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APPLIEIY~~~CHNOLOGY LABORATORY POSITION STATEMEN T

Pylon focusing is the kinematic arrangement of transmission mounting
structure to minimize fuselage response to vibratory hub loads. Bell
Helicopter has had considerable success with this technique for their
teetered—rotor helicopters where only vibratory hub shear forces are of
concern. This experiment was initiated to investigate pylon focusing for
a hingeless rotor system where both hub moments and inplane shear forces
are of concern. The premise was that the successful application of pylon
focusing could minimize the effects of inplane hub forces and moments,
permitting the use of simple, one—dimensional antiresonant devices for
vertical isolation. 4

The results were poor for reasons not fully understood. Two contribut-
ing factors have been identified. One is a structural resonance
occurring in the 4/rev operating range that may have negated much of the
anticipated benefits. The other factor is that the analysis, and hence
anticipated results, assumed that the pylon (rotor and transmission) did
not translate but merely rotated about its cg (the focal point) when
subjected to rotor loads. In actuality the focal point translates,
causing the rotor thrust to induce a significant steady and vibratory
moment to the pylon.

Results showed that there is no single focal point that will simulta-
neously “isolate” both inpiane forces and pitch/roll moments. An upward
focus at the pylon cg appeared to be best. There is no apparent advantage
to varying the focal position for different flight regimes.

This contract was conducted under the technical cognizance of Joseph H.
McGarvey , Aeronautical Technology Division.
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SUMMA RY

A test program was conducted on a wind tunnel model consisting
of a four—bladed hingeless rotor and a simulated transmission
mounted on a focal isolation system having pitch and roll
degrees of freedom. The purpose of the program was to investi-
gate the effectiveness of the focused isolation system in
reducing transmission of the predominant 4/rev rotor—induced
hub vibratory inpiane forces and moments.

Based on analytical considerations , there is no single focal
point that will simultaneously isolate the inpiane loads and
pitch/roll moments. For the four-bladed hingeless rotor with
large vibratory hub moments, the optimum configuration is an
upward focus at the combined rotor and transmission center of
gravity. This focus provides isolation of the hub moments
and reduces the transmitted moments due to the inpiane hub
loads without introducing lateral and longitudinal “kick
loads” attributable to hub moment.

The dynamic characteristics of the model differed from those
of a simple system with only pitch and roll degrees of freedom.
Several natural frequencies of the model were present below
the desired 4/rev isolation frequency. Despite the less than
ideal dynamic characteristics , the wind tunnel test results
tend to confirm the analytical findings. Airspeed sweep data
at a rotor speed of 1300 rpm showed good moment isolation for
two configurations. One configuration was an upward focus
near the combined rotor/transmission center of gravity. The
second configuration , which had an effective downward focus,
produced high lateral and longitudinal balance “kick loads”
due to the hub moments.

Blade flap bending moments of the significant 3rd , 4th, and
5th harmonics and chord bending moments at the 3rd and 5th
harmonics were generally similar for all the model configura-
tions, Consequently, the induced 4/rev rotor hub loads at
the input of the isolation system were not significantly
altered by the presence of the isolator.
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INTRODUCTION

The te~~~tr~1 f l i g h t  operating envelope of a helicopter rotor
blade creates vibratory airloads containing all harmonics of
the otor rotational frequency . These harmonics of the air-
l oad ing  are summed within the rotor. Assuming all blades are
identical , some harmonics cancel , wh i le othe rs add and are
transferred to the fixed system of the fuselage. These are
felt as vibratory forces and moments at the blade passage fre-
quency (number of blades time s rotor speed) and its integer
multiples. Barring unusual circumstances , it is well known
that the predominant loads are at the blade passage frequency .

One method of dealing with these vibratory loads is to confine
them to the rotor system by isolating the fuselage from the
rotor. This involves a soft mounting of the rotor transmis-
sion to obtain dynamic decoupling of the rotor system so that
selected vibratory loads are not transmitted to the fixed sys-
tem. If the isolator consists simply of very soft springs ,
rotor lift and drive torque would create excessive static de—
flections. Similarly, the static moments commonly induced for
maneuvering would also create excessive angular deflections .
Consequently, the isolator springs in some axes must be stati-
call y stiff while remaining dynamically soft. While this iso-
lator characteristic may be obtained in a variety of ways , it r
introduces an unwanted complication of the system .

The system is greatly simplified if one or more of its duties
can be eliminated. For example , in a teetering rotor system
there is no requirement to handle either vibratory or steady
hub moments. Since vibratory yaw moments (drive system
torques) are not generally of concern , the only disturbing
forces are the horizontal (.~nplane) and vertical hub forces.
In the case of the hor izon ta l  forces , the dynamic  decoupling
required can be provided by a sof t , foca l i zed mount ing of the
transmission so that the rotor and transmission are free to
pitch and roll. The vertical position of the pivot or focal
point is selected to obtain optimum isolation of the horizon-
tal forces. Static deflectiorrs in pitch and roll are negligi-
ble since the teetering rotor generates no steady moments .
Therefore , the mounting may be soft both statically and dynam-
ically. Thus , for a teetering rotor , a simple focused isola-
tion system isolates all the significant vibratory forces
except the vertical. This arrangement is the time-proven
configuration used on the Bell teetering rotor system.

The present investigation was aimed principally at the four-
bladed hingeless rotor configuration typified by the MBB BO-

• 105 and the Boeing Vertol Model 179. For this configuration
the most significant disturbing forces are typically the
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vibratory hub moments at the blade passage frequency . In
addition , steady control and trim moments are carried by the
rotor shaft. The essentials of moment isolation can be
satisfied most simply by a focalized transmission mounting
structure that does not provide isolation of vibratory verti-
cal forces. Even greater simplification is possible if isola-
tion of the vibratory drive system torques are also omitted .
Angular deflections due to quasi-steady hub moments in maneu-
vers are the principal complicating factor. While these
deflections and their limit values are functions of the par-
ticular installation , examination of a typical situation
indicates that statically stiff isolators are required.

A model test program was conducted using a four-bladed , 10-
foot-diameter , hingeless rotor model. That portion of the
model equivalent to the rotor transmission was supported on a
focused isolation system having variable geometry . To avoid
the model complexity associated with statically stiffened
isolators , cyclic trim was adjusted to maintain steady angular
deflections within prescribed limits . The principa l objec—
tives of the program were to:

1. Experimentally investigate the efficacy of
pylon focusing to minimize the transmission
of rotor—induced vibratory inplane hub forces,
pitching moments , and rolling moments .

2. Determine how the residual rotor—induced
vibratory vertical forces and shaft torques
vary with flight conditions.

The scope of the testing was limited to that necessary to
answer the following specific questions :

1. Can inplane loads, as well as pitch and roll
moments , be confined to the dynamic system
by adjusting the focal point vertically?

2. How well will one focal point serve all
flight regimes?

3. Will a focal point that is different for
lateral motion than for longitudinal motion

• better serve all flight regimes?

