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SUMMARY

This report presents results of a design study of a tapered composite main

rotor blade spar for the ABCTM helicopter. The objective of the study was
to design and evalua.te a filament winding approach on a spar which tapered
in planform and thickness. The study irncluded a production cost comparison
vith an alternative approach to a composite spar and a conventional titanium
spar as used on the ABCTM demonstrator.

The study was limited to the evaluation of the production of a filament-
wound spar including the integration of a root end retention fitting.

It did not include an evaluation of reliability and maintainability.

The production cost comparison demonstrated the advantages of both
compositk designs over the conventional design. The high cost of the

conventional design is due to the limited choices available for
fabricating a heavy-walled titanium spar.

There are features in the filament-wound design which have not been
demonstrated by fabrication but are considered to be within the state of

the art; namely, the integration of the root end fitting and the termina-

tions of the filament plies which are necessary to achieve a tapered plan-

form. The integration of the root end fitting is a high ri3k area.

a•1e filament-wound design produced a weight savings of 37 pounds as compared

to the titanium spar blade with no significant change in the dynamic charac-
teristics affecting rotor control.



PREFACE

This design study ' fr a tapered composite main rotor blade spar was
performed under Contract DAAJO2-74-C-0oh9 with the Eustis Directorate,
U. S. Army Air Mobility Research and Development Laboratory, Ft. Eustis,
Virginia. and was under the general. technical direction of Mr. James P.
Waller of the Tecnollo~v Applications Division of USAAMRDL.

Sikorsky's principal participacts were Tirnou;," A. Krauss and George H.
Staab of the Rotor System Section. Edward C. Poncia, also from the
Rotor System Section, was the Team Task Maneger. The program was under
the general supervision of Peter Arcidiacono, Rotor System Section Head.

Fiber Science Inc. of Gardena, California, wag retained as consultani
on the filament-wound design and assisted in the selection of materials
in addition to providing guidanie on the optimization of the application
or flcrent winding.
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INTRODUCTION

Filament winding as a production pricess has long been established and used
on a variety of components. Its applicaticn to a helicopter main rotor
blade tapering in planform and thickness has not been developed. The re-
quirements for a blade of this type exist on the ABCTM, which has counter-
rotating blades and a high stiffness criterion. The selection of the ABCTM
as the vehicle for which to develop a filament wound rotor blade spar was
advantageous because of the existence of established design criteria and
a metal spar solution for direct comparison. Also, the blade design inccr-
porates a wide variation in geometry, allowing maximum assessment of the
filament winding capability; the existing ABCTM aircraft provides for the
pot,)ntial of developing the blade to the final stages of flight testing.

The study was confined to the desi&n of the spar, supported by some tests
of specimens to determine bond allowables for the curing conditions applied
to the root retention fitting integration. Cost comparisons were made to
determine the cost effectiveness of the filament winding approach compared
to other approaches. The other approaches used for comparison were

1. An alternative coexposite fabricated by a two half molding process.

2. The design used on the ABC mT demonstratur which used a titanium

spar.

The report will first describe the three design approaches compared for
cost effectiveaess, including the manufacturing processes applied to each
of the•e. Tlhe manufacturing prcesses include prototype fabrication and
high production fabrication. The methodology in optimizing the filament
winding design and a discussion on the risk areas are presented. The
report also includes ai recommended plea for subsequent research.
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DEVELOPMENT OF MEODOLOGY AND DESIGN CONFIGURATION

1PROGRAM APPROACH

1hree alternative design approaches were compared to determine the cost
effectiveness of the filament winding approach. The primary emphasis was
placed upon an analysizj of the design, manufacture and risks associated
with filament winding a spar to the design requirements of the ABCTM main
rotor blade. The design was confined to replacement of the ABCTM demon-
strator titanium spar, taking advantage of composites to ieduce weight and
making design improvements within their capabilities. The ABCTM demon-
strator helicopter was produced under Army contract DAAJ02-72-C-0020 to
evaluate the performance of the counter rotating main rotor blade concept.
The root end fitting design integrated into the composite d ,, ,ns was based
upon work previously conducted which showed that the pitch t-aring design
could be improved over the demonstrator configuration. The costs and
weight changes associated with this variation were not included in the
trade-ofL studies since they are applicable to all three design configura-
tions equally.

DESIGN APPROACH AND METHODOLOGY

The ABCTM concept involves forcing tlih rotor blades, in forward flight, to
generate their full lift capability the advancing portions of the rotor
disk. This is unlike conventional rotor systems, in which the blades
generate lift primarily in the fore and aft disk positions. The concept
involves counter rotating rotors providing for two simultaneously advancing
blades to balance the rotor rolling moment and a sufficiently small phase
angle of the primary flapping mode to allow the advancing blade to lift.

Flapw-e stiffness is also a primary requirement to prevent blade contact
of blades on the closely stacked upper and lower rotors.

both of these requirements are met on the ABC by providing blades canti-
levered from the rotor hub with high inboard stiffness and highly tapered
chord and thickness distrlbution, Thus in the design of the composite spar
for the AMCTM, a primary consideration was that the blade flapvise stiff-
ness was at least as great aw the demonstrator blades and that the response
phase angle of the first flapwise mode was approximately the same as the
dumonstrator insuring similar control characteristics.

The desired chordvije stiffness was to be higher than that on the demon-
strator blades to move the first chordwise mode well above one-per-rev at
normal rotor speed. Since the demonstrator blades had more than sufficient
torsional stiffness, no restrictions were put on this quantity except that
the stiffness was not permitted to fall below that of the demonstrator
blades in the thin-soft tip region. Because of the higher fatigue strength
allowables of the composite materials relative to titanium, the fatigue
margins were easily achieved.



The blade aerodynamic contours were kept identical to the demonstrator
blade; inboard of the airfoil cutoff, however, the spar tube has an in-
creased diameter to mate with the improved pitch bearing system which is
incorporated in this design. The twist distribution, radius, and tip speed
were also kept identical to the prototype.

Sizing of the blade spar wall thickness distributions was accomplished by
use of section property computer programs which are coupled with.a cathode-
ray tube interface system (CRT). The system allows the engineer to gener-
ate rotor blade section characteristics on line by providing instant inter-
action with the computer program. Bending-torsional stiffness relation-
ships were derived as a function of thickness and ply lay-up percentage at
a number of blade stations to design the spar.

Torsion and bending mode characteristics were derived from a 50 station
free vibration computer program (Program Y172).

Derivation of aeroelastic loads for the flight spectrum was beyond the
scope of this program. Fatigue loads were derived from calculated root end
bending moments on the demonstrator blade, The spanwise moment distribu-
tion corresponding to the lowest flapwise and chordwise bending modes were
used to determine the ratio of the moment at any blade station to root
moment. From these ratios, spanwise distributions of bending moments were
determined from the calculated root moments.

Critical ultimate loads were derived by a similar approach for flight
loads; a ground loads computer program was used to derive the ultimate
loads resulting from ground conditions.

Detail stress analysis of the root end retention fitting was accomplished
using Sikorsky's bond joint computer program (YO0-B) and the United
Aircraft two-dimensional finite-element computer program (F768).

THADEb-OFF MWI4IOWIfWCY

background data on the ABj M demonstrator titanium spar blade was collected
together with the background data on the 11-3 composite twir seam design
which is being developed under U. S. Navy Contract N000l1-73-C-0319. This
data was normalized to reflect the 1980 projected cost of matcrials and to
a coon baseline for labor cost per hour. The filament winding manu-
fezturing process for the prototypes. Learning curve methods were applied
to the three approaches to project production costs. The learning curves
applied took into account the fact that the prototype fabrication in all
cases would be modified to high production methods using, equipment that
would be expected to be available in the 1980 time frame. The slope of the
learning curve was 85%.

12



S MAERIAIZ SELECTION

The materials selection was confined to the spar with no attempt to vary
the general construction of the remainder of the blade. Skins and pockets
iwere considered to remain basically the same construction as that used in
the demonstrator blade. The material for filament winding a composite
spar was chosen from three candidates, fiberglass, boron, and carbon. The
objective of achieving weight savings eliminated fiberglass. Boron was
considered to be high risk for the filament winding process under consider-
ation, and project costs indicated that it would not be as cost effective
as carbon. The carbon selected was Thornel 300 on the basis of its higher
modulus and very slight cost difference to the AS graphites (see Figure 1).
This material is also more compatible with the filament winding operations.
The resin selection was restricted to a wet winding process with the neces-
sary pot life. Two candidates were selected, one of which is a fully de-
veloped system; the second, which shows high promise, would be expected to
be developed fully in the 1980 time frame. Pre-preg materials were not
considered due to their relatively high cost compared to dry filament and
wet resin systems. A survey of filament winding resins revealed that
various manufacturers of filament winding have their own preferences based
upon previous usage. The resins selected were based upon the experience
of the filament winding consultants on this program.

MAN UFACL'URING PROCESSES

The filamen, winding procedure considered for the prototype fabrication
was based upon a wet winding process. 'The winding is made over an inflated
mandrel which subsequently *sucomes the pressure bag for the cure cycle. At
the completion of the winding, the spar is placed into a female die, pres-
sure is applied to the inside of the winding mandrel and the cure cycle is
performed after the die is closed.

The twin beam construction, which was the alternative composite design
used to determine the coet effectiveness of the filament winding design,
is fabricated by laying up pre-preg material into the two open halves of a
female mold. After the two halves nre cured, a machining operation trims
the two part: flush to the split line of the female mold. The two halves I
arc then bonded together.

