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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 evaluste a filament winding approach on & spar which tapered
in planform and thickness. The study included a production cost comparison
with an alternative approack to a composite spar and a conventional titanium
spar as used on the ABC™™ 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 reliabllity and maintainability.

The production cost comparison demonstrated the advantages of both
composity 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 risk area,

e filament-wound design produced a weight savings of 37 pounds as compared
to the titanfium spar blade with no significant change in the dynanic charac-
teristics affecting rotor control,




PREFACE

This design study ! >r a tapered composite main rotor blade spar was
performed under Contract DAAJO2-TU-C-0049 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 Technology Applications Division of USAAMRDL.

Sikorsky's principsl participants were Tiwoi.y; A. Krauss and George H.
Steab of the Rotor System Section. FKEdward C. Poncia, alzo from the
Rotor System Section, was the Team Task Mansger. The program was under
the general supervision of Peter Arcidiacono, Rotor System Section Head.

Fiber Science Inc. of Gardena, Californis, was retained as consultani
on the filament-wound design and assisted in the selection of materials
in addition to providing guidanze on the optimization of the application

RS

or filament winding.
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INTRODUCTTON

Filement winding as a production prucess 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 stiffuess criterion. The selection of the ABCTM
as the vehicle for which to develop a filement wound rotor blade spar was
advantageous because of the existence of established design criteria and

a metal spar solution for direct cowparison. Also, the blade design incer-
porates & wide variation in geometry, allowing maximum assessment of the
filameat winding capshility; the existing ABC M aircraft provides for the
petontial of developing the blade to the final stages of flight testing.

The study was confined to the design of the spar, supported by sowe tests
of specimens to determine bond allowables for the curing condit.ons 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 composite fabricated by a two half molding procecs.
2. The design used on the ABClM 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 these. The manufacturing processes 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 & recommended plua Tor subsequent research.

19
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DEVELOPMENT OF METHODOLOGY AND DESIGN CONFIGURATION

PROGRAM APPROACH

Three alternative design approaches were compared to determine the cost
effectiveness of the filament winding approach. The primary ewphasis was
placed upon an analysis 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 Gemon—
strator titanium spar, taking advantage of composites to redvce weight and
making design improvements within their capebilities. The ABCTH demon-
strator helicopter was produced under Army centract DAAJ02-T2-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
welight changes associated with this variation were not included in the
trade~ofi studies since they are applicable to all threec design configura-
tions equally.

DESIGN APPROACH AND METHODOLOGY

The ABCTM concept involves forcing th: rotor blades, in forward flight, to
generate their full 1ift 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 roteting rotors providing for two simultaneously advancing
blades to balance the rotor rolling moment and a sufficizntly small phase
angle of the primary flapping mode to allow the advancing blade to lift.

Flapwise stiffness is also a primary requirement to prevent blade contact
of blades on the closcly stacked upper and lower rotors.

Bota of these requirements are met on the ABC'IM by providing blwedes canti-~
levered {rom the rotor hub with high inboard stiffness and highly tapered
chord and thickness distribution. Thus {n the design of the composite spar
for the ABCTM, a primary conslderation was that the blade flapuise stiff-
ness was at least ss great as the demonstrator blades and that the response
rhagse angle of the fivast flapwise mode was approximately the same ag the
demunstrator insuring similar control characteristics.

The desired chordwise stiffness was to be higher than that on the demon-
strator bladea to move the first chordwise mode well above one-per-rev at
normal rotor specd. Since the demonstrator blades had more than sufficient
torsional stiffness, ne restrictions were put on this quantity cxcept that
the stiffness vas not pormitted to fall below that of the demonstrator
blades in the thin-soft vip region. Because of the higher fatigue strength
allwables of the composite materials relstive to titanium, the fatigue
marging were easily achieved.
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The blade aerodynasmic contours were kept identical to the demonstrator
blade; inboard of the eirfoil cutoff, however, the spar tube hes an in-
creased dismeter to mate with the improved pitch bearing system which is
incorporated in this design. The twist distribution, radius, and tip speed
vere also kept identical to the prototype.

Sizing of the blade spar wall thickness distribations 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 progrsm. 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 aerocelastic 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 approcch for flight
loads; & ground loads computer program was used to derive the ultimate
leoads resulting from ground conditions.

Detail stress analysis of the root end retention fitting was accomplished
using Sikorsky's bond Joint coampuvter program {YCOL-B) and the United
Mreraft tvo-dimensional finite-element computer progran (F768).

TRADE-OFF METHOUOLOCY

Background data on the ABC‘M demonstrator titanium gpar blade was collected
together with the background data on the B-3 compesite ¢wiv veam design
which is being developed under U. 8. Navy Contract NOOOLG~T73~C-0319. This
data vas normalized to reflect the 1980 projected cost of materisls and to
8 camion baseline for labor cost per hour. The filsment winding manu-
fasturing process for the prototypes. Learning curve methods were applied
to the three approaches to project production costs. The learning curves
spplied tock 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 1580 time frame. The slope of the
learning curve was 85%.

12




MATERIALS 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
were considered to remain basically the same construction as that used in
the demonstrator blade. The material for filament windiug 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 filement winding process under consider-
aticn, 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 campared to dry filament and
vet resin systems. A survey of filament winding resins revealed that
various manufacturers of filament winding have their own prefercnces based
upon previous usage. The resins selected were based upon the experience
of the filament winding consultants on this program.

MANUFACTURING PROCESSES

The filamenc winding procedure considered for the prototype fabrication
was based upon a wet winding preocess. The winding is nade over an inflated
mandrel which subsequently wccomes the pressure bag for the cure cycle. At
the completion of the winding, the spar is placed into a female die, pres-
sure is spplied to the inside of the winding wandrel snd the cure cycle is
performed after the die is closed.

The twin beam construction, which wes the alternative composite design
used to determine the cost effectivencss of the filament winding design,
is febricated by laying up pre-preg material into the two open halves of a
female mold. After the two halves are cured, a machining operation trims
the two parts flush to the split line of the female mold. The two halves
are then bonded together.

