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SUMMARY

This report presents the effort by The Boeing Company, Vertol Division on the bench testing
and analytical description of a fullsize supercriticalspeed shaft designed for installation in the
CH-47 helicopter.

The program objective was to demonstrate a supercritical system for installation in the aircraft.
The phases of the program were:

o  Detail design the shaft system and aircraft support structure.

e Develop an aircrafttype damper.

o  Bench test the complete system.

o  Check shaft performance in the aircraft under ground and flight conditions.

The noncoplanar nature of shaft deflections, observed during the bench test phase of the
program, complicated the dynamic balancing of the shaft. The flight test portion was then
redirected to:

e Provide an analytical description of supercritical phenomena as an aid for future
drive system design.

The full-size supercritical shaft was built utilizing design information developed under this and
previous programs. A shaft damper was developed to meet the requirements of the system as
installed in an aircraft, and the splined adapter fittings were redesigned. The bench test
program included tests of the damper, torsional fatigue testing of the redesigned adapter
fittings, and dynamic tests of the fullsize supercritical shaft.

The dampers successfully controlled the deflections of the shaft when the design criteria were
not exceeded. The tests indicated the damper could b2 improved by increasing the stiffness of
the elastomer.

Previous balance methods proved to be unsatisfactory for a shaft of this size. A new technique
had to be developed to successfully balance the shaft throughout the desired speed range
because of the noncoplanar nature of the shait deflection at higher speeds.

The variable-schedule endurance runs were not completed. The difficulty encountered in
balancing the system resuited in the accumulation of an equivalent time of 50 hours under
loading conditions more severe (unbalanced) than those originally intended for the tests. Ne
difficulty is anticipated for endurance tests with a balanced shaft.

The ground and flight test portion of the program has been replaced by an analyucal
description of the phenomena of multiple-mode bending identitied during the bench test
program. This analytical description includes variables anticipated in future supercritical shaft
system designs.



Supercritical-speed-shaft performance has been demonstrated with adequate substantiating
data. so that the future of this drive system can be predicted with confidence. The relative
weight, reliability, safety, and economics of the system can be compared with more
conventional drives since the unknowns have been identified.



FOREWORD

This report discusses the design, fabrication, bench testing, and analytical description of a
full-sized supercriticalspeed shaft and associated components for a flight test cvaluation
in a helicopter.

The work was authorized under USAAVLABS Contract DA 44-177-AMC-353(T), Task
1G162203D14414. The effort was redirected to account for factors uncovered in the course of
the investigation.

The principal investigators were:

R. J. Baier —  Vertol Division; Project Engineer
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Dr. Robert G. Loewy - Dynamics Consultant, Dean of the College of Engineering
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INTRODUCTION

This report summarizes the design, bench test, and analytical effort on a program by the
Vertol Division of Boeing to develop and flight test a supercritical-speed interconnect shaft for
the CH-47 helicopter. This program was undertaken to establish the design criteria necessary
for the installation of a supercritical-speed drive system in a CH47 aircraft, and to determine
the effect the aircraft and its environment would have on the system. The object of the
program was to evaluate the performance of the shaft by comparing bench test data with data
obtained with this shaft installed in an aircraft.

Vertol Division’s interest in the field of supercritical-speed drive systems resulted in a proposal
early in 1959 to study, build, and test such a system. Actual testing was under way on a
company-funded program in 1961. The early work indicated a need for a more satisfactory
damper to allow continuous operation at critical speeds. Battelle Memorial Institute of
Columbus, Ohio contributed significant progress in this area between 1961 and 1964. Their
report, DESIGN CRITERIA FOR HIGH SPEED POWER TRANSMISSION SHAFTS,1
concludes that damping is the most significant variable in the control of supercritical-speed
shafts.

In 1964 Vertol Division, in collaboration with Battelle Memorial Institute, embarked on a
program to relate Battelle’s model work to a fullsize shaft for an actual aircraft (DESIGN
AND TEST EVALUAIION OF A SUPERCRITICAL SPEED SHAFT, USAAVLABS
Technical Report 66-49<). The CH-47 Chinook tandem-rotor helicopter was chosen because
the configuration requires the transmittal of a large amount of power over the considerable
distance between the rotors. The object of this program was to determine if a full-size shaft
would perform as predicted by the smaller model shafts. A full-size shaft was designed and
manufactured for test. The test specimen operated successfully only after dynamic balancing.
Two methods of balancing were investigated. Battelle’s experimental method produced
satisfactory results, and it was used for the test specimen. An analytical method was also
investigated, with limited success. Three conclusions were drawn from this work: the modeling
equations developed under the previous program did not correctly predict full-size
performance; variations of the characteristics of the damper would not, by themselves,
produce satisfactory performance; and supercritical shafts'will have to be balanced.

CURRENT PROGRAM

The success achieved with the full-size shaft prompted expansion of the effort to include a
flight test evaluation of the system. This report covers the design, bench test effort, and a
mathematical analysis under such a program, including the development of a damper suitable
for installation in an aircraft. It presents the design philosophy for a supercriticalspeed shaft
system and presents the results of the test programs used to evaluate the system. The analytical
description based on a rotating system was developed to permit a thorough study of
supercritical systems including additional phenomena revealed during the tests.

The supercritical-speed shaft investigated is of the same diameter and turns at the same speed

as ‘the existing subcritical shaft system. Diameter, length, and shaft speeds are dictated by
present transmission ratios and torque requirements and, in this regard, are the same as those

1



in the previous program.2 Changes from the previous design include the addition of a center
damped support (sce Figure 1) and the substitution of a new aircraft damper tor the
laboratory damper. There is very liitle clearance between the interconnect shaft and the
structure on the CH-47. The center damper was added to prevent interference with the
rotating shaft if it deflects due to aircraft accelerations or when passing through the lower
critical speeds. The aircraft damper (sce Figure 2) has fixed characteristics that have been
optimized in the previously conducted program: the laboratory dampers had varable
churacteristics for this purpose. The damping chamber is scaled to make it more suitable for
installation in the environment of the aircraft.

The advantages of a successful system are:

o Reduction in weight
o Reduction in parts
e Saving in cost

o Increased reliability

Eliminating the shaft adapter fittings and structural supports which are required at cach joint
of the subcritical system would reduce weight, and weight saving has an almost direct
relationship to the number of critical speeds the system operates through. Moreover, the
weight, cost, number of parts, and reliability of a design are all related to one another in a
general way, and any increase or decrease of one will affect the others as weil. Figures 3 and 4
show the results of a study of these factors for the subcritical system, the supercritical system,
and a projected system as applied to the CH-47 helicopter. For purposes of this comparison,
tie following definitions and limits were used:

Subcritical system — This system consists of the existing drive train between the combining
transmission and the forward transmission of the CH-47B Chinook helicopter. All items which
are affected by the substitution are included in the comparisons.

Supercritical system — This system could replace the subcritical system with no change in the
transmissions or attach points at the transmissions. It will turn at the same speeds and carry
the same torque loading.

Projected system — This system is a one-piece steel shaft, splined directly to the end
transmissions, with misalignment capability provided by the flexibility of the shaft itself. The
advantage of this system is the elimination of the number and the weight of the adapters for
the dampers and for the ends of the shaft.

A truly optimum system would consider other materials and turn at much higher speeds,
thereby affecting further improvements in the drive and probably in the transmissions as well.

Number of Parts — The shaded section in Figure 3 shows only the number of cpecial parts
required for a complete drive system. The clear section combined with the shaded scction
shows the total number of parts required, including shelf items such as bolts, nuts, and
bearings. Structural items beyond the immediate drive train supports are not included in this
study.
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MUMBER OF PARTS

Subcritical 173 1721
Supercritical 96 698
Projected 15 1167

% SPECIAL MACHINED PARTS

WEIGHT OF SYSTEM, POUNDS

Subcritical 185.1
131.0

Supercritical

71.5

Projected

INITIAL PRODUCTION COST FOR 100 AIRCRAFT, DOLLARS*

Subcritical 2879
Supercritical 1834
Projected 1964

FUNCTIONAL FAILURES PER MILLION FLIGHT HOURS*

Subcritical 4445
Supercritical 889
Projected g55

*BASED ON 1967 ANALYSIS AND DATA.

Figure 3. Comparisons Between Subcritical, Supercritical,
and Projected Systems.
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Weight of the Svstem Weights were caleulated for the systems described. An optimum
system would show further improvement in this arca.

Initial Production Cost The cost study was based on production cost and tooling for
100-ship sets. The projected system cost reflects roll-forge dies which constitute a substantial
part of the cost.

Functional Failure — This chart is an indication of reliability. Functional failures per million
flight hours are based on actual records for the subcritical system and are projected for the
supercritical systems. The comparison represents the value of reducing the number of parts for
increased reliability.

FUTURE DEVELOPMENT

The potential advantages of supercritical-speed shafts will be realized when other intangible
factors are considered. Appreciable weight saving can be realized when the supercritical drive
system is used in a thin structure such as a wing because of the climination of the inspection
holes and covers which are required for a subcritical system. The potential advantages of
supercritical-speed drive systems are now limited by transmissions. Current transmissions are
not developed for very large ratios of reduction (such as 100 to 1) because the most efficient
speed for present drive trains seem to be 8,000 to 10,000 rpm. Higher speeds would require
drive shafts with larger diameters or shorter lengths between couplings to keep the sections
operating in the subcritical range. Either solution would increase the weight, the complexity,
and the cost of the drive system. Supercriticalspeed shafts on the other hand can operate at
higher speeds without these disadvantages.

PROBLEM STATEMENT

The object was to design and build a supercritical-speed shaft and to install and test it in an
existing aircraft to ensure that it meets all design requirements and sately provides the desired
test information for evaluation.

Problems were encountered in the ollowing arcas:

e Insufficient clearance between the shaft and the aircraft structure under all ground
and flight conditions.

e  Development of a suitable aircraft damper.

e  Detail design of the adapter joint at the dampers to climinate fretting observed on
previous tests and to provide disassembly capability without disturbing the balance
of the unit.

e  Dvnamic balancing of the specimen

o  Analytical description of the shatt as a rotating svstem



PROBLEM SOLUTION

The clearance problem between shaft and structure was resolved by adding a damped center
support which changes the speeds at which the criticals occur. Since the opcerational ranges.
both ground idle and flight range. should be clear of the critical speeds, the location of the
center support was varied and the critical speeds were calculated. The location which
permitted the operational ranges to be free of critical frequencies was then investigated.

Because of the limitation imposed by designing for the existing speeds and torques and because
of variations between calculated performance and actual performance, both ground idle and
flight ranges contained a critical speed. The choice was between a well damped critical (the
sixth) near the top or autorotational speed and a poorly damped critical (the fifth) in the low
range of hover speed. System characteristics which contained a well damped sixth critical
speed were preferred, and the design was initiated.

A secondary factor in locating the center support was to locate it clear of major aircraft
structure so that extensive modification would not be necessary. This objective was
accomplished.

The aircraft-type damper was developed in collaboration with Lord Manufacturing Company.
The damper requirements were established by calculation, and the damper was then
constructed to the resulting specification. A dual-chamber damper was designed to provide a
redundancy for operation in case of fluid loss from one of the chambers. The damper bearing
is the same as the one used in the standard drive systein at the adapter and flex coupling joint.
It is grease lubricated.

The prior test program disclosed the problem of fretting at the damper-dapter joint. The
fittings for that program were designed to transmit torque and were not specifically designed
for bending. A new joint was designed with special attention directed to maintaining the
bending stiffness through the adapter area. Alignment of the joint is provided by tapered
washers at each end of the spline The tapered washers are held in place with a standard type
bearing-retainer nut and lock washer. The joint is torqued to a point where bending expected
in service will not exceed the initial tension applied at assembly (see Appendix 11).

Dynamic balancing proved to be more troublesome than expected. The experimental and
analytical methods developed under the previous programs could not be used: a new approach
was necessary. Mode shape investigation disclosed bending in more than one plane and mode at
any given time. This fact alone was sufficient to make previous balance techniques ineffective.

A new approach was required to determine the actual mode shape. The most cffective phase
angle of a trial weight at cach balance station was used as an indication of the mode at speeds of
interest: the noncoplanar nature of the optimum angle was apparent, especially at higher
speeds, when the responses from all stations were compared. The angular relationship of trial
weights to modes was uscd as the basis for locating weights to experimentally balance the test
shaft.



A computer program based on the trial-weight-effectiveness approach is available and has been
used successfully to check the experimental results.

The analytical description, developed for further study of the variables asscciated with a
rotating system, is intended to adequately predict the performance of any supercritical-shaft
system. The analytical approach can be used to optimize the independent variables and aid in a
ccmplete understanding of the problems.



SUPERCRITICAL-SPEED SHAF P DESIGN

The rotor interconnect shaft of the CH-47 helicopter was chosen as the subject of investigation
(sec Figure 5) because:

o  The present subcritical-speed shaft can be used for comparison of performance. cost
analysis, weight, reliability. cte.

® A demonstration vehicle is available for complete evaluation of the final design.

&  This shaft is the longest and has the highest continuous horsepower capacity of any
high-specd shatt in the military aireraft inventory.

o  This program is a continuation of the previous eftort.

Design requirements based on an cxisting subcritical system allow cvaluation of a
supercriticalspeed system without major and costly changes in the drive train. In a new
supercritical design it may prove to be advantageous to run the shafting at much higher speed,
without intermediate gear reduction from engine speed. Supercritical-speed operation can be
achieved either by running at higher speeds or by removing some of the supports. Since shaft
speed is dictated by the present transmission, removing the supports was the approach
followed (see Figure 6). The center support was added to prevent inte:ference with the
structure due to the natural sag of the shaft. Normal sug would become much greater under
flight or landing accelerations, and adequate clearance must be provided under these
conditions as well. The shaft is continuous through the damped supports and is capable of
taking bending through these joints. The shaft extends from the flexible plate coupling on the
forward transmission to a similar flexible plate coupling necar the tail of the helicopter, where
power from the engines is introduced through a combining transmission.

DESIGN CRITERIA BASED ON AIRCRAFT REQUIREMENTS

The design and test program was based on the following requirements of the system as it exists
in the helicopter and on the environmental requirements expected for the aircraft in service.

o This data from the operational helicopter will be used in the design of the
supercritical system,

Dimensions
Shaft length between pearboxes 338.8 inches
Shaft outside diameter (maximum) 4.50 inches

Operating speed range - minimum to maximum

Ground idle 2763 to 3070 rpm
Normul fhight range 7061 to 7460 rpm
Fxtended tlight range 6600 to 8289 rpm
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Torque

Normal operational torque 15.000 inch-pounds
Design fatigue torque 26,500 ¢ 4000 inch-pounds
Ultimate torque 60.000 inch-pounds

Relative motions from fuselage at limit load

Angular + 0° 4 minutes
Length £ 0.216 inch
Angular tolerance on blade phasing + 19 at rotor

Time to accelerate (approximate)

0 to 3,200 rpm (ground idle) 7 seconds
3.200 rpm to design speed 4 seconds
G Loadings
Flight +2.67gto -0.50g
Landing +2.80g
Crash 8g all directions, acting separately

e Environmental temperature range will be restricted to a minimum operational
temperature of 32°F and a maximum of 100°F for a standard hot day.

o  There will be two dampers. The design will be redundant in that each damper will
contain a dual chamber for failsafe operation.

The torque capacity requirement was met by designiag the supercritical tube to the same
torsional stress criteria as the present subcritical tube. Restrictions on outside diameter
resulted in identical tube diameter and wall thickness. Length between transmissions also
duplicates the CH-47 shaft system length.

Restricting the environmental temperature range to +32°F instead of the usual -65°F reduced

the number of problem arcas associated with the dynamics of the supercriticalshaft system,
and a reduced cost for the program was reflected.

DESIGN ANALYSIS FOR THE DYNAMIC SYSTEM

Data to be derived for design of the supercritical shaftqwcrc damper variables, damper
positions, and critical speeds. The previous test program.~ which used a similar shaft but
contained a single damped support, was used as a starting point for the analytically-derived
data.



Analysis Without Damping

For the case of a synchronous forward whirl, the fact is well established that the critical
speeds correspond to the natural frequencies in lateral vibration of the stationary (non-
rotating) shaft. In order io establish confidence in the analytical method. undamped natural
frequencies and modes were first computed for comparison with the following stationary-
shake-test configurations from the previous test program:

e Undamped shaft with an elastic support at station 32

. Undamped shaft with an elastic support at station 32 and a rigidly-supported bearing
at station 16

Calculations were performed with a digital computer program (Bocing-Vertol Program D-29)
which employed Myklestad’s method in which the shaft is represented as a series of
concentrated masses connected by weightless beam elements. The basic analytical model with
a single support is illustrated in Figure 7. Results of the calculations are summarized in Figure
8: excellent correlation with the previous shake-test data is indicated for both trequency and
mode shape.
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Figure 7. Shaft Coordinates and Bas'c Analytical Model,
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SINGLE ELASTIC SUPPORT

STATION 32

= 100 LB/IN.
777?;;; 775;"77 M = 18 LB
K
SHAKE TEST CALCULATED
MODE FREQUENCY (CPS) (1)  FREQUENCY MODE SHAPE CORRELLATION
P 5.3 5.2 EXCELLENT, WITHIN
EXPLRIMENTAL ACCURACY
% 16.4 16.9 EXCELLENT, WITHIN
EXPERIMENTAL ACCURACY
‘:’i:/:; 33 33.8 EXCELLENT, WITHIN
EXPERIMENTAL ACCURACY
— _ - 58 58.8 EXCELLENT, WITHIN
EXPERIMENTAL ACCURACY
acAa 93 91 EXCELLENT, WITHIN
EXPERIMENTAL ACCURACY
an . 135 Ll EXCELLENT, WITHIN

EXPERIMENTAL ACCURACY

ONE ELASTIC AND ONE RIGID SUPPORT

STATION 16

L

STATION 32

B -

,;z&m

K
51}

- 100 LB/IN,

= 18 LB

SHAKE TEST CALCULATED '

MopL FREQUENCY (CPS) (1) FREQUENCY MODE SHAPE CORRELLATION
A:-.E 14.2 14.4 NO TEST DATA AVAILABLE
i 30.3 27.6 NO TEST DATA AVAILABLE
cn.,ﬂw 44 47.5 NO TEST DATA AVAILABLE
W 92.5 89.9 NO TEST DATA AVAILABLE
W 115 110.1 NO TEST DATA AVAILABL:

NOTE: BATTELLE SH:.KE

TEST DATA

Figure 8. Test and Calculated Undamped Frequenc es.
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From test data of the shaft with a single elastic support, the plot of Figure 9 has been
constructed to determine the effect of damping on the location of the natural frequencies.
This plot shows mixed results for the lower modes, while the frequency of the modes above
the fourth is essentially the same as the undamped frequency. Since the higher modes are the
modes which fall in the operating range, determining the required position and stiffness of the
shaft supports using an undamped analysis appears to be justified. Once the geometry of the
shaft configuration is established, the dampin2 requirements may be investigated
independently.

To minimize the structural modifications required for installation of the shaft in a CH47
helicopter, the best location for the center support is at approximately station 16, and the best
location for the end damper is approximately station 31 or 32. During the previous test
program, station 32 was experiinentally established as the best overall location for the end
damper. The following discussion will show that this result is still valid.

Figure 10 shows the variation in undamped critical speed as a function of the center support
location with the end damper at station 32 and a support spring rate of 1,000 pouvnds per inch.
Based on the previous design, a damper mass of 18 pounds was used in the calculations. The
GROUND IDLE, NORMAL FLIGHT, and EXTENDED FLIGHT operating ranges arc as
indicated. The sixth critical is within the extended flight operating range for all practical
locations of the center support and within the NORMAL FLIGHT range for all locations
between station 10 and station 17.5. Of less significance is the fact that the fourth critical is
within the GROUND IDLE range for center support locations between stations 12.5 and 17.5.
For the fourth, fifth, and sixth modes, the critical speeds without the center support have been
identified; the critical speed with the additional support is always lower due to the added mass
of the center support. The importance of the damper mass is further emphasized by
comparison of the critical spceds of the shaft with the station 32 damper oaly and the critical
speeds of the unsupported shaft. This comparison shows that the damper mass would have to
approach zero in order to raise the sixth critical above the operating range and that the damper
weight required to reduce the sixth critical to a point below the flight range would be
prohibitive.

One further useful piece of information may be deduced from the curves of Figure 10. In the
areas where the critical speed is highest and approaches the value obtained without the center
support (station 32 damper only). the center support has no mass effect and must therefore be
a node point. Conversely, the areas where the critical speed is lowest indicates large motion of
the center support mass and the support point must coincide with an antinode. These
observations lead to the important conclusion that a well damped fourth and sixth mode will
be obtained if the center support is located at station 16,since the center damper will lie close
to an antinode. Similarly. the center damper will contribute no effective damping in the fifth
mode due to the ncar nodal location. Since the sixth mode is within the operational range
while the fifth mode is not. location of the center sepport ot station 16 appears to be an
acceptable compromise.

16
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UNDAMPED CRITICAL SPEED,w (CPS)

STATTAN 32

160 o
W p: ¢
UNSUPPORTED m =18 LB
K K K = 1000 LB/IN.
140
STATION 32 SUPPORT ONLY f
_________________ A
‘ 0]
Qe
AR
NORMAL FLIGHT ¥ Q9
120 RANGE xqg
—T_ B fay
. i
UNSUPPORTED
100 |
STATION 32 SUPPORT ONLY
80
e
UNSUPPORTED
STATION 32 SUPPORT ONLY
60 | l
GROUND IDLE
40 | o3
o)
20 I
“1
0 | | |
10 15 20

STATION LOCATION OF CENTER SUPPORT

Figure 10, Effect of Center Support on Undamped Critical

Speed, End Damper at Station 32.
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For a shaft with supports at stations 16 and 32, the cffect of damper stiffness on critical
speeds is shown in Figure 11, which indicates that the damper stiffness influences only the
modes below the fifth critical. In order to minimize loads transmitted to the structure and to
obtain the maximum damper cftectiveness, the damper spring rate should be as low as possible.
Final choice of the spring rate was based on practical damper design considerations and
allowable detlections under static and flight loads. A spring rate of 1,000 to 2,000 pounds per
inch was considered adequate for thesc purposes.

The effect of practical variations in damper mass on the critical speeds is shown in Figure 12.
It is evident from the plot that small changes in damper mass are of no significance.