The titanium demonstrator spar was fabricated by an extrusion operation
followed by machining of both the inside and outside surfaces. The re-
sulting tube was then hot formed in a female ceramic die.

13
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DESIGN CONFIGURATIONS

FILAMENT WINDING DESIGN

The final version of the filament-wound configuration is shown in Figure 2.
The Thornel 300 graphite filaments are wound with a mixture of ± 150 layers
alternating with ± 450 layers in the ratio of 70% of ± 150 and 30•of X5o
The sequence of layers as shown in Figure 2 is approximately two layers of
± 150 alternated with one layer of ± 450. The root cnd Pitting, Figure ,
is integrated with the spar by positioning the fitting on the winding mb4-i-
drel before the winding operation commences. Film adhesive is wrapped
around the area of the fitting that is in contact with the winding. To
obtain the required thickness on the tapered planform, layers of windings
are terminated at staggered intervals along the span.

The epoxy resin system used in the wet winding process becomes a choice
between a system that has been fully developed and an improved impact
resistance system which has not been fully characterized at this time and
requires improvements to the elevated temperature properties. The fully
developed resin is APCO 2434/2347.

The blade contours are unchanged from the demonstrator blades. These
comprise NACA63-2XXA(230) airfoil inboard to Station 135 and NACA 23012(64)

* airfoil outboard at Station 155 with a 20-inch transitional section be-
L •tween.

This design was developed taking into account the maniufacturing limitations
and capabilities of a post-formed geodesic filament winding process. The
angle of + 150 wan selected as the closest that a geodesic filament winding
process can approach 00 angle with economical manufacture. Low emphasis
was placed upon limiting the design to only those operations ,ihich have
been fully proven since previous attempts to fabricate this type of com-
ponent have been limited, By placing low emphasis on restricting the
design to proven capabilities, two of the features of this design intro-
duce a high degree of hand work into the filament winding process for
fabricating ,imall quantities of prototypc spars. One of these features
is the terminations of plies nlong the span in order to maintain the rc-
',ired thickness. Each termination on the prototypes will require that
the winding operation be interrupted to hand trim the laminate at the
designated stations. An alternative method of achieving the tc minations
without interrupting the winding process was not considered for this designi
due to the weight penalty attached in the method. This procedure involved
a gradual change of angle until the 900 angle was reached, at which point,
the winding direction was reversed. Thin produces a distance of 4 feet
and 6 inches respectively on the 150 and 450 winding layers which would
not be considered optimum fiber orientation. The other feature producing
hand work is the use of a pure geodesic winding into the area of the fitting
for the t 150 winding angle. This will require an interruption of the
winding process to loek each tow at the end of a pass before the carriage
can return. This operation is required to keep the filaments from slipping
out of position. The limitations referred to exist on a general purpose

15



""•slgle carriage winG!.Z machlne, It is reasonable to expect that these
prbeems can oe .i "-ated in a m:re -omplex prb "e of equipment that would
be used £zr high production.

The de . -f the niar i.-uires that the external contours be a '-.

close toieremce 5ca• this dete rnes the accuracy of the Zi1.= airfoil.
After the spar is forwcd. :h? oit-r sk.tn i directly Ettached to the spar
in a •n eth z)nrovides no to•ersnc• adjustreent LC he made to the out-
side contour. To attaii. -vý4-ired -greia -f accuracy, tni final curing
o*ration would necessarily be performeew a-t z!-2• die, with inter,..l
pressure being applied to the sMr. This procedure pr'voidec_ the buildup
of Loic:•--es, due to l.-Pinath-on *,ariations, affecting the leas crl3.lUal

inside cont,'-'. "ic finnal cure per&atjon would be the same for two alter-
native approacnet tc tn f.iýcat wdi-ding process: (1) winding over a
circu!. e and post forming twd i •-nling ove.- a finished spar shape.
The filament winding conaw2-zn

t 
on this program e -ed preference for

W1.

'Phe rio. areas of this a.eslb?, Z7,

(a) Obhai.AcK repeatabilty of the fibev and resin volume to
the accuracy required to obtain the stiffness and mass
properties tolerances necessary for a main rotor blade.

(b) Maintaining a consistent degree of compaction in the matrix
in the free-forming radii at the leading and trailing edges of
the spar.

(c) Development of the root end retention fitting integration
with the filament winding.

The risks described may all be minimized by development. The repeatability
of fiber and resin volume would be expected to be obtained with high
quality tooling and equipment development which were designed with recog-
nition that this risk exists. The leading edge and trailing -dge radii
which are allowed to free-form inside the clamshell cavity could be controlled
by a flexible insert in the tool to provide a reaction point sufficiently
rigid to apply compaction but flexible enough to allow the radii to form
without producing a kink in the fibers. 'lThe root end retention fitting
selected for this design was chosen for its low weight potential. In the
event that the integration of thlu design produced insurmountable problems,
there are several other design options available.

TWIN BEAM DESIGN

This design is an adaption of the 11-3 composite blade which is currently
being developed wider a Navy contract. The configuration to the ABCTM
geometry and requirements is shown in Figure 4. The design incorporates en
outboard spar structure different from the filament-wound design and in-
volves a unique fabrication approach. Outboard, the elliptical closed-
section spar of the filament-wound design is replaced by two halves which
are Joined at the leading edge by a splice and arc closed at the trailing

16
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I
edge by a section of high-density honeycomb. Inboard, the C-shaped spar
transitions into a closed elliptical shape resulting in a structure similar
to the filament-wound spar. The integration of the root end fitting is

k accomplished by splicing the two half spars over the fitting, with a film
adhesive between the spar and fitting, followed by hoop winding over the
outside of the spar in the region of the fitting.

Figures 5 and 6 illustrate the essential operations of this manufacturing
process. Two half molds representing the outside contour of the finished
blade are used to lay up the skin, spar and core materials. Each half is
then cured with pressure being applied to the open side of the half molds.
After the curing, the core, skin and spar materials standing above the
split line of the mold are machined away. Both halves of the blade are
then brought together and bonded. Because both halves of the blade are
laid-up in female molds and are machined to a flat surface at the bond line
before being brought together, the finished blade has good contour control.
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CONVENTIONAL DESIGN

Due to the high stiffness requirements of the ABC TMblade, the conventional
or metal solution is a titanium spar (Figure 7). Some additional flatwise
stiffness is obtained by strips of boron on the upper and lower surfaces
of the spar. Nomex honeycomb core and fiberglass skins form the pocket
areas as in the composite designs.

The thick-wall requirements in the titanium spar leave very few choices
in the mechod of manufacture. The method used on the demonstrator blades
comprised several expensive procedures. Starting with an extruded billet,
the inside and outside surfaces were machined into a tapered wall round
tube. After machining the round tube was hot creep formed between
ceramic female dies to the finished shape including twist.
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ANALYSIS OF FILAMENT WINDING DESIGN

SELECTION OF FIBER ORIENTATION

In the design of a composite rotor blade structure, normally the bending
stiffness and strength are obtained primarily by spanwise fiber plies and
torsional stiffness is achieved primarily by plies oriented at ±450 to the
span. Based on the recommendation of the filament winding consultants,
the plies should not be less than ±150 to the span in order to achieve
optimum producibility. Thus, a combination of ±150 and ±450 windings was
chosen for the design of the spar.

DETERMINATION OF SPAR GEOMETRICAL SHAPE

The proposed filament winding technique involved winding the spar as a
tapered circular cylinder and forming, after winding, into the desired
geometry. The diameter of the cylinder was calculated with the aid of the
aforementioned CRT computer analysis. The diameter of the root end con-
figuration (which remains circular in the final formed shape) was sized to
be cupatible with the root end fitting, whose geometry was in turn gov-
erned by the pitch bearing diameter of the improved rotor hub. The clam-
shells in which the spar would be formed were shaped to yield final out-
board blade airfoil contours identical to the demonstrator blade. The
rour. spar was positioned in the open dies so that its center coincides
with the blade pitch axis. During closing of the clamshell dies on the
spar, the first point of contact between the die and the spar determined
the distribution of material within the closed shape. Since the final spar
periphery was fixed by the initial diameter, the chord of the spar was
determined by the amount by which the diameter of the tube was flattened
(see Figure 8). Using a trial asd error process on the CRT, the diameter
of the spar at Station 155 (inboard end of the 23012 airfoil re'ion) was
varied until the largest value that produced a sufficiently largo leading-
edKc radius (f,'r forming) wan determined. A linear variation bet'.cen the
diameter at this station and the root diameter was assumed for sinplicity
in the internal mandrel. Intensediate stations were checked to insure that
the leading-edge radii were acceptable. Finally, a diameter at the most
outboard station of the spur was determined by the same process and F
linesru variation in diameter was assumed. 'lice resulting variation of
diameter with blade span is shown in Figure 9.

30



lot CONTACT ;'OINT

UPPWER INSIDE CONTOUR Of SKIN

MCYLINDER CENTERED

INSIDE CONTOUR OF SKIN

FIGURE 6. O&URMINAUON OF $PAR SHAPE Of FILAMENT-
WOUND TUNE DURING FORMING.

31



) ... 0 ........ r - - - a- -

S. . . .... A 1• ' _

0 20 40 60 80 100 120 140 160 too 200 220

SPAS RADIUS, |.,

FIOURE 9. VARIATION OF OUTSIDE DIAMETER OF ROUND TUIE

PRIOR TO FORMINO FILAMENT-WOUND SPAR SHAPE.

32



DETERMINATION OF DETAIL LAY-UP VARIATION

Using the Sikorsky laminate analysis computer program (E952), the elastic
moduli were calculated for Thornel 300 graphite epoxy material for various
ratios of the ±150 to the t45

0 
laminates. The results are presented in

Figure 10.

