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Preface

Veanine of Symhols Used

32.2 ftfcec/sec, acceleration of gravity

{inetic Energy

l.ass per unit length of pendulum arm

liasg of pendulum bob (assumed to approximste point mass)
Eass of whele ship, including pendulums

nCl vhere o= order of harmoniec beins considered
Generalized force

Time

Axis along axis of pendulum hinze offset arm

Arxis perpendicular to X and Z

Axis along Axis of drive shaft

Angle cof X-axis from dovm wind direction, measured posi-
tive in dlrection of rotation

Fhose zngle of harmonic forces

Rate of anguler rotation of drive shaft = constant (average)

Thrust Pendulum:

il

lencth of pendulum pivoet offset from drive shaft axis
length of pendulum arm
Gravity mowent of pendulum zbout hinge/ et .,

Amplitude of thrust unbalance



e

Asgumed deflection of whole ship under vibration

Amplitude of vibration of whole chip
Angle of flep of pendulum zbsorber measured from of,,,. .,

positive downwards

Haximum angle of flap

vii

Angle of flap at vhich centrifuzal force of pendulum absorber

balances gravity moment of pendulum arm and hob

Toroue Penduvlum:

Le

Ao

Length of pendnlum pivot offset from drive shaft axis
length of pendulum srm

Homent of inertia of one blade about Z axis

Assumed spring comstant brought into action by assumed
existence of angle of rotation £

Amplitude of toroue unbalance

Assumed an;le of rotation bvetween rotor blade and X axis
Haxirmum angle of rotation between rotor blade and X axis
Argle between G and line through c.g. of pendulum bob and
Z axis in plane of rotation

Angle between d and line through c.g. of pendulum arm and
2 axie in plane of rotation

dngle of lag of torowe pendulum sbsorber, posiiive in
direction of rotation, . 1, measured from X axis

Haximom ansle of lag


pend.tQ.um

viil

Alternating Forces:

H d}'u s ] = ] .gi O

<

Slope of 1ift curve of blade airfoil section
Blade profile drag coefficient

Blade root chord

Blade tip chord

s
average torque/p m 1% R

Torque coefficient

Thrust coefficlent

?/epana’r?t

Harmonic instantaneous torque

Harmonic instantaneous thrust

Blade radius

Blade taper ratio

Average thrust

Forward velocity, ft/sec.

Induced veloclty at plane of rotation
longitudinal induced welocity variation parameter
Gross weight of ship

B, -1

Blade angle of incidence, radians

Profile drag polar constant

V;/AR for particular ship considered

V/* R for particular ship considered

Rotor Solidity = ¢, /R (onme rotor)

Ultimate angle of rotor slipstream downwash
Azimuth angle of blades, maﬁured from downwind positlon in
direction of rotation

Angular rotation of blades (average)



AN INVESTIGATION OF THE PRACTICABILITY
OF TUNED PEEDULUM TYFE VIBRATICN ABSOEBERS
FGR USE ON ROTARY WING AIRCRAFT

STMMARY

The tuning and amplitude equations derived herein for undamped
pendul]um type vibration sbsorbers may be epplied, with slight modifi-
cet ions, eoually well to any type of rotary wing aireraft to abserb
the respective rarmonic unbalanced forces and moments., TFour assumptions
were made that effect the derivations. One iz that the angles involved
are small enough so that the sine of the angle is equal to the angle it-
self, and the cosine equals one, The second is that the concentrated
nase of the absorber spproximates a point mass, The third is that the
syster is completely rigid, and the fourth is that the ship itself is
in unaccelerated flight. These assumptions are involved in the design
of the absorber iltself, so that the degree of accurecy attained is de-
pendent on the designer and the practical aspects of the problem to be
solved.

The equations derived herein are limited to the cage of forward
flight at a constant velocity only. Conditions imvelving roll, pitch,
or a coubination of the two, and accelerated flight conditions are beyond
the scope of this imvestigation.

A practical application 1s included in the paper, following the

derivations, A first and second harmonic thrust absorber and a first



harmenic torque absorber are designed to indicate a method of attacking
a problem for a ship having counterrotating, single bladed, counter-
weighted rotors without cyclic pitch thrust eaqualization., Ko experi-
mental results are included, as none were asvailable at the time of
writing,

Methods of mounting the sbsorbers, the incorporation of centri-
fugal unloading devices which free the absorbers when the rotors reach
operating speed, and pOsitioh of pendulum stops are not treated in this

paper.
PART I. Tuning and Amplitude Bouations.

Congider the systenm composed of the rotor blades and the pendulvm
vibration absorbers, rotating about the axis of the drive.shaft. Z, with
a constont anguler veloclity. Superposed on this rotation are forcing
torques of the form, Li = Ljo cos{pt-+.), and forced vibvrations of the
form, Ny = Njo cos(pt-+,), The former ig due to the variation of the
forces on the rotors in the plane of rotation, and the latter, to the
fariation of forces on the rotors in a direction perpendicular to the
riane of rotation, acting along the axis of rotation.

