NASA CONTRACTOR REPORT 166526

Investigation of the Effect of Blade Sweep
on Rotor Vibratory Loads

AD-A135 03

F. J. Tarzanin, Jr.
R. R. Vliaminck

-
o
<
O
L
=
(i
0
e
= DTIC
T TOTERR
CONTRACT NAS2-11151 ToClzusy ¥
. b~ o low . Q
October 1933 ‘ " ? - ;géj

Thu d.V:::r'.'»mt'".-;« 'k~'-.'-::'.~; R
R X Pudle taisee. qre e iy
didtibuticn je Uniinidad,

83 12 09 15¢




[

i ——g [ SO
. .

Investigation of the Effect of Blade Sweep
on Rotor Vibratory Loads

F. J. Tarzanin, Jr.

R. R. Vlaminck

Becaing Vertol Company
Philadelphia, Pennsylvania

Prepared for
Ames Research Center
under Contract NAS2-11151

NASH

Natonal Aeronautics and
Space Administration

Ames Reseerch Center
Moften Fie!d, Calforma 94035

P

“This dorumeat ha? l2er

for rublis raia
(:j‘.,.'..-lol .

are and v

il



YT -

3. Reopicets Canlng Ne.

1. Regort No. 2._Covarrxment Arcrmicy Mo,
NASA CR-166526 n.AI2S o3
4. Tite & Subtt'e € Repart Cote 8
October, 1983
INVESTIGATION OF THE EFFECT OF BLADE SWEEP ON .
ROTOR VIBRATORY LOADS 6. Portorming Orgemession Coce
7. Authos(n} 8. Porforming Orgonizzdan Rspert fte.

F. J. Tarzanin, Jr. and R. R. Vlaminck

10. Work Uit Ha. -

9 Purtormng Crpsnizstion Home svd Actres K1585
Boeing Vertol Company 11, Contrect or Grort No.
Boeing Center : NAS2-11151

P. 0. Box 16858

L_Philadelnhia  PA_ 19142 13. Type of Report ond Farcd Coversd

12 Soomonng Agncy Homa snd Addre Contractor Report

Aeromechanics Laboratory
U.S. Army Research and Technology Laboratories
_Moffett Field, CA 94035

14 Spomoring Agency Code

15 Supplermentary Notes . .
Point of Contact: Technical Monitor, Donald L. Kunz, MS 215-1
Ames Research Center, Moffett Field, CA 94035
(415) 965-5891 or FTS 448-5891

18 Abstract
- The effect of helicopter rotor blade planform sweep on rotor
vibratory hub, blade, and control system loads has been analytically in-
vestigated. The importance of sweep angle, sweep initiation radius, flap
bending stiffness and torsion bending stiffness is discussed. The mechan-
ism by which sweep influences the vibratory hub loads is investigated.}

17 Koy Worce (Sugzmted by Authorisl) 15, Dntntation Stsrement I B
Helicopter vibration Rotor Loads Unclassified - Unlimited - ! -
Planform sweep
Hub loads
Helicopter Rotor

13 Security Comst. {of the regort) 20. Security Ciasuf. {of this poez) 21, tio. of Przaa 22. frice®
Unclassified Unclassified 131

*For saie by the Nationsd Technicol Infor Sormcs, Lonnafishd, Virgnls 22101




ABSTRACT

The effect of blade sweep on rotor vibratory hub, biade, and
control system loads has been analytically investigated. The
importance of sweep angle, sweep initiation radius, flap bend-
ing stiffness, and torsion bending stiffness is discussed along

with the mechanism that produces the hub oad reduction.
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SUMMARY

The effect of blade sweep on vibratory hub, blade, and control

system loads has been analytically investigated using the Boeing

Vertol C-60 aeroelastic computer program. A four bladed refer-

ence

tion

rotor was selected for this study that demonstrated a reduc-

in vertical hub load due to outboard blade aft sweep.

For the reference rotor the following significant results were

obtained.

o

E/566

Sweep significantly reduced the 4/rev vertical, inplane,

and hub moments over the entire range of airspeeds invest-
igated. This was 120 knots (62 m/s) to 220 knots (113 m/s).
Rotor horsepower, alternating flap bending moments, and con-

trol system loads were also reduced by blade sweep.

The table below shows the percentage reduction from the un-
swept blade values of these loads for two favorable sweep
configuraﬁions, 10 degregs (.1745 rad) and 20 degrees (.3490
rad) sweep at .87 radius. These data are for the 150 knot

(77.2 m/s) reference flight condition.



PARAMETER PERCENT REDUCTION  PERCENT REDUCTION
10 DEG (.1745 RAD) 20 DEG (.3490 RAD)

SWEEP .87R SWEEP .87R
4/rev vert.
hub load 36.5 60.0
4/rev lat. :
hub load 15.9 30.2
4/rev long.
hub load 48.8 64.2
4/rev roll : .
hub moment 31.3 41.0
4/rev pitch '
hub moment .29 : 22.7
Alternating pitch '
link load 45.0 36.4
Maximum alternating
flap bending moment 20.4 19.4
Rotor horsepower 7.2 7.1

o Flap and torsion stiffness variations showed that specific
blade frequency placement and flexible flap/pitch coupling
are not necessary (in this case) to obtain hub load reduc-
tions with sweep. Blade torsional stiffness does, however,

play a significant rolf in the sweep effectiveness.

