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DEPARTMENT OF THE ARMV 

U. 8. ARMV AIR  MOBILITY RESEARCH  «  DEVELOPMENT LABORATORY 
EUSTIS DIRECTORATE 

PORT EUSTIS, VIRGINIA  23804 

This is one of a number of parallel studies examining various rotor 
blade design concepts emphasizing reliability and maintainability. 
Other concepts under study are sectionalized and expendable rotor blade 
designs.  These design studies are aimed at achieving considerable 
improvement in rotor blade R&M characteristics, thereby reducing life 
cycle cost.  To achieve comparability, all blade designs are required to 
match UH-1D/H characteristics, and life cycle cost is compared to that 
for the UH-1D/H. 

This study concentrated on designing a main rotor blade that could 
receive the bulk of its repair at DS/GS level rather than requiring 
depot repair.  Five design concepts were considered and subjected to a 
detailed R&M analysis, which included consideration of external damage 
rates experienced by the UH-1D/H fleet. 

The best design featured a damage-resistant aluminum spar with an aluminum- 
honeycomb- filled trailing section with fiberglass skins.  Repair kits 
were designed, including one to handle large damaged areas in the honeycomb- 
filled area. Tiie organizational repalrability was about 65%, the depot 
repairability was 17%, and the resulting life cycle cost was calculated to 
be about one-half that of the current UH-1D/H. 

Due to limitations placed on the study, the analyses performed included 
only external damage. The cost results, although valid for comparative 
purposes, cannot be considered on an absolute scale. 

The repair kits and procedures designed in this study must also be 
tested under operational conditions, as well as the structural integrity 
of the repaired blade.  A further study to establish these points is 
currently being planned. 

The program was conducted under the technical management of Philip J. 
Haselbauer, Structures Division, with engineering support from 
Joseph H. McGarvey, Reliability and Maintainability Division. 
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SUMMARY 

This report presents the results of a design study of repair- 
able main rotor blades.  The designs studied are applicable 
to the Army's UH-1H helicopter with semirigid teetering rotor 
system.  The program included development of analysis method- 
ology, including a model for rotor blade life cycle costs, 
establishment of design concepts, analysis of these concepts 
from both a technical and cost viewpoint, and selection of a 
final recommended configuration for future development. As 
partial support for the concept of field repairability of 
rotor blades, an experimental evaluation of a major repair 
was conducted under simulated field conditions.  The pro- 
cedure used and the results of this evaluation are included 
as an appendix to this report. 

The final selected design is shown in this report as 
Configuration V. 
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FOREWORD 

This design study of repairable main rotor blades was per- 
formed under Contract DAAJ02-70-C-0070 with the Eustis 
Directorate, U.S. Army Air Mobility Research and Development 
Laboratory, Fort Eustis, Virginia, Project IF162203A119, and 
was under the general technical cognizance of Mr. Philip 
Haselbauer of the structures division.  The study of repair- 
able rotor blades represents one means that is being investi- 
gated for the purpose of achieving lower overall rotor blade 
costs for the Army.  Sectionalized and expendable blade 
concepts are being studied in separate efforts. 

The authors acknowledge the contributions made to this 
program by Messrs. George Halversen, John Carroll, James 
Fitzpatrick, Frank Starses, Anthony Belbruno, and John 
Porterfield of the Kaman Aerospace technical staff. 
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INTRODUCTION 

A significant portion of the costs incurred in acquiring and 
maintaining a fleet of helicopters is associated with the 
main rotor blades.  To keep the fleet supplied with service- 
able blades may involve a substantial investment in spares 
and in facilities to overhaul and repair damaged blades. 
This study program investigated one means of achieving lower 
overall costs of rotor blsdes:  devising new blade configura- 
tions which are designed to be more readily repairable.  To 
be most cost effective, such repair should be accomplished in 
the field where the helicopters are used a: d preferably with- 
out removal of the blade from the helicopter.  Several blade 
designs which showed promise of meeting these goals were 
studied from both the technical and cost points of view, and 
recommendations for the further development of the most 
promising configuration are presented. 

To aid in the study of competitive blade designs, a cost 
model was established.  This model included all the signi- 
ficant rotor blade costs that are incurred in support of a 
fleet of helicopters over a 10-year life cycle.  Relative 
costs for all candidate blade designs were evaluated using 
this model, and selection of the most promising configuration 
was based primarily on the results of this analysis. The 
ability of each design to meet the technical requirements of 
the program was evaluated using standard techniques and 
existing computer programs. The significant results of all 
these studies are contained in this report. 



DISCUSSION 

All rotor blades currently in service have some level of 
repairability.  The type, size and number of repairs that can 
be permitted are influenced by the type of rotor system, the 
loads or stress levels that must be endured, the basic 
materials to be repaired, the facilities and personnel skill 
levels necessary to successfully accomplish repair, and the 
overall cost of repairs.  For the purposes of the present 
program, it was decided that the repairable blade configura- 
tions studied should be capable of flight evaluation on the 
Army's UH-1H helicopter with its teetering semirigid rotor 
system. Since this system experiences high loadings and 
requires relatively high stiffness, it was considered that a 
blade concept that was acceptable for this aircraft could be 
applied to most other present-day rotor systems. 

Any new rotor blade concept must first meet all the basic 
technical requirements to be considered a candidate worthy of 
evaluation.  These would include b'ade weight, strength, 
stiffness both in and out of plane, natural frequencies, mass 
balance, and aerodynamic characteristics.  In this study pro- 
gram, the current UH-1H blade was used as a basis for compar- 
ison for most of the above parameters.  The airfoil contour 
was not varied and, therefore, aerodynamic characteristics 
were not changed.  In devising new rotor blade concepts, the 
minimum deviation from the present rotor blade properties was 
sought. 

Service experience with fiberglass skins for helicopter main 
rotor blades has demonstrated that the general level of 
repairability that can be achieved with this material is 
significantly greater than that attainable with any metal 
skin. This experience specifically relates to a unitized 
blade structure with integral trailing edge.  Therefore, the 
use of fiberglass skins is a basic part of each of the con- 
cepts that have been considered. Composite materials, using 
primarily glass filaments, have also been considered for most 
of the other elements of the blade.  Other materials and 
processes have been considered for applications that showed 
promise. 

Among the other considerations that have influenced the 
selection of blade configurations for study are the desire to 
standardize repair procedures, to minimize the number of 
repair kits required, and to simplify logistics and training 
by eliminating special tools and intricate operations. One 
approach that showed promise in this direction was the con- 
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cept of a large insert repair for the aft structure which 
could be used for virtually any battle damage to this area. 
The insert would be coordinated with the airfoil contours and 
would contain provisions for making permanent structural 
repairs to skins and core material. With the availability 
of this repair, a bullet hole or other damage anywhere 
between spar and trailing edge spline could be removed and 
the local structure replaced in the field with one type of 
operation that support personnel would become accustomed to. 
The details of a preliminary trial of this operation are 
presented in Appendix V.  Othei simpler repair procedures 
could, of course, be accomplished for damage of a minor 
nature to a single skin; however, even these operations 
should be simplified and standardized to the maximum degree 
possible. 

To accomplish any repairs in the field will mean the addition 
of at least a small amount of weight to the blade at the 
repair location.  In order that the repaired blade will sub- 
sequently be acceptable for flight, it will be necessary to 
reestablish the blade span moment. This may be readily 
accomplished if the blade is provided with variable weights 
at the blade tip in positions forward and aft of the quarter 
chord. The standard repair kits provided to the field, 
which will introduce known weight increments, will also con- 
tain instructions as to how much tip weight of each type to 
remove depending upon size and location of the repair.  If 
the removable weights are color-coded washers, a very simple 
procedure is envisioned.  This process should restore first 
spanwise and chordwise moment and provide a repaired blade 
that is within the acceptable limits for balance.  Second 
moment will deviate from that of a new blade? however, the 
degree of this deviation will be quite small and its effects 
imperceptible in the tlying qualities of any present-day 
helicopter. 

Based on actual combat experience with helicopters in 
Southeast Asia, four types of damage are of particular 
interest.  These are battle damage, dent, puncture and tear, 
'"ypicol examples of these different types of damage are 
shown in Figures 1 through 4. 

Leading-edge damage can be repaired in the field if the blade 
is provided with a segmented replaceable leading-edge sheath. 
Damage to the leading edge from such incidents as tree strikes 
or contact with other solid objects will usually deform 
material backing the sheath ap well as the sheath itself. In 
this case it would be essential to be able to repair the 
substrate material before replacing the sheath segment, and 
such repairs have been devised. 

MBB 
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(a)  Entry Hole. 

(b)  Exit Hole. 

Figure 1.  Battle Damage (Ballistic) 
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Figure 2.     Dent Damage   (Leading-Edge  Impact). 
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Figure 3.  Puncture Damage. 
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Battle damage to the main structural members, the spar, and 
the trailing-edge spline will generally not be repairable; 
however, it is important that these items provide a high 
level of damage tolerance so that the survival probability 
in any such incident will b^ as high as possible.  Bullet 
holes through any spar coula be blended and then buried under 
a substantial buildup of material; however, considerable 
structural development would be required to assure that no 
hidden crack propagation would occur, and it is also probable 
that objectionable flying qualities would result from so 
large a buildup.  No repairs of this extent were assumed or 
undertaken in the present program.  A severed trailing-edge 
spline in the outboard portion of the rotor, however, was 
considered to be repairable with a well developed external 
doubler system.  Repairs of this nature have been success- 
fully accomplished at overhaul facilities in the past. 

With these general considerations in mind, a number of rotor 
blade design concepts were devised which were intended to be 
readily repairable in the field or at a depot facility. 
These concepts were subjected to technical and cost analyses 
before final selection of a preferred design concept was made. 

ANALYSIS METHODOLOGY 

Candidate design concepts were evaluated analytically with 
the aid of existing contractor computer programs and with 
a cost model that was specifically devised for this purpose. 
The computer programs were used to determine mass and stiff- 
ness properties, natural frequencies, airloads, bending 
moment distributions, and stresses.  These programs are 
briefly described in the applicable sections of this report. 
The cost model was an important tool in the evaluation of 
competitive desigr- and provided the basis for selection of 
the preferred configuration.  Details of this model are 
preferted in this section of the report. 

In addition to the cost analysis, the reliability and main- 
tainability of each configuration were also studied.  These 
analyses took the form of an objective review of each blade 
configuration and the current UH-1 blade so that direct com- 
parisons, could be drawn.  The methodology employed in each of 
these studies is best described in conjunction with the 
analysis and, therefore, appears in a later section of the 
report. 

Cost Model 

The cost model used to develop repairable blade program costs 
is shown schematically in Figure 5.  The model is arranged to 
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BASIC  REPAIRABLE  BLADE  COST  MODEL 

Blade Design Concept Blade Damage Scenario 

Reliability and 
Maintainability Analysis 

A/C Life Cycle Hrs 

Blade Damage  Rate 

Repair Kits,  Parts 
& Other GSE 

Initial Costs 
Blades 

Containers 
Spares,  Etc. 

I 

New Blade  Costs 

Shipping Costs 

Attrition Loss  Rate 

Maintenance 
Costs 

Operating Costs 
Org/Int Repair/Scrap 

Depot        Repair Scrap 
Allowable Operating Time 

I 
A/C Fleet Size 

Attrition 
Costs 

lO-Yr  Life Cycle 
Program Costs 

Figure 5,  Cost Model, Rotor Blade Life-Cycle Costs, 
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generate costs per aircraft life cycle in the following three 
categories: 

1. Initial Costs 
2. Operating Costs 
3. Attrition Costs 

It should be noted here that attrition in this program is 
used to denote blades lost to other than blade damage events, 
and is Included to provide a realistic appraisal of the total 
blade requirement during the program life cycle. 

Input data for the cost model consists of a given repairable 
blade design concept and the scenario of blade damage events 
supplied by the Army (Appendix III).  A reliability and 
maintainability analysis determines the fraction of blades 
that are either repaired or scrapped and at what maintenance 
level.  In addition, the mean time to repair and repair kit 
contents are established and priced.  Standardized blade cost 
model input values supplitd by the Army (Appendix VI) , 
including aircraft life. Made damage rate, shipping costs, 
maintenance, etc., are applied along with contractor-generated 
inputs such as new blade costs, repair criteria, kit costs, 
and repair man-hours. 

Model Input Data 

Cost factors that vary with repairable blade design concepts 
are defined as follows: 

cnb = Cost of a new blade FOB. 

Crd = Average cost of blade repair at depot level. 

Cp = Cost of repair kit FOB. 

CE = Cost of any GSE required per repair. 

TR = Mean field repair time, MMH. 

AOT   = Allowable blade operating time due to fatigue- 
criteria, blade hours. 

KBRO  = Fraction of damaged blades repaired at 
organizational level. 

KBRF  ~ Fraction of damaged blades repaired at 
intermediate level. 



Kncr>     =    Fraction of  blades  scrapped at  user   level. BSO 
KBRD  = Fraction of blades repaired at depot level. 

KBSD  = Fraction of blades scrapped at depot level. 

Additional life-cycle cost elements common to all blade 
designs are incorporated into the following cost equations. 

Aircraft Life-Cycle Blade Damage 

Nhf = ^J}^-  -"> Dr    BTBD 

N^f       =    Number  of blades damaged per aircraft  life 
cycle. 

n =    Number of blades  per   aircraft. 

L =    Aircraft  life  cycle,   flight hours. 

BTBD     =    Blade  time  between damage,  blad^  hours. 

I.     Initial Costs 

These consist of  blade costs to equip production 
aircraft and provide   spares. 

a. Aircraft  Outfitting 

Only the FOB price of the new blades is con- 
sidered here.  Other costs such as preparation 
and installation are small compared to the new 
blade costs and are neglected since they occur 
only once in the aircraft life cycle. 

co = n cnb 

where  C0 = blade cost to outfit one 
aircraft. 

b. Spares 

Since  the cost model   is  not time  phased  but 
considered as  a  single   10-year  life-cycle 
analysis,   initial  spares costs are developed 
to reflect blade  repairability during  the 
aircraft   life  cycle as  opposed  to using  a 
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given percentage of installed blades.  For this 
analysis, operating spares are accounted for by 
operating cost elements described later.  The 
initial requirement for spares to fill the 
pipeline assumes that all blades scrapped and 
blades repaired at the depot level over a 6- 
month period must be procured to maintain the 
system.  Since the aircraft life cycle is 120 
months, a 6-month requirement is 1/20 of that 
for the aircraft life cycle and the initial 
spares cost is 

Cs  = Nbf/20 [n<BS+KBRD+KBF) ^nb^c"^^ 
+ (

K
BRO

+K
BRF) (CpCSp)] + CE/20 

where Cs =  Initial spares cost per aircraft 
life cycle. 

KBS := Fract/on of damaged blades scrapped. 

KBp = Fraction of damaged blades fatigue 
retired. 

C  = Container cost. 

'sa = Blade air shipping cost, 

CSp = Shipping cost of repair parts as a 
fraction of cost. 

Combining the cost to outfit production aircraft 
with the initial spares cost yields 

Initial Cost  = 

Operating Costs 

CQ 
+ cs 

As shown in the cost model schematic, operating costs 
consist of: 

Organizational/intermediate level cost of blade 
damage repair. 

Organizational/intermediate level cost of blade 
damage scrap. 

Depot level blade damage repair. 

Depot level blade damage scrap. 

11 



When the 100 random blade damage criteria are 
applied to the repairable blade candidates, the 
fraction of blades damaged for each of the above 
categories is determined.  Operating costs are 
then developed based on replacement parts cost, 
labor costs and shipping associated with each 
category as follows: 

a. Organizational/Intermediate Repair Cost 

CRO =  Nbf [fm(Mi+TR)KBRF+Cm(Mz+TR)KBRO 

+ (Cp+Csp^ ^KBRF+KBROM + CE 

where CRQ = Organizational/Intermediate level 
repair cost per aircraft life 
cycle. 

C   =  Organizational level labor rate. 

M^  -  MMH to inspect, disposition, 
remove and replace a blade. 

Mz  =  MMH to inspect and disposition 
damage. 

The above expression allows costs to be deter- 
mined for damage repair on the aircrait (KBRo) 
and with blades removed (KpRp). 

b. Organizational/Intermediate Level Cost of Blade 
Scrap 

The analysis assumes that every effort v/ill be 
made to scrap at the user level both excessively 
damaged blades and those that have reached their 
fatigue life limit. 

Cso = N
bf (KBSO+KBF) [fnb+Csa+csc+cm(M3]] 

where C   = Organizational field level scrap 
costs per aircraft life cycle. 

12 
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*KBp = Fraction of blade damage fatigue 
retired. 

Csc = Container shipping cost. 

M3  = MMH required to:  Inspect rind 
disposition 
damage. 

Remove and 
replace blade. 

Requisition and 
obtain 
replacement. 

Assuming KBF = f {^)   = c(KBR)
Ml/(AOT)M2 and 

utilizing the data from above to resolve the 
constants, 

KBF « 27 (KBR)
1
'
395

 / (AOTxlO"2)1'835 

where  KBR = Overall fraction of blade damage 
repaired. 

c.  Depot Level Cost of Blade Repair 

These costs consist of shipping the blade back 
to CONUS for repair.  In addition, labor costs 
at the organizational and depot levels are 
included for items such as preparation, inspec- 
tion, etc. 