Due to the placing of the vibration absorbgrs on the shaft, very
nearly in the rotor plene of rotetion, the vibrating forces for which
the absorbers are tuned will not be transmitted through the sheft to the
ship itself. However, for analytical purposes, assume that the forced

vibration, Nj, acting along the shaft causes the whole ship of mass M,

to vibrate with a vertical amplitude, 5, , causing ite correspondingly



tuned pendulum ansorber to vibrate at an angle o, Assume that the
forcing torgque, l;, causes the rotors to cyclically rotate at an angle
B with respect to a line throuwgh the pivots of the torsiocnal vioration
absorbers roteting at the aversge rotor angular velocity, causing these
absorbers to swing at en angle $ from their mean position.

The eguations of motion are derived by the use of the LaGrange
eguations considering the relative motion of the system with respect
to the uniformly rotating coordinste system, £l . This method of
erriving at the ecuations of motion of a moving system is covered in
references (2), (3), (4), (6), and (7).

The syestem is assumed rigid enough so that no bending deflections

occur.
A. Thrust apsorber, single degree of freedom, flapping binge only.
¥rom figure 1, page 4, the coordinates of } are:

X.= & + b cos(x + «,,)
Fu= 0
z,= 6§ + b sin(« + «)
differentiating with respect to time, %, yields
x,= =be sin(X + )
z,= 5 + b cos(x + w)
Algo from figure 1, the coordinates of mb are:
x.~ 2 +{b/2)cos{« + w,,)
Y= 0

z.= & +(0/2)sin(« + o)
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Pirst harmonic thrust

absorber
HE —
fecond harwonle thrust 3
absorber >
Qe X
(a) Position of sbsorbers on drive shaft.
=
1
- Q.rgtpe
¥ = ¥ cos{pt- ) (EE
+F

(b) Schematic diagran of absorber,

FIGURE 1, Pendulum Thrust Absorbver,




differentiating with respect to time, t, yields
i“= —(b/g) sin(e + oty1) &
.= 6 +(bf2)cos(« + o) %

Therefore

2 g - . v s ..
Ym = X+ Y,.a"‘ 7% = %P+ &% 2b s« cos(« + «)

n

v3 = &4 72+ 22 = (b/2)%3+5% 0§ % cos(= + )

H]

The Xinetic Energy of the system is then

KB = (1/2)%[0%*+ $%+ 20 § & cos(a + )] +(1/2)mb [(b/2)% 34+ 52
+ b 5 cos(x + «,r)] +(1/2)Mc®3% (1/2)ubb®x®/12
+(1/2)[7 -(c + wo)§ 2. (1-4)

The laGrange ecuation of motion tskes the form

= Q'i

2 [P ] dxm)
Tt_aqi] N

The generaliged force with respect to & iIs the undesirable force

that is to be absorbed and is of the form
0, = Nycos(pt- ¥,). (2=4)

where p = naand "a' represents the order of the harmonic force to be
apsorbed,

Tne generalized force with respect to « ig considered as an

effective spring constant times the deflection angle, *, of the pendulum,

and X, is defined as



Gravity moment of vendulum weight abowt hinge
0{ STAT: <

and «,, 1s defined as the angle of deflection at which the centrifugal
restoring moment about the hinge line is equivalent to that of the

gravity moment .

[tu +(1/2)mb] g = M [erbeoes, | 2%bsin «,; + mb [a+(b/2) cose,,] £1%(b/2)sin %,y
+(1/12)mb 2 *b¥cos ot;r8ine o

where the first two terms on the risht represent the centrifugal torque
about the hinge eaxis of the pendulum bod and pendulim arm respectively
due to their rotation shout the shaft. The third teram represents the
contrifugal couple due to rotation of the arm &bout an axis parallel to
the shaft and throush its center of gravity tending to move the arm
into a plane perpendicular to the axis of rotation, The centrifugal
force dw to rotation sbout the hinge axis has no effect as its line of
action passes throuwgh the hinge axis. Now agsuming o, small so that
o8 o), = 1 ; sinasz o, .and solving for & 7.

