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This program was conducted under Contract DAAJ02-72-C-0087 with
The Boeing Company, Vertol Division,

The information presented herein is the result of an analytical effort
to derive improved structural design criteria for transport-type
helicopters based upon flight parameters measured on transport
helicopters operating in Southeast Asia. This is one of four similar
= efferts being conducted concurrently to develop improved criteria for
= utility, crane, and observation as well as transport-type helicopters.

The report has been reviewed by the Eustis Directorate, U.S. Army Air
Mobility Research and Develonment Laboratory and is considered t> be

technically sound. It is published for the exchange of information and
the stimulation of future research.
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ABSTRACT

The purpcse of this study was to evaluate the adequacy of
current structural design criteria for future cargo- and
transport-type helicopters based on the design, development,
and operational use of the CH-47A Chincok helicopter. It
was concluded that current structural design criteria are
adequate to insure structural safety. Specifications for
procurement of new helicopters should be moaified to provide
the most realistic mission description possible for fatigue
design, with the objective of simplifying the design tesk.

While analyzing CH-47A operational data, several deficiencies
were identified in the data acquisition and analysis process.
The deficiencies can be overcome in future field survey work
by cooperative advanced planning between the cognizart Army
agency, the helicopter manufacturer, and the contractor re-
sponsible for data acguisition and analysis. Current state-
of-the-art recording systems and automated data reductiun and
analysis techniques are recommended for future surveys.
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BACKGROUND

CH-47A operational data were collected by the U.S. Army in %
both simulated and actual combat conditions as reported in :
References 1 and 2. The combat data were separately analyzed

by the Boeing Company under U.S. Army contract and reported

in Reference 3.

The twin tandem CH-47A Chinook helicopter was designed to meet
U.S. Army medium lift requirements as a personnel transport

and cargo carrier. Cargo can be transpoited either internally
or externally. The CH-47B and CTH~47C models of the Chinook
were developed to meet increased payload and range requirements,
with particular concern for operations in hot climates.

Table I summarizes some signiiicant characteristics of the
three models.

This design and operational flight loads study is centered
about the CH~47A model of the Chinock because the operational
data were obtained on the A model. Some of the lessons
learned from the CH-47A field data resulted in design improve-
ments incorporated in the B and C models. CH-47B and CH-47C
design features which are basead on CH-47A experience are

noted in Section 4.

DESCRIPTION OfF TASKS

This report follows the basic sequence of the separate studies
conducted under the contract:

Section 2

MISSION PROFILE Compares two independent analyses of
combat data, constructs a new mission
profile based on field data, and compares
various mission profiles.

Section 3

FATIGUE DAMAGE Evaluates load spectrum, fatigue damage
rate, and calculated fatigue life for
six components and various mission profiles.

Section 4

ATIRCRAFT Correlates configuration changes in the
CONFIGURATION CH-47 history with mission profile changes.
Section 5

OPERATING Investigates the factors which limited the
LIMITATIONS CH-47A cperations in simulated an® actual

combat conditions.
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TABLE I. SUMMARY OF SIGNIFICANY CHARACTERISTICS
OF A, B, AND C MODELS OF THE CHINOOK

HELICOPTER
MODEL
DESCRIPTION
CH-47A CH-47B CH-47C
Number cof klades per rotor 3 3 3
Airfoil Symmetrical | Cambered | Cambered
Rotor diameter, ft 59 €0 60
Constant chord, in. 23 25.25 25.25
Rotor speed,rpm-Power on 230 225-230 | 235-245
-Power off 261 261 261
Gross weight ,hlb-Design 28,550 33,000 33,000 7
-Maximum 33,000 40,000 46,000
Load factor, n,,at design -0.5 to -0.5 to | -0.5 to
GW 2.67 +3 +3
Limit true airspeed, kt, at
design GW 130 170 170
Payload, 1b, at SL/STD,
50-mile radius 12,300 17,400 20,950

NOTE: (:) CH-47C capability at 50,000 pounds gross weight
and 250 rpm has been substantiated by the con-
tractor and evaluated by the U.S. Army.
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Section 6
CONCLUSIONS AND
RECCMMENDATIONS

Recommends adequacy and/or deficiencies
in structural design criteria for cargo-
and transport-type helicopters. Addi-
tional recommendations are made for

sta’ 2-of-the-art improvements in field
data acquisition and analysis techniques.

2, MISSION PROFILE

This report section comprises a comparison of mission profiles
as used to structurally design and evaluate the CH-47A with

the actual helicopter usage as reported in References 1, 2,
and 3.

Mission profiles are used for various evaluations in helicopter
design and analysis, such as payload-range, duty cycle, low
cycle and high cycle part fatigue, and part wear. The philo-
sophy of mission profile construction for the various evalua-
tions is beyond the scope of this study, bul the philosophy

must necessarily vary with the purpose and risks associated
with a particular evaluation.

This section is diracted at the fatigue mission profile:

Fatiguc Mission Profile is used for fatigue design and to
ca2lculate the safe-life retirement interval for critical
components. It is also used to design wear-critical
components and to calculate required overhaul intervals.

DATA SOURCE EVALUATION

An understanding of the content and limitations of the field

data sources is essential to a rational interpre’:-ation of the
information.

The total accuracy of a measurement should be considered,

but cannot readily be established from the information available.
The "Quality Control Values" tabulated in FReferences 1 and

2 indicate that reasonable precedures were used to minimize

data reduction errors for the measured values. However, the
accuracies of sensors, amplifiers, and power s~:cces were not
included, and procedures for establishing calibration factors
were not identified. The lack «f i “ormation on accuracy does
not preclude an analysis of the dat., but the possible impli-

cations of errors in the data should be considered ir forming
conclusions.

X3
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The source of gross weight information was not specified. It
is assumed that this information comes from a log maintained by
flight crews.

No information on center of gravity distribution is provided.

