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DISCLAIMERS

The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized
documents,

When Government drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Government
procurement operation, the U.S. Government thereby incurs no responsi-
bility nor any obligation whatsoever; and the fact that the Government may
have formulated, furnished, or in any way supplied the said drawings,
specifications, or other data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any other person or corpo-
ration, or conveying any rights or permission, to manufacture, use, or
sell any patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorsement
or approval of the use of such commercial hardware or software.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the
originator,



Unclassified
Security Classification

DOCUMENT CONTROL DATA-R& D

(Security clessilication of titie, body of abstract and indexing annotation mus! de entered when the overall report is claasified)

! ORIGINATING ACTIVITY (Corporate suthor) 28. REPONYT SECURITY CLASSIFICATION
The Boeing Company, Vertol Division Unclassified
2b. GROUP

Boeing Center, Philadelphia, Pennsylvania

3 REPORT TITLE

Sectionalized Main Rotor Blade Advanced Design Study

4 DESCRIPTIVE NOTES (Type of report and incluaive dates)
Final Technical Report

3 AUTHORIS) (Firat name, middle initisl, last name)

Tadeusz Tarczynski

¢ REPOAT DATE 74. TOTAL NO. OF PAGES 75, NO. OF REFS
August 1972 125
8a. CONTRACT OR GAANT NO 92. OMIGINATOR'S AEPORT NUMBER(S)
DAAJ02-70-C-0072
2. =800 KC (0 USAAMRDL Technical Report 72-8
1F162203A119
€. 8d. OTHER REPORT NOI(S) (Any other numbers that may be assigned
this report)
‘ D210-10293-1

10 OISTRIBUTION STATEMENT

Approved for public release; distribution unlimited.

11 SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

U.S. Army Air Mobility Research
and Development Laboratory
Fort Eustis, Virginia

13. ABSTRACY

This report covers a study undertaken for the advanced design of a
secticnalized main rotor blade. After investigation of the whole
spectrum of design arrangements, a bolted-together design (with field
replaceable boxes, L.E. tip and trailing edge) was chosen. For direct
replacement of existing blades, a bolted design was selected with
essentially the same dynamic rotor characteristics of the current
production blade. The parameters that were closely matched to achieve
this were: natural frequency, loads, and dynamic balance axis. A
cost increase of approximately 50 percent is indicated over present
UH-1H rotor blades to match current design features, utilizing ground
rules on inherent and external damage specified by the procuring
agency.

G g o s C R

DD .'&".-1473 Unclassified

Security Classification




_umz.l.gﬁ.si.féied
curity Classifizcation

14 e s LINK A LINK B LINK C

ROLE wT aoLE wT ROLE wT

Rotor Blade

Rotor Blade Maintainability

Rotor Blade Repairability

Rotor Blade System Costs

Sectionalized Rotor Blade

UH-1
Unclassified

Security Classification




DEPARTMENT OF THE ARMY
U.S. ARMY AIR MOBILITY RESEARCH & DEVELOPMENT LABORATORY
EUSTIS DIRECTORATE
FORT EUSTIS, VIRGINIA 23604

This is one of a number of parallel studies examining various rotor
blade de.ign concepts emphasizing reliability and maintainability.

Other concepts under study are repairable and expendable rotor blade
designs. These design studies are aimed at improving rotor blade R&M
characteristics, thereby reducing life cycle cost. To achieve compara-
bility, all blade designs are required to match UH-1P ' characteristics,
and life cycle cost is compared to that for the UH- 4.

This particular study examined a sectionalized concept wherein repaira-
bility would be achieved through field replacement of blade leading- and
trailing-edge segments. The concept was subjected to a detailed R&M
analysis which included consideration of external damage rates experienced
by the UH-1D/H fleet.

The selected rotor blade concept proved to have a significantly higher
life cycle cost than the present design. We concur that this design is
not cost effective for a UH-1D/H application.

When considering the applicability of the sectionalized rotor blade design
to rotor systems other than the two-bladed teetering rotor which is used
by the UH-1D/H, the contractor calculated that the life cycle cost could
be reduced by 10 percent by eliminating the requirement for a continuous
trailing-edge spline. We do not feel that this is a good comparison for a
fully articulated blade, and a greater reduction in life cycle cost could
be attained.

During the course of the study, the contractor was hindered by a lack of
engineering data on bolted and bonded composite joints. This was partic-
ularly true of allowable stress and fatigue data. This forced the contrac-
tor to take a very conservative design approach and resulted in higher

life cycle cost. Further studies of bolted joints for rotor blade pocket
attachment are currently being planned by this Directorate. An experi-
mental program for a bonded replaceable rotor blade pocket is currently
under way.

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 covers a study undertaken for the advanced design
of a sectionalized main rotor blade. The whole spectrum of
the potential design arrangements was investigated, and a
bolted-together design was selected and is presented as the
preferable choice.

The structure of the chosen design is based on an aluminum-
alloy extruded spar and an aluminum-alloy trailing-edge member
with 18 fiberglass-reinforced-plastic (FRP) trailing-edge
boxes attached to these compcnents by machine screws. 1In
order to avoid the effect of stress concentration in metal
components, the concept of FRP-to-FRP bolted joints was used
in highly stressed areas. This blade has been designed to
provide the following features:

1. Components replaceable by an average Army helicopter
mechanic

2. No special tools required at squadron-level mainte-
nance activity

3. Component repair by sectionalized replacement on the
helicopter

4. Capable of flight testing on the UH-1 helicopter

The complexities inherent with meeting all these design features
dictated a substantial cost increase (approximately 50 percent)
over the present UH-1lH rotor blade. This cost increase,
coupled with the contractual ground rules on inherent and ex-
ternal damage, provided the cost-analysis conclusion that the
present UH-1H rotor blade is more economical based on a 10-
year life-<ycle cost criterion.

In determination of the value of this type of rotor blade for
Army helicopters, additional studies are required to:

1. Determine the feasibility of applying this concept to
a soft in-plane hingeless blade that eliminates the
trailing-edge member or to an articulated blade de-
signed for in-plane strength and stiffness without a
continuous trailing edge.

2. Reevaluate the sectionalized blade with the incorpora-
tion of inherent damage analysis and human factors
estimates of actual field operations.

_1id
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SECTION I

PROGRAM OBJECTIVE AND THE DEVELOPMENT
OF ANALYTICAL TECHNIQUES

The program objective is to study the design of a helicopter
blade capable of being flight-tested on a UH-1H helicopter and
featuring components that can be replaced with the use of
standard tools by an average U.S. Army mechanic without remov-
ing the blade from the aircraft.

STRESS ANALYSIS

A stress analysis was conducted in the conventional manner,
using well-known formulas and techniques. In some cases where
there was insufficient data (fiberglass-reinforced-plastic
components), rational assumptions were made. In the analysis
of blade dynamic properties, computer programs were used. Re-
fer to Section III for the stress analysis summary.

MAINTENANCE CONCEPT

The maintenance concept defined for the individual blade con-
cepts (present UH-1, proposed bonded, and proposed bolted)
defines the organizational maintenance functions performed in
meeting the requirements for an on-helicopter repairable rotor
blade.