The titeaium demonstrator spar was fabricated by an extrusion operatinn
followed by machining of both the inside and outside surfaces. The re-
sulting tube was then hot formed in o female ceramic die.
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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 # 15° layers
alternating with ¢ 45° layers in the ratio of 70% of * 15° and 30%of :x 550,
The sequence of layers as shown in Figure 2 is approximately two lavers of
+ 150 alternated with one layer of * 459, The root cnd fitting, Figure 2,
is integrated with the spar by positioning the fitting on the winding man~
drel before the winding operation commences. Film adhesive is wrapped
around the ares 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 cholce
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(6h)
airfoil outboard at Station 155 with a 20-inch transitional section be-
tween,

This design vas developed taking into account the manufacturing limitations
and capabilities of a post-formed geodesic filament winding process. The
angle of * 152 vas selected as the closest that a geodesic filament winding
process can approach 0° angle with cconomical manufacture. Low emphasis
was placed upon limiting the design to only those operations which have
been fully proven since previous attempts to fabricate this type of com-
ponent have been limited, By placing lov cmphasis on restricting the
design to proven capabilitivs, two of the features of this design intro-
duce a high degree of hand work into the ilament winding process for
fabricating small guantities of prototype spars. One of these features

is the terminations of plies along the span in order to maintain the ro-
arired thickness, FEach termination on the prototypes will require that

the winding operation be interrupted to hand trim the lsminate at the
designated stations., An alternative method of achieving the te ninations
vithout interrupting the winding process was not considercd for this design
due to the weight penalty attached in the method., This procedure involved
a gradual change of angle until the 90° angle was reached, at which point,
the winding direction was reversed. This produces a distonce of b feet

and 6 inches reapectively on the 159 and 459 winding layers which vould
not be considered optimum riber orientation, The other feature producing
hand work is the use of a pure geodesic winding into the area of the fitting
for the * 159 winding augle. This will require an interruption of the
winding process to lock 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
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siagle carriage windisZ wachine. It is reasonable to expect that these
pru“lema can ve cillzinated in a mir2 complex ploe of equipment that would
¢ used 1o high production.

The desiga ~f the spar .oouires that the sxternal contours be Sl ne &
close toisrance since this deteazines the accuracy of the fis2) airxfoil.
After the spar is formcd, te oitsr skin lo directly attached to the spar
in a8 mainer thet vrovides no tolerwics adjustment Lc he made vo the out-
side contour, To attain oo raguived dearec of accuwracy,; the £inal curing
paration would necessarily be performes w femmlz dde, with intermal
nressure weing applied to the spar. This procedure providens the buildup
of tolerances, due te leminatlon varlations, affecting the lesgs craiiesl
ingide contowr. Thc finel cure opevation would be the seme for two alter-
native approacnes 3o the Sflismmont winding process: (1) winding over a
circulu: zhene and vost Torming aud (z) winding o a Tinished spar shape.
The filament winding consultant on this program exprasssd rreference for

(1).

‘The risk aress of this design ave:

(a) Obtaising repeavsbility of the fibev and resin volume to
the accuracy required to obtain the stiffness and mass
propertles tolerances necessary fur a wain rotor blade,

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

(c) Development of the root snd 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 dealgned with recog-
nition that this rigk exists, The leading edge and trailing zdge radii
vhich are allowed to free-form inside the clamshell cavity could he controlled
by a flexible insert in the tool to provide & reaction point sufficiently
rigid to apply compaction but flexible enough to allow the radii to form
without producing a kink in the fibera. The root end retention fitting
selected for this design wes chosen for its low weight potential, In the
event that the integration of this design produced insurmountabie problems,
there are several other design opitions available.

THIN BEAM DESIGN

This design is an adaption of the H-3 composite blade which is currentiy
belng developed under a Navy contract. The configuration to the ABC
geometry and requirements is shown in Figure 4. The design {incorporates an
outboard spar structure different Crom the filament-wound design and in-
volves a unique fabrication approach, Outboard, the clliptical closed-~
section spar of the filament-wound design 13 replaced by two halves which
are Joined at the leading edge by a splice and are closed at the trailing

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

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

g Figures 5 and 6 illustrate the essential operations of this manufacturing

4 process. Twc 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 belng brought together, the finished blede has good contour control.

e




FIGURE 5. LOWER HALF OF TWIN-BEAM INBOARD CLAMSHELL TOoO!L,
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SECTION AA

FIGURE 7. ABC DEMONSTRATOR TITANIUM SPAR, MAIN ROTOR BLADE.
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CONVENTIONAL DESIGN

Due to the high stiffness requirements of the ABCTM blade, the conventional
or metal solution is & 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 cholces

in the mevhod 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 thaen #15° to the span in order to achieve
optimum producibility. Thus, a combination of #15° and #45° 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
geometyy. 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 compatible 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
round spar was positioned in the open dies so tnat 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 smount by vhich the dlameter of the tube was flattened
(sec Figure 8). Using a trial and 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 largeat value that produced a sufficiently large leading-
edge radius (for forming) was detcrmined. A linesr variation betwcen the
diameter at this station and the root Jdlameter was assumed for sinplicity
in the interns) mendrel. Intermediate stations were checked to insure that
the lewding-cdge radii were ncceptable. Finally, a dismeter at the most
outboard station of the spar was determined by the same process and &
lineny variation in diameter was assumed. Jhe resulting variation of
diemeter with blade span is shown in Figure 9.
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FIGURE 9. VARIATION OF OUTSIDE DIAMETER OF ROUND TURE
PRIOR YO FORMING FILAMENT-WOUND SPAR SHAPE.

32




DETERMINATION OF DETAIL LAY-UP VARIATION

Using the Sikorsky laminate analysis computer program (E952), the elastic
moduli were calculated far Thornel 300 graphite epoxy material for variocus
ratios of the 159 to the $45° laminates. The results are presented in
Figure 10.