Flight Segments (steady state, ascent, descent, and maneuver)
were identified by the data characteristics of longitudinal
control displacement, collective control displacement, airspeed,
altitude, and normal acceleration as shown in Table II. Observe

that yaw and roll displacements cannot be identified from the
data.

Acceleration Peaks were not evaluated between 0.8 and 1.2g in
the data reduction process. This threshold limitation would ex-
clude, for example, a steady 33° banked turn. Acceleration peaks
less than 0.8g and greater than 1l.2g were subdivided into maneu-
ver- or gust-induced accelerations. An acceleration peak was
classified as maneuver induced if either or both of the longi-
tudinal and collective control positions were displaced just
prior to the observed acceleration. Using the same example as
before, the load factor developed in a turn could be classified
as either maneuver or gust induced depending on the longitudinal
and/or collective control exercised in conjunction with the
turn.

Finailv, the data samples for simulated and actual combat opera-
tions each represent the activity of one operational unit in a
limited locale for a time period much less than a year. Con-
clusions drawn from this data with respect to aircraft utiliza-
ticn shculd consider the possible effects of aifferent missions
and environments.

DATA ANALYSIS PROCEDURE

The operational data obtained in actual combat conditions were
separately analyzed and reported in References 2 and 3. Each
analysis used the same reduced data, but apparently with differ-
ent objectives. Reference 2, produced for USAAMRDL by Technol-
ogy, Inc., appears to be tailored for easy comparison to opera-
tional data gathered on other types of helicopters. Reference
3, prepared for USAAVSCOM by the Boeing Company, was compiled
for the specific purpose of fatigue mission profile evaluation.

Except for the parametexr increments chosen, the documents were
found to be in good agreement with respect to gross weight, den-
sity altitude, rotor spe=:2d, ard acceleration peak occurrences.
Th. Reference 2 anaiyveis included a 39-minute flight at approxi-
me+ely 37,000 pounds gross weight in a "greater than 32,000
pound” increment. The gross weight for this flight was more ac-
curately defined in Reference 3.
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TABLE II.

CRITERIA USED FOR DETERMINATION OF

FLICHT SEGMENT FROM MEASUREMENTS IN
REFERENCES 1 AND 2

I <

e b i R St T O . TR e A A S T R e e S o

Flight segment Transient Steady
Measurement Ascent Descent Maneuver state
Longiturdinal Not Not Not Relatively

control steady steady steady steady
position
Collective Not Not Not Relatively
control steady steady steady steady
position
Airspeed Frequent | Frequent | Frequent Steady or
changes changes changes smooth change
Altitude Freauent |Frequent Frequent Steady or
changes changes changes smooth change
(increas-| (decreas-
ing) ing)
Normal No No Usually No
acceleration, |criteria |criteria very criteria
n active
z
5
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Evaluation of airspeed was significantly different in the two
documents. In Reference 2, indicated airspeed (IAS) is shown

as a time increment within designated boundaries of gross weight,
altitude, and indicated airspeed. In Reference 3, the analyst
was interested in airspeed as a percentage of Vpe (never-exceed
airspeed = flight manual limitation). Since V,o varies with
gross weight, altitude, and rotor speed, the percent of Vpe was
calculated at each discrete time increment of data reduction.

The results were presented as a histogram of percent of Vpe
increments.

An attempt was made to express the IAS data of Peference 2 in
percent of Vphe. The results, shown in Figure 1, are less than
The wide band of possible solutions arises from
the large variation of Vpe within the gross weight, altitude,

- and airspeed boundaries which define an IAS occurrence. Similar

problems would be enccuntered in attempting to determine IAS

5 distribution from the percent of V, ., histograms.

5 MISSION PROFILE DERIVATION

Mission Segment Analysis

The data analysis procedure employed in References 1 and 2
separated transient flight ccnditions into three flight seg-
ments identified as ascent, d=zscent, and maneuver. A fourth
segment, steady state, includeéd@ climbing, ievel, and descending
The ascent seygment also included
"the takeoff and climb to the initial steady-flight aititude”,
and the descent segment included "the unsteady part of flare
and landing". Table III shows that the ratio of maneuvering
time from level flight conditions to the time spent in steady
level flight was significantly less than the maneuver to steady
time ratios obtained in ascent and descent conditions. The ac-
celeration tc climb airspeed and flare to landing can be ac-
cepted as maneuvers peculiar to the ascent and descent segments
respectively. However, other maneuvers such as turns, pull-ups,
pushovers, and control reversals sliould be nearly as common to
constant altitude operations as to ciimbing and descending
flight. In addition, in Reference 2, normal load factor peaks
occur 2.8 and 4.1 times more frequ:ntly ir the maneuver segment
than in the ascent and descent sed ents respectively.

R
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The observations of the preceding -aragraph led to the conclus-
5 ion that a significant amount of t:ie time in the ascent and de-
E scent mission segments of Referenc:s 1 and 2 was, in reality,
3 steady ascent and descent. Accoré@ .ngly, the flight time was
3 re-allocated as shown in Table II1l.
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Normalization of Mission Profiles

The fatigue mission profiies defined in References 4 and 5
include some operating conditions with occurrence factors ex-
pressed in number of events per unit time. For comparison of
mission profiles, it was desirable to express all mission seg-
ments in percent of the total mission profile.

The normalization of mission profiles was accomplished by the
following process:

1. Th: time required to conduct a maneuver was determined

from Cli~-47A flight strain survey testing, as shown in
Table IV.

2. Each operating condition in the mission profile was ex-
pressed as a fraction of a common time base {1 hour was
uced). The sum of these fractions then excecded unity.

3. The fractional times were proportionately normalized to

unity and expressed in percent of the total mission
profile.

The normalized mission profiles are displayed in Table V for
Reference 4 (current) and Reference 5 (AR-56). The design
mission profile from Reference 6 and the mission profile de-

rived in the Derived Mission Profile section are also shown
in Table V.

The derived mission profile is compared to the operational data

and to the original design, current, and AR-56 mission profiles
in Figure 2.