_ +(1/2)mb
dsunc- + mnvlia + m ik

and K, then becomes

x - +{(1/2)m +(1/2)ub] & +[H +§1{32m§lylﬂ’b

oS M +(1/2)mb] g
For vhich the generalized force with respect to « becomes

Q = ~fit +(2/2)m) & + [ +(1/3)wp}p} NP & (3~A)

Agsuming small oscillations, i.e. cos(« +o)= 1 ; sin(e +osr)e o +o,,



and that the pendulum bob mass approximates a point mass, the Kinetic

Energy eauation ie
KE =(3/2)[M +(1/3)mu)b® & 24+(1/2)M 5 201 +(2/2)al b & & (4-a)

Applying Lalirange's equation for the coordinstes & and & gives

respectively:
M3E +[u +(1/2)md b = N coslpt~ Fu). (5-A)
[ +(1/3)mb] v® & +[i +(1/2)mf b § = (6~4)

- {EA +(1/2)me] & +[M +(1/3)mp) b} % &«
Assuming no dsmping, the variation of o and 3 will be of the form:

& = o cos(pt~7u)
§ = § jcos(pt- ¥u)

Substituting in equatilons (5~A) and (6-A) give

-M 5 pPcoslpt-¥x ) ~[M +(1/2)mu] b & pPcos(pt- ) =
Nocoa(pt— Yo) {(7=4)
-[M +(2/3)ub] b & pPcos(pt- ¥ ) - [t +(1/2)mb] § jpcos(pt-15) =

- .n.*{lja +{1/2)mb] a +[M +(1/3)mb) b & jcos(pt~ #)
(8-a)

Solving equations {7-i) and (B-4) for u’e and & .o

v =IM (/2
X o ﬁ[{ﬁd +(1/2)mv]a +1t +(1/3)mb] b} n‘g‘ iu +(1/3YmoJop® I+ [m(lfz)mb]

- mh] h]:IL JE:
] o~ Wp +{1/2)mb]a +'iM+(1/3)mb] bgng-iﬁdl}s)m‘b] psbf+lu+(1/22n1:‘315p*




If the ship does not vibrate, dgmust equal zero. Therefore
[t +(2/3)mn] vp® ~{Bu +(2/2)m) & + [ +(4/ 3 )mi) Wn? =0

The tuning ecuation then becomes, golving for 'p!

1
—

_ i +(1/2)mb) & +[u +Uf.33.'=_)ﬂ_.llf_h]__'9__} l, -
PO { [ +(1/3)mb) b —

The amplitude equation becomes

- ~Hg . |
% = T a0/2ml v (12-4)

where « is measured from ® rairice

B, Torgue absorber, single degree of freedom, lag hinge only.
From figure 2, page 9, the coordinates of M are:

ccosd +4dcos(B+$)

X,
y.= ¢ sing + 4 sin(p + #)

z.= C
differentiating with respeet to time, t, yields

Xe= ~¢ £ sing - d(p.-e;)sin((J + )
Ju= ¢ B cosp + &g +4 Yeos(p + # )

Also from figure 2, the coordinates of md are

x,= ¢ cos B +df2)cos(B+ $)

v.= ¢ sing +(1.’a/2)s:ln(p+ﬁ?s )



{a) Pogition of abs.rbere on drive shaft,

(b} Schemstic dlagram of absorber.

FisuzE 2. Pendwlum Toroue Absorber,




differentiating with respect to time, t, yields”

Therefore

The

KE =

The

The

X = -c{i sin 2 -(d/2)(ﬁ'+£ Jsin{g + $)
o= cicosp +(8/2)(5+ § deos(s + 4 )

x2 & Y?, = ¢ % d"‘(éq-{; Y24 eedlé(,éﬂa Jeos ¢
= %2 + 7% = %4 2(q/2)%(4 + $ )%+ caf(s + é dcos é

Kinetic Energy of the system is

(1/2)M[c®8 2+ 43(4 + b))% 2ca4(4 + 6 )eos 15_]
+(1/2)ma[c®5 34(a/2)*(B+ § )% caf(f+ § deos 4]
+(1/2)MB3(A + $ )% (1/2)mad® (6 +4)*/12 +(1/2)14°

{

LaGrange equation of motion takes the form

g Piﬂ@ﬂ. - QLE&I = Qi

Ty 4 J 43

generelized foree with respect to £ is

Q, = Locos(pt-7,) - KL 4 .

8

10

(1~B)

(2-B)

The generalized force with respect to § is composed of a centri-

fugal restoring torque and a Coriolis torque due to the conmservation of

angular momentum, both torques acting about the hinge axis,

figure 2, page 9

Centrifugal torouwe = MQ.%0a 4 sin ¥ + mdﬂ-aai(dfz)ain ¥y

However

From



11

gin ‘, - .ﬂ_ﬁiﬂj and sin X‘ = “M -

CA 0B
Then

Centrifugal torque = MR 3cd sin¢ +(1/2)man2cd sin ¢ .
and. the

foriolis Torque = 212 d°#sing + 2mdr (4/2)¢ sin ¢ .
The generaljzed force with respect to % is then
Q, = ~fi +(1/2nd[n%ca - 2adi] ein p . (3-B)

