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This report was prepared by the Hamilton Standard Divisioa of United
Aircraft Corporation under the terms of Contract DAAJ02-67-C-0073. It
consists of investigations of advanced propeller aerodynamics, structures,
design concepts, and advanced materials. An optimum 1970-1975 state-~of-
the-art, 2000-shaft-horsepower V/STOL propelier system was defined.

The primary objective of this contractual effort was to investigate
the application of advanced materials which would significantly reduce

the overall weight of the propeller system compared to that of current
V/STOL propellers.
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ABSTRACT

A feasibility study of advanced V/STOL propeller systems for the 1970-1975

time pericd was conducted. The primary objective of the study was to investigate
the application of new materials and new design concepts to define the maximum
reductions in specific weight of the complete propeiler system (including reduction
gearbox) attainable in this time period. Preliminary designs of ‘uture propeller
systems prssented in the report are over 50 percent lighter than comparable
present-day V/STOL systems. This is considerably more weight reduction ihan
that targeted at the beginning of the study program.

The projected weight reductions were the culmination of the study program encom-
passing the following major trade-off studies:

Aerodynamic Studies —A parametric study to define the optimum propeller
configuration by reiating the trade-off of static thrust cruise efficiency and
propeller weight.

Materiais Samdy —An evaluation of advanced materials with improved
strength-to-weight and stiffaness-to-weight ratios and recommendations of
those m2terials that would be most beneficial in achieving weight reductions.

Design Studies —An evaluation of new design concepts and application of
advanced materials which will result in the optimum configurations for
minimum weight.

Structural Parametric Studies —A parametric optimization of tle blade,
barrel, and retention,

Preliminary designs of three integral gearbex (IGB) propeller systems, with
and without cyclic pitch and with and without a cross-shaft drive pad, were
defined in this report using the advanced technology indicated a2s feasible by the
study. Each major component of the IGB propeller system was optimized and
then merged into complete system designs. A summary weight tabulation is
presented showing the relative contributions of each major component of the IGB
propeller system to the total indicated weight reductions.

A significant portion of the weight re Juctions is shown to be achievable by 1970,
since the technology required is presently under development or is a natural
extension of existing technology. Other significant weight reductions, such as those
resulting from the use of boron blade spars and titanium gearing, are at an early
phase of their technology development and are not considered attainable much
before 1975, unless supported by a vigorous R&D effort.

Planning for propeller R&D programs should be conducted with the above factors
in mind. '
iii
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FOREWORD

The preparation of this final report concluded a seven-month feasibility study
conducted by Hamilton Standard cn advanced V/STOL propeller technology for
the 1970-1975 time period. The study was initiated upon the award of U.S. Army
Aviation Materiel Laboratories Contract DAAJ02-67-C-0073.

Grateful acknowledgement is made of USAAVLABS' demonstrated interest in

advancing V/STOL propeller technology. Mr. James Gomez was the USAAVLABS
technical representative and was helpful in providing technical coordination and
assistance.

Various departments in the Hamilton Standard Engineering organization have con-
tributed to the total study effort. The study program was directed by Mr. W. M.
Adamson, Program Manager, under the supervision of Mr, A H. Jackson, Chief
of Advanced Systems, and Mr. George Rosen, Chief of Propeller R& D.

Significant contributions in specific areas of study were made by the following
Hamilton Standard technical personnel:

. . Mr, C. Rohrbach, Chief Aerodynamicist
Aerodynamic Studies: Mr. R. Ladden, Senior Aerodynamicist
Mr. T. Zajac, Chief of Materials Engineering
Mr. P. Arnold, Metallurgist
Materials Study: Mr. J. Cutler, Senior Metallurgist
Mr. E. Delgrosso, Project Metallurgist
Mr. R. Quenneville, Chief Design Engineer
Mr, P. Barnes, Design Project Engineer
Design Studies: Mr. H. Wiitanen, Supervisor Blade Desigan
Mr. M. Mayo, Senior Design Engineer
Mrx. R. Gustafson, Design Engineer
Mr. M. Hamilton, Senior Gear Analyst
Dr. R. Cornell, Chief of Applied Mechanics
and Mathematics
Mr. A. Seibert, Senior Analytical Engineer
Structural Parametric Mr. J. Marti, Analytical Engineer
Studies: Mr. J. Kostoss, Analytical Engineer
Dr. R. Mattox, Senior Analytical Engineer
Mr. W, Westervelt, Senior Analytical

Engineer
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Acknowledgemert is also made of the contributions of the following companies
that provided data on present-day turboprop systems which are listed with
Hamilton Standard data in Appendix I:

'
ot

] N <
A " g
. e
v v
"
St Tk v w gortead 20wy bebeert o 3
R vl Lt s

AjResearch Manufacoiring Company
Curtiss-Wright Corporation

Dowty Rotol, Limited

General Electric Company .
Harizell Propeller, Inc.

2 Hawker Siddeley Dynamics, Limited -

°s Pratt & Whitney Aircraft

' Rolls-Royce, Limited

United Aircraft of Canada, Limited
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INTRODUCTION

PR R VE S VRN

This feasibility study of advanced V/STOL propeiler systems encompasses investi-
gations of applicable propelier aerodynamics, advanced materials, structures, and
design concepts. Its primary overall focus is weight reduction. In addition, a
survey of present-day turboprop systems was conducted, and the appropriate data
are presented in Appendix I for reference.

The aerodynamic study involved a parametric evaluation to define the propelier
size used in the design and structural studies. A separate evaluation was made of
possible aerodynamic devices that could be applied to propeller blades for perfor-
mance advantages.

The materials study consisted of a review of present and new materials and their
feasibility for use in advanced propeller systems. A recommended list of materials
and their properties was compiled, and this list formed the basis for the design
studies.

In the design studies, each major component was examined to define the optimum
combination of materiais and design concepts to achieve minimum weight. Para-
metric studies were also used tc aid in optimizing the blade, barrel, retention,
and gearing.

The optimized components were then used in preliminary designs of three specific
propeller systems, and the weight of each of the advanced cystems was compared
with present-day V/STOL systems.
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AERODYNAMIC STUDIES

AERODYNAMIC OPTIMIZATION PARAMETRIC STUDY

The design of an optimum V/STOL propeller requires some definition of the V/
STOL aircraft configuration and mission before a parametric study cof propeller
geometries and performance can be conducted. Furthermore, in order for the pro-
peller optimization study to be meaningful, there must be some optimization criter-
ia to relate the trade-offs hetween static and cruise performance and propeller
weigkt. Since there was not a specific aircraft, powerplant, or mission defined

for the subject advanced propzller system study, reasonable assumptions had to be
made of a representative aircraft configuration with ay propriate trade-off factors.

Aircraft Configuration and Mission

In consultation with USAAVLABS, the following criteria were jointly selected:

Aircraft type:
Propulsion:
Engine rating:

Hover design point:

Cruise design point:

T/G.W. @ hover:
Disk loading @ hover:
Tip speed @ T.O. :
Wing loading:

Wing aspect ratio:

Oswald efficiency factor:

utility tilt-wing V/STOL

2 engines, 2 propellers

2000 shp @ S. L., standard day

1400 shp per propeller @ 6000 ft; 95°F
(see "Engine Scaling" for consideration of

other powers)

643 shp per propeller @ 250 kn, S. L.,
standard day

1.07

35.0 1b/sq ft
900 ft/sec
70 Ib/eq ft
8.0

0.8

s ik




-y

Flat plate drag: 1.0 sq ft per ton gross weight. (This
latter value is representative of both the
XC-142 and the CL-84 V/STOL aircraft.)

Mission: vertical takeoff with a fixed payioad
transition to forward flight,
cruise @ 25¢ kn @ S.L., standard
day trangition to hover,
vertical landing

A more detailed definition of the aircraft mission was not considered to be neces-
sary for the purposes of this study. Aircraft range, gross weight, and propeller
diameter were not specified, these having been selected as the primary dependent
variables for the trade-off study. The aircraft Vi« capability was not to be part
of the optimization study but merely the end result of the selected aircraft and pre-
peller configuration.

Hover and Cruise Design Points

The principal propeller sizing factor for this study was the specification of 35.0
Ib/sq ft thrust disk loading, and 900-ft/sec tip speed at the design hover point of
1400 shp, 6000 ft, 95°F. The 900 ft/sec tip speed has been demonstrated as being
near optimum at this disk loading. Over 50 propeller aerodynamic configurations
were defined, each representing 2 specific combination of diameter, solidity, and
camber selected to provide the 35.0/sq ft disk loading. It should be noted that
fixing disk loading rather than a propeller static thrust requirement meant that,
despite the same horsepower input, each propeller would produce a different thrust
level., When coupled with the specified thrust-to-gross weight ratio of 1,07, this,
in turn, resulted in a different aircraft gross weight corresponding to each pro-
peller configuration. ’

For the determination of an appropriate value of shaft horsepower at the cruise
design point of 250 kn, S, L., standard day, a representative value of 82% was
assumed for propeller efficiency. When combined with the assumed aircraft drag
listed above, this defined a cruise power requirement of 643 shp, and this value was
not varied throughout the optimization study. Cruise tip speed was separately de-
termined for each propeller configuration nn the basis of best range.

All propeller performance determinations in this study were computed by ihe most
advanced V/STOL propeller performance methods currently available, as defined

in Appendix II. The considerations ieading to the selection of four-bladed propel-
lers for this study are also discussed in Appendix II.
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Propeller Optimization Criterion

The optimum propeller is now defined as that propeller which wili yieid the great-
est aircraft range for a given payload on the basis of the trade-off assessment of
propeller static thrust, cruise efficiency, and propeller system weight for the as-
sumed mission. Cost or mission effectiveness has not been a factor in this study.

To evzInate various propeller designs more easily, a relation among static thrust,
cruise efficiency, propeller weight, and aircraft range was derived. Briefly, the
relationship shows that an increase in static thrust of 1%, or a decrease in propel-
ler weight of 10%, is comparable to an increase in cruise efficiency of approximately
5%. The derivation and final relationship aregiven in Appendix II.

Optimum Propeller Performance

The optimum propeller was determined by varying the selected parameters, which
were number of blades, blade activity factor, design lift coefficient, thickness
ratio, cruise tip speed, twist and camber distribution, planform shape, and airfoil
sections; and by observing the corresponding performance versus weight trade-offs.
Typical blade characteristics are given in Figure 1 for a 105AF, 0.5 Cy,; blade.
The b/D and CLp distributions of other propellers studied with different activity
factors and integrated design lift coefficients can be calculated by using the b/D
and CL, distributions given in this figure. (For example: a 100 AF propeller
would have a similar distribution of b/D along the blade radius, but 100/105

lower in magnitude; similarly a propeller with an 0.4 Cy,; would have the same
CLp distribution as shown in Figure 1, but 0.4/0.5 lower in magnitude.)

Representative results for a family of blades having the same twist, camber distri-
bution, basic planform shape, and section airfoils are given in Figures 2 through
7. Figures 2 and 3 show hover performance, and Figures 4 through 7 give the
250~kn cruise performance. The propeiler diameter-for a disk loading of 35.0
Ib/sq ft is superimposed on the figures. Propeller weights estimated from the
equations in Appendix II are plotted in Figures 8 and 9. The data from Figures 2
through 9 were then used to generate points on the optimum criterion plot shown in
Figure 10, which relates propeller cruise efficiency to static thrust and propeller
weight. The relationship ie derived by the simultaneous solution of a generalized
aircraft component weight equation and the Breguet range equation (Appendix II),
which yields the parameters that are plotted in Figure 10 along with lines of con-
stant range. Each point plotted on the figure corresponds to a different propeller
geometry. The optimum geometry would be thr one farthest to the right in the di-

rection of increasing range.
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All poiets have been referenced to an arbitrary propeller. The reference propeiler
selected was a four-bladed 120 activity factor, 0.490 design lift coefficient, ¢.033
tip thickness ratio propeiler. This propeller vielded 82% efficiency at the 250-kn,
540-fps tip speed cruise and a hover figure of merit of 0. 773 (6010 b of static
thrust), with a2 propeller-plus-gearbox weight of 5G6 1b (preliminary assumed
weight). Shown as Propeller #2 in Figure 10, it proved to be the best propeller of
the basic family analyzed.

However, Propeller #1, shown slightly to the right of Propeller #2 (reference gro-
peller) in the direction of increasing range, is the optimum design using present
state-of-the-art technologv. This propeller has the same geometry as the basic
family but with a modified planform (slightly increased tip chord).

Changes in blade twist were also studied for this optimum propeller. Static perfor-
mance gains of up to 1% were estimated to be possible by reducing the blade angle
in thc tip region. However, the twist change caused the 250-kn cruise performance
to drop enough to more than offset the static thrus' gain and, thus to reduce the
range of the aircraft. Therefore, the twist change was not incorporated. Camber
distribution changes are roughly equivalent to twist changes and are not considered
to be beneficial. The selected camber distribution has been derived empirically
from extensive full-scale propeller tests and was the one which yielded the highest
static performance measured to date. NACA series 16 sections have been selected
for the outer half of the blade because of their superior performance at high critical
Mach numbers. Inboard, NACA series 64 sections have been utilized to yield high
lift-to-drag ratios for the thicker sections. Static test experience has shown that
this selection of section airfoils yields near-optimum static performance.

Table I identifies some of the propeilers plotted in Figure 10. They are listed in
the order of des:ending range. The blade characteristics and performance for the
optimum design ire listed in the ""System Design" section in a performance sum-
mary.

1970 Propeller Performance

Also plotted in Figure 10 is the performance that is considered to be rezalistically
obtainable by 1970 (80% figure of merit). It is important tc note that this corres-
ponds to an increase in range of nearly 20%. It was assumed in making the cruise
performance estimates that this propeller has the same geometry as the present
SOTA optimum but in a larger diaineter (15'0"), which is needed to maintain 35.0
Ib/sq ft disk loading. The target performance for this study (82% figure of merit
and 82% cruise efficiency) is also shown in Figure 10,
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An 30 figure of merit propeller should be conservatively obtainable in the future
through the combined attack of further experimental investigation and refinement of
static thrust propeller theory. Previous testing at Wright Field on Propeller
Static Tesi Rig =4 has yielded figures of merit slightly over 79% on propellers

that have had blade tips retwisted. Calculations, however, have shown excessive
cruise efficiency losses for retwists of this type. Other tests have shown that
small detailed tip geometry changes have appreciably affected stziic perfcrmance,
indicating that proper changes in twist, tip planform, and tip camber could yield
significanti increases in figure of merit without hurting cruise performance. Som:
tests of this type are planned in 19638. In addition, it is expected that new, rigorous
static propeller theories and design methods will soon become available. (For
example, Therm Advanced Research, Comell Aeronautical Laboratory, and

United Aircraft are each working on the derivation of advanced static propeller
theory.) These theories should help to define the optimum static propeller config-
uration.

Variable Camber Propeller

An evaluation of the variable camber propelier performance for the hover and
cruise design points based on Refererce 2 ""White Book' indicates that the propei-
ler yields a lower range than the optimum fixed camber propeller. This is pri-
marily because of the relatively low hover disk loading and the low 250-kn cruise
speed requirement. This situation could possibly change in the future and is dis-
cussed below.

The geometric feasibility of the variable camber propeller had been established
with the design, fabrication, and static whirl testing of two different full-scale
propellers. Moreover, several wind tunnel tests had been previously perforined
on six different model variable camber propeliers over a Mach number range
from 0.02 to 0.85 in the United Aircrait Research Laboratories facility. The
latest test, which provides data on four models, was completed in October 19€7.
A generalization of these test data indicates an envelope static performance level
significantly above the envelope which was previously expected and outlined in Ref-
erence 2. This is probably attributable to a beneficial slotted-flap effect of the
paired baldes, which had not been considered in preparing the static thrust charts
of Reference 2. Unfortunately, all but one of the variable camber test propeilers
mentioned above were designed for hover power loadings above the range of inter-
est in this study. Thus, the static performance in the range of interest has not
been solidiy established.

The performance of a six-way, 160 activity factor propeller was estimated using
both the method of the '"White Book" (Reference 2) and this method with the static
thrust corrected to represent the lates! test experience more closely. These two
points are also shown in Figure 10. It is apparent from the graph that, on the
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basis of avaiable test data, the variable camber propelier indicates promise for
application to V/STOL aircraft. However, the greatest benefit would be for pro-
pellers sized at disk loading ranges higher than the range used in this study. In
view of the limited test data in the low power loading range, more experimental
data are needed, particularly static performance on large-scale models, to ascer-
tain the performance potential of the variable camber propeller for V/STOL air-
craft of the 1979's.

Cyclic Pitch Propeller

A computerized performance caiculation method recently developed was used to
determine the cyclic pitch propeller performance. The program is a variation of

the normal propeller performance strip analysis method, in that it allows the pro-
peller blade angle to vary with time in any prescribed manner. Checks of the

cyclic pitch propeller method with test data have been difficult because of the small
amourt of reliable test data available. The most comprehensive data were found

in the test of a 6-foot-diameter propeller which was accomplished under USAAVLABS
sponsorship (Reference 4). However, these data also exhibited a large percentage

of scatter.

A comparison of the cyclic pitch propeller performance method and test data is
shown in Figures 11 and 12. Figure 11 shows a comparison of the thrust loss due
to cycling blade angle at a fixed value of power coefficient (Cp). The Cp chosen
was that giving the peak figure of merit. Although the caiculation is within the
band of scatter of the test data, it is believed that the use of unsteady airfoil data
may improve the accuracy of the computation.

Figure 12 shows the comparison of eyclic pitch control mcment for the same
power coefficient condition of 0.07. The correiation of calculation and test is
quite good.

The calculated cyclic pitch propeller performance {thrust loss, control moment,
and thrust offgset) of the optimum propeller is given in the performance summary
of the ""Systern Design™ section. Yor the design studies, a maximum control
moment requirement squivaient to a 25% offget of the thrust vector was assumed.
This required a maximum cyclic blade angle of 9.6°, which could cause a thrust
logs of 12.5%.

Engine Scaling

The propeller parametric siudy and the ensuing cptimum propeller selection were
based on the utilization of a 2040~hp (5. L , standard day) engine. It is of interest
to see what effect scaling the engine to a different size and horsepower will have on
the propeller nerodvnamic design and performance. To take an example, assume
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that the 2000 hp is scaled down to 1300 hp. As before, the 6000 ft, 95°F power

is reduced to 707, which is 1050 hp. Since the disk loading is still 35 1b/sq ft,
the optimum propeller geometry would not be changed e¢xcept for diameter. This
can be proved by showing that scaling the horsepower does not change the design
power coefficient, Cp, at the hover and 256-kn cruise conditions if the diameter
is adjusted to maintain the same disk loading. The optimum blade design is still
completely defined on the basis of hover and 250-kn cruise performance and pro-
peller weight. If the operating power coefficients at hover and cruise are un-
changed, then the performance and the nondimensional blade geometry that yields
the performance are also un~.hanged for the same tip speeds.

To show that the power coefficients are unchanged, look first at hover. Since the
disk loading (T/A) is unchanged, so is the thrust coefficient (CT). For a given
geometry, the relation between CT and Cp is fixed; therefore, the C ) must remain
unchanged. Since Cp is proportional to HP/D? at a given propeller tip speed, the
optimum propeller must be reduced in diameter fo yield the same figure of merit.
Since horsepower was reduced from 1400 to 1050 hp, the diameter must be reduced
to 12. 8 feet to maintain a constant HP/DZ,

Lowering the horsepower by 25% also lowers the thrust by 25%. This reduces the
airplane gross weight by the same amount. The assumption was also made in this
study that the profile drag coefficient was a function only of wing loading which re-
mains unchanged at 70 1b/sq ft. The induced drag coefficient and lift coefficient
were also functions of wing loading. Therefore, the aircrait L/D is independent of
gross weight. Thus, a lower gross weight yields a lower drag and therefore a
lower thrust required in cruise. Since these changes are all directly proportional,
the horsepower required at the 250-kn cruise is also lowered by 25%. This then
keeps the Cp unchanged and keeps the cruise efficiency the same.

In summary, engine scaling affects the propeller diameter but not the blade design
(i.e., AF, C1,;), the hover figure of merit, or the cruise efficiency. The term
HP/D2 remains a constant, Therefore, the following equation can be written

for the required propeller diameter for some other size engine.

HP

D = 148 m

)

where HP is the horsepower available to the propelier on a 6000 ft,95°F day.
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AERODYNAMIC STATE~-OF-THE-ART REVIEW

The aerodynamic blade optimization study discussed in detail in the previous sec-
tion utilized present state-of-the-art techniques and experience. The optimization
criterion developed as part of this study showed that for constant range, a 1-per-
cent change in static thrust produces the same effect as a 5-percent change in
250-kn cruise efficiency. Within these ground rules, the optimum propeller that
could be predicted using presently known technology vielded a figure of merit of
¢.776 and a cruise efficiency of 0.829. It was also shown that figures of merit of
79% are now attainable but not without large sruise losses and therefore a reduc-
tion in available aircraft range.

The above, then, briefly summarizes today's V/STOL propeller performance tech-
nology. With this as a base point, consideration was directed to defining the 1970~
1975 potential for improved static thrust and cruise efficiency. Prciections, pre-
dicted on continuing active experimental and theoretical research, show potential
gains of from 6 to 8% in 250-kn cruise efficiency and perhaps as much as 2 to 4%
in static thrust. However, determining the exact potential gain in static thrust 1s
difficolt.

The problem arises because of both the lack of an adequate static propeller theoret
ical method to analytically relate geometry parameters to performance, and the
lack of a sufficient amount of parametric static propeller test data from which to
derive an empirical performance method. Therefore, even the ultimate attainable
level of statie performance is not yet definable. If an accurate theory or empirical
method does become available, it will contribute greatly toward advancing V ‘STOL
potential, because of .he high leverage of static thrust on V,'STOL mission effec-
tiveness,

Programs aimed at accomplishing the derivation of a static propeller theory are
being pursued. Moreover, experimental programs have been prcposed and should
be undertaken. However, there are other prospects for improving V/STOL pro-
peller performance which can be generally classed as unconventional aerodynamic
configurations. The purpose of this portion of the study is to initiate some of the
groundwork for evaluating the potential for some of these unconventional aerody-
namic configurations.

Because of the success wing designers have had with high lift devices, the aero-
dynamic feasibility of slots, flaps, siotted flaps, and vortex generators, as applied
to the V/STOL propeller, was studied. In addition, devices that could improve the
severe three-dimensional flow effects in the blade tip region were also given con-
sideration. Somec of these concepts are sketched in Figure 13, Each is discussed
in the { 'ow.ng sections; finally, the results of this phase of the study, as well as
recen nondations for further R&D, are outlined.
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Shetted Progedicr Bhudies

Traditiomily, Goed shots om wings komve Been wsed (o exend the Emear prertion of

the Jil corve G 2 Bigher wi2il aoghe of attack. Thos, rouch bigher erandesnen 1i®

coeflicients cxs b citzined. Tipical comgurative perfonmence of 2 wing with xed
without an optismom sl taiken frone Referemee 5, cam be seex in Pigure 14, R is
nsted (e the skt imorones the performasce smoe stali takes place. s effect om
Lift-to-drag ratio is givea io Figure 15. Below 3t3fl, the dxta for the slhotied air-
Hil gredict 2 redection ia perfcrmance.

As applied 10 progell~: Shadiey, # moeld appear ikat slots ccald benefit 2 stalled
portica of the biade. I2 order lo giia soene insight into fhe effect of skits on
V/STOL propeller pericrmance, some calcalitions were adtemgted. Yirst .
zssemption was made that the ciaoge in 2irkil performasce skown i=2 Figure 14
was tygécal of all sistied airfoils aad restizely indvneadent of scries section, the
ihickmess ratio, <axber, aad Mack mcxber. (More xill be sa2id abost this assomp-
tivn later.? This face vielded the shiited 2irfoil correction oo xhich is shoun
a Figure 16. The Uzivac 1182 propeller perforsmance strip axalvsis program was
modificd 1o acrept these incremectal 2irfoil ckzeges. it wzs noted that the izboard
sectices of the oftimern propeiier nere coerating ai nigh cagies of aitack ¢ the
design hover conditioe.  The bover and £58-in cruige performance of the optimam:
SCT A propelier nzs recalculated installing leadizg-edge siots in the skazi region
(out to K2 dladz ras~s). The bover figure of merit was raisec only from 0_776
to 8_7T78. The 250-kx: perfcrmance was lowered fror= 0.8328 10 0. 308, Tk met
efect was 2 reckotion ia aireraf range, indicaing that, based o celoxlation, slots
wsld nat improre ke performance of 2 propeller at ils Jesign condition. A oro-
pelier Jesigz differest frurm the optizem sziected was 2lso anzlyzed, The perfor-
maace of the orfimur propelier with 2 lowered activity factor of 75 was calculated
with slots iz boch the spank and the tip region. In bover, za increase in FM of 4.5%
was predicied witk a2 decrease in cruise efficiency of 5.5%2 the total 2ffect was 2
defieiiz improiement.

Becanse of the xnown deficiencies of the strip anzlysis c2iculation method in pre-
dicting stalic performance, and Deczuse of the crude approximmation made cf tae
siotted 2irfoil data, it was feit desirable o check tbe caiculatics agairst 2 known
cuantity. Hzaridion Standard kas tested an XC-142 propeller with ané without lead-
ing edge slots at Wright ¥Field's Rig #1 during 1967. The original intention of the
test was to install siots in the tip region to alleviate the undersirable three-dimen-
sioral effects caused by the strong tip vortex. Unfortunately, for stuctural rea-
sons, the slots were not located beyond the 0. 95 blade radius station. The leading
ecge slots extenved inboard to about the 0. 6C station. The slot geometry was
selected on the basis of available test cata, and no attempt 3as made to optimize
the slot geometiy further. Also, because of the unavailability of Rig #4 at Wrig it
Field, testing had to be done on Rig £1, which, because of s:rong wall eifects,
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yields lower p. ~formance than the free propeller. However, it was believed thad
the comparative performance of the siolted and unslotted propeliers was valid.
Figere 17 shews the comparative performance oa a figure of merit versus power
coefficient plot. Ndte taat the slotted propeller is lower oaly by 17 or less in fig-
ure of merit in the norma: operaling regizae {Cp between 0.07 and 0.19) for a pro-
peller of this solidity. A performance calculaicn xas then rum which predicted a
larger reduction ia slottec propeller performance of .5%. Tkis indicates two
possible sources of ersor is the calculation, botk of which are interesting. Tke
firet is that the Golditein ieflow, upon whick the strip amlysis calculation is based
and wkich neglects contraction 2s well 2s the stroag tip vortex, predicts a2 muck
higher iaflow in the tip region than actrally exists. This means that the calculation
would predict 2 lower angle of aftack. ia actuality, the tip stations may be stalled
or near stall and in 2 region wheze the slots start is> show benefits. Yet on Rigy
#4, this propelies without slots yiclded a peak figure of merit of 78%. The geom-
elry of the prepeller tested is simi'ar to tke propeller geometry ontimized for this
stuedy. A 78T figare of merit has been citained, and if the blade tips are not
operating efficiently, the pcssibiiity then exists o make impertant gains by system-
ic propeller testing o define the optimum tip configuraiion. The other possible
e7ror in the calculation dezls with the use of the corrected slotted aizfoil curve of
Figure 15, E ma5 be too pessimistic for thin series 15 sections in a propeller
flow field. If ihis scr= 52, it could explain tke bhigh variadle camber propeller
stafic performance as diccassed in the previous section. The variable camber
Gesign is very simiiar tc that cf a slotied flap. However, if two-dimensional slot-
ted-fiay: &afz are stndied (for example, Reference 63, the maximum lift-to-drag
ratic is jower compared to the basic airfoil. Again, improvement is seen oniy
after stal! is resched. Variable camber static test data indicate an improvement
in L/D aear its maximem vzloe.

Ir ewemary. the effect of slois on propeller performance kas not been satisfactorily
delermisaed. Caiculations appear to give pessimistic results compared ¢o the more
encouraging experimental results. There is algo a possibility that ihe octboard
sections cf the optircum propeiler are operating at too high a» angle of atiack, which
is not predicted by the Goldstein inflow theory. There appezrs to be a potential

for improvement in V/STOL propelier performance by the use of slotted blades,

tat this will have ¢o be defined by further testing.

Flapped Prooeller Biades

Putting fixed flaps on propeller blades is not 2 new concept. Many steel blades
manufactured ir the 1940's and 1950's were made with trailing edge extersions,
which were generally used to iacrease activity factor cr ¢{o resolve a s:ructural
problem. They were installed with a flap angle to simulate a desired camber levei
in accordance with the theory of Reference 7. On the baris cf two-dimensional air-
foil <data, the indications are that higher L/D's are possible by adding camber
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rather than ilap angle. There is now available Wright Field Rig #4 static test data
of a2 propeller with fixed fizps (wedges were acd=< to the blade trail edge te sima-
late split Naps) and #» propeller with increased tip camber. Both tests showed
about the same effect. There was no improvement in peak figure of merit; how-
ever, there was improvement at the higher Cp's beyond the peak figure of merit of
about 1% ia figure of merit.

On the basis of limited test data, flapped propeller blades do not appear to show
much potential of increasing siatic propeiler performance capability and :taie of
the ari. Flaps do, bowever, improve off-design static performance and may have
merit for certain installations other tham ¥V/STOL applications; for example, on
aircralt maving cruise spreds where higk critical Mach ncmbers for the blade sec-
tions would increase cruise efficiency. The critical Mack number of a flapped 2ir-
foil is bigher thzn that for an unflapped airfoil of the same equivalent camber.

Vortex Geserators on Propeller Blades

Vortex generators have been successfrily used on wings to exterd the angle of
sitack range to a higher stall angle. The tip vortex tends to mix the high-energy
air with the low-energy boundary layer. This mixing temporarily prevents flow
separation. It was also discovered by NACA in Reference 8 that vortex generators
were unsuccessful when utilized cn thin airfoils whick tend to separate near their
leadiag edge. This ind’cates that installing vortex generators in the propellexr
hlade tip region, where thin airfoils ar2 used, would not be beneficial.

I%ilizing vortex generators in a completely differeni manner, that of redirecting
flow, theoretically has some merit. For example, situating vortex generators at
a propeller blade tip, at the proper angle of attack, could redirect the tip flow
opposite to the inherent tip vortex, thereby reducicg the strength of the vortex.
This couid realign the blade circulation distribution to a more favorable one. It is
now believed that the strong tip vortex shed from a statically cperating propeller
blade causes a locally hign angle of attack and, therefore, a reduction in lift-to-
drag ratio in the blade tip region. On this basis, any weakenirg of this tip vortex
could be beneficial. Tests were performed adding vanes to a wing tip which simu-
lated a rotor tip in Reference 9, in an attempt to weaken the tip vortex to reduce
rotor noise. Unfortunately, the test did not include force measuremenis (since it
was not 2 performance test) nor did it include the important rotational flow field.
1t would be of interest to obtain some static performance data with propellers
having devices which change the induced flow in the biade tip region. Reference

9 also suggested devices such as porous tips, vanes, planform sweep and radial
blowing (ejecting air radially outward).
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End-Plated Propelier Blades

Another obvious device which could improve blade tip flow conditions is the addi-
tiom of blade tip end plates which would effectively increase the aspect ratio of the
blzades and therefore lower the induced drag. If the induced drag were redeced
more than the profile érag of the end plates, the total blade drag socld be reduced,
and the end plates would have a beneficial effect.

An anaktical study was made to assess the advantages of adding end plates to the
original ¥ C-142 propeller blades. The resulis of this study showe2 ar increase in
static performance of 2 few percent as well as an increase in cruise performance
at the 1ow Mach numbers.

The study was cncouraging enough te add end plates to the XC-142 propeller fiber
glass blade tips to assess performance. ThLe enc plates were 4 x 6 in. with an air-
foil cross section. The blade chord at the £ip station wag only 5 in. Unfortunately,
thrust could not be measured. Horsepower measurements did not show any differ-
ence between the propellers with or without end plates. Thus, the test was incon-
ciusive. The end plates did stay attached to the blade tips, so, at least from a
structura! staadpoint, the concept appezrs feasible. Tests shou’d be run to assess
whether static performance gains can be obtained by adding end plates to a propel-
ler blade.

Conclusions S
On the basis of the above study, the following conciusions can be drawn:

There are probably potential gains of from § to 8% in 250-kn cruise efficizacy
and perhaps as much as 2 to 4% in static thrust over and above the present

state of the art. But, because there is no static torust theory or empirical pre-
diction .nethod that accurately relates ali of the propeller geometry parameters,
the upper limit of attainable static performance is not exactly known.

It is believed that probably the most immediate important gains in state of the
art can be made by continued corventional propeller experimental research.

Certain unconventional propeller designs appear to be promising. A design
for slotted propelier blades is one of these. Orn the basis of static v+ iable
camber propeller test data, indications are that high levels of static p. = »-
mance are obtained. The variaole camber propeller is similar to a prope.
ler blade with a slotted flap at the static condition.

It appears that devices which weaken the strong propeller tip vortex could
have a beneficial effect on static performance. The most likely device is an
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end plate. Calculations predicted an impertant gzin in V/STCL propelier

perforreance when applied to the original XC-142 propeller. Flow turning
vanes could 2lso be promising. Unfortunately, there is no experiemental

performance data avzilable to assess these concepts properly.

Recommendations

Because of the importance of advancing V/STOL propeller performance for the
aircraft mission requirements of the 1970's, it is of prime importance that a static
propeller theory be developed.

Since there is a lack of 2 reliable static theory to use as a tool, the foilowing
experimental programs are needed and, therefore, are recommended.

Conventional Propeilers - There are many gaps in the experimental informa-
tion needed to fully optimize a V/STOL propeller. A systematic investigation
is needed to assess, on an individua! basis, the effect of varying activity fac-
tor, integrated design C1,, number of blades, tip planform, tip twist, and

tir camber distribution on static performance. Propeller testing should be
performed on a rig that is free of rig interference effects, so that the perfor-
mance of the free propcller can be obtained.

Unconventionai Propellers - A propeller such as the optimum propeller of
this study should be buiit and tested. It will be desirable then to test two-
dimensionai slotted airfoils typical of the propeller shank and tip airfoil over
a range of Mach numbers to obtain slotted 2irfoil data for analytical studies.
Slots shculd then be added to the propeller. This same propeller should be
tested with flow turning vanes and also with end plates to determine whether
weakening the tip vortex will improve static performance.
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MATERIALS REVIEW

GENERAL APPROACH

A portion of this feasibility study is the evaluation of existing and future materials.
Because the primary focus of this study is weight reduction, the basic objective
translates to a program that will evajuzte advanced materials and fabrication tech-
niques, as applied to design concepts which will potentially produce a significant
reduction in propeller weight for the time period 1970-1975. The prime factors to
be considered for the various areas evzluated are: (1) present state of the art,

(2) projection of feasibie technology advances, (3) degree of potential weight reduc-
tion, and (4) degree of technica! jeopardy including required additional develop-
ment. These factors, with regard to existing and future materials and their fabri-
cation, will be discussed ir this section. Design allowables of each of the various
materials preferred for future application are compared with steel in Table II.
Typical properties of all the materials evaluated are summarized in Table III.

STEELS - WROUGHT

Low Alloy Strels

The major compnnents of a propeller system, specificaliy the barrel, blade spar,
gears, and shafts, are presently made of low alloy steels. Therefore, low alloy
steel may be considered as a convenient refercence point from which potential weight
savings may be measured. Vast amounts of service and test experience on steel
alloy propeller components have been accumulated and, by relating this experience
to material specimen data, it is pogsible to provide an accurate assessment of the
materials' mechanical design properties for specific component applications. The
majority of experience with steels has been with the air-melted alloy steels, such

as AISI 4340 and HS 4+ (2 modified 0. 50% carbon steel otherwise similar to AISI
4340;.

A laboratory evaluation was conducted on a vacuum degassed, carbon-deoxidized
heat of HS 44 to determine the effect of the vacuum treatment on composition, gas
contert, cleanliness, and mechanical properties. The conclusions drawn from
this evaluation were that the vacuum degassed, carbon-deoxidized material exhibi-
ted significant improvements in tensile ductility, impact strength, and fatigue
properties over the conventionally air-melted steel. I owever, because only one
heat of steel was evaluated, design allowables were no. increased over those pre-

viously uced for air-melted steel; rather, it was assumed that a great. r factor of
safety was obtained.
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Fuarther improvement in mechasicai properties is fcund in vacoum-melted steels.
AMS 6431 (vacuun-meltsc D6 steel) kas beer used fcr several recent applications,
the most notable of which is the AH-56 belicopter for the U.S. Army. This mate-
rial provides excellent bardecadility alcng with 2 good combination of mechanica;
propecties. A substantial amouz¢ of mechanical property data has geen gererated
for voth specimens and bardware made of this alloy.

The maximum hardness level normally specified for alloy steels at Hamilton Stan-
dard iz 40-44 Rc, since the fatigue strength does not appreciably increase at bard-
aesses above 44 Rc while the ductility and toughness decrease. Therefore, the
optimum combination of mechanical properties occurs at 40-44 Rc.

Ukrahigh-Strength Steels

Counsiderable effort in the industry is being expended to upgrade the quality of the
altrzhigh-strength alloy steels, such as the maraging steels, and to extend their

2, plics*ion in both missile and airframe structures. Recent work has concentrated
oa the problems associated with environment, embrittlement, and fracture sensi-
tivity, with the major ~ffort ‘ocused on the areas of alloy compogition and melting
practice. By optimizing the steel composition and by using vacuum melting or de-
gassing casting raethods, it has been possible to increase the tensile strength with-
out compromising the fractere toughness. In additica, the aniestropy encountered
in air-melted steel in the short transverse forging direction has been eliminated.

A great amount of work aleo is being devoted to the development of famiiies of
high-strength siceis that have “stainless steel"” characteristice and/or significantly
improved fracture properties. To date, the structural applications of the more
highty alloyed and essentially more expensive steels have been limited. These
steels have not been used at Hamilton Standard for two major reasons: (1) exten-
sive application experience, as is available with the more common alloy steels, is
lacking, and {2) maximum attainable hardness is below that of AMS 6415 or D6
material. Also, the design fatizue strength of theae alloys is ~o better than that of
the alloy steels presently used, However, their static tensile atrengths are con-
giderably higher taan those of other steels, so that Goodman diagram calculations
indicate a 20 to 25% incresase in allowable cyclic stress in the regimes of stressing
pormally encountered in propeller barrels and blade spars.

The problem of maximum attainable hardness may eliminate the ""stainless steel"
fanily from consideration, because 50 Rc is essentially the highest bardness ob-
«ainable. This value is substantially iower than the mirimum value now specified
for induction or flame-hardened raceways for the ball-type blade retention system
presently employed. The high-strength stainless steels have demonstrated a de-
crese in *.ughness when the carbon content goes above 0.45%. This would limit
the maximum attainable hardness to approximately 54 Rc. These steels may be
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suitable for retention purpozes if ths Heitzian contact st238es can be decreased
or if 2 hardeaed steel ingert con be used for the bearing race. Representative high-
strength staiicess steels, soch as AM 352, Custom 455, and AFC-77, were con-
sidered iz iy evaisation,

Experimental Steels

The efiects of covel combinations of therm-l and mechanical treatments omn the
strength of steels have been studied oanly experimentally to date. These inclode

several treatments both at elevated and at subzero temperatures, the oldest and best

known of which is ausforming. Ausforming congists of mechanical deformation in
the stable austenite bay of the tire-temperature-transformation diagram, It has
produced strength levels of 450 ksi in sheet material that has been drastically re-
duced in section thickness. Fatigue strengths obtained from such materizi are
amorg ihe wighest known strengths obtained from any material.

A treatment whick has been investigated at Hamiltor Standard is the cryokinetic
orocessing of materials, primarily austenitic stainless steels. The pro.ess con-
sists of deforming material a fraction of 1% at cryogenic temperatures (-100°F
to -320°F) to promote a phase change to a martensitic giructure and, hence, an
increase in strength while maintaining the corrosion resistance of the stainless
steei.

Several problem areas exist which will limit these treatments to laboratory and
development work until the 1970's. Most of the experimental work has been re-
stricted to sheet and bar stock; therefore, a great deal more development work

is necessary to establish the feasibility of applying these new thermomechznical
treati:ents to forged and extruded shajes. Uniform deformation throughout a com-
plex shape maust be achieved to ensure consistent properties, and either special
techniques must be developed to permit machining or shapes must be produced to
near-final dimensions.

TITANIUM - WROUGHT

The use of titanium alloys has been increasing in both airframe and missile struc-
tures and will further increase with the advent of the £ST and other lightweight air-
craft. The reasons for the increasing usage and application are obvious upon con-
sideration of the favorable material properties relative to the stringent require -
ments of the aerospace industry. The density of titanium is about midway between
that of steel and aluminum, justifiably classifying the material as a lightweight
metal. This low density, in conjunction with the high streugths attainzble, resuits
in exceptionally high strength-to-weight ratios. The tensile modulus is about one
half that of steel; however, again upon consideration of the low density, the stiff-
ness~-to-weight ratio is comparabie to that of steel. The corrosion resistance of
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thagium alloys is excellert, particularly at the lower temperatures encountered
in sabsonic drcra!t.