Derived Mission Profile

The fatigue mission profile derived from the operational data
of References 1, 2, and 3 is shown in Table V. The distribu-
tion of time into 4 mission segments was based on the analysis

shown in Table III. The basis of other distribution factors
follows:

1. Gross weight Increments selected to be counsistent with
available CH-47A flight strain survey test

data.
Gross Weight Curmulative % Time at
{1b) or Below
Derived Ref Ref
Profile 1 2 & 3
25,000 66 85 64
28,550 92 92.5 90
33,000 100 99.5 99.8




R e

paooda AYLBTITI ISOHNUOT Jo Yabudl = SUOIITRPUOS JIdanduvwt x0j Y3hbuodT paodody W
S$PI0OOL YDBTIS TTL JO whs = SUOTITPUOD Appd3s 203 Yiabuor paoddy !
. 009¢ % (spuonos i
ur Yabuo[ 10004 = obuex 10300  pProl uT poaioscdo sywoad Fu Jo *oN) = ays/syvod %u @ 1 SHLON W
0°02t{ 0021 00 v oaeyy pue yovoadde bHuipuery m
0°294 | 0°29¢ ov°9 4 TRSI0ADA TOLUOD TRUCTIDIAT( n
006t 0°0sY 0o°*8 S Tesa0a02 10a3U0D TRIDIV] !
0°08¢ 0‘o8Y 06 L S TUSIDADI TOAZUOD rRUTPNITHUOTY :
966 L' by g uany bty |
6°LY 0°€% S uany 3301
0'L6G O01°L 1 aoaoUsng
0°L0S 01°¢L £ bge T 'dn-TTng M
0°L0S 0°L0% vLL P d/v % by'1T ‘dn-11ng
0021} 0°021 0'0¢ 1 [poodsate quild 03 UHOTRIRIDT[ODOY |
v 9Ct $°92 6 | AUBTTS pIumIedI 373 PIRADPTS M
SUOT 3 TPUO) IDANDULK %
o
0°T¢ 8°206 6°19 0°Le 0°1¢ 0911 LT uotjeioxojny - M
9°09 6'0h 0'6T1 2l judogap aomod teizavd
0°9¢p 0°21¢ 4 ; T10
0'9bl 9°p¢ L >~..H
0°181 8°6¢€ A Hagt 1 i
0°LE2 zest 5 Hat 1 A
0°L9¢t 9°61 G HA
0° VoV 9°5¢ Zt Bagto ‘Hagro *Hacco
0°9¢T §°9¢ 6 Haz'o
e S ab L1 uotagsuvay,
0 veLt L°0¢ 9 20A0}4 ﬁj
sUOT Y rpuod Aprols _
Py r . . o O. . . . H
. o = < H. - _. : : : c., 22 ¢ 2 @ @ uct 31puUo) buravawdo
a03o0uyg G0 0+ obury To3oud prot 508 11 J0dd UOTHS N
peetl yabuoy | ron
@ INOp /s vod AN.: 10300 prog spaondy IUbT14
- o ) AIAINS NIVALLG JHOTHA VL p=iD
WOdd QUNIWNELEA SV ADNYGNOSYd AVAad (“U) YOLIVA AVO'T Al dIav)L |

g b G bt L e

i

il b b

T RROLR:

o 1 s g o G dal

o T




TABRLY

P AILIS BY

WISTIel SEGMINT

MEISCIO

r

FATIO
B

A
Y

ws

¥
1

08 O VIR

COMPARY
SEERATING CORGLaATISN AND

2

)

Derived Frorm Meratiaosd

a
]
™
P
(vuv-. L v
[ 3
.mC N 4
m
Pt I
J -
- 4
4| [
&
¥
11.-7 L ARl
PN T )
g, ~ Qe
-
(2]
. . .
Il
P g ~é oy
al. s .
Sifbe M ..
.2
v

o ———— e

-

.

<

re

~
.
e

]

IR

¢
g

: m H“.t ”,N..,'

17.¢

-
-~

ey

-
'

e

)
Py

-

ve

2k

@
[

-

.r

”
I

L+l

v,

L

o
@
-
“
Vies
€4t
LAR ]
e
0o
u
O]
.
.
I
w oo
v
W

v

terd
«
(=X =]

-

P

Tave e
(IR
[IEE Y

:
.
"
..n
w
i
"
o
wile
a Rt te
[ ]
Kol
LI I ]

~
o

e
i
'

€4
.
[

By e op
[

L
[ %

™o e
v

.
XV

B
-

"

il

.
w

~

Mo

[BREE]
[ ve
113 "
it «
L s
& e
w

t

K ov gl e
IR

R R
O

.
t

.-

1as




RO AR LR A R A

i

Y

iy

b
k=

A b

B Ty
ipt

I N

A T P

gttt

o I e ARG

I Rt

B N

PERCENT TIME

LEGEND
S - STEADY LEVEL FLIGHT
A - STEADY ASCENT
D - STEADY DESCENT
80 ¥ =S 57 M - YANEUVER
e
e & oy
60" _S— —s—
a0 4
204 L M —
| M M —D—
L A D —] A — A —
0

DESIGN CURRENT AR-56 DERIVED FROM |USA] ANR]SEA

MISSION PROFILES OPERATIONAL DATA

Figure 2. Comparison of Mission Profiles and Operational

iIse of the Ch-47a Helicopter.

12




o
iy

st 0 T
Ll o
.

A
Hl

L L

e e e e S o o T s o

Airspeed Distribution based on Rz2ference 3
analysis of time at percent of V
(never-exceed airspeed).

Steady descent Distribution between partial power
descent ard autorotation based on
Reference 5 distribution (AR-56).

4. Acceleration teo Nccurrence based on Table III analysis

climb airspeed of References 1 and 2.
and landing flare

Occurrence, %

Derived Ref Ref
Profile 1 2
4.0 3.9 3.8
§. Symmetric maneu- Occurrence selected to obtain normal

vers, turns, and load factor (n,} distriwpution consistent
control reversals with References 1 and 2.