♦Estimate of fraction of blades fatigue retired - Data from 
Reference 1 shows that for the UH-1D/H, 1.06% of the damaged 
blade removals were due to reaching an allowable operating 
time of 2500 hours.  For the AH-1G/UH-1C aircraft, 4.76% of 
the removals were due to reaching an AOT of 1100 hours.  In 
addition, assume that when the avcraqe blade operating time 
per aircraft life cycle reaches the allowable operating time, 
scrap damage must be zero or, conversely, the blade is fully 
repairable.  This provides a set of data with variations in 
both repairability and AOT. 

13 

•M-MMaMMMMMMMMMMMMMMMMnaMMMMaMaMMMMM^^^^MMMMIMMMIIMI 



CDR  "  Nbf KBRD |frd+Cm(M3)+C8a+Csa+2Cpc+Cinc(M4T] 

where CDR = Depot levol repair per aircraft 
life cycle. 

Cs8 = Blade surfc\ce shipping cost to 
CONUS. 

C_c = Shipping preparation charges, 
one way. 

Cinc = Depot civil labor rate. 

M4  - MMH at depot for receiving and 
inspection, 

d.  Depot Level Cost of Blade Scrap 

As with depot level repair, depot scrap costs 
involve shipping and maintenance charges in 
addition to the replacement cost of a now blade. 

CDS  = Nbf KBSD [fnb+Cm(M3)+csa+csc+Cpc+Cmc(M5J] 

whtjre CDs = Depot level scrap costs per 
aircraft life cycle. 

M5  = MMH at depot to:  Receive and 
inspect. 

Scrap disposal. 

Attrition Costs 

These costs are considered in addition to program 
costs resulting from blade damage events as noted 
earlier.  Since the blade may be used at the air- 
frame origin, at the depot level, or in the field, 
the only attrition costs used here are for the new 
blade and assumed transportation. 

CA =  KA (Cnb + Csa) 

where CA = Attrition cost per aircraft life cycle. 

KA =  Number of blades lost to attrition. 

14 
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Summation of initial, operating and attrition costs provides a 
reasonable measure of blade program costs during the life 
cycle of the aircraft.  There are other cost elements involved 
in the total program that are not included in this model be- 
cause they are not readily available and because their effect 
is relatively minor.  Some of these are: 

Performance degradation due to repair. 

Facilities and equipment not presently envisioned. 

Shipping costs from one user location to another and 
depot to manufacturer and return. 

Total program costs are readily generated knowing life-cycle 
cost per aircraft and applying it to the desired fleet size. 

DESIGN CONCEPTS 

Four basic design concepts were subjected to analysis and 
evaluation in the course of this program, and a fifth concept 
was formulated as the final recommended design.  These five 
rotor blade designs are summarized in Table I. 

TABLE I.  MAIN ROTOR BLADE CONFIGURATIONS STUDIED 

Configuration Description 

II 

III 

IV 

V 

The basic structural components of the 
present UH-1H main rotor blade with fiber- 
glass skins and spar doubler and segmented 
leading edge. 

Minimum planform titanium spar and trailing- 
edge spline with modified root retention. 

Heavy-wall aluminum spar with integral root 
retention machined from stepped extrusion. 
Leading edge bare in low-speed area. 

All-fiberglass blade using directed filaments 
for spar, trailing edge, and skins. Titanium 
root doubler plates integral in spar layup. 

Final design selection incorporating features 
of Configurations I and III.  Outboard sec- 
tions of Configuration III are retained, but 
step extrusion is eliminated.  Blade root 
utilizes laminated doubler buildup of 
Configuration I. 

15 
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The basic designs employ a variety of structural materials in 
an attempt to identify advantages in repairability, planform 
area, reliability, maintainability and cost.  Various detail 
design treatments are used in order to achieve a basic evalua- 
tion of each.  The final selected design is based on an 
analysis of the four basic design concepts and an evaluation 
of 10-year life-cycle costs. After a thorough review of all 
factors involved in the selection process, the recommended 
concept, identified as Configuration V, was evolved. This 
preferred design utilizes variations of the basic design 
concepts that proved beneficial in meeting program goals.  It 
is essentially a combination of the more desirable design 
features of Configurations I and III that provides a slight 
further reduction in total life-cycle cost. 

A description of the five main rotor blade design concepts 
follows, beginning with Configuration V, the recommended 
repairable blade design. 

Configuration V 

The selected repairable rotor blade design is shown in 
Figure 6 as Configuration V. This recommended design incor- 
porates features of the basic Configurations I and III 
discussed subsequently.  The basic outboard sections of 
Configuration III have been retained, but the blade root 
utilizes the laminated doubler buildup of Configuration I. 
The step extrusion of Configuration III is eliminated, with 
the excess material that entails, as is the machining opera- 
tion which is required to remove that material.  In addition, 
an element of uncertainty is also eliminated.  The step in 
extrusion cross section, which would occur in the neighbor- 
hood of Station 82, a highly loaded blade section, would 
introduce nonuniform grain flow to the spar at this station. 
This grain flow would not be parallel to the finished blade 
surface and would, therefore, contribute to a slight reduction 
of material properties locally. The influence of this dis- 
turbance on the fatigue performance of the basic spar material 
would require some detailed evaluation and would have to be 
considered a part of the development risk for Configuration 
III. The spar for Configuration V is a constant cross section 
with machining only where bonded attachments are made. Costs 
for blanking, forming and bonding the root doub.lers are 
incurred; however, a net saving in new blade cost is 
effected. 

A life-cycle cost analysis for the Configuration V blade, 
based on data derived from Configurations I and III, indicates 
a net savings over a 10-year aircraft life cycle of 46% 
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compared to the present UH-1H blade.  In addition to this 
cost advantage, Configuration V offers the simplest possible 
repair of leading-edge damage over most of the blade length 
and also contains fewer parts than the current UH-1H blade. 
The risks incurred in development of the Configuration V 
blade are minimal.  Preliminary analysis has shown this 
design to meet all basic technical requirements. 

The use of 6061 aluminum alloy for the spar in a highly 
loaded semirigid rotor system could be considered to intro- 
duce an element of risk.  While the ultimate strength of this 
material is lower than that attainable with other alloys, the 
fatigue strength of large manufactured parts is not corres- 
pondingly reduced.  The spar employed here utilizes a heavy 
wall and nose section in order that it can sustain damage 
from external sources and continue in use with only minor 
repair necessary.  The heavy wall design also results in 
comparatively low operating stress levels and is, therefore, 
compatible with the lower strength alloy.  At the blade root 
where the high bending and centrifugal loads are reacted 
through the retention pin, a system of bonded external 
doublers and plates is used to transfer the load.  This 
bonded assembly may be made from the same high-strength alloy 
presently used on the UH-1H blade and will, therefore, 
provide essentially the same strength. 

Configuration I 

This design, illustrated in Figure 7, makes maximum use of 
existing UH-1 blade structural components and yet provides a 
significant advance in repairability.  The basic spar, 
trailing-edge spline, root end doublers, and leading-edge 
ballast are common to the current blade, while the skins, 
spar doubler, and leading-edge sheath are modified designs. 
Outboard of station 152, the skin consists of two layers of 
unidirectional glass fiber with a +45-degree orientation 
with an inner and outer ply of 120 fiberglass cloth also with 
a 45-degree orientation.  Inboard of this station, this skin 
is doubled in thickness; and again at the blade root, addi- 
tional doubling plies are added.  For inboard portions of 
the blade, the shear strength and stiffness exceed that of 
the current aluminum skin; while outboard, where the loads 
and the influence on natural frequencies are reduced, the 
skin properties are less than the current aluminum skin. 

The leading edge abrasion sheath employed for this design is 
segmented in order to facilitate repair and replacement of 
locally damaged area. The tip segment could remain the 
present cobalt material if no acceptable substitute is found; 
however, inboard segments could be manufactured from a variety 
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of materials, including stainless steel, nickel, or other 
possible base and coating combinations.  One recent develop- 
ment that may provide excellent erosion protection consists 
of a very hard and dense coating applied to a titanium 
substrate.  In high volume the process could be done inexpen- 
sively.  The composite material would then be bonded to the 
blade leading edge.  Thickness of leading-edge segments would 
be selected to coordinate with skin thickness at the appro- 
priate stations, thereby eliminating any steps or undulations 
in airfoil contour.  Removal and replacement of damaged 
leading-edge segments can be done in a manner similar to that 
presently employed by overhaul facilities; however, field 
replacement is also possible using the same technique as was 
demonstrated for aft structure and is illustrated in 
Appendix V. 

Damage which penetrates the leading edge and damages or 
deforms the nose ballast block beneath the protective sheath 
can also be repaired in the field.  In this case the affected 
sheath segment is removed, and the damaged area of the ballast 
weight is filed to a smooth clean depression.  The standard 
repair kit contains a mixture of epoxy and lead filings which, 
when fully cured, has the same density as the ballast weight. 
An excess of this material is applied to the depression and 
cured.  The original contour is then restored by filing, and 
a new segment of leading-edge sheath is installed.  It is 
assumed here that damage of this nature normally occurs in 
^he outer portions of the blade where stiffness requirements 
are low.  Reasonably smooth blending of the original damage 
will aid in attachment of the lead/epoxy filler and minimize 
notch effects. 

As one further improvement in repairability, the outboard box 
beam doubler of Configuration I is made from unidirectional 
fiberglass.  In the case of a tear or gash which penetrates 
the leading-edge sheath and causes a chordwise damage pattern 
extending aft of the ballast block, the box beam doubler 
would be affected.  Here, again, modest damage could be 
blended out and repaired in the field.  Repair of more exten- 
sive damage requiring scarfed insertion of a complete segment 
of the doubler could be accomplished at ?» depot facility 
where higher skill levels and tooling a? ■ available. As 
long as the basic box beam spar is undamaged, repairs of this 
nature may be considered on an economic basis. 

Configuration II 

One of the goals of Configuration II shown in Figure 8 was to 
provide a minimum planform spar and to eliminate as much of 
the nonrepairable area of the blade as possible.  To do this 
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DESIGN CONSIDERATIONS 

1. MINIMUM CHANGE FROM CURRENT UH-I BLADE. 

2. FIBERGLASS SKINS PROVIDE SIGNIFICANT INCREASE 

IN REPAiRABüTY. 

3. MINIMUM RESUBSTANTIATION REQUIRED. 

4. UTILIZES EXISTING RETENTION. 

5. SEGMENTED STEEL LEADING-EDGE SHEATH. 

6. FIBERGLASS SPAR   DOUBLER OUTBOARD. 

FABRICATION 

1. PROCESSING SIMILAR TO PRESENT UH-I BLADE. 

2. FIBERGLASS SKINS AND DOUBLERS  PRECURED AS A 

UNIT AND BONDED INTO  BLADE IN SUBSEQUENT OPERATION. 

REPAIPABILITY 

i. AFT STRUCTURE HIGHLY REPAIRABLE WITH PROPERLY 

DESIGNED KIT. 

2. SPAR REPAIRABILITY  IMPROVED. 

3. SEGMENTED LEADING-EDGE FIELD REPLACEABLE . 

Figure  7.    Configuration  I,  Repairable Rotor Blade 
Using UH-1  Structural Components. 
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DESIGN CONSIDERATIONS 

1. REDUCED   BLADE PLANFORM -LOWER VULNERABILITY, 

LESS NONREPAIRABLE AREA. 

2. TAPERED TITANIUM SPAR -DIFFUSION BONDED SHEET MATERIAL, 

3.FIBERGLASS   SKINS. 

4. LEADING-EDGE BALLAST WEIGHT- 

HIGH  MODULUS   INBOARD   FOR   STIFFNESS - 

HIGH  DENSITY   OUTBOARD   FOR  CHORD   BALANCE . 

FABRICATION 

I. SPAR  FABRICATION REQUIRES DEVELOPMENT. 

2.BONDING OPERATIONS SIMILAR  TO PRESENT BLADE. 

REPAIRABLITY 

1. REDUCED  VULNERABILITY 

2. AFT  STRUCTURE  READILY  REPAIRABLE WITH   PROPERLY 

DESIGNED KIT. 

Figure  8.     Configuration II,   Repairable  Rotor Blade 
Using Minimum Planform Titanium Spar. 
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it was necessary to use a spar material with high strength 
and modulus of elasticity; titanium alloy Ti-6AL-4V was 
chosen.  The configuration employs a modified retention 
scheme with two pins oriented spanwise, both piercing the 
main spar.  The drag brace and some heavy root end structure 
are thereby eliminated, US is some of the vulnerable trailing- 
edge buildup.  The main spar could have been formed from 
separate pieces and adhesively bonded; however, it appeared 
that higher integrity and reliability could be achieved by 
use of diffusion bonding.  Preliminary evaluations of this 
process have shown the ability to produce excellent material 
properties for rotor blade applications.  The process also 
lends itself to the fabrication of a tapered spar, which is 
necessary in approaching the minimum planform desired. 

The trailing-edge spline and root end doublers are also of 
titanium.  The nose block inboard is titanium and contributes 
significantly to edgewise stiffness.  Outboard, the ballast 
block is brass for mass balance reasons.  A titanium root end 
closing channel is incorporated to structurally connect the 
spline to the main spar in the retention pin area.  Doublers 
outside the skin serve to reinforce attachment of the closing 
channel to spline and spar.  Aft skins and honeycomb are 
identical to Configuration I, as is the segmented leading 
edge. No spar doublers are included in this design due to 
the higher strength and stiffness of the basic spar material. 
In addition to meeting stiffness requirements, this material 
contributes to improved damage resistance and should there- 
fore have less need of repair for a given damage incident 
involving the spar.  Battle damage or bullet holes, however, 
are expected to penetrate the spar wall as in the present 
blade. 

Configuration III 

This design, based on a heavy-wall, stepped-extrusion main 
spar, is illustrated in Figure 9. The intent of this configu- 
ration is to supply a rugged spar which can withstand damage 
from external sources and continue in operation with only 
minor blendings, as is done with many propeller blades. No 
separate erosion protection is normally required; however, 
for a severe erosion environment, special protection may be 
provided for the tip area.  The stepped extrusion reduces 
the possibility for inherent damage by making the buildup at 
the main retention pin an integral part of the spar. 

With this design, a special root end fitting is required to 
connect the drag brace pin to the main retention pin. The 
trailing-edge spline is a combination of aluminum and uni- 
directional glass fiber, with the latter material protecting 
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the aluminum and providing improved repairability for this 
element.  The trailing edge is strengthened at the root with 
external doublers which provide structural connection to the 
root end fitting.  The aft structure, skin, and honeycomb 
core are the same as those described for Configuration I with 
the same level of repairability.  A brass ballast weight is 
contained in the leading-edge spa,.- cavity.  It is restrained 
at the tip with a multiple pin connection. 

Configuration IV 

This design, illustrated in Figure 10, uses unidirectional 
glass fiber as the primary structural material for main spar 
and trailing-edge spline.  A relatively heavy wall spar is 
required with a layup schedule that will provide the integral 
root end buildup along with adequate bending and torsional 
stiffness.  At the root of the spar, titanium doubler plates 
are incorporated into the layup to provide improved bearing 
strength and resistance to splitting.  Edges of the doubler 
plates are beveled to minimize disturbance of filament load 
path.  Titanium grip plates are also provided at the retention 
and drag pin holes, top and bottom surface.  Leading-edge 
ballast is bonded to the front of the "D" shaped spar and 
encapsulated by the protective sheath.  Ballast weight is 
brass outboard but is replaced with unidirectional fiberglass 
inboard, which contributes significantly to edgewise stiff- 
ness.  The leading-edge erosion protection is provided by a 
segmented sheath and has the same material options described 
for Configuration I. 

At the blade root, a machined fitting connects the main 
retention pin and drag brace pin.  External skin doublers 
also provide connection as well as improving local skin shear 
strength.  The trailing-edge spline is made up of a "V" of 
fiberglass cloth which houses a wedge of unidirectional 
material.  The aft segment of the wedge is glass fiber and 
runs from root to tip, while the forward segment uses carbon 
filaments which run from the root and taper out at station 
140.  Carbon is used also for inboard spar doublers, which 
are replaced by glass doublers outboard of station 120.  This 
limited use of advanced composite material is significant in 
attainment of the desired natural frequencies at minimal 
increase in weight and cost of the blade.  Blade skins and 
honeycomb are similar to those used in Configuration I but 
incorporate a more extensive doubler system in the basic skin 
layup at the blade root. 

26 



•   ^iTM;»jwwr^t|'1|EWiJ^ 

C 
3" <t> J 

T 
iiLrn-n^^^r 

DESIGN  CONSIDERATIONS 

1. HEAVY-WALL   ALUMINUM  SPAR  FOR   EASY 

BLENDING OF  DAMAGE. 
2. INTEGRAL   ROOT  END   STRUCTURE , STEP EXTRUSION. 

3. GLASS FIBER SKINS   AND TRAILING  EDGE. 

FABRICATION 

I. SPAR  MACHINED FROM   STEP  EXTRUSION TO 
MINIMIZE   MACHINING  AND MATERIAL  WASTE . 

2.BONDING OF  AFT   STRUCTURE  SIMILAR   TO 
CURRENT BLADE. NO MAJOR   DOUBLER 
BUILDUP  REQUIRED. 

REPAIRABILITY 

1. LEADING EDGE READILY BLENDED TO  REMOVE 

DAMAGE . 
2. GLASS  FIBER  AFT  STRUCTURE  READILY 

REPAIRED WITH PROPERLY DESIGNED KIT. 