Cmddenhle&bnisbduexpendedtodevebppresataﬂoyltothirmximum
capabilities by rinor changes in alloying or by the adaptation of new processing
methods ir: the areas of forgings and extrusions. The most promising alloy devel-
opment work is being conducted by New York University, where modifications of
production alloys of Ti-6A1-6V-28n, called the Margolin-Farrar alloys, have been
osroduced with tensile yield strengths of 190 to 200 ksi and reasomably good ductilit;.
Farther work remains to evaluate and optimize these modifications with regard to
fatigue, impact, and fracture toughness.

With respect to forgings, the most nitural approach to explore is the possible use
of higher forging temperateres. This reans actually forging titanicm in a high-
tempersture single-phase, rsther than a lower temperature two-phase ragion, and
producing microstructures not generally considered to be acceptable by today's
standards. This allows the attainment of more coiaplex forge shapes and closer
forging practice. The static mechanical properties have been similar, but the
effects on fatigue strength bave y=t to be determined. Also, most of the work has
been with TI-6A1-4V. Other alloys, such as the ones discussed in the following

paragraphs, also need to be explored,

An evaluation of existing alloys and their potential application must discern between
the alpha-beta and beta alloys. Ti-13V-11Cr-3Al is the only commercially avail-
able beta alloy. This alloy can be heat treated to the highest tensile strengths « f
any commercial titanium alloy. However, tbe beta alloy fatigne strength is 25%,
less than that of the high-strength alpha-hets alloys. Aleo, its fracture toughness
is inferior. The one distinct advantage of the Ti-13V-11Cr-3Al is its ability to be
heat treated in sections up to 10-in, thick while maintaining uniform properties
throughout the entire section. The configurations of propeller components are such
that thin-enough sections should be able to be forged and/or machined, prior to
heat treatment, to enable the attainment of maximum strengths in the finished com-
ponent. Therefore, the alpha-beta alloys appear to be the ones most likely to pro-
vide the required mechanical properties to effect a substantial weight savings.

Of the alpha-beta alloys, Ti-6A1-4V accounts for the large majority of stock cur-
~ently being produced. However, the trend toward the use of the higher-strength
titanium alloys is now evident with emphasis on Ti-6A1-6V-28n, which is heat
treatable to higher strengths than are any other alpha-beta alloys. Therefore,
Ti-6A1-6V-28n, or its possible modifications, has been szlected as the titanium
alloy possessing the greatest potential for future aplications. This conclusion was
also reached during two recent programs that structurally evaluated several for-
ging alloys, and both programs recommended Ti-£A1-6V-2Sn as having the optimum
combination of mechanical properti- 8. Lockheed, in References 17 and 18,
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evaluated Ti-6A1-4V; and Sikorsky, Refr.ence 20, evaluated Ti-13V-11Cr-3A1
and Ti-6A1-6V-Sn.

One of the major problems with titanium kas been its affinity for galiing and seizing
in rubbing applicaticns, a probiem which, historically, has been averted by the

use of steel sleeving or inserts. A substantial amount of development effo— has
been directed ip recent years toward wear-resistant costings for titanium ranging
from anodic coatings to hard plating. Hamiiton Standard, as part of a Navy-
sponsored t:'anium, propeller system development program, has been developing

a diffused el-ctroless nickel coating to provide adequate wear and scuffing resis-
tance to permit its application on titanium gears. Over the past two years, titanfjum
gears with this coating have been successfully tested in the laboratory, at gei.r-
tooth siress ievels approxnately equivalent to 75% of those used for high strength
steel gezring, for 350 million cycles without failure. The results, :c date, have
been Juite promising and there are definite indications that further impiovements
in the coating properties wiil enable satisfactory operation at higher tooth stresses.
Although a considerable amcunt of further development is required, it now appears
that the availability of titanium gearing for future applications may be attiinable.

TITANIUM - CAST

The casting of titanium alloys has recent.y emerged from the basic development
stage. Limitations still exist concerning the alloys cast, the degree of part com-
plexity attainable, and the high cost. However, titanium castings are included
within the scope of this study because of their potential application for cast gear-
box housings, Casting has bcen limited to Ti-6A1-4V and Ti-5A1-2,58n, and static
mechanical properties coraparable to wrought material have been obiained, Fur-
ther work must be done 1n the determination of fatigue strengths, establishment of
realistic soundness standards, and improvement of the casting process to enable
the economical prodaction of reliable castings. Ti-6A1-4V has been selected as
currently having fae greatest potential. Since there is no strength adv_atage ob-
tainable through. heat treatment, it would be used in the annealed condition.

MAGNESIUM - CAST

Magnesium alloy castings, primarily the aluminum-zinc alloys AZ91 and AZ92,
have previously beer used extensively for propeller gearbox housings. Recently,
the British developed a new magnesium base casting atloy which involves a new
principle of heat treatment that makes it possible to combine high strength and
good ductility with virtually a complete absence of microporosity. The alloy,
ZE63A, a zinc-rare earth composition, devives its excellent properties and sound-
ness from a unique treatment process of heating in hydrogen, which transforms
large-size zinc-rare earth intermetallic precipiiates at the grain boundaries to
smaller rare earth hydrides, The smaller hydride precipitates arc less detrimental

41

BT Y T T

gy Mo




[P

to such picperties as fatigue strength and soundness. For practical fabrication,
the maximum section thickness that can be effectively bydrided appears to be 1 in.
The castability of the alloy is excellent and reportedly s better than that of AZ92,
Two major deterrents to using magnesium alloys are the coefficient of expansion
«d the need icr corrosion protection. The large magresium coefficient of expan-
sioa changes Center-to-center locations of gearing, which dictates slightly heavier
gears to accommodate these changes. Corrosion of nagnesium alloys 18 of critical
cancern and requires careful attention to both applicstior of protective coatings
and inspection in service. However, the coatings have been demonstrated to be
adeguate, and the concern over corrosion should not be an overriding factor. The
ZEG3A alloy is considered to possess the optimum potential of the magnesium
casting alloys.

ALUMINUM - WROUGHT

Consideration was given to the use of high-strength wrought aluminum alloys. A
great quantity of these alloys has been used in prop:lier components over the years.
AA 7076 for propeller blades and AA 2014 for a mu tiplicity of parts made from bar
stock and forging are currently in production,

Comparisun of the strongest aluminum alloys with o‘her high-strength alloys shows
that, on a static irength-to-weight basis. these alwninum alloys are not far be-
hind the stronger dtanium alloys. The problem, however, is that the high-strength
aluminum alloys are highly sensitive to stress corroiion and are thus unsuitable
for aircraft application without special heat treatmen::s. These special (controlled
overaging) heat treatments reduce or eliminate the stress corrosion problem; how-
ever, they aiso reduce strength to the point that the alloys are no longer competi-
tive with titanium, especially on a fatigue basis.

ALUMINUM - CA3T

Until quite recently, even the highest-strength cast alumiwum alloys, such as
AA-C355-T61 and AA-A356-T61, could not compete with cast magnesium alloys
such as ZEG3A on a strength-to-density ratio basis. However, during the past few
years, a high-strength proprietary alloy, K01, has been developed and tested by
Electronic Specialties Corporation, Pamona, California. Quotd typical static
mechanical properties represent approximately a 50% increase aver typical
strengths measured on the strongest C355 or A356 castings. Con.parison with
ZEG63A reveals that they are approximately equivalent on a tensile strength-to-
density basis, and that KOs is superior in a yield strength-to-density comparison.
Dynamic properties, such as fatigue strength, do not follow the same trend based
on preliminary K01 tension data. The typical endurance limit of K01-16 appears
to be less than one-half that of ZE63A, although further testing of K01 1s needed to
define this property better.
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Until the question of the dynamic properties of K01 :s resolved by further testing,
the alloy must still be rated inferior to ZE63A. By 1970-1975, however, it may
well be that methods of raising the fatigue strength will make K0) a very attractive
candidate for gearbox housing and other casting applications,

BERYLLIUM - WROUGHT

Unalloyed beryllium, because of its unique features such as low density, high mod-
ulus, and acceptable strength-to-weight ratio, continues to command the attention
of those concerned with developing lighter weight structural elements for aircraft,
Beryllium's density is approximately one-quarter that of steel and one-half that of
titanium, and, when compared on a strength-to-weight basis, it is stronger than
steel and on'y slightly weaker than titanium. The greatest advantage of beryllium
is its phenoi1enal stiffness-to-weight ratio, which is six to seven times greater
than that of o:her commonly used structural materials.

The largest barrier to wider application of beryllium in aerospace structures is

its low total elongation-to-failure in the short transverse direction. Room temper-
ature ductility in the longitudinal and long transverse directions has been increased
markedly by cross-rolling of sheet ard by dcvelopment of biaxial forging processes.
However, at present, there is little that can be done about its short transverse
ductility, except to minimize design strains in that direction.

The use of beryllium in a propeller system would normally be limited to extrusions
and forgings because of the configurations required. Beryllium extrusions are pro-
duced in varied configurations. Extruded tubing, which has been produced in 1.5 in,
to 5 in. outside diameter with wall thicknesses of 6.090 in. to 1.5 in.,would be
excellent for the manufacture of blade spars where specific stiffness is important,
except that the very low, short transverse elongation (typically 0.25 to 0, 75%)
eliminates ary possibility of tube flattening to form the airfoil section. Forged
beryllium also exhibits a high amount of anisotropy due to mechanical working.
Sophisticated techniques for forging beryllium to obtain semirandom or random
crystal orientation are in early stages of development. Biaxial forging has been
studied by determining the mechanical properties of a series of combinations of a
uniaxial forging reduction (by forward extrusion), followed by a biaxial forging
reduction (by upset forging against the extrusion direction). The results demon-
strated fairly isotropic properties in two directions, but, as in the case of extru-
sions and sheet stock, the elongation is very low in a third direction. Early attempts
with triaxial forging have produced three-dimensional properties which are lower
than typical values normally encountered in the anisotropic material,

The prima.y effort today with beryllium concentrates on developing reproducibility
of forging or extrusion characteristics by relating them to ingot characteristics
such as chemistry or grain size, Once process control is developed, effort may
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then be directed toward establishing statisticaily significant mechanical properties.
Because of the lack of short transverse ductility in beryllium products to date and
because of the apparent inability to improve this property within the near future,
beryilium has nct been selected for application in the major structural components
of the propeller system for this study.

In an effort to solve the problems preventing the use of berylium, a 68Be-32A1
alloy, known as Lockailoy, is being developed. The purpose of ailoying was to
increase dactility and formability while maintaining as much of the high strength,
high elastic mcdulus, and low density of pure beryllium as possible. Whiie nefther
yield sirength-to-density nor modulus-to-density ratios of Lockalloy approach
those of beryllium, Lockalloy's modulus-to-density ratio surpasses those of all
other contending materials and its yield strength-to-density ratio is second only
to titanium alloys among the other contenders. Unfortunately, the forgeability of
Lockalloy is as yet poor, and problems are encountered in fabricating even rather

simple shapes.

Nevertheless, extrusions and sheet metal are in current production and, for 1970+
applications requiring high modulus-to-density or strength-to-density ratios, this
material could possibly be considered.

COMPOSITES

Composite structures have existed for many years, but only recently have they
gained any extensive application potential for aircraft. Presently, only glass-
reinforced plastics are extensively used, providing high strength-to-weight ratios,
excellent corrosion resistance, and low fabrication aid maintenance costs. Te
date, more extensive application of these materials has been ruled out by thefr low
modulus, the rapid degradation of properties at high temperatures, and the need
for protecting the surface of the resin matrix against the adverse effects of erosion,
moisture, and ultraviolet light. Work on composition of higher strength and higher
modulus-to-density ratios is expanding steadily. It is devoted to three classes of
materials: metal fibers in metal matrices, metal and inorganic fibers in organic
matrices, and ceramic and inorganic fibers in metal matrices. A further distinc-
tion may be made according to whether the reinforcement is provided by continuous
or discontinuous fibers,

The changing statuis of composite materials makes the selection of one material as
the optimum for application in 1970-1975 vssentially impossible. Two major reasons
account for this difficulty: (1) both reinforcing and matrix materials are improving
continuously, either by bettering existing ones or by adapting new ones to com-
posites, and (2) the technique of designing with composites is becomirg more
sophisticated as analytical techniques for determining the reaction of various com-
posite materials to different types of stressing are established,
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Several different reinforcing materials are shown in Table IV, with typica; valucs
of specific strength and stiffness given for comparison.

Boron has received the major emphasis to date because good-quality filaments

have been available in quantity and at lower cost than other filament materials.

The Air Force has established standards for boron filament: 400,000-psi minimum
tensile strength, 55 x 10%-psi minimum elastic modulus, 0,004 £0.0001-in, diam-
eter, and 2, 70-g/cc (.099 1b/cu in.) maximum density. To achieve lower costs,
improved producticn techniques are beirg investigated. Speeding up deposition rates
and windup processes, improving reliability, and eliminating costly reprocessing
are advances that are neaded to effect lower costs,

Next to boron, graphite is the most widely publicized filament. Produced in yarn
form at a density of 1.38 g/cc (0. 050 1b/in.3), graphite proviues the highest spe-
cific stiffness of any reinforcing materiai to date (Table IV) and is surpassed only
by S-glass with regard to specific strength. The graphite fibers have great promise
but as yet have not produced the high composite properties of boron, particularly
in the cross-ply direction and in interlaminar shear, Also, graphite has a high
rate of solution in some metals and a high sensitivity to oxygen. These are prob-
fems that need to be solved for use in metal matrices.

Silicon carbide has approximately the same mechanical properties as boron but is
20% denser, However, it is compatibie with metals at elevated temperatures and
is resistant to oxidation, thus offering definite advantages when considering metal
matrices. Many other continuous-filament materiais are in the development stage
and may eventually compete with the three prominent materials discussed. These
include boron carbide, boron nitride, alumina, beryllia, aluminum boride,
titanfum boride, and beryllium,

Although these new filament materials are receiving the majority of attention, im-
proved glass fibers should not be ignored. Despite their low modulus compared
with boron and graphite, S-glass and the newer 970-836 are superior to the widely
used E-glass and offer a much higher specific strength than any of the other fila-
ment materials,

The ultimate in reinforcement strength is obtained with single crystals grown in
threadlike lengths and known as ""whiskers', In this form, the whiskers can rein-
force both metals and resins, Silicon carbide and alumina whiskers are used pre-
dominantly now, followed by boron carbide and silicon nitride. Also, graphite
whiskers have been experimentally produced with the highest specific stiffness of
any reinforcing material, However, the exploitation of the extremely high strengths
and moduli of whiskers in real siructures has been impeded by the practical diffi-
culties involved in properly incorporating them into composite structures. Whiskers,
being quite rigid and anisometric, can be incorporated principally in randomly
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oncemted asivoe in 2 matnx, and witk oaly relatively low volume percentages. 4
joz wtusier content, together with the three- Jimensiomal randomness, resuits in
composites with mechamcal properties much lower then those of the individaal
whishers. The means of sroviding 2 Mgh reinforcement content and a ccmposite
having 2 significant percestage of the reinforcement properties is to have a high
degree of whisker alignment. To effect alignment, screrai methods are being in-
vestigated, including fluid techniques, such as slurry extrusion and vortex spin-
ning, and magnetic coctings. To date, whisiers have been evaluated in sys ems
where the matrix is introduced in the fluid state, such as metal casting and injec-
tion molding of thermoplastics, where the whiskers would compete with chopped-
glass composites.

Although the reinforcing medium: is the element providing the superior strengthening
of composites, the matrix material has several importost functions. The matrix
serves to transfer load from filament to filament, to provide fiber separation, to
protect fibers from abrasion, and to bind them in a rigid shape. Thas, the matrix
is essential to composite integrity and is the subject of ccnsiderable researchk,
particularly in terms of fiber-matrix interaction.

Differences in fadrication techniques have resulted in different development pro-
grams being conducted on resin and metal matrix composites. The well-developed
processes of filament winding and hand layup, used extensively fcr glass fiber re-
inforced resins, have been successfully adapted tc the manufacture of reinforced
resins such as beron/epoxy and graphite/epoxy. The optimum nonmetallic matrix
is one possessing the maximuam load {ransfer charact. ristics, which is a direct
function of interfacial boxd strength and the matrix mod:luz. Based upon these
parameters, ithe epoxy resins are superior to other resin systems at te ratures
up to the range of 359" to 450°F. They possess a high modulus (E = 5 x 10°), kigh
interfacial strengths, and excellent handling characteristics. The latter makes
thema »eadily applicable to processing techniques, such as wet layup, filament
winding, and tape prepegs. For applications above 350° to 450°F, several new
families of high-performance resins, ircluding epoxylated novolacs, phenolics, and
the polimides, are available. However, for propeller components which operate at
temperatures less thaa 350°F, selection of a resin matrix system should be con-
ficed to the epoxies.

M:tal matrices have several potential advantages over resin matrices: (1) metals
can operate continuously at temperatures above 700°F; {2) the inherent high shear
strength of metals allows better load transfer between reinforcements; (3) metals
can withstand triaxial stresses betier than resins and, therefore, contribute more
when the composites are subjected t: complex loading situarions; (4) etals have
higher res:stance to impact and damage by fore: ;n objects; and (§) component pro-
cessing steps, such as making access cutcuts, drilling attachment holes, etc., can
be accomplished more easily with metals. The major problem with metal n.atrix
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compositzes is one of fabrication. Several methods have been and are being inves-
tigated for metais such as alurainum, titanium, nickel, and cobalt. The well-known
metal fabrication techniques which are readily appHed to metal matrix composites
may be aeparated into three general categories based .pon the physical state of the
metal during processing.

Solid state processes are powder metallurgy snd diffusion bonding. Both processes
are limited to 2 max‘mum filament coutent: 20-36 vol § for powder metaliurgy
and 45-55 vol ¢ for diffusion bonding. Evaluation has shown that the strengthening
efliciency of the powder metallurgy process is susceptibie to many variables and is
not yet capable of providing reproducible resuits. Counsiderable effort has been ex-
pended toward developing diffusion-bonded components, resulting in substantiai
progress to date. Problems encountered have been chemical reactions between
filament and matrix materiais and maimsining consistent filament spacing. Methode
of alleviating these are being developed and optimized.

Liquid state processes are casting, vacuum infiltration, and plasma spraying.

The major detriments of the casting and vacuum infiltration processes are reac-
tions with the moiten metal, filament spacing, and filament wetting. Because these
problems have been difficult to solve, the casting and vacuum infiltration processes
have been deemphasized in comparison with plasma spraying. Plasma spraying is
unique in that the metal remains liquid for only a very short time after contacting
the filaments. When sprayed onto a fiber mat or filament wound on a mandrel,
several advantages are obtained: t}.e short-time contact with molten metal limits
chemical r=actions, &nd the woven -.at or prewound filament provides consistent .
filamest spacing. Also, filarient ccatents up to 75 vol & are practical with this .
manufacturing process.

Molecular processes are electrodeposition and vapor deposition. These processes

are limited to 50 vol % filament content, and problems have been encountered with

filament spacing and bending between the matrix and filament resulting in lower

strengthening efficiencies than expected. ;

The relatively iow temperatures required for a propeller application narrow the

choice of an cptimum metal matrix down to alloys of titanium or aluminum. Tests

with many alioys have demonstrated that the matrix contributes to the strength of

the composite in nroportion to its yleld strength. However, the selection of an

alluy for the matrix is highly dependent upon the manufacturing process used to . ‘
make the composite. The type of components involved in a propeller system could :
be manufactured most easily from diffas‘on-bonded components or plasma-sprayed

tape which could be employed in a layup construction.
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Most of the development tc date has been with aluminum. Fairly large diffusion-
bondeu 1amunates of aluminum, using high-strength steel and boron filaments, have
been produc:2a with excellent results. The plasma spray process results in an ead
product in the form of unidirectional tape which can be employed essentially like
boron-epoxy prepreg tape. Multiple layers can then be joined by diffusion bonding
or brazing. AA 6061 appears to be one of the better choices for the matrix mate-
rial for several reasous. The lower alloy content, compared to the AA 2024 and
AA 7075 alloys, tends to limit chemical reacticn with the filament materials, and
the material has better ductiiity, which is important to the plasma spray process.

Also, AA 6061 has better corrosion resistance than the aluminum copper alloys

and has a high melting point. This i8 important when diffusion bonding or brazing
the composite tapes together for a component structure. AA 6061 has goed cryogenic
properties, is resistant to stress corrosion cracking, and is more easily formed
than the AA 2024 and AA 7075 alloys. Other alloys evaluated for plasma-sprayed
composites have included AA 1100, 360, and 380. However, the AA 6061 has defi-
nitely been demonstrated as possessing the best combination of strength and duc-
tility.

The configurations of propeller components essentially necessitate the use of long
filaments rather than whiskers. Therefore, boron, S-glass, and graphite filament
reinforcements have been selected because of their production availability in con-
tinuous lengths. For the metal matrix application, silicon carbide-coated boron
filament will be used to eliminate oxidation of the filament and reactions with the
matrix materiai. For a nonmetallic matrix system with boron, S-glass, or graphite
filaments, the epoxy resin has been selected because the substantiai amount of
available strength data will permit a realistic design,

Three nonmetallic composites are selected because of the variation in strength due
to orientation and the different specific strergth. The graphite/epoxy composite,
though stronger in the filament direction on a strength-to-weight comparison, is
weaker in the cross-ply direction, and the S-glass epoxy has the greatest specific
strength, This will be illustrated in the listing of mechanical properties, A
plasma-gprayed boron-alurninum (AA 6061) composite has been selected as a rep-
resentative metal matrix system, This selection is based upon several advantages:
(1) the process is simple, (2) the process yields good fiber spacing because the
monofilament winding tecnnique allows careful placemcnt of the fibers which are
retained until bonding by the plasma spray, (3) good filament-matrix bonding is
achieved without fiber degradation, and (4) the use of monolayer tapes as an inter-
mediate product allows considerable flexibility in hardware fabrication.
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SUMMARY - MATERIALS SELECTED

The above review of potential materials to effect a significant weight reduction in
propeller systems for 1970-1975 provides the following selections, based on the
criterion of the material witkin its particular class possessing the highest degree

of potential weight reduction and the least degree of technical jeopardy. These
materials range from the presently used steels which involve no technical jeopardy
to composite materials where, until fabrication and design parameters are ade-
quately developed, technical jeopardy certainly does exist. This summary dizcusses
each of the selected materials with regard to potential problems and indicates the
type of development required to alleviate or eliminate theae areas of technical jeo-

pardy.
Steel

Vacuum-melted D6A steel (AMS 6431) has been selected as the optimum ferrous
material, This material is well established and has undergone extensive testing
and application. {n propeller components. Also, the material's characteristics with
regard {c heat treating and induction hardening of raceways have been firmly de-
fined, Therefore, D6A steel is used as a basis for comparison with other materials
(refer to Table II).

One of the newer generations of high-strength steels, AFC-77, has been included
because of its substantially higher ultimate strength, which provides greater lati-
tude of stressing within the confines of a Goodman diagram. This material requires
the determination of more statistically reliable mechanical properties to provide a
basis for the establishment of realistic design strengths. The lower hardenability
of this material would require lower contact stresses in areas such as the blade
retention, This material may provide a sma.ll degree of weight savings in parts
requiring the use of steel.

Titanium

Forged Ti-6A1-6V-28n and cast T:-6A1-4V have been selected as the best titanium
alloys for use in a lightweight propeller system. Forged Ti-6A1-6V-2Sn or modi-
fications now being developed are the strongest alpha-beta alloys available, con-
sidering static and dynamic properties. The material is heat treatable to strength
levels in excess of 180, 000-pst UTS in sections less than 1 in. thick. Several minor
problems exist with regard to titanium forgings of a blade spar or a barrel. How-
ever, solutions are within reach of the present siate of the art, and with continuing
development, any technical jeopardy should be eliminated by 1970. These problems
include the optimization of forging practice to provide the maximum amcunt of work-
ing in the metal, the optimization of tube processing parameters, and the adaptation
of heat-treat equipment to eliminate the fo.mation of alpha case.
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Cast Ti-6A1-4V is selected as the most promising titanium casting material.
Casting of titanium is presently limited to small and relatively simple shapes. Also,
extensive precautions are required to prevent the highiy active molten metal from
reacting with the mold or the atmosphere. Existing government programs should
eventually develop structuraily reliable titanium alioy castings, thereby eliminating
any large degree of technical jeopardy by 1970-1975.

Magnesium

A relatively new alloy, ZE63A, has been selected as the optimum magnesium
casting alloy. This material, developed by the British, provides higher strengths
than the normally used AZ92, It has a sounder structure and possesses excellent
castability. The material derives its high strengih from a unique hydriding heat-
treat process, This hydriding treatment converts insoluble zinc-rare earth inter-
metallics to hydrogen rare earth compounds which, being smaller, reduce the
amount of brittle precipitate existing at the grair boundaries, More effort will be
required to generate a larger amount of statistically reliable strength properties
before this material can be utilized to its full potential, However, there appears
to be little technical jeopardy in developing this material for propeller system
application.

Composites

Several different composite materials have been selected as being representative
of the better materials available in the immediate future and expected to be devel-
oped for application in 1970-1975. Boron, S-glass, and graphite filament rein-
forcements have been sclected for nonmetallic matrix and silicon carbide-coated
boron filaments for metal matrix composites. Epoxy resins have been selected as
the optiinum nonmetallic matrix, and plasma-sprayed aluminum (AA 6061) has
been selected as the metal .natrix,

With composites, the designer has an essentially unlimited range of raw materials
at his disposal, so the problem becomes one of how to use them. The highly direc-
tional properties of fibrous composites make them both promising and a problem.
They cannot be considered as simple substitutions for existing metal compouents
which were originally designed on the basis of the properties of isotropic materials,
The designer must now take advantage of the unidirectional properties as much as
possible, because the great gains of unidirectional strength and stiffness are re-
duced if the structure must carry multidirectional loads. The maximum structural
efficiency vhen using composites depends on how accurately and economically the
reinforcement is oriented and proportioned to sus.ain design loads, This task re-
quires iar more knowledge of failure modes and constituent deformation, Toward
thic end, almost every company concerned with advance composites has programs
to convert the basic specimen properties data tr a more fundamental understanding

of the interaction of fiber and matrix,
ol
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With metal matrix composites, these problems are a little easier to resolve be-
cause of the comparatively good transverse strergth of the matrix material. The
problem area here, particularly with the plasma-sprayed tapes, is one of finding
proper techniques for fabricating the actual individual component which would be
built up from the tapes. The two processes with the greatest potential are brazing
or diffusion bonding. They possess the capability of being developed iito a highly
reproducible and economical manufacturing process for making hardware. The
following limitations are influential in determining the character of the fabrication
process: (1) bonding must be conducted at elevated temperatures, 900°F to 1000°F,
in a protective atmosphere to prevent oxidation of the composites; (2) bonding of
large components must be accomplished at relatively low pressures, 25 to 1000 psi
(otherwise, press tonnage requirements and die costs may become exorbitant); and
(3) shapes that can be formed are fairly restrictive due to stresses imposed by
bending fibers around small radii, the limit for plasma-sprayed tape being a bend
radius of about 3/4 in. The braze-bonding technique is preferred because it allows
bonding at the lowest possible pressures, Also, the requirements for uniform
pressure over a large area to assure good densification are far less stringent for

brazing than for solid-state boading, since all voids are readily filled by the flow
of braze material.

These new advanced filament composites have dramatic increases in strength- and
stiffness-to-weight ratios over either steel or titanium, When the loading is essen-
tially unidirectional with the reinforcing fibers, and thus the matrix material is not
highly stressed, the epoxy riatrix appears preferable because of its lighter weight.
However, metal matrix offers the advantage of higher strength and modulus where
needed. Also, the design allowables of the epoxy matrix are normalily adjusted
downward, when used in a structural component, to allow for service environmental
effects of mcisture absorption and for the gradual decrease of its modulus under
continuous cyclic stressing, Composites are being developed at a very rapid pace
in the aircraft industry, and a reasonable degree of technical jeopardy still exists.
However, the large weight improvements being projected should ensure continued
evolution of these materials, and they are therefore considered to be feasible for
use in propeller systems in 1970-1975,

52

e Srmar o

[RRUIP R NPV

J T N )

SRR Sy

PR

w pa RS




N

COMPONENT DESIGN STUDIES

POINT DESIGN SIZING CRITERIA

This section discusses the various design studies and parametric studies conducted
to determine the lightest weight concepts and configurations for the different comp-

. onents of the propeller system. With the exception of some parametric studies con-
ducted eariy in the program, the component designs and subsequently, the system
designs, are all based upon the following point design sizing criteria:

Structural

2000-hp, 1160-prpm torque limit
E.F. = 4(+25% higher order)
20:1 gear ratio

400-kn maximum velocity

e .. A T

Aerodynamic

35-psf thrust disk loading

1400-hp, 6000-ft, 95°F hover design point
900-fps hover tip speed
14.8-ft-dia/4-way/120AF/0.4Cp,

0.78 figure of merit (existing technology)

60% prpm for cruise

82’4 250-kn cruise efficiency (S. L., standard day)
GEARBOX

Gear Sizing Trade-Off Study

Initial gear train parametric studies to define the optimum gear sizing were conducted
using a two-stage, in-line, star-epicyvclic configuration. For this configuration,
studies were conducted to evaluate changes in the total gear train weight wher ceriain
significant parameters were varied. The parameters chosen were: (1) the second-
stage gear ratio, (2) the number of planets in the second stand, and (3) gear face-
width-to~pitch diameter ratios. The basic assumptions for these studies were as
follows:

Engine shp ~ 2,000

Engine rpm - 19,000

Gear ratio 20:1

Bearing Bjo AFBMA Life Calculation of 600 hours air melt
Gear material, consumable electrode vacuum-meit steel
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Only the gears, bearings, interconnecting shafting, and planet gear supports were
considered in the weight comparisons.

The following discussion, together w'ih Figures 18 through 20, summarizes the
weight relationship to the above parameters. It should be noted that the.e figures
are presented only to show the relative weight variations associated with each in-
dividual parameter and not the final study weights. These initial parametric studies
were completed before the final propeller sizing from the aerodynamic studies was
defined, and prior to the detailed optimization of the components.

Figure 18 shows the variation of both the first- and the second-stage gear train
weight versus gear ratio split. To understand the figures better, first consider a
given total gear train of constant torque input to the first stage and known overall
gear ratio. If the first-stage ratio is increased by 20% and the second-stage gear
ratio is decreased by 20%, the torque input to the second stage is increased by 20%.
The larger gear ratio and higher output torque of the first stage will require larger
(and heavier) gears., However, this is the low-torque stage and, as Figure 18 in-
dicates, the increase in weight is minimal.

The second stage (high-torque stage) requircs a slightly larger diameter sun gear
because of the higher torque, but the ring gear and planets can be made much smal-
ler due to the smaller gear ratio. This effect can be seen both in Figure 18 and in
the following.

A relationship for gear tooth Hertz stress can be written for two gears in contact
as shown below:

W /D_+D .
b sc=K\/Ft(1§Dz> =K\[-£§ (RR]) ®

12
X
SC = Hertz stress
K = Constant dependent on tooth geometry and material
Wt = Tangential tooth load, gear
F = Gear face width

D,, D2 = Pitch diameters of meshing gears

D,
R = -—==— = Gear ratio
Dy

[
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FIGURE 18. GEAR RATIO SPLIT-WEIGHT COMPARISON
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Q= = Torque

or for a constant face-width-to-pitch-diameter ratio (F/D2 )s

[2D_
5c =K\ ’iz- )

Q R+1
3
®,) R

@)

For a constant gear ratio the 20% higher torque would require an increase in dia-
meter of only (1.2) 1/3 = 1,063, However, the diameter of the ring gear and planets
is reducedby nearly 20% to produce the gear ratio decrease, This effects a definite
weight saving,

Figure 19 shows the results of a parametric study to determine the variation of

total gear train weight with different numbers of planet gears in the second stage.
For a constant output torque and face-width~to-pitch-diameter ratio, increasing

the number of planets produces a lighter second stage. This is because the load

per mesh is lower, thereby permitting a smaller sun gear pitch diameter for the
same ratio of face-width-to-pitch diameter. The smaller sun gear reduces the

ring gear diameter, planet gear centrifugal load, and carrier size, As noted on

the curve, a gear ratio of approximately 3.3 or less is required to use seven planets
in the planetary gear train,

The third basic parametric study was to ascertain the effect of a variation of face-
width-to-pitch-diameter ratio on total gear train weight. Figures 20 and 21 show
that the gear train weight increases as the ratio of face-width-to-pit h diameter of
the sizing gear (MAX F/D) increases.

This can also be seen from the previous relationship, where, for a constant Hurtz
stress, torque, and gear ratio, FI)Z“ is constant, Also, gear weight should be
proporticnal to D2 F t (t is gear rim thickness) or D22 F t/Dy. Therefore, weight
is proportional to t/D2. If t is constant and the supporting gear webs have only a
secondary effect on weight, which is generally true, gear weights decrease as the
diameter increases.

Figures 20 and 22 show the interrelated effect of varying gear ratlo split and face-
width-to-pitch diameter, that is, the change of the overail gear train diametral
envelope, The figures graphically demonstrate that the largest gear evelope gen-
erally produces lighter weight,

This initial parametric study of the 20:1 gear train was conducted to determine the
weight trends of the previously discussed parameters, It was shown that, in general,
the lightest weight gear train should (1) have the majority of the gear reduction in
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the first stage (low-torque stage); (2) use the largest number of planet gears pos-
sible; (3) have as large an envelope as possible, thus enabling the use of gears of
lower face-width-to-pitch-diameter ratio.

Gear Train Configurations

Under this phase, several different gear train configurations were designed and
compared in order to ascertain which gearbox was the most favorable in terms of
the following characteristics:

1. Weight

2, Envelope

3. Efficiency

4, Simplicity of providing opposite rotation
5. Simplicity of providing cross-shaft drive

The basic assumptions established for use in this comparison study are listed below
in tabular form. Gearbox housing comparisons, overrunning clutch, decoupling,
and accessories were not considered in this phase of the study.

Engine shp 2,000

Engine rpm 19,000

Overali gear ratio 20:1

First-stage ratic 5:4

Max face-width-pitch to diameter ratio 1.00

Gear material CEVM Steel
Bearing life 600 hours air melt

A summary of the several configurations, their advantages, and their disadvantages
are discussed in the following paragraphs. Table V is a compilation of the specific
design data for the gear trains.

In-Line Star-Epicyclic (Figure 23)

The selected gear train for this concept incorporated a gear raiio of 5.4 in the first
stage and 3.7 in the second stage. This gear ratio split, together witn a face-width-
to-pitch-diameter ratio of 0.522, resulted in a ring gear pitch diameter of 12, 96

in. for the first stage. It was felt that this pitch diameter plus the diameter in-
croase required for ring gear hacking and housing would result in approximately

the maximum envelope that would still allow for annular ducting to the engine inlet.
The gear ratio split was selected on the basis of the earlier parametric studies,

and the requirement that three olanets be used in the first stage was based on allow-
ing room for the insertion of three idlers for reverse rotation,
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To provide for the addition of a cross-shaft drive to this concept required the in-
corporation of a 2:1 gear ratio angle drive bevel mesh between the engine and the
star stage sun gear. This added 15 Ib to the basic gear train weight.

Offset (Pinion-Bull) Epicyclic (Figure 24)

‘The pinion-bull stage inherently has one less equivalent power mesh (hence, one
less mesh producing a power loss) than the star train and, therefore, can be de-
signed for higher efficiency from a power loss standpoint. The number of equiva-
lent power meshes can be determined by summing the product of the tooth load and
the relative velocity of the engaging teeth for each mesh and by dividing by the pro-
duct of the input gear tooth load and meshing velocity (Reference 40). For a star
gear train, the number of equivalent power meshes will be equal to the actual num-
ber of meshes (%) transmitting full pewer. In a planetary gear train, the relative
velocity between the planet-ring mesh and the planet-sun mesh is one-half the absolute
pitch line velocity; therefore, the total is equal to ore equivalent power mesh. In
gear trains such as the split power configuration, to be discussed later, some of
the meshes have high relative velocities which increase the relative power (relative
meshing velocity times the tooth load) at the mesh actually more than the trans-
mitted power. This results in a large number of equivalent power meshes.

The offset design allows a local scoop-type air inlet to be incorporated in the nacelle
under the pinion and to be flared into a full annular engine inlet behind the gearbox,
The in-line design normally utilizes an annular air inlet which usually limits the size
of the gearbox envelopc diameter. The previous gear sizing study showed that an
increase in diameter has a beneficial influence on weight.

The pinion-bull first stuge allows the addition of cross-~shaft drive with a lower
weight penalty than would be the case with a star stage. Although accessory mount-
ing was not consideredd in this phase of the study, it shouid be noted that accessories
can usually be added to an offset configu-ation with less weight penalty than for the
in-line version,

Modification of this concept for opposite rotation is accomplished by opening up the
center distance between the pinion and the bull gear enough so that an idler gear can

be inserted as an intermediate mesh,

Differential Gear Train With Offset

A fixed planet differential drive, with 20:1 gear ratio, which did not include an off-
set first stage was studied briefly, The concept was found to be heavier than the
one studied previously because the high planet bearing loads from the high first-
stage tooth 7. " «nd the high second-stage rpm inherent in this type of train re-
quired vver . 2. i :lanets to mount adequate bearings. Also, the overall diametral
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Split Power

A split-power epicyclic-star gear train (Figure 30) was designed, wherein 70% of
the ouiput torque is taken off the second-stage ring gear and the remaining 30% of
the output torque is taken off the first-stage planet carrier. This concept, as a
righthand gearbox without cross~shaft drive provision, is the lightest system but
does not include opposite rotation. The addition of cross-shaft drive increased the
weight by 15.5 lb. In an attempt to reduce this weight penalty and to incorporate
provisions for opposite rotation without requiring a new gear train, a2 second con-
cept was studied. This concept (Figure 31) utilized an offset pinion-to-bull (2:1
gear ratio) driving a 10:1 split-power star-epicyclic-gear train. In this second
system, §9.4% of the output torque is taken from the second-stage ring gear, with
the remaining torque being taken from the first-stage planet carrier. The weight
of this system with cross-shafting was the lightest of all the systems conceived.
The major disadvantage of this concept is the large number of equivalent power
meshes, It has five equivalent full-power meshes versus two for the offset-epi-
cyclic train. This makes it virtually impossible to limit the maximum gear train
power loss to 1%.

Summary - Gear Train Configurations

Table VI is presented as a comparison of the several gear train configurations
studied, The parameters of this table are the weight and envelope values (shown
in Table V) as a ratio of those values for an "Offset, Two-Stage (Spur, Epicyclic)"
configuration, It should be noted that the weight and power loss parameters are
given for a twin-propeller shipset system. The weight parameter includes the
weight of the gears, bearings, bearing supports, and connecting shafts; but it does
not include housing, propeller tailshaft, or other components of an integral gear-
box propeller. The cross-shaft drive weight includes power takeoff gearing in the
integral gearcase, but does not include the aircraft cross-shafting, wing box or
other components of tk= transmission system, Parameters for a shipset are not
listed for those configurations that required a new gear train to provide opposite
rotation,

The conclusion reached in this phase of the study is that the gear tiains using
differential, compound star, and roller gears were appreciably heavier than the
other trains, which showed little relative weight difference. The offset, two-stage,
spur-epicyclic gear train was selected as the optimum configuration for an applica-
tion with cross shafting. It is the lightest configuration with provision for opoosite
rotation and cross-shaft drive which affords the possibility of obtaining 99% power
transmission efficiency.

Although the split power with offset first-stage configuration is slightly lighter, the
power loss associated with over twice the equivalent power meshes greatly over-
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shadows this weight diffcrence. For example, the split-power configuration would
he expected to be approximately 1¢ less efficient than the selected configuration,
and this results in approximately a 60-1b loss in static thrust per propelier, which
is many orders of magnitude larger than the slight weight savings. For the non-
cross-shafted gearbox application, the offset spur-epicyclic gearbox was also sel-
ected as the optimum configuration. Here again, the split-power version is slightly
lighter, but its lower gearbox efficiency offsets this advantage. The in-line (star-
epicyclic) is also less efficient and slightly lighter than the selected offset configur-
ation, The power loss would probably still be sufficient to overcome the weight
advantage, but since the non-cross-shafted version is not considered to be a VTOL,
the trade-off is much more dependent upon the aircraft mission. Alsoc since the
propeller control inputs to the in-line gearbox become more complex, this was
assessed as negating the small weight advantage.