Assuming small oscillations, i.e, cos f = 1; sind = ¢ , and that
the pendulum bob approximates a polnt mass, eguations (1-B) and (3-E)

becomne

KB = (1/2)4[c% % 236+ 4 )% 2caf (A4 4]
+(1/2)ma[c?8 2+(a/2)% (6 + $ )%+ cap (fsr" $)]

+(1/24)mad® (4 + ¢ )%4(1/2) 156 (4-B)
Q4= ~fie(1/2)nd[R 3ca - 2.0d°3] ¢ (5-B)

Applying laGrange's ecuation for the coordinates 4 and # gives

respectively

{IR+ M [e®+d%+2ed)+ md [c3+(1/3)d‘+c&];§+ﬁ.i [0%4+ca)+ ma J(1/3)a%+(1/ 2)06]} ¢

= Locos(pt—- ¥ ) - KL 8 (6-B)

(M[d + )+ maf(1/3)a +(1/2)Q)}ﬁ +[ma .,.(1/3)1::6.5_] ¢
= =[u +(1/2)md[ % 4 - 2.0d¢ $] (?-B)

Assuming no damping, the variaticn of A and ¢ will be of the form:
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B = B cos(pt=¥,)
f’ = jb ocos(pt=¥ )
Substituting in equations (6~B) and (7-B) gives:

- {1z ¥ [c®+a¥+2cd] +.§@d[cz+(1/3)d3+cd} Bopleos(pt-7)
~{u[a®+ed] + na [(1/3)a%(1/2)cd]) ¢ pPcos (pt=% )
= Locos(pt= ¥ ) = Ky Bycon(pt~ %) (8~B)

~fufarc]+ ma[(1/3)a+(1/2)c) B pPcos(pt- % )
~{ud +(1/3)na%} ¢ pPcos(pt~ #)
= ~fer(1/2)ng[n3c ¢ cos(pt~ % )+2appisin(pt- % )cos(pt- 1(4;91%_)]

Neglecting the coriolis torque for smell arce, eguations (8~B) and (9-B)

nay be solved for B and ﬁo. Then

= M [3+c]+ 1/3)a+(1/2) dip®L
¢° Ky gt [c®+d¥+2ed] +md [c*+{1]3) a7 +cdlfp 17 2)mdlf o fia+(1/ 3) ma] p“ﬁ

- -{} a4l + ma[(ljs)m(l/z)c]}’ap“ {10-B)
f[M+12m c-Md-:-lsmd‘ 211
a [K:I.- {I 4 [c®+3%+2cd} +mi e +(1]3)d”+cd] I +(1/2) md] 20— [Ma+ (1/3) ma®] sz
m-{m fa+e) + md [(1/3)a+(1/2)c)} ®ap? (11-B)

If there is no torsional vibration, ’Go mist equasl zero. Therefore
[¥ +(1/2)md) 2 3c ~fua + (1/3)ma?]p? = 0

The tuning end amplituwle equations then become

- + (1/2
* dﬁd+ (1/3)md.]] (12-%)

éo’ {Md[a+c]+ m’[(l/s)d +(1/g)c]]P (13~B)
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PART 11, Alternating Forces to ve Abgorbed.

The variations in forces are calculated by means of the formulae
derived in reference: (1) for rotary wing aircreft with counter rotating,
single bladed rotors so controlled that the planes of rotation remein
horizontal and the ship is propelled by & pusher propeller. The blades
are so mounted on the drive shaft and the shafts so phased by gearing.
that they cross in a plane through the drive shaft perpendicular to the
longitudinal axis of the ship, which is assumed parallel to the flight
path. This configuration results in a force-vhase angle relationship
of 180 degrees between the two blades. For the first harmonic thrust
and torque components, the advancing blade approaches its maximum value
and the receding blade approaches its minimum ag the two blades cross.
The maximum and minimom valves do not occur at the crossing point due to
e phase angle with respect to the zero reference line, For the second
harmonic thrust component, the two blades approach a meximuom and 2 mini-
mum together., That is, as the blades crecsgs, the second harmonic thrust
component for both blades reaches its maximum value. Higher torque
harmonics than of the first order and thrust harmonics of the second
order are neglected.

The procedure is as follows., The necéssary thrust coefficlent Is
calculated from the design specifications, Having this value, the
induced velocity, Vi, and the ultimate angle of slipstream downwash, X ,
may be found. The blade angle of incidence, @ , is found from the con-
gstant portion of the CT equation, and the different values of the har- .
monic forces are calculated by separating the thrust and torque equetions

into their component harmonic parts.
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Desizn Specifications:
Gross weight of ship sev.vveveaseess.. 1800 1bs,
Design veloCity-. V oeeeeerreicnanians,. 100 MPH
Angular rotation of bladese s -oeeevess radians{second

Blade taper ratio, R secevenvcceacnecs 3

Blade radius c.ieceevcececans serreseass 15 feoet
z = Rl'.- 1=2
p=0.0023'?8

Airfeil Section:
¥.4,C.A. 23015
Slope of lift curve, a, = 2T
Profile drag coefficient, Cpy = Cpoot €(Cpf2,)®
Cpog= 0.012
€ =0.894
Hetor weight:

* Blaje weight = 80 lbs. at 40% span {radius)

From reference (1) the following equotions are used.

