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SECOND HARMONIC CONTROL

Rodney K. Wernicke
and Jan M. Drees
Bell Helicopter Company
Fort Worth, Texas

SUMMARY

This paper presents a summary of an experimen-
tal investigation of the effects of a second har-
monic feathering device on the dynamic and aerody—
namic characteristics of a two-bladed semi-rigid
rotor helicopter. The investigation was conducted
by Bell Helicopter Company under the sponsorship of
United States Army Transportation Research Command.
A modified UH-1A (formerly HU-1A) was used as the
test vehicle.

The amplitude of the second harmonic feather-
ing produced and the phase relationship of the
feathering with respect to the blade azimuth posi-
tions were adjustable in flight. This made it pos-
sible to probe for optimum settings for reducing
vertical fuselage vibrations, reducing oscillatory
rotor loads, and delaying retreating blade stall.
During a portion of the tests, the air loads acting
on the blade at six spanwise stations were measured
simultaneously with the appllcat1on of second har-
monic control.

It is shown that even though the mechanism
accomplished the anticipated changes in air load
2/rev thrust pulsations, the beneficial effects on
vibration and load reduction were small. Second
liarmonic feathering was not effective when intro-
duced for the delay of retreating blade stall. Sub-
sequent analytical studies show this was probably
caused by compressibility effects outside the stall
region. Analyses of the test data indicate that
the results apply specifically to the UH-1A fuse-
lage and rotor system. The response of other heli-
copters to second harmonic feathering may be sig-
nificantly different.

The mechanics of the experimental device used
for producing second harmonic control, and the
flight test program are described. The characteris~
tics of the 2/rev thrust pulsations and accompany-
ing 2/rev vibrations and loads inherent in the rotor

and fuselage of the test helicopter are also defined.

INTRODUCTION

Two-per-rev feathering or second harmonic
control (SHC) is not a new concept. In 1951, SHC
was used (Reference 1) in testing rotors for fati-
gue life on a test stand. The use of SHC for the
alleviation of retreating blade stall was proposed
in 1952 (Reference 2). More recent studies at Bell .
(References 3 and 4) suggest the use of SHC to re-
duce main rotor blade 2/rev thrust pulsations that
cause vibrations and loads in the rotor. The ap-
parent mechanical complexity of a system for pro-
ducing 2/rev blade feathering is probably the
primary reason that an in-flight evaluation has
not been conducted sooner.

In 1960, a simple passive system of producing
SHC feathering was tested by Bell Helicopter
Company. This system, shown schematically in Fig-
ure 1, featured a soft collective control linkage.
The 2/rev feedback loads, normally present in the
control system, introduced a certain amount of SHC
depending on the stiffness of the mounts. However,
it was suspected that the resulting 2/rev feather-
ing was not at the proper phasing for optlmum
benefits.

An evaluation of SHC under controlled condi-
tions became practical when a simple device for
introducing second harmonic motions into the con-
trol system was conceived. This device had provi-
sions for in-flight adjustments of both the ampli-
tude and phasing of the 2/rev feathering. This
made possible the investigation of both the delay
of retreating blade stall and the reduction of
rotor thrust pulsations.

For the delaying of retreating blade stall, the
blade pitch is reduced when the blade is normal to
the flight path and increased when the blade is
aligned fore and aft. Thus, although the mean
thrust of the rotor is maintained, the thrust on
the fore and aft*portions of the rotor disc is in-
creased, and the thrust on the retreating and ad-
vancing side is reduced. Theoretical work (Refer-
ence 2) shows that this reduction of blade 1lift on
the retreating blade can be accomplished with SHC.

To reduce 2/rev pulsations (encountered below
retreating blade stall flight velocities) the
mechanism must function in just the opposite man-
ner. These pulsations peak when the blades are
near the zero and 180-degree azimuth positions.
This is shown in Figure 2 for the UH-1A helicop-
ter at an airspeed of 113 knots. The data are
taken from an earlier program for the measuring of
dynamic air loads on the main rotor (Reference 3).
The figure illustrates that for this test condition
the 2/rev component constitutes the major portion
of the total oscillatory forces on the blade.
Notice also that the magnitude of the 2/rev air
load is = 920 pounds. Because of dynamic blade
response, the oscillatory force transmitted to the
mast is appreciably less than the exciting aerody-
namic forces.

