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EXECUTIVE SUMMARY

Despite development efforts conducted by foreign and domestic research agencies,
emergency egress systems have not been widely implemented in military helicopters. Proposed
egress systems for the UH-1 Huey, AH-1 Super Cobra, and CH-46 Chinook were scrapped in
favor of designing more crashworthy fuselages and cockpits that protected occupants upon
impact. While the political and economic consequences of military casualties remain, helicopter
and aerospace explosives technology have changed considerably since these studies were
performed. In consideration of this, the project team has performed a feasibility study and
designed a proof of principle prototype for a Helicopter Blade Emergency Detachment System
(HBEDS) for military helicopters. The blade detachment system is intended to afford helicopter
pilots the ability to quickly remove the main rotor bladesin alife-threatening emergency. In-
flight activation of the system would provide clearance for pilot gjection or the release of a
ballistic helicopter parachute. Alternatively, the system could also increase crew survivability as
a standal one feature during hard landing and ditching into water. The team has carried out the
project under the guidance and support from the Thayer School of Engineering and General
Dynamics Armament and Technical Products, the project sponsor.

Risk assessment and project specifications served as the foundation of the feasibility
study and subsequent development of the prototype. To begin, numerous risks associated with
implementation of the proposed system were identified and organized according to relative
significance. Project specifications drawing from these risks were then defined to guide the
design and development of the prototype system. A validation test for each specification was
also identified to evaluate performance and feasibility. Though the majority of the specifications
were evaluated through testing and analysis, the HBEDS team cited military standards as
validation tests for explosive stability and durability. Although testing could not be performed
by the team, these specifications could be provided to suppliers of aerospace-grade explosivesin
future development of the system.

The HBEDS team identified a representative helicopter platform on which to develop the
prototype system. The Eurocopter EC-135 is a helicopter that exhibits modern technology with
potential applications in future generations of military helicopters. Its four-blade bearingless
rotor system also distinguishesit from aircraft platforms used in previous blade detachment

studies, providing unique opportunities for explosive packaging and system integration. Further,
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access to an EC-135 was conveniently provided by the Dartmouth Hitchcock Advanced
Response Team, an emergency service team well versed in the operation and maintenance of the
aircraft.

The design processinvolved a series of trade studies regarding the concept, layout, and
integration of the system. Decision matrices were used to determine the method and location of
blade detachment, the classification of explosive to be used for severance, the signal method and
design of theignition train, and the location of asignal transfer system to link the fuselage to the
rotor system. The project specifications provided a framework for assessing the potential for
each alternative within the context of the project objectives. On the whole, decisions were
largely influenced by the stability of each alternative and its effect on the system’ s resistance to
inadvertent activation.

Specification testing and analysis demonstrated potential for the system to meet the
project objectives. Though the prototype failed to meet the cost and weight specification, the
system met the requirements imposed by more critical specifications such as stability, clearance
time, reliability, and safety. The HBEDS team believes each specification could be met through
continued development and refinement of the proposed concept.

In conclusion, the team identified a number of recommendations for future HBEDS
development. Regarding development of the system itself, the team suggests that full scale tests
be conducted to observe the blade exit path and evaluate the reliability and predictability of the
explosive severance system. Explosive stability must also be verified by subjecting the system
to electrostatic discharge, fire, heat, ballistic shock, and other stresses according to military
standards referenced within the project specifications. Finaly, risks assessment and dynamics
analyses highlighted the need for parallel systems to ensure safe, predictable operation of the
system. In addition to an gjection or ballistic parachute system, the team recommends that post-
detachment blade containment and tail rotor thrust termination systems be developed to
minimize danger to occupants and bystanders following activation.

The team would like to thank Jerry Brown, Jon Piazza, Jean Davis, Dean Peterson, and
Genera Dyanamics for their guidance throughout the project. Thanks aso go to Dartmouth-
Hitchcock Advanced Response Team (DHART) for allowing access to their EC-135 and
providing valuable insight concerning its design and operation. We greatly appreciated the

assistance from Ensign-Bickford Aerospace and Defense Company and McCormick Selph, Inc.
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as we conducted controlled explosives research and from American Eurocopter Corp. aswe
investigated the specific layout of a helicopter engine transmission. Kevin Baron, Mike Ibey,
L eonard Parker, and Pete Fontaine deserve thanks for their excellent support in the Machine
Shop. Finally, the project would not have been possible with the support and assistance of the
Thayer School Faculty, especially John Collier, Francis Kennedy, and Laura Ray.
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1.0  Introduction

The helicopter has unique maneuvering capabilities that set it apart from any other type
of aircraft. Whereas fixed wing aircraft depend on a high forward velocity for flight, helicopters
are capable of afull range of motion including forward, backward, left, right, upward, and
downward movements. Though lighter-than-air craft such as zeppelins and balloons may also
exhibit this capability, the helicopter is more responsive and can move with far greater speed and
precision in awider range of conditions.

The unique capabilities of helicopters have made them suitable for numerous
applications. The three primary applications for helicopters are general aviation, emergency
services, and the armed forces. Despite their popularity, the inherent complexity in design and
operation of helicopters has contributed to a high accident rate. According to the National
Transportation Safety Board (NTSB), there were 2211 general aviation and air carrier helicopter
accidents from 1990-2000, of which 324 involved fatalities. Within the general aviation
segment, the accident rate of helicopters, expressed as the number of accidents per 100,000 flight
hours, exceeds the accident rate for piston engine, turboprop, and turbojet airplanes. Despite
operating at lower altitudes than these fixed wing aircraft, helicopter accidents are no less fatal
than airplane accidents. The fatal accident rate for helicopters exceeds that of airplanesand is

second only to gliders as the most dangerous type of aircraft.?

! Helicopter Accident Sudy, 2002, National Transportation Safety Board, 11 Oct. 2003,
<https.//nasdac.faa.gov/aviation_studies/ntsb_helicopter_accident_study/helicopter_accident_study.html>.
2 Annual Review of Aircraft Accident Data, 2000, National Transportation Safety Board, 11 Oct. 2003,
<http://www.ntsb.gov/publictn/2003/ARG0302.pdf>.
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Unlike helicopters designated for civilian use, military helicopters are deployed on
intelligence, reconnaissance, transport, and combat missions. Despite extensive pilot training,
the dangerous nature of many of their missions leads to a high accident rate. Over the past
twenty years, the Air Force has averaged a Class A® accident rate of 3.11 helicopter accidents per
100,000 flight hours, nearly double the rate for fixed wing aircraft* (Figure 1). The Army’s AH-
64 Apache has been involved in 18 Class A accidents and 7 fatal accidentsin the last 2 years

alone®

8.00
O Fixed Wing Class A Accidents Rates

700 6.91 O Fixed Wing Fatal Accident Rates

O Helicopter Class A Accident Rates

O Helicopter Fatal Accident Rates
6.00 -

5.03 454
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300 2.89

274 2.40

2.00

Rate (accidents/100,000 flight hours)

152
1.00 1 1.28 131 123

H-53 AH-64 F-16 H-60 H-1 B-1 OH-58 A-10
Figure 1: Class A and Fatal Accident Rates by Military Aircraft®
The Class A accident rate for many helicopters exceeds the accident rate for some of the

military’ s most venerable fighter and attack fixed wing aircraft (Figure 1). While none of the
helicopters in the United States military have pilot gection systems, the F-16, B-1, and A-10

3 Class A accidents are accidents which involve afatality or permanent total disability, destruction of the aircraft, or
total mishap cost of $1,000,000 or more.

* Aircraft Satistics, United States Air Force Safety Center, 9 Oct. 2003,

<http://af saf ety .af . mil/AFSC/RDBM S/Flight/stats/aircraft_stats.htmi>.

® United Sates Army Safety Program Database. Unites States Army, 12 Oct. 2003,
<http://safety.army.mil/home.html>.

® Accident rates are calculated for the life of each aircraft through September 2003. Accident rates for H-1, H-53, H-
60, A-10, B-1, and F-16 were provided by Aircraft Statistics, United States Air Force Safety Center. Accident rates
for AH-64 and OH-58 are calculated using accidents reported in the United States Army Safety Program Database,
United States Army. AH-64 and OH-58 flight hour data provided by Clarence E. Rash, Accident Ratesin Glass
Cockpit Model U.S. Army Rotary-Wing Aircraft, 2001, United States Army Aeromedical Research Laboartory
(USAARL), 15 Oct. 2003, <http://www.usaarl.army.mil/TechReports/2001-12.PDF>. 2001-2003 flight hour
estimates for AH-64 and OH-58 were cal culated using 1998-2000 flight hour data.
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aircraft each incorporate systems that provide an 80 to 95% gjection survival rate in the event of
an impending accident.’

Despite these comparable accident rates, there is no widely adopted method of escape for
helicopter occupants given a mid-flight emergency or a hard landing. Helicopter pilotsinstead
depend on autorotation, an emergency landing technique equivalent to power-off gliding in an
airplane. However, there are numerous situations where autorotation is not possible. During
these emergencies, the spinning blades may prohibit in-flight egress or delay escape upon
landing. Therefore, the project team proposes a Helicopter Blade Emergency Detachment
System (HBEDS) based on the following statement of need:

In the event that a damaged or otherwise endangered helicopter cannot safely

land through controlled autorotation, the occupants may suffer fatal injuries

during the course of a hard landing or crash. Under these circumstances, there

exists a need for a system to detach the main rotor blades, thereby reducing the

risk of a blade strike or enabling safe, immediate egress.

This report summarizes the development of a proof of principle system intended to fulfill
the need statement. The system was developed for a specific application to demonstrate the
operation and integration of the device on arepresentative helicopter. Included within the report
and accompanying appendices are background research, trade studies documenting design
decisions, the details of applying the concept to a particular platform, and the results of system
testing.

2.0 Activation Envelope

Accident research and areview of accident synopses highlighted a number of accident
scenarios where activation of a blade detachment system could benefit helicopter pilots and
crewmembers.® Following this research, an activation envelope was defined within a general
map of accident scenariosto illustrate the circumstances under which HBEDS could improve the
survivability of helicopter crashes (Figure 2). The activation envelope is not intended to suggest
the blade detachment system should necessarily be activated in any of the included scenarios, for
this decision depends upon a complex set of factors particular to the accident sequence. The
envelope instead identifies a general subset of accident scenarios for which blade detachment

could potentially reduce the risk of occupant injury or death.

" Ejection survival rates calculated over the lifetime of the ACES || system through September 2000. See George
D'Amore and Thomas D Fadell Luna, USAF Aces || Ejection Experience Analysis, 2000, USAF Safety Center, 17
Oct. 2003, <http://safety.kirtland.af.mil/AFSC/RDBM S/Flight/SEFL/SEFL %20Files/1>.

8 For details of accident research and synopses see Appendix A.
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Figure 2: HBEDS Activation Envelope’
Post Landing Activation: Post-landing activation may increase the chances of survival if

the rotating blades introduce a significant hazard following an imperfect landing. The system
may be activated to prevent a dynamic rollover,® an event cited in 4% of non-combat Class A
military helicopter accidents over the past 15 years.*! Detaching the blades at the onset of aroll
could stabilize the craft and prevent catastrophic blade strike.

The main rotor system poses other dangers in medium or hard landings, where the
spinning rotor blades often prohibit immediate egress from the craft. The AH-64A Apache flight
manual warns: “Danger exists that the main rotor system could collapse or separate from the

aircraft after landing...a decision must be made whether occupant egress occurs before or after

® Full scale diagram provided in Appendix B.

19 Dynamic rollover - a situation that occurs when the helicopter is forced to touch down with lateral drift or body
roll

12 Technical Manual TM 1-1520-238-10: Operators Manual for Helicopter, Attack AH-64 Apache, 1994, United
States Army, 2 Nov. 2003, <www.usarmyaviation.com/Documents/ah-64/ah64eps.doc>.

ENGS290 FINAL REPORT MARCH 2004




=— Chgepsy —=

the rotor has stopped.”*

If the craft hasrolled or become inverted after a hard landing, occupants
may be forced to wait for the main rotor to stop rotating before exiting. 1f afire, explosion, or
other life-threatening situation devel ops, detachment of the main rotor blades will eliminate the
chance of ablade strike and allow the crew to exit immediately. Hard landing, ditching, and
post-landing fires and explosions were cited in 15% of Class A military helicopter accidents.
In-Flight Activation: The pilot may activate the HBEDS during flight under the following
scenarios: if there is no suitable area to land during autorotation; if the aircraft |oses maneuvering
capabilities; or if the aircraft experiences engine or transmission failure within * Deadman’s
Curve' . Because kinetic and potential energy are needed to drive the main rotor during
autorotation, there is awide range of height-velocity combinations where a helicopter cannot
safely land without engine power. Height-velocity diagrams (Figure 3) illustrate the regions of

height above the ground and speed bounded by ‘ Deadman’s Curve.’
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Figure 3: Height Velocity Diagrams™
In circumstances where a crash landing is inevitable, the blade detachment system could
enable the activation of a separate emergency safety device: aballistic parachute or an in-flight
egress system. Though design of such systemsis beyond the scope of this project, three existing
systems demonstrate that a recoverable capsule or an gjection seat can readily be integrated into
amilitary helicopter.”® Anin-flight egress system would complement crashworthiness design
features common to many modern military aircraft. Most military helicopters currently

incorporate collapsible landing gear and energy-absorbing seats to protect the pilot from impact

3 United Sates Army Safety Program Database. Unites States Army, 30 Oct. 2003,
<http://safety.army.mil/home.html>.

14, Gordon Leishman, Principles of Helicopter Aerodynamics (New Y ork: Cambridge, 2000) 183.
> A discussion of these egress systems in included in the State of the Art section in Appendix C.
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forces during a crash landing. The AH-64, for example, is designed to absorb ground impacts of
42 feet per second with 95% pilot survivability.*®
21 Envelope Event Analysis

The envelope is headed by two accident scenario requirements: awarning of aloss of
control and an opportunity to react. The pilot will be unable to activate the system if either of
these does not occur at the onset of the accident sequence. Though mechanical failure, pilot
error, damage from enemy fire, and many other accident events would likely satisfy both criteria,
anumber of accident scenarios involve severe, catastrophic events that cannot be anticipated by
the pilot. Because they occur either without warning or an opportunity to react, the blade
detachment system is unlikely to be useful in these types of accidents. Accident scenarios can
therefore be distinguished by envel ope events and non-envel ope events depending on whether or
not they satisfy these criteria. Table 1 provides alisting of event frequencies for non-combat
Class A military helicopter accidents during the period 1987-2003. Many commonly cited
events fall within the activation envelope, indicating that a blade detachment device could be

used in asignificant portion of serious accidents.

Inside Envelope
Class A Accident Event %
Damage from Enemy Fire n/a Outside Envelope
Hard Landing or Ditching* 14 Class A Accident Event %
Excessive Yaw or Spin 11 Missile Hit n/a
Engine Failure Controlled Flight Into Terrain 22"
Engine Overloading Tree Srike 12
Dynamic Rollover* Wire Strike

Fuel Sarvation or Exhaustion Other Collision

Powertrain/Drivetrain Multiple Aircraft Event

8
6
4
Mid-Air Collision 3
3
3

Post-Landing Fire or Explosion*
Flight Control

In-Flight Fire or Explosion

Hydraulic System In-Flight Breakup

Sngle Engine Landing Net Event Fr equency18 61

Uncommand Control/Input

Ll ~| ~| r| B r| N & & o o

* = post-landing activation

Net Event Frequency19

16 Boeing AH-64 Apache, 2003, Jane’s nformation Group, 18 Nov. 2003,
<http://www.janes.com/defence/air_forces/news/jawaljawa001013 1 n.shtml>.

" Air Force data was used because the Army does not cite Controlled Flight Into Terrain (CFIT) in accident
overview database. See Aircraft Statistics, United States Air Force Safety Center, 9 Oct. 2003,
<http://af saf ety .af.mil/AFSC/IRDBM S/Flight/stats/aircraft_stats.htmi>.

18 Figures may not add to 100% because up to three events may be cited in each accident.
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Table 1: Class A Military Helicopter Accident Event Frequencies®
A blade detachment device could increase the survivability of a helicopter in awide

variety of accident scenarios. Incidentslikely to satisfy envelope criteria are cited in 54% of
Class A helicopter accidents, suggesting the blade detachment device could potentially be used
in about half of all serious military accidents. This echoes earlier studies conducted by the
United States Army and Navy, where it was determined that over 40% of helicopter accident
fatalities could be prevented using blade detachment and in-flight egress systems.** Considering
the life-saving potential of the system, a blade detachment device would be a notable
advancement in helicopter safety.

3.0 Stateof theArt

Three systems have been developed for helicopters that detach the main rotor blades in
the event of an emergency. The only helicopter with such a system in use today is the Kamov
Ka-50/Ka-52, which is currently in production in Russia. Additionally, experimental in-flight
egress systems have been developed by the U.S. Military and NASA, although neither system
entered into production. Though these systems provide a means for in-flight egress, none
address hard landing situations.?

The Ka-50 is distinguished from other helicopters not only by its blade detachment and
gjection system, but also by its counter-rotating coaxial main rotors, doing away with the need
for atail rotor and allowing for amore compact airframe construction.”® Its blade detachment
system severs each blade at the root, but the team was unable to obtain information on precisely
how the system transfersiits activation signal to the explosives.

In 1973, at the request of the General Accounting Office, the Department of Defense
(DoD) submitted areport to Congress entitled In-Flight Escape Systems For Helicopters Should
Be Developed To Prevent Fatalities.® Details concerning the precise manner of blade

detachment in Navy experiments are not included in the DoD report, but it is clear that the

19 Figures may not add to 100% because up to three events may be cited in each accident.

2 United States Army Safety Program Database. Unites States Army, 30 Oct. 2003,
<http://safety.army.mil/home.html>.

% See In-Flight Escape Systems For Helicopters Should Be Developed To Prevent Fatalities, 1973, United States
General Accounting Office, 10 Nov. 2003, <http://archive.gao.gov/f0202/094114.pdf>.

2 For afull description of the State of the Art helicopter blade detachment systems, see Appendix C.

2 See In-Flight Escape Systems For Helicopters Should Be Developed To Prevent Fatalities, Department of
Defense, by the Comptroller General of the United States: June 12, 1973.

ENGS290 FINAL REPORT MARCH 2004



=— Chgepsy —=

devices were implemented on two-bladed attack helicopters and the blades were detached
individually with explosives.®

In addition to these experiments performed by the U.S. Military, NASA designed and
built an experimental rotorcraft with afully certified in-flight egress system. The Rotor Systems
Research Aircraft (RSRA) had both afive-bladed main rotor system and fixed wings, allowing it
to operate as either a helicopter or airplane. While there is not much information concerning the
detachment methods on the Kamov or the Navy helicopters, the team was able to obtain more
detailed information on the RSRA’ s detachment system.

The RSRA’s root-mounted explosive charges severed blades at 11°, 155°, 227°%, with
the remaining two blades separated after one-fifth of arotation. Detachment of the blades was
staggered because NASA found that simultaneous detachment of the rotor blades would almost
certainly result in striking the tail of the aircraft. The inherent instability caused by the rotation
of the two asymmetrically aligned blades caused a 10 degree per second change in pitch and 40
degree per second change in roll of the aircraft, based on rigid body analyses,?’ although
imbalance would only exist for less than atenth of asecond. In full system testing on the
ground, severed blades traveled between 100 and 1000 feet when detached from a point 13 feet
from the ground.”

A rotary transfer unit was used to relay the signal for blade detachment from the
stationary portion of the aircraft to the rotating main rotor system. This device consists of an
inner rotating ring of five firing pin assemblies and an outer non-rotating ring of three cam
thrusters. When the pilot pulls the g ect lever, the three cam thrusters extend and contact the
firing pin, detaching three blades at the desired orientation relative to O degree aft, and then two
of those three cams contact the remaining two firing pins after an additional one-fifth rotation.?
The blades are completely free of the aircraft within 0.15 seconds of pilot initiation. The
connections between all components of this emergency egress system, of which the transfer

device is a centerpiece, are made using detonation transfer lines.® They were selected for use

% |n Flight Escape Systems, 15-17.

% 0° is centerline aft of aircraft.

" Lawrence J. Bement, Rotor Systems Research Aircraft Emergency Escape System, 1978, Proceedings from the
34th Annual National Forum of the American Helicopter Society, Washington DC, May 1978. American Helicopter
Society, 1978, p. 4.

%8 Bement,|bid 7.

% Bement, 5-6.

% Detonation transfer line is comprised of small amounts of primary explosive within protective tubing. Bement, 2.
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because they cannot be inadvertently triggered by lightning, electromagnetic induced radiation,

or mechanical inputs.

31 Bement, 3-4.
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3.1 Application Selection

It was hoped that the application selection decision could be made based on accident
data. However, in comparing the frequency of accident events, the data failed to identify a
helicopter that would benefit the most from HBEDS.** Therefore, selection was based on
research of state of the art helicopter blade detachment systems, their applications, and what
resources were available to the team in the Upper Valley.

One variable surrounding the team’ s helicopter application decision was the main rotor
system. Main rotors are distinguished by how the blades are attached to the main drive shaft:
rigid hub, articulated hub, teetering hub, and bearingless hub designs (Figure 4).

¥

C. BearinglessHub

A. Articulated Hub

B. Teetering Hub
Figure 4: Main Rotor Hub Designs®

A rigid hub design has several variations, but essentially it does not allow the blades to
flap,** and may or may not allow for pitch change of the blades. Whereas the rigid hub design is
not widely used, an articulated hub design is currently the most common. In this
implementation, there are bearings that allow for pitch change and hinges that alow the blades to
flap. Alternatively, the teetering hub design is older and now rarely used, but consists of
bearings to alow for blade pitch change. The two main rotor blades are rigidly connected so that
flapping can only occur in a see-saw motion: if one blade flaps up, the other must flap down.
Finally, a bearingless hub design has been made possible with the devel opment of strong and
flexible composite materials that alow for both pitch change and flapping, but without hinges or
bearings™ (Figure 5).

%2 For afull account of accident data see appendix A.

 Photos courtesy Burkhard Domke, 2003, <http://www.b-domke.de/Aviationl mages/Rotorhead.html>.

* Flap is aterm which describes helicopter blade flexing upwards or downwards about the root attachment point.
% |eishman, 130.
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/ Composite Outer Sleeve

ﬁx:.?"" Es,» Internal Flexbeam

Figure5: Bearingless Rotor Construction®

The project team chose to pursue an application with a bearingless rotor hub because
blade detachment systems have been designed for arigid hub (NASA’s RSRA project), an
articulated hub (the Ka-50 Hokum), and a teetering hub (the AH-1 Cobra), but such adevice has
not yet been developed for a bearingless hub. Furthermore, bearingless rotor hubs show
potential to become the standard main rotor system in helicopter design. They are more
responsive, take advantage of new-age composite materials, and have significantly fewer moving
parts than previous hub designs, which tranglates into fewer parts that can fail and |ess necessary
maintenance time on the aircraft. The UH-1Y Iroquois and the AH-1Z Super Cobra helicopters
used by the US Marine Corps have recently been refurbished and now include a new four-bladed
bearingless main rotor system.

While searching for a helicopter located in the Hanover areato use as a model application
for the system, the team discovered that the Dartmouth Hitchcock Advanced Response Team
(DHART) owns and maintains a Eurocopter EC-135 as part of its emergency rescue fleet. The
EC-135, shown in Figure 6, is atwin-engine helicopter with afour-bladed bearingless rotor that
iswidely used in passenger transport, emergency rescue and police operations. It also hasa
military derivative, the EC-635, which serves as alight-utility helicopter for armed forces
worldwide® (Figure 7). After contacting DHART, the project team was granted full access to
their EC-135, as well asflight and maintenance documents. A description of the thought process
behind choosing the EC-135 can be found in Appendix D.

% United Technologies Corporation, “ Flexbeam for A Helicopter Bearingless Main Rotor Assembly,” United Sates
Patent 5372479, Washington, 1994, p. 1.

" EC 135 P2/T2, Eurocopter Group, 29 Nov. 2003,
<http://www.eurocopter.com/site/FO/scripts/siteFO_contenu.php?ang=EN&noeu_id=37>.
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Figure6: EC-135% - Figuré?: EC-635°
4.0 Risk Mitigation

The integration of a blade detachment system will introduce certain risks to the occupants
and the aircraft. Failure of the detachment device and its associated components could easily
imperil the aircraft and risk the lives of those on board. In order to manage these risks, the
project group has organized a collection of hazards associated with installation of HBEDS.
These include both operational risks and malfunction risks. Operational risks cover hazards such
asthe potential for a blade strike following detachment, accidental system activation, and
improper use. Malfunction risks pertain to potential failure modes of the detachment system
itself, including inadvertent system activation and faulty blade detachment. Drawing from these
genera headings, the group identified a number of specific risks that must be managed to ensure
asafe and viable design (Table 2).

% Photo Gallery, Eurocopter Group, 4 March 2004,
<http://www.eurocopter.com/site/FO/scripts/siteFO_phototheque.php?arbo=1& noeu_id=54& lang=EN&id_rubrique
=& affiche=1>.

% Eurocopter EC635 H242, Airliners.net, 4 March 2004, <http://www.airliners.net/open.file/379670/M/>.
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Category Risk s Intr oduced Descriptions
Danger to . Main rotor blades strike other aircraft or
Blade Strike .
Others personnel following detachment
. L stemaccidentally activated by pilot or
: Accidental Activation = . .
Accidental crew member during flight
Oper ational | Activation — . . stemaccidentally activated b
per_ Activation During Maintenance Sy . _y . y_
Risks maintenance technician during service
Unwarranted Activation silo actl.v.ates syﬁem 'n
Impr oper a non-critical situation
Use R Pilot activates systemafter the most severe
Delayed Activation Y .
events of the accident sequence
Electrostatic Discharge Inadvertgnt activation caysed by
accumul ation of el ectrostatic charge
. . . Inadvertent activation caused
Lightning Strike . . .
Inadver tent 9 9 by lightning strike
Activation . Inadvertent activation caused by engine
Fire or Heat ] .
heat, fire, or explosion on-board
L Inadvertent activation caused by foreign
. Ballistic Shock Lo .y 9
Malfunction object impact or enemy fire
Risks . Partial severance of blade due to damaged
Partial Severance . .
or defective explosive charge
Faulty Incompl ete Detachment Failureto detach all main rotor blades
Detachment i i i
Poorly Sequenced Detachment Failureto detach bladesin a coordinated
sequence
No blades detached followin
No Detachment S 9
activation of the system

Table 2: Risks Associated with HBEDS

The significance of each of these risks was determined by their consequences and

probability of occurrence. A matrix relating risk consequences and probabilities gave rise to
three principal classifications: major, moderate, and minor risks. The relationship between these

categoriesisillustrated in the Figure 8.

A

Unwarranted
Activation
Blade Strike
Delayed
Activation
Incomplete Detachment . MEfe? (R
Activati Activation by
i ctivation it
Rela.tlye During Partial Severance e e Moderate
Probability of el Risk
Occurrence aintenance Activation by Fire
Poorly Sequenced or Heat N
Detachment
Accidental Activation
No Activation by Lightning
Detachment Strike
Activationby  Electrostatic
Discharge

Consequence of Occurrence

Figure8: Risk Matrix
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The rightmost column of the matrix contains major and moderate risks that introduce
significant hazards to a stable, non-emergency situation. The system must be designed to
minimize the likelihood of blade strikes or inadvertent activation because helicopters without
detachment systems are not subject to theserisks. The risk of inadvertent activation may be
reduced through identification of all possible failure modes and careful design of the system.
Blade strike, another major risk, is a particularly important concern because military helicopters
often fly in formation and takeoff and land on populated military bases. NASA’s RSRA testing
demonstrated that released blades could be a serious hazard to anyone in the vicinity of the
aircraft.®

The left and middle columns of the matrix contain moderate and minor risks with
relatively small consequences. Accidental activation during maintenance, though introducing
hazards to an otherwise stable situation, is unlikely to result in hazards on par with in-flight
system failures. The other faulty detachment risks in these columns are incurred when the
helicopter is already involved in acritical emergency situation. These involve less significant
consequences because failure of the detachment system would only result in amarginal increase
in accident severity.

The risk matrix identified the most critical concerns for the design and integration of
HBEDS. Though each of the risks included in the diagram is significant, the project group
decided that risk mitigation efforts should be focused principally on malfunction risks. Whereas
operational risks may be minimized with pilot and technician training, management of
malfunction risks depends solely upon careful design of the system. The group therefore aimed
to minimize the risk of inadvertent activation by ballistic shock, heat, fire, lightning, and
electrostatic discharge, as well as faulty detachment risks including partial severance, incomplete
detachment, and poorly sequenced detachment.

Blade strike, although identified as the most significant of all risks, was not directly
addressed during the design of the HBEDS because it is beyond the primary scope of the blade
detachment system. However the project group does recognize this risk and recommends future

development of a method or system to restrain the rotor blades following detachment.

0 Bement 7.
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5.0

Following the risk assessment, the HBEDS team identified twelve specifications to guide

development of the design. Table 3 describes these specifications, their implication to the design

Specifications

and decision making process, and accompanying tests that validate each.

Specification | REQ# | Par.[Description Validation
The Helicopter Blade Explosive Detachment System (HBEDS) shall be a
HBEDS systemthat allows a helicopter's main rotor blades to be detached if the
Definiti REQ-1 | 1.1 |craftisinvolved in acritical emergency situation. Such situations may | Proof of Principle Prototype
efinition include uncontrolled descent, hard landings, ditching into water, on-
board fires, or explosions.
REQ-2 [ 2.1 |Ballistic shock resistance: 40-ft drop test Bplosives certified under M1L-STD-810, Meth. 522
Stabilit REQ-3 | 2.2 |Hectrostatic discharge resistance: 25,000V via 500pf capacitor Bplosives certified under MIL-STD-1512, Meth. 205
ility
REQ-4 | 2.3 |Lightning strike resistance: +/-18,000V simulated strike Bxplosives certified under MIL-STD-1512, Meth. 302
REQ-5 | 2.4 [Heat resistance: autoignition temperature to exceed 600°F Bxplosives certified under MIL-STD-650, M eth. 506
Strength REQ-6 | 3.1 |Systemshall beresistant to static and fatigue failure FEA with Pro Mechanica; Instron tensile test
.. REQ-7 | 4.1 |Mass of systemto be less than 10kg Mass measurement
Efficiency — - - -
REQ-8 | 4.2 |Parasitic drag on rotor to increase by no more than 5% Estimate and compare equivalent flat plate area
Power REQ-9 | 5.1 |Systemcapable of operating on 22.5V, 1.8Ah standby battery Bxplosive detonation energy specification
Reliability | REQ-10 [ 6.1 |Conplete blade severance with at least 95% reliability Bxplosive reliability data; prototype test simulation
Clearance ) . - ) )
Time REQ-11 | 7.1 |Blade detachment to occur in less than 500 miliseconds Prototype test with high speed video recording
Cost REQ-12 | 8.1 [Unit production cost under $20,000 Technical cost estimation
Serviceability | REQ-13 | 9.1 |Systeminspection and replacement possible in under 25 hr. Timed systemreplacement on prototype
REQ-14 [ 10.1 [ Temperature shock: 1hr exposure to -65°F and +200°F Bxplosives tested under MIL-STD-810, M eth. 503
Durability | REQ-15 [10.2 |Vibration: 2hr exposure to randomvibration at 10-2000Hz Explosives tested under MIL-STD-1512, Meth. 113
REQ-16 '10.2 Materiel degradation: service life shall exceed 10 years installed Bplosive service life per MIL-STD-1512, Meth. 118
Adaptability | REQ-17 [ 11.1|Design shall be adaptable to other aircraft Dermonstrate potential for other applications
Safet REQ-18 [ 12.1 |Blade detachment at 5 and 185 relative to fuselage (+/- 5°) Prototype test with high speed video recording
ety
REQ-19 | 12.2 | BExplosive charge shall not damage fuselage Theoretical pyrotechnics analysis

Table 3: Specificationsand Tests
Sability: The explosive stability specification requires that the system be resistant to

inadvertent activation by ballistic shock, electrostatic discharge, lightning strike, and elevated

temperature. The four stability requirements will be tested according to the methods included in

Table 3. Referenced military standards are provided in Appendix E. Recognizing the safety

concerns of explosives testing at Thayer School, the stability requirements will be evaluated by

reviewing published test reports for al detonators, detonating cord, pressure cartridges, and

shaped charges used in the system.