Using the CBT analysis, spar section properties were calculated at a number
of stations along the span for various thicknesses and various lay-up
ratios. At each station investigated,relationships were developed between
the spar stiffness and both the spar thickness and the lay-up ratio.

To relate the stiffness trends to the demonstrator titanium spar, the
follcwing nondimensional parameters were defined:

EI
xx composite spar (1)ax =E-I
xx demonstrator spar

GJ composite spar (2)
j GJ demonstrator spar

Maps of these parameters as a function of thickness and lay-up ratio were
developed at each selected station and are presented in Figures UI through
17.

To facilitate the winuing operation, it is desirable to maintain a constant
ratio of the ±150 plies to the 1450 plies over the total span. To meet the
blade clearance criterion, it was decided to match the flenwise stiffness
of the titanium spar wa closely as possible. The procedure used to define
the spar winding diameter resulted in a spur with considerably more chord-
wise depth than the demonstrator; thus, matching the flapwise stiffness
would result in a spar of increased edgcwise stiffness, which was desired.
Torsional stiffness was permitted to deviate from the demonstrator values
except in the tip area where minimum acceptable values exist as previously
mentioned.

At ax = 1.0, for Inboard stations, the torsional stiffness is less than
the demonstrator;outboard it is greater than the demonstrator, which is a
Perfectly suitable situation, Thus, emphasis could be placed o:, a. alone
since the other parameters follow in the desired direction. Many combina-
tions of thickness and percentage ply ly-up appear to meet the stiffness
criterion.
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Increasing the percentage of ±150 plies in the laminate results in a
thinner and lighter spar for the same flapwise stiffness. However, the
requirement to closely match flapwise frequency with the demonstrator
results in a limit In the percentage of these plies because of the superior,
stiffness to weight characteristics of the ±150 composite lay-up relative
to titanium. After careful study it was decided that the 70% ±150, 30%
±450 combination would produce an attractive combination of spar weights,
strain allowable and flapwise response characteristics.

With the proposed filament winding process, predetermined thickness
requirements cannot be readily achieved. The process involves a constant
carriage speed and constant rotational speed of the mandrel. Thus the
variable diameter of the spar tube will result in a spanwise varying
thickness for any one pass of the carriage. Thus to approximate the
required theoretical thickness distribution some of the plies must be
terminated along the blade span. The final thickness is also governed
by the per-ply thickness of each roving. An achievable thickness distribu-
tion which approximates the theoretical value was determined as follows:

Area/Roving (3)Thickness/Ply = (Roving Band Width) x (Fiber Volume Ratio)

where Area/Roving = 168.01 x 10-6 in.
2

Roving Band Width = .040 in.
Fiber Volume Ratio = .60

There fort,

168.01 x 0- 
6  

2'Tickness/Ply (.040 in.) x (.60) .0070 in. (4)

Since there arc two plice per layer (one plus and ono minus), the
thickness of a layer at the root end becomes

thickness/layer - .0140 in.

For a constant winding angle, the relationship between the thickhess/
layer (tn) and the tube diameter at any particular point along the span
of the spar is

tn = .0140 9.30
Diameter

At vurioun stations along the span of the spar, the thickness/!layer is
calculated and shown in Table 1.
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TABLE 1. THICKNESS PER LAYER AS

GOVERNED BY TUBE DIAMETER

Station Tube Diameter (in.) Thickness/Layer (tn in.)

15 9.30 .ol4oo
30 8.78 .olh85

45 8.25 .01579
65 7.55 •S01725
95 6.50 .0205

135 5.10 .0255
155 4.4o .0296

195 3.95 .0330

The actual total thickness which can be attained at each station is a
function of the number of' plies at that station.

N 5  (t ) x (% 150 Plies) t (6)

N15 rt

N (treq) x (% ± 45
0 

plies) / tn (7)

45 5 itq
1445 = t4•5/t n

Since Nl5 and N45 must be integer Values, the values obtained from
equations (6) and (7) are rounded off to the nearest integer value, The
actual thickness of the spar at each station is now determined to be

s = (N1 5 + N 5) x t11  (8)

The actual spar thickness and number of plies for each station are shown in
Table 2.
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TABLE 2. ACHIEVABLE SPAR THICKNESS

Theoretical Number of
Thickness Required Layers Actual Thickness Achievable

treq t 1 5  t45 NI 5  N45 t15 t45 1 (in.)

Station (in.) (in.) (in.) (in.) (in.) T

15 .30 .210 .090 15 7 .210 .098 .308

30 .29 .203 .087 14 6 .208 .089 .297

45 .28 .196 .084 12 5 .1895 .079 .2685

65 .28 .196 .084 11 5 .1895 .0864 .2759

95 .28 .196 .x84 10 4 .205 .0821 .2871

135 .27 .189 .081 7 3 .1785 .0765 .2550

155 .27 .189 .081 6 3 .1775 .0889 .2664

195 .26 .182 .078 6 2 .. 98 .066 .2640

ALTERNATE WINDING INVESTIGATION

To eliminate the fiber terminations along the blade spar, an alternative
approach wa±s investigated involving a variable carriage speed allowing the
winding angle to vary along the span of the spar such that a constant
thickness spar results. The angle of the plies at. various spar stations
as a function of the round tube diameter at that station is given by

0 Station = D Station 0 Root (9)D Root

Rtequiring the ply orientations at the root end of the spar to be the same
as for the previous approach involving a constant winding angle (i.e.,-15

0

and !1450), the angle of each ply and the corresponding k and 0 values along
the blade span are shown in Table 3.
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TABLE 3. VARIATION OF E AND 0 FOR VARIABLE
WINDING ANGLE AND CONSTANT THICKNESS

0e i15% at Root a A5% at Root
Spar

Station 6 E G e E G
S 15 15.00 16.25 1.O75 45.00 2.25 5.25

S30 14.16 16.jo 1.65 42.48 2.65 5.21
45 13.31 17.25 1.55 39.92 3.10 5.13

65 12.18 17.-75 1. 4o 36.53 3.90 !4.90

95 10.48 18.6 1.20 31.45 5.6o 4.*35

135 8.22 19.40 1.00 2h.68 9,50 3.25

155 7.10 19.80 .90 29.29 12.0 2.85
195 6.37 20.0 .850 19.11 13.50 2.40

Using these values of E and G, along with the spar section properties from
CRT for various spar thicknesses, the parameters sx and ej were again cal-
culated for several spar stations. These parameters are plotted in Figures
18 through 24.

.ASine this type of winding results in a spar of constant thickness, it can
be seen from Figures 18 through 24 that although the flapwisn stiffness of
the composite spar can, be met at each station, the torsional stiffness
cannot be matched at station 195 for a spar thickness less than .35 inch.
Increasing the percentage of ±-450 plies at the root end will increase the
torsional stiffness and decrease the flapwise stiffness along the span of
the spar. Although this will reduce the thickness required to meet the
torsional stiffness at station 195, it will not permit an accurate matching
of flapwise stiffness. Therefore, the variable winding angle npproach was
not considered feasible for the ABei• ýnposite blade where it was required
that flapwise stiffness be closely" matched.

ROTOR BLADE PHYSICAL PROPERMIES

Physical properties of the composite spar sections were calculated using
the spar thickness distribution shown in Table 2. These spar properties
were substituted for thoee of the titawium spar in the section properties
of the demonstrator blade. Properties through the root end attachment
area were calculated based on structural sizing of this area from analysis
shown further on in this report. The spanwise plots of the resulting com-
posite blade physical properties are shown in Figures 25 through 29. Super-
imposed on these distributions are the corresponding distributions for the
demonstrator blade.

It can be seen that the flapwise stiffness of the composite spar blade is
approximately the same as that on the demonstrator blade except inboard where

45



SI I I I L-~ - , ,

- 6 4fo 60% 05-/40% ±45.

4- ~fo, 1O%tise,-3c96iS*
. I, 60%215*/40% ±450

--- 4 £ j f@e 70% 1151/30% 1453

OeI, I

z: I I ' I
,o, ' I ------

S• • iVALUES BiELOW 1.0 ARE UNACCEPTABlLE

! ! FOR FLA WISE STIFFNESS ONLY /

a I, J , ,•

SA9• TKICKKI$$ 3 •

FIGUREi 4. MilAt STATION 30 STIFFNESS RIATIO we SPAR
THICKNESS FOR VARIABLE WINDING ANGLE.

46



-- I .. SOY h *jSI'I L 140% __4" I

CC'-- , ' " I'"/4O% J45
4

CC Or 70%±151/30%i±'3* + - + - + .. .; . .K, .... +---- --- - - - • _, , . .
+ ~. .. . . -I.. .. . ... . . .+ . .+ . . I . . . .0

O - __ = . . . . .. .. . . .. .. . . .

"0"

0~-. i ,

4

- j . [ ] I .,. -"

VALUES DELOW 1.0 ARE UNACCEPTAILF
F OR EI.A PWISE STIFFNESS ONLY -

.2530 73

3Pl THCKES .

FIGURE 19. SPAR STATION 45 STIFFNESS RATIO vs SPAR
THICKNESS FOR VARIAILE WINDING ANGLE.

4T



d f.r 60% ±j15"/40% 145 1
d fe 70%tl51,30%±A35

-- - -- -CC lo, 60%.1.13 40% t4.
CC lot 70%ll3'/30% j43'

I -
0 1. 3 - "

z

00

0ol•

0 1

, VALUES BELOW 1.0 ARE UNACCEPTABLE

FOR FLAPWISE STIFFNESS ONLY

23 .30 .33

SPAl THICKNI33 . I..