Using the CRT 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 stiffuness trends to the demonstrator titanium spar, the
following nondimensional parameters were defined:

o = EIxx composite spar (1)
x EIxx demonstrator spar

a. = GJ coamposite spar (2)
J GJ demonstrator spar

Maps of these paremeters as & function of thickness and lay-up ratio vere
developed at each selected statior and are presented in Figures 11 through
17,

To facilitate the winuing operation, it is desirable to masintain a counstant
ratio of the t15° plies to the #459 plies over the total span. To meet the
blade clesrance criterion, it was decided to match the flanwise stiffness
of the titanium spar as closely as possible. The procedure used to define
the spar winding diameter resulted in a spur vith cousiderably more chord-
vige depth than the demonstrator; thus, matching the flapwise stiffness
would result in & sper of increasecd edguwise stiffness, vwhich vas desired.
Torsiocnal stiffness was permitted to deviate from the demonstrator values

except in the tip areas where minimum acceptsable values exist as previously
menticned.

At ay = 1.0, for inboard stations, ihe torslonsl stiffness is less than

the demeonstrator;outboard it is greater than the demonstrator, which is a
perfectly suiteble situstion. Thus, emphasis could be placed o ay alone
since the other parameters folloew in the desirecd direction. Many combina-

ticns of thickness snd percentage ply lay-up appear to meet the stiffness
criterion.
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Increasing the percentage of 215o 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 4n the percentege of these plies because of the superior
stiffness to weight characteristics of the 1150 composite ley~up relative
to titanium. After careful study it was decided that the T0% #15°, 30%
+45C 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)
(Roving Band Width) x (Fiber Volume Ratio)

Thickness/Ply =

168.01 x 10"6 1n.2
.0h0 in.
.60

. where Area/Roving
-~ Roving Band Width
Fiber Volume Ratlo

uounou

Therefore,

-6 2
Thickness/Ply = 163'8*1:.1°x7 *"6 = ,0070 in. (1)

Since there are two plies per layer {(one plus and one minus), the
thickneus of a layer at the root end vecomes

thickness/layer = 0140 in.

For a constant winding angle, the relationship between the thickness/
layer (t;) and the tube dismeter at any particulsr point aloug the span
of the apar is

- (_9.30 )
th = -01ko Dismeter (5)

At verious stations along the span of the gpar, the thickness/layer is
calculated and shown in Table 1,
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! TABLE 1. THICKNESS PER LAYER AS
3 GOVERNED BY TUBE DIAMETER
Station Tube Diameter (in.) Thickness/Layer (t  in.)
3 15 9.30 01400
; 30 8.78 .01485
|- ks 8.25 01579
65 7.55 .01725
. 95 6.50 .0205
135 5.10 .0255
155 L.ko .0296
195 3.95 .0330
4 #
) The actual total thickness which can be attained at each station is a §
. function of the number of plies at that station. 3
)
& = + o i
' ! N5 (‘req) x (2 £157 plies) / % (6)
[ 3
Ms = Yslty !
4
0 R
; NhS = (treq) x (% ¢ 45° plies) / t (1)
3 = .
; s sty
£
. Bince N15 and Nyy must bLe integer values, the velues obtained from
! equations (6) and (7} are rounded off to the nearest integer value. The E
: actual thickness of the spar at each station is now determined to be
: “eet ® (Nlﬁ * NhS) Xt (8)
? The actual spar thickness and number of plies for each station are shown in

Table 2,




TABLE 2. ACHIEVABLE SPAR THICKNESS

Theoretical Number of
Thickness Required Layers Actual Thickness Achievable

Yrea | Y15 | s | Mis | Mas| tas | tus
Station | (in.) | (in.)| (in.) (in.) | (in.)

Tact (in. )

15 .30 .210 .090 15 .210 .098 .308
30 .29 .203 .087 1h .208 .089 .297

ks .28 .196 .08k 12 .1895 | L0719 .2685
65 .28 196 .08h 11 1895 | .086k 2759
95 .28 | .196 | .08y .205 | .0821) .2871
135 27 | 18 | o8 1785 | L0765| .2550
155 .27 | 18 | .08 JA775 | L0889 | L2664
195 .26 .182 .078 .198 .066 2640

ALTERNATE WINDING INVESTIGATION

To eliminate the fiber terminations along the blade spar, an alternative
approach was investigated involving s variable carriage speed allowing the
winding angle to vary slong the span of the spar such that a constant
thickness spar results, The angle of the plies at varjous spar stations
as a function of the round tuwbe dismeter at that station is given by

D Station

0 Station = D Reot 0 Root (9)

Requiring the ply oricntations at the root end of the spar to be the same
as for the previous approach involving s constant winding angle (i.0.,215°
and £459), the sngle of each ply and the corresponding E snd G values along
the blade spsn are shown in Table 3.




TABLE 3. VARIATION OF E AND G FOR VARIABLE
WINDING ANGLE AND CONSTANT THICKNESS

8 = #15% at Root N 8 = :45% at Root

Spar

Station [:] E G [} E G
15 15.00 16.25 1.75 15.00 2.25 ° 5.25
30 14,16 16.70 1.65 k2,148 2.65  5.21%
ks 1331 | e | Lss 39.92 300 ¢ 5.3
65 12.18 17.75 1.k0 36.53 3.90 ¢ h.90 !
95 10.48 18.6 1.20 31.45 5.60 § h.35
135 8.22 19.40 1.00 2h,68 9.50 | 3.25
155 7.0 | 19.80 .90 20,29 120 2.8
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 ay and ay were again cal-
culated for several spar stations. These parameters are plotted in Figures
18 through 2.

Since this type of winding results in a spar of constant thickness, it can
be seen from Figures 18 through 24 that although the flapwise stiffness of
the composite spar can be met at each station, the torsional stiffness
cannot be matched a% atation 195 for a spar thickness less than .35 inch.
Incressing 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 siiffness. Therefore, the variable winding angle approach vas
not considered feasible for the ABCU® (imposite blade where it was required
that Tlapwise stiffness be closely matched.

