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Chapter 1

Helicopter Design Objective and

Mission Description

1.1 Introduction

This report presents a second year running successful international collaborationfaindergraduate
students from two institutes: The Vertical Lift Research Center at the Pennsylvania State University,
and the Faculty of Aerospace Engineering at the Technion Israel Institute of Technolgy. The
Waterspout helicopter, presented here, is an advanced submarine deployable compact rotorcraft in
support of special operation forces, as a response to the 2007 annual Amenicalelicopter Society
student design competition. The participating students have bene ted from this joint venture by
acquiring some experience in both rotorcraft design and international coordinged teamwork as
customary in our contemporary industry.

Among the design requirements for this Approach and Recovery Vehicle design challengee:
vertical takeo and landing, 30 minute oating capabilities at Sea Level State 3 (detailed conditions
in Sub-Section 3.1.2) and the capability of this vehicle to transport the 2 crew membes from the
submerged submarine through water on to dry land and back, healthy or injured, without being
detected. Due to necessary transfer through water and the unique operational environmestspecial
attention was devoted to keeping the vehicle well sealed and able to function even in ebéme weather.

The pro le and blade design was assigned to the Penn State team, along with the awhics suites,
trim analysis, performance and crashworthy fuel system design. The Technion&am was in charge of
stability analysis, mechanical deck design, crew cabin layout, de-icing analysis feextreme weather
conditions, water proofed design, and submarine launch/retrieval method and mechanism The
general airframe design, internal layout, entrance/egress path and landing gear wercontinuously
discussed between the 2 teams, achieving progressive solutions until nalizing the digm of the

vehicle.



This combined e ort produced an innovative compact co-axial helicopter, designed to exit and
enter the submarine launch compartment vertically and oat to the water surface already in take
0 position, requiring only the deployment of the rotor blades for mission take o. The main
requirements for this challenge as derived from the request for proposal [1] fehe 24th AHS student
design competition and theWaterspout's design capability to meet them are summarized in Table 1.1

for convenience.

1.2 Helicopter Design Objective and General Description

1.2.1 Background
Special Forces

Due to the clandestine and covert quality of the U.S. Special Operation Forces worka requirement
has been raised for a new undetectable submersible aircraft providing fast approach aneécovery
in operations from maritime environments. Even though submersible watercaft already exist they
provide transportation from the submerged base to land through water only andthen need to be
concealed, while di erent means of transportation are sometimes necessary forrd deployment.
Designing such an automatic aircraft would o er the advantages of stealthand transportation both

above water and land, and would enable the team to approach and return from their ngsion without
the constrains of the vehicles' whereabouts. Since most of the world's populatiorefid most capitals)
live within close proximity to the coastline, the advantage of stealth and exible mobile capability

give an important advantage. This is coupled with the position of sea Ihes of communications which

are identi ed as high-priority targets that must be defended against terrorist acts.

Submersible Ship Aircraft Carrier

The Approach and Recovery Vehicle designed for the mission is intended to be carriech@n upgraded
Ohio class SSCN submarines (Figure 1.1), which will launch these vehicles while inepiscope depth.
The vehicle will then oat to the water surface and takeo on it's own toward t he objective. The
Ohio class submarine missile silos are currently sized to house a single trideld-5 missile (dimension

can be found in the RFP [1], therefore two options are possible:

Designing our aircraft for an optimal t to the external hatch diameter, thus al tering only the

submarine interior launch/retrieval.

Modifying the existing structure inside and out, including new launch hatches on the submaine

exterior.

In addition to the submersible carrier requirements, the ARV should be t to carry on board a

C-130J aircraft. Cargo bay area dimensions are: Length of 12.1[m], Width ©3.1[m], and Height of

10



Design Requirement

WaterSpout  Capability

section

Two-seat ARV

Two-seat compact ARV

Throughout

Storage and operation capa-
bility from a SSCN

Folding blades, launch capabil-
ity from SSCN

Sub-Section 1.3.1, Section 3.3

E cient use of submarine

space

Small ARV, various storage op-

tions

Sub-Section 3.3.3

Must be impervious to ef-

fects of water

Waterproof ARV, designed us-
ing smart material selection and

innovative sealing solutions

Sub-Section 2.2.3,
Chapter 2

through

30 min otation at SLS-3

Stability analysis at SLS3

Sub-Section 3.1.2

All-weather capability: mar-

itime, arctic, desert etc.

The ARV is equipped with de-

icing and sealing systems

Sub-Section 2.3.1

Stealth operation Lower heat signature, radar-| Sub-Section 2.2.4 & Sec
absorbent coatings tion 2.6
Must be capable of VTOL Coaxial helicopter congura- | Sub-Section 1.2.2

tion VTOL capable

Specic mission

launch/retrieval timing

The Waterspout meets all tim-

ing limitations speci ed

Section 1.3, Figures 1.5-1.7

Hover out of ground e ect
capability @6[kft]/95 [F]

Engine/rotor design are based

on required conditions

Sub-Section 2.1.1

Completely automatic oper-

ation: takeo , landing, etc.

Autonomous ARV, including

launch/retrieval mechanism

Section 2.6
Section 3.2.1

& Sub-

Should enable takeo aborts

and/or recovery wave-0 s

The Waterspout allows non-

pilot mission aborts

Section 2.6, Sub-Section 2.7.2

Crashworthy fuel system

Blanket covered fuel system

separated from crew cabin

Sub-Section 2.5.6

Allow transport of one/both

of the crew as injured

Equipped with specially de-

signed seats and hoist system

Sub-Sections 2.7.4 & 2.7.1

Landing capabilities on wa-

ter and land

Cone shaped bottom, otation

devices, landing gear

Sub-Sections 2.2.1 & 3.1.2,
Section 2.8

800[lbs] Payload

Gross Weight/power/structure

tting for required payload

Table A.1, Section 2.2

High degree of availability
and reliability

Accessible mechanics, easy stor

age, elastomeric hinges

+ Section 2.5, Section 3.3

5% contingency on empty

weight

ARV's estimated empty weight

was increased by 5%

Table A.1

Table 1.1: Proposal Requirements Matrix
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2.7[m]. This requirement comes in order to allow for rapid deployment of the AR/s to any location

via the air.

(a) CAD model (b) Current method of missile loading onto the
SSCN

Figure 1.1: Ohio class SSCN submarine

Aspiring to keep the submarine modi cations at a minimum, the Waterspout team decided to
design an ARV in accordance with the silo size: Diameter of 2.11[m] and Heightf 13.4[m], keeping
the original launch hatch and subsequently the external submarine body intact, thusaltering only
the inner submarine design which is a non-primary structure. This decision has a major esct on our
design, but allows a compactness advantage in storage (on board the SSCN and ti@&130J), also
minimizing the complicated and more expensive submarine external modi cations. The hetopter-

submarine interface was identi ed by the team as one of the main design issues irhis RFP.

1.2.2 Preliminary Vehicle Trend Analysis
Initial Sizing

Prior to choosing a design con guration for this challenge, initial sizing took place, derived from
the main RFP requirements, and a trade study focusing on relatively lightweidht helicopters made
by a prior project team [2]. The initial sizing process utilized a set of basic trend gures such as
GW vs. payload so that if the payload is given (as in the present case), an eshation for the GW

can be found based on existing helicopters trendline. A payload requirement of 800f] including 2
crew members (270ps] each), and mission equipment (260bs]) was used as a starting point, and
the results are presented in Table 1.2. Note that this trend analysis is for coventional tail-rotor

con gurations.

12



Payload 800[lbs] | 360[kg]
Gross Weight 3000[lbs] | 1300[kg]
Empty Weight 1500[lbs] | 680[kg]

Main Rotor Diameter 26][ft] 8[m]
Power 300[HP] | 230[kW]

Table 1.2: Initial Sizing

Capsule Concept

The RFP states that the ARV must travel through water from the release in periscope depth ( 50[ft]),
up to the water surface. Understanding this issue as the major unsolved part of air@ft design to
date, the issue was addressed before choosing a helicopter con guration. One solutiorasvplacing
the vehicle in a capsule-type structure (an example shown in Figure 1.2), thus preanting most
contact with the water. Such a strong sealed structure would o er the advantagesof sparing the
need for complicated sealing of the vehicle and strengthening the main structure for witstanding
the pressure in periscope depth, thus lowering it's G.W.. Moreover all requiremets for otation

would be transfered to the capsule including any retrieval mechanisms. However, itvould force
the vehicle to become even smaller (silo size limitation of 2.11[m] see Sub-Sexstil.2.1), would not
spare basic waterproo ng on the maritime tted aircraft, and it would also signi cantly limit the

ARV's operation autonomy by requiring an extremely precise landing in order to carectly close the
capsule over the vehicle. Due to these disadvantages it was decided that th&aterspout would be

completely autonomous, without the need for a capsule.

(a) Capsule closed (b) Capsule open

Figure 1.2: Capsule concept

Con guration Choice

Once the decision on the ARV's autonomy (no-capsule) was made and the capsule concept dropped,
the helicopter con guration choice had to be addressed. Out of the wide variety in the avation

VTOL world a number of con gurations were examined for suitability. Below is a short summary:

13



Conventional Tail Rotor Helicopter: The most common con guration to date, and there-
fore might be the easiest to design (abundance of references). However, the tail unis ian
unnecessary excess usage of volume, the tail rotor dangerously close to the water wheating
(safety hazard in SLS3). In addition, the vehicles horizontal oat would require modi cation
to the SSCN hatches, and the hatch diameter sets a serious hight limitation on thedesign.

Due to these disadvantages, this con guration was eliminated.