The incremental normal load factor exceedance for combined gust
and maneuver load factor peaks is shown in Figure 3. Opera-
tional data is shown as a 0.1g band representing the range of
values reported in References 1 and 2. Mission profile
exceedance was determined from CH-47A flight strain survey
data, Table IV, in conjunction with the operating condition
occurrence from Table V. The derived mission profile is

shown to reasonably represent the operational experience with
respect to the frequency and magnitude of load factor peaks.
The operational load factor peak occurrence frequency is sig-
nificantly exceeded in both the current and AR-56 mission pro-
files. The maximum load factor to be considered for fatigue
analysis is evaluated in Section 3.

3. FATIGUE DAMAGE

In this section the effect of mission profiles on fatigue life
for six critical components is evaluated.

It was intended to include a comparison of design values to
those resulting from operational use of the CH-47A helicopter.
However, such a comparison does not provide useful information
for future helicopter design for the following reasons:

a. Fatigue loads measured during developmental testing of tte
CH-47A exceeded predicted values, particularly in the con-
trcl system. Subsequent redesign of components was based

on trade-offs considering related costs and structural
performance.

13
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b.

Fatigue methodology has been changed since the CH-47A was
designed. Of particular importance, the current use cf
statistically significant mean minus three standard devia-

tion (M-3¢) endurance limits was not used for CH-47A
design.

Any discussion of fatigue evaluation requires some background
knowledge of the method used to assess damage. Figure 4

displays the relationship of the elements required to calcu-
late a compone .: life.

The Boeing Vertol Company currently
employs the following criteria:

Fatigue Strength

® S-N curve shape is determined from coupon tests and

makes maximum use of available sources such as MII-~-
HBX-5B.

rull-scale flight hardware is bench fatigue tested to
1 failure. A minimum of six failed specimens is desired.

Endurance limit at the assumed stress asymptote is

evaluated statis*ically assuming a log-normal distribu-
tion (the number of cycles at which the fatigue strength
: is assumed asymptotic varies with the material). The

lowest endurance limit of the following is used for life
= calculations:

a. bottom of data scatter

b. 80% of the mean value

i c. three standard deviations below the mean value
3 {mean -30).

3 Fatigue Loads

@ Calculated or measured loads at flight conditions con-

sistent with the expected use of the relicopter (design
mission profile) are used.

Top-of~scatter fatigue loads are assumed to exist con-

tinuously for steady flight conditions such as level
- flight, climb, and descent.

Cycle counted fatigue loads are used for transient flight
, conditions such as turns, pull-ups, and landing flares.

Calculation Method

® Minor's cumulative damage theory is used.
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Mission Profile

e Initial fatigue evaluation is made utilizing the design
mission profile.

The design mission profile is reevaluated and modified
as necessary based on field experience. The field ex-
perience could be fatique failures, observer reports,
or operational load surveys {as in this case).

It should be noted that some of the previously discussed fa-
tigue evaluation criteria were not in use at the time of the
Reference 6 component life evaluation. In particular and of
most importance is that bottom of scatter endurance limits
were used in the Reference 6 document.

COMPONENT LIFE

Calculated part lives for six critical aft rotor components
for each of four mission profiles, along with the endurance
limits used, are presented in Table VI. The wide range of

part lives requires some explanation.

The basic mission profiles defined in Table V are not com-
pletely descriptive of all the factors which influence part

life. The following in<ormation supports the mission
descriptions:

Gross Weight

The design mission profile, Reference 6, was evaluated

using the worst loading from any flight data up to 33,C00
pounds.

The current, Reference 4, AR-56, Reference 5, and de-

rived mission profiles used flight test data at weights
consistert with Table V.

Center of Gravity

The design mission profil~ assumed a cg distribution of

25% maximum forward, 50% miu, and 25% maximum aft cg for
all flight conditions.

All other mission profiles were evaluated with level flight
time distributed equally between extreme forward and aft
cg, and maneuvers were assumed to occur at the cg which
produced the highest load on the part.

17
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Altitude

No altitude distributions were used in any of the life
calculations. The effect of an altitude split on the cur-
rent part lives was reported in Reference 7.

Rotor Speed

The power-on rotor speed was 23¢ rpm and the power-off
rotor speed was 261 rpm for each mission profile.

Part lives from the design mission profile, Reference 6,
are influenced by toc many factors other than the mission

profile to draw any conclusions as to the effect of the
profile.

Because of fatigue design criteria changes which occurred
since the initial evaluation of fatigque lives in Reference
6, the component lives of Table VI are not directly com-
parable. Specifically, the endurance limits used for de-
sign mission profile calculations only considered bottom of
scatter strength, whereas the other calculations addition-
ally considered statistically significant values.

The current mission profile, Reference 4, produces ex-
tremely conservative fatigue lives relative to those cb-
tained from the derived operational mission profile on five
of the six components. The aft pivoting actuator life is
identical for both of these profiles. Table VII shows that
nearly half of the damage to the actuator occurs at 120%

Vie for the derived profile, while the maximum airspeed in
tge current protile is 110% Vne'

The AR-56 mission profile fa lives are approximately
two times those of {lhe curre -ion profile for five of
the six parts, but a similar s indicated for the aft

pivoting actuator.

The strength of the aft rotor shaft appears to change in the
wrong direction in Table VI. This is because the higher en-

durarce limit is based on specimens which weia shot peened
to improve fatigue strength.

Fatigue lives for the aft rotor shaft assume that 5% of the
operating time is with retracted longitudinal cyclic trim
for each mission profile. Other components evaluated are
not adversely affected by retracted cyclic trim.

To gain further visibility into the effect of mission pro-
file on fatigue life, two components were selected for eval-
uation of fatigue load spectra and fatigue damage rate. The

selected components were the aft rotor blade spar and the
aft pivoting actuator.
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FATIGUE LOAD SPECTRA

Fatigue loadings for the CH-47A aft rotor blade spar and aft
pivoting control actuator are shown in Figures 5 and 6 re-
spectively. The loads are displayed in percent of endurance
limit, and occurrence is expressed cumulatively in percent of
time to reach or exceed. Only the high load, low occurrence

portion of the curves is shown in order to improve data
separation.