Strength: The components of the proposed design must not experience stress failure

during its suggested usage. The possibility of stress failure during activation will be evaluated

analytically using static and dynamic calculations.
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Efficiency: The efficiency specification includes two primary requirements. First, in the
consideration of the effect of weight on helicopter performance, the mass of the system shall be
less than 10 kilograms (kg) when measured on a calibrated scale. Second, the system shall not
increase parasitic drag by more than 5 percent (%). The theoretical drag increase will be
calculated by estimating the equivalent flat plate area of HBEDS components and comparing it
to other drag-inducing components on the main rotor system. Though it was initially considered,
there is no rotational inertia requirement to the efficiency specification because rotor revolutions
per minute (RPM) is established before take-off and is seldom adjusted during flight.

Power: Because the system must be operable under adverse emergency conditions, it will
be designed to operate on a backup power source such as a22.5 volt, 1.8 ampere/hour standby
battery. The detonation energy required by the explosives must be low enough to allow for
activation either by this power source or amanually actuated percussion primer.

Reliability: The system will be designed to provide complete blade detachment with at
least 95% reliability at 95% confidence. Published explosive failure rate datawill be used in
conjunction with testing of a prototype transfer system to estimate reliability. Thislevel was
established from the precedent set by the F-16's ACESI| gection system, an gjection seat with a
93.2% pilot survival rate.**

Clearance Time: Delays in blade detachment will reduce the chances of pilot survival in
the event of an impending crash. Therefore, the system shall be capable of detaching the blades
in under 500 milliseconds for all rotor speeds above 100 RPM. Clearance time will be estimated
by calculations using the burn rate of the detonating cord, rotor RPM, and blade dynamics post
detachment.

Cost: For the concept to be marketable, the design and production costs of HBEDS shall
be less than $20,000 per unit for a 1,000-unit production run. Estimation for costs will be made
with the assistance of the sponsor and expertsin similar industries.

Serviceability: To minimize operating costs, system inspection and replacement shall be
possible in lessthan 2.5 hours. Serviceability will be evaluated by timed prototype installation
and removal on arotor system mockup.

Durability: The durability specification requires that the system be resistant to
temperature shock, vibration, and materiel degradation. Strong resistance to these environmental

*! George D'Amore and Thomas D Fadell Luna, USAF Aces || Ejection Experience Analysis, 2000, USAF Safety
Center, 17 Oct. 2003, <http://safety.kirtland.af.mil/AFSC/RDBM S/Flight/SEFL/SEFL %20Files/1>.
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stresses will provide longer inspection and replacement cycles, allowing for convenient service
scheduling within the existing main rotor blade maintenance interval.** The three primary
durability requirements are defined in Table 3.

Adaptability: Because the system is being developed for an unspecified future military
helicopter, the design must demonstrate potential for adaptation to awide variety of platforms.

Safety: The safety specification isintended to ensure safe, consistent, and predictable
operation of the system. HBEDS will therefore be required to release blades in a coordinated
manner in order to prevent tail strikes, avoid releasing blades into the flight path, and maintain
mass balance during detachment. The four-bladed main rotor on the EC-135 allows for asimple,
two-stage detachment sequence whereby blades are detached in pairsat 5° and 185° (+/- 5°)
relative to the fuselage. This sequence will release the blades to either side of the helicopter,
minimizing the risk of the blades striking the craft after detachment, as shown in Figure 9.

4 5

2

!'./ll \ ITII:I \ Cl
—— / s W

[ ] ]

_I {LI - — || -
I l
H | F
Figure 9: Blade Detachment Sequencing®

In addition to a coordinated detachment sequence, the safety specification requires the

=

main explosive to inflict no damage on the fuselage and cockpit upon detonation. Because
unnecessarily powerful explosives may increase the risk of injury to the crew and occupants, the
explosive charges will be designed to sever unloaded blade roots with a factor of safety of 1.15.
A similar factor was employed in testing of the RSRA blade detachment system. The explosive
need not be designed to a higher safety factor because blade loading and centrifugal forces will

greatly assist in blade severance once fracture isinitiated.*

“2 Eurocopter’ s bearingless rotor blades have a service life in the neighborhood of 12,000 operating hours. See

Airworthiness Directive Schedule: SA365N Helicopter Series, 2000, Civil Aviation Authority of New Zealand, 24

Nov. 2003, <http://www.caa.govt.nz/fulltext/nzcars/vol _2/Section_A/A2_ Helicopters/sa365.PDF>.

ﬁ Base drawing excerpted from John Fay, The Helicopter. (North Pomfret, VT: David & Charles, 1976) p. 48.
Bement, 6.
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6.0 Trade Studies

Drawing from the specifications presented above, six trade studies were performed to
outline the design process. They include investigating different blade detachment methods,
blade detachment locations, ignition train and explosive components, transfer system locations,
and transfer system methods. Summaries of al the trade studies are presented here and in Figure
10. More detailed information is provided in the Appendices Fto L.
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Figure 10: Trade Study Outline
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6.1 Blade Detachment Method
Since General Dynamics had suggested the use of explosives to detach the blades in their

initial project description, the first trade study that was performed was to confirm thiswas an
appropriate method of blade detachment. Two separate detachment concepts were explored:
Induced Fracture and Active Connection. Induced Fracture was conceived as a destructive
system that would initiate structural failure by explosives, hydraulics, or ballistics. An Active
Connection system was envisioned as ajoint controlled by hydraulic or other mechanical means.
Thisjoint would completely release the blades or rotor assembly and could be inspected and
tested in a non-destructive manner.

To determine which of these solutions has the most potential to solve the problem, a
matrix (Table 4) was used to compare the methods versus alist of design criteria. Being an early
conceptual exercise, the criteria were qualitative measures that the team discussed using rational
thought and intuition. Extending from the project specifications, the criteriaincluded stability,
strength, efficiency, power, reliability, clearance time, cost, serviceability, durability, and
adaptability. The design criteriawere weighted on a scale from one to five, low to high
importance. The most important criteria were stability and reliability because if the system
failed to meet either of these specifications, it was unlikely HBEDS would be implemented.
Each solution was rated on a scale of one (least potential) to five (highest potential) rationale
outlined in Appendix F.

TOTAL
92
69

Weighting Factor (1-5)
Induced Fracture
Active Control

~ || |Clearance Time

0 | o | o [Stability

0o | o | s [Strength

ol | oo [Efficiency

[ | oo |Power

o | o Lo [Reliability

= [ro | = |Cost

~ o | [Serviceability
w | & |~ |Purability
o | o | = JAdaptability

Table 4: Blade Detachment Method Matrix
This analysis confirms that induced fracture is the best detachment method. Recognizing

their long history of use in fighter jets, missiles, and spacecraft, the team identified explosives as

the optimal means to fracture the main rotor blades.
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6.2 Detachment Location

Extending from the detachment method trade study, the HBEDS team set out to
determine an appropriate detachment location. Five different options were considered: inside the
root of the blade; outside the root of the blade; on the main shaft below the swashplate; on the
main shaft above the swashplate along with the control rods; and the bolts holding the blades to
the rotor and the blades to the control rods (Figure 11).

=R TR

ﬁ ==

A. Inside Root B. Outside Root

C. Main Shaft
I =
——
D. Main Shaft and Control Rods E. Bolts and Control Rods

Figure 11: Blade Detachment L ocation Alternatives

These |ocations were then analyzed based on a set of design criteria. These included
stability with respect to inadvertent ignition, blade clearance time to make a safe exit, the number
of detachment points, ease of blade removal, ease of installation and replacement of the system,
ease of integration within the existing structure, complexity of design, and difficulty of
manufacturing the system. Each location was ranked from one to five (five being the best)
depending on how well it satisfied the design criteria. However, two criteria, stability and
clearance time, were given aweighting of ten because they were much more vital to the success

of the project. Ratings for each location are provided in Table 5 and discussed in Appendix G.
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Weightingl ~ 10[ 10 4 3 3 2 2 1| TOTAL
Inside Root 4 5 3 4 3 3 3 2 137
Outside Root 3 5 3 4 4 4 4 4 136
Main Shaft 4 1 5 5 5 3 5 3 119
MS & Rods 4 1 3 4 3 3 2 3 96
Bolts & Rods 4 4 2 3 2 3 2 3 116

Table5: Location Decision Matrix
The unfavorable clearance time ratings for the designs that detach the rotor system at the

main shaft are aresult of a dynamics analysis concerning the blade exit path. The analysis
demonstrated that detachment at the main shaft does not necessarily provide adequate clearance
for in-flight activation.” While inside and outside root are very similar in point totals, the
HBEDS team chose to locate the system at the inside root because it takes full advantage of the
open area between the flexbeam and composite sleeve on the EC-135. Additionally, the inside
root scored higher than any of the other locations with respect to the two most important
categories.
6.3  Explosives Trade Study

Through research of explosives, the team identified several types and classifications of
compounds. The two main types are low explosives and high explosives. Low explosives, like
gun powder, quickly burn from the outer surface inward; whereas, high explosives, like
dynamite, detonate almost instantaneously. Within the high explosives class, there are primary
explosives, used in detonators, and secondary explosives, which are initiated by primary
explosives. Primary explosives are very sensitive to outside shocks while secondary explosives
are more stable.

The trade study focuses on secondary high explosives because the other explosives lack
the energy to weight ratio required by HBEDS. Additionaly, there are five main classes of
secondary high explosives: straight nitroglycerine (NG) dynamites, ammonia dynamites, straight

NG gelatine dynamites, ammonia gel atine dynamites, and cyclo-trimethylene-trinitramine

> See Appendix H for details of blade detachment dynamics analysis.
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(RDX) mixtures.*® The primary differences between the classes are the explosive base and its
state. The advantages and disadvantages for each classin terms of HBEDS are discussed in the

explosive trade study.*” Results of the analysis of each class are presented in Table 6.

z|zsles|, 8| 8lz8 =8
B EEEE LR AR AR
3 [88|22|58|78|:0| 5 | &
T |<o|E-| x| 2|8 @

Weighting Factor (1-5)] 4 5 4 3 2 3 3 3 1 [TOTAL
Straight NG 5 2 5 2 2 2 5 5 1 97
Ammonia 3 3 3 3 3 4 4 4 3 93
NG Gelatine 4 3 4 5 3 3 4 4 2 103
Ammonia Gelatine 3 4 2 5 4 4 3 3 5 98
RDX Mixtures 4 4 3 5 5 4 4 3 3 109

Table 6: Explosives Decision Matrix

The table states that a secondary high explosive from the RDX family should be used as
the main charge due to its power, stability, and resistance to environmental stresses. Another
consideration is that the charges will most likely be purchased from a controlled explosives
company, such as McCormick-Selph, Inc. or Ensign-Bickford Aerospace and Defense Company.
This supplier would design alinear shaped charge and choose the exact explosive compound that
would be used in the application. Linear shaped charges are reliable, efficient severance devices
that are commonly used to cut metallic and non-metallic structures along complex airframe
surfaces.® The trade study therefore recommends RDX as a compound that could be used in
linear shaped charges. A detailed description of why that class of explosive is appropriate is
included in the full Explosives Trade Study, provided in Appendix I.

6.4  Signal Transfer Method

The HBEDS team considered various methods of transferring the detonation signal from
the stationary fuselage to the explosives rotating with the blades. Six different signal transfer
methods were analyzed against a set of design criteria. These methods include using radio
waves, Hall Effect sensors, a mechanical system, an optical signal, or an electrical signal to
initiate the explosives. The criteria used for this decision derive from the project specifications:
stability, efficiency, power, reliability, clearance time, cost, serviceability, durability, and
adaptability. These criteriawere weighted from one to ten and the different methods were rated

“6 C.E Gregory, Explosives for North American Engineers (Germany: Trans Tech Publications, 1973) 44.

" See Appendix | for complete details on the Explosives Trade Study.

“8 Linear Shaped Charge Assemblies, Aerospace and Defense Product Catalogue, Ensign-Bickford Aerospace and
Defense Company, 2003.
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against them. The results of this process are shown in Table 7. A more detailed description of

the reasoning behind the numbers can be found in Appendix J.
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Weighting Factor (1-10)| 10 3 3 5 3 1 2 2 1|TOTAL
Radio Waves 2 4 2 2 2 2 2 1 5 67
Hall Effect Sensors 2 4 2 2 4 2 2 2 3 73
Mechanical Interaction 4 3 4 5 3 4 4 4 3 118
Optical Signal 21 4 21 3 4 21 21 1 4 77
Electrical Signal 2 5 3 4 5 3 4 3 3 99

Table7: Signal Transfer Method Decision Matrix
Table 7 illustrates why a mechanical signal transfer is the best solution for HBEDS.

Most of the reasoning stems from a mechanical system’s stability and reliability. Therefore, as
the HBEDS team designs the transfer system, a mechanical interaction will be used to transfer
the activation signal from the non-rotating helicopter to the rotating explosives in the blades.
6.5 Ignition Train Trade Study

Selection of mechanical signal transfer prompted the team to investigate controlled
explosiveignition trains. Such systems were employed on the NASA RSRA aircraft because
they require no maintenance and, more importantly, are insensitive to lighnting, radio frequency,
electrostatic discharge, mechanical inputs, heat, and fire.** Having identified stability as one of
the key specifications for the project, the group decided to investigate different controlled
explosive ignition train systems.

HBEDS requires an ignition train that transmits the explosive detonation signal from a
cockpit-located initiator to the four blade-mounted linear shaped charges. In consideration of the
project specifications, the HBEDS team compared multiple ignition train alternatives to assess
tradeoffsin reliability, weight, and cost. Six ignition train alternatives were proposed, each
exhibiting different arrangements of detonating cord, manifolds, and piston actuators>® Data
provided by explosives manufacturers was then used to estimate the expected reliability, weight,
and cost of each alternative, allowing for a quantitative comparison of the designs. The

9 Bement, 4.
%0 Descriptions of these components and the proposed alternatives are provided in Appendix K.
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characteristics of the six alternatives and corresponding reliability, weight, and cost scores are

givenin Table 8.

Components Alternative A Alternative B Alternative C Alternative D Alternative E Alternative F
Detonating Cord 23ft/ 16 sections | 29ft/ 14 sections | 25ft/ 18 sections | 31ft/ 16 sections | 31ft/ 12 sections | 23ft/ 14 sections
Piston Actuators 1 1 2 2 2 2
Manifolds (2-1) or (2-2) 4 2 5 3 1 3
Initiators 1 1 1 1 1 1
Disarm/Interlocks 5 5 5 5 5 5

Linear Shaped Charges 4 4 4 4 4 4
Transfer Systems 1 1 1 1 1 1
Calculated Reliability 0.9813R yanger 0.9834R  anger 0.9821R yangrer 0.9843R  angier 0.9805R y anger 0.9823R yanger
Calculated Weight 18.01b + Wi anger 17.1b + Wy anger 19.71b + Wi anger 18.81b + Wi anger 16.61b + Wi anger 17.91b + W anger
Calculated Cost $26,800 + C yanger | $24,700 + C yonger | $29,600 + Cyanger | $27,500 + Cyranger | $23,900 + C yansier | $26,000 + Cyangter
Reliability Score (x2) 2.1 7.6 42 10.0 0.0 47
Weight Score 5.3 8.3 0.0 2.7 10.0 5.7

Cost Score 4.9 8.6 0.0 3.7 10.0 6.3
Weighted Average Score: 3.6 8.0 21 6.6 5.0 54

Table 8: Characteristics of Proposed Alternatives

The weighted average score indicates that Alternative B is the preferred design platform

for the signal transfer network. Although dlightly less reliable than Alternative D, this design
offers abalance of reliability, weight, and cost that make it well suited for the HBEDS

application. However, though Alternative B is preferred over other alternatives, each design
exhibited significant shortcomingsin reliability. None of the aternatives exceeded 98.5%

reliability at 95% confidence, significantly limiting the reliability potential of the entire system.

A modification to the Alternative B design was therefore proposed to investigate the reliability

increases that could be achieved with fully redundant transfer lines. A schematic of thisignition

train design is provided in Figure 12.
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Figure 12: Proposed Modification to Alternative B
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Compared to the origina design, modified Alternative B had much greater reliability and

only moderately increased weight and cost. Adding redundant transfer lines to the system
increased the predicted reliability to 99.5% while incurring weight and cost penalties of
approximately 2.71b and $3900. The project team believes increased reliability would make the
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HBEDS concept far more acceptable to pilots, and that the additional weight and cost could be
absorbed into the relatively large gross weight and high operating expenses of military
helicopters. The modified version of Alternative B will therefore be analyzed throughout
specification testing and later recommended for development of HBEDS beyond the proof of
principle stage.
6.6  Transfer System Location

The team looked at four different possible mounting locations for the mechanical signal
transfer system. These locations are above the swashplate, integrated into the swashplate, below
the swashplate, and below the main shaft. The team then considered eight design criteriato
evaluate the locations. It should be noted that integration was added to the list of normal criteria
because how the transfer system interfaces with the existing flight structure is vital to the success
of the HBEDS project. The criteriawere weighted on a scale of oneto five and then the
locations were graded on a scale of one to five for each criterion. The results of this process are

presented in Table 8 and more detailed information on the decision can be found in Appendix L.

= >
> 2> % = 5 E
= — 7] >
8l 8 85 ElS
Weighting Factor (1-5) 5[ 3| 5 3| 1 2[ 5 1JTOTAL
Above Swashplate 1 3 2 31 31 4 1 4 53
Integrated into Swashplate 3 4 4 3| 1 1 2 1 70
Below Swashplate 3 3] 31 31 31 3 1 4 66
Below Main Shaft 4 31 4 31 2| 2| 4 3 87

Table 8: Transfer System L ocation Decision Matrix
As shown in the table above, mounting the transfer system below the main shaft is the

best location for HBEDS. This location scored the highest in the three most important criteria of
stability, reliability, and integration.
7.0 Design and Development Overview

In light of the decisions made in the preceding trade studies, this section will expand on
those decisions and describe the concept for the Helicopter Blade Emergency Detachment
System. Asshown in Figure 13, HBEDS gives the pilot the capability to detach the main rotor
blades. Thisisaccomplished with alever in the cockpit to initiate the system, explosive charges

located at the root of each main rotor blade, and an ignition train to provide the detonation signal.
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Many of theignition train components included in the design are provided by subcontractors;
those not covered in this section are addressed in Appendix K. The majority of this section will
be used to describe design work on the transfer system, which provides a mechanical transfer of
the signal for detonation from the stationary engine transmission to the rotating main rotor
system. Also, while the objective of thisreport isto provide a proof of principle of the HBEDS
concept, many detailed design questions will be considered in the following pagesto serve asa

guide for the engineering challenges posed by such a system.

f Explosive

Charges

Cockpit Initiator

Figure 13: HBEDS Concept Diagram™
The specifics of the cockpit initiator will not be discussed here, as any design will have to
take into account the specific cockpit layout. However, aerospace standards for such emergency
systems generally dictate the use of alever, rather than a button, to decrease the possibility of
accidental activation.”* From the cockpit, detonating cord would be routed beneath the
passenger cabin along with the main bundle of wires on the EC-135, connecting the controlsin

the front of the aircraft with componentsin therear. The detonating cord would be attached to

the base of the transfer system, providing an input, and to the top of the transfer system,
receiving an output. Asshown in Figure 14, the detonating cord exiting the transfer system will
run up the center of the hollow shaft, also known asthe main mast. Thereis precedent for this,

as a sensor currently uses this space in similar fashion. For such a design, the detonating cord

*! Original line drawing provided by Eurocopter. See Aircraft Maintenance Manual EC-135, Eurocopter Group, Part
1, (1997), p. 3.

2 The NASA RSRA aircraft used alever to activate their blade detachment and ejection sequence.
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would be bonded to the inside of the shaft in the factory rather than in the field, just asisthe
sensor wiring. The cords would exit the top of the shaft through a non-structural covering and
out to the explosive charges on each of the four main rotor blades.

The detonating cord is not subject to space constraints, so long as the length of cord
within the main mast does not interfere with the current sensor wiring. However the transfer
system is alarger component that may encounter space constraints, with an approximate outside
diameter and height of four inches. Given the decision made in the transfer system location trade
study to place the transfer system at the base of the engine transmission case, the team needed to

examine the space constraints and environment at the base of the transmission case.
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Figure 14: Internal View, Main Mast* Figure 15: External View, Main Mast™

The transmission itself servesto integrate output from the two engines and gear it down.
This power is used to drive the main mast, pictured in the center of Figure 14. The main mast,
onto which the main rotor blades are attached, is supported by two large bearings, one at the top
of the transmission case and another at the base of the shaft. The gap from the base of the main
mast and thrust nut to an access panel is approximately three inches. Figure 15 shows alarge
spline at the bottom of the main mast used to transmit drive power to the mast, along with a
threading arrangement for the shaft mounting nut, also called the thrust nut. Thethrust nut is
tightened onto the mast with 800 Newton-meters (Nm) of torque and serves to restrict the axial

>3 Eurocopter, Aircraft Maintenance Manual EC-135.
% Eurocopter, Aircraft Maintenance Manual EC-135.
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motion of the mast. The transmission aso operates with an open oil sump, meaning that the gap
shown in Figure 16 below the main mast is normally filled with oil, and when the engines start

that oil is partially drained and pumped to the necessary componentsin the transmission.>
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r-'l e | | .
4 e | Gl
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lraAlb s —— (]

Oil sump

Figure 16: EC-135 Transmission Case Cross Section®
7.1 Internal Transfer System Design

Given this environment and space constraints, the HBEDS team sought to design the
mechanical signal transfer system, provisions for attaching the rotational component to the main
mast and stationary component to the transmission case, and arrangements for joining the rotary
and stationary components. The transfer system design must necessarily incorporate or replace
the components currently below and attached to the main mast: the thrust nut and mast moment
sensor. Likewise, al design decisions were intended to minimize the likelihood of inadvertent
activation of the system

Early designs focused on using an actuating cam to strike a rotating firing pin, with
various orientations and housing arrangements. In the final prototype, a stacked orientation was
chosen based on size constraints. A mockup was constructed to illustrate this design, shown in
Figure 17. It consists of four rotating cartridges and one stationary piston actuator that bridges

the gap between the two and strikes the cartridge, transferring the signal for detonation.

% Specific information about the engine transmission was garnered through interviews with the helicopter mechanic
for the Dartmouth-Hitchcock Medical Hospital’s Advanced Response Team and Eurocopter of America employees.
Rod Fryman, Dartmouth-Hitchcock Advanced Response Team Mechanic, Personal communication, 8 Feb. 2004.
Eric Herps, Eurocopter Technical Support Representative, Personal communication, 14 Feb. 2004. Darren Allen,
Eurocopter Transmission Overhaul Manager, Personal communication, 17 Feb. 2004.

%% Eurocopter. Aircraft Maintenance Manual EC-135.
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Cartridge

Piston Actuator

Figure 17: Transfer System Mockup
The method of striking rotating components with arelatively fixed object to transfer a

signal isrelated to designs found in the barrel of arevolver or the mechanical firing of a gatling
gun. The piston actuator is placed at the end of alength of detonating cord, and upon detonation
it fires a piston with up to 1200 pounds of force,> which remains fixed in extension. The options
for fittings at the beginning of alength of cord vary, but include those which receive electrical
inputs or mechanical inputs. The latter was chosen in line with the decision in the detonation
signal transfer study. The manufacturer designs mechanically activated end tipsto ignite when
they receive an energy input of 52 inch-ounces.®® The team recreated the specification test
provided by Ensign-Bickford Aerospace and Defense Company, and these calculations are
shown in Appendix M. Pictures of these components are provided in Appendix K. At this point
in the design many new terms come into use, Appendix N lists and defines these terms.

In order to integrate these sub-contractor provided partsinto the transfer system, a
housing was designed for the piston actuator within the stator (the stationary section of the
transfer system), aswell as afour cartridges on the rotor (the rotating section of the transfer
system). The cartridge houses components that provide the required input to the detonating cord
fitting (end tip). Four cartridges were required to provide proper sequencing and integrate with
theignition train design. Next, the design team needed to find away, through the use of a piston
capable of aforce output, to provide an energy input to the detonating cord end tip. The solution

* Piston Actuators, Ensign Bickford Aerospace and Defense Product Catalogue. 2003. Ensign-Bickford Aerospace
and Defense Company.
% Dave Stilwell, Ensign Bickford Aerospace and Defense Company, “re: quick question- detonating cord,” email to
the author, 3 Feb 2004.
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isshown in Figure 18. All the components are cylindrical, but they are shown in cross section

for clarity.
I I Cartridge
Ca
Detonating 14 °»
Cord End Tip Cartridge
Case
> Percussion
Vcanridge Primer
‘\\ Percussion
] ] Primer
Piston
Figure 18: Cartridge and Piston Figure 19: Percussion Primer and Cartridge Cap

Given this design, further understanding of the dynamics of the system was necessary.
Under normal operating conditions, the main mast rotates at approximately 400 RPM, so the
horizontal translational velocity of the cartridge is 2.3 feet per second (ft/s).® Thisrelatesto the
vertical velocity of the percussion primer with asimple relationship involving the angle of
incidence of the percussion primer. With an angle of 15 degrees,® the vertical velocity of the
percussion primer is 0.61 ft/s.®! It was thought at first that the kinetic energy of the percussion
primer could alone provide the input necessary to the detonating cord end tip. However, thiswas
disproved by analysis, as the energy provided was less than one percent of the requirement.®
Consequently, a second alternative was devised, one which allowed the piston to press the
percussion primer into the end tip with a sufficient force to provide the necessary input energy
for detonation. This alternative would require controlled deformation of the percussion primer to
avoid failure of the piston. Asshown in Figure 19, ametal cap was placed on top of the
percussion primer which would be designed to fail once it had provided the necessary input
energy to the end tip.

Since the manufacturer specified the necessary input as an energy unit, the team next
sought to relate that to the force required to cause the cartridge cap to fail. This could not be

determined analytically, because the duration of impact was unknown. Several tests were

% Calculations shown in Appendix O.
€ Reasoning for this angle choice is explained later in text.
&1 Calculations shown in Appendix P.
82 Calculations shown in Appendix Q.
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conducted to come to areasonable value for the input, and from these tests it was concluded that
a 675 pound (Ib) impact force was necessary to detonate the end tip.® A more precise value
could be more accurately determined through further testing, calculations, and consultation with
other companies that use detonating end tips. To account for the uncertainty in this experiment,
afactor of safety of 1.5 was employed, raising the necessary applied force to approximately 1010
Ibs. Given this design requirement, an appropriate thickness for the cartridge cap is 0.68
inches.*

In order to design the cartridge and piston components, an analysis of the forces involved
to deliver that 1010 |b force must be made. Thiswill alow the design team to choose the
geometry of the percussion primer and piston and the type of bushings to be used, which
comprise the cartridge walls. A free body analysis revealed seven relevant forces acting on the
percussion primer, which could be altered by changing five different parameters: length, width,
angle of incidence, the coefficient of friction between the percussion primer and piston, and the
coefficient of friction between the percussion primer and the cartridge walls. After determining
the variables in this analysis and using Newton’'s Second Law, the parameters were varied using
Excel in order to minimize the normal forces on the cartridge wall, under certain constraints. For

the details of thisanalysis, please refer to Figure 20, Table 10, and Appendix T.

w
<4+“—>
[ . _
Parameter [ Value Effect of increasein value
5 I 0.7 little or no effect
[ Percussion | 4~ H w 0.375" |little or no effect
Primer U 15° large increase in normal forces
pl 0.16 small increase in normal forces
B A p2 0.16 large increase in normal forces
)
/\

pl
Figure 20: Cartridge Forces Table 10: Effect of Parameter Changeson Cartridge Forces
This analysis provided enough information to move forward with the design of the

internal components. The objective was to use the piston actuator to fire a piston into the gap
between the rotor and the stator, striking each percussion primer and transferring the signal for
detonation. For adetailed layout of the piston and cartridge assemblies, see Appendix U. Both
the piston and the percussion primer should be made of hardened steel, although due to its larger

size, the piston may have a hollow interior. The angle of incidence was designed to be low

8 Testing summarized in Appendix R
8% Calculation based on Aluminum 6061-T6. See Appendix S for calculations.

ENGS290 FINAL REPORT MARCH 2004

32



=— Chgepsy —=

enough to minimize normal forces on the cartridge walls, while large enough to provide
sufficient vertical travel during contact. An angle of 15 degrees suited these requirements,
providing the percussion primer with a0.2 inch travel. The impact forces were best distributed
across the face of the percussion primer and piston by designing their angles of incidence to be
equal.

As Figure 20 shows, the friction between the steel piston and percussion primer has a
small effect on the normal forcesin the cartridge walls, but by greasing the contact surfaces, an
acceptably low coefficient of friction can be obtained.®° If alower valueis desired, certain
alternate surfaces like zinc or magnesium can decrease this value to as low as 0.05, but the
reduction in the normal forces would only be approximately 5%.%° An appropriate grease for the
steel, zinc, or magnesium surfaces would be a petroleum oil grease because its temperature range
encompasses the normal operating temperature of the il in the transmission. ® A more robust
alternative would be perfluorinated oil grease, appropriate up to temperatures of 280°C, and is
widely used in the aerospace industry.®

However, our analysis discovered that the friction force between the percussion primer
and the cartridge wall proved to be much more important. By choosing a Teflon bearing rather
than a porous metal bronze bearing, the friction coefficient (u2) would drop from 0.16 to 0.05,
yielding a 25% drop in normal forces during impact from 500 pounds to 375 pounds. *® Bronze
and Teflon bearings have static pressure limits of 8555 pounds per square inch (psi) and 2465 psi
respectively,” so the bronze bearing was chosen because its expected |oad to pressure limit ratio
was lower. A bronze bearing was used to support the piston within the stator as well.