Figure 2 suggests that reducing the blade pitch
at zero and 180 degrees azimuth angle would reduce
the blade thrust pulsations. However, theoretical
work (Reference 4) which includes both dynamic and
aerodynamic considerations shows that optimum SHC
phasing is 135 degrees earlier. The SHC phasing is
defined as the blade azimuth position at which the
minimum SHC feathering angle occurs. Figure 3 gives
the results of these calculations, indicating that
for the UH-1B, z 2 degrees of SHC feathering phased
at 45 degrees would eliminate the 2/rev rotor
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forces transmitted to the 1lift link. (The lift
link is the connecting member between the bottom of
the transmission and the fuselage.)

DESCRIPTION OF EQUIPMENT

Test Helicopter

The helicopter used during this program was
the two-bladed, semi-rigid rotor U. S. Army UH-1A
Iroquois. A photograph of the test vehicle with
the second harmonic control mechanism installed is
presented in Figure 4. Standard rotating controls
were replaced with UH-1B components because of an
anticipated increase in control loads at improper
phasing of the SHC. The stabilizer bar was re-
moved so that the output from the SHC mechanism
could be introduced through the stabilizer bar mix-
ing levers. Figure 5 presents a close-up photo-
graph of the pylon assembly showing the rotor head
and the controls of the SHC mechanism.

Second Harmonic Control Mechanism

The SHC mechanism was designed to add an Oscil-
latory control motion occuring at twice per main
rotor revolution which could be controlled in ampli-
tude and phasing with respect to blade azimuth. For
a two-bladed rotor, this is equivalent to a 2/rev
collective control input. This was accomplished
with a mechanism which converts the 2/rev rotary
motion from the rotor mast into a 2/rev vertical
slider motion. The operation of this SHC mechanism
is illustrated in Figure 6. The two links between
the SHC shaft and the slider "stretch" at twice per
revolution as the slider rotates once per revolu-
tion with the rotor mast.

Amplitude control of the SHC was obtained by
adjusting the degree of tilt of the SHC shaft.
Phase control was obtained by selecting the azimuth
direction in which the shaft tilts. Both modes of
control could be adjusted in flight.

The ability of the mechanism to produce an ac-

curate 2/rev feathering motion has been investigated.

Theoretically, it was found that  the deviations from
a pure harmonic motion are less than two per cent.
Actually, larger deviations from the pure sine wave
were measured. Tolerances in the bearings and con-
trol deflections permitted additional motions.
Dynamic measurements indicated about 25 per cent
higher feathering amplitudes than the static mea-
surements with the rotor not rotating.

Instrumentation

Instrumentation was provided to evaluate the
effects of the SHC and to assure that the tests
were within load level limits defined by prior
stress analysis. All the critical parts in the SHC
system were instrumented; also, moments and loads
were measured in the blades and control system. Ac-
celerometers were installed in the cabin and near
the center of gravity. Position indicators record-
ed controls motions, blade feathering, and pylon
positions. During part of the tests, an instrument-~
.ed rotor blade was used that was fitted with NACA

pressure transducers for measurements of differen-
tial pressures at six radial blade stations. From
two to five transducers were used at each radial
plade station. Only limited testing was possible
with this blade because the installation of the
transducers reduced its fatigue strength. A de-
tailed description of this instrumentation is
given in Reference 3.