Figure  9.     Configuration   III,   Repairable  Rotor  Blade 
Using Heavy Wall  Aluminum Spar. 

27 

SECTION   AT  ROOT 

OUTBOARD SECTION 

----- Mi^^MHMMM^^Mtf J 



_——_——•-■_. 

p V 

/ 
— ■ 

SECTION   AT  ROOT  END 

OUTBOARD SECTION 

^mm^m^mmmm^^^^ J 



F^^W 

'•TW*-. 

i 

! I 

■<    ; 

-■■'----  -■-      —.,MiMMkJtiM,^ 
«■■BriS 



"^«W^l»"-""~ 

DESIGN  CONSIDERATIONS 

1. BASIC  BLADE STRUCTURE  MADE  ENTIRELY OF DIRECTED 

GLASS   FILAMENTS  FOR IMPROVED  REPAIRABILITY. 

2. ROOT END   RETENTION   AND DOUBLERS   REINFORCED 

WITH  TITANIUM   PLATES . 

3. INTRODUCTION  OF AIRFOIL VARIATIONS   POSSIBLE . 

4. TORSIONAL  STIFFNESS DIFFICULT TO    ACHIEVE . 

pi 

FABRICATION 

1. SPAR  AND  TRAILING  EDGE LAVED UP AND CURED SEPARATELY. 

2. FINAL  BONDING SIMILAR   TO CURRENT BLADE . 

REPAIRABILITY 

1. OVERALL   REPAIRABILITY GOOD. 

2. SPAR REPAIRABILITY  FOR GOUGES  AND  DENTS  IMPROVED 

OVER METAL  SPAR . 

3. AFT  STRUCTURE HIGHLY   REPAIRABLE WITH PROPERLY 

DESIGNED KIT. 

Figure  10.     Configuration  IV,   Repairable  Rotor Blade 
Using Composite Material  Spar. 
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PRELIMINARY DESIGN ANALYSIS 

The four rotor blade configurations previously described were 
subjected to preliminary analyses of their ability to meet 
technical requirements and also their potential impact on 
reliability, maintainability and cost factors.  To simplify 
this phase of the work, the technical aspects were limited to 
weight, stiffness and mass balance considerations and were 
compared to the current blade as a base. Exact duplication 
of properties was not sought; however, reasonable approxi- 
mation was taken as adequate satisfaction of technical 
requirements for this phase of the study. The resulting 
designs were then subjected to reliability, maintainability 
and cost analyses in an attempt to identify undesirable 
factors or designs that did not contribute to direct attain- 
ment of program goals.  Details of these analyses follow. 

RELIABILITY 

Reliability engineering tasks were executed with the 
objective that the final blade design reflect at least 
current reliability and safety principles in addition to 
meeting the repairability requirements of this program. 

The blade concepts were reviewed in regard to the surviv- 
ability of the helicopter after occurrence of either part or 
external damage. Consideration was given to combinations of 
materials and detail construction which would have slow crack 
propagation rates.  Equipment that could detect blade 
failures before they could progress to the point of damaging 
other portions of the helicopter also were considered.  A 
method for detecting loss of pressure in the spar after 
flight due to a crack or bond failure was selected as the 
best suited to a fleet of medium-sized aircraft already in 
service,  improved methods of inspecting completed blades in 
both the depot and the field were studied with the goal of 
reducing in-service failures and reducing the shipping of 
unrepairable blades to depots. 

Attention during the concept design stage was given to 
alternate construction details to reduce the probability of 
the blade's becoming corroded or contaminated in the interval 
between damage (or failure) and start of repair. The reli- 
ability review of the concepts included checks on the degree 
of blade repairability after failures due to inherent causes. 
The overall design concepts evaluation model was reviewed to 
assure that tne reliability parameter was properly integrated 
and that effective reliability techniques were used. 
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ReliabiJity Analysis of Preliminary Designs 

Based on Army-supplied data on UH-1H rotor bladff design cost 
comparisons, all analyses considered external causes only, as 
the percentage of inherent damage was given as zero. 

A failure mode and effect analysis (FMEA) to the detail part 
level was prepared for each blade concept and the configura- 
tion in current use.  Parts were omitted whose modification, 
it any is needed, from the current UH-1H blade design will not 
affect repairability or reliability. The source for the 
failure modes of the fiberglass skins and the resultant 
mission effects was Kaman experience on the UH-2, adjusted to 
the Southeast Asia environment.  Reference 1 data was used for 
parts similar to the current UH-1H blade and on modes of 
failure relatively independent of blade configuration; e.g., 
RPM over maximum allowed to be repaired. 

The effects of bullet holes in spars of either fiberglass or 
aluminum were based on 30-06 ball ammunition fired in the 
laboratory into spars under centrifugal force, vibratory 
torsion, and vibratory flatwise bending. 

Some of the additional sources of data for specific concepts 
are as follows: 

Configuration I 

Assumptions on the effectivity of the unidirectional 
fiberglass box beam doubler outward of station 105 
are based on data of Reference 2. 

Configuration II 

The failure modes and effects for any titanium spar 
blade are more hypothetical than for the other con- 
cepts since only limited experience with blades of 
this material is available. Confidence in the 
Configuration II design is based on good aircraft 
industry experience with Ti-6-Al-4V and successful 
development work in diffusion bonding similar shapes. 

A titanium-spar blade theoretically would provide 
nore survivability than most blades flying today. 
Alalyses of fatigue test data performed in the 
helicopter industry indicate that a titanium spar 
of equal weight to steel would have a slower crack 
propagation rate.  Reference 3 indicates that 
diffusion welding of titanium alloys has been 
successful. 
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Configuration III 

The failure modes and effects in regard to scratches 
on the step-extruded 6061 aluminum alloy spar are 
based on industry practice in maintaining solid 
aluminum aircraft propeller blades.  Crack propaga- 
tion time from start of indication to fracture in 
a 6061 spar is assumed to be 9 flight hours based 
on whirl test results on full-sized blades. 

Configuration IV 

Some of the failure modes and effects were based on 
Reference 4, Kaman's developmental fiberglass tail 
rotor blade for UH-1, and on development of an all 
fiberglass MRB for the H-43B.  No service failure 
reports were available on fiberglass spar MRU's 
installed on helicopters, but the following 
experience during research tests was considered: 

1. Reference 5 describes a whirl test fatigue failure 
at 300% of design load at 10*> cycles on an 
experimental blade. 

2. Full-sized root ends of the blade for the BO-105 
failed in laboratory fatigue tests at .0847 to 
13.24 million cycles as reported in Reference 6. 

Current UH-1H Design 

Criteria for the effects of failures were taken from manuals 
on structural repair of UH-l's rather than from Reference 1. 
Thus, the analysis of the current UH-1H design is comparable 
to that for the other four candidate designs. 

A reliability (apportionment) report to the detail part level, 
including estimated repair facility, scrap, or crash disposi- 
tion, was prepared for each preliminary design and the current 
UH-1H blade and is presented in Appendix II. The externally 
caused failure modes of each were apportioned into 1000 
incidences/10^ blade hours rather than the blade time between 
damage of 425 hours. This latter figure includes those from 
inherent causes as well as external damage. 

Accident tabulations do not include a high rate of major 
accidents caused by MRB's of the types being apportioned in 
this study.  An Armed Forces tabulation of UH-1 accidents/ 
incidents indicates that no crashes between 1960 and 1970 
were diagnosed to have been caused by failures of MRB's. 
Similarly, a tabulation of UH-2 major accidents from 1962 to 
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the present indicates that no crashes were diagnosed to have 
been caused by failure of its blades which use figerglass 
skins. 

General Reliability Problems Investigated 

If more UH-1 MRB's are to be repaired at all levels, and con- 
sequently flown more hours before eventual scrap, it becomes 
economical to perform nondestructive testing in the field to 
verify the integrity of the basic blade structure before money 
is spent for local repair or shipping.  Safety would be 
enhanced by a repeat of the test after repair to assure that 
successful repair was accomplished.  Eddy-current testers 
similar to those already used by the Army for periodic inspec- 
tion of rotor blades represent one means of accomplishing 
such an inspection.  Based on discussion with equipment 
suppliers, the method is expected to be sufficiently accurate 
for all blade concepts except that penetration of external 
doublers is limited to a distance equivalent to .12 inch of 
laminated steel.  It was concluded that eddy-current testing 
would be economically feasible for factory or depot testing 
of MRB's ready for shipment to assure that no cracks or 
discontinuities have been caused by handling or processing; 
however, its use in the field is not practical. 

As reported in Reference 7, fracture toughness testing has 
indicated that titanium alloy specimens exposed to room- 
temperature salt water fractured at 1/3 the stress level in 
1/7 the exposure time as compared to specimens exposed to 
other fluids.  A survey of industry failures and the conclu- 
sions of other testing groups indicated negligible risk at 
ambient temperature. The spar of Configuration II is an 
interior part.  All the titanium parts which are exterior 
will be protected by an environmental paint scheme.  Other 
testing in 1969 indicated that titanium alloys with an 
aluminum alloy content of 4% or less are not susceptible to 
stress corrosion while those with a higher percentage are. 
A literature survey made in connection with the Configuration 
II blade concept uncovered no details on this testing. 
Ti-6A1-4V alloy scored high in the testing of all titanium 
researchers covered.  Since titanium alloy components have 
survived operational aircraft environments better than was 
predicted by laboratory tests on specimens, and since 
Ti-6A1-4V has a proven history, it is considered to be a 
reliable choice of material. 

Investigation was made of the problem of core corrosion if 
blades with the skin ruptured are exposed to moist air with- 
out benefit of the preparations for storage as directed in 
the structural repair manuals.  Reference 1 indicates that 
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field inspection sorting of removed blades is done at 
infrequent intervals.  Perforated aluminum honeycomb core will 
allow moisture to spread inside the core if the skin is 
damaged or peels and the environment is corrosive to aluminum. 
Nonperforated core can be used with a low volatile 250oF 
adhesive system.  The final designs, therefore, include non- 
perforated cores and compatible adhesive systems. 

Failure Mode and Effect Analysis 

The overall design evaluation for the four preliminary 
configurations and the current UH-1H blade design incorporates 
a failure mode and effect analysis and a prediction (appor- 
tionment) report.  All of the new design concepts include an 
after-flight, failure-detecting indicator.  The design of a 
blade with a spar crack propagation time longer than the 
maximum mission is a necessary adjunct to this system.  For 
the present, program design effort along these lines was 
limited to selection of materials and alloys and approximate 
operating spar stress levels to make incorporation of such a 
system feasible. 

Configuration I 

This configuration, reported in Table XVI of Appendix I, has 
the following reliability features: 

1. The use of fiberglass skin and fiberglass for the 
first external doublers softens the notch effect, 
is more damage tolerant, and increases the fatigue 
life of damaged skin and doublers. 

2. The use of unidirectional fiberglass outboard of 
Station 105 for the box beam doubler decreases 
the crack propagation rate and increases the 
fatigue life of the damaged spar. 

3. Reliability of the trailing-edge spline may be 
improved by incorporation of a fiberglass cloth 
trailing-edge cap bonded to the trailing eöge 
to cover the exposed spline and protect it and 
the spline-to-skin glue line from a corrosive 
environment.  The use of 6061 for the trailing- 
edge spline instead of 2024 increases the 
resistance to corrosive atmosphere and decreases 
the crack propagatior rate. 

Configuration II 

The FMEA and prediction report for the Configuration II 
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concept are presented in Table XVII of Appendix I. This 
concept has the following reliability features: 

1. The spar has less planform area; therefore, the 
blade is less vulnerable in regard to battle 
damage. 

2. The Ti-6A1-4V trailing-edge spline is more 
corrosion resistant than the 2024 trailing- 
edge spline of the blade in current use. 

Configuration III 

The FMEA and prediction report for the Configuration III 
concept are presented in Table XVIII of Appendix I 
concept has the following reliability features: 

This 

1. The use of 6061 for the spar decreases the crack 
propagation rate. 

2. The trailing-edge spline sandwich of aluminum 
plate between wedges of fiberglass has a slow 
propagation rate and all except one edge of the 
metal is protected by fiberglass skin. 

3. The thick-walled spar allows a safe landing to 
be made with deeper damage in the spar area 
than other designs and the probability of blade 
scrappage is lower since much deeper damage can 
be repaired by blending. 

Configuration IV 

The FMEA and prediction report for the Configuration IV 
concept are presented in Table XIX of Appendix I. Confidence 
in the reliability of the Ti-6A1-4V laminates reinforcing the 
fiberglass spar is based on developmental work done by Kaman 
on various designs and also that reported in Reference 6. 
Configuration IV has the following reliability features: 

1.  The molded beam consisting of spar, spar doubler, 
and closing channel, all or oriented unidirectional 
fiberglass, has the lowest stress levels and the 
slowest crack propagation rate of any of the con- 
cepts.  It can sustain more extensive damage than 
any of the other concepts and still allow a safe 
landing.  The probability of blade scrappage is 
less since more liberal repairs can be allowed. 

36 

—- ■   - • '  —i— - ..     —___^___^__„__^^<a 



"«jjwwprt^imf 

2. The trailing-edge spline is completely noncorrosive 
and has a slow crack propagation rate. 

3. Fiberglass spar blades provide ease of visual 
inspection greater than metal spar blades, 
particularly before painting or after paint 
has been removed for repair. At those times, 
portions of an acceptable blade are translucent, 
so voids can be detected by opaqueness.  Even 
after painting, internal failures or damage can 
be detected with more ease in a fiberglass spar 
blade than a metal spar blade by ripples, resin 
crazing, bulges, etc., in the exterior. 

4. The beginning of fatigue failure (cracking, 
crazing, deformation, or delamination) on a 
fiberglass spar blade on a semirigid rotor may 
be detected by a shift in the natural frequency 
of one or more of the vibration modes of the 
system. 

Current UH-1H Blade 

The FMEA and prediction report for t-he blade now in use are 
presented as Table XX of Appendix I.  This design has the 
following reliability feature: 

The damage resistance of the skin to some forms 
of external damage may be greater, and therefore 
fewer repairs may be necessary. 
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MAINTAINABILITY 

A maintainability analysis of repairable rotor blade concepts 
must assess the relative repairability of the designs and the 
cost of repairs in materials and man-hours, determine what 
support equipment and facilities may be required, and evaluate 
the personnel skill levels and training that will be needed 
to do the work.  There are several possible approaches to 
this analysis; however, the one that seemed most objective 
and could provide the best comparative results was a random 
assignment of damage type, size and location over the plan- 
form of the blade and the assessment of repairability and 
maintenance factors for each damage incident, making use of 
the failure mode and effects analysis for all blade concepts 
considered.  Tabulation of the resulting repair time, material 
costs, aircraft down time, etc., would provide the necessary 
input information for an analysis of the impact of each con- 
cept, on total life-cycle costs of rotor blades. 

Assignment of Damages 

Four candidate blade configurations plus the current UH-1 
blade were analyzed for 100 potential damage incidents in 
order that respective repairability analyses could be made. 
Table XXVI in Appendix III defines the 100 incidents.  All 
occur with a 30-inch chord by 300-inch span damage envelope 
and are illustrated in Figure 11. 

The apportionment of damage type was based on actual combat 
experience with helicopters in Southeast Asia. The distri- 
bution used in the analysis was as follows: 

Percent 
Damage Type Occurrence 

Battle Damage 23 
Dent 37 
Puncture 17 
Tear 10 
Foreign Object 13 

The incident locations on the blade planform and their dimen- 
sional description as to span, chord, and depth were deter- 
mined by a random number selection.  Range for span locations 
was 0 to 300 inches; range for chord location was 0 to 30 
inches; range for size and depth of damage was based on 
service experience for each type.  This random number analysis 
was set up and conducted by the Army, and the results were 
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provided to the contractor for use in this analysis. Complete 
definition of the 100 damage incidents is presented in Table 
XXVI of Appendix III.  In general, this data was used as 
supplied; however, in some specific areas, the random analysis 
led to illogical results.  This was particularly true in the 
case of dents, which occurred over the relatively stiff and 
strong spar.  Based on general rotor experience and specific 
laboratory testing, the following modifications of the damage 
depth dimensions were employed: 

a. All battle damages are considered to have 
penetrated through full blade thickness. 

b. All punctures are considered to have penetrated 
through half the blade thickness. 

c. Depths of dents, tears and foreign object damage 
which do not occur over spar or doubler area 
are as defined by the random analysis. 

d. Depths of dents, tears and foreign object damage 
which occur in the relatively hard metal spar 
areas are reduced to 6/1000 of the dimensions 
given by the random analysis. 

e. Depths of dents, tears and foreign object damage 
which occur in a fiberglass spar area are reduced 
to 24/1000 of the dimensions given by the random 
analysis. 

A 1/4 scale planform drawing of each of the five blade con- 
figurations was prepared, as was a 1/4 scale layout of the 
30-inch by 300-inch damage scenario. Composite overlays were 
then produced using pitch change axis centerlines and rotation 
centerlines as blade planform-to-damage layout alignment 
indices.  The composite layouts were used to quickly determine 
which of the 100 potential damage incidents actually struck 
each blade configuration and which blade details were thereby 
affected.  Damage incident strikes and lists of details 
affected are recorded in Tables XXVII through XXXI of 
Appendix III.  Because of their reduced planforms, candidate 
blade Configurations II and IV suffered fewer damage strikes 
than the other configurations. 