Cp = 7/pra<m (1)
M = V/2R | (2)
A = ViR (for level flight with pusher propeller)  (3)
Vi= Cp@B/(x2+ A e Cp 2R/ (V34 Vf)% 2 (4)
A = arc oot ffl plofor/z o (p 2022 )
w = [V,/2RJtan( ¥/2) (6)

longitudinal induced velocity variation

parameter,


blaa.es

15

Cp = (aodt/z)[{ent[(lfsm»«’/z)] -(1/2)RA - o2 [(1/4) 43 /4)]
+(1/3)g A +(1/4)BAm® -(1/32)2 6/*"}
+{Byom = BAM —(2/3)z8m +(1/2)z Am ~(1/4)ROM *+(1/8) zAp a}sin"x(”
+{-1/3)8,w + (1/4) 2w ~ (1/96) zup’ foos +
+H{(-1/2)Bywu +(1/6) zwpm ~(1/20) Bwm® } sin 2 ¥
+{(-1/2)B 00 3+(1/4) 2613 (1/4) B, An ?+(1/34)26/Aq}003 2

+ higher harmonics] (7)

Cq= (oy/2) [ [Cpoo+€ @[(1/4)R+(1/4)RepP=(1/5) 2 ~(1/6) 202
+(1/32)8; 1] +[2, 0 ~2 €8] [(1/3)R A ~(1/4) 2 ) +(1/32)2 l,u"J
+ [€ e [(1/2)R A 24(1/8) B w3~ (1/3) 2 A #~(1/10) ov®
+{(Y/ 2R m® ()t 34(11/16) wén 3)]

+ {[cDoo"' €e 3] [(2/:5)14*'/* -(1/2) 2 g +(1/43)z/-f]

+ [ag0~2€0][(1/2)d jn By=(1/3) 2 Ape +(1/8) By 1 A]

+ [e —ao][(llé-)z)\ 2 3]} sin ‘j[’

+ {[aoé ~2 €6] [(1/4)wR+(1/3) By pn —(1/5) 2w =(1/4) 2w ;£

-(1/32) 2w ® +(1/32)Ryw "]

+ [€-ay] [(2/3)Bgw A =(1/2) 2w A -(llls)zw)ﬂqﬂcos ¥

+ higher harmonicsj (8)

Substituting the proper values in eguetions (1) through (6) give:

Cp = 0.00763
A= 0,391

Vi = 3.66 ft/sec
A = 0.00976

X = g% g

w = 0,00927
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Bquating the constant part of equation (7) to the value of equation
(1), since both of these values represent the average over the rotor disk,

and solving for the blade angle of incidence, © , gives for both blades:

Cp = 2(3o04/2) {o R [(1/8)+(n 3/2)] -(1/2)ReA - & 2[(1/a)4u3/4)]
+(1/8)z A +(1/9)Bgu *=(1/32)z 61" |
from which

& = 0,0984 radians or 5.64° .

A. Pirst harmonic thrust component,

The first harmonic thrust component for one blagde may be found by
s0lving terms 2 and 3 in equation (?). For two blades, substitute for ginvV -
[sin*J’ + 8in(180 ++)] and for cos ¥ , [cos ¥+ cos(180 +¥ ﬂ The se
two substitutions are zero, so the result is that the first harmonic
thrust variation cancels between the two blades. This result could have
been seen immediately since the first harmonic thrust phase angle re—

lationship between the two blades is 180 degrees.

B. B3Second harmonic thrust component,
The second harmonie¢ thrust component may be found similarly from
equation (7}, using the fourth: and fifth terms. For two blades this

becomes

N, -_-(aoc'tlzJ[@,a[(—1/&)Rb+(1/a)z] ~(1/24)R ] [sin2¥+ sin2(180+ )
o2 [(<1/2)Ber(1/4) 2] ~(1/ ) ByAm ?
+(1/24)z ©m}eos2F+ cos2(180+ + )]] pma?g”

vhich upon substituting values gives

¥, = =50 sin 2V - 505 cos 2¥
E, = - 509 cosKB-D-t —(2/638] (pounds)

n
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C. TFirgt harmornic toroue component.
The first harmonic torgue component is found in a like manner excepk

that the component is found for each btlade separately.

