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APPLI ED TECHNOLOGY LABORATORY POSITION STATEMENT

This report documents the culmination of a U.S. Army Air Mobility Research and Development Laboratory
(USAAMRDL) search for an effective, lightweight, practical helicopter rotor isolation system. At the outset of this
program, the challenge was to successfully flight-demonstrate an isolation System cep~~Ie of isolating a helicopter’s
fuselage from vertical and inplane rotor excitation, while being sufficiently light in weight, imall in size, and
mechanically simple to warrant use in current or proposed new helicopters . This search, some ten years in duration,
consisted of a series of investigations wherein consideration was given to both passive and active isolation concepts.
For these reasons, it was deemed appropriate that USAAMRDL provide a program review to accompany this report.
Your attention is invited to this program review which provides a “thumb-nail” sketch of these USAAMROL-sponsored
pursuits together with some observations regarding related corporate research and development activities within thi~
helicopter industry. The results of this concluding effort are in two volumes: Volume I being a Summary Report;
and Volume II details of the analyses and tests of this developmental program.

For many years. the vibration specification to which helicopters had been designed was MIL-H-8501A. A related
specification, Ml L-S-8698, “required” that suitable antivibration provisions be used in order for the developed heli-
copter to comply with Ml L-H-8501 - This had little meaning, for a viable isolation system concept did not exist.
Invariably, for military helicopters, a Model Specification was negotiated betwee n the user and the developer providing
for a relaxed specification. The resultant deleterious effects of vibration are well documented.

In this developmental program, an isolation system employing the Kaman Dynamic Antiresonant Vibration Isolator
( DAVI) was flight test demonstrated on an Army UH- 1H helicopter. These results, as well as those by Bell and
Boe ing-Vertol . discussed in the program review, were most successful. The DAVI-m odified UH-1H is estimated to save
$50 per flight-hour in parts and labor. If 1,000 UH-l’s were retrofitted to achieve lower costs associated with volume
production, the total cost of retrofitting is estimated to be $7,000,000, whereas an annual savings of $12,000,000 is
forecast. Army development and implementation of a plan to retrofit its UH.1 H fleet is recommended. The
optimized antiresonant isolation systems developed by Bell and Boeing-Verto l for the Model 206A and 80105,
respectively, y ield vibration levels below the more stringent requirements of the UTTAS and AAH. It is evident that
antiresonant rotor isolation has considerable potential for future military and commercial helicopters. Isolation system
performance , particularly weight penalty, will be even better if it is an integral part of the helicopter’s development.

These combined Army-industry results should mark the beginning of a new era - an era wherein the Army and
industry have matured so that rotor isolation can be proposed as an integral part of any new helicopter to be
developed, confident that such a proposal will no longer be viewed as a sign of weakness or inability to design and
deliver, without some form of a “crutch,” a helicopter satisfying its vibration requirements. Instead, it is prudent
recognition that today’s helicopters experience long costl y “cut and try ” developmental programs to comply with
challenging design specifications, and rotor isolation is recognized as a practical solution to the vibration challenge.

This ten’year program was conducted under the technical cognizance of Joseph H. McGarvey, Military Operations
Technology Division.

0n 1 September 1977, after this report had been prepared, the name of this organization was changed from
Eustis Directorate, U.S. Army Air Mobility Research and Development Laboratory to Applied Technology
Laboratory, U. S. Army Research and Technology Laboratories IAVRADCOM).

DISCLAIMERS

The f indinqs in this report are not to be construed as an offic ial Department of the Army position unless so
desi gnated by other authorized documents.

When Government drawinq~, specifications . or other data are used for any purpose other than in connection
with a definitel y related Government procurement operation , the United States Government t lr~ re try incurs no
responsibility nor any obligation whatsoever; and the tact that the Government may have formulated , furnished .
or in any way supp ired the said drawirrqs , specifications . m other data is not to be regarded by irr plication or
otherwise as in any m an ner licensing t ire holder or any other person or corporation , or conveying any rights or
permission , to m anuf acture , use , or se ll any patented invention that may in any way be related thereto.

Tra de names cu ed in this rr ’port do not constitute an official endorsement or approval of the use of such
commercial harilware or software.

DISPOSITION INSTRUCTIONS

Destroy this report when no Innimer needed. Do not return it to the orig inator .
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the two-per-rev vibration level was reduced to less than one—fifth that of the
standard vehicle through the transition speed range and less than one-half at
hi gh speeds. An R&M analysis indicated the A rmy coul d realize an annual cost
savings of approximately $12 ,000 ,000 if 1000 /~rmy UH—lHs were equipped
with DAVI isolation systems. This saving s is predicated on the following
assumptions: (1) vibration—induced failures will be reduced in proportion to
the vibration reduction afforde d by the DAVI isolation system , and (2) the UH-lI~are utilized at the rate of 20 flight—hours per month.

The reduction of the vibration level was achieved with i~n experimental DAVI
isolation sys tem weighing 2.31 percent of the 6600-pound design gross weight.
Further refinements of this isolated system could reduce the weight to 1.27
percent of the design gross we ight. For vehicles with higher predominant
excitation frequencies than 10.8 Hertz for the UH-lH , the weight would be even
less.

In the analytical phase , a dynamic analysis was done to determine the proper
spring rates of the DAVI system to retain the same mounting points as the
standard UH-l isolation system and to retain dynamic characteristics and
flying qualities similar to those of the UH—1H helicopter. Both static and
dynamic stress analyses have shown that the DAVI and the structural modifica-
tions have adequate margins of safety and infinite life.

Component and system testing was done to substantiate the DAVI-isolated
vehicle for flight. Component testing was done early in the program to
deterthine the feasibility of the mechanical pivots and the elastomer selected
for the design qf.~he DAVI. System testing included a ground vibration survey
of both the DAVI— ,and the standard-isolated vehicles , a proof test of the DAVI-
modified vehicle , and a fatigue test of the DAVI isolation system.

The ground vibration survey showed that the DAVI-isolated system should give
a substantial reduction in vibration as compared to the standard UH-lH heli-
copter. The proof, tests showed that the DAVI-modified helicopter could
wi thstand the l25 percent of limit load without failure or permanent set. A
1 00—hour fatigue 5,test was completed on the DAVI system with no failure. This
fatigue test was for 1.5 times the vibratory hub loads expected in fl ight.

Analysis of the results shows that the DAVI system has dynamic characteristics
simi lar to the standard UH-l hel icopter and that the relative motion between
fuselage and transmission is small. The angular misali gnment of the engine
dri veshaft coupling is wel l within the allowable misal i gnment criteria.
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PREFACE

This program for fli ght testing a modified UH-lH helicopter with
the Dynamic Antiresonant Vi bration Isolator (DAVI) was performed
by Kaman Aerospace Corporation , Division of Kaman Corporation ,
Bloomfiel d, Connecticut, under Contract No. DAAJO2-72-C-0082, for the
U. S. Army Air Mobility Researc-~. and Development Laboratory, Eus tis
Di rectorate, Fort Eustis , Virginia.

The program was conducted under the techn ical direction of
Mr. J,. McGarvey , Military Operation s Technology Division , USAAMRDL.
At Kaman , Mr. H. Howes was Program Manager and Mr. R. Jones was
Technical Moni tor. Messrs J. Rembock and H. Cooke were responsible
for the design and Mr. M. Tarricone for the structural analysis. In
the test phases , Mr. E. Luff was responsible for the ground tests and
Mr. F. Bill for the fli ght test phase. This testing was done
under the supervision of Mr. A. D. Ri ta , Chief Fli ght Test Engineer.

Special acknowledgment is given to Bell Helicopter Corporation for
their cooperation in furnishing reports , enterin g into discussions
and giving recornendations for the design of the modified control
system and of the magnitude of the main-rotor forces expected in
flight.
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ROTO R ISOLATION - USAAMRDL PROGRA M REVIEW

This report represents the culmination of a U. S. Army A ir Mobility
Research and Development Laboratory (USAAMRDL ) search for an effective ,
light weight , practical helicopter rotor isolation system. This
search , some ten years in duration , consisted of a series of invest iga-
tions wherein consideration was given to both passive and active
iso ’ation concepts. For these reasons , it was deemed appropriate that
USAAMRDL provide a program review to accompany this report.

The sources , the problems , and the detrimental effects of high-level ,
l ow-frequency helicopter vi bration are well known to the industry and
the Army. The Army has long recognized the need for helicopter vibration
reduction and , for many years , has sought to re duce v ib ra ti on through
research in rotor dynamics , structural dyn am i cs , and vibration mitigation
devices.

The major sources of these vibration problems are the rotor-induced
shears and moments. These shears and moments produce a hub input at a
frequency in the fi xed system that is an integral multiple of the
nuither of bla des in the rotor system. The predominant excita tion fre-
quency is the n-th harmonic of an n-bladed rotor.

One means of vi bration reduction , and perhaps the most viable near-term
solution , is isolation of the complete fuselage from the rotor-induced
forces - often referred to as rotor isolation . The Eusti s Di rectorate ,
USA.AMRDL , Fort Eustis , Vi rginia , subscribes to this viewpoint and has
been sponsoring research in rotor isolation for the past ten years.

The concept of rotor isolation is not new. Conventional passive devices
that isolate inplane rotor forces have been successfully incorporate d
into production hel i copters for over fifteen years , the Army ’s UH-l
seri es helicopters being the most prominent case . The crux of helicopter
rotor isolation is one of providing adequate l ow-frequency isolation
wi thout excessive relative displacement or loss of mechanical stability .
Isolating the large vertical lifting forces of a helicopter rotor
while maintaining a low relative displacemen t has precl uded effective
isolation in the vertical direction by conventional means. Three major
analytical studies of isolating the fuselage from the rotor system were

