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I. BACKGROUND AND INTRODUCTION

A. Prior Studies

Previous studies to evaluate the benefits of a composite hub as compared to
a metal one were aimed at the CH-54B Skycrane. This hub, relative to the
BLACK HAWK, is large but, because the aircraft is not as maneuverable, the
design Toads are significantly lower.

Since a half-scale CH-54B is physically equivalent to a full-scale BLACK HAWK
a direct comparison of these loads (see Table 1) demonstrates the much more
severe loading requirements for the BLACK HAWK.

Table 1
Design Head Moments for the CH-54B and the UH-60A

Design Condition Head Moment (in.-1bs.)

Aircraft

CH-548 UH-60A
Skycrane BLACK HAWK
(half-scale)* | (full-scale)

Fatigue Design 100,00C 180,000
Limit Load 164,250 657,470

*mo~ents reduced by 1/8

Although the design requirements were not as severe, the results of the
studies are significant and are summarized here. The first composite hub
program resulted in the "Whittaker" hub shown in Figure 1. This hub is com-
posed of many layers of filament-wound fiberglass tension loops which are
continuous from one blade attachment lug to the opposite one. This system
is inexpensive to manufacture and is structurally efficient for carrying
centrifugal loads introduced by the blades. It c.rries vertical forces, that
is shears introduced by blade flapping and coninz, as interlaminar shear
stresses in the composite. The interlaminar plane is the weakest in the
composite, and during tests the hub failed prematurely in an interlaminar
mode. The "Kaman" hub is shown in Figure 2. It consists of three rela-
tively easy to manufacture graphite/epoxy plates. This hub carries the
vertical shear loads by a truss-type action and thereby loads the composite
in an in-plane mode rather than in an interlaminar mode. The Kaman hub is
lighter and Tess costly than its titanium counterpart. A portion of the
weight saved is attributable to the bonded joints between titanium and

10
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FIGURE 1, SCHEMATIC OF THE “WHITTAKER" HUB
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graphite/epoxy. Although these joints are structurally efficient under
normal conditions, there is some question as o their ability to successfully
sustain ballistic damage, as will be discussed later.

B. Objectives of the Present Study

The present study was directed toward: (1) summarizing design data for the
BLACK HAWK main rotor hub; (2) developing and evaluating a series of com-
posite hub concepts; (3) selecting the best of these hub concepts; and (4;
refining its desian,

The design data included the geometric constraints, the design Toads, the
ballistic requirements, and the reliability and maintainability requirements
for the present BLACK HAWK rotor hub.

The composite hub concepts were designed to meet the above requirements as
well as the foilowing additional design goals:

1. Make maximum use of existing BLACK HAWK rotor head components.

2. Achieve an acquisition cost savings of 25% and an overall
reducticn in life-cycle costs.

3. Obtain a 15% reduction in weight.

4, Obtain a 98% reduction in radar cross section in the 5 to
15 GHz radar frequency range.

5. Improve the damage tolerance as compared to a titanium hub
and design the hub to be field repairable for external
damage.

6. Design the hub so that no in-flight testing is required to
track and balance when the titanium rotor hub housing is
replaced wi*h the composite and s¢ that no in-flight track-
;ng is required when interchanging blades on the composite

uo.

One candidate was selected from all those considered by conducting a trade-
off study, which included the following parameters:

(1) Cost

(2) uWeight

(3) Ballistic Survivability
(4) Reliability

(5) Maintainability

13
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(6) Producibility

(7) Repairability

(27 Radar Reflectivity
(9) Lightning Protection

The hub concept receiving the highest score in the trade-off study was re-
fined and subsequently analyzed more thoroughly. The final evaluation in-
cluded a more detailed investigation of the parameters listed in the trade-
off study as well as a preliminary structural analysis.
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IT. DE5IGN REQUIREMENTS FOR THE BLACK HAWK ROTOR HuB

A. Geometric Requirements

The geometric requirements are described in Figure 3. The centerline of the
pitch-flap-lag bearing, with respect to the center of rotation, is shown in
the Plan and Elevation View. ghe arms are offset by 1.83 inches and the
face of eash arm is pregoned 8. From this position th8 bearing is free to
move up 17° and down 14 in the flap direction and + 10~ in the lead-lag
direction. The uverall motion of the elastomeric bearing is shown by shaded
areas in Figure 3. The movement of the control horn and damper/accumulator
system is given in Sections A-A through E-E. The location of the damper
bearing is described by offsets in the Plan View,and its vertical position
is shown in Section E-E.

For air transport the hub is icwered and the shaft extension is removed (see
Figure 4). To meet the present requirements, no portion of the hub can be
more than 5.2 inches above the centerline of the arm at Section A-A of Figure
3, i.e., above waterline 318.78. In addition, no portion of the hub can be
below wateriine 307.62.

8. Design Loads

A schematic of the present BLACK HAWK hub is shown in Figures 5 and 6.
The primary design loads are those at the flap/hinge and are designated as
Puas Puce and Pyp for load at the hinge in the axial, chordwise and flatwise

directions respectively (refer to Figure 6). These loads are transferred to
the bearing end plate through an elastomeric bearing (see Figure 6). The
damper, which also serves as a lead/lag stop, introduces loads to the side
of each hub arm. These are designated as pDA’ PDC and PDF for load at the

damper lug in the axial, chordwise, and flatwise directions respectively
{refer to Figure 6]. When the blade hits the hub stops, either droop or flap,
the forces Py or Pop. respectively are developed (see Figure 6). These are

reacted by forces at the hinge (PHA and PHF) and develop an axial and shear
force as well as a bending moment Mapp at the bearing end plate.

The primary design loads are summarized in Table 2, A more complete des-
cription of the loads and load development taken from Reference 1 follows.

H + H i
i Main Rotor Head Structural Analysis, UH-60A," SER-70514,
Sikorsky Aircraft.

15
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Ground and Handling Loads

- Limit Droop Condition

The droop stop reacts the dead weight of the mass outboard of the
flap-lag hinge when the rotor is not turning. An ultimate ground
]gad handling factor of 4g vertical is applied to the loads to deter-
mine the ultimate loads. These Toads are divided hy 1.5 to obtain

the 1limit load.
Moment about the flap-lag hinge:

Maximum Lifting Moment about spindle

Mn =
Mn = 250(145.03 - 15)(4/1.5) (From Figures 6 & 7)
Mn = 86,866 in.-1b
TABLE 2
Primary Design Loads Summary
Limit Load

PHA = 108,122 ib

MT = 486,667 in-h

MH = §57,478 in-b

Fatigue Load

Pup = 68,562 + 3638 1b
Puf = 4772 + 5799 1b

Puc = 10,200 + 1850 1b

Poc = 0+7161b

PO = 0+381b

Starting Load

Pua = 23,000 1b

Puc = 406 b

Poa = 2570 1b

PDC = 23,000 1b

o
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The normal shear is the dead weight of the mass outboard of the flap-lag
hinge.

Vn = (4/1.5)(-250) = -667 1b

- Blade Fold Loads

The 1imit 1ifting moment, for design .. the anti-flapping mechanism, occurs
during the blade folding condition with a 45-knot wind. The maximum mo-
ment occurs on Blade #1 during the unfold cycle. Figure 7 depicts the
geometry for the maximum load condition. '
Loads at the blade fold joint are (Reference 1):

Mx = 24,000 in.-1b

Fz = 317 1b

Moment at the flap-lag hinge:

Mn = Mx + Fz x d

Mn = 24,000 - (317)(15) = 19,245 in.-1b
where Mx, Mn, Fz and d are defined by Figure 7.

Starting Conditions

- Static Design Loads

The shaft torque "Q" is 1.5 times the SLS (Sea Level Standard) single
engine intermediate power rating at normal operating speed.

Q = 511,000 in.- 1b

Distributing the starting torque to three of the four blades, the
torque per arm (T') is as shown below:

T' =Q/3 = 170,330 in.-1b

Chordwise Shear:

Pic = L

= 170,330 in.-1b
R = 145.3 - 15 = 130.3 in.
Pc = (170,330) = 1307 1b

130.3

24
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Normal Shear:

During the starting condition, the maximum normal shear is the
reaction to the deadweilaht ouvboard of the flapping axis. Since the
weight acts downward, the shear load is negative.

VNmax = -250 1b

Normal Moment at Flapping Axis:

Mn = (145.3 - 15)(250) = 32,575 in.-1b
This is reacted by the elastomeric bearing, PHA’ and the droop stop.
In addition, during startup, the blade "bottoms out" against the lag

stop which is built into the damper. These bearing forces, as well
as damper loads, are summarized in Table 3.

Table 3
Reaction Forces During Startup
Force Magnitude (1b)
PHA 17,000
PHc 300
PoA 1,900
PDC 17,000

Limit Rotcr Acceleration Load

The 1imit shaft torque resulting from 1.5 times the main gearbox
power rating at the operating main rotor speed is distributed equally
to all vour blades. Ninety three and ~n- -half percent of the en-
gine power is applied to the main rotor; the remaining six and one-

half percent of the power is used for tail rotor power and gearbox
losses.

Q = 920,000
To: que per blade:
T =Q = 920,000
4 4
i = ¢30,000

For ti.s condition the loads are given in Table 4.
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Table 4

Reaction Forces During Limit Rotor Acceleration

Force Magnitude (1b)
Pua 23,000
PHC 406
PoA 2,570
Poc 23,000

Cruise Flight Loads

The flappin
dition is 6
than 0.2 percent of the flight time.

Flapwise Loads

angle spectrum is presented in Table 9.
of flapping which represents a condition exceeded less

The design con-

Flapwise steady shear at flap-lag axis - shaft axis system:

Pyp = Gross Weight -

where

Gross Weight = 16,250 1b

Weight Outboard of Flap-lLag Axis

Number of Blades

Weight outboard of flap-lag axis = 250 1b

Flapwise

Pue

where TC

P

P
P

HE = 16,250 - (4)(250) = 3812 In

4§

HF

HF Total = 4772 1b

Pushrod = 960 1b

vibratory shear at flap-lag axis - shaft axis system:

TC TAN oL

centrifugal force = 69,220 1b

26
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g PHF = 69,220 TAN 4.2
é Pyp = % 5083 1b
} Flapwise damper component reaction:
\L
' PHF =+ 716 1b

Flapwise pushrod reaction:

Pyp = * 1600 1b but is zero when other contributions are max.