Scrap Versus Repair Decision 

Each blade planform/damage layout was reviewed and scrap 
decisions regarding damages occurring on candidate blades 
were made with the aid of the failure mode and effect 
analysis, using the following guidelines: 
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a. Any damage penetrating or causing gross deformation 
of spar walls, grip doublers, drag link doublers, 
root fittings, root closing channels or Inboard 
sections of tralllng-edge splines was cause for 
scrap. 

b. Any damage causing extensive delamination of grip 
doublers, drag link doublers or transition doublers 
was cause for scrap. 

All blade details mentioned above are not necessarily 
included in each candidate blade design.  For instance, a root 
closing channel and transition doublers exist only in the 
Configuration II design.  Also, planform shapes and sizes of 
critical details such as spars and trailing-edge splines vary 
from configuration to configuration. For these reasons, it 
is possible for a given damage incident to cause repairable 
damage on one blade configuration and result in scrappage of 
another. 

Scrap decisions regarding the currevt    if-1 blade were based 
on criteria published in maintenance wnuals. 

Maintenance Levels Assigned To Accomplj :i repairs 

Damages not resulting in scrappage were judged to be repair- 
able, and each was assigned to the maintenance level best 
suited to accomplish repair.  Assignments are indicated in 
Table XXVII through XXXI of Appendix III.  Organizational and 
intermediate level actions are indicated by entry of a rppa^r 
time estimate in the respective repair time columns.  P^pot 
level actions are so indicated in the repair scheme descrip- 
tion column.  The repair actions performed at the three levels 
of maintenance are summarized for  all five blade configurations 
in Table II.  Maintenance level assignments were made using 
the following guidelines: 

Organizational 

a. May be accomplished by mechanic who normally 
inspects and maintains the helicopter. 

b. Removal of blade not required. 

c. Pneumatic tools or electrical equipment, except 
those capable of operation on aircraft DC power, 
not required. 

d. Relatively short aircraft down time. 
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Intermediate 

a. Requires mechanic trained in repair of rotor blades, 

b. Removal of blade from helicopter significantly 
facilitates repair, 

c. Availability of tools and power sources significantly 
facilitates repair, 

d. Aircraft down time to replace blade generally less 
than down time to repair blade. 

Depot 

Damage not extensive enough to cause scrappage, but 
beyond the repair capabilities of lower levels of 
maintenance. 

Repair Procedures 

Eleven basic repair procedvres were devised such that they 
could be used singly or in rombination to accomplish repair 
of any damage incident previously judged repairable at 
organizational and intermediate maintenance levels. The 
procedures are included as Appendix IV, It should be noted 
that the procedures are general in nature and not intended 
as instructions to maintenance personnel. They were used by 
the analyst in estimating times to accomplish repairs and to 
assure that adequate consideration was given to repair 
materials and equipment requirements. Specific combinations 
of procedures used and active repair times for each are given 
in Tables XXVII through XXXI of Appendix III. 

As an adjunct to analytical application of the eleven repair 
procedures/ the contractor selected the one considered most 
innovative and conducted an actual field test. Appendix V 
describes accomplishment of a patch/plug repair of an exten- 
sively damaged skin and core area of a blade. The area 
repaired in the test is representative of the skin and core 
areas of all candidate blade configurations. The test results 
verified the feasibility of the patch/plug repair concept. 

Repair Kits 

Availability of standard repair kits significantly reduces 
administrative and supply delays. Six kits are defined in 
Table XXXII of Appendix III. Each is related to a particular 
type of repair, and in cases of extensive blade damage 
requiring a combination of repair procedures, more than one 
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type of kit may be used.  Kit requirements for all organi- 
zational and intermediate level repairs of candidate blades 
are listed in Tables XXVII through XXXI of Appendix III. A 
summary of kit use frequencies for each blade configuration 
is given in Table III of this report. All six kits have 
unlimited shelf life due to exclusion of adhesives and filler 
mixes. The adhesives must be stocked separately, and it is 
recommended that they be packaged in special two-compartment 
plastic pouches of a type already in use. 

F vipment Requirements 

Table XXXIII, Appendix III, lists six groups of equipment 
used to accomplish repairs below the depot level of main- 
tenance.  The groups of equipment are numbered 1 through 6 
and are directly related to the special repair kits of the 
same number listed in Table XXXII of Appendix III.  A total 
of 11 items of equipment are listed, and all are in the Army 
supply system or commercially available except item 2.  Item 2 
is a specially designed inflatable rubber bladder and strap 
assembly which would be wrapped around a blade section being 
repaired to create bond pressure.  The bladder design is 
simple and the item is inexpensive. Photographs of the 
bladder in use are shown in Appendix V. 

Skill Levels 

Those repairs designated for organizational level maintenance 
are within thp capabilities of "Helicopter Repairman - Single 
Rotor, Turbine Observation/Utility", MOS 67N20. 

The repairs designated for intermediate level maintenance 
are within the capabilities of "Rotor and Propeller Repair- 
man", MOS 68E20. 

Blade Repairability 

Table II of this report summarizes the repair analysis data 
compiled in Tables XXVII through XXXI of Appendix III.  Listed 
for each blade configuration are the percentages of damage 
incident strikes which resulted in: 

a. Repair at organizational level 

b. Repair at intermediate level 

c. Repair at organizational and intermediate level 
combined 

d. Repair at depot level 
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e. Repair at any level of maintenance 

f. Scrappage 

Also listed for each blade are the percentages of repairable 
damages which were repaired at maintenance levels lower than 
depot. 

The total repairability of candidate blade configurations 
ranges from 80.3% to 82.8%.  This compares with 45.1% for the 
current UH-1 blade as determined by this analysis.  On the 
basis of field/intermediate level repair, this analysis 
showed the current blade to have a 31% repairability versus 
69% to 73.9% for the candidates.  Actual field repairability 
of the current blade is substantially less than 31%, as shown 
by Reference 1 and Appendix VI.  This apparent discrepancy 
will be fully accounted for in the final analysis. 

Maintenance Times 

Table IV is a tabulation of maintenance times for each of the 
five blade configurations.  The methods used to calculate 
maintenance times are described below. 

Mean Time to Repair (MTTR) 

The mean time to repair is the arithmetic average of 
all repair times at each of the two maintenance levels. 
It is derived by summing the repair times and dividing 
by the number of repair actions.  Only the actual 
blade repairs are included in the MTTR.  The time for 
blade replacement in cases of scrap or higher level 
repair is omitted. 

Maximum Repair Time (Mmax) 

The maximum repair time is the 90th percentile repair 
time based on a lognormal distribution.  The method 
used to define the repair time distribution function 
has been developed by Kaman as part of a maintain- 
ability prediction model for aircraft systems and 
equipment.  Equations developed from regression 
analysis of helicopter repair time data are used to 
predict the mean and variance of the log repair times 
based on a known or calculated MTTR.  The regression 
equation used to calculate the variance is 

Crx
2 = .0580 + .3030 log10 MTTR   (for MTTR 5: 1.0)* 

*For MTTR <1.0, (Jx
2 = .0580 
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where: 

Ox      ■ the variance of the logarithms of 
repair time 

From the mean time to repair and the variance, the 
mean of the logarithms is calculated using 

X -  log1n MTTR -1.1513CJ
2 

'10 

where: 

X ■ the mean of the logarithms of repair 
time 

The maximum repair time is then calculated from 

Minax = antilog10 (X + 1.282 ax) 

where: 

Mmax =  t^6 90th percentile repair time 

(j x      = the standard deviation of the 
logarithms of repair time 

Mean Maintenance Down Time (DT) 

For organizational level repair actions, the helicopter 
will be down for the elapsed time required to effect 
the repair.  Damage beyond repair or beyond organiza- 
tional capability requires that the rotor blade be 
replaced and the damaged blade scrapped or sent to a 
higher level facility for repair. Aircraft down time 
in these cases is the elapsed time required for a 
blade replacement.  Based on an average of 7.46 man- 
hours per replacement and an average crew of two men, 
the active maintenance down time for a main rotor 
blade replacement is estimated at 3.73 hours.  The 
mean maintenance down time is then the arithmetic 
average of the organizational repair down times and 
the blade replacement down times. Down time is the 
time during which maintenance is actually being per- 
formed.  In the case of on-aircraft blade repair, time 
is added to account for adhesive and paint curing time 
where applicable.  No allowances are made for 
administrative or supply delays. 
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Maintenance Man-Hours per Flight Hour (MH/FH) 

In keeping with the computation of maintenance down 
time, the man-hours at the organizational level are 
those required for on-aircraft blade repair or blade 
replacement when damage is beyond organizational 
capability.  For both the organizational and inter- 
mediate level repair actions, man-hours are equivalent 
to repair time (one man per action).  Unlike the down- 
time calculation, no time is allowed at organizational 
level for adhesive and paint curing, since no produc- 
tive maintenance is performed during this time.  An 
average of 7.46 man-hours is allocated for a blade 
replacement at organizational level. 

The average man-hours per action is obtained by summing 
the man-hours for all actions and dividing by the 
number of actions.  Man-hours per flight hour at the 
organizational level is obtained by dividing the 
average man-hours per action by 425 flight hours (the 
frequency specified for external damage incidents). 
Intermediate level man-hours per flight hour is derivec' 
in the same manner, using the flight hour interval at 
which intermediate repair actions occur. 

Review of the results of the maintenance time analysis 
presented in Table IV reveals that the four candidate blade 
designs generally require higher repair times and man-hours 
than does the current UH-1 blade.  This result is to be 
expected since each of the new designs is intended to provide 
a higher level of repairability and therefore more extensive 
and time-consuming repairs.  This increased time is, of 
course, more than offset by the reduced scrap rate, and all 
of these factors are included and fully accounted for in the 
cost model and are reflected in the total life-cycle cost of 
each blade type. 
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COST 

Utilizing the cost model described earlier, main rotor blade 
life-cycle costs were generated for current UH-1D/H blades 
and the four candidate repairable blade concepts. Cost 
elements generated in this study are described herein, and 
those supplied by the Army are identified here as well as 
being included in Appendix VI. 

Price of New Blades 

With a given concept defined physically, a cost estimate to 
produce the blade was made and the experience curve slope 
established as shown in Figure 12.  The adjusted candidate 
blade costs, based on mid-1971 rates, are shown in Table V 
along with the production cost estimate of the UH-1D/H 
blade.  To the production cost is added the nonrecurring cost 
amortized over 10,000 blades and proCit.  This price is con- 
sidered the FOB price to the Government in the cost analysis. 
The nonrecurring costs include design and analysis along with 
static, fatigue, whirl, and flight testing.  RDTE costs for 
the UH-1D/H blade are assumed to be the same as for Configu- 
ration I, since many of the blade components are common to 
the existing blade.  The cost of producing the UH-1D/H blade 
was estimated in the same manner as the candidate blades. 
For the 10,000th unit, this blade price was less than the 
stated value of $3000, Appendix VI.  The price of all blades 
was therefore adjusted so that the candidate blade prices 
are consistent with the given UH-1D/H blade price. 

100 Random Hit Analysis 

Details of the hit analysis have been described previously 
in the maintainability section, and the results as used in 
the cost rnalysis are presented in Table VI.  The values 
shown in the table are corrected fractions of total life- 
cycle damage events as determined by the 100 random hit 
analysis.  The results of the UH-1D/H blade damage analysis 
showed a user repair capability of 31% when applying manu- 
facturer repair criteria to the random damage events.  How- 
ever, the Government-specified user repairability for this 
blade is 12%.  It appears from the above discrepancy that 
actual user repair is substantially less than that derived 
by analytical applications of blade repair manual criteria. 
The linear correction shown in Figure 13 was therefore 
applied to bring the repairable blade candidate data in line 
with the specified repairability of the UH-1D/H blade. 
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The straight line relationships shown in Figure 13 are based on 
the assumption that any increase in the damage proportion that 
can be repaired will be accompanied by an improvement in ease 
of repair, so that proportionately more actual repairs will be 
performed.  In the extreme, if a blade were 100% repairable 
(1.0 on the vertical scale), it would then be reasonable to 
expect that plans and procedures would take advantage of that 
characteristic, so that all repairs would be performed (1.0 on 
the horizontal scale) . Considering the influence of human factors 
on the character of the variation shown in Figure 13, it is 
apparent that a large variety of curve shapes are possible. 
The linear variation used was found to be convenient but is 
not considered to be precise except in the neighborhood of the 
data points for the current blade. 

TABLE V.  COST OF NEW BLADES TO THE ARMY (FOB) 

Prod. Cost 
Est.* 

ROTE Cost 
Per Unit Profit 

Blade Price 
To Army 

UH-1D/H 

Config I 

Config II 

Config III 

Config IV 

$2593 

$2964 

$8895 

$3379 

$7583 

$ 86 

$ 86 

$129 

$129 

$136 

$ 321 

$ 366 

$1082 

$ 421 

$ 926 

$ 3,000.00 

$ 3,416.00 

$10,106.00 

$ 3,929.00 

$   8,645.00 

♦Based on 10,000th unit of  production and  adjusted  to 
agree with specified price of the current UH-1D/H blade. 
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Analysis of.  the candidate blades also showed that two of the 
planforms received fewer hits than the basic UH-1D/H blade 
planform, and this is shown in the table as the fraction of 
damage events with no damage repair. 

Repair Costs 

Repair of blades damaged by the 100 random hit criteria is 
resolved in the form of several repair kits applicable to all 
blades singly or in combination.  For each repairable blade 
candidate configuration, the maintainability analysis identi- 
fied the number and type of repair kit along with the mean 
time to repair (MTTR).  Table VII defines the kits, kit price, 
quantities, etc., necessary to perform the cost analysis. 

Support equipment required to repair blades using the desig- 
nated repair kits is defined in the maintainability analysis 
in the previous section of this report. Equipment prices to 
support any or all ot the kit repairs is estimated at $797.50, 
including transportation. Assuming that five sets of equip- 
ment will be required for a company of 25 aircraft, the cost 
per aircraft is approximately $160. 

The material cost of repairing a UH-1D/H blade for which no 
repair kits are called out was assumed at $5.00 per repair. 
The blade damage analysis provides an estimated MTTR « .95 
hour for this blade.  It should be noted that all the repair 
costs include repair labor only and do not include other 
associated labor hours, such as inspection, removal, installa- 
tion, etc., which are accounted for separately. 

The allowable operating time (AOT) due to fatigue is assumed 
at 2500 hours for the UH-1D/H blade and the desired 3600 
hours for the repairable blade candidates. 

Program Cost Analysis 

The contractor-determined cost elements described above along 
with cost elements supplied by the Government and presented 
in Appendix VI can now be incorporated into the cost model 
to determine program life-cycle costs. Configuration I will 
be used as an example, while costs for all blade configura- 
tions are tabulated in Table VIII. 
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TABLE VII. REPAIR KIT COSTS AND REPAIR TIMES 

Kit I'rice 

Kit Quantity 

Conf] tguration 
| Kit Designation Dollars (FOB) I II III IV 

-1, Exposed Alum. 9.89 3 2 9 10 

-2, Abrasion 53.29 1 1 1 13 
Sheath 

-3, Undirectional 26.29 6 0 7 14 
glass fiber 

-4, Skin Patch 32.37 13 16 15 17 

-5, Plug Patch 99.51 22 23 20 20 

-6, T.E. Doubler 38.43 9 8 7 7 

Ave. repair kit price (FOB) 
T« = mean time to repair,  hr 

59.00  63.75  52.05  54.51 
3.37   3.27   3.33   4.90 

NOTE:  An estimate of the -6 T.E. Doubler Kit in boron 
material has a price of $151.23 compared to the 
glass fiber price of $38.4 3 used above. The 
boron kit was not considered in the cost analysis, 
although its use may be required in some inboard- 
trailing edge repairs to retain a useable, 
structurally sound blade. 
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Cos*- elements supplied by the Government and used in the 
various cost model equations are defined as follows; 

n = Number of blades per aircraft 2 

L = Aircraft life cycle, fit hours 5000 

BTBD = Blade time between damage events, hours 425 

C_ = Co\tainer cost, dollars 200 

Csa = Blade air shipping cost one way, dollars 130 

Cm = Org level labor rate, dollars per hour 4.00 

M^ =    MMH in addition to MTTR at Int level, hours    9.0 
Basis:  Inspect and disposition = 1.5 hours 
Remove and install blade =7.5 hours 

M2   = MMH in addition to MTTR at Org level, hours    1.5 
Basis:  Inspect and disposition = 1.5 hours 

M-j   = MMH to scrap blade at Org/Int level, hours    15.0 
Basis:  Remove and install blade = 7.5 hours 
Requisition replacement blade =3.0 hours 
Obtain replacement blade = 3.0 hours 
Inspect and disposition =1.5 hours 

Css  = Blade surface shipping cost one way, dollars  90. 

Cmc  = Depot level civilian labor rate, dollars      12. 

M^   = MMH at depot level to receive and inspect,     2.5 
hours 

CpC  -    Shipping preparation charges one way, dollars 20. 

Csc  = Container shipping cost one v/ay, dollars      45. 

Mc   = MMH at depot to scrap blade, hours 3.0 
Basis:  Scrap disposal =0.5 hour 
Receive and inspect =2.5 hours 

K,   = Number of blades lost to attrition 3.0 

Blade damage events per aircraft life cycle; 

Nhf  =  (.Jlk. - n) = 2(50001 _ 2 ,= 21^3 bf      BTBD 425 
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These blade damage events are assumed to be constant for all 
blade configurations. 