9

-- ~~~~-.—. - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-.-

~~~~



r

conducted between 1957 and 1962 (References 1 , 2, and 3). Reference 1 ,
incidentally, is the earliest recorded investigation of vertical rotor
isolation . All three studies reached the same basic concl usion : active
systems were required to provide isolation in the vertical direction.
Ac ti ve devices require some form of external power (generally hydraulic ,
pneumatic , el ectr ic , or some combinat ., n of these), feedback loops
em p lo yi n g se rvova lv es , an d elec tronic s ig nal con d i t ionin g eq u ip men t .
These systems lacked the simplicity and therefore the practicality to
warran t their use in retrofitting current helicopters. As a result ,
full-scale experimental demonstration of the feasibility of these systems
was not initiated.

Thus , at the outset of this USAAMRDL program , initiated some ten years
ago , the challenge was to successfully flight — demonstrate an isolation
system capable of isolating a helicopter ’s fuselage from vertical and
inplane rotor excitation while being sufficiently light in weight , smal l
i n size , and mechanically simple to warrant use in current or proposed
new helicopters.

in 1965 , the A rmy recei ved favorable replies to a letter for Information
and Planning soliciting the helicopte r industry ’s opinion regarding the
t i mel iness of a parame tr i c study of hel i co pter rotor i sola ti on feasi-
bi lit y . The consensus of these re p l i es also concurre d i n the soun dness
of restricting such a study to the less complex rigid-body analyses for
assess in g the rela ti ve mer i ts of i so la t i on system conce pts w it h con fi rma-
tory tests of the best performing systems to fol l ow. As the resul t of a
com petiti ve p rocurement in 1966 , two anal ytical studies (one active , the
other passive ) were initiated to investiga te the feasibility of helicopter
rotor isolation . The resul ts oc these studies are reported in References
4 and 5.

Theo bald and Jones , ISOLATION OF HELICOPTER ROTOR VIBRATION FORCES FROM
THE FUSELA GE , Kama n A i rcra ft , B loom fiel d, CT , WADC Technical Report
57—404, Wr igh t A i r Develo pmen t Center , Day ton , OH , September 1957.

2 Cre de an d Cavanau gh , FEASIBILITY STUDY OF AN ACTIVE VIBRATION ISOLATOR
FOR A HELICOPTER ROTOR , Barry Wright Corp., WADC Technical Report 58-163,
Wr ig ht A i r Develo pmen t Cen ter , Dayton , OH , October 1958.

Smollen , Mars hall an d Ga bel , A SERVO-CONTROLLED ROTOR VIBRATION ISOLA-
TION SYSTEM FOR THE REDUCTION OF HELICOPTER VIBRATION , Institute of
Aerospace Sciences Paper No. 62-34, New York , NY , January 1 962.

Schuet t, PASSIVE HELICOPTER ROTOR ISOLATION USING THE KAMAN DYNAMIC
ANTIRESONANT VIBRATION ISOLATOR (DAVI) , USAAMRDL Technical Report 68-46,
Eustis Di rectorate, U. S. Army Air Mobility Research and Developmen t
Laboratory , For t Eust i s , VA , December 1 968, AD 687324.

Calca terra an d Schu bert , ISOLATION OF HELICOPTER ROTOR -INDUCED VIBRA-
TIONS USING ACTIVE ELEMENTS , USAAMRDL Technical Report 69-8, Eusti s
Di rectorate , U. S. Army A ir Mobility Research and Development Labora tory ,
For t Eus tis , VA , June 1969, AD 859806.
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In Reference 4 , rotor isolation in all directions was shown to be
anal yti call y feasi b le for “statistical” helicopters ranging in weig ht
from 2,000 to 100,000 pounds. Since the n-th harmonic or n/rev of an
n—b laded rotor is the predominant excitation frequency . antiresonant
isolation appeared to be an ideal soluti on to helicopter rotor isolation.
Using a unique passive isolator , the Dynami c Antiresonant Vibration
Isola tor (DAVI), conceptual arrangements were studied for isolating the
fuselages of various size helicopters from their rotor and transmission
or from thei r ro tor , transm i ss i on , and engine. The DAVI is based on
ine rtial coupling. By the adjustment of a wei ghted l ever , it can be
tuned to provide an antiresonance at the predominant excitation frequency.
That is , at i ts tuned frequency (the n/rev), the force from the inertia
bar cancels the spring force causing the isolated pivo t (the transmission/
fusela ge attachment point) to be a node point , thereby providing vir-
tually 100-percent isolation . Results indicated that a hi gh isolation
sy stem st iffness was possi b le , thereby minimizing relati ve displacement
an d the atten dan t p ro b l ems of en gi ne dr i ve couplin g m i sal i gnment , un-
desirable control system inputs , and the potential loss of mechanica l
stability . Being passive , the DAVI didn ’ t require exte rnal power or
signal conditioning equipmen t. Furthe rmore , it was mechanically simple ,
could be smal l i n s i ze and i n env elo pe req ui remen ts . Thus , i t was
poten ti a l l y  l ig h t i n we ig ht  an d amena b le to i sola ti on system/a i rframe
integration ,

Referen ce 5 presents the results of a study using a unidirectional active
isolation system. In this study, an elec troh ydraul i c i sola tor exhi bi t i n g
narrow ban dw i dths of isolat ion at frequenc i es corres pon di ng to t he blade
passa ge frequency and i ts second an d th i r d harmonics was use d . S i ng le
rotor helicopters with gross weights of 2,OCO pounds through 80,000
pounds and blade p assa ge frequencies of 13.3 Hz through 2fi.6 Hz were con-
sidered. The system , being active , req u i re d ex ternal hyd raul ic and
electrical power as well as electronic signal conditioning equipment.
Based on some gross simplifying assumptions of the physical system ,
i mp ress i ve vi b ration at tenuation and di s p lacemen t con trol were p re di cted
with an associated high weight penalty (4— 5 percent gross weight). The
tren d o f these results shows tha t for the app l i cat ion of th i s i solator
to configuration s of l ower blade-passage frequency than the 13.3 Hz
stud i ed , such as 10 Hz (typical of UH—l and CH-47), both displacement
and system weight would increase markedly. At 10 Hz b la de passa ge fre-
quency , relative displacement would double , an d we ight woul d i ncrease to

L approxima tely 8 percent of gross weight. Also , the val i dity of this
stu dy was clouded by the simplifying assumptions. Chiefly, the i sola tor
was interposed between the rotor and transmission and the rotor shaft
was assumed to be capable of transmitting torque from the fuselage-
moun ted transmission to the rotor while allowing relative vertical
d i splacement between the rotor and t he fusela ge. In add i ti on , the
analysis considered vertical excitation only. Due to these simplifying
assumpt ions , together with the system ’s complexi ty and wei ght , USAAMRDL
concluded that feasi bility had not been established.

11
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Upon completion of these feasibility studies , USAAMRDL sponsored two
full-sca le gro und vibration tests to demonstrate the feasibility of
isolation systems providing vertical and inplane rotor isolation . As
with the feasibility studies , one effo rt was for an ac ti ve system , the
other for a pass i ve system. The resul ts of these feasi bi li ty demo n-
s tra ti ons are re por ted in Re fe rences 6 and 7.

In the ex per imental p ro gram of Reference 6 , the DAVI , shown to be feasi b l e
in  the ea r l i e r  stu dy, was tested. For th is program , a 3-directional iso-
la ti on system i nco rpora tin g four DAVIs of a sin gle s i ze suita b le for
ins ta l l a ti on a t the t ransmiss ion /ai rframe i n terface i n either a 6,500—lb
or a 10,000-lb vehicle was designed. The DAVI spring elements provided
tor q ue res tra int . Isolator parame ters were not opt im i ze d for e i ther
gros s wei gh t or any ro tor con f i guration . The test vehicle , a stri pped
UH-2 helicopter , was ballaste d to 6,500 lb gross weight to simulate a UH-l
hel i co p te r. The ro tor an d transm i ss ion were simul ated by an upper body
with prope r wei ght and inertial characteristics. The free-fl i ght con-
di tion was s imul a ted by sus pen di ng the test veh i cle from the ro tor by a
bungee and , in turn , sus pen di ng the fusela ge from the u pper body by the
i solat i on system. Tes ts cons i s ted of se quentiall y exc iti ng the ro tor
hu b vJ th an elec trome chanical shaker i n the vert i cal , la teral , and
longitudinal directions. The levels of exc i tat ion were of suff i c ient
magnitude to induce responses of approximately -i- .2g throu ghout the un-
isolate d aircraft. The frequency of excitation was varied to represent
a two-, three- , and four-bladed helicopter. Excellent isolation and
d i s p lacement con trol were at taine d , confi rmi n g earlier p re di ct ions.
Results were particularly good for the three- and four-bladed configura-
tions . At their predominant excitation frequencies (3/rev and 4/rev),
the avera ge isol a ti on for t he two cases was 90% an d 70% in the ver ti cal
and inp iane di rect i ons , respectively. For the two-bladed case, avera ge
isola ti on was 58% i n both the vert i cal and inp lane di rections. The two-
bladed resul ts were good considering the difficul ty of affording isolation
for this confi guration . To appreciate the difficul ty, cons id er the
follow ing: (1) the predominant rotor excitation frequency (2/rev) is
approximately 10 Hz while the 1/rev is very close at 5 Hz; (2) in order
to preclude the occurrence of ground resonance for articulated-rotor
cases , the i solat i on ’ s natural fre quenc y must be above the 1/rev fre q uenc y ;
and (3) the predominant fuselage response modes are close to the 1/rev
excitation frequency. Because of the very close proximi ty of these
fusela ge and rotor excitat i on fre quenc ies , the intro duc tion of an

6 Jones , A FULL-SCALE EXPERIMENTAL FEASIBILITY STUDY OF HELICOPTER ROTOR
ISOLATION USIN G THE DYNAMIC ANTIRESONANT VIBR A TION ISOLATOR , USAAMRDL
Techn ical Report 71—17 , Eust i s Di rec tora te, U. S. Army Air Mobility
Research an d Development Laboratory , Fort Eust i s , VA , June 1971 ,
AD 729317.

von Har den ber g an d Saltanis , GROUND TEST EVALUATION OF THE SIKORSKY
ACTIVE TRAN SMISSION ISOLATION SYSTEM , USAAMRDL Technical Report 71-38 ,
Eus ti s D i rec torate , U. S. Army A ir Mobility Research and Development
Labora tory , Fort Eustis , VA , September 1971 , AD 736347.
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isolation system natural frequency in their midst makes the two-bladed
configuration most difficult to isolate . The greater difficulty of the
two-bladed appl i cation is graphically illustrated by the following two
f ig ures . In Fi gure 1 , the classical transmissibil i ty—versus-frequency
curve is shown for a DAVI tuned to provide an antiresonance at the 2/rev
excitation frequency . Transm i ssi b ility is defined as the ratio of
response (+g’s) at the isola ted side of the DAVI to that at the non—
isolate d sIde of the DAVI. For the above cited reasons , the DAVI resonant
frequency is shown pl aced above 1/rev.

In contrast , Fi gure 2 shows a transmi ssibility curve for a DAVI tuned to
provide antiresonance at the 4/rev excitation frequency with the resonant
frequency again placed above 1/rev. Clearly, the four-blade d case with
the broader spread between 1/rev and blade-passage frequency is more
amena ble to antiresonant isolation . In the four-bladed application , this
“broad spread” not only allows the DAVI resonance to be placed well above
the 1/rev, thereby precl uding ground resonance , but also permi ts greater
latitude or desi gn freedom in its p lacement , thus avo id in g structura l
resonances of the p redominant fusela ge res ponse modes. More importantl y,
because it is at a higher frequency, the four-bla ded application is less
sensitive to damping. Damping has the effect of l owering the response at
the re sonant peak and re ducin g the i solati on p rovided at ant i resonance
or within the anti resonant “bucket ”. Because of this and the ability to
place the rJAVI resonance sufficiently far from the 4/rev excitation fre-
quency , a better , broader bandwidth (wider antiresonan t bucket) may be
real ized. Figure 3 graphically illustrates the profound effects discussed
above of blade-passage frequency and damping on isolation. The i nse t
relates the physical significance of the frequency ratio to isolati on
system resonance , ant i resonance , and blade—passa ge frequency. Clearly,
for the 2-bla ded UH— 1 configuration where the frequency rati o a/Q = 1 .2,
isolation is most sensiti ve to damping and dynami cally most challenging.r From these results , it was concl uded tha t the feasibility of the DAVI
concept had been demonstrated.

1/rev DAVI Resonance 1/ rev DAVI Resonance

~/ rev & 
~ e~:::~ce 

~ ~/~‘\~ DA~t T u ~ed