A reliability/maintainability evaluation of the sectionalized
blade concepts developed during this program was made, with
results as shown in Table I. The maintenance concept for UH-1
rotor blades is presented in Table II,

BLADE REPAIRABLE AND SCRAP DISTRIBUTION

The rotor blade damage summary provided as a data base for this
program was plotted graphically (Figures 5 to 9) to provide a
presentation of damage by types (puncture, dent, etc.) and by
repair level (organizational or depot). Figures 1 to 4 are
photographs of the types of external damage from which these
graphs were developed.
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TABLE II. MAINTENANCE CONCEPT FOR UH-1 BLADES
Damage Current Proposed Bonded Proposed Bolted
SPAR
Puncture (Any) Scrap Scrap Scrap
Tear Scrap Scrap Scrap

L.E. Erosion

Dents
Crack

ROOT END_DOUBLERS
& GRIP PLATES

Juncture

Tear

Dents

TRAILING EDGE
Puncture

Tear

Dents

INTER-BOX TAPES

All Discrepan-
cies

BOX AREA

Puncture

Tear

Dent

Scratch

Delamination

Entrapped Water

INBOARD HONEYCOMB
AREA

Puncture
Tear
Dent

Delamination

Entrapped Water

Depot rework

Judgment (.005 in.)

Scrap

Scrap
Scrap

Judgment

Scrap

Scrap

Judgment

N/A

Repair circular damage
less than 2.0 in, dia

or less than 1.0 x 4.0
in. for oblong damage.

Ocherwise scrap.
Do

Do

Polish smooth, If

skin becomes too thin,

patch up to areas
above.

Repair for areas less

than 30 sq in.

Scrap

N/A
N/A
N/A

N/A

N/A

Field replace erosion
strip

Judgment

Scrap

Scrap
Scrap

Judgment

Field replace T.E.
Field replace T.E.

Judgment

Field replace tape

Tape holes smaller than
inter-rib spacing,
Otherwise field replace
box.

Do

No action required if
not punctured.

Do

Field replace box

N/A

Field repair of honey-
comb for areas up to
1 x 1 in. or 1k in. dia.
Do
Do
Field repair of honey-
comb for areas up to
2 sq. in.

Scrap

Field replace erosion
strip

Judgment

Scrap

Scrap
Scrap

Judgment

Field replace T.E.
Field replace T.E.

Judgment

Field replace tape

Field replace box for
any damage. Repair of
box as for bonded version
is optional,

Do

No action required if
not punctured,

Do

Field replace box

N/A

Field repair of honey-
comb for areas up to
1 %21 in, or 1% in, dia.
Do
Do
Field repair of honey-
comb for areas up to
2 8q. in,

Scrap
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Figure 1. Typical UH-1 Blade Damage Used in Analysis - ,
Bullet Holes.
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Figure 3.

Typical UH-1 Blade Damage Used in Analysis -
Punctures.



Figure 4.

Typical UH-1 Blade Damage Used in Analysis -
Dent.
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Table III presents the distribution of the damage criteria in
the following manner:

1. The first column (UH-1 Actual) defines the selection
of organizational and depot repair or scrap to meet
the percentage distribution from the statement of
work.

2. The second column (UH-1 Intended) displays the repair
or scrap level if the blades were handled at company
level per TM 55-1520-219-35,

3. The third through sixth columns display the appli-
cation of similar analysis to the candidate blades.

Tables IV, V, and VI further define the actual repair and
scrap rates (number of occurrences per 1,000 hours) presently
achieved on the UH-1 and proposed blades and the theoretically
achievable rates.

COMPONENT COSTING METHODOLOGY

A combination of detail standard data, historical costing
data, and Boeing-Vertol pricing structures was applied to both
the Bell blade design and the various concepts of sectionalized
blades, as generated by Boeing-Vertol Design Engineering.

In addition, several quotes were solicited from vendors in
specific areas.

Where applicable, detail prices were extracted from the Gov-
ernment price list as furnished by the Department of the
Army.

The indicated prices are not to be considered as a firm price
quotation from Boeing-Vertol. The price numbers may be used
in relative price analyses only.
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TABLE III.

BLADE REPAIRABLE AND SCRAP DISTRIBUTION

Current UH-1

Bonded Field

Bolted Field

Blade Repairable Blade Repairable Blade

Damage Actual Intended Actual Intended Actual Intended
Incident 0rg | Depot Orq | Depot Org | Depot Org ]Depot Org | Depot Org Depot
Number R] S RIS RIS Rl S R]S RI|S R{ST R[S R| S R] S R|S R] S

1 X X x X x X

2 X X b b3 x x

3 x x b3 X x x

4 Hub Damaged

5 X X X X X X

6 X x X x X b

7 x X x X x X

8 X X X b3 X x

9 X X X X x X

10 Hub Damaged

11 X x X X X b3

12 Hub Damaged

13 b3 X x X x x

14 b3 X x b3 x x

15 X X X b3 X X

16 x b3 X X x x

17 x X b3 X x X

18 b3 x x X x X

19 b3 x X X x X

20 x b3 x X x X

21 X X X b3 X X

22 X x b3 X X X

23 X x x b3 X X

24 x X x X X x

25 X X X b X x

26 X X X X X x

27 b3 X x X X X

28 X X X X b3 x

29 x x x X x X

30 Hub Damaged

31 X x X X x b

32 X X x X x X

33 X x X x X x

34 Hub Damaged

35 X x x X x x

36 x X X x x X

37 x X X x x b

38 x X x X x x

39 x X X X X X

40 X X X X x X

41 X b3 X X x x

42 X X X X x X

43 b3 X X X x x

44 x x X X x x

45 X X X X x x

46 X b3 x X X X

47 X x x x X X

48 X x X x x x

49 x x x X x x

50 X X X X x X

Preceding page blank
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TABLE III - Continued

Current UH-1 Bonded Field Bolted Field
Blade Repairable Blade Repairable Blade

Damage Actual Intended Actual Intended Actual Intended
Incident | Org [ Depot 0rg | Depot 0rg | Depot Org | Depot Org | Depot Org | Depot
Number R| S R|S | R|S R| S R[S R] S R|s] R[S R| S R]S R]S R| S

51 X X X x x x

52 X b3 x x X x

53 X X X X X x

54 x x X X x x

55 X X x x x x

56 x x X x X x

57 Hub Damaged

58 X x X X x x

59 X x X x X x

60 X X x X X x

61 x X x x X x

62 b x X X x X
6l x b3 x x X x

64 x X X X X X

65 X X X x X x
66 X x x b3 x x
67 X X x x X x

68 X x x X x X
69 X X x X x x

70 x x x x x x
71 X X X X X X

72 x x x x X x

73 X x X x x x

74 x x X x X x

75 X x x X X x X
76 Hub Damaged

77 X X x X x

78 X b X X x x
79 x X X x X x

80 x x X x x x
81 x x b3 X x x
82 X X x x X X x x
83 X X x X X x

84 X X X X X x

85 X x x x X X

86 X X X X x x

87 X X X X X x

88 X X X X X x x X

89 X X X b3 b3 x x x
90 x x x x b3 x

91 X x x x x x
92 x X X X X b
93 x x x x b3 X

94 X x X x x x
95 x x x X X x

96 X X x X X x

97 x x x X X x

98 X x X X X X

99 X x x X x x X x
100 Hl{b Dlamagled
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TABLE III ~- Continued

Current UH-1 Bonded Field Bolted Field
Blade Repairable Blade Repairable Blade
Actual Intended Actual Intended Actual Intended

