 16, and 24fliIMS designs. lts found that only the 8, 12, and 16 tesgns converged to a feasible

data point; these results are showfriigure6.5. Upon plotting all the required shaft powers and the available shaft

power from the electric motoitis observedhatthe motordor thesedesignsareincapable of producing enough

power with the typical 38% weight
of takeoff allotmentBy increasing

the weight used for the powe
plant and fuel from 38% to 55% o

the takeoff weighfor these three

Power Density, P (W/kg)

desigrs, a viable desigis reached.

l()()()()“
IO()()—

100

S

10 se¢ I min

hloy

3 min

Ll

Li-Thionyl Chloride
I'L”LI L |\1 FeS2 thermal

10 mm

I he

\ukgl -cadmium

|
|
|
|
1
'y
|
1
1
|
1

Therefore, a fully elecit desigris '

utilized for the RHI*NO HMS
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Figure 6.4 Experimentally Gathered Battery Sizing Data [41]
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Figure 6.5: Engine Sizing 38% and 55% Takeoff Weighfor 8, 12, and 16 Ib HMSs
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6.3 Doghouse Plot

By making use othe optimizedpropeller and powerplawliesign characteristicketermined above, thight
envelope of the RHI*NQs determined byunning the BEMT code at various altitudes, ptopee r RPM&s, prr
root pitch angles, and flight speedse results of this analysis are shown in the doghouse pléigirre 6.6,
illustrating that the RHI*NO vastly exceett®e minimum requirements of the RAMe HMS is capablef reaching
a performance ceiling of 63,000 ft duettche syst emdéds wuse of an el ebdsedi c po
power plantWhile there isho drop inmotorperformance with altitude for electric vehiclése decrease in propeller
efficiencyis nonnegligible and was therefore accounted for in the calculations performed to gétiguass.6.
This massive range in performance has major implications on the ability of the RHI*NO to intercept drone classes

well outside of tihse specified in the REFhis is discussed in more detail toward the end of the report.

90000 T T T [

80000 -

70000

Performance Ceiling

60000

50000

Altitude, h (ft)

40000

30000

20000

0 fom ROC
———— 1000 fpm ROC |~

2000 fpm ROC
——— 3000 fpm ROC
4000 fpm ROC
| | | | |

0 50 100 150 200 250 300 350
True Airspeed, u (knots)

10000

Figure 6.6: 12 Ib HMS Doghouse Plot

e
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6.4 Noise Compliance

This section documents the expected noise thahaheringmissile design generateFigure 6.7 displays
experimentally colleetd noise levels recorded in decibels for the-X&8 design. As the RHI*N® slesign
configurationis similar to that of theXQ-138, it is expectedhatthe current missile design will produaemaximum
of 70 dB at a distance of 100 ft from the launch laratBecause the XQ38utilized an internal combustion engine
and the RHI*NO emplgs electric motos, this 70 dB estimation isimmenselyconservative.Therefore, it is

guaranteed that theoiseemissionsare well below thedesign constraint of 120 dB withil00 ft of the launch

location.
120 ——ICAO Lowest Small Aircraft Limit
g Background Level
= 110 —+—6" (0.25hp)
= \ —+—11" (1.3hp)
% 100 &\ 28" (8hp)
P ‘\ 4x39" 120 hp total
2 90 \
£\
g 80 \
=2
g 70 \
E \w
= 60 e e
% B, e M =
E 80
E
g 40
0 100 200 300 400 500 600

Overhead Distance to Aircraft during Flyover, Dz (ft)
Figure 6.7: XQ-138 Experimentally Collected Noise Levels [42

Moreover, the chosenRHI*NO design
implementghe use ofnicrostators documented
later in the report to smooth the incoming rotor
flow and decrease the noikvel by more than 3
dB. An experimental noise testing for a
conventional duetd fanvs a ductd fan with

microstators is shown ilRigure6.8. The provided

URL shows a video of the testing and resultg

performed at The University of Kansas.

Figure 6.8: Conventional vs MicroStator Noise[43]
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7. Structural Design

Thefollowing section documentkie external and internal structural design of the RHI*NO HMS.

7.1 Rotor Guard Design

The rotor guard design is heavily influenced by the rotor design due to the ducted fan design configuration.
The span, or diameter, of the rotor guerdearlythe samesthe rotor spantherebyprevening rotor tip vortices
and maintaiing rotor tip loading. The chord of the rotor gué&@5% of the rotor diametethischord corresponded
with a wetted area that satisfied the drag requirements for @hske ratiogor rotor guard span and choade
similar to that of the X@L38 a designwith the same configuration as the RHI*N®he airfoil crosssection,
however, isot directly related to the rotor diameter. Tiasnstead determined by tpeacticalneeds of theotor.
To allow the rotor to smoothly run against the rotor gaangreventotor tip vorticesaflat-bottomed crossection
would be necessarfiowever, a thick crossection would also be beneficial, as thickness in the rotor guard would
allow for the sbrage of a largenumberof batteriesA crosssection with both a flat bottom aradconsiderable
amount of thickness is thelark Y-18 | ——T B ——

airfoil, shown below irFigure7.1.

The airfoil data can be found Ref. 44. ~ 1 L

Figure 7.1: Rotor Guard Clark Y -18 Airfoil [ 45]
7.2 Empennage Desig

For control surface design, both a grid fin control surfabewn inFigure7.2) and a conventiondiin control

few important benés over a conventional fin design. A grid fin provéde
greater control authoritthan a conventional fin of similar size; a point ¢

concerrdue to the length constrairda the hoveringnissile body. The hinges

for the grid finsareplaced directly athe end of the missile body, maximiziny

Figure 7.2: Grid Fin [45]

the moment arm for control forces émsure maximuneontrol. Additionally, grid fins can be folded against the
body, allowing for more compact storagt.should be noted thatid finsrequire a more involved manutaring
approachthan conventional fin control surfacdae to the intricacies of thaesign latticeand the large amount of

wetted area will result isignificant drag penalties compareditocontrol surfacesDespite this potential drawback,
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the gridfin empennage design wakosen over a conventional fin design due toitiense benefits that come
with increased control authorignd maneuverability

The primary goal of thestability and controbnalysisis to ensure that the systamstablein return and
maneuverablén counterdrone pursuitA static margin of zerds desirable for flightprior to the use of any
interdiction payloagdasthis provides high maneuverabilitfjor endgame maneuvers, withatmpromising control
authority over the systenaused by instabilityThis also resudtin a positive static margin after interdiction, as the
center of gravity shift forward due to the loss dhe interdiction payload weight in theail, thereby making the
RHI*NO stable on return.

To achieve thesstability characteristics with grid = '. Selected

Tail Size

developed. This plot consssbf three lines expressed as i, s

fins, a longitudinal »plot, shown inFigure 7.3, was Most Aft Flight c.g.

function of grid fin area: the most aft flight CG (takeo

weight), he most forward flight CG (weight after the us R

of interdiction payload), and the HMS aerodynamic center. Figure 7.3: RHI*NO Longitudinal X Plot
The CG lines were found using the methods outlined in Se8tibusing varying grid fin weights. To find

the aerodynamic céer line,referencet6 was usedTo achieve a static margin of zero for the most aft flight CG, a

grid fin frontal area of 103 frwas necessayyndicating thathe grid fins need to extend approximately 3.5 inches

outside of the fuselagé. was determied that the grid fins will be circular and divided into four quadrants.

7.3 Titanium Armor Sizing Table 7.1: Titanium Armor Weight
. . Leading Edge anq
In Table7.1, the various armor weight estimations can be seerm'28 olf Design | orward Fuselage
(Ib) Armor (Ib)
for the 8, 12, and }pound designsTitanium was selectetbr the 8 0438
12 0494
protective materiadlue to its high strengtto-weight ratio. To estimate 16 0.725

the armor weighon the fuselage alone, the thickness oftitamium platingis added to the fuselage diameter, and

their combined area is found. After this, the area of the fuselage alone is subtracted, resulting in the area of the armor

surrounding the fuselage. Thigaris multiplied by the length of the fuselage to get the volume of the armor encasing

t he RHI * NOAdhis vdlums ientultipieel by the density of titaniurfor the total weight of the fuselage

armor. The same process is used to find the volume aightof the armor on the shroud.
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It should be noted thatpartially armored configuratiowas selected, covering the frduselage and leading
edgeof the shroudA fully armored design is unnecessary and would add extra weight. The nose of the system i

left unarmored and is made out of polycarbonate to ensure electric and optical transparency for the sensors.

7.4  External Structure

As shown inFigure7.4, the RHI*NO features a sledkselagedesign to reduce weti areaa section of the
forwardfuselages cut away andupported by the microstatarad landing geatAdditionally, the aft fuselages
narrowedby wrapping the external structuseound the internal componeiseliminatewastedspaceFor drag
redudion, a balluteon the tail of the desigallows for steadyairflow from the fuselage into the free stredimstead
of a perpendicular drop whiatauss thedrag coefficiento doublg. The ballute is a hollopinexpensive,
replaceablastructure made of th plastic film through which the SkyNet shells are fired during intercepiibe.
ballute easily screws into place, allowing for quick replacement of the paylbadixlanding gear legare made

of titanium Table 7.2 provides the salient characteristics of Wedicleconfiguration.