4. If different focal points are needed for
various flight regimes , what trades are
involved?

5. What is the magnitude of the residual
vertical forces?

12
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DESCRIPTION OF MODEL AND TEST STAND

— MODEL

A schematic illustrating the details of the focal isolatior
system and other important aspects of the model is presented
in Figure 1. A photograph of the assembled model is shown
in Figure 2. The isolated upper body consisting of the rotor ,
rotor shaft, bearing housing , swashplate slider and controls
is attached to a baseplate by four focusing links and an anti-
torque bellows . Bending and moment stiffness of the anti-
torque bellows is controlled by the material and thickness of
the replaceable diaphragm plates. The focusing links ,
fitted with ball—type rod ends , establish a virtual pitch/roll
pivot located at the point where the link centerlines inter-
sect. A relatively soft pitch and roll restraint is provided
by the shear and moment stiffness of the antitorque bellows.

Adjustment of the vertical position of the pitch/roll pivot
or focal point is accomplished by changing the angle of the
focusing l inks. A series of predrilled holes in the lugs
that receive the upper end of the link provide for six focus
points above the mounting plane (baseplate) and six points
below the mounting plane. (NOTE: Upper focus No. 1 was not
usable due to physical interference.) To permit testing in
a semirigid condition , lockbars with a moment—carry ing capa-
bility at both the upper and lower attachments are installed
in lieu of the focus links. The purpose of the lockbars was
to provide baseline data in an unisolated condition .

The baseplate of the model is mounted on the five-component
balance of the Dynamic Rotor Test Stand (DRTS). Power to the
model is provided by the DRTS through a drive shaft equipped
with Bendix three-element diaphragm couplings. These
couplings have a low moment stiffness to prevent the drive
shaft from contributing significantly to the pitch/roll
restraint of the model.

In order to prevent excessive angular deflection of the drive
shaft couplings , the model was equipped with pitch/roll limit
stops, which are visible in Figure 2. The limit stops
consisted of links with a clearance dimension at the upper
attachment , which are installed in parallel with the focus
links. Pitch/roll motion transducers were also installed
with the output displayed at the operator ’s station . This
permitted the operator to maintain the model in a cent~red
attitude.
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Mode l Properties

S i g n i f i c a n t  dimensional  and physical  properties of the mode l
are summarized in Figure 3. The model weight and inertia are
measured values and the baseplate properties are calculated .
Indicated stiffness values for the balance were obtained from
a static deflection test. The bellows stiffness (.030-inch-
thick steel plates) is an adjusted value based on test data
from a unit with alternate (.020-inch aluminum) diaphragm
plates . For convenience , the combined bellows shear and
moment stiffness effects have been reduced to an ec rivalent
shear stiffness acting at the top of the bellows .

Blade Properties

The rotor used on the model was a four-bladed , 10-foot—diam-
eter , soft inplane , hingeless rotor. Blade properties were
Mach scaled to an early version of the blades for the Boeing
Vertol Model 179. The blade natural frequency spectrum as a
function of rotor speed is presented in Figure 4. Placement
of the blade frequencies relative to the scaled operating
speed of 1386 RPM is typical with the exception of the second
chord and third flap frequencies . These frequencies are
closer to 5/rev at the scaled operating speed than is
normally desired.

TEST STAND

Figure 5 illustrates the essential details of the DRTS and the
installation in the wind tunnel. As indicated in the sketch ,
the major components of the test stand are:

• The model.
• The DRTS, containing the drive motor.
• A short cannon fitting.

• • The Gilmore strut , which is cantilevered
from the tunne l floor structure .

From the indicated weights , it is obvious that the test stand
is quite massive relative to the model. The slender structure
of the test stand results in a DRTS lateral/roll frequency
below 2 Hz, and the structure , together with the torsion bar
suspension in the vertical plane , produces a vertical mode it

approximately the same frequency . Even with the tors ion bar
suspension , however , the DRTS pitch mode is located at 8 Hz.
By comparison , the desired frequency of the model on the focal
isolation system is in the range of 30 Hz. Due to it s larqe
mass and low frequency , the test stand therefore behaves as
a seismic mass or ground insofar as the model is concerned .
A photograph showing the model and ORTS installed in the wind
tunnel test section is presented in Figure 6.

14

-- -~~~~~~-.



ROTOR HUB
(4 BLADES)

PITCH LINK

SWASHPL~TE
ROTOR fl~ J_f~~SHAFT • CHIMNEy/

SLIDER
CONTROL 0

ACTUATOR 
~~ UPPER

— ~~~~~~° ° FOCUS
- •

LOWE R
oo FOCUS

• BEARING
- HOUSING

3 3’3 
• ø O 000,

UPPER DRIVE SHAFT
BENDIX COUPLING /

/ - / LOCKBAR
FOCALIZATION LINK 

/ 
/ /

ANTITORQUE
BELLOWS

5-COMPONENT
BALANCEISOLATION SYSTEM

BASEPLATE

DRIVE SHAFT DRTS STACK

LOWER DRIVE SHAFT
BENDIX COUPLING -

REF: B-V DWG. VR124-003

Figure 1. Model Schematic

is



;.
. ~~~~~~~~

PNCII/ROL 
~L[M rT STO P • j  P [TCH/ROLL

-• •; 
- r— MOTION

TRANSDUCER
FOCU~ 4 i
L I N K  ~~, 1

~~~~~~~lI•.qI
~~

F’ t j -a i ...~~~~~~
•- t I \ -~~~

• — ( . • S a t i ~~I I  M~ ~d 1

A — -—~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~ — - - . S



—--•-—--.--•--—-—----— —•—--•--— ---— .‘ — _ -• 
~~~

- 

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~

1’ UPWARD FOCUS

H (in.)

