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SUMMARY

The results of engineering design, fabrication and testing of
filament-wound tubular-reinforced composite main rotor blades
for the UH-1D helicopter are reported herein. Three blades

were fabricated using wet winding, two using principally S-glass
roving/epoxy and one using principally PRD-49 roving.

In the course of the program, a design concept for making a
highly redundant root-end attachment was developed and the
fabrication feasibility was proven. The ability to calculate
the structural characteristics was verified within the testing
and fabrication tolerances.

The first and third blades fabricated, serial numbers 001 and
003, respectively, and a conventional metallic blade were
tested, statically and dynamically, to evaluate their stiff-
nesses and natural frequencies--each being supported as a
simple cantilever beam. Table I summarizes the results of this
testing.

Figure 1 shows a complete filament-wound tubular-reinforced
composite rotor blade.

The objectives of the program were (1) to establish the feasi-
bility of designing and constructing a filament-wound tubular-
element-reinforced composite rotor blade and (2) to perform
simple static and dynamic testing to verify the accuracy of
analysis and to prove the tailorability of the new composite
approach.,

These objectives were satisfactorily met, although, in the

effort to duplicate the stiffness characteristics of the exist-
ing aluminum rotor blade, a design using all fiberglass materials
was determined very early in the program to be short of the
stiffness requirements because of the low modulus of glass

fibers.

A significant achievement in the program was the development of
computer prograr. design and analysis techniques compatible with
the inherent tailorability of the rotor blade. The concept
promises to offer advantages in design and method of manufac-
ture--both important in low-cost construction.
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FOREWORD

This report was prepared by Fiber Science, Inc., a subsidiary
of the Edo Corporation, for the Eustis Directorate, U.S. Army
Air Mobility Research and Development Laboratory, Fort Eustis,
Virginia. Mr. Kenneth Bauman and Mr. I. E. Figge were the U.S.
Army program monitors.

The activities reported herein cover the period from October
1971 to January 1973. The project engineer was Mr. David Wall.
Other significant contributors to the program include Messrs.
D. Abildskov, M. Rivera and L. Ashton of Fiber Science, Inc.

The work was authorized by DA Task 1F162208A17001.
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INTRODUCTION

Fiber-reinforced plastic materials have been considered for use
in helicopter rotor blades for some time. The interest centers
around the high strength-to-weight ratio of composites=--
especially unidirectional composites. The fiber/matrix combi-
nations offer advantages of high fatigue life and field repair-
ability. Helicopter engineers have been quick to recognize the
advantages of glass and other fiber composites in extending
rotor blade life; therefore, several manufacturers in the
United States and Europe have developed data on the use of
glass-reinforced rotor blades supporting the goal of improved
blade life and the potential weight advantages of composite
construction.

The building of an all-composite reinforced rotor blade can be

a costly operation if conventional hand-layup or tape-layup
systems are utilized in the construction technique. The use of
hand-layup for building composites adds the human variable to
the manufacturing technique. Stringent quality assurance can-
not prevent workmanship from being a significant contribution in
affecting the performance and cost of the blade.

The study and work performed herein was undertaken to prove the
manufacturing feasibility of building a complicated rotor blade
using wet filament winding as the manufacturing technique. 1In
the work performed, filament winding is the predominant method
of manufacture for fabricating the rotor blade spar (a series
of tubular filament-wound elements and wound "pultrusions"),
the blade trailing-edge spine, and the blade skin. Filament
winding using the wet impregnation process was chosen because
the operation allows the deposition, placement and control of
glass filament and epory resin at the very lowest possible mate-
rial cost while providing a very high degree of reproducibility
and quality control.

This report represents the results of a research and develop-
ment program to design, fabricate and test a full-scale tubular-
reinforced composite blade having the configuration and struc-
tural capability of the UH-1D main rotor blade. The primary
objectives of the program were to demonstrate fabrication feasi-
bility and predictability of the design.

The blade is 24 feet long from the center of rotation to its
tip, has a chord length of 21 inches, and has a basic NACA-
0012 airfoil shape except in the root-end fitting area.