DISCUSSION OF FLIGHT TEST RESULTS

Hovering

All hovering data.were obtained in ground ef-
fect. The azimuth phase angle was found, as expec-
ted, to have no significance in zero relative wind.
Rotor thrust determined from air load data taken
during hovering is presented in Figure 7. It is
shown that the oscillations are in phase with the
feathering and the oscillatory air load is £ 550
pounds for & .6 degrees SHC, or = 920 pounds per
degree of SHC feathering. Recall that the early
work presented in Figure 2 showed that the 2/rev
air load on each blade was + 920 pounds or * 1840
pounds for the rotor. Hence, it might be inferred
that + 2 degrees of SHC would be required to sup-
press 2/rev thrust pulsations at high speeds. Lift
link loads are also shown in Figure 7. Vertical
forces are normally transmitted to the fuselage
through the lift link. By comparing the lift link
loads with the rotor thrust pulsations, it may be
seen that these two forces are out of phase and
that the variation in lift link loads is .7 of the
rotor thrust variation. This is caused by the
2/rev blade bending which is not in phase with the
2/rev air loads and the inertia effects of the

pylon.

Effects of SHC on the fuselage vibrations and
loads are shown versus second harmonic feathering
amplitude in Figure 8. Note that .in general, vi-
brations and loads increased linearly with SHC
amplitude. Blade bending oscillatory moments, not
shown, increased in like manner.

It was found that the power required increased
with second harmonic feathering. This is believed
to be caused by the change in 1lift distribution
resulting in (a) two areas of high lift and increas-
ed induced velocities, and (b) two low 1ift areas
of inefficient low blade loadings. The hovering
power as a function of SHC amplitude is shown in
Figure 9.

Ferward Flight

The situation in forward flight is
much more complex than in hovering. The phasing of
the SHC becomes an important factor. Oscillatory
loads were monitored very carefully since they were
expected to increase for certain phase settings
(see Figure 3). Because of high blade bending
moments encountered during the tests, the maximum
feathering amplitude was restricted to + 1.1 de-
grees in forward flight” while a further reduction
to + .6 degrees was deemed necessary when the
shorter-life, air load blade was used. At an SHC
phase setting of 5 degrees, the maximum amplitude
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limit was lowered to + .3 degrees because of the
high control loads that developed at higher ampli-
tudes.

Oscillatory Loads - The aerodynamic response to
second harmonic feathering in forward flight is il-
lustrated in Figure 10. Rotor thrust determined
from air loads is shown for two SHC azimuth phase
settings for 40 and 80 knots air speed.. An azimuth
phase setting of W = 70 degrees is shown to in-
crease rotor thrust pulsations at both 40 and 80
knots. It is shown that with SHC set at ¥ =5
degrees, the total rotor thrust pulsation is nearly
eliminated at 40 knots, but the thrust pulsations
were only slightly reduced at 80 knots. Note, how-
ever, that in this instance (¥ = 5 degrees) the
amplitude of the 2/rev feathering is only + .3 de-
grees because of the high control loads measured
previously at the + .6 degree setting. It is con-
ceivable from Figure 10 that a larger SHC amplitude
could have caused a noticeable reduction of the
2/rev thrust pulsations.

The effect of the second harmonic feathering
on vibrations and rotor loads is summarized in Fig-
ure 11 for the 80 knot case. Each graph defines
the envelope of operation with SHC. Each envelope
was obtained from crossplots involving a large
number of data points. Through this procedure, the
effect of scatter of the data points is believed to
be minimized. The SHC azimuth settings at the upper
and lower limits are indicated in each graph of
Figure 11. Notice‘that these settings vary from
graph to graph. A compromise azimuth setting of
100 to 120 degrees and an SHC feathering amplitude
of + .3 degrees produced a reduction in c.g. vibra-
tions and blade moments at the expense of increased
pilot vibrations. The 1ift link loads are minimum
for an azimuth setting of about 50 degrees (pre-
dicted was 45 degrees, see Figure 3).

It follows from these results that the expected
simultaneous reduction in loads and vibrations are
only realized near the center of the helicopter
which responds mainly to vertical input forces from
the rotor. The far forward located cabin of the
UH-1, however, is also excited by inplane blade
loads and control feedback loads. This could ex-
plain why no single optimum SHC azimuth angle was
found.

