AD-783 444

DEVELOPMENT PROGRAM FOR FIELD-REPAIR-
ABLE/EXPENDABILE MAIN ROTOR BLADES.
PHASE 1. PRELIMINARY DESIGN

Michael C. Frengley

Kaman Aerospace Corporation

Prepared for:

Army Air Mobility Rescarch and Devel opment
Laboratory

April 1974

DISTRIBUTED BY:

National Technical Information Service

U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




T TR R

EUSTIS DIRECTORATE POSITION STATEMENT

The data contained in this report are the Phase I results of the design, fabrication,
test, and evaluation for operational suitability of a highly field repairable/expendable
helicopter main rotor blade concept, to be cost effective on a life<cycle basis. Phase
I, Preliminary Design, included selection of the design approach, materials selection,
stress and dynamic analysis, reliability analysis, survivability analysis, and a pre-
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This program is being conducted under the technical management of Mr. Arthur J.
Gustafson, Jr., Technology Applications Division.

S s Ly s, 5.5

ot % A A 1D s i S NN R AT U e SO AP N LR Ty A

DISCLAIMERS
The findings in this report ure not to be construed as an officisl Department of the Army position uniess so
designated by other suthorized documents.

When Government drawirgs, specifications, or other data are used for any purpose other than in connection
with a definitely related Government procurement operation, the United States Government thereby incurs no 1
responsibility nor any obligation whatsoever; and the fact that the Government may have formulated, furnished, b
or in any way supplied the said drawings, specifications, or other data is nut to be regarded by implication or -
othomi.u 88 in any manner licensing the holder or any other person or corporation, or conveying any rights or 3
permission, to manufacture, use, or sell any patented invention that may in any way be related thereto.
3
Trade names cited in this report do not constitute an official endorsement or approvel of the use of such 4
commercial hardware or soitware. %
E
DISPOSITION INSTRUCTIONS 3
Oestroy this report when no longer needed. Do not return it to the originator.
3
amenin w _.
A
Wile Sectiey i
= ) :
0 1
SRUFRATION. .o 1
[| S S S Lo 5
DIRTRISOTION/AVAILMITY Cones [ 3
T T :
7 ——————e ety »
|
|




apc i

Unclassified A, - 7 3 3 M ¥
SECURITY CLASSIFICATION OF THIS PAGE (When Data Fniered)

REPORT DOCUMENTATION PAGE EADINS TRUCTIONS

HEFORE COMPLETING FORM
T REPORT NUMBER

7. GOVY ACCESSION NO| 3 RECIFIENT'S CATALGG NUMBER
USAAMRDL-TR-73-102

4 TITLE (and Subtitia)

DEVELOPMENT PROGRAM FOR FIELD-REPAIRABLE

5

5 TvyPE OF REPORT & PERIOD COVERED

EXPENDABLE MAIN ROTOR BLADES Intenm Report
PHASE 1 - PRETIMINARY DESIGN 6§ PERFORMING ORG. REPORT NUMBER
) R-1062
7. AUTHOR(S®)

8 CONTRACY OR GRANT NUMBER(2)
Michael C. Frengley

DAAJO2-73-C-0006

9 PERFORMING ORGANIZATION NAME AND ADDRF S5 10 PROGRAM ELEMENT. PROJECT, TASK
A

i . & WORK UNIT NUMBERS
Kaman Acrospace Corporation

Old Windsor Road . .
Bloomficld. CT 06002 ) Project 1F163204DR3S

1t CONTROLLING OFFICE NAME AND ADDRESS

12 REPORTY DATE
Fustic Directorate

April 1974

U.S. Army Air Mobility R&D Laboratory '} NUMBER OF PAGES
Port Fustis. VA 23604 . 3/5
& MONITORING AGENCY NAME 3 ADDRESS/I dilfetent from Controlling Office)

15 SECURITY CLASS. (of thie report)

Unclassified

15a. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

16 DISTRIBUTION STATEMENT (of thia Report)

Approved tor public release: distribution unlimited.

17.

DISTRIBUTION STATEMENT (of the shatract entered in Block 20, I different from Report)

10. SUPPLEMETARY NOTES

DDC
MERPMIER)

19 XEY WORDS /Cantinue on revarse asie If necansary and identity by block numbaer) U

AUC 8 1974
Repar

Rotor Blades

Repair Costs : e @EU_D~@
D

20 ABSTRACT /Continue en reverse aide il necessery and identify by dblock number)

This report presents the work done in evaluating the design concepts applicable to helicopter
main rotor blades: assessing cost, repairability, maintainability, and survivability; and determinin
overall blade-related costs for the helicooter life cycle.  The concept showing the most po-

tential for improved operating costs, without technical compromise. is chosen for further
development.

The application of maintainability and reliability criteria during the preliminary design phase

has resulted in a significant theoretical reduction in potential blade-related life-cycle costs.

FORM .
DD, anm 1473  eormion oF 1 woves s omsoLeTE Unclassified

SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered)

(]
/

. s o
- p—— " . G e s i it 0 e
Ly e e sl S S e e it i b ad @




!!ﬂl'l'l“llk'd
SECURITY CLASSIPICA YION OF THiS PAGE(When Daie Entered)

Block 20

These criteria wore apphed to all the ficld repairable/expenda’le main 1otor blade concepts
examined, and 4!l show g reduction an cost below that of t 2 current blade.

The selected concept has extruded aluminum spar and trashing-edge spline, grass-fiber-reinforeed-
plastic skins. nylon parer honeycomb core, and built-up laminated metal root.

Unclassificd

{
, CA A SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

G g ane

ki oy = PO e e b i e i 1 e et




T

e

PREFACE

A development program for field-repairable/expendable main
rotor blades for helicopters is being performed under Contract
DAAJ02-73-C-0006 with the Eustis Directorate, U. S. Army Air
Mobility Research and Development Laboratory, Fort Eustis,
Virginia, under the general technical cognizance of Mr. Arthur
J. Gustafson of the Structures area, Technology Applications
Division, and Mr. Royace H. Prather of the Reliability and
Subsystems area, Military Operations Technology Division. The

preliminary design and concept selection phase of the program
has been completed.

The author acknowledges the contributions made by Messrs. 7.
Cirver (Rockwell International, Tulsa), S. Barlow and J.
Wynkoop (Adhesive Engineering, Airline Systems Div.), and G.

P. Basile, A. Belbruno, M. A, Bowes, T. N. Cook, P. F. Maloney,
J. E. Miller, D. Ojantakanen, M. Powers, P. Sevenoff, W. A.
Smyth, M. White, E. Wilk, R. L. Young and many other members

of the Kaman Aerospace Corporation staff.
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INTRODUCTION

The cost of acquiring and maintaining a fleet of helicopters
is affected to a significant extent by the costs incurred in
acquiring, maintaining, and replacing the ro or blades. Exper-
ience has shown that few rotor blades operating in the Army's
utility fleet in a hostile climatic and military environment
ever reach their fatiqgue-limited allowable service life. It
is apparent that the main rotor blade costs can be reduced by
increasing the number of repairs performed successfully in the
field, ard by reducing acquisition and replacement costs so
chat unrepairable blades can be economically abandoned. The
concept of a field-repairable/expendable main rotor blade is
intended to meet these objectives.