Looking first at the blade spar, there appears to be a close

relationship in loads and lives for the current and AR-56 mis-
sion profiles. Similarly, the design and derived missicn pro-
files have comparable shapes and nearly identical lives. The
fact that resulting part lives differ by an order of magnitude

is significant, and will Le explored further in the Fatigue
Damage Rate section.

The occurrence of higher loads on the blade spar with the
design mission profile requires explanation. An extensive
review of fatigue methodology was conducted at Boeing Vertol
subsequent to the life calculations of Reference 6. The
culmination of this review was the current life calculations
for the CH-47A presented in Reference 4. The review in-
cluded a reevaluation of measured flight loads, and errors
found in the original data reduction were corrected. The
corrections included both increases and decreases in lcad
values, and in the case of the aft blade spar, the maximum
fatigue load was lower than originally reported.

The actuator fatigue load spectrum, Figure 6,exhibits a wide
variation of loads above 110 percent of the endurance limit
for the various mission profiles, but the resulting part lives
are surprisingly similar. The Fatigue Damage Rate section
provides further visibility into the specific conditions which

cause fatigue damage. The load variation is attributed to the
following:

® Design mission profile load spectrum is normalized to a

higher endurance limit than the other mission profiles, as
shown in Table VI.

® AR-56 mission profile loads at 115% Vy are greater than
those of the current mission profile.

® Derived mission profile maximum loads occur at 120% Vy and

in the 1.75 g pull-up maneuver conditions which are peculiar
to this profile.

The actuator fatigue life is approximately 1,400 hours as cal-
culated, using four different mission profiles. The fatigue
load spectra resulting from the four mission profiles are
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Figure 6.

Exceedance for Four Mission Profiles.
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nearly identical at 110% endurance limit and exhibit rather
large dispersion at greater load values. These observations
emphasize the importance of designing for fatigue strength

greater than the loads expected in frequently encountered
flight conditions.

FATIGUE DAMAGE RATE

Table VI1 summarizes the fatigue damage for the blade spar and
control actuator for each mission profile by flight condition.
Fatigue damage is expressed in percent of total fatigue damage
for each mission profile element, and the corresponding occur-
rence in percent from Table V is shown for reference (gross

weight for AR-56 is distributed the same as current mission

profile). The calculated part life is also shown for reference.

As previously discussed, fatigue damage for the design mission
profile was calculated using different methodology than the
other mission profiles. In addition, the limiting airspeed
envelope for the design profile calculations was approximately
10% greater than the current airspeed restriction for the CH-
47A. It is concluded that the design profile is a poor basis
for comparison in this study.

It is not surprising that components with low fatigue lives
experience fatigue damage in steady state flight conditions.
Elimination of fatigue damage in transition and level flight
from Table ViII would increase all calculated lives tc at
least 4200 hours.

A 1.75g pull up was included in the derived mission profile at
an occurrence consistent with the load factor frequency ex-
perienced in the operational load surveys. Figure 3 shows the
load factor spectrum of the derived mission profile relative
to the operational data. Because of the very low occurrence,

the effect of the 1.75g9 pull up on fatigue life is insignifi-
cant as shown in Table VII.

MISSION PROFILE RELATIONSHIP TO FATIGUE LIFE

From the analyses in this section,several corclusions can be

made with respect to mission profiles and component fatigue
lives:

1. Design fatigue strength for safe-life should insure that
no fatigue damage is incurred in steady flight conditions
or in transient conditions which are frequently encountered.
Based on CH-47A loads and S-N curves for common metals,
transient conditions of 10 seconds or less which occur
less than once in 10 flight hours need not be considered
in fatigue design. Calculated design fatigue loads should
be amplified by a credibility factor for the load analysis

23
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method. Procedures for establishing a credibility factor
are required.

2. Fatigue damage tracking of critical safe-life components
may be an effective method of increasing the utilization
of components.

3. CH-47A component retirement lives are conservative based
on the operational data available.
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4., AIRCRAFT CONFIGURATION

A review of the developmentai histcry of the CH-47 helicopter
was conducted with the objective of determining the extent to
5 which missior profile changes affected configuration changes

of dyuamic components.

3 The study was initiated by reviewing all Engineering Job Sheets
3 (EJS) and Engineering Change Proposals (ECP). The EJS was the
3 predecessor of the ECP, and these combined documents define
3 all of the major changes to the CH-47A,B, and C helicopters as
F formaliy proposed to the Army by the Boeing Vertol Company.

3 Not all EJS and ECP are accepted by the Army. This study was
limited to the company proposals which the Army approved. All
changes involving rotor blades, hubs, drive, and control sys-
tem components were included in the study.

3 Since the interest in this study is the effect of aircraft
usage on dynamic component changes,the Service Revealed Dif-

E ficulty (SRD) documentation was also reviewed. All changes of
interest resulting from investigation of 85 SRD's were imple-
3 mented by either EJS or ECP action. Therefore, the SRD review
2 produced no new information relative to this study.

Minor changes to the aircraft can be accomplished through

- drawing changes without EJS cr ECP action. In order to avoid
an oversight of significant changes, a review of the history
3 of assembly drawincg changes was conducted. As with th. SRD

E: review, nc new useful information relative to the study was

: obtained from the drawing review.

EJS/ECP ANALYSIS

A total of 207 approved EJS and ECP changes in the dynamic
system were identified. The changes were classified into

3 eight categories chosen to provide a general description of
the reason for the change. Table VIII quantitatively summa-
rizes the analysis of the changes.