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  

.

~~~~~~~~~

c._ 6 -12.1

~ 1 26 DOWNWARD POCUS

/7 2~ 
NO. 

_ _ _ _

/ / 1’J~±L____ _~- // / ~~ +26.5

~ / ~ ______ 
-• 

•• 2 + 27.9

7
/

PHYSICAL PROPERTIES

Model Weight = 205 Lb
Model Iner t ia  = 2 5 . 4  Lb- In. -Sec2
Baseplate Weight = 7 7 .6  Lb 2
Baseplate Inertia = 3.81 Lb-In.-Sec
Blade Weight = 1.86 Lb Each (7.44 Lb Total)
Balance Moment S t i f fnes s  @ 

® 
31.71 x 106 In . -Lb/Rad

Balance Shear S t i f f ne s s  @ ® .76 x 106 Lb/In.
Equivalent Bellows Shear Stiffness ía ® = .032 x 106 Lb/In.

(Assumes No Moment Res t ra in t)  ( . 030  Stl Plate)
Coupling Moment Stiffness = 18343 I n .  -Lb/Rad

Figure 3. Model Propertie8
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AN ALY TICAL INVESTIGATION

EFFECT OF FOCUS POSITION

A brief study using the stick model of Figure 7 was conducted
in order to obtain an improved understanding of the focused
isolation concept. The simplified model considers only the
pitch degree of freedom about the focus point and calculates
the loads at the balance due to loads at the hub . Note that
the balance loads correspond to the loads transferred to the
airframe in an aircraft installation . A development of the
equations for the analytical model is given in Appendix A.

Results of the analytical study are summarized in nondimen-
sional form in Figure 8 , upward focus , and in Fi gure 9, down-
ward focus . In each figure, the first plot shows the balance
shear load resulting from an inplane hub force. The second
and third plots illustrate the balance shear load due to hub
moment and the balance moment due to an inpiane hub force ,
respectively. The final plot presents the balance moment due
to hub moment. A number of significant facts are evident from
the plots. A tabular summary of Figures 8 and 9, shown in Ta-
ble 1, facilitates comprehension of the following discussion .

Upward Focus

Examination of Figure 8 showing analytical results with an
upward focus reveals the following salient features :

• The balance shear load (KFB/MH) due to a hub
moment is greater than the rigidly mounted
condition for all focus conditions except
the c.g. focus (H = 0). This force is the
so—called “kick load” , which is an inertial
load resulting from translation of the c.q.
mass.

• For a condition where only the hub moment need
be considered , a c.g. focus (H = 0) is beneficial.
The “kick load” (KFB/MH) due to hub moment is
zero and the balance moment (M B/ME) due to hub
moment is minimal if the natural frequency is
sufficiently below the exciting frequency .

• For the case where only the inplane hub force
is important , the optimum configuration involves
a natural frequency and focus combination , which
gives the best compromise between the anti-
resonant or null load frequencies of the shear
(FE/FE) and moment loads (MB/KFH) clue to the

1
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i n p ian e  hub force. One such point exists at a
frequency ratio of approximately 2.25 and
U = 2.9 inches.

• There is no single focus point that will
simultaneously isolate both the applied hub
force and moment. When both the hub moment
and force are appreciable , the only feasible
focus is close to the c.g. (H = 0) with a low
natural frequency ; otherwise the “kick load”
(KFB/MI~) becomes objectionable. This arrange-
-~ent isolates the hub moment and reduces the
balance moment (M 5/KF1j) due to the inpiane hub
forces; however , there is no reduction in the
balance shear force (FE/Fl1) due to the inplane
hub force .

Downward_Focus

Figure 9 shows the analytical results at the upper and lower
limits of the downward focus range. Previous upward focus
results for a e.g. focus (U = 0) are shown for reference.
The following observation s pertain:

• Complete isolation of the hub moment is not
possible with a downward focus . A reduction
in the balance moment (MB/ME) which is comparable
with the best upward focus (H = 0) is possible;
however , the “kick load” (KFB/MH) due to hub
moment is always greater than the upward focus
H=O case.

• For the condition where only the inplane hub
force need be considered , a low balance shear
force (FB/FH) and moment .MB/KFH) due to the in-
plane hub force are obtained with a high frequency
ratio. Unless the natural frequency is extremely
low (frequency ratio much greater than three),
the balance shear force (FB/FH) is larger than that
possible with the best upward focus.

• Since the “kick load ” (KF B/NH) due to hub moment is
always present , there can be no simultaneous
isolation of both hub moments and forces. When
both hub moments and forces are present , the
possibility of a system with an overall beneficial
e f f e c t  is dependent on the magnitude of the hub
moment. If the hub moment is relatively large ,
the resulting “kick load” (KFB/M H) offsets any
benefits due to the reduction of the other loads.
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T ABLE 1. A N A L Y T I C A L  SUMMARY

BALANCE LOAD
F R E Q U E N C Y  UE TO HUB MOM E NT DUE TO HU B S H E A R

FOCUS RATIO (1) MOMENT I SHEAR MOMENT SHEAR

~~T.)L0CATION LOW _JHIGH 
MB /MH KF~ /M~ MB /KFH F8/F 11

RIGID 
_________  

1.0 0 . 0  
— 

4 . 4  1.0

UPWARD FOCUS 
_____ ____ _________ _______ __________ ______

— 12.1 At Hub 0.7 — 0.0 0.5 4.4 1.0
— 3 .0  2 . 0  0 . 5 3  4 . 4  1.0

— 3 . 6 5  Be low Hub 0 .8  0 . 3 5  0 . 9  3 .6  0- .0
0 .9  — 0.0 1.5
0 . 9 5  — 1.5 3 .0  0 . 0  2 . 7

— 3 . 0  1.35 0 .5  4 . 8  1.5

0 . 0  At  C . G .  1.3 — 1.55 0 . 0  0 . 0  1.0
— 3.0 0 .13 0 . 0  2 . 5  1.0

1.1 Below C . G .  1 .2 — 3 . 8 5  0 . 5 5  6 . 0  0 . 0
1.5 — 1.4 0 . 2 5  0. 0 0 . 6

— 3 .0  0 . 5  0 . 2  1.6 0 . 7 5  -

2 . 9  Below C . G .  1.9 — 1.55 0 . 5  0 . 8  0 . 0
— 2 . 2 5  1 . 2 4  0 .4 8  0 . 3  0 .08
— 2 . 6 -  1.1 o . 4  0 .0  0.15

DOWNW A RD FOC U S 
_____ _____ _________ _______ __________ ______

2 6 . 5  Below 2 . 0 5  — 0 . 0  0 . 3 3  0 . 9  0 .8
B a l a n c e  — 3.0  0 .15 0 . 3  0 . 2  0 . 5 5

3 8 . 4  Below 1.5 — 0 . 0  0 .3 2 . 7  1.4
B a l a n c e  — 2 . 5  0 . 4  0 . 2  0 . 0  0 . 5

(1) Frequency Ratio = Exciting Freq ./Natural Freq .

— When less t h a n  1, n a t u r a l  f r e q u e n c y  is above  4 / r e v .
— When g r e a t e r  t h a n  1, natural frequency is below 4/rev. - 

-
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EXPERIMENTAL PR OG 1~J\N

i~ i ~ t o w i n d  t u n n e l t e s t i n g ,  a shake  tes t  prog rain was con —
du ct o d  t o  i n ve s t i g a t e  the model dynamic  p r o p e rt i e s .  The
ro tor  hub  W~~~S r emoved and rep laced by a dummy hub t h at dup i i —

C at  0(1 the hub and blade static mass  . h u b  ( ‘ X C i  t - i t  i oti W~~~S P i 0—

v : dod by a sina i 1 c l e ct r o d yn a mi c  s h a k e r  and responses Were
inca. ; ured w i th ~i number of f i. xed system .icce loromete is and a
p robe . In addi t ion  to a cce l e r o m e t e r  da ta , dyn~im i c loads at
the  m ode I ha I a t i c ~- were a l so  obta i ned

I n  i t [a I ly , s ever a l  d i a p h r a g m  thickness c o n f i g u r a t i o n s  for the
ant it o IlL ’ be 1 lows we Ui ’ oval ua ted to do f i no the I i na 1 model
coiit it~ura tion . ‘rho object of tli i s evaluation was to select a
be 1 lows cent  i L l u r a t  ion h a v i n g  a sat is factory placement of the
r i t ch/  ro 1 1 I r equency re 1_ at  i ye to t he op erat  i nq speed . When
t h i s  was accompl i shed , n at u r a l  f r e q u e n c i e s  and modes were
dote m i i  ned I or  a range o t focus cond i t ions . F requency re-
sponse c h a r a c t e r i s t i c s  were  d e f i n e d  in most cases for  hub
l ot i q i t u d i n a l  and comb i ned v e r t i c a l/ p i t c h  ( o f f s e t  ver t  ica l )
exc it at  ions . A summary of the test c o n f i g u r a t i o n s  i s pre-