Total flapwise shear at flap-lag axis:
Pur Total = 4772 + 5083 + 716 + 0 = 4772 * 5799 1b

Chordwise Loads

The chordwise shear is developed by distributing the shaft torque
equally to all four blades at the flap-lag hinge.

where
Q = 612,037 in.-1b
e = Offset = 15 in.
PHc = 10,200 1b
Chordwise vibratory shear at flap-lag hinge:
PHC = Tc sin &k
where
Tc = 69,220 1b
A =+1.5°

PHC = (69,229) (.02618)

P.. =+ 1812 1b

HC

—— -
¢

-




Chordwise damper component reaction:

Py =+ 38 1b

HC
Total chordwise shear at flap-lag hinge:

P,~ = Vc Total = 10,200 + 1812 + 38 = 10,200 + 1850 1b

HC
Axial Loads
The equations for the variation in centrifugal tension for the design

flaBpingwanQIe have Been developed previously in Reference 2 and for
3.3" coning, and 4.2° flapping, the equations reduce to

P A . 9905 Tc 1 .0095 TC

H
. where
™ Tc = centrifugal force = 69,220 1b

Py = 68,562 + 658 b

HA
! The axial component of the damper load acting at the flap-lag hinge is

' PDA =+ 2980 b

Total axial load at flap-lag hinge is

Pua = Ppyp + P

HA " TDA
= 68,562 + 3638 1b

HA

' Pha

Limit Flight Loads

Contained in Reference 1 are the limit main rotor head loads and moments
with respect to the aircraft x, y and z axes. Those loads and moments
are transformed to axes parallel and perpendicular to the main rotor
drive shaft. Figure 8 depicts the sign convention for the shaft co-

! ordinate system. The relationships between forces and moments in these
coordinate systems are

I:SX

FSZ

i

Fx cos 6 + FZ sin 6

i

FZ cos 0 - Fx sin .0

2”Main Rotor Head Loads, CH-53A," SER-65046, Sikorsky Aircraft.
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sty = Fs£+’Fy
MSx = Mx cos 6 + MZ sin 8
MSz = Mz cos @ - MZ sin
Msxy = Msx*’My
where
Fx’ Fy, FZ = Total applied main rotor head loads
Mx’ My, Mz = Total applied main rotor head moments

Table 5 contains the resulting head moments and thrusts which are used
to caiculate the maximum normal shear load per blade at the Tlap-lag
hinge.

The axial, flapwise and edgewise loads at the flap-lag hinge are sum-
marized in Tables 6, 7 and 8.

Centrifugal Tension

The loads at the flap-lag axis at selected speeds are presented in
Table 6.

Chordwise Shear

The shaft torque is reacted by the chordwise shear at the flap-lag
hinge using the relation PHc = Q/be.

The chordwise shear loads were calculated using the above equation with
shaft torques from Table 5 and are summarized in Table 7.

Flapwise Shear

The flapwise shear force at the flap hinge causes the pitching and
rolling moments which in turn control the helicopter:

p_=+MW +F_ -Tc Tan B!

=
where

B! = precone angle = 8°

e = hinge offset = 15 inches

M = Msx, Msxy, My,whichever is the largest for a given flight

condition
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Fsz = Vertical Load along the shaft axis
Tc = Centrifugal Force
The limit flapwise loads are summarized in Table 8.

Table 6
Centrifugal Tension Loads at Flap Hinge

90% NR 100% NR 110% NR 125% NR
56,207 1b 69,220 1b 83,756 1b 108,122 1b
Table 7
Chordwise Shear Loads at Flap Hinge
Condition No. Q PHc
(in.-1b ) (16 )
1-F6-9-021 609,235 10,156
1-F3-40-002 471,045 7,852
3-F1-27-002 420,576 7,011
2-F2-5-001 486,667 8,113
Table 8
Flapwise Shear Loads at Flap Hinge
Condition No.| M M Fsz Tc Tan 8 Pur
2e T :
1-F6-9-021 , 486,390 | 16,213 4,141 15,195 27,267
1-F3-40-003 523,405 | 17,446 246 15,195 32,395
3-F1-27-002 600,330 | 20,011 8,009 15,195 27,197
2-F2-5-001 657,478 | 21,915 10,508 15,195 26,602

PES—

- Limit Pushrod lLoads

The control system 1imit loads were developed for the in-flight jan
condition. The pushrod loads are less than PHF in Table 8 and there-

fore do not affect the design of the hub.
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Fatigue Spectrum

The faligue spectrum includes both high- and low-cycle occurrences and
can be presented in a variety of ways. The most convenient for high-
cycle fatigue is the flapping angle (B) vs. the percent time as given

in Table 9.
Table 9
Flapping Angle Spectrum

Flapping Head Moment

Angle (B) % Time (In.-Lb )
+13 .0001 396,240
+12 .0002 365,760
1 .0003 335,280
+10 .0014 304,800
+9 .0025 274,320
+8 .0125 243,840
+7 . 0280 213,360
+ 6 .0950 182,880
+5 .410 152,400
+4 1.95 121,920
+3 97.50 91,440

- Low Cycle Fatigue (LCF) Loads

Low cy~le fatigue loads are those loads that occur only a limited
number of cycles per flight hour and are developed from the maximum
and minimum loads in the load spectrum.

ON/OFF Cycle

The ON/OFF cycle consists of all the 1oad - »ditions imposed on
the aircraft during one complete flight .ssion*. From these
loads, the maximum and minimum stresses are combined for each com-
ponent to give one LCF cycle per each flight hour of the aircraft.

.
2
3
ey
"A
g

*buring a flight mission the peak stress reached is that which is
not exceeded more than 0.5% of the design life of the aircraft.
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Ground Idle/Lift-0ff Cycle

For each complete mission, there are three times when the air-
craft lands and the main rotor speed is allowed to decay to 40
percent NR' The main rotor is then accelerated to its normal

rotor speed, takes off, and experiences in-flight loads. As in
the ON/OFF cycle, the maximum and minimum stresses for these
conditions are comtined for each component to obtain three
cycles per each flight hour of the aircraft.

Start Cycle

During one mission of the aircraft, the main rotor is accelerated
Toom rest to its operating rotor speed. Based on experience, the
LCF load developed during the start condition is taken to be
twice the normal in-flight damper load. At the same time, a 1G
static droop blade load is applied to the main rotor head.

Droop Stop Pounding

To account for the loads imposed on the aircraft due to droop
stop pounding, the following LCF spectrum is used:

Four contacts per flight hour @ 2G deadweight moment.
One contact per flight hour @ 2.67G deadweight moment.
C. Reliability Goals

One of the driving forces behind the increased use of composites is the
increase in reiiability, i.e., the decrease in failure rate. Hub failures
can be classified according to severity and cause.

Severity of failures is categorized as minor, major and critical. Minor
failures merely require maintenance and generally are termed discrepancies,
Major failures represent a threat to personnel ard equipment and result

in a degradation in performance. Critical failures result in loss of con-
trol of the aircraft.

Classification by cause divides failures into inherent or induced modes.
Induced failures generally include any damage caused by external in-
fluerces such as by foreign objects, by certain environmental factors or
by conditions outside the design envelope such as overload corditions.
Inherent failures include anything that is not induced such as fretting,
cracking, etc.,which occur at load levels witnin the design envelope.
Examples are given in Table 10.
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TABLE 10

Examples of Hub Failures

Inherent Failures

Minor
fretting
delaminations
change on bolt preload

Major
formation of a small crack
loss of primary fastener

Critical
Joss of multiple primary fastener

growth of large crack

Induced Failures
Minor
gcratch, gouge
delamination (composite only)
lightning {composite only)
Major
Jouge
small ballistic pertoration

Critical

large ballistic perforations
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Inherent Failures

General design requirements related to inherent modes of failure are
taken from the Prime Item Development Specification (PIDS), Reference
3, and are summarized on page 39. For many items the inherent modes are
the same for either a metal or a composite hub. Examples of these are
cracking, fretting, loosening of inserts, corrosion of certain com-
porents, and debonding of liners. There are, however, some inherent
modes which are unique to composites. They include items such as sur-
face crazing and delamination.

In order to quantify the inherent reliability goals of the composite
hub it was necessary to look at the titanium hub data as a baseline.

Titanium hubs exist on the UH-60A, the CH-53E and the CH-53D. A summary
of available data is presented in Table 11. These "failures" are all

minor and are termed discrepancies and have been used to estimate a
MTBM.

It is important to realize that both the UH-60A and the CH-53E are
development aircraft and the fully "matured" versions will have greater
MTBM's. The data on the BLACK HAWK (UH-60A) indicates that the hub
assembly, excluding the elastomeric bearings, has a relatively high MTBM.
The requirement for a fully matured UH-60A hub is as follows:

Hub = 2,173 hours
Shaft Extension

16,666 hours
Bifilar = 380 hours

Pressure Plate 33,333 hours

Based on the CH-53D data, which is a more complex but fully matured
titanium hub, these goals for the BLACK HAWK appear to be reasonable.
As a result of fatigue substantiation tests the crack initiation time
has been determined to be approximately 23,800 hours. Therefore, it
has, relative to its 20,000-hour requirement, an unlimited life. In
summary, the composite hub should have an unlimited life and a system
MTBM of at least 2,173 hours.

3UH-60A Prime Item Developnent Specification, November 1, 1976, Contract

No. DAAJO1-77-C-000L (P6A).
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Table 11

Review of Existing Titanium Hub Reliablity
and Maintainability Data

No. of

Aircraft Discrepancy Events MTBM
UH-60A 1936 F1ight Hours

Elastomeric Bearing 7 217

Hub Assembly (Brkt., pin, bolt) 3 645
CH-53E 1075 Flight Hours

Unbalance 3 358

Fretting 2 537
CH-53D 17,498 Flight Hours

Scored 3 5832

Unbalance 8 2187

Distorted 5 3499
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Induced Failure Modes

Induced failures result from external forces. They fall under the
general headings of environmental damage, foreign object damage, and
overload damage. The Prime Item Development Specification (PIDS) pro-
vides the requirements for the current titanium hub. Because of dif-
ferences due to the use of composites, the requirements have been ex-
panded somewhat. Overload damage is that which is outside of our design
requirements and is not covered by any specification.