Figure 7.4: Hovering Missile Three-View

7.5 Internal Structure

The skeleton desigof the internal structural components of the RHI*M&hownin Figure7.5. To support
the structure bulkheads are spaced throughout the fuselagkrios are placed within the rotor guard. The
microstators are connected at ring frames to the fuselage tofali@roper load transfesturingramming andn-
flight maneuversThe skin is aemimonocoque desigof Kevlar compositeand thefrontal portion of the fuselage
along with the leading edge of the rotor guasdayered with titaniunas discussed ithe titanum armor report

section The microstators arldnding geafegs arealsomadeof titanium.
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During a ramming maneuver, the loads caused Table 7.2: HMS Salient Characteristics

Rotor Guard Grid Fins
by impact will follow the pathwaysllustrated in Area (2D 77 3R 18.7ir?
Projection) ' '
Figure7.6. Both the landing gear and the microstatars Span 19in 13.8in
MGC 4.2in lin
act as braces to distribute the initial compressive lgadMCG LE, FS 26.11in 41.0in
Sweep Angle 0 0
on the forward fuselage along the rotor guard to the|afthickness Ratio 0.23 0.1
o Airfoil Clark Y 18 P
fuselage. After meeting in the aft fuselage, loads are ~ Ao (Stretched) ate
) . ) Incidence Angle 0 deg 0 deg
absorbed into a bulkhead designed to withstgnd
. ) Fuselage Overall Aircraft
compression. Due to the gap between the forward and Length 43.210n 26.10n
. . Max Diameter 19in 32.4in
aft fuselage sections for propeller placement, force-is
not transferred linearly to the af
fuselage. This arrangemerielps to Ribs

Solid Engine/Payload

Open Bulkheads to Allow Firewall Bulkhead

protect the potentially serisie payload Cocling Al Floww

from damage due to sudde

deceleration.

7.6 V-n Diagrams

The maneuver and gust loads fc e

\.
the RHI*NO system are shown in the Figure 7.5: Structural Layout Skeleton

first V-n diagram inFigure 7.7. However, the HMS will be undergoing loads mesd¢remethan those tyically
encountered by the average UAS. These include substantial shipping and handling loads after being manufactured
and immense ramming loads durinn

interception; the second-N diagram Force Transferred
Through Rotor Guard

in Figure 7.7 more accurately /
Impact at Nosecone

illustrates  thes design loads. R ek
15 -

Therefore, the RHI*NO is designec

according to the highest possible loe
Absorbed in Aft

it will experience during its lifetime: Eleemw Boithond

May also Strike Target with
ramming. Titanium Landing Legs

Figure 7.6: Ramming Load Pathways
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Figure 7.7: RHI*NO V -n Diagrams

7.7 Launch and Recovery SystenDesign

The design of thdaunch procedureconsiders the following factors to determine thest configuration:
simplicity, effectiveness, weight minimizatiopracticality, andtransportability.The launch methods considered
include rocketassisted, tubassisted, slingshot, platforrand telescopic landing gear legsigns The rocket
assistd launch was ruled out by the 2g launch acceleratignirement. The concept of a tuaigsisted launch posed
the benefit of meeting the RFP shouldkunch criteria. However, thiadvantagds heavily outweighed by the
concept 6s | ac katobé of the samediaretet aa the RHI*NOywould be highly impractical to carry
into the field.Therefore, a shoulddaunched design is unjustifiabl/hile a slingshot launch is ideal in terms of
transportability, this concept was eliminated from consitien due to the high probability of incurring an unstable
moment on the RHI*NO at launch, as there is no ideal placement on the system for a launch mount. Because the
HMS is capable of vertical takaff, a launch platform design was heavily considerednsure the HMS can be

deployed from level groundBenefits include practicality, quick set up, simplicity, and effectiveness. This method

=
% Aerospace Engiering 29




THE UNIVERSITY OF

KANSAS

does, however, require a taflilee structure to be carried out intc

the field. Therefore, the employment of spriogded telescopic .

legs as shown irFigure 7.8, is the most intuitive approach; thit

configuration is simple, effective, lightweight practical, and /
transportake as no additional components are necessary for lauiFigure 7.8: Spring-Loaded Telescopic Leg
This design also Ews for the HMS to selfevel whenlaunching from rugged or uneven terraas illustrated in
the situational renderings for sandy and rocky terralfigare 7.9 andFigure7.10 respectivelyBecausd¢he HMS

will be taking off verticallyin a hoverthemaximuml aunch accel erati on Thefegsail g6 s

be connected to the propeller shroud via splirggied hinges to allow the landing gear to compress into a streamline

Figure 7.9: Takeoff from Sandy Terrain Figure 7.10: Take-off from Rocky Terrain

Many landing configurations were considered for the recovery of the RHI*NO as well: net capture, a
parachute, and vertical hover landing. The usage of a net sudpleeitecen two ples to catch the system as it
approaches the ground was ruled out due to the amount of additional cargo needeupfof getrachute landing
was the seconbest option due to its low size and weight. However, this option adds an addéi@haf risk due
to the possibility of the parachute not deploying at a high enough altitude to reduce speed and prevent damage on
impact. The leading configuration is the vertical hover landing due to its low risk of damage in comparison to the

other onfigurations. An additional benefit is that the HMS is already configured for this landing type by the launch
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system design. The sprihgaded hinge on thetor shroud allows for the landing gear to sedfploy at landing

flight speeds, and the sprihgaded telescopic leg design will help to reduce impact on hard landings and allow for
the HMS to level itself on uneven landings or rugged terraimnemergencyarachutes implemented onboattie

HMS as a safety precaution in case of system malfunctiant lvill not be used as a primary means of landing.

The backup parachute will be stored in tiosecone of the HMS. Ta

allow for proper deployment and to ensure the parachute release mech
is failsafe,the nose will be sprintpadedand held in plee bypin-released
servos Upon command, the servo will release the pin, the nosecone wi
ejected followed closely by the parachute deployment. To at@need
for the replacement of the nosecone in the event of an emergency la

it will be attacked to the parachute via a strifidnis method of deployment

Figure 7.11: Emergency
Parachute Deployment [47]

is similar to thoseised by model rockets, as showrFigure7.11.

8. Design Integration

The following section details the integration of the systems, powerplant, and igsétine RHI*NO.

8.1 Layout of Major Systems

This section documentbe - Battery

Removal Ports

layout of major systeswithin the Ballute
fuselage of theRHI*NO HMS , == 31;:_ —

design. A depiction of the fuselag: . H ==

structural layout can be obsenied /
Figure 8.1. The design features ig;dﬁ; Landing Foot with Internal

—__ Spring to Adjust Length
removable battery packs housed | . i
Figure 8.1 Fuselage Structural Layout
the rotor guaravith snapon coverdor quick battery replacemeirt under 2 minutes betwedanding and relaunch,
and aremovablenose congunderwhichresideghe parachute and parachute releasehagism.

The sensors and flight computeehoused in the forward section of the fuselage. As the effect of interference

between the electric motor and the sensors is unknown, the spacing betwemsmthgimized[48]. The testing of

these electromagnetinterferences is documented later in the report.
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There is expected to be interérce between the sensor transmitter and the FPV transrastéine two are
co-located at the nose of the HMS. To mitigate this interfergheeoperating frequencies wilk offset from each
other. The FPV Wl transmit at a frequency of 5.8 Gldnd be received from the ground station@ ®MHz. The
sensor transmitter il be set at a frequency of 2.4 GHz. This frequency differarniteallow for both transmitters
to opeate with minimal interferencet).

The wires between the sensors and flight computer are assumed to be well irsulttedeffects of
interferencebetween the tweaan be ignore@s0]. Wires from the aft section of the fuselage will pass through the
titanium microstators to the flight comput&igure 8.4 depicts the concept of electrioaires passing through the
microstators.The nose will be constructed of polycarbonass this material is both optically and electrically
trarsparent. This material will also encase the optical sensors on the rotofguanatection during collisions.