In Figure 13, undamped mode shapes for the shaft with two supports are compared with the
mode shapes for the shaft with a single support. For the fifth and sixth modes, the station 32
damper motion and the location relative to the adjacent node point are unchanged, indicating
that the damper effectiveness at this location is not influenced by the additional support. To a
somewhat lesser extent the same conclusion applies to the third and tourth modes. In the case
of the third through the sixth modes, therefore, the previous experimental cptimization of the
end damper location (station 32) is still valid as stated carlier. Total support point motion,
which is an indicator of the overail damper effectiveness, is compared in Table 1. This
comparison shows that the combined damper effectiveness with two supports is equal to or
greater than that for a single support, provided that the damper force itself does not seriously
alter the mode shapes.

TABLEI. TOTAL DAMPER MOTION
PERCENT OF MAXIMUM NORMAL MODE AMPLITUDE
Mode One Support Two Supports

| 20 63
hl 53 5,2
2 69 133
4 53 104
S 37 47
6 N7 60

19



STATION 16 STATION 32
p AN m nCa Ay
K K m= 18 LB
180
160} T Up >RER
140}
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L&
E 100
8 iy
3
E so}-
L ¥
g
g “4
E oof e
GROUND IDLE ¥
1wk
2
g
20 I—/_——’/—_
i | 1 ] 1 i [ |
1000 2000 3000 4000 5000 6000 7000

Figure 11,

DAMPER SPRING RATE, K(LB/IN,)

Critical Speed.
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SHAFT WITHOUT CENTER SUPPORTS
(K 100 LB/IN)
= = ==  SHAFT WITH TWC SUPPORTS
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Figure 13. Theoretical Undamped Mode Shapes.
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Analysis With Damping

In order to investigate the damping requirements, forced response anady ses with damping were
performed tor the stationary shaft. The analytical model was similar to that used in the
undamped analyses cxcept that a viscous damper is assumed to act in parallel with the
supporting spring. Calculations were carried out using a digital computer program
(Boeing-Vertol program D-97) which is a general-purpose lumped-parameter dynamic-analysis
program similar to the General Motors Dynamic Analyzer Program (DYANA).

As in the case of the undamped analysis. calculations were first performed for comparison with
available test data from the previous shafi configuration (damper at station 32) in order to
establish the credibility of the analysis. Results of these calculations are poesented in Figure
14. With minor exceptions. tie calculated damped trequencies compare tuvorably with the test
values. The calculated second mode does not appear in the test results probably because this
mode is responsive only 1o a concentrated exciting force near the damper. In general, the
results of the damped calculation tend to be slightly higher than the test frequencies.
Furthermore, the calculated values for the fifth and sixth modes with damping are higher than
the undamped values: this trend is contrary to the trend of the test data.

Calculated natural frequencies with and without damping are compared in Figure 15 for the
shaft with supports at stations 16 and 32. Damped calculations were performed using the same
damping coefficient (C = 17 Ib/in./sec) as for the shaft with a single support. In order to
compare the damped and undamped frequencies on a common basis, the undamped
frequencics from a D-97 forced-response analysis without damping (C = 0) are presented in
addition to the results from the previous undamped analysis (program D-29). The damped and
undamped D-97 results appear consistent throughout with the third. fourth, and fifth modes
displaying a slight decrease in frequency due to damping. Above the third mode. the D-29
undamped frequencies are lower (5.0 percent at the sixth mode) than the corresponding
frequencies from the D-97 analysis. Investigation of the accuricy of the two methods indicates
that the difference is due principally to a small computational error in the D-29 analysis.

On the basis of the undamped natural frequencies, the presence of a damped first mode at
approximately 19 c¢ps has been indicated in Figure 15. Howcever, the first and second modes
are very tightly coupled and ditficult to isolate in the forced response due to the similarity in
the normal (undamped) modes (see Figure 13). In this regard, the existence of the first mode is
academic since the response of the rotating shaft will, in all likelihood. display only a
single-peak response which may be treated as one mode.

Steady-state forced response was computed tor damping coefficients of 8.5, 17, 25, and 30
Ib/in./sec, and the results are compared in Figure 16, which shows maximum shaft deflection
versus excitation frequency. Below 20 cycles per second, a damping coefficient of 17 Ib/in./sec
appears adequate, since a further increase in the damping shows no real improvement. in the
highfrequency range. damping coefficients above 25 Ib/in./se¢ produce no further reduction in
the peak responses and values between 17 and 25 Ib/in./sec appear adequate. As predicted
from the undamped mode shapes, the peak response in the flight operating range due to the
sixth mode is well damped. Caleulated response at station 4 for later comparison with test data
is shown in Figure 17.



STATION 4

STATION 32

o

EXCITOR LOCATION
FOR SHAKE TEST

m =

T
l

|

18 LB; K =

100 LB/IN.; C = 17 LB/IN./SEC

o

UNDAMPED NATURAL
FREQUENCY, CPS

DAMPED NATURAL
FREQUENCY, CPS

SHAKE D-29 SHAKE D-97 ROTATING

MODE | TEST (1) | CALCULATED|ITEST (1) | CALCULATED (2) TEST

1 5.3 5.2 Hod 4-5 5-5.8

2 16.4 16.9 = 15-19 (3) -

3 33 33.8 24 28-33 24-26

4 58 58.8 47 56-59 53-54

5 93 9.1 92 94 89-91

6 135 133.4 132 140-141 188=1317

’ = = 182 196 NO DATA
NOTES:

(1)
(2)

(3)

SHAKER AT STATION 4
RANGE OF CALCULATED FREQUENCIES FOR FOUR
DIFFERENT SHAKER LOCATIONS
MODE EXCITED ONLY WHEN EXCITING FORCE
IS NEAR THE DAMPER

Figure 14.

Comparison of Test and Calculated Natural
rrequencies With Support at Station 32.



STATION 16 STATION 32

A : .

c K c K

m = 18 LB; K = 2000 LB/IN.: C = 17 LB/IN./SEC

NATURAL FREQUENCIES, CFS
UNDAMPED DAMPED
MODE D-29 D-97 D-97
CALCULATED | CALCULATED (1) CALCULATED (2)
1 18.8 18.1 19 (3)
2 20.8 20.9 20.5-22.5
3 35.9 36.3 30-32
4 54.9 56.4 54-55
5 90.5 94.2 93-94
119.4 126.5 126-130
7 NOT 195.4 195~196
CALCULATED
NOTES:
(1) From forced response without damping
(2) Range of calculated frequencies for four
excitation locations
(3) Approximate frequency; first and second mode
responses are very tightly coupled by damping,
making first mode frequency difficult to identify.
Figure 15, Comparison of Calculated Damped and Undamped Natural

Frequencies With Support at Stations 16 and 32.
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The forced response with damping is a complex quantity composed of a real component, in
phase with the exciting force, and a quadrature component which is 90 degrees out of phase
with the exciting force. The quadrature component is of interest because at resonance it is this
component which dominates the response. For a given natural frequency, the shape defined by
the quadrature response is relatively constant and can be loosely considered as the damped
mode shape. Figure 18 presents quadrature shapes for excitation at station 4 compared with
the undamped mode shapes. Since a discrete first mode was not excited, the quadrature shape
for the exciter location (station 32), which appeared to best define the first mode, has also
been shown. For the third and fourth modes, the characteristic 90-degree exciting-point phase
lag was not obtained with the exciting force at statior 4. In these cases, the quadrature shapes
for the exciter location which did produce a 90-degree phase lag are shown for comparison.
Examination of Figure 18 indicates that for the fifth, sixth, and seventh modes, there is no
essential difference between the quadrature and undamped shapes. Below the fifth mode, the
quadrature shapes strongly resemble the undamped modes; however, the distorting effect of
the damping is evident. In the case of the first and fourth modes, a variation in the quadrature
shape with exciter location is readily observable.

Figure {9 shows the damper positions selected and superimposes all modes calculated for the
proposed design. It also shows the balance planes selected to correct deflections in the various
modes. Stations 8 and 24 were selected to balance the lower critical speeds (1, 2, 3 and 4)
without affecting the higher ones (5 and 6). Stations 8 and/or 24 are near the antinodes of the
lower critical speeds and at the same time near the nodes of the higher critical speeds. Statiors
5 and 10 or stations 21 and 27 were selected to balance the higher critical speeds (5 and 6)
while having relatively little effect on the lower critical speeds. Weights at station S and station
11 are near the antinodes of the higher critical speeds but would have opposite sign to be most
effective at these speeds. The opposite sign, however, would make them counterbalance cach
other at the lower speeds; therefore, they would have little effect at these speeds. Weights at

stations 21 and 27 react in the same way.

Figure 19 also identifies the location of the strain gages installed on the test shaft. A bending
bridge was installed at shafi station 4 to measure shaft bending. Station 4 will contain some
bending stiess if there is deflection in any of tiie modes shown. Other stations may not show
bending in some modes. For example, station 3 would not show bending in the fifth mode,
and station 7 would not show it for the sixth mode. The bending bridges located at stations
15,17, 31, and 33 arc located one station on each side of the dampers to show the bending
carried through the adapter joint at these points. A torsion bridge was installed at station 34 to
measure actual shaft torque either in the bench test or in the aircraft.

STRUCTURAL DESIGN CRITERIA

The structural design criteria and the loading conditions for the supercritical-speed shaft are
specified in Vertol report D8-0939.3 The primary source of loading on the supercriticalspeed
shaft system is engine torque. The CH47A and B arc powered by two Lycoming TS5-L-7
engines each capable of operating at the transmission limit of 2,485 horsepower at 15,160
rpm. The engines have this capability for both single-engine and twin-engine operation. All
components of the supercritical-speed shaft system are designed for the most critical loading
conditions during single- or twin-engine operation.
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LEGEND
= = = = == UNDAMFED MODES
s DAXPED, EXCITATION AT STATION 4
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+90 i
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M = 18 LB, K = 4000 LB-IN,, C - }7 LB IN./SEC
1.0
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FIRST MODE
DAMPED FREQUENCY - 1140 RPM (APPROXIMATE)

SECOND MODE
DAMPED FREQUENCY - 1230 TO 1350 RPM

-
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-

THIRD MODE
DAMPED FREQUENCY - 1800 TO 1920 RPM

FIFTH MODE
DAMPED FPREQUENCY ~ 5580 Tu 5640 RPM
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V
o
SIXTH MODE
DAMPED FREQUENCY = 7560 TO 7800 RPM
SN AN
SEVENTH MODE
DAMPED FREQUENCY - 1170 TO 11760 RPM

Figure 18, Comparison of Damped Quadrature Shapes and
Undamped Mode Shapes.
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Figure 19. Mode-Shape Inforwation With Locations for
Dampers, Balance Pads, and Strain Gages.
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In addition to the primary load, the shaft system is also subjected to secondary loads arising
from deflections and misalignments. These sccondary loads are considered in both limit and
fatigue stress analysis.

Ultimate allowable stresses are taken from METALLIC MATERIALS AND ELEMENTS FOR
AEROSPACE VEHICLE STRUCTURES. MIL-HDBK-5A .4 Allowable fatigue stresses are
based on values obtained from Vertol STRUCTURES DESIGN BOOK 86L1 OF THE BOEING
COMPANY ENGINEERING DESIGN MANUAL® and from Vertol experience with similar
components and materials.

Shaft Torsional Loads

Limit and Ultimate Conditions - All components of the shatt system are designed to withstand
momentary applications of ultimate loads without failure. The maximum steady operating
torque equals 60 percent of twin-engine torque based on 4,970 horsepower at 230 rotor rpm.
The ultimate torque is obtained by multiplying the steady torque by a 1.5 limit fuctor and a
1.5 ultimate factor of safety. These torque values are:

Tinax operating  ~ 26.700 inch-pounds
Tlmm = 40.000 inch-pounds
Tullimu(c 00.000 mch-pounds

Fatigue Condition—Superimposed on the maximum steady torque is a cyclic torque equal to
+15 percent of the steady torque.

Tullcrlmling = +0.15(26.700) = £ 4.000 inch-pounds

Bending Loads

Limit and Ultimate Conditions—The maximum bending of the shaft system under combined
axial compressive torce due to the fuseluge detlection and transverse load under 3g flight
condition is 2.450 inch-pounds. The maximum whirling ot the shaft due to the unbalance has a
calculated value of 400 inch-pounds. Both of these bending loads take place at the forward
damper of the shaft system. The limit bending occurring in the shaft during any operating
condition is thus obtained by adding these two bending loads.

The ultimate bending moment is determined by multiplying this limit bending by a 1.8
ultimate factor of safety. These bending loads are:

Myinit 2850 inch-pounds

it

M 4,280 inch-pounds

ultimate

Fatigue Condition

All components of the shaft system, except bearings. are designed with the objective of
attaining a minimum service life of 3.600 hours under the basic tatigue loading schedule in
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STRUCTURAL DESIGN CRITERIA, CH47B AND co Bearings will be designed for a
minimum B-10 life of 1,200 hours under the same schedule.

The nature of the normally-encountered bending stress experienced by a shaft operating at
supercritical speeds in 1g level flight is shown by Figure 20. With the specified mode shapes
associated with a given frequency, a strain gage located on the surface of the shaft at point 1
would indicate the stresses shown in Figure 21. From these diagrams it can be seen that the
bending stresses are expected to be steady while operating at a constant rpm. Stress reversals
occur only when the direction of the bend in the shaft changes between modes. This has been
demonstrated by test (see Figure 132).

MODE A

/POINT 1
P

P

i

MODE C

Figure 20. Typical Mode Shapes.

STRESS AT POINT 1 DURING OPERATION WITH SHAFT IN MODE SHAPE B
= o > o ww
o9

STRESS AT POINT 1 DURING OPERATION WITH SHAFT IN MODE SHAPE A
g P —— — WW/_\N\—’\———\_.
[
[4s]
0

. e
STRESS AT POINT 1 DURING OPERATION WITH SHAFT IN MODE SHAPE C
TIME —————t-

Figure 21. Bending Stress From Shaft Whirling.

Alternating bending occurring in the shaft at the frequency of rotation is a result of fuselage
bending and gravity. Alternating bending at twice the frequency of rotation comes from
elliptical whirling. This is a transient condition, and it is belicved proper balancing will reduce
or eliminate it.



Dampers and Support Structure

The dampers and support structure are designed to operate at the bending of the shaft duc to
unbalance which causes *+ 15 pounds alternating load at end bearing supports. Amplitude for
use in determining damper-to-structure loads is consistent with allowable alternating lateral
bending deflections of the shaft for unlimited life. All mode shapes within or adjacent to the
tlight range have been considered. This shaft is considered to be deflected sinusoidally.

Actual stress is a function of the mode-shape deflection determined by analysis of the dynamic
responsc of the system,

Secondary loads arising from deflections and misalignments will be considered for both limit
and fatigue conditions.

DETERMINATION OF MAXIMUM BENDING STRESS

Maximum bending stress in the supercritical speed shaft system is measured at its whirling
speeds. First, the theoretical mode shape is selected whose wharling speed falls in the identified
operational ranges. Next, the maximum deflection in the shaft system is determined by
assuming that an unbalance in the shaft system causes a 15-pound load at the end supports.
The cquation for the maximum deflection is a sinusoidally detlected shaft, expressed in terms
of the loads at end supports, is

. mgR :
Ymux - wis 21 (1

where Y. = maximum shaft deflection, in.
_ . . . g 2
g = acceleration of gravity, 386 in./sec
R = loadai ¢end support. b
w = weight ot shuft per unit length, Ib/in,
w = shaft speed, rad/sec
| = shaft length between nodes, in.

The maximum bending stress in the shaft system is determined by using the maximum shaft
deflection obtained from the above calculation. The equation for the maximum bending stress
in a sinusoidally deflected shaft is
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2
. .TDEYp, e
max = 5772

where o, maximum bending stress, lb/in.2
D = outside diameter of shaft, in.
E = modulus of elasticity, Ib/in.2
Ymax =  maximum deflection, in.
1 = shaft length between nodes, in.

The maximum shaft bending stress is found at the fifth whirling speed of the shaft system (see
Figure 18).

For R=151b w =0.165 Ib/in. w = 568 rad/sec
1=70.7in. D =4.50in. E =10.5 x 100 Ib/in.2

Substituting these values into Equations (1) and (2) gives the maximum bending sticss in the
shaft system, which is

Omax = 230 Ib/in.2

As previously explained, the above stress is a steady value. It can be used conservatively as an
alternating value to cover all possibilities of shaft mode shapes and deflections for the
extended operational speed range.

DETERMINATION OF ORBITING END LOADS

Based on the theoretical mode shapes of the undamped shaft system and a maximum allowable
bending stress, the maximum shaft deflection of interest for each mode shape can be
determined by Equation (2). A maximum allowable bending stress of 2,500 lb/in.2 was
selected for the bench test program.

With the shaft deflectic~ known for each mode shape, the orbiting end loads can be computed
by using Equation (1).
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DAMPER TEST

The damper is an immersion body type and displays characteristics of viscous dampers in
general. Drawings of the damper are included in Appendix II. Damping force is relsted to
velocity, The damper is composed of several concentric metal sections joined by bonding an
elastomeric member between them. When the parts are joined, a circular concentric chamber is
formed which is filled with a silicone fluid (see Figure 22). The shaft is supported on a bearing
pressed into the inner metal section. When the shaft is deflected, the center moves in relation to
the outer metal section and causes the chamber to distort in an eccentric manner. Fluid in the
chamber flows from the smaller area to the larger area. When the shaft rotates in the deflected
position, the fluid in the chamber is forced to flow ahead of the deflection. Viscous resistance
to the flow causes damping. The outer section of the damper is attached to the aircraft
structure when installed.

TEST MACHINE AND INSTRUMENTATION

The damper test machine consisted of a belt-driven rotating shaft running in bearings with an
eccentric mounted at one end to impose a positive displacement across the damper (see Figure
23). Various eccentrics could be installed to change the displacement as desired (see Figure
24). The entire test machine was mounted on a base which could be placed in an oven or cold
box for the desired environmental control during testing. Frequency was controlled by a
variable-speed motor driving the unit.

Measurements for the damper test included the damper force output, frequency of rotation,
phase of the eccentric, rpm counter, and temperature of the damper elements.

The damper force output was measured by a Kistler quartz load cell which drove a Kistler
charge amplifier. The final display appeared on a Tektronix storage oscilloscope. The
oscilloscope force traces were photographed at each test condition for analysis.

The frequency was measured with a photoelectric pickoff driving a digital counter. The
photoelectric pickoff also triggered a stroboscope when the eccentric was 90 degrees from the
load cell location, or at the point of peak velocity of the eccentric in the vertical direction.
This test setup provided a force trace with a blip at the point of peak velocity to determine the
force component of pure damping for the test unit. This setup was also used to determine the
dynamic spring rate of the damper.

The temperaturc of the inner and outer members of the damper was measured and recorded
during all tests by copper-constantan thermocouples and a Leeds and Northrup temperature
potentiometer.

TEST PROCEDURE

The damper test machine has three eccentric offsets (0.025, 0.015, and 0.005 inch) for use at
different frequencies.
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Figure 22. Damper - Sectional View.
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Figure 23. Damper Test Setup.

Figure 24. Damper Test Vee-Belt Drive.
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The tests were run at +32° F, +70° F, and +160° F. Temperature was maintained by enclosing
the test machine in a box or chamber where necessary.

o Test for damping coefficient (stabilized temperatures)

Frequency Offset
(cps) (inches) || 32° 70° 160°
——_——_—==*=.

0to 60 0.025 X X X
0to 100 0.015 X X X
Oto 145 0.005 X X X

e Simulated shutdown from hot condition

o Fluid loss test (one chamber)

e Calibration check for dampers used on shaft test

e Fatigue test at 160° F (to maintain approximately 200° F on inrer member)
The physical displacement was established by the eccentric installed on the shaft. The damper
was installed in the test machine so that the horizontal damper force reacted against horizontal
links to the structure. The vertical force was measured by the Kistler quartz load cell.
The ambient temperature for each test was established. The test was begun by bringing the
frequency of rotation to a predetermined value. This speed was maintained until the damper

temperature stabilized; then the data were noted and recorded. The frequency was changed
and the process repeated until data were obtained for all the desired frequencies.

TEST RESULTS

The radial spring rate of the damper was measured at 1,650 pounds per inch (see Figure 25).
This value is well within the required spring rate of 1,000 to 2,000 pounds per inch given in
the specification.

The measured damping at room temperature (see Figures 26, 27, and 28) is slightly above the
upper design limit of the tolerance envelope (12 to 18 Ib/in/sec) at input amplitudes of 0.005
and 0.015 inch. However, the damping was considered to be acceptable, and no at*empt was
made to adjust the damping force into the tolerance band by changing the fluid viscosity.

Figures 29, 30, and 31 show the damping characteristics at an ambient temperature cf 32°F.
Similarly, Figures 32, 33, and 34 show the damping characteristics at 1 60°F. Data derived
from comparing these figures with information recorded at room temperature are similar (up
to frequencies near 80 Hertz) to the expected change of viscosity with temperaturc (average
damper temperature recorded during the test) for a silicone fluid.

38



LOAD (LB)

300

250

200

2000 LB/IN.

150
1650 LB/IN.