Environmental hazards include lighining strikes, corrosion, salt spray,
ice, etc. The PIDS design requirements for environmental effects are
summarized on page 4C. Lightning strikes present no particular hazard

to the titanium hub. They should be included in the design requirements
for a composite hub,and a conservative strike is a 200K amp initial
surge followed by a 200 amp current for a duration of two seconds.

The design approach that was used to maximize the reliability of the
hub is summarized below.

Choose a material layup with high strength and good resistance
to crack formation and propagation.

Minimize the tendency for delamination by careful attention to
design details.

Use redund. 1t load paths.
Design for low operating stresses.
. Use conservative design allowables.
Geod quality control - readily inspectable.
Individual components
Completed assembly on the aircraft

Choose designs and manufacturing techniques which provide repro-
ducibility from part to part.

Eliminate, if possible, regions or the vresent hub which have
a low MTBM.

38
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Design Requirements Related to Inherent Modes of Failure

Safe-1life design shall be employed as the primary means of
satisfying the useful life requirements.

Whenever practicable, "fail-safe" design principles shall be em-
ployed to permit use of "on-condition" replacement rather than
mandatory component retirement times. These principies shall
'nclude slow crack growth, crack arrestment, alternate load paths,
and the establishment of adequate inspection intervals and
procedures.

Resistance of materials to fracture (both static-fracture tough-
ness and fatigue-crack propagation) will be one of the primary
considerations in material choice as dictated by the end-product
application of the material. Factors that shall be considered
both in choice of materials and processing of materials include,
but shall not be Yimited to:

Inclusions introduced during manufacturing.
Ply layup.
Stress risers through design or fabrication.

Where it is necessary to develop data and properties for materials
and composites, the test materials, processes and composites shall
be those intended for use in production aircraft. Minimum pro-
perties obtained from the foregoing sources shall be used for design
purposes. In MIL-HDBK-5 "A" values shall be used in the design of
striuctural components except that "B" allowables can be used for

the fail safe or multiredundant structures which are designed to
carry full limit loads after failure of one member.
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Design Requirements for Environmentai Hazards

b

The selection of allowable stresses used for design shall include con-
sideration of reduction of material strength due to environmental
effects. Allowable stresses shall be selected on the basis of creep,
thermal expansion, joint-fastener re' ation, 8"d fracture toughness.
Temperature extremes range from + 1€ r to -65°F.

A1l system parts shall be suitably treated or finished to provide pro-
tection from corrosion.

The aircraft and its subsystems shall be capable of operating during
and after exposure to salt spray conditions. No degradjation in
performance or life shall be in evidence for an exposure up to 10
percent of the component design service life.

The aircraft and its subsystems shall be capable of being subjected

to radiant energy at the rate of 100 to 400 watts per square foot.
Fifty to 84 watts per square foot shall be assumed to be in wave
lengths above 7,800 angstrom units and four to eight watts per square
foot shall be assumed to be in wave lengths below 3,800 angstrom units.
The duration of the sunlight exposure shall be assumed to be 48 con-
tinuous hours.

The aircraft shall operate with no adverse effects while being sub-
jected to blowing snow of a crystal size range of 0.02 to 0.4 mm
with a median of 0.1 mm to a wind speed of 35 knots.

Foreign Object Damage (FOD) results from ballistic impacts, bird
strikes, hail, and tool drops or other handling damage. Specific re-
quirements exist only for ballistic impacts and are presented in
Table 12. For the composite hub it is necessary to define limits for
other types of FOD. Bird strikes on the hub, while potentially high
in impact energy (1/2-1b bird impacting on aircraft traveling at 145
knots can transfer approximately 200 foot-pounds of energy), are
extremely rare and hence can be ignored. Hail up to 1/2 inch in
diameter impacting at 145 knots should not result in damage to any of
the structural composite. Tool droop damage varies depending upon
total i=pact energy and energy intensity (i.e., whether 4 point or a
blunt portion hits the hub). A reasonable design criterion is that
no damage to structural m:terial occur for impacts resulting from a
2" diameter steel ball dropped from 10 feet.
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Table 12

Ballistic Requirements

[

Essential components listed below shall accept damage from impact by a
projectile of the type and striking velocity specified and still be cap-
able of supporting limit load without failure (yielding is allowed for
this condition) and continued safe flight for at least 30 minutes at

normal operating loads.

Flight Essential
Component

Main Rotor Shaft

Main Rotor Hub and
Elastomeric Bearing
Assembly

Projectile

23 mm APl
or 23 mm HEI

23 mm AP]
or 23 mm HE]

Striking
Velocity

1600 FPS

1600 FPS

Fusing

Most critical with
superquick or
time-delay

Most critical
with superquick
or time-delay

D. Maintainability and Repairability Goals

Inspection Requirements

The present titanium hub assembly requires a minimum of inspection.
A visual inspection is performed prior to each flight and after

every 10 flight hours.

After 500 flight hours the hub is subjected

to a more thorough visual inspection and a check of all bolt torques

There are no scheduled overhaul requirements.

These inspection

intervals are appropriate for a matured composite hub; however, at
the 500-hour interval, a coin tap inspection should be included.
This would be followed up by an ultrasonic pulse echo inspection

ot any questionable areas.

of certair coatings such as the radar-absorbing films.

Such inspections may reqtire removal

Therefore,

the inspeclion intervals are similar for the metal and composite
hub, but the composite hub requires a more complex inspection

procedure.

Maintenance Requirements

Maintenance frequencies for several major subassemblies are given

in Table 13 (Reference 3).
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Removai times of the elastomeric
bearings, of the entire hub-shaft extension bifilar system from
the aircraft, of the hub-bifilar from the shaft extension, and
the time required for lowering the hub for air transport should
not be increased as a recult of utilizing a composite hub.
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Table 13

Maintenance Frequéhcy of the Titanium Hub

Maintenance Frequency
Per 1000 F1ight Hours

Total
On A/C Removal On A/C Repair Maintenance)
Frequency Frequency Frequency
Hub 0.45 0.01 0.4¢6
Bifilar Assy. 0.20 2.43 2.63
Pressure Plate 0.0 0.02 0.03

Repair Requirements

Scratches, gouges, and nicks in the hub up to 0.040 inch in depth
and 2 inches long can be repaired on the aircraft in the field.
On the bifilar, scratches up to 0.020 inch are field repairable.
These repairs are performed by blending with a suitable abrasive
wheel followed by a dye penetrant inspection. The repaired area
is cleaned and subsequently painted. The bifilar bushings are
pressed into the bifilar support. These bushings are actually
exposed bearings and are subject to rapid wear. They require
frequent replacement but because of the press fit, they are not
field replaceable.

Restoration Time

In general, the composite components will require more time to
repair than will the metal components. For example, repair of a
scratch in the composite consists of blending out the scratch,
coin tap inspection of the area, cleaning, bonding on a patch,
removing excess resin, coin tap inspection of the repair, cleaning
and painting. The repair times for various components for the
metal hub are presented in Table 14 and represent design goals

for the composite hub. However, because the repair procedures are
more complex for a composite structure, it is anticipated that
these goals may not be achieved.
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IIT. COMPOSITE HUB CONCEPTS

Design_Approach

Structural Configuratior

The design ~- .. were presented in Section II. They can be sum-
marizs  Ls:

Meet the structural and ballistic requirements of the
existing hub.

Achieve a substantial cost and weight savings over the
existing hub.

Retain as many of the other existing component: as
practical.

Changes to elastomeric bearings were ruled out because of the re-
latively long development time required to achieve a suitable
replacement. Changes to the horn, pushrod, and other control com-
ponents were prohibited because changes in pitch-flap coupling,
etc., would affect handling yualities. Changes in the damper-
accumulator system were also ruled out to help meet the goal of
utilizing a maximum number of existing components. Alter.cion

to the shaft extension was permitted. There are several reasons
for this: first, it is not an expensive component (approx. $4,000);
second, without alteration it can greatly increase the complexity
of the composite hub; and third, because the existing extension
has an unlimited fatigue life, the number of spares produced is
not large and therefore the introduction of a new extension into
the inventory will not greatly penalize the life-cycle cost of

the composite hub system,

In order to achieve the desired cost and weight reductions, efforts
were made to simplify and integrate parts wherever possible. For
example, the modified shaft extension was designed to eliminate

the need for an upper pressure plate and its associated cones.
Another area for integration was to eliminate the need for a
separate bifilar support by incorporating it into the top plate

of the hub. This integration is given in more detail in the
discussion of the various hub configurations.

Structural Sizing

Accurate structural s¥zing was necessary for the subsequent cost
and weight trade-off studies. Preliminary sizing was performed
using NASTRAN models to determine lcad paths and stress levels
for a1 variety ot loading conditions.
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These include the following:
(1) 4 X CF’
(2) Limit Rotor Acceleration

(3) Limit Flight Load
(4) Fatigue Design Loads

(5) Static Droop

The analyses relied upon superposition of independent load cases to
compute the actual stress state for any specific load combination.
The actual models are presented, along with a description of each
configuration analyzed, on page 55.

The dgsign gllowables for the composite are consistent with those
of (02 + 45 )Sym type A-S graphite/epoxy laminates.

Other layouts and reinforcements were considered but, as will become
clear in the next few paragraphs, this was the preferred material.

Static allowables are presented in Tagle 15. Both room temperature
dry (R.T.D.) and reduced data for 180°F is presented for the
graphite/epoxy. The reductions account for the effects of temper-
ature and moisture on the composite.