The sensors, antenna, and flight computer are housed in a removable metal cage. This cage as depicted in
Figure 8.2 and Figure 8.3 allows for easyaccessand removal of botlthe flight computerand sensors. The wire
busedrom the sensors and antenna will be bunched together and zip tied to the side of the cage to prevent excessive
movementRailswill protrude from the side of the metal cage whatlbow for easy installation and remo\stle

into predefined graves of the Kevlar fuselag&he rails also servasa torque boxlue to the snugjtting cage

Notches Fit into Protrusions in Spring-Launched
Fuselage to Ensure Correct Parachute
Installation and Easy Removal Deployment

Mechanism lata Transmitter.
rith Antennae

, __ Parachute Deployment
Servo

)ata Receiver —_ B Switch
ower Switcl

MU

3 — 2, Elight Computer

GPS x3

rward Motor

ounting Bulkhead ESCx2

Space Between
Components Allows
Cooling via Airflow
from NACA Inlets

Receiver Antenna

ADSB Transponder

Figure 8.2: Removable Sensor Cage Empty Figure 8.3: Removable Sensor @ge Fillec
The RHI*NO features twonotorsthat rotate in pposing directionso allow for increaseroll authorityand

to prevent drag caused by swirling the airfl@y smoothing the incoming airflow from the first propeller the second
propeller will experience an increase in produced thrust.
The connection wes between the motors and ESCs will be heat shrunk together anedttattte side of

the fuselagevith anchored wire busses prevent excess movementflight. Servos used for variable pitch of the
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propeller are mounted to the fuselage side. The wirekept away from moving parts of the servos and links to
prevent possible entanglemenhe serve have a metal foil covering applietb electrically harden them and act as

protection from electromagnetic interfereng@ewiring concept can be skerved inFigure8.4.

Wires Fed Through
Microstators
Anchored Wire EMI Shielding around
Busses . Empennage and Propelle R
( Control Servos__—=""
Removable Metal Cage -
I 1 1| i — -
3 u ; = —

e i

S~ Shell Trigger
Threaded Nose Cone Y Lines e ——

Figure 8.4 Wiring System Layout
8.2 Redundancy
As the missile is expected to perform in conditions which pose potential damage redundancy of the system is
required to ensure optimal performanEach gridfin hasthree servos carected to a common linkvhich creates
redundancy and safety within the system. In the event of a servo feiei@her two servos in the chain will break
the malfunctioning servo free from its mounting witpposed torqueresulting in no loss of comt. In addition,
each grid fin servo setup is individually wired and passes through a different microstator to the flight computer. This

allowsfor increased safety as if one microstator were to be damaglgdone grid fin would be inoperable.

8.3  Wiring Blo ck Diagram

The hovering missile utilizes a central flight computer to facilitate autopilot and data collection openations
to control the flight motor and servos via the ESC. This computer, as well as a data transmitter and receiver and their
respectiveantennae, are powered two dedicated FCS lithiurpolymer battees Thesebatteresalso power the

control servos and navigation systems (GPS &IMU).

=
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The target acquisition sensors (AVS & cameras) and tasjrectivedransmitters and antennae are paser
with a separate identical lithivolymer battery. The flight computer analyzes the data from these sensors with
recognition algorithms to track the target before transmitting information back to the pilot.

Six lithium thionykchloride battery packsonsisting of 8 batteries in seripswer the main motesr The battery
packs are arranged in parallel to extend the flight time duration. To prevent battery packs from charging one another
diodes have been added between gk There is a total afine battery packs including thiareeFCS batteries.

These connections are showrFigure8.5.

H N ~ ESC Upper CW Motor [>
L
—] ESC Lower CCW Motor
™ —>
P - & B = & ' = Flight Computer and [ ¥ Data Transmitter I I Data Antenna I—D
= = £ £ ‘“.-:; % IMU Data Logger
< =
gg = m e % % — I Receiver I I Receiver Antenna I—|>
5 § § 8 8 8 Payload Activation
2 =] -] 5] 5] ]
S EERE R E M)

= = <t | I GPS (x3) I GPS Antenna

Grid Fin Servos

(x4)
FCS Battery I Video Transmitter I l Video Antenna I—|>
Parachute
Activation
\/
v nopene [ ADS'B Aoteunn |
Transponder ADS-B Antenna >

= Signal Line v - Ground
” = Diode —~— = Single Pole Switch

AVS (x2)
I HD Camera (x2) I === Battery Line = = Ground Line

Figure 8.5: RHI*NO Wiring Block Diagram

8.4 Electric Load Summaries

The total energy required for each of the system groupings can be obseFadiei®.1. Table8.2 displays
the key characteristics of the batteries for each sy®ased on the prescribddyht speeds and distances théal
time of flight for the mission specification4s2 minutes @ 250secondsA break down of time spent in each phase
of flight can be observed ifable8.3.

The electric power loads expected throughout each of the flight stages are presesibdeBiB. The preflight
values consider idle current draw of each component on their corresponding battery system. The components are
grouped together in terms of power source. For example, the motors @rade&s be powered by the main badsr
while the sensors and control surfaeeseachpowered by a separate battery pack. This will ensure both battery

packs are sized appropriately for the mission. Any value with multiple of that component displays the combined
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power requirement. The sercalculations account for a 6V supply and &lskrvos operating at a stall current

draw of 700 mA. The time through each of the stages was estimated based on flight speed and required travel
distance. Multiplying the power required at each stage btirtfeein seconds the stage is expected torésilts in

the energy load in Jouleshown inTable8.4Error! Reference source not found. This value was then used to
compare to the number of batties required for the system.

Table 8.1 Total Energy Load Requirements

Total Energy Propulsion (kJ) 328
Total Energy FCS (kJ) 17
Total Energy Sensor (kJ) 4
Table 8.2 Battery Key Characteristics
Capacity . Number in -
(MAh) Voltage (V) | Weight (g) System Watt Hours | Kilojoules
Motor Batteries 2600 3.6 19 84 790 2800
FCS Batteries 2500 3.7 29 2 18.5 66
SensoBatteries 2500 3.7 29 1 9.25 33
Table 8.3: RHI*NO Electrical Power Summary for Battery Sizing
~
§ §
& s
i > N) Q S0 N\ VN QN 8 D
Electrical Load Item SO &2 - & gcg»é @é IS & $ S
§§/ 85/ 85 /85 /8s/ 85/ 8¢
$’ SS & g & /s F /) & & & g K g
4 $ e/ v/ I S 1
YEP 100A SBEC Brushless |, 5; | 531 | 231 | 231 | 231 | 231 | 231
Speed Controller
PROPDRIVE v2 5060 270KV
Brushless Outrunner Motor FWI 0 910 593 920 920 593 910
PROPDRIVE v2 5060 270KV
Brushless Outrunner Motor AFT 0 910 593 920 920 593 910
Total Propulsion 2.31 1820 1190 1840 1840 1190 1820
IMU (Inertial Measurement Unit) , oo | 506 | 006 | 006 | 006 | 0.06 | 0.06
(Accelerometer/Gyro)
GPSX 3 0.11 0.11 0.11 0.11 0.11 0.11 0.11
Power Switch 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Parachute Release Servo 0.72 0.72 0.72 0.72 0.72 0.72 0.72
il [T Senves 864 | 50.4 | 50.4 | 504 | 50.4 | 50.4 | 50.4
(all moving, gusty)
PropellerPitch Sensors X 2 144 8.4 8.4 8.4 8.4 8.4 8.4
i 11.0 59.7 59.7 59.7 59.7 59.7 59.7
2.31 2.31 2.31 2.31 2.31 2.31 2.31
2.31 2.31 2.31 2.31 2.31 2.31 2.31
1.2 1.2 1.2 1.2 1.2 1.2 1.2
1 1 1 1 1 1 1
0.91 0.91 0.91 0.91 0.91 0.91 0.91
Total Sensor 7.7 7.7 7.7 7.7 7.7 7.7 7.7
Total Overall System Design 34.0 3770 2500 3810 3810 2500 3770
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Table 8.4: RHI*NO Electrical Energy Summary for Battery Sizing

> S
23)
s /S
. Y S
Electrical Load Item .ésg ;Q /s g g’,?@ s .§“’@

§S/ L5/ 85/ L/ N5 /8o /&8s
TE/LS/SE /R3S /As /&S /SS

o) N © v N S v

YEP 100A SBEC Brushless | o5 | 530 | 150 | 420 | 693 | 208 | 46.2

Speed Controller
PROPDRIVE v2 5060 270KV
Brushless Outrunner Motor FWI
PROPDRIVE v25060 270KV
Brushless Outrunner Motor AFT]

0 9100 | 38%0 | 16560 | 27600 | 53370 | 18200

0 9100 | 38%0 | 16560 | 27600 | 53370 | 18200

Total Propulsion 693 18200 | 77240 | 3318 | 55270 | 107000 | 36450
IMU (Inertial Measurement Unit 18 0.6 39 1.08 18 54 12
(Accelerometer/Gyro)
GPS X 3 32.4 1.08 7.02 1.94 3.24 9.72 2.16
Power Switch 6 0.2 1.3 0.36 0.6 1.8 0.4
Parachute Release Servo 216 7.2 46.8 13.0 21.6 64.8 14.4
TRl |~ e 2592 | 504 | 3276 | 907 | 1512 | 4536 | 1008

(all moving, gusty)
PropellerPitch Sensors X 2 432 84 546 151.2 | 252 756 168
Total Flight Control 3296 597 3881 1075 1791 5374 1194
693 23.1 151 42 69.3 208 46.2
693 23.1 151 42 69.3 208 46.2

360 12 78 22 36 108 24

300 10 65 18 30 90 20

273 9.1 592 164 27.3 81.9 18.2
Total Sensor 2319 77.3 5025 | 139.1 232 696 155

Total Overall System Design 6310 | 18900 | 81600 | 34380 | 57300 | 113000 | 37800

8.5 General List of Components
Table8.5 shows the general comparte used in the design of the RHI*N®any of these components are

consumer off the she{fCOTS)andtechnology readiness lev@RL) 10.

