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I. INTRODUCTION

The subject eight-stage steam tufbine was built and partially tested by the
Aerojet Company under U.S. ERDA Contract E(04-3)-1096. Repeated_failures were
experienced during the development program which havelpfecluded operation of

the turbine over its design speed range and'prevented documentation of peffor-x
mance characteristics. The turbine design speed is 60,000 rpm; however, testing
to date has been limited to a maximum speed of 54,000 fpm transiently, with an
off-design steady state test poinﬁ obtained at 48,000 rpm. ‘Anélysis conducted
by the Aefojeﬁ Company has indicatéd that the rotor first critical speed occurs
in the 20,000 —:28,000 rpm range, and that operation in this speed range should

be minimized.

UnderATask 12 of U.S. ERDA Contract EY—76¥C902-2835, MIT conducted a design re-

view and dynamics analysis of the rotor system,. The results of this review

and analysis are presented in this report.



II. SUMMARY OF RESULTS:

A. Analysis of the rotor system indicates the potential of a rotor

dynamics problem in the first‘critical speed range. Good balance and

an effective turbing end bearing damper are required to control the

" rotor dynamic response.

The existing turbine -end bearing damper is inadequate. Examination

of the hardware revealed evidence of motion of the squirrel cage with-

in the housing. Design modifications are .required to achieve desired

damping characteristics.

Turbine wheel fits, measured after disassembly of the turbine, exceeded
limits specified by the design drawings and contribute to the potemtial
rotor unbalance problem., Further, balance shifts may occur during oper-

ation due to the loose wheel fits.




III. RECOMMENDATIONS

The following steps ;re recommended for solution of the rotor'dynamics problem:

A,

Redesign Turbine End Bearing Damper

o Increase land lengths of the damper at both ends

e Provide more positive means of attachment of the damper cage to

the beéring housing

e Eliminate or modify the turbine end damper seal to allow positive

oil flow through the journal

e The feasibility of incorporating‘these changes in the existing

hardware should be determined

. ) l
Reduce Rotor Unbalance : .
The existing turbine wheel-to~hub cléarances should be reduced by

plating and made as tight as possible, allowing for assembly/dié-

assembly requirements,

- Review BeariégVOil System Design-

Conduct'design review of the bearing oil system to insure adequate
bearing life. |

Conduct Additional Mechanical Tests

Design and build a special test rig to allow evaluation of a re-
designed damper. This rig should be capable of testing the rotor
assembly without the turbine casing and would be powered by directing

air jets against the eighth Stage'turbineAwheel. This would enable in—~

stallation of instrumentation to measure shaft and damper motion and

would also eliminate unbalance due to rotor disassembly/assembly after

Baignéing.




IV.

DISCUSSION

Rotor System Modeling -

‘Rotating machinery dynamics analysis is conducted using a mathematical
representation of the rotor system. For the Aerojet turbine, the principle
systemvcomponents affecting the dynamic behavior are (1) the turbine rotor,
and (2) the rotor support system. Development of the model used for

analysis is presented in this section.

1. Ro;or Mathematical Model

A mathematical model of the rotor system was prepared (Figure 1).

The model is constructed based on Agrojgt Qrgwipgs'gpdurep;egeqts_m

the rotor as é“syétémhof'éohééﬁfféted and disEribgted @ggses and
moments of inertia, and models shaft stiffness on an equivalent dia-

meter basis,

For the Aerojet Turbine, the stiffness diameter at two locations,
namely through the first seven turbine stages and in the region of

the turbine end bearing spacer, is depehdent upon a stackup of several
individual pieces on both the turbine and shaft ends, and is a function
of tie bolt tighteningAtorque.. To determine the correct stiffness
diameters for the model, the rotor was experimentally tested to de-
termine its lateral natural "ringing" frequencies. Two series of tests
were conducted. The first series, for the shaft end, was made on a

partial rotor assembly with the turbine end tie bolt and turbine wheels

+ 1 = 7 removed. Several checks were made with repeated loosening and

re-tightening of the shaft end tie bolt to the specified torque of

75 in,=lb to obtain an average natural frequency. The second test
series was conducted on the fully assembled rotor to determine the
natural frequency of the complete rotor assembly and, thereby, iden-
tify the turbine end stiffness contribution, loosening and re-tightening

the turbine end tie bolt, The avefage natural frequencies were 1805 Hz

- (108,300 cpm) and 1273 Hz. (76,380 cpm) for the partial and complete

rotor assemblies, respectively.
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Using the mathematical rotor model, stiffness diameters at the

Aturblne end and for the spacer sectlon were then establlshed so .
that the natural frequency of the model corresponded to-the natural .
frequency of the actual®rotor as tested, Partial and full rotor .
models were used in this analysis, duplicating the configurations

tested.

.Rotor Support Stiffness

The support stiffness affects the dynamic behavior of the rotor system.

The support stiftness at each bearing location is eomposed of the stiff-
ness of the bearing supporting the shaft and the stiffness of the pedestal,
or mounting of the bearing. The subject rotor is rigidly mounted at the
gear end bearing .and flexibly'mounted on a damper at the turbine end

bearlng as shown in Flgure 2.

The stlffness of the bearlng and damper have been determined as

dlscussed below:

a; Bearing Stiffness - The bearings are Barden HJB ball bearings
and operate at a nominal preload of 125 1bs up to the design
speed of 60,000 rpm. The bearing stiffness depends on the pre-
load and the speed,

The bearing stiffness at the. design speed vs. preload is shown in
Figure 3. It may be seen that the stiffness is about 455,000 1b/in.
for the nominal preload of 125 1lbs. ' '

The bearing stiffness at the nomlnal preload vs. speed is shown in
Figure 4, It may be seen that decreasing the speed from 60,000 rpm

to 20,000 rpm increases the stiffness from 460,000 to 936,000 1b/in.