Table 15
Static Strength of Titanium, Stainless Steel and Graphite/Epoxy
Titanium - 6A1-4V* 17-7 PH Stainless Steel**
Fbru = 197,000 psi Fbru = 288,000 psi
Fso = 79,000 psi FSo = 134,000 psi
Ftu = 130,000 psi Ftu = 222,000 psi
45




Table 15 (Cont.)

0% + 452 AS Graphite/Epoxy**
2
R.T.D. Reduced
Fbru = 130,000 psi 100,000 psi
Fnt = 33,000 psi 30,000 psi
Ftu = 93,000 psi 87,500 psi
Fbru = bearing ultimate
FSo = shear out ultimate
Ftu = tension ultimate
Fnt = net tension ultimate - with a hole
* Reference 4 ** Reference 5

The appropriate fatigue allowables (Reference 6) for the titanium and
the stainless steel are given in Figures 9 and 10.

The R.T.D. fatigue allowables (Reference 5) for Og + 452 graphite/epoxy
are presented in Figures 11 thru 13. The environmental reductions at

107 cycles are 6% for tensile strength and 30% for bearing strength.
Figure 13 describes the lap shear strength of graphite/epoxy of a
R.T.D. Yaminate. A 20% reduction is used to account for environmental
effects.

Material Selection

The choice of materials was greatly influerced by the ballistic
requirements. Carrying limit load or flying safely for 1/2 hour
after a 23 mm HEI strike requires that the hub have redundant load
paths and that the material be capable of carrying shear as well
as tension after a ballistic strike. For equivalent ballistic hit

4Sikorsky Aircraft Structures Manual.

5“Advanced Composites Design Guide," Rockwell International-lLos Angeles
Aircraft Division, Contract No. F33615-71-C-1362, January 1973,

O“Fatigue Properties and Analysis," SER-50586, Sikorsky Aircraft, April 196¢
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fiberglass has more massive damage than graphite. Even with this
damage it carries tensile loads well, but does not carry shear
Joads nearly as well as the damaged graphite. The limit load re-
quirement results in a high shear force,and therefore fiberglass
was eliminated.

Boron/epoxy behaves ballistically in approximately the same way as
graphite/epoxy (Reference 7). They both experience very localized
damage zones and have good tension, shear and compression foad-
carrying capability during, and after, impact. Boron/epoxy is
more expensive, heavier, and more difficult to machine and for
these reasons was also eliminated. Graphite/epoxy had the best
combination of properties and was chosen for all of the composite
components.

S s LR @?%%?%

R

The ballistic requirements also had an effect upon the-type of
joints used between metal (titanium) and graphite/epoxy. Bonded
joints are generally more desirable in composites than bolted
joints. They are structurally efficient,which denotes a lighter
weight joint than a bolted one designed to carry the same load.
Where the load density in a joint is low, as is the case in blades,
bonded joints are preferable. However, where the load density is
high, bolted joints tend to become more preferred. For the case
of the relatively small, highly loaded hub which must sustain bal-
listic damage, the bolted joint becomes a strong choice. This

. was demonstrated by a series of tests on bolted and bonded joints.
. A bol&ed jognt test specimen is shown in Figure 14. The composite
‘ is (02 + 457) AS graphite/epoxy. A.30 cal. projectile was fired

e I L T e S A

through the tab on the side of the test specimen shown in Figure
14.  As can be seen, the damage was localized, which was the ex-
pected hehavior, and hence the specimen was felt to be represent-
itive, An aligned and a tumbled round were shot through the bolt
pattern at each end of the specimen (see Figure 15). The pro-
jectile penetrated the metal first and then the composite. This
type of penetration is more severe because of petaling of the
titanium and the more intense interface shock, which results in

a larger zone of delamination within the composite. The bolted
joint specimen experienced damage over a region scmewhat larger
than the projectile due primarily to petaling. The specimen was
subsequently loaded to 21,000 1b, at which point the titanium end
plates failed (see Figure 14), The residual strength could not be
determined but warrants additional investigation in the near future.

L = e TN R

Browwge  orpgsr g %

7"To]erance of Advanced Composites to Ballistic Damage," E.F, Olster and

P. A. Roy, ASTM STP 546, American Society for Testing and Materials,
Philadelphia, Pa., 1973.
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BALLISTIC TEST OF BOLTED JOINT
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A similar size bonded ;2int specimen failed completely at the bond
line and exhibited massive delamination of the composite itself
(see Figure 16). It is clear that, on a comparative basis, a
bolted joint is ballistically safer than a bonded one,and hence
all primary joints between metal and composite were bolted.

Hub Concepts

A series of six composite hub configurations were evaluated. A
NASTRAN was performed on each concept for structural sizing of the
subcomponents. Each concept is discussed below.

Concept A

Concept A is shown in Figure 17. It consists of a filament-wound
torus over-wrapped with a second tilament-wound shell shaped like
an automobile tire. The entire structure is bolted to a redesigned
titanium shaft extension. The torus was chosen as a simple means
of providing a shear web. The torus is wound around a salt mandrel
containing the four metal inserts to which the elastomeric bearings
are bolted. These inserts also serve a second function: they
restore some of the shear stiffness lost by cutting large openings
in the wall for the elastomeric bearing, the damper, and the con-
trol horn, If a bifilar were to be incorporated it wouid remove
even more of this vertical surface (see Figure 17), and thereby
"reduce" the system to basically two flat plates. The basic
st-uctural model used for analyzing the concept is shown in Figure
18. The basic design of the hub was determined by the geometric
requirements outlined in Section II. The results of the prelim-
inary analyses were used to "size" the structural components.

This hub concept is very easy to manufa-ture and results in a 44
percent cost save as compared to the present titanium hub. The
weight estimates indicated that this hub is 20 percent lighter

than its titanium counterpart. It has some drawbacks, however.

The primary one is the indirect vertical shear path which, after

a ballistic strike, may be almost totally ineffective. Another
drawback relating to a ballistic strike is the lack of redundancy
with respect to elastomeric bearing retention. The bearing is
retained by the insert which is attached to only the upper and
Tower portion of the torus. The additional restraint offered by
composite material wrapping around the inserts is minimal because
there are few continuous fibers. Additional drawbacks are the
requirement for a separate bifilar and a damper attachment which

is "hidden" and not easily accessible.

Concept B

Concepts B and C are similar to the three-plate concept used by
Kaman for the CH-54R  Concept B censists of thiee separate plates
that are bolted to a shaft adapterr (see Figure 19). The heavy
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ADVANTAGES
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INDIRECT SHEAR PATH

FIGURE 17, COMPOSITE HUB CONCEPT A
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shaft adapter cannot be eliminated without a mejor disassembly
being required for air transport. For example, to lower the hub,
the top plate has to be completely removed, which requires removal
of the bolts holding the top lug of the bearing adapter. This pro-
vides access to the bolts attaching the middle plate to the shaft,
but it introduces the possibility of in-flight vibration due to
lack of alignment upon reassembly. Hence, the best approach is to
use a shaft adapter, which permits the hub to remain intact. The
NASTRAN model used for structural sizing is shown in Figure 20.

As a result of the small angle between the two upper plates
necessitated by the spacing requirement for the elastomeric bear-
ings, shear loads generate high forces in the plates and at the
bolted joints.

This concept is easy to manufacture and inspect. It is easy to
incorporate the bifilar support into the two upper plates and
thereby eliminate the need for an additional 30-pound component.
The shaft adapter is heavy and reduces the weight savings to 16
percent; however, this shaft adapter uses the same shaft extension,
cones and pressure plate as exist on the present hub. There is

a cost savings of 9 percent compared to the titanium hub. Bal-
Tistically, this hub has minimal redundancy since, if the lower
portion of the bearing adapter is hit, the bearing and blade can
be lost.

Concept C

This three-plate hub (see Figure 21) is attached to a modified
shaft extension at two locations, an upper ring and a lower ring.
In comparison to Concept B, the angle or orientation of the middle
plate results in higher structural efficiency. The middle plate
has four cutouts to accommodate and permit movement of the
elastomeric bearings; but these cutouts and the high curvature
makes it less easy to manufacture than the flatter plates of the
previous concept.

The NASTRAN model is shown in Figure 22. The weight savings is
32 percent and the cost savings is 19 percent for this concept.
It has the same general attributes as Concept B, which are an in-
tegral bifilar and a lack of redundancy for retaining the bearing
end plate given a ballistic strike in the lower plate.

Concept D

Concept D, shown in Figure 23, consists of a flat upper plate and
a molded lower one. These plates are bolted and bonded together.
The system bolts to a titanium shaft extension. At the end of
each arm is a titanium bearing adapter which is bolted to bnth the
upper and lower plate. The NASTRAN model is shown in Figure 24.
The tubular arms provide a direct shear path vetween the bearing
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FIGURE 22. STRUCTURAL MODEL OF CONCEPT C
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ADVANTAGES

TOP PLATE EASY TO MANUFACTURE AND INSPECT
DIRECT SHEAR PATH

REDUNDANCY AT BEARING

INTEGRAL BIFILAR

MODERATE WEIGHT SAVINGS

DRAWBACKS

COST PENALTY

BOTTOM PLATE DIFFICULT TO MAKE AND INSPECT
LITTLE AXIAL REDUNDANCY IN LOWER PLATE

FIGURE 23. COMPOSITE HUB CONCEPT D
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end plates and the shaft. The top plate is easy to manufacture
and inspect whereas the opposite is true for the lowe. Molded
plata. The bifilar support can be made integral with the top
plate, which results in a net weight savings and provides material
for structural redundancy in the top plate in the form of a four-
bar self-equilibrating system between adjacent arms (see Figure
23). This configuration results in a weight savings of 27 percent
and a cost savings of 11 percent as compared to the baseline hub.
This hub has redundant attachments for the bearing aaapter;
however, it lacks redundant load path for a ballistic hit in the
Tower portion of any tube.

Concept E

Concept E, shown in Figure 25, consists of four filament-wound
tubes sandwiched between two fiat plates. The tubes are bolted
and bonded to the plates and the entire assembly is bolted to a
redesigned titanium shaft extension. The elastomeric bearings
are attached by means of titanium bearing adapters which are
bolted to the filament-wound tubes.