ROTOR BLADE PHYSICAL PROPERTIES

Yhysical properties of the composite spar sections were calculated using

the spar thickness distribution shown in Table 2. These spar properties
vere substituted for those of the titanium 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 coa-
posite blade physical properties are shown in Figures 25 through 29. Super-
imposed on these distributions are the corresponding distributions ror 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 vhere
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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. Torsiocnal stiffness is also above the titanium blade,
especially in the more critical tip area.

DYNAMIC CHARACTERISTICS

The natural frequency spectrums of the demcnstrator 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 gimilar, the metching of frequencies was
stil) possible. This 18 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 reguired
to match stiffness. Thus the mass chunges operate on those sections of the
blade where the deflection in this mode is swall, resulting in the small
change in frequency.

e phase sngle 0 represents the aximuth change between a one-per-cev forcee
input and the maximum response of the nede to this input. 'This is important
since this mode is the primary contributor to the control of the rotor
through the one-per-rev control input. It is important that the phase
angles betveen the rotor are similar if no changes are to be made to the
control system. The phuse angle of 26.6° for the cuamponite blade compares
favorably with the 299 value of the demonstrater blade. The reduction in
daaping of the mode {s gseen to have a small change in the damped model am-
plification factors ul, 1 and ul, 2.

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

The first edgewise mode freguency of the prototype was placed cleose to one-
por-rev to provide separation from the first flapwise mede. The composite
blade codgewise mode freguency is located ¢loser to two-per-rev, providing
approximately the same scparation s in the demonstrator. The undamped
nodel wsplification factor is seen to decreagse due to one-per-rev excitation
and increase appreciably due to two-per-rev excitation. bince the one-per-
rev excitation is narmally predominent, it was suspected that vibratory
napenty vill not change usppreciably in mormal 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 predaminant 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 Cormposite Spar
Mode Item Spar Blade Blade
lst Flap w/2 1.k6 1.7
§ 189 170
[ 29,0 26,6
ul,l 1,70 1.7
é rl,2 97 1.03
: 2nd Flap w/f h,20 4.k
g 060 .060
u2,b 6.59 h.33
u2,5 2,32 3,61
3rd Flap w/f 8.55 9.34
3 029 027
1st Chord w/f 1.29 1.76
ul,l 2.9 1,48
wl, 2 T2 3.47
2nd Chord w/f 5.65 8.y2
1at wfil 11.3 12,45
Toraional
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LOADS DEVELOPMENT

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

A single conservative condition was 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.-1b

ME = #114,000 in.-1b
M‘I‘ = #37,000 in.-1b

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

Static limit loads were calculated for the ground flepping condition,
ground starting condition and centrifugal farce 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 louds are
based 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
flapwisc moment. The overspeed RPM loads are calculated at 12% percent of
nosmal rotor speed. The limit static torsional lead 1s obtained from root
end theoretical limit moments Trom the demonstrator blade, expanded span-~
wise according to the shape of the moment distribution of the first tor-
sional mode. Upanwise plots of tne limit loads correspending to these con-
ditions wre shown in Figures 34 through 36.

The ultimate loads are obtadned by multiplying the limit values by 1.5,

BLADE GTRESS ANALYSIG

Cozbined bending and tension strains were calculated both at the spar aft
corner radius and at the trailing edge. For fatigue cases the edgewisce
and flapwise momenta were congervatively assumed to act in phase. Flgure
37 shows the notation used in calculating strains.

Torsional shear strains were calculated only in the spar structure since
the aft skin is less critical than in the demonstrator blade.
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FIGURE 37. NOYATION USED FCR STRAIN CALCULATIONS,

The following equations were used to determine the fatigue strain leveis
and warging of pafety., The results are shown in Tables Y and 6.

vhere

A!

n

/KE = Mean cnclosed area of spar, in.
e € allow ~ 1,0 for axial strain
€
M5 = yallov - 1.0 for ghear strain
Y

Fatigue allowables for Thornell 300 were derived from small specimen test
data and similer modulus graphite.
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These data indicated mean tension strain endurance 1limits of * 3700 pin. /in.
and * 2600 uin./in. for the t 15° and * U5° directions respectively at stress
ratios of .10,

The rule of mixtures was used to determine the axial strain sllowable

of the composite lay-up used in the filament-wound spar design, i.e.,
70% + 15° and 30% * 450,

= .70 (¢ 3700 win./in.) + .30 (% 2600 pin./in.)

[yl
[l

#

€ = ¢ 3300 pin./in.

The working fatigue strain allowable was then established to be one~half
the mean value. Since the fatigue data available was based on 107 cycles,
it was conservatively assumed that at 10V 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 * 1300 uin./in. A similar procedure was followed
for the allowable shear strain. The resulting shear strain allowable was
found to be *+ 2000 uin./in,

ROCT END ATTACHMEHT

In the final rotor blade assembly, the spar must transition into> a titanium
fitting which acts as the internal bearing support for the piteh bearings,
Several configurations were considered to provide a structural interface
between the composite filament-wound spar and the titanium root end,

A bolted attachment between the composite and titanjum wag one alternative
(Figure 38), fThis type of Joint requires a composite thickness well in
excess of the bagic gpur thickness {n order to develop the required strength
acrosg the heles, The {ncreased thickneas would require additional hand
lay-up operations after torming to achieve this buildup, An alternative
approach wag desired which was more compatible with the filament winding
technique. A double bonded constant-diameter cylindrieal fitting, as shown
in Flgure 39 wus constdered to be compatible with the filapent winding opera-
tion in that the eoanection could be made during the winding operation,
Hovever, uo alteraative load path is present in the evenl of a bond fellure,

fn improvement over this configuration provides for a double-bonded tapered
cylindrical fitting, shovn in Figure b0, 9he taper provides a sceopdary
load path which, in the event of a bond failure, iz capable of reacting the
load through purely mechonical wedging action, HKowever, certain disadvan-
tages were obvious., Kick loads produced at the teginuing of the taper will
produce tension components which tend to debond the inper portion of tne
graphite in the double bond configuration., The tendency of interlaminar
splitting also exists under conpreseion leadings fn the double bend con-
figuration., Also, inspection of the internal bond is «ifficwlt and the
manufacturing is not an casy task,
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FIGURE 38. ROOT END ATTACHMENT-BOLTED JOINT.
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FIGURE 39. ROOT END ATTACHMENT--BONDED JOINT.
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ROOY END ATTACHMENT— DOUBLE-RONDED

DOUBLE-BONDED TAPERED CYLINDER

YAPERED CYLINDER,
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FIOGURE 4.