Tip-Jet Driven Helicopter: Considered for it's innovative qualities, might o er forward
speed advantages and lower fuel consumption. However, the tip-jets produce great noisdieh
greatly reduce stealth qualities, and the con guration lacks references (only few surccon gu-
rations exist). Forward speed was found secondary to stealth, so this concept wasiminated

as well.

Tandem Helicopter:  This con guration, more common in large G.W. categories, was consid-
ered for it's relative higher stability in ight and oat, fairly easy fol ding and storage options,
and in the current case - smaller disk areas (thus keeping the blades away from the wes).
However, this con guration would also require a 90 rotation after leaving the sub. It would

also be limited in height according to the silo diameter.

Co-Axial Con guration: Considered for it's height rather than length, it was found to o er
advantages of keeping the blades far from the water as the hatch diameter would not act
the rotocraft height, straight vertical navigation through the water, a nd natural vertical take-
0 with a cone-shaped bottom. Disadvantages may include stability in forward ight, some
challenges in design of rotorhead (and appropriate sealing), and blade folding. dtvever the

vehicle was expected to be smaller than the others, and easy to store in the sub.

After a considerable discussion, it was pointed out that the aspect of helicopter-subnténe in-
terface and travel through water is the most demanding design parameter. Once determinedhtt
the external hatch diameter is kept intact - it was decided to proceed with the coaxial heicopter
con guration (vertically launched and stored). All other options require a 90 rotation in the water
(both when exiting and returning to the submarine) which is di cult and highly complicat ed in both
aspects of vehicle mechanics and crew layout. No signi cant advantage was found tcompensate

for these downfalls.

Final Con guration: General Description

As said above, our design concept for this challenge as seen in Figure 1.3 is a cadaéxtailless,
cylindrical with a cone shaped bottom, vertically stored and launched aircraft Limited in it's
diameter to the 2.11[m] of the missile silo and carrying 2 sets of 2.6[mjouble bladed rotors. We

believe this design to be the most t to o er solutions for the main requirements of this project.

14
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Figure 1.3: WaterSpout - The nal designed Con guration
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1.3 Mission

Using the ARV, SOF teams would move directly from a submerged submarine to the olgctive as
swiftly as possible and recover back to the submarine without being detected. The di eent stages
for completing this mission, partly speci ed in the RFP [1] and derived from our dedgn are described

bellow:

1.3.1 Pre-launching preparations
Loading and Unloading

The WaterSpout ARV will operate from a sea based platform - an Ohio class SSCN submarine
(Figure 1.1). When loading or unloading the vehicle, it is connected by a cable to a crane. fe
cable is attached to the vehicle at 3 points on the perimeter of the upper fuselage,rgsping the
vehicle in such a way that enables easy inserting of the vehicle through the launch hatch.The
process of the vehicle entry is very similar to the process of the Trident misséls entry to the sub in
current operations (Figure 1.1(b)).

Submarine Dock : The loading and un-loading of the ARV from the SSCN will be done through
the launching hatches. In a way similar to the current loading of the Trident missiles, using a crane.
The vehicle would be carried by the crane, positioned directly over the launch hatch, ad placed
on the retrieval mechanism (see Section 3.2) that will lower the ARV into the sitbmarine. There it
can be stored in special storage compartments (as described in Section 3.8y, in the launching silo
ready for mission.

C130: The ability of SOF aviation assets to be rapidly deployed in theater is essendl, therefore
our ARV should be transportable via a C-130J aircraft. Designed to tin it's internal cabin, the
vehicle would be rolled on and o the C-130J, blades folded or detached, via the back dw and
transported to the SSCN location.( Figure 1.3.1 showsWaterSpout ARVs stored in the C-130).

(a) The C-130J transporting 3 ve- (b) The C-130 transporter, pro le (c) WaterSpout held in transport-

hicles ing position

Figure 1.4: The C-130J transporting the ARVs

16



Transport in Sub

Inside the SSCN the rotorcraft can be moved between the storage space, hangar, aradihch/retrieval
station, using a specially designed wheeled carrier. This mobile structure was desigd for vehicle
transportation, easy maintenance, and easy storage. In case a mission isceived and the ARV is in

storage it can be easily moved to the launching pad on such a structure.

Crew Entrance

When called for mission, the vehicle is designed to be capable of launching within 30imutes. The
2 SOF crew members carrying the task appropriate equipment enter the ARV located bell the
launching compartment through the vehicles' sliding door located on it's side, placinghe equipment
in their compartments and taking place in their seats (see Section 2.7). Once ready fdaunch, the
rotorcraft doors are closed and sealed, and the ARV is then elevated into the lauficcompartment,

which is nally locked and sealed as well.

Launch Compartment Flooding

With the rotorcraft held tightly in place, doors locked and safely sealed, thelaunch compartment
ooding system is turned on allowing water to moderately ood the compartment, while the vehicle
is raised by platform to the silo exit on the top of the launching tube (see detdled design in Sub-
Section 3.2.1). In such a way, once the launching hatch is opened and the vehicle is pkd in the
right position preventing it from bumping into the openings edges, it is free to oat toward the water

surface.

From Hatch to Surface

Using only it's positive buoyancy the ARV begins to oat to the surface while connected to the
submarine by cable for restraint (see Sub-Section 3.2.1). When the vehicle reaches thatsr surface
the otation devices (Figure 3.3) deploy allowing oat stability even in harsh sea conditions. The
cable disconnects once the vehicle is safely oating on the water surface.

As seen in Figure 1.5 the whole process of preparing the vehicle for launch startingith the crew
entering, up to the point the ARV is released should take a maximum of 10 minugs. Thus leaving
approximately 17 out of the 30 allotted minutes for any other preparations that may be required
(for example: setting the vehicle mission on the computer or additional equipment lading). Note
that the time frames in Figure 1.5 are thoughtfull estimates for each stge, made after some group

discussions.

17



crew enfrance +

vehicle float to water

sulface,
&[min] //
A

sealing,
_2[min]

raising vehicle

flonding of
launching tube,
3[min]

to silo exit,

2[min]

Total time = 10 [min]

Figure 1.5: Time division from task receipt to launch

1.3.2 Task Execution

Vehicle Takeo

The Vehicle is designed to be capable of take-o within 10 minutes after being posibned on the

water surface. Once oating, the vehicle's intake and exhaust are un-sealed, the rotor bldes unfolded

upwards, and the engine is started and warmed up. In case if arctic weather, the irtke, exhaust,

blade folding joints, and landing gear joints are de-iced rst (described in detail n Sub-Section 2.3.1).

Once obtaining the required RPM the vehicle can take o.

As seen in Figure 1.5 this precess

should take a maximum of 5 minutes. Thus leaving 5 of the 10 minutes stated atwe for any other

preparations that may be in need (for example - de-icing larger ice accumulations).

Blade Deployment +

De-lcing,
1[min]

Achieving required =
RFM,
1[min]

Unsealing ,
. 1[min]

Engine Warm-up,
2[min]

Figure 1.6: Time division prior to take-o

18



Vehicle Cruise

The RFP [1] states the vehicle's ight objective is 140[nm], undetected low altitude cruise to the
pre-designated location. Once there, a mid-mission HOGE is preformed in order to pick upradeploy

the troops. The last part is a similar ight back to the submarine.

Deployment and Pick-up of Troops

Deployment of SOF personnel from the rotorcraft as well as the picking up can be prefmed via
one of 2 doors: the outward opening door placed at the bottom of the ARV, or the bding door on
the vehicles' side (door design speci ed in Sub-Section 2.7.3)

When in Mid-Air : Deployment of the crew members at the objective when the rotorcraft is
hovering in air is via a winch connected to the top of the crew cabin, dropping the crew member
one at a time through the bottom door. The crew members shall be tted with a special harness
over their torso and will control the hoist system themselves (see Sub-Section 24). The very same
method is used to pick-up the crew returning to the SSCN, as well as picking up injured persmel.

When Landing : Deployment of the crew when landing will be made through the side sliding
door placed 130[m] above ground, (Sub-Section 2.7.3) activated automatically or manually by he
crew. The SOF will slide from their seats out to the ground using a bar placed above theloor. Due

to the doors height, they can also easily enter the ARV when they are picked up.

Mission Abort

In case of emergency the ARV is tted with a manual interface enabling takeo aborts and/or
recovery wave-o s for any mission plan. In this case the vehicle will either retreve to the submarine,
or land on the ground using the landing gears folded on the side of the body (Sub-Section &),
according to the emergency that is in place, and a predesignated location and ight plan thaare

programmed on the automatic ight computer.

1.3.3 Retrieval

Once the crew members have safely entered the ARV, the vehicle can preform the ight backa the
submarine location in order to land on the water surface (stabilizing itself usng the otation buoys,

Sub-Section 3.1.2). Once it has landed on the water surface the vehicle is designed to be camabf
receding beneath the water surface to the submarines entrance hatch in 10 minutes. The dsion of
these allotted 10 minutes is shown in Figure 1.7, this time frame is ealsi met in our design for this
challenge (note that two catching trials of the vehicle were considered, and that the itne it takes
the vehicle to reach the submarine may be shorter since it depends on the pulley on the submiaes

side, and thus can be shortened considerably).
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Figure 1.7: Time division from landing on water until fully descended

Attachment to Retrieval Mechanism and Descent

As the vehicle lands on the water, the retrieval mechanism homes on a light-beacort ¢he bottom
of the ARV (a simple led that may be infra-red to avoid detection), and oats to ward it until
a connection is established (detailed in Sub-Section 3.2.1 and visually presented in Riges 3.8
and 3.9). Then it is pulled down through the water by a cable ,descending moderately untireaching
the platform which is positioned on the top of the launching compartment (see phtform design in

Section 3.2, speci cally in Figure 3.8(a) and.

