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APPLIED TECHNOLOGY LABORATORY POSITION STATEMENT 

This report provkta th« results of a preliminary concept study which indicates that a tail 
rotor blada jettison system can be developed for four bladetl tail rotor systems, which will 
allow the controlled jettison of a damaged blade and its opposing blade and allow con- 
tinued flight with the remaining two blades.   A prototype system was developed that 
evaluated system performance characteristics throughout the maximum/minimum tail rotor 
speeds anticipated and determined the resultant effects on structural integrity, tail rotor 
stability, and handling qualities using both analytical and simulation modeling techniques. 
The analyses and evaluation tests conducted showed that the prototype blade jettison 
system developed meets the performance requirements of the UH-60A helicopter. 

Results of this contractual effort are still preliminary, and additional effort is required to 
improve and validate the survivable characteristics of the design. 

Mr. Harold W. Holland of the Aeronautical Systems Division served as technical monitor 
for this effort. 
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was developed and Its performance evaluated to determine the capability of 
the system to Jettison rotor blades In a manner that would prevent 
secondary damage.   Additionally, analyses were conducted to determine the 
dynamic stability characteristics of the UH-60A tall rotor In a two-bladed 
configuration and the ability of the helicopter to accomnodate the loads 
developed during transition from four to two blades.   Residual helicopter 
performance and the capability of the helicopter to be retrlmmed following 
jettison of two opposing tall rotor blades was analyzed using the wWttt 
mMfffjl mm DimU Mltfty. programmed on a PDP-10 Hybrid Computer.<~^ 
Handling qualities to be expected following the loss of opposing tall rotor 
blades were examined by Integrating the computer model and two-blade sub- 
routine with a flight simulator.   The analyses and evaluation tests conducted 
show that the prototype blade jettison system developed meets the performance 
requirements of the UH-60A helicopter. 
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INTRODUCTION 

Loss of a significant portion of a tall rotor blade will result In severe 
tall rotor Imbalance that can lead to secondary damage to the helicopter 
and/or injury to the occupants. Continued use of the helicopter in hostile 
environments is anticipated, and with this the possibility of exposure of 
the helicopter to increased ballistic threat levels beyond the normally sur- 
vivable 7.62nfii projectile. The 14.5nin, 23irm, 30nin, and 37nin high explosive 
incendiary rounds are capable of inflicting such severe damage that if a 
tail rotor blade sustains a hit, blade loss can be expected to occur. The 
development of tail rotor blades that can tolerate the magnitude of damage 
that these rounds can cause must therefore be substantially larger and will, 
in all likelihood, have an undesirable increase in centrifugal force re- 
sulting in significant weight penalties in the rotor hub, drive shaft, and 
supporting structure as well as increasing power requirements. This 
escalation of component size is particularly unsuitable for the small, 
reconnaissance-type helicopters. 

As an alternative to the development of ballistically tolerant blades to 
prevent rotor imbalance of four-beaded tail rotor systems, the imbalance 
forces caused by the loss of a part or all of a blade can be overcome by 
the controlled jettison of the residual portion of the damaged blade and 
Its opposing blade, to allow continued flight with the remaining two 
blades. The intent of this effort was to develop a working prototype 
system to evaluate system performance characteristics throughout the 
maximum/minimum tail rotor speeds anticipated and to determine the re- 
sultant effects on structural integrity, tail rotor stability, and handling 
qualities using both analytical and simulation modeling techniques. 

The prototype system relates closely to a concept defined in a study pro- 
gram previously conducted by Sikorsky Aircraft under ü. S. Army Contract 
DAADC5-73-C-0523, where the feasibility of applying the opposing blade 
jettison concept to the main rotor system of a four-bladed helicopter was 
determined. The results of the program are Included in a report (Reference 
1) distributed by USA Ballistic Research Laboratories, Aberdeen Proving 
Ground, Maryland. In accordance with the requirements of that program, a 
conceptual design was established for damage detection and controlled rotor 
blade jettison that is the basis for the prototype design of this present 
contract. Although the basic concept is essentially the same, many cir- 
cuitry improvements and refinements have been incorporated. 

The prototype development and associated analyses were based on the physical 
and performance characteristics of the UH-60A BLACK HAWK helicopter (Figure 
l),a candidate for initial application of the system. Additionally, complete 
performance Information and simulation programs were readily available for 
this effort in accordance with the contract. The system design lends Itself 
to kit-type installation, and the electrical portion of the system can be 
modified for other four-bladed helicopters with only minor changes. Pyro- 

1 J. W. Johnson, R. A. Selleck, Rotor Balance Restoration Study, Sikorsky 
Aircraft, U. S. Am\y Ballistic Research Laboratories Contract Report 
#197, December, 1974. 
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technic blade severing devices, damage detectors, and supporting hardware 
must be sized for the particular helicopter application. 

During the system design portion of this program, emphasis was placed on 
maximizing system reliability. To this end, the system employs state-of-
the-art components, fullv encapsulated assemblies, solid-state design, no 
moving parts in contact, ard the latest design techniques and safeguards 
to prevent inadvertent system initiation. The capability of the proto-̂  
type system developed under this contract to effect blade jettison within 
the jettison window established for the UH-60A helicopter was evaluated 
by installing the system, in an Engineering rotary test stand, capable of 
incremental rotational speed adjustment from well below to well above the 
UH-60A design rotor speeds. 

Concurrent with prototype system development, the dynamic stability 
characteristics and handling qualities that can be anticipated for the 
UH-60A helicopter with two opposing tail rotor blades jettisoned were 
determined. The dynamic analysis included an investigation of the two-
bladed stability, vibration, and rotor hub load levels for speeds to 150 
knots. Additionally, the ability of the UH-60A helicopter to structurally 
accommodate the centrifugal loads from loss of a full tail rotor blade 
until rebalance by opposing blade jettison was examined. The handling 
gualities were examined through the use of the UH-60A version of General 
Helicopter Simulation Program and blade transition subroutines to determine 
trim characteristics. The pilot work load was determined by integration of 
the Simulation Program with a flight simulator to obtain qualitative pilot-
in-the-loop assessment of flight attitude recoverabi1ity following transi-
tion from the normal four-bladed mode to the emergency two-bladed mode. 

Figure 1. UH-60A BLACK HAWK Helicopter Baseline 
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PART I CONCEPT ANALYSIS 

Loss of a significant portion of tall rotor blade Is sensed by the 
Interruption of detector circuits located along the leading and trailing 
edges of the blade spar. Interruption of both of the detector circuits 
results In Initiation of pyrotechnic linear-shaped charges (LSC) located 
adjacent to the rotor hub that sever both the residual portion of the 
dairaged blade and its opposing blade. The specific point of rotor 
rotation at which the separation occurs is controlled to prevent second- 
ary damage to the main rotor blades or the vehicle proper. 

Successful operation of the system on the UH-60A helicopter requires the 
analysis of the effects of the system on the aircraft and its occupants 
both during and after blade jettison has occurred. It is necessary to 
define an available window for blade jettison that will avoid secondary 
damage and to determine the residual performance capability of the heli- 
copter following the jettison of the two rotor blades. Included in the 
analyses is a determination of the resultant vibration levels and loads 
to be expected and a discussion of the ability of the IIH-60A to structur- 
ally accommodate the reaction loads during the period of rotor Imbalance. 
This work is presented in the following subtasks. 

BLADE SEPARATION WINDOW 

Following loss of a portion of all of the damaged rotor blade, rebalance 
of the rotor can be effected by either simultaneous jettison of the resi- 
dual portion of the damaged blade and its opposing blade or by sequential 
jettison of the blades. The latter, sequential, approach is selected for 
the UH-60A for the following reasons: The available window for simultaneous 
blade jettison is established by the need for adequate clearance with the 
main rotor blades for a forward jettisoned blade and the horizontal stabila- 
tor for an aftward jettisoned blade. The available window must accomnodate 
the variances In the point of blade jettison due to the variations of com- 
ponent function times and the range of rotor speeds considered for the 
design of the system. Of areater Importance, however, is the potential 
hazard of a vertically jettisoned tail rotor blade to the helicopter in the 
event of system operation in a hover, or near hover, flight mode. Selection 
of a sequential blade jettison capability overcomes both of these difficul- 
ties. Figure 2 shows the window established for use in the design of the 
UH-60A blade jettison system. 

u 
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\420 Jettison Window 

0(Ref.) 

Figure 2. Acceptable Window for Sequential Rotor Blade Jettison 

Although the sequential jettison of blades would normally allow a much 
greater window than that shown In Figure 2, the upper limit has been con- 
strained to minimize any potential hazard that jettisoned blades might 
present to other aircraft that may be flying formation with the damaged 
aircraft.    Further, the lower window limit Is less than that available 
to reduce the possibility of secondary damage to the remaining rotor 
blades by a rebounding blade If the system Is operated while the aircraft 
Is on, or near the ground.   The 42-degree window has been verified by 
analysis to be adequate for rotor rotations from 70% NR (830 RPM) to 150* 
NR (1877 RPM).   Additionally, the 42-degree window will accommodate a 
worst case stack-up of component function times at the 150% NR rotor speed. 

TWO BLADE STABILITY. VIBRATION, AND LOAD LEVEL 

Analytical Investigations were performed to evaluate the dynamic stability 
characteristics of the two-bladed UH-60A cross beam tall rotor, and the 
vibration and load levels In the aircraft In the forward flight regime   up 
to 150 knots.    The analytical results Indicate that the two-bladed rotor 
system irounted on the flexible pylon Is stable up to the maximum speed 
Investigated of 150 knots. 

A normal modes rotor aeroelastlc analysis was employed to calculate 
the steady and 2 and 4/rev vibratory loads at the hub originating from the 
two-bladed rotor system.    These loads were then used In conjunction with 
the tail rotor pylon modes to evaluate the vibration levels experienced 
at the huh and gearbox.    It was found that the vibration and load levels 
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Increase with forward speed.   At 150 knots the highest speed Investigated, 
the maximum 2/rev vibration levels result In a roll moment at the gearbox- 
pylon attachment of 20 percent of the ultimate value.   This level Is 
acceptable to maintain flight and to land within the required one-half hour 
design criterion established for the UH-60A helicopter. 

DYNAMIC STABILITY ANALYSIS RESULTS 

The dynamic stability characteristics of the two-bladed UH-60A tall 
rotor system were Investigated with a Floquet analysis.   The analysis 
uses blade flapping and lead-lag degrees-of-freedom and up to ten air- 
frame modes.   The stiffness, damping, and mass matrices are evaluated for 
all the blades from the Initial conditions specified for blade flap, lead- 
lag, and pitch motions at various azlmuthal positions and Integrated for 
one rotor revolution.    The eigenvalues are then calculated and the system 
stability determined from an inspection of the real part of the eigenvalues. 
The UH-60A tall rotor blade characteristics and the pylon modes used In the 
Floquet analysis are summarized In Tables 1 and 2 respectively.   The axes 
sign convention employed throughout this study Is shown In Figure 3.   The 
analysis also Includes the effect of rotor Inflow, blade pitch and twist, 
and linear aerodynamic characteristics. 
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Table 1. UH-60A Tall Rotor Blade Characteristics 

Parameter Units Quantity 

Radius ft 5.5 

Radial Location Where Blade Bending 
Starts ft 0.3333 

Outboard Blade Chord ft 0.8125 

Number of Blades — 2.0 

Rotor Speed (100* NR) rpm 1215.0 

Weight of One Blade lbs 19.0 

Blade First Inertia Moment slug-ft 1.2332 

Blade Second Inertia Moment slug-ft2 4.1266 

Structural Damping percent 0.50 

Equivalent Linear Twist 
(from center of rotation to blade tip) deg - 20.0 

Outboard Blade Airfoil Section m SC-1095 

Tip Loss Factor - 0.97 

First Flatwise Frequency/Rotor Speed - 1.152 

First Edgewise Frequency/Rotor Speed - 1.696 

Air Density slug/ft3 0.002175 

Speed of Sound ft/sec 1102.0 

Pitch-flap Coupling, 8 
•3 

deg 35.0 

Airfoil Lift Curve Slope - 6.30 

Airfoil Drag Coefficient - 0.007 
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Table 2. Tall Rotor Pylon Modes Without Axial Modal Components 

. Mode Ü6 ^G «G ^x ^y *« *«/ 

No. 

1. 

lb sec2/1n 

1.3146 

rad/sec % In/In In/In l/1n l/1n 

41.15 4.5 1.0 .2105 0. -.017 
? 