L, = (¢,/2) [{[cnoo+ee 3] [(2/3) R pm (122 +(1/48) 2 pu di
+6 [ 8g-2 €][(1/2) ARy «(1/3) 2 Am +(1/8)By Am?]
+ € —ad(2/2)2 A% 3]}35.:1 ¥
+ {oleo-2 €][(1/4) R+(1/3) Byp = (1/8)z ~(1/4) zm =(1/32)zm”
+(1/32) Ry’ Jw + [e ~ag) [(2/2)Be-(2/2) 2 -(1/16) z,u'ﬂlw} cos+]pn-ﬂ3R ¥

which upon substituting values gives

I, = 358 sin ¥ + 66cos ¥

L = 364 coslat ~(a/9)n] , (£oot—pounds)

the first harmonic torque component.of ome rotor.
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PART 1II. Design of Pendulum Absorbers.,

Three tuned pendulum type vibration absorbers are to be designed,
One tuned to the first harmonic thrust component, one tuned to the
second harmonic thrust component and the last, tunsd to the first harmonic
toraue component. |

The thrust vibration absorbers are designed to act not only as
vibration absorbersy but also as counterweights for the single bladed
rotors. This will nedesgitate mounting the absorbers on the drive shaft
et some distance below the blade, éo that the average centrifugel moment
of the absorber ebout the intersection of the bhlade axis and drive ghaft
axis will be enual and opposite to the arerage'thrust moment about the
séme point. The first harmonic thrust absorber ig to be mounted between
the fofor planeg of rotation, aecting as a first harmenle vibration ab-
sorber for both blades, and as a counterweight for the top blade, The
second harmonic thrust absorber is to bhe mounted on the drive shaft below
the lower blade, acting &s a second harmonic vibration absorber for both
blades, and as a counterweight for the lower hlade, Py so designing the
thrust absorbers, no additional weight need be added which is an importent
consideration in the design of rotary wing aircraft,

It was shown in PART II, that the first harmonic thrust component
cencels out between the two blades due to a phase angle difference of 180
degrees, thereby meking a first harmonic thrust absorbver unnecessary.
However, since it does not add any additional weight to the ship, the
counterwei:ht of the top rotor will be designed as a first harmonie thrust
abgorver, This will allow for any first harmonic transient vibrations,
and the possibility that the forces between the two blades do not cancel,

Sueh & condition would occur in & yawed flight condition, which is not



19

treated in this paper.

The first harmonic torque compohent, howsver must be sbsorbed by
two pairsof tuned pendulums, one pair mounted on the drive shaft at each
blade, This is necessary because the manner in which the engine is
geored to the counterrotating drive shafte, caugses the torgue unbalances
between the two blades to add absolutely, instead of algebraically., The
advantage gained by using two pairsof absorbers, being that of sbsorbing
the vibration before it is transmitted into the drive shaft.

The pendulum arms are designed from stainless steel streamline
tubing, A load factor of four in tension and two in bending is used to
allow for possible overspeeding of the rotors and design is made to the
ultimete strength of the material, The design isc checlred for fatigue at
normal operating conditions with a load factor of c¢cne, in tension and
in bending,

The weight of each blade is eighty poundes and its center of gravity
is at the 40% radius which for this particular ship isg six feet. Arbi-
trarily setting seven feet as the digtance from shaft axis to pendulim
center of gravity, it is found that the necessary masg of each counter-

weight is 2,13 lbs-eecafft.
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A, Design of first harmonic thrust pendulum.

From PART I, Section A, the tuning equation for the thrust absorber

is found to be

P =0 &J i(lt.Biﬁb+lal}-zlﬁm+f%£32mbl'bJ%
Thiech for a first harmonie varistion, p = s becomes
1 = M +{3/2)mbla +M +(1/3)mbld .
iM +i1/3)mh|"b
Assuming ab = .190 M; this equation then becomes

H(1 + ,075)a + M( 1 + ,050)b = M( 1 + ,050)b

or a
5 =0 .

Setting the limitation that a + b = 7,5', gives

C+b=705

b= 7.5
a=0 ,

The mags of the bob and arm are
K+ mb = 2,13 lbs.sec®/ft
M( 1 + .15)= 2,13 lbs.sec®/ft

M

1.85 1bs.sec?/ft

mb .28 1bs.sec®/ft

Check on agsumed pendulum center of gravity of 7.0t

Moment sbout hinge = 68.6r = 7.5(59.6) + (7.5/2)(9.0)

r=7,0!
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DPistance to c.g. = 2 + r = 0 + 7,00 = 7,001

Use stainless steel streamline tubing (reference 6 )
Equivalent round = 2''X,058%!

Major axis = 2,70''; Minor axis = 1,14'!