The aim of the development program is not only to develop a

new rotor blade having improved life-cycle costs. In fact, the
flight vehicle, the UH-1H helicopter, is nearing obsolescence
and a new rotor blade design is not now warranted. Methodology
will be developed applicable to future rotor blade procurement
for new model helicopters, providing means whereby maintain-
ability and survivability criteria can be incorporated and
evaluated during the e rliest design phases. Expensive depot
repair, its accompanying logistical complexity, and high scrap
rates may thus be avoided in the future,

The development program itself is div..i-d into five phases. 1In
Phase I, the methodology has been deveiuj»l and the selection
made of a basic blade design on which this methodology can be
tested. In Phase 1I, the detail design and analysis of both
the blade and its repair schemes will be completed and the
drawings issued for manufacturing. The test blades will be
fabricated and ground structural and whirl tower testing will be
performed in Phase III, and flight tests will take place in
Phase IV. 7Tn Phase V, the results of the program will be
analyzed anu the methodology refined to reflect the ground and
flight testing and the repair performance experienced.

This report covers the work done under Phase I of the program.
At the start of the program, the types of damage experienced

by UH-1H main rotor blades in operation, the relative rates of
occurrence of each type of damage, and the dispcsitions were
examined in order to determine in which areas improvement

could best be made. The damage, repair, and scrap history of
current blades is accumulated in Reference 1 based on Army
records. A machine-generated damage scenario, representative

of the externally-caused damage events experienced in the field,
was used in Reference 2 so that types of damage requiring repair




could be placed on a quantitative basis. These types of damage
were modified as to depth and severity to account for differ-
ences in materials between the current UH-1H blade and the re-
pairable concepts under study. In Reference 3, the damage
events and dispositions described in Reference 1 were used
directly. Similar extensive analyses were used to provide the
bases for repair costs in References 4 and 5. For this pro-
gram, a combination of the causes and dispositions collected in
Reference 1 and the modified damage scenario of Reference 2 is
used as the basis of a Failure Modes and Effects Analysis. The
validity of the Army's damage scenario was verified during the
study of Reference 2, which showed that the dispositions obtained
by applying the scenario to the current blade closely approxi-
mated those presented in Reference 1.

A tentative design specification, conforming to the repaira-
bility criteria, reflecting the types of incidents reported in
Reference 1 and quantified in the damage scenario, detailing
the technical requirements, and providing criteria for surviv-
ability, cost, and environmental resistance, was drawn up.
This specificatior was drawn from the results of the studies
outlined in References 2, 3, 4, and 5 and determined

the acceptability for further study of the concepts examined
in those references. This preliminary design specification

is presented in Appendix I. At the conclusion of the program,
this specification will be examined and a final version drawn
up reflecting the results of the hardware tests.

The blade concepts presented in References 2 through 7, to-
gether with other possible combinations of materials and
techniques, were examined with respect to this preliminary
design specification. As a result of the evaluation, which
covered twenty-six different approaches, two basic types of
blade construction were chosen for further development. With
detail variations, these two basic types provided twelve
different detail designs.

Following the selection of the blade concepts fo:. further
development, designs were prepared in greater detail and a
technical analysis was performed to determine adequacy of each
design for use on the UH-1H helicopter in the basic utility
mission. Natural frequency, bending moment, and stress
analyses were performed to ensure that the structure was equal
to that of the current blade. Repair schemes were drawn up,
and estimates of their structural adequacy and conformance with
the maintainability criteria were made. The radar cross sec-
tions and acoustic signatures were estimated and compared to
those of the current UH-1H blade.
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A reliability analysis predicting the probable failure and
damage occurrences, based on a comparison of the designs under
study with the standard UH-1lH blade, was made; and modes,
causes, and rates of failure wure predicted. A survivability
analysis utilizing the damage scenario, as modified for the
appropriate materials, was also inade.

A maintainability prediction based on the repair schemes and
predicted failures was made. During the design process, any
inadequacies in maintainability, particularly with respect

to skill level and elapsed active repair times, were noted

and any necessary design changes were made. The maintainability
requirements had considerable influence in the choice of the
aft skin material and, to a lesser extent, the structural ad-
hesives used in the blade construction. The tips were de-

1 signed for ease of access, to facilitate balance weight adjust-
! ment following repairs. However, in general, the effect of

| maintainability criteria on design decisions was negative,
vetoing unsuitable materials and methods of coanstruction,
rather than positively indicating favorable choices.

Finally, to provide the quantitative basis on which to compare

1 bladelfoncepts and make the final selection, a life-cycle cost
analysis was performed for each of the twelve design variants.

; This chst analysis was based on a 10-year, 5000-hour aircraft
life apd a 10,000-unit blade procurement quantity, and used

, the falilure modes and rates, the repair labor, and the scrap

: or reppir dispositions predicted by the reliability, surviva-

: bilityt and maintainability analyses, along with manufacturing 1

costs estimated for each concept. Such fixed costs as inspec- ;

tion and those associated with logistics were included but did

not vary between differing concepts. The costs of the standard

UH-1H blade were obtained on the same basis so as to give a ?
measure of the improvement to be gained by treating maintain- ;
ability, particularly repairability, as a major design con- E
straint.

This report covers the results of all of the evaluations,
analyses, anc predictions leading to the selection of the final :
concept to be designed, fabricated, and tested during the re-

maining phases of the program. The selected concept and the
reasons for the choice are presented.
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MI'THODOLOGY

Since the primary purpose of this development program is to
create and refine methodology by which maintainability
requirements can be incorporated into the preliminary design
process, it is appropriate to describe the approach taken during
Phase 1I.

Initially, a design gspecification was drawn up reflecting the
damage incidents incurred by the blades as presently in service,
and providing the technical requirements for the new blade
design. Reliability and maintainability criteria, surviv-
ability, and technical requirements such as stiffness,

strength, static deflection, weight and balance, and detect-
ability by radar and acoustics were specified. Potential
concepts were examined with respect to this specification, and
those which conformed most closely, and with the greatest
certainty, were examined further.

For this program, the criteria, particularly the technical
requirements, were drawn up by comparison with the character-
istics of the blade currently used on the UH-1H helicopter.

For a new blade program, where the criteria would be applicable
to a new helicopter, the design specification should be more
directly related to the airframe, the mission, and the rotor
system.

When each blade concept was sufficiently well defined, a
failure modes and effects analysis was perfcrmed and the main-
tainability characteristics were determined for repair of these
failures. In any instance where the maintainability fell

short of the criteria, design changes were made, but in the
preliminary design phase such changes were few.

Finally, the blade-related life-cycle costs were analyzed for

a helicopter life span of 5,000 hours. These costs included
acquisition, repair, scrap, retirement, replacement, and
logistics. The life-cycle cost analysis provides a quantita-
tive comparison of competing blade concepts, placing a

dollar value on such qualities as reliability and repairability.