T RN FOA AR 1 Ed 3 U ESSh 17

24

Db

hs

RSN AR Ty 3 H AR

e e e e s e e T B e e

R e
B R T R

R =




TABLE VIII. SUMMARY OF 207 CH-47 CHANGES BY HELICOPTEk
SYSTEM AND REASON FOR CHANGE

‘\\\\\\§szff\ Number of Changes
Reason for Change Blades | Hubs | Drive |Coutrols
i. Material, manufacturing and 4 2 4 3
maintenance improvements
2. Environmental protection i 2 - -
(sand, dirt, corrosion)
3. Lubrication and cooling - 1 19 3
improvements
4. Joint retention - - 12 2
improvements
5. Reduce friction, improve - - - 33
sensitivity, improve
damping, eliminate
interference
6. Wear improvements - - 4 31 5
bearings and gear
teeth
7. Fatigue strength 8 10 25 24
improvements
8. Ultimate strength 3 1 3 4
improvements
‘g
Totals 19 20 94 74
e
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Classification of the changes was difficult in many cases,
since subjective judgements were involved. It was desirable
for analysis purposes to assign only one reason for each
changa2. Obviously, some changes could be identified with more
than one of the classifications shown in Table VIII. A control
interference, for example, could possibly affect strength and
be classified as a fatigue strength improvement, ultimate
strength improvement, or both fatigue and ultimate strength
improvements. In this analysis the classification selected
was the one which appeared to be the primary reason for initi-
ating the change proposal.

The changes made for fatigue and ultimate strength improvement
are further summarized in Table IX. Two changes which sepa-
rately define fatigue strength improvement by shot peening of
the forward and aft rotor shafts are clearly related to service
usage. The changes were made following analysis of the opera-
tional data reported in References 2 and 3. Two operatiocnal
factors contributed to the reduction in fatigue life and re-
sulted in the need for cih.ange: £flight at airspeeds in excess
of Operator's Manual limitations, and flight with lcngitudinal
cyclic trim retracted (failed trim actuators). The airspeed
exceedance was identified from the operational data. The
failed trim actuator condition became apparent based on pilot
reports, field service engineer reports, and a study of actu-
ator malfunction frequency.

Twelve of the identified fatigue strength changes resulted

from planned growth of the CH-47 helicopters. The structural
flight limitations for the CH-47A, CH-47B, and CH-47C at 6,000
feet density altitude are compared in Figure 7. The need for
greatexr payload than the CH~47A could produce became apparent
during the combat operations in Southeast Asia. Structural
changes associated with model changes were based oun operational
need. This should not be confused with changes resulting from
operational use.

The balance of strength improvements in Table IX resulted from
either developmental tests or service failures. Developmental
tests include static and dynamic bench tests as well as f£light
tests, and bear no relationship to operational use of the heli-
copter. Changes which result from service failures could be
attributed to operational use, but not necessarily so. Inmany
cases the distinction between design deficiency, manufacturing
defect, operational use, and operational mis-use is hard to
define, and qguite often is infiuenced by the perspective of

the one making judgement. There were insufficient facts avail-
able in most of the service-related changes to determine the
influence of operational use on the service failure.
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Figure 7.

TRUE AIRSPEED - KNOTS

Structural Airspeed Limitations for CH-47

Helicopters at 6,000 Feet Density Altitude.
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The effect of aircraft usage on component fatigue lives can be
made by comparing the calculated lives documented in Refer-
ences 4 and €. A sample comparison is shown in Table VI,

and it is evident that significant reductions in part life
occurred. As discussed in Section 3, the current mission pro-
file of Reference 4 was not the only factor affecting reduc-
tion ir part life. The most importaat difference between the
two mission profiles is the high speed level flight condition.
The design mission profile assumed that the airspeed limita-
tions of the Operator's Manual would not be exceeded, while
the CH-47A operational data shows that this airspeed was fre-
quently exceeded. Flight with failed longitudinal cyclic trim
actuators affects the fatigue loads on some components, in
particular, the rotor shafts.

DISCUSSION OF RESULTS

Operational use cf the CH-47A as compared to the design mission
profile led directly to the rework of the forward and aft rotor
shafts and contributed to reduced retirement lives for several

dynamic system components. Exceecince of the airspeed limita-

tions of the Operator's Manual is cited as the principal cause

of the reduced fatigue lives. The failure mode of a control

trim device also contributed to the rotor shaft rework re-
guirement.

The experience gained in evaluating the cperational use of the
CH-47A helicopter was used in the development of the CH-47B
and CH-47C models. The structural performance of the growth
models shows a great improvement cver the CH-473, at least a
part of which should be attributed to the CH-47A operational
experience. No operational survey has been conducted on the

B and C models, however, so the adeguacy of their mission pro-
files cannot be evaluated.

5. OPERATING LIMITATIONS

An attempt is made in this section to determine the factors
which limited operational use of the CH-47A, and to project
the effect of various limita.ions on the use of future cargo-
and transport-type helicopters.

Steady state mission time from the Reference 1 data gathered

in the United States (USA) and from the Reference 2 data
gathere in Southeast Asia (SEA) was analyzed with respect to
gross weight, airspeed, and altitude. The operational measure-

ments were compared to the Operator's Manual limitations, power
limits, and vibrations.

Flight duration and the rotor start-stop cycle were briefly
examined.
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Finally, the load factors experienced in the USA and SEA were
examined to evaluate the suitability of the design load factor.

Two factors which may be significant to this study cannot be
eva2luated:

1. .. effect that external cargo stability may have had on
airspeed.

2. The influence of a monitor system on crew performance.
This has always been a nagging problem in field survey
work, although the data analyzed herein did not appear to
be biased to hide airspeed exceedance of operating manual
limitations.

Power limited airspeeds were calculated for both normal and
military power. However, it was only necessary to include
normal power values in the analysis. The power valuecs were
determined at Internai’onal Standard Atmosphere (ISA) condi-
tions, which approximate the USA data atmosphere, and at ISA
+20°C, which more nearly represents the SEA operations.

The limitations of tne TM55~1520-209-10 Operator's Manual were
copied directly from the Manual. These limitations were es-
tablished from the fatigue load to strength relationship as
determined in contractor developmental bench and flight tests.