A NASTRAN model is shown in Figure 26. The p18tes agd tubes are
all approximately 0.4 inch thick and have a + 457) fiber

orientation. The bifilar support is integral w1th the top plate.
The tubular arms provide a direct shear path as well as a re-
dundant axial path for elastomeric bearing loads.

posis1ve attributes of this configuration are numerous. The
+ 457) layup in the upper and lower plate provides a direct

1oad path for normal operation. The load is transferred from the
elastomeric bearing to the bearing adapter to the composate plate
and finally 1nto the titanium shaft extension. The + 45 plies
also form a se’ -equilibrating four-bar system, which is efficient
in reacting radial loads in the event of damage due to a ballistic
strike. The bearing adapter is attached to the tube by eight
equally spaced bolts which also overcome the drawbacks of Concepts
A-C, which are attached only at the upper and lower surfaces. Ad-
ditional redundancy is obtained by the attachment of the tubes,

as well as the plates, to the titanium shaft. All components are
essentially flat which makes layup fast, and the tubes can be
filament-wound over expandable mandrels. This concept resulted

in an estimated 27 percent weight savings and a 37 percent cost
savings. Its primary drawback is that it consists of many parts.
An alternate was considered which required molding the tubes in
pairs (see Figure 25). This "Lincoln log" approach has inherent
redundancy in that the load path is continuous between opposirng
arms. This alternutive was not pursued because it was felt that

a rather lengthy effort wds required to develop successful

molding techniques for these complex parts.
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STRUCTURAL MODEL OF CONCEPT E

F IGURE 26,
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Concept F

Concept F is shown in Figure 27. It is simiiar to the previous
composite hub in that it consists of two plates and four filament-
wound arms. The difference 1lies in the fact that it uses the cur-
rent shaft extension. To do this, the plates are dished as shown
and an adapter is required for the cones and pressure plate. In
comparison to Concept E the plates are somewhat more complex since
they are no lenger essentially flat. The upper plate requires
metal shims at the attachment to the shaft because of the short
edge distance. The filament-wound tubes are slightly more difficult
to manufacture because of the more extreme changes in curvature
and more complex shape. Modified bearing end plates and bearing
adapters (Table 19) are used in the weight and cost estimates for
this concept. This increases the weight and cost savings over
that for Concept £. The resultant weight savings is 29 percent
and the resultant cost savings is 39 percent.
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C. Trade-0ff Study

Concepts
included
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The

mine a base score.

the

A through F were evaluated by means of a trade-off study, which
the following items:

Reliability Estimate
Cost Estimate

Ballistic Tolerance
Producibility Estimate
Repairability Estimate
Lightning Protection
Weight Estimate
Maintainability Estimate
Radar Cross Section

approach taken was to evaluate each parameter separately to deter-
This base was adjusted by a ranking factor to obtain
final weighted score. The ranking factors were chosen in a manner

which reflected the relative importance of the various parameters. For
example, ballistic vulnerability is a very important factor and was
given a ranking factor of 10, whereas ease of obtaining adequate 1light-
ning protection was assigned a ranking factor of 3 (although the re-
quirement itself was not compromised).

Reliability Estimate

The reliability trade-off results are presented in Table 16. Nine
jtems were evaluated. Item 1 is a ranking based upon the nuriber
of major parts. Reliability is generally inversely proportional
to a parts count. The base score was chosen as 140/N, where N is
te parts count. There is some redundancy here since a parts
count is a“so used in the producibility estimate.

Item 2 is a ranking based upon the ease of layup. The assumption
here is that complexity in layup leads to inherent failures. Con-
cept A is filament-wound in two separate steps. The technique

is simple and reproducible and was given the highest score, 10.
Concept B consists of three relatively flat plates which can
easily be laid up from prepreg sheets cut from broadgoods, and
hence the high score. Concepts E and F consist of basically two
flat plates and four filament-wound tubes. These also are

easily manufactured and were given a score of 10. The middle
plate of Concept C is quite difficult to lay up due to the sharp
curvatures involved and as a result was penalized. Concept D re-
quires very careful hand layup of many pieces for each layer of
the lower plate. This complexity resulted in a substantial
renalty which is reflected in the score.

Retiability is affected by the quality or uniformity of com-
ponents. This fact was evaluated bv comparing the ease of ir-
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specting individual components prior to assembly. Concepts B and

E received scores of 10 because the relatively flat plates pose ro
problems and the constant thickness filament-wound tubes are easily
inspected. Inspection of Concept A is hampered slightly by the
fact that the metal bearing retention inserts affect ultrasonic
response and the fact that the thickness of the outer winding, the
"tire" shaped shell, varies linearly with radius. For these reasons,
Concept A was given a score of 7. Concept C is similar to B, but
because of the increased curvature and cutouts in the middle plate,
it was penalized. Concept D received a low score because of the
complexity in curvature that would require numerically controlled
inspection equipment. Concept F was given a penalty because of
the Taminated shims in the tubes and upper plate.

Another factor contributing to reliability is the ease of inspection
in critical areas of the hub. Concept D received the highe<t score
because cracks in both the composite «nd metal could be readily
seen. Concepts B and C are similar, with inspection generally
being easy except for the lug of the bearing adapter, which is
hidden between the two upper plates. Concepts E and F are also
similar and are penalized slightly because the attachment of the
tube to the shaft extension is not readily accessible. Concept A
was penalized because the metal bearing adapter which forms a

major shear web is hidden from view and the interral shear web, the
inner wall of the torus, is not clearly visible,

Structural redundancy is very important and for that reason was
given a peak score of 20 points. Concepts E and F received this
scgre begause of the redundancy in both plates arising from the

+ 45°) layup which forms a direct load path as well as a dif-
fuge four-bar load paih. Both the plates and the tubes are
attached to the shaft extension, and the bearing adapters are tiel
to both the plates and the tubes, thereby providing alternate ioad
paths. Concept D is similar to t except for the lack of a second
axial load path provided bty the lower plate given a ballistic
strike in the lower portion of any arm. For that reason, it was
penalized. Concept A lacks a very effective shear path for
vertical loads, and a ballistic strike in any shear member could
severely affect the stiffness and cverall behavior. Concept B was
penalized because of the lack of redundancy at the bearing adapter.
This is especially critical at the lower plate where a ballistic
strike can resuit in loss of a blade. Concept C is similar, but
because of the more severe local curvature and reduced area in
the middle plate, this concept was penalized more than B.

Another factor contributing to reliability is the potential for

handling damage induced by raising or lowering the hub. Concept
B was given the nighest score due to the fact that the present
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metal snaft extension is used and the procedure for raising or
Towering the hub is similar to that for the present metal hub.
Concept F is similar to the present hub design, except that the
possibility exists for damage in the attachment to the upper
flange due to bushing debonding or delamination. Concepts A, D
and E received modest scores because a large number of bolts are
inserted through thick laminates and the potential exists for
delamination upon removal of these close tolerance bolts.
Concept C received a Tow score because of the complexity in the
area of the lower region where two plates come together. This
raises the potential for misalignment and delamination.

The elastomeric bearings can, if not aligned properly, scrape or
scratch the inside of the tubes. Because there is plenty of
clearance in Concepts A, B and C they were given a score of 10.
A11 other concepts reguire more careful alignment and, therefore,
received a lower score.

In addition to the bearings, the dampers require attention. Again,
the determining factor is accessibility and clearance. Concepts

D, E and F were given the top score because of the relatively free
access to the damper and damper bearing.

Concepts B and C were penalized slightly because the middle plate
encroaches on the work space, and Concept A was severely penalized
because the damper and damper bearing are hidden.

The last item considered was the ease and accessibility for main-
tenance. This reflects overall complexity of the hub. The
approach taken was to use the results of the maintainability
scores and factor them so that the highest one equals 10.

Cost Estimate

The production costs of each hub concept were estimated using 1978
doilars and iabor rates. Composite material costs were estimated
to be $70/pound for tyne AS araphite/epoxy preprea. The breakdown
is self-explanatory and is given in Table 17. The score was com-
puted in such a way that if the cost of the hub equaled the target
value, the score equaled 1. Because of the ease of manufacture,
the filament-wound hub is least expensive.

Ballistic Tolerancz

The results of the ballistic evaluation are presented in Table 18&,
tight regions have been chosen for evaluation regarding behavior
after a 23 mm HEI strike. For a projectile traveling vertically
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and striking the bearing adapter area all concepts except B and C
are adequate. Concepts B and C could fail at the lower plate in
such a way that the entire blade is lost.

For a lateral hit at the bearing adapter region between both plates
all concerts except B and C are redundant. Concepts B and C were
peraliced slightly because of the exposed support for the bearing.
Only Concepts £ and F received a score of 10 if the lateral hit is
at the level of the upper plate because the loads can be trans-
ferred into the shaft through the filament-wound tubes. A1l other
woncepts were penalized because of the much less efficient load
path. In fact, a properly directed hit could result in complete
severence and loss of a blade. The same arguments apply to strikes
directed at the lower plate.

For a vertical hit between the shaft and the bearing (approximately
at radial station 9) all hub concepts are good except D and F.
Concept D was penalized because a strike could remove a major
tension and bending region, namely the lower portion of an arm.
Concept F was penalized because loss of the cone seat insert or its
support completely removes t! capability for carryirg head momerc.

For a lateral hit at radial :tation 9 and midway between the upuer
and lower surfaces of the hih, unly Concepts A and C received a
score of less than 10. Conc2pt A received a low score because
this type of hit removes mo: . of the shear web. Concept C was
penalized because the middl plate, its shear member, has a large
cutout and therefore loss o/ material is critical in this design.
For a lateral hit, at radia' station 9 in the upper plates, only
Concepts E and F are completeiy redundant and can transfer load
around the damage either in ihe top plate or in the tube. Al
other concepts are acceptabl~ due to the large plate area and have
received high scores. The same arguments are true for a lateral
hit directed at radial staticy 9 in the bottom portion of the hub
except for Concept D, which his no alternative load path and was
therefore penalized more sever:ly,

The final score is the sum for each of the eight items considered.
It is given in Tanle 18 and, as is evident, the best is Concept E.