Lnd

ROOY END ATTACHMENT-~ SINOLE-BONDED

SINGLE-BONDED TAPERED CYLINDER

YAPERED 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 QF 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 anslysis. To obtain a model
consistent with the assumptions of the program, a unit angular segment of
the circumference was considered to carry & constant load over the wshole
bond length, fThe varintion of the bond area and material thickness with
the radiug at the bond Joint was considered in the analysis, PFlgure b2
illustrates this technique,

The applicd loads to the segments were derived from the maximum vibratory
combined bending streas in the spar Just outbuard of the fitting,
Q
Y ogegment = max  x o Ares
autboard  segment
conbined cutbourd

Only fatigue lowds were wied for the root end analyusis since statie loads
wore Tound to be le critical, In the design of the root end attachment
it was deaired to
This allowable wag based upon correlation of fatigue tesy data on adhesive
Jeints with the bond Jeint computer program snulysis for peak bond shewaring
glress,

The thickness of the composite muterial was held conatant over the full
fnecline lenpth at the value sstablished to wmeet stiffness requirements
Just outboard of the titting,

For thic analysis thickness of the titantum at the reoot end of the jJoint
wan sized to carry the full ratigue bending loads based on an assumed
diazeter {Figure 43},

The fatipue allovables were eztabliched by using small specimen fatigue test
dutn in the form of a "Constant Life Fatigue Diagran” {elgo known as a
Povodman Diagram),  Using the caleulated value of steady stress, a mean

S/% curve wvas established relating sllovable vibratory stress and cycles to

tailure, TN

ep the peak vibratory bord shear strosy below & 2000 pel,

et et b RS PR R SR BB )




ANGULAR SEGMENT ANALYZED

QUIRCARD SECTION

INBOARD SPAR SECTION

A= '36'1

FIGURE 42.  SEGMENTS USED IN LOND JOINT ANALYSIS.
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COMPOSITE MATERIAL

TITARIUM FITTING

o

FIGURE 43. MODELING OF STRUCTURE FOR BOND
STRESS STUDY-ACYUAL STRUCTURE.

FIGURE 44. MODELING OF STRUCTURE FOR SOND 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

o
v_mean
a s e (F) (F )
v vorking = KK s’ Vr (20)
vhere ‘v working = the working fatigue endurance limit
Iy mean = the mean endurance limit established from the S/N
diagram
Kf = the reduction factor due to stress concentration
factors
Kfs = the reduction factor due to surface finish effects

Using equation (20) the vibratory stress endurance limit for 8-STOA titan-
ium with a stress conceatration factor included is * 18,000 psi., Working
with an incline angle of 10° and assuming the length of the incline to be
4.0 inches, the outside dimmeter of the titanium fitting was established

to be 7.3 inches at the base of the incline. Under the combined flapwise
and edgewise bending woment of * 255,000 in.-~1lb,, the required moment of
inertia (X) of the section was established to be

MR

1= B

%y ALL
(+ 255,000) (3.65)

R 1K R
1 = S1.7 iu.h

The required thickness was established %o be
t = .40 inech

Using the model shown in Figure 4b, an iteration study was conducted vhere-
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 titenium material at A and the
composite materinl nt B is shown in Figure 45, The aforementioned peaking
ol the bond stresses at the Joint extrcmities is obvious., For the cases
investigated, a parabolic taper in both the titanium and composite extremi-
ties produced the lovest peak shearing stresses. Other geometry modifica-
tions could obviously have produced an even more attractive stress distri-
bution. However, this one proved to be structurally acceptable, as will be
discussed later,

11




RATIO CF BOND SHEAR STRESS TO PEAK BOND SHEAR STRESS

1.0 T T T T

I
CONSTANT THICKNESS COMPOSITE, LINEAR
TAPER IN FIRST INCH OF TITANIUM

LINEAR TAPER IN FIRST INCH OF TITANIUM,
AND 1IN LAST 1.5 INCHES OF COMPOSITE — |

1 S
\
-*——v-—w—»—-"—--»- H b pm— ot —+
\ FAM'O“C TAPER IN FIRST INCH OF TITANIUM,
AND IN LAST 1.5 INCHES OF COMPOSITE |
3 L.‘ VU U R S — R
\

NONDIMENSIONAL JOINT LENGTIH, X/L

FIGURE 45, BOND SHEAR STRESS DISTRIBUTIONS FOR VARIOVUS
TtP CONFIGURATIONS.
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A teper length of 1.5 inches was provided in the composite material since
it was judged that s 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 varizd, 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 the graphite and titenium materials were
nodeled using quadrilateral orthotropic membrane elements. With the 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 eleuments of reasonable aspect ratio required to represent this
thin mwaterial would exceed the capacity of the program (1000 elements),
The finite-element wodel is shown in Figure W7,

A comparison was made of the shear stresses at the bond line as caleulosted
by this program and by the bond Joint program. This war accomplished by
using the stresses in the elements closest to the interface between the
compasite and the titanium, The shear stresses in the plane of the bond
Jolnt were obtained by rotating the utresses in the x-y plane using the
conventional Mohrs' cirele formula,

=g cosue*u SIHU2 + 21 SING CoUo
XX Yy Xy

R cos0®s +o_5TH0" -2t SINO COGD
%)

o,y sle, =0 ) SINO COSO 4+t (coso ¢ - 51N
x'y Yy oooxx v

The comparison is shown in Figure 40, At the extremitiecs of the 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 valigd.