100
1000 LB/IN,

50

DEFLECTION (INCHES)

Figure 25, Damper Load Versus Deflection (Spring Rate).
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DAMPING FORCE (LB)

NOTES: (1) INPUT: 0.025 ECCENTRIC
(2) TEMPERATURES STABILIZED

200
C = 18 LB/1PS
150 p=
C = 12 LB/IPS
100 p=
LEGEND
50
e - NO STATIC OFFSET
A- WITH 0.025" STATIC OFFSET
> 1 I | J
0 20 40 60 80 100

ROTATIONAL SPEED (CPS)

Figure 26, Force Versus Speed to 60 CPS at 70°F.
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DAMPING FORCE (LB)

NOTES: (1) INPUT: 0.025 ECCENTRIC
(2) TEMPERATURES STABILIZEL

200 - 24 LB /1IBS om LB/IPS
/
150 / 12 LB/IPS
100
50
0 | | | |
0 20 40 60 80 100

ROTATIONAL SPEED (CPS)

Figure 29, Force Versus Speed to 60 CPS at 32°F,
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DAMPING FORCE (LB)

LEGEND

® - 0.025" STATIC OFFSET

/N - NO STATIC OFFSET

NOTES: (1) INPUT: 0,025 ECCENTRIC
(2) TEMPERATURES STABILIZED 18 LB/IPS

200

12 LB/IPS

150

100

50

| | | | J
0 20 40 60 80 100

ROTATIONAL SPEED (CPS)

Figure 32. Force Versus Speed to 60 CPS at 160°F,

40



Sdt1/91 ma.xxxxax

Sdr/4d1 81

*do091T 3® 54D 00T o3 peadg SNSI9A 9d104 €€ 2anb1g

(sdd) aaaas TYNOILVIOH
0C¢T 00T 08 09 137

J | i | |

Q3ZITIGVIS SIHNIVHIINIL (2}
OIMINADDT STO0'0 :LNdNI (1)

: 53LON

00T

0Ss1

ooz

(87) IDY04 OSNIdWva

47



*d,09T 3© SdD 0O%I 03 poads snsaop adIod “ve aanbtg

{54D2) 03I4AS TVHOIIWIOH
091 ort DET 001 [1]:] 09 oy

I I | T I 1 1

QIZITIAVLIS STHOLVEIAWIL (Z)
JIHINIIDNE S00°0 FLOdNI (1) 53LON

sdI/A1 ZT = 2

841/91 BT = 2 7 #

S41/781 ¥Z = 2 JAZITIEWLS
FENLVHAINAL LOCHLIM
HMOOLOHE TILWINWIS - X

T
sdI/8T 9°0f = 2

e L

—~ o¥

-1 0%

- 0B

— oot

~H 021

=1 0kT

(@7) 3Id¥ad ON1dWvd



A nonlinearity in the damping curve was observed at frequencies over 80 Hertz (see Figure 34).
The fact that the damping force peaks and then drops off with higher frequencies indicates a
resonant condition either in the damper support structure or within the damper body.
Observation with a strobe light of the damper under test revealed that expansion of the rubber
occurs 90 degrees ahead of the eccentric deflection of the test machine. This out-of-phase
expansion of the rubber indicates that the resonance is within the damper itself rather than in
the structure. The expanding rubber causes a resultant load in the opposite direction (90
degrees behind the eccentric). This load is in the same direction as the normal damping force,
so the two forces must be added to represent the total damping force. The drop in total
damping force as the frequency is increased is attributed to a probable breakdown of the
internal damping caused by the pumping action of the fluid. The total damping force is then
supplied by the expanding rubber, or pressure bulge, 90 degrees ahead of the normal damper
eccentric. This occurs only at high speed.

The temperature effect on this resonant condition verifies the assumption, because increased
internal temperatures should decrease the spring rate of the elastomer and lower the natural
frequency. The curve in Figure 29 with a 0.005-inch eccentric at +32°F has no p¢  No bulge
in the elastomer was noticed with the strobe. The effect of temperature could be i. mized by
stiffening the rubber section against the bulging action, which should linearize . damping
curve to higher frequencies.

Figures 35, 36, and 37 show the stabilized temperatures measured at the inner and outer
damper members throughout the test program. Each data point on these curves also represents
the point at which the damper force data were recorded.

The damping force and temperature versus the frequency with only one chamber filled with
fluid are shown in Figures 38 and 39. This test represents what would happen if the fluid were
lost from one chamber due to malfunction. Even with the lower damping force that exists, the
temperatures recorded on the metal parts of the damper are essentially the same as those
recorded with both chambers filled.

Figure 40 shows the damping force at 140 Hertz and the temperatures of the inner and outer
damper members during the 24.5-hour endurance test. Several times during this test there was
a sudden, rapid temperature rise so severe that the test had to be interrupted. At the high
temperatures encountered during the test, the grease in the bearing became thin and ran out
around the threaded bearing retainer. Data indicated that the bearing itself was the primary
source of heat. After 7 hours of testing, the bearing was removed. cleaned of all grease, and
lubricated with a light oil. This stabilized the temperature and damping-force measurements
for approximately ten more hours, when the temperature again rose suddenly. At this point
(17.5 hours of testing), the procedure was stopped and a new bearing was installed. With the
new bearing, the damping force and temperature were substantially reduced. After the data
were plotted at the end of 22.5 hours, it was noted that the damping force recorded for che
period from 17.5 to 22.5 hours was considerably lower than normal. The low data led to the
belief that there was an error in the instrumentation readout. The damper was therefore placed
back in the test setup and run for another two hours. The damping force measured for this
final period was much closer to the normal levels. On this basis. the damping force readout for

the 17.5- to 22.5-hour period was assumed to be incorrect. The cause of the error is not
known,

49



"do0. 3 poadg snsasp sanjexadweg, P9ZTTTqe3S °*g¢ 21nbtg

(sdd) xONANDTYA TYNOILVIOY

0bT 02T 00T 08 09 0p 62 0
f T T T _ T T J 0
— C9
INATENY Jd.7 ¢
DTHLNTIOT SO0
o7 X Rl R o =% s
e M
x. % x—X
- oct
- ozt
LHITALY d.9¢
JIFdLMNTONT CST3°0 ot
~ o097
LEITEWNY doff
JIJLNIDOT 5700
- 087

TINLVIIdWIL dIIWAW d¥FLN0 -
JINLYITdWAL d39WIW JINNI -

aNIgod1

(do) MNIVITAWAL ATZITIAYLS



doZ€ 3I® paads snsas) aanjexadwa] PazITTIqe3s

*9¢ a2anbtg
(SdD) ZONINOIIJ TYNOILVLIOY

GNIOTT

ovT 021 00T 08 09 oy 0¢ oo
I | I | | 1 | W
\\I —0¢
x\\\l\\\x X
X X X: X 0\ X
X 7 ==
Qe w\nn““H\AW e
O\\\ X \\ o
O\\IT = Q‘\\\\ > ’ \\O\ —10%
OTULIADD S00°0 X~ o
\\ -
x\ 4 o T Ow
(o] 7 -
7 O\
\\\\\\\\\\ x” \\ —oL
o \
N — 08
O1IdLNIDOT ST0°0 \ —06
\ i 55
INITEWY oZ€ m
JIdLNADDd 620°0
FANLVdIdWAL dIGWIW ¥43dLNn0o - X -0t
TINLVIIdWAL dJIGWIW 4INNI - O 0
—02T1

(do) FWNILVEIAWIL AIZITIEVLS

51



*do09T 3Ie poads snsaap aanjexsduwsg, pozIT1qR3s

(sdd) ZXONINDTWI TYNOIIVIOW

ovT 0CT 00T 08

09 oy 0c

| I 1 |

INITEWY J,091
OT¥LINIDOF S00°0

LNITIEWY Job9T /
OI¥INIDO3 ST0°0

INITEWVY J,09T1
OI¥INIDO3 SZ0°0

ENLVIIdWIL YIGWIW ¥3LNO - X
NENILVEIdWIL dIEWIW YIANNI - @

aN3oaT

*LE @anbtg

081

06T

002

012

0cez

0€C

ove

0s2

(do) TUNIVIIAWIL AIZITICVLS



*do0L 3I® poads snsasp 9dx04 butdweq xsqueyd sup "ge aanbtg

(sdd) adads TYNOIIV.IOA
0% 02T 00T 08 09 (137 02

_ T T T T T T
OTYINIIDE S00°0 N
v— X
v x\\\\\

Sd1/491 21

sd1/4d1 81

Sd1/41 zT = DIYINIDOT SZ0

Sd1/91 8T

QIZITIIVLS STINIVIIAAWIL *dLON

.

0

0s

00T

0ST

00¢

(97) FO¥0d HNIJWYA

53



*do0L I poads snsad) aanjexadws] pazZITTqe3lsS Iaquey) auQ

(sdd) a@aIIS TYNOILVIONA

*6€ 2anbta

0vT 0Z1 00T 08 09 (1} 0z oo
I | | | | | | M
—1ov
L&u\@ 08
T\\‘\I @ \l\x\\|||\ X
> - \x\o\
JIMINIDOT S00°0
AP\\\\\\\\\AV X MNHHHM \\\\
@
\\\\\\\\\\ \\\\ — 02T
O o
DIMINEDOE STO0°0
& INIIGWY JolLL
OININIIOT S20°0
TNLVIIINEL JIEWIW JILNO - — 09T
NNIVIIINEL JIIWAW JANNI - 7
TINIVIIdNAL JA9HIN 935100 - @
TENIVIIINAL JIGWIW YANNI - O
TINIVIIAWAL JIGWNIN IILOO -
SENIVIIIWIL YIIWIW JANNI - @

aNIDdT

(3o) FINIVIAIWAL QIZITIAYLS

54



DAMPER FORCE (LB)

NOTES :

(1) INPUT:

(2) TEMPERATURE:
(3) FREQUENCY:

LEGEND

/- INNER MEMBER TEMPERATURE
O- OUTER MEMBER TEMPERATURE
X - DAMPER FORCE

0.005 ECCENTRIC
+160°F
140 HERTZ

240 1 TEST STOPPED
rNEW BEARING
¥ INSTALLED
] = 260
——TEST STOPPED !
I
200 |- A I
T TEST STOPPED '
A : 240
;g’ X ——TEST STOPPED |
N ; / ‘ BEARING CLEANED AND |
60 A REPLACED I
J / [ I
/ X |
o / / TEST STOPPED
| 220
133 A S 4 — { +H—c = 30.6 LB/IPS
| Y /] Xay—= N I
/ I =X
120 [+ / | /
g X A /
L /
X — 200
4
so-c = 18 La/1Ps E——0nr A
l X} L\\ikﬂﬁxs
/ \ ]\ —{180
53 _:r/ ‘ Sy F———— C = 12 LB/IPS
ol 3
!
/
/ — 160
(
0 | 1 1 | 1 | 150
0 4 8 12 16 20 24
TIME (HOURS)
Figure 40. Temperature and Force Versus Time - Endurance

Test at 160°F.
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After the test, the damper was completely disassembled and was examined visually for signs of
deterioration in the elastomeric parts. No deterioration was apparent (see Figure 41). When the
bearing was operating properly and adequate lubrication was maintained, the temperature rise
of the damper components recorded during the test program was well within the limits of the
elastomer employed.

Figure 41. Disassembled Damper ,

SUMMARY

The tests indicated that the damper characteristics fall within the general limits established for
the specification. The damping coefficient is higher than intended under some conditions but
not sufficiently high to warrant changing at this time. The damper has demonstrated a fatigue
life in excess of ten million cycles at elevated temperatures and at motions far in excess of
those normally expected in service. The damper was tested at an ambient temperature of 160°
F and five times the expected excursion. The bearing could not withstand these conditions and
had to be relubricated and replaced to complete the test run. Satisfactory damper performance
has been demonstrated under these severe conditions, and satisfactory performance for the
bearing is projected when normal operating limits specified for the aircraft installation are not
exceeded.

The diaphragm separating the dual chambers of the damper was found to have failed sometime
during the testing prior to testing the damper with one chamber empty. The failure occurred
adjacent to a mark left by a sprue, or vent, in the elastomeric mold. Under deflection, the
member received high stresses in this area; the additional stress concentration caused by the
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mark resulted in the failure. New parts were made with this sprue relocated in a less critical
area. All tests were repeated. The diaphragm then performed in a satisfactory manner.

The nonlinear damping characteristics noted at the higher frequencies have been explained
(under Test Results) as a pressure wave preceding the deflection by 90 degrees and causing an
expansion of the elastomer at this spot. The reaction to the expansion acts through the damper
in the same direction as the damping force from the viscous action of the fluid, and addition of
these two forces gives the total damping of the unit. The nonlinear characteristics could be
eliminated by making the elastomer more resistant to expansion in this direction.

Damper failures from the bench testing have been attributed to working of the elastomer
resulting from the initial bend in the shaft acting as a crank and the shock wave expansion
caused by excessive fluid shear. Neither cause is related to the dynamic deflection of the
flexible system. Removing the crank effect by straightening the shaft and machining the field
splice adapter flanges reduced the flexing of the elastomeric sections and allowed the dampers
to function in a satisfactory manner.

CONCLUSIONS

The damper as developed for this program successfully controlled the deflections of the
supercritical-speed shaft as balanced during the tests. It operated satisfactorily in the
environment of the aircraft within the temperature iimits tested.

The failures that occurred during this test program were a result of excessive shaft motions.
Excessive motions at the damper regardless of the source (crank effect or deflections from
unbalance in the shaft) caused unacceptable ioads on the damper, bearing, and structure. When
these motions and loads were reduced to acceptable levels, the damper performed in a
satisfactory manner.

The nonlinear damping characteristics did not present additional problems in balancing the
shaft. The independent effect of this variable was not considered in the actual test program.
Increased stiffness of the elastomer in the damper may be a desirable improvement.

The damper (J-12331-5) is capable of a minimum of 21 hours of service in the aircraft at the
conditions used for this endurance test, if temperatures are closely monitored and maintained
below approximately 200° F at the bearing retainer.

The motions at the damper must be kept within the design limits to prevent excessive heat
buildup and deterioration with eventual failure of the elastomeric section. The damping
characteristics of the unit establish the load transmitted through the bearing to the structure,
and excessive motions will produce excessive loads for the bearing. Excessive motions can be
caused by the initial bend in the shaft (producing a crank effect) or from dynamic deflections
as a result of excessive unbalance in the flexible shaft. Both motions must be controlled within
acceptable limits if satisfactory performance is to be obtained.
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TORSION TEST

The torsion test specimen consists of a short section of drive shafting assembled with standard
flexible-coupling adapters at each end and with the special adapter sections designed for the
damper installed near the center. A drawing of the torsion fatigue specimen is included in
Appendix II. The adapters at the center were assembled to simulate an actual aircraft
installation. The damper bearing and retainer sleeve or spacer was used so the retaining nuts
could be torqued to the same value specified on the installation drawing and thereby provide
the same stress loading on the section as expected in service. The rivets used for the adapters
were the same as specified on the full-size shaft, including the 3/8 rivet with the small hole for
the strain gage lead wires. Standard assembly procedure was used throughout with normal
quality control and inspection for parts.

TEST MACHINE AND INSTRUMENTATION

The torsion test was run in an IV-20 fatigue machine operating at 20 cps. The measurements
obtained during the test included steady and alternating load, frequency of vibration, and
total number of cycles. The load was applied by the test machine and measured by torsion
strain gages applied to the test specimen. The signal was amplified by a bridge amplifier, and
the signal was presented or observed on a single-beam oscilloscope. The number of cycles was
totaled by a counter on the test machine and recorded in the test log as the icst progressed.

The measurements obtained during the torsion test included steady and alternating load,
frequency of vibration, and total number of cycles. The load was applied by the test
machine and measured by torsion strain gages applied to the test specimen. The signal
was amplified by a bridge amplifier, and the signal was presented or observed on a
single-beam oscilloscope. The number of cycles was totaled by a counter on the

test machine and recorded in the test log by the supervising technician as the test
progressed.

TEST PROCEDURE

This. test was intended to demonstrate the life and safety of the new shaft adaptc} design
beyond the conditions expected in the ground and flight test programs.

One end of the test specimen (see drawing ST10220 in Appendix II) was mounted to a fixture
rigidly attached to the working surface of the test machine. The other end was secured to a
shaft mounted on bearings to allow radial motion. A 14-inch torque arm was attached to the
shaft and platen of the IV-20 fatigue test machine. A steady load was applied to the test
specimen through the platen by adjusting a jack screw against a spring (see Figure 42). The
alternating force was applied by a rotating eccentric mass which turned at 1,200 rpm (20 cps).
The magnitude of the alternating force could be changed by adjusting the amount of
eccentricity. Load in the specimen was measured by a four-arm torsion bridge mounted on the
specimen and precalibrated.
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The test was run with the following schedule:

®  Design Torque Load with 15 Percent Alternating Torque Load

Temperature —  Ambient 70°F + 5O F
Loading — 26,700 inch-pounds
Alternating — 4,000 inch-pounds
Duration — 10,000,000 cycles

e  Design Torque Load with 25 Percent Alternating Torque Load

Temperature — Ambient 70°F + 5OF
Loading — 26,700 inch-pounds
Alternating — 6,674 inch-pounds
Duration —  Test to failure

This test was conducted by first applying the <ieady load, then starting the machine and
adjusting the rotating mass to the desired alternating load. The test was continued for the
required number of cycles.

Figure 42. Torsion Test Torque Arm.
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TEST RESULTS

The test was run with the following schedule:

Load Level
Test Run (inch-pounds)

Cycles x 106 Remarks

26,700 £ 4,000
26,700 £ 6,674
26,700 + 12,000

W e —

10.037 Runout
15.006 Runout
1.583 Failure

The specimen completed the desired 10 million cycles in good condition. The alternating
load was increased according to schedule with the supposition that failure would occur within
the next 5 million cycles. When 15 million more cycies were completed without failure, the
alternating load was again increased. The test continued for 1.6 million additional cycles
at this loading before the specimen failed. The total number of cycles on the specimen at

failure was 26.6 million.

When the adapter (SK16763) was removed from the tube (SK16760), the following

observations were made (see Figure 43):

Figure 43. Torsion Test Failure Analysis.
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e  Fatigue cracks appear to have originated at the MS20470DS8 rivet.

e  Primary fatigue origin was along the longitudinal axis of the specimen with a fatigue
crack along that axis.

e  Secondary origins are noted 30° and 90° counterclockwise from the primary origin
in the MS20470D8 rivet hole.

o A fatigue origin is noted perpendicular to the longitudinal axis in the MS20470D12
rivet.

SUMMARY

A smaller diameter spline and the requirement of increased bending rigidity through the joint,
together with change in rivet size, necessitated a crosssectional area change in the material of
the adapters. The torsion fatigue test successfully demonstrated the soundness of the revised
adapter joint. The test specimen successfully completed ten million cycles under design torque
loading conditions with 15 percent alternating load. Then, the alternating load was increased
to 25 percent, and the test continued for another fifteen million cycles. At this point, the
alternating load was increased to 45 percent, and the test continued to an intentional failure,
which occurred after 1.58 million cycles at this loading. Failure occurred after a total of 26.6
million cycles.

The torsion fatigue test specimen was disassembled after the intentional failure for inspection
and analysis. The initial failure occurred at a standard rivet, traveled along the shaft fatigue
surface to the tube surface at the edge of the adapter, and then proceeded in a normal 45°
torsional (shear) failure around the shaft. Secondary failures occurred from the initial rivet
hole to the special 3/8-inch-diameter rivet and in the opposite direction toward the adjacent
1/4-inch-diameter rivet. This was a normal torsion fatigue failure.

The coned surfaces which provide alignment of the adapter joint were completely free of
damage. The fretting problem which was present in the previous design at the contacting
surfaces had been corrected.

The new design has demonstrated an adequate safety margin to proceed with confidence to a
flight test program as originally outlined.

CONCLUSIONS

The coned surfaces used for alignment of the shaft adapters performed their intended
function. Match marks, while accomplishing the alignment of the parts, could be troublesome,
and a more positive arrangement should be considered for future designs. Joints that will
assemble only in one position are preferable.
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The high torque used to assemble the cone surfaces across the spline accomplished the desired
result of aligning the parts and of preventing fretting of these parts. Standard wrenches were
incapable of applying the torque. and special wrenches had to be developed. Difficulty was
encountered in removing the nut for disassembly even with the special wrenches.

The splined adapter joint was adequate for the severe bending and loads imposeu by a crooked
and unbal: ed shaft. This joint may not require the amount of torque used to assemble it and
still remain free of the fretting problem. Tests to determine the appropriate value for assembly
torque may be required. Installation torques could in all probability be reduced if shaft design
loads were not exceeded.

The adapter joint at the damper must carry the steady torque of the drive system together
with the alternating torque component. It must carry the bending loads of the supercritical
speed shaft and is also subjected to loads from the damper and bearing. The combination of
loading at this fitting produces fretting of the joining surfaces, a most severe and troublesome
design condition. The adapter joint must be made so it can be disassembled and reassembled
without disturbing the balance of the shaft. Therefore, it must be reassembled with exactly the
same static runout characteristics it had before disassembly. The splines must engage the same
teeth relative to its mating part, the split-cone washer must have precisely the same alignment,
the field splice must be assembled with match marks aligned, and assembly torque should be
consistent.

Criteria for successful operation of the adapter are:
e Adequate Bending Strength
e Adcquate Torsional Strength
) Freedom from Fretting

° Precise Alignment (to preserve balaace)
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rULL-SIZE SUPERCRITICAL-SPEED SHAFT TEST

SHAFT SPECIMEN

The fullsize shaft specimen (see drawing in Appendix I1) was designed as a replacement for the
standard interconnect shaft used between the combining transmission and the forward
transmission on the CH47B. It carries the same torque and turns at the same speeds. The shaft
has a diameter of 4.50 inches and a wall thickness of 0.120 inch with a 2024 T3 extruded
aluminum alloy tube. The distance between the centers of the couplings at each end of the
shaft is 338.5 inches (see Figure 44). The flexible metal coupling plates are attached to the
shaft with three bolts into standard adapters which are riveted to the shaft with 24
quarter-inch aluminum rivets (see Figure 45). The dampers are attached as shown in Figures
46, 47, and 48. The shaft is necked down at these areas to allow a smaller diameter bearing to
be used. The D/N value (diameter/speed) of the bearing is near the upper limit for
grease-lubricated applications. Torque is carried through the adapters by fine-tooth splines
which are made of steel. Added strength is required for retaining nut threads in this area as
well. The coned adapters are sized for adequate strength with special attention being directed
to maintaining the stiffness of the section equal to or greater than the tube itself. In other
words, the adapter section at the dampers was designed to carry bending loads through the
joint with no change in stiffness. Two complete shaft assemblies were fabricated.

After completion of the prior contract, the test specimen was inspected, and severe fretting
was discovered on the highly loaded surfaces which carry the bending loads through the joint.
To alleviate or remove this trouble, the joint was constructed so that it would be supported
between coned surfaces (similar to the tapered bearings in the front wheel of an automobile).
These surfaces provide precise alignment in an axial, lateral, and angular direction at the same
time (see Figure 46). The joint must be absolutely free of flexing or relative motion to
eliminate fretting. Also, the joints must be reassembled in exactly the same position if proper
balance of the shaft is to be maintained. The cone surface on one side of the spline is matched
by the cone surface of the adapter and split cone washer on the other side to provide this
alignment. The very high torque used will assure that tension will always be maintained
through the joint regardless of the bending present under normal operating conditions.