The most important consideration during the design process was to ensure that the
potential for inadvertent activation of the system was minimized. Keeping thisin mind, a means
to lock the percussion primers and piston in place during normal operation of the helicopter was
devised. By cutting holesin the sides of the rotor, as shown in Figure 21, shear pins or screws

8 Coefficient of friction values were obtained from Robert E. Green, Machinery' s Handbook, 25th Edition. (New
York: Industrial Press, 1996) 191-92.

€ See Appendix T.

®7 petroleum oil grease temperature range is -34 to 149°C, while the normal operating temperature of oil in engine
transmission is 50°C. See Myer Kutz, “Lubrication of Machine Elements.” Mechanical Engineers Handbook, 2nd
Edition. (New Y ork: John Wiley and Sons, 1998) 518. Temperature transmission provided by Rod Fryman,
personal communication, 10 Feb 2004.

% Kutz, 518.

% See Appendix T.

F E. Kennedy, et. Al, “Tribology, Lubrication, and Bearing Design.” CRC Handbook of Mechanical Engineering
(1998) 156-57.
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can be inserted into the percussion primer to fix it in place, and for the percussion primer to
strike the detonating cord end tip, the pin must first fail. The shear pins add a degree of stability
to the transfer system not evident in State of the Art research. A representative calculation is
shown in Appendix V for the appropriate diameter of an aluminum shear pin: 0.063 inches for
failure at 100 pounds or 0.10 inches for failure at 250 pounds. A similar arrangement was
applied to the piston assembly aswell. A valuable future test would be to subject the transfer
system to forces experienced during operation to determine the appropriate impact force that the

shear pin should protect against.

P Oil Seal

I: :‘ | Piston

Percussion Primer
s X
| _I‘ |:‘ ||7 , I I'\ShearPin
Pe sy '\Shear Pin |
a) Rotor Assembly b) Sator Assembly

Figure 21: Rotor in Cross Section Illustrating Shear Pin.
7.2  Transfer System Housing Design

The next step in the design was to build the housing for these components.”* There are
several main design requirements and they are outlined below. The first main problem was
addressing how the rotor should attach to the main mast. Early designs, shown in Appendix X,
focused around clamping onto the main mast in much the same fashion as the swashplate is
attached. However, once the exact geometry of the main mast was determined (Figure 14 and
15), arevised design was necessary for attaching the rotor to the main mast (Figure 22). This
revised design also took into account the presence of the thrust nut and incorporated it in the
transfer system design. In fact, slight modifications to the thrust nut allowed it to attach the rotor
to the main mast aswell. Alignment tabs restricted rotational motion of the rotor and ensured
proper orientation of the blades at detachment,’? while the vertical motion of the rotor was
restricted by the thrust nut. By placing arubber gasket between the lip on the thrust nut that
grabs the rotor and the rotor itself, the crucial torque requirement of 800 Nm between the thrust

nut and main mast can be maintained.

™ For ProEngineer pictures of these housing components, please see Appendix W.
2 See Appendix Y for calculations regarding all keying arrangements.
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(side view) (exploded view, parts shown in order of installation)
Figure 22: Installed Transfer System

Finally, the rotor was broken into two sections, an inner and outer housing, to allow for
detonating cord mounting from below. Thisis required because the detonating cord end tips are
fixed in place, per their mounting arrangement in the main mast, and cannot be rotated. Thus,
the outer rotor is dotted into the main mast, and each of the four detonating cords is tightened
with lock nuts from below.” Theinner rotor is then fixed into the outer rotor and the thrust nut
is attached to the main mast, securing both in place. Regarding materials choice for the housing
components, geometry dictated that the rotor be relatively small, which forced wall thicknessin
certain areas to be dangerously thin. Thus, a strong material like titanium should be used for the
rotor housing. The stator itself haslarger wall thickness due fewer size constraints, so aluminum

would be a sufficient material.

" For pictures of end tips fixed onto outer rotor with lock nuts, see Appendix W.
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Early designs for the stator focused on finding a way to make the rotor and stator
interlock. However, contact between these parts was unnecessary because both would be
adequately supported by the mast and transmission case. Instead, the stator houses an oil seal
which maintains contact with the rotating rotor and prevents the flow of oil into the internal
section of the transfer system. A conventional automobile oil seal was selected for this concept
prototype, but a more robust alternative may be necessary for afinal design. Consideration was
given to the possibility of leaving the transfer system open to oil flow within the transmission.
However, since the transfer system islocated in the oil well, from which oil is drawn during
operation, it was concluded that the system would be much lessintrusive if it were sealed off and
greased internally, rather than being open to oil flow and thus requiring a pump for proper
circulation and excavation of the oil within and around the system. Other locations that need to
be properly sealed include the shear pin entrance on the stator, as well as the contact between the
stator and the base of the transmission case. For the latter case, arecessed o-ring between these
two components addresses the concern.

Finally, the gap between the rotor and stator is very important because it determines
whether the system can successfully transfer asignal for detonation.”* If the gap istoo large, a
signal for detonation from the cockpit may be lost within the transfer system and never be
transferred to the second set of detonating cords. This could be solved by reinforcing the access
panel to which the stator is attached, lowering the tolerances on its location. In the alternate
scenario where the gap between the rotor and stator istoo small, a possibility given faulty
installation, the signal for detonation could originate from the transfer system itself when the
engines are next fired. This could be solved by adding a surface to the rotor that would contact
the stator if it were improperly installed and the gap became dangerously small, in a sense
making the installation fool-proof. Such a design change would further demand that the
tolerances between the stator and rotor be small, because unwanted contact between the surfaces
will cause wear and perhaps part failure (although not explosive detonation).

Concerning integration into the EC-135, the transfer system only requires modification to
three components: two key slots must be added to the inside diameter of the main mast, the
access panel will need a hole for the piston actuator to enter the transfer system with the
detonating cord running from the cockpit, and the thrust nut will require modifications as

discussed above. A fourth potential integration issue arises from the mast moment sensor, an

™ See Appendix U for diagram.
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optional accessory on EC-135s that the customer may select. It measures the moments
experienced by the main mast and reads the output in the cockpit. It is of concern to the HBEDS
team because several components hang down from the main mast where the transfer system isto
be mounted. The components of interest mainly consist of arotor and stator which transfer an
electric signal.” Such components, if necessary, could be integrated into the transfer system,
and athree quarter inch gap has been left in the center of the rotor for running necessary wiring
or other components.

Several details should be considered in future design iterations. For one, analysis should
be performed to determine whether the piston must be constrained from rotating within its
bronze bushing following shear pin failure. Also, a satisfactory means for attaching the two
rotor housing pieces, a part of the installations process, has not been devised. Finadly, the
surfaces where the piston actuator and detonating cord end tip attach, both sub-contractor
provided parts, may need to be reinforced to better absorb the forces they will experience during
signal transfer.

8.0  Concept Prototype Testing

A prototype was created to demonstrate the transfer system concept following the initial
development of the HBEDS design. Although electronics were used to simulate the pyrotechnic
ignition train components, the concept prototype operated on the same principles that would be
employed in an actual system. The incoming signal was provided by a 24-volt DC push-type
solenoid, a component that simulated the piston actuator. Rocker switches, electric wire, and
LEDs modeled the cartridge, detonating cord, and explosive charges, respectively. Rotation of
the disk caused the switches to be thrown, simulating contact between the piston and the
percussion primer (Figures 23 and 24). When a switch was thrown, the prototype simulated
detonation of two linear shaped charges by sending asignal to two LEDs mounted on opposing
sides of the disk. Theremaining LEDs were lit upon contact with the following switch,

simulating the second stage of blade detachment.

"® Diagram of Mast Moment Sensor components shown in Appendix Z.
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Figure 23: Concept Prototype Figure 24: Concept Prototype Ting
In addition to demonstrating the transfer system design, the concept prototype was used

to estimate the potential for the system to meet the reliability and safety specifications.
Mounting the system to alathe allowed the team to test and observe the system reliability over a
widerange of RPM. Inall, over 100 trials were performed between 40 and 600 RPM, and no
failures were observed in any test. This allowed the team to conclude with 95% confidence that
the reliability of the transfer system concept prototype was at least 97.25%.

The safety specification was evaluated by measuring the angle at which the device
simulated blade detachment. Ten trials were videotaped and the blade release angle for both
stages of detachment was measured using video stills (Figures 25, 26, and 27).

Figure 25: Target Release Range Figure 26: Stage | Detachment Figure 27: Stage |l Detachment
During testing, the concept prototype rel eased blades between 2.5 and 7.5 degrees

relative to the fuselage centerline aft, resulting in anormal distribution of measurements around
5°. Aswill be discussed in the safety specification validation section, it could be concluded
with 99% confidence that the concept prototype released blades within the specified limits.
However, despite this conclusion, the safety specification testing was limited to low RPM dueto
the slow (15 frames per second (fps)) frame rate on the video equipment. Tests were limited to

an extremely slow rotational speed of 2.5 RPM so release angle could be measured to the nearest

" See Appendix AA for reliability calculations.
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1 degree. Recognizing the potential for greater variability at higher rotational speeds, the team
recommends that further testing beyond the proof of principle stage be conducted with a high
speed camera capable of at least 3600 fps. This equipment would allow for measurements to the
nearest 1 degree at rotational speeds up to 600 RPM, 50% faster than the EC-135 rotor system.
9.0 Specification Validation

The HBEDS team performed specification tests and recommended testing measure for
future development. Recommendations were provided when the specifications called for
explosives testing beyond capabilities of the group. Table 11 provides these recommendations

and test results.

Specification | REQ# | Par.|Description Validation
The Helicopter Blade Explosive Detachment System (HBEDS) shall be a
HBEDS systemthat allows a helicopter's main rotor blades to be detached if the
. REQ-1 | 1.1 |craftisinvolved in acritical emergency situation. Such situations may | Proof of Principle Prototype
Definition include uncontrolled descent, hard landings, ditching into water, on-
board fires, or explosions.
REQ-2 | 2.1 |Ballistic shock resistance: 40-ft drop test Bolosives certified under MIL-STD-810, Meth. 522
Stability REQ-3 | 2.2 |Hectrostatic discharge resistance: 25,000V via 500pf capacitor Bolosives certified under MIL-STD-1512, Meth. 205
REQ-4 | 2.3 |Lightning strike resistance: +/-18,000V simulated strike Bplosives certified under M IL-STD-1512, M eth. 302
REQ-5 | 2.4 [Heat resistance: autoignition temperature to exceed 600°F Bxlosives certified under MIL-STD-650, M eth. 506
. . . ; Alignment tabs designed for Ns = 4.0; Scott to input
Strength REQ-6 | 3.1 |[Systemshall beresistant to static and fatigue failure par s
L. REQ-7 | 4.1 |Mass of systemto be less than 10kg 10.7-11.9kg
Efficiency
REQ-8 | 4.2 |Parasitic drag on rotor to increase by no more than 5% Equivalent Flat Plate Areaincreased by less than 5%
Power REQ-9 | 5.1 |Systemcapable of operating on 22.5V, 1.8Ah standby battery Standalone systemrequires no power source
Reliability | REQ-10 [ 6.1 |Complete blade severance with at least 95% reliability 96.79% at 95% confidence
Cl?r?rmagce REQ-11 | 7.1 |Blade detachment to occur in less than 500 miliseconds 342 ms at 100 rpmfor 6m clearance circle
Cost REQ-12 | 8.1 |Unit production cost under $20,000 $37,906
Serviceability | REQ-13 | 9.1 |Systeminspection and replacement possible in under 25 hr. Replacement of transfer systempossible in under 2.5 hr.
REQ-14 | 10.1 | Temperature shock: 1hr exposure to -65'F and +200°F BExlosives tested under MIL-STD-810, M eth. 503
Durability | REQ-15 [ 10.2 |Vibration: 2hr exposure to randomvibration at 10-2000Hz Explosives tested under MIL-STD-1512, Meth. 113
REQ-16 '10.2 Materiel degradation: service life shall exceed 10 years installed Boplosive service life per MIL-STD-1512, Meth. 118
- . . Design intended for use on four-bladed bearingless rotor
Adaptability | REQ-17 [ 11.1|Design shall be adaptable to other aircraft systems with hollow mein shafts
Safet REQ-18 | 12.1 | Blade detachment at 5" and 185 relative to fuselage (+/- 5°) 5° and 185° +/- 5° with 99% confidence
ety
REQ-19 | 12.2 | Byplosive charge shall not damage fuselage Future theoretical pyrotechnics analysis

Table 11: Specifications and Testing Results
Sability: System stability was evaluated by reviewing specifications provided by
explosive manufacturers. Because the group was unable to test the explosives, qualification test
data supplied by the manufacturer was used to assess system stability. A sample specification
table for mild detonating cord is provided in Table 12. This component exhibits stability
characteristics common to many aerospace-grade pyrotechnic devices, demonstrating resistance
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to the stresses highlighted in the HBEDS specifications. 1n recognition of the importance of

stability, the group recommends that each component used in the ignition train be held to similar

standards.
- 6 foot drop test fully operational
Ballistic Shock 40 foot drop test safeto handle
Vibration 80-2000 Hz random vibration @ +/- 20g fully operational
Acceleration 40g in any direction fully operational
Electrostatic Discharge 25,000V from 500 pf capacitor no fire
Heat service temperature -65°F to +350°F
elevated temperature withstand 425°F for 5 minutes

Table 12: Stability Characteristics of McCormick-Selph Shielded Mild Detonating Cord (SMDC)

Strength: The components of the transfer system were carefully selected in order to avoid
the possibility of stressfailure during activation. For instance, a bronze bearing rather than a
Teflon bearing was chosen to house the percussion primer because its expected |oad to pressure
limit ratio was lower.”” Both the piston and the percussion primers are made of hardened steel,
which allows them to absorb the approximately 1000 pound impact forces. Likewiseg, itis
suggested that the rotor, and perhaps the stator as well, be made of titanium rather than
aluminum to withstand the impact forces despite relatively thin wall thickness in several areas.
Concern for fatigue failure rested mainly on the redesigned thrust nut, asit is the only part
designed by the HBEDS team that will experience constant loading of any magnitude. To
combat this fear of fatigue failure, the thrust nut was redesigned to be at least as robust as the
previous version, assuming that the thrust nut designed by Eurocopter would not have
experienced fatigue failure. The design team recommends further testing in future iterations of
the transfer system design to confirm compliance with the strength specification.

Efficiency: The total mass of the system was cal culated using mass estimates for ignition
train components and densities of materials used in construction of the transfer system.
Assuming the rotor and stator components will be made of titanium, the total mass of the
prototype system is 11.9 kilograms, including 9.0 kilograms for the ignition train and 2.8
kilograms for the transfer system. ”® Alternatively, the transfer system would have amass of 1.7

kilogramsiif it were made of aluminum, ”° resulting in atotal mass of 10.7 kilograms. The

" See calculations in Appendix T.

8 The calculation assumes a density of 4510 kg/m? for titanium. See Bernard Hamrock, Bo Jacobson, and Steven
Schmid, Fundamentals of Machine Elements (Boston: McGraw Hill, 1999) 901.

" Calculation assumes a density of 2800 k/m® for aluminum. See Hamrock, 901.
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prototype design fails to meet the 10 kilogram specification; however, the final transfer system
design depends largely on material selection, and reliable mass estimates can only be made
following afull strength analysis of each of the parts. The specific geometries exhibited by the
prototype were somewhat influenced by the limited strength of the plastic, and the team believes
that designing for titanium or aluminum construction would provide opportunities to reduce
material volume.

The efficiency specification also addresses the aerodynamic drag associated with the
system. Because the bulk of the system isintegrated into the existing structure, installation of
HBEDS is expected to cause only avery small increase in parasitic drag on the helicopter. With
the explosives mounted inside the blade roots and the transfer system contained within the
transmission case, the only aerodynamic drag resulting from installation will be on the %zinch
shielded detonating cord transmitting the signal from the main shaft to each linear shaped charge.
To evaluate the significance of this drag, the equivalent flat plate area of the exposed portion of
the detonating cord was compared to the flexbeam to which it will be attached.® Equivalent flat
plate areais acommonly used aerodynamic drag metric that is afactor of drag coefficient and

frontal area: &

EFA. =Cp,_A._ = (0.8)(0.0035t%) = 0.0028 t? (1)

EF A = Co A = (1.2)(0.0556 ft2) = 0.0667 ft? ®)

G0y, = 100251 - EFA., - EFAmeg _ 1000}y 00667-000285_ o g
; EFA., ¢ ; 0.0067 -

The equivalent flat plate area of the composite flexbeam therefore increases by only 4.2%
with the addition of the detonating cord. Because the flexbeam itself represents only a small
portion of the overall parasitic drag on the main rotor system®, the total increasein parasitic drag
associated with installation of the system is less than 5%.

Power: Asoutlined in the specifications, the system is required to operate on a backup
power source such as a22.5 volt, 1.8 ampere/hour standby battery. Selection of a percussion
rather than electric initiator allows HBEDS to be a completely standalone system, avoiding the

need for a power source altogether. Assuch, HBEDS complies with the power requirement.

8 Drag coefficients approximated by circular cylinder for the detonating cord and rectangular plate for the flexbeam.
See Technical Notes on Equivalent Flat Plate Area and Wind Loading, Kathrein Scala Division, 26 Feb. 2004,
<http://www.kathrein-scala.com/tech_bulleting/FlatPlate.pdf>.

8 | eishman, 216.

% | eishman, 217.
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Reliability: The concept prototype and ignition train trade study provided a means of
approximating the reliability of the entire system. This estimate was obtained by multiplying the
experimental transfer system reliability and calculated ignition train reliability:

Rysen = Roanter Rantonran = (0-9725)(0.9953) = 0.9679 @)

Assuming the transfer system could be made to operate as reliably as the concept
prototype, the system reliability would be 0.9679 at 95% confidence. This projected reliability
exceeds the success rate of the ACES |1 gjection seat, suggesting the reliability of the system
could be deemed acceptable by military pilots.

Clearance Time: Clearance time was estimated by calculating the time for signal
propagation, signal transfer, and blade exit. Signal propagation time was determined using the
burn rate of the detonation cord and the approximate length of the ignition train:

S o BOM _ggyqe g (5)
rate  (6000m/sec)

Signal transfer time depends on both the angular velocity of the main rotor system and
the orientation of the percussion primers when the signal arrives at the transfer system. To
account for aworst case scenario, the analysis assumes a main rotor speed of 100 RPM and
required rotation of 180 degrees.

t, = il - 150 den =3.0310" sec (6)
w glOOreVoa 360deg § oa Imin o

rotor
¢ Imin :¢ Irev -96Osec-

Blade exit time also depends largely on the angular velocity of the main rotor system.
Exit time may be approximated using conservation of momentum while neglecting air resistance.
Assuming the clearance circle is 6 meters, the rotational speed is 100 RPM, and blade length is 5
meters with the center of massis 3 meters from the main shaft:
o _ (6m) + (3m)
B (om)h

r

clearance

te =

e

= 4131072 sec 7)
ealoorevoa 20 Oa 1min og

g 1min -glrev QGOSGCOU

Total clearance time for the worst case scenario is therefore about 342 milliseconds, well
under the 500 millisecond specification.

Cost: Since HBEDS is not afinal, production ready design, it is difficult to give an
accurate final cost of the system when many particulars of the design have yet to be determined.
However, HBEDS costs can be divided into the appropriate categories and be given values of the
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proper order of magnitude. Therefore, the team followed a standard cost accounting method of
breaking the cost into fixed costs that can be distributed across all the systems made and variable

costs that apply to each unit produced. (Table 13)

FIXED COSTS QUANTITY PRICE/UNIT TOTAL COST COST /UNIT (1000)
Engineering Design 7 $30,000 $210,000 $210
Part Testing 7 $20,000 $140,000 $140
Prototype Testing 5 $61,200 $4,306,000 $4,306
Flight Certifications 2 $75,000 $150,000 $150
FIXED COSTS: $4,806,000 $4,806
VARIABLE COSTS QUANTITY PRICE/UNIT TOTAL COST
Linear Shaped Charges 4 $2,500 $10,000
Detonation Cord Sections 24 $550 $13,200
Piston Actuator 1 $1,100 $1,100
Manifolds| 2 $350 $700
DisarmV Interlocks 5 $600 $3,000
Initiator 1 $600 $600
Transfer System 1 $2,000 $2,000
Assembly Costs| 1 $2,500 $2,500
TOTAL VARIABLE COSTS: $33,100
| TOTAL COST (Variable and Fixed / Unit): $37,906 |

Table 13: HBEDS Cost Analysis

The fixed costs included future engineering design work, part testing, full prototype

testing, and flight certification costs. Aside from the values of each fixed cost, three significant

assumptions have been made. Thefirst isthat the existing design and manufacturing facilities

could accommodate the development and production of HBEDS. The second isthat for each

new HBEDS application, there will be some engineering design and testing that must be done
above what the HBEDS team has accomplished. The third assumption isthat HBEDS will be

applied to aminimum of 1000 helicopters per production run.

The team figures that all seven HBEDS' components will need some amount of
engineering design work above what has been accomplished this far; therefore, $30,000 is
viewed as an average cost to make design changesto HBEDS so that it will fit the final
application. Following that same logic is the parts testing and the prototype testing costs. All
seven parts will need to be tested, so $20,000 was used per part, which includes the cost of the
components and the staff required to run the tests. In addition to five full scale test systems, a
complete helicopter will be required for one full flight test. Therefore, an additional $4 millionis
included to cover the cost of that aircraft. The final fixed cost is the flight certifications required

ENGS290 FINAL REPORT MARCH 2004




=— Chgepsy —=

to demonstrate airworthiness of the system. Qualification testing of the transfer system and the
explosive charges is forecasted to cost approximately $75,000 per component.®

The variable costs are also broken into two groups. First are the seven HBEDS
components at the prices assumed in the Ignition Train Trade Study.®* The second isthe
additional assembly cost of HBEDS components. While installation of the system isfairly
simple, aqualified technician will be required to certify the system as being flight-worthy.

These two cost categories, fixed and variable, result in a cost of around $37,900 for the
entire system. This number isamost twice the cost specification; however, since all of the
ignition train component costs supplied by subcontractors, the final cost is not seen as
inappropriate or unjustified.®®

Serviceability: During development of the design the team learned that beyond visual
inspections, little can be done to service and maintain explosive assemblies. Instead, controlled
explosives manufacturers rely on extensive qualification tests to certify that the explosive will
operate as intended throughout its service life.*® The team therefore assumed little or no
maintenance of the explosive charges would be necessary, and the linear shaped charges would
be permanently mounted inside the blade roots. In the case of the Eurocopter, the permanent
linear shaped charges would be replaced with the blades about every 12,000 flight hours.®”

The prototype transfer system is accessed through a large panel located at the base of the
transmission casing. The removable panel provides mechanics ample access to the main shaft
thrust nut and the mast moment sensor. Although the transmission is overhauled at 5000 flight-
hour intervals,® mechanics regularly require access to this area during oil changes, and could
provide fairly regular visual inspections of the transfer system. Replacement of the transfer
system itself would require opening the access panel, disconnecting the stator, and removing the

main thrust nut. Reassembly of the system is greatly simplified by alignment tabs provided on

8 |nformation provided by David Stillwell, Ensign Bickford Aerospace and Defense Company, “Re: quick question-
detonating cord,” email to author, 21 Jan 2004.

8 See the Ignition Train Trade Study in Appendix K.

8 Thevalueinitially selected for the cost specification neglected to account for the high cost of aerospace grade
explosive components. It is believed that the estimated cost of $40,000 is acceptable given the total cost of military
helicopters.

& David Stillwell, personal communication, 13 Jan. 2004.

8" Eurocopter’ s bearingless rotor blades have a service life in the neighborhood of 12,000 operating hours. See
Airworthiness Directive Schedule: SA365N Helicopter Series, 2000, Civil Aviation Authority of New Zealand, 24
Nov. 2003, <http://www.caa.govt.nz/fulltext/nzcars/vol _2/Section_A/A2_Helicopters/sa365.PDF>.

% Rod Fryman, personal communication, 10 Feb 2004.
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the rotor components. Although formal tests of the entire system replacement time could not be
tested, the team expects the transfer system could be replaced in under 2.5 hours.

Durability: Similar to the stability specification, the durability of the explosives will be
validated using test data provided by controlled explosives manufacturers. Qualification tests
must be performed to demonstrate resistance to temperature shock, vibration, and materiel
degradation under the expected operating conditions. As described in the Specifications section,
the team recommends that military standards be used as a reference for evaluating durability of
explosive components in future development of the system.

Adaptability: Although the Eurocopter EC-135 was used as a model application for the
development of HBEDS, the concepts employed could be applied to any helicopter with afour-
bladed bearingless rotor system and a hollow main shaft extending through the transmission. As
discussed in the State of the Art section, bearingless rotor technology is the future of helicopter
design. Such technology was incorporated into the recent RAH-66 Comanche project and is
currently being used on the AH-1Z Super Cobra (Figure 28). Also, like the EC-135, many
helicopters exhibit a hollow main shaft that is easily accessible from the base of the transmission.
Transmissions generally support and power the mast with multiple bearings and a spline drive,
with axial loads carried by athrust nut mounted near the base (Figure 29). Of the transmission
designs reviewed during the team’ s research, none exhibited significant deviations from the EC-
135 design. Considering the potential for bearingless rotor systems to become the industry
standard, and the general commonality of helicopter transmission design, the team concludes that

the concept will be reasonably adaptable to many different helicopter platformsin the future.

Figure 28: Bell AH-1Z Super Cobra® Figure 29: Typical Helicopter Transmission®

8 AH-1Z7, 2003, Bell Helicopter Texitron, 4 Mar. 2004,
<http://www.bellhelicopter.textron.com/aircraft/military/bell_ah-1z.html>.
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Safety: Testing of the concept prototype alowed for evaluation of the safety
specification. The data for the measured blade rel ease angle followed an approximately normal
distribution centered around 5 degrees and 185 degrees relative to the fuselage (Figure 30).

Angle of Blade Release
(O degrees = centerline aft)

Observations

6.75 7.5

3 3.75 45 5.25
Bin

EDDD HDD
6

Figure 30: Blade Release Angle Histogram
To release blades within a5 degree margin of error with 99% confidence, the blades must

be theoretically be released with a standard deviation (0) below 1.67 degrees. Using data from
the twenty trials, the chi-sgquare distribution allowed for an estimate of the upper bound of {:

st \/ (n- s’ _ \/ A9W02)° _; o1-¢ 167 6)

c 7.63

1-an-1
The theoretical upper bound of sigma was therefore 1.61 degrees, below the critical level
of 1.67 degrees. It could then be concluded with 99% confidence that the concept prototype
released blades within the specified limits, meeting the safety specification.
10.0 Post-Detachment Analysis
A helicopter flies by maintaining a delicate balance of opposing lift and drag forces.
Designed to be used in life-threatening emergencies, HBEDS abandons this balancing effort by
detaching the main rotor blades. Although the system calls for subsequent crew ejection or
ballistic parachute deployment systems, the dynamic response of the helicopter must not subject
the crew to critical accelerations (i.e. ‘ g-forces') immediately following activation. Additionaly,
activation of HBEDS must not destabilize the aircraft to such an extent that the risk of rollovers
isincreased during hard landings. Drawing from these concerns, an analysis was performed to

determine whether gravitational forces and tail rotor thrust would result in undue fuselage

% | azar Mitrovic, Rotor Shaft Support and Drive Arrangement, 2002, United States Patent and Trade Office, 4
Mar. 2004, < http://www.del phion.com/cgi-bin/viewpat.cmd/US06394387 _ ?MODE=fstv& OUT_FORMAT=pdf>.
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accelerations following blade detachment. The analysis specifically examines accelerations

experienced by the pilots one second after blade detachment during a stationary hover.™

Figure 31: Free Body Diagrrglrg for Post-Detachment Analysis™
Following blade detachment, the aircraft will immediately begin to spin and trand ate due

to tail rotor thrust and gravitational force (Figure 31). The resulting acceleration experienced by

the pilot (a,) may be expressed as the sum of the acceleration of the center of mass(a,,) and

the acceleration of the pilot relative to the center of mass(a,,):

gp :gcm+§p/cm (9)

The acceleration of the pilot relative to the center of mass (a.,..,) is caused by yaw of the

p/cm

helicopter following blade detachment. Y awing and corresponding angular acceleration y# is
governed by the reaction moment Q; of the main rotor system, the moment of inertia |, about the
center of mass, the thrust of the tail rotor Tt and the length of the tail boom I+z>:
Q +1 W=Tl, (10)
Following detachment of the main rotor blades, the reaction moment Q, immediately
drops out of the equation. If air resistance is neglected, the aircraft will yaw counterclockwise at
the following angular acceleration if tail rotor thrust is maintained:

y = T (11)

yz4

s The NASA RSRA helicopter pilot gjection system is capable of ejecting occupants within 0.4 seconds of blade
detachment. The analysis described herein assumes a 1 second delay to assess aworst case scenario. See Bement, 3.
%2 Helicopter line drawing provided by Eurocopter. See Aircraft Service Maintenance Manua EC-135.

% |eishman, 224.
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The moment generated by the tail rotor (T+rltr) Will be assumed to be equal and opposite
to the moment applied by the powertrain during a stationary hover.** The turbine engines of the
Eurocopter EC-135 each provide about 355 shaft horsepower to the main rotor system at 395
RPM®, generating the following moment:

448"gomo
(22355hp )a550ft0|boa 60sec oa]IeVoae sec? % Im (8) 2820kgOm ST
3¢ 395rev: ¢ 20 —ae b ft: sec’
(; T
(12)

The mass moment of inertial is calculated about a vertical axis through the center of
mass of the helicopter. This mass moment may be estimated by approximating the aircraft as a
sum of simple shapes of varying mass. The mass moment of inertia of the EC-135 was
approximated as 3980 kg-m? (Appendix BB). The angular acceleration caused by the tail rotor is
then calculated using this equation:

kgOm

£12820
¢

0
p= Tl 8—322-——- (13)
1, (3980kgim?) T sec?

Having obtained an expression for the angular acceleration of the aircraft, acceleration of the
pilots relative to the center of mass may be expressed in polar coordinates r,q,k:

Ayrem =(#-ry)e +(r+ 2#)#)e + #K (14)
rado rad § m §
Ayem = (- 2m) 322—0 €, +(2m) 32— oe + 0 50K (15)
SEC - sec? ¢ Sec”:
Qp/em :%_ m 0 0 (16)
¢ sec? = c sec? =

Trandational acceleration of the center of massis caused by gravitational force and the thrust of
the tail rotor. Because the pilot sits ahead of the center of mass, the tranglational acceleration of

the aircraft is opposite the pilot’s acceleration in the e, direction:

% Stationary hover normally requires only about 70% of maximum power in the Eurocopter EC-145, an aircraft
similar in design to the EC-135. See R. Randall Padfield, Flying the EC-145, AIN Online, 19 Feb. 2004.
<http://www.ainonline.com/Features/pil otreportO3/AIN_pr_ec145.html>.