It should be noted, however, that the gearbox configuration selected in this study
is based primarily on optimizing the integral gearbox propeller system itself,
There may be overriding airframe installation and/or performance requirements
(especially for non-VTOL aircraft) for a specific aircraft design which would lead
to the selection of an in-line rather than an offset installation,

Gearing and Gear Tooth Shapes

The selection of the gear tooth shape and the gear material to use with the two-stage,
spur-epicyclic gear train configuration to obtain the lightest weight gearing is dis-
cussed below,

The use of involute spur gears in both high-speed and planetary stages has been
successful in previous integral gearbox propeller systems and is shown in the sys-
tem design,

The selection of gear tooth geometry, tolerances, stress levels, and mounting
arrangements which will provice a flexible system is a necessary consideration to
ensure that design calculations will reasonably approximate actual operating load-
ing conditions,

During the detailed design of the gearing, the magnitude of the involute profile mod-
ification would be determined from an analysis of the gear tooth deflections under
loading conditions. The standard involute gear tooth proportions would also be mod-
ified after uaalyzing the gear center distance and scoring parameter change under
load. These analyses have been successfuily used on previous aircraft gearing and
would not change the gear sizing discussed below, but they would provide detailed
design refinements,
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The Hertz stress levels of helical gears are reduced by the cosine of the helix angle.
For a given diametral pitch (rotational). the bending stress remains the same as
that of an equivalent spur gear. The reduction in normal tooth section and the in-
crease in normal tooth load are offset b the increase in face width engagement and
contact ratio,

PRI

The selection of the helix angle of the helical gear should be large enough to provide
two or more teeth in contact to obtain the desired increase in contact ratio. For the
pitch sizes used in this gearbox, a 30° helix angle would be required, which would
produce very high axial gear forces. Therefore, if helical gearing were desired,
herringbone gears (double helical) would be used to eliminate the need for large

gear thrust bearings. Herringbone gears could be used in the first-stage gear trains
of the design shown herein with essentially no change in weight.

In an attempt to reduce the gear train weight further, a study of the literature was
conducted on circular arc tooth forms (Novikov gears). The conclusions of this
study are presented in Appendix IV, and a brief synopsis is included below,

Gear teeth for propeller gearhox systems are usually designed for structurai
adequacy relative to two potential failure phenomena: tooth bending and surface
durability (primarily Hertz stress) under both steady and dynamic loads. However,
the majority of investigations of the Novikov tooth shape that were examined have
used only the surface and beam strength criteria under steady loads to rate the
Novikov tooth form. From the literature surveyed, the Novikov gear form at first
appeared to have a substantiai advantage over the involute tooth relative to Hertz
contact stress, but this advantage is substantially lost when consideration is given
to tooth bending and dynamic loadings., Based on steady transmitted load, the cir-
cular arc tooth form may, however, have significant weight advantage over the in-
volute in applications where wear of contact stress is the limiting design criterion,
The two tooth forms are comparable when static beam strength is the criterion,
However, the circular arc appears to be at a disadvantage when the effects of dy-
namic load are included.

Some weight advantage may bhe possible, depending on the particular configuration
and operating requirements, However, in propeller gearbox systems where the
dynamic loadings are usually a significant part of the sizing loads, the weight sav-
ing would, at best, be small and would require considerable research to determine
its magnitude accurately. Therefore, the circular arc tooth form was not incor-
porated in the proposed gear train concept,

To obtain a minimum-weight gear train, an assessment of titanium versus vacuum-

melted steel as a gear material was made. For this comparison, two offset-epicyclic
gear trains were designed for the following criteria:
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Engine ho;sepower 2000

Engine rpm 23,300
Face-width-to-pitch diameter 1,0 max
First-stage ratio 3.4
Overall gear ratio 20:1

5 planets in the second stage
Weight comparison of the gears is shown in Table VII.

From test work currently in progress, hard-surfaced, diffused-nickel-coated
titanium appears to be a feasible gear material for the 1970-1975 time period.
Titanium has therefore been selected as the optimum gear material for the study.

The calculated stresses on the gears have been determined by the equations pre-
sented below. Relatively conservative stress allowables of approximately 100, 000
psi static Hertz stress and 55,000 psi dynamic bending stress for titanium gears
were vsed as a basis for the 1970-1975 time period. For comparison, 150,000
psi static Hertz stress and 65,000 dynamic bending stress were used for steel
gears,

A. Hertz Stress

w 0.50
Sg = 0.564 ! s -
Fe cos ¢ sin ¢ R R 1-# 1-4, (4)

p1 p2 .
El E2
where:
- torque
w = tangential tooth load S e
t J ooth load (pounds) = o dTus
Fe = minimum effective face width (in.)
¢ = pressure angle
Rpl and sz = pitch radius
#1 - #2 = Poisson's ratio
E1 =E 2 = modulus of elasticity

B. Bending Stress
. - 1.5 (Wd) (Kt)
B F X
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where:

Kt = gtress concentration factor
F = face width (in.)
X = tooth form factor
w P = dynamic load (Ib)
w _ 0.05 Vp (F CB+wt)
B 0,50
d 0.05 Vp+(F CB+wt)
where:
Vp = pitch line velocity
F = face width
CB = deformation factor
Wt = tangential tooth load (Ib)
W _ torque
t pitch radius

+W
t

As an example, the calculated stress levels for the input pinion-idler mesh are

109, 530-psi Hertz and 53, 820-psi bending when:

torque = 5410 in,~1b E1
pm = 23,300 (input) H
Kt = 1,15
= 0,095
C = 405
b
F =2.8

E =16.5x106

[ o+]

=0,30

o
= 25

9 w»

Based on a current development program for titunium gears, it is of importance
to note that sliding velocities, pitch line velocity, scoring parameters and flash
temperature values for the study gearbox design are lower values than those of

titanium gears presently being tested,
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The design of the planetary system incorporates a nonsequential, nonsimultaneous,
hunting tooth arrangement, with a flexible planet carrier and a floating sun gear to
ensure load distribution and to decrease vibratory effects due to gear meshes.
Figure 32 shows the order of gear meshing of the planetary arrangement.

With this system, no two planets pick up the load simultaneously, nor does one planet
engage with the sar and ring at the same instant. Although it is shown above that
planet A engages with the sun and ring simultaneously, the planet gear with 43 teeth
cannot engage at the same instant due to the odd number of teeth. The order of mesh-
ing with planet A engaging first is (A-D-B-E-C-A, etc.) for the sun gear and (A-C-
E-B-D-A, etc.) for the ring gear. The sun gear's ability to fioat between the meshes

makes allowance for tooth errors and for positioning of the sun due to tolerances and
thermal changes.

Data for the power gear train are shown in Table VIII.

As can be seen, a 2, 8-in, face width is indicated for the first-stage pinion-idler
mesh. The pinion could be smaller in face width and/or diameter when meshed
with the bull, which would result in a weight reduction. However, the present de-
sign allows for interchangeability of pinion gears for a right-hand or left-hand gear-
box,

Propeller Barrel Mounting

The propeller barre: mounting system used in today’s integral gearcase propellers
incorporates the use of a relatively long tailshaft., The tziishait is an integral part
of the propeller barrel and is supported in the gearcase by bearings attached to the
front and rear of the housing (see Figure 33A). The propeller moments are reacted
by the two roller bearings at each end of the tailshaft, and propeller thrust loads
are reacted by a thrust bearing which may be positioned at either end of the gear-
case. This design has been thoroughly proven in service and is in production,

Experience, however, has indicated that, in its present form, this design does im-~
pose certain restraints on the packsging and sizing of other propeller components,
The conventional approach requires that the tailshaft pass through the sun gear,
thereby possibly limiting the tailshaft diameter and dictating the inner diameter of
the rear roller bearing and propeller hydraulic actuator envelope diameter.

Two new concepts have evolved from this study which eliminate the long tailshaft
and any possible compromise of the design of other propeller components. The
first concept utilized large-diameter, duplexed, angular-contract ball bearings
(Figure 33B). This type of bearing negates the need for the long tailshaft, since the
contact angle produces a large effective wheelbase{A)with which to react the pro-
peller moments, Propeller thrust would also be reacted by the ball bearings. The
evaluation of this design approach, however, indicated a weight penalty associated
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FIGURZ 32. PLANETARY SYSTEM MESHING SEQUENCE
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FIGURE 33. BARREL MOUNTING CONCEPTS
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with the use of ball bearings in place of roller bearings with a higher capacity-
to-weight ratio. Another concern was that, from a structural standpoint, the
effective wheelbase of the duplexed ball-bearing design is a sensitive function of

the contact angle. Any wear of the bearing or loss of preload which might adversely
affect the contact angle and decrease the effective wheelbase (A) would reduce the
bearing load-carrying capacity and life.

The second new concept was selected as optimun. in the study and is similar to the
above concept except that the ball bearings were replaced by large-diameter, dup-
lexed, tapered roller bearings (Figure 33C). The tapered rollers do not have the
structural disadvantage of the ball bearing, since any wear of the races does not
affect the contact angle and therefore does not alter the effective wheelbase of

the bearing. Preload is applied to the duplexed, tapered roller set to eliminate
backlash in the system, Only a small load is required to accomplish this, and
any loss of this preload will not influence the effective wheelbase of the bearing,
This concept was evaluated and found to be approximately 20% lighter than the long
tailshaft concept. This weight assessment considered only the effects on the tail-
shaft, bearings, bearing mounting, and the second-stage planet carrier. It appears
reasonable to assume, however, that the permitted use of a larger diameter bear-
ing might also coniribute some additional weight saving in the front housing.

Bearings

The design criterion selected for the gearbox bearings was to use a minimum B10
life of 3000 bours, based upon the AFBMA life calculation (References 41 and 42)
adjusted by a factor of 5.

The factor of 5 is approximately twice that used in present design practice and adjusts
the calculation to represent a conservative estimate of the improvements being pro-
jected in bearing materials,

Reports by two bearing manufacturers (References 43 and 44), based on current
testing of ball beariags manufactured from Crucible 52 CB material, exhibited a
minimum test life oi approximately 15 times the AFBMA calculation, Each test
group consisted of a nhomogeneous lot, with 2 minimum of 30 test bearings, run. .
either to failure or to 200 million revolutions, at which time the tests were suspended.
From these reports and the further testing that is being conducted, it is concluded
that the actual life factor for vacuum- melt 52 CB material for future applications
would probably be at least 10, which would make the B10 life of the bearings used
in the study at least 6000 hours. Therefore, the material factor utilized in this
gearbox design is considered to be conversative and in no way a jeopardy for de-
signs of the 1970's.
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Thin bearing races of consumable electrode, vacuum-melt bearing steel have been
incorporated in the design and would either be bonded or mechanically joined to the
titanium gears. The thickness of the race would be determined by the magnitude of
the subsurface shear stress, which must be below the allowable shear stress of the
bond at the junction of the race and foundation material. Where possible, the bond
has been extended beyond the roller contact area to increase the bond shear area,
Development testing would be required to establish the proper detaiied design and
manufacturing practice. However, this is considered to be of minimum technical
jeopardy.

The design loads, speed, dynamic czpacity, and B10 life for the major bearings used
in the study gearbox design are tabulated in Table IX, The mean effective loads and
speeds listed were considered to be representative of the bearing loading spectrum
for twin-propeller V/STOL systems.

Gearbox Housing

Present-day aircraft gearcase housings are made primarily of cast magnesium
alloy. This cast material has the disadvantage that the large size of the housing
generally results in wall thicknesses which in many areas are dictated, not by
stress or deflections, but by manufacturing process limitations (Figure 34). The
possible need for providing accessory mounting pads was not considered for any
of the housings conceived during the study.

The incorporation of a tapered roller bearing bairel retention would afford addi-
tional freedom to the housing design, since the tailshaft loads would then not have
to be reacted by the rear housing. One of the minimum-weight housing concepts
considered in this study was a back-to-back conical housing which had the benefit of
very short load paths (Figure 35). The propeller loads are reacted through the for-
ward housing and enter directly into the nacelle ring mounting structure, which is
at the junction of the forward and rear housings. This concept proved to be lighter
than locating the mounting pads on the rear housing, and thus nacelle mounting at
the front ring was maintained on all concepts. The pinion bearing and cross-shaft
loads are reacted in housings which are cantilevered off the rear main ring struc-
ture, A fiberglass cover can be used to enclose the aft end, since its only func-
tion is oil containment. This concept, when compared to a magnesium casting,

was found to be approximately 50 lighter using either forged and machined :.ag-
nesium or titanium as the material, However, this double conical concept became
less efficient when consideration for an idler gear and control mountings was in-
cluded, to provide needed additional strengih and deflection capacity for the fiber-
glass skin,

A strut-type housing utilizing channel beam sections for struts was then studied
(Figure 36A), to provide the control mounting pad requirements, Oil ccatainment
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TABLE 1X, BEARING DATA

DYNAMIC DESIGN B10
BEARING LOAD(LB) RPM CAPACITY (LB)  UIFE (1)
FORWARD PINION 1,490(2) 19,800'3) 19,420 3000
f
AFT PINION 14902 19,8003 10,420 3000
\ [
IDLER GEAR 2382 6,000 2,670 35,000
BULL GEAR 2,0859 3,580 13,000 3000
2 /3)
PLANET 3.840 3,130 15,550 3000
CROSS—SHAFT FORWARD a20¥ 10,650'5 5,950 22,500
(4) /5)
AFT BEARING 420 10,659 5,950 22,500
PROPELLER MOUNTING ©) 1,165 COMPUTER 3325/SET 7)
CALCULATION
(REFERENCE 45)
NOTES :
(1) AFBMA CALCULATION METHOD CORRECTED FOR IMPROVEMENTS PROJECTED FOR 1970
BEARING MATERIALS,
(2) MEAN EFFECTIVE LOAD = 70%(GEAR TOOTH LOAD)
(3) MEAN EFFECTIVE SPEED = 85%SPEED)
NOTE : 100%INPUT SPEED = 23,300 FOR PINION
(4) MEAN EFFECTIVE LOAD = 45%(GEAR TOOTH LOAD)
(5) MEAN EFFECTIVE SPEED = 91.5%SPEED)
NOTE : 100% CROSS—SHAFT SPEED = 11,650 RPM
(6) MEAN EFFECTIVE DESIGN LOAD = 4170~L8 THRUST 57,200 IN—LB (1—P MOMENT)
(7) ADJUSTED VALUE BASED ON THE DUPLEX COMBINATION, CONSIDERING EACH INDIVIDUAL

BEARING ROW SEPARATELY. THE LIFE FOR THE FORWARD ROW IS 6480 HOURS AND THE
LIFE FOR THE AFT ROW 1S 5850 HOURS.
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in the rear housing is accomplished by the use of a fiberglass shell bonded to the
inside of the struts.

A third housing concept was evolved that consisted of a forged titanium front hous-

ing and a welded plate and ring structure for the rear main housing (Figure 37).

This concept proved to be the lightest overall titanium housing configuration of

any conceived under this study, since it permits a most efficient distribution of
material, with localizcd reinforcement only where needed for structure and/or bosses.
Forged and machined magnesium could also be used in this concept and would be
slightly lighter than the titanium. However, the titanium is preferred because of the
virtual elimination of changes in gear center distances due to differential thermal ex-
pansion, This allows the use of high diametral pitch gears with the attendant ad-
vantage of reduced gear weight.

Another favorable feature of the welded plate housing concept is that it permits the
use of tubing for lubrication lines. The tubes can be positioned to give a direct
connection to the areas where lubrication is required. This is in contrast to the
conventional housing concept, which requires cored or drilled passages with in~
herently heavier sections to accommodate the lube lines and plugs.

Overrunning Clutch

An overrunning c.utch is provided on the engine input to the gearcase to allow the
engine to be shut down and still maintain propeller cperation via use of the cross-
shaft system. To fulfill this function, two types of overrunning clutches were
studied: (1) sprag and {2) spring,

In the sprag clutch, shaped sprags operate in the annular race between two cylin-
drical races (Figure 36%). The rotation of the outer race (driver) produces an
initial friction force on the sprags, causing them to pivot and in so doing, to wedge
butween the outer and the inner races, In this position, the load is then able to be
transmitted from the driver (engine) to the driven (propeller) member, If the
driven or inner member attenpts to overrun, the sprags will pivot, unlock the
load, and permit freewheeling of the inner member,

The spring clutch utilizes a spring wrapped in the annular space between two cir-
cular races (Figure 38A). One end of the spring i3 mechanically driven by the inner
race, while the opposite end has a slight rubbing interference fit on the outer mem-
ber. Rotating the spring in the same direction as the helix of the spring causes

the free end to rub against the outer member; this frictional force expands the
spring, and it tightens against the driven member to drive it.

The expansion of the initially engaging coil will not, in itself, produce a sufficient
force to drive the gear, but the compressive force in that coil causes expansion of
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the succeeding coils until the required load to drive the pinion gear is produced.
Whenever the outer member attempts to overrun the inner member, the rubbing
force on the spring coils is in the opposite direction to that of the helix, and the

"spring loosens and will not drive,

The spring concept requires a smaller envelope for packaging and therefore could
be placed within the pinion gear, minimizing the overall gearbox envelope and
weight. The rubbing action of the spring and resultant burst load induced by the
spring have been contained within a steel sleeve. Additional weight saving could
have resulted by incorporating a boron wrapping around the sleeve, thereby per-
mitting the use of a lighter sleeve.

Cross-Shaft Decoupler

To feather a propeller connected to a cross-shaft system and still be able to oper-
ate the remaining propellers, a cross-shaft decoupler is required. The location
of the decoupler is dependent upon the specific requirements of tl.e aircraft -~
either to shut down just the propeller reduction gearbox or both the propeller re~
duction gearbox and the wing box, or even the complete wing transmission system.
Since the scope of this study did not entail the design of a wing box or a cross-
shafting system, the decoupler has been positioned on the main gear train. To

perform this decoupling function, both a jaw-type and a spring-type decoupler
were conceived,

The jaw type (Figure 39) contains several advantages which are not found in the
spring concept (Figure 40). Cross-shaft torque is transmitted by the po-itive action
of the curvic gear teeth, whereas the spring concept relies on the friction of the
system,. In the spring type, any slippage in the system, as power direction is re-
versed, will distort the phasing of the propellers. In contrast to this, the positive
action of the jaw-type decoupier keeps the propeller phasing fixed.

" The decoupler must be capable of transmitting power in both directions., The jaw-

type decoupler accomplishes this by being able to carry load on either side of the
curvic teeth, whereas the spring concept requires two effective spring elements and
two separate load paths between the cross-shaft gear and the output drive flange.

The jaw-type decoupler was also slightly lighter, but it was selected primarily for
the reasons discussed above.

The coupling and decoupling actions of the jaw-type decoupler are described below.
A signal from the cockpit to couple the cross suaft is fed to the speed indicator
and coupling control. Here the speed of the cross shaft is compared to gear speed
in such a fashion that the jaw teeth will not engage until the two speeds are equal,
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Upon equalization of the speed, a signal is transmitted to the solenoid to actuate
coupling of the jaw teeth. This is accomplished by having the solenoid activate

a check valve, thus allowing aircraft kvdraulics to enter a servo piston. The move-
ment cf the servo unlocks the moveable jaw by physically disengaging it from the
detest; continued movement engages the teeth of the jaws and zllows the syscem to
lock iato an engaged positicn dctent. Fer de.oupling, a second solencid is used,
which, when actuated, allows aircraft hydraunlics to flow into the opposite side of
the servo piston and to force the jaws o disengags. When the solenoid is de-ener-
gized, the detent hoids the jass apart.

Lubrication System

To satisfy the design requirernents of being able to distribute and scavenge oil in

the horizon*al and vertical modes, two types of pumping systems were studied. A
conventional constant-displacement gear pump with two scavenge elements and its
required gear train drive was compared to a "Schleuder pump” for distributing

the lube oil and two ejectors for scavenging the hot sil. The Schleuder and ejector
concept shown in Figure 41 was clearly the lighter system and kEad advaatages of
less moving parts and simplicity of desigs. The “"Schieuder pump” is basically a
stationary tube prcjected inte a volume of rotating fluid. The rotation is provided

by the i¢ 2r gear. The rotating fluid has a velocity head and a centrifugal head asso-
ciated with it. Wher the fluid ccntacts the staticnary tube, the velocity bead is
converted to a static head or pressure. The theoretical pressure created by only
the velociiy of the rotating fluid in the design studied is 280 psi for 100-percent rpm
anc 100 psi for the 60-percent rpm condiiion. The 100-psi pressure level would be
more than adequate for the lubrication of the gearbox, Theoretical analysis 28
shown that this concept is feasible, but a limited amount of additional detailed design
and testing would be required to determine the optimum configuration. The use of

a Schleuder pump is nct a completelv new concept; for instance, the variable camber
VC82S propeller contro! incorpcrates a Schleuder pump for scavenging and is oper-
ating successfully.

The total lube cil ficw for this gearbox ic based op the requirements of 20 quarts
per minute for }=2t rejection ir the gearbox ard 3 quarts per minute for beat rejec-
tion in the actuator, Of the oil which is picked up by the Schleuder pump inlet, 10
quarts per miaute are diverted to ejectcrs (jet pump) for scavenging the sump areas,
The scavenged air-oil mixture is discharged into the rotating idler gear cavity.

Based on an cfficiency of 20 for this ejector, a supply flow of 9,2 quarts per
minute to the ejecter would be required ¢ scavenge 32, 2-quarts-per-minute flow
from the sump into the rotating idler gear. To ensure that the Schleuder is always
immersed in oil, 10 quarts-per-minute supply flow would be used so that 35 quarts
per minute would be provided to the idler gear, which is mure flow than is removed
by the Schleuder. The excess cil is allowed to spill cut of the gear and into an
annulus provided on the baffle. This moving flnid is then divected through the baffle

B




oAl L

1‘)”1 ST PN ENTT T FRSTTINT T T XY TR SRR S TR TR

FIGURE 41. CENTRIFUGAL PUMP AND AIR—Oil. SEPARATOR

98

[P TR TN X PRVPRUNENVELS [T TRt TR

P T

L

wer 1

LAY

N T e

1




SRR AT T L L

L)
e

L PRSI B INAS P U TITA IS ¢ % e e SRR TR L

RORM IR S B pprm vTouri] Yoy LRI oaer o MNP O AR IR SIS S TR MY IRAT e, £ e

and is allowed to reenter the sump area. The incoming fluid is initially brought

up to the speed of the gear by vanes which are physically a part of the gear. The
cil then translates across the inner surface of the gear through a baffle, which
isonlates this oil from additional incoming scavenged cil and allows ti,e centrifugally
loaded oil to centrifuge any air which is entrapped. The oil, after passing through
the air-oil separator chamber, is passed through a second baffle into the area in
which the Schleuder is located.

The effect of piacing the scavenged oil into the rotating field is to increase the
buoyancy force, by centrifugal action, to approximately 300 times the force of a
I"g" field. The dwell time necessary for air-oil separation is therefore decreased
by a factor of 1/300 over the dwell time in a static tank. For the gearcase con-
ceived, a separate tank for separation would have required approximately a 6-quart
capacity for a 15-second swell time. The rotating separator requires only 0. 05
second for air disentrainment and a volume capacity of only 0.019 quart, This
rotating separator saves not only oil weight but also the weight of tke tank, hydrau-
lic lines, and mounting hardware.

The 23 quarts per minute required for heat reiection is passed through a filtration
system upon leaving the Schleuder {Figure 42). This filter assembly will consist of
two filter elements. The primary stage will provide 10-micron absolute filtration
(nominal of 1 micron), and the secondary stage will provide 18-micron absolute fil-
tration (3 microns nominal), together wizh a high-pressure relief valve. Thae oil
normally will pass through the primary and secondary stages before continuing on
in the system. Deterioration «f the primary system will not contaminate the gear
train or the actuator, since the second stage will filter. Clogging of the primary filter
will cause the relief valve to open, thus b passing the flow around the primary and
into the secondary filter, A differeatial pressure indicator will bz inserted into the
svstem for indicating failure of the primary filter,

The lubricating fluid is then directed to the heat exchanger before being used for
cooling of the propeller assembl:.

Two concepts for mounting an integral heat exchanger and fan were studied. A
modular concept, where an axial flow fan and cooler were mounted on the aft end of
the gearcase and driven off the idler gear, was tue first system considered. This
system had several disadvantages: (1) the air supplied to the fan had to be ducted
around the gearcase, (2) it required additional mounting structure whick added weight,
and (3) accommodating the length of the package required that the distance between
ire cngine and gearcase be increased, also adding weight,

The concept selected for minimum weight (Figure 43) incorporates an axial flow {an
with integral drive gear on its outer periphery which is driven directly by the firct-

stage bull gear. Because of the proximity of the nacelle cover to the gearcase, the
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design has a simple air entry, and the air exit may be ducted out along the side of

the nacelle aft of the gearcase mounting structure. The high-speed fan ensures suf-
ficient cooling airflow when the aircraft is in the vertical hover mode, and it increases
the air pressure available to the heat exchanger over that available by using only pro-
peller slipstream. The fan exits the air directly into the spiral-wrapped heat ex~
changer mounted on a pad coaxial with the fan. The exchanger consists of two cor-
rugated sheets laid perpendicular to each other and separated by parting sheets,

The combined sheets are then rolled into a cylinder (Figure 44). This configuration
lends itself to simple cantilever mounting off the gearbox,

Part of this cooled oil is then directed by tubing to the spray bars for cooling of the
cross-shaft bull, pinion-idler, and idler-bull gear meshes. A flow of 3 quarts per
minute i8 fed directly into the actuator to top off the hydraulic sumps. The returning
oil is discharged from the actuator into the rotating planet carrier. This returning :
oil, and oil from the sun spline, is then used to lubricate the propeller mounting
bearings, the planet bearings, and the planet-sun meshes. The remaining oil is
sprayed onto the aft sun-quill spline, The overflow from this flocded spline con-
nection flows outward into the bull gear quill spline and continues on to lubricate

the bull gear bearing before draining back to the sump.

The incorporation of baffling ensures that the oil is directed away from the rotating
gears, thereby reducing windage losses from the churning action of the oil.

Horizontal mode scavenging is natural for this housing contour, Vertical mode

scavenging is accomplished by contouring the aft face of the housing so that the
same sump area is also the low point on the gearcase, and by the addition of two
slinger pumps. These pumps consist of rotating plates, which centrifuge the oil
up and out of the low areas and back to the main gearcase and sump area,

For visual inspection of the oil level, a sight glass has been incorporated into the
gearbox rear housing. Oil can be added to the gearbox through a combination_
breather and filler plug. A screen in the gearbox beneath the plug keeps foreign
particles from eniering, and a combination chip detector and drain plug has been
incorporated in the sump area,

BARREL AND RETENTION

Retention

" The Llade retention supports the blade at the interface between the inboard portion

of the blade (shank end) and the barrel structure. The normal retention consists of
the blade shank, an antifriction bearing to react blade loads and to permit blade pitch
angle change, the barrci shank arm structure in the barrel, a clamp ring to position

the blade statically, and a seal to retain oil in the barrel. (See Figure 45,)
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The blade retention must react the following blade loads: (1} steady axial load from
centrifugal force on the rotating blade, (2) transverse side lcads from lateral aerc-
dynamic and inertiz 1cads on the biade, and (3) beth in-plane and out-of-plane steady

and cyclic bending moments from aerodvnamic and inertia lcads on the blade.

With the conventional integral ball race blade retention shcwn in Figure 45 as an
established inherently lightweight design, a parametric study was conducted to
determine the effect of number of bearing races, ball diameter, mean bearing
diameter, and race spacing on retention stiffness and weight, axial, moment, and
"rocking'" capacities. Retention length, gross barrel arm and blade shank stres-
sing, and ball race contact stressing were held constant during the study. For a
retention with the best balance between stiffness/weight, axial capacity/weight, and
"rocking" and moment capacity/weight, it was found that small race spacing on one
or two bearing rows is superior and that the mean bearing diameter/ball diameter
ratios should lie between 12 and 16. The smallest ball size which meets the axial
load requirements should also be selected to provide a more uniform load distribu-
tion around the retention bearing race and to decrease the local stress coneentrations
in the retention and mating parts. This parametric retention study is described in
detail in Appendix VII.

An alternate retention concept incorporating a tapered roller instead of a ball bear-
ing was studied (reference Figure 46;. Results of this study revealed that a slight
weight reduction was possible by utilizing this bearing concept for the basic reten-
tion, but the concept represented a more complex design problem to provide the
desired feature of quick blade removal.

The use of materials other than steel for the blade spar and barrel to obtain weight
reductions requires that the basic integral ball race retention design be revised as
shown in Figure 47. Hardened steel ball races must be added to both the blade shank
ad the barrel.

Blades of titanium or composite boron filament construction result in significant
weight reduction, which reduces centirifugal blade load on the retention., This load
reduction is sufficient to permit the blade to ""rock" on the retention under the in-
fluence of aerodynamic blade moments, which are unaffected by reduced biade weight.
To prevent blade "rocking' or unloading of the balls on one side of the retention,

the basic bearing design was revised to react axial loads in both directions. This

is accomplished by extending hardened steel races around the ball to establish a
four-point contact bearing as shown in Figure 48,

Since the resulting centrifugal load from the lightweight blades supports approxi-
mately 907 of the maximum blade moments, the extended races need to support
only the remaining 107 of the maximum moment. The conventional blade clamp
is replaced hy a retention nut which provides a small bearing preload and which
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supports the blade staticaliy. To avoid the undesirable vse of machined threads on
the blade shank, a separaie titanium collar ring is formed c= ihe Liade to accom-
modate the reteation S¢aring.

Barrel

The propeller barrel consists of three majer elemenis: the blade retention, ‘he
hub structure, and the tailshaft. The blade reicntion supports each blade shank in
2 ring structure, as discussed in the previous sectioa. The barrel is the primary
structure supporting the retention rings and the tailshaft transmits drive torque to
the propeller and mounts the barrel on antifricticn dearings in the gearbox.

Four basic approaches wez= taken in this study to reduce barrel weight:

1.  Reduction of centrifugal lcad on the barrel by utilization of lightweight
blade construction.

2.  Optimization of conventional barrel design concepis by parametric study.
3. Study of new structural shapes.
4. Use of high strength-to-weight material.

A four-way propeller was chosen for this study vecause of the theoretical perform-
ance considerations listed eariier in tne "Aerodynamic Studies" section of this report.
Since centrifugal blade loads represent 2 major loading on the Sarrel retention and
hub strucutre, reduction in blade weight results in an inherently lighter barrel
structure. Conventional barrel structures consist basically of forward and rear
ring structures supporting cylindrical blade arms (Figure 49). Web structure is
blended between blade arms and rings to make a closed structure, The rear ring
blends into the tailshaft, and the forward ring incorporates a bolt circle for mount-
ing the pitch change mechanism. A parametric study was conducted on a barrel of
conventional design tc determine load capacity-to-weight ratio as a function of barrel
and retention radius and fore-and-aft ring spacing. This parametric study is con-
tained in Appendix VI. Results of the study showed that the barrel diameter should
be small with a retention as large as possible consistent with barrel diameter and
that the fore-and-aft ring spacing should be as small as possible consistent with re-
tention diameter. Since conventional barrel design practice has generally complied
with these criteria, there was no significant weight saving potentia( (other than with
material change) to be gained by selecting a conventional barrel structure for this
propeller,

A new barrel structural concept was studied which consists basically of two crossed
cylinders, arranged in such a manner that the walls of each cylinder are continuous
through the other (Figure 49), The blade retentions are lccated at the four outer erds
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of the cylinders. This basic configuration provides an efficient structure for react-
ing centrifuga! blade ioads and blade moment loads in the continuous cylindrical
beams. Tkis bzsic cylinder structure was then modified to incorporate: (1) a tail-
chaft, (2) a reinforced hole in the ferward face for mounting the pitch change mecn-
anism, and (3) smali reinforced holes in the rear of the cylinders to provide access
to the blade pitch change links (reference Figure 50).

A second concept of a monoccoque design was studied, consisting of a shell
structure generated by connerting each point in the blade nzteation ring witk a
straight line to its corresponding point on the adjacent retention ring (reierence
Figure 51). This concept was also shown to be lighter than conventional barrels
and to provide good access to the blade for pitck change. However, this design was
found to contain additional oil weight; accordingly, the crossed-cyliner design

was established as the preferred concept, For a three-way propeller, the crossed-
cylinder concept would change from an X" structure to a "Y*, A discussion of the
structural features of both concepts is provided in Appendix VI.

The crossed-cylinder barrel was initially designed using the same allowable stress
and stiffness values used in convertioncl steel barrels. The use of titanium was
evaluated, and the barrel was redesigned for the lower density material. A titanium
barrel of conventional design for ¢iis propeller weighs approximately 33 % less than
a conventional steel barrel, and a titaniam barrel incorporating thc new crossed-
cylinder design weighs approximately 41% less than the steel barrel of conventional
design. Therefore, the latter barrel design was selected as the basic configuration
for this study. With successful progress being macde on the current development
program on titanium barrels of conventional design, little {echnical jeopardy is
involved in proposing titanium as the barrel materiai for the near future,

The large conical tailshaft was selected for this burrel based on the propeller mount-
ing trade-off studies. The larger diameter shaft is a lighter weight structure for
reacting propeller moments and readily adapts to vhe lightweight planet carrier
concept. Furthermore, the large-diameter barrel tailshaft was easily adaptable to
the new barrel structure and provided better access to the blade pitch changzs links,

BLADES

Blades represent 35% of the total weight of one of today's advanced propeller-
gearbox systems., Blade weight also sets the design loads for other major compo-
nents, such as barrel, actuator, gearbox, and support structure. It thiis represents
the single, most determining factor on total system weight. Therefore, in seeking
to define the maximum weight reduction potential for the 1970~1975 propeller sys-
tem, prime attention must be directed toward blade weight reduction, This requires
not only the evaluation of those new materials which appear {o be feasible for use in
that time period, but also a detailed evaluation of compositz blade structures to
utilize the advanced material properties best.
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1his section presents the results of such an evaluation, based upon quite searching
design analysis studies. The methodo'ogy is that currently used to design produc-
tion V/STOL blades, and it is one which analyzes all primary and secondary struct-

ural actions, considers the unique and often conflicting requirements at varied opera—
ting conditions, and arrives a! a balanced structural design consistent with the desired

aerodynamic blade shape. An important input is the definition, based on past exper-
ience, or proper design stress limits and safety factors specific to the complex struc
tural envircnu.snt of piopelier blades.

All weight projections emanating from this study are predicated on such analysis.
It is recognized, however, that there may be a degree of conservatism in such pro-
jections, in that no assumptions were made for any progress on the learning curve
of structural design tailoring, as a parallel to the introduction of the advanced ma-
terials,

The detailed biade design process described above is in direct contrast to the
generalized form of bladc structural analysis presented in Appendix IX. The latter
is basically a more theoretical parametric analysis which must, inherently, be
more general and which tends to indicate more optimistic blade weights. These
may be construed to be "ideal" weights. Such "ideals" are never fuily attainable,
but they serve the useful purpose of setting targets for further potential refinements,
over and above those indicated by today's established design criteria., A compari-
son of the projected blade weights in Table X to the "ideal' weight values plotted on
the parametric weight charts in Appendix IX affords some indication of the extent of
the remaining weight margin, It is reasonable to presume that a sizeable portion
of this margin can be gained by a progressive refinement of blade design methods;
but, to be conservative, the following blade weight projections do not include this
potential.

Tables X and XI summarize the most promising blade designs generated by this
study. The optimum blade configuration which was selected as common to each
of thesc designs is presented in Figure 52,

Blade A, included solely for comparison purposes, is a steel spar, fiberglass shell
blade of the type presently used on the XC-142, X-22, AH-56A, and P-2H. This is
a blade that could be built today with no advancement in materials state of the art.

Blade B uses the same basic materials, but assumes a reasonable advancement in
materisl properties for the 1970-1975 period. Approximately a 30% decrease in
the blade fill density and 15% increase in the allowable steel spar fatigue strength
were assumed, and S-glags was substituted for the present E-glass shell, From
Table X, it is seen that these improvements would lower the individual blade weight
from 62 Ib\¢ 54,3 1b (a 12, 5% reduction), The corresponding reductions in blade
centrifugal load, centrifugal twisting moment (CTM), and polar moment of inertia
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ap) represent a source of added, substantial weight reductions ir the propeller
barrel, actuator, and support structure.

Blade C uses the same materials as Blade B except that a titanium spar has been
substituted for the steel core. This blade weighs 45.7 1b, which is a 26% recuc-
tion from the wcight of the present-day steel core blade,

K Is interesting to ncte that the present-day steel spar blade, the advanced steel
spar blade, and the titanium spar blade are shown to have the same basic frequency
spectrum (see Table XI), with the 2P flatwise frequency falling well below the oper-
ating takeoff rpm. This type of spectrum is typical of today's propellers,

The final two blades, D and E, use the more advanced boron filament composite
materials in their construction. Both a monocoque constructicn and a spar and shell
construction were investigated with these materials. The fact that fabrication pro-
cesses with the boron filament composites are more tractabie to the attainment of
a desired, noruniform distribution of material than are those with steel or titanium
affords the prospect of some improvement in the generaliy poorer structural effi-
ciency of monocoque hlade construction by concentrating material at critical loca-
tions. However, ibe evaluation showed that spar-and-shell type construction was
still the most efficient structure. By using a fiberglass shell over the boron comp-
osite spars, the full-strength levels of these boron materials may be realized; and
since the spar material is protected by the shell, it is not necessary to derate the
design zllowable stress levels because of possible surface damage.

Blade D uses a boron-filament-reinforced epoxy composite material for the spar,
All other materials are the sam: as in blades B and C. the blade weight is 40,8
Ib, which is a weight reduction of 34% over the present-day steel core blade.

Blade E uses a boron-filament-reinforced aluminum matrix composite material for
the spar. This blade weighs 37.2 lb, which amounts to a 40% reduction over the
steel spar blade of today's technology.

Examination of the frequency spectrum of the boron composite spar blades reveals
a characteristic change from the other blades: the 2P first-mode frequencies fall

well above the operating takeoff rpm, This would be a definite advantage for these
poipellers, since there would then be no necessity for a 2P rpm restriction,

Blade C, the titanium spar version, has the advantage of involving the least state-
of-the-art advancement. The only major development required would be in the re-
tention area, and this does not present any major problems., Hamilton Standard
has done considerable work on developing steel raceway inserts on titanium blades
and barrels, and no major obstacles have heen encountered.
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Blades L a..2 ¥, represent the greatest weight-saving potential, but they do require the
greatest amcur. of development. The boron-epoxy and boron-aluminum materials are
both still in their early stages of development; however, with an accelerated effort,
their evolution could closely paraliel that of the titanium spar.

Rl

The major technical jeopardy will probably be in the retention area of - the boron

. composite blades. Loading patterns in the retention area are quite complex and
involve combinations of tension, compressicn, bearing, and torsion as well as the
Hertz-type stress in the bearing areas. To take full advantage of the boron compos-
ites for the spar, the spar needs to be configured to handle these omnidirectional
Icacs with a basically unidirectional filament composite material. A promising
solution for the retention is shown in the ""System Design" section of this report,
page 160, In order to be ready for the 1970-1975 period, this type of development
which involves the need for new basic skills in material handling and forming, should
be started immediately. In addition to the manufacturing process development re-
quired for these new materials, environmental development testing for foreign ob-
ject damage, erosion, temperature extremes, weathering, lightning damage, etc.,
is required to determine their effect on the blade and its allowable stress levels.
From the data generated by this study, however, it seems certain that this new
technology can be achieved in an orderly fashion and that the introduction of boron
composite blades can be looked to for very substantial reductions in propeller
blade weights before 1975.

COLLECTIVE PITCH CHANGE MECHANISM

The hydraulic collective pitch change actuator is a hydraulic servo actuator de-
signed to react blade twisting moment loadings so as to maintain any selected blade
angle for all operating condit:ons. These twisting moments include frictional twisting
moments (FTM) caused by rolling friction in the blade retention, centrifugal twist-
ing moment (CTM), and aerodynamic twisting mement (ATM). ATM and CTM vary
with blade angle ard rpm, and ATM also varies with airspeed. The total twisting
mements (TTM) which determined the design loads are shown in Figure 53, Reli-
ability, weight reduction and maintainability, and the ease of disassembly of the
actuator without requiring the removal of blades or other major structure are the
prime objectives in the actuator design (Figure 54).

Description

For ease of actuator removal, breach thread is used to attach the actuator cylinder
to the yoke which supports the rod ends of the blade links. The actuator cylinder is
splined to a tube that is bolted to the barrel, and the yoke is directly splined to the
barrel, thus locking the breach thread. To remove the actuator from the propeller
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assembly, the spinner and the front bulkhead bolts are removed, and the spline
tube as well as the cylinder is rotated a porticn of a turn to free the breach thread.
The actuator, beta valve, pump housing, and pump drive are then removed as one
unit,

For high reliability, the actuator hydraulic chambers, blade links, pumps, betz
valve, and control irput are dualized. This provides for two completely indepen-

-dent hydraulic systems and redundant major structural components where practical,

each capable of supporting the maximum blade loads over the entire operating range.

The actuator is positioned by a servo valve which consists of two four-way valves
physically coupled together to meter oil to the high and low pitch sides of the actu~
ator, The hydraulic power is provided by two gear pumps which form an inicgral
part of the nonmoving actuator. These pumps operate at 9500 rpm and deliver 15
quarts per minute each to provide for a minimum pitch change rate of 30 deg/sec.
Dual system-out indicators are provided to detect the failure of either system's
supply pressure, In the event of a failure of both hydraulic systems, a pitchlock
mechanism prevents the blades from moving toward low pitch, The propeller then
continaes to operate at fixed pitch.