Slide down the Tube

Once the vehicle is safely secured on the platform (guided by the cable), the platform ifowered

down the tube until reaching the tubes sealed bottom door(Sub-Section 3.2.1). Then thdube is

emptied from water, and the bottom door opens. The vehicle, still sat on the plaform, is lowered

to the carrier based beneath the launching tube (for additional details the reader is redrred to

Section 3.2).

A detailed, self explanatory, section-view of the di erent Waterspout compartments can be seen in

Figure 1.8.
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Figure 1.8: WaterSpout - sectioned view of the di erent compartments.
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Chapter 2

Waterspout Design Characteristics

2.1 Aerodynamics

2.1.1 Preliminary Rotor and Performance Speci cations

The computational tool used for this analysis was based on momentum theory, adjisted for coaxial
rotor con gurations. The three major topics emphasized when designing theWaterspout's rotor
were: low noise signature (stealth), reasonable cruise velocity, and good mauverability. Maneu-
verability was considered a major focus point due to the fact that a military helicopter must be able
to maneuver well while in vulnerable situations. A high cruise velocity is always a leading design
point for all helicopters, especially military ones (mission timing, and fuel e ciency).

For acoustic considerations, it was decided that the rotor tip speed would be 1g§&=s] or
/ 600[ft=s] [3] (compared to 700ft=s ] for the Robinson R22, or 680ft=s ] for the Hughes 500E [4]).
Lower tip speed produce weaker tip-vortices and thus reduces blade vortex interaction, andubse-
guently vehicle's noise (in addition, the tip Mach number is lower, thus reducing the noise caused
by compressibility e ects). Maximum climb velocity was used as the main paraneter to determine
the Waterspout's maneuverability mainly because it relies on available excess power: higher max
climb velocity means higher excess power available which means that the helicopter wihlso have
more power to maneuver (this approach was also mentioned by Prouty [4]).

Figure 2.1 shows that the G.W. of the Waterspout is at a minimum when the rotor radius is
at 9:5[ft]. Decreasing the rotor radius below 7t ] resulted in the inability of the helicopter to y
the speci ed mission. From Figure 2.1 it can also be seen that increasing the rads above 10ft ],
results in a large drop in cruise velocity along with the exponential increasen G.W.. Although the
7[ft ] radius can obtain the highest velocities, the vehicles fuel weight, engine/transmissn weight,
and thus G.W. becomes very large. The L] rotor is also much too close to the boundaries of the
mission to hold true to the conservative approach to the design. Figure 2.2llustrates the fact that

the excess power available is the greatest for the smallest rotor radius. Bm this information, it
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was decided to focus on the radii between 8{] and 10ft ]. In this region, the rotor size with a good
cruise velocity, low G.W., and good maneuverability could be determined.

These plots show that if the radius is reduced to 8[ft ] then a small increase in cruise velocity
and excess power can be obtained for only a small increase in G.W.. Any further decrea in radius
causes an increasingly larger G.W.. Therefore, due to the main focus points of thetor design, it
was decided to take the small increase in G.W. to increase the cruise velocity and aneuverability
of the Waterspout, and a rotor radius of 85[ft ] was decided upon. The major characteristics of
the Waterspout are shown in Table 2.1. Detailed vehicle weights are summarized in Table A.in
Chapter A.

Main Rotor Radius 8:5[ft ]

H/D 011

Number of Blades (for each rotor) | 2

Tip Speed 600ft=s]

Gross Weight 3570][bs]

Cruise Velocity 100Knots ]

Max Climb Velocity 1100ft=min ]

Fuel Weight 595]bs]

Disk Loading (upper rotor) 7[Ibs=ft?]

Engine Power MRP : 660HP], MCP :504HP]

Table 2.1: Waterspout Characteristics with conservative FM=0.75

For the design of the mechanical deck, theWaterspout will make use of two engines due to
several considerations such as better space utilization, reducing heat signature (see emission
exhausts and enhanced mixing with downwash). This part is explained and illustrated i detail in
Sub-Section 2.5.1 and Sub-Section 2.2.4. In addition, the nal rotor distance design paraeter was
changed and isH=D = 0:077 which is slightly lower than initially designed. This came from the
desire to keep the helicopter as short as possible, hence the rotors were made closenwsdver, this
should not harm the performance signi cantly [5].

Moreover, the nal design weight of the Waterspout is estimated as / 1200Kg], taking into
account the nal weights of all parts and mechanics, in addition to the weights that are stated
as mandatory by the RFP [1]. Any excess power available as a result of this @mation can be
easily attributed to an additional maneuverability of the nal rotorcraft desig n only attributed to
an additional maneuverability of the nal rotorcraft design.

Maximum mission time (according to the RFP speci cations), includes: 4 minute idle engine
warm-up, take-o and 2 minutes HOGE, 1 hour and 40 minutes cruise to destination, 4 mhutes
HOGE, 1 hour and 40 minutes cruise back to submarine location, and 2 minutes HOGE inclding

landing. The total time for the Waterspout is therefore: 3 hours and 32 minutes, with an additional
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20 minutes worth of fuel to spare (also required by the RFP).

2.1.2 Airfoil Selection

Most previous coaxial helicopters in the United States used symmetric airfoilssuch as the NACA
0012 used on the Gyrodyne QH-50 drones [6]. The Russian company, Kamov, have beelngsNACA
23015 for the root and NACA 23012 for the tip airfoil sections on their ine of coaxial helicopters [7].
These were not symmetric airfoils and o ered improved lift and L/D ratios while at a cost of higher
pitching moment. Single main rotor helicopters of our weight class have also minly been using
NACA symmetric or 5 digit variants to allow for a simple and low cost rotor design and predictable
performance [8].

For the Waterspout the airfoils listed below were selected for their relatively low pitching mo-
ment, low thickness and high drag divergence Mach number. For all these airfal the aerodynamic

coe cients and characteristics were calculated using JavaFoil [9]:
NACA 23012, 23015, 23018
OA 206, 209, 212, 213
Clark Y H, Y Smooth
FX 05-H-126, 66-H-60, 66-H-80, 68-H-120, 69-H-083, 69-H-098
NLR 1T, 7223-62, 7223-43
SSCAQ9
VR12

The airfoils were compared against each other for the minimum drag coe cient, maimum lift
coe cient, pitching moment at maximum lift, thickness and lift-to-drag ratio . The nal airfolil
selection was based on a low thickness ratio for the tip airfoil for acoust considerations and an
inboard airfoil with a high L/D ratio. The tip airfoil selected was t he NLR-7223-62 with a thickness
ratio of 8:6% and the inboard airfoil selected was the FX 05-H-126 with a predicted max LD ratio

of 72. Both airfoils' data are presented in Figure 2.3.

2.1.3 Blade Design

Based on the performance evaluation code (Sub-Section 2.1.1), the recommended blade rslivas
2:6[m] with a tip velocity of 183[ m=s]. These numbers were used throughout the blade's aerodynamic
design. The number of blades per rotor was set to two; this result was a product of sg& constraints
(external hatch diameter), folding mechanics, and stowage ease (Sub-Section 1.2.The blades were
to be comprised of two di erent airfoil sections, the inboard being the FX 05H-126 airfoil for its

relatively high maximum lift and also L/D ratio (Figure 2.3) and the ti p being the NLR-7223-62
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Figure 2.3: Drag polar plots for both root and tip airfoils

for its low thickness ratio (Sub-Section 2.1.2). This section completes the blade dam parameters:
twist rate (assuming linear twist), e ective solidity, taper ratio, a nd airfoil transition location. The
entire blade design was intended for the 6{ft ]=95 F conditions as a conservative estimate.

The developed blade element momentum theory based code already included tip loss e ects using
the Prandtl tip loss factor equation [10]. It also included a provision for a root cut-out which was
set at 1:3[ft ]. This was mainly done to account for fuselage blocking. Aside from the BEMTcode
another code was developed to determine the various sectional Reynolds number for vang e ective
3/4 span solidity and taper ratios. This was done to ensure that the chord lengh of the blades would
operate at Reynolds numbers within the regime of the lift curves and drag curves genated through
JavaFoil (Sub-Section 2.1.2).

Radial Reynolds number variation for varying taper ratios for e ective 3/4 span solidities of 0.01,
0.05, 0.1 and 0.15 respectively were calculated. The Reynolds number range acrake blade for
the di erent e ective solidities is only valid for e ective solidity values of 0.1 and 0.15. However for
these particular e ective solidities the chord length varies signi cantly for v arious taper ratios. For
taper ratios above 1.5 in the case of an e ective solidity of 0.1 the chat lengths are too big to be
realistic. The same applies for a e ective solidity ratio of 0.15 wherein thechord lengths are too big
for a two bladed rotor set. Therefore based on this observation it was determinedhat the optimal
3/4 e ective solidity was 0.1 and the optimal taper ratio was 1.5. The average Reynolds number is
3.3 million (based on average blade chord) which is quite typical. The rootand tip chords are 16[ft ]
and 1:3 respectively (note that taper is calculated from the rotor center point, and the blade's root
is 1:3[ft ] outboard of the center point thus the geometric taper ration is 1.23).

In order to allow for a conservative estimate, each rotor set was set to prduce a lift of about
790Kg] which is approximately 50% of the aircraft initial weight estimate (as stated in Table 2.1,
nal weight is much lower, about 1200[Kg], as stated in Sub-Section 2.1.1). Aseen in Figure 2.4, FM

generally rises for any particular value of twist rate but then at a transiti on location of approximately
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Figure 2.4: Figure of Merit variation as a function of airfoil transi tion location for various twist rate
values.
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2:33[ft] it begins to drop down for lower values of twist rate, therefore this would be an optimal
location for the airfoil transition (Figure 2.5). Although the FM va lues are signi cantly higher for
larger twist rate values, the higher values of twist rate reduce the margin betveen the local AoA of
attack and the stall AoA (Figure 2.5) hereby reducing maneuvering capabilities. Theefore taking
this into consideration a twist rate 10 was picked as its max local AoA for the various airfoil

transition locations was between the ranges of & and 6 .