The vibration environment in the cockpit was estimated in
terms of a pilot comfort index. Values of the index are shown
on the plots where this index is used. Vibration levels are
displaved as a scatter band varying with airspecd but inde-
pendent of gross weight and altitude.

STEADY-STATE OPERATIONS

The steady-state segments of USA and SEA data are presented in
Figures 8 and 9 for gross weights below and above 28,000 pounds
respectively. In the figures, the flight times are expressed
as percent of total steady-state flight time in the weight
category. The upper portion of each figure breaks up the data
into altitude and airspeed blocks which are compared to normal
power and to the limits of the Operator's Manual. The lower
portion of Figures 8 and 9 have a pilot comfort index shown
relative to the operational data sample with all altitudes
grouped together.

The first observation to be made on Figures 8 and 9 is that
the CH~47A limits in the Operator's Manual are less than those
attainable with normal power (twin engine) for nearly all op-
erating conditions. The relationship of power limits to other
limits in the Qperator's Manual may be important in projecting
aircraft usage, and analysis of operational data should con-
sider the relationship.

33




LLRD Rt iRt R SRR ERA T

TRE e T

0.C=> < 0.05% NORMAL POWER

DENSIT*
ALTITUDE
RANGE

FEET

PILCT
COMFORT
INDEX

ALL Y
ALTITUDES

Figure S.

- — — — GW 20,000 LB (ISA)

15,000 ——— GW 28,000 LB (ISA +20°C)
| ~
usa P > -
,900
SEA 0-1]0.0) ! N
Bl H
10,000 i
~
USA N SN \
SEA » S \
0.5 1.8 10.6}17.0l6.844.5/0.7}0.0 \
Vne— | i
5,000 GW = 28,550 LB 1
[~ Y
USA 0.1 § 0.1 | 2.2 |3.2)4.2]4.9%2.3]1.3{0.1 \
Y
SEA 7.6 | 4.4 |25.9 |9.0]7.7{8.2]1.7j0.2]0.0 \
| i
2,000 1
A 3
USA 4.3 1 0.5} 6.1 |7.8]7.8{4.8]3.3]1.2}0.1 i
SEA | 1.2 | 0.1 ] 0.4 {0.3}0.6}0.5}0.2 '\ ‘1
| i
1,000 N 1
- L B
Usa g.9 | 1.0 | 8.1 l11.18.5}4.5}2.6]0.3]0.1 i
s i
EA 0.1‘\,0.0 0.0 ,.'°°°l 0.0 \ |

o]

¢ 40 60 £0 99 100 110 120 130 140 150 160
INDICATED AIRSPEED -~ KNOTS

10— ——— SHORT-TERM LIMIT

FATIGUE LIMIT

5 N/ ACCEPTABLE

LONG-TERM LIMIT

o
poN

-6 16.4422.120.514.2 8.213.410.3
3

)
d\jw

44
37.0 {16.3]15.1413.2{2.5{0.2]0.0

Percent of Steady-State Time for 98.2 Hours (USA)
and 135.9 Hours (SEA) of CH-47A Operational Data
at Gross Weights Below 28,000 Pounds.

34




Pt i S A

0.0=»< 0.05%

eotm sk So SR B Rt sk et e S AR A

e p i 2 e e T et man s St co SRS IR S

NORMAL POWER
e GW 28,000 LB (ISA)

—— e GW B S¢c
10,000 GW 33,000 LB (ISA +20°C)
a \ Y
USA 9'2006',’5.0\"\ > ~\\ .
—e e ~
SEA o.3l 0.2[712.734.140.2}41.0}0.6] SI~_
. ‘ ] '
DENSITY 2,000 L H
ALTITUDE e h
RANGE  USA 0.8 2.1]1.6]1.5[1.540.3f0. N
SEA . 5.9] 22.0515.19.4}8.511.9}0. N,
FEET v GW 28,550 LB y 4
2,000 ne  GW 33,000 LB— g !
L Y
usa 1.2] 0.3} 7.0h7.1026.0000.2{2.1{0.9]0.1
A g )
SEA 1.6 0.3] 0.6 \ 1 \
A 1
' ]
1,000 '
H
USA 5.5 . 3.6{4.2{3.0]5.513.0}1.1]0.0
SEA \
0.1 0.1] o.1j0.1 \ \
0 40 60 80 90 100 110 120 130 140 150 160
INDICATED AIRSPEED ~ KNOTS
10 4 SHORT-TERM LIMiT
PILOT . -
COMFORT FATIGUE LIMIT
INDEX
5 /\ —_— ACCEPTABLE
LONG-TERM LIMIT
. . .4113.7 22.9f30.5p7.2]5.4]2.0}0.
ALL usa 68“v14 7 [22.930.507-2]5.4/2.0f0.1
ALTITUDES SEA 7.1 6-5145.4 h9.3]9.6}9.5}2.5]0.1

Figure 9. Percent of Steady-State Time for 9.4 Hours (USA)
and 18.9 Hours (Sea) of CH-47A Operational Data

at

Gross Weights Above 28,000 Pounds.

35




The limits of the Operator's Manual were frequently exceeded
in both the USA and SEA data sets, while all of the data could
be within normal power limits. The power observation does not
imply that the pilots never exceed normal power, but simply

that high power settings were not usually required for steady
level flight.

Airspeed occurrence fell off rapidly above 110 knots, nearly
independent of altitude and gross weight. Above 110 knots the
pilot comfort index suggests that vibrations can reach pilot
fatiguing levels.

The frequent exceedance of the airspeed limitations of the
Operator's Manual is a cause for concern, since component
fatigue lives are generally reduced by this excessive airspeed.
Since it is not logical that pilots would willfully violate
manual limits, it must be assumed that the limits are either
not understood or are too difficult to comply with in combat
operations.