The actuator weight was optimized by considering loading paths, trade-off studies
of geometric considerations (actuator diameter versus stroke, blade arm length,
and working pressures), and actuator construction, Links connecting the biade
trunnions with the actuator yoke were chosen over a scotch yoke design to minimize
the hole required in the barrel to insert the actuator and thus to produce a lighter
barrel design. The titanium blade links are a dual redundant structure having
gpherical rod ends with reinforced Teflon-coated bearings, Loads from the links
produce a torsional component on the yoke which is reacted through the yocke spline
to the barrel.

As part of the actuator study, two parametric studies evolved in order to determine
the effect of (1) pressure and (2) blade trunnion radius on the actuator weight, The
influence of pressure on the weight per inch of length for various center-body dia-
meters (Figure 55) indicates that, for decreasing center-body diameter and in-
creasging allowable pressure, the wet weight per inch of actuator decreases, The
physical requirements of the beta valve, hydraulic lines, and hydraulic pump drive
shafts dictated that the center-body diemeter be 2,3 in, For the study design sys-
tem loadings, this center-body diameter dictated that a pressure of 4500 psi be used,

Increasing the blade trunnien a.m length on a blade with constant total twisting mo-
ment loadings reduces the pressure load required in the actuator but at the same
time increases the linear stroke of the actuator required. Figure 56 indicates the
effect of blade arm length on weight for a constant pressure level, This weight
study included the cylinder, piston, bulkheads, barrel extension, and splined blade
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shank, As the blade arm shortens, piston diameter and bulkheads increasc (for
eonstant pressuie), as does the total load carried by the blade links; thus, the

curve asvmptotically approaches infinity as the blade length shortens. Conversely,
as the blade arm lengthens, the actuator and barrei extention required length also
increase; thus the curve (Figure 56) also indicates higher weight for large blade arm
lengths. For the USAAVLABS system, a 2. 00 blade arm was used.

With respect to the materials, an all-titanium actuator would be light, but it has the
disadvantage that with the cylinder diameter used and the pressure of 4500 psi, the
radial deflection could be as large as 0.01 ina. This would exceed the normal

seal capacity to prevent extrusion. Thus, cylinder stiffness becomes the limit-

ing structural criterion,

To provide the necessary cylinder hoop stiffness, boron filaments in an epoxy
matrix are filament wound on the outside diameter of the titanium cylinder. The
bulkheads and pistons are all titanium, and the cylinder uses a titanium shell with
boron filament winding. The titanium on the cylinder is sized to react axial loads
primarily. Approximately 1 1b of boron filament is used on the actuator cylinder

to limit deflections, and it provides weight savings of approximately 5 1b over an
all-titanium cylinder. This also permits the cylinder outside diameter to be
smaller, thus enabling a smaller hole in the barrel and additional barrel weight
saving. The inside diameters of the cylinders and all wear surfaces on the titanium
would be coated to prevent fretting or galling.

An in-place pitchlock has also beer incorporated in the actuator system to prevent
loss of blade angle in the event that both of the actuator hydraulic systems malfunc-
tion, The in-place pitchlock feature (Figure 57) utilizes a threaded member to con-
vert the rotary signal of the propeller control to an axial positioning of the actuator
servo valve, Should the hydraulic pressure drop to a level that is not sufficient to
tend to move the actuator in a direction to decrease blade angle. Fowever, in this
concept, the actuator reacts through the threaded member and closes the pitchlock
ngap". The blades are then mechanically held in position due to the irreversible
nature of the thread,

By having the actuator hydraulic pumps rotating with the propeller, 2 high-pressure

oil transfer bearing is eliminated, and the pumping system becomes an integral part

of the actuator. These pumps operate at 9500 rpm and deliver 15 quarts per minute
each to provide a minimwn pitch change 1ate of 30 deg/sec. Iancluded with each ro-
tating pump are a high-pressure relief valve, regulating valve, double valve to the
system-out indicator, check valve for auxiliary pump and ground handling, and act-
uator cooling valve., The regulating valve keeps pump outlet pressure at about 150

psi above actuator pressure. This restrains the pumps so that little power is con-
sumed in the low actuator pressure operating regime. The high pressure relief valve
is set at 4500 psi. The actuator cooling valve has its longitudinal axis radially out from
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the rotational axis of the propeller, and its setting is a funetion of nvceclicy (o,
\When the propellcr is vl rotanng, the valve closes off and prevents leakage to the
gearbox. During normal operation, it takes the outflow from the regulating valve

and dumps a portion of low-pressure hot oil int» the gearbox. Cooler gearbox oil
replenishes the system by providing low-pressure lube oil through the center of the
beta valve, In the event that this replenishing oil is blocked off, the actuator cooling
valve shuts off, and the propeller continues to operate with no exchange of oil be-
tween the gearbox and the propeller. All this valving is included in the pump housing,
and it is removed with the actuator during disasse:rbly.

A summary of the actuator design data is listed in Table XilI.

Ball Screw Actuator

As part of the propeller actuator component studies, a brief study of a ball screw

actuator was conducted. This type of actuator utilizes the control system to acti-
vate hydraulic motors which, in turn, change the propeller blade angle by use of a
gear train and a power screw (Figure 58).

The ball screw actuator would provide redundant load paths, with each capable of
carrying the full load. Failure of one of the paths results in the reduction of the
pitch change rate to one-half the normal rate,

The combined weight of the ball screw (to change blade angle), the main actuator
thrust bear.ngs (to react the propeller loads), and the hydraulic motor (required
for input signal), without consideration for the gear train, input shafts, and redun-
dant drive system, is equal to the weight of a hydraulic actuator system. There-
fore, with no indicated weight advantage, the study of the ball screw actuator sys-
tem was not pursued further,
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PISTON AREA

MAXIMUM OPERATING PRESSURE Y
MAXIMUM NORMAL OPERATING PRESSURE
CENTER-BODY DIAMETER

ACTUATOR STROKE

BLADE ANGLE RANGE

BLADE FEATHER ANGLE

BLADE CRANK RADIUS

MAXIMUM TOTAL TWISTING MOMENT

TABLE Xit, CYCLIC PITCH ACTUATOR DESIGN DATA

11.35 IN.2
4500 PSIG
2250 PSIG
2.3IN.
2.57 1IN,
% B
8183/4
2.00IN,

19,200 IN.—LB/BLADE

PKONE SYSTEM OUT
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CYCLIC PITCH CHANGE MECHANISM

Introduction

Cyclic pitch, the variation of blade angle with rotaticnal position of a propeller,

can be used to produce pitch control moments for the aircraft., This pitch control
used in hover couid allow the elimination of a tail propeller, fuselage gearbax

and associated shafting. However, a total analysis, including the hover performance
loss when cycling blade pitch and an assessment of the complexity and reliability

of the cylic pitch systems, is needed to fully evaluate whether adding a cyclic

pitch capability to the propeller is desirable, This study did not attempt to make
such an analysis; it was concerned solely with design concepts to define the best
mechanical implemeatation of blade angle cycling pitch for minimum weight and
maximum reliability of the propeller system,

Another potential use for cyclic pitch to consider is to produce a moment in flight
to cancel or minimize propeller 1P moment, The 1P moment is encouniered iz
flight when the propeller disc is not perpendicular to the velocity vector of the in-
fl>w airstream. 1P moment is generally the major structural design considerztion
for the blade and barrel construction, and its reduction could have a marked effect
on blade weight as well as on *he weight of the entire propeller system. Although
the cyclic pitch mechanisms for minimizing 1P would be similar to those used to
produce control moments, only the latter were considered in detail for this study.

For the specific disc loading considered in this study, the desired pitch conirol
moments at the hever derign point are of the same magnitude as the design 1P
moments, For these conditions the structural loadings to which the blade, re-
tention, and barrel must be de signed are essentially the same to react the control
moments as the 1P moments, Specifically for the point design, the 1P moment is
106, 000 in-lb per propeller, and the maximum pitch control moment induced into
the propeller shaft is 116, 000 in-lb, Thus, for this design, very little weight was
added to the blade and barrel to superimpose the capability of providing control mo-
ments. The weight added to the specific cyclic pitch propeller design described in
this report was primarily that due to the additional mechanism required in the pitch
change actuation system,

It should be noted that if different assumptions of the design requirements were

made, the weight increase could be higher than that discussed above. For example,
gince there would be more power (and thrust) available during operation at sea level
standard day conditions, the aircraft could be designed to accommodate extra payload,
Therefore, the maximum operating gross weight would increase, and higher cyclic
pitch propeller control moments for the aircraft would be required, This would
increase the propeller structural loading requirements; hence the weight would
increase, Another example is that the same magnitude of aircraft control moments
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required for hover may also be required to be provided in transition by the cyclic
pitch propeller, In this case the cyclic pitch moments can add vectorially to the
1P moments encountered in transition which could also increase the propeller
structural requirements and weight,

Discussion

Several concepts were considered, and the cyclic pitch design deemed optimum is
that shown in Figure 59, A change in location of the collective pitch control as
weil as of the pump heusing was necessary, When the entire design adaptation to
cvelic pitch is considered, this concept showed a difference in weight of only 23
Ibs per nacelle over the noncyclic design. Its major advantages are its relative
mechanical simplicity--all linkages and moving parts are enclosed within the
barrel and gearbox, providing adequate lubrication and protection from contamin-
ation and minimized load paths to support the blade twisting moment loads--and
its mutual compatibility with the gearbox, actuator, and barrel designs which
optimized collective pitch propeller design,

For purposes of the design analysis, a maximum aircraft pitching moment require-
ment was estimated, equivalent to a propeller thrust vector shift to the 25% blade
radius., The correspending cyclic angle amplitude of + 10 deg, blade angle was
calculated by the analysis discussed previously in the "Aerodynamic Studies" sec-
tion. Since the maximum control moment requirement is considered tc be only

a short duration, it was also necessary to define a representative steady-state
condition, This was estimated as being equivalent to a 10% thrust axis offset,
which would require a cyclic blade angle of + 4 deg, or less,

Selected Design Concept

Figure 59 describes the new cyclic pitch actuator concept which was selected as the
optimum design concept, The basic actuator is essentially the same as the pro-
peller actuator previously discussed for purely collective pitch change, The major
difference is that the connection between the translating actuator cylinder and the
links to the crank arm on each blade is made through a moveable ball joint, The
axial positioning of the actuator determines the propeller collective pitch in the
usual manner, but rotational displacement of the ball joint allows the rear plane of
the blade links to be tilted relative to the plane of the propeller disc. Then, with
propeller rotation, the axial location of each blade link varies cyclically, forcing

a periodic blade angle excursion about the collective pitch setting, Adjustment of
the angular positioning of the ball juint vill control the magnitude of the generated
moment in a manner analogous to that of tilting the swashplate on a helicopter
rotor,
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Loading

The first consideration in analyzing the loading imposed by monocyclic pitch was the
inertia of the propeller mechanism, This includes the ball joint, blade links, and
blades, The blades contribute the major portion of the mass moment of inertia,

For the design point propeller, this moment of inertia about the longitudinal axis of
the blade is 3, 6 1b~ft2, With the maximum angular acceleration imposed by + 10
deg. cyclic pitch at 1160 propeller rpm, the blade inertia torque is 60 in, -lb, This
is negligible when considering that just the cyclic torque produced by the retention
friction is over 1009 in, -1b (Figure 60),

The titanium link arms are the same as those used in the noncyclic propeller,

The maximum 'oad requirement for the blade links is the same as that for the
collective pitch actuator design, whichis 10, 000 pounds per link in high-speed
flight, The rod end bearings in the ends of the blade links, however, are sub-
jected to increased motion when providing cyclic pitch, The maximum blade link
load is lower (2000 1b per link) when in hover where cyclic pitch is used, The wear
of the rod ends operating continuously for 1000 hours of cyclic pitch operation was
estimated to be approximately 0, 002 in, This wear could result in an error in

blade angle, but it is only of the same magnitude as the backlash existing in present-
day propeller design practice, using a scotch yoke mating with a blade crank pin,

The ball joint design is also capable of being packaged in a smail envelope, because
lower blade twisting moment loads occur in the blade range of cyclic pitch than at
the high speed cruise conditions. The total calculated axial load on the ball joint
during cyclic pitch operation has a maximum value of approximately 8,000 1b, This
load must be supported during relative motion of the ball and socket mating surfaces.
The ball joint design was found to be structurally adequate to support the maximum
collective actuator axial loads ..f approximately 40, 000 1b in the noncycli~ flight
range,

Redundant lubrication of the ball joint has heen conceived, A reinforced Teflon
coating is used for backup to a unique lubrication system incorporated in the ball
joint which provides a hydrostatic oil pressure over the moving surfaces, This

is accomplished with piston pumps that reciprocate only during cyclic action, The
pumps have oil flow supplied by the gearbox lube system plus the centrifugal
pressure head provided by propeller rotation, and they can provide flow up to 0, 48
in, 3/sec at a cyclic amplitude of + 10 deg, This provides enough lubrication flow
to dissipate friction heat, and the developed pressure will support the axial loads,

A Hooke's joint design using anti-friction bearings t- reduce friction could have
been used in this concept rather than a ball joint, However, in that case, the
structure involved in transmitting the maximum collective pitch actuator loads
would necessitate large, heavy gimbal rings and a large weight penalty,
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The ball joint must also react a component load from the link arms, which impose
a torque about the propellcr axis, This torque has a maximum value of 5500 in-lb
and is transmitted by two needle bearings (sim:lar to cam rollers) fixed in the
outer socket and rolling in slots in the ball, The torque is then reacted through a
spline directly into the barrel.

The blade retention was increased slightly (7-in, diameter to 7, 5-in, diameter) to
account for the increased number of pitch change cycles. During cyclic pitch
operation, as the blade oscillates to either side of the collective pitch angle, each
ball in the retention rolls over a given point on the retention bearing races twice,

The cyclic pitch signal to the ball joint is provided by a tapered roller bearing set,
redundant load path lever arms, and a dual servo actuator, This load path reacts
a moment produced on the ball joint by the blade links which is due to both FTM,
and the nonlinearity of CTM and ATM with blade angle, Figure 60 shows the
twisting moment of blade #1 as it cycles = 10 deg, through one complete propeller
rotation, Figure 61 shows the total twisting moments of each of the four blades
and their summation as the propeller rotates through 360 deg.

Friction in the ball joint also has to be reacted by the cyclic input lever, This is
a moment which is in a plane perpendicular to the axis of the cyclic input lever
and has 2 maximum value of 400 in-1b,

A summary of the Ball Joint Cyclic Pitch Actuator design data is listed in Table
X111,

Cyclic Servo Actuator

The cyclic servo actuator is designed with the same double redundancy philosophy
as the collective pitch actuator, and it also has a moving cyclinder with a direct
feedback, Each actuator pressure chamber is sized to take the entire load, as is
each lever arm to the ball joint, The cyclic pitch servo actuator reacts its load
through a grounded pivot mounted to the gearbox housing, The actuator cylinders
are pinned to the input lever connected to the ball joint,

The cyclic actuator hydraulic supply pressure is 3000 psi, This was considered

to be supplied by the aircraft hydraulic system, but it could also be supplied by
propeller-mounted hydraulic pumps, If aircraft hydraulics are used, the cylinders
would be designed so that any leakage was directed out of the gearbox and was not
mixed with propeller oils,
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TABLE X, CYCL.IC PITCH ACTUATOR DESIGN DATA

COL_ECTIVE PITCH

PISTON AREA

MAX OPERATING PRESSURE

MAX NORMAL OPERATING PRESSURE
CENTER BODY DIAMETER

ACTUATOR STROKE

BLADE ANGLE RANGE

BLLADE FEATHER ANGLE

BLADE CRANK RADIUS

MAX TOTAL TWISTING MOMENT

CYCLIC PITCH

CYCLIC BLADE ANGLE EXCURSION (MAX)
PISTON AREA

MAX OPERATING PRESSURE
NORMAL. OPERATING PRESSURE
ACTUATOR STROKE

—
A——

11.35 IN2 EACH

4500 PSIG

2250 PSIG

2,3 1IN,

.57

30°

81°8 3/4

2.0 IN,

19,200 IN—LB/BLADE

+10°

.307 IN2 EACH
2500 PSIG

550 PSIG

1.3 IN.
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Other Cyclic Mechanisms

The above-discussed cyclic pitch system was considered to be of optimum design,
Several other cyclic mechanisms were considered and are described below,

Figure 62 shows a concept of a nonrotating.actuator with a ball and a rotating,
tiiting swashplate, A basic disadvantage of this configuration is the size of

the duplexed tapered roller bearings which must react the full actuator collective
and cyclic blade loads while rotating at propeller speed, The cyclic input bearings
in the selected design react culy the differential moments between blades and also
rotate at propeller speed, The -2quir.d bearing capacity for the nonrotating
actuator would be approximately 17 times that of the concept used, which would
cause at least a 25-1b weight penality.

A second disadvautage to this concept i, that the actuator loads must be grounded
across the main proneller mounting bearings into the hub structure, This additional
thrust loading increases the requiced capacity of the main bearings by a factor of

2. 85 times that of the selected syatem, and it would produce an additional weight
penalty of approximately 22 1b,

The nonrotating cyclic actuator design was not puraued further because it had these
apparent weight disadvantages,

Figure 63 shows another cyclic pitch concept which uses linkages to provide a cy<lic
input that does not stroke with the collective actuator, However, the design has

12 more pivot points than the selected éesign, with each reacting the total blade
loads, The added complexity and additional structural pivots were the primary
reasons for discarding this concept.

A planetary gear train located within the blade shank seemed to be an interesting
concept and is shown in Figure 64, The gear train is used to sum collective angle

and also to cycle blade engle, This system requires a 7, oo-inz_{mi; gear, six

planets with a 2, 00-in. diameter, and a 3-in. sun gear, all with face widths of 1, 5 in,
A collective pitch actuator with inputs to the planet cage would have a stroke of 2, 75
in, and would require dual areas of 14 in, 2 each, The cyclic input of the sun gear
must essentially go through a swashplate similar to that of the selected design, The
cyclic input must also go through a bearing to take out propeller rpm, but it does

not have to translate with collective pitch, This system has the disadvantage

of being heavier and more complex the« the selected system,

One of the cor.cepts considered for providing a cyclic pitch to minimize 1P loads

was a self-regulating propeller in which the propeller hub was gimbaled to the
propeller shaft, An anticipated advantage was that a major portion of the 1P moment
would be automatically eliminated by allowing the plane of the propeller disc to
adjust to the frec airstream inflow to the propeller, This configuration iz shown in
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Figure 65. The gimbaled joint must have the angular degrees of freedom of a ball
joint, be driven torsionally about the propeller axis, and must transmit full propeller
torque (approximately 108, 000 in. -1b). This design must also avoid possible whirl
flutter instability. A mathematical discussion of the criteria for stability is dis-
cussed in Appendix VIII. The stability criteria for a monocyclic mechanism de-
pend on the ratio of blade angle cyclic excursion to angular rotation (tilting) of the
propelier disc. For an aircraft with a Vy5¢ of 410 kn this ratio must be 6. 0 to be
stable. Specifically, for a blade crank arm radius of 2, 0 in. selected for the pro-
peller design, the blade link would have to be attached to the blade external to the
barrel at a radial location 12 in. from the propeller axis of rotation. This would
require an extensively modified large barrel or external blade linkage. These
conditions appeared to negate any weight advantages that would be accrued by the
elimination of the major portion of 1P by using the gimbaled propeller concept.

The controlled cyclic pitch (such as the selected design concept) is not subject to
the stability described above. Also, the selected cyclic control system could be
used with a feedback loop from a 1P moment sensing device to automatically min-
imize induced 1P moments in flight, This would be the preferred method,

CONTROL SYSTEM

The rpm control system for the propeller consists of an rpm-sensitive valve which
meters oil to the beta valve servo piston in proportion tothe rpm error, The servo
piston moves as long as there is an rpm error present, and at a rate proportional

to the rpm error magnitude. The beta vailve position is then changed by a linkage
connected to the servo piston. Displacement of the beta valve causes the actuator
cylinder, and thus the blades, to move. Output of the servo piston is also connected
to the speeder spring platform and the speed-setting servo through a summing link.
This, in combination with the speed-setting pilot valve, provides a iead time constant
which cancels the effect of the long engine-propeller lag time constant, thus allowing
high system gains and less rpm overshoot during transients. The same hardware
also provides a delay in speed setting, Since this delay is the same as the lead time
constant, which is matched to the engine-propeller time constant, torque dips are
minimized when power and rpm settings are changed in the coordinated mode.

The overspeed governing system provides protection against failure of the main
governor. If the main governor fails and calls for a decrease in pitch, the resulting
motion of the beta valve actuator servo moves the speeder spring platform of the
overspeed governor as well as that of the main governor, thus resetting the governor
and bringing it into play before the propeller reaches the steady -state rpm setting

of the overspeed governor. Studies have shown that this feature prevents rpm over-
shoots greater than 2 % over the overspeed governor setting, Since the overspeed
governor is a true governor for this mode of failure of the main governor, the
propeller will continue to operate at the increased rpm.
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Feathering of the propeller is initiated by rotating the feather valve, This acticn
bypasses the governor output and directs supply oil to the beta valve actuator servo
piston which moves the beta valve to increase pitch.

The beta control mode is accomplished mechanically and bypasses all the hydraulic
functions of the control. This ensures additional propeller reliability by providing
direct control of the beta valve with the input linkage, In cases where the hydravlic
supply of the control has failed, the blade angle can be increased by activating the
beta valve to correct an overspeed condition,

Hydromechanical Control

Figure 66 depicts the hydraulic schematic of the propeller control. It is similar

to that used on the Hamilton Standard VC82S propeller system, in that it incorporates
a mechanical lead network, but linkage and valving have been greatly simplified for
this concept,

Redundant beta valves (distributor valve) in the propeller actuator are positioned by
the control output. Fajlure of the actuator signal tp reposition these valves will cause
the propeller to lock pitch, as described previously.

Use of new concepts for *he control (Figure 67), such as modular construction,
hydraulic wiring, and miniaturization of components, yields large-percentage
weight savings while increasing reliability and ease of field maintenance, 'O"
seals have been eliminated except for external sealing, Titanium is incorporated
in place of steel wherever possible throughout the control to take advantage of
titanium's inherent high strength-to-weight ratio and corrosion resistance,

One of the major weight reductions accomplished in the control is the elimination

of the conventional forged or cast control housing, which has valve bores and
drilled interconnecting passages. The new housing concept consists of an aluminum
mounting plate of sandwich construction, Hydraulic tubing is integrally brazed be-
tween the plates of the housing and forms a light, rigid "wiring board" which dis-
tributes hydraulic flow to all the modular control units, The rear face of the
mounting plate is used for mounting various components, and a "spider" structure
is used for support of linkage, All units are mounted by studs and locknuts, thus
eliminating lockwiring.

Sealing between modules and the control housing is performed by soft metal gaskets,
To provide a known preload at the gasket interface, the mouating surface of the
housing is slightly recessed except for small rings of material around the hydraulic
line endings and studs.

A typical valve module is shown in Figure 68, It is comprised of a steel container,
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sleeves, and tubes joined by nickel brazing into ore rigid assembly, Wiinin the
module container, hvdraulic iuput and output lines are brazed to the container next
to the stud locations to ensure adequate transfer of the stud loading to the sealing
surfaces at the metal gasket interface, For redundant joint sealing and additional
vibration damping, the modules would be encapsulated with a relatively low density,

high-temperature epoxy compound (similar to Stycast 2662) with good strength and
adherence characteristics,

Although the components within the modules are not intended to be line-replaceable
units, all valves within a module could be disassembled and inspected by removing
their sealed threaded plugs., The modules could be operated at temperature levels

up to 4000F with the elimination of ""O" seals. (Maximum oil temperature is
300°F.)

IFor the early 1970's, the material used for the module valves and tubing would
be a combination of AISI 347, a carbon-stabilized stainless steel, and a nickel-
alloy braze which allows liberal clearance gaps between parts for brazing,

During assembly and brazing, a ceramic fixture holds the sleeves in position,
Brazing material is applied in a powder form over a dip coating of a volatile oil

which vaporized during brazing. After brazing, the valve Lores are sized to their
finished diameters and are nitrided,

Work is currently in progress to obtain a satisfactory means for brazing titanium.
Current brazing materials yield a brittle interface which affects the fatigue strength
of the joints, Silver alloys are showing the greatest promise; however, at operating
temperatures higher than 300°F, MIL-L-7808 oil breaks down, due to the catalytic
action of silver, It is expected that significant advances in this regard can be made,
such that, by 1975, titanium will eventually replace steel for the modules,

The main control pressure pump and valve module would be constructed in a manner
similar to the module described above., The pump is a constant-displacement gear-
type pump which is operatied at approximately 15, 000 rpm (at takeoff), This is a
higher speed than has previously been used, and it will greatly reduce pump size and
weight, Speeds of 15, 000 rpm are considered to require only a small improvement
in today's state of the art, For a constant pump output flow rate, increasing the
speed allows tooth height and/or gear outside diameter to be reduced, Reducing
these dimensions tends to offset the problem of filling the gear pump teeth cavities
at high speeds, and it reduces the pump inlet presssure required for proper tooth
filling, Should inlet pressurization cease, the pump is capable of operating at
approximately 70% volumetric efficiency for several hours. However, cavitation
would probably occur under this severe operating condition, Pressurization to

20 psi should ensure proper operation without the need to resort to additional
measures such as helical gears. Pump gear centerlines would be oriented so that
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by intercharging the drive gear and idler gear, a minimum of change would be re-
quired to accommodate propellers of opposite directions of rotation. Should the
pump drive gear spline fail due to a jammed pump, a journal bearing is provided
between the gear and the pump shaft tc allow gear rotation without damage to the
gearbox components,

A new concept for the propeller governor is shown on the control package. The
new concept has improvements in simplicity, weight, and volume, Basically,

the governor flyweights have been replaced by a rotating disk of oil behird an
axially movable, double-layered, flexible metal diaphragm. Hydrau’i: icrce
generated by the centrifugal force of the rotating oil is opposed by the convention-
al speeder spring and associated speed-setting linkage, The gear ratio between
bull gear and governor drive ailows the governor to be driven at approximately
15, €00 rpm and ensures a small govenor with large hydraulic force output, The
lack of friction in converting from a rotating to an axial force by means of fluid
pressure ensures excellent speed sensitivity and accuracy. A hydrostatic/hydro-
dynamic thrust bearing at the speeder spring end of the governor would be em-
ployed rather than the conventional high-speed baill bearing, An antitorgue link
connected to the stationary spring seat is used during governor startup to prevent
spring windup before hydraulic pressure is established between the thrust bearing
seats, When synchronizing and synchrophasing are required, the antiterque link
is replaced by a lever which is positioned by the synchronizing control and applies
a varying load input to the speeder spring for small speed corrections, Governor
metering is accomplished with the conventional spool valve, but due to the elim-
ination of "Q" seals, it has a much smaller envelope,

Nonregulatory on-off hydraulic swithcing functions, such as the feather valve
shown in Figure 66, have been incorporated into a rotary-type disk valve. A
zmall center disk of approximately 0, 5 in, outside diameter surrounds the shaft,
and it is sandwiched between two end plates. Fluid metering is accomplished by
relative rotation between the shaft and the disk. An adjustment screw on the
outer disk allcws adjustment of the valve, This type of valve greatly reduces size
compared to the conventional spool type and also eliminates ""O'" seals,

Shaiting, feedback cam roller supports, lever pivots, control cover, and brush
block are support2d and positioned by a lightweight aluminum spider housing
mounted to the control mounting plate by self-locking nuts and studs. Included

in the control at the lower aft part of the spider housing is a jet pump and check
valve module, Normal component and gearcase leakage is scavenged and returned
to the main gearcase in either the VTOL or the cruise attitude,

Input levers and control linkage are primarily constructed of sheet metal and are

laminated or doubled {or redundancy, Input levers are welded to the coaxial shafts

to form an integral, strong, lightweight configuration, For reliability, pins to
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support linkage bearinze will be electron-heam weldcd t5 the ievers or will be
trapped by adjacent hardware, thus eliminating loose pieces such as clevis pins,
washers, and cotter pins,

An axial-type feedback bar cam was selected in preference to a rotary type for
simplicity and ease of control assembly and disassembly,

By utilizing the center area along the propeller axis, electrical wiring for propeller
deicing can be enclosed within a hollow tube which supports the wires from the rear

of the control package to the front of the propeller, The rear end of the tube attaches

to small-diameter beryllium-copper sliprings contained within a sealed rear slip-
ring brush block for redundancy. A small carbon button at the centerline of the aft
end of the tube makes contact with a flexible spring to transmit the system-out
signe”  .Z3sembly of the slipring tube can be performed from the forward end of
the propeller. Inspection of the sliprings and brush block assembly can be accom-
plished, without removing the control, by removing three self-locking nuts that
retain the brush block assembly.

The-control cover is fabricated from fiberglass reinforced plastic, The control
cover can be moved rearward over the brush block assembly by removing the
cover self-locking nuts to inspect the internal parts of the control without removing
the propeller system from the engine.

Electromechanical Control

Although an electrohydraulic propeller control was not the selected control for use
with the study propeller, a system has been conceived for comparison, The con-
trol can be a relatively small, lightweight unit attached to the aft end of the gear-
box, and it can produce a mechanical output which actuates the beta valves in the
propeller pitch change hydraulic actuater,

The control system would comprise three basic elements: sensors, electronics
package (including power generation, computation and output power circuits), and
output electromechanical coupler (Figure 69)., The speed sensor, power generator,
and computation would be contained in a single unit mounted op the aft part of the
propeller gearbox, Two separate channels would be utilized, with the power gener-
ator, computer, lever position sensor, and motor electrical windings r‘epeated in
each channel, A comparator in the electronic package will permit both channels to
function when their signals agree. When they de not, a comparison is made with
the last control signal (held in storage), and the channel whose signal is closest

to the last signal is activated and the other channel is deactivated,

The position sensors for power lever and condition lever would be located at the
control for maximum reliability and would connect to the electronic package with
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redondont permanent -ty pe wiring to avod recepiacles. B is antizicniod i the
eniine comiral could U0 Sume-reprzced and that any component replacement wiring g
coulé be dome 2t 2 depot level maintenance fscility. ¢

Sensors and Power Generator !

Propeller speed. speed lever command, and condition lever command must be

sensed. The propeller speed would be sensed by a pulse generator driven by i
the proveller rotation but mounted 20 the nonrotating portion of the propeller .
svstem. Safficient power would be extracted from the pulses generated for

speed sensing 0 provide the low wattage required for the computer plus approxi- ;
mately 10 watts of puise power required for the step motor. Two redundant pulse ‘
generators provide redundant poaer. speed, and phase signals to two compietely

separat~ eiectronic channels.

Sensors for the position of power lever and conditisn lever would be ¢wo solid-
state opacal encoders mounted in an encapsulated package, and solid-state low-~
speed multiplexers would sequentially sample the encoders and pass information

through redundant, physically isciated paths io the computer.
Computer

The computer would be entirely contained in the rear portion of the speed sensor
package and would comprise 504-1000 integrated circuits. All signal conversion,
power source regulation, computation, 2nd output circuits wculd be in the assem-
bly.

Electromechanical Couple>

The c.ipul coupier will comprise a stepping motor and mechanical positioner
located in the staticnary part of the propeiler. The ccupler drives the input to
the propeller in the same fashion as in the hydromechanical system. Iis elec-
irical windings woiid be made redundant and would be driver from the redundant
computers. Circuit magnetic bias in the motor will lcck the rotor with a torque
equal to rated torque except when the motor is stepping. This provides a fixed
input characteristic to the hydromechanical propeller in the event of an "open”
control failure.

Environmental Tolerance

Vibration, temperature, and RFI(Radio Frequency Interference) characteris-
tics present problems for electrical equipment in a combat powerplant environ-

ment. The use of solid-state circuits and completely encapsulated wiring has been
demonstrated to be adequate for vibration in powerplant ervironments, and the
metor would employ potted windings. no brushes. and no connectors to assure

vibration tolerance.
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The temperature of the solid-state electronics would be limited by their insu-

Yaddon froin the surrounding parts of the stationary propeller and by cooling air

provided from the gearcase ofl cooler through a small air duct. This should

limit the maximum temperature of the computer to less than 200°F. Tempera-

ture is not a problem for the output ccupler or the input sensors. RFI suscepti-

bility would be controlled by usirg digital transmission of a command signal and

by limiting the bandwidth of signals. RFI generator would be controlled by elimi- .
nating the fast rise times of high-power signals.

Fail-Safe Features

Fail-safe features would be required, such that no failure would jeopardize the
safety of the aircraft and its passengers.

The complstely redundant duaiized system provides inherent ability to handle any
"open" failure, and a comparator circuit is used to provide protection from shoxt-
circuit failures.

~r

Speed condition commands would be stored in the computer. As these sensors
were sampled, the new commands from the redundant sensors would be com-
pared by the compater. In the event of disagreement, ihe value closest to the
previous command would be selected, and the other system would be shut down.

The comparator has the ability to detect the rise time of the signals and to shut
down either system when the signal rise is essentizlly instantaneous, as is the
case of an electrical failure.

Reliability

The low reliability level of a electromechanical control in comparison to a hydro-
mechanical control is 2 major problem. The improvement of the electromechan-
ical contrcl reliability level requires the elimination of critical fits and motions,
the use of compornents of high inherent reliability, the employment of conserva-
tive design, and the use of redundancy i: critical components. The electro-
mechanical control does have the advantage of few moving parts (and those that
do move do so on a very low duty cyc’e) and therefore, failures accentuated by
wear should not be present. However, the probability of initial failures (infant
mortality) in the electrical components is high, and therefore a "burn in" period
of operatior after manufacture wovld also be mandatory to provide a reasonable
level of roliability.

Electronic Control,Conclusions

Electronic contiols are receiving considerable emphasis for engine fuel controls
at Hamilton Stardard Division and elsewhere 1n industry. Electronics is an area
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of tremendous growth, and the use of electronire for spec:fic functivis shouid
continue to be considered where their unique advantages of microminiaturized
computing ability, ease of readout, and integraticn into other electronic circuits
(such as stabilization or integrated data systems) warrant their use. It is esti-
mated, however, that in the 1970's, electronics for propelier controls will con-
tinue to show a negligible advantage in weight and volume and a considerakly
lower overall reliability. (Mission reliability can be markedly improved by re-
dundani circuitry, but it is estimated that unit reliability in the environment of
a propeller control will not approach that of a hydromechanical device in this
time period).

Fluidic Control

Fluidic systems have the potential for providing improvements in reliability, cost,
weight. and frequency response over conventional hydromechanical controls and
therefore. warrant some study., The major disadvantage of fluidic systems, how-
ever, is the greater standby power consumption required over hydromechanical
systems. This limits their use in providing large power actuation functions, It
does not appear desirable, therefore, *o replace the propeller actuator and associ-
ated hydraulic powver pressure regulators with fluidic components.

It dons ~ppear that even further improvements over miniaturized hydromechanical
controk in volume and weight could be realized by replacing the lead network (and
possibly the governor) with fluidic components with at least equal reliability to
hydromechanical components, although this change would not have a major impact
on the overall system weight or volume, It is recommended that additional studies
in this area be pursued,

Synchrophasing

Synchronization and synchrophasing of engines, if desired, could he accomplished
with a fluidic system as shown in Figure 70 by biasing the slave engine governor
through a small lever and bellows assemby attached to the spring seat. A cen-
trally located master fluidic control, supplied by air pressure, compares the
speeds of the master and slave engines and by means of a digital-to-analog con-
verter, modifies pressure to the slave governor bellows to effect proper slave
synchronization and synchrophkasing, This concept has been lahoratory tested at
the UAC Research Labs with excellent resulits,

DEICING SYSTEM

Deicing power for the two propellers is assumed to be supplied from one phase
of the aircraft main electrical system, The higher the voltage, the lower would
be the current requirement for the deicing system, Therefore, a 208-vac
supply is recommended. The blades would be deiced from the spinner radially to
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approximately 237 of the biade radius, and from the hlade Icading edge back to
20(" I_J.-A,.

2ladc Jhierd,  1he average watt density would be 6 watts per square in,

On this basis, each propeller would require 2076 watts for blade heating. A typical
blade heater is shown in Figure 71,

Should spinner deicing be required, another 2076 watts would be required for heating
the spinner, The spinner heated area extends from the tip to the 12-in, station with
power densities varying from 9.0 to 3. 5 watts per square inch (Figure 71). A
thermostat is located near the spinner and blade heaters to switch off the current

in the event of an overtemperature condition at the heater.

The power requirements for each propeller are summarized in Table XIV, Power ‘
would be cycled by a timer sothat power would be supplied to only one propeller's

set of blades or spinner at any given time. The cyclic time would be 30 sec, on and

90 seconds off, The power would be supplied to the spinner (#1 prop) for 30 sec.,

then to the blades (#1 prop), then spinner (#2 prop), then blades (#2 prop); then re-

peat cycle, In this manner, the total deicing power requirement is 2076 watts.

The timer would be powered by the aircraft 28-vac system, The timer activates
the deicer relay to a specified propeller Leater zone and current flows through a
brush block slipring assembly mounted on the control housing. Three #14 or #16
Teflon-coated lead wires (2 power and 1 ground) conduct the current to the spring
loaded electrical contacts mounted on the inner spinner surface adjacent to the
blade shanks. The current is then conducted through thermostats to the spinner
and blade heaters, The spinner-to-actuator contact will be by means of spring-
loaded contacts to provide for quick spinner removal. The electrical schematic
shown in the next section includes the above deicing system.,




-Z

BLADE
DEICING adl
ZONE

SPINNER
DEICING ZONES

—— — —— ———— S - — — . o= G WA G G Gm— = e wea e e

?

- 12.0 —_—

2;4 B /5 WATTS/IN2

2:‘ B | WATTS/IN2

7.2 zt / s WATTS/IN2
|

/ AN

\TOTAL AREA 86.5 IN2

TYPICAL
BLADE AVG WATT DENSITY 6.0
HEATER TOTAL WATTS 518

FIGURE 71. BLADE AND SPINNER DEICING ZONES

158

B e

A




TABLE XIV. DEICING POWER REQUIREMENTS
, AREA WATT DENSITY POWER
(5Q IN) (WATTS/IN2) (WATTS)
BLADES 346 6.0 2076
SPINNER ZONES
| 3 9.0 27
n 78 7.7 604
m 76 5.2 396
v 81 5. 405
v 184 3.5 644
TOTAL
SPINNER 422 4.9 2076
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SYSTEM DESIGN

The previous section described the various concepts and materials studied for use
in the integral gearbox (IGB) propeller system components. The concepts and
materials found to be feasible and to offer the best potential for weight reduction
were defined, This section presents three different propeller system designs using
the previously optimized components, The three specific system designs are:

Collective Pitch IGB Propeller System With Cross-Shaft Drive

Cyclic Pitch IGB Propeller System With Cross-Shaft Drive
Collective Pitch IGB Propeller System Without Cross-Shaft Drive

DESCRIPTION

The major components of the three system designs presented are described in the
following pages.

Integral Gearbax Assembly

The integral gearbox assembly will be identical for both propeiler systems used
with cross shafting, and only minor ciaanges are made to the gearbax used with the
non-cross-shafted propeller system,

The primary requirements of the gear train are that it transmit 2000 hp through
a 20:1 speed reduction with a maximum desired 1% loss and that it incorporate
provisions for opposite rotation,

The gear train (Figure 72) is a two-stage configuration with a pinion-bull gear train
driving an epicyclic {planetary) gear train, The engine input power is transmitted
to the driving inner sleeve of the overrunning clutch by a splined connection, This
spline allows for small eccentricities and deflections that change the location of the
engine output shaft and the gearcase input, The clutch has been integrated within
the first-stage pinion gear, thereby eliminating the need for separate clutch mounting
bearings and additional housing, The overrunning clutch is a spring~type clutch
that drives a steel cylinder insert in the pinion gear rim, The sleeve isolates the
high bursting loads of the driving spXing from the pinion gear rim loading, A spline
connects the sleeve to the pinion gear, ILubrication of the clutch area is achieved
by a spray bar depositing oil in an anmulus that causes the input spline, outiput
splines, and clutch spring to be submerged in oil,

The pinion gear meshes either with an idler gear for the left-hand gearbox rotation
configuration or directly with the bull gear for the right-hand rotation configuration,
The first-stage gear ratio is 5, 22:1,
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PROPELLER SYSTEM WITH
CROSS~SHAFT DRIVE

FIGURE 72. COLLECTIVE PITCH IGB
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The idier and the bull gears are mounted on single bearings to permit the gears to
adjust their angular alignment 2utomnatically and to ensure 2 more uniform iocad dis-
tribution along the tooth profile, The idlcr gear rmounting shaft is used as the imner
race of the idler mounting bearing, thereby neducing weight and sirpiifying the
assembly procedure., The position of the idler gear center with respect to the pinion
2nd bull gear centers is selected so tist the summation of the gear loads at the two
me<hes teads to make them cancel each other, thns reduciag -2 required bearing
capacity and weight,

A doweled and bolted flange commection is utilized for transmitting the iorqgue from
the bull gear to the sua gear quill spline to allow for assembly., The splined
titanium quill shaft allows the sua gear to adjust its angular and radial position as
it meshes with the planect gears., The second stage has a 3, 84:1 gear ratio,

The planet gears are mounted on 2 plaset carrier with spokes designed to deflect a
sufficiest amount so that there is essentially equal torgue sharing among the five
fanets, I addition to 2 net lateral deflection, the spokes are designed so that
angular deflections are cancelled, leaving the net slope of the planet bearing un-
changed, This ensxres that the planet loads will only produce deflections of the
spokes in such 2 manaer that the plonet gear is not misaligned,

The selection of titanium material for the gearcase as well as for the gears virtually
eliminates the effect of thermal expansion on gear center distance, This also
permits the planetary ring gear to be made an integral part of the front housing,

The use of the large-diameter tailshaft enables the planet carrier ring structure to
mate directly with the tailshaft, ciose to the point of loading on the planets. Tic
moments which mast be reacted by the ring are thereby reduced, The placement
of the carrier-tailshaft spline connection benezth the tailshaft bearings has tae
additional advantage of ircreasing the stiffness of that section, The planet carrier
is mechanicaliy held to the propeller tailshaft by a large spanner sut, and is iocked
in position by 2 solined lock cup.