Fraction of blade damage fatigue retired; 

KBF = 27 (KBR) 1.395/(AOTxlO-2)1.835 

K BF = 27 (.77) 1.395/(36) 1.835 = .026 = 2.6% 

Other costs not identified  above  are: 

crd    =    Ave•   cost 0^ depot blade repair - This cost  is 
assumed at one-third of the new blade  based on 
the UH-1D/H blade data and unofficial  cost 
figures of other contractors 

CSp    =    Shipping cost of repair materials  - This cost 
is conveniently assumed at  10% of  the material 
cost. 

1.     Initial Costs 

Blade Out a i ^ h i_ncj 

C0  = n Cnb       2   (3416)   =  6832 

Spare BladeP  and Containers 

Nbf   r n        CE 
csb = JT ^(KBS +  KBRD  + KBF)    (Cnb + Cc + Csa)-'   + 20 

= 21.53/20   [(.23+.13+.026) (3416+200+130)] +  i^ =  1156 

Spare Parts 

'Ps  '" 20 [(KBR0  +  KBRFHCp) U+Cso)]      + r| 20 

=  21.53/20   [(.187+.453) (61.09) (1.10)]    + M^ =  54 
20 
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2. Operating Costs 

Org/Int Level Repair Labor 

CORL "  Nbf  ^{M^VKßRp   +  Cm{M2+TR)KBR0] 

=   21.53[4(9+3.37).453   +  4(1.5+3.37) . 187]   =  561 

Org/Int  Level Repair Material 

CORM =  Nbf   ^KBRF  + KBRO)    (Cp) ^sp^   + CE 

=   21.53  [.453+.187)(61.09)(1.10)]  +  160 =   1086 

Org/Int  Level Scrap and Fatigue  Retire 

cso = Nbf   (KBSO + KBF)   tcnb + csa + ccm(M3) ] 

=  21.53   (.172+.026)   [3416  +   130 +  4(15)]  =   15560 

Depot Level Repair 

CDR = Nbf K
BRD tCrd + Cm(M2)   + Csa+Css+2Csp+Cmc(M4) ^ 

=  21.53   (.130)[1139+4(15)+130+90+2(70)+12(2.5)]=  4447 

Depot Level Scrap 

CDS = Nbf KBSDtCnb+Cm(M2)   +Csa+Css+Csp+Cmc(M5)] 

=  21.53   (.058)[3416+4(15)+130+90+70+12(3)]  =   4747 

3. Attrition Costs 

CA = KA   (Cnb + Csa) 

=  3.0   (3416  +  130)   =  10638 

Total Program Cost per Aircraft Life Cycle 4548X 
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DlacuBsion of Cost Analysis 

Results of the maintainability analysis using the 100 random 
hit data supplied by the Government indicate that all four 
of the repairable blade candidates provide a similar overall 
level of repair on the order of 80% of damage incidents.  This 
compares with an overall repairability goal of 95%.  Repair- 
ability of the blade candidate at the user level on the order 
of 64% compares with a desired level of 75%.  It is evident 
from this analysis that each of the blade candidates has a 
similar repair capability despite a wide range of materials 
employed for structural elements. This is probably due to 
the common aft section structure (honeycomb and fiberglass 
skins)/ which accounts for the majority of planform area 
vulnerable to damage. 

Since the candidates' blade repair capabilities are similar, 
the effect of blade costs becomes significant.  The least 
costly repairable blade candidate is Configuration I, which 
is a modification of the existing UH-1D/H blade.  Program 
costs for Configuration I are reduced 40% from the UH-1D/H 
blade costs on a comparable basis using the cost guidelines 
established for the study.  A note of caution is suggested 
at this pc  *-., however, because the analysis is based on a 
fixed blade damage rate of 425 hours.  Typically, a metal 
skin blade would be expected to be less susceptible to damage, 
primarily of the nuisance variety, than a fiberglass skin 
blade, although no definitive data is presently available. 
As such, further study would be in order to adequately define 
the relationship between fiberglass skin's potentially higher 
vulnerability to damage versus its repairability advantages. 
Brief laboratory testing has indicated that a fiberglass skin 
is more readily damaged under a fixed load but is more damage 
resistant for impact loadings.  Referring to Figure 9, the 
Configuration I blade will lose its cost advantage when the 
blade time between damage is reduced to 220 hours, assuming 
that the UH-1D/H blade remains at 425 hours. No reduction 
of this magnitude is anticipated. 

Figure 14 also shows that the cost advantage of the repairable 
blade decreases with increasing blade time between damage so 
that in a peacetime environment, the repairable blade loses 
some of its cost effectiveness.  Conversely, in a severe 
war-time environment, the cost advantages of a repairable 
blade increase significantly. 

Table IX compares 10-year life-cycle costs of all blade 
candidates and the UH-1D/H for fleet sizes of 500, 1,000 and 
2,000 aircraft. For a fleet size of 2000 aircraft, a 
potential savings of 6 million dollars a year can be realized 
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TABLE IX. COMPARISON OF 1 LIFE-CYCLE BLADE PROGRAM 
COSTS VERSUS FLEET SIZE 

(Costs shown ir millions of dollars) Percent 
Fleet Size of 

UH-ID/H 500 A/C 1000 A/C 2000 A/C 

UH-ID/H 37.55 75.10 150.20 100.00 

Configuration 1 22.74 45.48 90.96 60.55 

Configuration II 57.96 115.92 231.84 154.34 

Configuration III 26.40 52.80 105.60 70.31 

Configuration IV 52.37 104.74 209.48 139.45 
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using the Configuration I repairable blade design concept 
compared to the present UH-1D/H blade. 

SENSITIVITY ANALYSIS 

A variation in the critical cost factors that make up life 
cycle program costs provides an assessment of the risks 
involved if the repairable blade concept is incorporated. 
Sensitivity of the following cost elements is considered: 

1. Blade price 
2. Blade damage rate 
3. User repair labor and materials 
4. Blade repair and scrap fraction of damage 
5. Blade set attrition 

Since the four blade candidates studied have similar repair 
capabilities, a generalized program cost equation is defined 
which is typical of the repairable blade concept. The 
following equation combines the various cost elements, both 
Government and contractor generated, that are common to all 

blades: 
Prog.  Cost = n[Cnb{l+k)+130K]+(i^~ -n)   [KRU VKg^+K^ 

+KSDC4+CV  + 168 

where: 

Prog. Cost = Cost per aircraft life cyole, dollars 

„ = Number of blades per aircraft 

Cnb = Blade price FOB, dollars 

"K = Attrition rate, blade sets per aircraft life 

cycle 

L = Aircraft life, fit hours 

BTBD = Blade time between damages, blade hours 

K  = Fraction of blade damage repaired at user level 

K  = Fraction of blade damage scrapped at nser level 

K!! = Fraction of blade damage repaired at depot level 

K  = Fraction of blade damage scrapped at depot level 
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Cj^ ■ Cost factor for user repair - 110.3. This 
factor includes repair labor assuming a constant 
MTTR - 4,0 man-hours and "off A/C" repair of 78%, 
and Includes spare materials. Average repair 
kit costs are used. 

C2 ■ Cost factor for uaer scrap ■ (1.05Cnb+251.5) . 
This factor includes a spares allowance but 
does not include fatigue retirement defined 
below. 

C^ = Cost factor for depot repair ■ (.383Cnu+466.5). 
This factor assumes depot overhaul cost at one- 
third of blade price and includes a spare 
allowance. 

C4 = Cost factor for depot scrap = (1.05C_b+402.5) . 
This factor includes replacement blade costs and 
spares allowance. 

Cg = Cost factor for fatigue retirement = 
(.0284CJJJJ+6.8) . This factor assumes an average 
fatigue retirement rate of 2.7% of blade damage 
and includes a spares allowance. 

Using Configuration I as an example, a ±10% variation in 
critical cost factors has an overall life cycle program cost 
impact as shown in Table X. 

The sensitivity of the cost factors evaluated shows that the 
fraction of blade damage repaired has the strongest impact 
on program costs, while blade price is next, followed by 
damage rate.  Note that the variation in user repair labor 
and materials has only a small impact on program costs.  It 
appears, then, from this analysis that a blade easily repair- 
able at the user level has the potential of significant 
blade program cost reductions, assuming that the price is 
right and the repaired blade is in fact reused. 

The generalized program cost equation is further utilized to 
investigate other variations in blade repair characteristics 
and price.  The following cases describe blade programs 
representing maximum,, limited-repairable, typical-repairable 
and minimum program costs: 

Case 1.  Blade Not Repairable 

Assume that maximum program costs occur when KBR = 0 and 
K BS 

BR 
= 1.0.  Further, theoretical maximum costs will occur 

where Kgo = 1.0, or all the blades are scrapped at the depot 
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TABLE X.  SENSITIVITY OF AIRCRAFT LIFE-CYCLE BLADE PROGRAM 
COST TO A ±10% VARIATION IN CRITICAL COST FACTORS 

Cost Factor 
Program Cost 
Variations 

1. Blade Price FOB 

2. Blade Damage Rate 

3. User Repair Labor and Materials 

*4. Blade Repair/Scrap Fraction of Damage 

5. Blade Set Attrition per A/C Life Cycle 

± 9.0% 

i 6.9% 

1 0.48% 

± 12.75% 

± 2.34% 

♦Total blade repairability was varied ±10% and consequently ^ 
so was the total scrap rate. The ratio of user repair to 
total repair was held constant as was the ratio of user 
scrap to total scrap.  Similar ratios were also retained 
for depot repair and scrap. 
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level. However, with no depot repair, depot scrap would be 
meaningless; so maximum program costs are assumed to occur 
where no depot level exists and damaged blades are scrapped 
at the user level.  This case then represents a situation 
where all blade damage results in user scrap. 

Case 2. Blade Field Repair, No Depot Repair 

Consider program costs similar to the repairable blade con- 
cept except that no blades are returned to depot for either 
repair or scrap.  Damaged blades either will be repaired or 
will be scrapped at the user level. Therefore, blades 
requiring depot level repair are considered beyond the user 
repair capability and are scrapped at the user level as well 
as blades formerly sent to the depot and subsequently 
scrapped. This case then represents a situation similar to 
the expendable blade concept. 

Case 3. Typical Repairable Blade, Both User and Depot Levels 

Assume that program costs occur in a manner typical of the 
repairable blade concepts. The anticipated blade repair- 
ability resulting from the 100 random hit analysis is on the 
order of KQR = . 80 where the fraction repaired at the user 
level averages KRu = .80 KBR. Blade scrappage is estimated 
at Ksu = «75 KßS/ or 75% of scrap blades will be scrapped at 
the user level as determined from the 100 random kit analysis. 

Case 4.  Ideal Blade, 100% Field Repairable 

Assume that minimum program costs occur when KßR = 1.0 and 
KBS = 0* Further, theoretical minimum costs will occur when 
KRU =1.0 KBR, or all the blades are repaired at the user 
level. Therefore, with no blades scrapped and all blades 
repaired at the user level, no depot level effort is required. 

Table XI describes the fractions of blade damage either 
repaired or scrapped for the above cases. Applying these 
factors to the generalized program cost equation along with 
constraints defined for the study yields the relationship 
between blade price and program cost shown in Figure 15. 
Also shown is the blade program cost estimate for the current 
UH-lD/H of about $75,000 per aircraft life cycle. Assume 
that a 40% reduction ($45,000 program cost) is a desirable 
goal. The blade prices required to achieve this goal are as 
follows: 

Case 1, Nonrepairable blade price = $1400 
Case 2, Limited repairable blade price = $3100 
Case 3, Typical repairable blade price = $3500 
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TABLE  XL   EXAMPLE  BLADE  REPAIR DISTRIBUTIONS 

Damage Disposition Case  1      Case  2       Case  3    Case 4 

Total Blade Repairability 0 .64 

Total Blade Scrappage 1.00 .36 

.80 

.20 

1.0 

0 

User Blade Repair,   KRU 0 .64 .64 1.0 
User Blade Scrappage, KSU 1.00 .36 .15 0 
Depot Blade Repair,   if 

RD 0 0 .16 0 
Depot Blade Scrappage, KSD 0 0 .05 0 

1.00 1.00 1.00 1.00 
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200,. 
Case  1 

m 2 4 6 

Blade Price,  1000 Dollars 
10 

Case 1 
Case 2 
Case 3 
Case 4 

Nonrepairable, all damage scrapped 
Limited repair at user level only 
Typical repairable blade from analysis 
Ideal, fully repairable blade at user level 

Figure 15. Generalized Blade Program Cost Versus 
Unit Cost for Selected Levels of 
Repairability. 
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Case 4, Ideal repairable blade price - $7500 

The above blade prices represent the maximum that can be paid 
and still achieve the program cost reduction objective 
assumed.  While Cases 1 and 4 are Impractical, Cases 2 and 3 
are practical and achievable based on the results of this 
study.  Further analysis In the way of tradeoff studies 
between the fixed costs of maintaining a depot repair 
facility and the difference In program costs between the 
limited repairable blade (Case 2) and the typical repairable 
blade (Case 3) Is recommended. 
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DETAIL DESIGN ANALYSIS 

The main ro;:or blade design concepts studied in the prelim- 
inary analyses were also subjected to appropriate detailed 
analyses. These included calculation of natural frequencies, 
flight loads, stress analysis, and survivability analysis. 
Only those concepts which on the basis of all foregoing 
results showed promise of reaching program goals were carried 
through the complete analyses; however, since much of the 
detailed analysis was concurrent with the preliminary 
analyses, some results are presented for all four configura- 
tions.  In conducting the detailed analyses, minor design 
changes were incorporated where indicated and the analyses 
were repeated until satisfactory results were obtained.  In 
general, these analyses were concerned with the dynamic and 
structural properties of the basic rotor blade cross section 
and did not exhaustively investigate design of the heavy root 
end buildup and load transfer.  All designs are capable of 
duplicating the structural properties of the present blade 
root for the blade configurations studied. 

NATURAL FREQUENCIES 

The natural frequencies of all candidate designs were calcu- 
lated for comparison to the same frequencies calculated for 
the current UH-1H blade.  Reasonable duplication of frequen- 
cies calculated by the same procedures for the same conditions 
was sufficient to warrant further study of a particular 
configuration. The natural frequencies and modes are obtained 
using matrix iteration on the response matrices for the 
zeroth harmonic. This procedure, which has been separately 
programmed for the computer, was used to calculate the 
natural frequencies and modes for the several configurations 
as a function of rotational speed. For these calculations, 
the pitch at the three-quarter radius was taken to be +5 
degrees. The representative end conditions were cantilever 
out-of-plane bending, cantilever in-plane bending, and pin- 
ended out-of-plane bending. By this means, the proximity to 
resonance in the operating range could be checked for any 
configuration. The natural frequencies are presented in 
terms of "fan" plots of natural frequency versus rotational 
speed for three or four harmonics at the three end conditions 
for the current UH-1H blade and for each of the candidate 
designs. These plots are presented in Figures 16 through 20. 
A review of these results indicates that the candidate 
designs closely duplicate the frequencies of the current 
blade for the modes calculated and that this favorable 
comparison indicates that further study of all designs is 
justified. 
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FLIGHT LOADS 

äS a part of the evaluation of the suitability of candidate 
blade designs for service on the UH-1H, it is necessary to 
estimate the flight loadings that these blades would encounter 
and compare them to the ability of the design to withstand 
these loadings.  While the total spectrum of loadings is quite 
broad and structural requirements vary, experience has shown 
that one of the most important criteria in determining the 
acceptability of a particular blade design is that it not 
accrue significant amounts of fatigue damage in any steady- 
state level flight condition.  Flight conditions that cannot 
be sustained or which are encountered very infrequently, such 
as lateral flight at maximum velocity or forward flight at 
limit airspeed in a dive, may be excluded from this considera- 
tion if total exposure is small.  For the present program, the 
flight condition selected for evaluation is high-speed level 
flight at 107 knots, a condition which produces high vibratory 
loadings and which is rarely exceeded.  The basic evaluation 
consists of the calculation of all flight loadings for the 
current LiH-lH blade and all candidate designs for this condi- 
tion and a comparison of the resulting stresses to the calcu- 
lated endurance limit for each. Positive fatigue margins 
indicate that the design is operating below the endurance limit 
and, therefore, is not accruing fatigue damage in this decisive 
flight condition.  The performance of candidate designs is 
evaluated on an absolute basis and also on the basis of a 
comparison to the present UH-1H blade, which has an assigned 
life of 2500 hours,and the ability of each to meet this goal 
is evaluated. 

Reference 8 presents a method of developing air loads by an 
iterative numerical procedure for solving the blade flapping 
equation of motion of an articulated rotor.  It is essentially 
that used,but several improvements have been incorporated. 
Because the actual equation of motion is solved, there is no 
restriction on advance ratio, inflow ratio, or forward speed 
and there are no small-angle assumptions.  It incorporates 
actual two-dimensional airfoil data which includes both stall 
and Mach number effects.  The equation also provides for the 
insertion of arbitrary pitching and rolling velocities.  The 
differential equation of motion about the flapping hinge, which 
expresses the equilibrium of the centrifugal, gyroscopic and 
aerodynamic moments with the inertia moment, is set up and 
solved numerically. 