APPROACH 70 A DESIGN SPECIFICATION

Traditionally, a rotor blade design specification, if formalized
as a separate document at all, spells out the required perform-
ance characteristics in terms of airfoil section, chord

length, rotor radius, hub interface, probably desired dynamic
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and structural limits, and very little else. In most cases,
however, the blades are procured as integral parts of the air-
craft system, and their requirements are implicit in the total
specification, rather than explicitly presented in a separate
document. This has resulted in rotor blades designed and
manufactured with their reliability, vulnerability, and main-
tainability treated, somewhat cursorily, as small parts of
those of the overall system. Recent operational experience
has shown that bhlade-related costs are significantly high,
sufficiently so that potential savings, by treating blade
characteristics specifically, amount to ten million dollars
annually for a typical U. S. Army helicopter fleet. An
important part of this program is to generate guidelines and
create a typical design specification for helicopter blades,
which can be either a separate document or incorporated as
explicit blade items in the overall system specification.

As well as those technical characteristics determined by
aerodynamic performance requirements, others such as weight,
centrifugal force, balance, and the natural frequencies of
primary modes should be defined. 1If there is a possibility

of Lip deflection being critical, this limitation should be
given. Radar and acoustic detectability may be included. Most

_important, the operational characteristics and limitations in

the areas of reliability, maintainability, survivability, and
acquisition cost must be defined.

The preliminary blade design specificaticn prepared for this
phase of the program is included as Appendix I of this report.
The specification will be revised to incorporate any changes
indicated by the test programs to be performed under Phases
ITI and 1V,

TECHNICAL CRITERIA

Because the field-repairable/expendable rotor blades are
intended for use on an already operational helicopter, the
technical definition of the blades is developed by comparison
with the known characteristics of the blades currently in
service.

The contractor's standard machine program was used to generate
the mass and stiffness proper+ies for the selected basic

design concepts at significant cross sections, and these section
properties were then compared with the equivalent properties

of the current blade. The program accepts a series of
coordinates describing points on the boundary of each component
section, and generates the geometric properties (area, centroid,
and first and second moments of area). These geometric proper-
ties are then multiplied by the respective material weight
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densities and summed for the total section weight and inertia
per unit length and section center of gravity. Summing the
products with the respective material moduli of elasticity
gives the total section axial and bending :tiffnesses and the
neutral axis.

The section properties were introduced into the contractor's
standard dynamic analysis machine programs, and natural
frequencies and dynamic bending moments were predicted. Blade
total weight and balance characteristics, centrifugal load
distributions, and static bending moments and deflections were
determined by ccmputer integration of the section weights,
centers of gravity, and stiffnesses. Plane section stress
analysis was used to predict flight stresses and fatigue margins
of safety.

Designing to section properties ipproximating those of the
current blade ensures dynamic and structural behavior similar
to that blade, so that fatique lives will be comparable. Thus,
the critical edgewise and torsional stiffnesses are specified
to have the sane values as those of the current blade. Other
parameters, such as static deflection and centrifugal force,
were calculated for the current blade by using the contractor's
computer proygyrams, and then were incorporated into the design
specification. The specification thus alilows comparison of

the candidate concepts and the current blade on the same
analytical hasis.

RELTIABILITY AND MAINTAINABILITY CRITERIA

The program plans for the reliability and maintainability
evaluations, respectively, and for the incorporation of
reliability and maintainability criteria into the preliminary
designs are presented in Appendixes II and III.

The reliability of the candidate design concepts was examined :

using the known history of the current UH-1H main rotor blades, 3
as expressed in Table D-I of Reference 1. For the design }
specification, those areas exhibiting the highest frequency ;

of inherent failures were required to be minimized. Vulner- ]
ability criteria were specified in the same way, those areas
most susceptible to external damage being required to be g
minimized. It was also possible to specify that materials i
susceptible to certain types of damage, such as corrosion, 1
dents from minor impact, moisture absorption, and similar ]
specific traits, be avoided wherever possible. j

The maintainability criteria were specified such that all }
repairs could be performed in the field safely, successfully,




and within time limits such that less effort would be required
to perform each permitted repair than to scrap the blade. Any
damage events requiring repairs so extensive as not to meet
these criteria would be cause for scrap. The maintenance
skill level, mean time goal to perform each repair action, and
the 95th percentile maximum for all repair actions are all
defined in the design specification. The effect of applying
these limits will be to ensure that almost all allowable
repairs are carried out, in preference to scrapping the blade.

The design specification implies that the frequency and
saverity of damagc events will be less for those designs that
conform with it than for those that do not. Conformity with
the specification eliminates or reduces susceptibility to
corrosion, wear, impact, and adhesive bond delamination.

e

A failure modes and effects analysis was generated for the
current blade, in accordance with the history given in Refer-
ence 1, and then modified for each of the selected candidate
1 concepts by adjusting for the known and anticipated charact- :
: eristics of the materials and details of each concept. The g
maintenance dispositions of the damage events occurring to !
the current blade were incorporated in the failure modes 3
analysis, and similar dispositions were predicted for the ‘
! candidate design concepts. In this way, blades conforming ,
: with the specification could be compared with current opera- f
1 tional experience. The choices of disposition were repair on
’ aircraft, repair off aircraft, scrap, or no required action.
The number of off-aircraft repairs must be minimize. because
once the blade has been removed from the aircraft, the advan-
tage of repair over scrap diminishes, depending on availa-
bility of a replacement blade.

Some damage occurrences require no action where a difference
in wall thickness, material, or other design feature between
the candidate concept and the current blade means that a dent
or abrasion, for example, will tave no significant structural
effect within increased limics. 1In addition, each of the
candidate concepts is designed so that certain damage
occurrences are eliminated entirely. Delaminations cannot
occur in a monolithic structural component replacing a built-
up assembly, and nonmetals do not corrode.

o ik oA

SURVIVABILITY CRITERIA

Detectability criteria, the radar cross section and the acoustic
signature, are simply specified so that the candidate concepts
will be no more detectable than the current blade. Design
characteristlcs affecting radar return and noise level are
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specified as limits referr~sd directly to the external features
of thm current blade.

Survivability after a damage event, particularly combat damage,
is specified in terms of crack propagation rates, fail-safe
load paths, and crack erresters such as changes of modulus or
thickness. How well the selected design concept conforms with
the specitication will be determined by hardware testing in
Phase IIl1, Even partial conformity with the design specifi-
cations in this respect will result in an improvement over

the current blade.

-

FAILURE MODES AND EFFECTS ANALYSIS

The approach to the reliability analysis of each design
considered is presented in Appendix II, "Reliability Program
Plan". 1In outline, Tables D-I and H-I of Reference 1 were
used to compile a theoretical collection of damage events,
typified by damage cause or type, and to assign frequencies of
occurrence to these events as experienced by the current 3
3 UH-1D/H main rotor blade. This compilation was then applied %
to each of the new concepts, making changes as dictated by
new materials or types of construction. The location of each
damage event was determined from the damage scenario for
the externally caused occurrences, and from Table XIV of Ref-
erence 3 for inherent failures.