The propeller tailshait mounting concept selected for the system was ibe duplexed
tapered roller bearing configuration. In addition to the weight saving, this design
has a larger area available at the rear of the actuator which is used to advantage
in the cyelic pitch design,

External sealing is accomplished by using carbon face seals for the high-speed icput
shaft, cross-shaft, and fan shafts and a lip seal at the low-speed propeller tzilshaft,
The lip seal may be removed for replacement without disassembly of the propeller
by removing the front housing ring 2nd by cutting the seal. A split lip seal is used
for replacement until the propeller is overhauled. This concept is presently being
used on the AH-56A propeller system,
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For cruise operation of a cross-shafted propeller system, a decoupler has been
included in the system in order te feather the propeller. To actuate the decoupler
mechanism for cither decoupling or recoupling in flight, two solenoid valves using
aircraft hydraulic supply pressurc and a speed indicater with a coupler cont. ol are
utilized (Figure 72j. A signal from the cockpit to couple the cross-shaft is trans-
miited to the speed indicator and coupling control. Here, the speed of the cross-
skaft is compared to the speed of the cross-shaft drive gear. When the speeds are
equal, the signal is then transmitted to a solenoid valve. The solenoid valve then
allows aircraft hydraulic pressure to 2nter intc a servo piston. The moverient of
the piston unlocks the moveable jaw member by physically disengaging it from a
detent; then continued rovement engages the teeth of the jaws and the moveable
jaw member is locked in the eng=ged position by a detent. For decoupling, a
second solenoid valve is used, which, when actuated, allows aircraft hydraulics to
flow into the opposite side oi the servo piston and to force the jaws to disengage.
The use of the servo system ensures rapid engagement and disesgagement of the
coupling.

Lubrication of the decoapler jaw teeth, splines, and inner bearings is accomplished
by incorporating dams and submerging these paris in oil. For the sizing of the
croes-shaft gear and decoupler system, the torque capacity was based or: trans-
mitting one-haif engine power at a cross-shaft speed equal to one-half engine rpm.

The right-hand version of the gearbox assembly will be identical to the left-hand
configuration shown in Figure 72 except in the following areas: (1) the pinion gear
center location is changed, which brings the pinion into rxsu with the bull gear;
(2) the idler gear is retained to drive the pumping system, but its center is also
changed so that it meshes only with the pinion gear, and its face width is decreased
to reduce weight.

Based on test programs currently being conducted by bearing manufacturers on the
use of Crucible 52 CB bearing stee! materia!, the bearings for this study were de-
signed for 2n AFBMA air-melt-calculated Bjg life of 608 hr. A conservative fac-
tor of 5 waz applied to the life calculation {6 account for the increased life obtain-
abie with these advanced bearing materials, which would result in an expected Bjg
life of at least 3000 kr for the bearings.

Integration of the fan and heat excharger into the gearcase has actually increased
the weight usually furnished bty the propeller manufacturer, but it has reduced the
weight of the total propulsion system. The air inlet ducting to the fan has been
eliminated, and the use of tae axial flow fan allows the heat exchanger to have a
smaller volume,

The preoposed pumping and scavenging systems shown for this gearbox design have
fewer moy.ag parts and are lighter than the constant-displacement gear pumps
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presently in wide use. The scavenZed lube oil is supplied to the rotating idler gear
internal annulus. The rotation of the gear provides a centrifugal field that centri-
fuges the oil from the scavenged air-oil mixture which, because of the almost im-
mediate air-oil separation, eliminates the need for large external oil tanks pres-
ently in use. The rotating gear is also used as a centrifugal pump to provide lube
system pressure and flow. A portion of the pump fiow is diverted tc a jet pump
Jecated i the wet sump area to provide scavenging. The scavenged discharge from
the jet pump flows intc the rotating idler gear. mitial operation of the pump is ac-
complished by having the pump area flooded when the system is shut down.

The forward and rear gearbox housings are joined at 2 bolted flange connection.
This same flange would be designed to be a 130unting ring for attaching the propel-
ler system to the aircraft nacelle structure. The cross-shaft power takeoff and
cooling fan are positioned 45 deg from a vertical plane in order to reduce the over-
all gearcase beight and nacelle size. A preliminary nacelle laycut is shown in
Figure 73.

The integral gearhox with cross-shaft drive described above can be used with either
the propeller protviding collective pitch change or the propeller providing cyclic
pitch (Figures 72 ind 74). For aircraft installations where cross shafting is not
required, the only changv: to the integral gearbox is to remove the croes-shaft drive
gear and decoupler 2nd to remove the provisions for these in the housing (Figure
75).

Propetler Assembly

The propeller assembly consists of four major components: blades, barrel, pitch
change actuator, and spinner,

Significant reductions in blade weights primarily due to using advanced materials
for the blade spar have been projected in a previous section, Since the blade
weight imposes the main sizing requirements for the barrel and actuator, these
components will also possibly be substantialily lighter.

The spar made of boron filaments in an aluminum matrix has been shown to offer
the highest potential for future weight reduction, ard that is the blade spar specifi-
cally shown in the drawings of the system design (Figure 72 through 75;.

titanium spar also offers a significant improvement in blade weight over that of
the steel spar blade. The titanium spar is presenily being developed and could
feasibly be used in the next-gzeneration V/STOL prepellers. The only modification
required to the design shown in order to substitute a titanium spar for the boron
spar, would be to make the titanium blade retention bearing race, which iz sk~ u
attached to the boron spar, integral with the titanium spar. Both blade spars would
be covered with the airfoil-shaped fiberglass shell.
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The torque output of the gearbox planet carrier is transmitted through a splined
connaection to the barrel tailshaft, The tailshaft is integral with the cross-cylinder
barrel concept and reacts the propeller loads into the gearcase structure through
the tapered roller bearings. The cross-cylinder barrel concept consists of two
continuously interacting perpendicular cylinders that form the fovr blade retentions
at their extremities, The normal ball-bearing blade retention has been modified
to a four-point bearing design to increase its capability to react blade moments.

Movement of the actuator cylinder is controlled by beta valve displacement, which
is accomplished by converting the propeller control output signal by means of a
system of bearings, ball-screw, and moveable threaded members. Fore-and-aft
axial control output motion is first int1oduced from the nonrotating control into the
rotating propeller by a redundant set of duplexed ball bearings. With a double-
lead, dual-load-path ball screw, the axial position of the conirol output adds or
subtracts a giver number of revolutions from the ball screw, thus causing the pitch
lock nut threaded to the actuator to rotate relative to the actuator and to translate
to a new axial position. This axial motion is transmitted through two flanged idler
gears to displace the beta valves that meter hydraulic fluid ‘o the actuator. Motion
of the actuator (and therefore the nut) nulls the displacement of the beta valve and
closes the metering passages. A loss of kydraulic pressure would allow the blades
to move toward low pitch, closing the gzp between the zctuator nut and the stop and
causing the blades to lock pitch,

Beta valves are dualized for redundancy, and ithey contain a centering device so

that override of either valve can occur in the event one of the valves is jammed.

If an override occurs, that system pressure is auvtomatically dumped to drain,

to allow the remaining system o continue t¢ control the actuator. The double-lead
ball screw allows preloading within the assembly for removal of backlash and aiso
serves in a redundant manner. Misalignment of the input system from the beta
valves io the conirol is prevented by incorporation of a universal joint at the forward
end of the ball screw.

The beta valves meter fluid to the actuator from the actuator~-mounced high-pressure
pumping system. The motion of the actuator cylinder produces a displacement in
the blade links, which are connected to the offset blade trunnion arm. The axial
movement of the links thereby produces a rotatory motion of the blades about the
blade axis,

The side loads generated by the blade trunnion are reacted in the actuator cylinder
by the incorporation of a spline connection between the cylinder and the barrel.

The additional pitch change mechanism required to incorporate provisions for cy-
clic pitch consists primarily of a moveable ball joint between the collective pitch
actuator and the blade links, and a lever and servo actuator to provide the force to
pivot the ball joint (Figure 74).
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To improve the airflow into the propeller and provide better pressure reccvery,

a fiberglass spinner has been included in the system. The single-point retention

of the spinner sliows for the quick removal of the spinner and also ensures mechan-
i~al connection of the deicing leads. Lateral loads of the spinner shell are re-
acted by the front bulkhead and through the slip joint connection of the spinner to
the rear bulkhead, while fure-and-aft loads ure reacted by the front bulkhead.

Control System ’ .

Mou-Cross-Shafted System

The rpm control system for this propeller consists of an rpm-sensitive valve
(governor) which meters oil to the beta valve servo piston in proportion to the
rpm error. The servo pistor moves as long 25 there is an rpm error present,
ar:d at a rate proportional to the rpm error magnitude.

s R aA A L
.

The outpu: . f the beta valve servo is connected to the main beta valve actuating
vod. Yiol) .« of this rod, through a linkage mechanism, displaces the beta valve
locate.! in the main actuator, which in turn meters cil to the main actuator.

The beta valve is ~ulled by motion of the main beta actuating rod, which is con-
necied to a cam and a cam follower.

TR ,“W’Vﬁ"“ﬁ“f

- The cam fcllower, through a linkage, resets the governor speeder springs and
. displuces the speed-setting pilot valve. Oil metered by the speed-setting pilot
valve moves the speed-setting servo piston, and tne resulting motion is summed
with the motion of the cam follower, thus nulling the speed-setting pilot valve
and returning the speeder spring to its original position.

- iy

D~ Piakii i

! The rate of displacement of the pilot valve determines the value of the lead time
constant (71), which is sized to cancel the effect of the long engine-~ropeller
lag time coastant (7e). This allows high system gains which provide improved
steady-stat:: and transient characteristics. The linear block diagram repre-
sentstion of this system is shown i{n Figure 76, which presents characteristics
that define 1he propeller response under engine power transients,

YT T

The overspeed governing system provides protection against failure of the main
r goveinor, lf the main governor fails and calls for a decrease in pitch, the re-
a2 sulting motion of the beta valve actuator servo moves the speeder spring plat-

' form of the overspeed governor as well as that of the main governor, thus re-
setting the governor and bringing it into play before the propeller reaches the
steady-state rpm setting of the overspeed governor, Studies have shown that

: this feature prevents rpm overshoois greater than 2% over the overspeed gover-
nor getting, Since the overspeed governor is a true governor for this mode of

3 fajlure of the main governor, the propeller will continue to operate at the in-
creased rpm, i
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Featonering of the propeller is initiated by rotating the feather valve. This
action bypasses the gevernor output and directs supply oil to the beta valve
servo piston, which moves the beta valve to increz-e pitch.

The beta control mode is accomplished mechanically and bypasses all the hy-
drauiic functions of the control. This mode covers the range of blade angle
contol from the low-pitch stop (i.e., the minimum governing angle) to full re-
verse. Since the low-pitch stop angle is determined by the stop on the beta
valve actuator servo, the beta valve is positioned directly by the input linkage.
Thus, by coordinating powz: and blade angle, reasonable rpm control can be
maintained for ground handling and reverse thrust,

Operation of this control is similar to that used or the VC828-1 propeller sys-
tem which has been successfully engine tested on the T56-A18. Excellent
transient and steady-state performance has been observed. Although the
engine-propeller inertial time constant (Te) on the study propeller is shorter
than that on the VC828-1, this would only improve the propeller transient
characteristic. No other unusual dynamic characteristics were found in inves-
tigating the propeller-engine system.

cross-Shafted (VTOL) System

The cross-shafted (VTOL) control system either with or withot cyclic pitch
contains essentially the same hardware as the non-cross-shafted system, but
it must be different in its mode of control. In the non-cross-shafted system,
the isochronous main governors maintain rpm on each propeller system inde-
pendently while power is controlled by the pilct. This system automatically
accomodates any change in the propeller operating environment, such as air-
speed, power level, and density, and continues to operate at its set rpm,
When the two systems are cross-shafted together, several major problems
arise. If two isochronous governors are trying to control a common rpm, and
the two governors are not set at exactly the same rpm setting, one governor
will increase blade angle while the other will decrease blade angle, causing a
gevere torque and thrust mismatch,

To stabilize this system, either (1) a trim device can be added to average the
settings of both governors and to provide the necessary bias to force both to in-
crease or decrease pitch together, (2) the cross shafting can be decoupled be-
fore enmering the propeller governing mode, (3) the main governors can be
modified from an isochronous mode to a droop mode, or (4) one control can be
a "master" controlling both propellers. In the first system, a failure mode
arises where one governor failure can cause either overloading or unloading

of that propeller system with the remaining shp shifted to the second propeller,
i.e., a failure which causes decreased piich will unload that side, but the
other system will increase pitch to absorb the increased shp and to maintain
rpm. This will cause a thrust misinatch and 8 yaw moment on the aircraft,
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The second system is undesirable for STOL operation where safety requires
the use of the cross-shafting.

In the third system, the estimated droop whic’ can be tolerated for reasonable
stability is perhaps 0.5 deg per percent rpm. In an STOL mode, the blade
angle increases from approximately 14 deg statically to 22 deg at 150 KTAS,
which is an increase in rpm of 16%, and the Vyax flight blade angle is
approximately 42 deg which would result in a further increase in rpm of 40%.
Therefore, it appears desirable to use some form of common governor out-
put feeding both propeller systems. This can be accomplished by cross- coup-
ling the collective blade angle outputs to each other, either across the aircraft
or by moving the two controls to a more central location.

Each control system would continue to have an isochronous governor, but the
overspeed governors would be deleted. For safety, each governor could pro-
vide sufficient oufput through its servo to drive both propeller systems. Each
servo governor output would also be provided with a "no-back" device such
that the mechanical collective pitch signals could not feed back through the
control of either system.

In the event of an "open* failure (such as loss of a control systems hydraulic
power) or a "short" failure (such as a governor drive fracture), an electrical
pressure balance cutout switch located across the metered servo output pres-
sures would be activated to dump both system supply pressures by means of
electrical solenoids, and a system-out indication is provided, If this shutoff
system should be non-operative during a ""short" failure, the two governors'
outputs would cancel each other, and the rpm would shift less than 1%. The
two systems can be shut down, and the pilot can revert to an emergency beta
mode of operation by using the collective pitch lever.

During VTOL operation, the pilot can set the propeller governors to a "'topping"
setting (approximately 103%), and the governors are prevented from operating
by locking the output servo pistons in "full decrease" position with the electri-
cal dump solenoids, This precludes any possible governor, overspeed gover-
nor, or secondary hydraulic control failure from affecting the YTOL operation,
and the system now operates in a conventional beta (helicopter) mode. The
pilot (and/or stabilization system) is given limited direct mechanical blade
angle authority from essentially flat pitch to the maximum static thrust blade
angle, He can feed direct collective pitch signals to the two contrels for alti-
tude control, and he can feed differential collective pitch to each for roll con-
trol, while the fuel control maintains rpm by increasing or decreasing fuel
flow,

During transition, as the wing tilt angle is lowered, the pilot maintains blade
angle authority until the wing is horizontal and forward flight is established.
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The pilot can now fly 2 forward beta mode at the transition airspeed or below,
which is "velocity stabilized™ (i.e., any chamge in zircrall attitude whick teads
to increase or Cecrease airspeed will also camse 2 change in propeller/esgine
rpm, and therefore fuel flos, 9o as to increase power if airspeed is decreasing
and 10 decrease power if airspeed is increasing). This would be advastagecus
ia providiag attitude compensation for landing 2ad maseuvers. However, a
beta mode also imposes some importast limitations oa the pilot. If the blade
angle is reduced too rapidly, overspeeds cas occur; if the blade angle is in-
creased {00 rapidly, aa overtorque situation n:3y develop. Because of these
Iimitations, it is not considered 1o be desirable to previde 2 mormal beta mode

over the entire flight regime, evea though protective systerrs cocld dSe pro-
vided to limit the pilot’'s collective pifch zuthority.

Afjer a steady-state level-flight sititude has beea established, the operating
mode can be coaverted to the governing mode and the contrsl governors can be
reset downward to the desired governing rpm.

As the goversor rpm is reset below the operating rpm setting of the fuel con-
trol, the propeller will begin to increase blade angle, the rpm will drop, the
fuel control will increase fuel flow, and independent propeller governing opera-
tion will occur at the maximum schedaled fuel-flow sctting.

R is suggested that the fuel control power lever be prorided with a schedule
such that at iis maximum setting, 1009 rpm is set with agy power available
between 1009, and flight idle powe:; it is further suggested that as the power
lever is retarded, the rpm and maximum available shp be reduced in a coordi-
nated fashion such that the fcel control (power turbine, N2) rpm exceeds the
final d-sired propeller rpm at any desired operating flight condition by a few
percent. R is also suggested that the power lever and the propeller rpm (con-
dition) lever be located side by side, and such that when they are in alignment,
the N2 rpm is set a few percent above the propeller control rpm setting. This
allows 2 coordinated shp/rpm governing mode from flight idle to 100% shp.

In a VTOL beta mode, the power lever is set at 100% rpm and 1009, available
shp, and the propeller condition lever is set at approximately 103'}. The fuel
cantrol i3 controlling rpm and is moduiating fuel flow (power as a function of

the pilot's colicctive pitch setting).

To enter tke governing mode, the propeller rpm lever is retarded to a position
in alignment with the power lever, where its setting is slightly less than 100%.
This ailows propelier governing at essentially 1004 rpm aad 163% shp. As »he
two levers are retaried simultanecusly, any coordinated rpm/shp condition
can be set on propeller governing, and the fuel control N2 governor acts as an
rpm topping governcr at a few nercent above the propeller governor setting.
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H the condition lever is retarded independently, the propeLler wiil govern rpm,
but the power level pray remzia high; or if the power lever is retarded inde-
peadeatly so that the N2 fuel control governcr is set below the propelier gover-
1 sor setting, the prepeller rpm will reduce and the fuel flow will reduce toward
i . flight idle power. In either case, moving the remaining lever to the coordinated
s position will establish the desired power and rpm in the govercing =ode,

* The collective pitch lever should remain locked in its beta mode position,
where it acts 2s 2 flight low-piich stop. Power can be controlled by the power
lever for any power increase up to 200Z power, since at any increased position
the Nz goversor will continue to run underspeed relative to the propeller gover-
BOr.

ST W

For an STOL takeoff, the propeller can also be placed in the propeller gover-
ninz mode by locking the collective pitck at zero thrust, setting the propeller
governor to 100% rpm, and then advancing the power lever past a gate at 100%
rpm to approximately 103%. At this position, the fuel control will schedule
maximum ¢hp, while the propelier governor will increase blade angle during
] t-"seoff at essentially 100% rpm to absorb full power and will continue to in-
] crease bl ce angle as airspeed is increased.

Aaclint ol r P cabl lih Ll g

To convert t-om the governing mode to the befz mode at the transition airspeed,
the collective pitch can be advanced a few dagrees until a slight reduction in
rpm occurs, indice ing that the governor servo output is bottomed and that col-
iective authority has been established. The coadition lever can then be advanced
to its maximum position (103%). Since blade angle cannot decrease, rpm will
not increase irom the propeller governor action, and shp wili remain at the
schedaled value. The system is then on beta control at a part-power/rpm con-
dition; and if 100% rpm beta mode is desired, such as prior to conversion to

a VTOL or an STOL loading, the power iever can be advanced to its 100% set-
ting and collective pitch can be modified as neccssary to maintain the desired
power absorption.

In the event that bath governors are inoperative or that the cross-sift mast be
shut down, an emergency beta flight mode can be estabiished by locking both
governors out through the dump solenoids. The collective pitch lever can then
be lowered through its authority of perhaps 24 deg to allow a reductioa in air-
speed and an STOL landing, although reverse thrust may not be availsble,

To allow one propeller system to be shut down and feathered in flight, a de-
coupler is provided in the common governor servo output between the two con-
trols. This allows the desired control to feather its system through the feather
valve action. This decoupler can be electrically energized simultaneously or
sequentially with the cross-shaft decouvler. The entire cross-shaft can also
be decoupled at transition velocity or belcw by first reverting to the beta mode.
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Althcugh this approach tc a cross-shafted installation does require system
coordination among the airframe, the fuel conirol, and the propeller control,

it has a2 number of advantages:

1. VTOL operation control is direct, with maximum reliability from the
propeller controls.

2. VTOL operation is simiiar {o helicopter operation.
3. A beta flight mode can be used in an emergency.

4, A propeller geverning mode can be selected over the entire flight
regime,

S. The fuel coztrol does not require a switch in operating mode, includ-
ing reversing and ground hardling.

6. The cross-shafting system can be shut down in flight if necessary.

Maintainability and Reliability Assessment

An electrical wiring schematic for the IGB propeller system is shown in Figure 77,
An assessment of the system design features that should improve maintenance and
reliability over existing production turboprop systems, such as the 54H60 propeller
used on the C-130 and P-3 aircraft, is presenied below. It should be noted that
certain improvements have already been inco-orated on first-generation V/STOL
sircraft (XC-142, X-22), such as the fiberglass-covered steel spar blade and the in-
tegral propeller reduction gearbox. These improvements not only offer significant
weight reductions but also offer improvements in maintainability and reliability,
Examples of these are that impact damage to the fiberglass hlade shell can be re-
paired in the field and that the integral gearbox concept isolates the propeller~
induced moments from the gear train and permits a more accessible control loca-
tion, Also, the recently developed pusher propeller for the AH~56A introduced the
“modular packaging" concept wherein major components (blades with quick-
disconnect retention, pitch change actuator, integral gearbox, spinner, and cooling
fan) can be easily removed and replaced without special tocls or rerigging.

The system designs presented herein are considered to provide improvements in
maintainability and reliability over present production turboprop systems. Those
significant improvements are listed below,

Modular Packaging

Modular packaging allows a number of propeller system items to be packaged
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as separate interchangeable components. Line replaceable uaits (LRUs) of
the proposed design which can be easily removed and replaced in a matter of

minutes are:
1. Spinner
2. Lube Oil Heat Exchanger
3. Blade Pitch Change Actuator
4. Integral Gearbox
5. Propelier Blades
6. Contro:
7. Deicer Brush Block Assembly

0Oil Filters

The oil filters utilize throwaway cartridges and a differcatial pressure sensor
to indicate when cloyging has reached a critical point.

Lip Seals

Split lip seals can be installed without removing or disassembling the integral
gearbox propeller system.

Chip Detectors
Chip detectors are connected to a coclpit indication,

Blade Retention

Quick~disconnect blade retention makes blade replacemeat in the field a rapid
and simple process,

Blade Weight

Blade weight reauction has been accomplished through the use of advanced mat-
erials which will in itself reduce maintenance because the lighter blade weight
makes handling and transporting the blades easier.

Blade Repairs.

The blade can be removed for overhaul on an "on-condition' basis; i.e., only
when exterior surface deterioration makes overhaul more practical or when
spar damage is evident. Field patch repairs of the fiberglassblade return

it to a like-new condition, provided the metal spar is not damaged.
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Pitch Change Actuator

The pitch change actuator provides system-out indication when one of the tan-
dem hydraulic cylinders or valves fails to function.

Fan and Heat Exchanger

The integral fan and heat exchanger does not require lube oil! line connections
to be made during gearbox installation,

Although current state-of-the-art VTOL propellers have been designed with

dual pitch change actuators, a double failure has occurred which negated the
protection usually afforded by dual eystems. The addition of a simple, mechani-
cal pitchlock device in the study design will greatly reduce the effect of a

double actuator failure. Mechanical pitchlock will also reduce the effect of
propeller hydraulic oil loss due to combat damage for a military aircraft.

Control Signal Linkage

Mechanical dualization of all control signal linkage will increase VTOL propel-
ler reliability.

Propeller Bearings

Bearing manufacturers expect the vacuum-melt material factor to increase
from the current value of approximately 3 to a value of approximately 15 in
1975, due to improved materials, Naturally, a part of this material improve-
ment factor has been applied to reduce propeller weight. Critical bearings
have been designed for an air-melt Bjg life of 600 hr and have used a factor of
only § to arrive at a vacuum-melt By life of 3060 hr, However, since a ma-
terial factor of 15 should be applicable by 1975, the actual vacuum-meit Byq
life will be 8000 hr. Thus, a part of the bearing material improvement has
been applied to improve propeller bearing reliability by a factor of 3 over cur~
rently designed VTOL integral gearcase propaliexs,

Deicing System

Deicing brushes have historically had a relatively high premature removal
rate due to relatively high contact velocities and occasional contamination with
oil from lip seals, Location of deicing brushes as shown on the study design
will reduce the contact velocities, reduce oil contamination, and improve the
reliability of the deicing system.,
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Control Valves

Miniaturization of control valves and elimination of the majority of "O'" seals
will result in improved control reliability. Many premature removals of pro-
peller controls have been caused by "O" seal deterioration and leakage. The
improved design will eliminate a substantial portion of this failure mode.

WEIGHT SUMMARY

A weight breakdown by major components is presented in Table XV for the three
system designs discussed above representing the lightest weight potential found
during the study. For comparison, the weights of a first-generation VTOL pro-

peller system (XC-142) and the estimated weights of a 2000-shp, 14.8-ft diameter

VTOL propeller system based on today's state “of the art (SOTA) are also listed in
the table.

The propeller components in the weight column listed "1965 SOTA ..." were
estimated by using the weight of *'today's" steel spar fiberglass-covered blade
listed in the above section concerning the blade component design and by adjusting
the XC-142 barrel and actuator weight due to the lighter blade, The gearbox com-
ponents were estimated by adjusting the XC-142 system weights by the ratio of the
gearbox output torque to the 0, 84 exponent (Reference 1).

Since the table presents the lightest weight potential for 1970-1975, the blade
weight shown represents the spar-shell design with a boron-aluminum composite
material for the spar. However, as discussed previously in this report, a titanium
spar could be used which also will result in a significant weight improvement for
the future,

If a titanium spar, fibergluss~covered blade were used, the following changes
would have to be made to the 1970-1975 weight breakdown in the table:

Blade and Retention Add 36,2 1b
Barrel Add 2,01b
Actuator Addo0,71b

Total Weight (Dry and Wet) Add 38,9 1b

The non-cross-shafted design is shown with the same overrunning clutch as is

used with the two cross-shafted designs, since the clutch could be used as a propel-
ler-to-engine decoupler if the IGB propeller were used with a single-shaft engine.

If the ciutch is not required, the engine output shaft would be connected directly to
the pinion gear and the system would be 3.4 1b lighter than shown in the table,

An assessment of the potential reductions in IGB propeller system weight for the
1970's and the primary causes of the weight reductions are summarized in Table
XVI,
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TABLE XV

WEIGHY SUMMARY ANDO COMPARISON

197075 SOTA
3000 SHP, 148 FT DIA.
1965 SOTA COLLECTIVE PITCH CYCLIC PITCH
xc-142 ESTIMATED NON— WITH WITH
3600 SHP  FOR COMPARISON  CROSS— CROSS— croSS~
COMPONENT 15.6 FT DIA, 200 SHP, 14.8' DIA  SHAFTED SHAFT ORIVE  SHAFT DRIVE
BLADES & RETENTION 311.0 2760 164.1 164.1 166.1
BARREL 2.0 %.0 2.5 3.5 ns
ACTUATOR & LINKAGE (5) 100.8 @ 895 u.2 387 523
GEARING 208.0 140.0 63.9@ 718 @ 719@
GEARCASE 107.0 720 26.1 26.3 263
OVERRUNNING CLUTCH 260 18.0 34 34 34
LUBE SYSTEM
PUMPS 200 130 1.8 18 18
FAN & HEAT EXCHANGER 270 159 1.6 e 1.6
EXTERNAL. OIL TANKAGE 1503 10.8 0 0 °
CONTROL (4) 7.0
DECOUPLER 130 9.0 0 5.0 50
SPINNER 220 18.0 8.3 85 X
DEICING 74 74 5.6 5.6 5.6
TOTAL DRY WEIGHT 949.2 LB 755.6 LB 4718 %7408 us218
OlL. WEIGHT 490 36.0 207 207 21.0
TOTAL WET WEIGHT 998.2 LB 7916 LB 75418 ate.1 LB ws2LB

NOTES

(1) WEIGHTS ARE REPRESENTATIVE OF SYSTEMS WITH PROVISIONS
FOR THE SAME FUNCTIONAL REQUIREMENTS (IE. IGB PROPELLER
CONFIGURATION, SELF—CONTAINED HYDRAULICS FOR ACTUATOR
AND IN~PLACE PITCHLOCK, CGMPLETE GEARBOX LUBE SYSTEM,
POWER TAKEOFF FOR CROSS—SHAFTING
BUT SHAFTING ANC WINGBOX ARE NOT INCLUDED)

(2) LEFT—HAND ROTATION CONFIGURATION WEIGHTS ARE SHOWN,
RIGHT—HAND CONFIGURATION WOULD BE 2.4 LB LIGHTER,

(3) ESTIMATED WEIGHT REPRESENTATIVE OF PRESENT TECHNOLOGY,

(4) WEIGHTS LISTED ARE FOR A NACELLE SYSTEM AND CROSS—

SHAFTED SYS EMS ARE ASSUMED TO USE A REMOTELY MOUNTED
MASTER CON? (OL FOR COMPARISON WITH PRESENT TECHNOLOGY
SYSTEMS, THE 1965 SOTA MASTER CONTROL IS ESTIMATED TO

BE 16 LB, AND THE 1970—1975 SOTA WOULD BE 7.5 L8,

(s

E~-3

THE WEIGHT OF AN AUXILIARY PUMP AND MOTOR IS CONSIDERED

TO BE G,S.E, AND NOT FLIGHT HARDWARE AND 1S NOT INCLUDED,

1965 SOTA AND 1970—1975 SOTA UNITS ARE ESTIMATED TO BE

5.2 LB AND 4.2 LB RESPECTIVELY,
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TABLE XVt

WEIGHT AEDUCTION 1978 TECHNOLOGY VS. 194S

PERCENT
STUDY WEIGHTS PERCENT REOUCTION
WT. REDUCTION) REDUCTION OF SYSTEM PRIMARY REASONS
COMPONENT [V ] OF COMPOMENT ORY WEIGHT FOR WEIGHT REDUCTION
38 126 BORON-ALUMINUM SLADE SPAR
¢ ER ] LIGHTER BLADE FILL
SLANES & RETENTION 1641 “o% 14.0%
(111.9)
-} 28 LIGHTER SLADES
1] 17 TITANIUM
s [X] HIGH PRESSURE ACTUATOR
2 23 +109 CONCEFY
SARREL 30.8 (L, 3 .%
(33.3)
2 26 LIGHTER BLADE
s (X} HIGHER PRESSURE
(1] 2.1 TITANKOM & FILAMENT WINODING
] 1.1 HIGH SPEED PUMPS POSSIBLE
WITH LARGE YAILSHAFT AND
MOOULAR PACKAGING
ACTUATOR & LINKAGE 3.7 1% 1%
(30.9)
u 4.4 GEAR RATIO SPLIT, L/D STUDIES
AND LARGER ERVELOPE
7 1.4 INCREASED BEARING LIVES
4 0.7 NEW TITAMUM PLANET CARRIER
4 0.7 OUPLEX TAPERED BEARING PROP
MOUNTING & LARGE DIA. SHAFT
10 1.8 TITANIUM GEARS
GEARNG ne % .0%
.1
» 3t FORWARD BOLT CIRCLE GEARBOX
MOUNTING AN ENGINE NOT
SUPPORTED BY GEARSOX
TITANIUM STRUCTURE
3 3.0
GEARCASE 6.3 .1%
[CR)]
OVERRUNNING CLUTCH 3.4 (13 1.9% INTEGRATED SPRING CLUTCH
14.8)
LUSE SYSTEM
PUMP 1.8 »% 1.8% CENTRIFUGAL LUBE SUPPLY
(11.2) PUMP AND EJECTOR SCAVENGE
FAN & HEAT EXCHANGER e 7% 0.6% FAN AND DRIVE INTEGRATED,
@3 INLET DUCTING ELIMINATED
GEARBOX OlL TANKAGK NONE 100% 1.4% SUFFICIENT WET SUMP IN GEARBOX
DECOUPLER 1 “u% 0.5% INTEGRATER DESIGN AND TITANIUM
(0]
" 0s SINGLE POINT ATTACHMENT AND
s 09 SIMPLIFISD DESIGN
8" GLASH
SPINNER [X] 9% 1.4%
0.9)
DENCING $.8 u% 0.2% SMALLER MAIN SLIP RINGS, BUT BLADE
.9) BRUSH BLOCKS FOR EASE OF REMOVAL ARE
SUGHTLY HEAVIER
TOTAL DAY WEIGHT W14 $1,4% Sla¥
(380.2)
Olt. WEIGHT 20.7 3% AIR-OIL SEPARATOR
(15.3)
TOTAL WET WEIGHT 3889 $1%
(403 3)
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PERFORMANCE SUMMARY

The performance of the IGB propeller designs described in this report is
. presented in the following tables and curves:
. Table XVII presents the propeller efficiency and/cr thrust for speciiic
. operating conditions, Note that both the 14, 8-foot-diameter point design
propeller and a propeller with a higher figure of merit projected for the
1970 time period are listed,

. Figures 78 through 83 include the blade characteristic chart and performance
curves for calculating propeller thrust at other operating conditions,

. Table XVIII presents the 2stimated pressure recovery for hover and cruise
conditions,

. Figure 84 presents the calculated thrust and control moments for the cyclic
pitch propeller design.

. Tables XIX, XX, and XXI and Figures 85 and 86 present data concerning
the propelier noise estimation, The sound pressure levels produced by
14, 8-ft (point design) and 12, 8-ft~(presented for comparing the effect of
a lower power design point at the same disk loading) diameter propellers
were estimated at the operating conditiong listed in Table XIX, The es-
timates are believed to be accurate to within + 3 db for near-field and +
10 db for far-field.

. The near-field levels listed in Table XX are estimated for a location one
foot from the tip of the propeller in the plane of rotation in a free-field
domain, Also shown are the propeller's operating parameters and the
harmonic distribution of the noise generated at each condition,

. The maximum and minimum estimated overall noise levels for the 14, 8-
foot-diameter propeller are 130, 4 db and 128, 6 db; for the 12, 8-foot-
diameter propeller, 129,2 db and 128.0 db,

. Figures 85 and 86 show the maximum and minimum octave band plots of
the noise of the two propellers, These curves were obtained by summing
the harmonics presented in Table XX within each octave band, It is shown
that the low-frequency noise is the most prominent, while the levels in
the 500~Hz center band and above are much lower and contribute little to
the character of the noise,

It should be noted that it is difficult for the human ear to distinguish be-
tween two sounds differing by less than 5 db; therefore, all of the levels
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J=27

NCOMPRESSIBLE = FT X 7 INCOMPRESSIBLE
MN = AIRPLANE MACH NUMBER
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T e S

S e Teaepmans SeMagVARCTAR .

HOVER CONDITION

0.A.
FUNDAMENTAL
2
3
4
5

CRUISE CONDITION

DAY
0.A.
FUNDAMENTAL
2
3
4
S
DAY
0.A.
FUNDAMENTAL
2
3
4
5
DAY
OA.
FUNDAMENTAL
2
3
4
5

137.82 DB

134.3

130.8

127 .8

124.8 I

CwwNO

121.8

128.02 DB

125.0

114.0

110.0

108.0 1
107.0

QWwoNM

129.12 DB 6
126.6 . 7
116.1 8
112.1 9
110.1 10
109.1

129.22 DB 6
126.7 7
119.7 8
116.2 9
113.2 10

111.2

TABLE XX. NEAR FIELD NOISE ESTIMATES

12,8 F7 DIA, 1050 HP, 900 FT/SEC TIP SPEED 6000 FT ALT, 95°F

119.8
118.8
118.8
118.8
116.8

250 KN, 482 HP, 450 FT/SEC TIP SPEED, 12.8 FT DIA,SEA LEVEL, STD

107.0
107.0
107.0
107.0
107.0

250 KN, 482 HP, 540 FT/SEC TIP SPEED, 12.8 FT DIA, SEA LEVEL., STD

108.1
10¢.1
108.1
108.1
108.6

250 KN, 482 HP, 630 FT/SEC TIP SPEED, 12.8 FT DIA, SEA LEVEL,STD

110.2
109.2
109.2
109.2
109.2
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TABLE XX—CONTINUED

i re—————————— A m e =

HOVER CONDITION

14.8 FT DIA, 1400 HP, 900 FT/SEC TIP SPEED, €000 FT ALT, 95°F

vo
FUNDAMENTAL
2

3
4
S

CRUISE CONDITION

137.7 DB
134,2
130.7
127.7
124.7
121.7

O WwWooONO,

119.7
118.7
118.7
118.7
118.7

250 KN, 643 HP, 450 FT/SEC TIP SPEED, 14.8 FT DIA,SEA LEVEL ,STD

128.6 DB
125.6
114.6
110.6
108.6
107.6

(=2 -2 - - )

107.6
107.6
107.6
107.6
107.6

250 KN, 643 HP, 540 FT/SEC TIP SPEED, 14.8 FT DIA,SEA LEVEL,STD

DAY
OOA.
FUNDAMENTAL.
2
3
4
5
DAY
O.Au
FUNDAMENTAL
2
3
4

[27]

129.4 DR
126.9
118.4
113.9
1114
109.9

O WwooN®

109.4
109.4
109.4
109.4
109.4

250 KN, 643 HP, 630 FT/SEC TIP SPEED, 14.8 FT DIA,SEA LEVEL,STD

DAY
0.A.
FUNDAMENTAL
2
3
4
5

130.4 DB
127.9
120.4
116.4
1134
111.4

O W RN

110.4
1104
110.4
110.4
110.4

NOTE O.A. INDICATES OVERALL. NOISE LEVEL
FUNDAMENTAL. 2,3... INDICATES THE HARMONIC ORDER
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TABLE XXI. FAR FIELD NOISE ESTIMATES (1000 FT)

HOVER CONDITION

6000 FT ALT, 95°F V=0 KN
12,8 FTDIA 1050 HP 0A.= 62.26 DB
14.8 FT DIA 1400 HP 0A.=62,12 DE

CRUISE CONDITION

250 KN, 482 HP, 1000 FT ALT, ST DAY, 12.8 FT DIA

v* 450 0.A. 68.02DB
Vr 540 0.A. 69.12DB
Vy 630 0.A. 69.22DB

250 KN, 482 HP, 1000 FT ALT, STD DAY, 4.8 FT DIA

Vy 450 0.A. 68.6 DB
VT 540 0.A, 69.4DB
Vo 630 0.A. 70.4 DB

*VT INDICATES PROPELLER TIP SPEED IN FEET PER SECOND

o sl

o

prss i e

At o e
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NOISE ESTIMATES FOR 14.8—FOOT—

MOST NOISE CRUISE CONDITION
DIAMETER PROPELLER

FREQUENCY N CYCLES PER SECOND
~—— — LEAST NOISE CRUSE CONDITION

FIGURE 85.
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estimated for cruise conditions would sound the same to anyone inside the
aircraft, providing the tip of the propeller is the same distance from the
fuselage in every case.

The far-field overall levels are summarized in Table XXI. These levels

were estimated for a location 1000 feet from the tip of the propeller in the
plane of rotation,

210

Camgv

A -

et




R

SCALING FACTORS

The system weights listed ia the previcus weight summary would vary if the siz-
ing criteria were changed. 1uis section presents scaling factors that can be ap-
plied to the previous system weights for estimating the effect on weight of changing
the following significant design sizing parameters.

Hover Design SHP or Propeller Diameter

The point design is based on a 14. 8-foot diameter, a 1400 design shp (hover at
6000 ft, 95°F), and a 0. 78 figure of merit (FM), which produce 35 lbs of thrust
per square foot of disk loading at the kover design point. If either the hover design
shp or the figure of merit is changed, then the diameter will also be changed to
keep the same 35 1b/ft2 disk loading as shown in Figure 87. The scaling factor
(Wp) for these variables is presented in Figure 88.