FIGURE 20. SPAR STATION 65 STIFFNESS RATIO vs SPAR

THICKNESS FOR VARIABLE WINDING ANGLE.

18 6



2.0 - -I2.0 for 60% si*/40% t45
- -- e Iof 7O%t.15j30%j45 I

C C i*o 60%115e/40% t.45 I
Cj for 70% ±1153130% 143-

-. r --- . .... I -_

I's

0
o:~~~~ t '+

0E

VALUS l-O 1. RtNACPAL

•- -

4 ~FOR FIAPWISE STIFFNIESS ONLY

* . . .. . ++ • -+ I ++ -+ r -.+ ....i - "- - -.... -I.+

25.30 .33

,PAR M ICH.S. . ....

FIGURE 21. SPAR STATION 9S STIFFNESS RATIO vs SPAR

THICKNESS FOR VARIABLE WINDING ANGLE.

49+



2.0 6 ~for 60% 031/40%& 145 T.

~~~9 fo#, 60% ±31 3- %4 /~ 4. 0 40% J43* [
CE for@ 70%±13/30%±J43-1

0

0

'V LE BEO 1. - N C ET'L O

.23 .3.3

0 50



"- Vx for 60% iL,)*/40% 45°*
d for 7O%tIP/3O%4A" I

Sfor 60%+IS1/40% J431
OfI for 70% ItI 5/$0% ,43*

0 I

O ~ .25 .3 3

U; t /

Oil ( I * !-j

u ~ ~ ~ ~ ~ SA 1 HO" .... ..... ... i

~IO |

00 3 0 -VkE REO 1. R N CCPA O

FIGR 2. $R SFLAPWISE AND TORSIONAL STIFFNESS

TIK E AS IHIC ANESS . In D

FIGURE 23. SPAR STATION 55 STIFFNESS RATIO 1. SPAR
THICKNESS FOR VARIABLE WINDING ANGLE.



- N for 60% t*j*1/40% l4S*

f* "or 70%*|15-/30%14iA

"j for ,60%•15140%±43-

-: -

2

.0 0

o;•

1.0

:ooVALUES RfLOW 1.0 Alt UNACCEPIARt FOR

S .FLAPWISE AND TORSIONAL STIFfNES1$

20 .30 .40

SPAI ThICKNESS . I.W

FIGURE 24. SPAR STATION I9$ STIFFNESS RATIO ve SPAR

THICKNESS FOR VARIABLE WINDING ANGLE.

52



3.0

2.5 4; _

2.0 - .

"\� DEMONSTRATOR BLADE I

SI I .7[ 1 _

1.0

COMPOSITE BLADE -

0 100 200

SItA01 RADIUS. I..

fIGURE 25. BLADE WEIGHT COMPARISON.

53



0

oo

S 0-
0 IN -I

0 V,

-ee 4-Z

VI 0 W

0

#+- aa
4

i

54
4



I -

2 5000 ... I .. . . . . . ... . ..

2000t I

Z1500 ii-
COMPOSITE BLADE

o 1000

"- I

I DEONSTRATOR BLADE
500 **1 1

FIGURE 27. $LADE EDGEWISE STIFFNESS COMPARISION
Of DEMONSTRATOR AND COMPOSITE BLADE$.



No

l'U

faa

64
ba

-VAS*- -

000

IA

,+01 gI-q 90 Stiials iv oltol ov4

565



_ _2_0-0-

-00- q -

0 I0 0

71171171111. In
FIUR 29 O PSTILDIA ILSIfE



the increased stiffness of the improved rotor hub is reflected. The blade
weight distribution shows that the composite spar blade is significantly
lighter than the demonstrator inboard of 50 percent radius except in the
area of the hub. This demonstrates the superior stiffness to weight prop-
erties of the graphite epoxy material, resulting in a weight savings of 33
pounds with the filament winding approach. The weight savings occurs pri-
marily in the inboard sections because the flapwise bending stiffness of
these thicker airfoil sections was not seriously affected by the wall thick-
ness required to match the stiffness of the titanium blade.

The chordwise stiffness of the composite blade is well above the demonstra-
tor as was expected. Torsional stiffness is also above the titanium blade,
especially in the more critical tip area.

DYNAMIC CHARACTERISTICS

The natural frequency spectrums of the demonstrator and composite blade are
shown in Figures 30 and 31, respectively. Some important modal character-
istics for the normal operating rpm are tabulated in Table 4. The follow-
Ing comparisons are noted below.

The frequencies of the first flapwise modes are almost identical which was
a major goal of the design effort. Though the stiffness to weight ratio of
the chosen composite lay-up exceeds that of titanium, and the flapwise
stiffnesses of the two blades are similar, the matching of frequencies was
still possible. This is because the weight savings were realized primarily
in the inboard sections because the bending stiffness of these thicker air-
foil sections was not seriously affected by the high wall thickness required
to match stiffness. Thus the mass changes operate on those sections of the
blade where the deflection in this mode is small, resulting in the small
change in frequency.

TIhe phase angle 0 represents the aximuth change between a one-per-rev force
input and the maximum response of the mode to this input. '.his is important
since this mode is the primary contributor to the control of the rotor
through the one-per-iev control input. It is important that the phase
angles between the rotor are similar if no changes are to be made to the
control system. The phase angle of A6.60 for the composite blade compares
favorably with the ;9o value of the demonstrator blade. 'lTh reduction in
d.imping of the mode is seen to have a small change in the damped model am-
plification factors 1;1, 1 and il, 2.

lhe placement of the higher flapping modes with respect to integer multiples
of rotor speed is favorable as compared to the prototype.

The first edgewise mode frequency of the prototype was placed close to one-
per-rev to provide separation from the first flapwiso mode. The composite
blade edgewise mode frequency is located closer to two-per-rev, providing
approximatelly the same separation as in the demonstrator. Tho undamped
model taplification factor is seen to decrease due to one-per-rev excitation
aid increase appreciably due to two-per-rev excitation. Since the one-per-.
rev excitation is normally predominant, it ww; suspeceted that vibratory
auments will not change appreciably in normal helicopter flight conditions.
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The second edgewise mode frequency is well above that of the demonstrator
blade and out of the range of typically predominant excitation frequencies.

The first torsion mode frequency is also above that on the prototype, re-
flecting the higher shear modulus to density ratio of the graphite epoxy
lay-up relative to titanium. The mode is sufficiently high that amplifica-
tion to typical predominant excitations is not of concern.

TABLE 4. PROPERTIES OF THE VIBRATION MODES AT NORMAL ROTOR SPEEDS
Titanium Composite Spar

Mode Item Spar Blade Blade

ist Flap u/P 1.46 l1.7S.189 -17029.0 26.6
tiI 1.70 1,71

uI,2 .97 1.03

2nd Flap W/W 11.22 4.h9
S.060 .060

u2,4 6.59 4.33
P2,5 2.32 3.61

3rd Flap W/fl 8.55 9.34
S.029 .027

ist Chord u/fl 1.29 1.76
ull L.49 1.48
p1, 2 .72 3.47

2nd Chord W/0l 5.65 0.52

let u/fl U.3 12.145
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LOADS DEVELOPMENT

Fatigue loads were determined using theoretical root bending and torsion
moments from the demonstrator rotor blade analysis and determining the
spanwise distribution using the moment shapes of the lowest flapwise bend-
ing and edgewise bending and torsion modes.

A single conservative condition vas chosen under which the blade would be
designed for infinite life. The selected blade root end loads correspond
to a condition from the flight spectrum which occurs only .19 percent of
the time.

MF = *228,000 in.-lb

1 = ±114,000 in.-lb

MT = ±37,000 in.-lb

The bending moment distributions are shown in Figure 32 and the torsional
moments in Figure 33.

Static limit loads were calculated for the ground flapping condition,
ground starting condition eid centrifugal force at overspeed RPM. The
ground flapping condition consists of a uniform limit 2.67g flapwise accel-
eration field applied to the nonrotating blade. Ground starting loads are

Sbased on a limit torque corresponding to twice the military rated torque of
the engines applied to the rotor. This is in combination with the limit lg
flapwise moment. The overspeed |•I'I loads are calculated at 125 percent of
normal rotor speed. The limit static torsional load is obtained from root
end theoretical limit moments frrm the den'onstrator blade, expaunded span-
wine according to the shape of the moment distribution of the first tor-
sional mode. Sipunwine plots of tnc limit loads corresponding to these con-
ditions ure shown in Figures 31 through 36.

The ultimate loads are obtained by multiplying the limit values by 1.5.

IiA2L L TRI 3 AXiAI.YGIG

Coebined bending and tension strains were calculated buth at the spar aft
corner radius and at the trAiling edge. For fatigue canes the edgewise
end flap)wine moment* were conservatively assumed to act in phase. Figure
37 shows the notation used in calculating strains.

Tor.ional shear strains were caleulated only in the spar structure since
the aft skinl is less critical then in the demonstrator blade.
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FIGURE 37. NOTATION USED FOR SMRAIN CALCULATIONS,

The following equations were used to determine the fatigue strain levels
and margins of safety. The results are shown in Tables 5 and 6.

MF CýV + E C+ CF

E&xx Elyy AE

Mtp

2A'Gt

where

A= = Mean enclosed area of spar, in.

c allow - 1.0 for axial strain
C

IC3 yallow - 1.0 for shear strain

Fatigue allowables for Thornell 300 were derived from small specimen test

data and similar modulus graphite.
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These data indicated mean tension strain endurance limits of ±3700 pin, fin.
and ± 2600 Pin./in,. for the t 150 and t 450 directions respectively at stress
ratios of .10.

The rule of mixtures was used to determine the axial strain allowable
of the composite lay-up used in the filamsent-wound spar design, i.e.,
70% t 150 and 30% ± 450.

E:= .70 (± 3700 Piin./in.) + .30 (±2600 Pin./in.)

c=± 3300 piin./in.

The working fatigue strain allowable was then established to be one-half
the mean value. Since thle fatigue data available was based on 107 cycles,
it was conservatively assumed that at 108 cycles the mean value of strain)
would be 80% of the strain level at 107 cycles. This results in an axial
working fatigue strain of t 1300 sin/in. A similar procedure was followed
for the allowable shear strain. The resulting shear strain allowable was
found to be t 2000 Pin./in.

ROOTý END ATTACHMEWNT

lin the final rotor blade assembly, the spar aunt transit ion int. at ti ta-ialum