2.1.4 Flight Stability Characteristics

Despite known qualities like improved stability and handling qualities, due to the constraints of
tting the Waterspout inside the external hatch dimensions, the decision was not to t the vehicle
with a horizontal stabilizer or a vertical n. The addition of these surfaces would require complex

folding mechanisms that would reduce design simplicity.

(a) Bell 47B (b) Gyrodyne QH-50 coaxial helicopter

Figure 2.6: Existing helicopter without stability surfaces

Examples of popular helicopters, without horizontal or vertical stabilizers include the Bell Model
47 "Sioux" from the 1950's and 1960's (Figure 2.6(a)), used by over 30 ih

To determine the hover stability a simple mass-spring-damper system was consideredRotor
stability derivatives were solved for obtaining a characteristic equation. The full equation is a fourth
order polynomial, simpli ed by Prouty [4] to a second order polynomial with very little e ect on
accuracy. First, the helicopter is assumed to be constrained vertically so all athe Z-Force equations
can be eliminated. Next, the equation can be further simpli ed by assuming the helicopér operates
like a pendulum and has a single degree of freedom (mass + spring). This gives the secoadtier
characteristic equation: %sz + g@@'\_" =0

r

Where the natural frequency is: ! = —%M@L and the period of oscillation is: P = 2—
@q o

Moreover, using a Routh's discriminant analysis stability/instability o f the helicopter may be

found: stable for % < 0 and unstable for % > 0. The stability analysis has been completed
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for the hovering Waterspout and the natural frequency, period of oscillation, and stability were
determined. The period of oscillation was determined to be 17[sed which conforms to military
speci cations. Through Routh's discriminant it was determined that our helicopter was stable
because@ =  30:34.

The results have proved that the Waterspout is stable in hover and the values of its period
compare well to the example helicopter given by Prouty [4]. The cases shown aboveve also proved
that a helicopter can function well, without the use of horizontal or vertical stabilizers, as the Bell-
47 (Figure 2.6(a)) was manually controlled and operated for a long tine and under many di erent
conditions without these stability surfaces and was still considered a success. Infeard ight, when
the stabilizers are most relied upon, the use of advanced avionics (as with thé/aterspout) can help
compensate for the lack of stability and control. This report has provided abasic and simpli ed
analysis of the hover stability conditions and an overview of the possible sthility of the Waterspout

in forward ight.

2.1.5 Aircraft Trim Characteristics

The aircraft trim model that was utilized had the primary coordinated a xed in a t the root of
the bottom set of rotor blades (Figure 2.7). The model considers as the aircraft nose up/down
pitching angle (positive upwards) and as the side to side roll orientation angle (left roll-positive).
The Z-direction of the coordinate system was positive pointing up toward he rotor system. The
x-direction was positive pointing towards the rear of the aircraft and hence te y-direction points

towards the right if the aircraft is viewed from the rear.

(a) Left side view (b) Rear view

Figure 2.7: AirCraft Model

Based on the blade design and the aircraft performance characteristics the code waxecuted to
check the orientation in which the aircraft trims and the sensitivity of t his trim to C.G. location, in

all three directions (Figure 2.7). The C.G. location was varied from -1[f] to 1[ft] in the y-direction,
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-.5[ft] to .5[ft] in the x-direction and O[ft] to -8 in the z-direction. Above t hese values the code could
not converge on a solution. The collective pitch input as well as the aircraft orentation ( and )
were then observed for non-physical results. It was generally found that the varidbn in the required
collective pitch input and the  values were in the feasibility range. However for some cases it was

found that the  values were non-physical.

Figure 2.8: CG location variation in the x-direction

As seen from Figure 2.8 there is a large variation in the angle of the aircraft for larger values
of forward velocity. However, this angle jumps up to non-physical values for thecase of 0.5[ft] C.G.
o set in the x-direction. Therefore it can be concluded that the trim characteristics of the aircraft
become very poor for large C.G. o sets in the x-direction especially if it 8 forward of the rotor
shaft. According to the trim calculation results, the x-direction C.G. o set li mits are 0.5[ft] in the
aft direction and 0.4[ft] in the forward direction. With the variance of the C.G. location in the
y-direction it was found that the and ranges were feasible and therefore the bounds were set to
be -1[ft] to 1[ft], although this range could be set to be larger it would require trim  values that were
larger than 3 orless than 3 . Lastly C.G. variance in the z-direction did not produce a signi cant
change intrim or values for a large range of forward speed. This led to the conclusion that the

limits on the z-direction C.G. location are bounded only by the physical dimensims of the aircraft.

30



2.2 Structural Design

2.2.1 Exterior Shape

As mentioned before (Sub-Section 1.2.2), our vehicle is a counter rotating coaxidielicopter in a
shape of cylinder with a cone-shaped bottom. The outer shape of the vehicle was chosarspired
by the Canadian CL-227 UAV [11] Figure 2.9. After deciding that the outer sub hatch would not
be altered, this shape allows our concept to be launched vertically, thus eliminatig the 90 turn on
the way to the surface. The bottom of the vehicle is cone shaped in order to provide ager takeo

from the water and would pierce the water skin tension on landing (spearing the weer surface).
Furthermore, the symmetrical shape means that the vehicle can t into the launching tubes in any
azimuthal angle relative to the sub. This eliminates the need to navigate through vater in more
than two degrees of freedom: vertical and vertical relative tilting angle. No azmuthal control is

required.

Figure 2.9: Canadian CL-227 UAV

2.2.2 Interior Structure

The interior structure is comprised of 8 reinforcement vertical beams, and 4 beason the circum-
ference, on which the vehicle's skin is assembled. The circumference also serve as the haséior
the mechanical deck oor, crew cabin oor, and bottom doors assembly. The skin of he vehicle is

about 10 [mm] thick, made up of 3 layers:
1. A layer that is against Radar signal, speci ed in Sub-Section 2.2.4.
2. A layer of composite material, the actual coating of the vehicle, speci ed in Sub-Sedbn 2.2.3.

3. A layer of isolation material, speci ed in Sub-Section 2.3.1
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2.2.3 Skin and Materials

In order to minimize the vehicles body weight, composite materials were chosefor the Waterspout
skin. Using Kevlar was considered due to it's potential invisibility to RAD AR radiation, good weight
to strength ratio, and high crashworthy qualities. On the other hand, Kevlar has a disadvantage in
water absorbance, and is also very expensive. Thus, graphite epoxy was examined. &phite epoxy
has a better weight to strength ratio and it is commonly used. The vehicle has to wstand under
25|m] water pressure, causing a uniform pressure of:05MP a] (considering an existence pressure
of 1[atm] in the vehicle). In order to assure durability of the body to sudden impacts and to eae
insertion of rivets, it was decided on no less than 2hm] of the vehicle skin. Once proven that the
buckling load of a 2mm] vehicle skin is about 21MP a] and no buckling scenarios is assured( [12]

and refering [13]), the 2fnm] graphite epoxy skin was set.

2.2.4 Stealth

Stealth was pointed out as a major requirement in the RFP [1] since the ARV isin support of covert
operations performed by SOF personnel. Stealth can be achieved by passive or agtimethods. In
this section, only passive methods are discussed and the reader is referred to activeethods using
avionics components in Section 2.6.

In order to remain undetected from radar radiation a special honeycomb radar-absorlig skin
coating was selected: C-RAM HC. This coating is highly absorbent in a wide range fovavelengths
and is also light-weight (nominal density of 45[Ibs=ft2], for additional details the reader is refered
to Ref. [14]). The required thickness of this material was also considered as peof the heat analysis
in Sub-Section 2.3.1 (see also Fig. 2.11). In addition this material is warproof [15] which means
that the outer coating can also withstand the contact with the water.

Another important stealth-related issue is the heat signature, due to the use of infa-red guided
missiles. Most of the heat generated by the helicopter originates from the engine ession. In order
to reduce the heat signature, the emission is mixed with fresh (and much colder) aithat ows from
the rotor downwash with a relatively high velocity (also with the freestream in case of forward ight).
The mechanical deck (Sub-Section 2.5.2) was designed so that the two engines will have seqtar
exhaust outputs, thus already dividing the heat signature that would be generated by anequivalent
single engine. In addition the exhaust pipes are directed at the maximum possible atg relative to
the freestream (Figure 2.14) in order to enhance the mixing between the hot exhaust fumeand the
outside air, and also in order to achieve the maximum separation between the tasrexhaust streams.

For visual stealth, the Waterspout is colored in gray which should supply camou age for the
ARV while at sea, in the air, or around desert scenarios (see Figure 2.27 for ample). However, it is
recommended to use other camou age schemes for tropical environments where the dominacblor
is green. Note that the otation devices in Figure 3.3 are colored in orange onf for clari cation. The

inspiring design for the Waterspout, the CL-227, was also known for it's visual stealth characteristics.
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Pilots were sent to look out for it but could not spot the helicopter until it was at a range of less
that 100[m] from them [11].

Noise signature is expected to be rather low, mainly due to relatively low tp speed of 183h=g]
(see Sub-Section 2.1.1), but also due to the use of two engines, minimizing intakes/extst hatches,
and the overall shape of theWaterspout which should not create much noise due to interaction with

the rotors' downwash.