The design goal was to match the characteristics of the ex@sting
metal blade as closely as possible; however, it was recognized

1



that it would be impossible to match the stiffnesses using glass
fibers. The use of PRD-49 fibers in the skins would enable a
much closer match of the stiffnesses.

A computer program was developed as a design aid for calculating
the cross-sectional properties of the tubular reinforced com-
posite blade. A copy of this program is included in Appendix I.

The main body of this report is primarily concerned with report-
ing the design, fabrication techniques and test results. The
drawings are presented in Appendix II.



BLADE DESIGN

DESIGN CRITERIA

The structural design goal was to match, as nearly as possible,
the properties of the existing UH-1D rotor blade using the FSI
tubular-reinforced composite concept. Also, the material
selection was to be made with the goal of not adversely affect-
ing the inherent radar cross section of the rotor blade.

The order of importance assigned to the various criteria was as
follows:

1. The blade weight should be equal to the weight of the
current metal blade.

2. The center of gravity should be at the same location as it
is in the current metal blade.

3. The torsional stiffness should be the same as it is in the
current metal blade.

4. The chordwise stiffness should be the same as it is in the
current metal blade.

5. The spanwise stiffness should be the same as it is in the
current metal blade.

The design parameters and loads were taken from the current
metal blade and used as criteria for the tubular-reinforced
composite blade. These criteria are given in Tables II, III
and IV.

MATERIAL SELECTION

The materials were selected on the basis of strength, density,
moduli and radar reflectivity. The properties of the basic
materials used in the design analysis are shown in Table V.

The theoretical properties of S-glass and PRD-49/epoxy used for
the rotor blade skins are shown in Figures 2 and 3.

The resin volume, weight and composite density relations of E-
glass, S-glass and PRD-49/epoxy are shown in Figures 4, 5 and

The composite properties of the various items making.up the
blade (skin, nose fill, tubes, trailing-edge tip and foam
material) are shown in the computer output cross-sectional



property data tables (Tables VIII through X). NOTE: The
density used with the aft (trailing edge) skin accounted for a
.005 inch thickness of adhesive to bond the skin to the PVC
foam.

STRUCTURAL DESIGN

The UH-1D filament-wound tubular-reinforced composite rotor
blade has the same airfoil configuration as the current metal-
lic UH-1D rotor blade except that the rcot-end buildup has been
extended 4.25 inches inboard and given a smooth taper. (See
Appendix II, drawing 48-XB-001.)

The design concept was based on using a fabrication concept
which is amenable to low-cost automated (machine) fabrication
techniques and minimizes any interlaminar shear requirements
on the resin. The root-end fitting is highly redundant with
the longo material wrapping around the root-end fitting.

Blade configuration, cross-sectional properties and stresses
are presented in Figures 7 through 10, Tables VI through X and
Appendix IIX.



BLADE FABRICATION

Three UH-1D main rotor blades were fabricated during the pro-
gram. The tool design and manufacturing methods were oriented
to the limited quantity of prototvpe rotor blades to be built.

Fabrication of the blade can be separated into five disciplines:
(1) filament winding, (2) laminating, (3) foam machining, (4)
steel machining and (5) assembly of components. The fabrica-
tion flow chart including the tools and equipment used is shown
in Figure 11,

FILAMENT WINDING

The tubes, longo material and skin material were all fabricated
by the filament wet-winding process. With the exception of the
nose rod, which was constructed by the "pultrusion" process,
and the number 2 tube, which was wound over a "pultruded" rod,
the tubes were all initially wound on 65-inch-long steel man-
drels to a wall thickness of .0123 inch. See Figure 12. Re-
moval of the wound tubes from their mandrels (polished steel)
was accomplished as follows: The mandrels were made in three
pieces--two removable end domes and one hollow cylindrical cen-
ter section. When the windings around one of the end domes were
cut off and the end dome removed, water was pumped (p = 2,500
psi) into the cylindrical mandrel which pushed against the end
fitting, still held by the windings, driving it off and pulling
with it the wound tube. Five of these short thin-wall tubes
were then bonded together (overlapping shear joint), making up
the full-length tubular element. These tubular elements were
then overwrapped to the desired wall thickness. The long tubes
used in S/N 001 were supported at five intermediate points in
addition to end supports during the overwinding operation (see
Figure 13); however, considerable damage was done to the wind-
ings by the intermediate supports. A technique of applying axial
tension to the tube was developed which eliminated the require-
ment of intermediate supports.