Producibility Estimate

Seven items were considered in the producibility trade-off study.
The results are shown in Table 19. Points were awarded based upon
the various considerations and then "adjusted" to obtain a score
of unity. For example, Concepts A and E received a top score for
ease of layup; Concept A, because it is totally filament-wound,
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and concept E, because the components are easily fabricated flat
plates and filament-wound tubes. Concept D received the Towest
score because of the complexity of laying up the lower plate. The
dishing out of plane contour of plates in Concepts B, C and F adds
complexity and resulted in lower scores.

Ease of inspection affects the overall producibility and Concepts
B and E received top scores. Again, the complex curvature of the
Yower plate in Concept D resulted in a substantial penalty.

The ease of assembly of the components is an important factor in
producibility and the filament-wound hub, Concept A, received a

full score. The assembly of Concepts E and F is easy, and tol-

erances are taken up in the adhesive layer. Concepts B, C and D
are less forgiving and were lightly penalized.

The number of major bonding operations was included in the con-
sideration and here an inverse relationship was used. The
assumption for Concepts E and F was that all four arms or tubes
would be cured at one time and result in one bonding (curing)
operation for the arms alone. The highest score was given to
Concept A, the filament-wound hub.

From a producibility standpoint, Concept A is by far the best, as
reflected by the final score.

Repairability Estimate

Three items were considered with respect to repairability of the
hub. The first two pertain to accessibility tc components which
require frequent maintenance. The third relates to the ease of
repair of extecior surface and is highly influenced by the
curvature of the surface.

Access to, and repair of, the damper lug area is relatively easy
for all concepts except the filament-wound hub, as reflected by
the scores in Tabie 20.

In the vicinity of the elastomeric bearing all of the concepts
which have tubes around the bearing are more likely to be damaged
and, due to the curvature, are less easily repaired, as reflected
in the reduced scores of Concepts D, E and F.

Repair to the exterior surface was judged to be very easy for only
one three-plate hub concept. A1l other hubs are more difficult

to repair due to their curvature and the most difficult is Concept
D because of its complex lower plate.

The final scores indicate that the most repairable hub concepts
are those consisting of three plates.
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Lightning Protection

A requirement of any composiie hub is that it have adequate pro-
tection against a specified iightning strike. This protection can
be obtained by providing an aluminum mesh over the top surface
and by providing a path for current flow from the blade spindle
to the shaft. Top surface protection is easy to install in all
the hub concepts, as indicated by the scores in Table 21. Current
flow between the spindle and .he shaft is provided by a contact
plate (see Figure 28). This plate is masily installed in all

hub concepts except Concept A, where a hole must be cut through
the inner wall of the forms and the work area is restricted. The
complexity of the contact plate is reflected in the third series
of scores. For concepts where tubular arms are used, the plate
can be a 1ightweight, simple metal stamping; where the plate is
exposed to air loads as in Concepts B and C, it must he heavier.
Concept A was given a low score because of the relative inaccess-
ibility of this plate. Concepts D, E and F received the nighest
total sccres.

Weight Estiimates

The weight estimates are self-explanatory and are summarized in
Table 22. Of A1l the hubs, the lightest, as well as the heaviest,
are the three-piece concepts. Conze,t B incurred a substantial
weight perulty as the result of its shaft adapter. Concept C is
the lightest solution which utilizes a maximum number of existing
rotor head components.

Maintainability Estimate

Seven items were considered in the maintainability trade-off and
the results are presented in Table 23. Tnspection of the hub
corcepts while on the a7 ~~raft is simila. in al) instances except
for Concept D which, because of its curvature, is more difficult.
The elastomeric bearing is completely exposed in Concepts B and C
and »elatively exposed in Concept A; hence the higher scores. The
damper and dawper bearing are hidden with the hub in Concept A,
whereas for 2.1 other hubs these components are easy to inspect,
as reflected in the ranking.

The difficulty involved with removiac the hub from the sha’t ex-
tension is nearly the same for all concents considered. HRub "C"
received the lowest score because additional care must be taken

to prevent binding of the bolts in the lcwer plate. This is a
potential problem because, during removal, the lower plate is
attached to the rest of the h cnly by four bearing adapers at
the periphery of the piate. Since the elastomeric bearing attaches
in a similar manner for all hubs, they were all given an identical
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score for ease of installation and removal of that component. The
damper assembly is readily accessible in all but Concept A, as
reflected in the scores.

The scores for the last item, ease of repair of surface damage,
were taken from the repairability estimate (see Table 20) and
factored to give a meximum of 10. The highest score was given to
Concept B, a three-plate hub system.

Radar Cross Section

Since graphite/epoxy behaves like metal with respect to radar
energy, two basic approaches were considered for providing a sub-
stantial reduction in radar cross section.

These were: (1) a radar absorbing rotor head fairing, and (2)

a radar absorbing film applied, where required, to the surface
of the composite. The differences between the hub concepts were
considered to be slight and for that reason they were given the
same score (see Table 24).

Final Trade-off Resultc

The final results of the trade-off studies are presented in Table
Z4. For each parameter a waighting factor was determined as
shown below:

Ranking Factor
Highest Base Score

Rwe1ghting =

By multiplying R times the base scores, a weighted score

weighting
for each parameter was determined. The sum of the weighted
scores is given in Table 24. The trade-off study was performed
to determine which composite hub concept should be chosen for
further refinement; based upon the resuits, Concept E was chosen.
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IV. REFINEMENT OF THE SELECTED CONCEPT

Physical Description

The final configuration is shown in Figure 29. It consists basically
of four filament-wound tubes bolted and bonded to two flat plates. Both
the plates and the tubes have molded-in stainless-steel shims in the
shaft attachment region. The stainless-steel shims were used to obtain
adaquate bearing strength without increasing laminate thickness. The
tubes are filament-wound around a slightly expandable mandrel. The
windings are expanded into a cavity to obtain good dimensional control
of the outer surface. The elastomeric bearings are attached to a
titanium bearing adapter which is located between the circular tube

and the flat plates. This provides the redundant attachment to both

the tube and the plate as well as an easy means of transitioning from

a flat to a curved surface.

The bifilar bushings are field replaceable, and are actually large-
diameter, hollow, stainless-steel bolts. They thread into a titanium
plate on the upper surface of the top plate and thereby provide a com-
pressive force transverse to the composite plate which prevents delam-
ination in this region. The damper bracket consists of an aluminum
forging which supports a large titanium bolt running from the tor to
the bottom plate. The titanium bolt was used for purposes of weight
savings. The flange of the damper bracket forging is bolted to the
vertical wall of the adjacent filament-wound tube. Phenolic shims
isolate the aluminum from the graphite/epoxy. Bonded-in buskings are
used for the removable bolts,which include shaft attachment bolts and
the damper bearing bolts.

The type AS graphite/epoxy system is oriented parallel to and at 1_45o
to each arm. This provides a direct load path for normal operation
and a four-bar self-equilibrating, redundant load path in the event of
a loss of the primary path.

Protection from foreign object damage is provided by a 0.030-inch-thick
layer of woven fiberglass on exposed surfaces. Protection from a
direct lightning strike is provided by an aluminum mesh bonded to the
fiberglass over the entire upper surface of the top plate. Protection
from an indirect lightning strike that can enter the hub from the
spindle is provided by a "contact plate", which is attached to the

nut plates.

A significant reduction in radar return is achieved by coating the
edges and interior regions (see Figure 30) with a radar absorbing film
(NR-95 manufactured by the Tulsa Division, North American Rockwell).
The top surface is not coated due to the fact that this flat surface
would reflect radar energy away from ground or air-borne receivers.
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The film is approximately 0.040 inches thick and has a layer of peel
ply between it and the composite hub. This peel ply permits removal
of the film for inspection and/or repair.

Discussion of the Attributes

Structural Integrity

Structural analyses of the hub were conducted for the limit load
and the fatigue design load conditions. The NASTRAN model is shown
in Figure 31. This figure features cutouts in the upper plate
which are present to permit control horn movement. This coarse
grid model was appropriate for determining load paths, deflected
shapes and the so-called "far field stresses". Detailed stresses
around a hole,for example,were estimated using the appropriate
orthotropic stress concentration factor times the far field stress.
This model was made up of QUAD! and TRIA] plate elements. Loads
were introduced by a series of rods connected from the theoretical
hinge location to the periphery of the hub arm where the bearing
adapter is located. The model was stiffened at this location to
more accurately simulate end plate stiffness; this prevents large
radial stresses and displacements from developing in the tubes.
This restraint is provided in the actual hub by the elastomeric
bearing end plate and by the bearing adapter.

Along the cutouts in the top and bottom plate, which represent
the regions that are attached to the shaft extension, the model
was restrained from all displacements. This represents a stiffer
situation than actually exists and provides higher, and hence
conservative, design loads for the bolts as well as the composite
in this region.

The details of the analysis are lengthy and are presented in
Appendix A. A summary of the margins of safety for each major
area of each component i¢ presented in Table 25. The positive
margins indicate adequate structural design at the design con-
ditions.

Bailistic Vulnerability Analysis

The ballistic design requirements specify that the hub support
flight loads for 30 minutes and sustain the limit loads after a

23 mm HEI strike. This includes stries at all obliquities, all
regions (not masked), and fos all fuzings, within the entire

lower hemisphere and up to 15 above a horizontal plane passing
through the hub. Masking is complex and depends upon the azimuthal
position,as is shown in Figure 32. A 23 mm HEI projectile was
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TABLE 25. MARGIM OF SAFETY - SUMMARY

-y

ST e o

\q
,/I
’;!*m%‘.“ ay

MSstatic | MSFatigye

Top Plate

Attachment to Shaft .63 .25

Attachment to Tubes .09 .39

Bifilar +HJGH 1.03

Shims 1.73 1.07
Bottom Plate

Attachment to Shaft .53 1.27

Attachment to Tubes 14 .84

Shims .85 1.52
Tubular Arms

Attachment to Shaft

Top Ring 1.33 .35
Lower Ring 41 .84

Attachment to Plates .43 1.46

Attachment to Bearing Adapters .32 +H1GH
Shaft Extension

Upper Bolt Ring .36 R

Lower Bolt Ring .35 .33
Bearing Adapter .34 +HIGH
Damper Lug +HIGH +HIGH
Bolts

Main to Shaft .64 .57

dearing Adapter to Tube .48 +HIGH

Damper 2.28 2.68
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COARSE GRID NASTRAN MODEL OF THE FINAL

CONFIGURATION OF CONCEPT E

FIGURE 31,
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estimated to be capable of severing a region approximately six
inches in diameter in the hub, either upon entering or exiting
depending on the fuzing.