0 Analysis of independent mass and aerodynamic chordwise dis-
tribution showed that mass forward of the elastic axis and
aerodynamic center aft of the elastic axis reduced the ver-

tical 4/rev hub loads.

o Rotor blade sweep and chordwise CG/AC distributions influ-
- ence elastic blade twist. The study results show that when

the 4/rev blade elastic tip pitch angle is reduced with
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either sweep or CG/AC chordwise distribution the 4/rev ver-

tical hub load is also reduced.

In additicn, it was discovered that sweep was not beneficial for
all rotor blades. Four other blade designs were investigated
which showed a hub load increase for aft blade sweep. Further
investigation is needed to understand the reasons for this be-

havior.

The concepts developed during the analysis of the reference rotor
were applied to a blade which produced an increase in vertical
vibratory hub load when swept. By adjusting the blade torsional
stiffness and tip region physical properties, a reduction in

vertical hub load was obtained with sweep.
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INTRODUCTION

As helicopters achieve higher and higher airspeeds, the fundamen-
tal differences between the advancing and retreating blade envir-
onment and the high advancing tip Mach Number combine to increase
helic6pter rotor loads. The resulting large blade and control
loads can usually be compensated for by increasing component
strenéth, at the expense of weight and increased cost. Generally,

the most difficult load increase to counter is the vibratory hub
load.

Vibratory hub loads cause fuselage vibration which could result

in:

= Fatigue failures of aircraft components (increasing main-
tenance costs, ;educing operational availability, and abort-
ing missions). '

- Pilot fatigue (reducing endurance and effectiveness).

- Passenger discomfort (reducing commercial acceptance).
There are two general approaches to reducing aircraft vibration:
- The first approach is to reduce the helicopter response to

the vibratory hub loads. This approach includes isolation,

absorbers and detuning the fuselage response.

E/566 11




- The second approach is to reduce the prime vibration source;
the vibratory hub loads. This approach includes improved

rotor design, rotor absorbers and higher harmonic control.

The advent of new materials and construction techniques now allow
the potential to define new rotor blades that are designed with
inherently low vibratory hub loads. One blade design approach

is the use of sweep on the outboard section of the rotor blade.
Published (References A through H) and unpublished analytical
studies have shown that significant hub load reducticns are pos-
sible. However, load reductions did not occur for all rotors.

. In some instances aft sweep reduced loads, sometimes forward
sweep reduced loads and sometimes the results showed little

change.

This report documents an analytical study that was performed
primarily to systematically cbtain an uﬁderstanding of the fund-
amental mechanism for the hub load reduction, so that a blade
with low hub loads can be defined.

Since the effect of sweep appears to vary from blade to blade,
the first task is to define a baseline blade that demonstrates
significant vibratory hub load reductions dﬁe to aft blade sweep.
(Aft blade sweep was selected since aerodynamic benefits could
be provided as well). Once a baseline blade has been selected
that shows significant aft sweep benefits, further investigation

into why the load reduction occurs can be performed.

E/566 12
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The importance of sweep angle, sweep initiation radius, blade
natural frequency, flap bending stiffness, torsional bending
stiffness, aerodynamic center and chordwise center of gravity is
discussed. This investigation was performed primarily on verti-
cal vibratory hub loads. However, limited results of the effect
of sweep on inplane hub loads, hub moments, control system load,

blade flap bending moments and rotor power requirements is also

presented.

E/566 13



DISCUSSION

1. BLADE SELECTION

In order to select the baseline rotor for this study several con-
ventionally articulated rotor blade designs were analyzed to
determine their vibratory hub load sensitivity to sweep. These

blades included the following:

0 CH47C blade « which represents a typical current technology
design

o Four Conceptual blades - All four blades have identical
planforms, and differ only in
their physical properties. These
blades are designed as designs A
through D.

The four conceptual blades were selected since they represent 1
set of blades having identical geometry, with different physical
properties. Therefore, analyzing these four blades allows the

effects of large physical property changes (including different

frequency changes) to be evaluated.

These blades were selected so that insights into the effects of
sweep on hub loads can be inferred from the results, to help

define the direction for further investigation. If all the

E/566 : 14



design A through D blades showed similar sensitivity to sweep it
could be concluded that the specific physical properties were
relatively unimportant and that the baseline planform and air-
foils were significant. If the sweep sensitivity varied signi-
ficantly from blade to blade then physical properties would be
the significant factors.

vibratory hub loads were calculated using the Boeing Vertol C60
aeroelastic computer analysis. A description of this computer
program and the rotor trim used for these studies is presented
in Appendixes A and B respectively. Appendix C gives a descrip-
tion of the design A rotor and the definition of blade sweep

angle.

Vibratory hub loads calculations were performed at a 150 knot
(77.2 m/s) reference flight condition and sweep initiation radii
of .83R, .87R and .91R. The nominal rotor speed was 270 rpm for
design A, B, C and D rotors and 235 RPM for the CH-47C rotor.

Analysis of designs B, D, and the CH-47C blades showed that 4/rev
vertical hub loads actually increased when these blades were swept
aft. (See Figures 1.~1 through 1.-4.) (Forward sweep did reduce
these hub loads, but this phencmeron was not investigated further).
Design C demonstrated a slight decrease in hub load with sweep.
Design A, however, showed a large reduction in 4/rev vertical

hub load with sweep and was selected as the baseline rotor for
this study.