2. 1.1255 198.13 3.6 -.285 1.0 -.095 -.068 

3. 9.9661 395.42 1.8 1.0 .7714 0. .0 

Thrust 

f 
h   (Axial) 
i 

^(Yaw) 

Tall Rotor Hub 

0y (Lateral) 

V (Pitch) 

0ox(Ron)   X0 
x (Longitudinal) 

Figure 3. Axes Sign Convention 

The results from the Floquet analysis are presented In Figures 4 through 
6, for a range In forward speeds from zero to 150 knots.    From Figure 4 
It Is seen that all rotating system (blade) and fixed system (tall pylon) 
modes are stable In the speed range Investigated.   The least stable modes 
are the blade lead-lag mode and the third fixed system mode, both showing 
a damping level of about one-half percent.   The effect of forward speed 
Is not significant except near 150 knots when two of the fixed system 
modes Indicate a degradation In damping level.    It Is noted that the 
response of the two blades Is not Identical due to the presence of the, 
fixed system modes and their Interaction with each blade.   Exclusion of 
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the fixed system modes from the analysis simulates a completely rigid hub. 

lOi 

Modal Damping 
X 

0-f 
0 50 100 

'} Flapping 

Fixed System 2 

Fixed System 1 
,     I 
V Lead-Lag 

— I Fixed System 3 

150    200 

Forward Speed (V,) 
Knots 

Flqure 4. Modal Damping Variation with Forward Speed 
Including Tail Rotor Hub Flexibility 

The damping associated with the blade flapping and lead-lag motions 
without tall rotor hub flexibility Is presented In Figure 5. The 
results Indicate that the blade lead-lag damping Is lowered slightly 
by the flexibility of the hub while the flapping mode shows very little 
change 1n stability. Each blade now behaves exactly the saire. 

lO-i 

Modal Damping 
% 

— Flapping (w ■ IM rad/sec) 

  Lead-Lag (w 
 1 

215 rad/sec) 

50 100 
Vj Kits 

150 200 

Forward Speed (V.) 
Knots 

Figure 5. Modal Damping Variation with Forward Speed 
without Tall Rotor Hub Flexibility 
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The frequency of the blade and fixed system modes with forward speed Is 
Illustrated In Figure 6. This figure shows that the modal frequency Is 
not Influenced significantly by forward speed. The blade flapping mode 
and one of the fixed system modes have frequencies close to each other, 
especially at 150 knots. The coupling between these two modes results In 
the damping degradation seen In Figure 4. The frequencies of the blade 
flapping and lead-lag motions without tall rotor hub flexibility are 180 
(1.42/rev) and 215 (1.69/rev) rad/sec, respectively. The Increase In the 
blade flapping frequency over the uncoupled value of 1.152/rev given In 
Table 1 Is due to the pitch-flap coupling of 35 degrees. 
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Figure 6. Modal Frequency Variation with Forward Speed 
Including Tall Rotor Hub Flexibility 

TAIL ROTOR HUB LOADS AND VIBRATION RESULTS 

The aeroelastlc behavior of the two-bladed UH-60A tall rotor was In- 
vestigated In hover and forward speeds up to 150 knots using the time 
history analysis discussed In Reference 2. The analysis describes the 
aeroelastlc response of the rotor blade by a "normal modes" technique. 
Five rotor blade degrees-of-freedcm (three flatwise, one edgewise, and 
one torsional) are employed to describe the aeroelastlc characteristics 

2 
Arcidiacono, P. J., Prediction of Rotor Instability at High Forward 
Speeds, Volume I; Sikorsky Aircraft; USAAVLABS Technical Report 68- 
18A, U. S. Army Aviation Materiel Laboratories, Fort Eustis, Virginia, 
February, 1969, AD-685860. 
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of the rotor system. Once the rotor flight condition Is prescribed (as 
given by blade collective pitch Input, rotor Inflow, and thrust), the Inte- 
gration of the equations of motion proceeds around the rotor azimuth 
at specified Intervals for a number of rotor revolutions. The dis- 
placements and velocities of all blade modes are then checked at the 
beginning and at the end of each complete rotor revolution. For a 
stable condition, this procedure usually takes up to ten rotor revolu- 
tions before the modal displacements and velocities repeat themselves 
within a specified tolerance for a "converged" solution. Once con- 
vergence has been reached, the rotor hub loads can be calculated both 
In a rotating axis system and In a fixed axis system. The hub shears 
and moments are then harmonically analyzed. For a two-bladed rotor, 
the hub loads present In the fixed axis system are the steady loads 
and are at frequencies that are multiples of twice the rotor speed. 

The tall rotor thrust and collective pitch at the 75-percent radial 
location are presented as a function of forward speed In Figure 7. 
The thrust-pitch relation Is consistent with the main rotor torque 
requirements for level flight operation. It should be noted that at 
forward speeds greater than 120 knots, the tall rotor operates In- 
creasingly In the blade stall region, resulting In degradation of 
rotor performance and substantial Increases In rotor hub loads. 
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Figure 7.  Tail Rotor Thrust and Collective Pitch 
Variations with Forward Speed 

The steady and 2 and 4/rev vibratorv hub shears (Figures 8, 9, and 10) 
and moments (Figures 11, 12, and 13) in the fixed system have been cal- 
culated for the forward speed range up to 150 knots. Higher harmonics 
are not presented since they are small in comparison to the 2 and 4/rev 
components. The positive directions of the hub shears and moments were 
previously illustrated in Figure 3. The results presented in Figures 8 
through 13 indicate that the rotor hub loads generally Increase with 
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forward speed. All shears and moments except the steady yaw moment 
Increase rapidly at forward speeds greater than 120 knots as the rotor 
operates Increasingly in the blade stall environment. 
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Figure 8. Tail Rotor Hub Shear Load Variations 
with Forward Speed (Steady Component) 
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Figure 9. Tail Rotor Hub Shear Load Variations with 
Forward Speed (2 Cycles/Rev Component) 
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Fltiure 10. Tall Rotor Hub Shear Load Variations with 
Forward Speed (4 Cycles/Rev Component) 
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Figure 11. Tall Rotor Hub Moment Variations with 
Forward Speed (Steady Component) 
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Figure 13. Tail Rotor Hub Moment Variations with 
Forward Speed (4 Cycles/Rev Component) 
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The vibratory hub loads are used 1n conjunction with the tail  rotor 
pylon modes (Reference 3) presented in Table 3 to calculate the 
accelerations present at the tail rotor hub and oearbox. 

Table 3.  UH-60A Tail Rotor Pylon Modes Including Axial Modal Components 

Mode Mil .^ ?G ^  X 4> 
,.y *z ^ex *.y 

No. lb sec2/in rad/sec A.' in/in in/in in/in 

1.0 

1/in 

0. 

1/in 

1. 0.400 38.32 4.5 .264 .056 -.004 

2. 1.438 182.20 3.6 -.285 1.0 -.519 -.095 -.068 

3. 11.980 389.53 1.8 1.167 0.9 1.0 0. 0. 

Three linear and two rotational accelerations are computed and plotted 
in Fiqures 14 and 15 for harmonic loads of two and four times the rotor 
sneed respectively.   The accelerations generally increase with forward 
speed as expected from the behavior exhibited by the hub shears and 
moments from Figures 8 through 13.    Significant increases in hub and 
gearbox accelerations are shown for forward speeds greater than 120 
knots.    It is noted that the 2/rev accelerations are much higher than 
the 4/rev accelerations. 
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and Gearbox 
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Gearbox Longitudinal 

Hub Axial 
Hub Lcnq. and Gearbox Lateral 

Forward Speed (Vj) 
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Figure 14. Tail Rotor Hub and Gearbox Accelerations with 
Forward Speed (2 Cycles/Rev Component) 

UTTAS Aeroelastic Stability Analysis, Sikorsky Aircraft, SER-70545, 
Revision 2, May 1978. 
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(b)     Cycles/Rev Component 
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Fioure 15. Tail Rotor Hub and Gearbox Accelerations with 
Forward Speed (4 Cycles/Rev Component) 

The accelerations from Figures 14 and 15 are used to calculate the roll 
moment experienced at the gearbox-pylon attachment, which is a critical 
stress region. The steady and 2 and 4/rev roll moments at the gearbox- 
pylon attachment are shown in Figure 16. The highest loaded conditions 
occur at the maximum forward speed investigated, 150 knots. The 2/rev 
vibratory response is much greater than the 4/rev response. When added 
to the steady roll moment, the total 2/rev moment at 150 knots is approxi- 
mately 20 percent of the ultimate roll moment value of 13,750 foot-oounds. 
This load level Is acceptable to maintain a level flight operation and to 
conduct a safe landing to meet the required one-half hour criterion. 
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Figure 16. Variation of Roll Moment at Gearbox- 
Pylon Attachment with forward Speed 

STRUCTURAL ACCOMMODATION 

The ability of the IIH-60A helicopter to structurally accommodate the 
load caused by tall rotor blade loss has been examined. The analysis 
Is based on the assumption that ballistic damage Is limited to the 
complete removal of the outer 90^ of one rotor blade or that area out- 
board of the back-to-back hub plates and that the load application time 
Is limited to 360 degrees by removal of the opposing rotor blade. The 
effect of the centrifugal load on the empennage was examined using the 
UII-60A NASTRAN Structural Analysis Program to determine the aeflectlons 
of the center of the rotor that can be expected to occur. Figure 17 
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shows a trace of the excursions of the rotor center through 360 degrees 
of the load application. With an Imbalance load applied In the manner 
shown In the figure, the trace Indicates that the rotor hub center can 
be expected to deflect approximately 2.2 Inches rearward and 5.8 Inches 
forward. 
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Figure 17. NASTRAN Plot of Tall Rotor Center Excursions 
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Due to the offset of the rotor hub center from the center!Ine of the tail 
cone and pylon, the unbalanced centrifugal load Induces both torsion and 
vertical bending In the pylon and torsion, vertical, and horizontal bending 
in the tall cone.    Examination of the analytical data verifies that these 
structural deflections all contribute to the motions of the rotor hub 
center.   Quantifying the relative contributions of each of these structural 
deflections is beyond the scope of the contract.    Preliminary examination 
indicates that the basic tail cone and pylon structure can sustain 
the unbalanced load over 360 degrees of rotor rotation. 

The ability of the tail rotor drive shaft and tail rotor gearbox to 
acccnmodate the high centrifugal loads that accompany full blade loss 
has been examined.    Comparing the centrifugal load against the design 
allowables that were established for these components of the UH-60A 
helicopter, the loads are expected to exceed the design limits, reguiring 
redesign to accommodate full blade loss.    It has been Initially determined 
that the tail gearbox output can be sufficiently strengthened by a material 
change accompanied by the addition of a process change that will provide 
the necessary surface hardening characteristics.    Further, it is expected 
that additional strength in the gearbox housing and local pylon structure 
can be incorporated to provide the necessary structural capability. 

PITCH LINK ACCOMMODATION 

Severing the tail rotor blade spar must be accompanied by severance of the 
pitch horn or link as well.   The level of centrifugal load applied to the 
link attachment is a function of the weight of the blade remaining after 
ballistic damage has occurred.    If the point of ballistic impact is well 
outboard on the rotor blade, the residual centrifugal force would be 
sufficient to effect automatic separation of the link as well.   However, 
in the event that the point of ballistic damage occurred immediately 
outboard of the pitch horn, the resulting level of centrifugal force would 
be insufficient to be confident that the separation of the pitch horn would 
not be delayed causing the trajectory of the pitch horn to be toward the 
helicopter proper. 
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PART II   SYSTEM DESIGN 

The automatic tall rotor blade jettison system Is designed to effect 
removal of the residual portion of a severed blade and, sequentially, 
Its opposing blade within one full rotation of the rotor system.   The 
system confines blade Jettison to an aftward/downward direction to avoid 
possible secondary damage to the helicopter proper or Its occupants. 
The system Is fully solid-state to achieve maximum operational reli- 
ability and employs state-of-the-art techniques to prevent Inadvertent 
actuation. 

The system Is comprised of four basic elements:    an electrical power 
transfer to the rotor system, damage detectors that Initiate system opera- 
tion, a logic system that determines the blade pair to be Jettisoned and 
provides means to control the direction of blade separation, and pyro- 
technic devices that sever the blade spar and associated pitch horn for 
blade jettison.    Figure 18 Is a block diagram of the system showing the 
Interrelationship of the basic elements.   The prototype system designed for 
fabrication and evaluation testing differed from a fully productionized 
configuration In several respects.   Development of the pyrotechnic devices 
was not required, allowing evaluation tests to be performed using an 
engineering-type rotary test stand previously developed for other programs. 
As a further expedient of the evaluation tests to be performed on the system, 
manual switching was Incorporated to allow selectable faulting of the two 
portions of the logic circuitry. 

The prototype system has been designed to be compatible with the electrical 
system, rotor system, tall rotor gearbox, and delclng kit of the UH-60A. 
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Figure 19 is the circuit diagram for the automatic blade jettison system. 
The diagram indicated the four basic elements of the system and the com- 
ponents that comprise those portions. 
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ELECTRICAL POWER TRANSFER - Electrical power to operate the automatic 
blade Jettison system 1s transferred from the nonrotatlng aircraft 
structure to the rotating rotor system by means of a rotary transformer. 
The transformer Is comprised of two subassembllesran Inner frame with 
the primary windings of the transformer that mounts on the tall gearbox 
housing and an outer frame with secondary windings that Is Installed 
to rotate with the rotor system.   The transformer Is designed to accept 
115 vac, 400 Hz aircraft power and to provide an output of 24 vdc that 
allows use of aircraft-type hardware.   Unlike conventional transformers, 
the rotary transformer Is designed to operate even though the components 
are moving with respect to each other and efficiency of the transformer's 
output 1s directly related to the narrowness of the gap between the 
Induction plates of the two halves of the transformer.   Although the 
output level of the rotary transformer Is normally lower than that 
achievable with the conventional transformer, the output Is more than 
adequate for the Intended application. 