Table 8.5: General Component List Description p1-60]

Component Image Dimensiors (in) Weight (g) | Weight (0z)
Kevlar (Fuselage and Rotor Varies Varies Varies
Guard)
Propeller Custom Made Varies Varies Varies
o
Roll Servos (HF 5055 MG) X 1 v 0.8 0.45x 0.94 9.5 0.3
PropellerPitch Sensors (HF R R R
5055 MG) X 2 0.8 x 0.450x 0.940 9.5 0.3
Parachute Release SeifrF R . R
5055 MG) 0.8 x 0.45x 0.940 9.5 0.3
YEP 100A SBEC Brushless 2.30x 1.5% 0.78) 81 2.9
Speed Controller
PROPDRIVE v2 5060 270KV 2.3Dx 1.9 X 1.9 438 15.4
Brushless Outrunner Motor

é; Aerospace Engeering 36




KURARSAS

Table 8.5: General Component List Description p1-60] Continued

Grid Fins 2.19x3.86 77.1/each | 10.88/ each
Lithium Th|onyl Chloride e 13Dx 1.3DX 2.41 19 3.2
Batteries
IMU (Inertial Measurement R N N
Unit) (AccelaometefGyro) 30x1.970x 0.98 45.4 1.6
GPS 1.1 8x1.18x 0.40 5 0.2
PU Match (AVS) / 02 8>x0 . 28 02 . 5 0.2
T,
RunCam Nano HD | 0.7 1>0.55x 0.5% 5 0.2
=
Power Switch * 0.8Bx 0 x6.80 5 0.2
Parachute KZ‘ 4"x  ABDI" 283.5 10.0
Shotgun Shells X 6 240x 0. 0.B® 42.7/ each 1.5 /each
Transmitter (6 km) ’J 2. XH. 4. 10 42 15
¥
Receiver (50 km) % i } 2. A®. &Do 59 6 0.2
| B
Antenna 5.80 6 0.2
ADS-B Transponder 0.47"x0.98"x 1.54" 20 0.7
FCS Battery (33.3 kJ) 0.17"x 2.28"x 2.48" 29 10
Micro-Pilot FCS:MP2128/E-12 3.94"x 1.57"x 0.59" 40 1.4
Kevlar Barrel x6 120 O0x/8"'x 0. 71 16.1/each | 0.57/each
Fith Ops Shotgun Shell Trigge 2‘ 10 x10 x| 99.2/each| 3.50/each

8.6 Weight and Balance

This section documents the weight aradance analysis of the RHI*NO design. As previously repoites

weight fraction of the propulsion system so the design could be possible was found to bedd5%mfa 14.3

inch rotor diameter at 8 1bw

, while a 12 Iif. designis able ¢ achieve ®5% &

for propulsion using a 17-4

inch rotor diameterand a 16 Ibfwy  design is achieved with a 55& using a20-inchrotor diameterWith these

benchmarks for the sizing of the missitgher areas of the designd sacrifice the amount of weight given to

them.These categoriesre broken off into structure and fixed equipmemppulsion, SASfomspower package,

andsensorpayload.
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Table8.6 displays the weight fractions tiie RHI*NO for an 8 12,and 16 Ibf design.The titanium guard
was estimatedith weights based oBection7.3of this report. It should be noted light blue boxes indicate estimates
made fromusing a linear trend between the XQ@8 11 inch and 24nch designsRef. 61. Green boxes indicate
achieved metrignotably the % ofv  used for propulsion and the overall design weight of the missile. Red boxes
indicate metrics which were not obtained.

As an electronic motds utilizedinstead of an internal combustion engitheerdore there is no trapped fuel
and oil, and the weight of fuel is repladeglthe weightof batteries. It was observed when determining the weight
fractions for the 8 Ibdesign there was not enough payloadgieto allow for theSkyNet shell payloado be
presentthe 8Ibf designis capable of ramming only.

The 12 Ii§ designis able to hold th&kyNet shelpayload as welhs 1.75 Ib of titaniumarmor covering the
entireforwardfuselage and rotor guard.

Table 8.6 Weight Fraction Calculations

RHI*NO (14.3 in) 8lbf RHI*NO (17.4 in) 12lbf RHI*NO (20 in) 16lbf
Weight | Weight | Weight | Weight | Weight | Weight | Weight | Weight | Weight
(gmf) (0z) | Fraction| (gmf) (0z) | Fraction| (gmf) (0z) | Fraction
SIOLEITE £ 1480 | 522 | 420 | 1%0 | 550 | 281 | 173 | 61.1 | 283
Fixed Equipment
Fuse'egjja"’r‘gd RO 150 | 528 | 43 | 202 | 71 36 | 272 | 96 4.9
Titanium Guard 198 7.0 5.6 225 7.9 4.1 328 11.6 5.9
Grid Fins 163 5.8 4.6 163 5.8 2.9 163 5.8 2.9
Pichand Yaw | 115 | 416 | 33 | 118 | 42 21 | 118 | 42 21
Servos
Propeller Pitch
Servos 18 0.63 0.5 18 0.6 0.3 18 0.6 0.3
Fastenersand | 155 | 480 | 3.9 136 | 4.8 2.4 136 | 4.8 2.4
Frames
Electronics Cage 32 1.1 0.9 32 1.1 0.6 32 1.1 0.6
Bulkheads 113 4 3.2 113 4 2.0 113 4 2.0
Landing Gear x 6 227 8.0 6.4 227 8.0 4.1 227 8.0 4.1
Ribs 32 1.1 0.9 32 1.1 0.6 32 1.1 0.6
Nose Cone 259 9.12 7.3 259 9.12 4.7 259 9.12 4.7
MicroStators 14 0.50 0.4 14 0.5 0.2 14 0.5 0.3
Mechanical and
Electrical 20 0.72 0.6 20 0.7 0.4 20 0.7 0.4
Connectors
Propulsion 1430 50.4 40.6 2400 84.8 43.3 2800 98.9 45.7
Propdrive
Brushless Motor, | gns | 984 | 228 | 804 | 284 | 145 | 804 | 284 | 145
YEP 100A ESC, ’ ) ' ' ' '
Propellor
Batteries 625 22.0 17.7 1600 56.4 28.8 2000 70.5 36.0
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Table 8.6 Weight Fraction Calculations Continued

SAS/Coms/Power| .., | 7, 5.8 204 | 7.2 3.7 204 | 7.2 3.3
Package
IMU (Accl+Gyro) 45 1.6 1.3 45 1.6 0.8 45 1.6 0.8
GPS X 3 15 0.5 0.4 15 0.5 0.3 15 0.5 0.3
Power Switch 5 0.16 0.1 5 0.2 0.1 5 0.2 0.1
Substratend 9 | 030 | 02 9 03 | 02 9 03 | 02
Connectors
Flight Computer 40 1.4 1.1 40 1.4 0.7 40 1.4 0.7
Flight Battery x 3 91 3.20 2.6 91 3.20 1.6 91 3.20 1.6
Transponder 18 0.64 0.5 18 0.64 0.3 18 0.64 0.3
Sensor/Payload 410 145 11.6 1390 49.0 25.0 1390 49.0 22.7
Camera (RunCam
Nano HD) x 2 10 0.35 0.3 10 0.4 0.2 10 0.4 0.2
Acoustic Vector
Sensors 10 0.35 0.3 10 0.4 0.2 10 04 0.2
(Estimated) x 2

Pneumatic Net Gu 725 | 256 | 130 | 725 | 256 | 13.0
(Trigger, Barrel)

Shot Gun Shell
Weight X 6 254 9.0 4.6 254 9.0 4.6

Emergency 295 | 10.4 8.4 295 | 1040 | 523 295 | 1040 | 523
Parachute
Receiver 5 0.16 0.1 5 0.16 0.1 5 0.16 0.1
Transmitter x 2 o1 3.20 2.6 o1 3.2 1.6 o1 3.2 1.6
AT 3520 | 7.77 | 100 | 5560 | 122 | 100 | 6130 | 135 | 100
(gmf,Ibf,%)

8.7 Center of Gravity Determination

Figure 8.6 andFigure 8.7 describe the internal layout of each component inside the hovering missile. With
these locations and weight information known, it is possible to calculate the oérgemvity (CG) for each
component as well as the vehicle as a whole in three important conditions: empty weight (no,ljztdoiag or

parachut® operating empty
Lithium Thionvl Chloride Flight Batteries
(shells expended), and takeo! Emergency Parachute Kevlar Barrels with