E/566 : 15



Coupled flap/pitch natural frequencies in air without damping
for these blades are presented below in the table.

BLADE NATURAL FREQUENCIES

IN AIR WITHOUT DAMPING

BLADE DESIGN DESIGN DESIGN DESIGHN METAL
MODE A B C D CH-47C
1st Torsion 4.22/rev 3.63/rev 5.00/rev 4.26/rev 5.35/rev
1lst Flap 1.11/rev 1.22/rev 1.15/rev 1.15/rev 1.08/rev
2nd Flap 2.63/rev 2.81/rev 2.70/rev 2.70/rev 2.59/rev
3rd Flap 5.66/rev 4.67/rev 4.63/rev 4.81/rev 4.65/rev

These frequency data showed the following:

o Designs A and D have almost identical 1st torsion frequen-

cies that are close to 4/rev.

o Design B and the CH-47C metal blades have lst torsion fre-

quencies below and above 4/rev respectively.

o Designs C and D have identical 2nd flap frequencies.
As shown, designs A through D have very different frequency place-
ment, especially the torsional frequency which varies from 3.63Q
to 5.000. It was anticipated that if these blades showed dit-
ferent sensitivities to blade sweep it would be the result of
specific torsion and/or flap frequency placement (i.e.: torsion

frequency above or below 4/rev, or 2nd/3rd flap frequency near

E/566 16



or close to 4/rev or some relation between flap and torsion fre-
quencies). If frequency placement were important, specific groups
of blades, with similar frequency placements would show similar
trends with blade sweep. However, a review of the variation of
4/rev vertical hub load with blade sweep for designs A through D
indicates that a unique torsion and/or flap frequency relationship
may not be a strong contributing factor in the hub load reduction
mechanism. This tentative conclusion is based on the observation
that designs A and D have similar frequency placement relative

to 4/rev for the first torsion and second flap modes, put very
different behavior with respect to 4/rev vertical hub load changes
due to blade sweep. This. tentative conclusion is investigated

further in sections 4 and S.

E/566 ' 17



2. EFFECT OF BLADE SWEEP

2.1 VERTICAL HUB LOADS

The primary purpose of this phase of the study was to determine,
the effect of sweep on vertical 4/rev hub loads at the 150 knot
(77.2 m/s) reference flight condition for the baseline design A
blade. Sweep parameters investigated included the initiation
radius and sweep angle. Initiation radii studied were .83R,
.87R and .91R, with sweep angles up to 34 degrees (.5933 rad).
The baseline values of blade flap and torsion stiffness were
used. The control system pitch stiffness was 600,000 in. lb./
rad. (6788 N m/rad).

The effect of sweep angle and initiation radius on 4/rev vertical
hub load is presented in Figure 2.1-1: These data show that the
largest vertical hub load reduction was obtained with a 30 degree
{.5235 rad) sweep angle at an initiation radius of .87R. With
this blade configuration the 4/rev vertical vibratory hub load

is decreased from 1300 lb. (5782 N) to 280 1lb. (1245 N), a re-
duction of 799 (to 21% of the baseline value). For all sweep
initiation radii stgdied on the Decign A blade, aft sweep re-
duced the 4/rev vertical hub load until the program convergence
began to deteriorate. Hub loads for sweep angles larger than
those shown in Figure 2.1-1 were generally larger and had a

large variation, indicating a nonconverged solution. (Note: a

converged soluticn is defined as having an angle of attack

E/566 18
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change of less than .1 degrée (.00175 rad) for the last two
rotor revolutions at blade azimuth positions of 0, 90 (1.571

rad), 180 (3.141 rad), and 270 (4.712 rad) degrees).

2.2 VERTICAL ROOT SHEAR HARMONICS

Harmonics of vertical root shear for the baseline unswept and 20 -
degree (.349 rad) sweep at .87R configurations at the reference
flight condition-are presented in Figure 2.2-1. These data show
that the 2nd thru 5th harmonics of vertical root shear are re-
duced by sweep. The 6th thru 10th harmonics, however, are

increased by sweep.

2.3 FLAP BENDING MOMENT HARMONICS

Harmonics of flap bending moment at .165R for the baseline
unsvwept and 20 degree (.349 rad) sweep at .87R configurations at
the reference flight condition are presented in Figure 2.3-1.
These data show that the 1st thru 5th harmonics of flap bending
moment are reduced by sweep. The 6th thru 10th harmonics, how-

ever, are increased by sweep.

2.4 PITCH LINK LOAD WAVEFORMS

Fiqure 2.4-1 presents pitch link load waveforms for the baseline

unswept and 20 degrees (.349 rad) sweep at .87R configurations

E/566 ' 19
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at the reference flight condition. These data clearly show that

aft sweep reduces the nose down pitching moment on the advancing
blade. '

2.5 CHORD BENDING MOMENT HARMONICS

Harmonics of chord bending moment at .51R for the baseline unswept
and 20 degrees (.349 rad) sweep at .87R configurations at the
reference flight condition are presented in Figure 2.5-1. All
harmonics of- chord bending except the 7th and 10th are signifi-

cantly reduced by blade sweep.