fitting w~hich acts as tile internal bearing s;ulppozt for the pilt':h bear~ngs.
Several configurationsi were consiidered to provide, a structural interface
between the cump~osite filament-wound sipar aind the titanium rout cad,

A bol ted attachlmenit between the compo'site anld t £t. aniionl was" ono altfenst Ia yeV
(Figukre 35). 'This type of' Jointi ieqiitrci l com1 iositc thicknessi well in
excecss of, the basic spar thicknessn inl order to develop, the requirod strenigth
across: the holes . The i nor~uc t h i ekiole would reqluit r adi t tunal hanld
lay-up opo rations after' formini g to itch love thisA blotlduip. Anl aiterilati ye
approach wasi dctcireod wh ichi wii:; lls c comiat ibi withb the fi lamenit windIing~
techpiiIque . A loablto bonded voiiitant -dilace Ior cy lit~ii'rIcal fitlf! t:% ,,), Is owai
Iit Figutre 31) vi:; con:;ide rod UI bie irp?.tl with Ii ho I iiar"Ii'l . wi iid iiig opera-_
t Ion iii that thu _-nloctii o n cootild b~ me r hc I ;itig thle windingy opieraitIion.
However, no alternative load path Is3 piresent in thle event of a buiid h'ailufe.

Ali improvement over th in con higuartkion provides hoc it doubt v-bonded tapeired
cylindrical Pitting, tlhovii lin hiUr 40 c'it. 'i'l taller proieys abc l co~~c

load pathl Which, ini the evenit of' a bond aIl lure, isz capaible "r reat letg t he
load t hrlouh puarey icechaniclea we'jillg iia cItionl. Hive cccr, Certaina dl sadvan-
tage:; were obvious . Ktc k load;; prilibte d tit thle. begiinI ngii Pf the( I alec will
produce tens;;ion comipoinent! ; whi ich tent Ui lebuii'l the iniier pojrt ion if I ri
Fraphitit iii the double bond con figaoint Iin. ht . teiilviicy or 1st orb amt nai
spilitting also exist~i isider compress;ioin loading:"; Ill thle u(It...11o bond ciiii-
figurationi. At:;o * inalpect ion if the internal bond isl ,ifficult and the
manufacturing is tiot anl easy taslk.
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BOLTED JOINT

FIGURE 30. ROOT END ATTACHMENT-BOLTED JOINT.

BONDED JOINT

FIOURE 39. ROOT END ATTACHMENT-IONDED JOINT.
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DOUBLE-BONDED TAPERED CYLINDER

FIOUIRE 40. ROOT END ATTACHMENT- DOUSLE-SONDID
TAPERED CYLINDER.

SINGLE-BONDED TAPERED CYLINDER

FIGURE 41. ROOT END ATTACHMENT- SINOLE-90NDED
TAPERED CYLINDER.
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A further improvement was made to this configuration by providing only a
single bonded surface such that the titanium fitting is completely inside
the composite structure (Figure 41). Though this provides less bond area
between the composite and the titanium, the significant disadvantages of
interlaminar splitting and the internal bonding risk were eliminated.

Thus the simple single-bond tapered cylindrical fitting was chosen as the
most attractive root end attachment for the filament-wound spar.

ANALYSIS OF BOND JOINT

Shear stresses in bonded joints are most critical at the joint extremities
where the predominant shear transfer occurs between the two bonded mate-
rials. To reduce the high shear stress peaks that tend to occur in these
areas, it is necessary to tailor the local thickness distribution to mini-
mize stiffness discontinuities of the joint extremities, thus providing a
more gradual transfer of load.

Preliminary designing of the bond length and thickness distribution at the
extremities of both the titanium and composite material was accomplished
using the Sikorsky one-dimensional bond joint analysis. To obtain a model
consistent with the assumptions of the program, a unit angular segment of
the circumference was considered to carry a constant load over the whole
bond length. The variation of the bond area and material thickness with
the radius at tie bond joint was considered in the analysis. Figure 42
illustrates this technique.

The appltId loads to the 'ognt. n were derived froma the iaximtnum vibratory
combined bending stress in the spar just outboard or the fitting,

? segmwent = s in%, areýa
outboard ý;egmnt
combined outboard

Only fattigue ]oads were 1'. ,ed for tlie root end ,tnalysince static 1h ads
were fouad to le l1-;o en iticail. In the den i o of the root end att•achrnit
it was; desired to khep the leawk vibr;sit ory bond shear ntrose below !i 000 psi.
'11%In allowtable wflal b-Asedi • o•pn .0 rretat ion or ft.Atige custet data on adhesive,
joints• with the bond juint computer program analyuia for peak bond Shearing

1t rc3 o.

111e thIcMn*1ilues of thei co-•i:,site Malt erial Wai held conl:t!ant over tile full.
incline longth at t h,- va.le e!stablishued to meet stiffness requirements
Just outboard of the fitting.

F r thin anallysis tiiiian,:;s tf the aitanlnr at t*lie reet enll of the ,1ollit
wa:1 il to carry the fall fatigue bending loads based on an assumed
diameter (Figure h3),

"fat i"rue: all'iwablts wer',. ect abli:Ished! by u.Itie emaA 1 :1c.l iran fatig ua teat
datia iii theh form of a "i'onstrat 1ife Fa•tigue Dtiagram''" (mlio known as a

" "DiEu Di r "). U:nini, tile calculated value of Staily' 5! re .n , a mcan
S/.i c'rve wits established relating allowable vibratory stress tiid cycles to
failure. 74
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ANGULAR SEGMENT ANALYZED

OUTBOARD SECTION

INBOARD SPAR SECTION

A2: R*t42

FIOURE 42, SEOMENTS USED IN &ONO JOINT ANALYSIS.
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COMPOSITE MATERIAL

TITANIUM FITTING

FIGURE 43. MODELI"CG OF STRUCTURE FOR POND
STRESS STUDY-ACTUAL STRUCTURE.

A %

FIGURE 44. MODELING OF STRUCTURE FOR RONO STRESS STUDY-
MODEL USED FOR ONE-DIMENSIONAL ANALYSIS.
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A working allowable was generated for infinite life by reducing the mean
endurance limit from this curve by factors accounting for size effects,
stress concentration, surface finish and reliability. This was calculated
by

0

w v working KfKfwsean (F) (F 20)

where av working = the working fatigue endurance limit

v mean = the mean endurance limit established from the S/N
diagram

K = the reduction factor due to stress concentration
factors

K = the reduction factor due to surface finish effects
fs

Using equation (20) the vibratory stress endurance limit for B-STOA titan-
ium with a stress concentration factor included is ± 18,000 psi. Working
with an incline angle of 100 and assuming the length of the incline to be
4.0 inches, the outside diameter of the titanium fitting was established
to be 7.3 inches at the base of the incline. Under the combined flapwise
and edgewise bending moment of ± 255,000 In.-lb., the required moment of
"inertia (I) of the section was established to be

v ALL

(t 255,000) (3.65)
±18,000

1I 51.7 in.
4

The required thickness was established to be

t = .40 inch

Using the model shown in Figure 44, an iteration study was conducted where-
in the taper geometry at A and B were varied and also the overall length,
L, of the bonded joint.

The effect of varying the end taper in the titanium material at A and the
composite material at B is shown in Figure 45. The aforementioned peaking
of the bond stresses at the joint extremities is obvious. For the cases
investigated, a parabolic taper in both the titanium and composite extremi-
ties produced the lowest peak shearing stresses. Other geometry modifica-
tions could obviously have produced an even more attractive stress distri-
bution. H|owever, this one proved to be structurally acceptable, as will be
discussed later.
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A taper length of 1.5 inches was, provided in the composite material since
it was judged that a shorter taper could not be layed up with the required
accuracy in the event that this taper would be as wound rather than
machined. A longer taper length was also desired to accommodate the hoop
windings which are discussed later on.

For the selected taper, the length of the bonded area between the taper in
the titanium and the start of the incline in the fitting was varied. This
was investigated to insure that this length was long enough to allow the
shearing stresses in the bond to decrease before the incline was reached
where high local bond tension loads were expected due to the composite
fibers changing direction at the incline. Some of the results are shown
in Figure 46. A 2.0-inch length was found to reduce the bond stress at
the beginning of the incline to 15 percent of the peak value. Though longer
lengths produced even lower shear stresses at the incline the 2.0-inch
length was judged to be optimum from a weight-stress tradeoff standpoint.

To obtain better insight into the true stress distribution in the attach-
ment area, a two-dimensional finite element analysis was performed on the
joint using the preliminary design accomplished with the one-dimensional
analysis. In this analysis both tile graphite and titanium materials were
modeled using quadrilateral orthotropic membrane elements. With tile addi-
tional state of stress capability, the effect of the taper on the stress
distribution could be investigated.

In this model the flexibility of bond line was not included, since the
number of elements of reao;enable aspect ratio required to represent this
thin laterial would exceed the capacity of the prosgram (i000 elements).
The finite-element Lnodel is shown in Figure I17.

A comp.rision was made of the shear ntresoe , at the bond line as calculated
by this program and by the bond Joint program. This wat, accomplished by
using the stresses in the elemcnts closest to the interface between the
composite and the titanium. Tihe shear stresues in the plane of the bond