2.3 Weather endurance

The RFP requires the Waterspout to be operable in all global conditions. This includes arctic,
maritime (naturally), tropical, and typical desert conditions. This section describes the solution
that were integrated to the Waterspout design in order to ful Il these requirements. The most
critical conditions that were identi ed were the arctic ones due to the possibility of ice accumulating
on mechanical joints, moving parts or the fuselage. For this reason, these exdme weather conditions

were speci cally targeted, especially after a \no-capsule" concept was decided upon.

2.3.1 Heat Transfer Analysis

One of the design requirements is that the ARV must be mission capable in all gloal environments
including maritime, arctic, tropical, and desert. This part speci cally deals with t he arctic environ-
ment which was pointed out as the most extreme conditions for theWaterspout mainly since it will
come in contact with water at the critical stages of take-o . Anti-icing refer s to the prevention of
any ice buildup on any surface during ight while De-icing denotes removing ice that has aleady
formed on a surface. Ice might block mechanical parts, change airfoil shapend balance, or simply
add weight, therefore an anti-icing/De-icing system should be implemented, preventig ice accumu-
lation on the blades, fuselage and mechanical systems. The components analyzed athese (sorted
by importance): blade folding mechanism, hub, engine air intake/exhaust, landing gea ( otation
devices), blades, fuselage and low internal temperature.

The power required for heating the folding mechanism, hub, engine air intake/exhaust \as esti-

mated and listed below (a calculation example is given for the hub heating):
electrothermal pads engine air intake/exhaust sealing 1300[W]
electrothermal pads installed in the folding area requiring 1200[W]
electrothermal pads installed in landing gear joints requiring 900[W]

fan installed inside the rotorhead space requiring 202 J ] calculated by the formula:
Eheat = [Cpair Wair + Cpgraphite Wgraphite + Cpsteel Wsteet ] T using the constants: Cpar =
1005P=(Kg K)], Cpgraphite = 935[J=(Kg K)], Cpsieel = 455[J=(Kg K)] (Ref. [16]) under
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the assumption of T =10 C. Dividing the result by 60 seconds of operation the fan requires
3400Watts.

A common blade heating method was employed using an array of electric heating pads alg the
blade. Other methods like, the Pneumatic Boot, similar to that found on some xed-wing aircraft
(see [17]). Fluid Anti-icing system is limited by the amount of uid carried by the rotorcraft,
resulting in very short operational time. Moreover, other non-electrothermal soltions are still
under development but lack information and validity. Heating the blades is achieved byusing an
array of electrothermal pads installed fragmentally along the blades, covering0% of the blade's

surface area, and requires 2KW atts ]( [18]). Similar heating elements are shown as an example in
Figure 2.10

Figure 2.10: Heating element on a MI-8 airfoil section

When ying in extreme arctic weather the interior of the vehicle should be heated to 15 in
favor of the crew. An analysis was carried out, modeling the fuselage as two noentric cylinders,
a one dimensional heat transfer analysis was conducted along the radial coordinate, rfthe most
extreme situation with an outside temperature of 20 C. Skin material is graphite-epoxy (Sub-
Section 2.2.3) which has a relatively low thermal conductivity coe cient of 0:87W=(m C)] compared
to 160W=(m C)] for aluminum. An internal layer for insulation was added, made of Polyurethane
foam (as found in FAO-Corporate Document Repository [19]) which is a vey light insulator with
a low thermal conductivity of 0:026(W=(m C]. The external anti-radar coating e ect was neglected
(Figure 2.11). The thickness of the insulation was chosen after some itetimns to be 6jmm] and
weighs Xg. This yields a required power of 25[KW ].

During the launch we need to rely on battery power for heating, until the engine starts and powers
the generator. Once the ARV is at the water surface we must use the battery for de-icing fothe
engine intake/exhaust (approx one minute, using the heaters mentioned above). Batter capacity
was estimated using the formulaPpeat = Vheat lheat ) lheat = Pheat =Vheat Which yields 80A] and
241A] for both heaters, assuming a regular 28 volts power line. Therefore, batterieshould supply

24JA Hr] which should weigh no more than 10Kg] (compared to current automobile batteries).

34



Figure 2.11: Isolation layers integrated into the vehicles skin.

2.4 Additional Weather Conditions

The Waterspout is designed to operate in all weather extreme conditions.

In case of tropic weather conditions,characterized by high humidity and rain, the ARV is sealed
for maritime protection (as detailed in Sub-Section 2.5.2 and Sub-Section 2.5.4 thnaghout, and in
Sub-Section 2.7.3) and equipped with an inner intake water pump (Sub-Section 2.5.2) extrding
uid condensing and accumulation in the engines and mechanical deck. For tasking in desert con-
ditions, where extreme heat and sandstorms are expected, thé/aterspout crew cabin temperature
is kept fairly comfortable by the skin isolation layer, characterized by low thermal conductivity
(Sub-Section 2.3.1), and an internal intake Iter (not drawn) is installed to prev ent dust and sand

particles from interfering with the engine and Mechanics.

2.5 Mechanical Layout

2.5.1 Mechanical Deck Design

Most mechanical systems are placed on the mechanical deck (Figure 2.13), whichntdbutes to
shorter shafts and easy access for maintenance using a minimum number of access dooihe
engines are installed with a 60 angle between them, in front of the gearbox, thus shortening the
shafts, use a common intake for easier sealing, and separate the exhaust irder to reduce infra red
signature by enhanced exhaust mixing from both sides of the helicopter (also the relate pressure
on the cylinder sides will help the exhaust fumes to leave the pipes).

As mentioned in the performances analysis (Table 2.1), TheNaterspout requires 230Kg] (ap-
proximately 500[Ibs]) of fuel in order to carry out its missions. The Waterspout is equipped with
a crashworthy fuel system for minimum damage in emergency situations (Sub-Section.26). The

290 liter fuel tank is located between the two exhausts of our vehicle, also on the mkanical deck,
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in such a shape that maximizes use of the unoccupied volume as seen in Figure 2.14.

2.5.2 Engine

During the design process, 2 engines types were considered: turbo-shafts and aviatioresél engines.
Diesel engines will have a lower heat signature but their main disadvantage is the gwer-to-weight
ratio. It was estimated that almost 200[Kg] will be added to the G.W.. In addition, air cooling
for the diesel engines was quite complicated due to the sealing requirements. This wouléquire
the use of water cooling which results in another G.W. increase. Therefore th&Vaterspout was
designed with two turbo shaft engines of the type o ered by the RFP [1]. Engine prgerties: Power
- 330HP ], Length - 740mm] Diameter - 460jnm] (each engine, according to the formula given in
the RFP [1]).

The two engines are installed as shown in Figure 2.14. Both drive shafts connett the gearbox
(Sub-Section 2.5.3). The 90 shaft-turn is achieved using conical sprockets. Each engine also has
a overrunning clutch, so that if one engine malfunctions, it would enable the other to wok alone.

This also enables simple autorotation in the event of losing both engines.

Engine Intake

The intake is designed with a central body working as an air regulator and sdang method (Fig-
ure 2.13). While the intake is open, the central body lIters small particles such as sand and dust,
preventing them from reaching the engine. The intake has a water separating mechanismhich in-
cludes a bore with a centrifugal pump in its bottom, pumping the water outside, and acontrollable
plate which tilts down preventing water from owing into the engine when the helicopter is at low
altitude or even oating (not drawn). Intake sealing is achieved when the central body is pulled

back by a servo engine to a tight t (seen in Figure 2.12).

(a) Pulled In (b) Open

Figure 2.12: The engine intake
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Figure 2.13: A general view of the mechanical deck

Figure 2.14: A view of the engine layout

Figure 2.15: Rotor head design

Figure 2.16: Rotor head, sealed

Figure 2.17: The elastic hinge, enlarged
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Engine Exhaust

Each engine has its own exhaust with a hot air disperser. It works by mixing atboard cold air from
some additional intake and with hot air from the engine. In non ight mode, all exhaust systems
are sealed by heat durable shutters that are built at the exhaust ends. In ight mode the® shutters

open by servo engines to allow the air ow. The engines exhaust can be seen in Figurel3.

(a) Shutters Closed (b) Shutters Open

Figure 2.18: The engine exhaust

2.5.3 Transmission

Figure 2.19: The ARVs transmission

Generally the gearbox, clutch and rotation converter work together and have may shared parts,
and therefore they are also placed together. The transmission design can be seen Figure 2.19.
The gearbox in our design has a total reduction ratio of 6:1, achieved in twotsges. The rst stage
has a reduction ratio of 2:1 and is placed where the engine shafts enter the gearbox easlt has

a set of conical sprockets, providing the reduction ratio, engines coupling, and rotabn direction
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shifting. Finer engine coupling is done electronically by measuring the torque on botlengine shafts.
The second stage has a reduction ratio of 3:1 and is placed in the rotation convir. Note that

we assumed that the engines have an integrated reduction gear inside, thus the output engirghaft
RPM should be 4030 RPM.

Integrating the clutch into our transmission enables easy starting and heatingof the engines
without external loads. It is a dry, multi-disk clutch with coaxial shafts. Si nce the clutch disks
have nite lifetimes and require periodic maintenance, this con guration keeps the clutch outside
the entire mechanical assembly making both accessing and maintenance easier. Despthe high
torque that passes thought the clutch we believe its dimensions would be not that lj because it
works in transition mode only twice per mission in relatively low RPM.

The rotation converter in our design has two coaxial shafts, both are drien by conical sprockets
coming out from the clutch. This enables clockwise and counter-clockwise rotatio of the coaxial
rotors. The rotation converter also provides a reduction ratio of (3:1) and serves as the second stage
of the gearbox. Around and between the Rotor shafts are tapered roller bearingthat pass the loads
from the shafts to the rotation converter body which is connected to the helicopter sructure with

shock absorbers.