E/566 - 20




3. EFFECT OF AIRSPEED

3.1 VERTICAL HUB LOADS

Section Z of this report showed that at 150 knots (77.2 m/s), 30
degrees (.5235 rad) of sweep with an initiation radius of .87R
produced the largest vertical vibratory hub load reduction. To
determine the optimum sweep angle, analyses were conducted from
120 knots (61.7 m/s) to 220 knots (113 m/s) at sweep angics o1
10 degrees (.1745 rad), 20 degrees (.349 rad), and 30 degrees
(.5236 rad). The initiation radius was .87R. These data, pre-

sented in Figure 3.1-1 show several important conclusions:

o The 30 degree (.5236 rad) swept blade diverges for air-
speeds above 180 knots (92.6 m/s).

o Sweep reduces the vibratory vertical loads over the entire
range of airspeeds investigated (except for the djverged

region).
o There is not an optimum swecp angle for all airspeeds.

Between 120 knots (61.7 m/s) and 180 knots (92.6 m/s) the blades
with 30 degrees (.5236 rad) sweep at .87R produce the lowest
4/rev vertical hub loads. Between 120 knots (61.7 m/s) and 192
knots (98.8 m/s) the blades wich 20 degrees (.349 rad) sweep at
.87R produce lower vibratory loads than the 10 degree (.1745

E/566 21



rad) configuration. With 10 degrees (.1745 rad) of sweep at
.87R there is a large decrease in hub load with airspeed above
192 knots (98.8 m/s). At 220 knots (133 m/s) the baseline rotor
develops 1750 1lb. (7784 N) vibratory load while the rotor with
10 degrees (.1745 rad) sweep develops only 160 lb. (712 N) of
4/rev vertical load. This is a reduction of 91% to only 9% of

the baseline value!

3.2 INPLANE HUB LOADS

Longitudinal and lateral vibratory hub loads were computed as a
function of airspeed and blade sweep angle at .87R and are pre-
sented in Figures 3.2-1 and 3.2-2 respectively. These data show
that 4/rev longitudinal hub loads are reduced by blade sweep over
the entire range of airspeeds investigated. The lowest loads

were developed by the 30 degree (.5236 rad) swept blades. This
configufation, however, diverges above 180 knots (92.6 m/s). At
220 knots (113 m/s) the 20 degree (.349‘rad) swept blades reduce
the longitudinal hub load from 1930 1b. (8585 N) to 1090 lb.

(4848 N). This is a reduction of 44% (to 56% of the baseline value
The 4/rev lateral hub loads are lower on the baseline blade for

the 10 degrees (.1745 rad) and 20 degrees (.349 rad) sweep configurz
tions over the entire range of airspeeds investigated. The 30
degree (.5236 rad) swept blades produce higher lateral aub loads
thar the baseline blade between 144 knots (74.1 m/s) and 175 knots
(30.0 m/s). At 220 knots (113 m/s) the lateral hub load was

E/566 22
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reduced from 2210 1b. (9830 N) to 1780 1b. (7917 N), a 19% re-~

duction (to 81% of the baseline value).
3.3 HUB MOMENTS

Figures 3.3-1 and 3.3-2 show hub roll and pitch moments respec-
tively as a function of airspeed and blade sweep angle at .87R.
Both vibratory hub>moment components are reduced by blade sweep
above 148 knots (76.2 m/s). Below 148 knots (76.2 m/s) there is

a slight increase in pitch moment for the 30 deg (.5?36 rad) blade
Above 180 knots (92.6 m/s) the blades with 20 deqrees (.349 rad)
sweep produce the lowest roll and pitch moments. At 220 knots
(113 m/s) the 20 degree (.349 rad) swept blades reduce the roll
moment from 49000 in. 1lb. (5536 Nm) to 32000 in. lb. (3615 Nm),

a reduction of 35% (to 65% of the baseline value). At this air-
speed the pitch moments are reduced from 43000 in. 1lb. /4858 Nm)
to 36500 in. lb. (4124 Nm),_a reduction of 15% (to 85% of the base=-

line value).

For an articulated rotor the 4/rev hub moments are produced by
3/rev and S5/rev vertical shears. Therefore, if the 4/rev hub
moments are reduced, the 3/rev and 5/rev vertical shear at the
flap pin is reduced. Figure 3.3-3 presents 3/rev vertical shear
at the flap pin for the baseline, 10 degrees (.1745 rad), 20
degrees (.349 rad), and 30 degrees (.5236 rad) sweep .87R con-
figurations. As expected, these data show a trend simiiar to

the fixed system 4/rev hub moments. The 5/rev vertical shears
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at the flap pin are less than 10% of the~3/rev shears and are
not shown, however they also show a reduction due to blade aft

sweep.

3.4 ROTOR HORSEPQWER

Blade sweep produced significant reductions in required rotor
horsepower, especially at the higher airspeeds. Figufe 3.4-1
shows at 220 knots (113 m/s) power required was reduced 9.2
percent from 4900 HP (3,653,734 Nm/s) to 4450 HP (3,318,187
Nm/s) for both the 10 degrea (.1745 rad) and 20 degree (.349
rad) sweep at .87R configurations. It is interesting that there
is very little difference beiween the 10 degree (.1745 rad)
swéep and 20 degree (.349 rad) swept blade results. Between 120
knots (61.76 m/s) and 180 knots (92.6 m/s) the 10 degree (.1745
rad) and 20 degree (.349 rad) swept blades produce larger re-
ductions in required rotor horsepowe£ than the 30 degrees (.5236

rad) configuration.