~~~~~~~15 2O 5 ~~~~~~~

_

~~~~~

tire sona nce

FR(OUENCY - Hz FREQUENCY . Hz

Figure 1. Two-Bl aded Case Figure 2. Four-Bladed Case
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The experimental resul ts of an acti ve isolat ion system on a six-blade d
CH-T3A helico pter are reported in Reference 7. Prior to USAAMRDL ’s
sup port of this demonstra tion , Si korsky Aircraft Corporation conducted
a feasi bility study of helicopter rotor isolation under their corporate
indepen dent research and development program. The system consisted of
three unidirect i onal , hydropneumatic isolators installed at the trans-
mission/airframe interface to provide vertical as well as in plane
isolation . Rigid links with control rod—ends connecting the transmission
to the airframe provided torsional restraint. In this system, the crux
of in plane isolation is the placement of the vertically oriented isolators
at a preselected waterline to, in effec t , place the rotor hub at the
center of percussion of the upper body (rotor and transmi ssion). That
is , in plane rotor forces appearing as shear forces at the hub do not
cause in piane reaction s at the isolators. Instead , the upper body
rotates about a hori zontal axis at the waterline of the isolators , and
the vertical forces develo ped in the isolators form a couple tha t re-
strains the rotation. The system appeared to be feasible. “~~ this
point in t i me , experimental demonstration of the DAVI isolat ,on system
was underway. Consequently, to keep the competition “al ive ” , giving the
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Army the opportun i ty to more fully assess the merits of both passive and
active i solation sys tems before comm i tt in g Army fun d s to a more cos tly
fligh t test demonstration , an experimenta l demonstration of Sikorsky ’s
active isolation system was initiated. The six-bladed , 35 ,000—lb CH-53A
was sel ected as the test vehicle. Ground vibration testing was conducted
in a manner simi l ar to that descri bed above for the DAVI. Excellent
isola ti on and d is p lacemen t control were atta i ne d, confi rm i ng earl i er
predictions. At the predominant excitation frequency (6/rev), avera ge
isola tion in the vertical and inplane directions were 68’Y and 71°’,
respecti vely. The system had an almost negligible power penalty (16
horsepower) that could be operated as an integra l part of the 3,000—psi
onboard hydraulic system. However , the i sol at i on system was ver y com p lex
and heavy — too much so to warrant retrofitting any current Army heli-
copter. A production isolation system we i ghing 370 pounds (1.1% GW) was
pro jected for the 35 ,000—lb CH—53. This was possible only through ex-
tensive airframe structure and transmission housing modifications.
Feasibility appeared to be limi ted to new helicopter designs , where the
necessary design freedom for isolator placement and weight savings could
be real i ze d . In terms of i solation , complex ity , and weight , th i s sys tem
appears best su i ted , if not limi ted, to lar ge , nul ti-bladed helicopters .
This is because of the following two reasons: First , the performance of a
helico pter rotor isolation system is directly related to the number of
rotor blades. Generall y speaking, the more b lades a hel i co p ter ro tor
has , the less difficult it is to achieve effecti ve isolation. This ,
of course , is because of the “spread” between 1/rev and blade-passage
frequency , discussed above. Second , isolation sys tem we i gh t as a percen-
tage of gross weight varies inversely with helicopter gross weight. Thus ,
for any gi ven isolation system concept and comparable design requirements ,
the maximum weight penalty will be for the l owest gross weight vehicle.
In additi on to these practical constraints of system performance , com-
p lexity , and weight , the antici pated fl i ght performance remains clouded.
Specifically, the “focusing ” parameters used in the ground vibration test
were selected to best isolate inpiane vibratory rotor shear forces. How-
ever , for an articulated rotor , vibrato ry hub moments , al though not quite
as important , are also of some concern. Furthermore , the focusin g
requirements for inplane hub shears and moments are not compatible.
To isol ate both requires some form of compromise to achieve a best net
effect. The ground vibration test included hub shears only. Thus , the
i solation system ’s performance in the presence of both hub shears and
moments is unknown.

After the completion of these demonstrations , USAAMRDL concluded that a
passive isolation system, the DAVI , was the most promising. It not only
performed wel l but woul d work on a broad range of helicopters , re gardless
of size or rotor type. Being mechanically simple , it was inheren tly
reliable. Because it coul d be light in weight and small in size , it had
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retrofi t potential . Further, the DAVI concept had been well researched ,
and its development bore the least risk. For these reasons , USAAMRDL
selected the DAV I to be flight test demonstrated. The UfI-lH was selected
to be the test vehicle. The reasons for USAAMRDL ’s selection follow:

(1) Availabilit y — there were more UH—1 series helicopters in the
Army inventory than any other type. Of these, the H model was the most
recent.

(2) As noted above, UH-1 series helicopters employ an inpiane isola-
ti on system. That is , they have the rotor and transmission mounted on
elastomeric elements to minim i ze the transmission of inplane rotor-
induced forces to the fusel age. The removal of this system woul d provide
much of the space necessary for installing a new isolation system, thus
requiring minima l structural modification and program cost.

(3) Rotor isolation is directed at one of the hel i copter ’s most
basic problems — vibration. The attenuation of vertical rotor-induced
vibratory forces had remained elusive . For the UH-l and AH-l series
hel icopters , a rigid link connects the rotor and transmission to the
fuselage . This link not only carri es the static lift load but also
transmi ts vertical vibratory forces directly from the rotor to the fuse-
lage , causing fairly high vibration l evels. Over the years, the gross
weight of the UH-l had grown from 6,600 to 9,500 lb , aggravating the
s ituation. In 1967 , the Bel l Helicopter  Company experi mented wi th a
servo-controlled hydraulic actuator (called an active lift link) to
replace the rigid lift link. Flight test resul ts were disappointing.
Excellent isolation of 1/rev excitation was real i zed, but the isolation
of the predominant 2/rev excitation met wi th only limi ted success. With
these results , the Bell Helicopter Company ’s pursui ts returned to tech-
niques for arranging their passive isolators (called pylon focusing) to
attenuate rotor-induced fuselage vibration . Only modest gains were
realized over a protracted period of research. Thus , with retrofi tting
a poss ibility and the UH—l experiencing a growing vibration deficiency
when compared to Military Specifi cations , the choice of the UH-1H was
wel l-founded.

(4) For the reasons discussed above , the two-bladed UN- i repre-
sented, from the dynami c viewpoint , the most difficul t case. Also ,
because of the UN-i’ s relatively low, 6,600—lb design gross weight , it
presented a design challenge in terms of weight penalty .

Hav ing  selected a DAVI isolat ion system to be f lig ht test demonstrated
on a UH-lH helicopter , a six-phase program was planned. This program ,
documented in this report, consisted of the fol l owing:

PHASE 1 - Baseline flight vi bration survey of the UH-1H demonstration
vehicle.

PHASE 2 - Baseline ground vibration survey (shake test), including
an assessmen t of the infl uence/effecti veness of the production inp lane
isolation system.
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PHASE 3 — Isolation system design and analysis.

PHASE 4 — Fabrication of isolation system and aircraft modifications.

PHASE 5 - Confi rmatory ground tests of modified vehicle incl uding
component tests, a 1 00-hour system endurance test, and a system proof
test.

PHASE 6 — Flight test evaluation .

During the performance of the program reported on herein , two pr ime hel i-
copter manufacturers , Bell Helicopte r Company and Boeing Vertol , in-
dependently initiated and/or accelerated their research and development
of rotor isolation systems. As stated above , isolation in the vertical
di rection is precluded by conventional means. Therefore, to achieve
vertical isolation , both companies resorted to antiresonant systems that
are intrinsical ly DAVI systems,

Bell Helicopter ’s approach has been to combine pylon focusing with
antiresonant vibration isol ators to achieve isolation in the inplane and
vertical directions , respectively. The term “pylon ” as used by Bell
refers to the rotor and transmission. As previously stated in this
program review , Bell Helicopter had been pursuing pyl on focusing for
many years, during which many kinema tic arrangements were investigated.
This work culminated in the development of a focused A-frame transmission
mount for inplane isolation . In thi s arrangement , shown in Figure 4,
the transmission is mounted by elastomeric bearings to two ri gid A-frames
longi tudinally positioned along each side of the transmission . Each
A-frame is “focused” , strategically placing the pyl on/A—frame mounting
points so that the angul ar pitching response of the pylon is minimi zed
and the inplane hub shears are reacted by a pair of vertically oriented
couples at the base of each A-frame. Fuselage pitching moments due to
inplane hub shear forces are offset or cancelled by opposing moments
developed about the fuselage center of gravity by the pylon-restraint
spring. This elastomeric spring (not shown in Figures) is installed
beneath the transmission . The waterline location of the focal point ,
which is the pylon A—frame/mounting point , is a function of the stiffness
of this spring, as well as the height of the A-frame. Vertical hub
forces are transmitted directly through the A-frames to the nodal beams.
Transm iss ion torq ue is restrained by a pa i r  of l i n k s  connect ing the l ower
transmission to the fusel age. Suitable rod-end type bearings are
employed, allowing freedom of ver t ical  motion wi thout  a f f ec t i ng  noda l i za-
tion . Fi gures 4 and 5 schematically illustrate how two noda l beam
configuration s respond to vertical excitation .
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Figure 4. Early Version of Bell’ s Focused
Pylon/Nodal Beam Isolation System
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Fi gure 5. Recent Version of Bell’ s Focused
Pyl on/Nodal Beam Isol ation System
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As show n in  these f igures, each A-frame is mounted to a nodal beam to
whic h the fuselage is also attached. These noda l beam atta chments
initially utilized dry—lubricated , TEFLON—type bearings , although more
recently elastomeric bearings have al so been employed. “Nodaliz ing ”
weights , secured to the ends of each nodal beam, “tune ” the beam , causing
each noda l beam/fuselage attachment point to be an antiresonance or node.
Figure 4 is a schematic of Bell’ s earlier work on the Model 206A Jet
Ranger, wherein the flexural elasticity of the beam served as the spring
element. In s ubsequent developments , the “f lexible ” nodal beam has given
way to a more rigid nodal beam with a discrete spring at its mid span.
Fi gure 5 is a schematic of this latter development.

Bell Helicopte r’s results on the Jet Ranger were outstanding. These
results , taken from Reference 8 and shown in Figure 6, show a very low,
+.05 - .07g response throughout the speed range for l.Og level flight.
~l thoug h it is not shown in  thi s figure , the standard Jet Ranger does
have the cl assica l roughness normally associated with low-speed trans-
itional flight . This roughness has been eliminated by the isolat ion