The rotary transformer was selected as the electrical transfer device In 
lieu of the more conventional collector ring approach to minimize the 
requirement for field level maintenance.   This not only reduces the opera- 
ting costs but, perhaps more Importantly, minimizes the possibility of 
field maintenance-Induced malfunctions. 

The 13-Inch transformer for the UH-60A blade jettison system (see Figure 
20) is the largest transformer of its type designed to date, the size of 
the device being dictated by a need for compatibility with the rotor blade 
delcing kit of the UH-60A.    The transformer (part number 207073) was designed 
to meet Sikorsky performance requirements by Superior Electric Company of 
Bristol, Connecticut.   Two proximity switches are assembled to the rotary 
transformer that gate the power output to the blade severing charges to 
control the direction of blade separation.   These switches are installed 
with the transformer as a convenient and practical location to relate the 
gating function to rotor rotation and to maintain a kit-type approach for 
the installation of the blade jettison system.   The proximity switches 
operate 90 degrees out of phase with respect to each other.   Each switch 
Is associated with one pair of opposing blade paddles.    Each proximity 
sensor transitions from "closed" to "open" or the raverse as determined by 
the placement of metal targets that are installed in accordance with the 
blade jettison window requirement.   The direction of blade jettison can 
easily be controlled by this design approach. 

The proximity switches selected for the system are fully qualified with a 
mean-t1me-between-fallures of 200,000 hours.   The device, manufactured by 
Eldec Corporation of Lynnwood, Washington (part number SCD8-260), has a 
switching rate capability of greater than 20,000 cycles per minute and 
has an operating temperature range of -65° to +180oF. 

Included also as a part of the rotary transformer assembly is power 
rectification and charge storage capacitors that provide sufficient out- 
put to initiate the electro-explosive detonators that, in turn, initiate 
the blade severing devices.   The relatively high power requirement to 
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achieve reliable Initiation of the four EED's for jettison of the blade 
pair Is achieved by capacitance discharge.   Two storage capacitors are 
Installed that charge following arming of the system by the pilot. 
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Figure 20. Prototype Rotary Transformer Fully Compatible with 
the UH-60A Tall Rotor Gearbox and Delclng Unit 
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DAMAGE DETECTORS - Two sets of detectors are employed with each blade 
paddle to detect blade spar damage. Specifically, they are Intended, 
by the manner In which they are Installed, to differentiate between 
ballistic damage to the blade that Is of a tolerable nature and that 
which will result In an Intolerable rotor Imbalance. This Is achieved 
by locating Independent detectors along both the leading edge and trail- 
ing edge of the blade spar. The logic system Is designed to require 
an Input from both detectors In order to activate the blade severing 
pyrotechnic devices. In this way, ballistic (or other) damage that 
does not cause spar separation will not result In blade jettison. 

The detector assembly for the UH-60A Is comprised of two thin strips 
of graphite epoxy, the same material from which the spars are fabricated, 
to obtain the same physical characteristics and thereby avoid differential 
elongations due to temperature and centrifugal force. The two halves of 
the detector assembly are Insulated from each other and bonded together. 
For production Installations, the detector assemblies are Installed by 
bonding In position along the edges of the spar prior to application of 
the outer fiberglass wrap. For test applications where blade retrofit 
Is required, the detector assemblies are potted In position along the 
spar edges following preparation of the blade by longitudinal saw cuts 
to a depth that Is sufficient to expose the spar edges. 

The electrical properties of the graphite epoxy allow the use of the 
material as a conductive element having a useful resistance level for the 
Intended application. The detector assembly 1s essentially a circuit that 
serves to balance a conventional wheatstone bridge. As long as the cir- 
cuit's resistance level remains within acceptable tolerance limits, the 
logic system remains Inactive with regard to blade separation Initiation. 

In the event that the detector assembly circuitry Is Interrupted or the 
resistance level becomes significantly changed beyond the established 
tolerance limits, the bridge becomes unbalanced and the logic unit "senses" 
a fault. When both circuits exhibit faults, the logic unit has "sensed" 
a failed spar condition and blade jettison Is Initiated. In order to 
effect a positive Indication of resistance level change, the detector 
assembly Includes the Installation of a resistor at the outer end of the 
spar; circuit Interruption then results In significant resistance level 
change. The resistor further serves to allow tuning of the circuit. If 
required. The Inner end of the detector assembly terminates In a small 
potted end fitting that has posts for attachment of the wires leading 
to the logic unit. This connection Is located under the rubber boot near 
the root of the blade and Is provided to allow rapid rotor blade change. 

Figure 21 shows the general arrangement of the detector assembly. 
Detail design of the detector assembly was not required for the 
evaluation test work and was beyond the scope of the contract. 
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LOGIC UNIT - This unit is comprised of a number of switches (normally 
open) that gate the power output to the proximity sensors. These 
series oriented switches change from "Open" to "Closed" when the 
associated detector assembly faults and its wheatstone bridge becomes un-
balanced. Silicon controlled rectifiers (SCR) were selected to perform 
the switching function to achieve highly reliable, solid-state performance. 
The logic unit also includes position logic circuitry that allows two 
proximity sensors to perform the timing function for the entire rotor. 
This is achieved by means of two additional SCR's that switch over the 
proximity sensors to the affected blade pair. Also included in the logic 
unit are the remaining three legs of the wheatstone bridae. Two logic 
units are reguired for the four-bladed UH-60A tail rotor system. 

ROTOR BLADE SEVERANCE - Pyrotechnic severina devices are installed at 
the root of each rotor blade and on the pitch horn to effect jettisoning 
of the blades. The devices are both comprised of linear shaped charges 
supported in silicon rubber and installed in fiberglass housings. The 
spar severing devices are installed adjacent to the spar, immediately 
outboard of the rotor hub plates under the existing rubber boot of the 
blade. The pitch horn severing devices are installed at the horn's 
smaller, outer end and are nested in the cavity of the component. 

The development of the actual blade and pitch severing devices was not 
reguired by this contract. Certain preliminary work has been performed 
which verifies that the UH-60A graphite epoxy spar can be severed by a 
linear shaped charge of acceptable charge size to be compatible with 
the intended application. Figure 22 is a photograph of a segment of 
graphite epoxy spar assembly of the UH-60A material type and thickness 
that was successfully severed by 200 grains per foot charge loading in 
the cross-grain manner reguired for a blade separation, this test 
performed by Teledyne McCormick Selph, was a preliminary effort only 
to ascertain feasibility of severing graphite epoxy spars by pyrotechnic 
means and no attempt was made to optimize the charge size. It is 
estimated that the production severing charge would be lead-sheathed 
and would fall in the size range of 125 to 150 grains per foot using 
RDX (Cyclotrimethylenetrinitramine). 

Figure 22. Graphite Epoxy Spar Severed by Linear-Shaped Charge 
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The chevron-shaped ISO's  of both the blade severance assembly and the 
pitch horn severance assembly are Initiated by electro-explosive detonators 
(EED) that are Installed In the housings. Two approaches are considered to 
be acceptable for the severance assemblies. The first employs a single 
dual brldgewire EED for LSC Initiation and achieves redundant initiation 
by means of the duality of the EED's bridgewires. The other approach, 
expected to be superior in terms of severance reliability, employs two 
individual EED's, each having single bridgewires. The EED's are physically 
located at opposite ends of the LSC to maximize the redundancy capability. 

The blade and pitch horn severance assemblies are initiated simultaneously 
by the electrical power output from the logic unit. Quick disconnects are 
provided to accommodate blade removal/installation. The built-in test 
capability of the system allows preflight verification of circuit con- 
tinuity up to, and including the bridgewires of the EED's to avoid a 
maintenance-induced error during blade replacement. 

Figure 23 shows the general arrangement of the various components of the 
system Installed on the UH-60A tail rotor. 
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Figure 23. General Arrangement - Tail Rotor Blade Jettison Concept 
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SYSTEM SAFETY AND RELIABILITY CHARACTERISTICS - The following general 
discussion pertains to the characteristics that are, or can be, In- 
corporated Into a production version of the automatic blade jettison 
system that enhance reliability of operation and that enhance safety 
with use of the system. 

RELIABILITY 

SAFETY 

Electrical components are selected to be working at approxi- 
mately 50* of their rating. This practice was not employed 
during prototype development In order to allow any possible 
problem areas to surface. 

Entire system circuitry can be preflight checked to verify 
operational status. All test functions, however, are removed 
from the airborne system In order to minimize system complexity 
and part count. 

The system Incorporates three SCR Interlocks ahead of the 
firing of the EED's to prevervt Inadvertent blade jettison without 
prior loss of a blade or blade segment. 

A control switch 1s employed to allow the system to be armed 
at the discretion of the pilot. 

The storage capacitors are subjected to Intentional discharge 
by bleed resistors following shutdown to maximize safety during 
performance of maintenance. 

IMPACT DAMAGE 

The logic units are fully encapsulated. 

The rotary transformer assembly employs encapsulation. 

The blade damage detector circuits and terminal resistors 
are burled within the leading and trailing edges of the blades. 

The pyrotechnic linear shaped charges are Insensitive to Impact 
and are located such that the possibility of Impact damage Is 
remote. 

HEAT DAMAGE 

All components selected are compatible with the temperature 
requirements of the l)H-60A. 
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LIGHTNING 

Tall rotor blades are covered with aluminum mesh that Is 
grounded to the alrframe. Lightning strikes will be conducted 
on the blade surface and not through the graphite epoxy detectors, 

MAINTENANCE 

The EED's are disarmed during maintenance when the test box 
harness Is Installed to prevent Inadvertent system Initiation 
during maintenance of the system. 

Power levels employed to conduct circuit continuity checks 
are well below the level required to Initiate the EED. 

System design Is such that two ground faults are required 
before the system can actuate; ground faults are detected 
In the preflight test box. 

STATIC ELECTRICAL DISCHARGE 

The aircraft has adequate static discharge wicks on the 
stabllator trailing edges to prevent static charge buildup. 

Any small corona discharges that may develop from the tall 
rotor blades are Insufficient to set off the blade severance 
system. 

STRAY VOLTAGE OR INDUCED CURRENTS 

All SCR's Incorporate anode/gate shunt capacitors to prevent 
Inadvertent change of switch state. 

Wheatstone bridge resistors are shielded to prevent Inadvertent 
change of switch state. 

The blade severance system wiring Is separated to the maximum 
extent possible from the tall rotor blade delclng system. 
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PART III SYSTEM FABRICATION AND EVALUATION 

Svstem nerfomiance e ^ a l u a J i c " inTiqure ?!.'* Thlfpmtotype system 
In accordance with the schematic shown in e

 £ . tw0 loaic units, 
includes a rotary transformer electrical power recti^ .ritiation pf EEp,s. 

two proximity ®enJ°!JSi„c1udesa capacitance discharqe concept to initiate 
Z ^ses^that provide the required indications to verify proper system 
performance and timing. 

Fiaure 24 shows the various c°niponents of the s_vstem ŵ t attached to 
removed. For the test program;nt^pe^pCt^^lC "tion of the rotary trans-
a mountinq plate that secures initiation indication are installed in 
former. The fuses used to P™vide initlation indicatithe associated 
a light assembly at the four quad a e U h e r lQqic unit 
blade positions. A switch box is ̂ s ^ ^ ^ asseniblv located 
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p S « ™ l ^ a ^ r h l " o f the initiated components during the tests. 
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Fiqure 24. Prototype System Installed in Test Stand 



Tho prototype system was installed on an engineering test stand previously 
developed for similar test work and upgraded to provide the high-speed 
capability consistent with a tail rotor application. The stand, shown in 
I inure includes a protective drum around the upper area for safety 
reasons <furinq the test operations. The test stand is belt-driven by a 
variable speed motor capable of rotating the system to speeds up to U'flO RPM. 
Also visible in riqure ?5 is a small control panel containing tho switches 
required to control tho tost stand drive motor to control power to the 
rotary transformer, and to introduce the faults that simulate interruption 
of the damage detectors. 

riqure ?!i. rnqineering Rotary Test Stand used for [valuation 
of Prototype System Performance Capability 



EVALUATION TESTING - Tests were run to determine the positional relatlon- 
shlp of certain components of the prototype system In order to verify 
that the system meets the Jettison window requirements of the UH-60A 
helicopter. This was accomplished by displaying EEO Initiation (simulated 
by the use of fuses) and the open/closed status of the proximity switches 
using a Techtronlx 654 scope with 4 trace memory. This approach allows the 
measurement of the time lapse between the change In state of the proximity 
sensor and the Initiation of the EED. Further, the display provided visual 
verification that both blades would be jettisoned at the proper location 
as controlled by the location of the target. It should be noted that 
the EED's are Initiated at a change In state of the proximity switch 
and the data recorded, therefore. Indicates Initiation only at the 
point where the proximity switch changes from open to closed state or 
the reverse. 