2 BuadhiA et e e ~

Dispositions (scrap, depot repair, or field repair) were deter-
mined in accordance with Table H-1I of Reference 1 for the
current blade, and by the maintainability analysis for each of
the concepts being examined. These dispositions were then in-
cluded in the computation of the overall failure analysis so
that scrap and repair rates could be determined for each de- M
sign. i

Each repairable failure was investigated by a maintainability
analysis, and times to repair, labor efforts required, and
equipment and material requirements were generated. These
times, labor requirements, and material and equipment identified 1
as repair kits were incorporated into the failure modes and 3
effects analysis so that a complete accumulation of these
elements could be made as an integral part of the failure
analysis. This computation could then be used to generate
the overall 95th percentile maximum repair times, so that the ]
failure and maintainability results could be checked against 3
the design specification. If the specified maximum was still
exceeded after all practical design changes improving repair i
characteristi~s had been incorporated, then those repairs con-
tributing the most time were eliminated and replaced by scrap
actions, reducing the overall repairability of the concept.
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The repair kit requirements and labor figures were also
accumulated and averaged, so that the cost elements for use

in the life-cycle cost analysis were generated.

LIFE-CYCLE COST ANALYSIS

For each of the candidate concepts selected for further
investigation, a manufacturing cost estimate was developed
based on a production run of 10,000 blades. This quantity
established the point on the learning curve for manufacturing
labor man-hours, and the nonrecurring costs associated with
tool planning, design, and fabrication were amortized over
this number of units. The prototype costs, i.e., research,
development, test, and engineering (RDTE), are not includeAd
in the nonrecurring costs for purposes of life-cycle cost
determination.

The initial cost was combined with the cousts of maintenance,
replacement, shipping, and attrition to give the total blade-
related costs for the helicopter life cycle. The cost model
and computer flow chart by which these diverse costs are
combined are shown in Ficure 1.

The cost model horizontal.y divides the cost elements into
those associated with the procurement of initial outfitting
and replacement blades, including new blade price, container
price, and shipping costs of blades and empty containers by
sea or air as appropriate; and into those chargeable to labor
and materials required to maintain the blades. The latter
costs include inspection, repair, removal, replacement,
alignment, and tracking, and form different combinations for
repairs performed on the aircraft, off the aircraft but in the
field, or at the depot. Because a major requirement of this
dz2velopment program is that depot repairs should be eliminated,
the cost eluments associated with depot repairs or depot scrap
are not shown on Figure 1, but thev were included in the com-
putation of the life-cycle cost of the standard UH-1H blade.
For the field-repairable/expendable concepts, all repair or
scrap actions take place in the field.

The cost model is vertically divided into the procurement cost
of initially outfitting the fleet, initial spares procurement
including containers, and the cost of blade repair support
equipment and materials; the cost of replacements for blades
scrapped, retired, or lost to attrition; and the cost of all
maintenance actions including labor and materials. The length
of the blade supply pipeline (the elapsed time between delivery
of a blade from the factory and its availability at the using
unit) is taken into account in the second division,where the
number of replacements is adjusted up or down according to the
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rate of renlacement and the length of the pipeline.

The basic ejguations used to generate the costs which make up
the overall life-cycle blade costs are presented on pages 7
through 12 of Reference 3. One change has heen made to allow
the rate of retirement to vary according to the rate of scrap.
This relationship is shown in Appendix II for the retirement
of undamaged blades, while damaged but repairable blades are
assumed to be retired when the cost of a repair exceeds the
value of the remaining service life. If the value of the life
remaining is assumed to be directly proportional to the initial
blade price and inversely to the allowable service life, and
damage events are assumed tc occur at a constant rate for

the operational life of the fleet, the fraction of damaged

but repairable blades retired is proportional to the average
cost of a repair and inversely porportional to the price of

a new blade.

COMPUTER -METI!ODS

The contractor has two machine computation systems, both of
which were used extensively during Phase I of this program.

The contractor's standard machine programs using the large-
capacity card-reading machine were used to generate section
properties, natural frequencies, and dynamic bending moments.
This system of hardware and software has been opera“ional for
several years and has been used successfully on many different
development programs.

To enable quick decisions to be made, of particular importance
for preliminary design activity, the contractor's keyboard-
input conversational time-sharing computer system was used.
Standard programs in this system were used to determine

weight and balance characteristics by integration of section
properties, and to determine stresses from the dynamic

bending moments. The first of these programs takes advantage
of the conversational feature of the system to make theoretical
adjustments to the blade balance until the specified balance
parameters are met. The system allows these changes to be
made immediately.

Two special programs were written for the conversational
computer system. The first of these covers the failure modes
and effects analysis, incorporating the results of the main-
tainability analysis so that repair times and kit use cap be
summed and averaged. This program also produces the 95
percentile maintenance times in its output. The conversational

10
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feature of the system here allows repair actions to be re-
placed by scrap actions until the specified maximum time is
reached or passcd below. The second special program generates
life-cycle costs, using the flow chart shown in Figure 1,

from the failure modes and effects computation and the
estimated manufactured price of a new blade. This program is
set up so that the sensitivity to significant parameters such
as procurement cost, field repairability, and failure rate,
can be rapidly obtained. Any of the input variables can be
manipulated as required, so that sensitivity to other parum-
eters, such as supply line elapsed time and allowable service
life, can also be obtained.

The conversational time-sharing computer proved to be a
valuable tool for preliminary design, because of its ability
to provide immediate processing of input variables. 1In
technical areas, it was possible to balance the blade concepts
by making rapid adjustments to theoretical representations of
blade tip weights, and to eliminate repetitive and tedious
hand calculations by writing simple programs, such as that to
obtain stresses at many points on many sections of each blade.
For operational analysis, the programs for failure modes and
effects and for life-cycle costs greatly reduced turnaround
time for determining trends and increased both the number of
parameters which could be varied and the range of those
variations.

13
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CANDIDATE DESIGN CONCEPTS

At the outset of the program, many diverse types of construc-
tion and combinations of materials were examined. The poten-
tial for achieving the reliability, maintainability, and cost
goals were evaluated for each of these concepts and those
specific design features exhibiting the greatest potential
vere selected and combined, as appropriate, into a reduced
number of concepts, which were then analyzed for technical and
operational characteristics by the methodology presented above.

Twenty-two separate and distinct concepts are presented in
References 2 through 6. Some design features are common to

b two or more of these concepts, and at least one combination of
' major features is repeated, but with significant differences
in detail.

The 22 concepts examined in the references have the following
basic blade sections:

a. One-piece extruded aluminum alloy spar, glass-fiber-
reinforced aft skins, aluminum honeycomb aft core, and
extruded aluminum alloy trailing-edge spline (Reference
2, Configuration V).

b. Glass fiber reinforced aft skins, but otherwise unchanged
from the current UH-1H blade (Reference 2, Configuration I).

c. Narrow chord titanium spar, glass-fiber-reinforced-plastic
aft skins, titanium spline (Reference 2, Configuration II).

d. One-piece extruded aluminum alloy spar with integral root
buildup, glass-fiber aft skins, aluminum alloy spline
(Reference 2, Configuration III).

e. Unidirectional glass-fiber-reinforced-plastic spar and
spline, glass-fiber aft skins (Reference 2, Configuration
v).

€. All-aluminum alloy blade with one-piece extruded spar
(Reference 3, Design 1).

g. Stretch-formed stainless-steel sheet three-piece spar,
drawn stainless-steel nose ballast, glass-fiber-reinforced
aft skins, polyamide paper honeycomb aft core, unidirec-
tional glass-fiber-reinforced-plastic spline (Reference 3,
Design 2).

14 i




One-piece extruded aluminum alloy spar, glass-fiber-rein-
forced-plastic aft skins, sheet aluminum shear web on
chord plane, polyamide paper aft cores, extruded aluminum
spline (Reference 3, Design 3).