joint were obtained by rotating tile stresses in the x-y plane using the
conventional Mohrs' circle formula.

2 2
0 cust+, 8+ y3INO + 2T" Sl110 UOO1

2
C. tyy 00yy cos0 + ++ Xx*li20 -2y SINO COW0

° yyx =sx xy

1x'y I(Oyy - Oxx) SIUO COSO + Ixy I No 2 _ 5INO 2

Tihe comnparison is shown in Figure U*8. At the extremities of tile joint,
the peak shear stress distributions are similar.
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Correlation of the two analyses was expected in this zone of the structure
since the state of stress is primarily one dimensional away from the
inclined region. The lack of bond line flexibility in the finite-element
analyses should result in a slight overprediction of the bond line shear
stresses.

The good correlation in the areas of the critical bond stresses gave
confidence to the fact that the design decision made using the bonded
joint analysis program was valid.

The effect of the incline on the stress distribution is also of concern.
At both ends of the inclined area the fibers change direction, causing a
complicated stress situation in the composite material. Also the com-
pression stresses and corresponding shear reactions imposed by the incline
were of concern. To study this situation, the joint was analyzed for
various incline angles. The bond shear stress along the joint is shown
for various incline angles in Figure h9. In order to maintain a reasonable
bonding area at the root end of the joint, the length of tile incline for
the 200 incline was shortened, and both the root end and outboard diameters
were maintained at the same value as the 100 inclines. The root end dia-
meter of the 50 incline was increased while maintaining the same outboard
diameter as for the 100 and 200 incline. The ans.lysis indicates that a
200 incline would be unacceptable since the bond shear stress level approach-
es t 2500 psi, which is attributed to both tile rotation of tile stresses
through such a large angle and the short length of tile inclined portion
of the joint. Although the .5 incline produces the lowest bond shear
stresses, it was felt that a 50 ineline would not provide enough of a
mechanical lock in the event of a bond failure. The 100 incline was there-
fore selected.

The dv.;i g includes windin Igs at 90 degrees to the span (hoop windings)
over the ba. io coinpositte s t llct re in tile area of tile incline. These
provide the hoop .tiffness requiel'd to provide a Iaechanlical lock along thV
incline in the event of ia bond failure. Ti.e winding:i a were f i ed for hoop
straessies due to the wedging action which occurs on the incline with a
bonid failure.

To solve for the hoop Winding thickne:;s required, tile altirulte centrifaigal
force was applii to the spar and reacted by prine!;ure and friction com-
pllonents ailong tile incline. 'Tlhe preUssure dintributiont was assumed to be
linear, being ma•ihnLu at tile outboard end of the inclinc , the coefficient
of static friction between the conpolsite anld titall il cwas Con servat I vely
taker as .25. (Figure 50 presents the model used for determining the
hoop streus).
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FIGURE 50. MODEL FOR DETERMINING HOOP WINDING.

1Tho spar being, r ,Intivcly !wC't in the hoop direction, wfi tk,' nnied to react-
none of thie prc.•e roe i n hoo0p te.w.• ionl , o thie hoop viln I il Aloule Cwa: s I zed
t0 react thie p)ent mre foresf inl hoop texwi on. Unde r theoe tkz umopt. ion tilhe
th!(.kuos required for the 90-deree windingn at the critical outboard ced
vot aolvod fur by thie formula



df=Pr2 it SINO &x + ipP2 Tr rC0S Odx

F = 2 -i Si' (SIN 0+ 11008 0) dx

r = r + tlrx
0

1,=p x
0~

L 2
F2 Ti (SIN 0+ IICOSO ) P,.-.~ f(r~x+ A rx )dx

L

F= 2 ti(SIN 0+ IiCOS 0)1P' rol, r
02 3

L ~.6in.
ro= 3.65 in.
61 .70 itn

F= F, ultimate 1.5 (F, limit) 102,000 lb

5i

O= 100

Solving for 11

Hoop' T

t cljoll

-(11i-, 35

t= .106 in.

The thliokl, rem Wfao WOel Over tbe full. lengthi of the incline with appropriate
tapering iat both extremitieu'.

Ihle. ax ial vi P it ory 01r'u0evelf in n thle titan liun and the Conoponnite in the
Jo int a rea are-( ruby, il l eoimie 1)1. 'ft(e fat igue mtr1eino; of' nafetv were'
Cairlnl'At e' for Ohe u"!n sin.rn:es:w tin the Joint . Ill the nioamNntnte Com~ponent
of' the rint, thev peak vibratory ttronmrn jit; 11,00(0 pst. Tile marginl of
naf'ty wall ncalculated to be

-1.0
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where Callow the allowable fatigue stress for the composite material

Callow = ( composite) ( CAII composite)

Callow (12.27 x 106 lb/in. 2
) (± 13,000 pin./ino)

a allow ± 15,951 psi

t 15,951 _ 1.0
± 11,100

MS + .3

In the titanium component of the joint the peak vibratory stress is
t 14,600 psi. Using equation 20, the working vibratory stress level for
B -STOA titanium is ± 65,000 psi. The allowable vibratory stress in this
region of the bonded joint was established.

where K, . surface finish factor = 1.25
K . fatigue strength reduction factor 1.25

"I1 = reliability factor .70

SE= size effect factor .72

U 65 000"allow 1 5 (.'O) (.,'V)"Vallow = 5s

Va llow t + 20,500 psi

The resulting margin (if uafety was established to be
0 v allow

v peak

i.S = I jo •.-l• i-" 1.0
1110.00 10

•,,u +,431

'TITANIUM 1 !A2KL4' U'iiUCTURiE

Inboar3 of the bonded Joint, the titaniii fitting i., required to carry all
of the 'oad. The priiary area of concer, in the titaiinn fitting is
directly inboard of the Joint cnd where the fitting flairs up into the
bearing retention portlon of the Joint. Althlough there io it gelnerous
radius in this section, there is a stress concentration associaLted with it.



The stress concentration factor was established using a theoretical model
similar to the configuration of the titanium fitting, Figure 52.

FIOURE 52. IHEORETICAL MODEL OF JOINT FOR STRESS
CONCENTRATION FACTOR-

Using Figure 53 and the values of

r = 1.5 it'.
d - 6.50 in.
D m 10.75 in.

the theoretical stress concentration factor was determined to be Kt 1.56.

The fatigue mrgin of safety watu deterained using fatigue stress allowables
derived from equation (20). 'The working fatigue stress at 106 cycles for
8 -4Y'OSA titanium is t 65,000 psi. 'The allowable vibratory stress is a
function of tecý stress concentration factor, surface finish factor, re-
liability, and size effect factors. Usý;ing equation 20 and the values of
Kf, Ks, and FSE given below, the allowable vibratory stress is

Kf = 1.38

Ks = 1.25

Fs = .70

FSE= .72

o 65ane0 psi (.70) (.72)v allow = 1.38 (1.25)

wv allow = ± 19,000 psi
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FIOURE 53. THEORETICAL STRESS CONCENTRATION
FACTOR FOR TITANIUM FITTING.
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The vibratory stress due to combined flapwise and edgewise bending at that
section is

v I

= (+ 255 000) (3.65)
. 55.8

Cv 18,000 psi

The vibratory margin of safety then becomes
a

v allow
GVMS = • -1.0

+ 19 000

MS + .055 at 108 cycles

The flanges in the bearing retention segment of the titanium fitting were
analyzed using a finite-element analysis (Program F768). The thickness of
the flange, main backup structure, and fillet radius was determined by
varying the parameters shown in Figure 54 and establishing the configura-
tion which produced the lowest stress level in the radius.

FIGURE 54. FLANOE LOADING.

The load was applied to tho flange as shown in Figure 54 to simulate a
preload due to the bearings. The configurationu investigated are !summarizcd
in Table 7. Four of the configurations are for a compound radius, and one
is for a single radius. The results are shown in Figure 55.
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SINGLE RADIUS,R=20 in., IT =40 in., t2=.50 in.

CWMOUND RADIUS, R1=.065 in., R2=.33 in.,
t 1=.40 in., It2='50 in.

COMPOUND RADIUS, Rj=.O65 in., R2=.33 in.,
t 1=.4O in. t2=.60 in.

4C

COMPOUND RADIUS, itj.060 in., R2 7F I,

COMPOUND RADIUS, It ,060 I n. ,75I,

0 .________________ 1.
NONDIMtHSI0HAL LENGTH ALONG RtADIUS. X/L

FIGURE 55. RELATIVE AXIAL STRESS LEVELS ALONG THE RADIUS Of THE

BEARING RETENTION FLANGE OF VARIOUS GEOMETRIES.
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"TABLE 7. CONFIGURATIONS 11VESTIGATED IN TITANIUM
BEARING RETENTION FLANGE ANALYSIS

Case t t2 R1  R2 R

1 .4 .5 - .20

2 .4 .5 .065 .33 -

3 .4 .6 .065 .33

4 .4 .5 .o60 .75

5 .4 .6 .060 .75

The results indicate that case 5 produces the lowest stress level. There-
fore, the dimensions of case 5 were used for the titanium fitting in the
bearing retention segment of the root end fitting.

The allowable vibratory stress was calculated using equation 20.
The stress concentration factor for the configuration used was determined
by

max
Kt ao (23)

anom

The value of "max was established by the finite element analysis. The
nominal stress, Onom, was established by the applied load. Daue to the
position of the applied load a moment is produced in the radius section
of the flange. The nominal stress was calculated as

F Mci = - + -- (24)
nom A I

For constant cross-section Mc 6M

F 6M
3nom A + =

2

M=F(d' -t

For a 1-inch thick section A = t2

a F [1 _____+_anom t2 t2

The resulting stress concentration factor was

Kt = 1.63

The surface finish factor, reliability, and size effect factors were the
same as those used in the analysis of the section directly inboard of the
point end. Using equation 20, the resulting allowable vibratory stress
was calculated to be

93



"v allow = (65)0(.72s1.5 1.2257 .) .2

"0
v allow = - 18,000 psi

The vibratory stress level due to combined flapwiue and edgewise bendiLg