Forward Motor SkvNet Shells

weight (batteries parachute,

and payload onboard). Thes /

CG locations are shown fol e ! EETE :
each configuration irFigure \\ B i

FCS. Communication. = AR Moio:
8.8. Note that the coordinate and Computer ; —

L . Microstators
system origin is 10 inches

forward of the tip of the nose. )
Fiaure 8.6 Internal Lavout
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The CG of the vehicle witfull

Transmitters

payload and batteries on board sits 1
& Recetvers

50% of the rotorguard chord, which

is the location of the center of lift for

Flight
. . . Computer,
a wing of this type[62] This results ESCs, FCS
. . . ., IMU, Batteries
in a static margin of O which GPSs.
- . . Moter
maximizes maneuverability during
. . . Figure 8.7: N L
interception. As the payload it qure 8 ose Lavout -

expended, the CG shifts forwarc —
increasing stability.
These CG locations are showi

in relation to the percentage of th

mean geometric chord iRigure 8.9
Figure 8.7 shows how the electronic

components fit into the nose (se CG at Operating

Empty Weight Acrodynamic

Center

Figure8.3 for details). h
Figure 8.8: 12 Ib RHI*NO CG Locations g
X Location of CG, Xeg (YeMGC)
-0 -60 -40 -20 0 20 40 &0 Ll 100 120
14.00
Shells Excpended (35.27,
.00 32.0%) "
~__ Mission Package (36.0",
51.0%)
10.00
= 00
=
i) 6.00 " Empty Waight (31.3"
= T 615w
400
200
0.00
30.56 31.56 32.56 33.56 34,56 35.56 36.36 37.56 38.36

Figure 8.9: C.G. Excursion Plot
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Table 8.7 provides theweight, weight fraction, andenter of gravitylocationfor each component of the
hovering missile. Note that components which are patterned radially are given a distance from the catiterline
than a Y and Z position for an arbitrary unit. Note also that components distributed symmetrically in the Y and/or Z
axes are shown with a £ symbol.

Table 8.7: 12 Ib RHI*NO CG Component Breakdown

Component TOta('lt)’Zf'ght Eﬁ? Yeg (in) | Zeg (in) Fravéie(;%h(t% )
STRUCTURE & FIXED s12 | - | - - 26.00
Nosecone 0.57 14.9 0.0 0.0 4.75
Forward Fuselage 0.20 22.7 0.0 0.0 1.67
Aft Fuselage 0.18 46.5 0.0 0.0 1.50
Rotor Guard 0.56 377 0.0 0.0 4.67
Grid Fin (x4) 0.36 51.5 +3.1 +3.2 3.00
Microstators (Total) 0.03 33.7 0.0 0.0 0.25
Ribs (x6) 0.07 38.0 9.1 From Center 0.58
Forward Bulkhead 0.07 24.5 0.0 0.0 0.58
Aft Firewall Bulkhead 0.15 43.1 0.0 0.0 1.25
Ring Frame Bulkhead 0.03 28.2 0.0 0.0 0.25
Landing Gear (x6) 0.50 44.0 11.9 From Center 4.17
FCS Cage/Parachute Springs 0.06 20.9 0.1 0.2 0.50
Grid Fin Servos (x12) 0.24 4?)'15i 2.2 2.2 2.00
Forward Prop Servo 0.02 24.8 -15 0.0 0.17
Aft Prop Servo 0.02 42.8 0.0 -1.5 0.17
Parachute Deployment Servo 0.02 19.5 1.4 -0.5 0.17
Grid Fin Servo Arm (x4) 0.03 47.4 1.9 From Center 0.25
Ballute 0.00 57.6 0.0 0.0 0.00
FUEL & POWERPLANT 4.93 ~ ~ ~ 41.08
Forward Motor 0.61 26.0 0.0 0.0 5.08
Forward F;;c;;;n(elg? Actuator 0.09 36.5 0.0 0.0 0.75
Forward Motor Shaft 0.01 31.7 0.0 0.0 0.08
Aft Motor 0.61 41.7 0.0 0.0 5.08
Aft Propeller& Actuator 0.09 39.6 0.0 0.0 0.75

Assembly

Flight Battery (x84) 3.52 37.6 9.1 From Center 29.33
SENSORS/FCS/COMS/POWER 1.07 ~ ~ ~ 8.92
AVS (x2) 0.02 37.9 9.2 0.4 0.17
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Table 8.7: 12 Ib RHI*NO CG Component Breakdow®@ontinued

Camera (x2) 0.02 37.7 9.7 +0.7 0.17
ESC (x2) 0.36 21.7 0.0 O'g g‘ 3.00
IMU 0.10 20.3 0.0 -04 0.83
Power Swith 0.01 21.4 0.0 -2.8 0.08
Flight Computer 0.09 21.8 0.0 -2.0 0.75
GPS 1 0.01 20.4 -1.9 0.1 0.08
GPS 2 0.01 21.9 -1.9 0.1 0.08
GPS 3 0.01 21.9 0.0 -1.4 0.08
Transmitter (x2) 0.19 215 | 01&-11 1.2 1.58
Receiver 0.01 21.0 1.2 15 0.08
Receiver Antana 0.01 22.7 1.7 0.0 0.08
FCS Battery (x3) 0.19 2‘3'21 0.0 0.0 1.58
ADS-B Transponder 0.04 22.8 0.7 0.0 0.33
PAYLOAD 2.86 ~ ~ ~ 23.83
Parachute 0.65 16.4 0.0 0.0 5.42
Generic Payload 2.21 47.6 0.0 0.0 18.42
OR
Parachute 0.65 16.4 00 0.0 5.42
Barrel (x6) 0.33 51.2 0 & 1.3 From Center 2.75
Shell (x6) 0.56 47.5 0 & 1.3 From Center 4.67
Trigger (x6) 1.31 447 0 & 1.3 From Center 10.92
OPERATING EMPTY 9.79 334 0.0 0.0 81.6
WEIGHT
TAKEOFF WEIGHT 12.00 36.0 0.0 0.0 100.0

8.8  Exploded View

An exploded view and breakdown of materials of the hovering missile is providegure8.10. Note that
some recurring components (such as landing gear) are shown only once for clarity, and that all electronics are TRL
10 COTS productsTitanium armor is included with the rotor guard and fuselage parts and is not shown separately

here.
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Warhead)

=Kevlar

= COTS Electrical Components

= COTS Non-Electrical Components Six Shoteun
= Titantum Barrels and

= Aluminum
= Polycarbonate
= Thin Flexible Polyethylene Sheet

Triggers

Battery Pack

and Cover

Blade Pitcl Gnid Fin Servos
) Motor/Payload and Arm
Actuation .
: Firewall Assembly
Assemblies

‘ AVS and
o Camera Housing

Parachute (or \“/‘/
FCS/Sensor

Package

Figure 8.10: Exploded View and Material Break Down
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8.9 Color Schemes
Figure8.11illustrates the advanced realistic CAD of the hovering missile thhprimarycolor scheme.

Figure 8.11 Hovering Missile Advanced CAD
Figure8.12 provides alternative color schemes for the hovering missile appropriate for each branch of the

United States military, as well as a nigigierations scheme.

Figure 8.12 Alternate Color Schemes (Left Side Top to Bottom: Army (Desert), Coast Guard,
Air Force), (Right Side Top to Bottom: Army (Olive Drab), Navy, (Night-Operation)

=)
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8.10 Packing
The RHI*NO is designed to disassemble intongle carrying case as shownRigure8.13. After removing

thenoseconeballute landing gear, grid fins, and payloaticanbe transported by a single individual to the desired
launch location as shown KFigure8.14. Because only tiee HMS systemare needed for any one missiomted

the 10targetinterceptions per hour requiremengch of the threesoldierswill carry one RHI*NO case and the
groundstation flight controllerThis will weigh approximatgl 12 Ib. for eachRHI*NO andan additionaB Ib per
unit. to account for the case agabundstation flight controllerln addition onesoldierwill carrythel5 IbDedrone

RF—16Qs¥stem.This Weight falls well _within the maximum weigbf 50 Ibany one sldier is permitted to carry

-

¥ W & "" y
e A : "
- X :
Skl . A.mﬁ

Figure 8.13 12 Ib RHI*NO Missile Disassemble¢ Figure 8.14: 12 Ib RHI*NO Missile Carrying Case Size
in Carrying Case llustration

Figure8.15 provides a sizing reference for tBel2. And16 IIRHI*NO designswhen being operated in the

field; the female soldier is in the 2@ercentile (5 feet and 2 inches tall) and the male sdklierthe 9@ percentile

(6 feet and 3 inches tall).