% About 90% of engine power is directed to the main rotor system with the remaining 10% used to drive the tail
rotor. See Leishman, 224. The maximum continuous power rating of the EC-135 is 562 shaft horsepower provided
by each Pratt and Whitney 206B2 turbine engine. See EC-135 T2/P2, Eurocopter, 19 Feb. 2004,
<http://www.eurocopter.com/site/FO/scripts/siteFO_contenu.phpang=EN& noeu_id=37>.
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_TTR = |\/lacmy (17)
%_ 12820 kgim*@3d 1 ¢
- 2 ot 27 -
a =_1m_¢ S’ “GO27oM: _ 159 M (18)
LY (1585kg) sec?

Neglecting air resistance, the gravitational force also causes the center of mass to accelerate at a

constant rate in the —k direction:

8 = 0= o (19)

Cmy

The acceleration of the center of mass expressed in cylindrical coordinates is therefore:

—an oe +ae 1.3——qe ok (20)
¢ sec’: ¢ sec’ + c sec’ +

The total acceleration of the pilot is then obtained using equaIi on (1):

0

a, = 80 + A de, Bk (20)
sec’ + g sec’ + g Sec” +
The magnitude of this acceleration indicates the total ‘g-force’ experienced by the pilots:
a,=.Ja’+al+a’ =207 +512+98 = 23.5& = 24g (22)

If tail rotor thrust is maintained following blade detachment, the analysis implies that the total
acceleration experienced by the pilots one second after blade detachment is less than 2.5g's.
This acceleration is within human tolerance levels, suggesting that the fusel age response soon
after the main rotor blades are released will not be violent enough to directly cause injury to the
pilots.®® A tail rotor thrust termination device would therefore not be necessary if HBEDS were
used in conjunction with a pilot gjection system designed for these conditions. Considering the
elevated g-forces experienced during ejection from fighter jets,”” helicopter pilots would easily
be able to endure the acceleration of the aircraft for a period of one second after blade
detachment.

Though atail rotor thrust termination device may not be necessary for in-flight egress,
such a device would be needed if the pilots and crew were to remain aboard the aircraft. If a

% Humans can tolerate accelerations of at least 5’ s for 5 seconds in the longitudinal (vertical) direction before
entering the transition to blackout. Greater accel erations may be tolerated in other directions. See plot of tolerable
accelerations versus elapsed time at <<http://www.hg.nasa.gov/office/pao/History/conghand/fig15d5.gif>>
Accessed 2/19/04.

¥ Modern gjection seats typically subject pilotsto 12-14 g'sin the vertical direction. See “ The Ejection Site.”
<<http://www.gj ectionsite.com/ej ectfag.htm>> Accessed 23 Feb. 2004.
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parachute recovery system is deployed, the tail rotor thrust must be eliminated in order to limit
the yaw rate of the aircraft during its decent. Excessive yaw rate would subject the pilots to
elevated g-forces and also make for an unstable, dangerous landing. Similarly, if HBEDS is
activated during the course of a hard landing, the unbalanced tail rotor thrust islikely to
destabilize the aircraft and increase the risk of arollover.

In consideration of these risks, the HBEDS team recommends that a device or mechanism
be provided to control tail rotor thrust immediately following main rotor blade detachment. Tail
rotor thrust could be quickly reduced by avariety of mechanisms. For example, adevice could
be designed to stall or zero the angle of attack of the tail rotor blades, thereby eliminating thrust
by an aerodynamic means. Alternatively, because thetail rotor carries far less angular
momentum than the main rotor system, a device could simply apply a brake to the tail rotor
driveshaft soon after the main rotor blades are detached. Either method would quickly reduce
tail rotor thrust and thereby maintain stability during parachute touchdowns and hard landings.
11.0 Economic and Palitical Analysisof HBEDS

While the cost analysis presented in the specification testing and validation section
outlines the cost of producing HBEDS, this section discusses the economic and political effects
of helicopter accidents and how the system might lessen the consequences of both.

11.1 Economic Effects of Helicopter Accidents

To show the positive economic effects of HBEDS, the team has performed a brief and
conservative economic analysis of helicopter accidents. The team performed a study of the costs
associated with military fatalities, including death benefits paid to families and the cost of
training pilots and soldiers to replace those lost in helicopter accidents. The average death
benefits package is worth over $220,000.® Using this figure alone, HBEDS would need to save
172 livesto justify a 1000 unit production run. If the system is assumed to last ten years, then
that isjust over seventeen soldiers ayear that must be saved due to HBEDS. This number uses
only death benefitsto justify HBEDS, which means that many other costs, like training new
pilots and putting new soldiers through basic training, have been neglected. These numbers are

extremely difficult to determine, but the team approximates an average value of thistraining to

% See Michael White, Military Fatalities, 2004, 1 March 2004, http:/lunaville.org/warcasualties/Details.aspx and
Comparison of Death Benefits Payable to Military Members Who Die on Active Duty and Federal Civil Service
Employees, Department of Defense Civil Personnel Management Service, 1 Mar. 2004,
<http://www.cpms.osd.mil/icuc/attacks/Death%20benefits¥%20Chart.htm>.
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be $80,000. That would lower the required number of saved servicemen to fewer than thirteen
ayear for ten years per helicopter application.

In the two most recent conflicts, Operation Enduring Freedom and the Irag War, the
fatalities due to helicopter crashes account for 34.5% of the fifty-five fatalities citing causes of
death in Afghanistan and 18.4% of all 549 fatalitiesin Irag.’® If HBEDS were implemented on
military helicopters and used in the activation envel ope the team specified, approximately 40%
of these fatalities could have been prevented,'® saving nine lives in Afghanistan and forty lives
inlrag. Thesefifty soldiersthat could have been saved in the last three yearsis well over the
number required to justify HBEDS, especially considering that those numbers only include
fatalitiesin combat and do not include fatalities in training missions and other locations.

11.2 Political Effectsof Helicopter Accidents

Fatal military helicopter accidents have political effects not expressed in monetary terms.
Military casualties can diminish public support of awar effort, create divisions amongst political
leaders, and dissuade voters. The public has shown aremarkably low tolerance for military
deaths in many recent conflicts. Before the United States became involved in the Kosovo
conflict, 60% of Americans supported sending US troops to enforce a peace treaty. However,

despite this support, 59% also said peace in K osovo was not worth US military casualties.’®
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Figure 32: Public Support of War versus the Associated Deaths'®

% This number was chosen by studying many of the costs of military training as reported by Rod Hafemeister,
Militaryreporter.org, 1 Mar. 2004, <http://www.militaryreporter.org>.

100 Numbers and percentages may change after report submission. See Michael White, Military Fatalities, 2004, 1
March 2004, <http://lunaville.org/warcasualties/Details.aspx>.

101 See Section 2.1: Envelope Events Analysis for discussion of envelope event frequencies.

192 Gary Langer, Support for Kosovo Action Up, 1999, ABC News, 15 Oct. 2003,
<http://abcnews.go.com/sections/world/DailyNews/990324k osovopol |.html>.

193 Eric V. Larson, Casualties and Consensus: The Historical Role of Casualtiesin Domestic Support for U.S
Military Operations, 1996, RAND, 12 Oct. 2003, <http://www.rand.org/publications/RB/RB2502/RB2502.html>.
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Furthermore, military casualties can severely undermine public support for military
action if the public does not believe the conflict is central to national interests. Figure 32 shows
that public support remained stable throughout critical operations such as World War Il but
quickly eroded as the death toll inched higher in other more isolated conflicts. The first military
deaths in the Dominican Republic and Somalia had a particularly devastating affect on public
support, resulting in 15% and 40% decreases after only 10 deaths. This effect was most recently
witnessed four months into Operation Enduring Freedom when national polls reported that the
majority of Americans believed the number of US casualties was “ unacceptable.” ***

120 Recommendations and Conclusions

The team believes the HBEDS concept is practical and feasible for application on
military helicopters. The proposed design satisfies many of the project specifications, and the
team believes all specifications could be met through further development, with the possible
exception of the cost specification. Further development of the concept should maintain afocus
on stability while aiming to meet the cost, efficiency, and durability specifications. To thisend,
the HBEDS team presents five recommendations for continued development of the system:

Recommendation #1: Subsequent transfer system prototypes could be designed to operate
with hydraulic lines, thereby allowing for repeated non-destructive testing. Such a device would
serve as asimple and practical model for the actual system, enabling more realistic tests than
those conducted with the electrical concept prototype. Specifically, full scale transfer system
mockups would allow for strength testing of the transfer system’ srotor, stator, and cartridge
components, ensuring their resistance to static failure upon activation of the system.

Recommendation #2: Development of a complete system will require collaboration with
controlled explosives manufacturers. Explosive severance of composite structures is a complex
science that calls for extensive testing and advanced pyrotechnic analysis. If severance of the
composite blade structure is deemed impractical, explosive devices could instead be installed at
the steel blade grips to separate each blade from the rotor system. Asdiscussed in the
Detachment L ocation trade study, this arrangement would also require four additional explosive

assemblies to detach the control rods to allow the blade to freely exit.

104 Rising Doubts: President Facing New Challenges of Credibility and Casualties, 2003, ABC News, 15 Oct. 2003,
<http://abcnews.go.com/sections/politicUS/pol1030711_bush.html>.

196 Helicopter Accident Sudy, 2002, National Transportation Safety Board, 11 Oct. 2003,
<https://nasdac.faa.gov/aviation_studies/ntsb_helicopter_accident_study/helicopter_accident_study.html>
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Recommendation #3: Explosive components should be supplied by manufacturers that
can ensure their compliance with the stability and durability specifications. Tests for resistance
to heat, moisture, vibration, ballistic shock, electrostatic discharge, and lightning strikes should
be conducted in accordance with the military standards referenced herein. Additional tests shall
be performed to demonstrate resistance of the detonating cord to repeated flexure as experienced
by the rotor blades' composite flexbeams.

Recommendation #4: Future development of the system should involve full scale testing
of the explosives and transfer system. Though the reliability and effectiveness of the linear
shaped charges may be tested using weighted blade stubs, some tests should be run with full
blades to observe the blade exit path and confirm compliance with the safety specification. As
discussed in the testing section, high speed video equipment is necessary to measure the angle of
bladerelease. Testing on afull scale helicopter will expose the system to redlistic service
temperatures and stresses, ensuring the system will operate properly once implemented.

Recommendation #5: Accompanying systems are necessary for HBEDS to be a safe and
effective system. Risk assessment exercises identified the dangers introduced by releasing the
main rotor blades at high velocity. Helicopters are commonly used in populated areas and
activation of HBEDS introduces risks to anyone in the vicinity of the aircraft. The team
therefore recommends devel opment of a system to mitigate the risk of blades strikes following
blade detachment. Additionally, atail rotor thrust termination system is necessary if HBEDS is
activated during ahard landing or if in-flight activation is followed by ballistic parachute
deployment. Although pilots and crew are subject to tolerable accelerations shortly after blade
detachment, continued thrust from the tail rotor will destabilize the aircraft and thereby reduce

the chances of survival for those who remain on board.

In conclusion, the HBEDS concept described in this report represents a series of design
decisions intended to maximize system stability. Because the device isintended for use in
adverse emergency situations, the proposed pyromechanical system is resistant to electrostatic
discharge, lightning, heat, and ballistic shock, and is designed to operate independent of the
aircraft power system. The proposed system also represents a departure from blade detachment
devices seen on other aircraft; to the team’ s knowledge, no detachment system has ever been
developed for a four-blade bearingless rotor system. The HBEDS concept therefore has a unique
signal transfer and sequencing mechanism that sets it apart from the two-blade Army/Navy
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study, five-blade NASA RSRA, and coaxia-rotor Kamov aircraft. Also, none of these designs
considered the explosive packaging opportunities presented by the structure of bearingless rotor
blades, neglecting the improved protection and aerodynamic efficiency possible by locating
explosives within the blade root.

Given the advancements outlined in the report, the team recommends further
development of HBEDS to realize its life-saving potential, alone or in tandem with helicopter

gjection or ballistic parachute systems.
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Appendix A: Accident Synopses and Event Analysis
Selected Accident Synopses. National Transportation Safety Board Accident Database

NTSB Identification: FTWO03FA118
Aircraft: Bell 407, registration: N175PA
Injuries: 2 Fatal, 3 Serious.

On March 27, 2003, at 1636 central standard time, a Bell 407 helicopter, N175PA, registered to |
Inc., of Kirkland, Washington, and operated as a Public Use aircraft under contract to the US
Forest Service (USFS), was destroyed when it crashed into heavily wooded terrain near Broadus,
Texas, while conducting low level flight operations in support of the Federal Emergency
Management Agency's (FEMA) mission to support an inter-agency (NASA, Texas Forest
Service, USFS) recovery effort of Columbia Shuttle Debris. The pilot and 1 crewmember were
fatally injured and 3 other crewmembers sustained seriousinjuries. Visual meteorological
conditions prevailed and a VFR flight following plan was filed for the Title 14 Code of Federal
Regulations Part 91 Public Use flight. The flight originated at 1515 from Lufkin, Texas.

The helicopter was completing its second search mission of the day while hovering about 125
feet above the ground. During interviews with the NTSB investigator-in-charge, the surviving
passengers reported that the helicopter lost power and descended rapidly into the 80-foot tall

trees with no warning. The helicopter came to rest on itsright side at the base of a 80-foot tree on

a heading of 078 degrees magnetic. The cockpit section of the fuselage was found crushed and
the main cabin was mostly intact. The engine compartment was intact, and al engine
components, lines, electrical connections, and accessories appeared to be undamaged. The
electronic control unit (ECU) was removed on-scene for data download. The ECU's connectors
were found tight and secure with no damaged pins.

After the wreckage was recovered, the engine was removed and set up in atest cell. During the
test cell run, it was discovered that the power lever angle (PLA) indicator on the Hydro
Mechanical Unit (HMU) responded erratically to normal throttle inputs when the engine was
operated in the electromechanical mode. The engine operated normally in the manual mode.
Further testing and evaluation of the HMU reveaed anomalies with the potentiometer
component of the system.

NTSB Identification: LAX02FA116
Aircraft: Sikorsky S-61A, registration: N318Y
Injuries: 1 Fatal, 1 Serious.

On March 26, 2002, at 1538 pacific standard time, a Sikorsky S-61A twin engine helicopter,
N318Y, was destroyed when it impacted terrain while maneuvering near Dunsmuir, California.
The helicopter was registered to and operated by Croman Corporation of White City, Oregon.
The commercia pilot was fatally injured and the commercial co-pilot sustained serious injuries.
Visual meteorological conditions prevailed, and aflight plan was not filed for the 14 Code of
Federal Regulations Part 133 external load flight. The local business flight originated from a
staging area near the McCloud River's Lakehead area at 1500.

According to the operator, the helicopter had been maneuvering in the area as part of alogging
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operation. One witness, a ground worker, was in radio contact with the pilot. The worker stated
that the pilot was supposed to drop chokers near him. (A choker is a steel cablethat isfitted
around alog and is standard equipment for logging operations.) The witness stated that he had
radioed to the pilot and informed the pilot that he had moved 100 yards toward Mount Shasta,
thus providing the pilot with a reference point to drop the chokers, and the pilot acknowledged.
There were no further radio transmissions received from the pilot. The helicopter did not drop
the chokers at the point the witness expected, and it over flew the intended drop zone. The
witness stated that the helicopter appeared to be "gliding," and a tan smoke was coming from the
engine/transmission area. He stated that "the blades were not moving as fast as they should have
been," and "the blades were coning extensively." Two other witnesses reported that the main
rotor blades had slowed down and that they could count each blade. Subsequently, the helicopter
impacted the ground and afire erupted.

The helicopter cameto rest in a densely wooded area of the Shasta National Recreational Area.
The accident location was recorded by a global positioning satellite (GPS) receiver at north 041
degrees 02.289 minutes | atitude and west 122 degrees 11.404 minutes longitude, and at an
elevation of 2,240 feet mdl. The helicopter came to rest on sloping terrain that varied between 20
and 80 degrees, and the nose was oriented on a magnetic heading of 345 degrees. The cockpit,
cabin, and transmission were consumed by fire. The five main rotor blades and five tail rotor
blades were identified on-site and did not exhibit leading edge damage or trailing edge
delamination.

NTSB Identification: MIA98WA259
Aircraft: Robinson R22B, registration: LQBJP
Injuries: 1 Fatal.

On September 29, 1998, about 1530 eastern daylight time, a Robinson R22B helicopter,
Argentinaregistration LQ-BJP, operated by Policia Pcia Bs As, crashed into the ground after an
in-flight separation of the tail section near Buenos Aires, Argentina. Visual meteorological
conditions were reported in the area and no flight plan was filed. The commercial-rated pilot,
received fatal injuries. The flight departed from Claypole, Argentina, at an unknown time.

The flight was supporting a ground mission and was at an altitude of 300 to 450 feet above the
ground when the tail section of the helicopter separated in flight. The helicopter then fell to the
ground and was spread over an area of about 510 feet.

Theinvestigation is under the jurisdiction of the Government of Argentina. Any further
information pertaining to this accident may be obtained from:

Junta De Investigacion De Accidentes De Av. Civil Government of Argentina Buenos Aires,
Argentina Telephone: 011-541-381-6333 Facsimile: 011-541-381-6333

Thisreport isfor informational purposes only and contains only information obtained for or

released by the Government of Argentina. The Government of Argentina has requested that the
parts of the helicopter be examined at the NTSB's Materials Laboratory, Washington, D.C.
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NTSB Identification: LAX97LA176
Aircraft: Hughes 369D, registration: N5105N
Injuries: 2 Fatal, 2 Serious.

The helicopter was cruising at low level when the engine failed. The pilot turned toward a
landing area and entered an autorotation with a quartering tailwind. During the autorotation, the
helicopter continued to descend, remaining in anose low attitude, until striking the ground.
Impact occurred on up sloping terrain, and the helicopter was damaged. A computation of the
weight and balance revealed the helicopter's moment arm exceeded the forward CG limit by
about one inch, and limited aft cyclic control. An examination of the engine revealed that a stator
vane had failed due to excessive erosion and fatigue cracking. The condition had not been
detected during a compressor case erosion inspection, 60 flight hours before the accident.

NTSB Identification: NYC95L A147
Aircraft: BELL 47G-3B-1, registration: N48316

Injuries: 1 Fatdl.

At the end of an aeria application mission, the helicopter was refueled, and the pilot departed for
home base. A few minutes after takeoff, the helicopter collided with trees. Examination of the
engine and drive train revealed no preimpact failure; however, the collective pitch control yoke
bearing had failed. The ball bearings and race in the yoke bearing were observed to be pitted, and
the ball bearings were worn undersized. The last inspection of the yoke bearing occurred about 9
years and 839 flight hours before the accident, during the 1,200 hour inspection. The yoke
bearing was not required to be inspected during the recent 600 hour inspection. The bearing was
an on-condition item, and did not have a scheduled time change. The bearing could not be
inspected, while installed on the helicopter.
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Accident Event Frequency

While helicopters have proven to be successful in many applications, their inherent
complexity in design and operation have contributed to a high accident rate. According to the
National Transportation Safety Board (NTSB), there were 2211 general aviation and air carrier
helicopter accidents from 1990-2000, of which 324 involved fatalities."® Within the general
aviation segment, the accident rate of helicopters, expressed as the number of accidents per
100,000 flight hours, exceeds the accident rate for piston engine, turboprop, and turbojet
airplanes. Despite operating at lower atitudes than these fixed wing aircraft, helicopter
accidents are no less fatal than airplane accidents. The fatal accident rate for helicopters exceeds
that of airplanes and is second only to gliders as the most dangerous type of aircraft (Figure A.1).
Helicopters used in emergency service applications have exhibited similarly high accident rates,
the United States Forest Service, for example, reports a helicopter accident rate of 9.72 accidents
107

per 100,000 flight hours, more than 4 times the rate for their fixed wing aircraft.
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FigureA.1: General Aviation Accident and Fatal Accident Rates by Type Aircr aft'®

Unlike helicopters designated for civilian use, military helicopters are deployed on short

range intelligence, reconnaissance, transport, and combat missions. Despite extensive pilot

197 Data compiled from Aviation Safety Summary FY 2002, 2003, United States Department of Agriculture: Forest
Service, 11 Oct. 2003, <http://www.fsfed.us/firelav_safety/fy safety reports/fy02avsumm.pdf.>.

198 Annual Review of Aircraft Accident Data, 2000, National Transportation Safety Board, 11 Oct. 2003,
<http://www.ntsh.gov/publictn/2003/ARG0302.pdf>.
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training, the dangerous nature of many of their missions leads to a high accident rate. Over the
past twenty years the Air Force has averaged a Class A'® accident rate of 3.11 helicopter

accidents per 100,000 flight hours, nearly double the rate for fixed wing aircraft.”° (Figure A.2)

The Army’s AH-64 Apache has been involved in 18 Class A accidents and 7 fatal accidentsin

the last 2 years alone.*™
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The Class A accident rate for many helicopters exceeds the accident rate for some of the

military’ s most venerable fighter and attack fixed wing aircraft. (Figure A.2) While none of the
helicopters in the United States military have pilot gjection systems, the F-16, B-1, and A-10

1% Class A accidents are accidents which involve a fatality or permanent total disability, destruction of the aircraft,
or total mishap cost of $1,000,000 or more.

10 Ajrcraft Satistics, United States Air Force Safety Center, 9 Oct. 2003,

<http://af saf ety.af . mil/AFSC/RDBM S/Flight/stats/aircraft_stats.htmi>.

11 United Sates Army Safety Program Database. Unites States Army, 12 Oct. 2003,
<http://safety.army.mil/home.html>.

12 Accident rates are calculated for the life of each aircraft through September 2003. Accident rates for H-1, H-53,
H-60, A-10, B-1, and F-16 were provided by Aircraft Statistics, United States Air Force Safety Center. Accident
rates for AH-64 and OH-58 are cal culated using accidents reported in the United States Army Safety Program
Database, United States Army. AH-64 and OH-58 flight hour data provided by Clarence E. Rash, Accident Ratesin
Glass Cockpit Model U.S. Army Rotary-Wing Aircraft, 2001, United States Army Aeromedical Research Laboartory
(USAARL), 15 Oct. 2003, <http://www.usaarl.army.mil/TechReports/2001-12.PDF>. 2001-2003 flight hour
estimates for AH-64 and OH-58 were cal culated using 1998-2000 flight hour data.
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aircraft each incorporate systems that provide an 80 to 95% gjection survival rate in the event of
an impending accident.**®

As shown above, the number of fatal accidents per flight hour of the H-60 Black Hawk
helicopter, for example, was shown to be 2.5 times greater than that of the F-16 fighter jet. This
research highlights the need for improved helicopter safety equipment and continues to serve as
the foundation for the HBEDS project and it was hoped that further research would find an
appropriate application. To that end, the field of helicoptersincluded in the research was
narrowed to four modern US Army helicopters. the OH-58 Kiowa, AH-64 Apache, H-60 Black
Hawk, and AH-1 Super Cobra. The Kiowa, Apache, Black Hawk, and Super Cobra have
extensive accident histories, having logged 250 non-combat related Class A accidents involving
193 deaths since 1987. Although also involved in numerous accidents, it was decided that the
older UH-1 Huey and H-47 Chinook helicopters would not be included in the study because they
are near the end of their life cycle and are therefore less relevant platforms for future HBEDS
applications. Table A.1 provides alisting of these aircraft and the total number of accidents and
accident fatalities for each.

Helicopter Class A Accidents Accident Fatalities
OH-58 100 41
AH-64 68 20

H-60 62 123

UH-1 60 83

H-47 33 47

AH-1 20 9

H-6 16

H-54 1 0

Total 360 332
Yearly Average 214 19.7

TableA.1: USArmy Class A Helicopter Accidentsand Accident Fatalities, 1987-2003'

The United States Army Safety Center classifies helicopter accidents by alisting of 81

115

events encompassing pilot errors, system failures, and environmental factors.” Accident reports

113 Ejection survival rates calculated over the lifetime of the ACES Il system through September 2000. See George
D'Amore and Thomas D Fadell Luna, USAF Aces || Ejection Experience Analysis, 2000, USAF Safety Center, 17
Oct. 2003, <http://safety.kirtland.af.mil/AFSC/RDBM S/Flight/SEFL /SEFL %20Files/1>.

14 United Sates Army Safety Program Database. Unites States Army, 30 Oct. 2003, <http://safety.army.mil/home.html>.
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cite up to three events for each of the 250 Kiowa, Apache, Black Hawk, and Super Cobra Class
A accidents. Figure A.2 includes the ten most commonly cited events in these accident reports
and the citation frequency for each. Collision with terrain is more frequently cited in accidents
involving the OH-58 and H-60, suggesting uncontrolled descents and crash landings are more
often experienced in these larger utility helicopters. The data also show arelatively high
frequency of object strikes and excessive yaw or spin for the AH-1 and AH-64, both extremely
maneuverable attack helicopters that regularly fly high-speed, ‘ nap-of-the-earth’ flight missions.

60%

B AH-64
OAH-1
O OH-58
B UH-60
50% O All Rotorcraft
o
o 40% -
(o))
c
S
°
>
c
° 30% -
]
h=i
Q
2 r
‘é 20% 1 B [
O
X
10% -
0% -
Collisonw/ Human Factor Engine Hard Landing Tree Strike Excessive Forced Brownout IMC Related Wire Strike
Terrain Failure/ Yaw/Spin Landing
Overloading

Figure A.2: Event Frequency for Class A Helicopter Accidents, 1987-2003

Though the accident event frequencies vary somewhat between the four helicopters, the
datafailsto identify a helicopter that would benefit most from HBEDS. The small sample
sizes—especialy for the Super Cobra—contribute to error in the event frequency calculations
and thereby diminish the significance of any apparent differences. Because the accident event
frequencies do not distinguish the four helicopters, it is unclear which platform is best matched
to the HBEDS activation envelope.

13 United Sates Army Safety Program Database. Unites States Army, 30 Oct. 2003,
<http://safety.army.mil/home.html>http://safety.army.mil
18 United Sates Army Safety Program Database.
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Appendix B: Activation Envelope
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Appendix C: Detailed information on the State of the Art

The Russian company Kamov manufactures the only operationa helicopter in the world
with a blade detachment system: the single-seat Ka-50 Black Shark (Figure C.1), and its two-seat
derivative, the Ka-52 Alligator. The Ka-50, code nhamed ‘ Hokum’ by NATO, isthe most widely
used of the two. In production since 1994, it is designed for destroying armored vehicles, slow-
speed air targets, and manpower on the battlefield. **” The Ka-50 is distinguished from other
helicopters not only by its blade detachment and g ection system, but also by its counter-rotating
coaxial main rotors, doing away with the need for atail rotor and allowing for a more compact
airframe construction.™®

The K-37-800 rocket-assisted gection system allows the Ka-50' s pilot to escape at all
altitudes and speeds. Once the gection sequence isinitiated, explosions at the rotor blade roots
cause separation of all six blades. Then, both sides of the cockpit canopies are g ected sideways
while arocket, attached by atether to the cockpit seat, pullsthe pilot’s seat out of the cockpit.
Eventually the rocket is released and the chute is deployed, ensuring a safe landing for the pilot.
This gjection sequence can occur at any time within the performance envel ope of the Ka-50,

including inverted flight, and is completed in a maximum of six seconds.™*

Figure C.1: Ka-50 Black Shark'®°

17 Airforce Technology. KA-50  BLACK SHARK ATTACK HELICOPTER, RUSSIA. 2003. Net Resources
International Limited. 17 Oct. 2003. < http://www:.airforce-technology.com/projects/kab0/>.

18 De Villiers, Cesare. The Heart stopping Hokum and derivatives: a brief history. 2003. SA Flyer Magazine. 14
Oct. 2003. <http://www.saflyermag.co.za/Military/military_july 2003.htm>.

119 Razorworks. Ka-52 Hokum B “ Alligator” . 2003. Razorworks. 16 Oct. 2003.
<http://www.razorworks.com/enemyengaged/hokum/>.

120 K amov Ka-50 Black Shark Army Attack Helicopter, 1992,

Moscow Air Show MAKS-92, 6 Mar. 2004, <http://www.geocities.com/iek_17/gallery/ka-50.htm>.
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In 1973, at the request of the General Accounting Office, the Department of Defense

(DoD) submitted areport to Congress entitled In-Flight Escape Systems For Helicopters Should

Be Developed To Prevent Fatalities.**

122

Written at a time when there were over 1000 helicopter
crash deaths per year in Vietnam, = this report investigated the viability of an in-flight egress
system for both utility and transport helicopters. In-flight egress systems could prevent fatalities,
improve soldier morale, and save money on new pilot training and costly death payments to
families.®® During the 1960s, multiple government agencies and government contractors
demonstrated that helicopter in-flight egress was possible through several notable tests.
However, afinal system was never adopted because the added weight to the aircraft was deemed
unacceptable and great advancements were being made in increasing the crashworthiness of
helicopters.?*

Details concerning the precise manner of blade detachment in Navy experiments during
the late 60s and early 70s are not included in this report, but it is clear that the systems on attack
helicopters detached the blades individually with explosives.® Two distinct types of
experiments were made: capsule recovery and ejection/extraction. The capsule recovery system
was tested on the CH-46D Sea Knight and UH-1E Huey and consisted of explosively breaking
the aircraft into segments, but maintaining the integrity of the cabin surrounding the pilot and/or
passengers, which could then be safely parachuted to the ground (Figure C.2). This system was
tested successfully several times but added a large weight burden to the aircraft.’*® The lighter
gjection/extraction system (Figure C.3) was a separate project and, although the Navy
determined that the concept was technically feasible on the AH-1 Cobra, full tests were not
completed by the time of thisreport. Such a system would detach the blades at their root and
then gect the pilotsindividually, but each equipped seat would still add approximately 200

pounds to the aircraft.**’

21 In-Flight Escape Systems For Helicopters Should Be Developed To Prevent Fatalities, Department of Defense, by the
Comptroller General of the United States: June 12, 1973.

122 gratistic calculated through years 1968-1970. See In-Flight Escape Systems, 1.

128 In-Flight Escape Systems, 2.

124 In-Flight Escape Systems, 25-26.

125 |n-Flight Escape Systems, 15-17.

126 |n-Flight Escape Systems, 10-12.

27 In-Flight Escape Systems, 16-17.
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Figure C.2: UH-1E Capsule Recovery Sequence'® Figure C.3: Seat Ejection/Extraction System®

In addition to these experiments performed by the U.S. Military, NASA designed and
built an experimental rotorcraft with afully certified in-flight egress system, shown in Figure C.4
and Figure C.5. The Rotor Systems Research Aircraft (RSRA) had both five bladed main rotor
system and fixed wings, allowing it to operate as either a helicopter or airplane. An gection
function was developed for the aircraft in order to ensure the safety of the crew in light of its
mission, which could include flying at high altitudes as a fixed wing aircraft and testing less

qualified experimental rotor systems.**

Once the glection sequence was initiated, two members
of the crew would be free of the aircraft at 1.0 seconds, followed by the third member whose

ejection was staggered to avoid collision, at 2.3 seconds™.
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Figure C.4: RSRA Configurations™? Figure C.4: RSRA X-Wing Derivative™

Given that simultaneous detachment of the rotor blades would almost certainly result in
striking the tail of the aircraft, detachment of the blades was staggered. Explosive charges at

128
129

In-Flight Escape Systems, 11.