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 49. In order to maintain a reasonable
bonding area at the root end of the joint, the length ot the incline for
the 20° incline was shortened, and both the root cnd and outboard diameters
were maintained at the same value as the 10° inclines. The root end dia-
meter of the 5° incline was increased while maintaining the same outboard
dismeter as for the 10° and 20° incline. The anolysis indicates that a

200 incline would be unacceptable since the bond shear stress level approach-
cs t 2500 psi, which is atiributed to both the rotation of the stresses
through such a large sngle and the short length of the inclined vortion

of the joint. Although the $° fncline produces the lovest bond shear
stresses, it way felt that a 59 fncline would not provide cnough of a
mechonical lock in the event of o bond fuilure. The 10° i{ncline was there-
fore selected,

The design includes windings at 90 degreey to the span (hoop windings)
over the basic composite structwre in the arca of the fncline. These
provide the heop stiffness required to provide a mechanfcal lock along the
incline in the cvent of a bond faflure. The windings were sized for heop
stresses due to the wedging action which occurs on the incline with a
bond feilure,

To solve for the hoop winding thickness required, the ultimate centrifugal
forcee was applicd to the spar and reacted by pressure snd friction com-
ponents along the ineline, 9he pressure distribution was assumed to be
linear, being maximum at the outboard end of the incline, the cocefficient
cf static friction between the componite and titanium was conservatively
taken as .29, (Figwe 90 presents the model uged for determining the

hoop stress).
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FIGURE 50. MODEL FOR DETERMINING HOOP WINDING.

The spar being relatively soft in the hoop direction, was assumed to reuct
none of the pressure in hoop tenusion, so the hoop winding alone waz sized
to react the presswee forces in heop tensien.,  Under these assumptions the
thickness required tor the 90-degree windings at the critical outboard end
v solved for by the formulas




L]

df = Pr2 nSIN® dx + pP2 nrCOS 8dx

v
[

21 fPr (SIN 6+ uCoS 6) dx

r=r_+ Arx
<]

P=P X
L
L 2
_2m (SIN 6+ uC0Se ) P, flr x+ & rx“)dx
F= i 4] [¢)
F=2n(SIN 0+ uC0S 8) P rol arL®
° Y3

4,06 in.

ro= 3.65 in,

sr= .70 in,
F= P ultimate = 1.5 (Fo limit) = 102,000 1b
TEES

0= 100

o
U

Solving for PQ,

P o= 3h26 pai
o

9 = I'R
Houp i
telph
“Micop allowable
te 300t ()
1o, w0

t= ,106 in.

The thickness was used over the full length of the incline with appropriate
tapering at both extremitics.

The axial vibratory stress levels fn the titaniuws and the composite in the
Joint arca are shown in Figurce St The fatigue margins of safety vere
ealenlated for the peak atresses in the Juint.  In the composite component
of the loint, the peak vibratory streuss is & 11,000 psi. The nargin of
sufety was caleulated to be
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where oallow = the allowable fatigue stress for the composite material
(e ) |

oallow = composite EAll composite)

%allow = {12.27 x 10% 1b/in.2) (¢ 13,000 pin./in.)

[ =
 Llow + 15,951 psi
+ 15,951
w =l
M8 = 331.300 ~ 10
MS = + ,h39

In the titanium component of the Jjoint the peak vibratory stress is

% 14,600 psi. Using equation 20, the working vibratory stress level for
8 -STOA titanium is * 65,000 psi. The allowable vibratory stress in this
region of the bonded joint was estsblished.

where Kg = gurface finish factor = 1.29

-
u

" fatigue strength reduction factor = 1.2%

1

= reliability fsctor = .70

FSE = gize effect factor = 72

[y + 69,000

Valew © 15 (Lmy 10 G

Y

Yallov 20,500 psi

The resulting murgin of safety was established to be

a
L v ullow

M3 - 1.0
v peak
. 20,90
S & Sy AL o
s T 14,600 1.0
M5 o= o+ b3

TITANIUM PACKUP STRUCTURE

Inboard of the bonded joint, the titaniwa fitting is required to carry all
of the ‘oud, The primary arca of cencern in the titanium fitting is
directly inboard of the Jeint end where the fitting flairs wp into the
bearing retention portion of the Joint. Although there fs a generous
radiugs in this section, there is a stress concentration agssociated with it.
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The stress concentration factor was established using a theoretical model
similar te the configuration of the titanium fitting, Figure 52.

O TR R

N\

FIGURE 52. THEORETICAL MODEL OF JOINT FOR STRESS
CONCENTRATION FACTOR.

Using Figure 53 and the values of

1.5 in.
6.50 in.
10,75 in,

0 u

r
d
D
the theoretical stress concentration factor was determined to be Ky = 1,56,

The fatigue margin of safety was determined using fatigue stress allowables
derived from cquation (20), The working fatigue atress nt 109 cycles for

8 ~STOA titanium is ¢ 05,000 psi. The allowable vidbratory stress iu a
function of thr stress concentration factor, surface finish factor, re-
liability, and size effect factors., Usiog equation 20 and the values of
Kf, Ku' ang FSE given below, the allowsble vibratory stress is

Ke = 1.38
Kg = 1.25
Fg = .70
Fgp= .72

I _ 65,000 psi (.70) (.72)
v allow = itgﬁ*(ffﬁ%y*

% allow = t 19,000 psi
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The vibratory stress due to combined flapwise and edgewise bending at that
section is

0 = MR

v I
(+ 255,000) (3.65)

%" 51.8
0,= ¢ 18,000 psi

The vibratory margin of safety then becomes

M = qv allow

-1.0
a
'
_ 19,000
M5 = Tifloc0 ~ 10

M5 = + ,055 at 108 cycles

1l

The flanges in the bearing retention segment of the titanium fitting were E
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 Figurc 54 and establishing the configura-
tion which produced the lowest stress level in the radius,

pa-

4
d' ~U *

L»-j * ;
;2 |

FIGURE 54. FLANGE LOADING.