s e nt  ed in  Table 2 .

TABLE 2. SHAKE ‘t’EST CONF 1 GW~A’1’ ION SU MMARY

EX( ’ I ______________

I ) !  AP1IRJ\G M \‘I~R’I’ICAi./
I ’OS IT ION ( I N .  ) PLATES (IN. ) LONG I TUDT NA1, P1 TCII I ATE R/\I,

Ii = 1.1 .020 A l u m . x x x

II = 1.1 .030 Sf1. x x x

II = — 1 2 . 1  . 030  St l .  x x x

U = 2 6 . 5  . 0 10  St i .  x x

Lockbars .03 0 S t l .  x x
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WIND TUNNEL TESTS

A wind tunnel test program was conducted to:

1. Experimentally investigate the e f f i c a c y  of
pylon focusing to minimize the transmission
of rotor-induced vibratory inplane hub forces
and pitching and rolling moments; and ,

2. Determine how the residual rotor-induced
vibratory vertical forces and shaft torques
vary with flight condition .

Test Procedure

The model and test stand were installed in the test section
of the Boeing Vertol wind tunnel. Track and balance runs
and a general check of the model and instrumentation were per-
formed prior to testing . The test program consisted of rotor
speed and airspeed sweeps for a range of focus conditions.
Rotor speed sweeps were conducted at an advance ratio p 0.3
over the range from 1000 to 1400 RPM . Airspeed sweeps were
performed primarily at 1175 and 1300 RPM for advance ratios
from p = 0.1  to p = 0.4. The choice of rotor speeds was
based on a preliminary evaluation of test data from initial
tes t ing.

Because of the very low natural f r equenc i e s  associated with
the downward focus positions , testing was limited to the lock-
bar and upward focus conditions. Model configurations and
test conditions are summarized in Table 3.

TABLE 3. WIND TUNNEL TEST CONFIGURAT ION SUMMARY

Focus Position RPM Sweep A i r s p e e d S w e e p
Pitch Roll . 3  1175 RPM 1300 RPM 1 3 8 6  RPMH — 1.1” H — 1. 1 ”  x x x —

(Near C .G. Focus )

H ~ -~3 . 6 5 ”  H — 3 . 6 5 ”  x x x -

(Above C.G . Focus)

H ~ — l 2 . 1 ”  H — 1 2 . 1 ”  x x —

(Hub Focus )

H — — 1 2 . 1 ”  H 1.1” x x x —

(M ixed Pitch/Roll Focus )

Lockbars Lockbar s x x x -

(E f f e c t i v e  Downward Focu s)

Lockbars and Dummy x x x x
Balance
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In qenet - il t h ~ n~~~I e - I  was lown in a manner representative of
i- t e t l  lu ll— sca le ~p t ’l . tt  ion ;  i . e . ,  s h a f t  a n g l e  and cyc l i c  t r i m
we t  e i s t  a I I t  t i n  n e a t  — ?er~ steady hub moments. Con—
cess i~~ m i s  w e t  e ina~te where  neces sa ry  t avoid blade endurance
limits and t~~ maintain the stead y ang ular deflection of the
model, on the isolat ion system w i t h i n  p r e sc r ibed  l i m i ts .

Model I n s t r u m e n t a ti o n

Instrumentation was installed to measure the following rota-
ting system parameters :

• Blade root f l a p  and chord bending,  and root torsion
at 11 percent blade radius.

• Pitch link loads on two adjacent arms.

• Drive shaft torsion.

Fixed system instrumentation consisted of the following :

• Five—component balance to measure longitudinal ,
lateral , and vertical forces and pitch and roll
moments.

• Seven accelerometers installed as shown in Figure 10.
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TEST RESULTS

SHAKE TEST

A brief evaluation was conducted with .020-inch-thick aluminum
diaphragm plates installed in the antitorque bellows. The
pitch natural frequency of this confi guration for an upward
focus with II = 1.1 inches was 1140 RPM compared to the scaled
rotor speed of 1386 RPM. Thi s  a r r angemen t  was considered un-
accep table principally because i t  would seve rel y l i m i t  the
test operating speed range . In addition , it was not felt to
be representative of a practical full scale design. Available
.030-inch-thick steel diaphragm plates wore installed in the
bellows , wh ich resulted in a mo re acceptable placement of the
pitch t requency at 1800 RPM. The remainde r of the testing
was therefore performed with the stiffer plates .

F’r equenry  Response_-_Upward_Focus

Balance t requency response data for upward focus positions
II = 1.1 inches (1.1 inches below c.g.) and H = — 12.1 inches
(focus at hub ) and with the lockbars installed are summarized
in  the compar ison  p lo t s  of F igures 11 through 14. Where
a v a i l ab l e , the plots show the balance responses for longitudi—
nal , lateral , and combined vertical/pitch hub excitation .
hu b i n p u t  f o r c e s  referred to the balance are shown to ind ica te
the deqree  01 amplification or attenuation obtained.

The lonqitudinal and moment balance responses to hub long itud-
inal t ’xci t .it ion , Figure 11 , and to hub vertical/pitch excita-
t io n , 1- iqure 12 , display a number of significant features.
Both focus positions and the lockbar configuration show a
m a i o r  response centered in the range fr om 30 to 35 Hz , and i t
is immediately evident that the lockbar configuration is not
rigid. Wh ile less evident with the lockbars , all  of the
contiqurations tend toward a double peak in the 30 to 35
Hz range . Examination of mode shape data indicates that the
lower peak is pr in cipally a rotor shaft p itching motion
(associated with bearing clearance and low bearing stiffness
at light loads) and the highe r peak is a pitch mode of
the model. A second major resonance for both of the
upper focus posi tio ns i s also present below the scaled 4/ rev
f requency . The lockbar configuration indicates a similar ,
but less pronounced resonance . This second resonance point
is most ev ident with vertical/pitch excitation (Figure 12).
For the focus at U = 1.1 inches and the lockbar configura-
tion , the resonance is centered at 65 Hz , while for the
focus at U = —12.1 i nches the frequency drops to 50 Hz. Due
to the presence of the second resonant frequency , the dynami c

I 
characteristics in the area of 4/rev will differ from those
of the simple tocitse d system with a single natural frequency .
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Vertical  balance response data for a combined ver t ica l/p i tch
hub excitation is illustrated in Figure 13. No significant
response to the natural frequencies below 4/rev is evident.
However , load amplification is indicated in the 4/rev reg ion
due to a response peak in the region of 150 Hz.

A comparison of balance responses for longitud inal and lateral
hub excitations is presented in Figure 14. While there are
differences in detail , the lateral responses show the same
two major resonance points. Since the model is essentially
symmetric , the variations in peak frequencies and levels are
due to differences in the longitudinal and lateral -t~- - namicsof the test stand.

Frequency Response - Downward Focus

Response characteristics for a downward focus at H = 26.5
inches with hub longitudinal excitation are presented in
Fi gure 15. This configuration was considered impractical
because of the extremely low first mode frequency of 12.3 Hz
(.53/rev at scaled operating speed). As a minimum , signifi-
cant modification of the antitorque bellows would be required
to raise the frequency of this mode to an acceptable value .

Mode Shapes

The basic concept of the focal isolation system requires that
the p i t ch/ro l l  motions of the mode l be executed about a real
or virtual pivot referred to as the focal point. At the
na tu ra l  f requency  of the isolation system , therefore , the
node point of the natural mode shape corresponds to the focal
point. Mode shapes at the natural frequencies , depicting the
longitudinal/pitch motions of the model , were obtained from
accelerometer data . Natural frequencies were defined as the
frequencies at which the phase of the major responses lagged
the input force by 90 degrees. The corresponding natural
mode shapes were then plotted using the components of the
acceleration at 90 degrees and 270 degrees.