3.5 FL.P BENDING MOMENTS :

Maximum alternating flap bending moments, shown in Figure 3.5-1,
were significantly reduced by the 10 degfee (.1745 rad) and 20
degree (.349 rad) swept at .87R blades over the entire range of
airspeeds investigated. Between 135 knots (69.4 m/s) and 160
knots (82.3 m/s) the 30 degree (.5236 rad) sweep .87R configqura-

tion increased the alternating flap bending moments. At the
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higher airspeeds sweep does not produce as lafge étpercentage
reduction in moment. At 220 knots (113.2 m/s) the 20 degree

(.349 rad) swept blades reduce the maximum alternating flap
bending moments from 51000 in. lb. (5762 Nm) to 48500 in. lb.
(5479 Nm) (a 4.9% reduction). At 200 knots (102.9 m/s) this sweep
configuration reduces the moment from 44500 in. lb. (5028 Nm) to
31000 in. 1lb. (3502 Nm). This is a 30% reduction (to 70% of the

baseline value).

Four per rev flap bending moments versus blade nondimensional
radius at the 150 knot (77.2 m/s) reference flight condition for
the unswept, 20 degree (.349 rad), and 30 degree (.5235 rad)
sweep at .87R configurations are presented in Figure 3.5-2.

These data show that sweep significantly reduces the 4/rev flap
bending moments along the entire blade span. The maximum 4/rev
moment, “hich occurs at .16R, is reduced from 3850 in. 1b.

(434.9 Nm) on the unswept blade to 800 in. lb. (90 Nm) on the 30
degree (.5235 rad) sweep .87R configuration. This is a reduction
ot 79% (to 21% of the unswept value).

3.6 CONTROL SYSTEM LOADS

Alternating pitch link loads, shown in Figure 3.6-1, were also
reduced by the 10 degree (.1745 rad) and 20 degree (.349 rad)
sweep configurations over the entire range of airspeeds inves-
tigated. Above 162 knots (83 m/s) the largest load reductions
were achieved with 20 degrees (.349 rad) of sweep. At 220 knots
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(113 m/s) this confiquration reduced the load from 2950 1b.
(13122 N) to 2100 1lb. (9341 N), a 29% reduction (to 71% of
the baseline value). The 30 degree (.5236 zrad) swept blades
increased the alternating pitch link loads between 120 knots

(61.8 m/s) and 175 knots (90.1 m/s).
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4. BLADE FREQUENCIES

The prime objective of this contract is to systematically obtain
an understanding of the fundamental mechanism for the hub load
reduction. One of the possible hub load reduction scenario re-
quires model cancellation of vertical shear at the rotor hub. A
further subset of this scenario requires that specific torsion
and/or flap frequency placement is needed to obtain the modal
root shear cancellation. The results of section 1 tentatively
implied that unswept frequency placement was not a critical com-

ponent of the hub load reduction mechanism.

It is clear that blade planform sweep will cause a change in blade
frequency. It is possible that sweep induced frequency changes
cause specific frequency relationships that result in the 4/rev
vertical hub load reduction. However, sirply calculating the
blade frequency in a vacuum may be very misleading. One of the
effects of blade sweep is to couple flap displacement into pitch
displacement. The significance of this coupling is much more
apparent when aerodynamic effects are considered in addition to
inertial effects. Therefore, to seriously investigate the effect
of planform sweep on blade frequency both vacuum and in air fre-
quencies should be calculated. The next guestion is, should the
frequency be calculated in the classical sense with only real
terms (i.e. no air dampl.g) or is the sweep irduced flap/pitch
coupling significantly influenced by the aerodynamic flap and
pitch damping. The only way to fairly evaluate the role of sweep
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induced blade frequency on 'the vibratory hub loads is to calcul-
ate the frequency for three sets of conditions: 1) in a vacuunm,

2) in air with no damping and 3) in air with aerodynamic damping.

For the three conditions definéd above, blade coupled flap/pitch
frequencies were computed with the nominal control system pitch
stiffness of 600,000 in-lb/rad (67,788 nm/rad). The air without
damping analysis includes linear aerodynamic terms that are func-
tions of the blade flap and pitch displacements and accelerations.
With damping the linear aerodynamic loads due to blade flap and

pitch velocities are also included.

A summary of the calculated coupled flap/pitch natural frequencies
at the nominal rotor speed for the design A blade at zero degrees,
10 degrees (.1745 rad), 20 dggrees (.349 rad), 30 degrees (.5235
rad), and 40 degfées (.698 rad) sweep configurations with the

sweep initiation radius at .87R are presented in Figure 4.-1l.

Blade frequency spectra are presented in Figures 4.-2 through

4.-4 and show the following significant conclusions:

"(a) In a vacuum the blade torsion frequency changed significant-
ly with sweep angle. As expected, it was reduced as the
sweep angle increased (from 4.340 for no sweep to 3.49Q for
40 degrees of sweep). Outboard of the sweep initiation
radius the mass offset from the blade's unswept elastic
axis is increased thereby increasing the effective pitch

inertia. (See Figure 4-2.)
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(b) 1In air without damping,'the 2nd flap and first torsion modas
coalesce above the nominal rotor speed. As the torsion fre-
quency decreases the coalescence point moves towards the
nominal rotor speed, and above 30 degrees sweep the coales-

cence point is below the nominal rotor speed.