The load was applicd to the flange as shown in Figure S5k to simulate a
preload due to the bearings., The configurations investigated are cummarized
in Table 7. Four of the configurations are for a compound radius, and one
is for a single rodius. The results are shown in Figure 55,
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SINGLE RADIUS,R=20 in., t; =.40 in., $;=.50 in.

COMPOUND RADIUS, R=.065 in., R;=.33 in.,
tH=.40 in., t,=.50 in.

COMPOUND RADIUS, Ry=.065 in., Rp;=.33 in.,
t1=.40 in. t2=.60 in.

COMPOUND RADIUS, R,=.060 in., R=.73 In.,
: i : 40 in.,  1,=.5C in.

3

: 1
§ IR

i

RATIO OF AXIAL STERESS ALOMG RADIUS TO PEAK STRESS

i

! : g ' i i b ;
% ¢ NCOMPOUND RADIUS, R,=.060 in, R,=.75 In,
’ ' i $,2.40 in., 132.60 in.
‘?f : - -~ ‘ B S alets R .wg NN 1 reags s
; | : | i i i
i 3 : : ! ; ; i ;

L] ; : é 4 H i i i

° L& 1.0

NHONDIMENSIONAL LENGTH ALOKRG RADIUS, 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 INVESTIGATED IN TITANIUM
BEARING RETENTION FLANGE ANALYSIS

Case tl t2 Rl R2 R
; 1 R .5 - - .20

! 2 A .5 .065 .33 -

3 4 .6 .065 .33 -

L 4 A .5 .060 .15 -

3 ; 5 R .6 .060 .5 -

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

Q
B
td
)

K =5 (23) ;

The value of ®max was established by the finite element analysis. The § }
nominal stress, onoms was established by the applied load. Due to the !
position of the applied load a moment is produced in the radius section

of the flange. The nominal stress was calculated as j F
F Me : p
1 = I —_ H
nom A + I (2h) H
For constant cross-section Mc _ &M i 'i
I 2 : :
F 6M j _
[+] = — 4 !
nom A tg i :
to ; ;
= v _ :
M=F(a' - 42) : .g
For a l-inch thick section A = t2 i
to :
t— :
o =5 F-* f_ﬁi__iiz.]
nom ty to
The resulting stress concentration factor was i
K¢ = 1.63 k

The surface finish factor, reliability, and size effect factors were the
same a8 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 ve

93




% allow - i—g—%-?—gg-‘g-? .7 (.12)
%y allow = + 18,000 psi

The vibratory stress level due to combined flapwise and edgewise bending
was determined to be

g =_M3
oI
g =

o = $£.255,000) (5.10) :
209.

a
v

+ 6,200 psi

The resulting margin of safety was calculated to be !

" g
E . MS = voallow 1.0
3 . v

MS =+ 1,90




i

;

|

i

i

i

H

s
i

LAP SHEAR TESTS

T

f

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.

1
To evaluate shear allowables for the bond between the titanium fitting and é
i

: 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 250°F 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 Jjoint
analysis computer program (YOO4B), 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 & 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, & 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.

T
T, = 'Peak ¢ (25)
peak test lares test at failure

where g 1‘E[‘e:st at Failure
test at failure ~ A —

A = cross-gectional area of jJoint adherends
A = ,050 in,2
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peak = .224 \#ith bond)
a

Tpeak = ,351 (no bond)
a

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 & 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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? TABLE 8, NONBONDED LAP SHEAR TEST RESULTS
’ Direct Axial Predicted Shear
Specimen Failure Load (1b) Stress (psi) Stress (psi)
5 1 754 15,080 5,286
i 2 650 13,000 4,557
: 3 il 14,880 5,215
4 622 12,146 4,360
: : 5 1,168 23,360 8,188
4 ; 6 1,224 24 486 8,580
: ; 7 900 18,000 6,309
f ! 8 1,236 24,720 8,664
; ; 9 760 15,200 5,328
1 . 10 1,060 21,200 7,431
: : 11 1,216 2k, 320 8,524
g S 12 1,028 20,560 7,206
F { 13 682 13,640 ), 780
id - i 1h 1,152 23,040 8,076
: : 15 1,208 24,160 8,168
1 16 1,288 25,760 9,028
; ¥ 17 918 18,360 6,435
K 18 ghe 18,840 6,603
= 19 1,256 25,120 8,805
TABLE 9. BONDED LAP SHEAR TEST RESULTS
: . Direct Axial Predicted Shear
E : Specimen Failure Load (1b) 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-Wecund 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 tect 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 N

where Unit hours
First unit hours
Unit quantity

Slope determinate

Y
c
X

nououou

N
For an 85% learning curve N = ,23U5.

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:

There is B0 1b of graphite material at $20/1b 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 additlonal $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-
1al cost 1s $200. Putting the labor cost for the sgﬁr on an 85% learning
curve gives the first unit labor hours € 58 x 200°2315 = 201 hours.
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Converting this at the labor rate of $16/hour gives 2G1 x 16 = $3216,

The remsinder of the blade and material costs are the same as for the demon-

strator. The T, labor cost for this portion is $35,536 plus a material
cost of $4,000.

Sumnarizing the Ty costs for the filament-wound blade:

(1) Lsbor cost excluding spar $35,536
(2) Spar labor cost 3,216
(3} Spar material Cost 1,190
(L) Other material cost 4,000

$h3,9k2

(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. 3% 928 749 636 su1

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

(&) Looo 4,000 14,000 4,000 4,000

Totals $16,376  $1h,21h  $12,859  $11,709
TWIN-BEAM DESIGN COSTS

The apprecach 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 H-3 blade and the

ABC*™ 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 (H-3) 334 in. and 22.75 in. (ABCTM212 and 16 in. average).

From the latest design-to-cost studies on the H~3 design, the average cost
for 11 units is 1,214 hours plus $9,392 for material. The maverial 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 - (6.6 x 68) + 6k.6 x 25) = $661k.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
fiberglags 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.