Mode shapes for the upward focus at H 1.1 inches are i l lus-
t ra ted  in Fi gure 16. The lower mode at 3 2 . 2  Hz is clearly
the model pitch mode as previously indicated . Ideally the
node point should be at the focus ; however , the mode shape
shows that the node is slightly below the focal point. The
second mode at 64.4 Hz displays a coupled longitudinal/
pitch motion with a node somewhat above the hub ; consequently ,
the effective focus of this mode is near the hub . In addition
to a large longitudinal motion of the link focus point ,
significant pitch motion across the model balance is also
evident. As discussed previously, the presence of this

32

- — - - -~ - ~~~~~~~~~~~~~~~~~ . s

.5



- . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

second resonant frequency below 4/rev is undesirable , since
it a l ters  the isolation charac ter i s t ics  in the 4/rev region .
This is particularly true in view of the character of the mode
shape , which shows an effective focus at the hub rather than
at the desired focal point. In addition to increased pitch/
roll st if fness of the balance , it is also evident from the
mode shape that the inplane stiffness of the focus links would
have to be increased by a significant factor to place this
mode above 4/rev . Alternately , the model weight would have
to be drastically reduced . Neither of these was possible
with the existing model. An increase in stiffness inevitably
leads to a weight increase. Conversely , a significant reduc-
tion in the weight is possible only if the st i f fness and
strength requirements are relaxed. These arguments suggest
the use of a Froude rather than a Mach-scaled model.

Figure 17 shows the modes for the upward focus with H = -12.1
inches , which is the hub focus . Both modes display appreci-
able pitch mo tion across the model balance,and large relat ive
motion of the rotor shaft is apparent. The lower mode at 33.2
Hz is basically a pitch mode with a node near the balance .
The second mode at 48.8 Hz is the long i t u d i n a l/p i t c h  mode
with a node above the hub . In this case , t he re fo re, the lower
mode is the unwanted mode since the ef fect ive focus is far be-
low the des i red focal point. The effective focus of the see-
ond mode is above the desired focal point at the hub . Exam-
ination of the mode shape at 33.2 Hz shows that the low
frequency pitch motion of the model is due princi p a l l y  to the
pi tch def lection across the model balance indicat ing that the
pitch/roll stiffness of the balance causes this mode . Of
course , the balance cannot be too stiff or it would be unable
to measure any loads.

The f irst mode at 30 Hz with the lockbars installed , Fi gure
18, is seen to be a p i t ch  mode w i t h  a low e f f e c t ive foca l
poi nt. Some pitch motion about the e.g. is evident , but the

— principal motion in the mode is due to the pitch deflection of
the balance . This confirms the previous observation that the
bal ance p i tch/roll stiffenss is low , or alterna tely , the mod el
weight is large . The presence of a balance mode at this fre-
quency is undesirable. The balance stiffness contribution in
the mode offsets the effect of the focus links,making it diff-
icult to force a node at the desired focal point.

Analytical Correlation

The analytical model assumes that the pitch motion takes place
about the focal point while the test mode shapes show , in
general , that this is not the case . This situation makes it
difficult to correlate the test and analytical results. For
the upward focus at H = 1.1 inches , Figure 16 indicate s that
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at least the first mode (32.5 Hz) has a pitch motion with anode reasonably close to the focal point .  A comparison ofthe shake test balance loads for this configuration and theappropriate analytical values is shown in Figures 19 and 20.

With hub longitudinal excitation, Figure 19 , results for thelongitudinal balance show reasonably good agreement . Resultsfor the pitch balance do not compare as favorably , particular-ly in the region above 70 Hz. This is due to the presence ofthe second natural frequency at 64.6 Hz. Results for hubpitch excitation , Figure 20, clearly indicate the effect  ofthe second natural frequency . Except for the peak due tothe presence of this higher frequency mode, the test resultsshow the same trend as the analysis.
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W I N D  TUNNEL TEST

Test results are divided into two groups. The first examines
the influence of the isolation system on blade and hub loads ,
and the second deals with the effectiveness of the isolation
system in reducing the rotor loads transmitted to the model
balance. Harmonically analyzed balance and blade data are
presented in the form of rotor speed sweeps at constant air-
speed (advance ratio ~ = .3) and airspeed sweeps at constant
rotor speeds of 1175 and 1300 RPM. In addition , the predom-
inant 4/rev fixed-system loads of the four-bladed model rotor
are presented for the various focal conditions and compared
with balance loads. Fixed—system vertical , pitch , and roll
hub loads were computed from blade bending data using the
method of Appendix B.

The test conf i g u r a t i o n  wi th  the lockbars was intende c1 as a
rigid reference configuration that would provide unisolated
baseline data . The shake test , however , indicates that this
configuration has a relatively low frequency mode (30 Hz)
on the model balance . Consequently , the configuration cannot
provide the unisolated baseline data desired .

Blade and Hub Loads

With the four-bladed model rotor , the predominant 4/rev fixed
system loads arise from 3rd , 4th , and 5th harmonic blade flap
bending moments and the 3rd and 5th harmonic chord bending
moments. Blade flap and chord bending moment results for
the rotor speed sweeps are summarized in Figures 21 and 22 ,
which show a comparison of the harmonic responses for the
various focal conditions including the lockbar confi g u r a t i o n .
Figure 23 presents a comparison of 4/rev fixed system loads
(vertical , pitch and roll) computed from the blade bending
data . The 3/rev flap moment with lockbars , Figure 21 ,
appears near constant with rotor speed , wh i l e  the focused
configurations show an increase in the moment with increasing
rotor speed . The remaining flap bending harmonics of Figure
21 and the chord bending moments , Figure 22 , disp lay  a
generally similar trend for all the test configurations . The
computed fixed system hub loads of Figure 23 show lit tle
significant difference for the various configurations. Hub
moments for the lockbar configuration , in particular the
pitch moment , are relatively constant with rotor speed due
to a similar characteristic previously noted in the 3/rev
flap moment.

Blade bending moment airspeed sweep results are summarized in
Figures 24 and 25 for 1175 RPM , and in Figures 26 and 27 for
1300 RPM . Fixed system hub loads for 1175 and 1300 RPM are
presented in Figures 28 and 29 respectively. The most s iq n i -
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ficant variations in the blade moments occur in the 3/rev flap
bending moments , Figures 24 and 26 , at the maximum advance
ratio. At the maximum advance ratio the loads are more sensi-
tive to trim conditions , and it is surmised that the observed
load variations are due in large measure to minor variations
in trim. In this regard it is noted that there were several
operators , each of whom flew the model in a slightly different
manner. The computed fixed system hub loads , Figures 28 and
29 , show similar trends for all the configurations . While
the greatest variation still tends to occur at the high—speed
point , it appears less significant than that observed in the