Extruded aluminum alloy spar, extruded aluminum atloy aft
section (Reference 3, Design 4).

Aft fairing sectionalized into short, bolted-on boxes, but
otherwise changed only as necessary from the current UH-1H
blade (Reference 4, Figure 14).

Sectionalized glass-fiber-reinforced-plastic aft fairing,
glass-fiber-reinforced-plastic spar, bolted removable
leading-edge member (Reference 4, Figure 15).

Four-component bolted spar with sectionalized aft fairing
(Reference 4, Figure 16).

Wraparound steel tube spar with sectionalized aft fairing
(Reference 4, Figure 17).

Extruded aluminum spar, bolted removable leading edge
sections, sectionalized aft fairings bolted in place
(Reference 4, Figure 18).

As (n), but sectionalized aft fairings bonded in place
(Reference 4, Figure 19).

Two-piece extruded aluminum alloy spar, glass-fiber-rein-
forced-plastic aft skins, aluminum honeycomb core, glass-
fiber-reinforced-plastic trailing-edge spline (Reference
5, Configuration I).

Three-piece spar of stainless steel and aluminum sheet,
aft section and spline as (p) (Reference 5, Configuration
I1).

Glass-fiber- and carbon-fiber-reinforced-plastic spar, aft
section and spline as (p) (Reference 5, Configuration III).

Glass-fiber- and carbon-fiber-reinforced-plastic twin-
beam spar, aft section and spline as (p) (Reference 5,
Configuration 1IV).

Spar as (s), integrally supported carbon-fiber- and glass-
fiber-reinforced-plastic aft skin produced by pultrusion
process, carbon-fiber-reinforced-plastic spline (Refer-
ence 5, Configuration VI).

15



u. Spar as (p), pultruded integrally supported glass-f be:-
reinforced-plastic aft skins, glass-fiber-reinforced-
plastic spline (Reference 5, Configuration VI).

v. Multispar construction utilizing a series of filament-
wound glass-fiber-reinforced-plastic tubes enclosed in a
filament wound glass-fiber-reinforced-plastic skin, with
other structural and mass elements in the interstices
between tubes (Reference 6).

Other possibilities, including variations of the 22 concepts
above, include the following:

w. As (v), with high-modulus fiber filament-wound skins for
added torsional stiffness.

X. Multicell structure formed from glass fibers or advanced
fibers laid up on mandrels, loaded with resin, and cured
in a mold. This type of construction can have many
variations in materials used, fiber orientation, resin
impregnation processes, final contour mold, and the
proportion of automated procedures to manual labor.

y. Combinations of metal structural members (spar and,
possibly, spline) and molded reinforced-plastic contour.
This hybrid construction can have as many variations as
(x) above. (Reference 7 provides one example.)

z. Various types of wooden construction, which may or may
not incorporate metal or plastic.

FABRICATION CONCEPTS

The different methods of component fabrication used above can
be divided into eight general groups: extruded metal, formed
sheet metal, meclded resin-impregnated glass or high-modulus
fibers, molded wet laid-up fiber reinforced plastic, filament-
wound fiber-reinforced plastic, precured resin-impregnated
glass cloth, pultruded fiber-reinforced plastic, and carving
to shape. ©Other fabrication techniques are possible, of
course, and some of the component manufacturing methods
applied above do not fall readily into any of the eight cate-
gories. The carved honeycomb (either metallic or organic)
utilized by most of the above concepts, to support the aft
skins, uses a technique which is otherwise applicable only to
wood .

Of the methods of spar fabrication investigated, those pro-

duced by extrusion or pultrusion preclude variation of cross
section along the span of the blade. These techniques are

16



not applicable to advanced-geometry blades which have tapered
thicknesses, chord lengths, or otherwise changing contours,
except where the extrusion is buried within a contour formed
by other means. Sheet metal can be formed by stretching to
tapered shapes, but if rolling is used, the same restrictions
apply as to extrusion. All the molded concepts can have any
desired contour configuration, and these, together with stretch-
formed sheet metal, can be considered when advanced geometry
is desired. The specific application of this program does not
require variations in contour, but this limitation must be
considered when the study results are generalized to include
future Army helicopters of advanced aerodynamic performance.

Most of the concepts above have a basic blade section made up
of individual components, preformed, precut, or precured, and
bonded together in the final assembly operation. Concepts
(v), (w), (x), and (y) above propose that the plastic be
cured in the final mold, forming a one-piece structure. Some
prebonded subassemblies, particularly for (y) where metal
structural components are incorporated, may be used.

The sectionalized blades, (j) through (o) above, are assembled
with a combination of adhesive and mechanical joints. The
mechanical joints are designed for disassembly so that damaged
sections of the blade can be individually replaced.

The root reinforcement hardware required to carry the blade
retention loads into the hub is incorporated in several
different ways. Tihie most basic is that in which the
additional strength necessary at the root is provided
integrally with the spar as a local increase in the cross
section. The stepped extrusion described in (d) provides an
example, as does the spar shown in Reference 7. In the molded
plastic construction methods, a possible solution is to bury
sheet-metal laminae in the fiber and resin layup, providing
the bearing strength necessary for the load paths to the
retention pins. The most common solution, which adds manufac-
turing steps in itself but considerably simplifies fabrication
of the basic blade section, is the use of external reinforce-
ment consisting of upper and lower metal grip fittings, and
usually sheet-metal doublers, to collect and concentrate the
blade loads. This reinforcement may be installed by a bonding
operation subsequent to the assembly of the basic blade, or
at the same time in the so-called "one-shot! final bond.

Other root retention concepts involve wrapping the rein-
forcing fibers of plastic spars around a strong metal struc-
ture, proposed for (v) and (w) above, and of wrapping the
metal spar itself around a metal fitting, as in (m).
Compatibility with a practical root retention is an important
consideration in the choice of the basic tlade section concept.
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The attachment of the tip hardware is also a significant con-
sideration. A tip closure must be provided, and balance
adjustment provisions must be made, since the tip is the most
effective accessible area for such an adjustment. Consequently,
structural hard points must be available that are capable of
carrying several pounds of mass in the very high centrifugal
force field existing at the tip. This requirement does not
present a serious problem in blades constructed with thick
metal spars of relatively high bearing strengths, but the use
of composite materials necessitates special, and often expen-
sive, treatment of the tip configquration.

MATERIAL CHOICES

Material selections for concepts (a) through (z) above

range from steel and titanium to organic honeycomb, foam, and
wood. In structural applications, for spars and trailing-edge
splines, metals have greater bearing strengths and shear stiff-
nesses than most fiber-reinforced plastics. These give an
immediate advantage in the provision of root and tip attachment
hard points, and for those blades where the spar forms a large
torsion box, in torsional stiffness. However, reinforced
composites generally display greater damage tolerance and
therefore improved survivability, and may also provide better
repairability. Wood has been used in the past for major
structure because of its ease of shaping and its virtually
limitless fatigue life at modcrate stresses which results in
conditional repair or replacement. Man-made materials are now
preferred because woods vary considerably in density and
strength within any given species, because wood is hygroscopic
and absorbs and expels moisture depending on the ambient rela-
tive humidity if not well sealed, and because woodworking
involves much hand work not suitable for series production.
The availability of aircraft-grade lumber is limited and may
become costly.