The supercritical-speed shaft test specimen was assembled using extruded tubes as they came
from the mill. The initial bend of 0.005 inch per foot of length was about one-half the
allowable bend according to the specification. No attempt was made to straighten the bend at
this time. Special tools were used to buck the rivets inside the long tubes; otherwise, standard
assembly procedure was used throughout. After the first damper failure, the tubes were
straightened by physically bending them beyond the yield point. The total correction was
made by bending at three stations wherc cach station made part of the correction. Slight final
corrections were made at the point of deflection only. Maximum runout after straightening
was less than 0.020 total indicator reading (TIR) at any point on the shaft. The straightened
shaft was run for a series of tests until the second damper failed. This failure was attributed to
excessive motion caused by the crank action remaining after the tubes were straightened.
Crank action is possible in straight shafts if the flanges joining the sections are not square. The
flanges were out of square from 0.013 to 0.017 TIR. They were ground square with the shaft
supported between centers: runout then was less than 0.0005 inch at any point. After the
tubes were straightened and the flanges ground. the shaft ran to top speed without exceeding
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Figure 47. Splined Adapter Details.

Figure 48. Splined Adapter Assembly Procedure.
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the limit bending stress even without balance weights. Balance was brought to an acceptable
level with the addition of weights. The measured runouts from all test specimen are given in
Figures 49 through 53.

BALANCE WEIGHTS

The balance weights were located on raised pads of glass-reinforced plastic that were machined
concentric with the outside diameter of the shaft. Each pad was 0.050 inch thick and
completely covered the strain gage wire packs along the longitudinal centerline of the shaft.
Each pad was 4.600 inches in diameter and was wide enough to accommodate three or four
balance-weight assemblies. The balance weights were made of steel blocks and were secured to
the shaft by NAS tension bolts through a heat-treated steel strap. A flat square-radius washer
was used to assure equal distribution of stresses (see Figure 54). The steel strap was formed so
tightening the bolt would provide initial tension sufficient to hold the weight in place under
centrifugal forces of rotation. A T-shaped spacer was fitted between the tangs of a steel strap
to assure a positive angle and to reduce the stresses caused by the centrifugal loads of the
balance weight.

The balance weights could be adjusted for any phase angle and amount of weight by simply
slacking off the retaining bolt and repositioning the weight assembly. If two weight assemblies
were installed 180 degrees apart, the center of gravity of the shaft section would not be
changed. If they were aligned at the same angle, the unbalance would be equivalent to the sum
of the two weights (100 grams). The balance-weight mass was located 2.65 inches from the
shaft centerline.

Any desired balance weight could be obtained by adjusting the angle between the two weight
assemblies from 180 degrees to O degrees. The effective weight lay on the bisector of the angle
between the weights and could be located at any phase desired. When more weight was
required, it was located as a single mass at the desired phase, and then the two additional
weight assemblies were adjusted until the total equaled the desired balance weight.

The table and diagram in Figure 55 show the magnitude of the balance weight obtained for
various angles.

THE BENCH TEST MACHINE

The bench test machine FT 3590 (Boeing Number X95137) (see Figure 56) is a four-square
regenerative test unit composed of a high-speed shaft (the test specimen), a low-speed shaft, a
torquing device, two end gearboxes, and a variablespeed power source. Torque in the
high-speed test shaft is reacted by the torque locked in the low-speed shaft through the end
gearboxes. In this way the required power is only that which is needed to overcome friction
and gear losses. The locked-in torque is not supplied by the driving motor. The low-speed shaft
is made up of short solid-steel segments connected with gear-type couplings and supported on
standard pillow blocks. It contains a Houdaille rotary hydraulic actuator with a capacity of
71,000 inch-pounds torque joining two of the segments. This torque is equivalent to 30,600
inch-pounds in the high-speed shaft. Torque can be added to the system by changing the
relative angular position of the shaft segments by applying hydraulic pressure to the unit
through a rotary union while the shaft is turning. The torque in the test specimen is monitored
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27 35
+90
180 @ 0 uhs =)
L
=90
7777 g
DFFLECTION AT PHASE ANGLE PEELRSRION
SHAFT RUN OUT
STATION TIR
0 -45 -90 -135 180 +135 +90 +45 0 180 o0
4= +90|-90
1 500 501 500 502 500 502 497 497 0.005 A
5 500 511 521 524 514 503 492 492 0.032 | L |/AN /0-
8 300 320 333 340 331 316 300 293 0.047 e
~ N
10 238 251 258 260 257 245 235 232 0.028 \ /“‘\ v
24 243 229 172 104 058 068 125 199 0.185 /\/\
27 358 340 286 229 200 2n7 274 330 0.158 /\/\
35 500 494 498 489 486 490 496 494 0.014 /\/\
Figure 49. Initial Bend as Manufactured - Serial 2.
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Figure 50. Initial Bend After Straightening - Serial 2A.
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5 516 517 515 512 512 s11 510 s12 | 0.007 | NG AT
6 514 s1s s1s 512 511 s12 s11 513 | 0.004 | gttt
7 508 509 502 s08 506 504 s04 507 | 0.007 | ANt
8 506 506 507 505 503 504 505 sos [ 0.005 | _ad A
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10 463 464 464 54 4 463 67 68 | 0,005 | AN
1 468 462 ) 466 .7 469 an 72 | o010 | ARG~
12 an 4s6 463 468 an a3 ars as ooz | NNATN
13 460 457 ase 461 463 462 465 464 | 0.008 | TR
14 s38 539 543 s48 547 s4s s4s sae | o010 | AN,
15 545 548 551 554 548 546 546 sa7 | 0,009 | 4N
16 552 555 557 557 554 549 s48 sas | 0.009 w/p\,/
17 611 607 605 604 600 598 604 610 | 0.013 I~ T~
18 a7 433 427 423 a6 a3 022 433 | 0.024 jr\_./‘\
19 433 a2 a9 as a10 409 423 432 | 0.02¢
20 422 as 07 401 397 398 a3 423 | 0.026
21 s10 503 97 495 489 a8s 495 s09 | 0.025 ﬁ‘/
22 504 507 509 499 495 494 s04 so6 | o0.015 "
23 s16 511 s11 510 s08 503 510 s19 | 0.016 | TN
24 s14 512 s08 504 507 505 512 si6 | 0012 | AN
25 527 526 517 510 511 513 520 s2s | 0.017 | ANLAS
26 s32° | s28 528 528 522 515 520 530 | 0.017 | AN
27 527 523 525 526 519 BY) 525 532 | 0.018 | AT
28 539 538 535 532 532 533 538 537 | 0.007 | ANGATS
29 537 538 538 s41 541 537 539 539 | 0.004 | i
30 628 627 626 634 634 627 630 633 | 0.008 | NN
31 551 s48 550 H 555 554 556 sse | 0.008 | NS
32 535 532 534 538 541 542 s42 539 | 0.010 [ NG NN
3 430 426 423 426 432 432 429 a28 | 0.009 | A~ pr N
3 a a a1 12 as a7 ) as | 0.005 | NS
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Figure 51. Initial Bend After Straightening and
Machining - Serial 2B.
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+90 AVERAGED DATA;

SEE TABLE I
SCALE
0.005 INCH
1 12
#13
11
14\ /
10
180 - 0
=90
+90
28 19
180 >0 0
23, 24, 27
26 21
8

-90

Figure 52. Polar Deflection Initial Bend - Serial 2B.
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Figure 53. Time History of Initial Deflection for
180 Degrees of Shaft Rotation.
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Figure 54. Balance Weight Assembly.
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WEIGHT ADDED FHHGHT ADDKDP
AT INDEX - ANGLE 0 - AT INDEX - ANGLE 0 -
GRAMS JINE 0 DEGRLES GRAMS SINL @ | DEGRLYC
2 0.02 1.2 52 0.52 Jl.4
4 0.04 2.5 54 0.54 2.7
6 0.06 3.5 56 0,56 34,1
8 0.08 4.6 58 0.58 Js. 4
10 0.10 5.8 60 0.60 J6.8
12 0.12 6.9 62 0.62 Je.)
14 0.14 8.1 64 0.64 J9.8
16 0.16 9.2 66 0.66 41.)
l8 0.18 10.4 68 0.68 42.)
20 0.20 11.5 70 0.70 44.4
22 0.22 12,7 72 0.72 46,1
24 0.24 13.9 74 0.74 47.7
26 0.26 15.1 76 0.76 49.5
28 0.28 16.3 78 0.78 51,3
30 0.30 17.5 80 0.80 53.2
32 0.32 18.7 82 0.82 55.1
34 0.34 19.9 84 0.84 57.1
36 0.36 21.1 86 n.86 59.4
s 0.38 22.3 88 0.88 61.7
40 0.40 23.6 90 0.90 63.1
42 0.42 24.8 92 0.92 67.0
44 0.44 26,1 94 0.94 70.0
46 0.46 27.4 96 0.96 73.3
48 0.48 28,7 98 0.98 i8.5
S0 0.50 30.0 100 1.00 90,0

"’pEQUIVALENT MASS UNBALANCE

DERIVATION
gmr=2W (sin @) r
gm (2.65) = (2)(50) (sin 0)(2.65)

gm = 100 sin ¢

LEGEND

# - ANGLE OF BALANCE WEIGHTS

Figure 55. Balance Weight Chart.
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with precalibrated strain gages. Under full torque, the breakaway friction of the test machine
was so great that the machine could not be started; therefore, the load was applied after the
test machine was in motion. The power available is adequate to run the machine under the
design torque after the lubricating film is established.

The gearboxes on each end have a 2.3194 stepup ratio through the gears. Each box has an
external oil system for lubrication and cooling. The oil system has a reservoir of 50 gallons and
operates under 10- to 15-psi pressure. It circulates 30 gallons per minute with up to 100,000
BTU-per-hour cooling capacity (& T = 20° F). The high-speed shaft is connected to the
gearboxes with multiple plate couplings at the end adapters similar to the couplings used to
install the shaft in the aircraft. The position of the end adapters can be shifted to simulate
axial motionsresulting from fuselage deflections in flight and landing conditions.

Power to turn the machine is supplied by a variable-frequency power supply with an output of
up to 180 kilowatts, 0.9 pf, at 400 to 600 cycles per second. A manual means of controlling
frequency from S to 60 cycles per second is provided. Automatic control is provided for the
frequency range between 60 and 600 cycles per second. Adjustment steps of 0.5 cycle are
possible. Voltage-to-frequency ratio is held constant within a range of plus or minus 0.5
percent. Power output is constant from 400 to 600 cycles per second. The equipment is
capable of an output of 150 percent of the rated load for a period of 5 minutes.

Figure 56. Bench Test Machine.

The supply contains all components, controls, and accessories necessary for operation from a
single power input of 2,400 volts (plus or minus 5 percent), 3 phase, and 60 cycle. The power
supply consists of two motor generator sets, an ac motor ccatroller, frequency regulation
system, voltage regulation system, and miscellaneous control accessories. A 250-horsepower
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600-cycle three-phase induction motor that will turn up to 3,950 rpm will drive the test
machine directly through the low-speed shaft. The power and speed of this output motor are
supplied by the variable-frequency system described above. The high speed test shaft will
operate up to 8,300 rpm with 15,000 inch-pounds maximum continuous torque. The adapters
are capable of applying up to 0.150 inch compressive deflection at each end.

DAMPER SUPPORTS

Simulated aircraft structure is used to support the dampers in the test machine. Horizontal
loads in the aircraft are transferred directly to the crown skin in shear, and this load path is
quite rigid. Vertical loads in the aircraft are taken by two stainless-steel beams and thereby
transferred to the aircraft frames. This load path is less rigid. To simulate the aircraft structure,
the same stainless steel beams are used to support the dampers in the test machine. The ends of
the beams are rigidly attached to the structure of the test fixture. The rigidity in the aircraft
horizontal plane is simulated by restraining the damper support motion with a flexure at ti/i

point. (A flexure will take load in one direction but will allow motion in the other.) The
rigidity in the aircraft vertical plane is simulated by allowing the steel beams to carry the load
in the same manner as in the aircraft. The flexibility of the aircraft frames has not been
simulated.

Figure 57 shows the center damper support with the shaft in place. The vertical direction on
the test machine is horizontal on the aircraft.

Figure 57. Bench Test Damper Structure.
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INSTRUMENTATION

The bench test instrumentation package was constructed to obtain data from the balance and
endurance test as well as from the flight lest portion of the program Part of the
instrumentation is common to both the bench and flight tests. The recording system was
deuigned to make maximum use of the Might test digital data system,

Data obtained from the bench test program include

Shaft index or onc-per-revolution indication as a sharp bhip

Shaft index or one-per-revolution as a sine wave signal

Number of revolutions per minute from an clectronic counter

Shaft deflection amplitude from optical pickup locations along the shaft

Shaft deflection amplitude from a proximity pickup

Vertical and horizontal center damper motion

Vertical and horizontal end damper motion

Inside member and outside member center damper temperature

Inside member and outside member end damper temperature

Shaft strain in the 0/180 degree and +90/-90 degree plancs at stations
4.15.17,31,and 32

Shaft torque at station 34

Strain gage data for orbiting end load magnitude and phase

The recording system for the bench test was a fourteen-track tape recorder. the same system
can be used for the aircnaft test. A narrow-band direct-recording technique was used. Twelve
data channels were multiplexed to cach magnetic tape direct-record track. Solid-state
voltage-controlled oscillators and wide-band record amplifiers were used in the multiplex
Millivolt-controlled oscillators were used in place of voltage-controlled oscillators where
transducer output levels were compatible. A wide-band frequency modulation recording
technique recorded parameters that controlled coordination of data between narrow-band
channels. The output of Wheatstone Bridge type transducers (strain gages) was conditioned
through balance modules and amplifiers. The amplifiers were eliminated where output levels
were sufficient to drive millivolt-controlled oscillators. An automatic standardization system
was incorporated into the instrumentation system. This system was required to coordinate
bench, aircraft, and ground station sensitivities and to correct for system drift dunng testing.
Time code correlation was prerecorded on the tape. An oscillograph record was used for detail
interpretation and analysis during part of the bench test program. An X-Y plotter was used to
display and record amplitude versus rpm during the balance tests. An oscilloscope was used for

monitoring purposes.

List of Instruments
Accelerometers Piezo Electnic - Endevco 2272
Accelerometers Unbonded wire — Statham AS-2-350
Amplifiers dc NEFF model 1-200 or equivalent
Amplifier rack NEFF model 1-00S (6 channel or equivalent)
Strain gage power supply NEFF model 2-302
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Voltage controlled oscillator
Summing amplifiers
Mounting chasis for VCO’s
Reference oscillator
Magnetic tape transport
Balance panel conditioner
Charge amplifier

Low pass filter

Record coder

Pulse shaping network
Standardization system
Transducer

Sonex model TEX3095HC
Sonex model TEX 3295H
Sonex model TEX 4095HS
Sonex model TEX 3495H
Ampex with electronics
24 channel B & F
Endevco model 2640

UTC — LPM 200

Record identification
Data correlation

Vertol Division

Electro 721856

Vertol (shaft deflection)

Vertol (shaft index — sine wave)
(Shaft index — sharp blip)
Wayne-Kerr DM 100

Calidyne Manufacturing Co. model 44
ACTON Lab Inc. model 320 AB

Optical pickup

Optical pickup
Magnetic pickup
Proximity pickup
Electromagnetic shaker
Phase meter

Oscillograph Consolidated Electrodynamics Corp. model 5-124
X-Y plotter F. L. Mosley Co. model 2 DR

Temperature recorder Barber-Colman Co. series 8000

Oscilloscope Tektronix Dual Beam type 502

Optical Pickup

A number of methods were available to determine the performance of the shaft. Deflection
was the most apparent method, and a system was developed to monitor the amplitude of the
deflected loops on the shaft without touching or disturbing the surface. An optical system was
used wherein a shadow of the shaft fell on a light-sensitive element of a solar cell. The solar cell
was substituted for the photocell used in the previous program, because the solar cell
permitted the use of solid-state elements in the circuit. The position of the shaft determined
the amount of light striking the cell and changed the voltage in the system. The change in
voltage was calibrated by using a micrometer to move an obstruction across the light beam and
throw a shadow on the solar cell element. The shadow simulates shaft displacement. Figure 58
shows a chart of calibration response and a schematic of the electronic circuit used. The
optical pickup unit (see Figure 59) was mounted on a track located parallel to the test shaft so
that it could traverse the full length of the shaft and define the mode shapes by measuring the
deflection amplitudes as it progressed. The phase of the deflection can be obtained by
comparing the phase of the deflection signal with the phase of the index signal from the end of
the shaft.

TEST PROCEDURE

The test program covers two general areas: a forced response shape and frequency check, and
the balancing of the shaft.
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For the forced response shape and frequency check, the test specimen was excited in a
horizontal plane and the frequency was adjusted until a resonant condition existed. All
resonant frequencies below 150 cycles per second were investigated. The optical pickup
instrument was moved along the track at each resonant frequency to record the deflected
shape. Phase between the forcing function (shaker load) and shaft deflection was noted by
phase meter as the record was made of the deflected shape.

Before any rigid shaft can be balanced, the amount of untalunce present and the position of
the unbalance must he determined. A standard shatt can be balanced by adding a
compensating (balance) weight at a predetermined station and adjusting the amount of the
weight and its angular position so the mass center and the gecometric center coincide.

Balancing a flexible shaft is more complex than balancing a rigid one, but the sume basic
factors must be considered. The purposc of these tests was to reduce the reaction to the
structure to a minimum by applying balance weights so that the mass center and the geometric
center coincide.

The phase and amplitude of shaft deflection were measured and this information related to the
unbalance. Shaft performance was monitored in different ways; the instrumentation used
depended on the way selected. Amplitude was measured by the optical or proximity pickup.
Phase was measured by comparing the phasc of the signal in question with the phase of an
index signal. End load was measured by strain gages on the restraining links at the end bearing
support. Shaft bending was obtained directly from strain gages on the shaft or by calculations
using shaft deflection measurements. Mode shape was obtained by measuring magnitude and
phase of deflection at various shaft stations along the length. Damper motion was read directly
from accelerometers mounted to the damper components in two planes and from optical or
proximity pickup instruments. The information from these signals was compared and used to
generate other data useful to the program. Dangerous operation is associated with excessive
deflection, loads, stresses, motions, temperatures, etc. Safety limits were established for these
arcas, and the limits were not exceeded during the test. Since deflection is the most apparent
indication of shaft performance, the acceptable deflection limit, as related to bending stress in
the shaft, was calculated for various speeds and modes of operation.

Limit Deflections
Estimated Approximate Approximate Measured at Station Orbit End
Critical cps rpm 4 (inches) Load (pounds)
2nd 22.5 1,350 0.159 118
3rd 36.0 2,160 0.110 118
4th 48.0 2,880 0.094 153
Sth 93.0 5,580 0.059 203
6th 125.0 7,500 0.044 236
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Figure 60 1s 2 standard format for presenting defllcction data verss rotational speed. 3 imat
deflcction hine is included as a gusde and safety factor Thin (gurce alwo shows the end load himat
hinc versus rotational speed  The bmit hine for deflection and load was calculated vang 2 500
ps shafl bending as the eniterson The denvation of hinits s cxplained in the stress section

The speamen was instalied in the nachine for the test. and the appropnate instrumentation
was activated. The speed of rotat on was controlied and the performance momtored If the
shaft pacomed within limits, the snced was aarcfully increased The test was dscontinued
when any of the monitored signals reached a preestablished imit Test data and balance theory
indicated the position and magnitudc of the balance weights The test was continued o gather
morc data and improve performance until atisfactory opcration was demonstrated

Modc shape data 1s a necessary part of the program, and the test procedure was modified
slightly to obtain it. When mode shapes were desired at specific speeds, the shalt speed was
held constant, and the deflection was recorded by moving the optical pickup from one end of
the shaft to the other. The nodes and antinodes were apparent on the plot of amplitude versus
shaft station. Phase was obtaincd by comparing the phasce of the deflection signal with the
phase of the index signal. the same technique was used for determining phase as was used for
the amplitude versus rpm investigation.

TEST RESULTS

This section deals with the vibrated response of the dynamic system. The shaft was installed in
the test machine with the flexible plate couplings at cach end and with the dampers acting. A
dynamic shaker applicd force at shaft station 4 in a horizontal plane, and the response of the
shaft was then measured. Figure 61, a plot of a frequency sweep with the responsc at the
shaker input position, indicates the calculated natural frequencies and the operational specds
of the system.

A phase meter was used for the signals of shaker motion and force. A resonant frequency is
indicated when these two signals arc separated by 90 degrees. A 90-degree phase difference did
not occur at cach critical as expected, which made determining resonant frequencies difficult.
The frequencies used for mode shapes were selected when the phase most ncarly approached
the 90-degree position.

Figure 62 shows the forced response along the length of the shaft. The envelope for these
diagrams was obtained by measuring the alternating signal from the optical pickup instrument
as it moved the length of the shaft. The frequency and phase of the force-motion signals
appear opposite each diagram. The solid line shows a probable mode shape.

Shaft serial number 2, manufactured with the bend shown in Figure 49, was placed in the test
machine. The instruments and controls were checked out, and the amplituds was monitored
by watching the signal width displayed and recorded on the oscillograph tape. Figure 63 shows
the results of the first attempt to run the shaft through a critical speed. The test was
discontinued when the amplitude exceeded the established limit or 2,500 psi bending stress.
Balance weights would have to be added. The phase on this diagram at 1,200 rpm is 90
degrees. This speed is below the calculated critical, and it is assumed the phase will shift
rapidly as the :ritical is approached. The phasc angle is assumed to be +55 degrees when the
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speed of rotation reaches the calculated or resonant frequency at 1,290 rpm. Experimental
balance weights were therefore placed 90 degrees behind this phase. Balance weights of 10
grams were installed at station 8 and station 24 to observe the effect on shaft performance.
The small improvement noted indicated that much larger balance weights would be required.
They were arbitrarily increased to 100 grams each.

Figure 64 shows the first run to pass the second resonant frequency at 1,290 rpm. Data from
other insttumentation gathered during the test run are plotted along with the deflection to
show the general relationship of data from various sources. The damper motion can be
determined from the lateral acceleration of the damper body and the structure. It is possible to
calculate the damper load by applying the known damping coefficient to this motion along
with the frequency. A damping coefficient of 18 pounds per inch per second was used in
plotting the points.