The thick-wall tubes used in the nose section were kept in the
uncured condition until they were combined with the longo
material in the main mold. The thin-wall tubes in the aft
portion of the blade were cured prior to final assembly.

The longo material was wound under tension into a loop. See
Figure 14. While still in the wet condition, the resin was
gradually squeezed out until the proper weight was reached. The
longo material was then positioned in the main mold and wrapped
around the root end fitting. Unidirectional (style 143) fabric
was interspersed with the longo material in the fitting wrap-
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around area. The root-end fitting was secured to the mold and

was configurated to the proper shape by pulling it through a
"pultrusion" type die. Once configurated and properly positioned,
a tension load was applied to the longo material at the blade tip
end. The mold was closed and the resin was cured. See Figure

15,

The skin material was wound onto a mandrel having a surface
area slightly larger than the surface area of the blade. See
Figure 16. While still in the wet condition, it was removed
from the mandrel by making a longitudinal cut through the wet
fibers (see Figure 17) and placed into the main mold. Once in
the mold, it was covered with a plastic film, a vacuum was
drawn, the excess resin was rubbed out and the skins were cured
at elevated temperature. The equipment used did not meter the
resin precisely onto the roving nor was it possible to check
the resin content prior to curing the skins. This is one of
the areas requiring further development.

LAMINATING

The skin material and the skin reinforcing fabric used in the
root-end buildup were laminated using conventional practices.
See Figure 18.

FOAM MACHINING

The PVC foam used to support the aft tubes and skin was pur-
chased in sheets measuring 37 inches x 16 inches x 1-1/4 inches.,
These sheets were machined to match the configuration of the
tubes and the outside skin using a simple routing setup similar
to the type used for routing wood. Two sections of foam were
used to encapsulate the tubes with a bond line running down the
mid plane of the blade. See Figures 19 and 20.

STEEL MACHINING

The root-end fitting was machined from bar stock using conven-
tional equipment. Prior to being bonded into the assembly, the
root-end fitting and the steel bearing plate were cleaned and
primed with Prebond 700 (a product of American Cyanamid Company) .
See Figure 21,

ASSEMBLY OF COMPONENTS

There were two major assembly operations. The first was the
nose section assembly, which consisted of combining the first
four tubular elements and the longo material between them with
the root-end fitting. See Figure 22. The second was the

6



assembly of the nose section and root-end fitting with the
remaining tubes, PVC foam, trailing-edge longo material with

the skins, and skin root-end reinforcing material. See
Figure 23,



RESULTS

FABRICATION

Three filament-wound tubular-reinforced UH-1D rotor blades were
fabricated. The significant results of fabrication are:

l.

2.

lo.

11.

A method was developed for extracting very thin wall, fila-
ment-wound tubes from steel mandrels.

The technique used to fabricate the thick~wall tubes was to
assemble (overlapping bonded joints) five thin-wall short
tubes and then to overwind them as a unit.

Filament-wound skins were found to be practical; however,
additional development of resin content control is needed.

PRD-49 Type III fiber can be handled sim. larly to glass
roving.

Applied Plastics Company resin system number APCO 2445/2345
(research number) was found to be a very good system for
use with PRD~49; however, some difficulty was experienced
with the PVA mold release used in the main skin mold.

PVC foam was found to be easily machinable using equipment
similar to woodworking equipment.

The density variation of the PVC foam was much worse than
anticipated; also, it was found to have local high-density
hard spots.

Wet winding appears to be a practical method of fabrication;
and, with minor development, it is expected that resin con-
tent control would be equal to the prepreg winding.

The E-glass (OCF Type 30 E-glass roving) used as nose fill
material in S/N 001 was difficult to handle; S-glass was
used in subsequent blades.

PRD-49/epoxy was found to be difficult to machine; however,
the best results were achieved with high-speed carbide
grinding wheels.

The blades were all found to have little warpage except for
approximately 1/2 inch of chordwise deflection at the blade
tip. The chordwise warpage can be attributed to the
trailing-edge tip fill material's not being precured prior
to assembly with the skins and leading-edge spar assembly.