In accordance with the system performance test plan, 28 test runs were 
performed using the engineering rotary test stand to verify proper 
prototype performance throughout the rotational speed range of 70% NR 
to 150* NR In accordance with: 

%H 
R 

70 

80 
90 
100 

110 
120 

130 
140 
150 

Equivalent 
RPM 

Number of 
Tests 

834 2 

954 2 

1073 2 

1192 12 

1311 2 

1430 2 

1550 2 

1669 2 
1788 2 
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The prototype system successfully met the performance requirements in all 
tests performed, and compatibility with the UH-60A window for tail rotor 
blade jettison has been verified. Due to the repetitive nature of the 
data obtained, only the data for the 100X NR run is included here (see 
Figure 26); the remainder of the data is included as Appendix A to 
this report. Figure 26 is the photographic record of the Techtronix 
scope with the various elements defined. By using this data recording 
approach, it was possible to record data with the required degree of 
accuracy. 

Proximity Sensor A - opei 

FED Simulator - Blade H 
EED Simulator - Blade #3 

Proximity Sensor B - clo? 

Proximity Sensor A - clo: 

Proximity Sensor B - oper 

Initiation point - Blade , , 

Initiation point - Blade 
10 ms/div. sweep 

Figure 26. Prototype Performance Data - 100". NR (1192 RPM) 
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The testing performed In this manner confirmed that the prototype system 
components were operating properly, In correct sequence, and with suffi- 
cient speed to effect blade Jettison within the window tolerance limits 
established. An additional test was needed to verify that the severance 
signal occurred at the proper rotational position with respect to the 
location of the window. This was verified by the use of a strobe light, 
triggered by the output signal from the appropriate proximity switch. 
Since the oscilloscope record verified that the response times of the 
components were proper, positional accuracy of the system Is a function 
of the response time of the proximity sensor. By utilizing the output 
of the proximity sensor to trigger the strobe light, rotational Indexing 
and the output variance throughout the speed range of 834 RPM to 1788 RPM 
could be determined. Using this technique. It was determined that the 
positional characteristics of the system were well within the tolerance 
limits of the UH-60A blade jettison window and that the point of blade 
jettison varies less than six degrees throughout the entire speed range. 
Since the 150* NR speed Is well beyond the normal operating limits of 
the UH-60A helicopter, the variation Is considered of negligible signi- 
ficance. 
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PART IV FLIGHT SIMULATION ANALYSIS 

An extensive simulation analysis program was conducted to determine the 
effects that the programmed blade jettison can Induce on the performance 
characteristics of the UH-60A helicopter and to assess the handling 
qualities to be expected. The Sikorsky General Helicopter (GEN HEL) 
UH-60A flight dynamic simulation program and PDP-10 Hybrid Computer were 
employed to study the changes In helicopter trim conditions. By coupling 
a new subroutine for the transitional, four, to three, to two-bladed 
rotor condition with the basic GEN HEL Program, It was possible to 
ascertain the effect of the Imbalance loads on the helicopter. To ascer- 
tain the change In handling qualities to be anticipated with the blade 
Jettison, the GEN HEL Program was Interfaced with the Sikorsky cockpit 
simulator for qualitative pilot assessment In the normal four-blade mode 
followed by transition to the two-blade mode. 

METHODOLOGY 

The tall rotor blade severance scenario was considered as four consecutive, 
but distinct, handling qualities situations and the GEM HEL Program was 
employed to study all four of these situations: 

1. Helicopter trim with four tall rotor blades 

2. Severance transition from four-to three-to two tall rotor blades 

3. Pilot response to loss of two opposing blades 

4. Helicopter trim with two rotor blades. If possible 

The basic GEN HEL Program was used to obtain UH-60A trim conditions with 
either four or two tall rotor blades for flight conditions and loading 
configurations that represent the most critical - but realistic - 
situations for tall rotor blade loss. A subroutine was written to pro- 
gram, in detail, the loads at the tall rotor during the Imbalance period. 
This subroutine was coupled with the GEN HEL Program to produce the proper 
Interplay between the response of the helicopter and the loads generated 
at the tall rotor. The UH-60A GEN HEL Program was Interfaced with the 
cockpit simulator to determine how well the aircraft could be recovered 
from the loss of two opposing tall rotor blades and the flight conditions 
that would have to be assumed to continue flight following Initial recovery 
from the helicopter's reaction to tall rotor blade loss. Table 4 presents 
the axis system, parametric definition, and sign conventions used In the 
program. 

BASIC PROGRAM 

The GEN HEL Program Is an analytic helicopter model developed by Sikorsky 
Aircraft and Is used as the primary handling qualities design analysis 
tool. This computer program Is a fully coupled, nonlinear model of the 
helicopter, containing detailed descriptions of the components of the 
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helicopter that affect the handling qualities of the aircraft. GEN HEL 
is used for solving aircraft trims for a variety of flight conditions such 
as level flight, autorotation, and climb, and for solving the dynamic 
response of the helicopter to control Inputs or aircraft disturbances. 

The GEN HEL program is arranged in modular form, grouping descriptions 
of the basic helicopter elements such as the main rotor, tail rotor, and 
fuselage separately to allow uncomplicated modification of particular 
components, if necessary. One of these particular files, called the 
specific file, describes all components of the helicopter that are unique 
to a particular model. When the specific file describing the UH-60A 
descriptive input and control system Is assembled with the rest of the 
general files of GEN HEL, the resulting program then models the UH-60A 
helicopter. This is the basic UH-60A simulation model around which this 
tail rotor blade severance handling qualities study was developed. 

SEVERANCE TRANSITION ROUTINE 

To simulate the buildup of centrifugal forces in the tail rotor during 
the three-bladed transition period and the transfer of this load Imbalance 
to the rest of the helicopter, a special routine was Incorporated into 
GEN HEL that calculated the inertial loads in the three remaining blades 
as the tall rotor proceeded to rotate in the discrete digital program 
solution. The inertial loads were summed for all three blades, and the 
resulting forces and moments Imparted on the helicopter were solved. 
Additionally, the calculation of the aerodynamic thrust produced at the 
tail rotor existing in the basic version of GEN HEL was modified to 
reflect the proper decrease In thrust that occurred as the number of 
blades was reduced. 

An associated logic routine was written into GEN HEL to distinguish when 
the program user elected to lose the first tail rotor blade due to 
ballistic damage during the dynamic simulation of the helicopter. This 
logic then routed the program through the additional Imbalance equations 
and kept track of the location of the remaining unbalanced blade in order 
to determine when it entered the jettison envelope of tail rotor azimuth. 
Once the imbalanced blade reached this envelope, the program logic then 
left the tail rotor Imbalance equations and proceeded with simulation of 
the helicopter using only the basic GEN HEL program again, but in the 
two tail rotor blade mode. Figure 27 1s a flow diagram that depicts 
the logic procedure employed. 

Because the tail rotor rotates at such a high speed, the duty cycle 
(simulated time between program updates) had to be made small enough to 
sample the tail rotor Imbalance whenever the severance transition period 
was being studied. For simulation of the severance transition, a duty 
cycle was selected as a function of rotor speed to yield a change in tail 
rotor blade azimuth of 20 deg each duty cycle. This duty cycle was aoproxi- 
mately seven times greater than the 1/50 second (50 cycles per second) 
normally used for dynamic simulation. 
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4-Bladed 
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4-Bladed 
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Figure 27. Flow Diagram of the Logic Modification used with GEN HEL 
(UH-60A) Tail Rotor File to Simulate Blade Severance Sequence 
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CASES STUDIED 

Aircraft level flight trims and severance period transitions were studied 
with variations In aircraft gross weight, fuselage station eg location, 
density altitude, and rotor speed. These conditions were studied over a 
speed range from hover to 150 knots. Level flight was considered the 
most relevant flight condition since In all likelihood after losing tall 
rotor blades, the primary concern would be to return to base, not to 
continue the mission. Therefore, unusual or stringent flight conditions 
were not considered following the loss of two tall rotor blades. 

Autorotation Is not a demanding flight condition If two tall rotor 
blades are lost. Autorotation demands from directional control are 
not critical even when two tall rotor blades are lost because the 
directional control requirements are not near control system limits. 

TVKMND FOUR-BLADE TRIMS 

Four trim cases were studied In accordance with the parametric mix 
shown below with trim data acquired at 0, 40, 60, 80, 100, 120, 140, 
and 150 knot speeds. 

Case hDens1ty G W, LB FSCG Rotor NR Speed 

1 SLS Low  (16450) Aft (360.2) 100« 

2 SLS High (19900) Aft (360.2) 100% 

3 10,000 High (19900) Aft (360.2) 100« 

4 10.000 High (19900) Fwd (347) 100« 

Baseline trims were gathered using GEN HEL for the UH-60A with four tall 
rotor blades. Trims were then attempted for the same conditions, only 
with two tall rotor blades. 

The result of this exercise showed that the helicopter could be trimmed 
with two tall rotor blades throughout the speed range for low altitudes 
even at high gross weight. At higher altitudes, power requirements In- 
crease and there are conditions near hover and high speed that cannot 
be trimmed. 

For all of the cases studied at nominal (100«) rotor speed, there 
always was some speed range at which the helicopter could be trimmed with 
only two tall rotor blades. This speed range, 60 to 100 knots, corresponds 
to the lower power requirements of the helicopter (see Figure 28). At 
rotor speeds of 95« NR and 110« MR (see Figure 29), the helicopter could be 
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Figure 28. Two-and Four-Bladed Trims (100% NR) 
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trimned at this same speed range with only two tall rotor blades. However, 
two blade trims become difficult (If not Impossible) at any speed for low 
rpm at high altitudes, necessitating altitude reduction to achieve trim. 
Low rpm trims with two tall rotor blades are not advised because It becomes 
difficult to generate the required tall rotor thrust at reduced rotor speed. 

These two tall rotor blade trim results Indicate that for many flight 
conditions, the helicopter can be trimmed with only two tall rotor blades 
at any possible speed. At most flight conditions there exists a speed 
range (corresponding to the minimum power requirement) where the helicopter 
can be trimmed with only two tall rotor blades. 

Naturally, trims with only two tall rotor blades provide less control 
margin and control sensitivity than the four-bladed situation, but under 
emergency conditions this situation could be considered acceptable. 

For record, trim data printouts for the two-bladed and four-bladed condi- 
tions are provided In Appendix B. 

AIRCRAFT "HANDS OFF" RESPONSE FOLLOWING BLADE LOSSES 

The responses of the aircraft with no pilot correction for both the SAS OFF 
and SAS ON conditions are relatively mild, and should be acceptable to the 
pilot. These time history responses of the hands-off conditions, shown 
In Figures C-l to C-12 (see Appendix C), demonstrate the response of the 
aircraft up to six seconds following blade loss. Actually, the pilot 
would react to the TR blade loss condition much earlier than six seconds 
and the response can be expected to be even less. 

The aircraft responses vary as a function of the azimuth position where 
the Initial blade Is lost ( r  damage). This Is caused by the un- 
balanced blade (No. 2) traveling through different percentages of tall 
rotor azimuth before reaching the jettison envelope for different azimuth 
locations of the ballistic damage to the Initial blade (No. 0). The 
centrifugal Imbalance Imparts different net Impulses on the helicopter 
for the different proportions of the revolution for which the Imbalanced 
blade Is carried before reaching the jettison envelope. Therefore, 
different aircraft responses follow the event as a function of damage but 
all of the responses are mild and acceptable for the full sweep of values 
of ^ damage. Table 4 presents data extracted from Figures C-l through 
C-12 for: (a) the maximum roll ( 9b  ), pitch (4>b   )» and yaw 

(^b   ) angles achieved within 6 seconds after Initiation of blade loss 
with SAS OFF; and (b) the roll, pitch, and yaw attitudes of the aircraft 
at 6 seconds following blade loss with SAS ON. 
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Table 4. Aircraft "Hands Off" Response Following Blade Losses 

(a) A/C response within 6 seconds 
after severance (SAS OFF) 

r Damage 

Maximum Val ue Incurred 
Any Time During the 
Time History 

Max ^hMax ^Max 

10 40 28 
14 38 28 

22 33 28 

31 28 28 

30 28 29 

13 39 28 

0 

50 

90 

150 

-135 

- 50 

(b) A/C response at 6 seconds 
after severance (SAS ON) 

^ Damage 

0 

50 

90 

150 

•135 

• 50 

4> 

Value at 6 Sec Point In 
the Time History 

h6 Sed ft 6 H \ 6 Sec 

32 26 13 
27 13 33 
28 12 34 
28 11 34 

28 11 34 

27 14 33 

SAS OFF - A/C response 1s low 
frequency, oscillatory deviation 
from trim. 

SAS ON - A/C response Is slow 
steady deviation from trim. 

Trim condition 
(Level Fit) 

FSC6 = 360.2 
S.L.S. 