Figure 8.15: Relative RHI*NO Size Perspective Graphic 2, 63, 64

T
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8.11 Alternate Payload Viability

Despite the versatility of the RHI*NO in terms of its ability to ram or shoot down target drones with either a
net or standard shotgun shell, the HAEEB team recognized thealue of offering other payload optiorigr
consumers with different needs. While the base model of the RHI*NO is equipped with a shotgun payload, these

other options, among others, can be designed more thoroughtffaretl upon request

8.11.1 Payload RangeAltitude Diagram

This section documents how the range of the HMS is influenced from the removal of payload and addition
of batteries. Upon use of the already determined weight fuel fractions for batterieayload limit was determined.
The @rresponding range whiatenbe achieved for the 8, 12, and 16 Ib. designs are slkagure 8.16. As the
RHI*NO is capable of operation without additedmterception techniques such as 8ig/Net shellor emergency
parachutethese weightareremoved and replaced with more batteries. This inceghseweight fraction of the

propulsion system and thus the range the HisliSachieve.

R=2x () (T22) v npp  (Eq. 57)

The graphis based oran alternative form othe Breguet
range equatio(Eq. 57)that ismodifiedfor electric poweras the batteriedo not lose weight throughout fligh®¥].
Based on the curremteight of batteries for the 12 Ib. design the RHI*NO is capabteanporting a payload of

2.5 Ib. for a range of 35 nmi.

12
MTOW at Max Payload, 3000 ft AGL at 120 kts

r
R = b * (E_L) * (H_bacr} b ”pra'p
g Cp Wro

Trading Payload for Battery Weight

Payload (1b)
n

Max Ferry Range

| Si
N l." h 8 7

R
Empty Weight '&n

Yo &

0 10 20 30 40 50 a0 70 80
Fange. R (nmi)

Figure 8.16 Payload vs Range For 8, 12, and 16 Ib. Designs
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8.11.2 Range Testing of Custom Shotqgushell Solution

While theSkyNetshells offer a viable method of interception, a somewhat simpler strategy was investigated:
packing Kevlar strands affixed to weights into age2ige shotgun shell and firing in the direction of the target, with
the intenibn that the long strands would tangle the rotors of the target. This strategy was tested with live ammunition,
with strandamadeusingdifferentcombinationof 1 a nlahg K&dar stringgtied to0.2 g and 0.5g weightsand
fired into a ballistiegel taget from 25 feet away, as shownhkigure8.17. The test was performed at Platte Falls
Conservation Area and Shooting Range in Platte County, Missouri. EEachwa®packed into an emptidd-
gauge shotgun shellongwith additionalstandard shot to achietiee necessary shell mass of @2&he minimum

at which the shell will fire).

During all sevenKevlar strandballistics tests, the net failed tq
deployas expected, hitting the targeta tangled masggardless of how
it was irserted into the shell, as showrFigure8.18. The Kevlar strands
burned and frayed after firing, as showrfFigure8.19. An eighthfinal
testwas performed using standard shotgun sh& comparisorwhich
resulted inall targes being disableénd destroyed, as expectdable
8.8 provides a summary of each test and what was learnede Tésts
suggest that standard shotgun shells or commerci "

provenSkyNetshells are more viable than a customized solution.

Within Target
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Table 8.8 Range Testing Summary

Fired from 256, -Gduge) | Mass = 32¢g
Test Strand Strand Weight Attached Packing Details
# Length (ft) Quantity to Strand (g) 9
1 1 10 0.2 Strands Stuffed in with Standard Shot on Tg
Strands Wound in to Prevent Tangling,
2 1 10 02 Standard Shot on Top
3 5 7 05 Strands Tied Together, StandarcbSBetween
' Kevlar and Weight
Large Wad of Kevlar not Attached to Weight
4 1 N/A N/A Standard Shot on Top
5 1 10 0.5 Strands Stuffed in with Standard Shot Belo
6 10 1 0.5 Strand Stuffed in with Standard Shot on To
Strands Wound in to Preat Tangling,
! 10 L 0.5 Standard Shot on Top
8 N/A N/A N/A Standard Shotgun Shell
Results: Kevlar Strands Consistently Failed to Untangle and Became Frayed and Burned After Firi

8.11.3 Pneumatic Net Gun Weight Estimation

To determine the viability of a pneumatic ngun, its

approximate weightvas determined with the use thfe published

weight and diagonal width of the Del@roneCatcher[15]. To
Figure 8.20 DJI Inspire 2 [66]

approximate the weight of the drone component obttume Catcher,

a linear diagonal width to weight relation was forn@bsed on the

diagonal width and weight of the DJI Inspire 2 and Blditrice 600

Pro, shown irFigure 8.20 and Figure 8.21 respectively. Using the

available specifications for these two designs, a dronehiveaue of
11.2 poundswas interpolated for the quadcopter vehicle of tFigure 8.21DJI Matrice 600 Pro [67]
DroneCatcher. This weight was subtracted from the total weight of around 13.2 pounds to find the approximate
pneumatic net gun payload weightounds §6, 67. This weightincludesnot only the net gun, but also any net
capsules, attachment structure, or miscellaneous weights which would not be found in a typicataewyiata

quadcopter

9. Class | Stability and Control Analysis

To analyze the stability and control charactersstif the HMS, the RHI*NO design was input into Advanced
Aircraft Analysis (AAA).It should be notegrior todiscussiorthatAAA possesseso way of modeling a ring wing

design andtherefore some error is expectedlo input what AAA would interpret asaequivalent lifting surface,
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the ring wing was modeled as a monoplane with anheBeabuse Table 9.1: L/D Comparison
o ' ' Method L/D Value.a.\t
the gridfins could not be modeled accurately eithtbey were instead Dash Condition
) - . . - Estimation 5.37
modeled as a vertical stabilizer crossed with a horizontal stabiiaeh AAA 753
Error (%) 28.7

with a 5:1 aspect ratidJpon entry of thedesigngeometry,the flight
conditionswere specified as welFor this aalysis, the dash condition 250 kts was performed. The percentor
between the estimatditt -to-drag ratio [/D) and the calculated value from AAA is presentedaible9.1. Because
the L/Doutput by AAAwas hrger than expectetherequired amount of thrust required for the dash conditias
reduced, thereby decreasitige required thrust from the propulsion system.

AAA is also capable of calculating stability and control derivatives. Key stability dergawere chosen

and are presented Figure 9.2, Figure 9.1, andFigure 9.3. Three key longitudinal stability derivatives will be

?
discussed first, followed by three lateral stability derivatives. Startc?ﬁ [-E.!II] 45 ad”! J
with Cpa, it has been calculated to be 0.334. Roskam states in

7
C . —

his stability and control textook [68], that the appropriate range fo| g 0.0008 rad”
Y
this derivative is betweedrad! and 200 rad*. Thisvalueis on the 7
c ] Ll

. . . "B 1.4483 rad "
lower end since the aircraft being analyzesbsmall. The second LY

o . . ) ) . Figure 9.1: Lateral Stability Derivatives
derivative to discuss is\& the appropriate range for thisefficient From AAA

is between 1.06ad* and 8.00ad* [68]. The value calculated came out to be 3aB', which falls into the defined
range. Ca should be greater thamg; because if it were not, the aircrpfirformancevould decrease significantly
as angle of attack increasdthe final longitudinal derivative to discuss is4 which was calculateatbe-0.886
rad?. This coefficient should be negative to provide a restoring pitching md®@nfThis makes sense for pest
interdiction flight, ashigh maneuverability associated with lower stability would be unneced3arjrRoskam

defines the appropate range for this coefficient between 1r8@*and

=

-4.00 rad* [68]. Since theRHI*NO is designedto be an acrobatic'::': 0.3336 T
3
aircraft, it makes sense that while there is a restoring pitching mon 7
G, 3.4343 rad’’
it is not extreme. This allows it to still be maneuverablelevktill a,
7
being manageable to fly. E-’":: _O.OA5A ad ]
=Y

Next up are the lateral stability derivatives, the first beime
Figure 9.2: Stability Derivatives From

sideforce coefficientwith respect to sideslifC,b. Cyb can be seen to AAA
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have a value 0f2.90 rad®. Thisis usuallynegative,so the value found correspals with expectationg68]. To
counteract this and keep the aircraft on the desired traject@ris Gegative to push the aircraft back against this
desired directionDr. Roskamdefines the acceptable range of this coefficient to be beteEdrad! and-2.0rad
1[68]. The reason this value is on tlaegerside is because the vertical talile AAA approximation of the top and
bottom grid fins,is near the size of the ring wing, so the vertical tail will have a large impact on the. désign
therolling coefficientdue to sideslipCp, was found to be 0.@8rad?. The appropriate range for this coefficient is

between 0.10ad*and-0.40rad*[68]. The relatively small value for this coefficidaexpecteddue to thesymmetry

I’
Dr 0.0661 rad | of the aircraft since the RHI*NO is radially symmetridhe final
o 2| lateral stability derivative, &, was calculated to be45rad?. This is
7, 2.0790 o
4| a positive valueand will help the aircraft shouldt turn into the
2
C - -+ . . . o . . .
m'n |-3.EIS1 rad directionthe sideslip is coming fromf Cno were negative, it would
a,
not allow the aircraft to turmto the gust like it should. The range for
Figure 9.3: Control Surface Derivatives
From AAA this coefficient is given to ber@d!to 0.40rad[68]. Cp exceedshis

range due to the relativebpmparablesize of the vertical taind ring wing.