12. Blade S/N 001 was assembled using only the lower half of
the main mold with a vacuur bag over the upper skin. This
procedure did not yield the proper blade contour, and the
subsequent blades were final-assembled using both halves
of the mold bolted together.

The inspection reports for the three blades are shown in Tables
XI, XII and XIII. Table XIV summarizes the weight and c.q.
location measurements.

TESTING

Blades S/N 001 and S/N 003 and the metallic UH-1D rotor blade
were subjected to static loading and dynamic (natural frequency)
testing.

The results of the static loads testing are shown in Figures 24,
25 and 26. Also plotted on the graphs are the calculated de-
flections. The deflections were calculated by the computer
using the cross-sectional property data shown in Figures 8, 9
and 10. Figures 27, 28, 29 and 30 show the root-end attachment
and the test setup for beamwise/chordwise/torsional static
testing.

The deflections and natural frequencies of blade S/N 001 were
calculated using a finite element computer program (Mechanics
Research, Inc., program STARDYNE) and the theoretical blade
cross-sectional properties shown in Figure 8 through 10.

Blade S/N 001 tip-end deflections--both calculated and measured
and the percentage differences measured and calculated--are:

Calculated Measured % Difference

Static beamwise, in. 16.67 18.28 + 9.68
50 1b @ tip beamwise, in. 15.44 14.50 - 6.08
250 1b @ tip chordwise, in. 1.80 2.01 +11.65
10,000 in.-1b torsion, rad .178 .134 ~-24.70

Possible differences between the measured and calculated deflec-
tions for blade S/N 001 are:

1. The blade was from .07 to .12 inch thicker (see Table XI)
than the design value, which would increase its beamwise
and torsional stiffnesses slightly.

2. A root-end rotation of only ten minutes would cause a tip
deflection of 0.767 inch.

3. The torsional stiffness contribution cf all the nose fill
and tip fill longitudinal fibers was neglected in the

9



analysis. Also, the interaction of the tubes and skin and
differential bending effects of the blade were neglected
in the analysis.

4, The material properties of the composites were all based
on calculated values assuming resin properties and taking
manufacturers' published fiber properties.

5. The resin content of the actual composite may have varied
from the design value.

6. A portion of the testing was conducted outside on a very
warm day (T = 95°F); the side of the blade exposed to the
sun was too hot to hold bare-handed, while the unexposed
side was relatively cool.

% The accuracy of measurements is estimated at + 5% or 1/16
inch, whichever is larger.

The measured tip-end deflections for blades S/N 001, S/N 003
and the current metal blade are:

S/N 001 S/N 003 Metal

Static beamwise, in. 18.28 8.88 6.66
50 1b @ tip beamwise, in. 14.50 9.06 5.75
250 1b @ tip chordwise, in. 2.01 2.97 1.31
10,000 in.~-1b torsion, rad .134 .118 .089

Comparing the measured values of blades S/N 001, S/N 003 and
the metal blade, the following observations are made:

1. The static beamwise deflection of S/N 003 was considerably
less than expected.

2, The 50-pound load at tip deflection (static + 50-pound load
- static) of S/N 003 was greater than the static deflection
alone. Blade S/N 001 and the metal blade showed opposite
results.

3. The chordwise deflection of S/N 003 was higher than S/N 001,
whereas it should have been less.

4. The torsional rotations of both S/N 001 and S/N 003 were
within approximately 25% of their calculated values.

The measured natural frequencies are shown in Table XV. During
the testing it was noted that the root-end support structure
was visually deflecting but was not measured. The root-end
flexibility was one possible source of difference between the
measured and calculated natural frequencies of S/N 00l.
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The beamwise and chordwise natural frequencies were determined
with the blade supported by flexures at the root end. This
method of support would allow lateral deflections in the test
plane but resist rotations and lateral deflections in the other
plane. (See Figure 31.,) It was excited by a hydraulic motor
attached to an eccentric cam which would impart + 1/4-inch
sinusoidal lateral deflection at the blade's root end. The
excitation frequency was varied until the maximum blade deflec-
tion amplitude was reached. As would be expected, the beamwise
deflection amplitude of the metal blade was approximately 1.7
times larger than the fiberglass blade--each being excited at
equal displacements at their natural frequency.