The region close to the shaft in the lower plate is the most
highly loaded region; therefore, a hub with a 6~inch-diameter
hole in the critical region was analyzed using NASTRAN.

Stress contour plots indicated that only load paths in the lower
plate ware substantialiy affected. The results of the analysis,
presented in Appendix B, indicate that the 1imit load can be
carried. For this analysis the 1.5 safety factor was not applied
to the allowables. Similarly, for ths 30-minute flight require-
ment, a head moment associated with 3~ of flapping was used in
the analysis. In 30 minutes the ballistically damaged hub is sub-
jected to approximately 9000 cycles. Again, the analysis in-
dicated a positive margin; thus the composite hub meets the basic
ballistic requirement.

A mission abort possibility exists for all baliistic threats con-
sidered. The 7.62 mm and the 12.7 mm API projectiles can damage
the bifilar, and the 23 mm HEI can completely sever the bifilar
from the rest of the hub. A vibration analysis was performed to
determine the effect of this mass loss. The analysis indicated
that the 4P and 1P responses are the dominant harmonics of the
airframe. The magnitudes are summarized in Table 26. The BLACK
HAWK A/C has been flown with 1P unbalance of magnitudes over 50
percent greater than those predicted for the loss of bifilar mass,
and no destructive vibration resulted. The conclusions from this
analysis are that the BLACK HAWK A/C may be operated after the
loss of a bifilar mass; the vibration will be severe but will not
result in an immediate safety-of-flight risk to the A/C or crew.
Another area of concern relates to a comparison of vulnerable area
between the composite hub and its titanium counterpart. The
vulnerable area of the masked hub and the probability of mission
abort for the composite hub are presented below.

(1) For 7.62 and 12.7 mm API threats the vulnerable region is
in the vicinity of the bifilar. For the front, rear, left
and right view the projected area, Ap, and the vulnerable
area, Av,are given below (see Figure 33).

Ap = 36" x 5" = 18 nd

Av = 5" x 5% x 3= 7.5 in?
X -—.A_\!. = .42

P*ma = A

* probability of mission abort
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Table 2

<y

Airframe Response Resulting from the Loss of One Bifilar Mass

4p 1P

tg's +g's
Pilot Vertical 15 .09
Pilot Longitudinal .02 .02
Pilot Lateral .27 05

i

Drannds

For the bottom view the projected area is zero due to masking.
Therefore the 5-yiew average vulnerable area is

Av, 5-view _ A right + A left + A front + A rear + ¢ pottom
5
AV, -view _ 7.5 in% x 4 + 0 x 1
5

2

6 in% = .04 ft

Av, 5-yiew
(2) For 23 mm HEI threats all regions are threatened. For the
front, rear, left and right view

Ap = Av = 9" x 36" = 324 in?

P _=Ay = 1.00
ma 'AE

As before, the projected area for the botiom view 14 Tueo
and the 5-view average vulnerable area i.

Av, 5-view _ 4 x 324 i +1 x 0 in
5
. i . 2 2
Ay, 5-view = 259 inT = 1.80 ft
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The analysis for the BLACK HAWK hub was conducted in an
identical manner. The aluminum bifilar support was included
with the titanium hub to obtain a comparable system. With-
in the accuracy of these estimates, the vulnerable area is
the same for both the titanium and the composite hub.

N R T R SRS

G

Damage Tolerance Assessmant

T R T I

In Saction II, induced failures were ciassified according to
severity and to types, i.e., environmenta’ damage, handling damage,
and ballistic damage. Some kinds of environmental hazards such

as temperature and moisture degrade the material properties and
are accounted for by reduced allowables. This discussion relates
to induced damage from impact. The factors considered include
hail, small stones, tool drops, ballistic impacts, etc.

. ;B There are three major parameters governing damage tolerance of
1~ +3 the commonly used types of graphite/epoxy composite: (1) the
' i thickness of the composite, {2) the type and thickness of pro-
& s tective coatings, and (3) the impact energy.

The thickness of the composite in the hub is of the order of 1/2
inch. A lot of data exists on thin laminates because they are
commonly used (Reference 8). The behavior of thick panels differs
: DR significantly, and little published data is available at this

’ . time. For example, a thin panel subjected to a 1-pound wrench

" dropped from a height of 4 feet might experience a perforation or
a very localized deformation such that cracking and crazing occur.
The same drop test performed on a 1/2-inch-thick panel would re-
sult in minimal damage; perhaps a slight gouge if the tool was
sharp, i.e., a high local energy intensity or possibly a slight
permanent indentation if the tool was blunt, i.e., low local energy
intensity.

Because of the scarcity of data a series  tests were performed
by dropping tocls on representative thickness of graphit:/epoxy
and titanium. Different size wrenches were dropped on these
simply supported specimens of titanium and graphite/epoxy. The
wrenches ranged in weight from .25 pound to 1.5 pound and were
dropped from a constant height of 3 feet. The results were sur-
prising. The unprotected graphite/epoxy responded in much the
same way as did the titanium. With blunt objects at impact
energies of 1.1 foot-pounds, a swali "dent" formed in both speci-
mens. At higher impact energies, up to 4.5 foot-pounds, a larger
"dent" was formed, and in the composite there were some signs of
rery localized crazing. The amount of blending requived to elim-

¢ £2 inate the damaged zone was the same in bcth cases and therefore
' )

L.E

' ¢ 8"Foreign Obiect Impact Dariage to Compusites," STP 568, American Society
|

for Testing and Materials, January 1975.
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for this study the damage was estimated to he similar. When uvha
energy intensity was increased, as was done by orienting the
wrench such that a pointed arsa hit the specimer, the damage was
again the same. Small gouges, similar in size, were formed in
both materials. The result of this study was that for low levels
of impact energy and relatively low velocity strikes, unprotected
graphite/epoxy is as damage tolerant as titanium.

Some recent work by J. Labor (Reference 9) indicates that thin
panels of graphite/epoxy withstand 145-knot hail and small stone
impact with a minimal amount of damage. Thick panels are expected
to behave even better. The rationale is that the thin panels
behave 1ike a beam on a soft elastic foundation and can deform
locally, whereas the thick plate behaves 1ike a beam on a stiff
elastic foundation and the stiff support spreads out the load and
distributes it over a larger region.

Various investigators have found a significant improvement in
damage tolerance by using protective coatings. Data exists on
thin coatings applied to thin panels (Reference 8). It is ex-
pected that siynificant improvements in damage tolerance can be
achieved in thick panels also. The coatings that were considered
included fiberglass/epoxy, keviar/epoxy, baliistic nylon/epoxy,
and urethane films. Urethane is effective but greatly inhibits
inspection of the underlying graphite/epoxy. Kevlar and nylon
attenuate ultrasonic energy more than a similar thickness of
fiberglass and hence they too have an adverse effect on inspect-
ability. Another advantage of fiberglass is that it absorbs less
moisture than either Kevlar or nylon and is easily machined or
abraded away for repairs. The 0.030-inch-thick woven fiberglass
cover used over the entire hub does not severelv impede coin tap
or ultrasonic inspecticn. Further, since for low-energy impacts,
which are the most common for a hub, unprotected graphite/epoxy
is as damage resistant as titanium, the protection added by the
fiberglass may render the composite hub more damage tolerant than

its titanium counterpart.

The composite hub has one other advantage. Scratches and gouges
in the metal hub up to 0.040 inch deep and in the bifilar up to
0.020 inch deep can be field repaired. However, these scratches,
if not repaired in time, can turn into a thumbnail crack and
eventually into a thrucrack. Since the formation of any crack re-
quires a replacement hub, scratches and gouges are significant
forms of damage. larger and deeper scratches and gouges up to
0.080 inch deep can be repaired in the composite hub. The 're-
pair" replaces the damaged material and the gouge propagates,
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e/Maintainability of Advanced Composite Structures," J.D. Labor,

e Northrup Corp., Contract No. F 33615-76-C-3142.
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not in the thickness direction as a thumbnail crack, but along
the plies in an interlaminar mode. This mode results in a delam-
ination that is not critical and which can be repaired at a later
time.

High energy impacts include bird strikes and ballistic strikes.
Bird strikes ¢n the hub are so rare that they need not be addressed.
Ballistic strikes can be severe to both hubs. A direct 23 mm HEI
strike will result in significant damage, although not a forced
tanding, cf either hub. Damage from a 7.62 or 12.7 mm API, in
general, will not be fully repairable. Temporary repairs can be
made at the field level to permit either hub to fly, but a com-
plete restoration to fermer status is unlikely in either hub. At
ballistic velocities, small fragments or a glancing strike can
cause a major delamination in the composite. However, the like-
1ihood of this type of strike with an impact angle of about 1° to
5% is -emote. The same impact on titanium would result in
minov -.amage. Thercfore, for high energy impacts, the composite
is not as damage tolerant as the titanium hub.

feliability and Maintainability Assessment

~

A preliminary analysis of the composite hub design indicates that
the use of composite materials has, potentially, both positive

and negative effects on the R&M characteristics of the hub, re-
lative to conventional metal designs now in service. Qualitative
and quantitative R&M assessments were made by comparing design
features of the proposed hub with those of the existing Black

Hawk titanium hub. The quantitat’ e analysis is oased on the
Black Hawk values for the titanium nub stated in References (3)
and (10), and a damage tolerance analysis developed from Reference
(11). The results of the quantitative assessment were incorporated
into a preliminary life-cycle cost analysis which compares the
composite hub with the current titanium hub.

|

A preliminary reliability assessment of the composite hub was
performed to estimate failure rates and to assess qualitative
reliability characteristics. As presented in Table 27, a parts
comparison with the current hub provides the basis used for
estimating the failure rate of the composite hub. Table 28 reviews
the probable inherent and induced failure modes of the hub. A
damage-tolerant assessment is also presented in Table 28.