For this design, control is maintained using the giid fand setting their incidence. Control is reflected
through the horizontal and vertical tail incidences. Batlh and Gi, are positive, with values of 0.066ad* and
2.08rad*respectively. Roskam outlines that both these values should be pf&div&he final control derivative

of Cmin is -3.61rad?, which is appropriateas Roskam states that this derivative should be nedégje

Dutch roll, spiral, and roll modes are also able to be calculated with this software. A linear time invariant

model, LTI was developed for the RHI*NO whilkecruise condition. The Dutch roll and spiral modes are displayed

in Table9.2. These values are noted to be stable. Table 9.2: Modal Analysis of the RHI*NO
Mode Stability | Damping | Frequency (Hz)

10. Structural Analysis Dutch Roll Stable 0.162 69.1

Phugoid Stable 0.33 19.1

The worstcase scenario during impagdt Short Period| Stable N/A N/A

involves a 5&pound class 2 UAV flyingt 250 knots impacting the 48und 250 knot hovering missile hean.
While the RHI*NO is capable of engaging up to class 5 UAVs as sho®rdtion13.1it is not expected to do so
via ramming. Ramming targets larger than clasis feasible, but the HMS will not be -tesable.The loads

experienced in this situation can tmeighlyapproximated with a poinhass analysis. Using equations:

é Aerospace Engeering 50




KURARSAS

G0 a0 & ve & e (Eq. 59
O ULae U UL (Eq. 59)

where m is the mass of the hovering missile (inslugs),vs t he vel oci ty histhefvelozity per

after the collision (with subsgris 2 corresponding to those quantities for the target), the final velocity of the
hovering missile can be solved as:

O . . S A Y (Eq. 60)

If the impact is assumed to occur over 1100 a second, the acceleration experienced by the hovering missile is
then:

W @ -gimast d W @ FET (Eqg. 61)
The force imparted othe missile is this acceleration multiplied by the mass:

0 )
O dzLs TW A dé'c‘@cpcplﬁ—nouxixci)“fz (Eg. 62)
This force will be divided into seven parts: the forward section of the fuselage will counteract a force equal
to its momentum chaye, and the rest will be divided among the six landing gear struts as shbignri@10.1
With the accelerationf the forward fuselage section already known, the momentum can be calculated by

summing the masses of each component inside. 1 Fosee Resister by

Landing Gear (x§)
summation is provided iMable 10.1. Note that the e H
Force of Impact 7 - Cll ”
forward motor and pitclvariation servos are not SR L e =
ey D’Alembert’s
included as they are behind the microstators, which . Force
as a second set of struts to divert the impact force. Figure 10.1: Impact Force Distribution

Table 10.1: Forward Fuselage
The impact force resisted by the momentum of the forward fuselage  Weight Summation

Component Weight (Ibf)
(DAl embertés force) is then: Fuselage Tube 0.29
Titanium Armor 0.12
o~ e e C s 0 NI Flight Computer 0.09
O azyr THIOKGEEQ THT 0L Xamw (Eq. €3) Power Switch 0.01
with the remaining force resisted by the landing gear struts: IMU 0.10
GPS (x3) 0.03
. Receiver Box 0.01
© - . . (Eq. 64) | Receiver Antenna 0.01
U 0 EIIMNGE & Q@R RQQ Transmitter (x2) 0.19
The stress experienced by the fuselage tube can be calculat¢gd by ADS-B 0.04

Transponder )
dividing the force over the area: ESC 0.18
FCS Battery (x2) 0.12
Total 1.19 Ibf =
0.037 slugs
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C C C C
where D andl represent the outer and inner fuselage diameters, respectively. Duringanheguhct, the primary

failure mode of the fuselage tube will be buckling. The following formula can be used to determine the maximum

length of a column before buckling:

‘ O% 5 ‘ (Eq. 66)
00 0
where E is the elastic modulus of Kevlar in compression, | is the moment of inertia of the fuselage cross section,

and K is the end fixity coefficient. K can be approximated as 2, which reflaxikimn fixed at one end, by the
support from the microstators. E is given as 4.6 Msi in compres38hrajnd | for a tube can be calculated as:

“0 Q “ogQE v e
"0 ~ s m TS( hd T @ @& (Eq. 67)
Using Equatior68, the critical length of the forward fuselage tube to resist buckling is then:

00 T IT o NI e o @k
— pncwrrr[Q o X Qt

L
This length is longer than the specified forward fuselage tube lengtning that no bulkheads or structural

(Eq. 68)

0

reinforcements are required to resist buckling during a ramming maneuver. Note that this analysis neglects the

further buckling resistance added by the internal rails on which the flight control systems will bednstal

11. Aerodynamic Analysis

The following section details the drag polar and CFD analyses.

11.1 Drag Polar Analysis
The wetted areas of the hovering missile can be approximated with the use of the following equations:

Fuselage (Tube and Cone Y ¢‘i 2z it i (O (Eq. 69

e A WEU R I G

Grid Fins: A ¢celoze Z‘b . ¢l Z C‘Z 0 \ (Eq. 71)
PECZO 20 T2¢ 21 zd

Microstators (Ellipse): “y v z % 24 20 @ (Eq. 72

Landing Gear (Tubes): Y pza z ¢'i (Eq.73)
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In the above equations; is the
Table 11.1: Wetted Area Calculations Verified by CAD Model

radius of the fuselagéy is the height of Part Hand-Calculated | CAD-Calculated | Error

Area (in?) Area (in?) (%)

the cylindrical fuselage nhis the height of Fuselage 743.4 745.4 0.3

the noseconeznd b, are the semimajor, Microstators 1527 160.9 5.4

Landing Gear, 151.3 151.3 0

and semi minor axes of the mistators, Grid Fins 212.7 226.0 6.3

. . Rotor Quard 553.6 502.9 9.2
respectively, &4 is the length of the

TOTAL 1813.7 1786.5 (12 fi) 25

microstators,§ is the length of the landing geag is the radius of the landing geag is the outer radius of the
grid fins, s is the inner radius of the grid fing; i the thickness of the grfins, w is the width of the fin segments,
rta is the radius of the fin actuator arm,i$ the length of the fin actuator army,aand Iy are the semimajor and semi
minor axes of the rotor guard ellipse, respectivelyis the radius of the rotor guirand ¢ is the radius of the
hemisphereshaped camera shieldshese wetted areas are compared to those calculated from the CAD models in
Table11.1; becausesach of the CAD calculations are verified to be within 18f%he hand calculations, the CAD
calculations are assumed to be more accultitepossible to extrapolate the equivalent parasite area f as (%036 ft
with a skin friction coefficient of 0.008sing Ref.70. 5 _Q (Eq. 74)

From this value, theezo lift drag coeffieent (Cpg) can be calculated as Y 5
0.034 by using equationd, where S isdouble the value ofhe duct diameter 6 6 “ B¢ (Eq. 75)

multiplied bythe rotor guard chord.

To show whythe design hasa

0.9 -
08 ballute, the value o€p is plotted
07 for the design with and without a
i
U .
g 06| ballute. Cpo increases twofold to
3
g 05r 0.068 without a  ballute
E
g % Alternatively, AAA defines the
“ 0.3
' zero lift drag coefficient as 0.15.
0.2 .
Each of  these estimated
0.1 ——— Class II Clean Configuration Drag Polar With Ballute . .
= Class II Clean Configuration Drag Polar Without Ballute coefficients, with the wuse of
0 L L 1 1 1 L L 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Coefficient of Drag, C, equation 75, are graphically

Figure 11.1: Drag Polars for 12 Ib. HMS represented ifrigure11.1.
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11.2 CED Analysis

The following section covers the model characteristics, verification, and resultsH¥iBE€FD analysis.

11.2.1 Geometry

A simplified model of the hovering missile
was analyzed with Siemens STAR CCM+ software
to better visualize the aeraugmics of the aircratft.
This model includes the primary structure
comprising of the forward and aft fuselages, rotor

guard, nosecondallute, and landing gear, while

omitting the microstatorgnlets,and finer details Figure 11.2 Solid Bodies for CFD Analysis

of the landing gear to keep the mesta workable size. The propellers are modeled as virtual disks through which
air accelerates and have no physical mdeigure11.2 provides an isometric view of the geometry in question.

This geometry sits at the center of deghaped region, with each side at a distance of ten times the length
of the vehicle from the center. This scale is best illustrated with the mesh in the following subsection. The solid

bodies were subtracted from this cube region to create the controlesthrough which air may flow.