Area = 0.354 in? ; wt/ft = 1,203 1bs.; Z(minor) = .1732
Fatigve strength = 75,000psl

Ultimate strength = 185,000 psi

Critical station will be at hinge pin.for the overspeed cordition,

Tensile stress, £, = 4[N %(asb) + mb22(a4d/2)} /4

t

£ = 4[(1.85)(25)%(7.5)+(.28) (25)%(3.75)] /.354

t
£

104,200 psi

f

Fatigue is not congidered since first harmonic thrust componsnts camcel,

-and pendulvm does not osclllate constantly.

Harei afy 185,000 _ =,
argin of safety = 104,200 1 k&4

B, Design of second harmonic thrust absorber.
From PART I, Section A, The tuning eamnation for the thrust absorber

is found to be

p = 0 M+12mba+u+13mh]'b}

M +(1/3)mb] b

which for a second harmonic varistion, p = 241, becomes

- +(1/2)mbja + M +(1/3)mb) b
* kﬂ +?1/3)mb]b e

Agauming mb = L0370 M, this equation in turn becomes




M( 1+ ,01875)a + M( 1 + .0125)b = 44( 1 + ,0125)b

or a_ - _3.0375
b 1,0187

Setting the limitation that a + h = 7,5', glves

1.0187(7.5 -~ b ) = 3.0375 b
b - 1.88'
a = 5,62t

Irom Section A, sbove, the mass of the bob is found to be 1.85 l'bs.aeca/ft.
Therefore
mb = ,0375(1.85) = 0694 1bs,sec?/ft.

The amplitude equation from PART I, Section A is

X

&, = I[M -s-(1;2)m‘o]1ap5 )

o

The value of No is 509 1bs, from PART II, Section B. The amplitude of

oscillations is then

o = - 609
o - [1.85 +(1/2)(.0654)1 (1.68)(25%)(2)®
o, = T+0569 radisns or=3,16°

wiich is in the allowsble range of smaell angles.

Use the seme size stresmline tubing for the second as for the first
harmonic absorber. The critical station is at the shaft. Since both
gbsorbers are identical as t0 mass distribution, the tensile stress in the
tube at the shaft will be the same as for the first plus an additional

term due to of.



£, = 26,300 +[Mox 3+ mb(b/2)a 3} /A

t
oA = [H-f‘(‘;?gﬁ;;b:%)
o = 509/(1.88)(1.88)(2)(25)
o = 2.86 radians/sec.
£, = 26,500 +[(1.88) (1.85)+(.0694) (1.88/2)] (2.86)%/ 354
f, = 26,400 psi

The moment ai, the shaft due to the conservation of angular momen—

tun vhen the pendulum wmoves through an angle is found as follows:
Moment st shaft = 2N (atb)¥ e + 2mb £ (a+d/2)? & o

vhere o and a( are found as sbove, and the moment is a maximm when
(pt= +.) = 77 /4 ot which o = , 0402 rsdians emd & = 2,02 redians/sec.

Moment at shaft =[2(1.85)(25)('?.5)34-2(.0694)(25)(6.56)3.](.0402)(2.02)
= 435 ft-lbs.

Bending stress, f‘b

"

= Moment/Z = 435(22)/(.1732)

30,200 psi

»
Then the maximum tensile stress 26,400 + 30,200

56,600 psi

largin of safety = 75,000/56,600 - 1 = ,322

Margin of safety in overspeed condition:

fn = 4(26,400) + 2(30,200) = 165,800 psi

Margin of safety = 185,000/166,800 ~ 1 = ,117



C. Design of first harmonic torque pendulun,

From PART I, Section B, the tuning equation for the torque absorber

is found to be

_ W +(1/2)mdd | *
P = O {4 +(1§3§de}

41 , becomes

vhich for a firgt harmonic variation, p

g +(1/2¥mad
d b +(1/3)md}
Prom PART I, Section B, the amplitude equation ie found to be

$

-I.
o~ Tua(a+e) + mdzfdfz +c/2)]p°

Setting |4 014120 for which sin ¢ & 4)0 and cos 40# 1, the amplitude
eguation becomes, for a first harmonic varistion, and from PA:T II, Section

C, for Ly = (364/2) (since a pair of pendulums is to be used in each

absorber)
- mB = -188 o—
* M +(1/3)mdfd +BM +(1/2)mdlcian
or Ma+Q/2)male 35 -1

[ +(1/3)mada  [M +(1/3)md]d "

As a trial solution, take md = .10 M, Then substituting into

eM +(1/2)ml] 1
dlM +{1/3
oMl 1 4.050 1
d}a{ 1l +.033§
L . 1.033 .




Setting the limitation that ¢ + d = 7.5!