= 16,450 Lb 

50 



STEPPED TRANSITION TIME HISTORIES 

During the three-bladed transitional period, the unbalanced centrifugal 
force imparts loads on the tail rotor of the helicopter. A series of 
ten time history cases with parameters varied in accordance with the 
table below were performed to examine the helicopter response to the 
unbalanced load during the transition from four to two blades. The 
simulation runs. Figures 0-1 through 0-10, are included in Appendix D 
to this report. 

Table 5. Time History Case Parameters 

Figure GW(Lb)_ FSCG{Ii ) V,Knots ,i6l* ^dng SAS Hd Alt..Ft 

D-l 16.450 360.2 100 Kts 100 - 150 Off S.L.S. 

D-2 19.900 360.2 100 Kts 100 - 150 Off S.L.S. 

D-3 19.900 360.2 100 Kts 100 - 150 Off 10.000 

D-4 19.900 347 100 Kts 100 - 150 Off 10,000 

D-5 19.900 347 150 Kts 100 - 150 Off 10.000 

D-6 19.900 360.2 150 Kts 100 - 150 (On) 10.000 

D-7 19.900 360.2 Hover 100 - 150 Off 10.000 

*D-8 19.900 347 Hover 100 - 150 Off 10.000 

D-9 19.900 347 Hover 95 - 150 Off 10.000 

D-10 19,900 347 Hover 100 - 150 Off 10.000 

*No print out 

The ten aircraft configurations studied show that there are insignificant 
changes in the tall rotor load and aircraft response parameters with 
variations In gross weight, center-of-gravity location, airspeed, density 
altitude, or on/off condition of SAS. Two additional runs were conducted 
(Figures D-U and D-12, Appendix D) to ascertain the significance of 
varying the rotational point at which blade loss occurs. These two cases 
Illustrate that the loads developed at the tail rotor during the centrifu- 
gal Imbalance period essentially are not dependent on the tail rotor blade 
azimuth location at which the first blade is lost. The centrifugal load 
in the unbalanced rotor blade does vary, as can be expected, with change 
in tail rotor speed. From the data, it can be determined that the centri- 
fugal loads for 95« NR. 100% NR. and 110% NR are 24.000. 27.500. and 
34.000 pounds, respectively. 
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It is anticipated that the loss of tail rotor blades is felt only as an 
impact load by the pilot since the transitional three-blade condition is 
of such short duration. 

SIMULATOR INTERFACE 

In order to qualitatively study pilot recovery from the tail rotor blade 
loss condition and retrimming of the helicopter, the basic GEN HEL 
program was coupled to a fixed base cockpit simulator (see Figure 30). 
Once the program is in a dynamic mode the program operator can select 
jettison of the two tail rotor blades. The program shifts from the four- 
bladed tail rotor solution to the two-bladed solution, imparting an impact- 
type response to the helicopter. Interpreting the blade loss condition from 
instrument readings and the visual display, the simulator pilot then 
proceeds to effect recovery of the helicopter from its response brought 
about by the forces from the blade loss and then trims the ship to the 
same or other flight conditions if necessary. The simulator pilot can 
proceed to a hover, if possible, and land, or conduct a run-on landing 
at low forward speed, if necessary. 

The three-bladed severance transition portion of the solution is not 
used in the simulator study because real-time simulation requirements 
sample the tail rotor solution too infrequently to see a small enough 
change in tail rotor blade azimuth position. What transpires at the 
tail rotor during this very short Imbalance period has negligible impact 
on helicopter handling qualities in a simulator study. 

Nothing unusual or unexpected occurred during the piloted simulator 
portion of the handling qualities study. Even without external cues 
such as noise or Impact motion, the simulator pilot was able to detect 
early the blade loss condition at the tall rotor. Yaw rates were not 
excessive for any of the severance cases studied using the simulator; 
qualitatively, these rates appeared to be between 10 deg/sec and 20 deg/ 
sec. Typical reaction was to put in the left pedal to slow or stop the 
yaw rate. If the loading condition and forward speed of the original trim 
did not permit the helicopter to be retrlmmed, the simulator pilot would 
reduce speed until the slip rate could be reduced. This speed range 
corresponded to the low power requirement range: between 60 and 100 
knots. Many configurations were flown back to a trimmed hover with the 
two remaining tall rotor blades, from which a landing could be negotiated. 
The higher power configurations (high weight, high altitude) could only 
be flown down to 30 or 40 knots before running out of tail rotor range. 
These cases represented loading configurations of the aircraft that would 
have to be landed at forward speed. 
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Frontal View 

Figure 30. Cockpit Simulator 
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RESULTS 

DYNAMIC STABILITY ANALYSIS 

Based on a Floquet stability analysis, a two-bladed, cross-beam tall 
rotor system Is stable up to the maximum speed Investigated (150 knots). 

The least stable blade/pylon modes are the blade lead-lag mode and the 
third fixed system mode, both showing a damping level of approximately 
one-half percent. The effect of forward speed Is not significant except 
near 150 knots where two of the fixed system modes Indicate a degradation 
In damping level. 

The blade lead-lag damping Is lowered slightly by the flexibility of the 
hub while the flapping mode shows very little change 1n stability. 

Modal frequency Is not Influenced significantly by forward speed. The 
blade flapping mode and one of the fixed system modes have frequencies 
close to each other, particularly at 150 knots, resulting in modal damp- 
ing degradation. However, modal frequencies do not coalesce and vibration 
problems from modes interacting are not likely to occur. 

Vibration and load level on the two-bladed rotor increase with forward 
speed, and at the highest speed investigated (150 knots) the maximum 
2/rev vibration levels result in a roll moment at the gearbox-pylon 
attachment of 20 percent of the ultimate value. This level is acceptable 
to maintain flight for the 30-mlnute minimum following ballistic damage 
that has been established for the UH-60A helicopter, and to conduct a 
landing. 

Rotor hub loads generally increase with forward speed. All shear and 
moment loads except the steady yaw moment load Increase rapidly at for- 
ward speeds greater than 120 knots as the rotor operates increasingly In 
the blade stall environment. The highest roll moment loading of the gear- 
box-pylon attachment occurs at the 150 knot maximum forward speed investi- 
gated. 

Significant increasfes in hub and gearbox accelerations are observed for 
forward speeds greater than 120 knots and the 2/rev accelerations are 
much higher than the 4/rev accelerations. 

STRUCTURAL ACCOMMODATION 

The centrifugal load resulting from loss of a full tall rotor blade 
applied for 0.05 second (360° rotation at 100% NR) will result in a 
torsion flexure of the tailcone of approximately 0.05 inch per inch, a 
level not considered excessive for a single load application. 
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PITCH LINK ACCOMMODATION 

Severing of the tail rotor blade spar of the UH-60A must be accompanied by 
severing of the pitch horn fitting as well to achieve clean blade separa- 
tion under all blade damage conditions. 

PPOTOTYPE SYSTEM PERFORMANCE 

The prototype system successfully met the performance requirements In all 
tests performed, and compatibility with the blade jettison window for the 
UH-60A helicopter has been verified. 

FLIGHT SIMULATION ANALYSIS 

Helicopter trims gathered using the GEN HEL for the UH-60A with only two 
tall rotor blades Indicated that the helicopter can be trlnmed throughout 
the speed range for low altitudes even at high gross weights. 

At higher altitudes, power requirements Increase and there are conditions 
near hover and high speed that cannot be trinmed. At 100* NR there Is 
always a speed range (between 60 and 100 knots) where helicopter trim can 
be effected with the two-bladed tall rotor. 

In general, the aft eg location Is more critical for trinming the helicopter 
with two tail rotor blades due to the shorter moment arm provided about the 
eg. 

The trim cases studied at 95°; NR and 110* NR Indicate that the helicopter 
can be trimmed in the 60-to-100-knot speed range except for low rotor speed 
with high altitude conditions where altitude reduction may be necessary to 
achieve trim due to Inadequate rotor thrust at the reduced rotor speed and 
density altitude. 

The time history studies conducted Indicate that responses of the aircraft 
for both the SAS OFF and the SAS ON conditions are relatively mild, and 
should be acceptable to the pilot. 

Although the aircraft responses vary with respect to the azimuthal position 
at which the blade is lost (onset of the centrifugal load), all of the re- 
sponses are mild and acceptable for the sweep of the values of damage examined. 

FLIGHT SIMULATOR WITH PILOT-IN-THE-LOOP 

Yaw rates were not excessive for any of the severance cases studied using 
the flight simulator, ranging between 10 and 20 degrees per second. 

Following left pedal Input to slow or stop the yaw rate where loading and 
forward speed conditions did not permit retrimming with the two-bladed tail 
rotor, yaw rate could be stopped and out-of-trim slip angles could be re- 
duced by reducing speed to the low power requirement range of 60 to 100 knots. 

The higher power configurations (high weight, high altitude) indicated a 30- 
to-40-knot minimum speed limitation, requiring run-on type landings. 
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CONCLUSIONS 

The prototype blade jettison system developed under this program has been 
verified by test to meet the rotational speed requirements of the UH-60A 
tall rotor and, when used 1n conjunction with blade severance assemblies, 
1t will Initiate tall rotor blade jettison within the blade jettison window 
established for that helicopter. 

The dynamic stability analysis performed Indicates that frequencies and 
amplitudes of the vibrations resulting from jettison of two opposing tall 
rotor blades will allow continued flight for a minimum of 30 minutes. 

The simulation analysis performed to assess handling qualities Indicates 
that the helicopter Is controllable following the jettison of two opposing 
tall rotor blades and that the pilot work load to effect recovery Is 
anticipated to be minimal. 

An examination of the capability of the UH-6ÜA helicopter to structurally 
accommodate the qentrifugal force generated by the loss of an entire 
tail rotor blade for a period of 360° of rotor rotation Indicates that re- 
design of the tail rotor drive shaft and the gearbox housing may be required. 

For the UH-60A helicopter, the location of the pitch horn with respect to 
the point at which the blade spar is severed, necessitates that the pitch 
horn be severed simultaneously with the spar to prevent delayed blade 
jettison. 
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RECOMMENDATIONS 

Based on the conclusions drawn from the results of the work performed 
under this contract. It Is recommended that a follow-on ground test 
program be conducted that will demonstrate controlled jettison of tall 
rotor blades using a fully Instrumented UH-60A tall cone and pylon and 
the prototype blade jettison system.   The Intent of the program would be 
to: 

Verify proper blade severance/jettison using full 
length tall rotor blades. 

Measure loads at the critical points to determine 
actual load levels achieved and to verify structural 
adequacy. 

Develop pyrotechnic devices, sized to sever UH-60A 
tall rotor blade spars and pitch horns. 

Prepare a failure modes and effects analysis for the blade 
jettison system. 

Instrument the tall rotor assembly and conduct lightning 
tests of the blades. Measure Induced voltage levels, if 
present, at the logic units. 
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APPENDIX A 

PROTOTYPE PERFORMANCE DATA 

This appendix contains the photographically recorded data obtained from 
the tests conducted on the prototype blade jettison system to determine 
the capability of the system to meet the performance requirements of the 
UH-60A helicopter. The data was secured by means of Polaroid photographic 
equipment attached to the oscilloscope. Each of the photographs includes 
the oscilloscope sweep rate used to obtain the data. Each of the data 
1s In accordance with the following key: 

Trace #1 

Trace #2 

Trace #3 

Trace #4 

Trace #5 

Trace #6 

Proximity Sensor A - open condition 

Proximity Sensor B - open condition 

Proximity Sensor A - closed condition 

Proximity Sensor B - closed condition 

EED Simulator - Blade #1 (left end is point of Initiation) 

EED Simulator - Blade #3 (left end is point of initiation) 
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80''. NR (954 RPM) 10 ms Sweep 
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1005- NR (1192 RPM) 10 ms Sweep 

100* NR (1192 RPM) 10 ms Swaep 100% NR (1192 RPM) 10 ms Sweep 

1005'. NR (1192 RPM) 10 IDS Sweep 



100* MR (1192 RPM) 10 ins Sweep 100", NR (1192 RPM) 10 ms Sweep 

100% NR (1192 RPM) 10 nis Sweep 100* NR (1192 RPM) 10 ms Sweep 

100* NR (1192 RPM) 10 ms Sweep 100* NR (1192 RPM) 10 ms Sweep 
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11OS NR (1311 RPM) 10 ms Sweep 110% NR (1311 RPM) 10 ms Sweep 

120% NR (1430 RPM) 5 ms Sweep 120% NR (1430 RPM) 5 ms Sweep 



r 

140% Np (1669 RPM) 5 IDS Sweep 

150% NR (1788 RPM) 5 ms Sweep 150", NR (1788 RPM) 5 ms Sweep 
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APPENDIX B 

TWO-AND FOUR-BLADED TRIMS 

The computer runs provided In this appendix are the two-and four-bladed 

trim data conducted to assess the ability of the UH-60A helicopter to 

achieve trim under varying density altitude, gross weight, and center- 

of-gravity conditions.    Definitions of the symbols used are included. 

v.; 
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WEIGHT 

IX 

IY 

IZ 

OMEGMR 

OMEGTR 

KFR 

FSHT 

LATSTK 

LNGSTK 

COLSTK 

PEDAL 

XAIN 

XBACTP 

VXB 

VYB 

VZB 

P 

Q 

R 

ALFWF 

CHITPP 

SYMBOLS 

AIRCRAFT GROSS WEIGHT 

INERTIA ABOUT BODY X-AXIS LESS ROTOR, FT-LB-SEC2 

INERTIA ABOUT BODY Y-AXIS LESS ROTOR, FT-LB-SEC2 

INERTIA ABOUT BODY Z-AXIS LESS ROTOR, FT-LB-SEC2 

MAIN ROTOR ROTATIONAL SPEED, RAD/SEC 

TAIL ROTOR ROTATIONAL SPEED, RAD/SEC 

ROTOR FILTER CONSTANT 

FUSELAGE STATION HORIZONTAL TAIL, IN. 