Weights were installed according to the analytical balance approach developed under the
previous test program using the vibrated mode shapes (see Figure 62). The shaft was not
balanced well enough to pass the second critical speed with this approach (see Figure 65). A
comparison of the balance weights, as suggested by the computer program, with those found
to be successful by use of the experiemental approach indicates that the weight at station 8 is
at an incorrect angle to correct the deflection. The input data were reviewed, and a further
attempt at balancing the shaft using the analytical approach was made later.

A series of runs was made with the two 100-gram weights located at various phase angles. The
weights at station 8 were placed 180 degrees opposite the weights at station 24 for each test.
Figure 66 is a plot of amplitude versus frequency for a number of test runs where the angle of
balance weight has been changed. It is apparent which angle produces the best
performance—minimum deflection.

Figure 66 contains an overlay of a series of tests which contained weights from 150 to 300
grams distributed equally at the antinodes of the second critical mode and positioned at the
best angle found in the previous test series. Selecting the best angle for a balance weight
through a series of runs where the angle has been the variable and then optimizing the amount
by a series where the weight is the variable is typical of the approach used for improving the
performance of the supercriticalspeed shaft. The rationale used for this approach to balancing
is that the deflection in the shaft occurs 90 degrees behind the unbalance (forcing function) at
the critical speed and that the mode shape is the same as predicted by the calculations.

A series of tests was run to investigate the most effective distribution of weights between the
balance planes. First, the weights were proportioned and placed opposite the initial bends.
Next, the weights were proportioned according to the initial bends but placed at the optimum
angle as determined by tests. Then the weights were equally divided between the stations and
placed at the optimum phase angle as determined by dynamic deflection under test conditions.
Weights placed by this system produced the best results across the speed range tested. Further
tests were conducted on analytically determined balance weights. The weights calculated by
the analytical approach failed to balance the shaft.

Figure 67 shows deflection at -170 degrees at station 4 when the speed reached 5,200 rpm.
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With the mode shape in Figure 68, fourth-secondary 5,1 66-rpm deflections at stations 8 and
24 would be +10 degrees. Balance weights should therefore be placed 90 degrees behind the
deflection, or at -80 degrees on both stations. Adding 20 grams at stations 8 and 24 and then
adding vectorially to obtain the new angles and new weights for the test in Figure 67 gives 145
grams at -63 degrees and 105 grams at +125 degrees.

Results show the same angle and about the same amplitude at 5,200 rpm as before adding the
weights. This is improbable with this much weight (40 grams). If the mode shape is correct, 40
grams would have a tremendous balancing effect. However, if the mode shape is reversed on
the aft portion of the shaft as shown in Figure 69, the weight at station 8 will counteract the
weight at station 24, and the result will be no change in shaft performance at this speed.
Therefore, the mode must be different from that shown in the first figure.

In subsequent tests, with balance weights located according to the revised mode shapes, the
shaft responded by changing phase and amplitude as expected. This information points to the
need for more accurate mode shapes.

A summary plot, Figure 70, was made of test 35 in Figure 67 for comparison with the
summary from test 10 in Figure 64. The summary plot shows the damper load to be excessive
at several places.

The damper at shaft station 32 failed at 5,200 rpm during the test as shown in Figure 71.
Shutdown was accomplished with the center damper providing control of the shaft. No
damage was visible on the exterior surfaces of the damper. The only indications of failure were
the performance of the shaft and an oily residue left by the damper fluid. Shaft amplitude at
the second critical went beyond the allowable value on shutdown. After the failure, the shaft
was again accelerated carefully, and when the amplitude approached the limit necar the second
critical, the test was discontinued (see Figure 71). The conclusion was that the damper
characteristics had changed, and the damper was removed for careful inspection by the
manufacturer. The unit demonstrated no measurable damping when placed on the damper test
machine. The elastomer had failed, allowing damper fluid to escape to the atmosphere (see
Figure 72). Upon disassembly, a failure of the diaphragm making up the dual chamber was also
noted (see Figure 73). A small screw was placed in the break in the diaphragm to separate the
parts for the photograph.

Investigation was directed to find a reason for the failure. The running time for each test was
not over a few minutes, and the total time on this particular part was only a few hours at most.
The endurance run on the damper (a separate test of the damper alone) had just been
completed; the damper was tested at top speed for over 24 continuous hours. Therefore, our
test conditions must have been more severe. Motion in excess of that designed for the dynamic
system was present at the damper (see Figure 64). The initial bend (crank effect) of the shaft
as manufactured caused a working of the damper elastomeric sections, and to eliminate this
undesirable condition, the shaft had to be straightened. Figure 49 gives runout measurements
made of the original shaft assembly as manufactured (serial number 2). However, no
measurements were made of the motion at the damper stations. Figure 50 gives runout
measurements made of the same shaft after straightening (serial number 2A). It should be
noted the runout was still present at the damper positions (0.016 and 0.028 respectively), but
it was decided to test this configuration since the balance procedure should normally tend to

reduce the runout.
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Figure 72. Damper Failure - External.

Figure 73. Damper Failure - Internal.
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A spare damper was installed, the shaft was assembled, and the tests continued. The series of
tests to check the instrumentation with the straightened shaft (serial number 2A) and to
balance the second critical speed of this new configuration followed. The series of tests in
Figures 74 and 75 covered an attempt to balance the shaft to run through 5,300 rpm, which
proved to be a very troublesome fifth critical speed.

In the course of the investigation to balance the shaft, a vibration study on the test machine
indicated a damper structural resonance close to the troublesome frequency. It was decided to
remove the flexibility of the simulated aircraft structure and see if the performance would
improve. Figure 76 shows shaft performance before and after stiffening the structure. The plot
of amplitude shows increased deflection at the second critical speed (1,290 rpm) and a new
peak at a speed of 2,900 rpm. There is a gradual phase change at 5,000 rpm. The conclusion
from the first run with increased stiffness at the damper structure is that the effect is
significant and that balance at the second critical should be optimized before attempting the
more difficult problems associated with the fifth critical.

Tests were conducted to optimize the balance at the second critical speed by using balance
weights at four stations.

Experimental adjustment of the balance weight (sece Figures 77 and 78) allowed the shaft to
pass through the fifth critical at 5,300 rpm. However, difficulty was encountered with
excessive deflections at 6,000 rpm, an arez that was free of critical speeds according to the
calculations. A study of rotated mode shapes indicated multiple-plane bending at the higher
speeds. Figures 79 and 80 show a number of mode shapes constructed by drawing lines
through the maximum deflection. The phase¢ of the bend in the shaft is shown by a small bar
drawn from the center of the section view included at the stations where the measurement was
taken. The plane was not constant along the shaft as originally supposed. Consistent results
were obtained on repeat tests. Those results indicated that more detailed and exact
measurements of mode shapes should be made.

The damper at station 32 failed while running at 5,840 rpm to obtain the mode shape near
6,000 rpm. The mode shape was being investigated to find the reason that balance weights
were not correcting the deflection. The damper failure was observed as a fan-shaped spray of
fluid which was gone in a fraction of a second. The shaft performance did not seem to be
adversely affected at this speed by the failure, and the mode-shape test run was completed. On
shutdown, the shaft amplitude reached excessive proportions at a number of critical speeds,
and the shaft deflected sufficiently to hit the guards installed near the damper support
structure. Contact with the guards marked the strain gage wire pack on the outside of the shaft
but did not affect their operation. The shaft was removed and disassembled to check the
damper. Again, no damage was apparent by normal visual inspection.

This second damper failure should not have been caused by the crank action of the shaft, and
the investigation into the cause of the failure was directed elsewhere. The runout at the
damper (0.028 peak to peak, see Figure 50) was within the allowable tolerance as established
by the bearing load limit of 200 pounds if a damping coefficient of 18 pounds/ips is used.
However, the damping coefficient is not 18 at this amplitude and frequency. Figure 28
indicates that the damping is nonlinear. The actual coefficient from this chart is about 24 at
5,200 rpm. The higher coefficient (as explained in the damper test section) is due to excessive
shear rate on the damper fluid or to shock wave causing a pressure expansion of the elastomer
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71 o WEIGHT 35 53 56 39 CHANGE PHASE OF
PHASE -64 | -90 +66 | +90 WEIGHT AT STATIONS 5 AND 21
Figure 75. Tests 69, 70, and 71 - Serial 2A.
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Figure 76. Summary Data From Tests 71 and 72 - Serial
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PEAK-TO-PEAK
AMPLITUDE (INCHES)

0.150
0.100
[a-X Y
I, ee®e A 3
0.050 7 /— — 10
il
°:'..
.
i) 1000 2000 3000 4000 5000 6000
RPM
|
PEAK-TO-PEAK )
AMPLITUDE (INCHES) 5400
0.150
SYMBOL TEST WEIGHT PHASE
5200
. 94 40 135
+ 95 m 150
0.100
[} 96 140 120
5000
[0) 97 40 120
1
| | o] 98 40 105
0.050 :
| \ £ 99 40 90
|
|
! |
| |
| |
o l | 1150 H
90°  105° 120° 135° 15
Figure 77. Optimum Angle Tests 94 through 99 - Serial 2A.

103
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~
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0 1000 2000 3000 4000 5000 6000
RPM
PEAK-TO -PEAK
AMPLITUDE (INCHES)
0.150 = y |\ SYMBOL | TEST | WEIGHT | PHASE
\ o) 97 40 120
° 100 60 115
5] 101 30 115
+ 102 50 115
0.100
0.050
0
o 130 40 50 60
WEIGHT (GRAMS)
Figure 78. Optimum Weight Tests 97, 100, 101, and

102 - Serial 2A.
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TEST 39
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TESTS 69 & 70
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5080

TEST
5250

TEST

35

Py
N
b

5840

Figure 79.

Rotated Mode Shapes - Serials 2 and 2A.
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TEST 89 1181 RPM
1230-1350 RPM COMPUTED

1800-1920 RPM COMPUTED

TEST 89 3021 RPM

TESTS 69 & 70 3688 RPM
3240-3300 RPM COMPUTED

TEST 89 4478 RPM

TEST 69 5080 RPM
5580-5640 RPM COMPUTED

TEST 103 5840 RPM
WITH FAILED DAMPER

8184 RPM VIBRATED
7560-7800 RPM COMPUTED

Figure 80.
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90 degrees ahead of the damper detlection. This expansion out of planc with damper motion
caused excessive working of the elastomer, which resulted in failure of the damper.

The field splice flanges, not perfectly square after the shaft was straightened, were now
machined. A true surface was obtained by supporting and turning the shaft segment on its
centers. The mating flanges were ground square within 0.0005 inch total indicator reading
(TIR) using this setup.

The shaft was reassembled using a new damper. The initial bend (static runout) was measured
for this configuration after the shaft was reinstalled in the test machine (see Figure 51). A
change in the initial bend in the shaft would change the center of mass and therefore would
affect the balance of the system. All balance weights were removed before testing, since this
change, for all practical purposes, was the same as starting with a new shaft. Tests were then
run to progressively refine the balance using the experimental approach mentioned earlier and
to investigate mode shapes in more detail. Mode shape information (Figures 81, 82, and 83),
when plotted in the major and minor planes, disclosed a predominant second mode present in
one plane at much higher speeds than the 1,290 rpm resonant frequency. This condition
indicated a need for further investigation.

The test in Figure 84 was the first run to reach the target speed of 8,300 rpm. The shaft was
then run to the target speed of 8,300 rpm without balance weights (see Figure 85). The
amplitude at the second critical was near the limit, but the performance of the unbalanced
shaft appeared to be better than the balanced shaft at higher speeds. There was an amplitude
peak near 6,700 rpm which analysis revealed to be a combination of shaft deflection and a
secondary signal equal to the frequency of the low-speed shaft of the test machine. These two
signals were easily separated, and the maximum deflection was found to be caused by test
machine motion rather than shaft motion. In fact, when the test machine motion was
removed, the remaining shaft deflection was so small that it could no longer be measured by
the optical pickup instruments.

Further tests were run using the more sensitive orbiting-end-load link instrumentation. The
data from a test where the optical pickup and the orbiting end load instrumentation were used
indicated that, while the deflection remained within the allowable envelope, the end load
which should be related was beyond the acceptable limits. For this test, the pickup and load
links were located in such a way that the phase of the two signals should have been the same
throughout the frequencies tested. The phase was the same in some areas: however, it varied as
much as 150 degrees in others (see Figure 86). The load on the end was severe (800 pounds)
and had to be reduced. The noise level of the shaft and test machine appeared to be related to
the high end load. The noise built up when this load increased and dropped off when the load
decreased.

The strain gages at shaft station 4 were used to measure bending stress. A comparison of shaft
deflection, orbiting end load, and bending stress in the shaft is presented in Figure 87. The
phase of these signals is also shown. According to the original concept, the phase of these three
signals should be the same and the magnitudes should be related. The only place this seemed to
hold was at the second critical speed (1.290 rpm). Figure 88 shows the effect of 10 grams at
shaft station 11 located at various phase angles. The deflection at station 4 was minimum at
the fifth critical (5.300 rpm) when the weight was located at & phase of -15 degrees. The end
load, however. was minimum when the weight was located at a phase of -75 degrees. The end
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TEST 89
1181 RPM

TEST 89
1916 RPM

TEST 89
3021 RPM

TEST 89
4478 RPM

TEST 128
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Figure 8l1. Rotated Mode Shapes - Serial 2A.
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SHAFT
STATION

TEST 110
5390 RPM __ __

TEST 113
5280 RPM M_____
TEST 114
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180°
00
o o -
\ o~
I?\ / L > \\
TEST 128 M-so'
5982 RPM \.‘_'L’f i \ r?“kk_ |
° I \b‘ l
+90°
TEST 129
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uo"\ A

Figure 82. Deflection in Two Planes - Serial 2B.
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25 TEST 128
/ SERIAL 2B
5982 RPM

—

SCALE
0.020 INCH

25 TEST 129
SERIAL 2B
6562 RPM

Figure 83. Polar Deflection at 5,982 and 6,565 RPM-Serial 2B.
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DEFLECTION VERSUS BALANCE WEIGHT ANGLE, STATION 11

PEAK-TO-PEAK  1pon y 3 3 3 2 3353 2 ¢ 3
AMPLITUDE (INCHES) - o= o A - - A - .-l4
.075
.050
5300 RPM/' /
N\ ¥
5500 RPM/\ + /l
.025
5000 RPM
0 L4 ¢ 1 1 1

+120 +90 +60 +30 0 -30 -60 -90 -120

END LOAD VERSUS BALANCE WEIGHT ANGLE, STATION 11

END LOAD
(POUNDS) I

[ _ 5000 RPM
300 } prd

5300 RPM =T+ [

+
200 \

X
A ¥ V

100 e N

| VY | TS T .

+120 +90 +60 +30 0o -30 -60 -90 -120

Figure 88. Effect of Balance Weight Phase on Deflection
and End Load.
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load was measured in two straingage links restraining the pillow block which supported the
end of the high-speed shaft. When a circular orbiting load was present, the signals had equal
displacement and there was a phase difference between them of 78 degrees. However, the
phase relationship changed, and Figure 89 presents this change as a delta phase. A O-degree
phase would occur if the load were vibrating up and down with no circular component,and a
180-degree phase would occur if the load were vibrating in a horizontal plane with no circular
component. A constant 78-degree phase would occur if the pattern for the orbiting load were a
true circle. If the load were describing an elliptical pattern which was not oriented in the
vertical or horizontal plane, the signals would be unequal in magnitude, and the orientation of
the elliptical pattern could be determined by measuring the changes in magnitude. Analysis of
the data gathered from this test indicated that the orbit end load was elliptical at times. This
was substantiated by optical pickup data gathered by placing the instrument in a vertical and a
horzontal plane (see Figure 90).

The shaft was run with torque and without torque, and the deflection was plotted (see Figure
91). There was no appreciable difference in the shaft performance. Figure 92 shows shaft
performance when measured by the optical pickup located in a number of planes. Plots of the
orbital path of the shaft at a number of speeds are shown by sections on the same figure. Plots
of the shaft motion at the dampers (Figures 93 and 94) show similar orbital paths. The major
axis of the elliptical planes is 90 degrees out of phase between the dampers. The optical pickup
was moved the length of the shaft to obtain the deflected shape. Figure 95, obtained at 7,300
rpm, is a typical example of the test results. Mode shapes were obtained at 5,400, 6,000, and
7,300 rpm as shown by the polar plots of deflection at various shaft stations at these speeds.
Two tests were run at each of these speeds for repeatability (see Figures 96, 97, and 98).

The major and minor deflection planes as determined by inspection of the polar plots were
used to construct the information given in Figure 99. The plots contain a predominant
second-mode shape in one of the planes at all three speeds selected. Figure 100 shows the
mode shapes when the second mode component is removed. It shows a fairly reasonable
correspondence with the calculated mode at those speeds. Figure 101 shows deflection of the
shaft at 7,300 rpm when viewed as a time-history plot. One-half a revolution is presented. The
dotted line is constructed by fairing a line through the average deflection; it represents the
contribution of the second mode. A model shaft (Figure 102) was constructed with this
deflection present. When the shaft was turned in one position, only the second mode was
present; when it was advanced 90 degrees, the sixth mode was visible superimposed on a
second mode.

An acoustic run was made for spectral analysis to determine the frequency of the
objectionable noise present at the higher speeds. Figure 103 shows the deflection plot of test
run 193; sound pressure and decibels versus frequency is plotted on the same chart. The result
was that the predominant audio frequency corresponded to the running speed. Secondary
frequencies can be disregarded. Subsequent runs produced lower noise levels, but acoustic
measurements were not repeated for these tests.

Analysis of test results of a general nature seems to point to an unbalance in the end of the
shaft unrelated to the supercriticalspeed shaft performance. The high-speed shaft was
removed, and vibration was still present. The low-speed shaft was removed, as it was not used
unless torque was being applied to the highspeed shaft. The orbiting-end-load shaft was
balanced using the strain-gage link signals. This unbalance pointed out that the
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TEST 1B7A

Figure 95. Mode Recorded by the Optical Pickup at 7,300 RPM,
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Figure 96. Polar Deflection at 5,400 RPM for Repeatability.
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Polar Deflection at 6,000 RPM for Repeatability.
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TEST 187A

SERIAL 2B
’____{ 7300 RPM
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TEST 1878
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7300 RPM

Figure 98. Polar Deflection at 7,300 RPM for Repeatability.

126



—
\ =40

TEST 187
Ting RPN .y
-~
b -~
-1 +140"
e T L -\\_1 0t
| |
I i 6 7 LIS L FUBS e &N 3% L | I e 35
LAMPLE DIAMLH

-75" =i

TEST 187
7300 RPM

+105°

TEST LA%
5400 RPY

-1i7e

-~

/

#

o
\ /

. [

o ﬂ"\ L]
- =7

TLST 186
A000 RPM

LA B

Figure 99. Deflection in Two Planes for Modes at 5,400,

6,000, and 7,300 RPM.
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Figure 10l1. Time History of Response for 180 Degrees of
Shaft Rotation at 7,300 RPM.
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SHAFT PLANE 0°/180°

SHAFT PLANE -90°/+90°

Figure 102. Model of Shaft Deflection at 7,300 RPM.
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supercritical-speed test specimen might contain an unbalance on the end which could at tirnes
produce a greater reaction than the one from the deflected supercriticalspeed shaft. These
forces would combine and may be responsible for the phase difference between signals noted
previously. To determine the unbalance in the end of the shaft, a speed (8,300 rpm) was
seleci2d where there was little deflection in the flexible shaft. A test series was conducted to
investigate the effect of a small balance weight located at various angles on the end of the
shaft. The end load of the series is shown in Figure 104 with plots of load versus angle of
balance weight for 6,000, 7,300, and 8,300 rpm. From this plot the optimum angle and weight
were determined. The phase change of the most effective angle between the speeds plotted,
especially at the lower speeds, is attributed to the influence of the unbalance in the flexibie
systcn. The optimum balance weight for the end of the shaft is 12 grams at -20 degrees pho-
This weight was installed and used in all the remaining tests. Figure 105 shows the relaticaship
between orbit end load and deflection; this plot follows the expected pattern more closely.

Effectiveness of Balance Weights

Test evidence obtained while operating at a specific critical frequency indicated the influence
of other modes on shaft performance at this speed. This fact became apparent when it was
found that the measured deflections did not lie in a single plane. A further indication of
noncoplanar mode shapes was suspected when balance weights, positioned according to the
original concept for mode behavior and shape, did not improve the performance of the shaft.
The angular positions of the weights were changed, sometimes as much as 180 degrees from
the originally predicted position, to effect an improvement.

Because of the suspected presence of noncoplanar mode shapes and the fact that effective
balance weight could not be predicted with the original approach, a series of tests was run to
determine the most effeciive angle for the weight at each balance station. These tests were
intended to determine the effectiveness of the balance weight in controlling deflection (inches
per gram) as well as to determine the most effective plane for the bulance weight.

Effectivity Data

Tests were conducted with a - mall balance weight located at various phase angies on all balance
stations. Summary plots were constructed to show the effectiveness of a trial weight at various
phase angles. Figure 106 shows the effectiveness of a weight at three phase angles located at
balance station 5. The deflection and phase were measured at shaft station 4. The effectiveness
of the weight was plotted for the second critical, the fifth critical, the sixth critical, and the
top speed of the shaft. A polar plot of deflection and phase us measured at shaft station 4 is
shown in Figure 107. Each balance station was investigated to determine the effectiveness
of a similar weight at various angles and speeds. Shaft performance was always measured
at station 4.
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Figure 104. Balance End Load Test Series.
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Shaft Balance Station 5 8 10 a R M 27

Deflection vs
Figure Speed 106 | 108 (110 112 |114 | 116 [118
Number Polar Plot ( 107 1109 {1 3 s [ 7 [n9

The effectiveness of a balance weight to change the deflection of the shaft at a given station
was determined from the polar plots, where the deflection of the shaft at a given speed was
shown without the trial weight and with the trial weight located at various phase angles. For a
given rpm and trial weight location, the response to the trial weight held a constant or fixed
relationship (see Figure 107). The amplitude of the response to the trial weight was constant
since its radius vector traced a circular path as the angular position of the trial weight was
varied.