The composite hub inherent failure rate assessment is based on
. a parts comparison with the Black Hawk titarium hub. The exist-
ing citanium hub consists of four major components; the proposed

]OUH~60A Maintainability Prediction Report, SER-70597, June 10, 1977.
T Navy 3M, SH-3D data, January through December, 1975,
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composite hub is comprised of two. Table 27 presents, for the
major components of each hub, a listing of detail parts and
quantity of each per assembly. The failure rate estimates are
based on a ratio of the number of parts for each component.

Based on this parts count comparison, the estimated failure rate
for the basic composite hub is higher than tnat >f the titanium
hub. The same is true for the hub extender. The two remaining
titanium hub components do not have counterparts in the composite
hub design which eliminates the failure rates associated with
those items from the compcsite hub. The resulting overall com-
posite hub/extender failure rate (Ac) is predicted to be smaller
than the titanium hub/extender rate ( ATJ.

(A; = -65/1000 vs. )\T = ,735/1000).

Table 28 lists, for each of the generic components of the composite
hub, the probable failure modes, both inherent and induced. This
preliminary analysis indicates an increased number of inherent
failure modes for the composite hub over the titanium design due

to the introduction of modes peci:”iar to the composite materials.
The large quantity of attaching hardware present in the composite
design also increases the number of inherent failure modes. The
damage tolerance characteristics were evaluated in the previous

section and ave summarized in Table 28. The damage tolerance

analysis indicated that the composite hub is as tolerant of low-
energy impact as the titanium hub, but less tolerant of high-
energy impacts. This initial assessment was based on small tests.
Full scala testing would be required to establish, gquantitatively,
the damage tolerance of the hub.

Table 29 summarizes the signiticant maintenance tasks,estimated
repair and replacement times, and maintenance related design
characteristics of the composite hub. A discussion of important
maintainability considerations follows. The composite hub/extender
installation is common to the existing Black Hawk titanium hub.
Installation of the extender includes the pressure plate, cones,
and main mast nut. The four spindie assemblies and blades attach
to the hub with 48 spindle bolts. The remove/replace time is an
estimated 5.8 man-hours as documented in Reference 10. The
teardown of the composite hub from the extender achieves a minor
savings in maintenance time over the titanium hub. The number of
composite hub attachment bolts is equivaient to the titanium hub
installation, but the composite design does not require an upper
cone and pressure plate. Therefore, the teardown of the composite
hub, estimated to be 1.7 man-hours, is .3 man-hour less than

that of the titanium hub. The total remove/replace time for the
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composite hub is an estimated 7.5 man-hours compared to 7.8
man-hours for the titanium hub.

Repair procedures and level of repair for the composite hub were
assessed and compared to the titanium hub. Reference 2 indicates
that most failures of the Black Hawk titanium hub cause hub re-
movals; only .01 failure per thousand hours involves repairs on
the aircraft. On-aircraft repairs usually cover blending of small
nicks and scratches. The remaining hub repairs are performed at
depot. On-aircraft repair of compcsite material is anticipated

to be more extensive but also more compiex and time-consuming

than titanium repairs. It is expected that this will involve
primarily the repair of minor damage in the surface layers of the
hub. Such rzpairs will involve rem¢ving paint and dirt, pre-
paration of the surface, and the application of bonded patches.

It may be practical to perform more extensive repairs of the com-
posite hub on the aircraft. This would tend to reduce the removal
frequency and might produce positive benefits in terms of air-
craft availability and maintenance cost. Further work will be
needed to investigate this possibility, and for the current study
no such benefits were assumed. A1l off-aircraft repairs of the
titanium hub are performed at depot because factory-type measuring
and repair equipment is required. Two hundred and forty man-hours
are allocated, Reference 9, for depot repair on the titanium hub.
Using the parts comparison analysis of Table 27, depot repair of
the composite hub is estimated to require an average of 310 man-
hours. Due to the nature of composite repairs, it may be possible
to perform some major hub repairs at the intermediate maintenance
Tevel rather than depot. An extensive maintenance repair study
would be required to assess these factors.

Composite structure introduces additional inherent failure modes
not displayed by titanium, such as bond separation, edge and inter-
laminar delamination. The curvent design philosophy of the com-
posite hub indicates that bond separations are not critical since
mechanical fasteners are used for pirimary load path elements;
their secondary function is to clamp the separate hub composite
components. This hardware provides compressive loads in the bond
area which minimizes tendencies for bond separation. Interiaminar
separations are not expected to be critical because the multi-
directional buildup of the composite components carries loads
around fault areas without critical consequences. Propagation

of surface delamination will eventually appear as surface buckling
or cracking, which is visually evident and detected by inspection,
although this could be masked slightly by the radar/1ightning
coatings. Based on this qualitative analysis, it is anticipated
that no special inspection of the mature composite hub will be
required in the field other than the standard prefiight, 10-hour,

118




W,

T e gt PN T

T A O W e s s

-y .

and 500-hour visual inspection except for a 500-hour coin tap
inspection followed by an ultrasonic pulse echo inspection of
any questionable areas. Further stress analysis and full-scale
tests would be required to confirm this tentative conclusion.
To verify the integrity of major structural repairs made at
depot, nondestructive inspection techniques will be required.
This would include ultrasonic and/or radiographic equipment,
both of which are generally available at the depot level.

The results of the R&M assessment are summarized below:

Reliability Assessment

- The composite hub/extender installation improves overall
aircraft reliability.

- Low-energy damage tolerance of the composite hub is expected
to be equivalent to that of the titanium hub.

- The composite hub is projected to be less tolerant of high-
energy impacts than the titanium hub.

Maintainability Assessment

- The on-aircraft remove and replace time of the composite hub/
extender installation is equivalent te that of the titanium
hub/extender installation.

- Time requived to separate hub from the extender is estimated
to be slightly less for the composite hub design.

- Composite materials require longer maintenance repair times
on the average than does titanium.

- It is anticipated that the composite hub will require nn
inspections in the field beyond th. sisual types of checks
made at the same scheduled intervals as the existing titanium
hub, except for a 500-hour coin tap inspeciion.

- The composite hub is expected to be more repairable in the
field than the titanium hub.
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Radar Cross Section

In many respects the bare, uncoated, composite hub is similar,

from a radar cross section standpoint, to the production UH-60A
titanium hub. A majority of the components on the hub are similar
or identical to those on the BLACK HAWK. These are the shaft ex-
tension, blade dampers, control horn, pushrods, and bifilar weights.
These components are mounted at the same location on the hub and

at the same relative location with respect to one another. There-
fore the direct specular energy returned from these components

will be the same.

Although there is a great deal of similarity between the compncite
and the titanium hub designs there are differences also. Une sub-
stantial difference is the addition of the top and bottom composite
plates. The edges of the plates are curved to minimize the energy
return. This avoids the specular energy return of high peak values
associated with flat surfaces as exist on the edge of the current
bifilar. These surfaces are important because they are essentially
perpendicular to incidert radar energy radiated close to the
horizontal plane, which is the major threat for a low-flying heli-
copter. The avoidance of these peak spikes by shaping is important
at the high frequencies of typical hostile fire control radars.

By changing shape from a flat surface to a curved one, the returned
energy is significantly reduced.

Areas 0: concern relative to low-level spiked specular reflection
are the cavity type reflectors created by the damper bracket and
the corner reflector created by the juncture of the top and bottom
plates and the tubes. While these radar return sources are masked
to perhaps 40 to 60 percent by other components such as the main
rotor damper and pitch control horn, the multiple reflective sur-
faces need a radar absorptive material (RAM) to reduce the total
reflected radar energy from these surfaces.

It is recognized that a second order traveling (or creeping) wave
will be generated by the irregular planform shape of the top and
bottom plates and travel along the surface. The manner in which
these surface currents, resulting from the creeping or traveling
wave componenls, interact with the contributions from the other
regular (largely cylindrical) shaped contributions is difficult
to predict and theraofore is generally evaluated experimentally.

The areas requiring the RAM are shown in Figure 30.
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Since the RAM is not easily removed if bonded directly to the hub
it is applied with a "peel-ply" layer between it and the hub. This
permits easy removal for inspection and repair purposes. Peel ply
is acceptable here because of the relatively low strains which
exist in the hub. For each hub the RAM is estimated to cost $100
and weigh 7 pounds.

Lightning Protection

The design vequirement for lightning is that the hub be capable cof
withstanding a 200,000 amp surge followed by a 200 amp flow for

a 2-second duration. Direct strikes to the nhub can hit any portion
of the top plate. An aluminum wire fabric, 200 x 200 mesh, cover-
ing the upper surface and edges provides adequate protection.

This mesh is bonded over the fiberglass which provides protection
to the graphite/epoxy (see Figure 28). Film adhesive is uced

to bond the mesh to the hub. A layer of cured adhesive 0.010 inch
thick is permitted on the outer surface of the mesh. At the

edges of the top plate, the mesh is sandwiched between the fiber-
glass and the 0.040-inch-thick radar absorbing film.

Current flows {rom the mesh to the shaft by arcing between the
mesh and the upper boit ring of the shaft extension. An alternate
path exists through the bolts. Current can also erter the hub
from a blade. For this current path, a lightning arc plate is
provided (see Fiqures 28 and 29). This plate is bolled to a
bracket that is connected to the shaft via the main bolts. The
arc plate is located at the inboard end of the elastomeric bearing.
The lightniny arc plate is basically a bracket consisting of a
portion of a sphere which remains in contact with, or close to,
the upper portion of the spindle nut. Attributes of this system
are not only low cost and weight but it is maintenance free and
does not impede inspection or removal of the elastomeric bearing.

Weight Summavy

The weight of each item making up an assembly is summarized on
Sheet 2 of the hub drawings. This p