This procedure, which is programmed for the computer, was 
adapted to a teetering rotor by considering each blade separ- 
ately but connected by a center blade-to-blade spring to 
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restrict independent flapping.  This spring rate was chosen 
to simulate the bending frequency of the actual UM-lII hub. 

The equations of static equilibrium for any helicopter or 
compound have been written and programmed and are sLandard 
contractor analyses.  Therefore, the UII-lII was trimmed in 
lg level flight at 107 knots, and the air loads were deter- 
mined for this condition. 

The blade bending moments were calculated by the method 
developed from Reference 9 using the air loads determined as 
above.  This method consists of calculating the blade response 
to any arbitrary loading by post multiplying the appropriate 
response matrix by a column matrix representing the rigid 
blade load distribution.  The response matrices for each 
harmonic are calculated directly by a matrix integration 
method. 

The results of these analyses are the steady and vibratory 
flight bendirg moment distributions presented in Figures 21 
through 25 for the current UH-1H blade and the four candidate 
designs. 
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STRESS ANALYSIS 

Stress analyses for the UH-1H main rotor blade and for the 
candidate blades, Configurations I through IV, were performed 
for the purpose of comparing the blades structurally as well 
as for determining the effects of possible service-connected 
damage that might be encountered during their lifetime. 

The fatigue strength of the basic UH-1H blade and the four 
candidate configurations were calculated at significant 
structural blade stations.  Station 82 is in the zone of the 
inboard doubler to clean blade transition, and Station 210 is 
at the outboard end of the trailing-edge spline taper. 
Configurations I and III were studied in more detail, and 
additional analyses were made at Stations 150 and 152, the 
skin transition.  Configuration III was also analyzed at 
Station 220, the ballast weight transition area for this 
blade configuration. 

Stiffness and mass properties for the above stations wore 
calculated for Configurations I through IV by means of a 
computer program and compared to the current UH-1H blade. 
Figures 26, 27, and 28 show the results of these calculations 
compared to those for the current blade.  In general, a 
fairly close agreement between the section properties devel- 
oped for the four configurations and those for the UH-1H is 
shown. 

The material properties used in establishing the stiffness 
and strengths of the individual components are found in 
Table XII. 

The blade loads considered in the basic stress analysis were 
derived for a rotor speed of 315 rpm and a forward velocity 
of 107 knots, a normal operating condition for the UH-1H 
helicopter.  Steady and vibratory flatwise (out-of-plane) 
moments and edgewise (in-plane) moments were calculated for 
this flight condition as previously described.  The axial 
loads due to centrifugal force and the steady edgewise bend- 
ing moments due to centrifugal force were calculated for each 
of the significant stations considered.  A typical result of 
these calculations is shown in Figure 29 for the current 
UH-1H rotor blade. 

Fatigue stresses were obtained for several points on the blade 
cross section at each blade station considered using the A. 
following general expression for combined stress: 
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(a)  Centrifugal Force at a Rotor Speed of 315 rpm 
for the UI1-1H Blade. 
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(b)  Steady Edgewise Moment Due to Centrifugal Force 
at a Rotor Speed of 315 rpm for the UII-lIl Blade, 

Figure 29.  Rotor Blade Centrifugal Loading. 
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M

CV
C

X
V

TI\  + 
My(-'xi:rn f 

Mx(:yl:in 
I:A I;I yy 1:1 yy !;r XX 

where*:  CF 

M, CF 

M. 

M. 

FA 

El 

El 

yy 

XX 

- Centrifugal force at the station 
considered, lb 

Modulus of elasticity for the material, 
lb/in.2 

=  Steady edgewise bonding moment duo to 
centrifugal force, in.-lb 

=  Steady and vibratory odqewisc bondinq 
moment, in.-lb 

=  Steady and vibratory flatwise bending 
moment, in.-lb 

=  Span or axial stiffness of total blade 
cross section, lb 

=  Edgewise bonding stiffness of total 
cross section, lb-in.2 

- Flatwise bending stiffness of total 
cross section, lb-in.2 

Cx   =  Distance between the point on the blade 
cross section and the chordwise neutral 
axis measured parallel to the blade axis 
of symmetry (X-X Axis), in. 

Cv   =  Perpendicular distance between the point 
on the blido cross section and the X-X 
neutral axis, in. 

The sign convention used in this analysis is: 

Edgewise bending moment - Positive denotes tension on 
the leading edge of the blade, 

Flatwise bending moment - Positive denotes tension on 
the lower side of the blade. 

Axia^. load - Positive denotes tension. 
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Calculated  steady  and   vibratory   stresses  obtained   for   the 
fatigue  condition  were  compared   to  the  allowable   vibratory 
stress  by means  of   the  modified  Goodman diagram which  can 
be  expressed  as: 

A =      F, fi - -it-" 
L     ptu _ 

where 

tu 

st 

=  Allowable vibratory stress, lb/in. 

Endurance li.nit, lb/in. 

=  Ultimate tensile strength, lb/in. 

= Calculated steady stress, lb/in. 

Results of the foregoing analyses are found in Table XIII. 
Fatigue stresses and margins of safety are presented for 
each significant point or component of the blade;;.  In al] 
cases, a positive margin of safety was obtained tor the 
critical components of each configuration. 

As previously described, the significance of a positive 
margin of safety in this calculation is that the component 
under consideration will operate at stresses below its cal- 
culated endurance limit and will, therefore, accrue little or 
no fatigue damage throughout the entire forward flight 
spectrum.  It may, therefore, be concluded that all of the 
designs analyzed will have high fatigue lives.  The current 
UH-1M blade, which is also included in the stress summary, 
is assigned a 2500-hour fatigue retirement life as presently 
used in the Army environment.  A comparison of the margins 
calculated for this blade to those calculated for the candi- 
date designs by the same procedures shows that the margins 
are, in fact, very similar.  Minor variations exist; however, 
the basic conclusion that can be drawn is that the candidate 
blades would enjoy fatigue lives of the same order as that 
now assigned to the current UFI-1H blade.  Since a thorough 
and complete assessment of the fatigue life of a new rotor 
blade can be made with confidence only when adequate 
experimental data are available for the fatigue strength, 
the flight loads and the frequency of occurrence of loads, 
no further detailed calculations are undertaken at this 
time. 
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SURVIVADILITY ANALYSIS 

In addition to tho stress analysis conducted for the basic 
configurations, Configurations I and III were further analyzed 
to determine the structural deterioration caused by three 
types of assumed damage:  (1) a bullet hole through the spar, 
(2) the loss of both upper and lower skins, and (3) the loss 
of both skins as well as the trailing-edge spline. 

Condition 1 was selected to simulate the effects of a loss of 
structural material equivalent to that which would be caused 
by a 50-caliber bullet passing through the spar just aft of 
the nose ballast weight.  The change in cross section 
properties at each station analyzed, although relatively 
small (7 to 10% for flatwise bending stiffness and 8 to 16% 
for edgewise bending stiffness), as shown i •' Table XIV, could 
be significant due to the lecal stress condition surrounding 
the damaged area.  Stress concentrations of varying magnitudes 
could increase the vibratory stresses over those shown in 
Table XIII by a significant factor. 

Condition 2, the loss of both upper and 
in-flight damage to the aft structure d 
debris, foreign objects, etc., that wou 
punctures to both skins of such a magni 
from performing any load-carrying funct 
flatwise bending loads would be resiste 
spar, while edgewise bending and axial 
by the spar and, to some extent, the tr 
Reductions in section properties are no 
and edgewise bending stiffness amountin 
to 20% for both configurations. 

lower skins, considers 
ue to projectiles, 
Id result in tears or 
tude to prevent them 
ion.  As such, the 
d primarily by the 
loads would be resisted 
ailing-edge spline, 
ted for both flatwise 
g to approximately 15 

Condition 3, the loss of both skins and 
spline, could include damage that would 
portions of the complete aft structure 
well as those instances where the splin 
damage to cause separation. Usually, f 
is accompanied by failure of both skins 
condition the remaining forward structu 
spar doublers, abrasion strip, and poss 
weight, would be required to resist all 
loads. Loss in section properties is 1 
conditions studied, amounting to approx 
flatwise bending stiffness and 95 to 96 
stiffness. 

the trailing-edge 
result in the loss of 

for several inches as 
e receives sufficient 
ailure of the spline 
as well.  In this 

re, such as the spar, 
ibly the nose ballast 
of the flight-induced 

argest for the three 
imately 15 to 20% for 
% for edgewise bending 
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rm n 
Flatwise and edgewise bending moments were reovaluatod for the 
blades, assuming local damage of Condition 3 type.  When com- 
pared to the moments obtained for the basic stress analysis, 
insignificant change was noted.  Therefore, the steady and 
vibratory flatwise and edgewise moments derived for the basic 
configurations were used for the survivability analysis.  The 
steady edgewise bending moment due to centrifugal force, 
however, changed drastically, particularly for the Condition 
3 damage situation.  Due to the loss of the complete aft 
structure, the neutral axis at Station 82 shifts forward 3.38 
inches for Configuration I and 3.68 inches for Configuration 
III.  The neutral axis shift at other stations, although not 
as extreme, is still substantial.  Therefore, the steady 
edgewise bending moment due to centrifugal force for Condition 
3 was recalculated and is reflected in the stresses and 
margins of safety reported in Table XIV. 

j.able XIV presents the survivability analysis summary for 
blade Configurations I and III.  Section properties for 
several significant stations of the basic blade as well as 
those resulting from the three damage conditions are shown. 
Both fatigue and static stresses as well as their respective 
margins of safety are presented for the critical blade com- 
ponents.  Fatigue margin of safety is based on analysis of 
steady and vibratory stresses and a comparison to the appro- 
priate material allowables.  Static margin of safety in this 
analysis is based upon calculated stresses from all steady 
load sources plus stress amplitude resulting from vibratory 
loads.  The resulting peak stress is compared directly to 
the material ultimate strength to ascertain whether blade 
separation is imminent.  In all cases the very high stress 
concentration that would exist at the tip of a crack or tear 
is assumed to be blunted by local yielding.  Such yielding, 
which will generally be present, will in fact be beneficial 
in many cases because of the state of residual compression 
induced.  A positive fatigue margin of safety is usually 
associated with a high static margin and indicates that the 
damage is of minor consequence and does not require immediate 
action.  Negative fatigue margins designated as LL in Table 
XIV denote components that are life limited after damage. 
If they are associated with a relatively high static margin, 
the component may survive for a limited time before corrective 
action is mandatory.  If, however, a life-limited component 
has a relatively low static margin, the expected life of the 
component could be very short and immediate corrective pro- 
cedures should be initiated.  Negative static margins of 
safety for a component are evidence that the component cannot 
survive the extent of damage considered at that station. 
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Bullet hole damage at Station 152 of Configuration I causes 
life-limiting fatigue damage but is less damaging at other 
stations.  This condition does not appear to present any 
immediate safety of flight problem as all static margins are 
relatively high. 

All Configuration I blade stations are li 
damage Conditions 2 and 3. Condition 2 s 
relatively high, indicating that there is 
of its surviving for a sufficient time to 
or at least to make a successful landing. 
Condition 3 reveal that Station 82 of Con 
not sustain this type of damage without o 
failure. The low static margins for stat 
Station 82 indicate a low probability of 
tain flight for any appreciable length of 
landing could probably be made, particula 
occurred outboard of Station 210. 

fe limited for 
tatic margins are 
a good probability 
complete the flight 
Static margins for 

figuration III could 
xperiencing a 
ions outboard of 
being able to sus- 
time.  A safe 

rly if the damage 

Configuration III appears to be slightly less sensitive to 
Condition 1 bullet hole damage than is Configuration I, 
notably at Station 152.  The Configuration III blade exhibits 
positive fatigue margins of safety for the full length of the 
blade.  These margins are not, however, very high, ana any 
increase in the vibratory lev^el caused by stress concentra- 
tions could result in a life-limited blade, particularly 
inboard of Station 152. 

Configuration III blades exposed to damage Condition 2, the 
loss of both skins, is life limited for the full blade length, 
The static margins indicate less ability to sustain continued 
flight than does the Configuration I blade but, in all prob- 
ability, are sufficiently high to permit a safe landing. 

Static margins for the Configuration III blade subjected to 
Condition 3 damage, the loss of both skins and trailing-edge 
spline, indicate that the blade could not sustain this 
extensive amount of damage inboard of approximately Station 
200.  The probability of a successful landing increases as 
the damaje location moves outboard from Station 200. 
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FINAL DESIGN SELECTION 

A review of the results of all the foregoing analyses reveals 
that all candidate blade designs have merit and that no single 
design is the outstanding obvious selection.  A sufficient 
number of design and analysis iterations wore conducted for 
each configuration so that in the final evaluation all four 
candidates fully met the technical requirements.  Blade 
natural frequencies, flight loadings and stress margins wore 
all within acceptable limits.  Evaluation of the basic 
fatigue margins of safety indicated that all configurations 
would enjoy a high fatigue life in service on the UH-1H.  The 
reliability evaluation of each configuration revealed no 
major differences, though newer and more novel materials or 
processes must, of course, leave questions as to their final 
reliability in service.  Major gains in repairability and 
maintainability have been made for all configurations by the 
incorporation of fiberglass skins for the aft structure. 
Development of the ability to do major repairs to «-his area 
of the blade at the field level provides a substantial 
improvement in repairability over a comparable metal skin 
blade.  Due to the importance of this area in determining 
overall blade repairability, all four candidate designs fell 
in the narrow range of 80 to 83?. repairability. 

Evaluation of the 10-year life-cycle costs of the candidate 
blades did, however, reveal significant differences.  Config- 
urations 1 and III showed promise of a substantial reduction 
in life-cycle costs when compared to the present UH-1H blade 
or to Configurations II and IV.  Savings on the order of 40% 
of the cost of an overall rotor blade program could be 
realized by the incorporation of one of these designs.  Since 
the initial cost of both of these blades is slightly higher 
than current UH-1H blades estimated on the same basis, the 
savings accrue from the improvement in repairability and the 
resulting increased time in service.  To further evaluate 
differences between blade configurations I and III, details 
of the cost analysis wore examined for the purpose of iden- 
tifying elements which might provide further reduction in 
total life-cycle cost.  As a result of this review and a 
general evaluation of all factors involved in the selection 
of a preferred design, the final recommended Configuration V 
design was evolved.  This design uses a combination of the 
features of Configurations I and III in such a way as to 
provide a slight further reduction in total life-cycle cost. 

Table XV presents the results of a life-cycle cost analysis 
for the Configuration V blade.  This analysis used relia- 
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TABLE XV, CONFIGURATION V LIFE-CYCLK COST SUMMARY 

Cost of Now Blade (FOB) - Dollars 

Blade Production Cost Estimate * 
RDTE Cost per Unit 
Profit 
Blade Price to Army 

100 Random Hit Blade Damage Analysis 

KBRO  Fraction Repaired at Org  Level (on A/C) 
KBRF  Fraction Repaired at Int  Level (off A/C) 
KßRD  Fraction Repaired at Depot Level 
KBS0  Fraction Scrapped at Org/Int  Level** 
KBSD  Fraction Scrapped at Depot Level 

Total Dispostion of 100 Random Hits 

Average Repair Kit Price (FOB) , dollars 
Mean Time to Repair, TR/ MMH 

Blade Program Cost/Aircraft Life Cycle - Dollars 

Initial Costs 

Outfitting Production Aircraft 
Spare Blades and Containers 
Spare Parts 

2715 
107 
339 

3161 

187 
454 
.175 

.138 

.046 
1.000 

52.05 
3.33 

6321 
1454 

48 

Operating Costs 

Org /Int Blade Repair Labor 
Org /Int  Blade Repair Parts 
Org /Int  Blade S'.rap & Fatigue Retire 
Depot Level Blade Repair 
Depot Level Blade Scrap 

Attrition 

Blade Replacement 

560 
95 0 

12,110 
5,670 
3,510 

9,872 

Blade Program Cost/Aircraft Life Cycle - Dollars 40,495 

*Based on 10,000th unit of production and adjusted to 
agree with specified price of the current UH-1D/H blade. 

**Fraction of blades scrapped at the Org/Int Level is 
estimated at 75% of total scrap for all repairable blade 
candidates, based on damage assessment of ] 00 random hit 
analysis.  
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ability, maintainability and cost data derived for Confiqura- 
tions I and III, as applicable.  The resultinq blade proqram 
cost represents a net savings over a 10-year aircraft life 
cycle of 46% compared to the present UII-1H blade.  This 
represents slightly greater savings than are offered by any 
of the other candidate blade designs. 

Attainment of stiffness and natural frequency requirements is 
predicted on a shear modulus, which was calculated for the 
latiinated glass fiber skins, using standard theory developed 
for this purpose.  The properties can be influenced by the 
conditions of cure of the laminate and may be expected to 
vary from theoretical prediction.  In the event that the shear 
modulus is too low, the required shear stiffness could bo 
attained with the simple addition of more skin plies.  Such 
a design change will directly affect blaae weight, but it is 
not expected to significantly affect mass balance, since the 
stiffness requirement is primarily associated with the in- 
board blade stations and root end. 