FLIGHT DURATION AND THE ROTOR START-STOP CYCLE

A review of the rotor start frequency and number of flights
showed that the average flight was very short. The short
flight duratiorn was consistent with the high occurrence of
time at low airspeeds. The flight and rotor start data are
shown below:

No. of No. of No. of Average Avg start

flights £1t hrs rotor starts flight cvcle
Usa 769 i65s 230 12.9 min 43.0 min
SEA 1081 235 395 13.0 min 35.7 min

MAXIMUM LOAD FACTOR

The maximum load factors experienced in the operational data
are presented in Figure 10. The USA and SEA data samples were
very similar, and each gives the impression that the CH-47A
could have been designed t¢ a much lower load factor. The
problem with arriving at such a conclusion is the uncertainty
of the adequacy of the data sample to represent the long-term
exposure of a full fleet of aircraft. In Figure 11 the data
of Figure 3 is replotted with an exponential extrapolation of
the mean of the data. The contractor's demonstrated load
factors are shown for reference. The extrapolation, which is
only one of several possibilities, suggests that exceedance of
the positive design load factor would occur around 10 million
total flight hours. The CH-47 fleet has logged over 1.2 mil-
lion flight hours as of October 1972. Other extrapolations of
the data could lead to the conclusion that the CH-47 should
have been designed to a higher load factor.
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The design load factor for the CH-47A was based on the thrust
capability of the rotors. The demonstrated load factors on
the CH-47 models were the extremes that the pilot could attain
for the required demonstrations. Therefore, if the required
demonstrations were properly chosen, it is not possible for a
fleet pilot to exceed the demonstrated values. This reasoning
leads to the conclusion that the extrapolated load factors of

Figure 11 should become asymptotic to the demonstrated load
factors.

SUMMARY OF OPERATING LIMITATIONS

From the data presented in this section, the following con-
clusions may be extracted for use in future cargo- and trans-
port-type helicopter design:

1. Frequent flights of 10 to 15 minutes duration can be
expected.

2. Rotor start-stop cycles may average up to 2.0 per flight
hour.

3. Structural limitations should exceed power capability for
all primery missions. Improved methods of providing a
cockpit display of structural limitations are desirable
in order to avoid overdesigning of rotor systems.

4. Vibration attenuation should improve pilot comfort and
confidence in the aircraft, and should not be a factor in
limiting operations in future designs.

5. Helicopters should ke designed to sustain flight loads
within the transient capability of the rotor system. The
inherent versatility of helicopters to perform a wide
range of missions could be compromised if the aircraft are
designed to less severe criteria.
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6. CONCLUSIONS AND RECOMMENDATIONS

Analysis of the separate studies of Sections 2 through 5 leads
to the fecllowing conclusions and recommendations for structural
design criteria for cargo- and transport-type helicopters.
Because of limitations identified in the CH-47A usage data,
recommendations are also submitted for future acquisition and
analysis of operational data.

STRUCTURAL DESIGN CRITERIA

1.

Design load factors should be based on the maximum tran-
sient thrust capability of the rotor system. As shown in
Section 5, the operational data does not support an argu-
ment for reducing the design load factor to a lesser
value. No historical evidence was found to suggest that
greater strength is required. With this design criteria,
the maximum design load factor would be determined at the
minimum operational gross weight.

The minimum load factor of 2.0, as specified in MIL-S-
8698, appears conservative when compared to the opera-
tional data. 1If the entire helicopter is designed to
react the transient thrust capability of the rotor sys-
tem, as recommended in the preceding paragraph, no mini-
mum positive design load factor is required. Structural
safety will be maintained for any operations within the
performance capability of the helicopter.

Fatique mission profiles should be simplified for helii-
copter design. Attaining part lives in excess of 5,060
hours is not likely if fatigue damage is incurred in any
steady flight condition, as shown in Section 3. Transient
conditions of less than 10 seconds duration which occur
less than one time in 10 flight hours usually need not be
considered in the fatigue des:ign of most metallic dynamic
components. The requirements for fatigue design should
include the following:

Listing of steady flight conditions required to perform
the design mission(s). Include steady bank angle and
sideslip requirements.

The frequency, duration, and severity of transient flight
conditions required to perform the ¢:s.in missions.

The payloads, airspeed range, and design altitude for
steady and transient flight conditions.
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4.

Fatigue mission profiles for life calculations should be
based on design flight conditions and reevaluated by con-
ducting surveys of actual helicopter operations. The CH-
47A experience clearly indicates the need for reevaluating
mission profiles, as evidenced by the reduction in part
lives due to exceedance of Operating Manual limitations.

Concepts for contrel of fatigue damage other than opera-
tional surveys include:

Cockpit displav of fatigue loads. The Cruise Guide Indica-
tor (CGI) is a suitable device, but it has no capability

to assess fatigue damage. The need for such a display is
apparent in Sections 4 and 5.

Direct monitor of fatigue damage to critical components.

Fail-safe design which provides a secondary loau path and

suitable detection and warning of a primar, load path
failure.

Flight times and rotor start-stop cycles should influence
the fatiague mission profiles. The CH-47A operational data
Indicate that frequent flights of 10-15 minutes duration
can be expected, and 1.5 to 2.0 rotor start-stop cycles
per flight hour should be considered (Secticn 5).

Vibration criteria should insure that operations are not
restricted due to crew or passenger comfort. It was con-
cluded in Section 5 that pilot comfort had a strong in-
fluence on the maximum airspeeds attained in operational
use. However, improved vibration attenuation techniques

developed after the CH-47A should eliminate this constraint
on future helicopters.

OPERATIONAL DATA ACQUISITION AND ANALYSIS

puring the review of operational data, several shortcomings
were found in the types of measursments and analysis tech-
niques for use in assessment of fatigue exposure. The follow-

ing
sis

1.

recommendations are made for future acquisition and =2naly-
of operational data:

The data sample should include a complete cross secticn of
operating cocnditions, such as training and operational
squadrons in variovs parts of the world.

The measurement list should be tailored to meet the needs
of fatigue assessment. Direct measurement of loads in
fatigue critical components should be considered.

Recording systems compatible with automated data reduction
and analysis are desirable.
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4.

The data should be reduced in a format appropriate to
intended analysis to be performed.
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