LATERAL STICK POSITION, INTERMEDIATE CALCULATION, DEG 

LONGITUDINAL STICK POSITION, INTERMEDIATE CALCULATION, DEG 

COLLECTIVE STICK POSITION, INTERMEDIATE CALCULATION, DEG 

DIRECTIONAL CONTROL PEDAL POSITION, INTERMEDIATE 
CALCULATION, DEG 

LATERAL STICK POSITION, IN. 

LONGITUDINAL STICK POSITION WITH BIAS ACTUATOR, % 

X-AXIS 

BODY AXIS TRANSLATIONAL 
VELOCITIES 

( X-AXIS ] 

s Y-AXIS ^ 

I  Z-AXIS 1 

FT/SEC 

ROLL RATE, RAD/SEC 

PITCH RATE, RAD/SEC 

YAW RATE, RAD/SEC 

FUSELAGE ANGLE OF ATTACK, DEG 

ROTOR DOWN WASH ANGLE, DEG 
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EKTR 

QWF 

MUXS 

MUYS 

MUZS 

LAMBMR 

DWSHMR 

XMR 

YMR 

ZMR 

LMR 

MMR 

NMR 

XWF 

YWF 

ZWF 

LWF 

MWF 

NWF 

XHT 

YHT 

ZHT 

FSCG 

WLCG 

RMO 

TIME 

DOWNWASH FACTOR OF TAIL ROTOR ON VERTICAL TAIL 

DYNAMIC PRESSURE AT FUSELAGE, LB/FT2 

NORMALIZED SHAFT AXIS TRANSLATIONAL 

VELOCITIES AT THE HUB, NORMALIZED BY AMR TIP SPEED 

MAIN ROTOR INFLOW RATIO 

MAIN ROTOR INDUCED DOWN WASH 

ROTOR BODY AXIS FORCES, LB 

ROTOR BODY AXIS MOMENTS ABOUT 

THE CG. 

ROLL MOMENT, FT-LB 

PITCHING, MOMENT FT-LB 

YAWING MOMENT, FT-LB 

FUSELAGE BODY AXIS FORCES, LB 

-LB i ROLL, FT- 

\   PITCH, FT-LB 

f YAW, FT-LB 

FUSELAGE BODY AXIS MOMENTS 

ABOUT THE CG. 

HORIZONTAL TAIL BODY AXIS 

FORCES, LB 

FUSELAGE STATION CG., IN. 

WATER LINE STATION CG., IN. 

AIR DENSITY, SLUGS/FT3 

TIME INTERVAL BETWEEN ROTOR CALCULATIONS, SEC 
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NBSS 

NSSS 

PASCNT 

SHT 

AIS 

BIS 

THETA0 

THETTR 

XBIN 

XBACTI 

THETAB 

PHIB 

BETAWF 

GAMC 

OMGRAT 

PSIDOT 

EKTX 

EKTZ 

EPSWT 

KQHT 

CTSIG 

CHSIG 

CQHSIG 

NZ 

NUMBER OF BLADES 

NUMBER OF BLADE SEGMENTS 

NUMBER OF ROTOR CALCULATIONS FOR TRIM 

HORIZONTAL TAIL AREA, FT2 

LATERAL CYCLIC PITCH, DEG 

LONGITUDINAL CYCLIC PITCH, DEG 

MAIN ROTOR COLLECTIVE PITCH AT CUFF, DEG 

RAIL ROTOR IMPRESSED COLLECTIVE PITCH 0 CENTER OF 
ROTATION, DEG 

LONGITUDINAL STICK POSITION, WITHOUT BIAS ACTUATOR, IN- 

LONGITUDINAL STICK POSITION, WITH BIAS ACTUATOR, IN- 

AIRCRAFT PITCH ATTITUDE, DEG 

AIRCRAFT ROLL ATTITUDE, DEG 

AIRCRAFT SIDESLIP ANGLE, DEG 

CLIMB ANGLE, DEG 

RATIO OF ACTUAL TO TRIMMED ROTOR SPEED 

EULER ANGLE YAW RATE, DEG/SEC 

MAIN ROTOR DOWNWASH FACTOR AT HORIZONTAL TAIL IN BODY 
X-AXIS 

MAIN ROTOR DOWNWASH FACTOR AT HORIZONTAL TAIL IN BODY 
Z-AXIS 

FUSELAGE DOWNWASH ANGLE AT HORIZONTAL TAIL, DEG 

SQUARE ROOT OF DYNAMIC PRESSURE RATIO AT HORIZONTAL TAIL 

MAIN ROTOR THRUST COEFFICIENT SOLIDITY RATIO 

MAIN ROTOR H-FORCE COEFFICIENT SOLIDITY RATIO 

MAIN ROTOR TORQUE COEFFICIENT SOLIDITY RATIO 

LOAD FACTOR ALONG THE AIRCRAFT Z-AXIS 
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vc 

HBAR 

JBAR 

TBAR 

LBARH 

MBARH 

QBAR 

XT 

YT 

ZT 

LT 

MT 

NT 

XVT 

YVT 

ZVT 

V 

DELS 

VSOUND 

DEL3MR 

TWSTMR 

TWSTTR 

WLHT 

SHAFT AXIS 

RATE OF CLIMB, FT/MIN 

MAIN ROTOR H-FORCE, LB 

MAIN ROTOR SIDEFORCE, LB 

MAIN ROTOR THRUST, LB 

MAIN ROTOR ROLL MOMENT, FT-LB 

MAIN ROTOR PITCH MOMENT, FT-LB 

MAIN ROTOR TORQUE MOMENT, FT-LB 

EMPENNAGE X-FORCE (VERTICAL + HORIZONTAL TAIL) IN BODY 
AXIS, LB 

fMPENNAGE Y-FORCE (VERTICAL + HORIZONTAL TAIL) IN BODY 
AXIS, LB 

EMPENNAGE Z-FORCE (VERTICAL + HORIZONTAL TAIL) IN BODY 
AXIS. LB 

EMPENNAGE ROLL MOMENT (VERTICAL + HORIZONTAL TAIL) IN BODY 
AXIS, FT-LB 

EMPENNAGE PITCH MOMENT (VERTICAL + HORIZONTAL TAIL) IN 
BODY AXIS, FT-LB 

EMPENNAGE YAW MOMENT (VERTICAL + HORIZONTAL TAIL) IN 
BODY AXIS, FT-LB 

VERTICAL TAIL X-FORCE IN BODY AXIS, LB 

VERTICAL TAIL Y-FORCE IN BODY AXIS, LB 

VERTICAL TAIL Z-FORCE IN BODY AXIS. LB 

AIRSPEED, KTS 

SWASH PLATE ROTATION. DEG 

SPEED OF SOUND, FT/SEC 

MAIN ROTOR DELTA 3 ANGLE. DEG 

MAIN ROTOR TWIST, DEG 

TAIL ROTOR TWIST, DEG 

WATER LINE HORIZONTAL TAIL, IN. 
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SVT 

IHT 

IS 

TH75MR 

TH75TR 

XCIN 

RSTR 

AA0F 

AA1F 

BB1F 

AA^L 

AA1L 

3B1L 

EKWFX 

EKWFZ 

SIGWT 

KQVT 

TTR 

HPMR 

KTRBLK 

VXBDOT 

VYBDOT 

VZBDOT 

PDOT 

QDOT 

ROOT 

VERTICAL TAIL AREA. Fr 

HORIZONTAL TAIL INCIDENCE, DEG 

SHAFT ANGLE INCIDENCE, POSITIVE FWD, DEG 

MAIN ROTOR COLLECTIVE PITCH AT .75 RADIUS, DEG 

TAIL ROTOR COLLECTIVE PITCH AT .75 RADIUS, DEG 

COLLECTIVE STICK POSITION, IN . 

YAW ACCELERATION AT TAIL ROTOR, SHAFT AXIS, RAD/SEC2 

FOURIER SERIES COEFFICIENT FOR MAIN ROTOR 

FLAPPING, NEGATIVE SERIES, DEG 

FOURIER SERIES COEFFICIENT FOR MAIN ROTOR 

LAGGING, NEGATIVE SERIES, DEG 

MAIN ROTOR DOWNWASH^FACTOR AT FUSELAGE, BODY X-AXIS 

MAIN ROTOR DOWNWASH FACTOR AT FUSELAGE, BODY Z-AXIS 

FUSELAGE SIDEWASH ANGLE AT VERTICAL TAIL, DEG 

SQUARE ROOT OF DYNAMIC PRESSURE RATIO AT VERTICAL TAIL, DEG 

TAIL ROTOR THRUST, LB 

HORSE POWER MAIN ROTOR 

TAIL ROTOR BLOCKAGE FACTOR 

BODY AXIS ACCELERATION AT CG. IN X-AXIS, FT/SEC2 

BODY AXIS ACCELERATION AT CG. IN Y-AXIS, FT/SEC2 

BODY AXIS ACCELERATION AT CG. IN Z-AXIS, FT/SEC 

AIRCRAFT ROLL ACCELERATION, RAD/SEC2 

AIRCRAFT PITCH ACCELERATION, RAD/SEC2 

AIRCRAFT YAW ACCELERATION, RAD/SEC2 
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XTR 

YTR 

ZTR 

LTR 

MTR 

NTR 

ALFHTT 

ALFVTT 

AABB1F 

PSITR2 

VXSTR. 

VYSTR. 

VZSTR. 

PSTR. 

WLVT 

FSVT 

XA 

XB 

XC 

XP 

XPIN 

PSTR 

TAIL ROTOR FORCE IN X-AXIS, LB 

TAIL ROTOR FORCE IN Y-AXIS, LB 

TAIL ROTOR FORCE IN Z-AXIS. LB 

TAIL ROTOR ROLL MOMENT ABOUT BODY X-AXIS, FT-LB 

TAIL ROTOR PITCH MOMENT ABOUT BODY Y-AXIS, FT-LB 

TAIL ROTOR YAW MOMENT ABOUT BODY Z-AXIS, FT-LB 

LOCAL ANGLE OF ATTACK OF HORIZONTAL TAIL 

LOCAL ANGLE OF ATTACK OF VERTICAL TAIL 

V (AA1F)2 + (BB1F)2 

AZIMUTH POSITION OF TR BLADE NUMBER 2, DEG 

LINEAR ACCELERATION AT TAIL ROTOR IN TAIL ROTOR SHAFT 
X-AXIS, FT/SEC2 

LINEAR ACCELERATION AT TAIL ROTOR IN TAIL ROTOR SHAFT 
Y-AXIS, FT/SEC2 

LINEAR ACCELERATION AT TAIL ROTOR IN TAIL ROTOR SHAFT 
Z-AXIS, FT/SEC2 

AIRCRAFT ROLL ANGLULAR ACCELERATIONS AT TAIL ROTOR IN 
SHAFT AXIS 

WATERLINE VERTICAL TAIL 

FUSELAGE STATION VERTICAL TAIL 

LATERAL STICK POSITION, % 

LONGITUDINAL STICK POSITION, % 

COLLECTIVE STICK POSITION, % 

PEDAL POSITION, % 

PEDAL POSITION IN INCHES 

AIRCRAFT ROLL ANGULAR ACCELERATIONS AT TAIL ROTOR IN TR 
SHAFT AXIS, RAD/SEC2 
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QSTR 

RSTR 

TITR 

HITR 

JITR 

MHITR 

LHITR 

QHITR 

XITR 

YITR 

ZITR 

LITR 

MITR 

NITR 

AXP 

AYP 

AZP 

VXP 

VYP 

VZP 

RSTR. 