2.5.4 Rotor Head Design
mechanical Design

The design of the rotor head for this vehicle is based on 3 main ideas:

1. Rotor cyclic commands are controlled by an autopilot system, therefore naneed for a hu-
man interface. This provides simple rotor head mechanics and control-authority ger each
rotor separately, by an original swash plate design allowing each rototo receive di erent
commands. The lower rotor controls (Figure 2.15) are similar to thoseof single rotor heli-
copters, it's swash plate push-rods (middle swash plate in cyan, static) passhtough the lower
non-rotating swash plate (in orange), that is connected straight to the hydraulc actuators
(below, not seen in gure). The upper rotor is controlled by the lower swashplate(in blue,
rotating counter-clockwise) that moves the upper one (upper swashplate in cyan, atsrotating
counter-clockwise), which provides control for the upper rotor itself through the upper brown

swashplate (rotating clockwise).

2. To achieve mechanical sealing simplicity, a waterproof volume containing tte mechanics of
the di erential pitch control only was designed (Figure 2.16), leaving only the elastomeric
apping and lead-lag hinge outside. When using this design, only two simple types of sealg
solutions are required: O-rings around each pitch shaft and an original solutio along the
cowling perimeter (see below), due to higher rotation. The elastomeric hinges ardesigned to

allow for a relatively low apping angle of no more than 8 total. That way the two rotors
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would not have a chance of collision (assuming that the rotors do not work agast each other
with opposite apping angles). Rotor separating distance is 40fm] which allows for 10 ap

angle, thus leaving a safe margin of 2

3. Using advanced elastic hinges for apping and lead-lag motions (Figure 2.17), kich are be-
coming more and more popular in modern helicopters (such as the RNLN Lynx [20])will
simplify the mechanics and maintainability of the rotorhead system. Speci cally for the wa-
terspout, substituting the more common mechanical hinges with elastic hinges allows fomuch
simpler mechanics that is easily left outside the rotorhead sealed volume. Usingadtomeric

hinges also eliminates the mechanical complexity of hinges order

Sealing between the rotors:

In order to seal the hub, keeping the internal mechanical systems safe from water, aimple but
original sealing mechanism was designed to be placed around both interfaces betwedre three
di erent hub sections (Figure 2.20). On the top section of each interface an 'L shaped "elastic
skirt" is placed, while on the bottom sections an in exible material was placed, with a relatively
low friction coe cient, shaped in a complimentary manner as a tting reversed 'L' . The idea behind
such a design is that when the rotors are stationary (aircraft is not in ight), the "elastic skirt" ts
over the in exible material exactly, creating a perfectly tted seal around the entir e circumference.
Furthermore, the ‘L' shape allows the "rubber skirt" to use outside water presaure when the vehicle
is submerged, to tighten the sealing, further blocking water from entering the hub. When the vehicle
is in ight mode (or even when the rotors are started), the centrifugal force d the rotor rotation,
makes the "elastic skirt" lower circumference stretch just enough to disconnect it fom the in exible

material, allowing for smooth rotation motion.

2.5.5 Blade Folding Mechanism

The blades folding mechanism is made of 3 components: an electric actuator, a pushrodnd a
hinge (see Figure 2.21(a)). The actuator is responsible for pushing and pullinghe push rod which
is located along the blade's base (Figure 2.21(b)). The weight of each rotowas estimated at 4Kg],
and about 1:6[m] out of its span is being pulled by the actuators for folding/deploying of the blades
Considering that this part weighs about 3:2[kg], and the distance from the pushrod to the rotation
axis is 5m], the moment that was required from the actuator is 32N m] which was found to be a
typical number for customary aircraft electric actuators [21].The chosen actiator seen in the gures
is a 25pm] long cylindrical shape with a 7:5[cm] diameter.

The blade was thickened at the folding section to allow larger leverage for the pusod. Pushing
the pushrod folds the blade down. Pulling the pushrod deploys the blade and when the rotor is
rotating, the lift created by the blade itself is utilized as a lock mechanism br the upright position.

Prior to folding, a special mechanism rotates the rotors until the blades po#ion coincides with the
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(a) "Elastic skirt" tightly tted around the hub (en- (b) “Elastic skirt" Opened by centrifugal force

gine o)

Figure 2.20: Hub sealing using an "Elastic skirt"

two specially trimmed areas on the body's circumference allowing the blades to fded down in order

to keep the rotorcraft major dimensions less than the external hatch dimensions.

(a) Deployed blade, actuator (b) Blade folded, pushrod showing (c) Thickened area on the blade

showing

Figure 2.21: Blade folding mechanism

The force on the folding pin: While the blades rotate, a shear force develops on the hinge
connecting the folding blade part. Considering the centrifugal force on the rotor, thecalculated shear
force on the pin is approximately 30000 ]. Considering a high yield strength of 500M P a]( [22])
for steel, adding a safety factor of 0.6, and using the formula for a cylinder shap hinge: =
4 F=( d?), the hinge dimeter was calculated to be 11fjnm]. This diameter is rather small and

will not interfere with the blade folding.
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2.5.6 Crashworthy Fuel System

The purpose of a crash worthy fuel system is mainly to minimize the chances for gst crash re

by preventing fuel spillage. Fuel tank location is one of the most critical aspect for this property,

and it depends on several components location like crew, ignition sources, and arethat are likely

to endure impact. In addition - the C.G. location must also be considered. According 6 The

Aircraft Crash Survival Guide [23], the main areas to avoid when instaling the fuel tank are:

adjacent to occupied areas, engine compartments, or electrical compartments, under heavyasses
(transmissions/engines), near the fuselage bottom, or over landing gear.

Since the fuselage is rather small, some compromise is required when placing the fuahk.
Iterated with internal layout speci cation designs to determine optimal locati on of fuel system and
its forti cations, and due to space constraints and the fact that any location was considered bad for
crashworthiness, the tank was nally placed at the top of the aircraft with the engines. This would
minimize rewalls and would not run fuel lines through the cabin.

The fuel tank will be encased in a rubber bladder which will be tted inside a crash resisant
material according to MIL-T-27422. The material around the bladder must have a snooth shape
with a minimum of 25[mm)] radius corners. Instead of a rewall to shroud the tank and the lines
from the cabin, it is proposed that a composite exible blanket be used, mainly to reduce weight
penalties. The bladder will be encased in an aluminum alloy which has a density of:84[gram=cmq]
and is 6mm] thick. The volume of the fuel is 0:31jm?], and the weight of the aluminum covering
is estimated at about 110[bs]. If the blanket is used as a rewall for the engine it can also reduce

noise.

2.6 Avionics Suite Selection

The primary challenge posed in the RFP[1] was the need for the system to be priarily autonomous
and preferably yable by a non-pilot. This is a challenge as the accuracy of GPS and ineial systems
is limited and visual navigation cues can become unreliable in adverse weather/brenout conditions.
Since the design was intended for the year 2020 current technologies were used as a modehfhat
could possibly be incorporated into the aircraft.

The primary navigation of the aircraft location is accomplished via a comprhensive inertial
navigation system (INS), similar to the H-764 ACE manufactured by Honeywell [24] which meets the
requirements set by the military for electromagnetic interference and environmetal requirements.
The ight director system would be a modi ed version of the Chelton HeliSAS [25], which is a highly
capable and compatible rotorcraft autopilot that would need to be modi ed for a coaxial helicopter
con guration.

Terrain avoidance would be accomplished through the use of a system similar tilve BAE Systems

made Helicopter TERPROM [8] which employs saved terrain data in order to guide he craft around
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obstacles both natural and man-made. The advantage of TERPROM over conventionlaterrain
following RADAR is the enhanced stealth characteristics of the craft by eliminaing the detectable
RF emissions that an active radar system would send out.

The craft's altitude and heading would be determined using a system comparable to the bhey-
well AN/APN 209(V) [24] radio altimeter and a standard electro-compass. This system is immunized
to the Doppler E ect and is accurate during pitch and roll without experiencing slant. W hile it does
require radio emissions, as they are directed straight down, their e ect on detectionis expected to
be low, as the aircraft would be in visual range before it is detected othervge [24]. Additionally for
increased stealth, the altitude of the craft could be determined, albeit with less predion, from the
GPS system. The trade o is quality of terrain following versus electromagnetic stealth.

As the Waterspout approaches the insertion point, the positioning of the craft will be accom-
plished by a system which hybridizes features of the Sikorsky made Automatic Fght Control System
[AFCS] (as installed on the SAR variant of the S-92) [26], the Applied Minds devebped Photographic
Landing Augmentation System [PhLASH] [27], and the rest of the helicopter's navigtion suite.

The preferred method for the crew to interface with the system would be the use of @ouch-
screen display, with moving map style interface, synchronized to the heading of theircraft (see
Sub-Section 2.7.2). The display would show the best available terrain view, betireal-time video
or still images processed by the PhLASH system, with a simple user interfacera any necessary
navigation/terrain indicators. A \class A" Iter would be employed on the dis play unit, as it
maximizes the sensitivity of the crew's night vision goggles.

All images would be acquired via an externally mounted electro-optic system, imilar to the Star
SAFIRE HD electro-optic system, which is the latest o ering from FLIR Systems Inc [28]. This
system has a number of advantages that make it optimum for the application inquestion. The
system has a comprehensive set of image sensors, including high de nition IR, color aridw light.
Itis an all digital system, thus image integrity is preserved whether it is being used within the digital
cockpit environment, as well as when it is shared across a data-link. Lastlythe Start SAFIRE HD
is already quali ed to MIL-STD-810 and MIL-STD-461.