234

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 16 -
2 x 33 x 22.75 * 213C x $16 = $30,h26

The summary of T, cost of the ABC blade is as follows:

1
(1) Material $ 5,087
(2) Lavor 430,426

(2) is subject o 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 1is as follows:

uantity 200 500 1000 2000
(1) 5087 +5,087 5,087 5,087 5,087
2345

(2) 30,h26 + unit Qty. 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 fram the total cost, it was “ound that
the blade aversge cost amounts to 1100 labor hours plus $25,71k material
coat, which includes the subcontract labor involved in the fabrication of
the spar. The total titanium gpar cost in the demonstrator was $21,70h.
The raw material cost contained in this spar was $14,695, leaving $7019
which is sublJect 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 $1k,695
(4) Other material cost $ 4,000

(1) and (2} are subject to the learning curve progression at 85%. Tpese
values projected back to the first theoretical unit (Tl) become:

(1) 1200 x 20 23 _ 5001 nours
(2) $7,019 x 20‘23h5 = $14,169

Converting labor hours to dollars at the rate of $16/hour, the total T

cost of the demonstrator blade becomes: t

(1) 2221 x 16 = $35,53%

(2) 14,169
(3) 14,695
(4) 4,000

$68,400

The cunulative average cost for quantities of 200, 500, 1000 and 2000 units,
using an 854 learning curve progression for the labor costs and leaving
unatevial costs constant, is us follows:

Quantity 200 500 1000 2000
(1) 35536 + Unit qy. 23 . 10,258 8,275 7,033 5,078
(2) 7019 + Unit Qny.'gjhs = 2,026 1,638 1,389 1,18
(3) 1,695 = 1,695,695 1,695 1,695

(4) kooo

i

4,000 4,000 4,000 4,000

Totals $30,979  $28,604 $o7,117  $25,854




SUMMARY OF COST TRADE-OFFS

Quantities 200 500 1000 2000

(a) Filament-wound spar design  $16,376 $1b,214  $12,853  $11,709
(k) Twin-beam design $13,870  $12,172  $11,109 $10,206 ;
E‘ (c¢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 designs 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 i
would have a higher or lower rejection rate than the other; thererore, it
was assumed that +his 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 i
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 & demonstrator spar weight of 97.T7 pounds from station 15 out-
board to tha tip, both composite spar equivalents have a weight of 60.6
pounds, giving & delta weight reduction of 37.1 pounds.
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CONCLUSIONS

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

b 2. These are some manufacturing limitations and risks associated with
i this design approach.

One of the manufacturing limitations is the inability to obtain

a v° winding angle without compromising producibility. The 15°
minimm 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-
wigse taper with controlled thickness. To reduce the n'amber of -3
terminations to acceptable limits, the thickness was allowed to 3

i 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

<y for prototype fabrication.

= .; . One of the fabrication risks is associated with msking 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 & small number of

: terminations, this procedure is not too difficult. The risk

T

& becomes progressively higher as the number of terminations 5
: increases. This difficulty would be overcome in production by

g ! automating this operation.

AN 2

B . Another fabrication risk is the integration of the root end fitting.
! The configuration selected was shown by analysis to be a low-weight
H solution but requires that the filaments be machined or hand

§ trimmed to & 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. 3

. 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 3
spar. 3
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Cost and weight differences between the filament winding design and the
open-uold 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
8 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.

The feasibility of a filament-wound design to meet the ABCTM gesign

requirements, and to be fabricated with cost and weight advantages,
was established by this study.
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RECOMMENDATIONS

This program should be folliwed by a risk reduction fabrication phase
to optimize the root end fitting integration and ply terminations

techniques.
4 2. TFatigue tests should be conducted on full-scale specimens to verify the
: quality of leminate obtained by the filament winding process on a heavy-

walled spar.
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LIST OF SYMBOLS
cross-sectional area, in.2
mean enclosed area, in.2
axial stiffness, lb
centrifugsl force, lb

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

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

outside <ube diameter, in.
inside tube diameter, in,
reference distance, in.
elastic wodulus, psi
flapwise stiffness, lb—in.2
edgewise stiffness, lb—in.2
applied load, 1b
reliability factor

size effect factor

shear modulus, psi

2

torsional stiffness, lb-in,

: Y
moment of inertia of cross-sectional area, in.

polar moment of inertia, in.h
fatigue strength reduction factor
surface finish factor

stress concentration factor

length, in,

combined flapwise and edgewise bending moments, in,-1b
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edgewise bending moment, in.-1b
flapwise bending moment, in.-1b
torsional moment, in.-1b
number of * 15° plies
number of * 45° plies
pressure load, psi
initial pressure load, psi
radius, in.
radius, in.
initial radius, in.
thickness, in.
actual thickness, in.
thickness per layer, in,
required thickness, in.
thickness of *+ 159 plies, in.
thickness of * 45° plies, in.
length of median boundary, in.
reference distance, in.
ratio of flapwise composite blade stiffness to flapwise
demonstrator blade stiffness, EIxx Composite
EIxx Demonstrator
ratio of torsional composite blade stiffness to
torsional demonstrator blade stiffness, GJ Composite
GJ Demonstrator
shear strain, pin./in.
allowable shear strain pin./in,
change in radius, in,
axial strain, win./in.

allowable axial strain, uin./in.
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max
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peak
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Iy allow

Tpeak

Tpeak test

1
Xy

xlyl
¢

Q

angle of orientation, deg.

coefficient of friction

damped model amplification factor

damping function

stress, psi

allowable stress, psi

hoop stress, psi

allowable hoop stress, psi

meximum stress, psi

nominal stress, psi

peak stress, psi

vibratory stress psi

allowable vibratory stress, psi

peak vibratory stress, psi

axial stress, psi

transverse stress, psi

axial stress in a rotated coordinate gystem, psi
transverse stress in a rotated coordinate system, psi
peak shear stress from computer analysis, psi
predicted peak shear stress from lap shear test, psi
shear stress, psi

shear stress in a rotated coordinate system, psi
phase angle, deg

main rotor speed, rpm

natural frequency, cpm
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