PSIDMG 

AIRCRAFT PITCH ANGLULAR ACCELERATIONS AT TAIL ROTOR IN TR 
SHAFT AXIS, RAD/SEC2 

AIRCRAFT YAW ANGULAR ACCELERATIONS AT TAIL ROTOR IN TR 
SHAFT AXIS, RAD/SEC2 

TAIL ROTOR INERTIA THRUST (SHAFT AXIS), LB 

TAIL ROTOR INERTIA H-FORCE (SHAFT AXIS), LB 

TAIL ROTOR INERTIA J-FORCE (SHAFT AXIS), LB 

TAIL ROTOR INERTIA HUB PITCHING MOMENT (MOMENT ABOUT SHAFT 
Y AXIS), FT-LB 

TAIL ROTOR INERTIA HUB ROLLING MOMENT (MOMENT ABOUT SHAFT 
X AXIS), FT-LB 

TAIL ROTOR INERTIA HUB YAW MOMENT (MOMENT ABOUT SHAFT Z 
AXIS), FT-LB 

TR INERTIA X-FORCE (BODY AXIS), LB 

TR INERTIA Y-FORCE (BODY AXIS), LB 

TR INERTIA Z-FORCE (BODY AXIS), LB 

TR INERTIA ROLL MOMENT (BODY AXIS), FT-LB 

TR INERTIA PITCH MOMENT (BODY AXIS), FT-LB 

TR INERTIA YAW MOMENT (BODY AXIS), FT-LB 

LONGITUDINAL ACCELERATION AT PILOT'S LOCATION. FT/SEC2 

LATERAL ACCELERATION AT PILOT'S LOCATION, FT/SEC2 

VERTICAL ACCELERATION AT PILOT'S LOCATION, FT/SEC2 

LONG. VEL AT PILOT'S LOCATION (ALONG BODY X-AXIS), FT/SEC 

LATERAL VELOCITIE AT PILOT'S LOCATION (ALONG BODY Y-AXIS), 
FT/SEC 

VERTICAL VELOCITY AT PILOT'S LOCATION (ALONG BODY Z-AXIS), 
FT/SEC 

YAW ACCELERATION AT TAIL ROTOR, SHAFT AXIS, RAD/SEC2 

AZIMUTH SELECTED FOR DAMAGE OCCURANCE, DEG 
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■ ■ 

BTR        NUMBER OF TAIL ROTOR BLADES 

MADD AUXILIARY PITCHING MOMENT (BODY AXIS SYSTEM), FT-LB 

XADD AUXILIARY X-FORCE (BODY AXIS SYSTEM), LB 

YADD AUXILIARY Y-FORCE (BODY AXIS SYSTEM), LB 

ZADD AUXILIARY Z-FORCE (BODY AXIS SYSTEM), LB 

NADD AUXILIARY YAWING MOMENT (BODY AXIS SYSTEM), FT-LB 

LADD AUXILIARY ROLLING MOMENT (BODY AXIS SYSTEM), FT-LB 
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APPENDIX C 

AIRCRAFT "HANDS OFF" RESPONSE 

This Appendix contains the time histories, (Figures C-2 through C-13), of 
the aircraft for a period of six seconds following blade loss. The axis 
system, the parametric definition, and the sign convention used are shown 
in Figure C-l. Shown below is a definition of the symbols used. 

Symbol Definition 

</'TRb2 Tail Rotor (TR) Azimuth Position of Blade #2 

TJR Tail Rotor Thrust 

^b Aircraft Roll Attitude 

0b Aircraft Pitch Attitude 

^b Aircraft Yaw Attitude 

axD Longitudinal Acceleration at Pilot's Location 

ay Lateral Acceleration at Pilot's Location 

az Vertical Acceleration at Pilot's Location 
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.-_..,        , 
■\ 

These are shaft fixed 
(stationary) axes 

Ybody 

TTR 

Xshaft    zshaft 

C * TR cor.d angle 

Rotor force, moment convention 

T 

^shaft *   ♦ vr 
Rt.  LHV/ 

Xshaft^ ^ 
Fwd. 

• J 

270° (-90°) 

Blade 3 

zshaft 
Dwn. 

Blade 0 

(-180°) 
rTR  0 

Blade 2 Blade 1 

Notes: 

1. Tall Rotor Severance Simulation assumes Blade 0 Is entirely lost due 
to ballistic damage (worst case); then. Blade 2 Is completely severed 
when It reaches the jettison envelope. 

2. Computer program required-defining  TR " 11800 »"ather than 0° to 360°. 

3. Jettison window used In the simulation study was - 45° * ^-[R  4  25° 
to examine perfomance characteristics for a blade loss range that exceeds 
the required 42° window discussed In part 1 of this report. 

Figure C-l. Axis System, Parametric Definition, Sign Convention 
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6.W.: 16,450    FSCG: 360.2   ^Damage: 0°    SAS: OFF 

Figure C-2. Aircraft "Hands Off" Response (0°) 
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'I'S"( V'("i"t'«"t'>"t'."l'S 

G.W.:    16.450 FSCG:    360.2 f Damage:    50° SAS:    OFF 

Figure C-3.  Aircraft "Hands Off" Response (50°) 
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G.W.: 16,450    FSCG: 360.2   »/'Damage: 90°    SAS: OFF 

Figure C-4. Aircraft "Hands Off" Response (90°) 

193 



i 
as 

^ 

3E 

sE 
Sä 

•ii» 

aa3 

3il 

88 

P 
Vrt",'n"i'»t"."t"M"."1",'ti".'M"l'«>'If'l'f»>"fM ,  

G.W.: 16,450    FSCG: 360.2   vj/Damage: 150°    SAS: OFF 

Figure C-5. Aircraft "Hands Off" Response (150°) 
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G.W.: 16,450    FSCG: 360.2   ^Damage: -135°    SAS: OFF 

Figure C-6. Aircraft "Hands Off" Response (-135°) 
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G.W.:    16,450 FSCG:    360.2 ^Damage:    -50° SAS:    OFF 

Figure C-7.   Aircraft "Hands Off" Response (-50°) 
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Figure C-10. Aircraft "Hands Off" Response (90°) 
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APPENDIX D 

STEPPED TRANSITION TIME HISTORY TRIM DATA 

Figures D-l through D-12, Included In this Appendix, are the time history 
cases performed to determine the helicopter response to the unbalanced 
load during transition from four to two tall rotor blades. With the 
exception of Figure D-8, computer printouts have been provided for refer- 
ence. Definitions for the key symbols and abbreviations used are pro- 
vided below. 

Definition 

Tall Rotor (TR) Azimuth Position of Blade #2 
(Imbalanced Blade) 

Number of Tall Rotor Blades 

Aircraft Linear Accelerations at TR Location (FSTR, 
BLTR, WLTR) Measured Along TR Fixed Shaft In X- 
Dlrectlon 

Aircraft Linear Accelerations at TR Location (FSTR, 
BLTR, WLTR) Measured Along TR Fixed Shaft In Y- 
Dlrectlon 

Aircraft Linear Accelerations at TR Location (FSTR, 
BLTR, WLTR) Measured Along TR Fixed Shaft In X- 
Dlrectlon 

Aircraft Linear Accelerations at TR Location (FSTR, 
BLTR, WLTR) Measured Along TR Fixed Shaft In Z- 
Dlrectlon 

Aircraft Angular Accelerations at TR Location (FSTR, 
BLTR, WLTR) Measured About TR Fixed Shaft In X- 
Dlrectlon 

• 
qeTD       Aircraft Angular Accelerations at TR Location (FSTR, 
51K       BLTR, WLTR) Measured About TR Fixed Shaft In Y- 

Dlrectlon 

rsTR       Aircraft Angular Accelerations at TR Location (FSTR, 
BLTR, WLTR) Measured About TR Fixed Shaft In Z- 
Dlrectlon 
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Symbol Definition 

TTR Tall Rotor Thrust 

« b Aircraft Roll Attitude 

6 b Aircraft Pitch Attitude 

* b Aircraft Yaw Attitude 

ayn Longitudinal Acceleration at Pilot Location (Along 
xp Body Z-D1rect1on) 

au- Lateral Acceleration at Pilot Location (Along Body 
yp Y-D1rect1on) 

a,_ Normal Acceleration at Pilot Location (Along Body 
zp Z-D1rect1on) 

^wTTDk-j Inertlal Force Along TR Blade #3 (Spar) In the Y- 
yiiKW Direction 

*TTTp Total (Sum of All Three Blades) TR Inertlal Force 
11K Along TR Shaft (-) Z-D1rect1on 

*HTTD Total (Sum of All Three Blades) TR Inertlal Force 
nK Along TR Shaft (-) X-D1rect1on 

*JTTD Total (Sum of All Three Blades) TR Inertlal Force 
11K Along TR Shaft (-) Y-D1rect1on 

*MHTTO Total TR Hub Pitching Moment Due to Blade Inertlal 
11K Loads (Moment About Shaft Y-AxIs) 

*LUTTD Total TR Hub Rolling Moment Due to Blade Inertlal 
nuK Loads (Moment About Shaft X-AxIs) 

*QUTTQ Total Moment About Shaft Due to Blade Inertlal 
"l,K Loads (Moment About Shaft Z-Axls) 

« 
P Aircraft Roll Acceleration 
• 
q Aircraft Pitch Acceleration 

f Aircraft Yaw Acceleration 

p Roll Rate 

q Pitch Rate 
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Symbol Definition 

r Yaw Rate 

V Airspeed 

♦These total forces and moments Imply the summation for all three blades 
and are the Inertlal contributions without aerodynamic contributions. 
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G.W.:  16,450 Lb.    FSCG: 360.2   V: 100 Kts    NR:  100%   SAS: OFF   HD:    SLS 

Figure D-l.   (continued) 
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G.W.:  19,900 Lb.    FSCG: 360.2   V:  100 Kts   NR:  100%    SAS:    OFF   HD:    SLS 

Figure D-2.  (continued) 
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Figure D-3.   (continued) 
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218 

i 



I 

i. .' 

is * i«,.. 

r 
3 

SH' 

8 r 

1  .>I!M 

n 
a 

'•"lit 

UI 

HI 

•ic 

no u. 

^ » ♦ ■-• »-I-I *-♦ • 

G.W.: 19,900 Lb.    FSCG: 360.2   V:  100 Kts   NR: 100%   SAS: OFF   HD: 10,000 Ft 

Figure D-3.   (continued) 

219 



I     ! 

«•••»•>« 
«••••« 

•    ■ M« Ml 

I I 
• •«M 

"7 r'rflTTTTTl 
or O oo ooo a 

«M»-IM«I.JMM««Oa.«.«>M«t>-IM»4SXtMMt-l»-IMM>«»-l>4M>-Nn*(»-'««««4l<« 

I 

r 

5 

I i 

i«-»*»«y    MM 

-*        IM 
I      w t 

nt Mtn « »» • • •»" 

• •h>      « • ••n.«Mo.»«4    (Vi«*ni «mm nin m» « « i»     « v » <• m «u      • »v * ■• •• » «r« .o 

o*n>»r»-»-     *>■»>»«»-• MM« •«••» » u »COM c at aiMaoo 

»- »Ji». 

:2s 
u «»«•        • 
IN lummm • 

I 
• »»«»l «Mt«        -• 
«••> «<«•»■    *i 
VMM««««        X 

I 

V !     I 
I M    I ■ « 

M»MM«MM« 
M»mm««inii«M«»M*«««»«< 
•••»*•*«>« artriK-*« .ri»»»«—«-i 
fk•>.(>.n• «tM »M • •« •m^MM»* 
MM«»#«|(\«»««««M«M   •  • 

m r* 

«•  «m 

«»,««« •: 
••jxi-«ai««x>*-*s;zAarxtti«x:«vac«.a»-]:ciMU««««««>->->»-i-»-i 

■       i 

• MHtM « • «» «xM 
• •      • '««»«MW«*»« 

• ■ • •    «n i •Mm«»» n«»«^ 
«••M«  • •***#■—- •■mm 

; {      |MM i <* 

v« 'iwwtnw 
M «Mtn«*     •»»m        MM*    ^« • M *•>-••• M« MK I^M«»t~»>»>' ••• 
<«»• »> inM«n<f»Mi>-••^•«•M»*>tnM4 
MM MV<««M«VI«V   •►.»ir»««»«"»i 
M« ••^^»«M • «(rio •«• • •■»••« 

'   - n &M« «^«IA«««»« • »me 

*» • •• 

S«a.        MM ri « ai W      I *. 
i 

It 

■ 0-m   mm r«MM •«««  ••*  • »m »m • •»■• • •• »MM« »M»* •«•• «»M««»«**«   • 
»«««•»ni  ••-» ■•> • >•• « M •• • • •■ •• •♦  • • ••  «MM •• «MI* f m*« ««MM •• 

v *~ ■*     mm m tk t: 

lorrx^OHk-M^rXMf-.ix-i T i i l 

Figure D-3. (continued) 
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G.W.: 19,900 Lb. FSCG: 347 V: 100 Kts NR: 100X SAS: OFF Hp: 10,000 Ft 

Figure D-4. Stepped Transition Time History 
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Figure D-9. (continued) 

246 

■■" \ 
i.-> 



r.* 

III 
u 
S ;S 
. > ■;■ 

el: 
«r. 

Hi *' sf 

c 
... s s 

*■*■' 

s3 ■ 

SB' 
B8 

ih 

^ «bj 

no1 

l.J^t' I It 

'T .... i. * ;* 
::" ■ 

■ 

■ 

■ 

■ •• 

::: 
! 

'in 

I  I 

144 
i   i 

! I i 
MM 

i, 

f~~r ;--;-;- 

■     1             1 

fill 

Ml.lKW   I * 

tl.iVl   IBM 

i .j\o ii» rr 

it)W in rr . 

»I,no u-rr 

Tl: 

9     %. 