11.2.2 Mesh Characteristics

A mesh operation utilizing the builh surface repair and remeshing functionalities was executed on the
control volume as described above. Timissh used polyhedral cells with a target base size of 0.01 meters (0.03 ft)
andfifteen prism layergnear wall thickness = 3.5& m) projecting from every solid surface at a total thickness of
50% of the base size to capture the boundary layer. Cust@rsizas were applied to several areas of interest as

described inmable11.2
Table 11.2: Base Size Variations

The resulting  mesh Surface/Volume Base Size (%) Justification
contained 6,550,688 cells with General Volume 100 -
NoseconeRotor Guard Leading 20 Primary Stagnation
over 32 million faces. Figure Edgeand Ballute Surface and Expansion Zoneg
Control Volume Boundary 15.000 Away from Area of
11.3 through Figure 11.6 show Surfaces ' Interest

the mesh at the surface of several points of interestrigie 11.7 andFigure11.8 show the mesh volume around

key points as well as the control volume as a whole.
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Figure 11.3: Surface and Volume Mesh Figure 11.4: Surface Mesh at Landing Gea
Intersection

Figure 11.5: Surface Mesh and Prism Layers at Figure 11.6: Surface Mesh aml Prism
Ballute and Grid Fins Layers at Nosecone

Figure 11.7: Volume Mesh Around Vehicle Area Figure 11.8: Total Volume Mesh

11.2.3 Physics Models and Condibns

The physics models used in this simulation are shoviigare 11.9 and reflect the steady flow of air as an

ideal gas at a reference pressur&afl6 psilexpected at 5000 feet altitude) and 250 knBexondorderSpalart

.
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Allmaras turbulence was usedand m initial conditions were =& Physics1

=] Models
specified. The control volumeelocity inlet wasset ata velocity of ®) Al y+ Wall Treatment
'5\) Coupled Energy
250 knotsandthree degrees angle of attadlbe outletwas set as a '®) Coupled Flow
®) Gas
pressureoutlet, and theother surfaces of the control lume were ®) Gradients
"?" Ideal Gas
modeled as symmetry planes to prevent interference with the flc () Reynolds-Averaged Navier-Stokes
?6:' Solution Interpolation
The propellers were modeled as two virtual disks each v ®) spalart-Allmaras Turbulence

?6:' Standard Spalart-Allmaras
an rpm of 9290 and spinning in opposing directions. Since the e @) Steady
6:' Three Dimensional
?6:' Turbulent
=(8) Virtual Disk
B Virtual Disks
Aft Prop
Forward Prop
?,' Wall Distance
Reference Values
Initial Conditions

geometry and characteristics of the propeller usigiu tive hovering
missile are not easily
defined, arbitrary (but
realistic) coefficients are
used in a polynomial to
Figure 11.9 Physics Conditions

define the propeller curve

and thrust distributed according

locations of the virtual disks are shown Figure11.10.

Figure 11.10 Virtual Disk Propellers

11.2.4 Verification

As shown inFigure11.11, the wall Y+ values arat or below one almost everywhere on the surface (optimal
for this turbulence model), suggesting very high reliability in res#itthoughthis is a simplified model which
ignores the impact of the microstators and approximates the propellers, it teawidedthat these results are
trustworthy enough for a comparison to expectt
aerodynamic values.

The residual values are shown Figure
1112 This simulation wasstartedwith a second
order turbulence model until convergencg@3(q

iterations), therthe angle of attack of three degree

was implementedAfter a mistake was realized anc

Wall Y+
0.00000 1.0000 2.0000 3.0000 4.0000 5.0000

corrected at 1200 itations, the model rario

Figure 11.11: Wall Y+ Distribution

T
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convergence at@®O0iterations Note thatwvhile theturbulence residual convergieelowonly 1E-03, the continuity,

momentum, and energy residuals all lie firmly below(E

Residuals — Continuity
——Energy

—— ¥-momentum
— Y-momentum
Z-mamentum

Sa_nut

Residual

T T T T T T T T T T T T T T T T T T T d
100 200 300 400 500 600 700 BOO 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Figure 11.12; Residuals Plot
11.2.5 Results and Analysis

Figure 11.13 throughFigure 11.17 provide illustrations of the pressure distribution on the surface of the
hovering missile, as well as the pressure and velocity changes of the surrounding air while travelling at 250 knots.
Note that thehighest and lowest surface pressures occur at the leading and trailing edges of the grid fins. This is
expected and optimal, since a higher pressure here equates to more powerful flight Toatcehter of pressure

was calculated to be 27.6 inchesddfthe tip of the nosecone, as showrrigure11.18.

16.000

Absolute Total Pressure (psi)
11.500 13.000

Figure 11.13: Absolute Pressure Distribution Figure 11.14: Absolute Pressure Distribution in Ares
of Interest
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: ‘ Absolute Total Pressure (psi) ey S
11.500 12.000 12.500 13.000 13.500 14.000

Figure 11.15; Absolute Total Air Pressure

Figure 11.16: Air Velocity Magnitude Figure 11.17: Air Velocity at Airfoil

Figure 11.18: Center of Pressure Location
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Before this final simulation, a lower fidelity

REGIGHESUITTAGH

simulation was run which included the NACA inlets on tt
forward fuselag. This geometry is shown fRigure11.19.

While the numerical results from this preliminar
simulation are not trustworthy, they provide a look in

how the NACA inlets swirl the flow to maximize mas

flow through the inlet, as shownkigurell.19andFigure
11.22. Figure 11.22 describes the velocity vectors at _. Figure 11.19: NACA Inlet Geometry

cross section of the wing.

Velocity (fus)
41 267.58 356.74 445.90

opszots . -&9.253_. b 267-58 .356.74.' o " 445.90 Ovomm =’ =
Figure 11.20: Veiobity Vectors Around Inlet Fuselage Figure 11.21: Swirl Generated by NACA Inlets
Section

e Velocity (1)
15940 31827 -

Figure 11.22: Velocity Vectors Around Clark Y Airfoil
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12. Antenna Analysis

The RHI*NO utilizes two antenna one with an operating frequency of 5.8 GHz and a second with an operating
frequency of 2.4 GHz. In an effort to verify the chosen selection of frequencies the 2.4 GHz antenna was designed,
experimentally tested both with a physical model in The University of Karsasloticchamber an@ simulation

using HFSS, High Frequencyr@ttural Simulator, and the results analyzed.

12.1 Physical Model Creation
To size the antenna E@6 was used. This allowed the known '
operating frequency of 2.4 GHz to dictate the wavelength. Once th™

wavelength was determined an approximation for a dipole length of

was utilized. This dictated thettl length of the dipole to be 12.5 cm.

The width of 1.3 cm was arbitrarily chosen as the operational _ . ”/—‘C'ooper Tape

bandwidth was unknown. The port dimensions were 0.5 X 1.3 cm witt =
Figure 12.1: Physically Created Dipole
4 X 0.25 cm cable connector. A depiction of the created dipole ante For 2.4 GHz Resonance Frequency
can be observenh Figure12.1. To utilize the fuselage structure efficiently the antenna was integrated by being
wrapped around the inside of the fuselage - o (Eq. 76)
A simplified mockup design was constructed with a cardboard shipping tube usezlf@vtar fuselage and
aluminum foil to represent titanium. The nose cone was not included as it was to have little effect on the antenna. It

was also assumed the spinning propellers would create a ground plane which would remove the need to model the

Figure 12.2: RHI*NO Missile Figure 12.3: Physical Mockup Figure 12.4 AUT Integrated
Design onto Mockup Design

o~
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aft ection of the desigrizigure12.15 depicts the finished mockup design modégure 12.4 depicts the created
dipole integrated on the fuselage mockup and placed within the anecdotic chamber.

The electronics tused within the fuselage were tested to observe the electromagnetic interference created.
These were modeled with foam wrapped in aluminum foil as shofigime12.5. In addition, tests were conducted

to observe the interactiaf the motor when it was in the powered off and powered on sEitgpse12.6.

=)

Figure 12,5 :Modeled Sensors and Electronics with
Aluminum Wrapped Foam

12.2 Anecdotic Chamber Experimental Setup

Figure 12.6: Mounted Turnigy 270KV
Motor (Same as Specified for Design)

The AUT, antenna under testjas electronically calibrated to remove the inherent noise generated from
reflecions within the cableFigure 12.7. While a reference antenna, ETS 3117 Horn anteRigaure 12.8, was
placed on the opposing side of the anecdotic charbersweep frequency was set from 1 GHz to 3 Gtz 801
points to capture th&' results. The plottety results of all the trials are shownkigure12.9. It is apparent large

noise existed in the initial testing of the dipole and thus the bandwidth is not what is expected though the resonating

Figure 12.8: ETS 3117 Double Horn
Figure 12.7: Electronic Calibration Antenna[2]
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