The effects of SHC on vibrations and oscilla-
tory loads as a function of air speed are presented
in Figure 12 for + .3 degrees second harmonic feath-
ering amplitude. Here again, an envelope has been
defined. Azimuth settings for the maximum reduc-
tion are indicated above each graph. It can be
seen that to minimize any particular vibration or
load it is necessary to adjust second harmonic
control as air speed is increased.

Stall - At 100 knots and high gross weights,
high blade moments precluded the measurement of air
loads with the SHC phased for reducing retreating
blade stall. However, from data taken during high
gross weight flights with the standard blades, no
beneficial effects were detectable. The amplitude
of the SHC feathering had to be restricted for the

100-knot flights because of high control loads and
random violent vibrations and excessive fore and
aft pylon motions. These conditions prevented com~
prehensive evaluation of blade stall reduction.
Because of this, analytical studies were conducted
with the Bell Aerodynamic IBM Computer Program F35.
This program is a further development of NASA pro-
cedures for calculating aerodynamic characteristics
of lifting rotors (Reference 5). Results of these
studies indicate that compressibility effects off-
set the benefits from the elimination of retreat-
ing blade 'stall. Figure 13 shows the calculated
drag coefficient of the blade tip versus angle of
attack with and without SHC. The effects of SHC
on power required are also indicated. It follows
from this figure that the drag of the retreating
blade tip is reduced. But, in the fore and aft
sectors of the rotor disc, the drag is increased
due to compressibility. For the subject test
rotor, the beneficial effects of SHC on vibrations
and power are therefore not realized.

OTHER CONSIDERATIONS

High Frequencies

On several occasions, high frequency vibra-
tions were created by the second harmonic feather-
ing mechanism. Figure 14 gives an example of a
case where a 6/rev frequency was measured. The
cause could not be definitely established, but it
is believed that the looseness in the SHC mechan-~
ism caused by normal tolerance build up and the
reduction in control system stiffness caused by
the mechanism is responsible.

2/Rev_Air Load Distribution

Figure 15 shows the air load pulsation and the
lift link load for the 40-knot case with and with-
out SHC. It is noted that the oscillations in the
lift link load have increased in magnitude instead
of decreased as might be expected. In the lower
plot of Figure 15, the total rotor thrust has heen
divided into thrust acting on the outboard and in-
board half of the blades. It can be seen that the
reduction in total thrust pulsation was accomplished
mainly by a phase shift in the 2/rev outboard air
loads. Since there was no reduction in magnitude
of local air loads, beneficial effects will be de-
termined by the dynamics of the rotor. Blade flap-
ping caused by the 2/rev pulsations of the outboard
loads will result in forces transmitted to the fuse-
lage which are not in phase with the outboard 2/rev
air loads. These considerations suggest that sep-
arate SHC of the inboard portion of the blade may be
more beneficial than the systém tested.

Control Loads

The increase in oscillatory control loads may
have caused an increase in the cabin vibrations
which partly offsets the expected vibration reduc-
tion. The higher control loads could be due to ]
both the inertia reactions to feathering the blades
at 2/rev and the change in aerodynamic pitching
moment characteristics resulting from the dynamic
responses to the 2/rev feathering. It was cohcluded




from these test results that prediction methods of
control loads and their effect on fuselage vibra-
tions should be developed.

CONCLUSTONS

In general, the SHC was effective in creating
changes in rotor thrust and accompanying changes
in vibrations and loads. However, the effects are
very complex in that the results on vibrations and
oscillatory loads differ from one location in the
helicopter to another. For optimum results, the
phasing and amplitude of the SHC input have to be
controlled continuously with forward speed.

At 80 knots, a simultaneous reduction in verti-
cal vibration level at the cg and reduction in os-
cillatory blade bending moments occurred when the
mechanism was phased at about 120 degrees. This is
not beneficial to the pilot though, because of in-
creased vibrations in the forward located cabin of
the test helicopter. This indicates that a heli-
copter with its cabin located under the mast might
realize benefits from a simultaneous reduction in
vertical vibrations and oscillatory loads.

The aerodynamic response to SHC varied along
the blade span. This suggests that SHC, applied
to only a portion of the blade, might be superior
to SHC of the whole blade. However, it was beyond
the scope of the investigation to analyze such a
system.