blade loads.

A blade load comparison for the lockbar configuration with a
live balance and a dummy balance is presented in Figures 30
through 35. The configuration with the dummy balance was the
most rigid possible , whereas the configuration with the live
balance was relatively soft, having a pitch natural frequency
of 30 Hz (1800 RPM) due to balance flexibility . Blade flap
and chord moments from the rotor speed sweep , Figures 30 and
31, are reasonably similar with the exception of the 3/rev
chord moment. The 3/rev chord moment with the dummy balance ,
Figure 31 , displays a peak in the mid-speed range while the
results with the live balance are nearly constant over the
rotor speed range . Airspeed sweep results at 1175 RPM are
summarized in Figures 32 and 33. Again , both configurations
show similar results except for the 3/rev chord moment ,
Figure 33, where the dummy balance shows an unexplained peak
in the middle of the airspeed range. Finally , the airspeed
sweep data at 1300 RPM , Figures 34 and 35, display highly
comparable loads for both configurations at all the harmonics .

Balance Loads - Rotor Speed Sweeps

The predominant 4/rev balance loads as a function of rotor
speed are compared in Figures 36 and 37 for the various focal
configurations . Comparisons of balance and computed hub
loads are presented in Figures 38 through 42.

Referring to Figure 36 , the lowest vertical loads (not an
isolated direction) occur in the vicinity of 1300 RPM with
the lockbar configuration and a focus at H = -12.1 inches .
The best configurations for minimum lateral and longitudinal
loads are the focus at H = 3.65 inches and the mixed focus
with H = 1.1 inches in the lateral axis and H —12.1 inches
in the longitudinal axis. Near-minimum lateral and longi-
tudinal loads occur simultaneously at 1300 RPM for both
these configurations . The highest overall levels in both
the lateral and longitudinal directions are obtained with
the lockbar configuration .

—
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Examination of Figure 37 indicates that the best configura-
tions for minimum pitch and roll moment are the lockbar
configuration and the focus at H = 1.1 inches . Low levels
are obtained w i th either of these confiqurations at speeds
above 1200 RPM. At speeds approaching 1400 RPM the focus at
H = 1.1 inches is slightly superior to the lockbar confi -.i ura-
tion . It is also observed tha t reasonably  low p i t ch and r o l l
moments occur simultaneously at 1300 RPM for U = -3.65 inches ,
which was one of the two bes t arr angements for the latera l
and longitudinal loads. In this regard , it is noted that the
bes t cho ices for  the pi tch and ro l l  momen ts ( i n  pa r t i cu l a r
the lockbar configurat ion) are poor cho ices for lat eral and
longitudinal force isolation .

In the absence of a rigid reference confiquration or measured
inp lane hub loads , i t is not poss ibl e to assess the r e l a t i ve
bene f it of the c o n f i gura tions tha t prod uce the mi ni mum
la tera l  and longitudinal loads . Measured vertical , p i tch ,
and roll hub loads are , however , available. A comparison of
these loads w i t h  the balance  loads gives an indication of
the relat i ve e f fec t iveness of the var ious test configu r a t i o ns .
Such a compar ison , however , is not n e c e s s a r ily  an i n d i c a t i o n
of true isolation ef f i ciency since an unknown por t ion of the
measured moment ba lance  loads are  due to i n pla ne  hub forces .

Comparison of the balance ~nd hub loads for U = 1.1 inches
and the lockbars , Figures 38 and 39 respectively, g e n e r a l l y
confirm the previous observations. On the plots , isolation
regions are shown by the cross-hatched areas where the hub
load is grea te r  than the balance force . Wi th  the focu s  at
H = 1.1 inches , the pitch moment indicates isolation above
1200 RPM whi l e  the ro l l  moment is i s o l a t i n g  over the e n t i r e
speed range. In both cases , the e f f e c t i v e n e s s  increases  at
speeds above 1200 RPM. The lockbar configuration shows
s imi l a r  resul ts  for  the ro l l  moment , but  no apparent  i s o l a t i o n
of the pi tch moment. Comparison of the hub p i t c h  moments  f o r
H = 1.1 inches and the lockbar s in dicates tha t the apparent
lack of p i tch  i solat ion w i t h  the lockbars is due to a lowe r
hub load rather than to a h i ghe r balance load. Above 1 150 RPM
it is also noted that both confi—iurations d i s p lay  s u b s t a n t i a l
isola t ion of the v e r t i c a l  hub load . This  r esu l t  was u n a n t i c i —
pated and appears to be in conflict with the shake test re- - 

- -

sults of Figure 13 wh ich , for H = 1.1 inches at least , show
amplification of the vertical load . A probable explanat ion
lies in the fact that the shake test data was not processed
through the wind tunnel data system; consequently, the shake
test results are not corrected for ver tical/pitch interaction.
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The balance and hub load comparison for the mixed focus
(H = 1.1 inches lateral and H = -12.1 inches long itudinal)
is shown in Figure 40. This configuration , considered as a
possible choice for isolating both the inplane loads and
moments , display s reasonable isolation of roll moments at
speeds above 1300 RPM ; however , isolation of the pitch
moment is minimal. Comparisons for the remaining test con-
figurations , H = 3.65 inches and H = -12.1 inches , Fiqures
41 and 42 respectively, exhibit a small degree of roll isola-
tion in the range of 1300 RPM and no isolation in pitch.

Balance Loads - Airspeed Sweeps

Rotor speeds of 1175 and 1300 RPM for the airspeed sweep test-
ing were selected early in the program based on a prelimi nary
evaluation of rotor speed sweep data from the first two mode l
configurations.

Airspeed sweep results at 1175 RI~M are presented in Figures
43 through 49. Figure 43 , showing the inplane balance loads ,
indicates the best compromise for lateral and longitudinal
loads is the mixed focus (H = 1.1 inches lateral and H = -12.1
inches longitudinal). The momen t balance loads , Figure 44 ,
show that the locked configuration is best in both the pitch
and roll directions . For the pitch and roll moments the
relative effectiveness is illustrated by the balance and hub
load comparisons of Figures 45 through 49. The focus at
I-I = 1.1 inches , Figure 45 , displays some roll moment isolation
over most of the airspeed range while the pitch moment shows
none . Results for the lockbar configuration , which had the
lowest moment balance loads, are presented in Figure 46.
Significant roll moment isola tion is evident ove r the full
speed range ; however , the pitch moment has meaning ful isola-
tion only at the maximum advance ratio. For the mixed focus
(H = 1.1 inches la tera l  and -12.1 inches long i t u d i n a l ) ,
the results of Figure 47 exh ib i t  roll  moment i so la t ion  at low
speed , but little effective isolation of the p i tch moment .
The remaining configurations, Figures 48 and 49 , display
little isolation in either pitch or roll. While isolation
was not intended , it is noted that all of the test configura-
tions , except the lockbar configuration of Figure 46 , show
substantial vertical isolation over most of the airspeed
range .

Airspeed sweep results illustrating the balance loads at a
rotor speed of 1300 RPM are summar ized  in Fi gures  50 and 51.
For the lateral and longitudinal balance loads , Fi gure 50 ,
the mixed focus configuration (H = 1.1 inches lateral and
-12.1 inches long i t u d i n a l )  appears to be t h e  best compromise .
The lockbar configuration is favored for the pitch and moment
balances , Figure 51 , with the focus at 11 = 1.1 inches as a

48