Damage

Incident Org [Depot Org [Depot Org | Depot Org |[Depot Orqg |Depot Org |Depot

Number R[sT R[S R{ S RS R| S R] S R| s R[S R} § R] S R] S R| S

Totals 1123 | 19139 t 3062 010 |42|22 |[16]12 |58(34 0]o]se|22 2|12 | 5834 ojo

L} >l o Lol B B o o o~ =]
wlo ol '"|'wbloljalals] ' {'|c]la|ala]af<]"]"
~loN ] Nl | m]w ~ - Lag ] ~”
% Repair 12.0 32.6 45.7 63.0 60.9 63.0
Org
A\ Repair 20.7 - 17.4 - 2.2 -
Depot
\ Repair 32.7 3z.6 63.1 63.C 63.1 63.0
Total
Alternate Bolted Box Configurations
Damage No T.E. Without Without
Summary No T.E. Increased Spar Replaceable L.E. Replaceable Box
\ Repair 63.0 35.0 60.0 45.0
Org
% Repair 0 0 0 0
Depot
\ Repair 63.0 35.0 €0.0 45.0
Total
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TABLE IV. CURRENT MAINTENANCE PRACTICE (REPAIR)

Blade Corfig. Current Bonded Bolted
Maint Level Oorg Depot Org Depot Org Depot
Repair | Repair Repalr Repair | Repair Repair
Damage #[Rate Rate # |Rate # [Rate # |Rate #|Rate
Spar
Puncture - - - - = = - = - = = =
Tear - - - - - - - - - - - -

L.E. Erosion,
FOD 3] 32.6] - - 3] 32.6| - - 3) 32.6) - -

Dents 21 21.7| - - 2] 21.7] - - 2] 21.7] - -

Doublers and

GrIE Plate

Puncture - - - - - = = - - - - -
Dents - - - - - - = =" = - - -
FOD - - - - - - = = = — = -

railing Edge

Puncture - - 1] 10.9] - - 5| 54.4| 5| 54.4] - -
‘ear - - 1| 10.9]| - - 2] 21.7] 21 21.7] - -
Dents - - - - - - 71 76.1| 7| 76.1; - -

Inboard Honey-
comb Area

Puncture = = 1} 10.9] - = 1] 10.6{ - = 1] 10.9
Dents 1} 10.9| -| - -l - 1] 10.9| -| - 1] 10.9
Box Area
Puncture 3] 32.6| 8| 87.0|17|184.8]| - - |17|184.8]| - =
Tear = = 1| 10.9| 3| 32.8| - = 3] 32.6| - =
Dent 1| 10.9} 4! 43.5|10{108.7} 1| 10.9)11}119.6] - =
FOD 1] 10.9]| 3| 32.6| 6] 65.2| - = 6] 65.2| -] -
Totals 11/119.6|19|206.7]41)445.6[17]|184.9|56]608.7] 2| 21.8
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TABLE V. CURRENT MAINTENANCE PRACTICE (SCRAP) AJ
p———
Blade Configq. current Bonded Bolted
Maint Level Org Depot 0rg Depot Org Depst
Scrap Scrap Scrap Scrap Scrap Scrap

Damage ¥ [Rate #[Rate # [Rate # [Rate #|Rate # [Rate
Spar
Puncture 9| 97.8( 2] 21.7(104108.7| 1| 10.9j10]|108.7| 1] 10.9
Tear 4] 43.5]| - - 4| 43.5]| - - 41 43.5]| - -
L.E. Erosion,

FOD - - 3] 32.6| - - 3] 32.6]| - - 3] 32.6
Dents - - 6f 65.2| - - 6| 65.2| - - 6| 65.2
Doublers and

Crip Plate
Puncture 3| 32.6] - - 3] 32.6| - - 3] 32.6] - =
Dents 3] 32.6| 2} 21.7| 3] 32.6| 2] 21.7] 3| 32.6| 2] 21.7
FOD 1| 10.9] - - 1| 10.9} - - 1} 10.9] - -
Trailing Edge
Puncture 1] 10.9| 3] 32.6] - = - - = - = =
Tear - - 1{ 10.9| -] - = - -l - -1 -
Dents = = 71 76.1| - = = = S = = =
Inboard Honey-

comb Area
Puncture - - -1 - - - - - -1 - - -
Dent - - 11 10.9] 1| 10.9]| - - 1| 10.9] - -
Box Area
Puncture = = 6] 65.2| - = = = = = = =
Tear 1] 10.9| 1] 10.9]) - - = = = = = =
Dent 1] 10.9] 3| 54.4} - - - - - - - -
FOD -l - 2| 21.7) -| - -l - -l - -l -

Totals 23]1250.1139|423.9[221239.2112]130.4]|22|239.2|12]130.4
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TABLE VI. INTENDED MAINTENANCE PRACTICE (SCRAP AND REPAIR)

Blade Confiqg. Current Bonded Bolted
Maint Level Org Org Ore
Repair | Scrap Repair | Scrap Repair | Scrap

Damage # [Rate # |Rate # |Rate f |[Rate # |Rate # [Rate
Spar
Puncture - - 11]119.6| - - 11]119.6]| -| - 11}119.6
Tear = = 4| 43.5| - = 41 43.5| - = 4] 43.5
L.E. Erosion,

FOD 3| 32.6| 3] 32.6| 3] 32.6{ 3| 32.6) 3| 32.6]| 3] 32.6
Dents 2| 21.7] 6] 65.2] 2| 21.7] 6| 65.2] 2| 21.7| 6] 65.2
Doublers and

Grip Plate
Puncture - - 3] 32.6] - - 31 32.6| - - 3] 32.6
Dents - - 5] 54.4| - = 5| 54.4]| - = 5| 54.4
FOD - - 1| 10.9] - = 1] 10.9( - = 1| 10.9

Trailing Edge

Puncture 1] 10.9)] 4] 43.5]| 5] 54.4]| - = 5| 54.4]| - =
Tear 1] 10.9) 1} 10.9] 2| 21.7]| - = 2] 21.7) -| -
Dents - - 71 76.1| 7| 76.1| - - 71 76.1{ -| -
Inboard Honey-

comb Area

Puncture 11 10.9| -| - 1] 10.9| - = 1| 10.9] - =
Dent 1y 10.9¢ 1} 10.9| 1| 10.9] 1| 10.9| 1} 10.9] 1| 10.9
Box Area

Puncture 111119.6| 6| 65.2]17|184.8| - = 17|184.8] -| -
Tear 1] 10.9{ 2| 21.7| 3| 32.6] - = 31 32.6] -] -
Dent 5] 54.4( 6| 65.2[11]119.6] - = 11|119.6| -| -
FOD 4] 43.5| 2| 21.7| 6] 65.2] -| - 6] 65.2] -| -

Totals 30]326.1162]673.9/58/630.5]|34|369.6|58/630.5|34]369.6
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LOGISTICS ANALYSIS

Optimum Repair Level Analysis (ORLA)

Simulation model ORLA is a fully developed working tool which
has been used by Boeing-Seattle for approximately 18 months
and recently became available to Vertol Division of the Boeing
Company. The model will be used in this program to assist in
weighing the various factors which must be considered in the
design of an expendable rotor blade. This model defines the
principal factors or variables and their interrelationships
which determine the life-cycle costs that would be incurred
from each of three different repair level concepts.

1. Discard-at-failure-maintenance (DAFM)

2. Repair-at-failure-maintenance (RAFM), where repair is
accomplished at the direct support level

3. RAFM, where the repair is accomplished at the depot
level

Figure 10 shows the inputs and their relationship to the
model. Table VII presents the repair time analysis used in the
cost model.