• 1,150 in-rr 

Ml 

i 

.u: 
i 3 
i - 

mi 

11 

U 

tn 

i j 
i 

X 

6.W.: 19,900 Lb.    FSCG: 347   V: Hover   NR: 955^    SAS: OFF   HD: 10,000 Ft 

Figure D-9.   (continued) 

247 



J 
is y 1«,,, 

HAt». 

.w "«',■ 

.l.Jl w 

6.W.: 19,900 Lb. FSCG: 347 V: Hover NR: 95« SAS: OFF Hp.- 10,000 Ft 

Figure D-9. (continued) 

m 



J. I 

S ( S S K S 

s s s s s 

r u - • « 
c r cc c r c r • 

« j c r > » -
rt M > - N w 
a . > > > < L 

i n r - « > « o 
s « • « « « 
« « » s « 

s s o m m —• s 
• • — « M w m 

f n i r . s • • • • 
r«- c r * < M t » 3 - « • 
ftj <tf> S i n I T N r u — 

< o fl 
r * u 
«o r - , 
w e , 

B 0 3 

S ® 

C D ' S S S G S S 6 

S S S S S S S S 

s s 

KJ S 

S S I • • 
6 3 « 3 I 

\ m r u 
• • f l » -• • 

— CD • • 
C9 S 

I I 

ftl 6 

| 
i n S G S S B S S *« • • • • • • • 
l a s s s s s s 

I f t K K I t K I X H H H K a K l S a Q : 
• » — K O . a a . 

J I L O X X X K X 
< n n 
a . a 

C O » - « » ~ * » - 4 X X X » ~ « » 
H X " > X - i O X 1 

a . a . c 
x > - I » >• : 

. o o o o o o o 
— a o o o o o o 

a m i * > N Z _ J 

I ! 

ft»N -
i <* m a -

• r*> S S ftl t n fti 

— • — e n • 

S V 1 B I 
N i n 

• S » « t f > C D « 
• « rv i j ) m i r w a ) 
' m i — • S K I X S I O ' 
) rvj c* tsj c r s — o 
' M U S « 4 4 ) 9 : 

> •£> • • • • A J ( M S 
* 5 ) Q • • ( • 
r i u f t • • • « e s K 

( v i < r 
<o » 
i n < r 
rvi <r s n c r » u 

CO 6 3 r - • 
9 • 6 3 »© 
C S " ( V ) K # « 

• * - c n i n • * ! • 
( V I « x f t i S 

• — r o m t i l 
U J v • • U I U I 

m n m i ^ o « 
• o i n c r <*> c r 6 3 
S « ! « « • » « 

i n ^ ^ ( v 
K - 4 ) 

r ^ i n r u 
—• <vi » i • 

53 • • • S 3 
• S S S t i l 

I i I 

I M S . 
• <M 

• fti -

a K » ! S » r -
x i n i r « m » c r 
« i n 
e «» « • • r u « r 
o i s 9 0 s o i n « • • •«*•« 
d ( M K I S • . 0 

S W ( V O ^ ^ » ( f K C 
• » I P « » • ! « • « • • • 

S • « • • 9 6 2 ft! 

J O j n 
U K O l U X 

> e > o r -

ac a c o r , 
* - ! x r - • 
* - K - i n i n z i t i » . 
• n r » - » - K N M • - s 
X J > X W > X X U « < 
• - 3 « M M K K X ft ^ 

— — CB — — "T JC t 3 
< f f i < < O 1C X W 
< 1 0 4 4 C H i h i • ) 

> o 
o » -

o c r : 
r - r - i 
o » - : 

I O O O I » - K -
l O Q O f - H * - X > a 

i b f i i r o a o a f t f t i t s f t i L i L O 
• x > - N O O Q » - » - » - H » - K J J < 

> > > a . O ( t X > ' N J I 2 < < 4 

4 • I I 

I I 

s s 
^ S B 
e s s 
e s s 
» « s 

s « > m s 
• • r » 9 

K m - ( M ® 
9 9 • • • 
m ftj 62 6 > o 

e S i « * 
— . a c n < « < 9 
^ < r < v r - • 
r N « n « B i n 

S N ( U - * « « 
• c « « s n t s ( \ i 

m s « « ( 0 9 c s i r 
53 r » • • • • • « & K 
• s m s M n i i i * • • 

r» - • « * • i m i o m « s 

« 
• s s s i 

fti • • • 
• s s - • t 

N i n i r 
c r r u c r 
w\ «o c r 
« v o < r 
s fti e 
p o s c r 
i n r u =r 

a • 
u k l 

- m S3 
I ftl K» 
. fti « 

tej 
> ; • * f f t 

® — a n — 
> s • • • • • • 

> s s — s s s 

GO CO 
fti >o 
s « 

fti f O e i 9 K » <r 
•4) r - « ( n - * wo 

e • 
• n —• c r — 

c r i 
r - s < 
— t 
c r i « » ( 

• c r fti 

« a 
K » c r 
~C K l 

n ft» 
s s 
<£ « 
4 ) < u •« • 

x ( M \ i ( V c i n i n e 
K S a > < O N f t l C ^ i l 
i r t » W N ^ O ' « f O 
—« * 9 9 9 

• m c o » « • • - • 
- • • o t f n m r - J O S 
w m • • • • , * — 
i n <o m s r » s c r • 
< • » « i 0 » - s 

i l l 
l i l u i 

M r m » 
t o i n t 
• • • ft/ J 
fti <S ; 
c r r - i 

< r . 
fti i 
0 « n « 

r - ( 3 1 3 U I • * • U o o x « n 
_ » X H 0 

fti u . x a H X 

K S X M ( O 
X ! • * » - K - «< 

09 U K H Z U ^ - C 
w « 

« < r - i i I O C I : 
Z f t m - 4 ( D I - K X X > - ( 

: u ac 
• x 1 3 
i - « x 
i ia c 

M I - H n 
< X A V X ( L 

1 9 
H M 
X * > 
o r -
k u 

1 3 M 
M # > 
• > X 
X 3 
C I U | J 

X X 
x x a x s a 

I a ) t 3 CD I D ® CD H •— 
C3 >* » 2 : > x n i - J : « • — 

U J U I t 
m a w 

4) c r s S S ( U 4 ) 9 « •*> i n 
r« . ! c r i n s m 9 fti « s 
• n 1 s s s c r fti S f t l V 9 « 9 S 0 
w i • s • * c r fti s ft* m - « < o K c r 
#> 1 s • r - 9 « * f n 9 « 0 « 9 & s « "* | S 0 « f t l « • S • « ' O ' O K H s « 
r - j c r ^ <V ftl • • D • S * f t • • • f t l • •— 
r - I c r 5 w o m —• m s • —• fti —• • s • 
3 ! •* m o m fti • • K S • fti fti c n 

1 
0 s 

r - 1 X a c 
1 J 5 
* *: * ft-1 X X »- _ j »-

O i o H A ( f l l 0 < Z CB 
M l U i X I H O J O « - « s 

U I X > • N I X i t . o < z a i t i 4 n x 
X H H M O O * f t . J J U f t X *. > 

s s m • •« 
> s • 

e < r 
i — fti i 

fti s s s s » 

A t 9 i n C 9 

4 > — m ** 

© ( V K 
ft|ftl« 

m « 9 s < M n m 
• s • e 

m 4 > s • • • < * 
• fti «> - c m s 

• « «o s < r e 
r - i v • « » « «3 • i 
K <0 9 0 fti 
— i • • • • C t w l 

N J X X X > • N 

ftl 0 
e 

c r 

• (ft. c i < 

I 
4 u fti a x 

3 u « 
X X . 

a : ac 
X X 

I t l x 
I X 9 > t 

> » S 

i 
i 

ftl s 

t 8 

9 » o 
• ® • 

• f t • m 

* * t x x 

Figure D-9. (continued) 

249 



G.W.: 19,900 Lb. FSCG: 347 V: Hover NR: 100% SAS: OFF HD: 10,000 Ft 

Figure D-10. Stepped Transition Time History 
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Figure D-12. Stepped Transition Time History. 
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Figure D-12.  (continued) 
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Figure D-12.  (continued) 

263 



r* ^f «r- ™ w^ 
a» a» -•«»- 

•   •      fU SK VtM 
I m rt B   •   •   •   ••- BKBSBSSBSVI 
i>\l«S««<K>innjKSSC3B«>B«>CBei 

<-•■: m s • r> 
m • (B «t «»» 

:BB6SB    • «V «) 
•  •  •  •  •  • s m « 
IBBBBMItx 

•   •BBBSBS«< 
•-• f»   •m   •  •   •   •  • 
xxB  t«BBBB< 

m   •  •  • 
n at at at   • a 

za:KarKKac»-»->-Baca:a:«:a: a a 

a. > ! > a. xk.ow>tM><Ma.occ»-x>ixuaM>- 

o o oo a o 
•-»-»-»-•.•.•.a.A.a.t-1-tacoocooo 

IM_IXZ«««>>>«O.BXH>-MZ^ 

i m •• 

z 

JO 

B m> 

s t 

Ul   K 

Bn 
B irt 
BIT 

B S B « 
•   •!»»►. 

tO t    mm 
•« in mm i 
• mm i 

m 

' m « 

■ m •« 

« f»        19 ■<> O -• 
B -« »   •    • 

i B r\ 

m«i 

B V 

< a 
B« 

» ■ 

• a 

• B 

• m » • 
i s 

B « • «    • 
• =» 
im 

,  m t m t M 
i    I tu I IU • 
'   ki t» tai »«a» 

B xir « « 
x IT        ««•-•»» 
« fo m «> *> B «> 
»o — a « v *> » 
«mi • m s B « 
B   • i •* • » ir m 
• It       ffl »tO » B 

»^ >n s ••   »m  mtsi 

V       B • •««> 

m 
• F 

mm« 
«   .  .1 

m B <v B 
m « « r> 
• « r- B 

m <t i>- « 

SBxSStOmBxxB   I  B   IB   «B»- 

« B m ■> 
«> m « «> 

» « I 

a   «o * 
m «   •  • 
♦  i « n 

X -I > X 

er 
x 
r> (» 

•> x 

in z 

X u 

S k. 
I- B 

U-k. 
•« «4 
« B 

B «•< 
« « ( 

»- »- ^ :       I 

at tt re ** a *-*- 

_IO oo 
IE to O O 3»- »- 
x a B B ■> c o OB I 

O t-l 
• a or B k. k. •< 

■> 
o 

4 

« 
•- 
3 

> o >• o ►- ►- » •»►«•< t-l-MK«« r««Bkiki«ir_io»-xx>> 

■    1      ^    ! 

> B O 

| 
KM»-» 4 _IX z « « « 

Mix I •• t 4»      «« 
»   t l           1 !                 • kl •       • 1 

1 
1 

kJ k) t 1           1 k) Ski     kl 
BB u ^^^iinm»*inB •n« mm t- «« «^ «• 

B B« B 
S » SBI 
B VB B 

B B« AlB • m 
m«-<B«Bin B 
•-•«•»mB«B B 
« »in •«« • B B 
••ITNBBIVB » 

im « in « s B « »~ 

BMB^-mBVXV^B 
BBS»«««««(ns>«m>« 
«iw^Bsminir^sB« 
»-B t-»-►» m ^ • m  ««   • ■ 
«B«M«r.B^inBm«» 
«««»>*-« v »•-• B   «mw 

Bs^ir^mm»^» 
» m« 

-*m 
mm 

m B • 

mm m 
^ •« s 

a  «m BS   •• r- 

m mB B«m 

is a MM m 
u uo x •> ■> 
s> .jx >-<iS a 
k. x » »-z z 

m in «•  »^ •  • • • •.■ ••••••• «s   • • • •* 
»• «   »•»••«~mmBm«»«B-«-<BBB   •  BBB   • 

mm m 
m — • 

L, 
•«mm 
•  N  I 

•• « 
I  « 

mm» 
I   * B 

I 

! 

i   k.   •-•- <• 
X       « O »-       U (9 H       I 

«J »-^Z U »- S « U « O M M X ^-MM « 
• »-•>mkiki>H«kiM»-xa»<»-»-BX<nBX 
■«x-»-«xitaäDiXuJ-<s,s:a:5sa.a»-ToiM« 
•. B« B »-•->• M »- a C U O k. kiki kl M u u u 

BmB'wmKBmBm 
BBB—mmBBm» 

z : 
at a fc 

mi 
— mi»« 
•   I kl il 
klk* « kl 

« m -•« B mm«m    B s •«    Bm—B 

a»mm»n^.B«m—^- 
BB     mmmBmm«. 
Bm     <r m m ir m m B i 

r> B 
>  *« 

mm 
••m 

t» m K »« m m 

mBxBB  «•  «m«m>«mB  «mB m»     « mm *> B m m « « m mwm MB  «BC 
• mmm •«   ■•  »r-   ••«  ••  ••*«•*>  «B   «m -• m •••mr>mB«m»«m«m> 
«mBo-^-mmBs  •«•• •••«•«• • • • »m  •►>   • * «B  »B m »m B m Bm ««mmi 

x x t B Z X 
t-«     «•»■»■or 

JXKX333«xrxCXS   I   «   «   «   KXkXXX 

Figure D-12.  (continued) 
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