The investigation of SHC as a means for stall
prevention was inconclusive. The theoretical re-
sults indicate that the test rotor does not respond
beneficially to SHC when applied for the alleviation
of retreating blade stall. The influence of SHC on
other helicopters may be different since the res- .
ponse depends on detailed aerodynamic and dynamic
characteristics of the rotor and fuselage.

It is believed that this program i< an example
of research in the true sensce of the word. 1t is
shown that the state of the art of present theore-~
tical methods is still insufficient to accurately
predict complex phenomena such as associated with
the second harmonic feathering. This illustrates
the need for experiment3gl investigations of new
devices and theories. ;ew insight was obtained
tfrom this program which may lead to related analy-
tical and test applications in the future.
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Abstract

The development of a vibration
absorbér for the reduction of helicopter
vibration levels is described. Basic
absorber theory is reviewed, and the
limitations of such an approach are dis-
cussed., Design and development problems
are reviewed; final results are also
presented.

These results show that an ab-
sorber installation can effectively
eliminate structural amplification of
predominant flight vibration frequencies.
This can be done with a very small pen-
alty compared to other possible ap-
proaches, and without transferring the
vibration problem to other areas in the
aircraft, Design problems connected -
with the absorber installation are
easlly resolved, and.service results
are satisfactory.

Summary

While the basic low vibratory
force levels of the UH-2A rotor system
gave the UH-2A helicopter unusually low
vibration levels throughout most of the
operating speed range, the presence of
large structural amplification at 4/rev
(four times rotor speed) was found to
create undesirable vibration levels at
the front of the cockpit area around
the pilot's feet and at the instrument
panel locations while flying at very
low speeds (15-30 kts). The basic
fuselage configuration requirements
made the correction of this structural
amplification by structural means im-
practical, from both weight and func-
tional considerations. A theoretical
and experimental study of the use of
vibration absorber techniques indicated
that such methods could provide a sig-
nificant reduction in structural ampli-
fication with a small weight penalty.

An absorber was designed and de-
veloped meeting the requirements.
Flight testing of the device indicated
vibration reductions in the forward

end of the cockpit by a factor of more
than 10 to 1. Reliability testing
established the adequacy of the device
from a serviceability standpoint. Ser-
vice experience has confirmed test pre-
dictions in this regard.

While the basic helicopter charac-
teristics produced satisfactory pilot
seat vibration levels, use of the ab-
sorber allowed UH-2A vibration levels
throughout the entire cockpit to meet
the requirements of MIL-H-8501A, through
the entire operating speed range of the
aircraft.

Basic Aircraft Characteristics

The UH-2A (HU2K-1) helicopter has
a 4-bladed main rotor, 3-bladed tail
rotor, is powered by a General Electric
T58-8b engine, and has an operating
speed envelope extending to 150 krots.
Designed as a utility helicopter, the
aircraft fuselage was configured to
provide the best design compromise be-
tween the speed requirements of the
long range search and rescue mission
and the rescue requirements of hoist
pickups from the water. These two re-
quirements together dictated the large
rescue door immediately behind the pi-
lot's door together with retractable
landing gear. The latter primarily pro-
vides a clear, tangle-free area for
hoist operations; as a secondary benefit,
of course, is the drag reduction accom-
plished by retraction. The rescue door
location was dictated by the require-
ment of placing the rescue hoist cable
close alongside the pilot's head, to
expedite aircraft positioning during
hoist rescue operations,

As may be seen from Figure 1, this
fuselage configuration results in a
significant reduction in fuselage bend-
ing stiffness just aft of the pilot
seat, Attempts were made to make up
for the loss of beam stiffness across
the wheel well area and through the
rescue door area by stiffening the bas-
ic keel beam on the centerline of the



fuselage and by stiffening around the
rescue door frame, However, the weight
penalties involved in this approach made
it necessary to limit the design crite-
ria to the provision of adequate
strength in this area.
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Fig. 1 Structural Configuration Sketch
UH-2A Helicopter