~~~~ --- ---~~--. - -- - -~~~ ---—— -



second choice . In contrast , the lockbar configuration is the
worst possible choice for both of the iriplane ba lance  loads ,
wh ile the focus at H = 1.1 inches is an excellent choice for
lateral , but a poor choice for longitudinal fcrce isolation .

Recalling from the shake test that the lockbar configuration
had an effective focus below the balance , an interesting
observat ion p resents it sel f .  Refe rr ing to the ana lytical
results of Figure 9, i t is noted that the downward focus has
low moments , and “k i c k  loads ” (KF B /M H , due to hub moment)
t h a t  tend to increase  as the focus is moved up .  On t h i s
b a s i s , low ba lance  moments and hi gh long i t u d i n a l  and l a t e r a l
balance forces would be anticipated. As indicated previously,
the tes t  r e s u l t s  of Fi gures  50 and 51 show t h i s  to be the
case.

Comparisons of the balance and hub loads at 1300 RPM for
H = 1.1 inches and the lockbar configuration , Fi gures 52 and
53 , confirm the preceding observations relative to the pitch
and ro l l  moments .  Wi th  the focus at H 1.1 inches , F i g u r e
52 , s u b s t a n t i a l  i so la t ion  is ind ica ted  over most of the air-
speed range. Due principally to somewhat lower measured hub
loads , the pitch moment results for the lockbar configuration ,
Fiqure 53 , display less effective isolation . On the other
ha nd , improved effective roll moment isolation is evident with
the lockbars . This improvement results from a small variation
in the hub load and sign i f i c a n t l y  lower balance loads compared
to the focus at H = 1.1 inches , With regard to vertical
loads , the focus at H = 1.1 inches displays lower balance
loads and a cons is ten t ly  higher degree of isolation due to a
lower balance force .

The mixed focus (H = 1.1 inches lateral and H = -12.1 inches
longitudinal) hub and balance load comparisons are presented
in Figure 54. Relatively low effective roll isolation is
evident and the pitch moment isolation is poor. Results
for the remaining configurations , shown in Figures 55 and 56,
indicate little or no isolation of the pitch and roll moments.
On the contrary , sig n i f i c a n t  ampl i f i ca t ion  of the p i tch
moments is present over most of the speed range .
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CONCLtJS IONS

1. Based on analytical considerations , the re is no s ingle
focal point that will simultaneously isolate both inpiane
forces and pitch/roll moments. For the four-bladed hinge-
less rotor with large vibratory hub moments , the optimum
conf iguration is an upward focus at the combined rotor
and transmission center of gravity . This focus provides
isolation of the hub moments and reduces the balance
moments due to the inpiane hub loads wi thout introducing
lateral and long itudinal “kick loads ” due to hub moment.

2. Since a portion of the balance moments are due to the
inpiane hub forces , there can be an apparent variation
in the moment isolation effectiveness , relative to the
hub moments , under varying flight conditions . Based on
analys is, howeve r, there appears to be no merit in
varying the focal position for different flight regimes.
Similarly, there is no evident justification for different
lateral and longituuinal focus points , unless the hub
moments in pitch and roll differ to the extent that the
inpiane hub force becomes predominant in one plane . This
possibility seems rather remote.

3. Despite les s than ideal dynamic characteristics of the
model , the wind tunnel test results tend to confirm the
analytical findings. Airspeed sweep data at a rotor
speed of 1300 RPM showed good moment isolation for two
configurations. One configuration was an upward focus
near the combined rotor/transmission center of gravity .
The second conf iguration was the lockbar configuration ,
which had an effective downward focus that produced high
lateral  and longi tudinal  bala nce “kick loads ” due to
the hub moments . A

4. For the two configurations that produced good moment
isolation, the wind tunnel results showed some variation
with airspeed in the moment isolation effectiveness
relative to measured hub moments . As indicated previous-
ly, however , the inpiane hub forces also contribute to
the balance moment so that the measured hub moments are
not an absolute reference for measuring isolation
effectiveness.

5. While vertical isolation was not intended , all the test F-
conf igurations except the lockbar conf iguration showed
substant ial ver t ical isolation ove r most of the airspeed
range . However , this can in no way be construed as a
general characteristic of the focal isolation system .
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6. Blade flap bending moments at the significant 3rd , 4th ,
and 5th harmonics and chord bending moments at the 3rd
and 5th harmonics were generally similar for all the
mode l configurat ions. The most sign i f ican t  variations
occurred in the 3/rev flap moments at high advance ratios .

7. Fixed system vertical hub forces and pitch and roll
moments , at the predominant 4/rev frequency , were similar
for all the test configurations. Again , the greatest
variations tended to occur at high forward speed.

8. The dynamic characteristics of the model differed from
those of a simple system with only pitch and roll degrees
of freedom . Several na tura l  frequencies of the model
were present below the 4/rev isolation frequency .
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RECOMMENDAT IONS

Based on the results  of this  program , it is recommended that
the following items be considered for any similar programs in
the f u t u r e :

1. Any attempt to model a rotor isolation system should
include a reasonably scaled t ransmission mass and
inertia. This constitutes a difficult problem for an
operating wind tunnel model. Froude scaling as opposed
to Mach scaling does not change the required mass and
inertia; however , it does offer considerable relief in
terms of strength and stiffness.