system’s noda l beam.

0.2 PILOT ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

PRODUCTION 206A

2/REV 0.1

ACCELERATION — 
0.0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 206A

100 125 150 175 200 225

AIR SPEED - KM/HR

Fi gure 6. Jet Ranger Flight Test Results

8 Shipnian , NODALIZATION APPLIED TO HELICOPTERS , Society of Automotive
Eng ineers Paper N umber 730893, Presented at Nat iona l Aerospace
Engineering and Manufacturing Meeting, Los Angel es, California ,
October 1973.
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Nodal isolation systems, basically as illustrated in Figure 5, are in
producti on on two models: the 214/A/B/C Tacti cal Transport and the 206L
Long Ranger. Similar systems are under development for the YAH-63
Advanced Attack Hel i copter and the Model 222 commercial light twin hel i-
copter.

Pylon focusing, it should be noted , cannot be simultaneously achieved for
the isolation of both inpiane hub forces and hub moments. The require-
ments for each are incompatible. Bell Helicopter ’s focused pylon systems
are for the isolation of inplane shear forces, since their rotor systems
are teetered and hub moments are not developed. However, for “rigid — ”
and articulated—rotor systems, vibratory hub moments, as well as inplane
shears , are of concern . If focusing is attempted for such a system,
some trade—off or compromise between inplane and moment focusing woul d
appear to be necessary to achieve the best results . To enhance handling
qual i ties , control power, and pilot workload for teetered-rotor systems
to be used in nap-of-the-earth maneuvers necessary for observation and
attack mis s ions , Be ll Helicopter has done developmental work with the
high energy rotor and flapping—moment hub— springs. Because of the hub-
spring, these teetered—rotor systems “fall” into the “rigid- ” and
articulated—rotor category for pylon focusing purposes. Consequently,
the development of an effective pyl on focusing system for these vehicles
that performs as well as ones for comparably sized teetered-rotor systems
may prove to be very difficult.

Boeing—Vertol has undertaken the development of a DAVI isolation system
for its B0-l05, hin geless-rotor hel i copter. The system consists of
four, 2—dimensional DAVI mounts , one at the foot of each transmission
support leg. The system, depicted in Figure 7, affords anti resonant
isolation of vertical and longitudinal hub shear forces as well as hub
pi tching and rolling moments. The DAVI elastomeric spring elements
provide torque restraint as wel l as conventional isolation of lateral
hub shear forces.

The results , reported in Reference 9, were outstanding. Figure 8 shows
the level-flight vertical g level as being between .01 and .05g, thus
achieving over an eightfold reduction from the untreated aircraft. Again ,
as with Kaman and Bell , the roughness associated with transitional flight
has been eliminated. The vibration levels during a normal approach and
landing flare were also sign i ficantly reduced , by a factor of ten.

Ellis , Diamond and Fay, DESIGN DEVELOPMENT AND TESTING OF THE BOEING
VERTOL/YUH—61A , American Helico pter Society Paper Number 1010, Presented
at 32nd National Annua l Forum , Washington , D.C., May 1976.
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Kaman ’s UH— 1 resul ts, considering all fl i ght conditions for the two
gross weights tested, were very good , with the average vertical 2/rev
isolation (al l fuselage stat ions) being 60% and the ave rage overall
isolation (all di rections) being slightl y over 50%. The 50—plus percent
overall isolation was short of the 60—75% anticipated , alt hough at some
locations and in some fl ight conditions isolation on the order of 75-80~
was real i zed. By contrast , eng ine/drive system coupling misalignment
was far better than anticipated. To accommodate pylon motion yet
minimi ze coupling m i salignment , the transmission was mounted .3 inch
l ower than in the standard (JH-lH. This causes 1.9 degrees misalignment
when the aircraft is on the ground. However , the mounts deflect after
lift—off , causing the nisalignment to be nearly zero throughout the l .Og
fli ght regime. The misalignment was continuously monitored , and the
maximum resul tant misalignment was .81 degree and .97 degree for the
8250-lb and 9500-lb configurations , respectively. Thi s is well wi thin
the al l owable steady continuous misalignment of 2.0 degrees at 1100 horse-
power, and consi derably less than the 2-3 degrees being experienced in the
standard UH-lH. The DAV I spring elements provide the torque restraint of
the transmiss ion; therefore , the pylon does rotate some un der load ,
contri buting to coupling misalignment. Reindexing of the pylon on the
DAVI mounts to compensate for this “wrap-up ” could have further reduced
the mi sali gnment , to less than .5 degree. The net wei ght increase for
the isolation system , excl udin g the structura l and control system
modi fications , was 125.85 pounds or 1.91% of the 6600-pound design gross
wei ght.

In assessing these results , one should bear in mind that system optimiza-
tion was never attempted. Some comments as to why the isolation results
were not as good as anticipated and how these results coul d be improve d ,
follow. A concern with any antiresonant rotor isolation system such as
the DAVI is that it not only provides the desired antiresonan ce at the
predominant excitation frequency but also introduces an “add iti onal ”
pyl on natural or resonant frequency. In the case of the UH— l , the 1/rev
and the 2/rev (predominant excitation frequency) are at 5.4 Hz and 10.8
Hz, respectively. Ideally, the “add i tional ” pyl on na tura l  frequency
should be mi dway between the 1/rev and 2/rev (i.e., 7.9 Hz) - sufficiently
removed from either to avoid structural ampl i fication of any dynamic
response. Under this contract, Kaman attem2ted to match existing UH— lH
pyl on-mount sti ffnesses to simplify the system ’s integration task. The
resu ltant st iffnesses were st i f fer than desi~-’~d in the vertical direction
and softer in the torsi onal direction . These diffe rences in stiffness
caused the “additional ” pyl on natura l frequency to be highe r than desired
(9.0 Hz vs 7.9 Hz), resu lting in the vibration isolation provided. So,
although very good, the isolation was less than what it might have been.
Figure 3 best illustrates this point . The antiresonance , a , is 10.8 Hz,
while the desired and actual natural frequencies , ~2 , are 7.9 Hz and 9.0Hz , respectively. Thus , the desired and actual frequency ratios , a/a ,
are 1.37 afid 1.2 , respective ly. The isolation sys tem has about 20%
dan~ing. At the respecti ve frequency ratios for this amount of damping,
it is seen in Figure 3 that nearly 80% i sol at ion could have been
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realized — significantl y better than the approximately 60% actual .
El iminating the lift-link DAV I and incorporating a portion of its
spring rate into the four remaining transmission-mount DAVIs should
suffi ci entl y alter the pylon sti ffness an d the “addi tional” na tural
frequency to si gnificantly improve rotor isolation . An optimi zed
four-point mounting system has a projected we i ght of 84.0 pounds , or
l. 27~ of the desig n gross wei ght.

In compari ng Bell’ s resul ts wi th Kaman ’s, one shoul d do so while keeping
i n m ind that these organ i zations conducted their develo pmen tal work
under di fferent circumstances and design constraints. Bell was optimizing
a produc t ion system , whereas Kaman was demonstrating system feasibility .
As for desi gn cons tra ints , Bell ’s Model 2O6A has a long engine-transmission
dri ve shaft whic h , together with the low 2900-pound GW , i s relat i vel y
insensit ive to coupling misalignment. Thus , they coul d concentrate on
isolation performance and be relatively free of deflection and misalign-
ment worries. In contrast , the UH-l has a short drive shaft for which
couplin g al ig nment is more sens i tive to dis placement. Th i s and the fact
that Kaman designed for operation at 9500—pound gross wei ght compoun ded
their design challenge . Kaman placed primary emphasis on maintaining
the UH-1H ’s dynamic characteristics to preclude , wi th m i n i mal effort,
the occurrence of dynami c probl ems , thereby simplif yin g the system ’ s
integrat ion task. In so doing, Kaman somewhat inadvertentl y achieved
exceptionally low coupling misalignment . The somewha t h ig her than
desire d pylon—mount sti ffness , cited above , contri buted to th i s low
misali gnment. Nonetheless , us in g h inds i ght , it is apparent that even
the target pylon-mount stiffness could have been lower, yielding
si gnificantly better Isolation while maintaining acceptable coupling
misal i gnment.

Al though there are presently no USAAMRDL plans regarding further rotor
isolation work , investi gations of multi— frequency antiresonant isol ation
concepts , pylon focusing techniques , and low damping elastomers speci fi-
cally for low isol ation systems are recognized as warranting considera-
tion . Retrofitting Army UH—lHs with an optimized DAVI isolation system
is outs ide the purview of the USAAMRDL . Such a decision must trade-off
the cos t of retrofi tting against the performance , comfort , reliability
and maintaina bility benefi ts. A cursory estimate of the R&M benefits
in terms of 1975 dollars is presented in this report. This estimate is
predicated on a premise that is supported by the findings of Reference 10
that vibration—induced failures will be reduced in proportion to the
vibration reduction afforded by the DAVI isolation systen. Reference 10,
incident ly , was a study of Si korsky S-6l (Ai r Force H-3) helicopter
squadrons with and without the Sikorsky-developed Bi filar Absorber . The
resul ts in themselves may not constitute a precise measure of the effect
of vibra tion on R&M. However , San Francisco Oakland Ai rways , a

10 Veca , VIBRATION EFFECTS ON HELICOPTER RELIABILITY AND MAINTAINABILITY ,
Sikorsky Aircraft; USAAMRDL Technical Report 73-11 , U. S. Army Air
~1obility Research & Development Laboratory , Fort Eustis , Virginia ,
April 1973, AD 766307.
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commercial carrier wi th many thousands of hours utilizin g S-6l ’s equipped
with Bifilar Absorbers , reports similar results , lending credence to the
premise. Returning to Kaman ’s R&M analyses , this estimate projects 52
to 67% reductions in the vibration —induced failure rates of fi fteen sub-
systems. A resultant 31 .3% reduction in the total failure rate is
estimated. This , in turn , corresponds to a proj ected total labor and
repair parts savings of $50.26 per fl i ght—hour. According to Reference
11 , the Army has 3208 UH-lH helicopters , of which 80.11% are activel y
depl oyed at a current utilization rate of 20 flight—hours per month .
Assuming that 1000 aircraft were to be retrofi tted , thereby achievin g
the benefi t of the l ower costs associated with vol ume production , the
total cost of retrofitting is esti mated to be approximately $7,000,000.
This is based on an estimated cost of about $5,000 to modify each vehicle
($5,000,000), in addi tion to a $2,000 ,000 non-recurring developmental
cost to optim ize the envisioned DAV I system. In contrast, the annual
savings would be $12 ,000,000. Of this savings , ~9,6OO ,O0O could be
real ized from the reduced need for replacement parts ; the remaining
$2 ,400 ,000 savings coul d be realized from the associated reduction in
maintenance l abor. This trade-off of R&M benefits versus retrofit costs
m ight be summarized by saying tha t the entire cost to retrofit 1000 UH-lHs
could be recouped in the firs t seven months of operation. Based on these
find i ngs, the USAAMRDL recommen ds that the Army develop and implemen t a
plan to retrofi t its UH— lH fleet.

Undoubtedly, an ti resonant i solat ion systems , whether called DAVIs , Noda l
Beams or by some other lab~ I , have considerable potential for helicopter