To address the requirement in the RFP for the aircraft to monitor its health and to be able to
react to combat damage of critical components and systems, the aircraft is eqpped with a Health
and Usage Management System. This system would be an enhanced version of the HonejwXP
HUMS [24]. The system will interpret data generated by accelerometers distributedabout the
aircraft, as well as temperature and pressure sensors to assess the health afigus systems in the
aircraft, as well as the overall airframe itself.

The communications suite of the aircraft is housed primarily within the JTRS terminal [29].
The terminal, manufactured by Rockwell Collins, is compatible with the many of the current voice
and data standards employed including: HQ I/1l, SATURN, DAMA, SATCOM, HF ALE, A TC HF
DATA LINK, VHF AM, VHF FM, VHF AM/FM PSK LOS, ATC DATA LINK, HF SSB, HF ISB ,
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STANAG 5066, STANAG 4529, STANAG 4231, STANAG 4193 MODE S, SINCGARS, ATC, Link

4, Link 11, and Link 16. The multiple channel nature of the JTRS system would albw the craft to

work in concert with a wide variety of battle eld partners simultaneously. Like its predecessor, the
JTIDS, JTRS is secure and jam resistant, and transmits both digital voice and data [29]. For short
range communications, the commercially developed IEEE 802.11 standard, or a cquarable future
standard would be employed. The current 802.11n standard can support data rates utp 600 Mbps,
and supports the transmission of both voice and data. The digital nature ato allows for complex

cryptographic algorithms to keep the transmission contents secret.

2.7 Crew Compartment

2.7.1 Layout

Our primary objective is carrying 2 people in the vehicle, providing a quick and saé entrance/egress
path. Crew compartment dimensions are 2 [m] in diameter, and 1.1 [m] in height. Aother require-

ment is the ability to carry one or both of the crew as injured. The use of stretches was considered,
however, it was replaced with adjustable bed type platforms that consume less sjga and still provide

suitable ergonomics. The platforms are placed close enough in order to allow therew members to
provide rst aid to each other when needed. The gap left between the platforms allows he crew
to use the bottom door (see Sub-Section 2.7.4 and Figure 2.27). The required gafzs between the
beds is obtained by folding part of the beds inboard (see Figure 2.25). When theehicle is hovering,

the crew rappels out through the bottom door taking the equipment from beneath the beds

2.7.2 Controls

Flight data and various controls are supplied through two touch screens to boh crew members
(Figure 2.23). These screens will show outside conditions and will include night gion option (Sec-

tion 2.6). Abort takeo button would also be part of that control panel.

2.7.3 Doors

The design of the doors allows for easy and fast crew entrance/egress to the vehiaidile hovering or
landing. When hovering above the objective area, the entrance/egress of the crew is rda through
a bottom door by a winch. In case of an emergency, when landing, or if the terrain deands it, the
entrance/egress will be from a side door.

Several concepts were suggested for the bottom door. A pivoting door that opens dowrard
and then pivots around single axis, would encounter the 3 landing gears on the circumfence. A
cone shaped door, that opens 90would signi cantly reduce the internal dimensions because of the
relatively large mechanical system. Moreover, the hatch diameter will requie a higher vehicle for

complete opening since there was a desire to allow egress also from the bottomadtavhile landing
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(in addition to the side door). The bottom door was nally designed as a dual door that opens
the same way as the second concept using two doors instead of one (Figure 2.26). $tparticular
concept does not require a higher vehicle (hence no additional empty weight), as the doors reach
full movement range while on land, and the crew exit path size is not reduced.

Two concepts were considered for the side door as well. The rst was to create a door tha
opens downwards on the at side of the fuselage. This is a simple idea, but it mightake longer to
open, and the hydraulic system is expected to be very heavy. In case of an emergendywill be the
vehicles' downfall and will endanger the crew. The second idea that was eventually choseng@n in
Figure 2.22) was to design a sliding door that will be opened by an automat system or by the crew.
Opening the door to the side is a great time saver, and in case of an emergency the maa option
(not available in the previous concept due to the door's weight) increases crew safetynal mission
reliability. Note that manual operation cannot be expected in case both crew & injured due to the

sealing force that may be required.

(a) Closed (b) Open

Figure 2.22: Side door design

The side and bottom door seal mechanism is identical in theory. The main idea ishat around
the inner door there will be rubber tubing surrounding the door's edges. A complementary rubber
tubing will be placed on the inside of the vehicle around the door chamber. Once the door is
closed those two rubber tubings will be pressed together, causing a sealing e ect disaling water
entrance to the vehicle. The circumference of both doors are strengthened by additional chon- ber
made beams (not shown in CAD), in order to replace the missing airframe in hat area and supply

resistance against typical structural cracks in that area [30].
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Figure 2.23: Crew cabin, general layout.

Figure 2.24: Crew cabin, tting 2 average adults in the 1.95[m] diameter

(a) Fully pulled in (b) Half open (c) Fully extended

Figure 2.25: The 'seat drawer' extending out for comfort
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(a) Closed (b) Open

Figure 2.26: Bottom door design

2.7.4 Hoist

In hover mode, the winch can be used for both entrance and egress from the hovering veld. This
method is valid also for injured personnel which is a main demand of the missio (speci ed in [1]
Pg.17). When the the vehicle hovers above the injured crew, the bottom door opens,nal the electric
winch begins descending the conected cable. Once it reaches the ground, the crew members attach
themselves to the cable, using a carabiner, by a special harness that's already on them.h& winch

is human controlled by a simple up/down switch installed at the cable's end.

When the person arrives inside the vehicle, the only thing that is left for him to do isto shift
himself to the bed and to release himself from the cable (all of these actions careldone even single
handedly). Once the crew member is on the bed, he may pull the handle under his seat, opening
an additional surface that completes the seats surface (Sub-Section 2.7.1, Figure2B). The bed
designed for this vehicle allows operation in routine mode on one hand, with no injred crew, and a
suitable bed for injured crew on the other hand, requiring minimal actions from the injured person.
In case there are more than 2 SOF personnel on the site - thé&/aterspout can land and emergency

care can be given on board through the sliding side doors when serious injurieska place.

2.8 Landing Gear

One of the requirements derived from the RFP [1] is landing in case of emergency. Thisquires
landing capabilities in any scenario - both on water and on ground. Thus theWaterspout was
equipped with landing gear: 3 poles built to fold into place on the circumference of thevehicle, in a
way that doesn't interrupt the entrance/egress path (see Figure 2.28(a)). When themission requires
landing or in emergency situation, each landing pole turns out, rotating around an &is, spreads
out using an hydraulic system, and locks open by a pin at an angle of 160for maximum stability.

(see Figure 2.28(b)). Once open, the last step before actual landing is deployment a telescopic
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Figure 2.27: Bottom door open, hoisting cable loose

extension hiding within each pole providing hight (see Figure 2.28(c)). When t&ing o, the landing

gear returns to it's folded position for a smooth ight.

(a) Folded in place (b) Partially opened (c) Fully extended

Figure 2.28: Landing gear pole
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Chapter 3

Water and Submarine Interface

3.1 Flotation and Stability

One of the requirements dictated by the RFP [1] is that the ARV be able to remain aoat at SLS3

for no less than 30 minutes. This requires the design to be stable while oating.To examine the
vehicle stability on water a Simulink model was created, shown in Figure 3.1. Dudo the vehicle
being axisymmetric, only one degree of freedom was considered: the tilt angle of thedelage relative

to the water surface (or to the horizon in case of wave inputs).

3.1.1 Stability Model

A schematic description for the Waterspout in oatation mode is shown in Figure 3.2. Axis origin is
xated at the lowest point of the conic bottom, the \x" axis is directed to the left (radial direction)
and the \y" axis is directed upwards. The equation of motion for this simulation is the moment

equation which was written as:
P
(Moments)=1°*=1f( )+ g(9

where| is the vehicle's moment of inertia (calculated about an axis that goes through GG., and is
perpendicular to the axis of symmetry). f ( ) represents the moments that act on the helicopter by
di erential buoyancy forces as a result of changing the tilting angle of the helicopter Any angular
movement changes the vehicle'es center of volume while the center of gravity remains place. g(-
represents the moments that are caused from the movement of the vehicle's bottomhtough the
water. These forces are in fact drag forces that develop on the bottom and add a dapng e ect to
the vehicle's angular motion.

Drag on the bottom was evaluated as the drag that would act on an equivalent cinder-shaped
body with about the same cross-section and dimensionsF = % wV2SCq where Vi, = R, R is
the distance between C.G. and a typical reference point for all the parts that are m the water.

A corresponding C4 = 0:9 value for the equivalent cylinder was found by evaluating the average
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Reynolds number while S denotes the surface area of a cylinder which is equivalent to the entire
under-water parts of the Watersoput. Note that the resulting moment depends on -2 which makes

this model non-linear by nature, therefore, no small angles assumption was utilized.

Figure 3.1: Stability analysis - Simulink model

Figure 3.2: Schematic model for stability analysis

3.1.2 Stability Results

According to the de nitions of SLS3, the ARV should withstand wind speeds of 7-10 [knot$, wave
lengths of 14-16[m], and wave heights of 0.5-1.3[m]) [31]. Stability othe vehicle alone was initially
tested (without any oatation devices additions), in which case f ( ) depends only on the fuselage
structure shape. After several test to the model, it was found that the fuselage iself (the volume that

is underwater) was not stable for iisa > 3, for the estimated C.G. position of 1:2[m]. Since the
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anticipated oscillations for the Waterspout are considerably grater, it was concluded that oatation

devices are needed in order to stabilize the vehicle at larger angles.