RESPONSE CAUSED i TOTAL RESPONSE
BY TRIAL WEIGHT ¢~ ~<
Fa \'\
/! 5
/! Y
ff \ CENTERLINE
: \ / OF ROTATION
-— _ _ | _
\ a .‘I
ANGLE BETWEEN 'J:Rmx.—-"v("’-\< /
WEIGHT AND RESPONSE \ /
OF SHAFT N ' ’
S e _~” RESPONSE OF UNBALANCED
ANGULAR POSITION << )_-- SHAFT AT 5300 RPM
OF TRIAL WEIGHT

<

The angle (a) between the trial weight and the resulting response was also a constant, as
demonstrated when a shift in the angular position of the trial weight produced an identical
shift in the angular position of the response vector (see Figure 107).

In essence, the effectivity testing is an experimental determination of the dynamic influence
coefficients between the balance stations and the measurement station (shaft station 4). The
effectivity of the trial weight in controlling shaft deflection is indicated by the diameter of the
circle which encloses the response vectors caused by the trial weight. The most effective angle
for the trial weight was obtained from the auxiliary curves constructed from the data given on
the deflection versus frequency plots. The auxiliary curves resemble sine waves, and the best
angle for the balance weight is that angle which corresponds to the minimum deflection. The
most effective angle can also be obtained from the polar plots and the response vector circle if
the angle of the trial weight is used to orient an azimuth scale (see Figure 107). The best angle
for balance weight can be read directly from the azimuth scale. The optimum weight is the
weight that reduces the total response vector to zero.
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The results of this series of tests were further reduced by combining the response vectors from
all balance stations at a given rpm by plotting both magnitude and phase. This polar plot of
amplitude and phase is shown as the end view of a scale-model shaft (see Figure 120). An
average effectivity plane was determined by inspection of the response vectors. A projection of
the response vectors to the average effectivity plane was the basis for constructing the mode
shapes in Figure 120. This figure presents effectivity mode shapes with the optimum angle tor
balance weight shown by a radial line on each of the circles in each figure. The best angle is
shown for each speed of interest and at each balance station tested. As with the unbalanced
shaft. the responmse to the trial weight was a combination of a number of modes. If the
response were due to a single mode. the optimum angle for the balance weight would have
been in a single plane. The fact that this optimum angle did not lie in a single planc. especially
at the higher critical speeds, indicated that the response was a result of the superposition of
modes as mentioned previously, An advantage of plotting modes in this manner is that the
effect of static deflection is no longer present and the resulting mode more nearly represents
the true mode shape. Provided there is no gross difference in physical propertics, it is
reasonable to expect that the influcnce coefficients (the diameters of the circles enclosing the
response vectors) determined during this phase of testing will be valid for all shafts of the same
configuration. The amplitude and phase of deflections from each shaft will be different. and if
this information is known, it will be a relatively simple matter to graphically apply the known
correction factor of the influence coefficient to remove the undesirable amplitude.
Information from Figure 120 should facilitate placement of balance weights to improve
unsatisfactory performance of any similar shaft over its entire speed range.

To illustrate how this diagram would be used to experimentally balance a shaft, a hypothetical
case is presented for balancing a shaft at a second critical speed of 1.300 rpm. One balance
weight reduces the deflection of a shaft an amount equal to the effectiveness of the weight at
the station used. Weights placed at antinodes are the most effective. Weights at nodes will have
no effect on the mode whatsoever. Similarly. the phase of a balunce weight effects shaft
performance. If properly placed, it will decrease shaft deflection. If it is placed 180 degrees out
of phase. shaft deflection will increase. I it is 90 degrees out of phase. it will have a neutral
effect on the shaft at that speed. These two tuctors are the major considerations in selecting
the planes and angles for the balance weights 1o be used.

To balance the second critical speed. there are many choices tor the location of the weights:
) A single balance weight could be used.
o  The single weight could be placed on aither loop ot the deflected shaft,

e  The single weight could be placed at any balance station by relating the magnitude
of the weight to the effectiveness of the station selected.

o  Two or more weights could be used.

) The multiple weight could be placed on one or both loops.

The requirement for balance is that the total amount of weight. after considering the
effectiveness of the station and phase. must be equal to the unbalance in the system. If this
requirement is met, the shaft will run true at this speed. Stations and weights are selected to
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work in unison to balance lower speeds and to work against each other at higher speeds. An
examgle of this would be a balance weight placed at station S and one at station 11, both
having the same phase. These weights work together to correct deflections in the second mode
(1,300 rpm) but oppose each other at the fifth mode (5.300 rpm).

Stations S and 11 have about the same effectiveness in the fifth mode but with opposite signs.
This conditions holds true for the sixth mode at 7,300 rpm and for the top speed of 8,300 rpm
as well,

The pruducts of weight and effectiveness are added algebraically as shown in the table below:

RPM Station Weight | Effectiveness Product Total
1,300 5 10 -43 -43

11 10 -5.0 -50 93
5,300 5 10 -85 -85

11 10 +8.0 +80 -5
7,300 S 10 -85 -85

8] 10 +8.5 +85 0
8,300 5 10 +6 +60

11 10 -6 - 60 0

Test Results With Effectivity Data

This approach was used to experimentally balance the second critical speed of the test shaft.
The best combination of weights was used, and the shaft was run to the fifth critical speed.
Figure 121 shows the best results obtained for this speed (5,300 rpm).

An analysis of phase information from this test indicated that further improvement of the fifth
critical speed would cause the sixth to diverge. The fifth was therefore intentionally
overbalanced slightly so that an additional balance weight could correct both the fifth and the
sixth critical speeds at the same time.

The addition of weight in this manner produced the best shaft performance to date, and the
result is shown in Figure 122. Mode shapes were obtained for this configuration and the
secondary mode shape was still evident (see Figures 123 through 126).

The shaft was balanced with the simulated aircraft structure locked out. The damper structure
was much stiffer than that expected in the aircraft, and it was desirable to compare the effect
this change in stiffness had on the performance of the shaft. The locking mechanism was
removed from the damper structure, returning the test rig to stiffness simulating the aircraft
installation. Figure 127 is a comparison of a test run with flexible damper structure and a test
run with the damper structure made rigid. The peak at 3,500 rpm was tentatively identified as
‘resulting from a resonant condition of the damper-structure combination; the increased
amplitude at 5,300 rpm occurred because the increased flexibility reduced the effective
damping at this speed. The remainder of the test run shows very little effect.
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Figure 123. Polar Deflection at 5,300 and 7,300 RPM.
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TEST 258
5300 RPM

TEST 258
5300 RPM

TEST 259
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+70° R e T160°

TEST 259
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AFTER SUBTRACTING wy

Figure 124. Deflection Shapes in Two Planes.
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Figure 125. Time History of Shaft Deflection for 180 Degrees
of Shaft Rotation at 5,300 RPM.
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Figure 126. Time History of Shaft Deflection for 180 Degrees
of Shaft Rotation at 7,300 RPM,
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The shaft was intentionally unbalanced and run past the second critical speed to establish a
baseline. A shaft guard was installed so that the effect of the shaft striking the guard could be
observed during a test run. It was not known at the time if the guard would excite the motion
and cause additional deflection. The flat spot on the top of the deflection peak in Figure 128
shows that the deflection was limited by the guard. Inspection of the specimen showed scrub
marks on the protective covering over the strain gage wire pack on the outside of the shaft in
this area. Only one wire pack was marked, indicating that the whirling was steady, and the
shaft did not tend to rattle around inside the guard.

The shaft in Figure 122 was balanced as well as is possible with present technology and in the
time available. It was not acceptable for a flight-test specimen for two reasons:

e The balance weights were an experimental type intended for rapid installation and
adjustment.

e The balance weights on the end of the shaft were attached to part of the test
machine, not the shaft itself.

Permanent balance weights were substituted for the temporary ones, and the balance weights
for the end load were added to the test shaft. The first tests after installing permanent balance
weights on the shaft were run to reduce the orbit end load to a minimum. Figure 129 shows
the deflection of the shaft after the optimum weight of 18 grams was installed on the end of
the shaft. The most effective angle was found to be -80 degrees. A sharp peak showed up at
5,300 rpm, and a series of tests was run to reduce the deflection at this speed.

An interesting characteristic was observed while testing for the optimum balance weight. In
one test, 21.9 grams was added to shaft station 24 at -80 degrees. In another test, 29.2 grams
was added. Both weights were intended to affect the performance at the fifth critical speed of
5,300 rpm only. The two test runs are presented in Figure 130. One test run shows higher
deflections before the critical and lower deflections immediately after passing it. The other,
with a slightly heavier balance weight, shows lower deflections before the critical and higher
ones immediately beyond it. This indicates that there is a limit to the performance
improvement that is possible with experimental balancing.

These two test results also show the selective response that is possible over a narrow speed
range without affecting other speeds. Balance weights located at station 24 and at the proper
angle will affect deflections of the shaft only in the immediate vicinity of the fifth critical
speed of 5,300 rpm.

The 21.9gram balance weight (Figure 130) produced the best performance measured to date.
This performance is acceptable in terms of deflection, bending stress, damper motion, and
temperature. The orbiting end load is higher than desired, but this factor is so sensitive to the
application of small balance weights that it appears doubtful if practical overall improvement is
possible with the existing instruments.
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TEST DATA FROM BALANCED SHAFT

Performance data taken from the tests of the shaft in final configuration are listed below and
presented in the following illustrations.

Figure

Shaft Deflection and Phase vs. Speed

Station3.5 . . L . e e e e 131
Shaft Bending and Phase vs. Speed

StationTd R e I o e G oy o e b ol S E b B e AP 132
End Load and Phase vs. Speed

Station] . L oL L L e e e e e e 133
Damper Deflection and Phase vs. Speed

Station15.5 . . . . . . L e s 134

StationiB50 AR T AR TR B s B e A R 135
Shaft Deflection and Phase vs. Speed

Station24 . . . . . .. Lo T 136
Polar Plots of Deflection

8300rpmand 7300rpm . . ... e e e e e e 137

5300 rpmand 3700rpm . . . L L Lo e e, 138

2300 rpmand 1300rpm . L L L L L e 139
Time History of Fixed System Displacement (Developed from Polar Plots of Deflection)

8300rpm . . L e e e e e 140

7300pm L e e e e e e e 141

§300rpm L L L L L e e e e e e e 142

3700 rpm T T I T B ARt 143

2300 pm L L e e e e e e e e e e 144

1300rpm L L e e e e e e e e e e e e e e 145
Polar Plot of Balance Weights . . . . . . . . . . .. .. .. ..... 146
Time Historyof PolarPlots . . . . . . . . . . . . . . . ... .... 147

164



PLAN TO-PEAS
MOLITUNE J IS

=S R e

Figure 131. Deflection Versus Speed at Station 3.5.
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Figure 132. Bending Stress Versus Speed at Station 4.0.
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Figure 133. End Load Versus Speed at Station 1.0.
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Figure 136. Deflection Versus Speed at Station 24.0.
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Figure 138. Polar Deflection at 5,250 and 3,570 RPM.
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Figure 139. Polar Deflection at 2,280 and 1,150 RPM,
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Figure 140. Time History of Shaft Deflection for 180 Degrees
of Shaft Rotation at 8,300 RIM,
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Figure 141. Time History of Shaft Deflection for 180 Degrees
of Shaft Rotation at 7,300 RPM.
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Figure 142. Time History of Shaft Deflection for 180 Degrees
of Shaft Rotation at 5,250 RPM.
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Figure 143. Time History of Shaft Deflection for 180 Degrees
of Shaft Rotation at 3,570 RPM.
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Figure 145. Time History of Shaft Deflection for 180 Degrees
of Shaft Rotation at 1,300 RPM (Interpolated).
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Figure
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STATION 24

polar Plot of Final Balance Weights.
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SUMMARY

The shaft was assembled with tubes as received from the mill. The tubes were cut to length and
the adapters riveted in place. Tests revealed that the crank effect from the initial bend
produced undesirable damper motions. and the test specimen was subscquently straightened
by bending in a press. The straightening operation did not completely remove the crank action
at the damper because the flanges at the adapter field splices were not perfectly square with
the straightened centerline of the tubes. The flanges were ground square by turning the tubes
on centers. The reassembled shaft showed very little damper motion due to remaining crank
effect.

Satisfactory performance ol the supercriticalsspeed shaft was obtained by dynamically
balancing the specimen. The previously developed experimental and analytical approach
proved ineffectual in correcting shaft deflections because the mode shapes were not as
predicted. A new method of cxperimentally balancing the shaft was developed. Test runs
determined the effectiveness of balance weights at different balance stations, and from this
information, ecffective mode shapes were cstablished. The effective mode shapes are
considerably different from calculated or measured mode shapes.

CONCLUSIONS

Available calculated and vibrated modeshape data were not adequate for the solution of the
balance problems encountered. The experimental and analytical balance techniques developed
previously could not be used because the mode shapes were not correctly defined. Torque in
the test specimen does not affect the performance. Secondary vibrations in the test machine
became very troublesome when the major unbalance in the high-speed shaft was reduced. The
unbalanced components of the test machine had to be balanced of removed because they
affected the instruments. The mode shapes are complex combinations of the deflections of all
modes. This factor must be considered when placing balance weights. The noise level of the
system appears to be related to both damper loads and end loads. The noise seems to have a
direct relationship to the deflections of the secondary modes present, specifically the
deflection of the second mode when the shaft is turning at higher speeds. The problem of
supercriticalspeed-shaft balance includes a rigid body balance of the ends as well as balance of
the flexible body of the shaft itself,

The test program has shown that the initial bend must be reduced so the crank action at the
dampers does not produce motions and loads which ¢xceed the design limits. This condition is
independent of the motions and loads resulting from dynamic action of the shaft. In the
future, it may be possible to correct shaft deflections of any magnitude and from any source,
either static or dynamic, by this balancing technique, but this capability was not demonstrated
in the test program.

Although present adapter design allowed disassembly and reassembly of the shaft without

disturbing the balance of the system, it is too precise and requires too much care to be
acceptable for . fuare design. Some improvement of this assembly joint is desirable.
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Two design considerations must be a part ol any supercritical-speed shatt af it is to operate
satisfactorily. First, the shaft must be straight. That is. both the tube itself and the adapters
joining it together must be free of characteristics which would cause the dampers to move
regardless of the demands placed upon them by the deflection of the flexible system. The
crank cffect must be minimized. The final straightness of this shaft was held within 0.010 inch
(0.020 peak to peak), and the flanges of the adapters were machined within 0.0005 inch TIR
before assembly. The second consideration is that the shaft must be balanced. The flexible
mode (supercritical) requires balancing, and the procedure becomes increasingly complex with
each critical that must be passed. The balancing procedure is complex because the mode shapes
are combinations of all modes simultancously. The influence of cach mode is a result of the
unbalance in that mode. Since the unbalance is unknown and is difterent for each shaft, the
amplitude is different for cach shaft. The mode shape must be determined before the shaft can
be balanced. The interaction of modes makes it impractical to meuasure modes directly, but
they can be determined by considering the effectivity of balance weights.

The rigid-body mode (subcritical) also requires balancing which can only be accomplished by
monitoring the end loads or deflections while rotating the shatt. This rigid-body balance
cannot be accomplished if the flexible-mode deflections are excessive. The orbiting end loads
will be a result of the static unbalance in the shaft and the end adapters, and of the remaining
load caused by the unbalance still left in the flexible system. End load cun be measured where
minimum deflection was observed in the flexible mode. The measured end load at this point
could be related to the centrifugal force caused by a given mass rotating at the corresponding
speed. The best balunce weight and the proper angle can be determined by experiment. Both
ends of a supercritical-speed shaft have to be balanced. Balancing is complete when both the
rigid body and the flexible modes of operation produce loads and stresses within acceptable
limits to allow continuous operation for the design life of the system.

The shaft was not balanced to the degree originally intended. The bulance that was achieved is
smoother than the system it is intended to replace. Actual data from flight test has proven that
the Joads on the bearings and shatt hangers will be less on o supercriticalspeed system than on
similar components of the stundard system.

Shaft performance responded to placement of balance weights, and further improvement is
possible, though not considered necessary to achivve a satisfactory aircraft test installation.
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INTERPRETATION AND ANALYSIS OF TEST RESULTS

During the test program, some aspects of the initial design analvsis showed good correlation
while others did not. In addition. a number of unanticipated results were encountered. Chief
among these were noncircular whirling motions, measured deflections composed of
superimposed mode thapes, and failure of the D-10 analytical balancing program to provide
adequate balancing information. Test observations as they relate to these arcas and the results
of several investigations aimed at resolving the balancing problem are discussed in the following

paragraphs.

GENERAL OBSERVATIONS

Comparison of Test and Initial Design Analysis

Calculated damped natural frequencies for the nonrotating system obtained during the initial
design analysis are compared in Table II with the rotating test natural frequencies or critical
speeds. Both the calculated and test results show shifts in the frequency of the peak response
when the location of the exciting force (unbalance in the case of the test) is changed. This
characteristic of a well-damped system makes it difficult to determine in a test program both
the location and number of resonant frequencies. In general, there appears to be a test
frequency corresponding reasonably well with each of the calculated frequencies: however,
there are indications of other modes. Except for the appearance of a well-defined peak at
3,450 to 3,650 rpm, removal of the damper support stiffening produced no major change in
the critical speeds.

A plnt of the calculated nonrotating forced response at station 4 is compared in Figure 148
with typical test data for the unbalanced shaft. The comparison generally confirms the initial
design analysis, which indicates that there are only three responsive modes within the
operating range and that the remaining modes are heavily damped. Test response with and
without damper support stiffening is shown in Figure 127. Since the balance configuration was
identica! 1n both cases, this comparison demonstrates the importance of the damper support
stiffness on the fifth mode response.

Noncircular Whirling Motion

Deflectior measurements with the optical pickup at various fixed system azimuth angles
(Figure 92) indicate the presence of noncircular whirling motions at speeds above 5,000 rpm,
but the deviation from a circular orbit dces not appear significant except at 7,20C to 7,300
rpm. Examination of phase-angle data shows that these motions are forward whirling motions
except in the arca of 6,000 rpm, when there appears to be a reverse or backward whirling
moiion. Existence of noncircular motions in the range is confirmed by the presence of a
2-per-rev rotating system bending moment. which results from noncircular whirling motion.

The backward whirl motions were not present at 6,000 rpm onr the final balanced
configuration. (Sce strain gage test data from Figure 132.) The steady stress shows forward
whirl with little or no 2-per-rev alternating stress except in the area of 7,300 rpm, where the
alternating stress confirms an clliptical whirl pattern.
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The presence of the noncircular motions is believed to be primarily duc to unsyinmetric
(nonisotropic) stiffness of the shaft supports.

The possibie orbiting motions of the shaft fall into one of the following four categories:

Forward circular whirl
Forward elliptic whirl
Backward circular whirl
Backward elliptic whirl

Figure 149 shows typical whirling motions of cach type. For the simple elliptic cases, fixed
system-diplacement  pickups oriented in the vertical and horizontal plunes will measure
different amplitudes. When backward whirling motions are present, a 180-degree phase
difference in the location of the shaft bend is measured between the vertical and horizontal
planes. Only the forward circular whirl does not result in a 2-per-rev rotating system-bending
moment.

WHIRL WHIRL
DIRECTION @DIRECTION

/ - \\(LLLIPTIC)\L

VERTICAL \

47 SHAFT l 7 “SHAPT \\‘
/ ROTATION \| ' ROTAT ION N
mm:x Y 1

HORIZONTAL ; ”;

X “ /1

- CENTERLINE OF 271

END SUPPORTS ‘@f /

\\ P

@' Q-

FORUARD WHIR. BACKWARD WHIRL

Figure 149. Whirl Pattern Types.

The bulk of the test data consists of measured deflections in the horizontal plane which can
only be interpreted in terms of a circular motion. Up to approximately 5.000 rpm. the
assumption of a circular whirl is well justified. Provided the area of backward (reverse) whirling
near 6.000 rpm is of no concern, an assumption of circular whirling over the remainder of the
speed range is not unreasonable.
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Some error in phase would occur when the optical pickup instrument is used to measure
elliptical whirling in a plane which is not parallel or at right angles to the light source. Clearly
the largest errors could occur near 7.200 to 7,300 rpm. where the noncircular motion is most
evident and, conceivably could lie on some inclined plane.

Multiple-Mode Response

Test-response shapes also show a strong superposition of two or more modes at all the higher
critical speeds. In particular, a significant second-mode deflection occurred even at the fifth
and sixth critical spceds. Presumably, the observed results are due to the effects of initial shaft
deformity, the relatively high damping, and the incomplete balancing of the second critical
speed.

This situation is of concern primarily because it makes it difficult, if not impossible. to balance
the shaft using the experimental modaL balancing method. In essence, the modal balancing
theory detailed in the previous report= involves balancing each critical speed in turn. The
balance weights are distributed so that they do not affect a previously balanced critical and so
that they minimally affect the subsequent baiancing at higher modes. Successful application of
the modal balancing method entails a reasonably accurate knowledge of the mode shapes and
an experimental identification of the plane of the unbalance for the mode which is being
balanced. When the shaft response at a critical speed is composed of contributions from several
modes, difficulty is encountered in applying the modal balancing method. The distorting effect
of the other modes prevents an accurate determination of both the mode shape and the
location of the unbalance for the mode of interest.

ANALYSIS OF THE D-10 COMPUTER BALANCING PROGRAM

The D-10 program was written to provide a,oomputerized version of the analytical balancing
method developed in the previous report.= Basic input data required to use the program
consist of the shaft geometric and mass properties, shaft fundamental modes and frequencies,
and test data obtained at a number of speeds equal to the number of balance stations.
Required balance weights are obtained utilizing the program and an initial set of test values.
After the weights are added, a second set of test points is obtained; these data are used to
further refine the balance-weight configuration. Repetition of this procedur: should then
result in a balanced shaft configuration.

The program did not perform as anticipated since balance weight predictions were consistently
as much as 25 times higher than the actual weights used to balance the shaft. Typical results
illustrating this discrepancy are presented in Table IIl. This large disparity between predicteq
and actual balance weights led to this_present reevaluation of both the analytical approach~
and the subsequent computer program.
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TABLE I1I. COMPARISON OF ACTUAL AND CALCULATED
BALANCE WEIGHTS FROM D-10 ANALYSIS

Shaft Final Test Calculated*

Station Balance Weight Balance Weight
Grams Angle Grams Angle
5 27.6 -105° 35.6 -112°
11 30.0 -105° 148.0 1772
21 26.0 68° 587.0 162°
24 219 - 80° 782.0 - 18°
27 28.8 75° 743.0 160°

* Based on a combination of test and analytical modes.