The survivability characteristics of this design will bo the 
same as those defined for Configuration III, where, for major 
areas of the blade, excellent damage tolerance has been 
demonstrated.  Damage type 3, the case of the severed 
trailing-odge spline, in which the skins are also considered 
to be failed and only the spar structure remains, is sur- 
vivable only for outer portions of the blade.  An improvement 
in the survivability for this case could be provided at an 
increase in basic blade cost.  This would involve an increased 
thickness for the aft web on the "D" spar for inboard sections, 
which is machined to present thickness for outboard sections. 
Although it appears that such a change would be desirable 
from an aircraft/systems approach, it is not warranted on the 
basis of rotor blade costs alone. 
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r 
CONCLUSIONS 

Based on work performed in this program, the following 
conclusions can be drawn: 

1. An increase in repairability can provide a 
significant decrease in total program costs for 
main rotor blades, even at a slight increase in 
unit cost. 

2. A rotor blade that offers repairability on the 
order of 80% has been designed for the UH-1H 
and in that application offers potential savings 
of more than 40% of total program costs. 

3. The rotor blade designed for the UH-1H meets the 
technical requirements of that application and 
will have a high fatigue life.  The same concept 
is applicable to other rotor systems, particularly 
those where the stiffness and strength requirements 
are less stringent. 
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APPENDIX   I 
FAILURE   MODE   AND   EFFECT  ANALYSIS 
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APPENDIX III 
DAMAGE ANALYSIS AND REPAIRS 
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Al'l'KNDIX   IV 

STANDARD   RKI'AIK   I'ROCKDURKS 

INDEX 

1. Blond repair not roquirinq restoration of profile 

2. Blend repair roquirinq restoration of profile. 

3. Replacement of abrasion sheath soqment. 

4. Patch repair of small fiberglass skin area. 

5. Patch repair of larqe fiberqlass skin area. 

6. Patch repair of small aluminum skin area. 

7. Patch/pluq repair of core area. 

8. "V" doublor repair at blade trailii^ edge. 

9. Insertion repair of directed qlass fiber doubler. 

10. Core-fill of small area. 

11. Core-fill of larqe area. 

NOTE:  A combination of two or more of the above procedures 
may be required to accomplish repair needed because 
of a sinqle damaqe incident. 
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REFAIR PROCEDURE NO. 1 

1. Blend scratch, nick, gougo, chip, etc., using die file 
and abrasive paper. 

2. Using suitable moans, measure depth of rework.  Continue 
with step 3 below only if depth of revork is within 
allowable limits and is shallow enougn not to require 
restoration of original profile.  If profile must be 
restored, accomplish Repair Procedure No. 2. 

3. Clean reworked area using MEK solvent and cheesecloth. 

4. Apply brushable alodinc or cadmium, respectively, to 
reworked aluminum or steel.  Omit this step if material 
being reworked is stainless steel, titanium or fiber- 
glass . 

5. Touch up repair area using aerosol cans of zinc chromate 
primer, black paint and brown paint, as required.  Omit 
this step if material being reworked does not comprise 
part of blade exterior. 
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REPAIR PROCEDURE NO, 

1. Blend scratch, nick, qouge, chip, etc., using die, file 
and abrasive paper. 

2. Using suitable means, measure depth of rework.  Continue 
with step 3 below only if depth of rework is within 
allowable limits. 

3. Clean reworked area using MEK solvent and cheesecloth. 

4. Apply brushable alodine or cadmium, respectively, to 
reworked aluminum or steel.  Omit this step if material 
being reworked is stainless steel, titanium or fiber- 
glass . 

5. Mask area to be filled. 

6. Mix 2-part filler and apply to damaged area using wooden 
spatula. 

Note:  Special lead/epoxy filler to be used 
in restoration of nose block weights. 

7. Allow filler to cure for time specified.  Heat may be 
used to accelerate cure.  Place heat lamp in a manner 
that heat rays are directed on rework area and 
temperature at surface is within prescribed range. 

Note;  Heat blankets placed over the repair 
area with a Teflon film sandwiched 
between may also be used as a heat 
source to speed curing of filler. 

8. Contour reworked area to restore original profile using 
hand file and abrasive paper. 

9. Touch up repair area using aerosol cans of zinc chromate 
primer, black paint and brown paint, as required.  Omit 
this step if material being reworked does not comprise 
part of blade exterior. 

201 



REPAIR PROCEDURE NO. 3 

1. File or grind through sheath at leading edge using power 
tools as available. 

Note:  Contingent upon availability of air 
motor, an electric motor or sanding discs 
may be used. 

2. Apply heat locally and peel sheath off. 

3. Apply aluminum adhesive tape to blade around area from 
which old sheath was removed. 

4. Remove old adhesive using chemical stripper. 

5. Clean areas to be bonded using solvent and cheesecloth. 

6. Mask area to be bonded. 

7. Mix 2-part adhesive and apply to spar and new sheath 
using serrated spreader. 

8. Install new sheath section and retain in place wich 
hi-temp Mylar tape. 

9. Cover with Teflon film and retain tilm with Mylar tape. 

10. Cover with heating blankets and retain with Mylar tape. 

11. Wrap with inflatable bladder and secure with web straps. 

12. Inflate bladder to 5-10 psi using compressed air or 
hand-operated tire pump. 

13. Provide electric power to heating blankets using auxiliary 
power unit (APU) or other 28-volt D.C. power source. 
Allow adhesive to cure, maintaining prescribed cure con- 
ditions for time specified. 

14. Remove bladder, Teflon film, etc., and sand smooth excess 
adhesive at sheath edges. 

15. Touch up repair area using aerosol cans of zinc chromate 
primer, black paint and brown paint, as required. 
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REPAIR PROCEDURE NO, 

Note: This repair may bo utilized for 
damaqed areas up to 3 inches in 
diameter. 

1. File or grind away damaged skin using power tools as 
available.  Scarf edges of reworked skin using abrasive 
paper. 

Note:  In cases whore compressed air supply 
is not available, a specially ground, 
hand-held scraper may be used to 
remove damaged skin. 

2. Remove paint from area surrounding scarfed edges using 
solvent and cheesecloth. 

Note:  If applicable. Repair Procedure No. 10, 
"core-fill of small area", should nov; 
bo accomplished. 

3. Cut  and scarf fiberglass skin patch to fit repair area. 

4. Clean areas to be bonded using solvent and cheesecloth. 

5. Mask area to be bonded. 

6. Mix 2-part adhesive and apply to patch and reworked area 
using serrated spreader. 

7. Install patch and retain in place with hi-tomp Mylar 
tape. 

8. Cover with Teflon film and retain film with Mylar tape. 

9. Cover with thin aluminum sheet and retain with Mylar 
tape. 

10. Cover with heating blanket and retain with Mylar tape. 

11. Wrap with inflatable bladder and secure with web straps. 

12. Inflate bladder to 5-10 psi using compressed air or 
hand-operated tiro pump. 
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Notu: An alternate moans of creating bond 
pressure may be employed by using a 
sand bag weight over the patch area. 
In cases where the repair is performed 
on the underside of a blade still 
installed on the helicopter, the sand 
bag may be supported by a piece of 
plywood propped up from the ground by 
a wooden strut. 

13. Provide electric power to heating blankets using auxiliary 
power unit (APU) or other 28-volt D.C. power source. 
Allow adhesive to cure, maintaining proscribed cure condi- 
tions for time specified. 

14. Remove bladder, aluminum shee^, etc., and sand smooth 
excess adhesive at patch edges 

15. Touch up repair area using aerosol cans of black paint 
and brown paint, as required. 

16. Refer to repair versus blade balance chart.  Remove 
specified number of balance washers from either or both 
blade tip locations, as indicated. 
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REPAIR PROCEDURE NO. 5 

Note:  This procedure is same as Procedure 
No. 4 except that repair area is 
greater, accounting for longer 
average time to accomplish. 

This repair may be utilized for 
damaged areas up to 8 inches by 
16 inches. 
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REPAIR PROCEDURE NO, 

Note:  This repair may be utilized for 
damaqod areas up to 2-1/2 inches 
in diameter or oblong areas 1 
inch by 4 inches. 

1. Draw a circle around the damaged area just large enough 
to encompass the damage. 

2. Remove skin just inside the circled area, disturbing the 
honeycomb core as little as possible.  It is desirable 
to heat the cut-out disk to 200oF (max.) and lift out 
the disk of skin while heated. 

3. Deburr edges of hole, making sure skin is free of 
scratches and nicks. 

4. Remove paint from repair area with cleaner.  Dry with a 
clean cloth.  Do not allow cleaner to enter the blade. 

5. Prepare a patch to cover the hole that will overlap by 
0.75 inch.  Patch may bo fabricated from 2024 T3 aluminum 
0.020 inch thick and large enough to overlap the hole at 
least 0.75 inch all around the perimeter.  Deburr and 
blend out edges.  Sand the bond area of the patch and 
blade with 400 grit paper. 

6. Clean bond area on patch and blade with cleaner.  Dry 
with a clean cloth. 

7. Apply adhesive to patch area around hole and patch. 
Apply patch to blade, moving patch slightly under pres- 
sure, to make sure voids in bond are expelled.  Blend 
out excess adhesive. 

8. Patch may be held in place while curing with rubber 
bands made from inner tube or other mechanical means. 
Allow Metalsot A4 to cure at 70 to 90 degrees for 24 
hours, or 145 to 155 degrees for 30 minutes, until com- 
pletely firm.  Allow Epon 934 to cure at 75 degrees 
minimum for 5 days or at 1B0 degrees for 60 minutes. 
(Adhesive will resist fingernail penetration.) 

9. Refinish patch and adjoining area. 
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REPAIR PROCEDURE NO. / 

1. Secure wrap-around template to blade in damage area 
usinq masking tape. 

2. Using 4-inch knife and hacksaw type blade, cut hole 
through blade, working alternately from top and bottom 
sides of blade. 

3. Remove paint from areas surrounding cutout on top and 
bottom of blade using solvent and cheesecloth. 

4. Abrade surfaces to be bonded using abrasive paper. 

5. Clean areas to be bonded using solvent and cheesecloth. 

6. Mask areas tc be bonded. 

7. Mix 2-part adhesive and apply to areas to be bonded on 
top surface of blade, flange of patch/plug and core 
surfaces of blade and patch/plug.  Use serrated spreader 
to apply. 

8. Install patch/plug through top side of blade and retain 
in place with hi-temp Mylar tape. 

9. Cover with Teflon film and retain film with Mylar tape. 

10. Cover with thin aluminum sheet and retain with Mylar 
tape. 

11. Cover with heating blanket and retain with Mylar tape. 

12. Turn blade over and apply adhesive to areas to be bonded 
on bottom surface of blade and patch/plug and on picture 
frame doubler. 

13. Ins-tall picture frame doubler ard retain in place with 
hi-temp Mylar tape. 

14. Repeat steps 9 through 12. 

15. Wrap with inflatable bladder and secure with web straps. 

16. Inflate bladder to 5-1U psi using compressed air or 
hand-operated tire pump. 
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17. Provide electric power to heating blankets using auxiliary 
power unit (APU) or other 28-volt D.C. power source. 
Allow adhesive to cure, maintaining prescribed temperature 
range for time specified. 

18. Remove bladder, aluminum sheets, etc., and sand smooth 
excess adhesive at patch/plug and picture frame doubler 
edges. 

19. Touch up repair area using aerosol cans of black paint 
and brown paint. 
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REPAIR PROCEDURE NO. 8 

1. File or grind away dMmaged skin using power tools and 
sanding disks, as available. Scarf edges of reworked 
skin using abrasive paper. 

Note:  In cases where compressed air 
supply is not available, a specially 
ground, hand-held scraper may be 
used to remove damaged skin. 

2. Remove paint from both sides of blade in areas that will 
be covered by "V" doubler. 

Note:  Damaged trailing-edge blade sections 
which underlie skin removed in step 1 
above should be repaired now in 
accordance with applicable procedures 
1, 2 or 9. 

3. Clean areas to be bonded using solvent and cheesecloth. 

4. Mask area to be bonded. 

5. Mix 2-part adhesive and apply to "V" doubler and re- 
worked area using serrated spreader. 

6. Install "V" doubler and retain in place with hi-temp 
Mylar tape. 

7. Cover with Teflon film and retain film with Mylar tape. 

8. Cover with thin aluminum sneet and retain with Mylar 
tape. 

9. Cover with heating blanket and retain with Mylar tape. 

10. Wrap with inflatable bladder and secure with web straps. 

11. Inflate bladder to 5-10 psi using hand tire pump or 
compressed air. 

Note;  Mechanical means, such as "C" clamps 
over contoured wooden blocks, may be 
used as an alternate method of 
creating bond pressure. 

209 



^ 

12. Provide electric power to heating blankets using aux- 
iliary power unit (APU) or other 28-volt D.C. power 
source.  Allow adhesive to cure, naintaining prescribed 
temperature range for time specified. 

13. Remove bladder, aluminum sheet, etc., and sand smooth 
excess adhesive at "V" doubler edges. 

14. Touch up repair area using aerosol cans of zinc chromnte 
primer, black paint and brown paint, as required. 

15. Refer to repair versus blade balance chart. 
Remove specified number of balance washers from either 
or both blade tip locations, as indicated. 
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REPAIR  PROCEDURE   NO.    9 

1. File or  grind away damaged directed  glass   fiber doubler 
using power   tools   and sanding disks,   as  available. 
Scarf  inboard and  outboard  ends  of   repair  area. 

2. Cut  and  scarf directed glass  fiber  patch   to  fit repair 
area.     Direction  of glass   fibers  must be   from root  to 
tip of  blade. 

3. Clean area   to be   bonded using solvent and  cheesecloth. 

4. Mask area  to be bonded. 

5. Mix  2-part  adhesive and apply to patch  and  reworked  area 
using serrated spreader. 

6. Install  patch and   retain  in  place with hi-temp Mylar 
tape. 

7. Cover with  Teflon   film and  retain   film with Mylar  tape. 

8. Cover with  thin aluminum sheet  and  retain  with Mylur 
tape. 

9. Cover with  heating  blanket  and  retain with Mylar  tape. 

10. Wrap with  inflatable bladder and  secure with web straps. 

11. Inflate  bladder  to  5-10 psi  using compressed air or  hand- 
operated  tire pump. 

Note:     Mechanical  means,   such  as   "C"  clamps 
over contoured wooden  blocks,  may be 
used as an  alterrate  method  of 
creating bond pressure. 

12. Provide  electric  power to heating  blankets  using 
auxiliary power unit   (APU)   or other  28-volt  D.C.   power 
source.     Allow adhesive to cure,   maintaining prescribed 
cure  conditions  for  time  specified. 

13. Remove  bladder,   aluminum sheet,   etc.,   and   sand smooth 
excess  adhesive at  patch  edges. 
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REPAIR  PROCEDURE   NO.   10 

Note; This repair supplements 
Repair Procedure No. 4, 
when required. 

1. TJ  the  extent practicable,   remove  damaged  honeycomb 
using knife and  scissors. 

2. Mix  2-part adhesive  and apply  to  reworked  core area 
using wooden spatula. 

3. Place heat  source   in a manner that heat  is  directed on 
rework  area  and   temperature  at  surface  is  within 
prescribed  range.     Allow adhesive  to cure   for time 
specified. 

4. Contour  reworked   area to restore  original  profile 
using abrasive paper. 

212 



REPAIR PROCEDURE NO. 11 

Note: This procedure is same as Repair 
Procedure No. 10 except that 
repair area is greater, accounting 
for longer average time to accomplish, 

This repair supplements Repair 
Procedure No. 5, when required. 
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APPENDIX V 

EVALUATION OF MAJOR REPAIR PROCEDURE 

To provide a preliminary evaluation of the repair procedure 
proposed, a trial repair was made of an existing rotor blade 
section with fiberglass skins.  The repair was made under 
simulated field conditions, and the results generally 
demonstrated the feasibility of this approach. 

This trial repair was made using Minnesota Mining's EC 2216 
paste epoxy, which is a high-peel-strength adhesive that will 
cure at the moderate temperatures attainable with heating 
blankets using a 28-volt APU unit for a power source. 
(EC 2216 is also listed by Federal Stock No. 8040-788-2839). 
This adhesive was used throughout for bonding core to core and 
fiberglass patch to fiberglass skin.  Other paste epoxy 
adhesives such as AEX 2007-N made by Adhesive Engineering 
Company and ADX 372/87 made by Dexter-Hysol, both of 
California, are also suitable for this purpose. 

A variation of this repair which would simplify operations and 
yield better weight control would be to use the paste epoxy 
for the core bonds but to have a low-temperature-curing 
adhesive film that bonds with low pressures for the fiberglass 
to fiberglass bonds.  This film would be pre-applied to the 
bonding surface of the patch and covered with a protective 
peel ply that would not be removed until just before bonding. 
Any such film would obviously need long-term storage proper- 
ties at room temperature.  One newly developed adhesive 
material that might serve the purpose is Loktac, Type S J 
8001X, made by Minnesota Mining Industrial Special Products 
Department. 

Heating pads used for this project were 12 inches square and 
rated at 5 watts per square foot.  It is noted that tempera- 
tures recorded by the thermocouples during the repair reached 
200oF, and they would have gone higher if not controlled.  At 
the start of the repair, the temperatures attainable with 
this 28-volt APU unit arrangement were mostly conjectured. 
Ambient temperature at the time was 620F. 