For the spar, repairability is a less important consideration
than the technical requirements and the needs for damage
resistance and tolerance. As was discusred in the design
specification approach, the skill level and elapsed time
limitations render structural repairs by replacement of highly
stressed material undesirable, if not unsafe. With repairs
limited to blending of nicks and scratches, the choice between
metals and fibrous composites depends on other considerations,
such as damage resistance, damage tolerance, structural require-
ments, and material and fabrication costs. Metals, in the
thicknesses required for rotor blade spars, are generally more
damage resistant (i.e., a given incident produces less damage)
but less damage tolerant (i.e., a given amount of damage
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produces a failure more quickly) than composite materials.
Material costs generally favor metals, which range from
aluminum as least expensive, to titanium, while composites
range from E-glass-epoxy to boron, carbon, and high-modulus
organic fibers. These two ranges have a wide overlap, so that
E-glass-epoxy is considerably less expensive than titanium,
for example. Fabrication cost depends on the proportion of
automated processes to hand work, favoring extruded metal and
filament-wound or pultruded composite materials, The primary
technical consideration is that of torsional stiffness. High
torsional stiffness, equivalent to that of the current UH-1lH
blade, is easily provided by a metal spar, even without sig-
nificant contribution from the aft skins. The low shear
modulus of the plastic matrix prevents the attainment of ade-
quate shear stiffness with the fibers oriented parallel to

one another, so that a significant proportion of the reinforcing

fibers must be laid up at a large angle to the span axis.
These fibers then contribute much less effectively to the
bending stiffness and axial strength. Figure 2 shows the
effect of fiber orientation on axial and shear stiffness, and
shows that the latter can be achieved only at the expense of
the former. High-modulus fibers will allow high stiffnesses
in both senses, but at a considerable increase in cost.

Because of this torsional stiffness question, it appeared
desirable to use a metal spar, because the program goals

would not be directly affected by this material choice. 1If a
composite spar were used, the risk would be introduced of the
program's being diverted to technical development involving
extensive dynamic analysis and testing, rather than developing
the reliability and maintainability methodology. As techniques
and materials are improved and reduced in cost, a blade of all-
composite construction may become cost effective within the
program guidelines, but at this time, further development

is required. Although each of the candidates was examined

in detail, this general consideration eliminated composite
spars from further consideration.

Rotor blades manufactured entirely of nonmetallic materials

may have a decided advantage in combat situations where
detectability by enemy radar equipment presents a hazard.
Metals reflect much more of the radar energy than do nonmetals,
which are largely transparent to it. In any development pro-
gram intended to achieve minimum detectability for a helicopter,
the radar cross section of the blades must be considered, and
the most direct approach is to eliminate metal components from
the blade to the maximum extent possible. A more complex,

but less effective, method is to hide any metal members (the
spar, for example) behind radar-absorbing and attenuating
material. However, this program does not have reduction of
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detectability as a primary objective, the goal being the
levelopment of new techniques and methodology for improved
waintainability and reliability, and reduced life-cycle costs.
Requirements regarding both radar and acoustic detectability
are therefore not major. With respect to radar detectability,
the requirement is that the cross section be no greater than
that of the current UH-1H blade. A similar requirement applies
to acoustic detectability, so the ability to form exotic

tip shapes is not needed. Since an improvement in these
characteristics is not a program goal, the certainty that a
metal spar can meet the structural requirements of torsional
stiffness and root and tip attachments offers the minimum

risk program and becomes the overriding consideration.

Because of the expendability criterion, the more expensive
metals such as titanium were eliminated from consideration for
the spar. Expensive operations, such as those involving ex-
tensive material removal, were also eliminated. The choice of
spar material thus was narrowed down to extruded aluminum or
formed stainless-steel sheet. Extruded aluminum has a cost
advantage, while stainless steel is less susceptible to
corrosion and abrasion. For equivalent strength and stiffness,
the walls of the aluminum extrusion are about three times the
thickness of the stainless-steel sheet, so that impact resis-
tance favors aluminum.

With a metal spar whose outer surface forms the forward con-
tour of the airfoil section, leading-edge protection needs to
be provided only against sand and dust abrasion. Rain erosion
has no significant effect on metal leading edges. Stainless
steel itself is a satisfactory protective material, so that
the stainless-steel sheet spar needs no added protection. The
aluminum spar has thick walls which can withstand a large
amount of matevrial loss, particularly near the tip where most
abrasion occurs, before becoming structurally hazardous, while
the rate of weight loss is approximately equal to that of
stainless steel. The dimensional material loss is approximately
three times that of stainless steel, so that contour degrada-
tion may become a problem, causing a drop in aerodynamic
performance. An aluminum spar may need to be protected against
sand and dust abrasion for the last reason. Possible leading-
edge protection materials include stainless steel, cobalt
alloy, and polyurethane. The high-strength metal alloys have
thermal coefficients of expansion such that special treatment
must be used when bonding them to the blade so that built-in
stresses and distortion do not occur during cooling. The
thickness of the protective metal must be great enough that it
does not wear through to the adhesive layer. If this occurs,
the thin metal may peel back, with a result much worse than
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unprotected aluminum. Current investigations indicate the
possibility of replacing metal leading edges at the using

unit level, but this concept is not as yet proven feasible, so
the thickness must be sufficient to last for the full opera~
tional life of the blade. Polyurethane is impervious to sand
abrasion, but it expands laterally under raindrop impact, creating
shearing forces in the adhesive bond, which may fail. 1In-
creasing thickness of the polyurethane sheet reduces this
effect, but it increases the centrifugal load per unit area of
adhesive. These effects make it impossible to ensure survival
of a polyurethane abrasion sheath for the full operational
blade life, so the adhesive must be selected so that the
sheath can be stripped and replaced in the field before com=-
plete failure of the bond.

The aft skins and core are secondary structure and, because
they comprise more than half the planform area of the blade,
suffer the majority of the damage, particularly that defined
in the damage scenario. Consequently, the aft skins must be
designed to have maximum repairability. Thin metal skins
cannot be patched readily, without creating stress concentra-
tions both at the edges of the patch and the edges of the
hidden damage. The potential for further failure cannot be
avoided. On the other hand, experience with patches on fiber-
reinforced-plastic skins has been good, both because of the
relatively low modulus and therefore low stresses, and be-
cause of the slow crack growth rates. Weight for weight,
reinforced plastic is thicker than aluminum, so jts

impact resistance is enhanced. In all-composite blades, the
skin carnot be treated quite so simply, because the skins will
carry a greater proportion of the blade loads, particularly if
the aft section is required to contribute significantly to

the torsional stiffness. The total area which may be patched
before appreciable structural degradation occurs will be
reduced compared to designs using aluminum or steel primary
structure. Skins using high-modulus fibers have been proposed,
but experience to date indicates high cost and apparently low
impact resistance. A filament-wound composite skin using a
high-modulus organic fiber (PRD-49) is under development, and
shows promise of extremely high abrasion resistance and good
impact resistance, as well as contributing the torsional
stiffness lacking in all-composite primary structure. The
cost increase is moderate, at approximately $500 per skin set.