The results of the analytical effort described in the previous report2 can be summarized in
Equations 3 through 6. Definitions of symbols used in this section are given in Table 1V,
Equations 3 and 4 describe the deflected shape along the shaft in two perpendicular axes.
These deflections, U(x) and V(x), are expressed as functions of the initial deflected shape,
shaft mode shapes and modal damping, forcing frequencies, resonant frequencies, and
parameters describing the shape of the unbalance distribution.

y

- 5 b) ) 5

Uin =2 lwa? - w?] [wa, +e,) + wypbo] + w=y, [w(by +8,) - Ypdp) (3)

(X)n._L nn-n,z.n"F n. pTnTnn by (o
(Wy*= — w) +Ul‘yn n

bt 2 2 2 2
Vix) =X Jlw - wllw ‘bn’ln)"‘”nanl S lw(an#en)'*‘ynbnl 4)
- b p 9.4 XH(X)
(Wy* — W)+ W™y~
h
i}il le Xn(ti) cos0i=-pANnrn (5)
h .
|§| M.f Xn(tl) sin Ol ®.p A Nn Sn (6)

wherern=an+en.sn=bn+gn

In their general form, the above equations consider the total deflections at all speeds to be a
superposition of the response from all the modes, and the unbalance at all speeds is assumed to
be composed of both the initial shaft deformation and a mass defect. The principal
assumptions made in developing these equations are:

e The whirl pattern is circular—shaft and support stiffnesses are isotropic,

e The discrete dampers may be represented by an equivalent modal damping
coefficient.

@ The shaft has a uniform mass distribution.
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TABLE IV. LIST OF SYMBOLS FOR D-10 ANALYSIS

A shaft cross-sectional area

p mass density of shaft material

L shaft length

m number of dampers

h number of balance stations

n mode number

€ radius at which balance weight is added
w shaft speed

wy, critical speed of the nth mode

Mi mass of the ith balance weight

0, angular position of ith balance weight
§ spanwise location of ith balance weight
¢ damper coefficient of ith damper

$i spanwise location ot ith damper

X\ spanwise coordinate along the line between supports

ny.my asetof perpendicular unit vectors fixed in the shaft
Ux) total shaft deflection in the direction of the unit vector mn
V(x) total shatt deflection in the direction ot the unit vector 5y

X, (X) whirling mode shape of the nth critical speed

(&<}
Up(x) I a, X, (x). compopent of the initial shaft deformity in the direction of the unit
n=1 vector

oo
Vo(x) = b“Xn(\), component ot the initial shaft deformity in the direction of the unit
n=| vector 5
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TABLE IV-Continued

Nl(X)

N:(X)

&8y °

position of the mass center from the shaft geometric center in the direction of the
unit vector i

position of the mass center from the shaft geometric center in the direction of the
unit vector 7>

L
Of UO(.\)Xn(x)d.\

o = X 2mdx

L
Of Vo(x) X, (x) dx

L N
Of X ~(x) dx

L
Of Nl(x)Xn(x)d\

L
o/ T X0 dx

L
Of NAO) X0 dx

L
Of X“:l\)d\

-‘[ll

;| ‘('i/L' \“' ‘;i)
("
.reduced damping ratio
PA
L Al
Xy (x) dx
0




In the case of the present shaft, test results indicate that the whirl pattern is slightly elliptical
near the higher critical speeds; however, the importance of this noncircular motion is not
obvious. Representation of the discrete damping as an effective modal damping is a generally
accepted assumption for lightly damped systems. For the present system, this assumption is
easily justified for the higher modes but somewhat questionable for the first ihrough the
fourth modes, where the damping ranges from 30 to 14 percent of critical. The assumption of
a uniform mass distribution is quite clearly not justified since the local mass at the damper was
shown in the design calculations to have a powerful effect on the dynamic behavior. This
deficiency does not invalidate the method, but the equations must be modified to include the
damper mass.

In general, the process of obtaining the required balance weight consists of gathering sufficient
test data so that solutions may be obtained for ap, bn. and g, from Equations 3 and 4. With
these values, Equations 5 and 6 are used to compute the balance weight mass and angular
position (M; and 6;). Two approaches to obtaining a solution are worthy of consideration.
These approaches, referred to as Methods 1 and 2, may be summarized as follows.

Method 1-This approach obtains a solution to the equations in their most general form.
Implementation requires the measurement of the shaft initial deformity and measured
dynamic response for one location at a number of speeds equal to the desired number of
balance stations. Measured :esponse near each of the criticals is preferred. From the initial
deflection data, the coefficients a, and b, may be computed directly, leaving 2n unknown
coefficients (e, and g,) in Equations | and 2. If the dynamic responses U(x) and V(x) are
measured at (n) different speeds, then there are 2n simultaneous equations from which the 2n
coefficient values may be obtained. Using the values of a,, b, ¢, and g, Equations 3 and 4
yield the balance weight mass and angular position for (n) different locations.

Method 2—This method, which is the method used in the D-10 program,7 is applicable to a
system where the initial deformity contributes only to the unbalance in the first mode and
constitutes the only unbalance in this mode. Unbalance in the higher modes is assumed to be
due entirely to mass defects. This method was selected since it was felt that the assumption
regarding the initial deformity was justified. In addition, 1t offered the advantage of
eliminating the time-consuming measurement of the initial deformity.

If the above assumptions are made regarding the nature of the unbalance, then
ep "8y =0forn=|
and a, =b, =0forn=2
Thus, 2n coefficients are equal to zero and 2n unknown coefficients remain in Equations | and
2. As in the case of Method 1, if the dynamic responses U(x) and V(x) are then measured at

(n) different speeds, the balance-weight mass and angular position for (n) different locations
may be calculated.
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As indicated previously in Table III, there is a large disparity betwecn the D-10 calculated and
test balance-weight configurations. Results shown in Table III were based on a combination of
test and analytical modes and dynamic response data for the final reworked shaft
configuration. The resultant rotating test mode at 1,275 rpm from test 110, which is very
nearly coplanar, was used in conjunction with the analytical third through sixth modes. In
addition to the balance weights, the D-10 program using Method 2 also calculates the initial
deflection required to obtain the measured first-mode response. The derived initial coplanar
deflection is compared with the measured initial shape in Table V. This derived initial shape
agrees within approximately 20 degrees with the experimentally determined plane of
unbalance at the first (1,350 rpm) response peak. However, there appears to be little if any
correlation with the measured initial shape which is noncoplanar.

Clearly, the D-'0 computer program is not adequate for the present shaft configuration.
However, a valid analysis could possibly be obtained by including the damper mass terms and
using the more general solution referred to as Method 1; but this approach was not evaluated

because the influence coefficient method described in Reference 8 is apparently superior.

TABLE V. COMPARISON OF DERIVED AND MEASURED INITIAL DEFORMITY
|
Initial Deformity
Shaft Measured Derived
Station Deflection Angle Deflection Angle
(Inch) (Degrees) (Inch) (Degrees)

1 0.002 - 55 0 0
3 0.006 - 84 0.010 +108.4
5 0.003 - 60 0.018 +108.4
7 0.003 - 90 0.023 +108.4
9 0.002 - 50 0.025 +108.4
11 0.004 + 45 0.022 +108.4
13 0.004 + 70 0.017 +108.4
15 0.004 -135 0.009 +108.4
17 0.007 - 20 0 0
19 0.012 0 0.006 - 716
21 0.011 - 20 0.012 - 71.6
23 0.004 0 0.015 - 71.6
25 0.009 0 0.015 - 71.6
27 0.006 0 0.012 - 716
29 0.002 0 0.009 - 716
31 0.004 + 90 0.005 - 716
33 0.004 + 90 0.002 - 71.6
35 0.001 + 72 0 0
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GENERALIZED COORDINATE ANALYSIS OF TEST DATA AND BALANCING SYSTEM

A generalized coordinate analysis of test response shapes for the unbalanced shaft was
conducted using analytical mode shapes. The purpose of the analysis was tc separate the total
response into its constituent modes and thus identify the plane of the unbalance and the
response amplitude of each of the component modes. With this information it is then possible
to determine the balancing requirements by analytical means. A similar analysis of the
measured initial bend or static deflections was also performed to determine the correlation
between the initial bend and the unbalance.

It is assumed that there exists a set of mode shapes—referred to as the generalized
coordinates—defined by the function H(y). which describes the deflected whirling shape of
the shaft such that

Z(+90°)
b X(y) = L I\n Hn(y)
n=1
sS4 roraTION
.._ Q(ﬂ‘ Q0Q“ w
AR zZ(y) = & B_H_(y)
: C A =) Aaw} B D
S)
l
i X(0°)

where: 2 (y) and X(v) arec the total deflections in
the directions of the Z and X axes, which are
fixed in the shaft, and A, and B, are coefficients
defining the amplitude of the coordinates or mode
shapes Hp(v) .

For the case of an undamped shaft, the mode shapes Hy,(y) correspond to the normal modes of
the system, and it is the usual assumption that these modes are approximately correct for the
case with damping. Analysis and test observations indicate that the shaft is operating below the
seventh critical speed. For practical purposes, therefore, a summation of the first seven modes,
n=1 to n=7 in the above equations, should yield a satisfactory approximation.

Assuming that the first seven mode shapes H  (y) are known and that the deflections Z(y) and
X(y) are measured at a fixed shaft speed for a minimum of seven locations, two sets of seven
simultancous equations may be written from which the coefficients A, and B, can be
calculated for the first seven modes. Thus, the contributions of the first seven modes to the
total response are determined at the test speed. During the present investigation, Vertol's
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computer program 1-36 was used 1o obtam numernical solutions tor the coctficients Ayiand B,
This program offers an advantage over the conventional procedure outlined above. in that
measurements at more than seven Jocations may be utilized while still limiting the number of
coordinates 1o seven. Since this results in more equations than there iare unknowns, a
polynominal curve-fitting procedure a8 used which results in a root-mean=square curve fit. This
reature tends to minimize data error and results in a more accurate solution.

To gain some insight into the charactenstic nature of the results in the absence of any possible
test error. the forced response of a damped, nonrotating shaft computed from Vertol's D-97
program was analyzed. Results obtained using undamped modes (Figure 18) as coordinates are
shown in Figures 150 and 151 as plots of modal amplitude at station 4 and the phase of the
modc-versus-shaft speed. With a few minor exceptions. the amplitude plots display the general
characteristics of uncoupled modes with ¢ach mode having significant response only in the area
of its own natural frequency. which indicates a good selection of coordinates. Although the
phase plots arc somewhat confused. it is noted that at the natural frequencies each mode is
approximately 90 degrees behind the exciting force. In addition, there is a tendency to be
nearly in phase with the force below the natural frequency and nearly 180 degrees behind the
force aue ve the natural frequency.

The analysis of test results was conducted using test response shapes of the unbalanced shaft
together with both the undamped modes and the damped modes (marked D) in Figure 18 as
voordinates. Mcasured shaft deflection is the vector sum of the static and dynamic deflections.
Since it is the dynamic deflection which was of interest. test data were first corrected to obtain
the dynamic deflection.

180°

-90°

Components of the test response shapes i two mutually perpendicular planes (0 and 90
degrees in the shatt coordinate system) were determined. Similarly, components of the static
deflection, Figures S1and §2, were determined. and the dynamic deflection was obtained by
subtracting the static from the measured deflections. Using the dynamic deflections. the
coetficients A, and By were obtained from the L-36 program. The components defined by
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these coefficients were then recombined to find the resultant dynamic detlection and phase for
each of the modus. A similar analysis was performed to determine the modal content of the
initial bend. Detailed results for the analysis with the undamped and damped modes are
compared in Figures 152 and 153 in the form of modal amplitude and phase at station 4 versus
shafi speed. In general. the modal amplitude plots (see Figure 152) show a predominant peak
for cach mode in the area of its estimated natural frequency or critical speed. Notable
exceptions are the second mode. which shows considerable response in the area of the
fifth-mode frequency, and the third mode. which displays considerable response in the vicinity
of the second mode and no tendency to peak at its own modal frequency. The estimated
seventh-mode frequency is above the maximum operating speed: this appears to be confirmed
by the absence of any significant peak for the seventh mode. Modal amplitudes with the
damped coordinates ¢xhibit the same general pattern as the undamped coordinates except that
there is considerably more interaction. The first-mode amplitude is high over the middle speed
range, and the second mode has a very large amplitude peak at the fifth-mode frequency.
Levels for the third, fourth, and fifth modes are only slightly higher than the results with the
undamped coordinates except in the vicinity of the second-mode frequency. where these
modes contribute significantly to the overall response.

The plots of Figure 157 show the phase of the mode (at station 4) in the shaft coordinate
system. Except for the first and third modes. the results with the dumped and undamped
coordinates compare favorably in the arca of the estimated critical speeds. Using the results of
the previous generalized coordinate analysis of a D-97 response as a guide, the phase of the
unbalanced force can be identified. Since the precise location of the critical speeds is not
known, an effort has been made to identity the 180-degree phase shift which occurs as the
mode passes through resonance. These regions have been identified on the plots. In the case of
the first and second modes, the phase tends to stabilize on a4 constant angle above the
estimated critical speed, and it has been assumed that this angle is 180 degrees out of phase
with the unbalanced force. As a gencral observation. the identification of the plane of the
unbalance from the phase plots is subject to a good deal of judgment.

A summary of results is presented in Tables VI and VII for the undamped and damped
coordinates respectively. In both cases. the generalized balance force and phase obtained from
the analysis of test-response shapes are compared with values for the final test-balance
configuration. For the undamped coordinates, the phase of the foree required to balance the
modal components of the initial bend is also shown. The generalized forees were obtained
from the following expressions.

Z (+90°)

T 1
il

X(0°)
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At the nehe entical speed

. . h} h]
FZ,, =( Eln' (yp)+ Hy- (y:]wn B, (w))

where

o ol 3 2
EX,=OH -ty + 1, (y:]wn/\"(w

FX,, and FZ are the generalized forces in the X and /Z directions at the neh natural
frequency,

Hy, (yy) and l-ln (y~) are the amplitudes of the nelr coordinate at the damper locations,

A, (wy) and B (wy) are the modal cocefficients at the nth critical speed trem the
gencralized coordinate analysis,

w,, is the frequency at the nth critical speed,
C is the damping coefficient at the supports.
Likewisc at the nth critical speed:

. h N
FX = T e Mi(x) H (v w,-

h o
I‘/‘Il = ii‘[ € Mi(l) Hn(yi) wy”
where

H, vy is the amplitude ot the nrd coordinate at it halance station.
M;(x) and Mi (z) are the components of the ith bakinee weight in the x and z directions,
€ is the radius at which balimee weight is added.

I is the number of balunce locations

Examination of Table V1. which sumnuirizes the results obtained with the undamped mode
coordinates, shows a fair degrec of correlation with the test balinee configuration. With the
exception of the fourth mode, the phase angles from the generalized coordinate analysis are
reasonably close to the test values. The generalized forces compare favorably for the third,
fifth, and sixth modes: while the fourth mode is approximately twice the test value. The
largest apparent error in the gencralized forces occurs at the first and second imodes. So far as
the initial bend is concerned. only the fifth and sixth modes show any correlation with the test
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halance configuration, which o difficuit to understand sunce it i generally sccepted that the
initial bend contnibutes heanly to the lower mode unbalance Note thst the test balance
configurstion docs not sepresent 3 Jully halanced condition  The primary test cfforn was
directed at the range above S 000 rpm (fifth and sinth modes). and the response at the single
low-{requercy peak (coupled (st and scond modes) was reduced by only 60 percent
Considering these facts, pood cotrclation should be anliapated for the fifin and usth modes,
while » 40- 10 50-percent difference may be expected at the first and second modes

Summarized resulls presented in Table VI for the damped coordinates compare somew hat
more (avorably with the test balance configunation | xcept (o the thied and fourth modes. tue
phase angles agree reasonably with the tost values and do not ugnilicantly differ from the
previous resulls with the undampod modes Magnitude of the gencralized forces at the thed
and fourth modes ranges from 2 to 2-1/2 times the test values. however . Lhe remaining 1i-odcey.,
including the first and ccond, compare quite (avorably with the test values The improved
correlation of the fist and sccond mode gencrabized forces appears to be the prinapal
ditference resulting from the use of the damped coordinstes

In conclusioy, the gencrabized coordinate snalysis of tost response shapes can b an cffective
method of obtaining both the phase and magnitude of the unbalance when the mcasured
response is a superposition of scvers! modes. However. a large number of Lest points ncas cach
critical speed are required to accurately define the phase response. Fusthermore. once the
phase response is defined, a grest deal of judgment 13 involved in establishing the plane of the
unbalance. Generally speaaking, therefore, the process 1s rather time consuming and does nol
lend itself to an autcmated procedure.

GRAPHIC ISOLATION OF MODES

A graphic method for isolating the respons: of a perticular mode. in the case where the shafl
deflections are a superposition of modes, is prexented. The method i1s best described as 2
modification of the Kennedy-Pancu method of nsonance Iemnaq For the purposcs of this
report, it will suffice to outline the procedure and explain the sgnificance of the varow
diagrams which must be constructed.

I. At a sries of frequencies §1; taken at constant speed increments. oblain the vector
response n(o) for the unbalanced shafl through the critical speed range. Construct a polar
plot of n(o). and fit a circle through the points with the ma ximum frequency spacing (sec
Figurc 158).

L)

Add a trial weight at any arbitrary angle 8, from the shaft reference axis, and measure the
response n( 1) at the same frequencies used in step 1.

3. Compute the vectors (1) = n(1) - ni0). Construct a polar plot ofnm(I Yand it a cucle
to the points as in step 1 (see Figure 135).

4. In Figure 154, draw the resonance diameter 0'D so that it makes a 90degree angle

(B,-90) with the refereace axis. This locates the critical speed wy,. Measure ¥, from the
reference frequency (in this case §34). and use this information to construct the resonance
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GI

i\\
r ~. SHAFT REFERENCE
A AXIS

ROTATION

where n(g) = Vector response of the unbalanced shaft

oD

Total response at the rth critical speed

O'D = Rerponse in the mode of the rth critical

00' = Contribution of other modes at rth critical

CA = Direction of the unbalance

cv = Direction in which balance weight must be added
“n a Critical speed

ﬁi = Speeds at which data is obtained

Fiyure 154. Vector Response of Unbalanced Shaft at =-he
nth Critical Speed.
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diameter 0’[) on Figure 155. The direction of the unbalance (vector CA) may now be
located in hg.urc 154, 90 degrees ahead (in direction of rot.mon) of the resonance
diameter 0°D. It is also possible to obtain the approximate location of 0'D in both Figures
154 and 155 by inspection alone. since the critical speed occurs in the area where
the test points display the maximum frequency spacing.

5. An estimate of the magnitude of the required balance weight is as follows:

Diameter of Circle Made Using n(0)
Diameter of Circle Made Using (1)

Required Weight = X (Trial Weight)

In the situation where the response involves a significant supuposltlon of modes. the
experimental modal balancing procedure discussed in the previous ruport- cannot be used
since it is necessary to observe the response of a single mode. However, application of the
procedure described above should make it possible to observe the isolated response of the
mode which is being balanced so that the experimental modal balancing procedure may again
be followed. While a fair amount of graphic analysis is required, the method offers the
advantage of determining, with one position of a trial weight, both the plane of the unbalance
and the effective weight required to balance the mode. The principal disadvantage is that the
modal method requires a knowledge of the basic mode shapes.

Validity of the modified Kennedy-Pancu method was investigated using available test data.
Figure 156 shows a polar plot of the vector response for shaft station 4 in the vicinity of the
combined first and second modes. The frequency spacing gives a reasonably good indication of
a mode in the range from 1,275 to 1,400 rpm, which corresponds to the second mode. There is
also some indication of the first mode in the range from 1.200 to 1,250 rpm: the presence of a
second loop, illustrated in Figure 157, confirms this.

Response to a trial weight at station S is shown in Figure 158. As in the case of Figure 156,
this plot fails to clearly show the presence of a lower mode: however, the cusp at 1,250 rpm
indicates that a second loop is beginning to form. Based on previous analysis. a trial weight at
the opposite end of the shaft would excite the first mode. Fitting a circle through the points of
maximum frequency spacing and constructing the resonance diameter d’D 90 degrees behind
the line of action of the trial weight, indicates a resonant frequency at 1,350 rpm. Returning
to Figure 156 and constructing the diameter O’D indicates that the balance weight should be
placed at -102 degrees or 90 degrees behind the response at resonance. Computing the balance
weight as indicated in step 5, a weight of 62.5 grams at station 5 is required to balance the
mode. Note from Figure 156 that balancing the second mode does not reduce the response to
zero since the response 0 0”= 6.1 inch due to other modes is still present. These results are in
general agreement with the experimentally observed results.

Attempts to apply the method in the area of the other modes were inconclusive. Failure of the
method in general is probably caused by the small amplitudes at resonance and the relatively
heavy damping in thesec modes. Results for the fifth mode presented in Figures 159 and 160
are typical. The response of the unbalanced shaft, Figure 159, shows a loop between 5.100 and
5.450 rpm. The frequency spacing taken at face value indicates a possible resonance between
5.250 and 5,350 rpm within the loop in addition to a second resonance between 5.450 and
5.500 rpm. A circle fitted through the points at 5450 and 5.500 rpm shows that a circle of
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LIRL OF ACTION
OF TRIMAL WEIGHT

ROTATION

where nm(l) Vector response of the shaft to the trial
veight above
N = Angular location of trial veight

@ = Angular location of reccnance diameter 0°'D
from reference speed 1

Figure 155. Vector Response to Trial Weight at the nth
Critical Speed.