Note: Amplitude = —‘gI
where EI = flexural stiffness
C = coefficient of damping

The torsional ncetural frequency was determined with the blade
fixed at its root end and supported laterally at its tip end.
A 120-pound, 1l2-foot-long beam was attached to its tip end and
was used to "twang" the blade.

PRD-49 EVALUATION

Before the third blade was constructed, a program was imple-
mented to establish handling procedures for PRD-49., Some
problems were encountered with the recommended resin systems
and the published values for the material properties. Out of
this effort came a new and very effective resin system (APCO
2445/2345, a product of Applied Plastics Company).

Because of the high degree of molecular alignment in PRD-49
Type III fibers, the modulus insthe radial directign and shear
modulus are very low (1.42 x 10 psi and 0.27 x 10  psi respec-
tively) compared tc the modulus in the axial direction (19.0 x
106 psi). These differences must be accounted for in predicting
the stiffnesses of a PRD-49/epoxy composite.

Although not documented, it would appear that the inner-fiber
radial tensile strength is also very low compared to its axial
tensile strength. A low radial tensile strength would explain
the low compressive strength and high knot strength. (Knot
strength is approximately 60 percent of the strength of
straight dry fibers of PRD-49.)
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COST ANALYSIS

One of the major objectives in the program was the development
of the system of manufacturing tubular-element filament-wound
blades to show fabrication feasibility. The fabrication feasi-
bility is to be extrapolated to an analysis of the anticipated
production cost of building a UH-1D rotor blade in the manner
described.

There is no attempt to compare the cost of building the fila-
ment-wound tubular-element blade versus the existing aluminum
blade. Quantities of metal blades produced in the UH-1 program
are used to establish the basis for a cost analysis of the
filament-wound blade. It has been reported that approximately
10,000 metal blades have been built for the Bell UH-1 models.
For the purposes of this study, a production of 5,000 blades

is utilized to establish the costing base. The costs outlined
are those to be anticipated on the 2,000th blade.

The production costs for the design and fabrication are diffi-
cult to estimate since the fledgling composites industry has
had virtually no experience in high-volume guantity production.
The experience and advantages gained in high-volume production
of metallic blades cannot be adequately applied to the cost
analysis of composite rotor blades. The numbers provided are
considered to be somewhat conservative because of the overall
lack of high-volume production experience and know-how. The
influence of a continuous production line on the operation of
filament winding and other production techniques described in
this report cannot be accurately anticipated.

The cost analysis is based upon a number of changes in the
design and fabrication of the blade--differing from that
reported herein--to take advantage of the knowledge and exper-
ience gained in the course of this early and somewhat limited
program. A number of the changes anticip--ed in the design to
develop a production blade are indicated pelow.

1. A redesign of the root-end buildup or doubler area, elimi-
nating the requirement for the separate leaves or reinforcing
plates as duplicated from the existing UH-1D blade.

2. Reinforcement of the root-end buildup area with a series of
filament-wound shims of a configuration more compatible
with the overall winding and laminating operation.

3. A redesign of the root-end bar to eliminate the costly and
complicated configuration described in the report. This
bar may be reduced significantly or eliminated with the
anticipated improvements,

12
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4. In the production of the UH-1D blade, elimination of hand
work by winding on an inflated bladder, thereby building
the skin directly into the mold in one operation. The
fabrication of the skin reported herein consisted of
winding a specific number of plies at predetermined winding
angles to an exact thickness on a hard mandrel. The
raterial was slit and hand-laid into the blade mold.

5. The design and use of automated tooling and winding for
providing all of the items to reach the final assembly at
one point in time, therefore greatly influencing and
reducing the labor elements in spar and blade assembly.

The cost estimate for the production of UH-1D rotor blades
utilizing the filament-wound tubular element concept is shown
below. The estimate is based on a quantity of 5,000 blades,
and the base is on the 2,000th blade.