There are three principal outputs from this model:
1. Cost of DAFM

2. Cost of RAFM where the repair is accomplished at the
direct support level

3. Cost of RAFM where the repair is accomplished at the
depot level

Logistics Analysis Summary

Table VIII presents a summary of the cost comparisons for the
blades evaluated. (Fiqure 11 details the MTBR versus blade
cost requirements for a bolted or bonded blade configuration.)
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TABLE VII. REPAIR TIME ANALYSIS OF UH-1 FIELD
REPAIRABLE BLADE
Time (Min)
Component Bonded| Bolted

Spar
Puncture - Nonrepairable = =
Battle Damage - Nonrepairable = =
Tear - Nonrepairable - -
L.E. Erosion, FOD -

Outer Blade

Remove 12 screws at 1/2 min ea 6 min 53 53

Remove and inspect gang nut strip 1

Dress spar mating surface 2

Install new erosion strip - 12

screws 6

Shape 12 screw heads @ 1-1/2

min ea 18

Base time (obtain part, arrive

at job) 20

Inner Blade

Polish out nicks, apply finish,

1l min ea 1 21 21

Base time 20 21 21
Dents - Same as L.E. Erosion 21 21
Doublers and Grip Plate
Puncture - Nonrepairable = =
Dents - Nonrepairable = =
FOD - Nonrepairable = =
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TABLE VII - Continued |

Time (Min)
Component Bonded Bolted

Trailing Edge
Puncture (Bonded T.E.) 210

Detach damage T.E. 120 min

Dress mating surface 30

Apply new bonding adhesive 10

Install new T.E. and clamp 10

Remove clamps, dress and paint 20

Base time 20
Puncture (Bolted T.E.) 76

Remove 90 bolts - 1/2 min ea 23 min

Clean box T.E. slots 5

Install 90 bolts - 1/4 min ea 23

Paint 5

Base time 20
Tear - Same as Puncture 76
Dents - Same as Puncture 76
Inboard Honeycomb Area
Puncture 44 44

Holesaw away old skin and core 15 min

Apply bonding agent to core 2

Insert plug and fair 5

Apply skin patch 2

Base time 20
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TABLE VII - Continued

Time (Min)
Component Bonded Bolted

Dents -~ Same as Puncture 44 44
Box Area
Puncture (holes smaller than 2.0 in.
dia or 1.0 x 4.0 in.) 28 28

Smooth area around hole and clean 2 min

Cut out tape shape 1/2

Apply tape 1/2

Paint 5

Base time 20

Bonded T.E. Version 65*

Puncture (holes larger than 2.0 in.
(dia or 1.0 x 4.0 in.)

Cut away major box sections 5
Chip away bonded areas 5
Remove tapes 1
Clean and dress 3 bonding areas 5
Apply bonding agents 1

Position and clamp replacement box 2
Remove clamps -
Apply inter-box tapes 1
Paint 5

Base time (before and after bonding)10

min
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TABLE VII - Continued

Time (Min)

Component Bonded Bolted

Bolted T.E. Version 46*

Puncture (Holes Larger than 2.0
dia. or 1.0 x 4.0)

Remove 19 screws 9-1/2 Min
Remove tapes 1

Remove old box =

Dress mating surfaces 1
Insert new box and 19 screws 9-1/2
Paint 5
Base time 20

Dents and FOD - Same as for large
punctures (small dents and FOD
will go unrepaired or simply
filled)

*Add 5 minutes if box replacements necessitate disturbing
L.E. strip.

NOTE: Maintenance Man-hours for Field Repair - The maintenance
manhours for field repair used in the economic analysis
are an average of the times to perform the various tasks
(replace box, replace L.E., etc.) as required by the
damage size and location. The times used are adjusted
from ideal time lines to reflect a combat non-Conus
environment.
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TABLE VIII. REPAIR CONCEPT COST COMPARISON
Field Repair Field Discard
Blade Type Cost Cost
UH-1 $11,546,130 $11,877,390
Bonded 6,951,997 16,081,220
Bolted
° Baseline 7,539,683 17,920,080
[ No Trailing Edge 7,327,862 16,320,400
) Increased Spar; No 11,663,150 16,729,620
Trailing Edge
° No Replaceable 8,295,001 17,510,860
Leading Edge
® No Replaceable 10,868,420 17,176,040
Boxes
NOTE: Depot repair costs are not presented since all con-
figurations are field scrappable.
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SECTION II

DESIGN ARRANGEMENTS CONSIDERED IN THE STUDY

The design of a helicopter blade is a particularly difficult
task due to the variety of requirements imposed by aerodynamic,
dynamic, stress, weight, reliability, service, maintenance,
and cost specifications. Safety is the paramount factor in
helicopter utilization, and consequently, when designing a
helicopter blade, every effort is made to eliminate discontin-
uities, holes, notches, and the 1like which introduce struc-
turally detrimental stress-concentration factors. The concept
of unitized blade design evolved to satisfy this requirement.
This concept is represented in metal blade designs by Bell
(aluminum alloy) and Lockheed (stainless steel) blades and in
fiber-reinforced blades by the Boeing-Vertol family of glass-
and boron-reinforced blades. These blades are nearly free from
stress concentrations, but they have one common characteristic:
difficulty in making blade repairs and associated high main-
tenance costs.

This drawback led to the sectionalized blade concept which
would feature easily replaceable components. The incorporation
of the concept of a sectionalized blade in the form of flyable
hardware is not a simple task. If the only tool required to
replace the damaged blade component were a screwdriver (highly
desirable), the blade would contain numerous discontinuities
(holes) for bolted connections. Their presence in a metal
blade design (sheet, extrusion, or rolled stock) would intro-
duce numerous stress concentration factors leading to low
fatigue life or increased klade weight.

With the use of composites as blade structural material, the
presence of the holes is less objectionable, since fibrous
materials are less sensitive to stress concentration factors
than crystalline structure materials like metals. Consequently,
it is intended to use fiberglass-reinforced plastic (FRP)
components wherever alternating stress levels prevent the use
of metal joints.

REVIEW OF PREVIOUS DESIGNS

The survey of technical literature and the review of past
attempts to design and manufacture the sectionalized blade
included three major cases:
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® American: Kaman Aircraft Corporation, K-17 Cold Pres-
sure Vehicle, and UH-2 Utility Helicopter.

® British: Rotorway Ltd., "Helicopter Rotor Blade
Development", Ministry of Techr.ology Contract
KK/191/032/CB25(a). (See Figure 12.)

® Russian: MIL 6 and 10 rotor blade, described in
Canadian Aeronautics and Space Journal,
April 1968, by Dr. A.V, Nekrassov. (See
Figure 13.)

In 1955, Kaman designed and developed their K-17 Cold Pressure
Jet Helicopter Research Vehicle. The rotor blade design em-
braced interchangeable trailing-edge segments fastened to the
spar by flush-head bolts. In this design, the bolt hole
pierces material extending from the spar aft edge. This vehi-
cle was successfully flight tested in 1958, This interchange-
able trailing-edge segment concept was used in the development
of the UH-2 helicopter.

Kaman's UH-2 blade consisted of an extruded aluminum-alloy
spar and FRP trailing-edge boxes attached to the spar lugs by
six (three upper and three lower) flush head bolts. The
widely spaced attachment bolts did not prevent the deflection
of the box trailing edge under airloads, creating airflow dis-
turbance and aerodynamic losses. More importantly, during
flight testing of the UH-2, the need for increased inplane
stiffness became evident. This increased stiffness was accom-
plished by wrapping the blades with additional fiberglass
skins and trailing-edge doublers which effectively converted
the blade to a unitized structure.