In-Flight Escape Systems, 12..

0B ement, 1.

31 Bement, 2.

132 Bement, 1.

138 NASA X-Wing Research Vehicle. 1986. National Aeronautics and Space Administration. 6 March 2004.
<http://www.dfrc.nasa.gov/Gallery/Photo/ X -Wing/Small/EC86-33555-2.jpg>.
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roots severed each blade at 11°, 155°, 227°***, and the other two blades were severed after a one-
fifth rotation. Theinherent instability caused by the rotation of the two asymmetrically aligned
blades caused a 10°/second change in pitch and 40°/second changein roll of the aircraft, based
on rigid body analyses,* although this problem would only exist for less than atenth of a
second. In full system testing on the ground, severed blades traveled between 100 and 1000 feet
when detached from a point 13 feet from the ground.**

A rotary transfer unit was used to relay the signal for blade detachment from the
stationary portion of the aircraft to the rotating main rotor system. This system consists of an
inner rotating ring of five firing pin assemblies and an outer non-rotating ring of three cam
thrusters. When the pilot pulls the gect lever, the three cam thrusters extend and contact the
firing pin, detaching three blades at the desired orientation relative to 0° aft, and then two of
those three cams contact the remaining two firing pins after an additional one-fifth rotation™”.
The blades are completely free of the aircraft within 0.15 seconds of pilot initiation.
Connections between all components of this emergency egress system, of which the transfer
system is a centerpiece, are made using detonation transfer lines comprised of small amounts of
primary explosive enclosed within protective tubing.™® They were selected for use because they
cannot be inadvertently triggered by lightning, electromagnetic induced radiation, or mechanical

inputs.*

134 0° js centerline aft of aircraft.
1% Bement, 4.

136 Bement, 7.

137 Bement, 5-6.

138 Bement, 2.

1% Bement, 3-4.

ENGS290 FINAL REPORT MARCH 2004




=— (hpEDS)——=

Appendix D: Description of the Application Decision

Purpose: In order to design an Emergency Blade Detachment Device (the system), an
appropriate helicopter (the application) must be chosen, because main rotor design varies slightly

from aircraft to aircraft.

Framework: All possible main rotor systems (the type) will be examined: rigid hub, articulated
hub, teetering hub, and bearingless hub. An appropriate application of this type will be chosen
according to the purpose and given the factors to consider and assumptions. This thought

process will be described and a decision will be made.

Factors to Consider
' Whether a past system has already been developed for thistype
' Whether such a system will have a large enough market, now or in the future

' Whether the project group will have access to an application of thistype

Assumptions

A system can be developed for any type mentioned above

Background

A rigid hub design has several variations, but essentially it does not allow the blades to
flap (to flex upwards or downwards about their root attachment point) and may or may
not allow for pitch change of the blades.

 Anarticulated hub design is currently the most common. There are bearings that allow
for pitch change and hinges that allow the blades to flap.

A teetering hub design is older and now rarely used. There are bearings to allow for
blade pitch change, but the two main rotor blades are rigidly connected so that flapping
can only occur in a see-saw motion: if one blade flaps up, the other must flap down.

A bearingless hub design makes use of strong and flexible composite materials to allow
for both pitch change and flapping, but without hinges or bearings.
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Thought Process

A system has already been developed for the following types: Rotor Systems Research
Aircraft (RSRA) S-72 for rigid hub, Ka-50 Hokum for articulated hub, and AH-1 Cobra
for teetering hub. A system has not yet been developed for a bearingless hub type.

 Bearingless rotor types seem to be the wave of the future in main rotor system design.
They are more responsive, take advantage of new-age composite materials, and have
significantly fewer moving parts than previous types, which trandates into fewer parts
that can fail and less necessary maintenance time on the aircraft. The newest helicopter
inthe US military arsenal, the RAH-66 Comanche, has a bearingless rotor design.
Helicopters used by the US Marine Corps, the UH-1Y Iroquois and the AH-1Z Super
Cobra, are currently undergoing refurbishment, including the installment of a new four-
bladed bearingless main rotor system. Commercially, Eurocopter has been an industry
leader in bearingless rotor technology, but both Bell and Sikorsky now have prominent
models that use this design.

f The project team has met with difficulty in gaining access to an Army/National Guard
base in Concord, NH. Also, the only helicopter in the Hanover areais an EC-135 at the
Dartmouth Hitchcock Medical Center. The project team is allowed full accessto this
helicopter, as well as accessto flight and maintenance documents. This applicationisa

bearingless rotor type.

Decision
Given that:
Bearingless rotor types will at least be a prominent share of the market, if not the primary
type, in the next half century,
' The project group has open access to a bearingless rotor application,
1 And blade detachment design work, to the knowledge of the project group, has not yet
been done on a bearingless rotor type.
The project group chooses the bearingless rotor type with the EC-135 asits application. The
Helicopter Blade Emergency Detachment System protoype will be developed to function on an
EC-135 with the full knowledge that such a system may not be appropriate for the commercially
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flown EC-135, but that such a system could be easily be applied to a more suitable military
application, like the Super Cobra, Tiger, or EC-635.
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Appendix E: Military Standards'®

HIL-STD-1512 (USAF)

i1 Mareh 1972
METHOD 118
SHELF LIFE (ENVIROMHENTAL CONDITIONS)
L. Purposs. This shelf Iife test 18 conducted to determins whathar or Bot

the effects of exposure to slevated Cemparacures for specified tise periods
will degrade slecerical and mechanical charscceriscics of aleccroasploaive
subsystens components. In soms casas, [RSES must be run to decermine 1if
dagradation has occcurred.

4. Procedure. e electroexplosive subsystem, or its componants, shall be
tasted in sccordance with HIL-S8TD-202, method 2106. Any evidence of degradaciom
affecting safety or reliabilicy shall be consideced a Esilucs.

J. Bummary. The followlng details shall be specified in the Iindividual
specif cacion:

n. Discancea from dpec iméns vherte Eemperaturs messuremsnts are to ba
maile

b, Brill alr requiresent (see test sachod)

t. Hethod of mounting, and distance becwesn specissna
d. Test temperacurs and colerances

#. Operating conditions

f. Test condigion lacter

E. InitElal measurement

h. Finidl messurcomsnt

i. Fallure criteria.

iia=1 METHOD 118

10 United States Department of Defense. Electroexplosive Subsystems, Electrically Iniitated, Design Requirements
and Tests Methods. MIL-HDBK-1512. Washington: GPO, 1997.

United States Department of Defense. Environmental Engineering Considerations and Laboratory Tests: MIL-STD-
810F. Washington: GPO, 1989.
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MIL-STD-1512 (USAF)
21 March 1972

METHOD 113
VIRRAT TON

l. Purposs. The purposs of this test I8 to evaluste the safecy and
raliability charscteristics of electroexplosive subsysteme aind components
undsr vibration comditions.

2. Procedure. Tha test shall ba in sccordance with HIL-STD-202, msthod 201.
Amy evidence of malfunction or degradation of parformmnce affecting safety or
raliabilicy shall be considered a fallure. Components shall be teated with
cables mnd commectors attached.

1. Susmary. The followisg informarics shall ba specifled in the individusl
specification:

4, Test curve

b. Specisl details for cest including conditions which will imposs
normal loads om terminals

c. Initial and final ssssuresants
d. Failure eriteria
a. Procedure musber.

113=1 METHOD 113
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MIL=5TD-1512 (USAF)
21 Harch 1972

HETHOD 302

LIGHTNING STRIKE INDUOCED ENERCY

1. Purpose. This test is performed o demonstrace che adequacy of design
protection from hizards of induced slectrical lu:n in the grounding system
from lightning strikes.

4. [Erocedure:

a, Electroaxplosive subaystem shall be subjected to a peak sisulsted
lightning induced transisncs of +1,B00V, with the following wave shape:

EHAI

15*> MICROSECONDS

VOLTS

45 TO 55 MICROSECONDS

TIME - MICROSECONDS

b. The mechod of applying the simulated lightning transient is soowm
in figure 302-1, and should be appliesd to the complete electroexplosive
subsystem.

£. All termipals of the equipsenc to be tested shall be wired as used
in the installaticm. In the test setup, the size of all interconnecting wires
shall be ag specified for the installation. The length of these wires shall
be &8 short &s poasible, but shall not exceed 60 feest. The equipment shall
be energlzed and operated.

d. Each squipmsnt in the subsystem shall be individually tested by
lifeing the equipment grounding connection from case-to-structure and applying
the transient between the subsystem ground and the equipment case,

Jo2-1 HETHOD 302
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HIL-STD-1512 (USAF)
21 March L1972

@. Tha valuas of C and R (Eigure 3I0Z-1) are adjusted co obecain che
desired shape of the transienc. The variable voltage supply is adjusced to a

walua such that the transient m the cutput terminals has the Tequired
amplitudas.

£, Certain equipment say 2= protected by zensar diodas, capacitive Fllters
and other similar devices, vhich prevenc che transient wvoltage from building
up. For this resscn and alsc ta prevent tha squipsent from baing subjected to
undes irable trancisnts, prior to applylng the transisnt te tha squipssnt, the
transient shall be shaped on & 50-cha noninductive resister placed scross
terminals | and I of the ctramsient source. When the desired ssplicuds and wave
shapa has been obtained, tha 50=ohe resiscor shall b= remcved and tha transisat
source connected to the test satup as shown on Flgure and applisd to the

subsystem. Fositive and negative transients are applied by interchanging the
connections of terminals L and 2.

-
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HIL-5TD-1512 (USAF)

21 March 1972
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MIL-STD-1512 (USAF)
Z1 March 1972

HETHOD 205
STATIC DISCHARGE SENSTTIVITY

1. » The purpose of this test is to test the safety of an electro-
exploglve under alectrostatic discharge conditions.
2. Procedure:

&. Thirey slectroexplosive devices ars required

b. Freconditiom the test item by performing the necessary environmental
TRETE

2. Establish the environsental conditioms for this test and lat
stabilize for che required time

d. Discharge 25 kv from a 500-pfd capacitor applied through a 5k resiscor
at the test points. All poasibla modes, such as pin-to-case, pin-to-pin, etec,
ahall be cested. Figure 205-1 shows the acacic discharge test circuit
i

1, #, Parform the test statistically in accordance wich Handbook 106,

3. Fots. GSince in general, human charges rarely exceed 25,000V, any
functioning at lower voltage indicaces a definite personnel hazard, Soms
flexibility can be cbtalpad in performing these tests if nonfires from othar
tests are utlilized for testing to determine the most hazardous mode. Then,

all ¥ electroexplosive devices con be tested 1n that mode. If oo mode shows
agy specific evidence of sensitivity, equal nusbers of electroexplosive devices
cin be tested for each mode or retested in twe or more modes, This flexibilicy
sbould permit maximem information to be obtained with sinieum sxpense.

205-1 HETHOD 205
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MIL-STD-1512 (USAF)

21 March 1972
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MIL-STD-B10F
30 August 2002

METHOD 503.4

TEMPERATURE SHOCK

ROTE: Tailming is essemial, Select niethods, procedures, sl parameier levels based an the milaring process

described in Purt Cine, pamgraph 4.2.2, snd Appendin C. Apply the gemeral puidlelines for kaboratory test methods
deseribed it Part O, pargraph 5 of this standard,

L. SOOPE

L1 Farpose.

Lise tompermiury shock tesis o determing i materie] can withsiond sudden changes i the lemperature of the
surrourding ssmiesphere withig éxperiencimg physical damage or deterioration in perfiomance.  For the parpose of
this descument, “suidden chuinges” is defimed m, "grenter than 10°C per mimie,”

1.2 Application,

LE]l Mormal esvirenmest

Use this method when the requirements documents specily e mabersel o likely o be deploved ahere sudden
shgnificaint changes ol air emperniure may be experienced. This method i miended 1o only evalune the effocts of
sucdden temperanare changes of the ouler surfaces of materiel, ilems mounted on the cuier serfices, or iniemns) Bems
situnied near the exiemnl surfices. Typieally, this addnesses:

n.  The transfer of muieriel between hested areas and low 1emperatiore siveonments.

I .lu-ml‘: ﬂngllﬂdimmmmmwmhmmvh-hlihMMEMM
o pald o

€. Al delivenyiar drop of high shisudeorw femperature from amemll enclosses when ondy ihe extormal
maaterial {packaging or muleriel surfice) is 1o be fested.

122 Safely and screening.

Exgepl as nobed in parmgraph 1.3, use this method to reveal sifity probdons and potential faws i mierie] sarmilly
mwmmmﬁww{- lomg ms the tes! conditions do noi excesd the design
Emeatioes of the materiel). Although nod miended so be used far environmental stress soeening (ESS), with proper

thes method can also be used as & screening test {using more extrome emperatane shocks) ta reveal
podemriial (aws [ matoriel exposed 10 |ess extreme tempeminre change conditions,

13 Limbtatkaiis,

This method is not inlended for materiel that will nol experience sudden extrome Temperaiure changes bocarise of it
packaging, irstalled locaibon, ebc. This method does not replace the sssessment of performance chemcieristics afier
lengihy exposme (o exireme lemperatures, such a8 with methods 500.4 and 5024, Additionally, this method does
ot iddress the temperature shack experienced by materiel transfermed between air amd liguid or two liquids, the
thermssl shick caused by rpid trarmient warmp by engine compressar bleed air, or aerodyramic loadng  Exoepd
for ESS, this method i imappropriate i the actunl tansfer time in o service environmess will ol produce o
significant thermal shoek. Additianally, this method does nol sddress materiel that las been exposed o heni from o
fire and sebmequenthy cooled with water

SUPERSEDEE PAGE 503 4-] OF MIL-STTI-210F
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L TAILORING GUIDAMCE.

1.1 Selecting this Method.

Afier examining reguirements documsests snil spplying the milorisg froces in Ment One of this standard ko
delerming where thermal shocks are foreseen in the life cvcle of the muteriel, use ithe fallowing fo confirm the need
fior this method and to plnce it in seguence with other methods.

L1 Effects of thirmal shoek envirosmeiis
Effacts af thermal shocks sre usisally mone sevene near the oitter portions. of matersel  The firther from the uelice
(depending. of course, on the properties ol the material imvolved), the sower and less skgnificant the thermal
changes. Traesit cases, packaging, sic. will lessen the effecs of thermal shock on the enclosed materiel even more.
Sudden iempersture changes may either iemporarily or permanently sffect operstion of maieriel. The following nre
examples all problems thei could result from thermal shock exposure thai moy reloie io the materiel being fesied
Consider the fallowing typial problems o help determine if this method is appropriale fior the materse] being tsstad.
This list i not istended i be all-inchusine.
A Physical
(1} Shattering of glass vials and oplical materiel
(2] Banling or slackening of moving pans.
(1) Cencking of solid pelles of grains in exploaives,
(4} Bifferesinl contmction o expansbon mics or induce) seradn raies of dissimilar meteriale
(3] Deformation or fracime: of companenis,
{61 Cracking of surfsce coatings.
(71 Leaking of ssaded compartments,
(%) Failuse af inslanson protection.
b Chemicul
(1] Separation of constluenis,
(2] Failore of chembcal spent prodectjon,
e Elecirical.
{11 Changes in elecoricsl and electronic componenis.
{2} Elocmn or mechanscal filures due 1o mpid wster or frost fommalion,
(¥ Excessive sialic eledricity,

LI Sequwence amang ofler metfbods
& Gepersl See Pan Cne, pampraph 5.5,
b LUigigie o fhis melbsod,  Use sl dem esponse chamcieristics and  performance  determination
hrm;ﬁmdnhdﬁmuihi—dhwwmnhntﬁ:humh-mhu
umed for this procedure.

11 Sebpeting Procedures
This method chades two test procedures, Procedure | (Secady State) amd Procedure 11 (Cycliz).  Determing the
proscedaned sl 1 be wsed,

HEFRINTED WITHOUT CHANGE,
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LI Procedure seleciion comsiderntiom.
When selecting procedures, consider;

i The expecied exposune iemporaiuns in service.
b The materiels logistlc o deploynsen conliguration, .

LLI D¥fferemce befween prooedares,

While hoth procedures ivelve lenperaione conditioning and perfismance testing, they differ on the basis of
temperature stabilization prior o shocka.

& Procedure | - Stealy Shite. Procedure | employs constant iempersiane oi ench of the extreme shock
conditions becaiise, i many instance, the thermal shock el s puberighs the other thermal effects
that the fest mwy be performed wslng two constant lemperuiises. This is parisularty the case when more
severe shocks are desingd, pach as for evalisation of salety or iniginl design, and when extreme values will
b el

b Progeduss 11 - Cyelic. When o careful sioiibstion of & real emdronment {5 required, use Procedure 11
beciiisg the upper tempersture follows part of s sppropriste diumal cycle. Prom the
dogutterts determine the function {operational requirement) 1o he achieved by the masericl and o
definition of the ciroumstances responsible for the thernmal shock.

1.3 Determine Test Levels snd Comilitiens

Having selected ilvis meshosd amd relevamt proceduns (basod on the test #em's requirensents dooiments. sl the
tiloring process], complete the niloring ptmmb:.r identilving apprapriale parameler levels and applicible best
conditions and bectmiques for these procedures. Hase thess seloctions on the noquiremsents documents, the Life Cyele
Enviroamental Prafile, Opemtional Envinnmeni Documeniution (see Pan One, figare 1-1), siress soreening
il the: Efent of the test i (0 reproduce induced stmin mies found in sevice. Use vahses other ihan those segpesied i
realistic. Consider the following when sclecting fest kevels. This meihod nddresses several exposure shustiom:
aircrall Might exposure, air delivery - desert, and grouned iransler ar sir delivery - arctic.  Based on the stcipaied
deployment. determine which test varistion i applicable. The extreme exposure range should desermine the st
conditions, bt extend the 1eit leviel ns necessary 1o detect design Nows,

o Alrcrafl Fight exposare. This is spproprise if the maseriel is 1o be exposad 10 desen or tropical grosnd
heat und possible direct salar heating and, o few minuies luier, exposed io ihe extreme low temperniures
associated with hijgh altitide.

b Air defivery - deseri. This |s sppropeisie foe maleriel which is delivered aver desert temain from
unhenied, high-altitade alrcraft, et use ihwe smbien sr temperatine (oo solar losding)

¢ Cround transfer or air deldivery - sectic, This is mended wo lest maericl for the effects of movemen! 1o
iivd froms lienled siorage, mainierance, or oiher enchosses or & hesied carge compartment in cold

i WMlendﬂﬂmhhpm

e, EBS. ESS is used for evalimting workmanship proctices.

180 Climastle condiinns,

Mentify the sppropriste clmmatic conditions for the geographic arems in which the maieriel will be opemted and
stored,  Aehsl response iemperabures achieved when materiel is exposed 1o the climaiic conditions of the varime
ground climaise cotegories coald be obtained from the fest resalis of high and low temperiume expoure (methods

0014, SOZ4, wd 505.4) fir eher the operational or sionige configuraiion. The |aiker assumption mus take mio
ncoount the mnduced elfecis of wlar radintion durng sicrge and tmnsit in varbous dimates.

REPRINTED WITHOLT CHAMNGE.
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132 FExposare conditions

Select the o2l temiperatures fram field dets or from the requiremenis documseens, il availahle. Il ol svailable,
detenmine the lesl lemperatures from the anticipated deployment applicalion or warkd aress in which the matericl
will e depleved, or from the most extheme nonoperating lempersture requirements, Fxcepl or st screening
purposes, recomenend using o mnge of lemperatures that reflects thal aticipated in service ruther than some
arbitrary extrems mnpe.

n. Deplovment spplication (miecrafl {light exposurg).  The thermal siresses and mies that matenel will
experience during exposige i the air fiight eperational emvironmenl are dependent vpon the amblent
conditions, fight conditions, aml performance of the oaboard environmental comrod systems,  The
iesfipeeraiure ared humidity & surious allisudes can be found in MIL-HDBE-310,

b Ar defiveryfuir drop. The test conditions fior this expesure are hased upon the prohable conditians in the
Carpn compantment of the aircraft (or other tansport location) and on ik ground e the point of impact.
thhquh—mnmmmmm
with the aircrafl at an allitude of & kilometers {26,700 f). This is the fimiting sltstude for canga nircradl
hecume of oxygen-pressire Fepsrements. when the orcrall cango compartmenl s unpressirised
immedistely before air drop operutions.  The fempersture ot this altinsde can be fousd in
MIL-HIMBK-310. Determine the high tempersture: surface extremes from the appropriace whies in
Ml 501.4. MOTE: Materie] packaging will normally mitigele thermnl shocks. The air delivers!
aE dmp scemario mey nol levolve signilbci thermal shock io the maberie] iself

c.  Geound trnsferas delivery - argie. The conditions developed for hemed enclosunes located in cold
reglons are 21°C (TO°F) and 25 percent relative humidity. mmmmn
mmm-hhﬂxnﬂm-ﬂ Base seleciion of the ouiside smbéerd conditions
upon {he climatic calegorics or nreas [Eied in the approprinle @ble o Metbhod 502 4.

d  Enginesring design. Use test condithons that reflect the extreme anticipaied siompe condilsans.

2338 Test duration |membor of shecks)

Fer mstcric] ihat is likely io be exposed only rarely io dvermal shock, perfoem ane shock for each approprinie
conifativin. Mhlmﬂmﬂﬂwiﬂmhnfﬂﬂmnmmmh
eqpedied.  In liew of better mformation, apply thiee shocks or more ol csch condition, the mumber depending
primarily on the anficipuied service evenis. The ohizctive of this iest i 1o determine the effed of mpld
chanpes on the maseriel. Therefore, expose ihe iest sem (o the tempemisre exiremss for 5 durstion egual i cither
the aciual apersibon, of io thal reguired o schieve tempersture stahilizasiion.

134 Estreme high iensperature evposare,

Muteriel is likely to experience the lighest baating durng storage i the sun in the Hot Dry angd Basic Hol climatic
reglons, Therefore, condecy transitions from hot ko cold with the test Hem sabilized al s high gorage iemperatiire.
Conduct iransitions from cold to bot with the high temperature fcility's sir femsperacure o the maximum stosage
temperabure of the sppropriste cycle, Immedintely following the cold-o-lat sz, cycle the high lempemtae
Tacility through the spproprisie diumal ccle (Method 501.4) from the beginnang of ihe howr o which the maximsm
air lemperafure s experienced antll the st llem maximum opoational response empersture s rmched (see
Method 5014, parngraph 23.3b). hhe tess, such & stress sereclis, miay rogisiie cven mane extreme
Remporalunes.

138 Test em configuration,
The configurstion of the tesi ibem srongly affects lest resubs.  Therelore, use the antictpaled configimation of the
ftem during storage, shipment, or wse, As & minimum, coesider the fidlowing configarations:

i Ia & shipping/storage coninmer or ansic case, and insmilstion of u thermally comditioned iem im0 &
cortiaimer condationed ol another tempermture.
b Probected or umproiectad
€ Deployed {reafistically or with restainis),
SUPERSEDES PAGE 503 4-4 OF MIL-STD-810F
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d.  Modified with kiss for spectal applicathons.
e, Packaged for aindrop.

L6 Temperature siabilization, .

Lanbilize the sesl Bem lemperntime (prior (o fransfer] for as long as necessary o ensure @ uniform empersture
ibmoughsul i least the iler portions of the test ilem.

2137 Relative humidity,

For menst tesi programs, the relative bamdidany (RH) (s nol contralled, Dharing the thermal shock s i may, hivsever,
have @ significant effect on some malericl, eg., cellulosic matorials which are typlcally porous, inlo which moksiee
can migraie and then expand upon fresring. Do nol stienpt io conirel relsibve humidty unbess speeifically rguired,
138 Transher time.

Ensure the transfer time reflects the: time associated with the sctual thermal shock in the life cycle profile. B should
bt s rapiid s possibile, bad i fhe fransfer takes mone than one minte, justify ithe et tme.

14 Special Considerations,

The test condtions ws presswied | this procodure are insended (0 be in geneml sgroemem with ather exiremes
descxiibedd i this document. The prinsry purpese in establishing these kevels B0 provide realistic conditions for the
trverse befworn the two icmpersiure extremes.  Therefore, hefore trunsfer, siahilire the iest flem of the mon
mwhmﬂh_ﬂmm#qﬂ:ﬁ:mﬁnmupﬁﬂjhmmﬂh

stabilention iemperuiare, i appropriste, Cemsider tailormg known service extreme temperstures, i the intent of the
teal is to reprodeics induead strain mies found in service.

A INFORMATION REQUIRELD.
A1 Preiesi
The folleaing information is mquimad o conduct lemperniune shock tests adoguabely,

n. (emoral Information lsted in Part One, paragraphs 5.7 and 5.9, and Appendix A, Tusk 403 of this
winpcterd.

b Spesific 1o this method

(11 Test jbem conflguration,

(21 Test iemperniere extromes of tesd Bem thermad raes of change,

{31 Duration of exposmare at cach fermperanse.

(4] Tes mem response iempermiure (from mahod 500.4).

{51 For Procedure 11, the high temperature cyele, amd il inftlal iemperature for the tempemiure oycling.

(61 The componet/sseinbly/ sruciure (o ke ustd for (hermal respomse and teenpermture: stabilismtion
purposs (if requined), (See Part Une, paragraph 5.4,)

AZ Dwring Tesi
For tisd wilsdsilon pamoeses, recond devistions from planned or pre-iest procedures or paremeter levels, meluding

mity procedirs| anomalses that nary oceur.
AN Post-pest
Riocord the following post-lest mBormation,

w Cieneral, Information lisied in Part One, pemgraph 5,035, and in Appendix A, Task 406 of ilis standard,
REPRINTED WITHOUT CHAMGE.
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b, Specific to fhis method.
(2} Douration of ench exposure,
{3} Sesfiis of the best ilem for each visusl exsmination. x
(4} Tesn wmpernises,
($) Results of pperutional checks.
(&) Transfer times (e, "door open” to "door closed™),

i TEST PRONESS,

41 Test Facility.

ALl Appsrstus

The required appamius consists of bwo chianbers or cobinets, or 8 two-celled chamber iin which the test conditions
cin he estshlished wnd maimnined, Unkess otherwise specified, use chambers equipped =o that, afler trnsfer of the
besil jbem, ihe jest conditicns withinn she chamber can be stabilised within fve minutes, Use maserie] handimg
equipmenl |f necossary, for transfer of the test ilem betaeen chamber

A2 Imstreesenisndion,

Lise chamibers squipped with susiliary instrumendstion capoble of manitoring {uee Pant Ore, porsgraph 5 10) the 1esi
conditions hreighoa an envelope of wir surrousding the test Hemis) (See Pari Owe, pargraph 5.0 Qluick-
discomnect thermocouples muy be necessary for manicorivg test item conditions follewing changes,

4.3 Contruls.

411 Tempersture,

Unless oeherwise specified in the test plan, if any oction other than 1est tem opermtion (such as opening of he
chamber door, excepl ol trangfer fime) resalis 6 & signdBeant change (more than 2°C (J6°F)) of the lest Hem
sernperilan of chamber ir lemperniere, siehilize (b iest ilem @ ihe required bempermiune before continastion.

422 Air velocity.
Unless justified by the matericls plaforn envirement, anid 1o provide siandand sesting conditions, use an sir
velocity thal does not exceed 1.7 md's (335 fmin) in the vicininy of the test em.

A3 Test Interrumpibon
m Censgral See Parl One, purgraph 5,11 of this sansdrd,
b Specifie io this method
(1) Undertest migrmaption. 1 before (he tempernhesne change, am unscheduled test interruption socems

thai caumes the test conditions (o exoeed allowable tolerances toward standard ambient lempernnmes,
renitime the tesd at the pobnl of memapbion mnd recstablish the 1est Hem o the st condition. I the

SUPERSEDES PAGE 503,4-6 OF MIL-STD-R10F,
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irterrup ion socurs disring the transfier, recseablish the tei ilem ot the previces sempermture and (b
irmnsder.

(2} Overtesl iniermuption.  Follow any istermuption that results in mone extreme expasure of the lest
e thain mequired by the materiel specifiabion by & complete physicad exammation ol operathnsl
check af the test jiem (where possible) before amy conbinuation of lesimg.  This b clpectally e
where o safety problem could exia, sch a8 with menitions. I & problem s discovered, the
prefershle course of action i to siop the test and start over with & pew jea Bem. 7 this 5 ot done
ared tesi ifem filire oo during the remsinder of the tovl, ihe iew resulis could be invalied due o
the overiest condition,  If o problem is discoversd, reestahlish pre-interruption conditions and
continueg from the poimt where the lest inlemnoes were exceeded.

4.4 Test Exccution,

The [ollowing steps, sbone of in commbnion, irovide the badls for collecting necessary informiation conceming he
materiels susceptibdliny o temperature shock,

A4 Prepacatbsn fer tes,

AT Preliminary steps.

Berfore seming the e, review pretest information i U tesl plan to determing test details (e proceduns, lest
item configuration, wmpermiure levels, cycles, lempersture siabiliziion determinaiion, durmiions, eic.).  (See
jpamagraph 1.1 shove.

da12  Fretes standard smbient cleckous.

Al dest flems require o pretest standnnd smbient checkout 1o provide hasoline dsa, Examine musmibons and other
appropriaie materiel by nopdesiruciive examinution methods. Conduet the checkoui as fallows:

Sigp 1. Stabilie the test ibem at stondard ambient condstions (Pen One, paragraph 5.1,

Siep L Condhiol & complele visunl examinatson af ihe lest item (evalunie agasnst puragraph 2.1.1) with
apecinl atemtion lo @ areas such o8 cormers ol molded arens. and interfices betwoen diffenes
materials (eg., componesl lead'ernmic imerfuces of visible cleciromic pans), and docament the
resulis for comparivn with post 1est dain.

Siep ¥, Conduct an operational checkout in sccordance with the spproved test plan and record the results,

Step 4. M ise test flem apersies salnfacticily, proceed (o the pext Step, 1 nol, resalve the problems and
restan ol Step |, abave,

Siep 5, Prepare the lest Bem in accondence wilh Part One, paragraph 3.8 and in the reguired bes fem
configuration,

dd2 Procedures

The following procedines provide the hasis for collecting the necessary mfrmation conperming the materied in a
sevens lempenibure shock environmsenl. The procodires depscied on (igins | and 2 arbieneily begin with the lower
ftemperature, bl could he reversed (o bogin with dhe lsgher temperstire il [ s more realistie. Specific poings on
figures 1 and 2 {in parentheses) are referenced o the fillowing test.

REFRINTED WITHOUT CHANGE
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4.2 Mﬂ-lvﬂﬂ.ﬁn—._ﬂm—-w [ Fhgre &018.4-1.)