For the aft core, the plastic foams so far developed are
unsatisfactory in the densities acceptable for use in the aft
section. Under the continual periodic flexing of the blade,
these materials tend to break up. Balsa wood can be used, but
it suffers from the deficiencies outlined above for woods in
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general. The remaining choices are various forms of bonded
honeycomb made from either thin aluminum alloy sheet or poly-
amide paper. The latter is slightly more expensive, but it is
easier to work, reducing scrap and fabrication costs, and is
more resilient, so equal damage to the skin results in

less damage to the polyamide core than to the aluminum core.
Because of its resilience and ease of handling, polyamide
paper can be used in densities lighter than aluminum foil,
easing the design constraints from balance requirements on

the blade as a whole. Unless impermeably sealed, aluminum
foil is subject to corrosion, which does not affect the non-
metallic paper. Metal foil inside nonmetal skins is an
unfavorable combination in the event of a lightning strike,
since the foil may explode, causing severe damage. The poly-
amide paper, being a nonconductor as well as the skins,

merely melts. For all these considerations, the choice of an
aft section core material is limited to polyamide paper honey-
comb at its lowest available density.

Since these blades must fly on a two-bladed teetering rigid-
in-plane rotor, the in-plane natural frequencies and therefcre
stiffness are of prime importance. The trailing-edge spline

is a primary structural member, subject to the same repcir
limitations as the spar. The choice of spline material is
dictated by technical and manufacturing considerations.
Ideally, for compatibility of thermal contraction after bonding,
the spline should be of the same material as the spar. This is
satisfactory with aluminum, but a steel spline would be too
small outboard to provide adequate surface area for bonding

to the skin. Hence with a stainless-steel gpar the spline

will be of unidirectional glass-fiber-reinforced plastic,

whose thermal coefficient of expansion is close to that of
stainless steel. These combinations, aluminum with aluminum
and stainless steel with unidirectional glass-epoxy, will

avoid the necessity for s*raining components during final
assembly to avoid locking stresses in during cooling.

PRELIMINARY EVALUATION AND FURTHER SELECTION

Concepts (a) through (z) above have been examined with respect
to the reliability, maintainability, cost, and technical
characteristics of fabrication techniques and materials.
Individually, these preliminary evaluations are listed below.

a. This concept is a compromise arrived at in the design study
of Reference 2, and it represents the most cost-effective
approach to a repairable blade.
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The best feature of this concept, the reinforced plastic
af+ skins, was incorporated in (a).

Tiwe titanium spar increases the repairable area, but it
adds unacceptably to the cost.

This concept has characteristics similar to those of (a),
but the stepped extrusion providing the root end integral
with the spar is more expensive than the laminated buildup.

The composite material makes the spar unacceptably costly,
accordaing to the analysis of Reference 2, and the torsional
stiffness is questionable.

This concept is the least expensive of the expendable
blades, but the aft section 1s neither damage resistant
nor very repairable.

This blade concept gave the lowest life-cycle costs of the
four studied in Reference 3, but subsequent study showed
that the stainless-steel spar was priced unrealistically
low, and that the basic advantages lie with the repair-
ability of the aft section, although the rugged spar is

a contributor.

The chord-plane shear web is attractive because of its
anticipated reduced vulnerability. However, the extra
pair of glue lines and the third sheet of material mean
that the external skins have to be very light to maintain
section balance. Through damage is unrepairable.

The thin-walled extruded aft section is extremely expen-
sive, if not impossible to obtain.

In common with the other sectionalized blades, the
necessity for providing a solid trailing-edge spline, for
in-plane stiffness, forces the cost of the removable aft
section pockets and the accompanying fastener provisions
to go so high that tle concept is not cost-effective.

Again, the sectionalized approach is not cost-effective,
and the all-glass-fiber-reinforced-plastic construction
may give difficulty in meeting dynamic requirements.

This concept was abandoned from the study in Reference 4
because of its complexity.

In addition to the inherent disadvantage of the sectional-
ized approach, a seamless tube more than twice the length
of the blade is currently impractical.
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Although simplified from (j), this version of the section-
alized blade ijs not cost-effective.

Using bonded attachments, the cost and comnlexity of the
blade are reduced, but the replaceability of the aft boxes
suffers to the extent that (n) is preferred.

This concept is similar to (a), but the spar can be a one-
piece extrusion to reduce cost, while the degree of re-
pairability available at the spline does not justify the
use of fiber-reinforced plastic.

The acquisition cost of the three-piece sheet-metal spar
is slightly higher than that of (p), while the vulner-
ability and repairability remain approximately the same.

The cost and torsional stiffness objections to a composite
spar apply to this blade, although Reference 5 suggasts
that costs will become competitive by 1980.

Again, the cost and stiffness questions do not appear to
be adequately answered.

The pultrusion process, when fully developed, ray reduce
costs, while the use of high-modulus carbon fibers in *he
skin may provide adequate stiffness. These developments
are not expected during the time frame of this program.

This is similar to (p) in characteristics, and the pul-
truded skins may reduce costs sufficiently to offset the
anticipated increase in spar extrusion costs. Again,

this is a future development not ready for this program,

This is a very interesting concept because of its evident
survivability after ballistic damage. However, the
torsional stiffness is inadequate, and the design of the
root retention must be ~omplex and expensive because of
the necessity for attaching a multitude of basic struc-
tural members. Through damage is probably unrepairable
because almost all of the planform encloses primary
structure. The unusual internal configuration would
require special tools for patch procedures. The filament
winding process is highly automated and inexpensive,

so the basic bhlade section is relatively inexpensive,
but the costs of the root and tip must vet be defined.
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w. The use of high-modulus organic fiber in the skins re-
stores adequate torsional stiffness, as well as increases
damage resistance. However, development of this concept
has notfyet progressed to a point where the basic goal of
the program, that of determining reliability and main-
tainability design methodology, can be met with the cer-
tainty that an extensive technology development diversion
can be avoided.

x. The varieties of this concept all leave the basic torsional
stiffness concern unanswered. Material costs are higher ;
than those of aluminum, although it is possible that auto- 4
matic processing can reduce fabrication costs. y

y. The metal structural members provide hard points at root i
and tip, and add torsional stiffness, but the production
cost adds that of the metal-forming technique to that of
the fiber impregnation, layup, and cure. This may be a
relatively inexpensive and reliable way to achieve ad-
vanced geometry in the near future.

z. The objections to wood in series production have been out-
lined above.

e 5 S B il i e e s

In the light of the foregoing evaluation of possibilities, the
selections of materials and fabrication techniques became as
follows:

g v

Spar: Extruded aluminum, or stretch-formed stainless-steel
sheet to provide the possibility of advanced geometry.

Leading-Edge Abrasion Protection: Bare metal, or removable/
replaceable polyurethane.

Leading-Edge Ballast: Integral with the spar.

Aft Skins: Glass-fiber-reinforced plastic, or high-modulus
organic-fiber-reinforced plastic, with fibers oriented for
shear, rather than axial, stiffness.

Aft Core: Polyamide paper honeycomb.

Trailing-BEdge Spline: Extruded aluminum with the aluminum
spar, or unidirectional glass-fiber-reinforced plastic with ]
the stainless-steel spar. i

Root Reinforcement: Built-up laminations, with materials
sc!2cted for compatibility with the basic blade.