¢ =7.,5-4a= (1,037/1,050) 4
a = 3,78
¢ = 3,72

Then combining the tuning and amplitude equations gives

mdlc

+{1/2 - - 55 1
M +(1/3)mald = & +(1/3)md) a2
or 25 - 2

¥( 1 +.033)3°

and M 1.194 lbs-sec®/ft

md,

.1194 Lbs—sec?®/ft

For a design of the pendulum arm, try stainless steel streamline tubdng
(reference 6)
Equivalent Round = 2'1'X 049"
bajor axis = 2,70''; Minor axis = 1,14'!
Area = 3003 in%; W/ft =1,021 lbs; Z{mhjor)=,0893
Fatigue strength = 75,000 psi
{Ult imate strength = 125,000 psi

Critical station will be at hinge pin. The tensile stress,

£, =[MA3(c+a)+ md23(crd/2)+(Ma H12)ma?) $? ] fares

- =Logos(gt= ¥4
¢ - {Bi +(1f3)$3id +hi +(1/2)m]cjaze

; - V&
¢ M +(1/3 d + +{1/2 ctd 12

= L -
{ﬁ! +(1/3)md.]d. "'fﬁ +(1/2)md]c}dﬂ-. = ,2b4 rad[sec.



f(1.194) (7.5)+ (. 1198) (5. 61)] (25)2
+[I1.194)(3.78)+(1/2)(.1194)(3.781](.254)‘}' /3003
19,800 psi

Berding stress, f) = Moment about hinge/ 2

Moment = g(¥ + md/2)d

£, = (126)(12)/(,0893)
T, = 16,800 psi

Totel stress (tensile} = 19,800 + 16,800

= 36,600 psi

Margin of Safety = (75,000/36,600) - 1

1.05

Margin of Safety in overspeed condition:

Tensile stress (total) = 4{19,800) + 2(18,800)

i

112,800 pei

Margin of Safety = (125,000/112,800) - 1 = ,11

26



CONCLUSIONS

Tus, for the particular ship under congideration, the theory de-
veloped in this paper indicates that the use of pendulum type thrust and
torque variation absorbers, in lieu of cyellc pltch control, is practical
insofar as forward flight o%f a2 constant speed is concerned. Due to the
incorporation of the counterweights as thrust variation absorbers, the
only edditional weight is from the first harmonic torque absorbers, This
additional weight amounts to two-hundred and sixty-nine pounds and is
probably prohibitive in magnitude.

Since no experimental verification has, as yet, been made on the
practicability of such absorbers, it appears that such experimentatation
would be well worth while before application of the theory to an actual

design,



1)

2)

3)

4)

5)

8)

7)

HEEFEEENCES

Cestles, Valter Jr., and A,L, Ducoffe, !'Thrust and Torqus Equations
for a Rotary Wing Aircraft with Counterrotating, Single Rigid
Bladed, Counterweighted Rotors,!'' Unpublished report, Daniel
Guggenheim School of Aeronautics, Georgie School of Technology,
1947,

Gray, Andrew, Gyrostatics and Rotational Motion, Boston: Mascmillen &
Co. 1td., 1918, pp. 404-431.

Jeang, Sir James Hopwood, Theoretical Mechanies, New York: Ginn and
Co., 1907,

Kelvin, lord, and Peter Guthrie Tait, Treatise on Natural Fhilosophy,
Vol, I, Cambridge: At the University Prees, 1923, pp. 202-204.

Lamb, Horace, Higher Mechanies, Cambridge: At the University Press,
1943, pp. 181~269,

Summerill Tubing Company, Aircraft Tubing Date, Fhiladelphia; Edward
Stern & CO., Im. " 1943.

Wilson, W. Ker, Practicel Solution of Torsional Vibration Problems,
Vol.1I, New York: John Wiley & Sons, 1941, pp. 512-596,



Hore.ce

APPENDIX



3¢

DESIGN CHARTS

Included in this appendix ere design charts for the tuning and for
the determination of the amplitude for both the thrust and toraue sbsorbers.
Only the thrust absorber will be illustrated for the design of the torgue
absorber is exactly similar, The method is as follows.

Enter the tuning chart at the order of the undesirable force to be
sbsorbed, Choose a suitzble M/mb ratic and read the corresponding a/b
ratio on the ordinate. Both & and b may then be determined from the pract-
ical limitations plzaced on the length of the penduilum, The value of
N,/ amb {4/ mb + 1/2)p® may then be caleulated for the given problen., Having
this value, enter the Amplituie Chart at the previously determined a/Db
ratio, The amplitude 1is then read on the ordinste.

Should the value of the amplitude resd be undesirable due to the
limitations of the problem, & second choice of M/mb should be made and
the process repedted. TFor most csases, only one trace through the charts
need be made,

The included charts, therefore, offer s quick, simple method for

designing untalanced force sbsorbers of the type herein treated.
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