: Flight vibration data taken in

this configuration is summarized in
Figures 2 and 3, Figure 2a shows the
variation of 4/rev pilot seat vibration
(the only frequency showing any signifi-
cant "g" levels) with airspeed. Figure
2b shows similar trends for the forward
cockpit bulkhead, Station 50. Figure 3
shows the vibration levels of the same
measurement stations at 20 knots as a
function of rotor RPM, Figure 2 is
data taken in level flight; Figure 3
data is shown for both level flight and
a 200 foot per minute descent. This
latter condition represented the area
of maximum vibration level; large varia-
tions in levels were found in level
flight at this speed, dependent on at-
mospheric turbulence, etc.; these varia-
tions could be minimized by recording
data in the descent condition. It
might be noted also that the UH-2A dop-
pler radar system provided a valuable
assist to the problem of getting repeat-
able test conditions in this area. Also
shown on the plots are the spec. require-
ments of MIL-H-8501A.

Review of the vibration levels
shown indicates that while pilot seat
levels met requirements, significant
amplification existed along the length

of the cockpit, with levels at the for-
ward end of the cockpit being about 4

to 5 times higher than pilot seat levels.
Such levels contributed to pilot discom-
fort through both the feet and the vis-
ual stimulus of blurred instruments,
particularly under red night lighting
conditions, The RPM variation shown in
Figure 3 indicates that while plane
guard vibration levels are highest at
100% RPM (normal maximum operating RPM)
the structural resonance was not sharply
tuned and significant amplification
existed at both ends of the operating
range,

Fl16 2A
FLorSEaT
Ver7: Vi,

202

~——p—
!
—d

MiL-H-850/ A _

+0.1
O T ) L) T LJ v )
20 O 60 _ 8o /00 20 /Y0 /60
CRS— #55
0.7+ S74 50
VERT VB, Fie 28
Lok
soed \ 7
20,5
*on“l"
0.3 4
+0,2 1
+ ol 4
o T T A T ¥ T L
2o 40 60 8o /Mo (20 /Yo [fo

CAS - krs

Fig. 2 UH-2A Vibration Level In Forward
Flight Without . )sorber 98% RPM



FPror Jear VerT
V/BRATIN X 2%

(o] T v 4
q0 92 9 76 98 s00 /02
RPM Yo
+/7
S7m SO fer
2,0 - //amﬂavr/}
X909
F16 38
£08
*+0.7
L&Y,
£ a6 < :</7¢
£08 -
to¥ -
~N
P 92 94 96 98 100 [loz

RAM- Yo

Fig. 3 UH-2A Vibration Level Vs RPM at 20
Knots Without Absorber

To provide additional guidance in
-improving this level of amplification,
an in-flight fuselage mode shape was de-
termined by judicious selection of ac-
celerometer locations. Results of this
survey are shown in Figure 4.

Review of the results shown in
Figure 4 indicates significant bending
in the forward fuselage structure be-
tween Stations 90 and 150. Reference
to Figure 1 shows that this is the area
of the wheel well cut out and the rescue
door. Also shown is a relatively large

bending deflection of the tail cone
structure aft of Station 250.
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Fig. 4 UH-2A Fuselage Bending Mode
Shape Without Absorber

Analysis and Shake Tests

Since flight test data indicated a
bending mode of the fuselage to be the
major source of the vibratory problem
existing in the low plane guard speed
regime, it was concluded that a static
shake test program would be the quickest.
and easiest way to develop a satisfac-
tory means of reducing the structural
amplification., Therefore a vibration
survey was conducted on a UH-2A helicop-
ter in standard configuration except for
the substitution of a dummy engine in
place of the standard engine, The rotor
was also removed and replaced by a ro-
tary shaker assembly having the same
weight as the rotor. This shaker had
the capability of producing a 500 pound
in-plane force. The helicopter was sus-
pended at the hub by a s«ft bungee,

This suspension system had a natural fre-
quency of 60 CPM which was low enough

to insure decoupling from any of the
fuselage modes in the 1000 to 2000 CPM

range that would be of interest.