Gear Ratio

The point design was based on a 20:1 reduction gear ratio to reduce the engine
power turbine rpm to the desired propeller rpm. For the 14. 8-foot-diameter pro-
peller and the 900-fps hover #°,, speed point design propeller, the power turbine
rpm would then be 23,250 rpm. If the propeller diameter or engine turbine speed
is changed, then a different gear ratic may be required. The effect of different
gear ratios is small, and the scaling factor (WGR) can be determined from Figure
89.

Gearbox Torque Limit

The hover design shp is a critical parameter for sizing the propeller from a per-
formance viewpoint; however, from a structural viewpoint, the requirement for

a power capacity higher than the hover design shp is usually specified. The major
effect of propeller system weight is not actually the power capacity; it is the maxi-
mum continuous output torque of the integral gearbox. The point design was based
on the sea-level, standard-day assumed engine takeoff rating of 2000 hp and 1160
propeller rpm, which is a torque limit of 9050 ft-1b for the propeller reduction
gearbox output shaft. Scaling factors for other torque limit values (Wyy,) are
given in Figure 90.

"g" Loading

The eifect of maneuver "'g" forces can indirectly infiuence the structural design of
the prcpeller. The "g" loading essentially increases the gross weight of the air-
craft, and thus the angle of attack of the wing must increase to maintain equilibrium.
This will change the air inflow environment of the propeller, and it can impose a
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higher operating excitation factor (E. F.). The frequency of occurrence of "'g"
loadings and equivalent E. F. 's can be estimated for the life of the aircraft and
superimposed upon the normal (1 ""g'") operating E. F. resulting from the aircraft
geometry. Both the frequency of occurrence and the magnitude of the g loading
are significant, since the determining factor is usually the fatigue stress allow-
able versus number of stress cycles of the blade structural material.

The point design was based upon an E. F. of 4.0 plus 25% for higher order excita-
tions. This design E. F. is higher than that calculated using the previously defined
aircraft geometry, and it would allow margin for a 6. 25 "g" loading. The frequency
and proportionment of "'g" loads were calculated using MIL-A-8866 (ASG),

Table IV. Scaling factors for other magnitudes of ""g" loading (Wg) are presented

in Figure 91.

Total Activity Factor

The point design is based on a total activity factor of 480. Scaling factors (Wy)
to show the effect of activity factor on the propeller system weight are shown in
Figure 92. Note that curves in the '"Aerodynamic Studies" section of this report
show that there wouid be a change in thrust per horsepower if the activity factor
is changed. Thus, propeller diameter or hover design shp should be changed to
maintain the hover thrust disk loading of 35 1b/ft2.

Number of Blades

A study of the weight of a 3-way/160 AF propeller was made for comparison with
the point design 4-way/120 AF (note that the same total propeller solidity was
compared). The lower total blade weight for the 3-way propel. >r would have re~
sulted in a propeller system weight approximately 4 percent lighter than the 4-way
propeller, except that in this case the increased weight of the 3-way barrel, actu-
ator, and spinner caused the 3-way propeller to be approximately 0. 4 percent
heavier than the 4~way propeller. Because of this, it was concluded that, for the
purposes of this study, there was essentially no weight difference between 4-way
and 3-way propellers of the same total solidity.

The scaling factors are used as inaeneadent variables in the following equation,
which defines the propeller system weight if the design sizing criteria are
changed:

Weight = [Weight of Poi;t Designl (WD)(WGR)(WTL)(Wg) (Wx)
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Sample Calculation

Given:

Engine with 1500 shp (sea levei, standard day) and 1050 shp {6509 feet,
95°F) rating. Use 1050 shp for hover design point and 1500 shp for
hove1 torque iimit. No change in gear ratio from that of the point des-
ign. From Figure 87 (assuming 0. 78 FM), the prepeller diameter will
be 12.8 feet; Figure 88 defines Wp = 0.795.

WGR =1

The new torque limit will be lower than that of the point design (9050 ft-
1b) because of both the smaller propeller diameter (higher propeller rpm
for the same tip speed) and the lower maximum shp.

12.8 1500
imi = 9 = -
Torque Limit 050 x 128 * 2000 5880 f-1b

From Figure 90, Wpy, = 0.926

=
e
B
=
!

388.1 (0.795)(1){0. 926)(1)(1)

&
e
B
o

0]

286 1b IGB Propeller Wet Weight
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CONC LUSIONS AND RECOMMENDATIONS

It is concluded that  significert reducticns can be made in the neieht of Fomure
advanced V,STOL propeller systems. Over 397 weizht redoctioe is projecied
for the 1970-1975 VU ‘STOL prepeller systerns whes compared to systems pro-
sestly avziladle. This weight redoctioe shogld kave 2 major iafiuemce oo im-

oroving V/STOL missioe and coet effectiveness.

The major cosiributions to redocing the propetler system weight are propor-
tioned as shown below:

Approximately 207 system weight reduction is {easible by incorporating
a boroe/ainminum metal blade sper. {As an allermate, approximately
137 reduction would be realized by vse of a titarium spar.;

Approximately 207 system weigie reduction is feasibie throogh the im-
plementaiion of new design concepts and packaging arrangements.

Approximateiy 107 system weight reduction is feasibie by the schstita-
tion of titanium for steel in the prooeller barrel. actuator, ard gearbox,
including some selective reinforcements using boron composites.

The technology development for the application of titzniare in the propeller sys-
tem is now being actively pursued, and with the logic2! continuation of present
development, the timetable for incorporating titanium can be clezrly projected.
Use of titzsivm in all recommerded areas of the propeller system, with the
czception of the gears, shoul? be practical by 1970. Significant advances ir
titanium gearing have been realized recently; with continued development,
titznium should prove to be a suitable gear material before 1975.

Imensive R&D activity over the iast two to three years has advanced industry's
knowledge of 2 number of composite materials considerably beyvond the labora-
tory stage. Of these, the boron/aluminum compisite appears to prosise the
maximum ir weight reduction for an advanced blacz structere. Existing kncwl-
edge is sufficient to justify exploratory development leading to the 2pplication
of boron/aluminum blade spars during the early 1970's.

The various new concepts for design packaging shown in this report are consi-

de : =d to be natural extercions and refinements of present V/STOL propeller
technology and will be available for use by 1979.
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The cycite pitch progeller configuration presented in the rerort was found to
be of the lightest weigh: and the highest potential reliability of all ihe cyclic

itck concepts studied. The recommendged concept added little weight to the
basic propetler system, ackieved a desired basic design simplicity, and pack-
aged the additionz] mechanism inside the propelier system to keep it protected
and iree from comamination.

For the early zttainment of the maximum weight reductions of the propeller
systems sbown here1a, it is recommended that appropriate R&D effort be
initiated on the major, long-lcad-time items. Specifically, prime emphasis
should be placed on expediting the basic tecknolcgical development of the
boron, zluminum blade spar and titanium gears. Initial development of cyclic
pitch meckanisme should also be pursued.
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APPENDIX 1
PRESENT-DAY TURBOPROP SYSTEMS

Table XXII presents data on presen*-day turboprop propeller and gearbox systems
which were furnished by six U.S. manufacturers and four foreign manufacturers.

The propeller systems representing the conventional turboprop and gearbox in-
stallations are plotted in Figure 93. As can be seen from the generalized plot,
there is a large amount of scatter in the data. A previouely developed generaliza-
tion is also shown on the plot (shaded band) for reference. The specific weight
indicated by the plot for the point design size propeller of this study (4~Ib thrust/

' hp at sea level, standard day) is approximately 0. 55 1b per hp.
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! APPFND™X II
DERIVATION OF OPTIMUM AERODYNAMICS TRADE-OFF CRITERION

The aircraft component weight equation is
GW = (Wiyg + fe) + PL + Wying + Wig + Weng + Worop + Wiuel  (5)
where GW = gross weight at takeoff

| Weus + fe = weight of fuselage plus fixed equipment

PL = payload

Wwing = weight of wing and tail
; Weng = weight of engines

Worop = weight of propellers and propeller reduction gearbaxes
; Wig = weight of landing gear

Wuel weight of fuel

In difierential form, nondimensionalized by the initial gross weight, the equation is

AGW _ AWfus +fe APL AWwing AWlg AWeng  AWprop .
- GW GW GW GW GW GW
GW
AWfyel
W (6)

The following assumptions can be made:
Payload is constant, APL = 0
If the payload is constant, the fuselzge weight is agssumed to be constant.
Also, fixed equipment weight does not vary with changes in gross weight.
Therefore,
AWfus + fe = 0.

The engine weight is a fixed quantity since the horsepower is fixed; thus,

AWeng = 0.
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The ratio of static thrust to gross weight is assumed to be a constant (1.07).

The componeni weight aquation can now be written,

AGW _ AT _ AWprop +AVWfpel . AWwing , AVWie ™
GwW T GwW GwW GW GW

where T = static thrust.

The wing, tail, and landing gear terms vary with gross weight change and thus do
not drop cut. The ratio of wing, tail, and landing gear weight over gross weight is
a constant. For a wing loading of 70 psf, a wing and tail density of 7 psf, # wing-
to-tail area ratio of 2.7, and a landing gear weight to gross weight ratio of 0.035,

AWying . AWig _ AGW _ AT
e *’_!‘cw 0.172 —— =0.172 o )

Combining equations (7) and (8) above,

AT AW, AWfyel
o _—Tprop . “TWwel
0.828 = GW GW
Since the desired form of the equation is to relate static thrust to propeller weight
and 250-kn cruise efficiency, a relation between efficiency and fuel weight can be

obtained from the Brequet range equation.

&)

1

- _n L
R = SFC- D 375 In Wiacl (10)
T GW
where 1] = cruise propeller efficiency (decimal)
Ib
SFC= i sific fuel fon, 0.5 ———
engine spelific fuel consumption hpbr
L/D= aircraft lift to drag ratio in cruise
D = ¢S(Cpy+ChDyp
11t2 c,? GW
wtlel'eCD S= and CDi.:‘_—L—— os=———
ton GW 0.8rAR 70
LtGW+CLqS
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AWipel _ Wiye) _[wfuel ]
GW GW GW ref
where [_V;_i&e_l_ is assumed to be 0.153. This was arrived at by assuming
ref

GW
hover, climb, descent, reserve, etc.

2 | Vel ] at takeoff of 0.180 which allows 15 perces. of the fuel for taxi,
ref

The range at the design point is thus

0. 82 i
R = =— x 8.18 x 375 In {———— ) = 831 miles
0.5 1-0.153

Equations (9), (10), and (11) solved to yield a constant range of 831 miles can be

plotted as a single line on a A, vs. 0.828 Al"l‘ -A—wé%opplot.

Any point plotted to the righi of this curve denotes a greater available range; a
point to the left yields a lower range. The optimum propeller has been defined as
the propeller which attains the maximum range.

It should be noted that a change in propeller weight affects the weight of fuel
carried but not the overall gross weight. A change in static thrust affects both
the fuel weight and the gross weight.

PROPELLER WEIGHT EQUATION

The equation used for the blade geometry optimization study for propeller weight
is

) 0. .6 0.5 0.5 0.12
Wo=K2-185-§ "(arY*C (w0 __ My (22
prop 10 i 100 20, 000 ioD2

where K* = 170 for h/b tip = 0.033
K* = 182 for h/b tip = 0.022
D = diameter, ft
B = no. of blades
AF = blade activity factor
N = propeller RPM
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= mach number at design point = 0
propeiier shaft horsepower

1}

shp

*The thinner blade geometry (h/b tip = 0.022) requires a higher K factor than the
thicker blade, and thus a higher weight, since more blade structural material is
required in the thin blades. This is primarily because the blade structural mater-
ial for supporting the biade flatwise bending loads cannot be placed as far from the
neutral axis on the thin blade as on the thicker blade.

The IGB propeller system weight predictions a the conclusion of the study were
significantly less than those of the above equations, which were assumed early in
the program for the aerodynamic studies. However, since the weight was a minor
factor in the aerodynamic optimization and since the weight trends of the above in-
depend:nt variables were found to be similar, the same geometry would be selected
for the optimum propeller blade.

PERFORMANCE PREDICTION METHODS

The current Hamilton Standard propeller performance calculation method is based
upon an advanced form of the blade element theory. In this theory, the aerodyna-
mic forces acting on a series of radial blade elements are calculated and then inte-
grated over the effective blade length to establish the total forces. With the appli-
cation of the propeller vortex theory and the Goldstein solution for the radial distri-
bution of circulation for a finite number of blades, an analytical method was evolved
whick permits the efficiency of any propeller configuration operating at any imposed
flight condition to be accurately calculated. This refined performance calculation
method has been programmed for a Univac 1108 computer, which permits the
examination of many blade configurations in a short time. Comparisons with ex-
perimental data on both full-scale and model propellers indicated an accuracy of

+ 1/2% in the vicirity of the design point and only slightly less accuracy for off-
design points.

More recently, attempts have been made to apply this same method to the static
case but with substuntially poorer agreement with test data. It was quickly realized
that the neglect of wake contraction and three~dimensional flow effects in the blade
tip region was a majnr cause of the discrepancy between calculated and test results.
In recognition of these deficiencies, empirical corrections based on Wright Field
Rig #4 propeller testing are now applied to the strip analysis calculation method to
achieve better agreement with test experience. The propeller static data from

Rig #4, with extended shaft and with the protective side walls moved back to the
house walls, have proven to be the most consistent and accurate available. These
data correlate closely with hover test data from the XC-142 aircraft. Although

the wall and blockage effects on Rig #4 have appeared to be modest, they are in a
direction 1> mi ¢ the predicted thrust levels slightly conservative.

243

e T T v e i mw STET e e Sl iy T RUDTREE

b

mxmmkwké

-

1 A Seda w4

ir

« : .
R .
[PPSR £ Fo PR W SRR Y  NRF PSSR oY B

PR

aval W ke vt




A ”b

Rl e e © acrionaey thorme 1

e m———

It skould be pointed o that while these empiriczal correction factors are apolied
to both three- and four-bladed propetlers, they are derived almost exclusively
from focr-bladed propelier iesting. Presently used static thrast tkeory predicts
higher static propeller performance for a2 four-way propelier whes compared to a
three-way progelier of the same total solidity. As vet, there kas been insufficient
static test experience o fally substantizte this effect of mumber of biades. There-
fore, for the purposes of the stady, the performance estimates presemted in this
section to determine the optimum jropelier are based on the theoretical a2dvantage
of four-bladed propeller performance.
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APPEXDIX HI
SIATCHING THAE PROPELLER AND ENGINE FOK
OPTIMUM FLIGHT PERFYORMANCE

Propellers ogtimized for VIOL missions are designed, of necessity, to obtain
pear-optirmum static performance. This generally results in the prc -eller being
oversized ftoo muck solidity or camber) when operating in forward flight at 100Z
rpm. The oversizeness can be compensated for by lowering the propeller rpm,
which resaits in higker propelier efficieacies.

To propel an zircraft at a corstant velocity and altitude reguires a specific amount
of thrust, shich can be determined from the aircraft drag characteristics. The
thrust reqguired is directly progportionz? to the product cf propeller efficiency and
ergine shaft horsepower. Thus, if a lower rpm increases the propeller efficiency
less bersepower (and feel consumption) is required. However, as the rpm is
lowered from tae optimmum free-turbine rpm, the specific fuel consumpticn increases.
The object is to fird the best rpme match of the propeller 2nd engine to produce the
required thrust 2t the lowest fuel consumption level. This appendix uses the pro-
pelier previously described ia this report and a typical advanced-technoiogy eigine
to determine the best rpm match for both sea level and 15, 000-ft-altitude flight
conditions.

The thrust reguired was estimated from the aircraft defined in the section on
" Aerodvnamic tudies” and is listed in Figure 94.

For a giver operating candition (velocity, altitude, and aircraft drag), a plot cf
propeller efficiency required versus percent takeoff rpm can be determined frem
the propeller efficiency map, the compressibility correction curves and tke thrust-
horsepower relationship (TV = 5 p sap). The propeller efficiency, »p, versus
percent takeoff rpm is plotted in Figures 95 and 96 for three velocity conditions.

Engine efficiency {ne) versus percent takeoff rpm is also plotted in Figures 95 and
36. For the convenience of this study, engine efficiciency was defined as the ratio
of engine shaft horsepcwer at the actual operating rpm to the horsepower available
when operating at optimum free-turbine rpm, both at the same rate of fuel flow
(Figure 99). This essentially defines the penalties for operating the engine a* non-
optimum free turbine speeds: i.e., for constant fuel flow, the power decreases;
conversely, for constant power, the specific fuel consumption increases. For
given operating conditions and the above-mentioned thrust-horsepov'er relaticnship,
a plot of engine efficiency versus percent takeoff rpm can be determined from
Figures 97, 98, and 99.
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THRUST REQ'D/PROP

THRUST REQ'D/PROP

160C
SEA LEVEL, STD DAY
1200 V4
/F
800
400
0
1200
15,000 FEET, STD DAY
800
00
o e
140 180 220 260 300 340 380

VELOCITY — KTAS

FIGURE 94, THRUST REQUIRED FOR VARIOUS

AIRCRAFT SPEEDS
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SHAFT HORSEPOWEPR AT T.0. RPM

2000

SEA LEVEL ____
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400
0
0 -100 200 300 400
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FIGURE 97. ENGINE MILITARY POWER RATING
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The product of propeller and engine efficiency is defined as the total efficiency
{»T) as shown in Figures 95 and 96. Peak total efficiency defines the optimum
e for the given operating condition, which is the best compromise between mini-
mum power (maximum propeller efficiency) and best engine efficiency, to resuit

in minimum fuel consumption.

Figures 160 and 101 summarize the optimum operating rpom and the resulting horse-
power required for differeni ilight speeds. Ncte that at sea level for speeds above
355 knots, the propeller has to operate at a slightly higher rpm than optimum be-
cause of the defined torque limit for the propeller (2000 hp, 100-percent rpm).

A sampie calculation is shown below for a 250-kn (sea level, standard day) cruise
condition at 60% rpm:

Calculation A. Propeller: From Figure 94, the thrust required is found to be
T = 6851b. This is converted to a thrust horse-~
power, thp = T x VKTAS/326 =525. An iterative
procedure is used to determine the shp required.
This necessitates finding a combination of Cp and
shp such that pp x shp = thp = 525.

Assume shp = 635, then Cp =0.1325, J = 2.47.
From the efficiency map np = 0.828. The compres-
sibility correction from the compressibility correc-
tion curves is & = 1.0. npshp = C.828 x 635 =
525, thus the shp required is 635.

B. Engine: An iterative procedure is also used here. Ar engine
efficiency is assumed; and, based on the shp required,
an engine efficiency is calculated and compared to
the assumed engine efficiency.

shp
shpopt

635, shpopt = 648. From Figure 99 at e = 0.98,
the ratio Ng/Nfopt = 0.855 is obtained. Nfopt/Nmrp
= (Nf/Nmrp)/(Nf/Nfopt) = 0.60/6.855 = 0.703. From
Figure 98 at Nf,4/Nmrp = 0. 703, shpopt/shpmyp =
0.329 is obtained. From Figure 97 at 250 KTAS,

the shpyrp = 1970 is obtained. Then, to close the
iterative loop, shpopt = 0. 329 x 1970 = 648 and

Ne = 635/648 = 0.230, as was assumed.

= 0.980; then for shp =

Assume e =

C. Total: The total efficiency is now 9T = Np Ne =0.828 x
0.980 = 0.811.
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APPEINDI IV
FEASIBILETY STUDY OF NOVEXOV GEARS

INTRODUCTIOX

Mimimum weight gears can certzinly coztribote to the generai weigk: redoctior
objective for advanced ¥V 'STOL progellers. Cne effective way tv achieve lower
gear weight is to increase the tootk load capacity by using circular are tooth shape.
The past decade has seen renewed interest in the circular arc tooth form previously
proposed by Gumbel (1916} and Wildaber (2923), and more recently by Novikov
(1936). See References 46 and 47, respect:cely. The majority of recent literature
refers to the circulzr arc tooth form gear as the Novikov gear. This appendix
summarizes tae findings presented in ecert literature and makes 2 comparison of
involute and Novikov tooth forms for the gear drive preposed for the integral gear-
box propeller previously described in this report.

STRENGTH

The aralysis summarized in Table XXTII assumes involute gears made of AMS 6265
vacuum-melt, case-carburized steel with case hardness of Rc 60 minimum and core
hardness of Rc 35-43 minimum, design contact stress of 150, 000 psi, and design
tooth bendiag strength of 65,000 psi at R = -1, 106 cycles and room temparature.

No such strength data are available for Novikey gears.

LOADS

Gear teeth are usually designed for structural adequacy, under both steady and
dynamic lcads, relative to three possible failure modes: tooth bending, surface
wear, and surface pitting. Howev -r, the majority of investigaticns examined in
this survey have used only the surface and beam s! rength criteria under steady
loads to rate the Novikov tocth form. The dynamic icad was of little concern in
the industrial and marine applications usually referred to, although in propeller
gearbox gearing it is usualiy one of the primary loading considerations.

Wear

Although it has been claimed (see Reference 48) that Novikov teeth theoretically

can take 3 to 5 times the involute tooth load on the flanks without detrimental pit-
ting or wear, a more realistic study (see Reference 49) indicates that the Novikov
tooth form can carry only 2 times the normal wear load limit of involute teeth.
Contact stresses for Novikov and involute tooth forms for the proposed USAAVLABS
prepcller gear mesh are given in Table XXIII.
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Beam

Much of tke literature (see Reference 48) indicates that the static beam strength
of Novikov gears is greater than that of involute gears at helix angles less than

11 deg, and less than that of involute gears at helix angles greater than 11 deg.
However, in Reference 50, it was claimed for a helicopter transmission with a
high helix angle of 25 deg, that, as the helix angle increases beyond this value, the
band of contact decreases. This increases contact stresses, but tooth thickness
increases and bending stress decreases with the square of tooth thickness. Refer-
ence 50 also states that the icw helix angles recommended in the literature refer
to soft zear material such a& non-case-hardened industrial and marine gears,
where wear is the design limitation, and lists Reference 48 in its bibliography.
The shape of the tooth influences beam load capacity, and usually addendum/
dedendum teeth (see Figure 102) are stronger than all-dedendum teeth (see Figure
103). Another factor affecting beam strength is tooth fatigue life, which, in
Novikev gears (see Reference 48), tends to be more sensitive to center distance
variation than is the case with involute teeth.

At present, considerations of required gear tooth proportions, helix angle, ratio,
and reliability make the Novikov gear unattractive as a planetary gear (see Refer-
ence 50). In an open mesn without an idler, the estimated allowable bending fatigue
strength could be increased 1. 4 times because there is no reversal of tooth load.
The beam bending stress of Novikov and involute gears for the study propeller

gear mesh is given in Table XXIII, based on equations and data given in Reference
50.

Q@_amic

Low helix angles, on the order of 11 deg, may result in Novikov gearing with
greater noise and higher impact loads than for invclute geaxrs of similar size.
Also, the lower contact ratio limit of 1.2 recommended in the Russian literature
(see Reference 50), compared to usual contact ratios in involute helical gears of
2.0 or more, results in rougher transmission of power. As a guide to dynamic
load (see Reference 49), if the maximum dynamic load is defined as the load re-
quired to bend the combined teeth of a gear pair by an amount equal to the pitch
errors, then the typical Novikov tooth is required to take a dynamic load 50%
higher than the dynamic load on the comparable involute tooth because, while the
errors could be the same, the Novikov tooth has higher stiffness. Dynamic loads
for Novikov and involute tooth forms are given in Table XXII, for the study pro-
peller gear mesh based on Buckingham's short equation for involute teeth. The
Novikov dynamic load listed is 1.5 times the involute dynamic load, based on the
above discussion.
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EFFICIENCY AND LUBRICATION

The Novikov tooth form (see References 47 and 49) results in 1/2% greater effici-
ency relative to tooth power losses. Novikov gears may realize weight reduction
over involute gears when the pinion-face-to-diameter ratio is zt least one. This
results in a wider face width for Novikov gears than for involute gears, and con-
sequent small-diameter envelope restriction on antifriction bearing size and cap-
acity could possibly require the use of hydrodynamic bearings and higher power
loss than involute gears cn antifriction bearings.

DISCUSSION

Of all the literature surveyed in this report (see also References 51, 52, and 53),
only References 50 and 51 dealt with an aircraft grear transmission. Reference
50 presented a design analysis of a helicopter gear transmission, and Reference
51 reported on experimental analysis of aircraft gears. Thus, Reference 50 was
used as a guide for the calculations summarized in Table XXIII.

Table XXIII data for the Novikov gear show that as helix angzle increases, contact
stress increases and bending stress decreases. Based on this characteristic,
Reference 50 initially recommended a high helix angle of 25 deg. However, experi-
mental results in Reference 51 for the followup gear test program indicated that

the 25 deg helix angle resulted in a design too heavily in favor of bending or beam
stress over contract stress. Therefore, Reference 50 indicated that a lower helix
angle might be desirable. Table XXIII data bear this out and show that a helix
angle of 20 deg and face/diameter ratio of 0.75 may give a reasonable balance
between contact and bending stress of the Novikov gear propeller transmission.

At 29 deg helix angle and face/diameter ratio 0.75, Table XXIII gshows the following
for the Novikov gear, contact stress of 107,000 psi and a bending stress of (120, 000
+ 22,800) 2 = 71,400 psi at a contact ratio of 1.22 1 2.43/2 = 1, 82; for the involute
spur gear, a contact stress of 122,000 psi and a bending stress of 52, 200 psi at a
face/diameter ratio of 1.0 and a minimum contact ratio of 1, 05.

Comparison of the involute stresses (Table XXIII) shows that the involute pinion con-
tact and bending stresses are less than the ailowable strengtts, but no direct com-
parison can be made for the Novikov pinion since (see Referunce 50) calculated

gear stresses are really index numbers and, strictly, can be compared only with
experimentally determined strengtha for Novikov teeth. However, if involute
strengths are used as a guide and it ir assumed, as in Reference 50, that bending
stress in Novikov teeth does not reverse because of the open mesh, then the Novikov
tooth form for 20 deg helix angle and 0. 75 face/diameter ratio compares favorably
in contact and bending stress to the involute spur pini n with a face/diameter ratio
of 1 0 and the same diameter. Without an experimental verification of the agssumed
Novikcv strength data, any conclusion that the smaller face/diameter ratic of the
Novikov gear means that a weight saving is premature.
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In the referenced literature, there is a complete lack of anv dvnamic 1222 analysis
of Novikov gear teeth, evcept {57 ile statement in Reference 49 previously men-
tioned. Therefore, this report (see Table XXill)assumes that the dynamic load of
Novikov gear teeth is 1.5 times the dynamic load of involute gear teeth as indicated
in Reference 49. On this basis, Table XXIII shows that the Novikov gear at a face/
diameter ratio of 0.75 is somewhat more heavily loaded dynamically at (15,300 +
18,300) 2 = 16,8006 Ib than the involute gear at 12,260 Ib, with a face/diameter
ratio of 1.0. However, this statement needs more experimental and theoretical
verification.

CONCLUSIONS AND RECOMMENDATIONS

It is concluded, on the basis of the literature surveyed, that, although the Novikov
gear initially appears to have a substantial advantage relative to Hertz contact
stress, the advantage is substantially lost when adequate consideration is given to
tooth bending and to dynamic loading. Based on steady transmitted load, the
Novikov tooth form may have significant weight advantage over the involute in ap-
plications where wear or contact stress is the prime criterion. Novikov teeth are
comparable to involute teeth when beam strength is the criterion. However,
Novikov gears may be at a disadvantage compared to involute gears when the effects
of dynamic loads are included. It is concluded that some weight advantage may be
possible depending on the particular configuration and operating requirements.

At best, the weight saving from the use of Novikov gears would be small for pro-
peller gearbox requirements, and the introduction of these gears would require
considerable research and development.

It is recommended that any design development of the Novikov tooth form be con-
ducted jointly with an extensive experimental program to derive fatigue strengths
and dynamic load factors, and with a theoretical program to develop a suitable
dynamic analysis.
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APPENDIX V
STUDY OF METHODS TO ADJUST THE DYNAMIC RESPONSE
OF INVOLUTE GEARS

INTRODUCTION

Appendix IV considered the possibility of achieving minimum weight gears for the
subject propeller gearbox by using a circular arc or Novikov tooth shape to increase
load capacity. However, it was concluded that the Novikov tooth probably has no
real weight advantage over the involute tooth form when dynamic loads must be con-
sidered, as in aircraft gears. Consequently, this appendix considers the objective
of achieving minimum weight gears by modifying the gear teeth so that they will
benefit from certain dynamic effects: (1) tooth stiffness would be changed so as to
properly place the gear pair resonant frequency where dynamic loads will be low,
and (2) damping can be built into the teeth so that dynamic load peaks are reduced.
By reducing the dynamic loads, the damage due to tooth bending fatigue, contact
stress, and surface wear is reduced, so that the tooth face width can be reduced.
The following describes Richardson's dynamic load analysis (see References 54

and 55) and then discusses methods for reducing dynamic loads, thus allowing
lighter weight gears.

DYNAMIC LOAD ANALYSIS

For years, Buckingham's method (see Reference 56) was used as the standard for
dynamic load analyses. It was recognized, however, that Buckingham's method
gives an upper limit to the dynamic load and does not define the response peaks.
Within the past ten years, Richardson of MIT developed a2 method based on a cam
analysis of tooth action, including errors, which is ccusidered to be more realistic.
Richardson considers a mating gear pair with forces and moments shown in Figure
104, and he uses the dynamic models shown in Figure 105. With the assumptions
that static friction is negligible during dynamic operation, that input and output
gear torques T] and T2 are constant and eq:al to their average values, and that
viscous damping may be described by a force proportional to the relative velocities
of the two gears along the line of action, Richardson arrives at the equation of
motion

n\ér + bér + Wn + -“-’n + 1 = Wt (14)
where
m; m, 1
m = - ) s The effective mass at the line of action
nl‘1 + n12 R Bl . B2
RS
261

e a st o a w e s




w e

R
R
K

o et
NIE SR

Veamren

LA T P

Ha e St

e o LT - e -

GEAR 1

Rg, = BASE CIRCLE RADWS

FIGURE 104, FREE-BODY DIAGRAM FOR MATING GEARS

262

——

e A

D




e ema tevy N

¥ ey, S i b e ol . v D 4k S 8 Ak AR e B 6

P Jarvperas-ea-g

g tnaaiyrinsa g ol ingprtoser Fresipvy

]

rb=EFFECTIVFE DAMPING AT
LINE OF ACTION

, lv—v ; = AVERAGE TRANSMITTED LOAD

; \, m=EFFECTIVE MASS AT
L LINE OF ACTION
1 2,400l Ne ¢ e000600 e i
] Fn e Pn
‘ NORMAL 2
PITCH e = POSITIVE
i ¢h—1

GEAR TOOTH -

T ERROR T

V = AVERAGE VELOCITY

CAM ALONG LINE OF
/777'777977777779777 ACTION

A. RELATIVE MOTION MODEL FOR A GEAR SET WITH
DIFFERENT TCOTH PAIRS

e

b lw*

“ S; = RELATIVE DISPLACEMENT
BETWEEN TWO GEARS

Kn —1 K, =TOOTH STIFFNESS

- |

CAM

*

0
+*
c

e ne

Prhp o urapy s i avs gniin

Sn 1
PITCH Vv
POINT

’ 7777

B. MODEL FOR PERIOD WHERE THE GEARS MOVE FROM THE
POINT WHERE TOOTH — PAIR n -1 |S AT THE PITCH POINT
TO WHERE TOOTH — PAIR n IS AT THE PITCH POINT

FIGURE 105, RICHARDSON'S DYNAMIC MODELS FOR A GEAR PAIR

263

SR S BRSO AN

e A B, s W

[

T il e E

e




- a——

- - - B N e T

b= 2 5 = The cifective damping at the line of action
"B

Wt = gB = The effective load at the line of action

\-Vn = Kn Sr = The n tooth pair spring load

W =K .8 = The (n-1) tooth pair spring load

S = Relative displacement between the two gears

R = Radius of the base circle

Equation (14) holds for one cycle during which tooth pair (n-1) is at the pitch point
and either runs on the flat of the "cam" or disengages while tooth pair (n) engages
and runs on the ""cam" flat until it reaches the pitch point and the cycle ends; see
Figure 105. The tooth engagement or disengagement deformation can be repre-
sented by the equations

= Lo oga.s 2 15
Un-1)a~ Ca 5" = Sp-d) (19)

2

16
) (16)

U =C.(P_-S*+8
ne 2" n e n-
where C4 and Cp are "cam" constant and Sp-1, Sn, Sd*, Se* and ﬁne are defined

in Figure 105b (see Reference 55). Equations (14), (15), and (16) are equivalent

to a nonlinear second-order differential equation which was solved on a digital
computer for the dynamic load ration or '"magnification factor" as a function of
dimensionless cycle time T that relates the time required for the tooth to traverse
one normal pitch P, to the period of the natural Richardson frequency (see Figure
106).

Since propeller drive gears operate continuously in the high-speed range, toward
the left of Figure 106, i.e., To < 10, it is apparent that a2 reduction in dynamic
load of 2 or 3 to 1 is possible either by introducing damping of about xi = 0.1 or

by reducing the dimensionless parameter T¢ < 3. The latter can be accomplished
by operating at a higher speed or by making the teeth flexible so as to reduce the
gear pair resonant frequency wn. The first and second stages of the advanced
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. ' propeller gearbox discussed 2bove in the report zre reviewed below in lighs of 2
above theorv and thinkine,

ANALYSIS OF FIRST STAGE

For the USAAVLABS propeller first-stage gearing, the maximum of 23,060 rpm
results in a value
o - ©nPn  _ @.95x10%(0.333)
c v 3,490

= 0.332

for which Figure 106 gives, whether ¢amped or undamped.

compared to 2.5 according o Bu kingham or coaventional analvsis. Inthe preced-
ing calculation for T-,

_ /G 28; x 19 _ _ 4 .
\/ | 0.60321 2.95 x 10" rad/sec

k = tooth pair stiffness = 188 x mﬁ 2. 8 in of face Eyj =16 x 108 -
’ pai xn. Of fa.,e - o Est = 30 X 10

16
6 —
2.8z 10 in.

—

et

1 1
e = = =
T 5 = 0.00324
"y . Rby (1.4)° , {1.587
3 Jo 0.60736  1.234
- 2x Rg 27 (1.4)
P, = P. COS 8 = sO = i__'_ 25° =

0 o N co 51 cos 25 0.383

_ {23,000 rom) (3.14) @. & in.)
60 s i = 3,400 in/sec

Tlie minimum first-stage rpm of 13,800 resufis in a value

23,000
T - I
¢ 13, 800

x 0,331 = 0.5

e
(]
Lova
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{rr which Figurc 106 gives .;?
T, ¥, i

—— :0.75 undamped and —— = 0.73 for damping ratio "

Wy W ]

z

¢ T o0.19. ;
Thus, throughout the operating speed range, the peak dynamic load is only 0. 75/ i
2.5 = 20% of the presentlv used design load, and the face wicth can be reduced by ;
70%. This resultsina ~¥%) (6.8 b + 1.1 Ib) = 5.5 1b reduction of the rim i
weight of the first-stage gear pair. By reducing the rim width, the gear inertia ;
is reduced and the gear tooth stiffness is decreased, so that the net effect of Te ]
is small. Also, a saving is possible in the housing simply because the face width :
is redeced 0.70 x (2.8 in.) = 2.0 in., resulting in a shorter envelope. The gear §

disk, shaft, and bearings cannot be significantly reduced, since their sizing depends
primarily on the transmitted load.

ANALYSIS OF SECOND STAGE

Similarly, for the second-stage gearing,the maximum rpm gives

_ “nPn (1.51 x 10%) (0.317)
T, = = = 5.30
v 0.905 x 103
- . W4 Wd
for which Figure 106 gives = = 2.5 undamped or = =1.08 for a damping
t t

ratio {=0.10. It must be noted that the second-stage gearing is a planetary with
the sun gear driving and with ring gear fixed. The pitch line velocity v used to
fin' T¢ is determined (see Reference 58, page 130) for the sun-planet mesh as

maximum rpm to be

) ] 47T\ 1335\ it _ 12 _
| V5= 0.5236.x 4466 x 5.000 (7r5) (osg)- 1520 o = 4520 x - =
905 in. /sec
and for the planet-ring gear mesh to be 2
133 \/ 47 ft
= (}. 523 ". = — i
vy = 0.5206 x 4466 x 5,000 { 7o) ()= 4,520 ——= 905 im. /sec

Thus, for each mesh

Vg vp Vv =905 in, /sec .

o oot




ey

In the preceding calcuiation, the foliowing quantities appear:

Center distance sun-to-planet = 5.0 in.
Sun rpm = 4,456
Teeth in sun =47
Teeth in planet = 43
Teech in ring gear =133

For the second-stage gearing anc minimnm rpm,

23,000
- ——t [ =
Tc 12,000 x 5.3 8. 85

for which Figure 106 gives %i = 1, 30 undamped and %i— =1.03 for a damping
. t t
ratio of ¢ = 0.10.

For the second-stage gearig, the combination of mass, tooth stiffness, and speed
causes peak dynamic loads which it is desirable to reduce. Usually there is little
damping in gears, so that the dynamic load appraoches the limit defined by
Richardson's ¢= O curve or by Buckingham's curve (gee Figure 106). Compari-
son with experimental data from several tests reported in the literature and con-
ducted by us shows that the small amount of damping present in conventional gears
limits dynamic loads below the Buckingham curve. In this case, the operating
speed spans the dynamic load peak, T¢ = 0.5. It is unlikely that the gear geometry
could be changed with assurance so as to restrict the opevating range within the
dynamic load valley at Tc = %. It is also unlikely that the gear pair frequency
could be reduced by a factor of 3 (i 2., tooth pair spring constant reduced b o
factor of 9) so as to restrict the operating range to T, < 3. However, fora
damping ratio of ¢ = 0.1, the maximum dynamic load is 1.08/2.5 = 0. 43 percent
of the undamped value, so that the face width could he reduced by 57 percent,
Thus, there is a potential weight saving of about (0.57) (1.2 1b) = 0.7 1b in the sun
gear, 0.57 (1.1 1b) (5 planets) = 3.1 1b in the planet, and 0.57 (3.11b) = 1.8 lb in
the ring gear, for n total saving of about 5.6 Ib if the dynamic load could be re~
duced.

Introduction of additicnal damping can be accomplished by adding material to slots
in the tecth, to slots between the teeth, or by Cculomb damper rings shrunk or
attached to the gear rim.

Tooth Slots

The concept of using high-damping-capacity material in tooth slots is illustrated
by the slotted tooth shown in Figure 10/ {or the approximate dimensions of the
second-stage gearing teeth. The slotted tooth can be considered as a laminated
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maintain constant stressing, Actuallv. Reference R0 casve that the »Clatine siress-
iny, will be only about 1. 33 instead of 1. 77 at the end, so that the final width is
1.33x 0,43 = 0,57. Thus, the resultmg rim width reduction of 43% is approx-
imately the same as the 419, for the previous case The actual weight reduction
will be less because the added tooth height is not fully compensated for by the
narrower tooth width. For the planets, the weight is reduced about 6%, or about
90% of that obtained by the tooth slots. Thus, the total weight reduction by this
approach would be about 2.5 pounds.

By milling slots and putting damping material between the teeth, the stiffness of
the tooth is decreased to about 25% of its originai value. Although this change in
flexibility alone decreased T¢ about 50 percent, the J of the system also decreases,
so that T¢ is only slightly reduced.

it is apperent from Figure 106 that if slotting could make the teeth 10 times more
flexible with no increase in J. nc damping would be required. since T, would be
!ess than 3.

Reference 59 shows that the loss factor of polystyrene is 2.0 and that its damping
ratio ¢ =2.0/2 = 1.0, which is twice as much as that of hard rubber. This suggests
that polystyrene in compression may be better than hard rubber and possibly better
than polystyrene in shear. However, more study of the dynamic factor for poly-
styrene in compression is needed to verify this suggestion.

Siots between the teeth tend to isolate the dynamic action of a tooth from the
adjacent teeth. It appears likely that this is beneficial. This decoupling effect
couid be optimized by varying the configuration of the damping and spacer material.

Coulomb Damping

The concept of introducing damping to gear teeth through rubbing rings has been
used for many years, and it is shown in several variations in Figure 109. How-
ever, as Figure 109 indicates, application of “of dry-friction dampmg rings will probably
require more weight than‘tlge _tooth or rim slot dampmg prevmasly descnbed

because of the weight of the rings and clamps required to apply it, Hence, Coulomb
damping rings appear to offer less potential weight reduction.

CONCLUSIONS AND RECOMMENDA TIONS

It is concluded from this study that it is theoretically possible to reduce the
maximum dynamic tooth loaas up to '1/8 of the otherwise anticipated values in
two ways: (1) by assuring that the ‘teeth are flexible enough and that the

entire operating speed range is high enough that the dimensionless parameter
Te < 3; (2) by providing tooth damping so the damping ratio ¢ = ¢/cc = 0. 1.
Reducing the dynamic load results in a proportionate reduction in face width and
therefore in rim weight, but it makes little change in the weight of the gear disc
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or bearings. The shaft and housing weight is reduced hocouce the wasiuwer teeth
require a sualier envelope. It is further concluded that this crder of damping
could possibly be accomplished by introducing damping material ir slots in two
different ways as shown in Figures 107 and 108. The weight reduction is
compromised somewhat by the required additional material to carry the load, be-
cause the slot weakens the tooth somewhat.