+90 TEST 112

180

DEFLECTION ‘|
(INCHES)

ANGULAR POSITION OF _g;
REQUIRED BALANCE WEIGHT

REQUIRED BALANCE WEIGHT AT STATION 5;:

50.0 (g_.%_%s_ = 62.5 GRAMS AT -102°

Figure 156. Shaft Response at First and Second Modes.
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Figure 157. Typical Polar Plot Characteristics for Two Modes.
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+90 TESTS 112 & 120

0.20

 DEFLECTION
(INCHES)

+0.10

180

SENSLC OF
TRIAL WEIGHT

NOTE :

50 GRAM TRIAIL WEIGHT AT -85° AT STATION 5

Figure 158. Response to Trial Weight at First and Second Modes.
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+90 TEST 159

—0.04

DEFLECTION
{INCHES)

—+-0,02

180 DATUM

]
5200 / -90 5350
5300

NOTE:
LOW~SPEED SHAFT REMOVED

Figure 159. Shaft Response at Fifth Mode.
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SENSE OF TRIAL WEIGHT AT
MEASUREMENT LOCATION IF
FIFTH MODE IS ASSUMED

+90 TESTS 143 & 159

180

—+0.02

DEFLECTION
(INCHES)

—U.ﬂ‘
ACTUAL SENSE OF

TRIAL WEIGHT AT

STATION 10
I
| | ASSUME FIFTH
| MODE SHAPE
MEASURED RESPONSE |
LOCATION OF TRIAL WEIGHT
NOTE:

25 GRAM TRIAL WEIGHT AT -100° AT STATION 10

Figure 160. Response to Trial Weight at Fifth Mode.



only slightly larger diameter would pass through the points between 5,250 and 5,350 rpm.
Response to a trial weight at station 10 (deflections measured at station 4) is shown in Figure
160; here the frequency spacing indicates a resonance only in the 5,450- to 5,500-rp5n range. If
the modal circle is fitted through these points and the resonance diameter 0 D erected
perpendicular to the line of action of the trial weight, a meaningless result is obtained since the
resonance diameter does not intersect the locus of the test points.

INFLUENCE COEFFICIENT BALANCING METHOD

During the test program, a series of runs was made to determine the effectiveness of a trial
weight at each available balancing station in reducing the deflections at the monitoring
location (station 4). By varying the angular position of the trial weight, it was also possible to
determine the most effective angle. While it was still necessary to resort to a trial-and-error
procedure, this information was instrumental in finally obtaining an acceptable balance
configuration. Since the trial weight effectiveness determined experimentally was in essence an
influence coefficient, a procedure employing a formalized application of the influence
coefficient principle may be used as a method of balancing. Such a procedure is outlined in
Reference 8.

Reference 8 indicates a number of methods of applying the influence coefficient principle to a
rotating shaft. In general, ar n-point balance can be computed provided that

‘2 (Measurement Locations) X (Test Speeds)=n

For example, a six-poiny balance can be computed either from test measurements at two
locations and three speeds or test measurements at a single location and six speeds. Data
available from the test program fall into the latter category. The equations suitable to the
existing data are presented in the following paragraph.

In computing an n-point balance, it is assumed that the distributed unbalance in the shaft can
be represented by n discreet unbalanced masses located at the balancing stations. At a speed of
wj, the displacement of the unbalanced shaft at the monitoring location is given by

h
on(wl) =n).;la An (wl) Un (i=! ton)

wiere W, (w;) is displacement of the unbalanced shaft at station (A)at a shaft speed of wj

app (wj) is dynamic influence coefficient at station (A) for an unbalanced mass at
station (n) at a shaft speed of w;

Uy, is the effective unbalanced mass at station (n)

his the number of balance stations.



The dynamic influence coefficients are obtained experimentally. Displacement and phase of
the unbalanced shaft are measured at station A for n different shaft speeds covering the
operating range. Measurements close to cach of the critical speeds are desirable. A trial weight
T is then placed at one of the selected balance stations. and the response at station A s
measured tor the same shaft speeds. This procedure is repeated with the trial weight located in
turn at cach of the remaining balance stations. At the shaft speed wy. the displacement of the
unbalanced shaft WAO (w)) and the displacement WAI (wp) with the trial weight at balance
station | are given by

on(wl)=(¥A| (L)l)Ul +aA:(w3) U:—--‘*(YA“ ((Ol'Un
War twp=applop U+ TH+aps(wd Us—=+a, (wop Uy

Substracting the first cquation from the second vizlds
WAI(OJI) WA()(UJN

aAI(w')'-‘ |

and in general

Wan(wi) Wpplwy
appwy) = T

The complex deflection matrix for n bakincing locations and shaft speeds is as follows:

r N \FM
Waolwy) aptw)) apgdw))apggwy) - applwy) Uy
WAo(w:l uM(w3I uA‘;(wz) (x[\_;(wz) u'An(wz) U:

< “"AO(UJ.}' f - 4 ay ||w3) GA;:( w3) (\I\_}(w.;) - uAn(w’;) >{ U3 &
Wanlw,) aptw, ) ay MW, aptw,) aynlw),) U

L AO'%n } L A'%n A% A¥%n An nJ LnJ

{n this expression, the {\\ A0 (u;l)} and {u AT iwil} matrices are defined numerically from
the test data as previously discussed. Using a conventional complex matrix routine such as
Vertol's program D-73, the values of the ¢ffective unbalance Un at cach balance station can be
obtained. The required bulance is obtained by simply shifting the calculated unbalance 180
degrees.

An evaluation of the influence coefficient method was undertaken using available test data.

Influence coefticients tor §.300. 6,250, 7.300 and 8,300 rpm were obtained from the data of
test runs 210 through 233 (Figures 106 through 119). At 1,300 rpm. the influence coetficieni
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at station 11 was determined trom test runs 1S and H o (not shown), and values for the
remaining balance stations were extrapolated on the basis of the measured mode at 1,300 rpm.
The real and imaginary components of the influence coctticients thus obtained are tabulated in
Table ™ 111 for possible future use. '

Using the intfluence coeflicients of Table VI and test data for the unbalanced shaft at
corresponding  speeds, a  caleulation was  performed to obtain a five-point  balance
configuration. For comparison purposes. the required additional bakince weights for a partially
balanced configuration and the final test balance configuration were also computed. For cach
configuration, the total required balance weight and vhase at cach of the selected balance
stations are summarized in Table !X. Provided the system is lincar and there are no errors in
cither the influence coctticients or the measured shaft response. cach of the calculated balance
configurations should be the same, Examination of Table IX indicates that such 1s not the case.
In particular, Configuration | based on the measured response of the unbalanced shaft shows a
large disparity at stations 24 and 27 when compared with the other calculated results and the
final test balance configuration. Configuration Il. using mcasured response from a partially
balanced shaft, displays very good correlation with the final test configuration and only
slightly less agreement with Configuration 1. Results for Configuration [ll, based on
measured response with the final test balance configuration. indicate relatively small variations
when compared to the test balance weights.

Table X presents a comparison between the initial weight distribution for the calculated
balance configurations and the weight distribution on the shaft at the time the influence
coefficients were determined. Initial weight distribution for calculated balance Configuration
Il shows the greatest similarity to the weight distribution present when the influence
coefficients were  determined. while  Configuration 1 is least similar.  Significantly.
Configuration 11 displays the best correlation with the test balance configuration and
Configuration | the least correlation. In itself. this observation suggests a nonlinearity in the
shaft behavior since the baseline response for Configuration 1 was significantly higher than that
for Configuration L. which was already partially balanced.

Considering the accuracy of the test measurements, the fact that shatt deflections were
measured in only one plane, and the use of some extrapolated values for the influence
coefficients at 1,300 rpm, the results obtained by the inlluence coefficient method are quite
encouraging. Clearly. more aceurate test data would improve the results. Of the various
schemes examined, the influence coetficient method is the only method which appears to
predict a reasonable balance weight distribution without resort to a great deal of engineering
judgment. Unlike the other methods, a detailed knowledge of the mode shapes and the exact
location of the critical speeds is not necessary: however, a general knowledge of the mode
shapes is helptul in selecting the balance stations.

As indicated previously, there are a number of possible  combinations of  measurement
locations and speeds which will permit the calculation of o balance weight distribution for a
given shatt. In cach case, the best combination is dependent on the shatt configuration and the
operating conditions. For the present shatt. a six-point balance is desirable since all evidence
indicates that there are six criticals in the total speed range. The following scheme, Table X1,
which tavors the steady operating condition. is suggested:
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TABLE XI. SUGGESTED BALANCE ARRANGEMENT

Mcasurcment Location Speed

Station 5 1.300 rpm

Station § 3.000 (1dle Range)

Station 5 5.300

Stations 5 and 27 7.000 (Normal Operation)
Station 5 8.300 (Maximum Operating)

Balance at Stations: S, 11,15, 21, 27.33

Balance stations are selected to place one balance station near each antinode of the sixth
mode, which is the mode nearest the operating speed. This balance arrangement should provide
a smooth-running flexible shaft throughout the entire speed range.

The problem of unbalance at the ends of the shaft could be combined with the balance of the
flexible system if the measurement data are obtained at the ends. or this problem could be

handled separately.



ANALYTICAL SIMULATION OF A ROTATING SYSTEM

The basic design of a supercritical-shaft system can be established by conventional methods
from an analysis of a nonrotating system. However, in order to adequately predict the
performance and assess the effect of such items as shaft straightness, bearing misalignment, and
nonisotropic-support-point stiffness, an analysis of the rotating system is required.

For the most part, studies of the behavior of rotating shafts on flexible supports have been
restricted to simplified isotropic systems.'“'' A more general analysis using numerical
methods is presented in Reference 12; however, this method is also restricted to isotropic
systems.

Consideration of nonisotropic support conditions results in a set of linear differential
equations with periodic coefficients which are most readily evaluated on a digital computer
using available numerical integration techniques. Development of an analysis for a rotating
shaft with nonisotropic structural supports (program C-58) is presented in Appendix I.

ANALYTICAL MODF.L AND CASES ANALYZED

An analytical model generally representative of the present test config. ation is shown in
Figure 161. The nonuniform axial distribution of the shaft mass was necessary to place mass
stations at locations corresnonding to the shaft balance stations. Exact support conditions are
difficult to define without an extensive analysis of the support structure. Calculated stiffness
of the orbiting-end-load fitting indicates that the ends are effectively rigid; therefore, an
isotropic condition has been assumed for convenience. At the intermediate supports, a
nonisotropic condition prevails, and the calculated local stiffnesses are used in conjunction
with the weight of the nonrotating portion of the damper assembly. Structural damping at the
supports has been taken as 2 percent of critical based on the local mass and stiffness.

Static stiffness matrices obtained from an existing program (Vertol program D-46) are used as
an input to the C-58 shaft-analysis program, and it is possible to analyze a system with
nonisotropic shaft stiffness as well as axial variations in shaft stiffness. These items do not
appear to be of any significance in the case of the present shaft; consequently, an isotropic
shaft with a constant EI has been assumed.

Specific questions arose during the test phase of the program. The analytical configurations
believed necessary to obtain insight into these questions as well as to evaluate the principal
characteristics of the system are as follows:
Rigid Support Structure (Isotropic System)

® A coplanar third-order initial bend

e A coplanar third-order mass unbalance with a distnibuted unbalance equivalent to
the coplanar third-order initial bend

@ A coplanar second-order bend which produces an initial deflection at the aft damper
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SHAFT PROPERTIES

”eé l:IL"CY"
.

m; i . i Fl;

i | (bsec2ib)y | (tbrinesec?) (ind (ibind

1 | 0.04 0 29.868 | 4.18x107
2 | 0.0032 0.985 9956 | 4.18x107
3 | o.008542 0.304 19912 | 418x107
4 | 0.008542 0.304 19912 | 4.18x107
s | 0.008542 0.304 19912 | 418x10’
6 | 0.008542 0.304 24.69 4.18x 107
7 | 0013813 0.985 24.89 4.18x 107
8 | 00448 0.444 26.1345 | 4.18x 107
9 | 0.01388} 1.246 23.6455 | 4.18x 107
10 | 0.006406 0.135 14934 | 4.18x107
11 | 0.006406 0.135 14934 418x107
12 | 0.0064006 0.13$ 14934 | 4.18x 10’
13 | 0.006406 0.135 14934 | 418x107
14 | 0.006406 0.13s 236455 | 4.18x107
s | o.3081 1.246 2.1345 | 4.18x 107
16 | v.0448 0.444 19912 | 4.18x 107
17 | 0.008542 0.304 9956 | 4.18x 10’
18 | 0.04 0

SUPPORT STRUCTURE

= Kig = 4x10°b/in

= Cig = 16.51bsec/in

= mpg = 001036 Ibsec/in
= Kjg = 20001b/in.

= Ui = 21.31Ibsec/n,

T Ry, = 23000bin,

= Kyp = 68x1051mn,

= Gy = 02Ibsecin,

= (I) e 3.4 Ib-sec/in.

Figure 161. Analytical Model for Test Configuration.
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® A noncoplanar mass unbalance which is the reverse of the final test balance
configuratic n

Flexible Support Structure (Nonisotropic Systeni)

e A noncoplanar mass unbalance which is the reverse of the final test balance
configuration

Plots illustrating the initial deflection and mass unbalance versus shaft span for the above
configurations are prescnted in Figure 162,

RESULTS OF ANLYSIS

Within the time frame of the precent program. it was not possible to complete all of the
desired analyses. Figure 162 shows that the unbalance for coplanar configurations is at either
490 or 90 degrees. Typical results with rigid support structure obtained at 1.350 rpm are
shown in Figure 163. The predominant response for the coplanar configurations is essentially a
second mode which lags the unbalance by 90 degrees. This indicates a near resonant condition.
Response in the plane of the unbalance strongly resembles the undamped first mode obtained
in the initial design analysis. The second mode shape of the predominant response and the
frequency agree with the previous analytical results which predicted a second mode at
this speed.

As anticipated, identical results were obtained for the coplanar third-order initial bend and the
equivalent third-order mass unbalance. Characteristics of the two types of unbalance with
balance weigitts installcd were not investigated: however, the analysis in VIBRATION AND
BALANCE OF AN UNBALANCED FLEXIBLE ROTOR !0 indicates that the initial bend can
be removed only at the critical speed. Response to the second-order initial bend varies only
slightly from the results obtained for the third-order bend. which is not unexpected since the
second-mode component of the unbalance in both cases is very nearly the same. Principal
interest in the second-order bend is the effect on damper load at the higher speeds. which have
not been analyzed.

Results for the noncoplanar mass unbalunce generally resemble those obtained for the coplanar
configurations. The increase in amplitude is due to the increased magnitude of the unbalance
as shown in Figure 162. Distortion of the response in the 0/ 180-degree plane is due to the tact
that strong components of other imodes are present in the unbalance distribution.

Generally speaking, the results obtained display many of the characteristics of the test data. Of
particular interest is the mixed modal response, with a second mode predominant in one plane
and a first mode predominant in a plane 90 degrees away. This superposition of modes which
is present even with a coplanar unbalunce produces a static noncoplanar detlection of the
shaft.
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CONCLUSIONS

The information presented in this report makes it possible to design supercriticalspeed shafts
that can efficiently transfer propulsive power over long shaft lengths. Three general areas were
investigated:

Strength Properties—The structural integrity of the supercriticalspeed shaft was
substantiated analytically by conventional methods. Loading conditions and allowable
stresses are similar for both subcritical- and supercritical-speed shaft systems.

Dynamic Propertiecs—The dynamic properties for the initial design of a supercritica'
shaft were determined from an analysis of the nonrotating system using established
methods. In the early stages, the nonrotating analysis was preferred since it permitted a
rapid evaluation of the important parameters. Critical speeds, required damping, and
isotropic-support-structure effects were determined by this type of analysis. Undamped
modes or forced shapes with damping obtained from a nonrotating analysis were useful
guides in establishing spanwise location of balance weights. Once the system
parameters were established from the nonrotating analysis, performance of the design
was verified using a Boeing-developed computer program (C-58) for a rotating system.

In addition to the effects of nonisotropic support structure, the response for various
degrees of shaft straightness and bearing misalignment was examined. Effects of
balance weight locations were evaluated along with the investigation of balancing
methods. The development of an analytical simulation of a rotating system has been
demonstrated. This analytical simulation is the basic tool that will scrve as an analytical
test stand for supercritical-shaft systems of the future.

Balance Requirements—Once the system was designed and built, the reactions through
the dampers and at the ends of the shaft were reduced to acceptable levels by dynamic
balancing. A number of balancing procedures were available. The most promising was
the COMPUTER PROGRAM FOR BALANCING OF FLEXIBLE ROTORS.° The
experimentally balanced shaft was compared with the computer balancing program,
and excellent correlation between the two methods was evidenced (see Table I1X).

It is anticipated that between 9 znd 22 test runs would be required to balance a typical
test shaft. The computer program and balance nrocedure could be refined so that no
more than two or three runs would be necessary to balance a production shaft.

The end loads developed by the flexible shaft after dynamic balancing were less than the end

loads developed by a standard drive shaft in flight. This indicates that installation of the
supercritical-speed shaft in the CH-47 would reduce vibration.

1]
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APPENDIX 1. DEVELOPMENT OF AN ANALYSIS
FOR A ROTATING SHAFT, PROGRAM C-58

The purpose of this analysis is to adequately predict the performance of a rotating
supercritical-speed-shaft system and to assess the effect items such as shaft straightness, bearing
misalignment, and nonisotropic-support-point stiffness will have on such a system.

The shaft was idealized by using a lumped-mass representation in which the distributed shaft
mass was replaced by a finite number of concentrated masses. Figure 164 shows the analytical
model which included two intermediate flexible supports as well as flexible end supports with
damping at all support locations. In order to simulate a rotating system, each of the masses
must be free to move in two directions. If the moment of inertia is neglected and only the
linear motion of the masses considered, the twenty-mass representation (see Figure 164)
requires that solutions be obtained to 40 simultancous second-order differential equations;i.e.,
a 40-degree-of-freedom problem. The effect of the moment of inertia was investigated by
analyzing this configuration as a nonrotating system. Maximum error in the natural frequencies
of the first seven modes was 5§ percent when the moment of inertia was not considered. This
was felt to be within acceptable limits (a crucial point since consideration of the shaft moment
of inertia would introduce an additional 36 degrees of freedom).

A matrix approach employing the direct stiffness method 1314 is used since it appeared to
require the minimum programming effort. In order to facilitate programming, the analysis is
restricted to that of Figure 164. With the exception of the 40-degree-of-freedom limitation,
the geometric limitations can easily be generalized. However, the 40-degree-of-freedom
representation approaches the limit of the computer core storage, and a more complicated
system would require more sophisticated programming techniques such as overlaying and
external tape storage.

The local idealization of the system elements at the intermediate support are illustrated in
Figure 165. The central mass is permitted to move in both the X and Y directions with the
motion restrained by the flexibility of the shaft, the spring of the fixed system shaft damper,
and the stiffness of the supports. Also shown is the support mass which is connected to ground
through a damper and nonisotropic springs acting in the fixed system X and Y directions. For
convenience, solutions are desired in the { and n freedoms of the rotating coordinate system
which rotates at the shaft speed £2. Unualance masses which act at a distance a from the
central mass are located in the { - n plane by the angle ¢,;. Balance weights at each central
mass are located i a similar manner.

To develop the system equations, the motions of the elemental masses at the intermediate
support Ic ‘ations are considered as shown in Figure 166. Displacements of these masses in the
fixed x-y coordinate system are:

)(ms = fgcos 2 ngsin Qt
Yms = fs sin Ut + ng oS ot
X = {jcosf2t m;sin 2t
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Ym, = §i sin §2t + 1, cos §2t

= §jcos§t - n;sin Qt +a cos (¢ai + 0t)

aj
Ymai = §jsinQt+n;cos R+ asin (g, + Q)
mpy; ¢; cos £y — n; sin 2t +a cos (Pp; + §20)
Ymbi = §sinQ; tn;cos Nt +asin (¢y; + 2t)

The kinetic energy and the dissipation functions of the system are defined as follows:

e D 2 o .
T=% 2 m Xy, + Yin) + Mg, Xin; * Yy * Mo; X * Y

bi)

2
1“8

FYR )M XE +YE )

+Y
it Mie ~ Mg

D=} Ci(X2 +Y2 )+Cig (X2 +Y2 y+c, X= +C, Y=
/2 l( m] ml) 18( m]8 m|8) CX8 m8 y8 m8

+ X2 +C, Y2 4G (X — Xy )2+ (Y, - Y )2
Cxy6 Xmye * Cyyp Ymyg * €8 [ Xmg = Xmg)™ + (Ymg = Ymg)™ ]

X (Y, -Y. )2

M6 m16) ( M6 ml6) ]

Because of the flexibility of the beam, the potential energy of the system is quite complex in

that it involves the interaction of each mass point with all the other mass points. The general

form of the expression is

18 18 %
V=% I ¥ K ..+ L&,

2 2 2 ) 2 2
+% Kl (xml + le) + K18 (Xmls + les) + K"S xm8 + KY8 Yms

2 2 2 2
*Kxyo Ximpe T Kypg Yingg * K8 1 Ximg = Xmg)™ * Ymg = Ymg)” |

Y. )]

.
*Kyo [ Xm g = Xmg)™ * Ompg = Ymyg

where K”ij and Kg-l, are the shaft stiffnesses at mass point (i) relative to mass point (j).
1]

In the matrix notation, the equation for the forces response of the system is of the form

Ml g + [C] q + (K] + K] ) 9 = F
static  dynamic
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All of the coefficients in the above cquation can be obtained by applying the Lagrange
equation ST &1, 8D 8V _

dt &q 8q 5q + 8q

Carrying out the operations indicated by the Lagrange equation, the mass. stiffness. damping,
and forcing matrices for the 40-degree-of-freedom shaft configuration ot Figure 164 are
obtained. The matrices in compressed form showing only the nonzero vaiues are presented in
Figures 167 through 170. In the case of the stiffness, only the dynamic matrix is shown.
Computation of the static stiffness for the entire shaft is quite complex, and the numeric static
stiffness matrix is obtained frcm an existing program (Vertol program D-46).

An IBM 360-65 computer program was set up according to the flow diagram of Figure 171.
With nonisotropic supports there are terms in the dynamic stiffness matrix and the damping
matrix which are functions of time. and the only readily available method of solution is by
numerical integration.
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Figure 171. Program Flow Diagram.
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TABLE XII. LIST OF SYMBOLS FOR APPENDIX |

_ ———

m; shaft control mass

my; unbalance mass

My; balance mass

mg support mass

[ rotating system coordinates

X, Y fixed system coordinates

C fixed system damping coefficient of shaft damper

Cx.Cy fixed sysiem (supports) damping coefficient in X and Y directions

K fixed system spring rate of shaft damper

Ky, Ky fixed system (support) spring rates in X and Y directions

K;ii, Knii shaft stiffness at point (i) relative to point j in ¢ and 5 direct‘ns.

ai angular position of unbalance mass

Pbi angular position of balance mass

a radial offset of unbalance and balance masses

Q shaft speed
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APPENDIX 1. ASSEMBLY DRAWINGS

Specification Control Drawing -- Damper
Damper Drawing - Lord Manufacturing Company
Torsion Fatigue Test Specimen

Shaft Assembly Drawing
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