was determined to be

o MR

0 = (± 255,000) (5.10)
209.

a = - 6,200 psiv

The resulting margin of safety was calculated to be

MS v allow

1.0
v

= + 1.90
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LAP SHEAR TESTS

To evaluate shear allowables for the bond between the titanium fitting and
the graphite epoxy spar, static tests were performed on a number of lap
shear specimens. The configuration of the joint is as shown in Figure 56.
The composite material constituting the upper and lower adherend was con-
figured from the same fiber lay-up and resin system that was used in the
design of the spar. Specimens were configured with and without .the addi-
tion of adhesive to the joint to determine the shear strength of the epoxy
resin in bonding relative to that of the adhesive bond.

A total of 22 lap shear joints were pulled in a tensile test machine simi-
lar to the one shown in Figure 57. Nineteen of these lap joints did not
include a bond line, since it was desired to investigate the static shear
strength of the composite resin system as a bond. The remaining 3 lap
joints included a .006-in.-thick Hysol 9602.3 adhesive cured at 250OF for
1 hour with 20 psi pressure.

FIGURE 56 . GEOMETRY OF LAP SHEAR SPECIMENS.

The shear stress was evaluated by using Sikorsky Aircraft's bonded joint
analysis computer program (Y004B). The joint was modeled by assuming a

bond line of .001 inch and applying a direct axial stress to the model.
The results provide a shear stress distribution along the joint, as well
as the direct axial stress. In order to establish a bond shear stress
level, the analysis was performed using a bond line of .006 inch. A
direct axial stress of 2000 psi was applied to the model, and the result-
ing shear stress levels for both a bonded and a nonbonded joint are shown
in Figure 58.
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FIGURE 57. TESTING OF LAP SHEAR SPECIMENS.

From the computer analysis, a ratio of the peak stress in the joint to
the axial stress was determined for the two configurations. Then the
peak shear stress for each test specimen was determined by multiplying
these ratios by the specimen axial stress at failure.

tpa et= Peak o(25)
Tpeak test P--ea-k atest at failure

where =Test at Failure
test at failure = A

A = cross-sectional area of joint adherends
A = .050 in.

2
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peak = .224 with bond)
G

ep__= .351 (no bond)

0

* Table 8 presents the results of the static lap shear tests for the non-
bonded specimens. The results indicate that for a specimen having only
the resin system as a bond, the shear strength of the resin, as a bond,
is between 4,000 and 9,000 psi.

Table 9 presents the results of the static lap shear tests for the bonded
specimens. The results indicate that for a specimen having a bond of .006
inch thickness, no increase in predicted peak shear was obtained. From
Figure 58 this is in accordance with predicted results.
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FIGURE 50. BOND SHEAR STRESS FOR LAP SHEAR TENSILE TEST MODEL.
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S e TABLE 8. NONBONDED LAP SHEAR TEST RESULTS

Direct Axial Predicted Shear
Specimen Failure Load (lb) Stress (psi) Stress (psi)

!i1 7"54 15,080 5,286

2 650 13,000 4,557
!:3 744 14,88o 5,215

4 622 12,446 4,360

5 1,168 23,360 8,188

6 1,224 24,480 8,580

7 900 18,000 6,309

8 1,236 24,720 8,664

9 76o 15,200 5,328

10 1,060 21,200 7,431

11 1,216 24,320 8,524

12 1,028 20,560 7,206

13 682 13,640 4,780

14 1,152 23,040 8,076

15 1,208 24,160 8,468

16 1,288 25,760 9,028

17 918 18,36o 6,435

18 942 18,82 6,603

19 1,256 25,120 8,805

TABLE 9. BONDED LAP SHEAR TEST RESULTS

Direct Axial Predicted Shear
Specimen Failure Load (lb) Stress (psi) Stress (psi)

1. 1,186 23,720 5,313

2 1,198 23,960 5,367

3 1,476 29,520 6,612
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TRADE-OFF STUDIES

The objective of the trade-off studies conducted was to establish the
relative merits of the three configurations:

Filament-Worind Spar Design
Twin Beam Design
Conventional Design

In the cost studies, the rate used to determine labor cost was $16.00 per
hour. The cost of filament winding graphite material was based upon
$20.00 per pound, and the cost of prepreg graphite materials was based upon
$25.00 per pound. These are projected costs for the 1980 time frame based
upon the best predictions available.

No attempt was made to amortize the nonrecurring costs associated with
any of the configurations. It was assumed that the major nonrecurring
cost items of design, tooling and test would be approximately the same for
the three designs and would not therefore change the relative positions.
This assumption was based upon the expectation that regardless of the
details of the construction of a main rotor blade, these costs are relative
to the size and performance requirements of the blade.

The learning curve used for the labor content of the three configurations
was 85%. The choice of this curve was based upon past experience on this
type of component. The cumulative average learning curve was based upon
the following equation:

y= CX-

where Y = Unit hours
C = First unit hours
X = Unit quqntity
N = Slope determinate

For an 85% learning curve N = .2345.

No learning curve rationale was placed upon the material costs for any of
the configurations.

FILAMENT-WOUND SPAR DESIGN COSTS

The manufacturing processes and material costs for this configuration are
identical to the demonstrator design with the exception of the spar.

The filament-wound spar costs were based upon the following estimates:

T.ere is h0 lb of graphite material at $20/lb in the spar, amounting to
$800. Other material costs, adhesives and tip end fittings but not includ-
ing the root end fitting, amount to an additional $190. Labor costs after
200 units average 58 hours per spar. The machining and integration of the
root end fitting are estimated at 20 hours at the same quantities. Mater-
ial cost is $200. Putting the labor cost for the snr on an 85% learning
curve gives the first unit labor hours 8 58 x 200.2 5 = 201 hours.
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Converting this at the labor rate of $16/hour gives 201 x 16 = $3216.

The remainder of the blade and material costs are the same as for the demon-
strator. The T1 labor cost for this portion is $35,536 plus a material
cost of $4,000.

Susmmarizing the T1 costs for the filament-wound blade:

(1) Labor cost excluding spar $35,536

(2) Spar labor cost 3,216

(3) Spar material Cost 1,190

(4) Other material cost

$43,942

(1) and (2) are subject to the learning curve progression at 85%.

The cumulative average cost for quantities of 200, 500, 1000 and 2000 units,
using an 85% learning progression for the labor costs and leaving material
costs constant, is as follows:

200 500 1000 2000

.2345
(1) 35.536 Unit Qty.. 10,258 8,275 7,033 5,978

(2) 3216 Unit Qty..2345 928 749 636 51Ll

(3) 1190 1,190 1,190 1,190 1,190

(4) 4o00 4000 4000 400 400o0

Totals $16,376 $14,214 $12,859 $11,709

TWIN-BEAM DESIGN COSTS

The approach taken on this cost study was to scale down the elements of the
Sikorsky H-3 composite blade in accordance with the appropriate sizing
factors. Figure 59 shows the comparative size of the 11-3 blade and the
ABCTM blade. The H-3 blade weight is 234 pounds compared to the ABC com-
posite blade weight of 180 pounds. The blade lengths and chords respective-
ly are (11-3) 334 in. and 22.75 in. (ABCTM212 and 16 in. average).

From the latest design-to-cost studies on the 11-3 design, the average cost
for 11 units is 1,214 hours plus $9,392 for material. The material cost
includes 64.6 pounds of prepreg graphite at $68 per pound.
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To normalize the material costs to 1980 values, the material would be
9392 - (64.6 x 68) + 64.6 x 25) = 4.2.

To normalize the labor cost to the first unit cost using an 85% learning
curve gives 1214 x 11.2345 = 2130 hours.

The materials used in the H-3 blade are the same type of material used in
the ABC twin-beam design. These materials are prepreg graphite, prepreg
fiberglass and honeycomb core. On this basis the material costs may be
scaled by weight. The ABC cost of material is therefore 180 x 6614 = $5087.

The labor hours involved in the lay-up, curing and machining of the H-3
twin-beam design are directly related to the planform area of the blade.
The number of plies of material laid up are very similar. The ABC blade,
however, introduces a complexity due to the tapered planform and more
significant tapering of thickness. To allow for this complexity a factor

*• of 2 to 1 is added to the labor hours after scaling by the areas of the
H-3 and ABC blades. This scaling and factoring produces labor costs of

212 x 162 x 3•Tx 22.75 x 2130 x $16 = $30,426

The summary of T1 cost of the ABC blade is as follows:

(1) Material $ 5,087
(2) Labor $30,426

(2) is subject to an 85% learning curve progression.

The cumulative average cost for quantities of 200, 500, 1000 and 2000
units, using an 85% learning curve for the labor costs and leaving
materials costs constant is as follows:

Quantity 20 500 1000 2000

(1) 5087 25 5,087 5,087 5,087 5,087

(2) 30,426 1 Unit Qty."2345 8,783 7,085 6,022 5,119

$13,870 $12,172 $11,109 $10,206

DEMONSTRATOR BLADE COST

Twenty blades were fabricated plus two fatigue specimens. When the cost of
the fatigue specimens was subtracted from the total cost, it was "ound that
the blade average cost amounts tn 1100 labor hours plus $25,714 material