This coalescence results from strong sweep induced flap/pitch
coupling. Bladé sweep allows airloads generated by flap
deflection to change blade pitch, resulting in large air-
load changes. These airload changes results ip an effective
flap spring that is strong enough to increase the blade flap
frequency. The net effect of the inphase aerodyhamic loads
on the blade natural frequency is to reduce the torsion mode

and increase the second flap mode. (See Figure 4-3.)

(c) When airforces with damping are included in the natural fre-
quency analysis, results similar to airloads with no damping
are observed, except the second flap and first torsion modes
do not coalesce. Instead, ac the second flap freguency in-
creases the first torsion frequency decreases, the modes |
repel each other and become highly coupled, until eventually
the torsion mode becomes a flap mode and the flap mode be-
comes a torsion mode. This behavior is typical of a flap/
torsion mode for a typical rotor blade with flap/pitch

coupling in a vacuum.
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These frequency results show no obvious frequency placement_ that
is causing the aft sweep induced 4/rev vertical hub load reduc-
tion. However, these results do not mean that modal cancellation
is not the mechanism for the hub load reduction, it only means
that simple or obvious frequency placements (like a frequency
approaching 4/rev, a flap/pitch coelescence at 4/rev etc.)‘will
not explain the vertical hub load reduction. If the reduction
mechinism involves frequency placement (as opposed to a natural
aeroelastic feedback mechanism) it is much more subtle than

originally expected.

There is the possibility that these natural frequency results
could provide some insight into the instability observed for over-

swept blades.

Natural frequencies in air with damping at 270 rpm for the 40
degree (.698 rad) .87R swept blades; which diverged for the for=-
ward flight analyses, and the 30 degree (.5236 rad) .87R swept
blades, are presented below in the table.

' 40 DEGREES (.698 RAD) 30 DEGREES (.5236 RAD)
BLADE MODE . SWEEP .87R SWEEP .87R

1st Flap 1.05 1.02
2nd Flap 2.65 2.55
3rd Flap 5.95 5.90
Torsion 3.35 3.45

These data show that there is not a significant difference in
frequencies between these two configurations and confirm there
is not a unique frequency relationship for the 40 degree (.698

rad) .87R configuration that would cause the divergence. Forced
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response calculations with a unit force at the blade tip in air
with damping showed large root shears at 1l/rev and 2.5/rev (see
Section 6.1). It is possible that a large subharmonic at 2.5/
rev is causing the poor analysis convergence for sweep above 30
degrees (.5235 rad).

Another possibility is that forward speed causes significant
changes in aerodynamic damping as a function of blade azimuth
position. It should be noted that the above natural frequency
analysis assumes aerodynamic loads for a hovering rotor. When
the rotor is flying at a reasonable forward speed the air
damping and air spring vary with the blade azimuth position.
The natural frequency in air without damping shows a coalesence
of the flap and torsion frequencies for sweep angles above 30
degrees. If part of the blade azimuth position has low aerody-
namic danping this may explgin the poor analysis convergence

for sweep angles above 30 degrees when at high airspeeds.

In simple terms, the aerodynamic lift can be written as
L =KV2 (8 + &)

where KV20 represents the lift due to pitch
and KVZ represents the lift due to flap
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Introducing outboard sweep into the blade forces a kinematic
coupling between inboard and outboard flap and pitch. For att
sweep inboard blade flap causes some outboard blade pitch, the
resulting outboard pitch causes increased lift resulting in more
inboard flap and changes in inboard pitch. Clearly, the blade
sweep establishes a relationship between flap and pitch. As
shown from the above equation, as the airspeed increases, for
the same proportion of flap and pitch motion the relative lift
due to pitch becomes proportionally larger than the relative
1lift due to flap velocity. Therefore, the flap damping with
respect to the pitch induced lift becomes smaller and the blade
frequencies may approach the "in air without damping" frequen-

cies for a portion of the rotor disc.

Clearly, these ideas regarding the poor analysis convergence
(and sometimes divergence) are only conjecture, and further in-

vestigation is necessary to prove or disapprove these theories.

Further investigation into the effects of blade frequency on the

load reduction mechanism is included in Section 5.

.
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5. EFFECT OF BLADE STIFFNESS

The effect of airspeed, sweep angle, and sweep initiation radius
on the vibratory loads produced by the design A blade were dis-
cussed in previous sections. These analyses were conducted with
the nominal values of flap bending and torsion bending stiffness.
This section of the report documents the effect of varying flap
and torsion stiffness on the blade natural freéuencies and
vertical vibratory hub loads. Torsion stiffness variations were mad
by changing the blade torsion stiffness and the control system
pitch stiffness. The values of torsion and flép stiffnesses in-
vestigated covered a wide range of flap/torsion frequency rela-
tionships. The table below shows the frequency range of blade

flexible flap and torsion modes investigated.

FREQUENCY RANGE

MODE PER REV

2nd Flap 2.5 to infinity
3rd Flap 5.4 to infinity
4th Flap 8.1 to infinity
Torsion 3.9 to infinity

5.1 FLAP STIFFNFSS VARIATIONS

5.1.1 BLADE FLAP FREQUENCIES

&

Blade natural frequencies were computed in a vacuum as a {unction
of flap stiffness factor at the nominal value of torsional stiff-
ness. This factor scales the blade flap bending stiffness from

the center of rotation to the tip. These data, presented in
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Figure 5.1.1-1 show that the 2nd flap frequency incceaces slightly
even up to a flap stiffness factor of two. The 3rd and 4th flap
frequenciés, however, increase significantly. Doubling the flap
stiffness increases the 3rd flap frequency from 5.7/rev to 6.75/

rev.