rotor isolation . The above-cited efforts , at Bell Hel i copter and Boein g
Verto l , attest to this. In fact , their vigorous efforts have brought
antiresonant rotor isolation to fruition much sooner than could have been
envisione d at the outset of this ten—yea r program , and certainly much
sooner than if all the work had been conducted under Army sponsorship.
Development of such isolation systems , including mul ti-frequency and
mult i-directional features, for future mi litary and commerci al helico pters
is foreseen. Having sponsored the earl y research , “planting the seed”
from wh ich these concepts emerged , the USAAMRDL can view these recent
developments with a sense of accomplishment. The initial goal of demon-
stratin g the feasibility of isolating rotor—induced excit~~ion in the
vertical direction was not only accomplished , but a tran~~er of tech-
nology that increased the state of the art also took place , and th is
technolo gy has already found its way into production systems.

11 EXECUTIVE SUMMARY REPORT - UH-lH ASSESSMENT AND COMPARATIVE FLEET
EVALUATrON , USAAVSCOM Technical Report 75—3 , U. S. Army Aviation
Systems Comma n d , St. Louis , Mi ssour i , A pri l 1975.
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DESIGN PHILOSOPHY

The ideal isolation system should isolate the fuselage from the major
rotor induced n/rev excitations for all six rigid body modes of motion ,
wh ich are:

1. First mode of pi tch and longitudinal translation

2. Second mode of pi tch an d lon gitu d inal translat i on

3. First mode of roll and lateral translation

4. Second mode of rol l an d la teral translation

5. Vertical translation

6. Yaw

This can be accomplished with a con ventional passive isolation system by
usin g a very soft spring rate. However , in the desi gn of an i so la t ion
system, the follow ing major probl ems must be considered:

1. Excess ive Deflection

a. Drive system couplin g prob l ems

b. Flyin g q uali ty problems

2. Mechan ical Instability and Flywheel Resonance

3. Rotor , Transm ission , Engi ne Torsional Insta bi li ty

Depending upon the type of rotor system used , the priority of the above
three problem areas may differ. However , excess ive deflection is common
to all. For example , the UH-l , a two-bla ded helicopter , has a predom i nan t
excitation frequency at 10.8 Hertz. To obtain vertical isolat ion at the
2/rev frequency and no amplification at 1/rev requires that a conventional
isolation system have a static deflection of approximately 0.7 inch , wh i ch
will give excessive deflection during maneuvers.

Mechanical insta bi l i ty is a coupling between the in p lane blade mot i ons
and the inplane hub motions of the isolati on system and/or of the
helicopter on i ts landing gear. The center of mechanical instabilit y ,
which is the point at which the instability is most critical , is given
by the following relationship:

+ (A)
8 

= WM . I .  ( 1)
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in which

= inplane natural frequencie ; of the isolation system
and/or of the helicopter on its landing gear

= inp lane blade natura l frequencies

= rotor speed for center of mechanical instability

For semirigid rotor systems used on UH— l helicopters , in which the in-
plane natural frequencies of the blade are above one-per- rev of the rotor
speed , mechanical instability is not a problem . For fully articulated
rotor systems , in which the natural frequency of the rigid mode of the
blade due to lag—hinge offset is well below one—pe r-rev , either the
isolation sys tem must be designed to have natural frequencies above one-
per—rev or damping must be used to control the instability .

For two—blade d helicopters , fl yw heel resonan ce can be a prob le m i n th at
there is an unstable range associate d wi th thi s phenomenon. Therefore ,
care must be taken in the design of the isol ation system not only to
prevent amplification at one—per— rev , b ut a l so to i nsure that there is
no flywheel instability in the operating range of the rotor.

Also , the problem of ro tor/engine torsional instability differs with the
type of rotor system. This instability is a function of the torsional
stiffness , the inplane damping of the rotor system and the engine fuel
control . Although a fully articulated rotor system has a very low
na tura l  freq uenc y in  tors i on due to the la g mo ti on of the b la des , it
also  has mech an i cal la g dam pers i n the system , which add stability .
There fore , control of this instability does not usually require a compl ex
en gine fuel-control system.

The semirigid or hingeless rotor system blades have very high inplane
natural frequencies , b ut the system does not have mechan i cal la g dampers.
However, the UH-l has a long rotor dri veshaft and , therefore , has a
rel atively soft spring rate in torsion. This , then , requires a very
sti ff isolat i on system i n yaw to compensa te for the shaft tors i onal
spring rate. Th i s type of rotor system usuall y requ i res a more complex
en gine fuel contro l system to provide stability to achieve rotor/engine
compatibility.

In approaching the task of modifying an existing, successful hel icopter
in wh ich the dynam ic charac teri stics are well known , i t is best to have
sim ilar characteristics wherever possible in the modification. There-
fore , two basic dynam i c groun d rules should be followe d :

1. The i solated system should be desig ned to have the same
mechan i cal instabilit y and flywheel resonance character-
istics as the unisolated systt~m.
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2. The torsional restraint of the isolation system should be
designed to have characteristic s similar to those of the
non-isolate d system to insure rotor and engine torsional
compatibility .
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DESCRIPTION OF ISOLATION SYSTEMS

The UH-lH helicopte r, Serial No. 66-1093, used in this program is shown
in Figure ~~. This helicopter utilizes a single , two— bladed , semirigid
teetering, main rotor having a diameter of 48 feet and a 100-percent
main -ro tor speed of 324 rpm .

STANDARD UH-lH ISOLATION SYSTEM

The stan dard UH— 1H rotor isolation system, shown schematically in Figure 10 ,
is designed to he structurally rigid in the vertical direction , to be soft
inp la ne to obtain two—per-- rev isolation , an d to have a flywheel resonance
well below the roto r operating range of the helicopter. It is relatively
stiff in the yaw mode for satisfactory rotor/engine stability.

It is a five—point mounting system designed to isolate the fuselage from
the inp lane two-per-rev vibratory forces of the main rotor. To achieve
this isolation , ea ch of the fi ve tu b u la r  e las tome r i c moun ts, four  of
which are located at the corners of the transmission and the fifth located
on the aft section of the transmission at Butt Line 0, has a low vertical
spring rate to give a low natural frequency in pitc h and roll. Each of
the four transmission mounts has a high spring rate in the in-plane
direction to react torque and to insure engine and rotor torsional com-
patibility . The fifth mount is pinned so that it does not react torq ue.
The UH-lH has a rigid lift link to react the verti cal load; therefore ,
no vertical isolation is achieved.

UH— lH DAVI ISOLATION SYSTEM

In orde r to insure minimum structural modification and the integrity of
similar load paths in the DAV I—rnodified UH- iH hel i copter , the DAVI
isolators were located at the same mounting points as in the standard
system. Figu re 11 shows a schema ti c of the DAV I system. In compar i ng
the DAVI system with the standard system , it is seen that:

(1) The standard four transmission mounts have been replaced
with four two-dimensional DAVI mounts.

(2) The standard fifth mount has been eliminated.

(3) The standard lift link has been replaced by a unidirectional
DAVI.

Thus , in this DAVI system , antiresonant isolation is obtained in the
ver ti cal , lon gi tu d i na l , and pitching directions; conventional isolation
is obtained in the lateral direction ; and a combination of conventional
and antiresonant isolation is obtained in the rolling direction .
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Fi gure 10. Schematic of the Standard UH—lH Isolat ion System
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Figure 11. Schematic of the UH— lH DAV I Isolation System
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To achieve similar dynami c characteristics , the vertica l and longitudinal
spring rates of the transmission DAVIs were designed to give the same
low natural frequencies in pitch and rol l as the standard UH-lH heli-
copter, and in the lateral direction to give similar torsional restraint.
The unidirectional DAVI lift link , which is pinned at the transmission
and fuselage , was designed to provide an overall system vertical spring
rate that would minimize relative deflection and engine driveshaft mi s-
a lignment.

A three-view schematic and a photograph of the DAV I transmission mount
are shown in Figures 12 and 13. This mount is a two—dimensional DAVI and
is oriente d to give DAVI isolation in the verti cal and longitudinal
directions and conventional isolation in the lateral direction as oriented
in the UH— 1H helicopter. The DAVI is a passive isolato r based on inertia
coupling. Inertial coupling and , hence , antiresonance is accomplished by
a we igh ted bar pivoted to the non- isolated and the isolated bodies. At
the antiresonance frequency , the inertia forces produced at the isolated
pivot of the inerti a bar cance l forces from the springs , resul ting in a
nodal point at the isolate d pivot. A spherical bearing is used for the
isolated pivot , which is attached to the fuselage by the isolated pivot.
The non—iso lated pivot is a spherical piston or sliding-type bearing
that allows for compression of the elastorner for conventional isolation
and el iminates any cosine effect. The non—isolated pivot is attached to
the transmission via the outer housing of the DAV I mount. The DAVI
sprin gs are uncured rubber , vulcanized in place , separating the outer
housin g and the (inner) isolated pl ate. The outer housing is made of
machined steel. The upper end of each housing consists of a solid
tapered shaft that fits into and is fastened to the transmission lugs in
an identical manner as in the standard system.

A three—view schemati c and a photograph of the DAVI lift—link mount are
shown in Figures 14 and 15. This mount is a unidirectional DAVI for
vertical isolation only. The non-isolated or inner housin g is attached
to the transmission , while the isolated or outer housing is attached to
the fuselage by the same type of spherical bearing used in the present
UH—1H lift link. Two un idirectional inertia bars are used to preven t
any moment unbalance . A hinge-type bearing is used for the non-isolated
pivo t and is attached to the inner or non—isolated housing. A piston- or
sliding-type spherical bearing is used for the i solated pivot and is
attached to the isolate d or outer housing of the mount. A sliding bearing
is used to eliminate the cosine effect for static deflection .

The hol l ow cylindrical rubber spring separating the inner and outer
housings is made from uncured natural rubber and is integrally vulcanized
in place. Both the isolated (outer) housing and the non-isolated (inner)
housing are integral machinings of steel . The isolated (outer) housing
is provided with two bearing housings at its upper end to accept piston—
or s liding-type spherical bearings , which are the isolate d pivots of the
DAVI. An integral flange at its l ower end is used to bolt on a cap,
which is essenti a lly a lug fi tted wi th a self-aligning (spherical)
bearing (the same type used in the present UH-l lift link) that fastens

32

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S £.- -~~~ ~~~~~~~~ -— -~~~.- -~~~— .—-,
~~

-. - - - —. . -



--. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~——--~~~~~
-- . - -  .