Figure 5 shows the results of the
vibration survey made on the unaltered
UH-2A helicopter. It is seen from the
response curve that a four per rev res-
onance of the fuselage occurs at 104%
rotor RPM and that the mode shape of
the fuselage taken at this frequency
corresponds almost exactly to the mode
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shape obtained in flight (Reference
Figure 4). These results confirmed the
suspicion that a near four per rev reso-
nance of the fuselage existed at the
100% rotor RPM and the excessive vibra-
tion at Station 50 encountered at plane
guard speeds causing large instrument
panel motions and pilot feet discomfort
was due to the amplification of the
second mode of fuselage bending. It is
interesting to note that pilot seat and
cargo area vibrations were always low
because of their proximity to the nodal
points in this bending mode.
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Fig. 5 Shake Test Results Without
Vibration Absorber

Since the c¢ause of the high vi-
bratory level in the extreme forward
section of the aircraft had been estab-
lished, the major problem now existed
in determining a design fix to eliminate
this condition. One possible solution
would be to alter the vibration charac-
teristics of the fuselage by changing

-11-

the natural frequency and since‘the
natural frequency was already above the
operating range, stiffening seemed to be
in order, Preliminary shake test re-
sults with experimental stiffening showed

that to change the structural character- ’
istics of the fuselage would be expensive,

a long lead time item, and a large in-
crease in weight, Therefore, it was de-
sirable to examine the use of a vibra-
tion absorber to reduce fuselage ampli-
fication, If the effective mass of the
forward cockpit area were sufficiently
small, a reasonably sized absorber could
provide the desired vibration reduction
at the least expense, time, and weight.

From previous vibration surveys,
in which results were obtained with
and without 220 pounds of ballast at
Station 50, an estimated effective mass
was calculated., Figure 6 shows the re-
sults in which A M (the known ballast
mass at Station 50) is plotted versus
1/w2. By extending the curve to inter-
cept the AMcoordinate, the effective ’
mass is known. The slope of this line
is the effective spring rate. For the
UH-2A helicopter in this mode of bend-
ing, the effective mass at Station 50
is 17.5 slugs or 564 pounds and the ef-
fective spring rate is 249,900 lbs/ft.
Since the effective mass is small, a
vibration absorber appeared to be a
logical solution to the problem,
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In order to determine the required
size of the vibration absorber, some -
theoretical calculations were done. The
theory of vibration absorbers is well
known and can be found in any standard
text on vibration, therefore the de-
tailed theory will not be discussed in
this paper. However, the use of a vi-
bration absorber does introduce an addi-
tional degree of freedom in the system
and therefore another resonant condition
that must be considered in the design,
The size or weight of the absorber will
determine the practical range of opera-
tion; the lower the weight the smaller
effective operating range of reduced vi-
bration, The operating RPM of the UH-2A
is between 92% and 100% and calculations
were done for four per rev at these
operating speeds, The vibration absorb-
er was tuned to four per rev at 98%.
This is tuned to an off resonance condi-
tion, relative to the resonance of the
fuselage at 104%. However in the theory
of undamped vibration absorbers (or any
simple two degrees of freedom system),
the forced mass amplitude goes to zero
at the uncoupled natural frequency of
the absorber mass, and therefore tuning
the absorber to a point in the operating
RPM range would reduce the vibration
level to zero at that tuned frequency.
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Mass to Effective Mass

~12~

Figure 7 shows the results of the
calculations., The equation used to ob-
tain these results is also shown in this
figure., It is seen that this equation
is the response curve of the main mass
of an undamped vibration absorber system
normalized to the main mass without a
vibration absorber. The results show
that even with a vibration absorber hav-
ing a weight of only 5% of the effective
mass of the structure (28.2 pounds), re-
duced vibration occurs from 93% to 100%
rotor RPM, With a vibration absorber
of 56.4 pounds large reductions in vibra-
tion occur .throughout the operating RPM
range, Admittedly the results are un-
conservative in that calculations were
done without damping; however, it was
felt they were sufficient to size a vi-
bration absorber for shake test purposes,
From the calculations it was decided to
first use a vibration absorber of ap-
proximately 50 pounds,

To simplify the design of an ab-
sorber for shake testing, beams simply
supported at the right and left skin

lines at Station 50 were used as springs,

the frequency being changed by addition
of weight or changing the dimension of
the beam, Figure 8 shows the results of
the shake test program.