This study has shown that a theoretical potential weight reduction is possible

by incorporating a high damping capacity into involute gearing. Therefoie, it

is recommended that further study be applied to refine the theory of slotted gears
to properly include shear effects present in deep beams, and that tests be con-
ducted to verify the theory.
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. APPENDIX VI
PARAMETRIC STUDY OF THE PROPELLER BARREL STRUCTURE

INTRODUCTION

The study presented in this appendix was undertaken with the objective of optimi-
zing propeller hub structures from the standpeint of weight, Present propeller
barrel designs at Hamilton Standard bave predominateiy been of the so-called
"dual ring" construction. In this conventional design, the barrel is characterized
by two heavy circular ring sections, located fore and aft of the blade retention,
which are assumed to carry all primary blade loads (See Figure 110), Thus, ina
siudy aimed at weight reduction, two methods of approach are open: (1) study the
effect of varying the several geometric parameters involved in the conventional
barrel design with the object of minimizing weight, and (2) study various new con-
cepts and approaches to barre!l design with the goai of reducing the barrel weight.
In this investigation, Loth of these approaches have been followed, the former
quantitatively and the latter only qualitatively,

It should be noted that a propeller barrel is usually thought of as consisting cf three
major elements: the hub structure, the blade retention, und the tailshaft, The
present study is concerned only with the hub structure., (The blade retention is
discussed in a separate appendix,) The loads acting on the hub structure imposed
by the blades consist of steady centrifugal loading, steady bending loads both in and
out of plane, and in- and out-of-plane vibratory loads which are 1P and higher or-
ders. The vibratory loads may be grouped by their effect on the hub into: (1)
whirl loads which are 1P, 2P, 4P, and 5P for a three-way and 1P, 3P, and 5P for
a four-way; (2) symmetrical loads which are 2P and 6P for a three-way and 4P and
8P for a four-way propeller; and (3) reactionless loads which are 32 and 6P for a
four-way (do not exist for a three-way). To analyze the first-order effects and the
symmetrical vibratory loads which cause a hub deformation similar to steady bend-
ing, it is necessary, in this optimization study, to consider only vibratory loads of
1P for a three-way and both 1P and 2P for a four-way.

PARAMETER STUDY OF THE CONVENTIONAL BARREL DESIGN

For the purposes of analysis, the conventional barrel desigr has been represented
by a collection of curved beams and rigid blocks as shown in Figure 110, The

rigid blocks represent the fairly heavy blade retention, and the curved bcams
represent ti- more flaxible interarin portion of the barrel. In order to calculate
the loads and stresses in the barrel, a simplified analysis previously developed was
used. In this analysis the load paths in the barrel (i, e., front-to-rear ring load
ratio, resulting from applied centrifugal blade lcads, steady bending in-and out-of-
plane moments, and 1P bending in-and out-of-plane moments) are postulated in ad-
vance,
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In the primary portion of the barre! (neglecting blade retention and tailshaft) the
‘oliowing parameters were selected as having a major influence on stress and
weight: gross barrel diameter, front-to-rear ring spacing, front-to-rear ring
stiffness ratio, retention diameter, and ring section shape. For the sake of sim-
plcity, a three-way barrel has been used in the analysis; however, ertension of
the resuit to a four-way barrel could easily be made and would show the same
trends.

Figures 111 through 115 show the analytical results cbtained from tne present

study for centrifugal load, steady out-of-plane moment, steady in-plane moment,
1P in-plane moment, and 1P out-of-pl2n? moment, respectively. In these graphs
(P/W)/(50/p)(1/Vo) or (M/W) /(c0/p){1/V,) is plotted against retention radius for
several values of barrel redius; (P/W) of (M/W) represents the load capsacity/
weight ratio, (co/p) is the strength/density ratio for the barrel material, and
(1/Vo) is the reciprocal of a reference barrel volume wi=n the barrel diameter is
12 inches and the retention diameter is 6 inches.

As can be scen from Figures 111, 112, and 113, the greatest load-carrying capa-
city per unit weight for the centrifugal load and for both steady bending load cases
occurs when the barrel diameter is made as small as possible and the retention
diameter is made as large as possible, For the 1P in-plane moment case, the
greatest capacity/weight is achieved by making the barrel diameter smali, How-
ever, for barrel radii less than about 7 inches, capacity/weight is optimized by
making the retention radius as large as possible; and for barrel radii greater than
about 7 inches, capacity/weight is optimum at one particular value of retention
radius as given by Figure 114, FVor the 1P out-of-plane moment case, capacity/
weight is optimized by making the barrel diameter small and by choosing the
optimum retention radius from Figure 115. It should be noticed in Figures 114 and
15, however, that the optimum retention radius (in those cases where a cingle
optimum exists) is very close to being the largest retention which could practically
be used for the given barrel diameter, To summarize these results, therefore,
it can be said in general that the greatest capacity/weight ratio is obtained by
making the barrel diameter small and the retention diameter large, regardless of
the loading condition,

It hus been found from the present simplified theory that the gross barrel loads
(ring loads) are not affected by front-to-rear ring stiffness ratio or by ring section
shape, For this reason, a material may be chosen for the barrel based strictly on
considerations of strength/density ratio, without regard for the material modulus
of elasticity, In addition, this indicates that ring section shape may be chosen to
minimize the stregs for a given load, without regard for stiffness., Obviously, this
stress Is minimized by having a section which is thick in the plane cf the ring and
narrow out of plane,
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It b2z heen found that front-to-rear ring spacing does not affect gross barrel loads
(ring loads) except in the out-cf-plane moment cases, both steady and 1P, Because
of this, in the centrifugal load and in-plane moment cases, capacity/weight is
optimized by making the ring spacing small, since weight is saved thereby; where-
as, in the out-of-plane moment cases, capacity/weight is nearly independent of
spacing due to load and weight effects! offsetting one another,

In order to establish the accuracy of the simplified analysis used in this study, one
set of barrel parameters was used in conjunction with a more sophisticated struc-
tures analysis recently developed, This anzlysis is quite complex and was con-
sidered to be excessively time-consuming for the complete study; hence, the sfm-
plified analysis was used, This method, however, ensures that compatibility is
satisfied arnd does not require specification of load paths in advance., Results
obtained from this case indicate that the simplified analysis is sufficiently accur-
ate for the purposes of the present study, Centrifugal losd and in-plane moment
cases were in very good agreement, with out-of-plane moment cases showing a
semewhat larger discrepancy.

For a conventional barrel design, the results of this study indicate that the barrel
should be small, with a retention as large as practical consistent with barrel di-
ameter and with ring spacing as close as practical consistent with retention diam-
eter, Because of the relationship between stress and displacement, it is believed
that such an arrangement would also be beneficial from the standpoint of hub stiff-
ness, In current designs, the barrel is »iready very nearly as small, and has a
close ring spacing, as is practical and consistent with actuator requirements; thus,
it is believed that significant weight reductions can best be achieved through the use
of pew design concepts, Two such concepts will be discussed in the following para-

graphs,

NEW BARREL DESIGN CONCEPTS

In contrast to the conventional barrel design, which uses circular rings as load-
carrying members, two new concepts have been anaiyzed which make use of other
structural elements, The first new concept begins with the premise that the loads
in a four-way barrel can best be carried by means of an x-member as shown in
Figure 116A, From this premise has evolved a design which consists essentially
of two crossed cylinders, arranged in such a way that each cylinder is continuous
through the other; see Figures 49 and 50, In this design, however, holes must be
placed in the cylinders .o accommodate the actuator mechaaisia and the connecting
links from the actuator to the blades,

The crossed-cylinder design possesses many obvious advantages, Some of these

are at least partially Jissipated, however, by the actuator cutout, The load-
carrying capacity for a given weight in this design should be quite good for the
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centrifugal load case. A tendency toward nonuniferm barrel arm flexibility caused
by the actuator cutout is reduced by a diamond-shaped reinforcing member around

the actuator cutout, and by the support from the curvature of the other intersecting
cylinder,

Although the centrifugal loads of two opposing blades are carried almost entirely
by the cylinder joining these blades, some deformation of the other cylinder will
probably occur. The magnitude of the resulting local bending stresses, and thus
the required size of the local fillets, was not evaluated in detail in this study. This
would best be determined by a model test during a detail design of the barrel.

For in-plane moment loading (steady, 1P, and 2P), the cylinder design should be
quite good, although once again the stresees in the perpendicular cylinder due to
deformation of the loaded cylinder must be taken into account, The out-of-plane
moment case (steady, 1P, and 2P) represents the most troublesome lcading situa-
tion for the design, For this type of loading, a portion of the load-carrying advan-
tage of the cylinders themselves is lost because of the actuator cutout,and a portion
of the load is supported by the diamond- 3haped reinforcing member., For steady
and 1P out-of-plane bending, this diamomi-shaped member is fairly efficient; for
2P bending, it would be somewhat less efficient, but still better than the conven-
tional barrel design,

The second new design concept begins with the assumption that the loads in a barrel
with any number of blades can be efficiently carried by means of a diamond struc-
ture as shown in Figure 116B. }rom this assumption has evolved a design which
represents a shell-type structure (Figures 51 and 118), In this barrel design, each
point in a retention ring is connected hy a straight line to a point in the adjacent
ring having the same fore-and-aft dimension (see Figure 117), This resuits ina
barrel which is a monocoque shell structure, the interarm areas being sections of
an elliptic cylinder, Tn order to carry the actuator aund tailshaft, a connection
arrangement can be devised, and the open square area can be filled in as shown iu
Figur: 117,

Such a monocoque barrel can be made quite compact, and, for thc centrifugal load
case, the load-carrying capacity for a given weight should be quite good because
centrifugal loads do not cause bending in the interarm areas, However, to limit
retention deflection and to ensure uniform retention stiffness, the thickness of the
elliptic interarm areas would be tailored. This would be done by making the inter-
arm sections thicker at the top and bottom and thinner in the middle so as to com-
pensate for the difference in the length of the generating line,

For steady out-of-plane bending loads, the monocoque barrel should have a good

capacity-to-weight ratio for the same reasons as given for the centrifugal case.
For steady in-plane bending, this barrel would e somewhat less efficient, as most
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of the load would be carried by the center portions of the interarm areas which are
of smaller thickness, Because these areas are short, however, it is believed that
the efficiency should be moderately good.

In the case of 1P out-of-plane bending, the load paths in this barrel are quite com-
plicated; nence, the relative efficiency is difficult to estimate even qualitatively.

It would appear that a share of the load goes intc a shearing action of the interarm
areas, and here again the short length of the generating line in the center should be
advantageous, It would also appear that some nonuniform deformation of the reten-
tion may occur. A mcre detailed analytical study of this loading case would be
required to determine the optimum location and amount of additional material
required to stiffen the retention,

The behavior of the barre! under 1P in~plane loading should consist predominately
of tension and bending in the interarm areas, and the design should be relatively
efficient for this case,

For 2P out-of-plane bending, mest of the load is carried by bending of the thicker
interarm areas near the top and bottom of the barrel, Because these areas are

the thickest part of the shell wall, the efficiency should not be too poor, even though
these areas are fairly long in span, For the 2P in-plane bending case, the mono-
coque design is less efficient, and it is possible that some local shell bending in

the interarm areas may occur, Because »f Lhis, it may be necessary to thicken

the center of the interarm areas, This could lead to a nonuniform retention {lexi-
bility,

In swmmary, it can be stated that both new barrel concepts possess certain advan-
tages and disadvantages, but it has bee.: shown that both designs are superior to the
conventional design on a capacity/weight basis.

The crossed-cylinder concept tends to isolate the retention structure from the gross
barrel structure, while the shell-type concept uses the retention as an integral part
of the gross barrel structure, For the specific four-way propeller design point of
this study, the crossed cylinder concept was favored. However, under different
design conditions or in going to a three-way propeller, the comparison could change:
and, since both designs are potentially lighter than conventional designs, it is
suggested that both are deserving of further detailed study.




APPENDIX VII
PARAMETRIC 3TUDY Ut THE INTEGRAL BALL-RACE BLADE RETENTIONS

A parametric study was conducted to determine the optimum ball-race blsde shank
retention configuration, The object was to minimize the ball-race blade retention
weight for adequate retention stiffness, axial load capacity, and moment capacity

by varying some specified geometry parameters, The parameters considered, which
are illustrated in Figure 118, include the pitch diameter, ball diameter, race spacing,
ball-race fit, and number of races. To make the results comparable, the geometry
parameter of overall retention length and the stress parameters of nominal barre]
arm stress, blade shank stress, and ball-race contact stress were held consiant,

This study was based upon the standard bali-race retention and does not include
the four-point bearing race retention discussed in the main body of the report.

ANALYSE

The analysis used for calculating ball-race blade retention stiffness and moment
and rocking capacities had been previously derived and frequently used. The re-
tention stiffness caiculation considered axia! and bending stiffness by usicg an
equivalent axial load of L equiv. = L +4M/PD. The moment and rocking capa-
cities were determined from the expression L + K4M/PD, where the value of

4 « X/PD would express the moment or rocking capacity. ¥ L. < 4 . KM/PD, then
retention rocking occurs (load L is then not sufficient to support moment M on the
retention diameter PD), whereas the moment capacity is reached when the sum of
the quantities L const, and K4M/PD develop the allowable Hertz stress, Therefore,
for blade retentions of equal axial load potential, the value of 4K/PD determines
ejther moment or rocking capacity.

In the multiple-race retention configurations, axial load capacity does not neces-
ser''y increase proportionally with number of races, as one might conclude, This
occurs, in general, for geometry as shown in Figure 118 because one race of a
multiple-race configuration is more highly loaded than an adjacent race. There-
fore, the retention is inefficient, since the geometry parameters, ball size, pitch
diameter, etc,, are chosen for the highest race load instead of for the nominal
load, A simplified analysis shows that a double-race retention can, by incorpor-
ating the correct uniform thickness of the barrel arms and blade shanks, have
equal loads on each race due to axial lcad., For a triple race retention, the barrel
arms and blade shank must be tapered or stepped to allow equal load distributions,
At higher race numbers, designing the correct barrel arm and blade shank shapes
for equal load distribution becomes more complicated and difficult. Also, the bali-
race tolerancing, which directly affects the load sharing of the races, becomes more
critical,
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i was zssumed i this zmelrsis ther sammlobaed 22omTo - o on womdl oXIST, IR 26E
I2SeS, 0r propeT Cesign of tte basTvel arms aod bhrde saeck thicknesses. ¥z
simplicity, coastam berrel arm and bizde chaok thickuesses wers 2ise zseumesd
for 21i refentices. Toese two assempicns zre Inromsistierd, sines eqral lasd
sharing requires tapered walls, Tais makes the tEree-wn {ow -race reiemions
somewniet beavier; keoce, this sindy tends 15 slightly discredit these retentices,

It is believed tiat 2 detailed amriyeis in Eis arez wonkr show 327 2 properiy tap-
ered three- or fer-race setemkion is zgariy the s2me welgit 25 & e~ of TWO-TZCe
retertion, but practical tolerancing bhmils would give the advamtage 20 oo or twO
races,

Axis! lo&d capacities were Setermined by caiculating and sciiing socinal axiai
stress in the barze! 2rms and blade shanks, amd o7 csliculating relative maxium
HeTt:o5 0ntact siresses wiich were inund 20 be proporticaai to 2xial ioed in the
following a3y, for copsian vall-race fii:

L zrial tpad = PD- N & KN

whberc PD is 1he rzce pitch diameter, & is the bali dizemeter, N is the pumber of
races, ang K(N) is tbz load-skaripg factor for the X races, which, as mertioned
above, is assumed to be K(N) = 1.8, Tbus, for the same bali-race fit, axial ioad
capsacities for 2 given weight 2re determined. The weigh” of each retention was
calculated assuming the zxia! length that was consistent with 2 four-race retention.
This meass that 2 sirgle-race retentics includes in its weight a portion of the blade
spar. These calculated pararmeters are used to defire the retention efficiencies of
retention stiffness/weight and mement or rocking czpacity/weight {or various rum-
bers «f races and axial race spacings. 7o iber relatonships iovolving the effect
of ball-race fit and PD/d oz retention stifiress were calculated using the above
analyses. Tbhe effect of the parameter PD,/d, the axial load capacity/weight, and
the relationship between PD/axia} capacity and pumber of races for various ball
sizes were 2lso calculated for the four reientions studied. Using the optimum
values of PD/d and the PD/axial capacity, rzce number, and ball size reiztion-
ships, optimuin values of PD and d were determined in terms of axial load/race
number,

RESULTS AND DISCUSSION

Values of retention parameters used in this study are summarized ia Table XXIV,
The v -lues were used to plot moment, axial load, and stiffness efficiencies versus
number of reces in Figures 119, 120, a2nd 121, respectiveiy. Also plotted are the
stiffness efficiency versus ball race fit in Figire 122 and the axial load efficiency
versus PD/d in Figure 123, As shown in Figures 119 through 121, values of a “d
of one to four were chosen, iHowever, 2 value of a 'd equal to 1 is not possible, «nd
a value of about 1-1/2 is a practical lower limit,
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[ TABLE XXIV j
_ USAAVLABS RETENTION PARAMETRIC ANALYSIS }
! (DATA ARE NORMALIZED TO A FOUR- RACE RETENTION ) \
— N i
NO. OF PITCH (N=1)A 'R BALL TOTAL AXIAL ROCKING ~
RACE S DIAMETER R a PD 2 DIAMETER RETENTION LOAD AND OVERALL :
i (PD) A = ROW wEIGHT CAPACITY MOMENT RETENTION | g
\ SPACING CAPACITY STIFFNFS~ | _
" - - &
o4 1.0 0.812 1.0 1.0 1.0 1.0 10 i
! } 1,06 0.514 1.0 880 1.0 116 1 39
L]
m ¢ 1,448 0,287 1.3 02Y 1.0 1 36 1.51
b 1,448 0.17% LA 40 1.0 1.8 tue | ;
_ ' 1,829 0 108 451 1.0 Vs R :
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The values of moment or rocking capacity/weight as affected by race number and
spacing, as shown in Figure 119, indicate that a dual-race retention is superior to
the single-race retention for a /¢ ratios of 2-1/2 or smaller, At greater a/d ratios,
the single-race retention is superior to the dual-race retention, Similarly, in
Figure 120, the axiai load capacity/weight effects a.e shown for the same design
parameters, Here, for a/d of 2 or less, the dual race is again superior; whereas,
for a/d greater than 2-1/2, the single race is superior. Therefore, for maximum
moment or rocking/weight ard maximum axial load for maximum capacity/weight,

a dual race with small a/d ratios should be selected.

The effect of retention stiffness/weight for the same design parameters, as shown
in Figure 121, indicates that the single race is superior to 2, 3, aud 4 races for

a/d ratios of 2 or greater, but two races are best for a minimum a/d of about

1-1/2, The stiffness per weight can be improved for a given retention by tightening
the bail-race fit as indicated in Figure 122, Also, by tightening the ball-race fit,
contact Hertz stresses are reduced on an equal load basis, allowing greater load
capacity. However, since thickness of the barrel arm and blade shank must be
increased to maintain their same nominal stresses, it is not obvious that a ball-race
fit that is tighter than a standard fit has a weight benefit relative to axial load
capacity. At best, this weight benefit, if any, would be small.

After determining the optimum number of races N and spacing a/d, which, in gen-
eral, is a closely spaced dual or single race, it is necessary to determine the op-
timum PD/d ratio based on axial capacity/weight and retention stiffness/weight.
Shown in Figure 123 are efficiency relationships calculated for one- and two-race
retentions. Here, the optimum value of PD/d lies between 14 and 20. Using the
above values and the relationships >f Pd/axial capacity versus race number of dif-
ferent ball sizes presented in Figure 124, the final parameters of PD and (d) can
be calculated. The following ball sizes and pitch diameters were determined as a
function of N/L raiios for PD/d ratios of 14 and 20:

d=2.36x 10 VL/N

PD/d = 14 PD=33,0x 1073 /L/N

d=1.98x 1073 VL/N
PD/d = 20 PD=27.7x 107 /L/N

Since a number of different combinations of N, PD, and d can be chosen and, still
satisfy the optimum PD/d ratio, it is necessary to mention that the smallest ball
size should be chosen which still meets the axial load requirements, This is to
ensure the most uniform possible load distributions within the raceways, If larger,
and consequently fewer, balls are used, the possibility of local stress concentra-
tions within the retention or throughout the barrel could be increased.
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Figures 119 and 121 all show that a/d should be as small as possible for minimum
weight, Therefore, for a/d i.5, which is near the practical minimum limit,
comparative weights are summarized in Table XXV for one -, two -, and three-
race retentions derived for constant values of moment or rocking capacity, axial
load capacity, and retention stiffness.
TABLE XXV. RELATIVE WEIGHTS,9d = 1.5
\DATA ARE NORMALIZED TO A TWO—RACE RETENTION)

ROCKING OF AXIAL LOAD RETENTION

RACES MOMENT CAPACITY CAPACITY STIFFNESS
1 1.05 1.14 1.05
2 1.00 1.00 1.60
3 1.24 1.04 1.13

The two-race retenticn is lightest, tut the weight penalty for a single race is only
5‘7 on rocking capacity and retention stiffness and 14% on axial load capacity;
whereas the weight penalty for the triple race is only 4'¢ based on axial load cap-
acity, but 24% based on rocking capacity. All things considered, the one-and two-
race retentions appear to be the best choices,

CONCLUSIONS

By investigation of specified geometry parameters of the singie- and multiple-race
blade shank retentions, a theoretical minimum weight retention can ke obtained for
adequate moment capacity, axial load capacity, and retenticu stiffness.

It was found that the race spacing shouid be as small as possible for any number of
races; 2 value of a/d = 1,5 is suggested as being near the practical minimum, With
this race spacing, the two-race retention is lightest, the one-race retention next,
followed by the three-race retention. However, the weight penalty could be as low
as 4'( oras high as 24%, depending upon the particular loading and stiffness require-
ments,

At any race number, a tight ball-race fit improves the retention stiffness/weight
and increases Hertz stress capacity for a given load. The optimum value of PD/d
is 14, but PD/d values as high as 20 increase the weight by only 13 percent,

Finallv, by choosing the optimum race number (PD/d ratio between 14 and 20y and
by kinowing the axial load, several optimum retention configurations can be selec*ed
by using the relationships involving the effect of ball size on race number and P1//d
axial load capacitv. Howover, by choosing the smallest ball sizc that will permit
safe loading, an ontimum retention configuration can be selected.
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APPENDIX VIO
STABILITY ANALYSIS OF THE CYCLIC PITCH PROPELLER
INCLUDING I XP ISOLATION METHODS

INTRODUCTION

This study was initiated to analyze the stability considerations of conceptual desige
for the propeller. This study includes cyclic pitch for the elimination or reduction
of 1P blade stress and/or for the generation of aircraft control moments, The
specific purpose cf this study is to investigate the feasibility of these concepts in

terms of static divergence and dynamic stability., (List of symbols used in Appendix
Vil is shown on Table XXVI)

ANALYSIS

The first part of this analysis developed the aerodynamic forces produced by a
four-bladed propeller whose hub is executing a whirling motion about the static
center of the system. The system is described as a two-degree-of-ireedom sys-
tem in pitch and yaw, shown in Figure 125, The vector diagram, Figure 126, shows
hub motion ws and § as well as the component of inflow velocity perpendicular to
the disc, The angle 8 describes the inclination of the airstream to the propeller.

The above quantities produce velocity components parallel o the resultant airfoil
velocity of magnitude

R . Qr Qr
Vp = w T + s T - Vo sing (——U——)cosSZt (17)

where U2 = VO2 + (Szr)2 and Vg, is the airstream velocity; see Figure 126.

The components perperndicular to the velocity U produce effective blade angle changes
of

o

. Qr . Vo Vo©

(1’1:-(1)——2— ;a/2=s—§— ; Qg =
U U

sinf3 cos Qt (18)

In addition to these induced angle changes, the pitch and yaw motions result in
blade angie changes of

Ay = Y sin Qt - 6cos Qt
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TABLE XXVI-SYMBOLS USED IN APPENDIX VIl

SYMBOL

Iy, 1z

DEFINITION
PIVOT DISTANCE IN PITCH AND YAW
POLAR MOMENT OF INERTIA OF PROPELLER
MOMENTS OF INERTIA ABOUT Y AND Z AXES
UNIT AERODYNAMIC LOADING
RESUL.TANT PROPELLER AEROCDYNAMIC LOADS
UNIT AERCCYNAMIC LOADS
RESULTANT PROPELLER AERODYNAMIC LOADS
PADIUS
PROPELLER TIP RADIUS
SUSPENSION STIFFNESS
STEADY—-STATE BLADE SECTION VELOCITY

AIRSTREAM VELOGCITY

BLADE SECTION VELOCITY DUE TC PERTURBATIONS

PROPELLER JUB MOTIONS

COORDINATE SYSTEM

BLADE ANGLE CHANGES DUE TO PERTURBATIONS

PROPELLER SPEED

WHIRL. FREQUENCY

PITCH AND YAW DEGREES OF FREEDOM
INFLOW ANGLE

DAMPING FACTOR IN PITCH AND YAW

EIGENVALUE OF MATRIX

J01

Beosteighdm

A‘—L.

hnsnat
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FIGURE 125. COORDIKATE SYSTEM AND SIGN CONVENTICH

FIGURE 126. BLADE ELEMENT VECTOR L1AGRAM
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Fezuser, if we 3llow for eyelic piteh Sused mpon znguher mation of the propelier
{sicdbr 2o fre swrsiphte teckodgme wsed oo belicopters) xnd for the 2484ition of
caciic pited thramgd tbe 2ctontor meckemisen, tRe resulizct biade 2ogbe seex by the
blade is given 25

or -vo \'02
°=aoifsizm-9cosm-$iz-éslz-Lz sing cos Ot
a9

*Rf S0t ¢ kb cos0t £ focos Ct ¢ SpsinOt

where k; aaé k, 2re mechanicai ratios between propeliler pitch or yaw and the
resulting blade angle ctanges, The quantities #g and ¢¢ are the foroed blade angle
ciznges caused by the actuator.

From Figure 125, it can be seex that

« = - %rcosDt - #r sin Ot 29)
so that

== - ¥reos Ot - Arsin9Qt > O¢Yrsinot - 9§rcos Ot @1
and

s = —ie‘.' sin 2 + ‘;eﬁ cos 2t (22)

Usirg Equestion (:7) 2nd the expression for U, #e can see that the resultant velocity
ixzo the plade section is

7 - 52. 2_.".0 _‘Or ‘OQ
"“o'(Qr)"'f-'su' L.singcoeﬂt 233

1 .2
1 = —2— DC\"’Cla o !24)

303

E T

e T 3

[

B
LY PET TN U TRT WSV

L,




where o is the 2ir Jeasity, ¢ is the blade cierd. €, is the section Wt ~orve
s:ope, anu - :$ the angle of zttack of the blade, Substuivticg Equatiors (12) and
25 into 24), we vbtan

v v 2
] .. * o °@0r olr l
Qo= N gecly, o= s~ shzcesty
'”é&mm

- Qp ."o v
-8co6Qt - ¥ — £ § — - sin 2 cos Ot < k1 #=inCt

L N
3

‘-kzdl cossztrafcosﬂa -"ﬂ!sisu 21}

Expancing this equation, drepping the steady-siate angie of xftack, i, and
linearizing results in

\
1 5 ; .
1= 5 Pc Ci.g( ¥ Zg +V, oeé i +Qr2; - vozi + Uzg2¢.+ Lﬂsf) cosQt
\\
= (V% ~Vode, * 2r% = UZkys + tp sinat 23)

The individual perturbation blade loads at radius r cun» row be added to obtain the
bub resultants as

V_ i i
1 Z:..ﬁ‘lg_llcosgt+l3cosm+ lgsin.f!t-l4sinﬂtl

where subscripts to the blade designations are as given in Figure 126. This reduces
to

v 2 4cv

, 1 zsx4°o ic v serln ;L 2VoP  geu [,.

.Z——PVO —'—2—'0~——§ e‘.l - 29 : 2 - 2 A?_V'Gf
2 UR UR UV R UR VoRZ |

4

(26)
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wrere S5° is the disc 2rez 2nd R is the blade tip redins, Simikrly,

i1, J4Ve  setey  ser?o - geU _ _
w:"-o?*'( 5% - o 5% c— k1o 2 og 27
= LR® % (VoR® voR®

Tre cut-of -plane {orces producing moment about the four-way hub centerline are of
the form

%

4
mY:gt:{-llsithé 1;sin0t - 1,cos0t + 14cosm'

which reduces 1o

1 2. - - H
my=- Lo v 2SR mrzc#_«im-.. 5 . 1024 a+m2°{’
z 3 w3 €9 10203 - 253
LR UV R oV Vo
3
[kl’ + w}f} 23)
Similarly,
S S 25,?(4m2c, 40c2¢ ée sirt o -iQrzcs
T - — - ‘1% g - -— - -
I Pt ol S 5 S S
sorlct . .
e [Kz"" + ’fD 29)
o -
it should be noted that the air loads, when summed over all blajges, are not depen-~

dent upon the propeller rotational azimath angle 2t. Equations (26) through :29)
raust now be integrated over the blade radius, giving the final loads as

Iz = P19 -Pyegf ~P3¥ +P18 -Pg(ap + 01
(30)
. g iy
Ly =P?1¥ - Pye” + Pgé=Pyligh * ¥

and the {inal moments became
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where the coefficients are given in the List of Coefficients (page 313,
Writing ti.e equations of motioa of the system gives
Lé:8s ey? =5+sc,&ézpaé=1,ye¢ £ -

4§ *6y egza +Saa ~-Ip!2¢’l=[.ze6 * My

Substituting Equations (£} andé (3) i-2o (22) and eliminating time-dependent terms
providzs two equations ior determining the steady propelier attitude; i. e,

S¢- Preyt Pakpl - (Pgkjec+ Pg) 6 = Pye ¥y~ Pg O + P52
(33)
(Pgekp+ P5) 6 + 84 - Pre; * Pgky)g =Pref - Pyey0: - Pguy

These eqmaticne can be solvd for £ 206 &,

Returrning now to Equatioss (22), we write these in the following form:

3{5 +bh1¥ +c¢y¢ +e360 +f12 =0

1943
K”4i

bo? *e2¥d -ozb—ezs +f98 = @

where the coefficients are given ip the List of Coefficients. In the matrix form,

23 G]

IR R SR

wheve q = [ v, 5 ’ T, simplifying the al-ve expression, we have

[+ 5 M+ Telfe) - o
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znd the two-by~two m2icices are given in tbe List of Coefficients,

e °

fo
Since [, =dg [q] » Equation (3>) produces the typical eigenvector problem

_'
.

£

T

v

[ -[5]] k-0 @9

Equation (39) can now be solved for the complex eigenvalues, wkhich show whether
tbe system poesesses either static or dynamic icstabilities,

DIESCUSSION

During this study, a number of cyclic pitch systems were investigated which were
designed to eliminate or reduce tbe 1P blade stressing, These concepts msy be
divided into two categories, i.e., self-regulating and controlled systems. Tbe
self-regulating systems involve removing some of the restraints on the system and
coupling pitch and/or yaw moticn to blade pitch change. These systems will be
discussed in detzil in the following paragraphs., The controlled systems involve
conveniional mounting of the propeller system, sensing the inflow in some manner,
and either changing the propeller angular orientation or introducing forced biade
pitch change at a frequency of 1F. These latter systems do not affect the dyzamic
stability, but they do bave an influence on the static divergence, However, static
divergence is easily eiiminated for a conventiaily mounted system, so that we shall
assume that the controlled systems are satisfactory. These systems can eliminate
esseptiaily 211 1P stressing if they are progerly czlibrated,

We shall now consider the self-regulating system. The first system thuf we con-
sidered was ine in which the propeller is gimbaled in the pitch sense caly, and in
which a pitch displacement produces cyclic blade angle change in the vertical
blades. Ii the pivot point of this system is behind the propeller, the resultant
system is stable; however, for a gimbal at the propeller plane, the system is un-
stable, In both of these cases, the 1P stressing is not eliminated or reduced in
magnitude, but merely rotated 90 degrees in time.

The next logical step is to ginibal the system in both pitch and yaw, retaining the
cyclic hlade angle changes as linear functions of the pitch and yaw angles, This
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configuration was anz2lvzed only for the case where the gimbaling was located at the
propeller disc center. The analysis was applied to the fully gimbaled propeller
design, using estimated system parzmeters. Figure 127 shows the results of the
2nalvsis and predicts that, for the cyclic pitch rztic of 2:1 shown in the cycle pitch
design, the system is unstable at about 259 knots. This plot also shows that as the
cyclic pitch ratio is increased, the instability speed increases, and a ratio of about

6.5:1 proves satisfactory for 2 maximum speed of 350 knots; f.e., 1.2V, = 420 knats.

A study was also made to Getermine the effect of damping on the divergent speed.
Cursory analyses of the Coulomb cases were run for damping coefficients up to
1,000 in, -1b-sec/rad. The maximum change in the divergent speed was about 27
for damping parameters in this range, implving that damping is insufficient to bave
ary apprecisble effect,

The fully gimbeled propelier does not completely eliminate 1P blade aerodynamic
loads, bat it does decrease their maognitude. For each condition, the steady-state
equilibrium angles were caiculated, and these were then substituted into squation
(25) to determine the 1P blade loads. It was found that the new 1P blade loads
varied lirearly from 507 of the normal values at 59 knots to 20 percent at 320 knots,
from which speed they remain nearly constant at 20 percent.

The case of helicopter antitorque rotors was considered as possibly disproviag the
above-discussed divergence of a2 gimbaled propeller. A typical rotor was evaluated
and was shown to bave a divergent speed of 170 knots. This is far above the inflow
velocity that this rotor ever experienced, and the high velocities in the plane of the
propeller are not significant in terms of whirl-fiutler divergence. Therefore, there
appears to be no inconsistency between the foregoing analytical results and test
experience,

Figure 128 shows the variation of divergent speed with poiar moment of inertia of
the propeller. As 1P is reduced, the blades can be made lighter, which will de-
crease the polar moment of irertia and consequently increase the divergent speed.
Thus, 2 decrease of 40% in polar moment of inertia will increase the divergent
speed by about 17%.

CONCILUSIONS

This study has shown that a self-regulating 1P reducing system for a propeller
would be achieved by a fully gimbaled propeller; bowever, it presents stability
problems, I« the blade cyclic pitch ratio is high enough, i.e., at least 6. 5:1,
stability could be achieved for maximum aircraft velocities up to 350 knots for the
propeller considered in this study. The amount of 1P reduction with this system
varies from 50% at 50 knats to 80% at 320 kn. Reduction of the propeller polar
moment of inertia increases the whiri-fluiter critical speed by a modest percentage.

The available daraping in the gimbal joint appears to have an insignificant effect on
the stability of the system,

308

B AR L% AL e Ny ey

5 T

[ TA

YOTPIRTIRTIT T Y =1




=TT T RANY L2kt Yo

[l 2o A RU U AR )

HATIdOUd AIIVENWIO AN ¥Od L071d ¥3LLNTTd “L21 3uNOld

SLONN-ALIDO™RA

008 osy ooy 0s¢ 00¢ 08T 00% 001 0s 0

1}
-
-
u\
’ 7oy ==ty .

R B o
‘ \ \\ \ y—

309

> S =
VAR S NN
T / ,,“ §81-7 — ////u...” A

T S TR

/
\\ -~ Z1QVLSNN
. Pl 2
77

\ *\ \\\ \ AONLINOVYIW HOLId DITDAD 3aVv18 J4O 103443

////j/

NI 23S—87 ‘ALITIBVLS 804 0380038 ONIdWYQ

LRI o b RS R

FASH RARTEE AT R I TS B DU NS e OTTI.

~ N N N et M i ki N b e N




43713d0¥d QINEVNID AMINS ¥OA LOTd ¥ILLNTA ‘828 IOl

SLONX = ALIDOMAA
0sy 0oy osy 00§ 0§2 002 0§ 001 0%

P 4

! /
a2t \ 7/ o

N \\\\\ /%///// -
/// \ AN

/ .. - 6dD LG | VILYANI uo LNINOW z(..ou % o...

\ — §dD a.o__ VILNINI h_.o INInOW _zjom % oo_

//éV/ A *——lidD §2'8  VILNENI 4O LNIWOW MY 10d % 001
A

\/4 N
/ ViLN3ANI JO INTWOW WV I0d ¥ TT13d0Nd 4O 103443
14

310

i
\\
\\

‘NI D35 ~ @71 "ALITNBYLS ¥03 QIVINOIY ONIdWNRQ




LE>cra g

AR ok LALES

u A Aad aiaix )

Wi e

LT Lottt ey

iy aa g mm o i A

T )

erenes
eeee

ATt P ey Ao r e BV L oheraaa Ty

MR Ty

I8 e o w e a

e Ty

e

v A
[TACRRLRILL K AP

e el .. - . PSS K LR -

A controlled propeller system that senses the 1P shaft moment and forcibly cycles
the blade pitch at a 1P frequency to eliminate the shaft moment will minimize the
1P blade stressing and will be a stable system.
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The coefficients for equations (25) and (263 are given below:
°1
. 1 Kcuanl
Pl = -.L» \’o‘! s' -Qg—l‘l, ll = —L—.(———_-._ -
2 Q R n2, (;i?
.’q:‘) T
l)
P,="1l.v
2 o 1 .
" §- ‘ - o ‘/Yi‘ d
§ n o ’ 67_"‘)
; 1 / 19213
—:‘ l"--z— va ;' \vo )
. 1
i _ 1 “ 2 112 N . 2 J\2
; Py 5 PV, SR (T) I3 -f Ke VU 1 (?) dn
n=o
Pg = P5/V,
1 t
1 2 4QR Ken*dn
Pr=—pPV, S'R I 14 = —_—
; [ 2 o (—V:)T 4) 4 r—z J—Z—'
. n-o * (—7?)
] 2 402
Pg=— PVy ' R (..%.:,'L Ir,)
0 i —
. . J\2
n=r'R I = ke \In2 + (&) oy
=0
ERR
T QR
K= A 7
" 2 A 2]
20 A \1-x [1+(J‘)71 .
where A is the blde aspeet ratio, and M is the Mach number, .

312

et - e . i e e

e r——— 1. ————— 1

A e e

Nahr - W et~ A

P

Bk i id N i B0 it




List of Coelficients (Continued)
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APPENDIX IX
PARAMETRIC TPTIMIZATICX STUDY
OF TWO-2IECE #OLLOW PROPELLER BLADES

INTRODUCTION

- —

In support of the basic cbjective of the propelier study program to evaitate material
2nd design concepts which wili predace a significant reductior in propeiler system
weight,and since he blade weight and dyramic characteristics have the prime inslu-
ence ¢n the design and weighkt of the z5ntire propeller, 2 parametric study cf the
blade is presented here. A thorcugh reviex of the potentialities of new materials
and blade proporticas to obtain the best general configuration for propeller blades
was considered necessary. Tbiz appendix presents a theoreticzl analysis ard results
of this parametric study of biad> preperties and materiails.

In gereral, the number of biades and external dimensions of tie blades are defired
by aerodyramic coasiderations. Thus, the structural design requires ihe selection
of the shell and spar materials arnd configaration which satisfy the aerodyramic en-
velope and structural recuirements and wkich give the minimem weight. This
parametric blade study has prodiced some basic curves which should be eseful in
optimizing the design of propeller blades.

This appendix is divided inte five sections. The first section covers the parametric
analysis 2nd discusses its possible limitations; the second discusses the results of
the analvsis from a geometric-standpoint; the third discusses the results from a
materials standpoint; the fourth showe the analysis and how it could be used to
approximate a blade design for the study; and the fifth presents a cursory look at
integrated dynamic effects on frequencies, using aa energy approach.

This parametric analysis was iimited to blade section optimizations for moment
capacity and for stiffness. Because the dynaisic characteristics of the blade involve
the integrated effects of the section stiffness and weights, the true optimum design
for the sections will be influenced by their interactior=. In this study, this inter-
action was done in ar iterativ.- way with some guideline. (A list of symbols used in
Appendix IX is shown in Table XXXV at the end of this appendix.)

PARAMETRIC ANALYSIS

The parametric analysis uses previously derived theoretical relationships as a
basis to analyze section geometry and material changes. Figure 129 is a schematic
approximation of a cress section of a two-piece blade construction used in this anal-
ysis. The section was assumed to be symmetrical about the y-axis, and the blade

Ty

thickness was assumed to be a cosine curve expressed as h = hycos T This
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appreximation ie quite geod for series 16 and 65 airfoil sections: ard, altkougn
series 64 sections are not symmetrical, this approximation is still censisidered
to be reasonsole. The analvsis was expanded to include camber, which was ziso

assumed to be a cosine function expressed as 6-—60009%1.

The analysis uses thin-wall theory for calcul=ting the section characteristics of
the shell. The mean perimeter was taken as being eqgual to the outside perimeter
and distances from the x-axis to the center of the shell wall were assumed to be
equzi to the distances to the outside of the shell. It will be shown that the shell
is usually quite thin, making these assumptions very reascnable.