Step |

Siep

Siep L,
Slep d.

Snap 5.
Sigp &,

With the test sem in the chamber, adjust the chamber air bemperaiure to the low lemperatine
extreme specified = the test plan (a) M%whuquMhm
s jplan {a-h}

Transfer the test ilem mmmhmm{bﬁunmummﬂﬂu
will produce the thermal shock specified in the sest plan, and mainoin this tempentare =
specified | the west plan (el

I required i the st plan, evahimie the effects of the thermal shock on (ke les Hem o the exien

practical.

If other cycles in reversed disections are reguired, trensfer the test lbem 1o the T1 eavireament
liess tham ome minuie (e-7) snd ssbiliee s reguied In the et plan (-5), evaluate the thermal shock
effects (il nequired), and continee = in steps 2 and 3 above. I ather one way shocks are reguired,
return the test g ba the T eavironment ol & fabe of nol isone thaen 3°Clminso and nepent Sbeps
I1=1. oo other shocks are requined, go s Siep 5.

Rieturm the lest ifem fo standard ambiend conditions,
rHﬂHmMHmm Fecon the resuls fiw comparison wish pretest

4411 Procodure |1 - Shock wilrom cyvelic high temperatures. {Figure S00.4-1.)

Siep 1.

Step 2.

St 5,
Step d.
Step 5.

Wih ihe tesd ilem in the chamber, adjusi the chamber air iempemiare @ the bow lempematare

extreme specified i i sest plan (a) ot & rabte nol io oeeed 7*C/min. Mamiain ihis iemperatre for

a pericd as deserminad In the west plan (8-,

Transfer the test item i the moximem air iempermure of the high lempemtre evele () (as

spocified in the test plan) in no more than one minge, As soon & the chamber doar is closed and

the chamber recovers to he peak bempermiiore, cycle the chamber through part af the appropriale

diumal cycle ungil the chamber alr (emperatuie reaches the test Bom response emperatuee ()

WMWHLLMMJH Mlaisain ihis tempersture ns specifed n ibe tes
i

11 no nther eveles e roguined, fetam the best bem 1o standan] amhient condifiven snd proceed 10

Step 7,

Trinsfer the fesi iem fo the lower iempersture envirsinent ([ in no more than ane minule and

stabilize ns required im the test plan (fh), 1T other cycles are required, procesd 1o Step 6.

1i'ma oher cycles are reguired, retum the test iiem o sandard smbieni conditions, snd proceed 1o

St=p 7.

KOTE: Unless ihe requiremseny documenis indicate otserwine, (7 ihe test procedure &8 nlermipted

becaime of work schedules, sic., mainiaining the t==1 llem al the tesi iemperature for the time

rﬂﬂdﬁﬂmmq:hﬁmﬂhtﬂmm 1f the temperature is changed, before

comtinumng (b sl restabilize the test flem ot the lemperature of the kst successfully completed

peiod belore the memiption.

Step e Repeal sieps 2, 3, and 4 =5 specificd s ihe wesi plan.

Sep 7.

iﬂ:rﬂuhuin-d.ilmm Record the resubts for comparison with preiest

B ANALYSIS OF RESULTS

Follow the guddance prosided in Pan Ove, parsgraph 314, s assis in the svalumibon of the = resalin, Amalyre sy
Hnibure of & 1ot e 1o meel the requirements of the materiel specifications,

SUPERSEDES PAGE 503.4-8 OF MIL-STD-E10F.
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NOTE: Tailomng s cxsentinl.  Select methods, procedures, and parsmeter levels bascd om (be tniloring process

described in Part Dee., parngraph 4, and Appendiz C. Apply the peneral guldeiines for ksbormory iest methods
described im Pan O, paragraph 5 of this suamiand

L1 Parpes,

This method mcludes 8 e ol balliste shock wesis penerally imvobving momentam exchange between twno of mare
bavilies or moimestum exchange: bedwesn & Thqubd of gas and & silid] performed b

8 provide s degree of confidence thal muteriel can stnacturally snd fusctionally withstund the infrequent
MT“WMHHW“M!MMHME

b experimentally estimate the maicriels fragiliny level relmive o ballistic shock i onder that shock
mitigation procedires may be employed 0 protect the materied's seructural snd functional infegriy,

L1 Application.

L1 Walliste shock delinition.

Iﬂﬁﬂilﬁﬂiﬁiﬁhm&mhh_ﬂwwm“m
eombal vehiches.  Armored combai vehicles st survive the sbocks resailting from laige ciliber pos-perfoniing
projectile inpacts, mine bissts, and overhead mnillery smacks, while @il remsining their combat mission capabilivies,
Reforence o discusses ihe relatiosship beiween varioes dhock emviroamenis (halllaic shick, iransponaion ibock,
‘il impact skock, etc. ) for srmored comibal vehacles. Actial shinck levels vary wigh the type of vwohicle, the spocific
miiingiion wsel, the impacy location of prosiminy, asd where on the vehicle the shock is measered. There is o insoni
here in define the aciual shock environmen for specific vehicles, Furthermorne, it showld be noted that the balliic
shuck technology is @il rather [bmised kn ms abillty 10 define and guantify be actinl shock phenmatnom.  Ewven
thiugh conssdersble progress has boen made in the development ol messarement fechnipees, correnily wsed
instrumstetmion (espocially e shick sensing gapes) is sull bulky s cembersome 0 use.  The development of
amadytical (compstational } wethods o determine shock kevels, shock propagation, and mitigntion i lagging behind
the memsurement wehnology, The analytical meibods uader development snd in use wo doie e nog evelved io the
ﬂﬂ:ﬂrmﬂ:mh?ﬂiﬂmuh@hhmﬂh“hm That s, ihe

WMHWHIMM:MMMMHMEMM}
eapericnoes o force loading of very high inensity and of relatively short duration, Though Ibe force Toading is
whﬁdhhhnﬁmmmmmhmhm&whm In
certain coses, pyrosechnic ehocks have been used In badliste shock simmlafions. There ore svenal caveats o such
besting. The charsclenstics of ballistic sbock are outlmed m tbe Tollawing parmgraph.

LLY Mallistic shock - momenbmn cvchangs,

Ballistie shiwk wsually exhibits momeniom eschangs beiween two bodies or between o flaid and & sefid B
cammonky resulis in velocily change in ihe suppon muerel  Ballistic shock has 8 poroos of s charscierzation
below (00 He; and she magnanade of the halbistlic shock response @ o given prsini meascnably for fom e ballisie
shock sounce is a fusction of the slee of the momcotum cachonge.  Waflistic shock will contain moenial wave
propagution  chureteristics (pethajic swibstastially nonlinear) bul. in peneral, the material s deformed and
acenmpanied by stnectical damping othor than demping satural o the materinl,  For ballistic shock, struciuml
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comnections do nod necessanily divplay preat abicnuation since low froquency siructsral response s geserally easily
trasesmtted over joints, In processing ballistic shock data, it is imporiant io be able s detect snomalics, With regard
0 messunemien! ischinology, sccclervenciers, sirin gages, and shock sensing gapes may be used {see ref, al In
Lubormioey sinuations, |aser welocimeters are useful Ballistic shock resistnce is now i geseral, “designed” into ke
materiel, The occurrence of o ballistic ssock and s pescral nature can only be determined cispirically (rom past
eipeisace hused om well-defined scenarios.  Rallistic shock response of maieriel in the field &, 0 generl, very
unprodictable snd not repeatable among materiel.

1,23 Halbistic shock - physical phenomennun.

Ballistic shoch is & physicsl phenomeson charsctericed by the overall mmeris] and mechanical response ot &
sirucisre paint fiom elasic of inclistle impacl. Such impaci may produce a very high rse of momentum exchange ot
& jpoant, over u umsll finise ares of over o loge aren. The high rwie of momentum exchonge may be cused by
enllision of e elastic hdies or & resane save applicd over o surface.  Geseral charctesistics of Ballisic shick
envirnamesis are a5 follivey

A meardie-soace stress waves i the strucnare caused by high material srin mites (ionleesr auteral
Fegisn) that jrijugate (nbo the near field and heyond;

b combised low and hagh frequency {10 He — 1,000,000 Heh and very brosdband frequency inpi,

€ high soccleration (300y ~ LK) with comparatively ligh strtaral velocity and displacement
PETRHIAL:

i short-time duration (<180 msec);
e bigh residunl sructsre displacement, velocsty, and acceleration respanse (afier the event

£ coused by (1) on inefastic colliskon of two elastic bodies, or (2] an extremely high fid pressae applied
for a shan pericsd of thne 1o on elastic body surface coupled directly inio the sruciure, amd with poin
mhﬂ,lﬂ hﬂlhﬂ-'mlhﬂluﬂ o in the case of collmion, w.u.m;nﬁi.r_.
wislely dispersed & im the ense of o pressure wave;

B coenparstively high seaceursl drivieg posm impodance (Pfy, where T i the collision force of pressune,
andd v the @ructural velocityl Al the sonce, the mmpedance could be sidbsiantially less il the material
parricle velociry s high;

h liﬂmunqmﬂ};m-mmllﬁwuqd
very depemlent on the conflganitim deiails;

i whock response at points on the structure is scmewhs affected by seracural discontinunies;
sruciurnl fesponse miny be sccompanied by heat generated by the inelastic Empact or the M b save;

k. ghe e of the stractural respanse o ballistic shock does ol sepgest that the maerkel or it companents
may b camily clusfied = being in the “wear field™ or “for feld” of de baliiak deck deviee. Ta
geeeral, malericl close to the source experiences high acceleraions m high freguencaes, wheress manened
for From the somrce will, in’genernl, experience high accelemtion s low froquencies = o result of the
fibering of the miervening structurnl configueratis,

LY Limitstens.

Becmise of the highly specialired natare of ballistic shock ssd the substantial sensttvity of ballssts shock s the
configuration, apply it oaly afier giving careful considenstion (o information contained in references ¢ amd o,

n This metud doss niw include spocinl provissons for perfieming ballistic shock sests af high or low
rempemtures. Perfonm teas a room ambient iempersture unless otherwise specified oo iF there is reason

o helieve cither oporathonal hagh emperntae or low empeamre may enhasce the ballissic shock
ey imnime i

b, Thes method does nit address seconidary effeces sach as Blaw, EMI, anid thermsl.

L
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L TAILORING GUIDANCE

11 Belecting the Hullistic Shock Meihosd.

Adter exnmining pequsrements decamenis and applving the ailorng process in Pan One of this standand (o determine
Iﬁlﬂtulrﬂlﬂm&ﬂ'ﬂhw[mhhlﬁmkdﬂﬂﬂuhmmmﬁnhﬁ[ﬂ'
s il and 1o place i n segeesce wiih oiber methods.

L1 Efects af ballistic shock

s general, ballisic shock kas the potential for producing wlverse effecis on all clectrose, mechanical, anl clectno-
mechanicnl mueriel. In genoral, the Jevel ol sdverse effects moreascs with the kevel and diraibon of the hallisse
shock and deciesmes with the distance from the source (polsd oF poinis of inpacth of the ballistic shock. Duratiom
i Balliste shock thal prodee masera) siess waves with wovelengihs thei correspoml wish ik natimal freguency
wavelonglbs of micro ebectmonic companenis withis malenel will enhesce adverse effecis.  Chemtions for hallistic
shock that prodece sruchse response movement thei correspond with the low frequescy resonsnces of mechanical
and electro-mechanicsl materic] will eshance the nilvens effocs.  Eaamples of problems sssocistod with balliscic
shock include;

o materiel floe s 8 el of desnactios of e soructursl segrity of micro elevironic chips iscluding

their moumiing comliguratsm:

b, islere] falone as & result of reloy chatier;

e mmteried (nibire a3 8 pesidh of cinui cand malfonciion, ciicuil cand dsmage, amd electionle connecton
leilure, O occasion, cincuil cand contaminans having the potentisl io cause shorl circuits may be
ddimbedped under halliskic shock. Cirouit cand mounts may be sshject o desmage frsm substantial welocaty
chinpes and large displocements.
rmuaterie] fnibure a5 o pesul of cracks and fracuin in crysials, coramics, epoxies o plass envelopes.

e, matersel fnilure as & resul of sulden velocity change of the sruciuml soppon of ibe materiel or the
imiermal structsrad condfiguration of the mechanical or elecro-mechanical maeriel,

212 Requence nsimsig oiher meihods.

& Lieogrul See Part One, paragraph 5.5,

b Updgue 1o this methed. Unless otberadse identified i the lile cycle profile and, since ballisle shock i
narmally experienced in combal and potestially near the end of the life cycle, normadly schedilbe hallits
sk tosis loie in the best soqieece. In general, the ballistic shock tests can be considered mdependent
inl che othet 1nses because of their unigue and specinfized nature.

22 Selecting a Procedure.

This mesthce] includes flve hallistie shock sl provceires. Soe pargraph 234 fior the “defaul ® approach 1o balkiste
shock eming when mo I'hldﬁuﬁunhl:&.

-8

Hqﬁdmﬂth:ﬁnﬂmnnmwﬂ:hﬂlﬂhmummmcmhmmﬂmﬂﬂr
freny, projectiles m o “Hallistic Hull asd Tereer™ (AHET) with the materie] mounied imside.  This
procedure s very expensive asd reguines that an setial wehicle oF proitype be svailobls, as well =
appropriste bwest punitioss.  Becouse of these limamions, u variery of oter spproaches is ofien
mmmnruum-Mmumummummmmaﬂmm

3 HA51,  Hallistic shock mesting of compless
mmt&mmuﬂ!—hml[ﬂlﬂr&dﬂiwdlntﬁh.iﬂlmluﬁnrﬁﬂlm
be accamplished using devices such as the Large Scake Ballistic Shock Stmulstor (LER35) described in
reference . This approsch i used fie components weighing ap o 5000 Kg (1000 |bs), and is
covrslderably less oxpessive than the BH&T approach of Procedare L
. Proce : Shsich e (LWSM] Composents seighing lews
then |l3#h;l1ﬂhrﬂllﬂhimﬁdmdllﬂﬂ#mﬂﬂlrmﬁm‘iﬂlﬂﬁ}mlmh
tesied over the spectrim fram 10 Hz o 3 ke of table 532-1 and fpune $22-1 ising o MIL-5-901 Ligh
Weight Shock Machine (LWSM) adpusied for 15 mm (0059 inch) displacemesi fimiis, Use of the |LWSM
hh-enn-hﬁﬁm.hﬂmﬁuﬂm.nﬂmyhmiﬂﬂhmﬁﬁnuhhm

SUPERSEDES PACGE 512-3 OF MIL-STD-H HIF

METHOD 522
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resparnd io high frequency shuck ssd canson withstand the exgcasive kow froquency response of the diop
Hict'ﬂumim:\l':

hhﬂﬂh[ﬂmthjm-mmhiﬂuiwmtlﬁtmhzm“h
spectrum from 10 He b | EHe of eable 5221 and Ggure 522-1 msing @ MIL-5-901 Modium Weight
Shock Machine (MWSM) sdjusted for 15 mm (059 inch) displacemest limnis. Use af the MWEW inay
he approgiciaie fod heavy components amd subsyslens thal are shock mosnted aedior are notd sensitive o
By Trospenecies.

e, Praceshee Y - Deop Table Light weight compraests (sypmeally less tsan 18 kg (20 [bs i) wiach are shick
mumed cam ofien be evalusied for ballistle shock sensitviry all frequencies up s 300 He using s drop
tahle. This sechaiijse ofiea resubls (8 overest al e low fregquencies.  The vast niajoriy of componesis
thui meed shock prolecton on an prsomed wehicle cam be madily shock mounted.  The commonly
svailable drop iest machine = the least expensive aml most scoeasible test fechmiqoe.  The shock table
prslces & ball-sne sccelermtion palse thal differs significanily from allistic sbock.  The response of
maiieriel on shiwk mounds can be enveloped quite well weil 2 bl sine scceleratson pulse if an overtesa at
lies fremuencics sl on unsdoricst o high froquencees is accepiable. Hisioncally, these shoricomings hoe
e mccepable For the majority of ballistic shock qualification lesting.

MOTES:

Related shock ests:

L. HHgh Impaci | Shiphoard Eguipment. Perform alsock iests for shiphboand equipment in pocondance with MIL-5-
B The tesis of MIL-5-901 wre tlorable ihrough the design of the fixiure (hai stiaches the iest ilem o the
shock muclne, Bnsure the fiviure 1 as similar b0 the meninting meibod used in the actual use envaonmeni. High
impact shocks for Asmy armored combat vehicles should be tested using Method 527, "Ballistic Shock.”

. Perform shock ieses for safesy and opermion of fuees and fure componenis in
sccondanie with MIL-5TI-331,

1 Combiessd Tempermure anl Shick Tests, Perfiom shock iests st ambiest conditions snless a lagh or kw
ftemperaiure shock ies b required. |

L1 Procedure selection comidernilone

Hipsed oo fhe 121 dats requiremenis, detormine which sest procecure s appbcsble. In most coses, the selection of the

procedare will be dictmed by the scteal matericl configumison, carefully poting any gross sirectural discosinuities

thet muy serve o mnlkgete be efocts of the ballistic shock om the moleriel. ki some cases, ibe selection of the
procedare will be driven by est practicality, Consisler all halfistic shock envirommenis asticipased for the mageriel

Mn;n:llkqﬂr.hm im its bopistic and operaibonnl moden. 'When selecting procedures, cossider:

g o], Feom ihe poguiremests decumenis, determine ihe funcions
hc;-:'hm:dhj hmﬂdmtﬂuwmﬂwmﬁ ballistie sback envisanment.

l SLIE it ochk. The nsturnl exposune clreumsinnoes. for ballisic
ﬁﬂnbdm-ﬂ#hmdmhﬂmwmﬁ¢Mmuﬂhmﬁ
such scenarivs. For exsmple, if an armored wehicle b subgect 0 2 mine blast o number of sssumgiions
massi be mole in onler 1o sedect @8 approprisse west N the ballistic shock provedure.  1a pasticular, the
sive of the mire. the locstjon of major pressuie wive inpact, the location of ibe matense] relative o fhe
impact |poamd erc. I the aanored vehicle @ sibgsct (o non-penciraling projectile impact, B enerpy
imgut configaration will he different from that of the mise, s will ba the elfocts of the Ballistic shock on
the muterie] within the armoned vehiclke. |n any case, condition each scemand bo estimaie the madericl
respores 5% A Function of aniplinede level anid frequency content, 1f will then be necessary [ decile io
which scenanine to tewl and winch bestimg s most crmtical. Some seenario pesponses. may  envelope®
othera, which may medece the nood for oeninin restimg such e road. mil, ganfineg, eic. In tes) planming.
dor ot beeak up any measared or predicied resposse 10 ballistic shock o sepnrate amplimde mmdfor
fieguensy ranpes itibidng difforend lests w0 satisfy one procedhare.

£ W The jest datn required io determine whether the operutional purpose of the materiel s
met

. Procedire sequeoce. Refer i pamgrph 11.2.
SUPERSEDES PALER 5324 OF MIL-STD-RI0F,

METHOD 522
5&2-4
I SIS s T S SR S | E e e
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TAHLE 2111 Hallistic shock chiraiemisibe
Averuge Shock _ Wurst Case Shock
Man. Peak Peal Peuk Valoe Peak Peak Peak Vabue of|
Resomant | Displscensent | Veboclty | of SRS (g'5) | Displocement | Velocity SHS' ig'sh
| Freg. (He)” | (mm) {mvs) (i) () .

0 3 L0 all 2 A 17
08 i5 30 2.3 2 LR 14%

LLE 1 1% 30 178 42 A5 502
1000 15 a0 §.THO 42 BS 5,000
10000 I5 in 17.Hix) 42 15 Silh MR

15 30 T8 2 L] SCLEEMN

TR

LU
Respomer Spocomim | i Fiuivalent Sumic Accelerstion fiv s

'Tewts tnvolving all freqgooncies from 10 Hr i maximsm frequency indicaied.

in'

[T I Pus——————)

-
=
=X Average Bhock
i
i
E -
o -
= N e fergunngy af umgle degiee of feeedam vyeem
(L] NS squinaient i woekration
"-: ] I A B I A L H Fd T avest 1 R L
w' I i’ n' it
Hatural Frequencyi®l [Hx}
FIGURE 522-1. Shock responss spectrn of “defuull™ hallistic shock limits ( Tabboe 522-1 & 1.
TABLE 532-11. SHS function fer shack,
Mutural Freguency
Houndury Frons 11} i 26,5 Hz From 39.5 o 1 iz
Ulppss Bisanal SRS = (L I'NK2 SRS = 2,000
Lavwer Bound SRS « 000538 SRS = ORETIH
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Appendix F: Detachment Method Decision Support

Purpose: To decide the best method of detachment for HBEDS given alist of design criteria;
this method is critical to the design of the final product.

Framework: All detachment methods will be examined to choose an appropriate point of

detachment given the purpose, assumptions, and design criteria.

Assumptions:

1l
1l

A system can be designed for each method that will completely rel ease the blades

Thereis not a need for a secondary force to move the blades away from the helicopter

Detachment Methods:

1

Induced Fracture — a destructive system that would initiate structural failure by
explosives, hydraulics, or ballistics
Active Connection — ajoint whose connection is controlled by hydraulics, explosives, or

other mechanical system

Design Criteria:

1l

Stability: The blade detachment system must present an extremely low risk of inadvertent
or inadvertent activation, because an unstable detachment system may have a disastrous
effect on the aircraft

Strength: The structure of the rotor blade connection system must not fail under the
expected service loads.

Efficiency: The method must not adversely affect the flight performance of the selected
helicopter. Added rotor mass, drag, and rotational inertia may reduce responsiveness,
lower load carrying capacity, and increase fuel consumption.

Power: Because the method must be operable under critical circumstances when the
helicopter may be damaged, the power required for activation will be minimized. The
detachment method must be capable of operating on the backup power system of the
selected helicopter.
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1 Rédiability: The method must ensure synchronized and complete rotor blade detachment
upon activation. The blades must detach completely and be free to simultaneously move
away from the aircraft in order to avoid rotor imbalance.

I Clearance Time: The detachment method must rel ease the blades and quickly provide
clearance in order to be effective. Extended delays in activation, detachment, and
clearance confirmation will reduce the chances of pilot survival in the event of an
impending crash.

f Cost: Theinitial purchase price of the system must be commensurate with the overall cost
of the selected helicopter.

 Serviceability: The system must be made accessible to minimize costs associated with
inspection, servicing, and replacement.

1 Durability: The system must be incorporated into the maintenance and parts replacement
schedule of the selected helicopter.

 Adaptability: The detachment method will be used on a specific application, yet
consideration will be given to broader helicopter applications. The method must be

independent of special features that may be unique to the initial application.

Thought Process:
Weighting:
T All criteriawere weighted on a scale of one to five, one being of least importance and
five being most important.
Stability and reliability are most important because if the detachment method fails either
of these, then it will never be implemented. - 5
f The next most important criteriais strength because if the detachment method weakens
the helicopter, it is not a viable method. - 4
. Thethird group is efficiency, power, and clearance time for the reason that the system
must not hamper the performance of the aircraft, must be functional no matter what the
condition of the helicopter, and it must ensure the blades have left the vicinity of the

helicopter to provide awindow of opportunity for the next system in the chain. - 3
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 Thelast five criteriaare really secondary considerations behind the first five; therefore,
they were al weight either aone or two. The two's deal with having good maintenance
abilitiesand along servicelife.

Grading of Locations: (Table F.1)

T All locations were graded on a scale of one to five (low to high) on their ability to meet
the characteristic. A grade of zero would result in the location being removed from
consideration.

f  Induced fractured scored better than active control almost across the board because
induced fracture requires alot less change to the components of the helicopter.

f  Induced fracture does require the addition of components not normally found on a
helicopter which iswhy its serviceability is lower than active control.

' Thekey criteriawhere there is a big difference in the two methods are stability, strength,

and power.

TOTAL|
92
69

Weighting Factor (1-5)
Induced Fracture
Active Control

ol alw|Clearance Time
alrololServiceability
vl » | = |Adaptability

ol ool or[Stability
vl ol s |Strength
wlwlwlEfficiency
rol ol | Reliability

|l w|Power
—=[ro] —~|Cost
w| | ro|Durability

Table F.1: Decision matrix for devicelocation versusdesign criteria
Decision:
This analysis showed that the best detachment method is induced fracture, as General
Dynamics suggested. Therefore, explosives will be used to detach the blades from the helicopter

in HBEDS.
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Appendix G: Blade Detachment L ocation Decision Support

Purpose: To decide the best point of detachment for the blade detachment device given alist of

design criteria; thislocation is critical to the design of the final product.

Framework: All logical detachment locations will be examined to choose an appropriate point of
detachment given the purpose, assumptions, and design criteria.

Assumptions:
A system can be designed for each location including atransfer system from the
stationary helicopter to the spinning blades if necessary
 Thereisan explosive suitable to destroy any materia in the rotor or blade

1 Entire blade or rotor system does not need to be removed to satisfy project objectives

Locations:

1 insidetheroot of the blade

| = ]

\ 1/

e

{ outside theroot of the blade A B
| Fﬁiﬁ\:ﬁﬁ = Ss |

e

' on the main shaft below the swashplate
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f  onthe main shaft above the swashplate along with the control rods

f the bolts holding the blades to the rotor and the blades to the control rods
e

=

Design Criteria:

 stability with respect to inadvertent ignition — evaluates the level of system protection,
given itslocation, from enemy fire, weather, and heat

f clearancetime until a safe exit of the blade - the blades safely move away from the
helicopter once the device has been activated

" number of detachment points - more detachment points mean more explosives, which
leads to two situations, inadvertent ignition of one explosive or failed ignition of one
explosive; Additionally, it is difficult to coordinate multiple explosive charges

" how easy would it be to remove the blades - how many things must be moved or
disconnected to detach the blades for service
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' how easy would it beto install or remove the system - any restrictions on the areain
which the system was installed and access to the system for service or inspection

f how easy would it be to integrate the system - affects as few critical components as
possible

f difficulty of designing the system — how many components are changed by the device
and isthere aneed for atransfer system from the stationary helicopter to the rotating part
of the rotor or the blades

 difficultly of manufacturing the system - the number of changes that would have to be
made to the current manufacturing process in order to build the detachment device

Thought Process:
Weighting:

 All criteriawere weighted on a scale of one to ten, one being of least importance and ten
being most important

f  two most important design criteria=> stability and clearance time. Therefore, these two
design criteria were given weightings of ten to make them almost two thirds of the points
available.

 the number of detachment points relays the complexity of the system and was weighted a
four

I Thefina five design criteriaare realy secondary considerations and were weighted
between a one and three.

I Since blades are often removed for service or transportation, the easy of removal of
blades was given athree along with the integration of the system because the number of
critical components affected directly impacts the serviceability and life of the device.

f Theinstallation and removal of the system was weighted a two because it related to so
many other design criterialike integration and easy removal of blades that there was a
need to minimize double counting of design criteria.

I The ease of design, criteria determines the amount of work necessary to complete the
project and understand all the components. While thisisimportant from atime
standpoint, it is not crucial and was therefore weighted a two.
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f  The ease of manufacturing the device was weighted a one because as long as the device
can be made, this only affectsits cost which is much less important than its ability to

function properly.

Grading of Locations. (Table G.1)

T All locations were graded on a scale of one to five on their ability to meet the
characteristic. A grade of zero would result in the location being removed from
consideration.

Stability => The outside root was given the lowest grade of athree dueto its
susceptibility to enemy fire and the elements, while the other locations were al given
fours because of better protection from enemy fire and the elements. Main shaft seems
like a candidate for afive according to the protection argument; however, its close
proximity to the engines and the heat they create lowered it to afour.

f Clearance Time => Inside and outside root were given afive in this category because
they detach the high-energy blades which carry themselves away from the helicopter, as
proven by NASA’s RSRA experiments. While the bolts with control rods are a similar
situation, there isworry that the blades will not slide smoothly out of the clamp in which
they are held. Finally, the two main shaft options were given a one because of the
dynamic analysis presented in APPENDIX H where it was shown that the rotor system
may only raise afew meters above the helicopter which means that thereisahigh
likelihood that the rotor system and blades would continue to pose athreat to the
helicopter and it’s occupants. Additionally, there are concerns that the rotor system
might hit the helicopter upon detachment, potentially causing damage to the helicopter.

" Number of detachment points => Ranked by the higher the number the lower the grade.
Therefore, the main shaft was given afive because it had one detachment point, the
inside and outside roots a three because they have four, the main shaft and control rod a
three for having five points, and the bolts and rods a two for having twelve points.

Easy removal of the blades => The main shaft was given a five because it does not affect
the blades at all while the inside root, outside root, and the main shaft control rods all
have four connections that need to be disassembled before the blades can be removed.
Therefore, these locations were given afour. The bolts and control rods has twelve
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connections that must be broken before the blades can be removed resulting in aranking
on athree.

Integration => More critical components affected the lower the score. Mainshaft does
not affect anything so it received afive. The outside root only hasto run linesto the
blades so it was given afour while the inside root and main shaft with control rods were
given athree because the interior design of the bladesis critical and the controls are
critical to the helicopters ability to change blade pitch. Finally, the bolts and rods option
was given atwo for affecting the bolts that hold the blades to the rotor and the control
rods.

Easy installation/removal of blades=> The outside blade root has the fewest restrictions
on the device so it was given afive, where as the rest are more difficult to access and
were given threes.

Ease of Design => The main shaft gets a five because there is no need for atransfer
system while the other locations require one and the explosive will simply consist of a
shaped charge pointed at the driveshaft. Inside root and outside root are very close but
the requirement to get the explosive inside the blade on the inside root lowersit to athree
while outside root gets afour. Main shaft with control rods and bolts with control rods
received atwo because of the changes in design to structurally loaded parts, the bolts and
control rods, in addition to the transfer system requirements.