cost, which includes the qubcontract labor involved in the fabrication of
the spar. The total titanium spar cost in the demonstrator was $21,704.
The raw material cost contained in this spar was $14,695, leaving $7019
which is subject to the learning curve progression.
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Summarizing the demonstrator cost, for the average of 20 blades:

(1) Rotor hours 1100

(2) Subcontract spar labor cost $ 7,019

(3) Spar material cost $14,695

(4) Other material cost $ 4,000

(1) and (2) are subject to the learning curve progression at 85%. Thesevalues projected back to the first theoretical unit (T1) become:

(1) 1100 x 20 2345 = 2221 hours

(2) $7,019 x 20.2345 = $14,169

Converting labor hours to dollars at the rate of $16/hour, the total TIcost of the demonstrator blade becomes:

(1) 2221 x 16 = $35,536

(2) 14,169

(3) 14,695

(4) 4,000

$68,0oo

The cuaulative average cost for quantities of 200, 500, 1000 and 2000 units,using an 85" learning curve progression for the labor costs and leavingmaterial costs constant, is as follows:

Iu anit 200 NO 1000 o000

(1) 35536 + Unit Qty. .2345 10,258 8,275 7,033 5,978
(2) 7019 -. Unit Qty.'2345 2,026 1,634, 1,389 1,181

(3) 14,695 14,695 111,695 l4,695 il4,695

(4) 4000 4,000 4,rOO ,00o 4,000O00

Totals $30,979 $28,604 $27,117 $25,8514

104



SUMIOARY OF COST TRADE-OFFS

Quantities 200 500 1000 2000

(a) Filament-wound spar design $16,376 $14,214 $12,853 $11,709

(b) Twin-beam design $13,870 $12,1f2 $11,109 $10,206

(c) Conventional Design $30,979 $28.604 $27,117 $25,854

Within the accuracy obtainable with long-range projection of costs, the
two all-composite dasigns cost the same. The conventional design,
due to the high cost of spar fabrication, costs the most to produce.

It should be noted that these cost comparisons reflect only the compar-
ative costs and do not include factors for general administration, profit,
or other items which are considered to be equal for all configurations. It
was not considered possible to rationalize whether any of the designs
would have a higher or lower rejection rate than the other; therefore, it
was assumed that this factor would be equal for all configurations.

SPAR WEIGHT SUMMARY

Figure 60 illustrates the weight distribution along the spar of both
composite spar designs and the titanium demonstrator spars. The effect
of the modified root pitch bearing configuration has been removed from the
three designs since this is applicable to all in a similar manner. Spar
material densities used were .07 pound per cubic inch for the graphite
epoxy and .16 pound per cubic inch for titanium.

Comparing a demonstrator spar weight of 97.7 pounds from station 15 out-
board to the tip, both composite spar equivalents have a weight of 60.6
pounds, giving a delta weight reduction of 37.1 pounds.
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DEMONSTRATOR WEIGHT AT SPAR STATION 15=97.7 lb
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FIGURE 60. SPAR WEIGHT DISTRIBUTION FOR COMPOSITE
AND DEMONSTRATOR SPARS.
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CONCLUSIONS

1. Filament winding can be applied to the design and fabrication of a
tapered planform and varying thickness spar of a main rotor blade
to the ABCTM requirements.

li 2. These are some manufacturing limitations and risks associated with
• this design approach.

One of the manufacturing limitations is the inability to obtain
a O° winding angle without compromising producibility. The 150
Sminiin winding angle which can be economically obtained results in

!. a slight compromise in weight.

Another of the manufacturing limitations is the necessity to ter-
minate the fiber plies at spanwise locations to achieve the span-
wise taper with controlled thickness. To reduce the nmber of
terminations to acceptable limits, the thickness was allowed to
grow a little above the optimum theoretical thickness. This con-
formance may be overcome in a production situation with the
application of a fully automated winding machine in which the
terminations are made by machine rather than by hand as planned
for prototype fabrication.

One of the fabrication risks is associated with making the
prototype ply terminations by hand. The technique of making a
termination involves stopping the winding operation and cutting
the filaments at the required locations. On a small number of
terminations, this procedure is not too difficult. The risk
becomes progressively higher as the number of terminations
increases. This difficulty would be overcome in production by
automating this operation.

Another fabrication risk is the integration of the root end fitting.
The configuration selected was shown by analysis to be a low-weight
solution but requires that the filaments be machined or hand
trimmed to a specific shape after the winding operation. It
also requires a supplementary operation during the winding to
obviate the slipping of fibers at the turnaround for the end of
each layer before starting another winding layer.

The repeatability of filament winding must be demonstrated on a
number of spars before it can be determined that the mass moments
between spars can be fabricated within the limits acceptable to
produce interchangeable blades.

The process of post forming from the round shape to the elliptical
spar shape may be expected to produce a porous laminate at the
leading and trailing edges. If it is determined that the quality
obtained by this method is unacceptable, the solution would lie in
winding over a rigid split mandrel close to the final shape of the
spar.
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3. Cost and weight differences between the filament winding design and the
open-mold composite H-3 design are small. However, both composite de-
signs show a dramatic cost and weight improvement over the conventional
titanium demonstrator blade.

Both composite designs show a delta weight saving of 37 pounds in
a spar which weighs 97.7 pounds, a percentage weight reduction of
37.8%.

The cost reduction of both composite designs shows a cost saving
of 50% and more in the production cost projections.

4. The feasibility of a filament-wound design to meet the ABCTM design
requirements, and to be fabricated with cost and weight advantages,
was established by this study.
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HRECOMMENDATIONS

1. This program should be foll,'ied by a risk reduction fabrication phase
to optimize the root end fitting integration and ply terminations
techniques.

1 2. Fatigue tests should be conducted on full-scale specimens to verify the
quality of laminate obtained by the filament winding process on a heavy-
walled spar.

70

log



REFYKRECE

1. Sors, L., Fatigue Design of Machine Components, Toronto, Sydney,
Braunschweig, Permagon Press, 1971, P. 70.

110



LIST OF SYMBOLS
2

A cross-sectional area, in.

V2
A' mean enclosed area, in.

2

AE axial stiffness, lb

CF centrifugal force, lb

C edgewise distance from neutral axis of blade to point of
stress calculation, in.

C flapwise distance from neutral axis of blade to point of
F stress calculation, in.

D outside tube diameter, in.

d inside tube diameter, in.

d' reference distance, in.

E elastic modulus, psi

E E flapwise stiffness, lb-in.
2

EI edgewise stiffness, lb-in. 2
YY

F applied load, lb

F reliability factor

FSE size effect factor

G shear modulus, psi

GJ torsional stiffness, lb-in. 2

I moment of inertia of cross-sectional area, in.4

J pilar moment of inertia, in.>4

Kf fatigue strength reduction factor

K surface finish factor

Kt stress concentration factor

L length, in.

M combined flapwise and edgewise bending moments, in.-lb
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ME edgewise bending moment, in.-lb

MF, flapwise bending moment, in.-lb

MT torsional moment, in.-lb

N number of ± 150 plies15
N45 number of ± 450 plies

ps l ,

P pressure load, psi

Pc initial pressure load, psi

R radius, in.

r radius, in.

r initial radius, in.0

t thickness, in.

tact actual thickness, in.

tn thickness per layer, in.

treq required thickness, in.

t15 thickness of ± 150 plies, in.

t45 thickness of ± 450 plies, in.

U length of median boundary, in.

X reference distance, in.

a ratio of flapwise composite blade stiffness to flapwise
X demonstrator blade stiffness, EIxx Composite

EIxx Demonstrator
aj ratio of torsional composite blade stiffness to

torsional demonstrator blade stiffness, GJ Composite
GJ Demonstrator

Y shear strain, pin./in.

Yallow allowable shear strain pin./in.
Ar change in radius, in.

C axial strain, pin./in.

Callow allowable axial strain, pin./in.
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Sangle of orientation, deg.

•li coefficient of friction

Sdamped model amplification factor

Sdamping function

ostress, psi

Oalw allowable stress, psi

gHhoop stress, psi

°Hoop allow allowable hoop stress, psi

max maximum stress, psi

°non nominal stress, psi

pak peak• stress, psi

ov vibratory stress psi

Ov alw allowable vibratory stress, psi

av pek peak vibratory stress, psi

x axial stress, psi

a yy transverse stress, psi

GXtx, axial stress in a rotated coordinate system, psi

Cyly, transverse stress in a rotated coordinate system, psi

Tpa peak shear stress from computer analysis, psi

Tpeak test predicted peak shear stress from lap shear test, psi

Ix shear stress, psi

"Txy shear stress in a rotated coordinate system, psi

Sphase angle, deg

Smain rotor speed, rpm

Wnatural frequency, epm

62o0-75
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