Redesign of the blade to revert to the sectionalized configura-
tion by increasing the chord depth of the basic spar and stiff-
ening the bolted connection were not attempted. Consequently,

Kaman's sectionalized blade concept is not used in the produc-

tion of UH-2 blades.

Rotorway's approach was based on the concept of a sandwich
spar structure consisting of two stainless steel skins with
resin-impregnated asbestos molded between them and trailing-
edge boxes bolted to the spar. In order to reduce the adverse
effect of bolted attachment on the life of the blade, a series
of holes was drilled through a flange located in the plane of
symmetry of the blade section. Consequently, flap bending had
a very small effect on stresses in the joint, but lead-lag
bending still created peak stresses around bolt holes and
failures occurred at these locations during bench tests.
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The Russian concept is based on an oval-cross-section steel
spar completely free from mechanical discontinuities, holes,
etc. Blade segments are attached to the spar by means of bond
and bands. These segments are not simply trailing-edge boxes
extending aft of the spar; they are composed of leading-edge
and trailing-edge portions joined together by means of bond
and a series of small bolts. The Russian concept yields a
blade which is rather flexible in the plane of rotation (there
is no trailing-edge member), and for this reason it was not
considered as a potential application in this study.

REVIEW OF PROPOSED DESIGN ARRANGEMENTS

Minimum-Change Blade (See Figure 14)

This solution offers a design which may be converted into hard-
ware with minimum time and expenditure due to the fact that

the main structural member (spar) is retained as is, along

with the leading-edge hardware. The inboard-end laminations
undergo minor reshaping. Completely new elements are the
trailing-edge boxes and trailing-edge member.

All-Fiberglass-Reinforced-Plastic (FRP) Blade (See Figure 15)

As a completely new design, this concept offers considerable
freedom in selecting blade parameters as long as the required
blade dynamic characteristics are maintained. For instance,
the width of the blade spar and the position of its front edge
may be determined in such a way that the installation of the
removable leading-edge portion is practical. This was not
possible with the minimum-change blade. The all-FRP blade may
present a problem in matching its dynamic properties with

those of the UH-1H blade. Changes in blade geometry may become
necessary.

Four-Component Spar Blade (See Figure 16)

This concept seeks to achieve the greatest possibility of
replacement of individual blade components. The solution, how-
ever, becomes too complex when its practicability is thoroughly
investigated. The pitch of assembly bolts, determined by shear
flow, becomes rather small (approximately 1.5 inches). Several
hundred bolts would have to be removed and reinstalled in
replacing a damaged top or bottom spar panel. The concept was
abandoned.

Wraparound Steel Spar Blade (See Figure 17)

The main objective in this design was to obtain the maximum
redundancy offered by two-spar solutions. The main problem
was forming the spar. Cryogenic forming of stainlesi-steel
tubing was considered as most promising in this application.
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Although such facilities are already available and in use,
further investigation revealed that the initial length of the
spar tube (over 45 feet) makes the concept impractical with
presently available facilities.

DETAIL REVIEW OF MINIMUM-CHANGE BLADE AND ALL-FRP BLADE

Minimum-Change Blade

The minimum-change blade, when subjected to a more detailed
stress analysis, proved to be an unacceptable solution due to
the effect on stiffness around all three axes (as compared
with the UH-1H blade).

The replacement of the UH-1lH blade's aft portion of continuous
aluminum-alloy skin by short boxes of FRP structure substan-
tially modified the blade characteristics. Blade torsional
and in-plane properties were measurably affected. 1In order to
restore the blade frequencies currently inherent to the UH-1H
blade, it was necessary to increase the width of tihe spar
extrusion. Thus the minimum-change blade evolved into a blade
featuring a spar extrusion with a rear web located at 28.6
percent of chord instead of at 25.7 percent as shown on Figures
18 and 19. This design arrangement becomes the basic design
which will be discussed thoroughly in a subsequent section of
this report.

A blade design solution eliminating the trailing-edge was also
taken into consideration (Figure 20). However, this blade does
not meet the requirement of inplane stiffness and therefore
cannot be flown on the UH-1H helicopter. In order to meet the
stiffness requirement, the width of the spar should be in-
creased to 60 percent of the chord. However, this would in-
crease the blade weight beyond an acceptable limit since it
would be almost double the weight of the typical section.
Consequently, for this study the soft inplane sectionalized
blade was considered for purposes of comparison only (see
Table VIII).

The relatively small reduction in the procurement cost of the
sectionalized blade without the trailing-edge spline (in com-
parison to the cost of the proposed blade shown in Figure 18)
is explained by the fact that the trailing-edge boxes consti-
tute the largest portion of the total blade cost. (See
Table VIII.)

All-FRP Blade

An all-FRP structure for the sectionalized blade seemed to be
attractive due to its relatively low sensitivity to stress
concentration factors (holes, notches, etc.) as compared with
aluminum-alloy structure.
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A thorough investigation of the possibility of using FRP in
application to the sectionalized blade revealed two problem
areas.

The first is of a general nature: The relatively low modulus
of elasticity of FRP makes it impossible to match the dynamic
properties of the blade when a change from aluminum alloy to
FRP is made. This problem could be overcome if high-modulus
fibers were used, or if significant changes in blade geometry
were allowed (taper in planform and airfoil thickness).

The first solution is not recommended at the present time due
to the relatively high cost of structural material. The
second solution involves a developmental risk due to the re-
quirement that the blade be capable of being flight-tested on
a UH-1H aircraft. 1In this case significant changes in blade
geometry would not be acceptable.

The second problem area lies in the root-end attachment. As
in every FRP structure, the transfer of large, concentrated
loads presents a difficult task due to the relatively low
shear and bearing allowables of composites. An attachment
featuring a bolt-and-hole solution is considered impractical
due to limited edge distance of the main attachment pin and
the limited total thickness of the blade in the root-end area.
These conditions would result in unacceptable shear tearout
stresses of the FRP.

One solution which eliminates the problem of low shear allow-
able is a wraparound configuration in which the high tensile
properties of FRP may be efficiently used. A wraparound root-
end attachment was considered fcr the sectionalized blade for
the UH-1H helicopter until loads data from a UH-1H flight
survey revealed high maneuver peak moments which would create
load-reversal conditions in the root-end area. Under this
condition the advantages of the wraparound attachment disavpear.

The installation of some kind of clamping device, such as
that used on the Messerschmitt-Boelkow-Blohm BO-105, would
solve the problem of load reversal. Such a solution is not
practical for the UH-1lH sectionalized blade because of space
limitations of the present hub configuration.

The root-end attachment problem, coupled with basic geometri-
cal modification requirements, eliminated the FRP blade from
the study matrix. This does not mean that composite struc-
tural materials are not suitable for the sectionalized-blade
concept; on the contrary, they offer unmatched advantages over
metallic structural materials. The insensitivity to stress
concentration is the most important one in this case.
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If a new sectionalized blade had to be designed, by dynamic,
geometrical, or aerodynamic requirements, FRP would be
seriously considered as the basic structural material.