~~~~~ ~~~~~~~~~~~~~~~--— -.- .-.-- ~~ .

I- c.D—— ~ Lio ~~ .
~ I

Li — —
~~~~ I— I— I

Li. ,, .
F—Li ,

I i ~‘ ‘ 1— I-- ~~~~‘ ‘

W L )  , 1 . —F- ’—. 
4 ’ .

r -

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

j 

~ H

• 1

_ _ _ _ _



.-~~ 
.: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ ~~~~~~~~~
.~~ 

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

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

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

Figure 13. DAVI Tran ~ri1 ss i on Mount f r  UH— 1 H Hel I copter
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to the airframe lift beam. The non—isolated (inner) housing has two
integrally-machined d evices that accept the inboard ends of the inertia
bars , thus providing the non—iso lated pivots for the DAVI. At its upper-
most end is an integral lug that is fi tted with a self-aligning, spher i cal
bearing, which is the same type used in the present UH-lH li ft link , and
is fastened to the l ugs at the bottom of the transmission case .

The tuning of the DAVIs was accomplished by positioning the movable
inertia we i gh t to give an anti resonance of 10.8 Hertz , whi ch is the
predominant exci tation frequency of the UH-lH helicopter.

STRUCTURAL MODIFICATION

The DAV I isolation system is softer in the vertical direction than the
standard system ; thus , the DAVI system allo ws greater stati c ver ti cal
movement of the transmission with respect to the fuselage than the stan-
dard vehicle. In order ’ to compensate for this static motion and to
insure engine driveshaft alignment , the transm i ss io n i ns ta l l a ti on was
l owered 0.3 inch relative to the (fuselage ) transmission carry—through
structure. In addition , the transmission carry—through structure had to
be lowered with respect to the underside of the transmission to maintain
the or ig inal clearance . This l oweri ng of the transm i ssi on i s i llustra ted
in the schematic of the engine—transmission installation shown in
Fi gure 1 6. It i s seen from th i s schema ti c tha t, for the un loaded  system ,
the engine—transmission—driveshaft is misaligned 1.9 degrees with respect
to the s tan dar d system , an d as load (rotor thrust) is applied , the an gu l a r
misal ignment approaches zero. Similarly, both the standard and the DAVI—
modified UH—lH isolation systems are static ally misaligned -.47 degree in
the l a te ra l  di rec tion , wh i ch app roaches zero un der torque .

CONTROL SYSTEM MODIFICATION

The cycl i c an d collect i ve contro l systems were mo dif i ed to com pensate
for the lar ger relative defl ection obtained in the DAVI system as compared
to the standard system. This modification included compensating rods ,
i dlers , an d id ler support fit ti ngs. The two cyclic boos t ac tua tors have
been reloca ted to a wel ded steel beam tha t  stra dd les the forward trans-
miss i on lu gs , wh ile the collective boost actuator has been relocated to a
welde d steel beam that straddles the aft transmission lugs . Since the
actua tors are mounted on the transmission housing, they take advantage
of the i sola ti on features of the DAVI mounts , unl i ke the or ig i n a l  des ig n
wh i ch transm it ted the vib ratory actua tor loa ds di rectl y to fi xed ai rframe
struc tures .
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SY~ TLM ~)1:VELoPME~ T SUMMARY

In order to insur e safet,, det r iled analyses a i d component arid system
tes tin g re cond~ . ted to substant i  ite the DA VI—i  sola ted vehi c le for
fliqht. Details of these ana 1y~es and tests are provided in Volume II
of this report .

STRUCTURAL A~ \L1SES

The same critical flight , L~tnding, and crash conditions used for design
of the UH— lH helicopter were used for the modified UH— lH. In addition ,
a hi gh gross weight , steady-sta te 45~ banked turn condition was incl uded.
The loads applied to the four transr~issi on DAVIs and the lift link DAVI
were then calculated , taking into account the new geometry , ~iountingarrangement , spring rates , mot ions , etc. The static load distribution
throughout the carry-through structure was then determined , and this
structure together with the transmission mount and lift-link DAV Is were
stress analyzed. In addition , a fatigue analysis for the Pi~V I mounts
was conducted for two critical vibratory (flight) conditions.

The same critical jam load condi tions used for the UH— 1H helicopte r were
used for the modified control system , and in addition , loads in the added
linkages and parts (idlers , com pensa ti n g rods , supports , etc) were cal-
culated. A detailed static stress analysis was then conducted for the
cyclic and collective control beams mounted on the transmission , the
collective compensating rod support (mounted on the unders i de of the
trans m ission), the cyclic and col l ective idlers , the idler supports , the
support beaj i and attachments , and finally, the new and revised control
rods .

All analyses for both the DAVI—modified and the standard UH—lHs were con-
ducted for the design gross weight of 6600 pounds. This vehicle presently
has a normal qross we i ght of 8250 and max imum gross weight of 9500 pounds;
therefore , the load factors for both the DAVI-mod ified and standard
veh i cles are p ro port i ona te l y low er .

The resul ts of these anal yses showed adequate marg i ns of safety for the
DAVI components , and the structural and contro l sys tem modi fications.
These resul ts were confirmed by static and fatigue tests.

FLYING QUALITIES ANALYSIS

A flying qualities analysis was done to determine any appreciable changes
due to the installati on of the DAVI system. The evaluation compa .-e

~. tri m
and control l ability , spee d sta b i l i ty,  characteristics in steady sidesl ip,
response to controls in hover , and stick fi xed stability of both systems.
It was conclu ded from these ana lyses that the DAVI system does not
appreciably change the flying qualiti es of the aircraft.
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Operati onal L i mits

In order to determ i ne the operating limi ts of the DAVI-modi fied UH-lH
he l icop ter roto r, forces an d moments were calcula ted for var i ous gross
we ights and cg locations of the vehicle . The conditions calculated were
for a collect ive pull -up hover maneuver , trimmed l evel flight , an d con-
stant bank an gle turns. The cri terion for fl ig ht l i m it ati on was the
bottoming of any DAVI.

For the collective pull -up hover maneuver , ro tor forces an d moments we re
calculated for 6600-lb and 9140-lb gross weights . Vertical load factors
from 1.0 to 3.0 for the 6600-lb gross weight and from 1.0 to 1.5 for the
9140-lb gross weight were used. The maximum limi t load factor at any
weight greater than the basic structural design gross weight (6600 lb)
is determined by multiplying the design limit load factor of 3.0 by the
ratio of the structural design gross weight to the gross weight in
question . The results of these calcula tions show that the DAVI-modified
vehicl e is restricted to a 2.8 load factor and 1.85 load factor for the
6600—lb and the 9140—lb gross weights , respectively, at cg station 141.8.
The standard vehicle is restricted to a 3.0 load factor and 2.14 load
factor for the 6600-lb and the 9140-lb gross weig hts , respecti vely.

Rotor hu b forces and moments were calculated for 8250- and 9140-lb gross
weights for the trimme d level flight condition . Resul ts of these cal-
culat i ons showed no bottomi ng of the DAVI mounts an d , there fore , no
res t r ic t ion  on the tr i r~ned l evel fl ight of the DAVI-modified UH-lH
helico pter.

Rotor hub forces and moments were calculated at 8250- and 9140-lb gross
wei ghts for trimme d constant bank turn conditions. Resul ts of these
calculat i ons showed that no bottom in g of the DAVIs occurred th roughout
most of the cg range and tha t the limit i ng factor was transm issi on power.

COMPONENT TESTS

Pivo t Test

Component testing was done earl y in the program to insure feasibility
an d confi dence in the design . A pivot test was done to determine the life
of the spherical bearings selected for the DAVI design. In this test,
an iner ti a bar from a transm iss ion DAVI was used to produce the app ropriate
lo ads on the isol ated and non-isolate d pivots. The tests were performed
in steps so as to eva l uate the fatigue strength of the inertia bar , as
wel l as to accelera te the bearing wear. At the end of the 360-hour test ,
the spherical bearing was still performing well. From measurements of
bear i n g wear during these tests , a wear rate was establ i shed. Based on
this wear rate and an establishe d wear l i m i t , bearing life was calculate d
to be 1231 hours .
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Spring-Endurance Test

An endurance test of a simulated natural rubber spring elemen t for the
l ift -link DAVI was also conducted . This 100-hour test was conducted
on the mount by applying twice the expected vibratory load at the two-
per-rev frequency (10.8 Hertz). Resul ts of thi s test showed no
deteriorat i on of the rubber.

DAVI Tuning and Spr i ng Rate Tests

Two l ift-link DAVIs and nine transmission -mount DAVIs were tested to de-
termine their static spring rates and to tune each of the mounts to an anti -
resonance frequency of 10.8 Hertz. Static load versus deflection was
measure d for each mount. The bas i c stati c sp ri n g rate was obtai ned by
applying loads from 0 to 3000 pounds to the lift -l ink DAV I and from 0 to
1500 pounds to the transmission-mount DAVIs. An effecti ve dynami c spring
rate (more representati ve of flight conditions) was obtained by pre-
loa ding the mounts to a representative steady load and applying rep-
resentative cyclic fl i ght loads.

From the resul ts of these tests, the sta ti c spr i n g rate of the sys tem
was determine d to be 5.5 percent softer than the desi gn goal , and the
dynam i c sprin g rate of the system was foun d to be 3.85 percen t sti ffer
than the design goal. This variation between static and dynamic spring
rates was less for the DAVI system than for the standard UH-lH isolat ion
system.

Al though this variance in spring rates is within acceptable limi ts , the
DAVI isol ation system is more sensitive to spring rate variance than
conventional i solat ion systems. Therefore, each of the DM1 un i ts was
i ndivi dually tuned as a funct ion of the expected vi bratory loa d. The
DAVIs were tuned by positioning the movable inertia weight to give a
minimum force output at 10.8 Hertz. This gave less than a 2-percent
variation in the antiresonance , and the resultant output force effectively
compensated for the variance in spring rates.

SYSTEM TESTS

En durance Test

A 1 00-hour endurance test was conduc ted on the complete DAVI isolation
system. Fi gure 17 shows a schema ti c of the test setu p. As seen in the
figure , a scrap UH-1H transmission and shaft , and a d ummy rotor assembl y
were installed wi th the complete DAVI isolation system and friction
dampers on a rigid steel I-beam structure representing the fuselage .
The transm ission and I-beam structure were suspended by a soft bungee
to simulate a free-free system.
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The steady state l—g level—flight in-plane forces were applied to the hub
via loaded trays suspended by soft bungee ari d pulleys , and the l—g level -
flight vertica l force was achieved by appropriately ba ll ast in q the I—beam
structure representing the fuselage . The steady-state torque was applied
to the transmission case rather than the hub to m in i ’ i ze  the restraint
of the rotor and shaft. These forces on the l ower structure (fuselage )
were reacted by soft bungee attached to the fi xed structure of the test
bay area. Vertical , longitudinal , and lateral vibra tory forces were
app lie d at the hub via hydraulic shakers.

This endurance test represented the high—speed flight condition of 116
knots for an 8250-lb UH-1H helicopter. The vibra tory forces applied at
the hub were 1.5 time s the forces expe cted in flight.

Upon completion of the 1 00—hour endurance , a l l  cr it i ca l  pa rts were in-
spected and found to be in good condition . Spring rates o~ the DAVI
mounts were measured and found to be wi thin 1.8 percent of the spring
rates measure d before the test. From the results of the test and in-
spection , the DAVI system was determined to have suffered no damage and ,
therefore , was flightworthy for the planned 20-hour flight test program.

Proof Test

The test condition for the DAVI-modified UH-1H helicopte r was based on a
45-degree banked turn at 50 knots airspeed (1.429 g normal load factor).
The helicopte r ’s gross weight during this maneuver was 9142 pounds. This
condition was selected si nce it is the mos t crit ical maneuver planne d i n
this flight test program.

Limi t loads were calculate d for the test condition and appl ied to the
DAVI-mod ifi ed U H-l H  hel i copter , as shown in Figure 18. Fig ure 18 shows
the 1 25—percent limi t loa d, wh i ch was the max i mum loa d ap p l i ed i n this
test. This overload was selected as being suff iciently high to ensure an
adequate margin over the most severe flight test condition anticipated
wi thout plac i ng undue strain on struc tural areas that were not modified.

The modified flight control system was also proof tested. The loadin g
conditions for this proof load test were the same as those used in the
UH—l hel icopter ’s original control system. The longitudi nal-cyclic
an d collective con trol systems were tested to 1 00-percen t jam load. A
test of the lateral-c yclic system was not required because jam loads
of this system produce less severe loads in the changed parts than the
jam loads of the longitudinal -cyclic system.

The DAVI-modified helicopter and the modified controls wi thstood the
appl i cation of the proof loa d without failure and permanent set.
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Ground Vibrati on Survey

A ground vibration survey was done on the standard system , the DAVI
system, and the rigid system (standard isolators locked out). Each
configuration of the test vehicle was ballaste d to 8250 pounds and
suspended by a soft bun gee to simulate a free—free system , as shown
in Figure 19. All shake tests were done in a similar manner. A fre-
quency sweep was made from 2 Hertz to 25 Hertz for a known force input
at the hub in the vertical , longitudinal , and lateral di rections , and
mobilit ies (acceleration/fo rce ) were obtained. The forces were applied
independent ly and were approximately 1000 pounds except at resonance.

The same instrumentation was used in all tests. This instrumentation
inclu ded three strain—gage load cells between the hydraulic shakers
and the hub attachment to measure the vertical , longitudinal , and
lateral vibratory force inputs , nine linear potenti ometers to determine
the relative motion of the transmission wi th respect to the isolated
fuselage , and eighteen accelerometers to obtain the response of the
fuselage . Figure 20 shows the six l ocations of the accelerometers in
these tests ; there were three acce lerometers at each location that were
oriented to give the vertical , lateral , and longitudinal responses.
These were the same accelerometers and locations used in the flight
test phases.

Us ing the mobilities obtained in this ground vibration survey of the
standa rd vehicle and the fuselage responses obtained in the flight test
of the standard veh icle , two-per-rev forces from the rotor were cal-
culated. Using these forces , the expected fl i ght responses of the DAVI-
modified vehicle were calculated for flight versus speed. The calculations
showed tha t a substantial reduction in vibration level shoul d be obtained
by the DAVI—modified vehicle as compared to the standard UH-1H helico pter.
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FLIGHT TEST

Fl i ght data for both standard and DAVI—modified vehicles were obtained
for similar flight conditions on an Army—furnished UH— lH helicopter at
8250— and 9500—pound gross weights . For the DAVI-modified vehicle , the
DAVIs were tuned to the predominant two-per-rev exc itati on frequency of
the UH—lH helicopter.

The basic instrumentation for both vehicles was the same. This instru—
mentation include d accelerometers to obtain fusel age response, linear
potentiometers to measure transmission deflection , and strain gages to
measure blade bending moments. In add i t ion , potentiometers were added
to the DAVI—modified vehicle to determine engine drive coupling misalign-
ment. The locations of the accelerometers are shown in Figure 20.

AIRFRAME RESPONSE

From analysis and ground vibration shake test results , little change was
expected between the one—per-rev or four-per -rev responses of the DAVI-
modif ied vehicle and those of the standard vehicle. The flight test
resu lts confi rmed this in tha t the one-per-rev responses were about the
same for both vehicl es. In general , the DAV I system had sli ghtly l ower
four—per—re v responses than the standard vehicle.

Fi gures 21 and 22 show the two—per-rev vertical fuselage responses of
the standard and the DAVI-modified UH—lH helicopter for straight and
level fl i ght at 8250— and 9500—pound gross weights , respectively. It is
seen from these figures that a major reduction of the two-per-rev ver-
tical responses was achieved by the DAV I-modified vehicle as compared to
the standard vehicle.

It was expected that the greatest reductions would occur in the two—per-
rev vertical responses of the vehicle since the anti resonant frequency of
the DAVI was tuned to this predominant , two— per — rev exc i t a t ion  of the
rotor. The da ta plots show that the greatest reduction occurred in the
fo rward section of the vehicle , that is , the nose , pilot , and copilot
areas. At the low transition speed , essentially no buildup of vibration
occurred in the DAVI-isolated veh icle; the maximum vibration level was
.O 5g in the nose (1/5 the magnitude of the standard), .O3g in the pilot
sea t (1/3 the magnitude of the standard), and .06g in the copilot sea t
area (1/4 the magnitude of the standard). At the higher forward speed ,
the vibration level of the DAVI—modified vehicle increased but was
approxima tely one-half the l evel of the standard vehicle. It is also
seen that the minimum vibration level of the forward section of the
standard vehicle occurs at approximately 50 knots , whereas this same
level occurs at approximately 100 knots for the DAVI-modified vehicle.
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The verti cal two-per-rev response at the cg is low in both configurations.
However , even wi th this low response, the DAVI-modified vehicle had a
lower vibration level than the standard vehicle , especial ly at the 9500-
pound gross weight . This da ta also indicates that , at the tail location ,
the DAVI-modified vehicle had a l ower vibration level than the standard
vehicle up to approximately 80 knots. At 100 knots and higher , the
DAVI-modified vehic le had a slightl y higher vibration level .

In comparing the two—per-rev vertical rLsponses of the standard configura-
tion (shown in Figures 21 and 22) with those in the latera l direction
(shown in Figures 23 and 24), it is seen tha t the vert i cal responses are
generally higher. Specif ical ly, at the nose , the vert i al response is
approximately twice the lateral; at the pilot- and copilot-seat locations ,
the vertical responses are 2 to 3 times the late ra l responses ; at the
cg, the vertical response is approximately 1/2 the lateral response; and
at the tail , the vertical response is approximately 1-1/2 times the
latera l response at transition and approximately 1/3 at high speed.

It is further seen from Figures 23 and 24 that the DAVI—rnodifi ed vehicle
had a lower two—per—rev lateral vibration level than the standard vehicle
at most locations and throughout the speed range.

Tabl e 1 gi ves the one—per-rev , two—per—rev , and four—per —rev vibratory
responses at 30 and 110 knots for the 9500—pound standard and DAVI—
modified vehicles. It is seen from this table that the standard and
DAVI-modified vehicles had similar one—per-rev responses in all directions
at each transducer location . Because of these similar results , it is
conclu ded that the DAVI-modified vehicle is no more susceptible to one-
per—re v exc itation than the standard vehicle.

It is al so seen from Tab le 1 tha t the vertical two-per—rev responses of
the standard vehicle in the forward section of the fuselage (nose, pilot
seat, and copilot seat) are higher than the responses in either the
lateral or longitudinal directions. It is in this vertical di rection
that the greatest reduction of vibration was achieved by the DAVI—
modi fied vehicle. In the latera l di rection , the DAVI-modified vehicle
had a s l i g h t ly higher two—per—rev response in the forward section of
the fuselage a t  the low speed and a slightly lower response in the forward
sect ion at  h igh speed compared to the standard vehicle. In the l ateral
directi on at the cg and tail locations , the DAVI—modifie l vehicle had
lower two—per-rev responses than the s tandard vehicle in both the low-
speed and high—speed conditions. In the longitudinal direction , although
the two-per-rev responses of the forward section of the fuselage are
relati vely low , the DAVI-modi fied vehicle had l ower responses than the
standard vehicle. At the ta il l ocation , the longitudinal two—per—rev
response of the DAVI—modified vehicle was l ower than~the standardvehicle at both speeds.

50 

-~~~~~~~~~ —~~~~~~ - , .- - -,-—- -. . --



r 
-- ..-.