Calculaticns for the core (spar) characteristics, on the other hand, differ in that
the core thickness is less than the blade thickness by an amocunt equal to twice the
shell wall thickness. These calcuiations also differ in that the above assumptions
for mean perimeter and y distances are not made for the core.

Since, as stated before, the external dimensions of the blade are fixed by aerody-
namics, the only design parameters are core width and shell and core wall thickness.
Tte two main design concerns are blade dynamics or critical speeds and blade
statics or load-carrying capacity ~ud deflections. The object, then, is to vary

these design parameters so that the stiffress and load capacities of the blade are

of the desired magnitude, while the weight and polar moment of inertia are kept to
the minimum.

The various blade section characteristics as functions of the three design parame-~
ters are calculated for the edgewise and flatwige section moduli, torsional stifiness,
flatwise momenat capacity, torsionzl moment capacity, polar mass moment of iner-
tis, and, of course, weight. The edgewise ard flatwise section moduli are needed
for static deflections and, when used in conjunction with weight and polar mass
moment of inertia, give an indication of blade frequencies. The moment capacities,
both flatwise and torsional, are calculated for both shell and core based on their
respective strengths, the lower value of which is the controlling moment capacity
for the blade.

All of the blade characteristics have been calculated in the form of nondimensional
parameters. However, in most cases where these parameters contain material
proparties, the aciual value has been used. For example, the weighi parameter is
W/bhyo, where Y g is the density of the core material. Where the actual value
for the core material density is used, the weight parameter appears as W/bh; sim-
ilarly, the parameter for polar moment of inertia, Ip/‘nb3 ¥ o and the parameters
for bending and torsional moment capacity M/h302 and T/hb%+9 may appear as
Ip/hb3, M/h3, and T/hb2, respectively.
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Due 1o the compleriiy ol thess wwmztions, 7 compoter progr ym was developed

l which calcuelated tbe blzde section caaracieristics for various combinations of the
foree design parzmeters (core width and core and shet! wall thickness) and the two
fixed externzl parameters (blace thickness and camaer).

- The stndy chows that the optimum blade configeration, from a structural point of
view, bas no shell. Obviously, from serodynamic considerations, there must be
a skell, and its thickness is determ’ned by factors such as impact 3amage, erosion,
and temperature. The study points out that the thinnest sheil possible is the best
for zn optimum weight configuration. This is discussed in tke cecond portion of
this appendix, Blade Geometry.

Based on the above discussion, the shell wall thickness can be considered fixed or,
at most, limited to a very narrow range. The blade secticn characteristics for
any one particuiar zirfoil section can now be considered as functions of only two
design paran:.ters (core wiGth 2ad core wall thickness) and three fixed parameters
(shell wali tnickness, blade thickness, and camber). With this idea, all the
information resulting from the analysis can be arranged in two convenient charts
from which the opimum theoretical cross-section configuration for anv 10ad con-
dition can be easily chosen. Figures 130 and 121 are examples of tnese charts, :
where Figure 130 presents bending characteristics and Figure 131 presents :
torsional characteristics. figure 120 is a pict of fiatwise moment carrying capa-
city as a function of core widih for varicus values of core wall thicknesses. Simi-
lar graphs of weight as well as of flatwise and edgewise bending stiffness can be
plotted, and these can then be cross-p'otted on the first graph to give consta:
weight and stiffness contours as shown in Figure 130. Figure 131 is a similar
chart for the torsiona: properties, with torsiornal! moment capacity plotted versus
core width and witn contours of weight, torsional stiffness, and polar moment of
inertia superimposed. As stated before, all of these characteristics are in the

i form of nondimensional parameters independent of blade size.

There are several limitations in the program and in the charts which should be
noted at this time. The basic limitations of the analysis have already been dis-
cussed. These are the thin-wall assumptions and the airfoil approximations.
Another limitation comes into effect when the core/blade width ratio, c/b, ap-
proaches unity. First, of course, it must be realized that, because of the presence
of the shell, ¢/b can never actually be unity., The maximum value of ¢/b is

expressed as (_f_) 2 cog-1 2 _tl
b n h
max

N

Pk ) Prpvp vy

which is plotted in Figure 132. Any calculations with c/b greater than this value
are erroneous. Even as ¢/b approaches this maximum value, errors are gener-
ated in the program which place extra material in the ieading and trailing edges of
the blade. This causes moment capacities and stiffness to decrease with ¢/b,

.

317

k)
TRALY P IR RS P13 s st € AMREY.

PASORWINEGE M




=

M/n3 x10—4

12—

10

. e ————— AT SIS U T x  —

] O%{=2/EC2/C1)> 92 = 120,900 PS)
'z/.ﬂ = 02‘ !
IM/BES = e ,26920 W/bhY
i 20
W/bhy IZ et Snestem Ssstmm— m .o‘z ._\ .‘o
= \J
b/b = .05 .006 "3 > 35
Iy = ~ ) <.
=5 ol R \ 2
'Wh = 025 & o~ >92¢ .15

C/b

FIGURE 130. BLADE DESIGN CHART (3—GLAS3S
COVER/BORON—ALUMINUM SPAR)
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whereas, in a2ctuality, they should continue to increase, although perhzps at a
slower rate than for smaller values of c¢/b.

At the other extreme, c/b equal to zero does not necessaril 7 preclude there beirg
a core, since the upright portions at the end of the core stil’ exist. Thus, 2lthcugh
theoretically the famiiy of curves for different core wall thicknesses should mest
at a single point when ¢/b = 0, the numbers from the analysis would not r.ecessar’iy
show this, and the curves would then be adjusted.

Fill material, which may be required between the core and shell, and in the mono-
coque construction when ¢/b = (¢/b)max, has not been included in the analysis.
This will cause ali weight values read from the subsequent charts to be somewhat
optimistic.

Moment capacities are presently based upon the stresses in the core and shell on
the camber side of the airfoil; whereas, for highly cambered sections, the leading
and trailing edges first tend to become stress limited «nd, in that case, the edge
stressing becomes the controlling design factor. The neglect of this effect tends
to show highly cambered sections with wide cores to better advantage than is act-
udly the case.

Present-day propeller designs are such that the above limitations will seldom cause
any problems. Core widths usually range from 20 ¢o 80 percent of the blade width,
and in this range the charts are quite accurate. Camber is usually small and the
shell material quite strong, so that the leading and trailing edges are seldom the
limiting regions of the two-piece blade. In the range from ¢/b = 0.2 te 0.8, the
addition of filler material does not affect the general shape of the weight contour
lines, but causes only the absolute magnitude to be slightly in error. Hence, for
present-day propeller designs and future designs, tnese design charts should prove
to be useful for optimizing the blade section geometry.

BLADE GEOMETRY

Before results of this geometrical parametric study can be presented, a brief dis-
cussion on chart usage is required.

Figure 130 is basically a plot of bendirg moment capacity M/h3 versus core width,
¢/b, for various values of core wall thickness, to/h. Superimposed on this are
constant weight contours (dotted lines). The object in choosing an optimum config-
uration is to carry a given moment using the least amount cf weight. This condition
is met at the peaks of weight contour lines. At points other than this, the weight

is greater for the came moment capacity or moment capacity is less for the same
weight, Thus, a locus of optimum configurations as shown in Figure 130 exists
along these peaks. Once the aerodynamic bending moment fo~ the particular sec-
tion in question is known, the optimum configuration is easily found from this op-
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timum ‘ine. Also superimposed on the charts are contours of constant major and
minor moments of inertia: hence, these values for the chosen configuration can
also be obtained.

This same procedure is used for the torsional properties in Figure 131. Here,
torsional moment capacity is plotted as a function of core width for various core
wall thicknesses, and superimposed are contours of constant weight, polar moment
of inertia, Ip/hb3 2, and torsional stiffness, J/bh3. The optimum configuration
for the blade section is iaen that point which satisfies both load conditions.,

These charts show that core width for the optimum configuration ranges from a
relatively narrow 20% for lightly loaded blades to a maximum of 6¢% for the

heavily loaded blades. Core wall thicknesses also vary between these two extremes
from to/h = 0.01 to to/h = 0.25. However, because the weight contours have
relatively flat peaks, there exists, in reality, a band of ovtimum core widths and
core wall thicknesses where structural efficiency varies only slightly, thus af-
fording a modest degree of design flexibility.

In addition to their use in optimizing the core-shell geometry, these charts also
serve to highlight the inherent advantage of the two-piece blade over the monocoque
design. The largest advantage is apparent at the lightly loaded region, with smal-

ler but still significant advantages existing at the medium and highly loaded regions.

In the lightly loaded regions of Figure 130, the moment capacity of a monocoque
section, for a weight parameter cf 0,05, drops by 48% from the optimum two-piece
construction. In the medium region with & weight of 0.15, this decrease is 30%;
for the highly loaded region where weight is 0.30, this figure iz 12%. In reality,
these losses would be even higher due to the greater-amcunt of filler material and
edge stock required in the monocoque construction, which is not accounted for in
the charts. The additional edge stock is needed in monocoque construction to
minimize the high local stressing at the inside leading and trailing edge fillets.

Figuze 133 is a plot of maximum banding moment capacity versus shell wall thick-
ness for cambers of 6/h = 0 and §/h = 0.5 holding a constant weight of W/bhyg =
0.25 and a constant blade thickness of h/b = 0.05. This plot confirms the results
of the original study and the assumption made, in the first section of this appendix,
that the optimum blade has the thinnest possible shell.

Figure 135 also indicates that camber decreases the moment capacity per weight.
However, the effect is small: a camber of §/h = 0.5, which would be quite large
for most present-day propeller blades, causes a decrease in moment capacity per
weight of about 7%. Camber has no apparent effect on torsional properties.
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BLADE MATERIAL

Perhaps 1ze first major consideration in the structural design of lightweizit blades
is ihe selection of core znd shell maierials. As an example, the charts of Figares
130 and 131 were based on 2 blade incorperating 2 shell of wovea S-glass 21 = 45
degrees fiber orientation and a core of boron-aluminam fibers in 22 aluminum
matrix with a1l the fibers running radially outward along the blade. Becavse the
shell wiil ooerate in an envirozment where it must contend with tempersiure var-
iznts and exposure to surface damsagze /both erosion and impect), the design limits
for tkhis material are based on damaged strengths at approgpriate temperafure lzvels.

On the other hand, the protected envirocment of the core (being completely encased
in the sheli) permits the use of design limits based on the higher undamaged mate-
rial strengths.

In the case of a two-piece blade where both pieces are desigred {o mutually act as

a primary structure, the optimum design, for best material utilization, would re-
quire that both elements reach their respective materiai design limits sirultaneous-
ly. However, from the previous analysis, it is evident that, with the shell-spar
type of constructior, the minimum blade weight s achieved with the sheil serving
primarily as an serodynamic fairing and carrving only 2 relatively smzll rerceni-
age of the total blade load. Accordingly, it is important, in the structursi design

of the shell-spar blade, that the shell be designed to operate sufficiently below the
design limits of its materisl, that it does not become a limiting factor in the struac-
tural design of the blade.

Four shell rnaterials were analyzed in combination with the boron-aiuminum core,
and the results do substantiate the above conclasions. The foar materials were
woven S-glass, unwoven S-glass, boron/epoxy with 20% of the fibers running longi-
tudinally and 80%F at 245 degrees, and a combination of 80% woven S-glass and 20%
boron/epoxy wiih the boron fibers running longitudinallv. The structurzi properties
for each of these materials, and for others mentioned later in this appendix, are
presented in Tsables XXVII and XXVIII.

Rather than prepare complete parametric charts for each of these cases, a2 com-

parison was made by examining moment capacities, stiffness, and weighis fcr a
chosen biade configuration of ¢/b = 0.4 and to/h = 0.15.

Results of these four designs are given in Table XXIX for h/b = 0.05,8/h ~ 2.5,
and tl/h =0.025. The first three columns list the dimensionless parameters for
flatwise bending moment capacity, flatwise bending moment of inertia, and weight
as calculated by the computer program. The last twc columns list moment capacity
per weight and flatwise bending stiffness pzr weight. The column-capacity-per-
weight parameter was highesi at 120 for the woven S-glass shell, and stiffness per
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TABLE XXViI. SHELL MATERIALS

3 6 DAMAGED
LB/IN PS1 X 10 PSiy, X 163 PSlgy X 103

MATE RIAL 4 Ex Ey Gxy Ox Oxy Txy Ox Oy Txy

WOVEN S—GLASS

245 0.063 A 3.4 175 37 37 325 &1 — —

UNWOVEN

S—GLASS 45 0.0665 1.63 1.63 1.8 40 40 72 - — -

970 GLASS 0.070 4.1 4.1 2.1 45 45 40 e7 - -

BORON EPOXY

20% € 0’ 0.071 10.3 6.2 80 25 11 28 49 — -

20% BORON EPOXY

20 80% S—GLASS 0.0686 9.92 3.4 1.62 37.1 552106 54 — -—

BORON-AL. 100%

eo 0.085 30 12 10 160 10 6 15 - -
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TABLE XXViii. CORE MATERIALS

3 UNDAMAGED
LB/IN PSt x 106 PSI x1073  pPsi  x w3

MATERIAL, 14 Ex Ex ny Ox Jy Txy ©Ox Oy Txy

BORON/AL

100% @0° 009 30 12 10 160 10 6 30 — 1.8

BORON/EPOXY

50% @ 0° 0.071 20 €1 55 53 10 19 16 — 5

CARBON/EPOXY

50% @0° 0.0535 165 45 43 2715 7 126 7 — .9

D6A STEEL 0.283 30 30 11 185 185 110 35 - 21

TITANIUM 0.160 158 158 6.3 180 180 108 25 — 15

BORON/EPOXY

100% @ 0° 0.071 36 3 1 135 4.8 72 25 — 1

BORON/EPOXY

75% @0° 0071 28 47 32 8 8 12 182 ~ 3
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TABLE XXIX. BENDING PROPERTIES BASED ON FATIGUE,78—-INCH RADIUS

SHELL CORE M, 153 Im W Mb o g4 EL g6
ty/h=0.025 t,/h=0.15 13 bh bh  Wp2 Wh2
BORON/AL
S—GLASS 100% @ 0° 20.3 0.0175 0.0156 130 33.6
UNWOVEN
S—GLASS 19.8 0.0170 0.0154 129 33.0
SHELL
BORON/EPOXY LIMITS
20% @ 0° 10.0 0.0194 0.0157 64 37.0
80% S—GLASS SHELL
20% BORON/E POXY LIMITS
@o° 114 £.0193 0.0156 73 37.1

NOTE h/b:=.05
s/h=.5

¢/b =.4

T N
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weight was 33.6. Because weaving has a strengthening effect for multidirectional

loading, unwoven S-glass is much weaker than woven S-glass by a factor of 4, but

the moment capacity/weight of the blade decreased by only 0.77% and stiffness/

weight by only 1. 8%, indicating that this shell does indeed carry a very small per- .
centage of the total load,

In the case of the boron/epoxy shell with only 20% longitudinal fiber orientation, the
shell did become the limiting factor due to the low strength and high modulus of this
material. Consequently, total blade stiffness increased to 37 but capacity was re-
duced by 50%. The combination S-glass - boron/epoxy shell was again limiting, and
the blade was only slightly better than the all-boron/epoxy shell. The analytical
technique of tailoring blade materials in this fashion is quite effective, and further
studies should be conducted to develop more exact design criteria.

To generate a similar picture of the relative standings of the several pertinent core
materials, five cases were analyzed with S-glass as the shell material and boron/
aluminum, boron/epoxy, carbon/epoxy, D6A steel, and titanium as core materiala.
Tables XXX and XXXI give the results of the bending and torsional calculations for
the 78-inch radius of the blade design with a chosen design configuration of ¢/b

=(. 4 and tp/h = 0.15. Table XXXII gives bending results for the 24-inch blade
radius with the same design conﬁguratlon For both blade sections, the bending
capacity per weight, Mb/Wh was the highest with the boron/aluminum core with
100 percent fiber orientation at 0°, Titanium had about 70 percent of the capacity
of boron/aluminum, and steel had 55 percent of the capacity at the 78-in. radius
and 40 percent at the 24-in. radius., The boron/epexy and carbon/epoxy cores were
oriented with 50% of the fibers at 0 degrees and 50% at + 45 degrees to obtain a de-
sired torsional/bending stiffness ratic. Because of the relatively low bending
strength associated with this configuration, these materials had only 30 to 50 per-
cent of the capacity of the boron/aluminum core. The boron/aiuminum core also
exhibited the best bending stiffness-to-weight ratio, El/Wh?, with boron/epoxy and
carbon/epoxy about equal and slightly lower than the boron-aluminum, and with
titanium ami D6A steel sharing the last spot with about one-~third to one-half the
efficiency of boron/aluminum.

Table XXX{I gives the forsional results for the 78-inch radius for these same core

materials. The first three columns are the parameters for the torsional moment

capacity T/hb2, torsional stiffness J/bh®, and polar mass moment of inertia Ip/hb".
The last two colurans are torsional capacity per weight and torsional stiffuess per

polar moment of inertia.

3

Due to the low shear strengths of the composite materials, titanium and steel were
superior in torsional capacity. Boron/epoxy was the best of the composite mate-
rials, with about two-thirds the capacity of the titanium and steel. Boron/aluminum
and carbon/epoxy were about equal, with only 15% of this capacity. From a frequency
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TABLE XXX. BEMNDING PROPERTIES BASED ON FATIGUE,78—INCH RADIUS

CORE

M o3 Am W Mb '0—4 El : 0—6
SHELL t12/h=0.15 h3 boh3 bh  wp2* wp2 *
S—GLASS BORON—AL
ty/h 07 100% @ 0° 19.1 0.0154 0.6216 89.0 21,39
BORON/E POXY
50% @ 0° 8.24 0.0167 (.0184 445 18.1G
THORNELL /EPO.
50% @ 0° 5.0 0.0175 0.9162 30.6 17.65
D6A STEEL 22.3 0.0154 0,0451 49.5 10.23
TITANIUM 17.3 0.9177 0,0296 60.7 9.45
970 GLASS BORON—AL
100% @ 0° 12,7 n.0177 0.0219 90.2 21.87
BORON—AL SHELL
100% @ 0° BORON/EPOXY LIiMITS
100% @ 0° 18.6 0.0314 0.0224 83.0 50.40
BORON—AL SHELL
106% @ 0° BORON/EPOXY LIMITS
ty/h=.02 100%@ 0° 14.3 0.0225 0.0128 111.0 63.0
SHELL
BORON/EPOXY LIMITS
75% @ 0° 11.6 0.024 0.0128 92.0 52,0
SHEL.L
BORON/EPOXY LIMITS
50% @ 0° 9.2 0.0267 0.0128 72.0 31,6
NOTE Ly 05
b '_4
=
C
— :.4
b
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TABLE XXXI. TORSIONAL PROPERTIES BASED ON FATIGUE,78-INCH RADIUS .
CORE T IR T &
SHELL t,/h=0.15  hb2 hb3  hb3 x 103 Wb 1ph2x 10-6 .
S-GLASS BORON-AL
t1/h = 0.07 100% @ 0° 8.35 0.057 0.974 386 584
BORON/EPOXY
5% @ 0° 26.4 0.065  0.929 1425 383
THORNEL/EPO.
50% @ 0° 5.1 0.070  0.897 323 334
D6A STEEL  95.7 0.056  1.31 2120 458 1
TITANIUM 76.2 0.063  1.09 2570 354
970 GLASS BORON—AL
100% @ 0° 8.6 0.059  0.998 390 595
BORON—AL. SHELL.
100% @ 0° BORON EPOXY  LIMITS
100% @ 0° 6.8 0.612 1,26 302 480
BORON—AL SHELL : ;
100% @ 0° BORON/EPCXY LIMITS
t1/h=0,02 100% @ 0° 2.4 0.223  0.456 186 487
SHELL
BORON/EPOXY LIMITS
75% @ 0° 3.7 0.112  0.456 293 785
§
SHELL :
BORON/EPOXY  LIMITS )
50% @0° 5.2 0.091 0,456 404 1100 f
NOTE h/b=0,05 {
. i
s/h=0,5 ;
:
C/b = 0.4 . }
;
}
E
&
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TABLE XXX1l. BENDING PROPERTIES BASED ON ULTIMATE STRESS,

24—INCH RADIUS

CORE M fm W Wb El
SHELL t2/h=0,15  h3x 10-3 bh3 bh  Mp2 x 104 W2 x 10-6
S—GLASS  BORON-AL
t1/h=0.0075 100% @ 0° 29.0  0.0188 0.0154 193 36.5
BORON/EPOXY
50% @ 0° 9.7  0.0190 00117 85 32.2
THORNEL/EFO,
50% @ 0° 5.2 0.0190 0.0091 57 34.5
D6A STEEL 34,6 0.0188 0.0436 793 129
TITANIUM 340 00130 0.0251 135 12.0
970 GLASS  BORON—AL
100% @ 0° 30.0  0.0189 0.0155 193 36.5
BORON-AL  BORON/EPOXY
100% @ 0° 100% € ©° — _ — — —
BORON—AL
100% @ 0°  BORON/EPOXY
t1/h = 0.0055 100% @ ©° 26,6 0.0200 0.0117 226 61.2
BORON/EPOXY
75% @ 0° 170 0.0203 0.0117 144 48.5
BORON/EPOXY
50% @ 0° 1.0 00209 0.0117 92.6 35.6

NOTE h/b=0.2
s/h =0,15

c¢/b =0.4

o T AT P B e e
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standpoint, the torsional stiffness per polar moment of inertia is of more interest
than stiffness per weight. In this respect, boron/aluminum was best, with steel
having 80 percent of this efficiency, and with the boron/epoxy, titanium and carbon/
epoxy about equal, with two-thirds the capacity of the boron/aluminum.

Design charts were drawn for the bending characteristics of the boron/aluminum,
D6A steel, and titanium core blades (Figures 134, 135, and 136); from these, plots
of maximum moment capacity versus weight based on fatigue strength were drawn
(see Figure 137). This shows boron/aluminum to be the best material in this re-
spect, as was to be expected from the above discussion. For most load conditions,
titanium is better than steel; however, for very high loads, M/h3> 21,400, the
steel becomes more efficient. This is due to the fact that the fatigue strength for
titanjum is lower than that for steel; and although the titanium is lighter than the
steel, it requires more than this weight in extra material to overcome the strength
nroblem. The greatest advantage of titanium over steel for the configuration at the
78-in. radius is at a moment parameter, M/h3, equal to 16,000, Here the titanium
is 16% lighter than the steel. The boron/aluminum has the greatest advantage over
steel at M/h3 = 20,000, where the weight savings is 40%. Figure 138 presents the
corresponding bending-stiffnees-versus-weight plot for optimum moment capacity.
Again boron/aluminum is superior to titanium or steel.

Tables XXX, XXXI, and XXX1I also give the results for a boron/aluminum core
with a 970 glass shell. The properties of this shell material are somewhat superior
to S-glass, but since the sheli is doing very 'ittle structurally, total performance
did not improve greatly.

Recent tests have shown that the erosion properties of boron/aluminum are equiv-
alent or superior to those of titanium. Based on this, a two-piece blade with a
boron/epoxy core and boron/aluminum shell was analyzed using the optimization
program, and the results are also shown i Tables XXX, XXXI, and XXXII. The
tensile strength of boron/aluminum drops so drastically (from 160,000 to 14, 000
psi UTS) when any fibers are placed at 45 degrees that all fibers must be longitudi-
nal for the shell. Although the tensile strength of boron/epoxy also decreases as
fibers are placed at 45°, the drop is much more gradual. Shear strength and shear
modulus, on the other hand, increase as fibers deviate from ¢ degrees, thus making
it somewhat of an advantage to vary the directions of the layers of the boron/epoxy
core material. Tables XXX, XXXI, and XXXII show the results for a core i.ber
arrangement of 100 percent at 0° and 50% at 0 degrees. Because of the extra strength
of the boron/aluminum shell over S-glass, shell thickness t;/h has been reduced
from 0. 0" +o0 0. 02, Bending stiffness and bending moment capacity per weight, tor-
sional moiuunt capacity per weight, and torsional stiffness per polar moment of
inertia have been plotted versus percent fibers at 0°; see Figure 139, With 70% of
the fibers at 0 degrees, the bending moment capacity per weight is 85 x 104 and
torsional moment capacity per weight is 310, making this configuration nearly equi-
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valent {o the boron-aluminum core/S-glass shell configuraticn (89 x 10 and 386)
from a capacity stanGpoint. The major advantage lies in the stiffness parameters.
Bending stiffness per weight is about 2-1/3 times that of the boron/aluminum core
biade, and torsional stiffness per pelar moment of inertia is about 1-1/2 times the
value of this blade.

L R T ot |

This design has a few drawbacks which require further investigation before the
relative merit of this type of blade construction can be truly evaluated. The shell
material for most blade designs carries oniy a small percentage of the loads,
whereas the boron/aluminum shell in this case is carrying a major portion. Should
it become severely damaged, the core may become overstressed and a complete
blade failure might occur. If the shell should receive oniy minor damage, then
repair and maintenance become a problem. At present, it appears that the only
method of repair is a complete replacement of the shell, whereas damage in an S-
glass shell can be repaired locally in the field.

Tailoring the blade properties by proper fiber orientation wiil be a very useful ;
technique in future blade design. This advantage presently appears to outweigh the !
disadvantages of this type of construction, and studies should be continued to inves- '
tigate this concept further. .

EXAMPLE BLADE DESIGN

The external dimensious of the propeller blade have already bzen established by
aerodynamics, and 4 two-piece boron/aluminum core/S-glass shell has been de-
veloped by blade design. This section presents the design procedure using the
parametric analysis for the study blade.

The external dimensions of this blade, established by aerodynamics, are given in
Table XXXIII. By 1975, it is expected that 979 glass, rather than E or S glass, will
be used for the shell material. Based on its greater strength, the shell was thinned
9 mils (one layer) over the original design. See Table XXXINI. This thinning was
based on chordwise stiffness requirements for maintaining the cross-sectional shape
under load.

The 24-in., 54-in., and 78-in. stations were selected to be optimized using the
parametric analysis. The design charts for the bending characteristics correspond-
ing to these stations were drawn (Figures 140, 141, and 134) using an allowable de-
sign strength of 160, 000 psi for the boron/aluminum core, which is the limiting
factor. The aerodynamic 1P loads for these three stations are given in Table XXXIV,
These loads include an estimated magni icstion factor due ¢o biade dynamics. The
ground rule in this blade design was to keep the 1P bending stress at or below 16,000
psi and the 1P plus higher orders below 20,000 psi. Since the charts were drawn

for 180, 000 psi, the moment parameter scale, M/h3, had to be divided by a factor
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BLADE SECTION
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TABLE XXX1V. BLADE DESIGN

;.3
P M/h

R MOMENT CORRECTED

() (IN:L.B) FOR CHARTS ¢/b ta/h
24 30,000 6,400 0.5 0.025
54 7,200 15,000 0.3 0,033
78 500 9,000 0.3 0.03
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of 10. Usually this factor will not be quite so simple, making the moment scale
quite difficult to read. An easier method is to correct the value of M/h3 by multi-
plying it by o chart/e design, which was done in this example. The resulting cor-
rected moment parameters for the three stations in question are given in Table
XXXIV. From the charts, the optimum core wall thicknesses and core widths were
found for the three sections and are also given in Table XXXIV. The core widths

at these stations were designed to be larger than the charts indicated was necessary
in order to reduce the required amount of fill between the shell and core. The core
wall thickness was also increased to an arbitrarily chosen minimum of 20 mils at
the 78-in. station.

Calculations have shown that the resulting core geometry is adequate to resist buck-
ling and plate vibration problems without the aid of internal foam fill.

The core was centered at the 45% chord position rather than at the center line of
the blade. Structurai properties increased slightly at the inboard region, where
series 64 airfoil sections are used. However, the main purpose in doing this was
to reduce the aerodynamic twisting moment at the shank and thereby to reduce the
actuator structural requirements.

Figure 142 is a plot of the core width, core wall thickness, and the blade thickness
of the USAAVLARBS blade. The calculated stress distribution for this design is shown
in Figure 143. The 1P stess is relatively ccnstant at 16,000 psi between the 30- and
60-in. stations, which was the desired distribution. The maximum steady stress,
bending plus centrifugal, is 22,300 psi, which is within the stress limits of the blade
material. This is based on an offset of 1 in.

A critical speed diagram for this blade is shown in Figure 144. The point of interest
here is the 2P/1F critical speed, which is located at 1410 rpm. Experience has
shown it desirable that this critical speed be approximately 10% above the operating
speed range to avoid excessive vibratory stress magnification. The example being
congidered met this requirement without any changes, once it had been configured

to give acceptable static and dynamic stresses.

In some cases, a blade which is designed to meet various stressing criteria will
not have satisfactory critical speeds. When this happens, it will be necessary to
resort to other techniques to shift the critical speeds out of the operating range.
A discussion of one such method is presented in the next section.

INTEGRATED DYNAMIC EFFECTS

The parametric study presented herein defines the optimum theoretical cross-section
configuration for given requirements, such as section modulus, capacity, torsional

344

ol f Carlle | OBl ek e O ot kel ke D A TR A

[ W e

e s




B e

fi 255G o e S ) s o e s et ot e

SNOISNINWIA NSIS3Ad 3avTig ‘zvl 33Nold

‘NI — sniavy 3avig

06 08 oL 09 0s oy o€ "oz o1 o,
l’ -
Tlllrln“l/

Oy, -
N & T
T~ /
8 sr WARW.]/ (/ L4 v}
m

m / /// L o Mw
m / N / z el
£ 2 S > ¢ o B
> &y / 0}
> {
Zz ( —_— =z
o1 8
8

oz NG (1]
o
H
44 2!
» B Y deinn s an g R Y e W s i - ST o I
- ~— v .
C e il .. - it et
) ~ Ay e oner gy et SNy o) o
N "




NEFRG STUHT TERATEILICTIAARY 3T TR IT T TRAA T T R ONT TR 0 T T s e

NSIS3IJ 3av18 ¥Oo4
SNOLLNARILSIA SSIYLS AILVTINDTIVD “t¥l J¥NDI4

‘NI — SNidvy 3avg

06 08 oL 09 05 oy 0t 02 ol oo
\)
g
/ IVONAIHINDD
\ ™ -
//l \\\ ~ m
N d‘\ ol fo]
/ / —" SSIMLS dI m
/ \ \ 0
Il{l\.\\ 7 m %
/ yd m o
) N 4 st
/ ~S—f——1— 5
/ \ ONION38 AQV3LS
/ e SMid IVONAAINTD —J oz
52




b g S e e v N s e o N I e I et et I

i3

WYHOVIQ Q33dS TvOLLIND ‘PPl JNNOIL
Wdd - 033dS 3311 3Ad0dd

0091 oort 0ozl 000! 008 009 oor 002 0 0

| 39NVY ONILYNZdO—~]

v L/

— 47 —f oz
'QvY/SE1-NI g0l X 05 = ¥ -7 . \\\\
At

ov

e == A F = A =T " 3 3
-~ - 1 / 3
\ A ;
’ \‘ <
de \ L / “
~ 7 / . "
- s p /

v a4 "

dy , s / 2
P “T“'l'l'lll
\ H “\ l!.l.‘\.-lllll-l
e a0 - — _— QN—
ﬁ

ori

D

S e e




.

suffness, eic. For lord—czrrying capecity. soch mformation s suiixcieni. becouse
the capact) s 2 funciion only of the load and of the properies 21 the Tven stzilon.
However. tie dammic 2n8 deformation design considerations for blades imvolve the
mtegrated effecis of the secticn gooperties over the lengih of ihe Tlsde. In gemeral,
the most importznt of tkese integrated effects are the first torsiona! and first fizt-
w’se bending frequencies, which must be above specific defined valees in order o
preveat stall fintter and high bending response to vibratary loads, respeciively. Thus,
it is desirable 1o have some metbod by wiich the presernt jerametric siudy resuits

can be systematicaliy used to modify the optimum blade design from that initizily
obtained, solely on the basis of load-carrying capacity and mamuizciuring ieasibiliiyv.

In general, tke fundamental, static flatwise =ztral frequency can be cbizined ap-

praximately by equating the potential and kinetic energy of the diramic system for
this mode; i. e.,

4
m GE 6 :
2 _ gk Ja i gk lo a\Db

Y 71 R it 1 (40)
g A (_\‘F)" d(%{") ( FKE dp

or w

where yp, Iy, and A are the flatwise deflection, eiffective flatwise section modulus,
and equivalent areas of the blade, and a is the relative shank ciamping ragius. The
torsiona! frequency can be treated simiiarly. This aralysis assumes Ipy>> I, and
yF/yE >> 1, whic!)x is usually the case. Fpp and Fig are influence coef{.cients
and equal 1)1 (vF')° and A yF2 as functions of x/R, respectively; see Figure 14o.
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FIGURE 145, FREQUENCY INFLUENCE COEFFICIENTS

349

e Rt

P

FKE




T

M-~ ot

T

P

P e

Now, assuming that the mode shape does not change, the change in frequency per
change in section properties is obtained by differentiating Equation 40 as follows:

1 . 1
s dlpy, g™ dp § dA y? dp
2wdw = BE ‘2 - w? 2
y 1 R 2
,( Ay)? dp j Ay" dp
a o

1 1
[ S dlm (.\"')2 dp s dA.V‘z dp
or dw . 1L | -2 - 22
w > ] R 1 ) (41)
s Im (V') dp j Ay~ dp
a a

0 PE dp

1 ar 2
dw _ 1 1 [ s m Y w a dA
ety ), T ) P "KE\R) ®
s a a

(42)

Thus, if alter designing the blade to have the proper load capacity the flatwise
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natural frequency is not right, the above equations may he used along with the
parametric results to deiermine what sections are to be modified te get the desired
change in frequency.

Analysis of a number of blades shows that the flatwise deflection is approximated
by the equation

/¥y = (-g-)n (43)

where n usually falls between 2 and 3. Thus,

gy ML ()" @4

where (n-2) is 0 to 1. Plots of blade section properties (see Figure 146) show that
they vary approximately as follows:

- _x__)
A =~ A, (R a<—3RL=1
- X
I—IO a<—h-<b (45)
X
I:Ioe’ﬁ(—n"b) b <X -
<—IT-—1

Although the actual section values may be used in Equation (40), (41), or (42),
sufficient accuracy can be obtained by using ihe approximate values of Equations (43),
(44), and (45). If this is done, one finds that the influence coefficients for fractional
changes in the section properties vary with blade radius as indicated in Figure 145.
Thus, inboard of ﬁ- =~ 0,4, changes in section properties influence primarily the
potential energy; whereas outboard of 31%— = 0.6, changes in section properties
affect primarily the kinetic energy. Between -12{— = 0.3 and 0. 6, both potential and

kinetic energy are usually affected.
The above concepts were tried on the study blade design. It was found that n= 2,

a=0,054, b=0,192, A, =5,33 in2, I, - 17.56 in4, a=1,55 8#=17.18, R=288,5",
E=30x 108 psi, and » = 0. 096 1b/in3, Introducing these results into Equation (40)

gives
1 [Fpgpt
s < plr, R >dp
0 0 _ 386 x30x105x7,56x1,083

] , 0.096 x 88,54 x 0,299
s N
0]

351

IR RRE kv n SRR RO

C AR b e

e

-~ - - Cr A £ o o A [ —




nﬂ-.u- ¥ v UL LR 1 LA L 0

o
4
l\
w
il
-
1 4
x
e
~
)
[ )
@
™~
Ii
o/x

SECTION PROPERTIES OF BLADE DESIGN

/,, o
b g0
VT~
//
~
"~
-~
~

~Z 80
u/x g5 1—tEES =Y =~ <
> O =
.// .r._
,/ o
~ °.~ U
)
W

Tl o -

sosaciia




p———t

= 54,600 or w=234rps or f=37.3 cps

This result compares quite well with the static frequency of 37. 5 cps obtained by
the computer program. It is interesting to note that even by assuming the wrong
deflection curve with n = 3, the resulting frequency is 33 cps. Introducing the same
parameters into Equation (42} gives

1
de _1 1 j FpgR? dlm

w 2{1 FPER4 a I Im
()

2.4 1
;r? 1;‘ L FKE (%A') dp

1 . 4 1

do .1 1 Fpp R*)/d .o (dA

w "3 1083 j ( T ) ®-3.62] Fxe (%) @
a

a

1 . 4 1
do _ j‘ (;. pr R ) (dlm> j dA
4w -4, 461 dp - 1.67 Fxr (£) &
w a IO Im a KE ( ) (46)

where the influence coefficients are as given in Figure 145. By using the parametric
information along with the approximate relationship given by Equation (46), it should
be possible to obtain the optimum parametric blade design for both load capacity and
first flatwise frequency requirements. A similar approach could be used for the
torsional frequency. However, a blade that meets the load-carrying and flatwise
frequency requirements will usually have a torsioral frequency sufficiently high to
preclude stall flutter. The fractional change in flatwise frequency under load should
be approximately the same as for the static case.

CONCLUSIONS

Since the shell generally contributes only a small percentage to the structural ef-
ficiency of the propeller blade, the selection of a shell material is not critical with
respect to blade structural capacity, The major requirement is that this shell ma-
terial be consistent with the core material. If the shell is the limiting factor, then
the structural efficiency of the blade suffers greatly in ccmparison with a blade of
similar core material and nonlimiting shell material. The selection of a shell ma-
tc+ial with a high strength allows the shell to be made thinner, thereby increasing
aic wwructural efficiency of the blade, The most promising materials for propeller
blades of the early 1970's appear to be the boron/aluminum composite as the core
material and S-glass as the shell material. Further studies are required to investi-
gate the rossibili'.cs of a boron/epoxy core, boron/aluminum shell construction and
a combination S-gluss-boron/epoxy shell over a boron/aluminum core.
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For an optimum blade configuration, the shell should be as thin as possible, limited
only by its environmental conditions such as temperature, erosion, and impact dam-
age. The core width and core wall thickness for optimum configuraticn should vary
according to the loading conditions. The optimum configurations for various load
conditions are shown as a line in thc design charts. In reality, there exists a fairly
large band of cross-section configurations where very little structural efficiency is
lost.

The techniques described in this appendix have been employed to design a blade for
the study point design application. Structiral capacity sized the blade, with criti-
cal speeds being a secondary issue. The blade weight turned out to be 26 1b, which
is approximately 40% of the weight of a present -day steel core blade, 47% of a D6A
core blade, and 71% of a titanium core blade.

The parametric study and the resulting computer program are the first sieps toward
the ultimate goal of automating and systematizing the design and optimization of pro-
peller blades.
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TABLE XXXV — SYMBOLS USED IN APPENDIX X

— = |
SYMBOL. DEFINITION
A EQUIVALENT AREA
b BLADE WIDTH (CHORD)
c CORE WIDTH
C. DISTANCE FROM X AXIS TO CAMBER SIDE CF CORE
C, DISTANCE FROM X AXiS TO CAMBER SIDE OF SHELL
o %,z{ i; * hz}
4b
E, YOUNG'S MODULUS OF SHELL
E, YOUNG'S MODULUS OF CORE
Gy SHEAR MODUL.US OF SHELL
G, SHEAR MODULUS OF CORE
Hyo AREA ENCLOSED BY OUTSIDE PARAME TER OF SHELL
Hy AREA ENCLOSED BY INSIDE PARAMETER OF SHELL
Hao AREA ENCLOSED BY OUTSIDE PARAMETER OF CORE
Hyy AREA ENCLOSED BY INSIDE PARAMETER OF CORE
H, 1/2 (Hyo + Hy;)
Hp 1/2 (Hag + Hp;)
h BLADE THICKNESS
Iv MOMENT OF INERTIA ABOUT Y AXIS

MOMENT OF INERTIA ABOUT X AXIS
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TABLE XXXV — CONTINUED

SYMBOL

DEFINITION
POLAR MASS MOMENT OF INERTIA
CROSS PRODUCT OF INERTIA
BENDING MOMENT CAPACITY OF CORE
BENDING MOMENT CAPACITY OF SHELL
MEAN PERIMETER OF SHELL,
MEAN PERIMETER OF CORE
TCRSIONAL MOMENT CAPACITY OF CORE
TORSIONAL MOMENT CAPACITY OF SHELL
SHELL WALL THICKNESS
CORE WALL THICKMNESS
ty+1/2t,
i+t
WEIGHT
CAMBER
DISTANCE FROM X AXiS TO CENTER OF GRAVITY
DISTANCE FROM X AXIS TO CENTER OF TWIST
DISTANCE FROM X AXIS TO NEUTRAL BENDING AXIS
DENSITY OF SHELL
DENSITY OF CORE
TENSILE STRENGTH OF CORE MATERIAL.

TENSILE STRENGTH OF SHEL L MATERIAL
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TABLE XXXV — CONTINUED

SYMBOL DEFINITION i

i

T SHEAR STRENGTH OF CORE MATERIAL ’

T, SHEAR STRENGTH OF SHELL MATERIAL |
o CLAMP RADIUS
R BLADE RADIUS

Y¢ FLATWISE BLADE DEFLECTION
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