26




(i b i i U B L

SELECTED DESIGN APPROACHES

From the foregoing discussion and evaluation, twelve different
design variations were selected for further investigation.
Detail drawings, manufacturing cost estimates, technical
analyses, operational analyses covering failure predictions
and maintainability estimates, repair schemes, and life-cycle
costs were developed for these concepts. For some of these
analyses, the twelve concepts could be divided into fewer
subgroups in which all the design features relevant to a
particular analysis were alike. However, each of the twelve
concepts represents a different combination of‘'manufacturing
cost, reliability, repairability, and technical characteristics.

The significant design features of the twelve concepts, to-
gether with their unit prices estimated both for mid-1971 and
mid-1976, are presented in Table I. Figures 3 through 9
present the general arrangements of the basic families of
these concepts, and typical sections through their respective
structures.

CHOICE OF FABRICATION TECHNIQUES

Standard industry practice uses adhesive bonding to assemble
the blade. As developed over the years, this has become by far
the most w.dely used method of obtaining a reliable rotor
blade. Stress raisers, such as are created by mechanical
fasteners, are avoided, an assential feature of any structure
intended to operate in a high-fatigue-loading environment.
Other methods of joining, such as brazing, soldering, and
welding, have been used, but structural adhesives have now
been developed to a point where the other methods show no ad-
vantage. Utilizing contractor and general industry experience,
adhesive .bonding will be used throughout the blade.

Methods of fabrication of major structural details are crucial
in determining the blade price. For the main spar, which the
previous section shows should be metal, the choices of forming
methods are extrusion, rolling, or stretch-pressing. Of the
three, the first is the least expensive, while the third pro-
vides the only opportunity to vary the section shape along

the span. Because of the tolerance on blade twist, the full
cost advantage of extrusion is not realized, because the

solid spar must be twisted, in a stretch press, before bonding.
Sheet-metal spar components, and all the other spanwise blade
components, have little torsional stiffness, so the final
bonding fixture will set the twist, which becomes locked in
when the torsion cells are closed. However, an extruded
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aluminum spar retains a cost advantage over stainless-steel
sheet.

For the remaining blade components, the discussion in the
previous section has eliminated most options. The skins will
be precured, the core will be carved to contour (one or both
sides) by standard techniques, and the trailing-edge spline
will be either extruded and machined, or molded to shape.

A choice of fiber layup methods for the skin is available,
using either preimpregnated cloth or filament winding. The
latter is suggested for use with advanced fibers, where the
availability of preimpregnated fabrics is limited. Filament
winding is a highly automated procedure which shows promise
of reducing the cost of skins using any fiber, including
ylass, in future applications.

The root reinforcing doublers should be designed so that they
all have the same outboard planform so that costs can be
saved by routing them as a stack, or stamping them out with a
single blanking die. 1In large quantity production this ad-
vantage is small, affecting primarily the nonrecurring costs,
but the technical advantage of using dissimilar planfcrms is
negligible. Thick aluminum doublers will have to be formed
to contour before bonding, because the bonding pressure will
not be enough to bring them down and the locked-in stresses
in the adhesive layers would be undesirable, but the relatively
thin stainless-steel doublers will drape to the contour under
light pressure.

CHOICE OF MATERIALS

The choices of fabrication processes and of materials cannot

be made independently of one another, and the general selections
of both were made in the discussion above. However, the choices
of specific alloys, adhesive formulations, glass fabrics, and
other details must be made to conform as closely as possible
with the requirements of the desicn specification and fabri-
cation techniques.

For the extruded spar, 6061 alloy in the T651 condition
(solution heat-treated and artificially aged, stress-relieved
by stretching) is selected. This alloy has relatively low
yield and ultimate strength, but it is one of the most easily
extruded alloys, has good fracture toughness, and has a fatigue
endurance limit comparable with that of the harder alloys. Its
resistance to environmental and stress corrosion compares
favorably with that of other commonly used aluminum alloys.
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For the sheet metal spar, AISI 301 stainless steel was chosen,
primarily because of the considerable backlog of industry
experience in the use of this alloy for helicopter rotor blades.
The sheet would be procured in the %-hard to %-hard condition,
the hardness being determined by the necessity to form the
minimum bend radii. The strength will increase locally due

i to work-hardening during forming, but the yield and ultimate

? strengths remain low in comparison with other steels. 301

r alloy is one of the most successful materials used for corro-

' sion and abrasion protection of rotor blades, exhibits good

fracture toughness, and has good fatique strength provided

the sheet edges are carefully treated to eliminate microscopic
} machining cracks.

Both of these choices of spar material exhibit low yield and 4
ultimate strengths in comparison with other alloys of the i
same base metals, but because the design concepts use a ;
relatively heavy spar to provide chordwise section balance,

static stresses are low. Other design criteria become
dominant.
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For the aft skins, the primary choice is preimpregnated glass
fabric. For shear stiffness, a major proportion of the glass
fibers have to be laid up at 45° to the blade axes. Glass ‘
fibers are available in two grades, E and S, the latter having i
higher modulus and strength but considerably higher cost than -
the former. The cost difference was much more significant than
the structural advantages, in the context of this program, so

E-glass was chosen. The basic structure of the skin consists ;
of two layers of unidirectional glass fabric laid up perpendi- 3
cular to each other and at + 45° to the blade span axis. These

e

layers are each .0075 inch thick for a combined thickness of 1
.015 inch. The two unidirectional layers are sandwiched be-

1 tween two layers of square-woven glass cloth, which serve to

] hold the skin assembly together, easing handling problems in the 3
cured sheet form and providing a slightly more rugged surface 3

in operation. Each of these surface layers is .004 inch thick,
giving the skin a nominal total thickness of .023 inch. Weight

for weight, this is approximately equal to .0l6-inch-thick alum- i
inum alloy.

The secordary choice of skin material is a filament-wound wet i
layup using a recently developed advanced organic fiber with

the trade name PRD-49. This fiber has excellent tensile
characteristics, both modulus and strength, and demonstrates 1
excellent abrasion resistance. A serious drawback, which
originally prevented widespread acceptance of this fiber, is

a negative coefficient of expansion. When the fibers are used
as one element of a composite material using a heat-curing resin
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system, this characteristic results in locked-in internal
stresses (compression in the fibers, tension in the resin)
after cooling. This problem is compounded by the poor
compressive strength of PRD-49. The locked-in stresses and
associated strain energy mean very poor impact resistance
although the fibers themselves are extremely resilient and
tough. Recently-developed resin systems combined with filament
winding which pre-tensions the fibers have largely eliminated
the problem of locked-in stresses. The cost of these new
processes and materials is not well defined, but it is expected
to approximate an increase of $500 in price per skin set

in quantity production.

For the aft core, a honeycomb formed of polyamide paper sheet
("Nomex" is a trade name for the material) was chosen rather
than the next most practical alternate, aluminum honeycomb.
Although slightly higher in price, the polyamide honeycomb
has a number of advantages. Technically, because it is less
flimsy, it can be handled at lower densities than aluminum,
facilitating blade balance; in manufacture, it conforms to
contour more readily without cell walls buckling, and it has a
lower scrap rate because of its ease of handling; and in
operation, it will <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>