~~~~~~~~~

--. — - 

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

.1 5 — — --~~-- --- - 1 2
TAk _

STAN
~~~

RD
~~~~~~~~~~~~~~~~~~~~~~~~_ _ _~~~~~~~~~~~~~

:

~~~V I~~~~~~~~~~~~~~~~~~~~~~~~~~~~II

40 80 ~~0 ~~~~~ 40 80 120
SPEED - KNOTS

NOSE 0 PILOT SEAT COPILOT SEAT1 5_ __ _ _
~~~~ =iiii ~ il l-ill

~~~~~~~~~~~~~~ ~~~~~~~_ _ _~~~~~~~~ 

. 

.os - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T-~~~~~~~~~~’ 

O 40 80 120 0 40 80 120 0 40 80 520
SPEED - 0~OTS

Figure 23. Two—Per—Rev Latera l Response of the 8250-Pound UH-1H Hel i cop ter

— — C.G. 
— 1.2 — — 

TAIL — —

~~1o 11/~
T
~~ 0 i  

1 : — — — — — ;

o Tho 0~ 
40

SPEED - KIIOTS

3
NOSE ~~LO’ STAT COPILOT SEAT

a’ 

-.-. 
. 

/ : -‘a: .
.z . C ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

0 C

0 40 80 120 0 40 80 120 0 40 80 20
SP EE D - kNOTS

Figure 24. Two-Per-Rev La teral Response of the 9500- Pound UH-1H Helicopter

51



TABLE 1. VIBRATORY RESULTS FOR THE UH-lH HELICO PTER

Magnitude — +g

Speed Transducer Transducer One/Rev Two/Rev Four/Rev
(kn) Location Di rection Std DAVI Std DAVI Std DAVI

Vertical .022 .014 .192 .038 .207 .152
Nose Late ral .032 .023 .084 .103 .082 .041

___________ 
Longi tudinal .004 .003 .030 .031 .033 .029

Pilot Vertical .018 .012 .065 .018 .121 .081
Seat Lateral .019 .012 .041 .057 .044 .018

__________ 
Longitudinal .006 .003 .036 .024 .034 .015

Cop ilot Vertical .018 .008 .197 .059 .204 .082
30 Seat Lateral .020 .012 .043 .061 .042 .022

__________ 
Longitu dinal .006 .005 .066 .047 .044 .012

Vertical .006 .001 .029 .012 .113 .056
CG Lateral .005 .004 .062 .045 .018 .012

__________ 
Long i tudinal .003 .001 .042 .033 .054 .031

Vertical .056 .052 .295 .209 .136 .108
Tail Latera l .162 .120 .195 .085 .121 .094

______ __________ 
Long i tudi nal .041 .027 .300 .222 .329 .155

Vertical .039 .020 .286 .129 .098 .037
Nose Lateral .090 .100 .153 .100 .046 .064

___________ 
Long itudinal .005 .004 .050 .054 .019 .022

Pi lot Verti cal .034 .01 5 .185 .073 .078 .069
Seat Lateral .052 .054 .071 .054 .026 .042

___________ 
Longitu dinal .012 .015 .067 .057 .014 .021

110 Copilot Ver tical .031 .020 .287 .157 .030 .026
Seat Lateral .053 .055 .073 .054 .029 .047

___________ 
Long i tud i nal .017 .018 .104 .076 .016 .027

Vertical .015 .009 .053 .020 .032 .019
CG Lateral .012 .014 .094 .062 .016 .013

__________ 
Longi tudinal .004 .002 .039 .044 .009 .019

Vert i cal .085 .071 .209 .244 .091 .030
Tai l La teral .446 .469 .763 .477 .304 .136

_____ ___________ 
Longi tudinal .049 .037 .315 .244 .209 .254
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It is seen from Table I that for the four-per-rev responses , the DAVI-
modified vehicle had l ower vibration levels than the standard vehi cle
at most locations and speeds. For exam p le , ~t the copilot location ,
the DAVI-modified vehicle had approximately one-half the level of thE
standai d vehicle at 30 knots.

In this flight test progra s , steady—state turn maneuvers were done with
the standard and DAVI—modified vehicles. These steady-state turns were
conducted at 0, 50, and 90 knots . For these maneuvers , the DAVI-rr,odified
vehicle had l ower two—per—rev vertical responses than the standard ve-
hicle at virtually every location and speed. For the forward sectic n
of the fuselage (nose, pilot seat , and copilot seat), the avera ge
v ibration level of the DAV I vehicle was approximately one—hal f the level
of the standard vehicle.

RELATIVE DISPLACEMENT /COUPLING MISAL IGNMENT

One of the major concerns in this program , because of the i n troduc ti on
of ver tic al i sola t i on , was the possibility that the relative motion
between the main gearbox and the engine mi ght cause excessive misalign —
ment of the engine —trans mission driveshaft . This misalignment was
mon i tored throughout the flight testing of the DAVI—modi fied vehicle .
Fi gure 25 sho~is the vertical and lateral misalignment of the coupling
at the transm i ssi on. It is seen from these resul ts that the ver ti cal
misalignment—versus—speed was small: the greatest misalignment was 0.4
degree at 116 knots for the 8250—poun d vehicle. The maximum latera l
misalignment , 0.95 degree , occurred at 116 knots for the 9500-pound
helicopter . The misal i gnment coul d have been reduced to less than 0.5
degree by statically reindexing the coupling in the latera l direction .
Without reindexing, the maximum resul tant misal ig nments were 0.81 degree
and 0.97 degree for the 8250—pound and 9500—pound vehicles , respectively.
These misal ig nmen ts are well w it h i n the allowa ble con tinuous m i sal ig nmen t
of 2.0 degrees at 1100 horsepower for steady-state fl i ght conditions.

ROTOR BLADE STRESSES

As shown in Fig ure 26, a reconstruc ted curve based on da ta extracted
from Re ference 12, the maximum bending moments for the standard UH— lH
main rotor occur at station 0 for the flatwise and chordwise directions .

12 Ma loney and Akeley , DESIGN STUDY OF R E P A I R A B L E  MAIN ROTOR BLADES ,
Kaman Aerospace Corporation; USAAMRDL Techn i cal Report 72—12 , Eustis
Di rectora te, U. S. Army Air Mobility Research and Development Labora-
tory , Fort Eus ti s , Virginia , Jul y 1972, AD 749283.
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Strain gage bridges were installed at the sensitive locations of the
rotor to monitor these stresses throughout the flight tests for the
standard and DAVI-modified UH-lHs. Blade station 35.0 was monitored
for fl atwise bendin g moments, and the drag brace axial load was moni-
tored for the indication of chordwise bending moments. Figure 27
shows the total vibrato ry fl atwise bendin g moment at Station 35 and
the total vibratory axial load in the drag brace. It is seen from these
results that no major changes in the blade loading resul ted. Thus , it
is  concluded tha t  the DA V I i s o l a tion system has no appreciable effect on
rotor blade loads.
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CORRELATION

Prior to i ns tallation of the DAV I rotor i sola tion system , the UH—lH test
veh~c1e was both fl own and shake tested to obtain baseline fuselage
res ..Jnses an d mobility data. Using this data and a preliminary version
of a newl y develo ped techn iq ue for  determ i n i ng hu b forces re por ted i n
Reference 13 , the hub forces for the standa rd UH-lH were determined.
After the DAV I rotor isolation system was installed , the ship was again
shake tested and the rnobi lities were determined. The hub forces found
throu gh force determination for the standard UH—lH were then applied to
the mobilities of the DAVI-modified ship to predict the new flight vibra-
ti on s w i th th e DAVI i solat ion system. The comparison of these expected
two— per-re v vertical responses to those recorded in flight on the DAVI—
modified UH—lH is shown in Figure 28. This figure shows that excellent
correlation was obtained between the expected and actua l responses at
the tail and pilot ’s seat locat ions. The correlations at the copilot ’s
seat and nose stations were excellen t up to 80 knots. Beyond 80 knots ,
the predicted and flight—measured responses diverge , w i th the la tter
being higher.

This divergence or dispari ty between expected and measured results , which
increases w it h forward speed , suggests the presence of some form of aero-
dynamic exc i tat i on other than downwash . One possible expl anation for
this is a two—per—re v exc i tation of the horizonta l stabilizer , wh i ch i s
mounte d on the tail boom and actua ted by motions of the swashplate . The
pitch angle of the horizontal stabilizer is controlled by the position
of the cyclic stick via an attachment to the swashplate. Thus , any
rel ative motion of the transmission with respect to the fuselage could
i ntroduce vib ratory pi tch chan ge in the horizon tal stabilizer , resul tin g
in a vibratory exc i tation. Measurements of the horizonta l stabilizer
were taken that confirmed that a two—per-rev vi bratory pitch change was
occurr in g and was the pro ba b le “add i tional” source of aerodynam i c ex-
ci tation at the higher speeds. This effect was found in fligh t tests of
both the DAVI—eq uipped and the standard UH-lH hel i copter.

All flight test results were obtained from the same DAVI configuration
developed in the shake test of the modified vehicle. No change to the
DAVI system or the modified helicopte r was made during the fl ight
test program.

13 Flannelly , Bartlett, and Fors berg, LABORATORY VERIFICATION OF FORCE
DETERMINATION , A POTENTIAL TOOL FOR RELIABILITY TESTING , Kaman
Aerospace Corporation ; USAAMRDL Technical Report 76—38, Eust i s
Di rectorate , U. S. Army Air Mobility Research and Development
Laboratory, Fort Eustis , Vir g inia , January 1977, AD A035960 .
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WEIGHT

In this program to experimental ly determine the feasibility of DAVI rotor
isolat i on , develo pin g an optima l , minimum—we ight DAVI isol ation system
was not a design objecti ve. The followi ng discussion develops a weight
prognosis for an opti mi zed system.

Table 2 gives the weight breakdown of the DAVI system and the wei gh t
removed from the standard system. The weight is given for the isolators ,
the structural modifications for the installation of the isolators , and
the controls. The wei ght penal ty in the control s is primarily due to the
forward and aft beams for the support of the controls. These beams were
designed for ease of fabrication rather than minimum weight.

Table 2 shows that the DAV I system and the structural modi fications
wei ghed 2.31 percent of the 6600-pound design gross weight of the UH— lH
he l i co p ter , an d the total system, includin g the control modi fication ,
wei ghed 3.15 percent of the 6600—pound vehicle.

Althou gh weight could have been saved in thi s prototype DAVI system with
a more e f f i c i e n t  desi gn , the greatest reduction coul d be ach ieved by a
chan ge in the concept of the existin g desig n. The present lift—link DAVI
inertia bars weigh 24.93 pounds . This compares to 1 0.81 pounds for the
inertia bar weight of the transmission DAVI. The spring rates of these
two DAVIs are essentially the same, and the increased weight requirements
of the iner tia bar of the lift—link DAV I are due to the small cg distance
of the bar from the pivots. By incorporating the spring rate of the
lift—link DAV I in the transmission DAVIs to maintain the present over-
all vertical spri ng rate, the li ft-link DAV I could be eliminated. The
inertia bar weight of the transmission DAVI would become 13.51 pounds.
This four-point DAV I system woul d weigh 113.32 pounds. Subtracting the
weigh t of the standa rd system, the wei ght increase woul d be 84.05 pounds.

Based upon these calculations and concepts for further refinements , an
optimi zed four—point DAVI isolation system for the UH-l helicopter , not
requiring structural or control system modifi cations , coul d be designed
for 84 pounds or 1.27 percent of the design gross weight.

For other helico pter configurations of higher gross weights and/or higher
n— per-rev predominant frequencies , in wh i ch lower inert ia wei ghts could
be utilized to obtain the proper antiresonant frequencies , l ower percen t-
ages of the desi gn gross weights would be feasible.
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TABLE 2. ISOLATION SYSTEM WEIGHT

Number Item Unit Weight Weight

DAVI ISOLATION SYST EM

4 Transmission—Mount DAV I 29.69 118.76
I Lift- Link DAVI 36.36 36.36

Subtotal 155.12

STANDARD ISOLATION SYSTEM

1 Lift—Link 2.13 2.13
4 Transmission Mounts 4.41 17.64

Fifth Mount 4.25 4.25
1 Support Beam , Fifth-Mount 5.2 5 5.25

Subtota l 29.27

Net Weight Increase, DAVI Isolation System 125.85

STRUCTURA L MODIFICATIONS

Structure Added 53.27
Structure Removed 26.42

Net Weight Increase , Structural Modifications 26.85

CONTROL MODIFICATIONS
Control s Added

Fwd, and Aft Beam 43.34
Rods, Cranks , and Idlers 28.42

Subtotal 71 .76

Control s Removed 1 6.83

Net Weight Increase , Control Modification s 54.93

Total Weight Increase , Isolat ion System, Structural
and Control System Modi fications 207.63
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DAVI RELIABILITY ANALYSES

FAILURE MODES AND EFFECTS ANALYSIS

A failure modes and effects analysis (FMEA ) was done to determine any
cri tical failure areas of the design which would have serious effects on
mission success and crew safe ty. The FMEA evaluates each of the cri tical
components to establish possible modes of failure , the causes of failure ,