The following rates are the estimated 1972 level for production-
oriented shops:

Shop labor $4.00/hour
Quality control labor $5.00/hour
Inspection $5.00/hour
Support $3.00/hour
Overhead rate 120%
G & A rate 15%

13



DIRECT MATERIALS

1. Purchased parts - root-end bar (redesigned) $ 200.00
2. Raw material
"S" glass roving - 118 1b @ $4.25 $ 502.00
"E" glass roving - 31 1b @ $1.05 33.00
Epoxy resin - 84 1b @ $1.50 118.00
PVC foam - 15 pieces @ $3.75 sq ft x 1.00 56.00
"Pultrusion" bar - 528 in., @ $.0833 44,00
Environmental protection 13.00
Leading-edge protection (urethane cover) 150.00 916.00
SIs Subcontracted items - balance system materials 25,00
Total materials $ 1,141.00
4. Material burden - 10% 114.00
$ 1,255.00
5. Less quantity buys - 15% 188.00
Net materials $ 1,067.00
LABOR
Manufacturing labor - 72 hours @ $4.10
Preparing of molds and mandrels 2 hours
Winding 12 hours
Spar fabrication 12 hours
Spar cleanup 2 hours
Foam machining 1 hour
Blade fabrication 30 hours
Trim 1 hour
Assembly 2 hours
Cleanup 2 hours
Quality assurance inspection 8 hours
72 hours
Total manufacturing labor 295.00
OVERHEAD
As applied to labor - 120% for production-oriented
shop ($295.00 x 1.2) 354.00
Total direct costs $1,716.00
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G & A

As applied to direct costs - 15% for production-

oriented shop ($§1,716.00 x .15) 257,00
Total cost ; §1,973.00

The best estimate for the UH-1D blade using PRD-49 fiber material
in the skin only is based upon replacing the "S" glass fiber in
the skin with PRD-49 Type III fiber.

From the computer program, PRD-49 will account for .1416 +
.008 = .15 1lb/in.

Assuming straight replacement and PRD-49 Type III at $18.00/
pound (present price), direct materials would increase by the
following:

.15 x 264 in. = 39.6 1b

Assume that 40 pounds of PRD-49 will replace 40 pounds of
"S" glass:

40 (18 - 4,25) = $ 550.00

Burden - 10% _55.00
$§ 605.00

Less quantity buy -

15% _91.00
§ 514.00

A direct material cost of $514.00 adds $591.00 ($514 x 1.15
(G & A)) to the total cost; therefore, the blade total cost
utilizing PRD-49 is $2,564.00.

NOTE: The cost of PRD-49 Type III is expected to be $9.00 to
§12.00 per pound in the 1978 time frame.
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CONCLUSIONS

Three filament-wound tubular-reinforced UH-1D rotor blades
were constructed which demonstrated the fabrication feasi-
bility.

The predictability of a filament-wound tubular-reinforced
rotor blade was demonstrated within the accuracy of the
testing and manufacturing procedures used.

A highly redundant root-end attachment was developed which
minimizes the interlaminar shear stresses in the root-end
area.

A new resin system was developed for use with PRD-49 which
appears to be much better than previously used wet-winding
systems.

Experience was gained using PRD-49 fibers, which enhance
the analyst's ability to predict the blade's performance.

Fabrication of the blades was less difficult than antici-
pated at the start of the program.

The fabrication concept is amenable to low-cost production.
Blade warpage caused by residual stresses was very low,

even in the blade utilizing PRD-49, due to the resin sys-
tems and curing techniques used.
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RECOMMENDATIONS

The three blades fabricated should be subjected to extensive
testing in order to more fully evaluate the full structural
potential of the concept.

The root-end attachment should be more fully developed and
a more rigorous analysis performed.

The root-end buildup area should be redesigned to be more
compatible with the filament-wound composite approach.

The filament-wound tubular-reinforced rotor blade concept
should be advanced to the next stage of development~--
ultimately flown on a helicopter.

Core materials such as epoxy foam and honeycomb should also
be evaluated along with further evaluation of PVC toam.

High-modulus materials such as graphite and boron should

be evaluated in the filament-wound tubular-reinforced rotor
blade concept.
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Figure 1. Completed Filamen
Composite Rotor Blade (UH-1D S/N 001).

t-Wound Tubular—Reinforced
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Figure 15. Fabrication of Nose Assembly Prior to
Addition of Longo Material.
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