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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[Ibs] | 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



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 essentl, 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



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 posioned 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 praess
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).

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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Figure 2.1: Gross Weight and Cruise Velocity variation with increasing rotor radius

Figure 2.2: Max Climb Velocity variation with increasing rotor radius
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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

24



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.

Figure 2.5: Maximum sectional variation as a function of airfoil transition location for various

twist rates 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

28



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