Ease of Manufacturing => Outside root was given afive because it could be strapped to
the outside of a blade with no changes in the manufacturing process besides the addition
of atransfer system. The main shaft option was given afour because of the complex
location of the system and large charge that would be needed to sever the drive shaft.
Main shaft with rods and bolts with rods were both given fours because of the changesin
manufacturing the bolts used in assembly in addition to the transfer system and explosive
sizereasons. Finally, the inside root was given athree because the assembly of the blade
would require awhole new technique due to the explosive inside in addition to the

transfer system requirement.
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Weighting 10 10 4 3 3 2 2 1| TOTAL
Inside Root 4 5 3 4 3 3 3 2 137
Outside Root 3 5 3 4 4 4 4 4 136
Main Shaft 4 1 5 5 5 3 5 3 119
MS & Rods 4 1 3 4 3 3 2 3 96
Bolts & Rods 4 4 2 3 2 3 2 3 116

Table G.1: Decision matrix for device location versus design criteria
Additional Thoughts:
1 Insideroot is sleeker, more clandestine.
f Insideroot is closer to the two things we need to blow up: inside composite bone, outside
shell
f Insideroot has no impact to airfoils, whereas an outside root design would create a bulge

and disrupt airflow

Decision:

While inside and outside root are very similar in point totals, we chose to detach on the
inside of the blade at the root because it takes full advantage of the composite blades used on the
bearingless rotor EC135/EC635 and offers greater protection for the explosive. Additionally, the
inside root scored higher in our two most important categories than any of the other locations.
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Appendix H: Dynamic Analysis of Rotor System Detachment

Assumptions:

1

Analysis:

One of the worst cases is helicopter at hover (no directional movement) => lift on
blades equal s the weight
No air resistance C no drag
Nowind
Angle of attack of the blades will go to zero rapidly because they wish to take the
path of least resistance
Lift isastep function where the force, L, is active for atime, t', then no longer active
attimet'+1. Evaluate 3 scenarios: t' = 0.1s, 0.5s, 1.0s
Next action in the emergency sequence (parachute, gjection, or impact) will occur
between t = 2.0sand 5.0s
Weights (from Eurocopter):
o EC135 A 1490kg
0 Avg. Load A 1000kg
A Helicopter Total (M) C 2490kg
o Blades A 74.8kg
0 Rotor Hub A 110kg
A Rotor System Total (m;) C 409.2kg
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Discussion:

Given the assumptions made for the analysis. The separation distance is not dependent
on the time after activation but solely on the time which the lift force is acting on the rotor
system. Given the three different times for which L is active, we cannot support the statement
that the rotor system will have moved to a safe distance away from the helicopter, allowing for

parachute deployment, gjection seat activation, or a hard landing.

ENGS290 FINAL REPORT MARCH 2004

107



= Cisepsy ——=
Appendix | : Explosives Trade Study
I ntroduction:

The objective of thistrade study isto develop an understanding of explosives and
detonation techniques that will lead to a choice of a suitable class of explosive for the helicopter
blade detachment device. With the design for the device finished, the criteriafor the explosives
can be established, which will enable this trade study to determine an appropriate explosive.
Additionally, thereis adiscussion of the appropriate detonation technique after the conclusion of
the explosive choice.

Definition:

An explosive is a substance that generates massive amounts of gas and heat due to arapid
chemical change, which occurs without an external oxygen supply, caused by an outside shock
or exposure to heat.

Types of Explosives:

Explosives have many applications from blasting earth for mining to rockets to signaling
flares and as aresult of all those applications, there are several types and classifications of
explosives. The two main types are low explosives and high explosives. Low explosives, like
gun powder, quickly burn from the outer surface inward; whereas, high explosives, like
dynamite, detonate, which means that they decay almost instantaneously. Within the high
explosives class, there are primary explosives, used in detonators, and secondary explosives,
which are initiated by primary explosives. Primary explosives are very sensitive to outside
shocks while secondary explosives are more stable. This trade study will focus on high
explosives because low explosives lack the energy and power required to deform or destroy the
composites of a helicopter’s blades. In order to save weight on the final design, secondary high
explosives will be the specific focus of this trade study because they have a higher power to
weight ratio than a primary high explosive.

Compositions of High Explosives:

The four most common explosive bases are nitroglycerine (NG), ammonium nitrate
(AN), and cyclo-trimethylene-trinitramine (RDX). NG isapowerful explosive base; however, it
is extremely unstable and has a very high freezing point of 55° F. AN wasinitially used solely as
an oxidizing element in blasting agents, but its stability has lead to its use in high explosivesin
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place of NG and other more reactive explosives. RDX is anewer more stable compound given
its strength.
Classes of Secondary High Explosives and their Char acteristics:

There are five main classes of secondary high explosives based on the different bases:
straight NG dynamites, ammonia dynamites, straight gelatine dynamites, ammonia gelatine
dynamites, and RDX mixtures. *** Straight NG dynamites have a high velocity of detonation
(VOD), good water resistance, and good resistance to flames; however, they are very sensitive to
friction and external shocks and they are expensive. Ammonia dynamites come in high and low
VOD varieties, but both are weaker than straight NG dynamites. They also exhibit good water
resistance but are more shock resistant than NG dynamites. Straight gelatine dynamites have a
high VOD, excellent water resistance, and are more stable than their solid counterparts.
Ammonia gelatine dynamites have a similar relationship to straight gelatine dynamites as straight
NG dynamites have to straight ammonia dynamites. Ammonia gelatine dynamites are also the
least costly of the group. (Tablel.1) Thefinal classisthe RDX mixtures, which istypically a
combination of the RDX base, awhite crystal, and a wax which is then pressed into a charge.
RDX mixtures can be manipulated to have certain desired characteristics easier than the other
classes because of the possible compounds that the crystal can be mixed. Typically, RDX

mixtures exhibit high VOD and great resistance to water, flames, and other shocks.
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Tablel.1: Compositionsand Propertiesof NG and AN High Explosives*

141 Gregory, C.E. Explosives for North American Engineers. (Germany: Trans Tech Publications, 1973) 44.
12 Gregory, 44.
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Another important characteristic to discussis the explosives resistance to inadvertent
detonation. One such case isinadvertent ignition due to impact with aforeign object. Figurel.l
shows the relationship between the velocity and size of an object that is required to cause an
unintentional detonation of a secondary explosive (TNT) and a primary explosive (PETN). As
shown, secondary high explosives are more stable than primary high explosives. A second
Situation is where excessive heat causes an inadvertent ignition. Most high explosives have
ignition temperatures above their melting points, meaning the fear is of a hot spot.
Unfortunately, it is hard to handle hotspots and any explosive is susceptible to them; however,
some explosives, like ammonia gelatins, do have higher ignition temperatures than others.
Additionally, many RDX mixtures will actually slowly burn in high heat situations instead of
explode.

Figurel.1: Critical Velocity versus Diameter of Impact Area for Samplesof PETN and TNT**
Specifications and Explosive Evaluation:

Table 1.2 shows alist of specifications for the explosive that should be used in the blade
detachment device. Specificationsinclude reliability, stability, strength, and cost.

Specifications
Reliable High-Order Detonation

Qualification or Quantification
complete detonation more than 99% of the time

Sensitivity to |nadvertent Detonation

cannot accidentally detonate due to impact, electrical shock, or heat

Sensitivity to Intentional Initiation

must ignite upon outside initiation shock

Stahility (ability to withstand conditions)

cannot deteriorate under the operational conditions of the aircraft

Water resistance

must survive water dump of 2000 gallons over 24hrs

Heat resistance

cannot ignite at 200F

Climate Temperature resistance

must be able to operate from -50F to 150F

Strength (ability to destroy)

must destroy the composite material it is acting upon

Brisance (ability to shatter)

must have a high velocity of detonation (VOD)

Cost

reasonably inexpensive

Tablel.2: List of Specificationsand their Qualification or Quantification

Using these specifications, an evaluation of different classifications of explosives can be
performed. Many steps were required to get to the results of the evaluation that are presented in

%3 Johansson, C. H. and P. A. Persson. Detonics of High Explosives. (New Y ork: Academic Press, 1970) 112.
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Tablel.3. Thefirst step was to weight the specifications depending on their importance to the
project. Whilereliability and intentional initiation would have received aweighting of five on
their own, the fact that they are very similar in their specifications lead to aranking of four for
each so there was no double counting of the overlapping traits. Since inadvertent detonation is
equally asimportant as reliability and intentional initiation because if the blades accidentally
detach during aflight that could lead to the loss of aircraft and crew, inadvertent detonation was
given aweighting factor of five. Climate and water resistance were given aweighting of three
because they are more important than heat resistance, because a focused heat on the explosive is
very unlikely to occur. Strength and brisance*** are also very closely related because an
explosives ability to destroy is often adirect result of how much it shatters. Therefore, like
reliability and intentional initiation, strength and brisance were given afactor of three, which is
lower than if there had only been one of the two specifications. Being a military application,

cost isaminor factor in the choice of an appropriate explosive for the design.
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Weighting Factor (1-5)] 4 5 4 3 2 3 3 3 1 [TOTAL

Straight NG 5 2 5 2 2 2 5 5 1 97
Ammonia 3 3 3 3 3 4 4 4 3 93
NG Gelatine 4 3 4 5 3 3 4 4 2 103
Ammonia Gelatine 3 4 2 5 4 4 3 3 5 98
RDX Mixtures 4 4 3 5 5 4 4 3 3 109

Tablel.3: Proposed Explosives Versus Specifications
As discussed above, the straight dynamites are more explosive than the gelatines, which

means they have more power per grams of explosive and they are more volatile. Additionaly,
the NG dynamites are more explosive than the ammonia dynamites. RDX isavery energetic
explosive base and its mixtures tend to have very good power to weight ratios. This means that
the straight dynamites, the NG dynamites, and the RDX mixtures are more qualified according to
specifications like reliability, intentional initiation, strength, and brisance because they are likely
to explode even with partial initiation and when they explode they create alarge destructive

force. These same traits go against these two types of dynamitesin the inadvertent detonation

144 Brisance is the shattering action of the explosive.
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and heat resi stance specifications because they are so volatile and easy to ignite. The RDX
mixtures are actually more stable and do not suffer from the same logic in the grading due to the
traits that were discussed before.

Gelatines and RDX mixtures are insensitive to water due to the wax that they are mixed
with, so they were given fivesin the water resistance category. Ammoniaand RDX are not very
sensitive to climate temperatures resulting in aranking of four for all the ammonia dynamites
and the RDX mixtures in the temperature of climate specification. Finally, NG costs more than
ammonia, so the cost grades went from one for straight NG to five for the ammonia gelatine.
RDX mixtures have amore widely dispersed price range, so it was given athree.

Conclusions:

Asshownin Tablel.3, aRDX mixtureis the best class of explosive for our application
given the device design. This explosive was chosen due to its resistance to outside shocks,
strength, and reliability. Another consideration is that our charges will be purchased from a
company like McCormick-Selph or Ensign-Bickford that specializesin the design of explosives.
This company would design the shaped charge and choose the exact explosive composition that
would be used in the application. Shaped charges use a copper billet surrounded by explosive to
create acutting force along aline. (Figurel.2) When the explosive ignites, the copper is

liguefied and cuts through the material on which the shaped charge is placed.

LINEAR SHAPED CHARGE

CHARGE
CARE

I\ COPPER

CASEET

Figurel.2: Linear Shaped Charge Diagram
After adiscussion of the system design with Dave Stilwell from Ensign-Bickford’ s aerospace

division, the group believes that alinear shaped charge could be designed to fix inside the blade
to cut both the center rib and the outer shell.
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Additional Notes:

There are two main techniques for triggering the detonation of the explosive. Thefirstis
an electrical transfer system and the second is an explosive transfer system. Both systemsignite
a priming charge made of amix of lead azide and lead styphnate with aluminum powder. This
priming charge then sets of the base charge of penta-eruthritol-tetra-nitrate (PETN), which will
detonate the explosive.**

The electrical system would use the closing of a circuit to create an electrical impulse
across awire in a detonating cap which would generate heat and ignite the priming charge. An
electric detonator would limit the ignition system’s susceptibility to heat and fire.

Alternatively, an explosive system would use the pressure created by releasing a
mechanical device would ignite detonation transfer lines. These lines carry heat to the explosive
and that heat causes the explosive charge to detonate. Detonation transfer line explosives
include substances like PETN, an unstable primary explosive; however, their quantities and
mixtures in the lines make them extremely stable even to large outside shocks. This set-up
would limit the systems susceptibility to an electrical shock like lightning or static charges.

Mr. Stilwell believes that using a detonation transfer line system is the safest and most
reliable method of initiating the explosive. Therefore, the team will design a schematic for the
linesincluding the necessary interrupters and manifolds that will be required to make the system

safe when not in use and propagate the signal to all four blades of the helicopter.

145 Gregory, 68.
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Appendix J: Signal Transfer Method Decision Support

Purpose: To decide the best method of transferring a signal from the stationary helicopter to the

rotating blades for HBEDS given alist of design criteria; thislocation is critical to the design of

the final product.

Framework: All logical methods will be examined to choose an appropriate method given the

purpose, assumptions, and design criteria.

Assumptions:

1l

A system can be designed for each method that will allow transfer of asignal from the
stationary helicopter to the rotating explosives in the blades

The ignition train components will interface with the signal transfer method and will not
be affected by the method

Detachment Methods:

1

Radio Waves —would be a system that sends aradio signal from the cockpit to areceiver
mounted near the explosives to detonate them

Hall Effect Sensors —would be a magnetic system that could transfer asignal through the
main shaft to detonating cord mounted on the inside

Mechanical Interaction — operates by placing an object into the path of atrigger pin when
activation is required

Optical Signal —would use alaser beam or other optical signal transfer method to send an
optical signal to areceiver near the explosives

Electrical Signal —would use and electrical rotor and stator to transfer asignal to the

explosives

Design Criteria:

1l

Stability: The transfer system method must present an extremely low risk of inadvertent
or inadvertent activation. Because an unstable or insecure method may have a disastrous
effect on the aircraft.
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 Efficiency: The method must not adversely affect the flight performance of the selected
helicopter. Added rotor mass, drag, and rotational inertia may reduce responsiveness,
lower load carrying capacity, and increase fuel consumption.

Reliability: The method must not affect the systems ability to ensure synchronized and
complete rotor blade detachment upon activation.

I Clearance Time: The transfer system method must provide a quick signal transfer which
lets the explosives release the blades and ensures a safer environment. Extended delays
in activation, detachment, and clearance confirmation will reduce the chances of pilot
survival in the event of an impending crash.

f Cost: The method should not add an absurd cost to the HBEDS system.

 Serviceability: The method must be accessible to minimize the costs of inspection,
service, and replacement of warn parts.

f Integration: It must be possible to integrate the transfer system method with the
helicopters other components.

 Adaptability: The method will be for a specific application, yet consideration will be
given to allow for potential application to awide range of aircraft. The method will be
independent of special features that may be unique to the specific application. This
implies that the method will be adaptable to other aircraft at asimilar cost.

Power: Because the system must be operable under critical circumstances when the
helicopter may be damaged, the power required for activation will be minimized. The
transfer system method must be capable of operating on the backup power system of the
selected helicopter.

1 Durability: The method must be incorporated into the maintenance and parts replacement
schedule of the selected helicopter.

Thought Process:
Weighting:
T All criteriawere weighted on a scale of one to ten, one being of least importance and ten
being most important.
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Stability isby far the most important criteriafor selecting an appropriate method of
detachment, which iswhy it was weighted a ten (twice the next highest weighting). The
ten weighting was given to stability because the method must not have any possibility of
activating until it is called upon. If it were to activate, there would be disastrous effects.

1 Reliability came next with afive because once called upon, the system needs to work.

 Efficiency, power, and clearance time are al critical to the success of the project, but they
can all be designed around so they were weighted as threes.

1 Cost, serviceability, durability, and adaptability are secondary considerations which are
not vital to the success of the project so they are weighted either a one or two depending

on their importance.

Grading of Locations: (Table F.1)

. All locations were graded on a scale of one to five on their ability to meet the
characteristic. A grade of zero would result in the location being removed from
consideration.

Stability => The only method that we saw as not having an easy means of inadvertent
activation was the mechanical system. There are lots of radio wavesin the air and
shielding our system from those would be though. A helicopter isfull of electrical and
mechanical components that could potentially create a magnetic field and trip a hall
sensor. The optical system just seems inherently unstable given sunlight, laser targeting
systems, and other things. Finally, an electrical system would have to be shielded for the
static electricity build-up on the blades.

 Efficiency => The most efficient system is the electrical system because it would add the
lease weight to the rotor system. The electrical systemisfollowed by optical, hall effect,
and radio systems. Then the mechanical system because it would require some
structurally significant pieces to take the weight applied on impact.

 Power => Mechanical was the clear winner in this category because it only requires the
stored energy in the rotor system to work. Electrical was next because it only requires a
small voltage and amperage to work. The other three followed because they require quite
abit of electrical energy to work.
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Reliability => Follows some of the same logic as stability; however, now those things
that interfere with the method may prevent it from operating properly when activated.
Mechanical is extremely reliable because when an object is placed in the controlled path
of another object, they’re going to hit. Electrical isalso very reliable because now that
static electricity may just activate the system earlier than expected, same with the optical
system. The Hall Effect sensors and radio waves could potentially be blocked out by
other magnetic fields or radio waves which would prevent activation of the explosive.
Clearance Time => The grading for this category was done based on the speed of
activation. Electrical was the fastest because the signal travels at close to the speed of
light and therefore it received the highest grade followed by optical and Hall Effect
systems (with signal travel near the speed of light). Mechanical was next because its
activation speed is actually faster than the speed of sound required by radio waves,
especially when the sending and receiving process is taken into account.

Cost => Mechanical isvery simple and therefore cheap. Electrical istoo, however, it
requires afancy shielding system. The last three are hard to differentiate, so they were all
given atwo based on the fact that their components have to be more expensive than the
other two.

Serviceability => The easiest two systems to service are the mechanical system and the
electrical system because the mechanical system can be inspected visually and the
electrical system can be tested with test currents. The other three require at least abasic
knowledge of the principles on which the work and then afairly complex test system.
Durability => The mechanical system isthe most durable because it has no components
that can really degrade over time. The electrical system is next because its components
arefairly smple and stable. The Hall Effect system was graded a two because its
components are more likely to fail than the electrical system, but not as likely as either
the radio or optical system.

Adaptability => The most adaptable system is the radio system because it has no reliance
on any component or geometry of the helicopter. The optical system has very little
reliance on the helicopter, but it does need aclear line of sight. Finally, the mechanical,
electrical, and Hall Effect systemswere all given threes because they rely on the internal

geometry of the helicopter.
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Radio Waves 2 4 2 2 2 2 2 1 5 67
Hall Effect Sensors 2 4 2 2 4 2 2 2 3 73
Mechanica Interaction 4 3 4 5 3 4 4 4 3 118
Optical Signal 2l 4 21 3| 4 21 2| 1 4 77
Electrical Signal 2 5 3 4 5 3 4 3 3 99

Table F.1: Decision matrix for transfer system method versus design criteria
Decision:
Given thislogic and the resulting matrix about the five transfer system methods, the
HBEDS team believes that the mechanical system is clearly better than the others and will
therefore be used in the HBEDS transfer system.
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Appendix K: Ignition Train Trade Summary
Background

Controlled explosive components are commonly used for explosive signal transfer in
many aerospace applications, including g ection seats and canopy fracture mechanisms for fixed
wing aircraft. The mild detonating cord, manifolds, piston actuators and other components
utilized in these systems are designed for extremely high reliability and resistance to stresses
experienced during flight. Prior to installment, each component undergoes rigorous qualification
testing to ensure the system will not be susceptible to activation by stresses such asfire, heat,
vibration, ballistic shock, lightning strike, or electrostatic discharge. Owing to the proven
stability, performance, and reliability of these systems, explosive signal transfer has been
identified as the most promising method of controlling the detachment sequence.

The HBEDS explosive detonation signal will be transmitted from a cockpit-located
initiator to four blade-mounted linear shaped charges by way of an ignition train. Within this
network of detonating cord, manifolds, and interlocks, the energetic signal passes through a
transfer system that links the cockpit to the rotor system and coordinates the blade detachment
sequence. The complexity of this arrangement has prompted the HBEDS team to investigate
various ignition train aternatives in a trade study. Drawing from the project specifications, a
number of ignition train designs will be considered and compared quantitatively according to
reliability, weight, and production cost.

Statement of Purpose

The ignition train trade study shall identify areliable, lightweight, low cost method of
transferring an explosive signal from the initiator to the linear shaped charges.
Decision Criteria

Reliability: Thereliability of theignition train isacritical design parameter. Expected
reliability will be calculated based on manufacturer test data for each component while taking
into account redundancies evident in the alternative designs. The reliability of the transfer
system, herein referred to as Ryanster, describes the probability that the signal will be properly
transmitted from between the stationary and rotating systems. Ry anster Will be assumed to be
constant amongst the transfer line schematics, and will later be estimated through prototype
testing.
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Weight: The weight of the explosive signal transfer system must be kept to a minimum
because excess mass has a significant effect on the flight performance of a helicopter. The
overall weight of theignition train designs will be calculated by summing the estimated weights
of each included component.

Cost: Extensive qualification testing is necessary to ensure the reliability of each
component used in the system. Owing to the expenses associated with these destructive tests, the
ignition train is expected to make up a significant portion of the overall cost of HBEDS. The cost
of the explosive components will therefore be minimized to ensure the system meets the cost
specification. In preparing for this analysis, the HBEDS team has obtained cost estimates for
various explosive components based on aforecasted production of 1000 systems.

Components

Each proposed ignition train alternative is a unique arrangement of seven controlled
explosive components commonly used in aerospace applications:

Mild Detonating Cord (Lines): Shielded Mild Detonating Cord (SMDC) and Flexible Mild
Detonating Cord (FMDC) use a secondary explosive such as HNS to transfer an energetic signal
along their length.** Each cord section is fitted with end tips that allow the signal to be
transferred to other controlled explosive components.

Manifolds: Manifolds are inert connectors that allow SMDC and FMDC to be linked in a variety
of configurations. Manifolds are commonly used for splitting an energetic signal amongst
multiple detonating cord sections.

L]
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FigureK.1: Flexible Mild Detonating Cord*’ FigureK.2: Manifolds™®

146 Flexible Mild Detonating Cord, Aerospace and Defense Product Catalogue, Ensign-Bickford Aerospace and
Defense Company, 2003.
47 Flexible Mild Detonating Cord, Aerospace and Defense Product Catalogue, Ensign-Bickford Aerospace and
Defense Company, 2003.
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Piston Actuator: Activated by SMDC or FMDC, these use an explosive charge to extend apin
from the fixed body of the part, thereby providing the capacity to perform work. Piston actuators
may be designed to provide up to 1200 pound of force upon activation.**® The piston actuators
used in HBEDS will be used to extend the cams mounted to the stationary ring of the transfer
system.

Initiator: Provides a means for the pilot to initiate the explosive transfer signal. Most initiators

detonate explosive lines by either percussion primers or the application of an electric current.

&

FigureK.3: Initiator™® Figure K .4: Piston Actuator ™

Disarmg/Interlocks. Mechanical interlocks interrupt the ignition train, allowing the pilots or
mai ntenance technicians to disarm or disconnect the system when the aircraft is on the ground.
Linear Shaped Charge (LSC): Linear shaped charges are destructive explosive assemblies
capable of severing structural members along a desired plane using a plasma cutting jet.
Containing RDX, PBXN-5, or HNS explosive within an aluminum or lead sheath, they can be

designed to cut through metallic and non-metallic surfaces along complex airframe shapes.'>

148 Manifolds, Aerospace and Defense Product Catalogue, Ensign-Bickford Aerospace and Defense Company.
2003.

149 piston Actuators, Aerospace and Defense Product Catalogue, Ensign-Bickford Aerospace and Defense
Company, 2003.

130 | ntelligent Initiators, Aerospace and Defense Product Catalogue, Ensign-Bickford Aerospace and Defense
Company, 2003.

31 piston Actuators, Aerospace and Defense Product Catalogue.

132 | inear Shaped Charge Assemblies, Aerospace and Defense Product Catalogue, Ensign-Bickford Aerospace and
Defense Company, 2003.
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FigureK.5: Interlock™® FigureK.6: Linear Shaped Charge™
Transfer System: Mechanica assembly that transmits the explosive signal between the stationary

piston actuator and transfer lines rotating with the main shaft. Unlike other ignition train
components discussed above, the transfer system will be a device designed by the HBEDS team.
Design Alternatives:

Six aternative designs were proposed for the signal transfer network. Each designisa
unique arrangement of the aforementioned components that has a corresponding reliability,
weight, and cost. Diagrams illustrating each alternative use the following component
representations.

Transfer System
Disarm/
Interlock | . Lineer
Initiator ] Piston Manifold MDC Lines Shaped
Actuator Charge

FigureK.7: Component Representations
Alternative A: Single CanvSequential Transfer

This design incorporates a single cam activated by a piston actuator on the stationary
ring. Redundant lines on the rotating ring lead to a two-to-one manifold, from which the signal is

transferred through single line towards the blades. At the top of the shaft, the two lines are split

153 Disconnects, Aerospace and Defense Product Catalogue, Ensign-Bickford Aerospace and Defense Company,
2003.

> |inear Shaped Charge Assemblies, Aerospace and Defense Product Catalogue.
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to the four blades. As seen in al other alternatives, the design incorporates one interlock in the
cockpit and four others at the root of each blade. This arrangement allows the pilot to easily
disarm the system when seated in the cockpit and enables maintenance technicians to remove
each blade without disassembly of the entire ignition train.
Alternative B: Sngle CanvParallel Transfer

Similar to Alternative A, this design utilizes a single cam on the stationary ring.
However, instead of transferring the signal between four manifolds, this design transfers the
signal in two lines running parallel towards the blades. Running each of the line pairs through a
four-port manifold synchronizes the detonation of the linear shaped charges and provides a

degree of redundancy on the rotating segment of the system.

== =S

FigureK.8: Alternative A FigureK.9: Alternative B
Alternative C: Double Canm/Sequential Transfer

Unlike the previous alternatives, the double cam/sequential transfer design uses two cams
oriented 180 degrees apart on the stationary ring of the transfer system. Though the redundant
firing pins set this system apart from the single cam designs, the rotating component of the
system resembles the sequential transfer schematic seen in Alternative A.

Alternative D: Double Cany Parallel Transfer

This design combines the double cam of Alternative C with the parallel transfer seenin

Alternative B. Accordingly, both the stationary piston actuators and rotating transfer lines are

redundant in this system.

= = =

FigureK.10: Alternative C FigureK.11: Alternative D
Alternative E: Double CanmyDirect Transfer
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This design transmits the signal through a double cam stationary ring and then directly to
the linear shaped charges. Because both piston actuators are required to properly coordinate and
synchronize the detachment sequence, no redundancy is built in to the system.

Alternative F: Double CamyDouble Detonator

This design incorporates two cams on the stationary ring oriented at 180 degrees and only
two firing pins oriented at 90 degrees on the rotating ring. Assuming 270 degrees of rotation is
allowable between detachment phases, the piston actuators and transfer lines on the non-rotating
ring can be considered redundant. If failure occurs on one of these paths, the system will still

provide coordinated detachment in the correct orientation.

=]

- b

o]

- [
FigureK.12: Alternative E FigureK.13: Alternative F

Assumptions

1 Alternatives A, B, C, D, E, and F could each be designed to fit within the spatial
constraints of the helicopter.

. Thereliability of each individual component is independent of location within the
ignition train and position on the helicopter.

f  The distance between the cockpit-located initiator and the base of the main shaft is 7 ft,
the length of the main shaft is 3 ft, and the distance from the top of the main shaft to the
linear shaped chargesis 2 ft.

I Thereliability rate of the entire system can be estimated using the following reliability

rates of the individual components:*>

Rins Rpinpush Rmanifold (2-1) Rrranifold(Z—Z) Rnitiator Rdisarm RLSC Riransfer

0.999 0.999 0.9999 0.9999 0.999 0.9999 0.999 Constant

TableK.1: Component Reliability

. Theweight of the signal transfer system may be approximated using the following

component weights:*>°

155 Reliability rates are estimated using 95% reliability data from McCormick-Selph, Inc. and Ensign-Bickford
Aerospace and Defense Company. See McCormick-Selph, Inc, 15 Jan 2004, http://www.mselph.com and Ensign-
Bickford Aerospace and Defense Company, Aerospace and Defense Product Catalogue.
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VVIines Wendfitting Wpinpush Wmanifold(z—l) Wmanifold(Z—Z) VVinitiator Wdisarm WLSC Wiranster
0.037Ib/ft | 0.02lb | 0.75lb 0.75lb 1.00lb 1.00lb | 0.75Ib | 2.00lb | Constant

Table K.2: Component Weights

' Assuming a production run of approximately 1000 units, the costs of the supplied

explosive signal transfer components are:™’

CI ine section Cpi n pusher Cmanifold(z-l) Cmanifol d(2-2) Ci nitiator Cdi sarm CLSC Ctransfer
$750 $1000 $300 $300 $600 $400 | $2500 | Constant
Table K.3: Component Costs

Reliability, Weight, and Cost Calculations
Calculations for reliability included the known reliability rates of each component along
with the unknown reliability of the transfer system, Ry ansfer:
R = (Rusator) (Rines) * (Ressrm)* (Rosston) (Rearser ) 2Rines = Rines’ ) (Reatoa) (Ric)* = 0.9813R, e
Ra = (Ruaor) (Rinee)"” (Resrm) (R (Rraster ) 2Rines = Rines ) (Rraar)” (Rise)* = 0.9834R,
Re = (Rusaer ) (Rines) (R (Ruaton)” (2Rines Rossen = Rines Roison )(Rranster)(2Rines = R )*(Risp)” = 0.9821R,
Ry = (Ruatr ) (Rines)" (Rsrm)* (Rritod ) (2RinesRoiston = Rines Rriston ) (Rrarster (2R ipes = Rines ) (Rie)” = 0.9843R
Re = (Ruitator ) (Rines)" (Resarm)” (Rrsitod) (Roiton)” (Rranser ) (Rese)* = 0.9805R e
Re = (Ritator )(Rines) (Rsarm)* (Rsntoa)*(2Rines Rosston = Rines Rsson ) (Rraster (Rie)* = 0.9823R e
Similarly, weight and cost calculations included the estimates for each component and
the unknown weight and cost of the transfer system. These parameters were calculated using the

following equations:

W, pcper = (0.0373 Length +0.043 Sec) +(0.753 Piston) + (0.753 Mnfld) + (1.00= Init) + (0.753 Disarm) + (2.003 LSC) +W,

Cpscoer = (7503 S&c) + (10003 Piston) + (3002 Mnfld) + (600 Init) + (4003 Disarm) + (25003 LSC) + C, e
Results

A comparison of the six proposed alternatives reveal ed numerous tradeoffs associated
with the design of the ignition train. Compared with the single cam systems seen in Alternatives
A, and B, the double cam designsin C and D offer amodest gain in reliability due to redundant

lines and piston actuators on the stationary ring. However, the additional manifold, mild

156 Weight of detonating cord and end tips correspond to McCormick-Selph RDC product. Other weights estimated
using dimensional and material data provided by McCormick-Selph, Inc. and Ensign-Bickford Aerospace and
Defense Company. See McCormick —Selph, Inc., 15 Jan. 2004, <http://www.mselph.com> and Ensign-Bickford
Aerospace and Defense Company, Aerospace and Defense Product Catalogue.

37 Costs estimated from personal communication with Geoff Arnold, McCormick-Selph, Inc. “Re: Helicopter
Egress Systems,” 2 Dec. 2003 and David Stillwell, Ensign-Bickford Aerospace and Defense Company, personal
communication, 21 Jan. 2004.
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detonating cord, and piston actuator used in these double cam designsresult ina 1.7 Ib weight
increase and $2,800 in additional unit cost. Reliability can instead be improved using the parallel
transfer line design used in Alternatives B and D. Running parallel transfer lines coupled with 2-
2 manifoldsincreases reliability and lowers both weight and cost relative to the sequential
designs proposed in Alternatives A and C. Alternative B, the single cam/parallel line design,
offers a particularly strong combination of all three parametersincluded in the study. Lastly, the
proposed line routing designs for Alternatives E and F are shown to be lightweight and low cost
methods of transferring the explosive signal. In particular, Alternative E is 0.5 Ib lighter and

$800 cheaper than any of the other designs.