5.1.2 VERTICAL HUB LOADS

Four per rev vertical hub load as a function of blade sweep angle
at .87R initiation radius were computed for fiap stiffness factors
of .75, 1.0, 1.5, 2.0, and-infinity. The results of this study
are presented in Figures 5.1.2-1 and 5.1.2-1A, and show several

important results.

o Increasing the flap stiffness of the unswept blade reduces
the 4/rev vertical hub load. Doubling the flap stiffness
reduces this load from 1295 1b. (5760 N) to 1200 1b. (5338
N), a 7.3 percent decrease. Reducing the flap stiffness by
25% increases the 4/rev vertical hub load to 1723 1lb. (7663

N), a 33% increase.

o The percentage reduction of the 4/rev vertical hub load

with sweep is reduced as the flap stiffness is increased.

o Similar reduction trends with sweep occur over the entire

range of flap stiffness factors.
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0 Sweep reduces the 4/re§ vertical hub load even when the flap
stiffness is infinite. This is a very significant finding
and shows that elastic flap deflection and/or elastic flap/
pitch coupling are not significantly involved in this hub
load reduction mzchanism. It also shows that a unique flap/

. torsion freqﬁency relationship or a specific flap frequency

is not necessary to obtain the hub load reduction.

- 5.2 TORSION STIFFNESS VARIATIONS

5.2.1 BLADE FREQUENCIES

Blade torsion frequencies were computed in a vacuum at the nomi-
nal value of control system stiffness as a function of the tor=-
sional stiffness factor. This factor scales the blade torsion
bending stiffness from the center of rotation to the tip. Figure
5.2.1-1 shows that the baseline blade's torsion frequency is in-
creased from 4.3/rev to 6.7/rev when this factor is four. This
range of stiffness places the torsion mode well below and above
the third flap mode natural frequency. In addition, as part of
the torsional stiffness variation the torsional stiffness factor
was increased to infinity, and the only elastic pitch resulted
from control system deflection. Finally, to obtain an infinite
torsional stiffness and have no elastic pitch both the torsional
- stiffness factor and the control system stiffness was increased
to infinity. The impact of these torsional stiffness changes

on the 4/rev vertical hub loads are discussed in the next section.
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5.2.2 VERTICAL HUB LCAD

Figure 5.2.2.-1 presents 4/rev vertical shaking force vs. blade
sweep angle at .87R initiation radius computed for torsion stiff-
ness factors of .8, 1.0, 1.5, 2.0, 4.0, and infinity, and with
an infinite control system stiffness with an infinite GJ factor.

Several important conclusions can be drawn from the figure.

o Increasing the torsion stiffness of the unswept blade re-
duces the 4/rev vertical hub load. Doubling the torsion
stiffness reduces this load from 1295 1lb. (5760 N) to 729
1b. (3203 N), a 44 percent reduction. However, an infinitely
stiff torsional system (i.e. no elastic pitch) does not re-
sult in the lowest 4/rev vertical hub load. (See Figure
5.2.2-1A.)

o The effectiveness of sweep is reduced as the torsion stiff-
ness is increased. Above a torsion stiffness factor of
approximately two, sweep increases the 4/rev vertical hub
load. Therefore, a certain minimal torsional flexibility
is required for sweep to be effective in reducing the verti-

cal hub loads. (See Figure 5.2.2-1A.)

o Relative placement of the torsion and flap mode frequencies

is not a factor in the hub load reduction mechanism.
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Additional computer studies were performed to determine the effect
of torsional stiffness inboard and outboard of the sweep initia-
tion radius. The results of this investigation are presented in
Figure 5.2.2-2 and clearly show that the blade torsion stiffness
outboard of the 'sweep initiation radius dces not significantly
affect the load reduction trend. The critical torsional stiff-

ness must occur inboard of the sweep initiation point.
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6. HUB LOAD REDUCTION MECHANISM

Computer studies were initiated to gain detailed information on
the hub load reduction mechanism. These analyses included the

following:

o Forced response calculations were made with a variable fre-
quency unit force at the blade tip. This defined the basic
response characteristics of the baseline and swept blades.
The ‘objective of these calculations was to use the sweep-
induced changes in the blade response to help identify the

load reduction mechanism.

o Vibratory hub loads were computed simulating independent
mass and aerodynamic sweep. This was done to decouple the

aerodynamic and inertial effects of blade sweep.

o Blade twist and spanwise inertial and thrust loading was
examined for the baseline and swept blades to show what
blade response characteristics changed when the hub loads

. were reduced.

o Tip planform shape was studied to determine.the effect of
swept aerodynamic blade area on vihrator} hub loads. This
was done to investigate changing the relative magnitude of
the aerodynamic force to the inertial force in the swept

portion of the blade.
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6.1 UNIT LOAD FORCED RESPONSE

Figures 6.1-1 presents blade vertical root shear amplitude and
phase versus a 10 lb tip force excitation frequency for the base=-
line unswept blade in a vacuum without damping. Large responses
occur at each of the flap mode natural frequencies. There is
very little flap/pitch coupling because the blade masses are near
the elastic axis. The root shear response from the torsion mode
is, therefore, very small. Figure 6.1-2 shows how the response
changes when air is included in the analysis but no damping.
There are small changes in the natural frequencies and the
response due to the aerodynamic Qf pseudo non-circulatory pitch
rate term at .75 chord is now evident near the blade torsion
natural frequency. When aerodynamic damping is included (see
Figure 6.1-3) the blade frequencies change, the peak response at
resonance 1is reduced, and the response due to the airloads at .75

chord is eliminated.