the effects of failures on operation of the DAV I unit , and qualitative
estimates of the crit ica lities of the failure to safety and mission
success. The failure criticality category and probability classification
codes are defi ned as follows :

Fa i l ure Cr i ticalit y Categories

Category I: Negligible - Any nuisance failure rot serious enough
to be classified in a higher category that is not expected to result in
personnel injury or aircraft system damage , but wi ll r~- iire corrective
acti on during routine prevent ive maintenance.

Category II : Marginal — Any failure that is expected to degrade
performance or result in degraded operation that can be counteracte d or
controlled wi thout in jury to personnel or major aircraft system damage.
It requires special operation techn i ques or alternative modes of operation
that coul d be tolerated throughout a mission but shoul d be corrected
immediately upon completion of the mission.

Category III : Cri tical — Mandatory Abort - Ar~y fa i l ure that i s
expected to result in complete loss of function and cause personnel
injury/hazard or major aircraft system dama ge, or which will require
immediate corrective action for personnel or aircraft system survival ,

Category IV: Catastrophic - Any single failure which is expected
to cause death or severe injury to personnel or loss of the aircraft
system.

Failure Probability Classes

Class A: Probability of failure is not remote.

Class B: Probability of failure is remote.

Class C: Parts subject to rare , random failures.

Class D: Parts not expected to fail in service.
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The most probable DAVI— isolator failures are predicted to be in the
rubber springs and pivo t bearings , with deterioration or wear of these
components being judged the most likely failure modes. Failures of
this type are not serious and can be corrected during routine maintenance.
For this reason , they have been assigned a Category I criticality code.
Of all the assumed spring and bearing failures , only bond failure and
shear of the rubber spring and a jammed bearing are considered serious
enough to warrant a Category III cri ticality code and to require a
manda tory abort; however , none of these failures appear to be very
probable. In addition , these are likely to be sequential failures that
can occur after one of the less serious ini tial failures is allowed to
progress without corrective action being taken. Thus , the need for
strict inspection and maintenance procedures to prevent serious failures
is obvious.

The DM1 design concept is simple and r e l i a b l e, and incorporates a fail-
safe feature. If a seri ous spring failure occurs , the i so l a t ed fuselage
mounting would be restrained by the stops of the non—isolated transmission
mounting, both of which are prima ry structures , thus preventing a total
separation . However , such a failure is very likely to cause a mandatory
abort due to the high level of vibration transmi tted to the fuselage
through the primary structure , al though rubber—to—rubber stops are pro—
vided.

In comparing the conventi onal UH— 1H isolation system with the DAVI system ,
any differences in overal l reliability would result primarily from dif-
ferences in their respecti ve parts. Since both the conventional and DAVI
isolators use many common functional elements , there are actually only
very slight di fferences in the two designs. Both employ rubber springs
incorporated in fail—safe mountings , so that there is little difference
in this functional area. Both employ bearings; however , the increased
n umber of bearings used in the DAV I isolation system is expected to
account for any di fferences in reliability that might exist between the
two.

From a safety of fl i ght viewpoint , the additional bearings of the DAVI
system do not present a serious problem. Wear is the most probable
cause of bearing failure , but wi th proper inspecti on and maintenance ,
very few serious bearing fai l ures are likely to occur. However , when
such failures do occur, the most likely effect on the DAVI system is
degradation in vibration isolation , which does not represent a critical
situation .

In summary, any decrease in isolation system relia~ility for the DAV I
design compared to the conventi onal UH—l isolato r design , relative to
mission performance , is expected to be minimal and shoul d be no more
than a minor offset compared to the gain in overall aircraft reliability
resul ting from reduced rotor induced vibration.
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COST EFFECTIVENESS

Vibration is known to be one of the major contributors to hel i copter
equipment failures , its impact varying with such factors as the type of
equipment , the location of the equipment , and the method of isolation.
Although the relationship between vibration an d equ i pment f a i l u r e  has
not been investigated thoroughly, one earl i er study , conducted for the
Army by Sikorsky Aircraft , estimated that failure rates were reduced as
much as 48 percent as a result of incorporating bifilar vibration ab-
sorbers on USAF H—3 hel i copters (Reference 10).

Data recorded during the flight test of a DAVI—equipped UH-l has shown
that two-per—rev vertical vibrations are reduced by 52 to 74 percent
depending on location aboard the aircraft. If the correlation between
vibration level and failure rate can be estimated for the various air-
craft subsys tems, as is assumed in  t h i s  ana ly s i s  and in Reference 10,
then the experimentally measured vibration reductions for the DAVI-
equ ipped UH—l helicopter can be applied to UH-l historical maintenance
data to estimate corresponding reductions in aircraft failure ra te and
maintenance man-hour requirements at a ll maintenance levels. The
resultant labor and repair parts dollar cost savings over the aircraft
life cycle can also be estimated.

No cost categories other than maintenance labor and parts have been
evaluated in the analysis. However, a number of other cost elements
would be reduced indirectly by the potential improvement in reliability
allowed by the DAVI system. These incl ude depot pipeline spares cost ,
spares inventory cost, and spares packaging and shipping costs. Although
the considerat i on of these cost elements was not possible within the
scope of the analysis , they are expected to have a significantly smaller
impact on maintenance cost savings than labor and repair parts costs.
An increase in aircraft availability can also be expected as a result of
less frequent maintenance requirements. The cost sav in gs assoc i ated with
increased availability would also require a more detailed analysis than
is possible at thi s time.

The percent reducti on in vibration induced fai l ures for the UH-l has
been estimated from the DAVI /UH-l flight test data. Only two-per-rev
vi bration level s in the vertical plane have been considered in this
analysis. Percent reduction in vibration levels for the DAVI-modified
vehicle compared to the standard UH—l are average va l ues calculated for
aircraft gross wei ghts of 8250 and 9500 pounds over the speed range from
20 to 110 knots. Since the relationship between vibration and subsystem
failure s has never been thoroughly investigated , best-guess estimates
of the percentages of vibration induced failures were made for the
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common hardware and primary failure categories for the UH- l helicopter .
The overal l failure ra te reduction for the DAVI-modi fied UH-l aircraft
was conservatively estimated to be 31.3 percent.

The estimated labor cost savings were calculated based upon this 31.3
percent reduction in fai l ure rate. Dollar per flight-hour savings were
calcul ated on the bases of $11.50 per labor hour at the organizational
and intermediate levels and $12.75 per hour at the depot level , resulting
in an overall labor cost savings for the DAVI-modified UH—l that has been
estimated to be $8.94 per fli ght hour in 1975 dollars .

An estimate of repair parts savings was made based on the UH— l parts
usage rate and the estimated overall percent failure rate reduction.
For the 31.3 percent fai l ure rate reduction , the estimated repair parts
saving is $1 .32 per flight hour. Therefore , the total maintenance  la bor
an d repair parts savings for a DAVI—modified UH-l is $50.26 per flight
hour.

According to Reference 11 , the Army has 3208 UH-lH hel i copters , of which
80.11 percent are actually deployed at a current utilization rate of 20
fli ght-hours per month. Assuming that 1000 aircraft were to be retro-
fitted , thereby achieving the benefit of the l ower costs associated with
volume production , the total cost of retrofi tti ng is estimated to be
app roxi matel y $7,000,000. This is based on a cursory estimate of about
$5000 to modi fy each vehicle ($5,000,000), in addition to a $2,000,000
non—recurr ing developme ntal cost to optimize the envisioned DAVI system.
In contrast , the annua l savings woul d be $12,000,000. Of this savings ,
$9 ,600,000 could be real i zed from the reduced need for replacemen t parts;
the remainin g $2,400,000 savin gs could be realized from the associated
reduction in maintenance labor.

11 EXECUTIVE SUMMARY REPORT
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CONCLUSIONS

From the results of this flight test program on a DAV I—modif ied vehicle
i n wh ic h substantial reduction in vi bration level was obtained as com-
pared to a standard UH-lH helicopte r, it is concluded that:

1 . Rotor isolat i on us ing th e Dynam i c Ant iresonan t V ib ra ti on Isola tor
reduced vib ration si gnif i cantl y, which can be projected into siq—
n ificant operational cost savings. In addition , the large reduction
i n vi brat i on was attained on a hel i copter that alrea dy ha d a con-
ventional vibration reduction system installed.

2. Fl ying qual i ti es of the UH— lH helicopter were not affected by DAVI
rotor i solat i on.

3. Excessive deflection did not occur and misalignmen t of the eng ine
dri ve coupl i ng is not a probl em.

4. A DAV I i solat i on system can be desi gned to insure freedom from
mechanica l instability and to insure engine-rotor torsional
compatibility .

5. Damping in the DAV I isolation must be low to insure low vibration
levels.

6. A DAVI rotor isolation system can be designed to be 1.27 percent or
less of the gross weight of the helicopter.

7. Reduction in operat ional costs i n the fi el d can be ach i eved because
of the low v ib rati on levels .
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RECOMMENDATIONS

Because of the success of this program , this contractor recommends a
cont i nue d effort i n researc h an d development for rotor i sol ation and
rela ted areas. These recommendations are :

1. Fli gh t testi ng be continue d on the ex i st i n g modif ied veh i cle to
determine improvements in design and to achieve even l ower l evels
of vibration . This flight test program should include at least:

(a) The determination of the effects of the vibratory forces
from the horizonta l stabilize r on the vibration level of
the modified vehicle.

(b) An assessment of the value of a four-point DAVI system ,
where in a lift-link DAVI is not used for reducing vibration
levels .

Cc) The reorientat ion of the standard friction dampers to a
lon gitudina l direction to determine the effects on the
f lyin9 qual ities and vibration levels of the modi fied
veh icle.

2. Severa l UH-1H vehicles should have the DAV I rotor isolation system
i nstalled for evaluation by A rmy personnel i n the field. Th i s
eva l uation shoul d concentra te on documenting the effects of reduced
vibra tion on pilot fatigue and R&M.

3. Al though not necessarily associated with rotor isolation , t he present
DAVI-modi fied helicopte r is an ideal vehicle on which to determine
the effects of hu b impedance on rotor loads. It is there fore rec-
ommended tha t :everal settin gs of the tuning weights be used in a
shake test performed to determine the hub i mpedance with these known
hub impedances. A flight test can be done to determine the effects
of hu b impedance on rotor loads .

4. Because of the wide use of elastomers for isolation (as in both DAVI
and standard systems) and in the rotor heads for effective hinges ,
a better unders tanding of the damping , and the static and dynam i c
sprin g of elastomers is required. It is highly recommended that
further research be done to determine these characteristics and
that a design manua l or charts be developed.
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