Figure 8a shows the results of the
vibration of the main body using a vi-
bration absorber mass of 59,3 pounds,
As expected two natural frequencies
were introduced, one below the operat-
ing range and one above. However
throughout the operating range the vi-
bration is reduced and at the tuned fre-
quency of the vibration absorber the
resulting vibration has been reduced by
approximately 10 to 1.

Figure 8b shows results obtained
throughout the operating range for vari-
ous absorbers normalized to results ob-
tained without the absorber. Tuning in
these tests was obtained by changing

:weight or beam dimensions, therefore

tuning did not always occur at 98% rotor
RPM, Tuning of the 54.3 pound weight
occurred above the 100% rotor RPM and
therefore shows amplification of the
vibration condition from 92% to 94%.
However the vibration absorbers of 33.5
and 54,3 pounds reduced the vibration
level throughout the operating range.
Even a vibration absorber of only .13.3
pounds showed excellent reduction in vi-
bration level; however the range was not
sufficient to warrant considering this
low weight for a fixed frequency.vibra-
tion absorber,.
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Fig. 8 Shake Test Performance of
Several Vibration Absorbers

From the calculations and the
shake test results, it was concluded
that a vibration absorber would be an
ideal solution to the vibration problem
encountered on the UH-2A helicopter,
providing at least a 10 to 1 reduction
in Station 50 vibration levels.

For the vibration absorbers used
in the shake test survey, no considera-
tion was given to the loads or deflec-
tions that would be encountered. How-
ever for the final design of the vibra-
tion absorber the flight values of these
parameters must be considered. Us'ing
the standard theoretical response curve
of the absorber mass, but normalizing
to main mass without the absorber, al-
lows the amplification factor for the
vibration absorber to be calculated.
Therefore by knowing the g levels
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experienced on the aircraft for any
flight condition without the vibration
absorber, the g's and deflections ex-
pected on the absorber can be calculated
directly. Using the above methods the
vibration absorber was designed for 10
g's and +1/2 inches of motion,

Absorber Design and Development

Having established the feasibility
of using a tuned-mass vibration absorber
as a means of controlling the structural
amplification in the forward fuselage,
the selection of an absorber design was
undertaken. Since the aircraft battery
was almost ideally located in the criti-
cal area, since the weight of the battery
was large enough to provide a reasonably
wide operating RPM range, and since both
the battery design requirements (+9 g)
and previous experience indicated the
battery to be a suitable candidate for
the vibrating mass, the design proceeded
along these lines.

Review and test of mounting systems
using either single cantilever or simply
supported beams to provide the required
spring rate indicated that considerable
design trouble would be encountered from
secondary problems with end attachment
strength and rigidity. 1In addition,
such mounting would compromise the ac-
cessibility and utility of the nose
electrical-electronic area, Design at-
tention was therefore switched to use
of preloaded coil springs to provide the
required mounting flexibility.

Development of this design posed
several problems, the most pressing of
which was that of separating the verti-
cal, pitch, and roll frequencies of the
absorber assembly. The finally evolved
design, as sketcged in Figure 9, pro-
vided a tray mount for the battery, with
preloaded and opposed coil spring stacks
at each of the four corners of the tray,
The tray is U-shaped to place the c.g.
of the battery close to the elastic axes
of the spring system, minimizing the
pitch and roll inertias and maximizing
pitch and roll freéquencies. The spring
spacing is rectangular, rather than
square, to separate pitch and roll fre-
quencies, These design criteria were
dictated by early test results on a flat,
bottom-mounted tray, whose angular fre-
quencies were very close to the desired
vertical frequency. This resulted in
large pitch and roll excursions, which
used up the available spring travel but
did not contribute to any vibration re-
duction, ’