Flotation Devices

The design solution was to extend the landing gear outboard in otation mode, lecking them in
place at an angle of 80 relative to their original vertical axis for maximum stability. Once loc ked
in, a otation device in ates, positioned at the end of each pole (Figure 3.3(8) with dimensions
of 40X 40X 50[cm?®] (Figure 3.3(b)). When the vehicle takes o, the buoys are de ated and re-
turned to their location hiding inside the three landing gear poles (closed positioncan be seen in
Figure 2.28(a)).

(a) Fully deployed (b) Buoy zoom in

Figure 3.3: Waterspout stabilizing otation device

After modeling the oatation devices in the Simulink model, an important veri cat ion was made
of the oscillating frequency of the dynamic model: If the frequency of the vehicle's osdétions would
dier by an order of magnitude from the wave frequency, then the wave input would cause he
Waterspout to resonate. The response of the model to increasingiiiar Was investigated up to

inias = 15 , and as seen in Figure 3.4, theWaterspout oscillations frequency is in fact an order
of magnitude greater than the highest wave frequency according to SLS3 conditions (which as
calculated as:E14[m] = 0:07[Hz]). This is considered a positive sign that any wave that will hit the
fuselage will not cause the vehicle to diverge due to resonant response.

As is accustomed in dynamic models, the response of the vehicle to initial conditits was exam-
ined for inja =15 (Figure 3.5(a)), and Lniiar = 1[rad=seqd (Figure 3.5(b)). The latter test was
made in order to simulate a single wave hitting the fuselage at a velocity ofpproximately 1[m=g].

It is clear that the dynamic system shows stability for all initial conditio ns tested. The osscilatory
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motion of the vehicle is dampened within about 30 seconds to less than one degree.
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Figure 3.5: Stability characteristics without wave input

An additional examination was made in order to simulate a continuous wave mput at SLS3. A
wave input was injected as a sine input added to the_channel. The frequency of the wave was
0:07Hz] which is the worst case-scenario for the waves at SLS3 (see above). The respon$ehe
dynamic model (shown in Figure 3.6) starts with an expected transient phenomenormwhich decays
after about 2 minutes with only minor oscillation amplitude of approximat ely 2 with a low angular
rate (relative to the initial angular rate caused by the wave for example). This examination veri es
the stability of the Waterspout at SLS3 conditions, as required by the RFP.
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Figure 3.6: Waterspout dynamic model response to a continuous wave input

3.2 Launch/Retrieval Mechanism

3.2.1 System

The launch mechanism is compiled of several stages. Once the launch alert is given teeare two
scenarios: The vehicle is already in the launch pad, or the vehicle is still in st@ge. The main idea
is that at least one vehicle will always be on the launch pad, but we considered botltases in this
report. When the vehicle is not in the launch pad mechanical arms shown in Figure J(a) will

transport the vehicle from its storage onto the platform, which will i nsert the vehicle to the launch
compartment. The storage area will hold a number of vehicles in an elevated pd@sn above the

hanger area, as speci ed in Sub-Section 3.3.3.

(a) WaterSpout held in place by me- (b) Waterspout sitting in the launch-

chanical arms, storage compartment ing silo

Figure 3.7: Waterspout related layout inside the SSCN
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The next launch stages are the same for both cases:

SOF crew enters the vehicle. Launch crew secures the cable to the vehicle and seals both

doors.

The compartment is pressurized and lled with sea water while the cable prevents the velle

from oating.

Once the launch tube is lled the outer submarine tube door opens and the vehicle and launch
platform rise together, as seen in Figure 3.7(b). The platform keeps the vehiclat an upright
position so that when the top of the vehicle will be exposed to the ocean and mig encounter
strong currents and tilt the vehicle, danger to the crew and the outer hatch sealing willbe

minimized.

Once the platform's reaches the outer submarine hatch it is stopped and the vehicle coimues
to rise using its positive buoyancy alone (Figure 3.8a) )whiles the cable restrain it until it

arrives at the water surface.

Retrieval process: Once the vehicle lands on the water, the submarine will launch the reeval
cable whose components are the cable, a 1[m] capture cone (Figure &8), a set of cameras enabling
both regular and infra red images, and four water jet stream motors providingtwo degrees of freedom

motion (ready made and picked from [32]). This device was named 'The clamp' becaesof its

appearance.
(a) Cable connected vehicle rising through the (b) The launch and retrieval mechanism -
water '‘Clamp'

Figure 3.8: The launching method

The clamp is designed to be a stand alone robotic mechanism which will lockroan infra red
signal from the bottom of the vehicle (see Sub-Section 3.2.1). The clamp can risas fast as it's

pulley will allow, this is because it not sensitive to pressure changes. While thelamp is launched,
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the platform will rise from the bottom of the launch tube as before until the outer submarine hatch
where it waits for the vehicle to descent and secure itself to it. Once secured it will descetnside
the tube, again keeping the vehicle in an upright position, the outer submarine hatchdoors will
close and the chamber will be emptied.

Although the retrieval mechanism that was planned is su cient for the safe retrieval of the
vehicle, it is important to have an emergency procedure to ensure the retrieval of the ehicle from
the surface. Therefore the clamp mechanism will be designed to be operated manualfrom the
submarine (rather than automatically) or even physically by a diver that will exit the submarine

along with the clamp.

Helicopter End

Once the vehicle lands on the water it will activate a light beacon from the bottom of the vehicle,
whose main function is to direct the retrieval mechanism from the submarine. Furthemore the
vehicle has a parametric socket around the cone shaped bottom seen in Figure @9, which is
located above the bottom door line. The clamp mechanism, has the complementary ptrusion
which will lock onto the vehicle and secure it once contact will be made (see Fige 3.9b) ). This is

a simple mechanic lock designed to enhance the reliability of the retrieval process.

(a) Helicopter bodys' socket (where the (b) The helicopter attached to the

‘clamp' catches on) ‘clamp’

Figure 3.9: The retrieving mechanism catching on

Cable Strength

Launch/retrieve cable loads were calculated by estimating the vehicle's volume at laout 7:5[m?]
which creates a total positive buoyancy force of about &[tons] on the cable (After reducing the
gravity that works on the vehicle). Using steel with Egee = 200[GP a], and the simple formula:

Acable = F=Esteel , a cable diameter of 1.5 [cm] was calculated.
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3.3 Submarine Interface

3.3.1 Submarine Modi cations

Primarily, the design of the Waterspout ARV was based on the idea of avoiding modi cations of
the existing SSCN's external hatches. However, the ARVs' design requires a few changeés the
internal submarine design. Although the vehicle comfortably ts and can be launched fom the
existing missile silos, creating a convenient storage, maintenace and opéi@n enviroment in the
given sub volume was still needed (with a maximum of 20 missile silos foconversion [1]). The
launch compartment is shorter than the original missile tube, but still allows the positioning of the
vehicle beneath it prior to loading. A system that secures the launch/retrieval mechansm (Sub-
Section 3.2.1) is installed inside the tube, including the elevating platform that dides on vertical
rails along the launch compartment walls (Sub-Section 3.3.2).

Rails are also installed along the submarines internal volume, serving as a gafor the carrying
platforms (Sub-Section 1.3.1). In addition, creating a hangar large enough to atlw maintenance
on two vehicles simultaniously (for example) requires at least 4 silo volume uts put together.
The storage space is customizable, depending on the number of vehicles on the SSCN (de ned by
additional requirements, not in this RFP). In order to place the vehicle in the storage units one above

the other as described in Sub-Section 3.3.3, mechanical arms should be installed asHigure 3.7(a).

3.3.2 Storage Concept

After returning from its mission the vehicle will be lowered by the platform that brought it up(see

Figure 3.7(b)). When the platform and vehicle arrive to the bottom of the tub e they are loaded on
a carrier (see Sub-Section 1.3.1) that takes them to the maintenance or to the storagspace. There,
mechanical arms will hold the vehicle, letting the platform return to the lunching pad. Vehicles
can be stored one above another with a maximum of 2 vehicles tting in the given hajht (storage
shown in Figure 3.7(a)). When the nal number of silos is decided upon, and the numbeof required

launch pads is set, the rest of the space can be used for storage and maintenance area

3.3.3 Space Utilization Options

The rst example for utilizing space is setting two launch pads, four hangars and two silo spaces as
storage. Total hangar measures are 6] depth, 4[m] width and 5[m] high, which leaves some space
above the hangar for the sub usage. In the remaining storage space, four vehicles cain. In this
setting the total number of silos required is eight. The second example sets fodaunch pads, eight
hangers and 4 silo spaces as storage. Eight vehicles can t in the storage, and thetal number of
silos used is sixteen. The third example sets just one launch pad, four as a hangar amhe silo as
storage place. Hangar measurements are the same as in the rst example, and twehicles can t

in the storage space with a total of 6 silos used.
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Appendix A

Detailed Weights Table

Blade assembly 15[kg] Hub and hinges 35[kg]
Basic structure 60[kg] Anti-RADAR coating 6[kg]
Landing gear 10[kg] Air induction 15[kg]
Engines 100[kg] Transmission 65[kg]
Automatic ight control system 10[kg] Hydraulic group 23[kg]
Electrical group 15[kg] Generator 15[kg]
Avionics 150[kg] Furnishing 10[kg]
Winch 6[ka] Emergency equipment 13[kg]
fuel 200[kg] Anti-icing group 10[kg]
Contingency-5% of empty weight | 28.4[kg] Crew 270[kg]
Equipment 130[kg] oil 10[kg]
Empty weight 596[kg] Gross Weight 1196[kg]

Table A.1: Waterspout detailed weights table
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