BASIC DESIGN SOLUTION

The solution which evolved retains the UH-1H-type blade spar
(aluminum-alloy box-shaped extrusion) and inboard aluminum-
alloy-sheet laminations over the spar. But the integral aft
portion of the blade (aluminum-alloy skin supported by aluminum-
alloy honeycomb) is replaced over 82 percent of the blade
length by FRP (fiberglass-reinforced plastic) trailing-edge
boxes. A continuous trailing-edge member was retained, although
its configuration changed. The requirement for the continuous
trailing-edge member is dictated by the necessity for stiffness
in the plane of rotation. Aluminum alloy was chosen as the
trailing-edge structural material to prevent problems resulting
from differences in thermal expansion between the spar and the
trailing-edge member. A step-tapered trailing-edge-strip con-
figuration was chosen in order to minimize the number of dif-
ferent trailing-edge box sizes. At the inboard end it features
a lug (picked up by the outboard bolt of the drag strut) which
allows for replacement in case of damage.

Two versions of the basic design were studied, one featuring
a bolted connection between the trailing-edge boxes and the
spar and trailing-edge member (Figure 18) and another featur-
ing bonded connections (Figure 19). These two versions have
some common components: the spar, blade inboard portion, and
removable leading-edge portion. They differ mostly in the
configuration of the trailing-edge boxes (Figures 21 and 22)
and trailing-edge members (Figures 23 and 24), and, of course,
in method of assembly. The rationale leading to the choice of
a bolted configuration for the blade is as follows.

SE&I’

The blade's main structural member, the spar, is a box-shaped
aluminum-alloy extrusion. Its dimensions and general shape

are kept close to those of the UH-1H blade in order to use the
same type and location of root-end attachment. The reasons

for some deviations from the UH-1H configuration were explained
in the earlier discussion.

Blade Root End

The root end is kept basically the same as the UH-1H blade to
assure demonstration on a UH-1H. The location of the blade
pickup bolts is identical with that of the UH-1H blade. Spar-
reinforcing laminates are only slightly modified. The inner-
most three laminates are trimmed somewhat at their outboard
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ends in order not to interfere with the first (inboard)
trailing-edge box.

The trailing-edge portion of the blade root underwent major
modification to accommodate the removable trailing-edge member
(see Figure 25).

Some consideration was given to the idea of an integrally
bonded trailing-edge member. 1In this case the trailing-edge
portion of the blade root end would be identical to that of
the UH-1H, including external laminations running along the
trailing edge. This simple solution shows two disadvantages:

l. Impossibility of replacement in case of damage

2. Vulnerability prior to the installation of trailing-
edge boxes (208 inches of slender member protruding
out of blade structure outboard of station 72)

Consequently  the separatc, bolted-on trailing-edge member
was selected for the sectionalized blade.

Removable Leading-Edge Member

Three different versions of leading-edge members were con-
sidered (see Figure 26 for versions 1 and 2):

1. Piano-hinge attachment
2. Wedge type i
3. Bolted version

Piano-Hinge Version

A piano-hinge version provided a solution in which the
leading-edge balance rod was used as a hinge connecting
the male and female parts of the joint. The required
manufacturing tolerances and difficulty in hinge inser-
tiorn (if its length were considerable) make this solution
impractical.

Wedge-Type Version

In this version, the spar retains its basic box-like shape
but its front web is moved rearward and two slightly con-
verging lips are added on the leading-edge side. These
lips serve as a retainer for the leading-edge member
which has its own lips spread against those of the spar

by means of a tapered spreader blade. The centrifugal
force on the leading-edge member must be taken by tip-

or root-located attachment.
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Since in-depth dimension of the spreader block is limited,
it would be necessary to accept a saw-type configuration
of the spreader blade, with matching sloping surfaces on
the inside of the leading-edge removable portion. This
would require high-precision tooling.

Bolted Version (See Figure 18)

This design solution seems to be most advantageous because
of its simplicity and low tooling cost. Its drawbacks

are the installation of a gangnut channel inside the spar

and the necessity of filing off the heads of the retaining
bolts (special type).

A unique advantage of this version is a certain degree of
energy absorption in case the blade strikes an object

like a tree branch. 1In this case the leading-edge portion
will not damage the blade proper under the impact, but it
will spread (thus absorbing the energy) due to the fact
that its contact surface with the front face of the spar
is sloped.

Evaluation of these three versions led to the selection of the
bolted leading-edge removable portion for the sectionalized
blade.

The next decision made was the amount of blade span requiring

a removable leading-edge member. It was determined that the
outboard 25 percent of the blade radius should have a replace-
able leading edge. This decision was based on the facts that
only the outboard portion of the blade is exposed to the danger
of striking a hard object (tree) and usually only the blade

tip portion is subjected to damaging abrasion from sand or
other hard particles.

Full-span removable leading edges are undesirable because of
fretting and corrosion problems. These two problems will be
present to some degree despite precautionary measures, and they
will lower the allowables of materials. In this case the
aluminum-alloy extrusion will be most vulnerable.

Lower stress allowables may be accepted at the blade tip where
UH-1H loads are low, but not along the full span. Thus the
extent of spanwise coverage was established as 25 percent of
radius.

Trailing-Edge Boxes

The design and manufacturing concept of the trailing-edge box
selected for the sectionalized blade is based on fiberglass-
reinforced plastic (FRP) and the vacuum-pressure injection
(VPI) molding technique.
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In the case where, out of necessity, blade components are full
of bolt holes enabling their replacement, FRP (or other fibrous
material) shows clear advantages over metallic structures.

The low notch sensitivity of FRP is quite well substantiated,

and the absence of corrosion problems also increases its value
as a structural material. 1In terms of cost, a VPI-molded FRP

blade box is superior to its metal counterpart, and its repro-
ducibility (as to both shape and weight) is excellent.

It should be pointed out that an FRP box is not a must in the
case of a bonded-trailing-edge blade, because there are no
notches introduced by beolt holes. The other advantages of FRP
cited previously still apply in recommending this material for
the bonded version of the sectionalized blade.

The trailing-edge box for both blade versions (bonded and
bolted) features a flexible bottom lip achieved by the relief
in the rib. 1Its purpose is twofold: (1) to simplify the
installation of the box when the trailing-edge member is in
position (when trailing-edge member is removed, the box may be
installed easily in forward movement in the plane of the chord),
and (2) to compensate for possible variation of spar heel
dimension.

A ribbed configuration of the trailing-edge box was selected
rather than a honeycomb-stabilized one, for reasons of cost,
simplicity, absence of water migration problems, and its
adaptability to the vacuum-pressure injection (VPI) manufac-
turing process.

This process offers numerous advantages in the areas of econom-
ics, aerodynamics, and quality control. It belongs to the
closed-dies molding method group and consists of the injection
of liquid resin into the mold cavity which was first filled
with dry cloth layup and from which air was previously evac-
uated.

This method is applicable to a variety of products, ranging
from simple beams or fairings to complex structures like rotor
or propeller blades. With a multicell blade as an example,
the manufacturing scheme would resemble the diagram in Figure
27.

In this process, mandrels M whose shapes are defined by cell
geometry are wrapped in dry cloth, first individually and later
as an assewbly, and placed in female split dies D whose con-
tours are defined by airfoil geometry. Vacuum is drawn at one
end of the die assembly, and liquid resin is injected at the
other under pressure which varies in magnitude, depending on
the resin viscosity, size of the molded product, and the

. resin-to-cloth ratio.
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Figure 27. Vacuum-Pressure Injection Manufacturing Scheme.
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The assembly is subsequently cured at a temperature and dura-
tion determined by the type of resin used. Finally, the dies
are opened and the mandrels are withdrawn, yielding the end
product in one molding operation. The process looks very
simple, but there are many trade secrets and skills which must
be employed to overcome development problems. Once they are
mastered, the advantages of the VPI method make this process
extremely attractive. The VPI method has many advantages
which can be categorized as follows:

Manufacturing

Simple tooling concept

Excellent reproducibility

Minimum of manufacturing operations

Absence of pressure bags and vacunm bags

Minimum need of special facilities such as autoclaves,
presses, etc. Only an oven is required.