2. Since isolation characteristics tend to be a function of
both the geome try and natural frequency , a variable
geometry model should also include provisions for readily
modifying the isolator stiffness.

3. Inpiane hub forces contribute to mounting plane moments,
and under certain conditions hub moments contribute to
mounting plane horizontal forces. Under these circum-
stances , the magnitude and phase of all the rotor loads
must be measured in order to determine true isolation
efficiencies.

4. A means for measuring the vibratory loads other than a
conventional balance is required. The balance must be
sensitive enough to measure the vibratory loads , which ri

requires that the balance be relat ively sof t .  This 
p

introduces balance natural modes that intrude on the
intended isolator modes.
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APPENDIX A

ANALYSIS OF A SINGLE DEGREE OF FREEDOM

FOCAL ISOLATION MODEL

Summing the moments about the focus and the balance in
Fi gure A-i leads to the fo l lowing equations:

MH
SINS:t + F

H 
(D+n) SINYt — m X H — 10 - K

0
0 = 0 (1)

F~1L SIL~ t 
— m X L + K

~~
O — M

B 
= 0 ( 2 )

Summing the forces at the balance yields a third equation

F
H
SIN::t — mX — FB= 0 (3)

A ssume s imple harmonic motion so that

0 = 0 SIN~ t 
A

~
‘1B 

= M
B 

S~IN~,t

F
B 

= 
~~~B 

S [N~ t

Since X H~ = HO SIN~ t, th~ n X — HI~~OSINs~t

Substituting the preceding expressions in Equations (1),
( 2 ) ,  and ( 3 )

+ F
FI 

( D+H) + mH 2 Q 2 O + ~~~ 0 
— K 00 = 0 (4)

+ mLH s~~0 + K 00 MB 
= 0 ( 5 )

FH 
+ mH1~~0 - FB 

= 0 (6)

For free v ibrat ion with F
H 

0, the natura l ire~p:ency is

-~ - = K 1 / ( I + mH 2)

If t ~ie radius of qyration is defined as

K 7 = h fli
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Figure A-l . Single Degree of Freedom Focal
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t hen m = t/i-~- .n id K = • I I (1 4 11 2/K

1\t~~ iaL rinq m and K 1 in I-~quations (4), (5), md (6)

M~~, i F
11 

( I O N )  I (~~~~
.l _ I

I
~~

.
~~) (1 4- I l / K 7) 0 = 0 ( 7 )

4- Is~ ( I L K )  ( H K) 0+1
1 (] + 11 7/K 2) 0 — M

R 
= 0 (8)

F11 + IH- ( H ’ K ) 11 — F13 
= 0 (9)

For i~~ = 0 , cilt a i -
~~ the rat. io 

~~ 
which defines the

ba l~1uct - i i I ~~~OOf l t  due  to hub moment , from Equations (7) and
(8).

1
8 

— 

—~2 ( 1 . K) (11 K) — -~~~~~ (1 + H7/K-~)
— 

(~~- .1 7
) ~1 + 1i~ K- )

- -

~~~ 1 (L,K) (11/K) s- (10~
- H (1-i~ ) (1 4- IL K ) (l-~- --)

W i l e  I I - -~ — 10 ~~. -
-

fl

For = 0, oNtain the rat jo T B L11, which defines the

balance 1 o r ce d u e  to hub 101cc , from Equat ions (7) .u~d

( 9 )

F
8 

= 1 - ~~~~~~~ ~~Yi_
H (

~~
-
~— ,• ) (1 + hi K-

1
)

= ~ 4 
(H ,K) ( D K + H K ~ (11 ~
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For F
11 

= 0, obtain the ratio K F
8

/M , which defines the
balance force due to hub moment , from Equat ions  ( 7 )  an d
( 9 )

K FB K~~ (H/K 2)
N
11 (Q~ —w~~

2) (1 + H2/K 2 )

FB 
- (H/K) 

~~~~~LMH 
- 

(1 + H2/K7) (l-~~~) J (12)

For M = 0 , obtain the ratio M /1< F , which defines theH B H
balance moment due to hub forces , from Equat ions  ( 7 )
and ( 8 ) .

M
B L H 2 (L/K)  (H/K)  + L1j 2 (1 + H 2/K 2)

(D + H)K H K 
K(S~

2
~~~~

2) (l—H 2/K2)

_ _  
( H / K + D/ K )  

+ + (L/K) (D/K~~~~11/K) ~~~ (13 )
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APPENDIX B

PROCEDURE FOR CALCULATING HUB LOADS

The procedure used to compute 4/rev fixed system hub loads
from measured blade root flap bending moments is essentially
an influence coefficient method . The method applies only to
hub vertical force and hub pitch and roll moments. Using the
Boeing Vertol C—60 Rotor Analysis Program, rotor forced
responses are calculated for a number of airspeeds . Influence
coefficients, relating the flap bending moment at- the root
measurement location to the rotating shear and moment at the
rotor center, are obtained from the C-60 results. Coefficients
are required for the sine and cosine components of the 3rd,
4th, and 5th harmonics . For any given load and harmonic , the
coefficients thus obtained are generally found to be
essentially constant.

Using averaged values of the coefficients, it is then possible
to compute the rotating system loads at the rotor center from - - .

the measured root flap bending mor.tents. Desired fixed system
loads are then obtained by a transformation of the rotating A

system loads. The detailed calculations are outlined below.

Define terms as follows:

F4S = 4/Rev Vertical Force Coefficient, Sine

F4c = 4/Rev Vertical Force Coefficient, Cosine

M3S = 3/Rev Moment Coefficient, Sine

M3c = 3/Rev Moment Coefficient, Cosine

M55 = 5/Rev Moment Coefficient, Sine

M5c = 5/Rev Moment Coefficient, Cosine

FB~5 = n/Rev Flap Moment, Sine

FBnc = n/Rev Flap Moment, Cosine

4/Rev Vertical Force

(Sine) FZ45 = 4[(F45) ( F B45~J 
(14)

(Cosine) FZ4c = 4~~~F4C ) ( F B 4c~J ( 15)
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s/Rev Pitch Moment

( S ine) MY4S —2 [M 35) ( F B 35) + (M ss ) (FB 5SI 
(lo)

(Cosine) MY4C = —2 ~~
M3c) ( F B 3C) + (M sC ) ( F B 5c~ 

(17)

4/Rev Roll Moment

( S ine ) 
~~ 4S = 2 [M 3C ) ( F B 3C) — (M 5c ) ( F B sc~ J 

(18)

(Cosine) 
~~ 4C = 2 ~~M55) ( F B 55) — (M 35 ) ( F B - ~~J 

(1 9)
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