A description of t-he complete procedure follows. 
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MATERIALS AND EQUIPMENT REQUIRED 

1. Honeycomb core plug, prefabricated 
2. Picture frame doubler of fiberglass, prefabricated 
3. EC 2216 epoxy adhesive - paste 

105 grams base (white) 
150 grams accelerator (grey) 

4. Two electric heating pads, 12" x 12" 
5. Inflatable bladder with straps 
6. Tiro hand pump 
7. Two thin aluminum plates, .010" x 12" x 12" 
8. Serrated adhesive spreader 
9. Wood tongue depressors for mixing adhesive 

10. Disposable  cups 
11. One   container  methyl   ethyl   ketone   (MEK) 
12. Clean  cheesecloth 
13. One   roll green  Mylar   tape,   2"  wide 
14. Teflon  film,   transparent,   .0005"   thick 
15. Emery paper,   #240 
16. Scissors 

NOTE:  The above items would be supplied in the field 
kit, which would also include a wrap-around 
template to mark the cutout on both surfaces 
of the blade, plus a special hacksaw type 
blade and a long-bladed knife for cutting 
through the fiberglass skiYis and the core. 

PROCESS FOR REPLACEMENT OF AFT STRUCTURE IN LARGE CUTOUT IN 
ROTOR BLADE 

1. Position template to encompass complete damage area. 

2. Use knife to sever skins and cut through core, top and 
bottom.  Remove plug and even edges with hacksaw blade. 

3. After cutting the hole to proper size, solvent wipe 
around periphery with MEK to remove all paint from 
surfaces to be bonded. 

4. Mask off area approximately 1/8 inch beyond perimeter of 
patch, both surfaces (Figure 30). 

215 



Figure 30.  Masking Blade Repair Area. 

5. Lightly abrade bonding surfaces on both sides with #240 
emery paper to remove gloss from skins bu. not to cut 
through the fibers of the fabric. 

6. Solvent wipe abraded surfaces with MEK and clean cheese- 
cloth.  Wipe dry before solvent evaporates. 

7. Mix 255 grams of EC 2216 paste epoxy adhesive. 

8. Apply EC 2216 to exposed core edges, 4 sides, using thr. 
spatula and on the bonding surface around the hole using 
the finely serrated adhesive spreader (Figure 31). 
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Figure   31.      Spreading  Adhesive 
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Remove protective peel ply from the flange of the insert 
(Figure 32). 

Figure 32.  Removing Peel Ply From Insert 

10.  Spread adhesive on the bonding surface of the flange 
using the serrated spreader and on the exposed core 
edges on 4 sides using a spatula. 
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11.  Position repair section into hole in blade and tape in 

place with 2-inch-wide green Mylar tape, straddling the 
joint edge along 4 sides (Figure 33). 

Figure 33.  Inserting Repair Section. 

12. Position the thin Teflon film over the area and the 
.010-inch aluminum sheet on top of it, directly over 
the patch, and tape in place. 

13. Turn the blade over and remove the protective peel ply 
from the bottom surface of the insert.  Spread adhesive 
on the bonding surface of the plug and blade skins using 
the serrated spreader. 

NOTE;  Bottom skin of plug had already been masked off 
to protect against squeeze-out of the adhesive 
during bonding. 
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14.  Romovo the protective peel ply from the bondinq surface 
of the picture frame douhler and spread adhesive with 
the serrated spreader (Figuic 14). 

Figure 34.  Removing Peel Ply From Doublcr 

220 

J 



l'j.  I'osit ion the ciouhh-r over the core pluq joint and   tape 
in place by ^-inch-wide qr 'en Mylar tape siradd1inq the 
joint on <i 1 1 edqcs (Fiyure J5) . 

Figure 35.  Positioning Doubler, 

16. Position the thin Teflon film over the area and the 
.010-inch aluminum shoot on top of it, directly over the 
doubler, and tape in place. 

17. Position the hoatinq blanket and tape in place with the 
qreen Mylar tape. 

18. Turn blade over and position 3 thermocouple wires, one 
at the center of the pluq, one at the inboard edge and 
one at the trailing edge over the aluminum spline 
(test instrumentation only). 
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19. Position the heating blanket and tape in place with 
green Mylar tape. 

20. Wrap inflatable bladder around the blade repair area, 
starting at the trailing edge.  Apply the 4 straps and 
inflate to 10-15 psi (Figures 36 and 37). 

Figure 36.  Positioning Bladder, 
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Figure 37.  Inflating Bladder, 
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21.      Apply   licit    iisiri'i   .'H   volt:;    Irom   AI'll   source   .ind   curt'    loi 
2   hou rs   rn i ii i mum   (!■' i qu M •    ! H ) . 

Fiqurt'    58.     Snarting   Powt r   Soiirre 
To  iloat   Bona. 
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The completed repair is shown in Figure 39 prior to cleanup 
and painting.  The surfaces of the doublers are out of con- 
tour and will slightly disturb the airflow; however, the 
precurcd doubler with stepped positioning of successive 
edgos minimizes this effect.  The number of stops and separate 
itom.c used in this trial repair may be significantly reduced 
by use of an integrated repair kit designed specifically for 
thii purpose in which an absolute minimum of materials and 
skill is required.  The use of film adhesives and pressure 
bladder with integral heating blanket would make significant 
contributions to this goal. 
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APPENDIX VI 

UIl-1 ROTOR BLADE DESIGN COST COMPARISONS 

The following cost model values 
Government to standardize the va 
The current UH-1 rotor blade val 
values of the candidate blade th 
insensitive to variations in des 
candidate blade are not supplied 
the Contractor for use after app 
tracting Officer. 

are being supplied by the 
rious rotor blade comparisons, 
ues are listed together with 
at are considered relatively 
ign. Where values of the 
, they are to be developed by 
roval by the Government Con- 

Blade Life Hours 
Aircraft Life Hours 
Aircraft Fleet Size 
Aircraft Attrition 
Blade Set Attrition 
Time of Blade Initiation 
Cost of One Blade 
Experience Curve Position 
Blade Spares Inventory 
% Inherent Damage 
% External Damage 
Blade Time Between Damage 
Repair Performance Degrada- 

tion 
Cost Field, Org Mil Labor/Hr 
% Military Labor, Field 
Field Overhead & Support Cost 
MMH Each Blade Removal 
MMH Disposition, Inspect 
MMH Repair, Field 
Parts Materiel Cost/Repair 

(Fid) 
GSE, Tooling Cost/Repair(Fid) 
MMH Obtain Replacement Blade 
MMH Ops, Inventory, Requisi- 

tion 
MMH Blade Installation 
% Field Repairs Require 

Removal 
% Removed Blades Scrapped,Org 
% Removed Blades, Repaired, 
Org 

% Removed Blades to Depot 
Repair 

Current UH-1 Candidate 

2500 im 

5000 Same 
500-100Ü- 2000 Same 
Zcro Same 
.0003/Fli ght Hr Same 
Original Production Same 
$3000. DO - 

10,000 Blades Same 
30% of Installed - 
Zero Same 
100% Same 
425 Hours Same 

Zero Same 
4.00 Same 
100% Same 
Zero Same 
3.75 Same 
1.5 Same 

$5.00 mm 

Zero - 
3.0 Same 

3.0 Same 
3.75 Same 

100% _ 

30% - 

12% - 

58% — 
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Current UH-1 Candidate 

% Depot Received Blades 
Scrapped 68% 

% Depot Received Blades 
Overhauled 32% 

Shipping, 8000 Mi, Surface, 
Blade $90 

Shipping, 8000 Mi, Surface, 
M-T Container $45 

Rotor Blade Container, 
Reuseable 200.00 

Preparation for Shipping , 
Field 70.00 

% Surface Shipping to CONUS 100% 
% Mil Air Shipping from CONUS 100% 
8000 Mi Mil Air Shipping $130 
% Civilian Labor, Depot 100% 
Composite Civilian Labor 

Cost, Hr $12 
Blade Overhaul Cost, Depot   $925 
Depot Overhaul & Support Cost Zero 
MMH Receive, Unpack, Depot    1.0 
MMH Inspect (100% of Rec'd), 

Depot 1.5 
MMH to Dispose of Scrap, 

Depot .5 
Preparation for Shipping, 

Depot $70 
Shipping Containers Required  30% 

Same 

Same 

Same 

Same 
Same 
Same 
Same 
Same 

Same 

Same 
Same 

Same 

Same 

Same 
of Installed 

NOTES 

Develop R&D, prototype and production candidate blade 
costs, determine learning curve equation, assume previous 
production of 10,000 units and establish cost at 10,000 
unit for use in cost model and comp rison with current 
UH-1 blade. 

Conduct 3 separate cost runs for each fleet size, 500 - 
1000 - 2000. 

Aircraft utilization is 500 hours/year for 10 years, 
5000 hour life. 

Zero aircraft attrition permits the fleet size to remain 
constant throughout the analyses, replacing the blade 
sets at a rate of .0003/flight hour accounts for the new 
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r 
sot of blades required as a result of attrition. 

A complete scenario of damage events has been supplied: 
Type of damage, cause, location center, size, penetration, 
current blade repairability, scrappago or shipment to 
overhaul and repair time in MMH.  A similar analysis will 
be made for each candidate blade following the same 
scenario sequence. 
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APPENDIX   VII 

DEVELOPMENT   FLAN  FOR 
REPAIRABLE  MAIN   ROTOR  BLADES 

SUMMARY 

This appendix presents the plan for development of the recom- 
mended Repairable Main Rotot Blade concept. The proposed plan 
includes sufficient test substantiation to justify preliminary 
service trials of the biade on a quantity of H-l helicopters 
in simulated field conditions.  Service trial would include 
intentional damage and subsequent repair using the service 
kits and techniques developed in the course of the program for 
this purpose.  It is intended that this program will provide 
sufficient background and experience in the application and 
use of repairable rotor blades that this general concept may 
be made a requirement on future Army procurements involving 
large quantities of rotor blades. 

DISCUSSION 

The following development plan is presented for the purpose 
of demonstrating in service the principles of the repairable 
main rotor blade and the savings that are attainable with 
this concept.  The plan provides for sufficient test and 
substantiation of the blade to permit flying of a quantity 
of blades by service pilots for the purpose of obtaining an 
evaluation of the design under field conditions.  The com- 
plete plan evaluates all aspects of the application of re- 
pairable blades to a fleet of helicopters including virtually 
all of the economic influences. 

DEVELOPMENT PLAN 

The plan includes six basic phases:  Design and Analysis, 
Tooling, Bench Test, Whirl Test, Flight Test, and Service 
Evaluation.  A detailed description of each of these phases 
follows. 
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Design and Analysis 

The Design and Analysis phase makes maximum utilization of the 
work completed on the present program.  Detailed design and 
complete analytical support however will require further effort 
to provide complete definition.  Detailed drawings of all 
components, dynamic analysis of all significant flight con- 
ditions and flight loadings, stress analysis for all critical 
conditions and detailed design of repair kits are included in 
this phase.  The analysis must define static strength require- 
ments for limit load conditions and also fatigue strength 
requirements for all steady-state flight conditions. 

Tooling 

The tooling designed for this program should be permanent tool- 
ing capable of producing a quantity of hlades at a low rate. 
Automation of processing is not jusitifiable at this time. 
The approach should anticipate a significant amount of skilled 
hand labor and should therefore minimize the number and 
complexity of tools.  Following fabrication the tools should 
be evaluated in terms of the quality of the product they 
produce by destructive test of a sufficient quantity of blades 
or components to demonstrate a high level of consistent quality. 
Destructive test of at least four samples of each bond joint 
is anticipated.  Tooling developed here should provide an 
excellent basis for the design of hard production tools on a 
subsequent program. 

Bench Test 

This phase of the program provides for static and fatigue test 
substantiation of the blade design both as new and as repaired. 
Static test includes one sample of the blade root, transition 
and a short length of basic airfoil section.  Static test plan 
would include application of limit loads to the new specimen 
followed by unloadings, damage 'of the specimen in a 
representative manner, and loading to steady-state level 
flight loads.  The specimen would then be repaired utilizing 
the repair kits and techniques designed for this purpose end 
the specimen subsequently static tested to ultimate load and 
then to failure under a complete set of flight loads.  As a 
minimum the test should include centrifugal force, flatwise 
bending and edgewise bending.  The repaired specimen should 
be capable of surpassing ultimate load requirements. 

Fatigue test of a minimum of three blade root specimen and 
two outboard specimens is anticipated.  The blade root specimen 
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would include the transition area and a length of basic air- 
foil section.  Two specimens would be tested in the now 
condition, one at high vibratory load levels to failure and 
the other at levels representative of high speed level flight. 
Root end fatigue testing should apply steady centrifugal 
force, flatwise bending and edgewise bending and would super- 
impose vibratory flatwise and edgewise bending.  One blade 
root specimen containing representative repairs should be run 
at the high load level to failure for a direct comparison of 
the failure mode and cycles to failure to that of the new 
specimen. 

Two outboard blade panels should be fatigue tested in flatwise 
bending, one specimen tested in the new condition and the 
other containing the maximum number of repairs permitted for 
that area.  Test level should be high enough to produce 
failure for direct comparison of failure mode and cycles to 
failure. 

Whirl Test 

A pair of new rotor blades should be wh^rl tested for 150 
hours with representative cyclic and collective control 
inputs.  Following completion of this test a demonstration of 
the survivability of the design should be undertaken.  This 
would include inflicting damage to the blade while rotating 
and evaluation of the resulting unbalance, out-of-track, or 
other behavior.  The result of this behavior on a flight 
vehicle should be estimated. 

The blades should then be repaired using the kits and 
techniques designed for this purpose and the blades sub- 
sequently whirled for a minimum of 100 hours or sufficient 
time to demonstrate the integrity of the repairs. 
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Flicjht Tost 

Flight teat of the Repairable Main Rotor Blade concept 
should include a strain survey, limited structural demon- 
stration, flying qualities and performance evaluation. 
These program elements should be conducted for new blades 
and the critical portions repeated after the blades have 
been intentionally damaged and repaired.  The strain survey 
should cover all portions of the flight envelope that are 
important to an assessment of the fatigue life of the rotor 
blade including the maneuver spectrum.  Structural demon- 
stration should bo flown in such a way as to demonstrate 
only the approved load factor-airspeed flight envelope of 
UH-1 helicopter with adequate build-up to insure that blade 
loads and stresses are within the strength capabilities 
of the blade.  General flying qualities, vibration and per- 
formance should be compared to published data for the pres- 
ent UH-1 blade.  These comparisons should be drawn for both 
the new and repaired configurations of the Repairable Main 
Rotor Blade. 

At the end of the flight test program, a Data Review and 
Analysis phase is included.  This phase is to review data 
from all phases of the program and evaluate the suitability 
of the Repairable Main Rotor Blade for flight by service 
pilots in an accelerated service evaluation.  One of the 
key elements in this evaluation will be a calculation of 
the fatigue life of the blade for the UH-1 flight spectrum. 
Any deviations from this spectrum anticipated in the ac- 
celerated service trials shall also be investigated.  A 
final report with recommendations for future effort shall 
be produced as a result of this phase. 

Service Evaluation 

The service evaluation of the Repairable Main Rotor Blade 
concept should be conducted by Army personnel at a facility 
selected by the Army.  The contractor will supply five 
ship sets of rotor blades with spares and also a sufficient 
quantity of repair kits and materials  Technical advice 
and assistance shall be provided by the contractor at least 
at the outset of the service evaluation.  The details and 
duration of the evaluation should be jointly agreed to by 
the contractor and the Army.   Final results and conclusions 
to be drawn from the service evaluation shall be the respon- 
sibility of the cognizant Army technical personnel. 
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DEVELOPMENT COSTS 

REPAIRABLE MAIN ROTOR BLADE 

TASK 

1. DESIGN AND ANALYSIS 

2. TOOLING 

3. BENCH TEST 

4. WHIRL TEST 

5. FLIGHT TEST 

6. SERVICE EVALUATION 

TOTAL 

ESTIMATED COST 

$  128,000 

277,000 

213,000 

87,000 

345,000 

142,000 

$1,192,000 
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RECOMMENDATIONS 

It is recommended that the development plan defined here be 
undertaken for the purpose of demonstrating the feasibility, 
practicality and cost effectiveness of the Repairable Main 
Rotor Blade concept. As a result of conducting this pro- 
gram, it will be possible for the Army to specify with con- 
fidence the characteristics that are attainable in future 
repairable rotor blades and the benefits that will be 
derived through this approach. 
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San Antonio Air Materiel Area 1 
Air Force Aero Propulsion Laboratory 1 
Air Force Materials Laboratory 4 
Air Force Flight Dynamics Laboratory 5 
Aeronautical Systems Division, AFSC 2 
Air Force Avionics Laboratory 1 
Naval Air Systems Command 13 
Chief of Naval Research 3 
Naval Research Laboratory I 
Naval Safety Center 2 
Naval Air Rework Facility 1 
Naval Air Test Center 1 
Naval Air Development Center 3 
Naval Weapons Laboratory 1 
Naval Ship Research k Development Center 3 
Marine Corps Liaison Officer,  Army Transportation School 1 
U.S.  Coast Guard 1 
Transportation Systems Center 1 
NASA Headquarters 1 
Ames Research Center,  NASA 2 
Langley Research Center,   NASA 1 
Manned Spacecraft Center,   NASA 1 
Scientific & Technical Inforn.aticn Fac ility,   NASA 2 
Department of Transportation Library 1 
Eastern Region Library,   FAA 1 
Federal Aviation Administration,  Washington 3 
Civil Aeromedical Institute,   FAA 1 
Bureau of Aviation Safety,   National Transportation Safety Board 1 
Government Printing Office 1 
Defense Documentation Center 2 
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