Ul W N~
e e

Structures

1. No secondary bonded joints in primary structure
2. No delaminations, inclusions, or similar defects

Aerodynamics (if blades or wings are produced)

1. Outstanding airfoil contour tolerances
2. Excellent surface smoothness

Quality Control

l. One curing operation
2. No bonded joints in primary structure

Weights

1. Very good weight control from piece to piece (when
molded in the same set of tools)

Economics

1. Potentially lowest production cost (one-shot product)
2. Inexpensive tooling

However, there are disadvantages which must be taken into
consideration:

1. Weight penalty resulting from the use of woven fabric,

rather than unidirectional fibers (i.e., roving or
tape) which have higher static and fatigue properties.
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2. The use of clcth in dry layup is dictated by the
necessity for holding the fibers in the required
pattern. Loose layup could easily be distorted by
the flow of liquid resin.

3. Design and tooling problems created by the necessity
of mandrel withdrawal.

4. Automatic layup is not practical for complex parts.

The trailing-edge box is 12 inches long and features 7 ribs.
These characteristics were selected on the following basis:

1. Existing manufacturing experience with CH-46 trailing-
edge boxes

2, Geometry of the UH-1H blade
3. Repair and maintenance criteria

The CH-46 trailing-edge box (FRP molding) was designed and
stressed for conditions similar to those of the UH-1H, as far
as size and airloads are concerned. The outcome was very
satisfactory, and, in order to reduce the risk of the develop-
ment, it was decided to use the existing experience.

The UH-1H blade features a rather high degree of twist:
nearly 1/2 degree per running foot. No difficulties are
expected in the installation of the trailing-edge box without
built-in twist on the UH-1H twisted spar as long as the box
is only 1 foot long. The same operation with a 3-foot-long
box would be difficult, if not impossible, in the presence

of the trailing-edge member and would cause aerodynamic prob-
lems, elastic stress preload in the box, or both.

The number of machine screws attaching the trailing-edge box
to the basic blade structure is dictated by the number of ribs
per box (i.e., 7 ribs). It was considered advisable to locate
attaching elements close to the shear-carrying ribs. A
smaller quantity of machine screws of the given size (No. 10)
would not be sufficient from the point of view of stress (see
the appendix on stress for details).

This configuration (7 ribs and 7 machine screws) couléd be
changed if test data were available to justify a reduction in
the number of these elements.

From the repair and maintenance point of view, the short box
requires minimum replacement time (assuming one-hit damage to
the blade). In terms of cost, the short box offers an advan-
tage in the case of a one-hit assumption since the cost of the
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trailing-edge box is, in the first approximation, proportional
to its length.

Qualitatively, a cost-versus-box-length curve would have the
shape shown below:

COST

I T
1 2 3

BOX LENGTH (FEET)

12

B =

After all the factors discussed here were taken into considera-
tion, a 12-inch-long trailing-edge box was selected for the
sectionalized blade.

Trailing-Edge Member

The bolted trailing-edge member (Figure 23) is a separate part
attached to the root end of the blade by the same bolt which
picks up the drag brace of the UH-1H blade; the length of the
bolt itself has to be increased. The trailing-edge member
features an integral lug at its inboard end and a series of
holes for trailing-edge box attachement; there are no holes in
the bonded version.

There are forging presses available with beds large enough to
forge the full-length trailing edge; hence, machining operations
on the trailing-edge member can be reduced to a minimum.

The presence of holes in the trailing-edge member creates
design and stress problems. In order to reduce the detrimental
effect of the holes on the strength of the trailing-edge mem-
ber, it was decided to drill the holes through protruding lugs
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and not through the body of the trailing-edge member. With
careful design of the lug configuration, the flow of compres-
sive or tensile stresses will not be highly concentrated.
This solution created a new problem: that of housing the lugs
in matching recesscs in the trailing-edge boxes.

Forward lips on the trailing-edge boxes fit between correspond-
ing lips on the blade spar assembly. Both are predrilled in
precisely coordinated jigs; consequently, there will be no
necessity of in-the-field drilling or reaming which in turn
would involve reinstallation of basket nuts mounted on the
inside surface of the trailing-edge box lip.

The trailing-edge member is not bolted to the blade between
stations 28 and 72; stiffness in the plane of rotation is
large enough to prevent instability. Buckling in the plane of
flapping is prevented by nesting the trailing-edge member in
the channel which closes the trailing-edge side of the blade
proper. Fretting is prevented by the application of Teflon
tape to the trailing-edge member. Outboard of station 72 the
trailing-edge member is step-tapered (3 steps). The incorpora-
tion of linear thickness taper on the UH-1H would involve the
necessity of using 18 different trailing-edge boxes, which is
prohibitive from a maintenance and repair point of view and
would involve serious spare parts problems. A constant-cross-
section trailing-edge member would result in only one size of
trailing-edge box, but it would create an unacceptable weight
penalty. A 3-stepped trailing-edge member with 3 sizes of
trailing-edge boxes is an acceptable compromise between these
two contradictory requirements.

SUMMARY EVALUATION OF SELECTED DESIGNS

In the final evaluation of the design arrangements of the
sectionalized blade, two solutions, shown on Figures 18 and 19,
will be taken into consideration.

Both solutions feature an aluminum-alloy extrusion as a basic
structural member with UH-1lH-type laminations reinforcing the
blade at its root end, a replaceable outboard portion of the

leading edge, a replaceable trailing-edge member, and 18 FRP

trailing-edge boxes in 3 sizes.

The two configurations differ radically in the method of
assembly of trailing-edge boxes to the spar and trailing-edge
member. One is based on a bolted assembly; the other, on a
bonded assembly. Manv factors must be taken into consideration
in evaluation of these two design arrangements. The factors
are listed in Table IX and the values A, B, or C are allotted
to each factor (A being the highest). Some explanatory re-
marks concerning Table IX are in order.
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TABLE IX. COMPARATIVE EVALUATION OF SELECTED DESIGNS
m
Bolted Assembly Bonded Assembly

Factor (Figure 18) (Figure 19)

Cost

Tooling C A
Blade Proper C A
Design

Weight c A
Aerodynamic Properties B A
Dynamic Properties (O A
Unknown Factors (Risk) C A

Maintenance and Repair

Replacement Time
of Components A C

Possibility of Replacement
Without Blade Removal A B

Effect of Environmental
Conditions A C

Tools and Equipment
Needed for Replacement A Cc

62



cost

Tooling

Although all major metal components (except for the
trailing-edge member) are identical in both versions, the
cost of tooling will be substantially higher for the
bolted confiqguration of trailing-edge boxes. This is due
to the complexity of tooling for the bolted-type trailing-
edge boxes and mainly due to the necessity for very pre-
cise, matched drilling and reaming jigs which will be
required for proper coordination of bolt holes in the
blade spar and the trailing-edge member. Without high-
precision tooling, the idea of field-replaceable trailing-
edge boxes would be impractical.

Blade Proper

Two elements of the bolted blade--the trailing-edge box
and the trailing-edge member--will require considerably
more man-hours to manufacture (the trailing-edge member
especially, due to its scalloped configuration).

Design

Weight

In this case there is a clear-cut superiority of the
bonded version.