Components Alternative A Alternative B | Alternative C Alternative D Alternative E Alternative F
Detonating Cord 23ft / 16 sections| 29ft / 14 sections| 25ft / 18 sections| 31ft / 16 sections| 31ft / 12 sections| 23ft / 14 sections
Piston Actuators 1 1 2 2 2 2
Manifolds (2-1) or (21 4 2 5 3 1 3
Initiators 1 1 1 1 1 1
Disarm/Interlocks 5 5 5 5 5 5

Linear Shaped Charge; 4 4 4 4 4 4
Transfer Systems 1 1 1 1 1 1
Calculated Reliability | 0.9813R,,, 0.9834R . cer 0.9821R , er 0.9843R . eer 0.9805R ., eter 0.9823R . neter
Calculated Weight 18.0Ib+W, g | 171D+ W, e | 19710+ W, o | 18810+ W, e | 16610+ W, o | 17910+ W, er
Calculated Cost $26,800 + C,, e [$24,700 + C, 1 [$29,600 + C, 4 [$27,500 + C, 4 [$23,900 + C o [$26,000 + C _ er

Table K.4: Comparative Characteristics of AlternativesA,B,C,D, E, F
A decision matrix was constructed to quantitatively compare the reliability, weight, and

cost datafor each design alternative. Each decision criteriawas normalized on a scale from 0-10

with the highest scores given to designs with maximum reliability and minimum weight and cost.

Additionally, the reliability parameter was doubly weighted because this requirement is a key

specification for the entire system.

Decision Parameters Normalized Scor es (0-10)
Criteria Weighting | Alternative A | AlternativeB | AlternativeC | Alternative D | AlternativeE | Alternative F
Reliability 2 21 7.6 42 10.0 0.0 4.7
Weight 1 53 8.3 0.0 2.7 10.0 5.7
Cost 1 49 8.6 0.0 37 10.0 6.3
Weighted Average Score: 3.6 8.0 21 6.6 5.0 5.4

TableK.5: Signal Transfer Decision Matrix
The decision matrix demonstrates that Alternative B is the preferred design platform for

the signal transfer network. This result agrees with the team’ s initial intuition to select
Alternative B over Alternative D, justifying the small sacrifice in reliability for significantly
reduced weight and cost. Alternative B is still more reliable than all other designs, and the
reliability of Alternative D only exceedsit by only 0.1%. Further, at 17.1lb and $24,700, the
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design is lighter and cheaper than all but the minimalist Alternative E, saving 1.7 Ib and $2800
relative to Alternative D.
M odification of Selected Alternative

Following the initial selection, avariation on the Alternative B design was proposed to
investigate the reliability increases that could be achieve using fully redundant transfer lines. The
design follows the same premise of Alternative B yet incorporates additional detonating cord

lines from the cockpit to the transfer system and from the manifolds to the linear shaped charges.

]

L

L.
I

|
.
o

FigureK.14: Proposed Modification to Alternative B
As shown in the above diagram, the modification calls for larger, six port manifolds as

well as dual port interlocks, linear shaped charges, and piston actuators. The reliability, weight,
and cost for these components are approximated as the following:**®

Rmanifold(2-4) Rdi sarm(2 port) RLSC(2 port) Rpin push(2port)
0.999 0.9999 0.999 0.999
Table K.6: Revised Component Reliability

Winanifold(2-4)

Wdiwrm(Z port)

VVL SC(2 port)

Wpi n push(2port)

1.25Ib

1.00Ib

2.001b

0.75lb

TableK.7: Revised Component Weights

158 Weight of detonating cord and end tips correspond to McCormick-Selph RDC product. Other weights estimated
using dimensional and material data provided by McCormick-Selph, Inc. and Ensign-Bickford Aerospace and
Defense Company. See McCormick —Selph, Inc., 15 Jan. 2004, <http://www.mselph.com> and Ensign-Bickford
Aerospace and Defense Company, Aerospace and Defense Product Catalogue. Costs estimated from personal
communication with Geoff Arnold, McCormick-Selph, Inc. “Re: Helicopter Egress Systems,” 2 Dec. 2003 and
David Stillwell, Ensign-Bickford Aerospace and Defense Company, personal communication, 21 Jan. 2004.

ENGS290 FINAL REPORT MARCH 2004

127



=— (hpEDS)——=

Cmanifold(2-4) Cdisarm(z port) CLSC(2 port) Cpi n push(2port) CIine section

$350 $600 $2500 $1100 $550™°

Table K.8: Revised Component Costs

The reliability, weight and cost of the modified Alternative B may then be calculated
using the same methods employed in the original analysis:

RBI: (Rnitiator)(ZRines - I:qin&sz)lz(Iiiisarm)5(Rpiston)('%ransfer)(I:amanifold)Z(RLS;C)4 = 0'9953R(ransfer
W,'= (0.0373 44 + 0.043 24) + (0.7531) + (1.253 2) + (1.0031) + (L.O035) + (2.003 4) =19.8lb + W,

ransfer

C,'= (5503 24) + (1100 31) + (3502 2) + (600 31) + (600 3 5) + (2500 3 4) = $28,600 + C

trandler

Compared to the original design, modified Alternative B exhibits much greater reliability
and moderately increased weight and cost. Adding redundant transfer lines to the system
increases the predicted reliability to 0.9953Ryanger, @ SUbstantial increase over all designs
previously considered. Assuming areliable transfer system could be incorporated into the
ignition train, this modified signal transfer network suggests that the entire system could be made
to operate at a high level of reliability. Gainsin reliability achieved by redundancy are however
balanced with increases in weight and cost. The proposed modifications to Alternative B result in
a2.7lb weight penalty and $3900 in additional cost, both considerable increases that partialy
offset the gainsin reliability. However, the project team believes the increased reliability would
make the concept far more acceptable to pilots, and that the additional weight and cost could be
absorbed into the relatively large gross weight and high operating expenses of military
helicopters. The modified version of Alternative B will therefore be analyzed throughout
specification testing and later recommended for development of HBEDS beyond the proof of
principle stage.

13% Cost per unit line section is expected to be discounted for the modified Alternative B because the order quantity
for the line lengths is doubled.
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Appendix L: Transfer System Location Decision Support

Purpose: To decide the best location of the transfer system for HBEDS given alist of design

criteria; thislocation is critical to the design of the final product.

Framework: All logical locations will be examined to choose an appropriate point of detachment
given the purpose, assumptions, and design criteria.

Assumptions:
A system can be designed for each location that will transfer a signal from the stationary
helicopter to the rotating explosives in the blades

I Theignition train components will work no matter the location and will not be affected
by the location

Detachment L ocations:
' Above the swashplate — signal transfer would occur above and outside the swashplate
 Integrated into the swashplate — signal transfer would occur inside the swashplate
 Below the swashplate — signal transfer would occur below the swashplate and inboard of
the lower control rods

" Below the main shaft — signal transfer would occur at the base of the main shaft

Design Criteria:

Stability: The transfer system location must present an extremely low risk of inadvertent
or inadvertent activation. Because an unstable location may have a disastrous effect on
the aircraft.

f Efficiency: The location must not adversely affect the flight performance of the selected
helicopter. Added rotor mass, drag, and rotational inertia may reduce responsiveness,
lower load carrying capacity, and increase fuel consumption.

1 Reliability: The location must not affect the systems ability to ensure synchronized and
complete rotor blade detachment upon activation.
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Clearance Time: The transfer system location must let the explosives release the blades
and quickly provide clearance in order to be effective. Extended delaysin activation,
detachment, and clearance confirmation will reduce the chances of pilot survival in the
event of an impending crash.

Cost: The location should not add an absurd cost to the HBEDS system.

Serviceability: The location must be accessible to minimize costs associated with
inspection, servicing, and replacement.

Integration: It must be possible to integrate the transfer system with the helicopters other
components at the given location.

Adaptability: Thelocation will be for a specific application, yet consideration will be
given to allow for potential application to awide range of aircraft. The location will be
independent of special features that may be unique to the specific application. This
implies that the location will be adaptable to other aircraft at a similar cost.

Thought Process:

Weighting:

1l

All criteriawere weighted on a scale of one to five, one being of least importance and
five being most important.

Stability and reliability are most important because if the transfer system location
weakens the systems ability to meet either of these, then it will never be implemented. — 5
Additionally, if the transfer system cannot be integrated at the given location, then it will
prevent HBEDS from ever being successfully integrated into a helicopter. — 5

The second group is efficiency and clearance time for the reason that the location must
not hamper the performance of the aircraft or the ability of the blades to leave the vicinity
of the helicopter. — 3

The last three criteria are really secondary considerations behind the first five; therefore,

they were al weight either aone or two. Based on precedents from other decisions.

Grading of Locations: (TableL.1)
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All locations were graded on a scale of oneto five on their ability to meet the
characteristic. A grade of zero would result in the location being removed from
consideration.

Stability => Above the swashplate was given a one because the ways it could
inadvertently be initiated are dmost infinite. Integrated into the swashplate and below
the swashplate were both given threes because they are pretty stable locations, but not as
stable as below the main shaft where there is lots of protection.

Efficiency => Above the swashplate was given athree due to the drag it would create,
while below the swashplate and below the main shaft were given threes because out the
added weight to the rotation shaft. Integrated into the swashplate was given afour
because so little weight would have to be added to the rotating components that compared
to the explosives and detonating cord it would be negligible.

Reliability => Above the swashplate was seen as the least reliable location because it is
easy for other objects or circumstances to prevent it from working properly. Then below
the swashplate was given a three because is more secure and therefore reliable than above
the swashplate but not areliable as the two locations that integrated into other
components.

Clearance Time => None of these locations has an obvious advantage or disadvantage
when it comes to clearance time, so they were all given threes.

Cost => Therea cost differentiation, is not in the components, but in the engineering
design work that would go into each location. The worst isintegrating into the
swashplate because it is already such acrucial complex component of the helicopter that
integrating the transfer system would just add that much more complexity. Below the
main shaft is not as complex or crucial as integrating into the swashplate, but the transfer
system would still have to interface with the transmission. Finaly, above and below the
swashplate really don’t have to interact with any other system, so they were the easiest to
fit and make work and therefore got threes.

Serviceability => The serviceability rankings are based on which location is easiest to
access, inspect, and then service. Above the swashplate is the most exposed and
therefore easiest to service, followed by below the swashplate, below the main shaft, and
finaly integrated into the swashplate.
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f Integration => Both above and below the swashplate are extremely difficult to integrate
into the helicopter because routing the detonating cord to and from the transfer system
becomes a major problem (discussed in greater depth in the design section). Integrated
into the swashplate is not easy either because the transfer system cannot affect the
performance of the swashplate.

Adaptability => Both above and below the swashplate received a good grade because
they do not rely on many specifics of the helicopter’s design; where as, below the main
shaft relies on generally true design traits, but not always true. Integrated into the
swashplate gets low marks because no two swashplate systems are alike, even though

their components arein general similar.

= >
| 2 P z| s| 2
2l 555 | §lglE
g| 2| = Bl S
AR EIRIEEE
Weighting Factor (1-5) 5 31 5 31 1 2 5 1TOTAL
Above Swashplate 1 3 2 31 31 4 1 4 53
Integrated into Swashplate 3 4 4 3 1 1] 2 1 70
Below Swashplate 3] 31 31 31 31 3 1 4 66
Below Main Shaft 4 31 4 31 2| 2| 4 3 87

TableL.1: Decision matrix for transfer system location versusdesign criteria
Decision:
This analysis showed that the best transfer system location is below the main shaft.
Therefore, that location will be used in the design of HBEDS.
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Appendix M: Ensign-Bickford Specification Test for Detonating Cord End Tip
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Appendix N: Transfer System Glossary of Terms

Cartridge — the entire set of components that provide the necessary impact force to ignite the
detonating cord, which runs up the inside of the main mast to the explosive charges. There are
four of them and they are housed within the rotor.

Cartridge Cap — athin wafer of metal that rests on top of the percussion primer and is designed
to fail after it has delivered the appropriate force to the detonating cord end tip. By failing, it
allows the piston to push past the percussion primer, after which it isfree to strike the next
percussion primer.

Cartridge Case — a bushing, inside the rotor, that supports the percussion primer.

Detonating Cord — a column of light explosives which transfers asignal from end to end in a
short period of time.

Detonating Cord End Tip — afitting from Ensign-Bickford that is bonded to the beginning of the
rotating detonating cords and screws into the top of the rotor. The end of this must be struck
with 52 in 0z of energy to ignite the detonating cord.

Main Mast — the drive shaft for the main rotor system, on one end it is driven by the engine
transmission and the other end drives the four main rotor blades.

Mast Moment Sensor — a strain gauge mounted inside the main mast that provides read-out in the
cockpit regarding the moments experienced by the main mast. Several components of the sensor
mount below the main mast where the transfer system is design to mount. Thisis not necessarily
found on all helicopters and is an optional accessory on the EC-135.

Oil Seal — a conventional automobile oil seal was used to block out transmission oil from the
inner parts of the transfer system.

Percussion Primer — the bullet-like mass which is struck by the piston, transferring the
horizontal motion of the piston into vertical motion, striking the detonating cord end tip.

Piston — the component which is pushed into the gap to strike the percussion primer, transferring
the signal for detonation to the rotor.

Piston Actuator — afitting from Ensign-Bickford that is bonded to the end of aline of detonating
cord which screws into the stator. Upon detonation, the piston actuator pushes out a piston with
aforce of 1200 Ibs.

Piston Case — a bushing, inside the stator, that supports the piston.
Rotor — the rotating section of the transfer system that attaches to the main mast and houses the

cartridges, it is comprised of two pieces, the inner rotor and outer rotor that lock into each other
through the use of key dots.
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Sator — the stationary section of the transfer system that attaches to the access panel and houses
the piston and piston actuator, as well asthe oil seal.

Thrust Nut — the large nut that screws onto the base of the main mast and restricts its vertical
motion. This component conflicted with the transfer system, so an alternate design was created.

ENGS290 FINAL REPORT MARCH 2004 135



=— (hpEDS)——=

Appendix O: Analysis of Velocity of Rotating Cartridge

Purpose
 To determine the translation velocities of the percussion primers

(L
Vv K

Variables
 ristheradiusthat the cartridge rotates about the center axis of the main mast
 wisthe normal operating angular velocity of the main mast
f visthehorizontal trandational velocity of the percussion primer

Calculations

r = 0.65 inches
w =400 rpm = 41.89 rad/s

NV=WXr=w*r=27.23in/s=2.27 ft/s
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Appendix P: Relative Velocities of Percussion Primer and Piston Actuator

Purpose
 To determine the vertical velocity of the percussion primer given its previously
determined horizontal velocity

Diagram
f Diagram is shown from a Cartesian coordinate system rotating with the percussion
primer. So while the percussion primer is actually rotating, for the means of this
calculation, it will be considered stationary in the x direction, and the piston will be
considered to have avelocity of v;  inthe x direction.
7 Notethat U; and U, are actually equal in the prototype, but they are shown as unequal in
this diagram to illustrate the different roles they play in this calculation.

1) t=0, before contact i) t=dt, during contact
—>
Piston V,
X
<4+“—>
y ¢
Percussion
Primer
v=0
V,
Calculations
X =t
1) : ) X=Y 3  tang, =7
y=v,t v, V, X
y v, =227ft/s
4) Vo ==V =V tan‘h 5)
X v, =V, tang, = 0.608ft/s
Conclusions

1 Therelationship between v, and v, dependsonly on g ,

Assumptions
f Thisanalysisistrueonly if the two surfaces remain in contact
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Appendix Q: Kinetic Energy of Percussion Primer
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Appendix R: Test to Determine the Force that must be Delivered to the End Tip
Testing performed (2/21/04)

What we know

I Specification test by the manufacturer isto drop a 20z steel ball from a height of 26in,
which imparts 52in-o0z of energy to the end tip (0.367J).

What we want to know
' How much energy we are imparting to the end tip from the percussion primer.
f  Findthedeltat in order to do the analytical calculation using impul se-momentum

How to find the delta t?

' We can use an accelerometer attached to a steel ball, recreating the specification test, and
from the data we should be able to gleam areasonable deltat value.

0 We could not find a functional accelerometer, so we did not use this approach.

' Wecanuseaload cell. By placing astedl plate on aload cell, we can set the load cell to
read out the maximum force and recreate the spec test by dropping a steel ball onto the
sted plate.

0 Theload cell did not have the appropriate time resolution to pick up the impact
force with sufficient repeatability to yield any worthwhile data.

' Wetried dropping a steel ball from the correct height onto the back of our hand,
remembering how it felt, then pressing down on the steel ball with aload cell until we felt
the same amount of force, then recording the data from the load cell.

0 Thistest was actually repeatable, and we felt aforce of about 10 pounds across
several tests. However this test was useless, because our hand has a different
density and composition, yielding a different deltat, than a steel plate would upon
impact with a steel ball.

A different solution
Finaly, we tried repeating the specification test with a steel ball dropping onto a steel
plate, and observing the diameter of the dent
' Wethen pressed the steel ball onto the steel plate using the Instron machine until we
could reproduce the same size dent under a given load.

0 Wecould only find a1.20z steel ball, so in order to reproduce the same amount of
kinetic energy, we dropped it from 70in, rather than 26in. Assume the impact
force of this variation from the specification test is not gregtly different from the
impact force in the specification test.

0 Alsoassume that aforce applied slowly (on the Instron) and a force applied
quickly (by dropping the steel ball from 70in) give similar deformation in the
steel plate

0 Inseverd tests, on the steel plate, aforce of 3500N on the Instron machine was
required to reproduce the size of the dent from the steel ball dropped from 70in.
On the aluminum plate, aforce of 2500N was required to reproduce the size of the
dent from the steel ball dropped from 70in.
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Results
 Given the two sets of data from the Instron machine, and with an understanding that our
experiment is not perfect and has only at best produced an approximate value, we are
choosing 3000N (675 Ib) as the force we need to impart to the detonating cord end tip.
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Appendix S. Cartridge Cap Design

Purpose
' To determine the thickness of the cartridge cap. This value will control the force
delivered to the end tip before cartridge cap failure.

Calculations
f Theaxial force must cause a shear stress above the materials shear strength according to:
Faxia = l‘zls X Achear
' Where the area of shear equals the circumference of the end tip times the thickness of the
cartridge cap.
heap = Faxia/( Us X Cendiip) = 1012.51bs/(30000psi x 0.159 " inches) = 0.068in

Conclusions
' Theend tip will punch out acircle in the cartridge cap, allowing for continued rotation of
therotor.
f The cartridge cap must be 0.068 inches thick if made out of Aluminum 6061-T6 in order
to shear at 1012.5 pounds
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Appendix T: Forces on the Cartridge when Cartridge Cap Fails

Purpose: To identify the maximum forces experienced by the cartridge components under its
maximum load (when the cartridge cap fails). Thiswill allow us to choose the proper type of
bushing to serve as the cartridge wall, as well as design the cartridge cap to fail at the correct
impact force.

Free Body Diagram: the forces acting on the percussion primer by the detonating cord end tip
(F5), cartridge casing/bushing (F3, F4, F6, F7) and piston actuator (F1, F2)

where

1l
1l

o

5

F1 is an unknown that represents the striking force from the piston actuator striking the
percussion primer.

F2=pl* F1, it isthefriction force acting on the percussion primer

F3 isan unknown that represents the normal reaction force from the bottom of the
cartridge casing

F4 is an unknown that represents the normal reaction force from the top of the cartridge
casing

F5 isthe force acting on the cartridge cap caused by collision with the detonating cord
end tip

F6 = p2* F3, itisthefriction force acting on the right side of the cartridge casing

F7 =p2* F4, itisthefriction force acting on the left side of the cartridge casing

Assumptions

1l
1l
1l

F1 and F2 act at asingle point on the center of the angled face

F3 and F4 act at asingle point at adistance of L and O from point a, respectively

The sum of forcesin they direction is assumed to be 0 because the percussion primer
does not travel very far before striking the end tip (0.1”) and because the massis small
enough so asto render m*a~=0

Equations
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1) QFx=Flsing+F2cosq-F3+F4=0

2) Fy=Flcosg - F2sing-F5-F6-F7=0

3) AMa=-F1l +w/2tang) - F2(I + w/2tang) + F3(1) + F6(w/2) - F7(w/2) =0
Smplified

1) & Fx=FLsing+ mcosqg) - F3+F4=0

2) & Fy=FXcosqg - msing) - m2(F3+F4)=F5

3) A Ma=F1l +w/2tang)(sing + m2cosq) - F3(I + m2(w/ 2)) + F4(m2)(w/2) =0

Unknowns: F1, F3, F4

Method: Use Excel to choose different values for p1, u2, U, |, and w, within geometric and
physical property constraints, and then solve 3 equations simultaneously with 3 unknowns.
Examine the results and choose values to minimize the normal forces (F3, F4) on the cartridge
casing wall.

Excel Output
parameters calcs
F5 675 Ibs fs*F5 1012.5 Ibs
fs 15 sin(theta) 0.3
mul 0.05 cos(theta) 0.97
mu2 0.16 tan(theta) 0.27
I 0.7 in
w 0.375 in
theta 15 degrees
coefficients
eq F1 F3 F4 b

1 0307 -1.000 1.000 = 0.000

2 0.953 -0.160 -0.160 = 1012.5

3 0310 -0.730 0.030 = 0
output

F2 F5 F6 F7

theta=10 1120.7 373.2 2.2 56.0 10125 59.7 0.4
theta=15 1184.2 503.5 14.4 59.2 10125 80.6 2.3
theta=20 1269.3 658.7 34.2 63.5 10125 1054 55
theta=25 1380.7 848.1 63.8 69.0 10125 135.7 10.2
theta=30 1531.5 1087.0 108.4 76.6 10125 173.9 17.3
=1 1182.6  498.6 10.2 59.1 1012.5 79.8 1.6

ENGS290 FINAL REPORT MARCH 2004

143



=— (hpEDS)——=

conclusions: length is unimportant, longer may even be worse, ie:F3

w=0.5 1186.0 509.1 19.3 59.3 1012.5 81.5 3.1
conclusions: width doesn't seem that important either

mu2=.05 1108.6 3584 -99.5 55.4 1012.5 57.3 -15.9
conclusions: teflon bushing drops F3 some

mul=.05 1171.0 503.2 1437 58.6 1012.5 80.5 23.0
conclusions: magnesium or something other coating actually seems to increase F4

Conclusion

. Given the chosen parameters, the forces that allow us to solve the 3 simultaneous
equations are (all forcesin Ibs):

F1 F2 F3 F4 F5 F6 F7
11842 59.2 5035 144 10125 80.6 23

Discussion
f After crunching the numbers, we found that our assumption for F5 basically determines
the rest of the force values.
1 F4and F7 are not very large
The choice of values for parameters|, w, and 7 1 did not affect the results very much

. Changesinthevaluesform2andg had arelatively strong effect on F3 (the bottom
normal force on the casing wall)

=

Choice of Parameters
I Length of percussion primer, |: 0.7”
0 Thisisrobust enough in size to withstand the forces acting on it and fits within
the geometric constraints of the transfer system rotor components
 Width of percussion primer, w: 0.375"
0 Thisisrobust enough in size to withstand the forces acting on it and fits within
the geometric constraints of the transfer system rotor components
 Surface finish of percussion primer, 7 1: 0.16

0 Thisisthevalue for simple hardened steel on hardened steel contact lubricated
with grease. It was found that this variable does not affect the other forces
involved very much, although the use of different coatings could make this value
aslow as 0.05.

f Friction from wall of cartridge, 7 2: 0.16

o0 Thisisthevaue for lubricated bronze on steel contact. This value was found to

affect the normal force on the casing wall (F3). By dropping the value for 72 to

0.05, which would be standard for Teflon bushings, the value for F3 drops from
roughly 500 Ibsto 350 |bs. However, bronze bushings were selected because they
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can better absorb the impact of 500 |bs than a Teflon bushing can absorb the
impact of 350 Ibs, before deformation of the bushing will occur.
1 Angle of attack on percussion primer, U: 15 degrees
0 Thesmaller this angle was made, the smaller the normal forces acting on the
cartridge casing wall. It was determined by balancing lowering the normal forces
to an acceptable level and making the angled section of the percussion primer
hanging enough into the gap to strike the piston actuator.
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Appendix U: Piston and Cartridge Assemblies

Detonating
Cord End Tip

I_l A

Cartridge /'IZI ;0'200”

0.375”

Cartridge
Case

0.100”

0.800”

Percussion
= Primer =

i

Piston 1.00"

0.100”

>«

Piston Case

0.750”

—

Piston
Actuator
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Appendix V: Shear Pin Design

Purpose
A shear pin will be used to hold the four percussion primers and one piston actuator in

place until the detonating cord isignited, at which point they will shear at 100 Ibs of
force.
Choose Aluminum because of itsrelatively low UTS of 8 ksi.

Free Body Diagram

F

9 )

Calculations
(Shear pin failure at 100 Ibs) (Shear pin failure at 250 Ibs)
A=Pr? A=Pr?
S:EZSOOpSI S:EZ8OOpSI
A A
_F_100 _g . _F_ 250-Pr2
s 8000 s 8000
r =0.063' r =0.100"
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Appendix W: Final Prototype Assemblies

Transfer System

Figure W.1: Transfer System Per spective
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FigureW.2: Transfer System Profile
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Figure W.3: Rotor Perspective
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Figure W.5: Rotor Overhead
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Rotor Pieces

@D g

i--

T

(top) (bottom)

Figure W.6: Inner Rotor Perspectives

(top) (bottom)

Figure W.7: Outer Rotor Perspectives

(top —lines to blades) (bottom — lock nut and
striking surface for percussion primer)

Figure W.8: Outer Rotor With End Tips Attached
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Sator

Figure W.9: Stator Perspective
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Figure W.10: Stator Profile
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Appendix X: Early Design Concepts
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Appendix Y: Alignment Tab Analysis

Purpose
 Ananalysis was performed to determine the necessary size of the alignment tab on the
outer rotor ring. These tabs are required to transmit the torque generated due to contact
between the piston and firing pin.

Objective
I Determine the minimum length of the alignment slotsin order to avoid failure due to
shear and compressive stress. Assume the slots will be 0.25 inches wide and 0.125 inches

deep.
Assumptions
. Alignment slots can be modeled as simple keys
' The piston applies a 560Ib force to the cartridge case
f Thecartridge caseis 0.75" from the axis of rotation
f Theouter diameter of therotor ring is 2.575"
1 Thekey and rotor ring are made of 2014 aluminum, Sy = 40ksi*®
1 Factor of safety is Ns = 4 because failure of the slots may result in incomplete blade
detachment
1 Keywidthis0.25
1 Key height is0.125”
Analysis'®*

Applied torque on rotor ring:
T =0.75in3560lb = 420in01b

Maximum design shear stress:

=4.0ks

Critical length of key to avoid shear failure:

2T 2(420in{1b)

| = = =0.3in
aWZ oy, (2.575in)(0.25in)(40ksi)

M aximum compressive stress:

180 vjeld strength for 6061-T6 aluminum. See

<<http://www.efunda.com/material g/alloys/aluminum/show_aluminum.cfm?ID=AA_6061& prop=uts& Page Title=
Aluminum%20A110y%20A A%2060617>> Accessed Feb 23, 2004.

181 Analysis based on sample calculation in Machine Elements, p 447.
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Sy _ (0.9)(S)) _ (0.9)(40ksi)
s Ns

= 9.0ks

Critical length of key to avoid failure under compressive stress:

N 4(420in01b) - 06in
dhS g  (2575in)(0.125iN)(9.0ksi)

Conclusion
Given the aforementioned assumptions and dimensions, the alignment slots must be at
least 0.6 inches in length to avoid failure with afactor of safety of 4.
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Appendix Z: Mast Moment Sensor Components Diagram

Strain Gauge
Bridge (bonded
into the Mast)

Signal Processing Unit

Source: Eurocopter. See Eurocopter Group, Aircraft Maintenance Manua EC-135, Part 1.
(1997).
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Appendix AA: Transfer System Reliability Calculations

Testing of the concept prototype allowed the team to estimate the reliability of the transfer
system design. 100 test runs were performed and no failures were observed. A hypothesis test
was then applied:
1. The parameter of interest isfraction of failed runs: p
2. Ho: p=0.0275
Hi: p <0.0275
U=0.05

3. Test statistic zo = (X —Nn*po) / (N* po* (1-po))"0.5,
where x =0, n =100, and po = 0.0275

REj ect Ho: p= 0.0275if zo < - zpo5=-1.64
Zo = (0—100*0.02) / (100*0.0275*0.9725)*0.5 = -1.68
4. Conclusions: Since z, = -1.68 < -zg 05 = -1.64, we rgject the null hypothesis.

Rejection of the null hypothesis allowed the team to conclude that the fraction of failed runsis
less than 0.0275. The reliability of the transfer system is therefore greater than 97.25%.
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Appendix BB: EC-135 Mass Moment of Inertia Calculation

mass balance line

Section 1.
-Contains forward section of fuselage frame, avionics, controls, pilots

-Estimated mass = 380kg

Section 2:

-Contains fusel age frame midsection, transmission, engines, main rotor control systems
-Approximated by solid cube: length = 2m; width = 2m; height = 2m

- Estimated mass = 1000kg

Section 3:
-Contains rear section of fuselage frame

-Approximated by solid semiellipsoid: 4_x g, 4
¢

¢1.5m:

vy,aze
Im:  ¢lm=
-Estimated mass = 90kg

Section 4:

-Contains tail boom structure, tail rotor driveshaft
-Approximated by solid cylinder: radius = 0.3m, length = 4.75m
-Estimated mass = 90kg

Section 5:

-Contains tail rotor

-Approximated by solid rectangular parallelepiped: length = 1.95m; width = 0.2m; height =
1.95m

-Estimated mass = 25kg
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M ass bal ance about center of Section 2:

a M cm =

m,d, - m,d; -m,d, -m.d. =0

380kgh 30 28 om, 1 _ 90kgh 31L.5m .4 _ 90kg(4.875m) - 25kg(6.275m) =
¢ ¢ +

Mass moment of inertia about mass balance line z;

| =1, +md? = %%gk ((am)? + (2.5m)? )+ (380kg)(1m)? = 930kg I’
g -

| o = 1 + md] = %1022kg O((2m) +(2m)?) = 670kg I m?
¢

| =7 +md2_590k90( 2 _ )

o = [y + M2 = 298((Am)? + (L5m)? )+ (90kg) (Im)? = 150kg I m

| =0, +md?= %90;9 80.3m)? + agOkg O(4 75m)? + (90kg)(2.5m) 2 = 1240kg ) m?
Q -

| =7 +md? = 325k90( 2 _ )

s = | s s (0.2m)? + (1.95m) )+ (25kg)(6.275m)“ = 990kg 0 m

|, = (930 + 670 +150 + 1240+ 990)kg i m? = 3980kg i m?
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