Figures 6.1-4 through 6.1-6 present the results of 10 lb tip

forced response calculation with the blade swept 20 degrees (.349
rad) at .87R. In a vacuum without damping the response at the
torsion mode frequency is now evident because of the strong iner-
tial flap/pitch coupling induced by sweep. With sweep the masses
outboard of the sweep initiation radius are offset from the blade's
unswept elastic axis and pitch axis, increasing the effective
pitch inertia. In air with damping sweep amplifies the response

from the 1st flap mode, but attenuates the response from the 2nd
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and 3rd flap modes. (Note the near zero vertical root shear for
the response at 2.75/rev for both the in air with damping and

the in air without damping responses).

A summary plot of vertical root shear versus tip force excita-
tion frequency is shown in Figure 6.1-7 for the baseline blade,
10 degrees (.1745 rad), 20 degrees (.349 rad), 30 degrees (.5235
rad), and 40 degrees (.698 rad) sweep at .87R sweep initation
radii. These results show that sweep reduces 2/rev,.3/rev,
S/rev, 6/rev etc. vertical root shear, but does not significantly
reduce vertical root shear at the 4/rev frequency. This does

not agree with the results of the forward flight loads analyses
which showed large reduction in the 4/rev hub load at all air-

speeds with 10 degrees (.1745 rad) and 20 degrees (.349 rad)

sweep.

The tip force analysis does show a very large increase in l/rev
and 2.5/rev vertical root shear as the blade sweep is increased
from 30 to 40 degrees. This corresponds to the coelescence of
the torsion and flap modes at a rotor speed below the normal
operating speed, and is probably responsible fa; the poor pro-

gram convergence for sweep angles above 30 degrees.

It is clear that forcing at the blade tip does not illustrate
all the effects observed in the forward flight loads analysis.
It is probably necessary to force the blade at various spanwise

locations to fully observe the 4/rev hub load change. 1If forcing
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along the blade span does show the 4/xcv vertical root shear re-
duction, this method could become a powerful tool for evaluating

different blade designs.

6.2 SPANWISE LOADING DISTRIBUTIONS

Spanwise distribution of 4/rev vertical inertial force and thrust
are presented in Figures 6.2-1 and 6.2-2 for the baseline unswept
and 20 degree (.3490 rad) swept at .87R blades at the reference
flight condition. The da;a-is presented as 4y cosine and sine
components, with ¢ (the blade azimuth angle) equal to zero when
the blade is trailed down wind. As expected, inertial and aero-
dynamic forces are out of phase and of approximately equal mag-
nitude. The relatively large inertial forces inboard of the
cutout at .21 radius result primarily from vertical acceleration
of the relatively heavy articulation hardware. As shown, there
are larger inertia and aerodynamic forces in the region of the
blade tip for the 20 degrees swept blade as compared to the
straight blade. Similar results were obtained for the 10 degree
(.1745 rad), and 30 degree (.5236 rad) sweep configurations but
are not presented here. Figure 6.2-2A shows the distribution

of lumped masses in the blade design A analytical model.
Figure 6.2-3 presents the 4/rev incremental vertical shear dis-

tribution along the blade for the unswept, 5 degree (.0873 rad),
20 degree (.349 rad), and 30 degree (.5236 rad) sweep at .87R
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configurations. (The shear increment is the net shear that
results from the difference between the airloads and the inertia

loads). These data show several significant results:

o The relatively large shears at .13R, .45R and .87R are
produced by vertical acceleration of the articulation hard-

Qare, the flap tuning weight, and the tip weight.

o Incremental shears are significantly lower on most of the
swept blades. (There is a relatively large incremental

shear at about .8R for the 30 degree swept blade).

For an articulated rotor the 4/rev vertical hub loads are pro-
duced by the 4/rev vertical root shears. Therefore, if the 4/rev
vertical hub loads are reduced, the 4/rev vertical root shears
are reduced. The roét shear is the spanwise integral of the
incremental shear. Figure 6.2-4 bresents the 4/rev vertical
shear summation (the integrated vertical shear along the blade)
for the unswept, 5 degrees (.0873 rad), 20 degrees (.349 rad),
and 30 degrees (.5236 rad) sweep at .87R configurations. These
data clearly show the reduction in root shear as the sweep angle

is increased.

The above fiqures show that the shear is reduced all along the
blade and so is the flap bendir'q moment (Sse Figure 3.5-2).
However, this data does not show why the reduction occurs.

Examining the blade deflections may provide that insight.

E/566 . 42



Four/rev vertical acceleration vs. nondimensional blade radius
is présented in Fiqure 6.2-5 for the baseline unawept, 10 degree
(.1745 rad) .87R, and 20 degree (.349 rad) .87R sweep configura-
tions at the reference flight conditions. These data show that
vertical accelerations inboard of the sweep initiation radius
are significantly reduced by blade sweep and the accelerations
outboa