Aerodynamic Properties

The presence of 252 heads of No. 10 machine screws (not
counting trailing-edge member screws which will degrade
aerodynamic properties to a lesser degree) will signifi-
cantly affect blade drag. The surface smoothness of the
bonded blade will be superior, although inferior to that
of the current UH-1H blade.

Dynamic Properties

It is easier to match the UH-1H dynamic properties with
the lighter bonded blade than with the heavier bolted one.

Risk - Unknown Factors

Although the mechanical properties of FRP are in general
well substantiated, very little is known about the fatigue
properties of bolted joints. Limited information is avail-
able from McDonnell-Douglas Corporation tests published in
the report "Investigation of Joints in Advanced Fibrous
Components for Aircraft Structures". It is not sufficient,
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however, to establish the shape of the S/N curve. Conse-
quently, stress analysis of the trailing-edge box bolted
joints was based on certain assumptions which, under normal
conditions, should be confirmed by series of tests prior to
presenting the drawings incorporating such a joint. This is
the only major unknown factor in the sectionalized blade
study.

Repair and Maintenance

Time of Replacement of Trailing-Edge Box

With the leading-edge removable portion being identical,
only the trailing-edge box replacement will be discussed
here.

In this case, the bolted assembly offers undeniable
superiority. A single trailing-edge box may be replaced
within approximately 40 minutes by unscrewing 19 No. 10
machine screws, snapping the new box into position, and
replacing the 19 machine screws.

It will take 4 to 6 hours (depending on length of curing
time) to remove the damaged trailing-edge box in the

case of the bonded version of the blade, clean the contact
surfaces, apply the bonding medium, snap the new box into
position, and apply pressure and heat (if an accelerated
cycle is used). It is conceivable that different adhesive
bond requirements could be applied to reduce the replace-
ment times of trailing-edge boxes, depending on the span-
wise location.

For instance, the very inboard box, lightly loaded and
located in a low-g field, may be made safe for flight in
a fraction of the time required for curing the bond of an
outboard box near the tip.

The use of electrically cured bonding tape may substantially
shorten box installation time.

Possibility of Component Replacement Without Blade Removal

In the case of the bolted assembly, any or all boxes and
the leading-edge member may be easily replaced in the
field without removing the blade from the rotor hub.
Besides the screwdriver, a ladder and some kind of blade
tip support would be necessary. The latter would be
required to reduce the effect of blade droop on the change
in spacing between bolt holes (especially in the row of
holes for box-to-spar attachment).
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Trailing-edge member replacement without blade removal
would be undesirable due to its length and the flimsiness
of the vulnerable tip portion.

Repair without blade removal may also be possible on the
bonded blade except that the screwdriver would be replaced
by tools or equipment necessary for the bonding operation
and the use of this equipment would be more difficult when
operating from a ladder.

Effect of Environmental Conditions

In the case of the bolted assembly with matching, jig-
drilled and reamed holes in blade components, there is
only one tool required for box replacement: a screwdriver.
As a consequence, there will be no effect of extreme cold
conditions on the replacement of blade components except
for the somewhat longer time required due to the awkward-
ness of working in heavy gloves and other clothing. A
sandstorm or monsoon rain may also increase the time of
this operation. Generally, however, the effect of these
conditions will be small as compared with the case of the
bonded assembly. Cold, rain, or sandstorm will necessi-
tate the installation of some kind of protective hood
covering the area where replacement is necessary. Again,
extreme cold conditions would be most difficult to work in
and would require some kind of heater which could raise
the temperature under the hood to the level required by
the chosen adhesive. Here again, the use of an electri-
cally heated adhesive film would have a beneficial effect
on the hardship and time of component replacement.

Tools and Equipment Needed for Replacement

For replacement of components on the bolted blade assembly,
the following tools are required:

l. Trailing-edge boxes - screwdriver

2. Leading-edge member - screwdriver, hacksaw, and file
3. Trailing-edge member - screwdriver and mallet

The hacksaw is needed to cut slots in the filed-off heads
of the attachment bolts. The file is used to file off the
heads of the replacement bolts. For the replacement of
blade components without blade removal, the previously
mentioned ladder and blade support would be required.

For replacement of trailing-edge boxes on the bonded

blade assembly at room temperature, the following tools
and equipment are required: hacksaw, chisel, pliers, and
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a special tool for exerting pressure on bonded areas,
plus all equipment needed for the cleaning and bonding
operation (sandpaper, icetone, spatula, and cans of
bonding medium plus mixing container).

Repair work on the bonded blade at extremely low tempera-
tures would require all the equipment mentioned in the
previous paragraph, plus a hood and a heater.

In spite of some advantages of the bonded blade assembly listed
in the comparison table, the most important factors (maintenance
and repair) make the bolted assembly more attractive than its
bonded counterpart. It is this contractor's opinion that this
blade will serve the purpose outlined in the contract require-
ments better than the alternative bonded assembly.

Thus, the blade shown on Figure 18 becomes the preferable design
arrangement in the Sectionalized Main Rotor Blade Advanced
Design Study.

From the design point of view, the most objectionable feature
of the bolted assembly is the risk factor resulting from many
unknowns concerning the simple lap-bolted joint: shape of S/N
curves, effect of nut torque, effect of fit between bolt and
hole, etc. These unknowns can be easily eliminated by insti-
tuting a confirmation test program.
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SECTION III

SELECTED DESIGN ARRANGEMENT

CONFIGURATION DESCRIPTION

The preferred design arrangement of the sectionalized blade is
shown in Figure 18.

The main components of the preferred design are: the spar
(integral with wide inboard portion and its external lamina-
tions), 18 trailing-edge boxes in 3 different sizes, trailing-
edge member, and leading-edge portion.

Basic Blade Structure (See Figure 25.)

The spar, the blade's main structural member, is cut to size
from an aluminum-alloy extrusion, machined where required, and
twisted. The shape and size of this extrusion differ from the
current UH-1H blade. Its width was increased from chordwise
station 5.4 inches to 6.0 inches to compensate for the loss of
torsional stiffness resulting from replacement of the torsion-
ally rigid UH-1H blade aft portion of the airfoil cross section
by short (12-inch) trailing-edge boxes. The front portion of
the spar extrusion was shaped keeping in mind the installation
of the removable portion of the leading edge.

The inboard forward portion of the blade is similar to the
UH-1H blade as far as the shape of external laminations is
concerned. The inboard rear portion is modified; external
laminations do not extend along the trailing edge but end
under the pad through which the drag-strut bolt passes. The
rear closing member is in the form of a channel, open to the
rear, which houses the trailing-edge member between stations
28 and 72. As in the UH-1H blade, honeycomb is used to
stabilize the blade's aft portion skin inboard of station 72.
This basic blade metal structure is shown on Figure 25.

It was concluded during the early stage of this design study
that it would be inadvisable to drill the holes for bolted
attachment of the trailing-edge boxes through the basic metal
structure of the spar. To transfer the loads from trailing-
edge boxes to the spar, FRP structure is bonded to the rear
portion of the spar. It consists of three separately molded
units: a channel and two doublers. When bonded to the spar,
these elements transfer box airloads by shear only. Both
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doublers and the channel are molded using 45-degree-oriented
S-glass No. 181 fabric. This orientation was selected to
match the coefficient of thermal expansion with that of the
spar and to increase shear tear-out characteristics of the
bolted joint. The assembly described here constitutes the
basic blade structure, which cannot be easily repaired under
field conditions.

Trailing-Edge Box (See Figure 21.)

Trailing-edge boxes are attached to the spar and to the
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