-b. Damper Stiffness - The damner; shown in Figure 2, contains a

Aflexible squirrel cage which is attached to the bearing housing
and functions, presumably, as a guided cantilever beam. There is
a nominal 3 mil radial clearance between the damper journal and

bearing housing, and two'Vitdn-7O O-rings are installed as shown.
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" The o0il film betweeﬁ the'journai and housing provides the

damping effect. The damper stiffness consists of the cage and
O-ring stiffnesses, which are additive, The oil film contributes

very little to the damper stiffness and can be ignored.

The damper cage stiffness Qas calculated to be about 25,000 1lbs/in. The
O-rings have a significant radial stiffness dynamically. MTI test data
on similar O-rings dindicate that the dynamic stiffness of the two riags
will be on the order of 20,000 lbs/in,. at operating speed; The. total .
damper stiffness will then be on the order of 45,000 1bs/in.

"It should be noted here that the static stiffness of the 0O-rings could

be as low as 5,000 1lbs/in.. As noted in the summary of results sectlon,

there are indications that the damper cage is moving inside the bearing

"housing. The resulting decreased stiffness, now more dependent on the

O-rings, could result in the damper bottomlng out and becoming 1neffective :

under steady state gear loads.

Rotor Dynamics Analysis

The mathematical rotor model and support system characteristics-developed-

in the preceding sections were utilized to evaluate rotor system dynamics.

1. Rotor Critical Speed

Undamped critical Speed:calcuLations were performed for a range of

support stiffness values for both the gear end and turbine end (damper
mounted) bearings. The gear end bearing support stiffness is a funetion

only of the bearing stiffness and was varied to cover the 450,000 1b/in.

to 900,000 1b/in. range determined in Section IV.A.2.a. The support
stiffness at the turbine end bearing is composed of the bearing and

.damper stiffnesses, The bearing and damper are in series, and the

damper stlffness 1s domlnant,'since it is an order of magnltude smaller,

With a design damper stiffness of 45,000 1lb/in. and a bearlng stiffness ,

of 450,000 1b/in., the resulting support stiffness at the turbine end
bearing will be about 40,000 lb/iﬁ. A range of 10,000 to 100,000 1b/in

~-10-




was evaluated to adequately encompass the prbbeble stiffness

range. The critical'epeed’map thus generated'is presented in

Figure 5., The following should be noted:

@ Safe operation will be achieved at design speed of 60,000 rpm.

prever, acceleration through the first critical speed is re-
quired to reach design speed. The second critical speed is

well above design speed.

e Gear end bearing stiffness has essentially no influence on
critical speed.

e Bearing preload has little influence on crificaIISpeed,
since turbine end support stiffness is dominated by the damper
stiffness. v

° 'Eor_aAturbine em@{beering support stiffness in the range of

10,000 to. 100,000 1b/in., the first critical speed would
be between 6,000 and 17,000 rpm. ‘

Aerojet turbine testing'experience indicates that the first

critical speed was higher than would be anticipated for. the

_calculated turbine end Bearing support stiffmess. This further in-

dicates the possibility of the damper bottoming out, since the
critical speed with damper flexibility eliminated would be close

" to 30,000 rpm.

The first critical speed mode shape, a near rigid conical mode,
is shown in Figure 6 for a range of turbine end bearing support
stiffness. - The mode shapes indicate that the turbine end bearing

damper would be more effeetiVe at the lower value of damper stiffness,

’eSyseem Stability AhalySis :

- Aystability study of the rotor-bearing-damper system ﬁas made

- in order to establish the range of damping which is required in

the fluid fllm damper for stabilizing the system or avoiding a

Subsynchronous whirl problem whlle operating at the de31gn speed

"of 60,000 rpm.

-11-
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Tne results of ﬁhe study are presented in Figure 7. - In Figure 7,
;he.vertical'axis is the log decrement which is an index of sfa—l
bility, and the horizental axis ié_the damping‘éoefficienﬁ'B.

For the present rotor eystem with a-iarge overhang, the log de-

crement should be more than 0.5 for acceptable stability.

figure 7 indicates that the optimal, of most sﬁable, damping‘is
about 20 to.70 1b—sec/in.‘fo: damper stiffness of 100,000 lbs/in., '
and it may be seen that less damping is required for.decreas— o
ing .damper stiffness. From the geometry of the damper and the

. fluid properties, e damping of about'10 lb-sec/in. ﬁas calcula-
ted for the current design. The exact value depends somewhat
on the oil temperature, and.the O-rings may contribute an addi-
fional 1 or 2 lb-sec/in, . If this thedretical uncavitated damp-
ing is achieved and the damper is functioning as designed, a log

- decrement of about .8 will result which indicates that the sys-

tem would be adequately damped,
' The first forward natural mode shape for the .damper stiffnesses
-of 10,000, 30,000, and 100,000 1bs/in. and a damplng of 10 1b-

sec/in. is -shown in Figure 8.

3. Unbalance Response

A summary of unbalance due to measured clearance, thermal aamd
centrifugal growth at the wheel hubslis shown in Table 1. In the §

worst situation, the estimated unbalance of the rotor could be

017 oz-in;; which is ten (10) times the assembled. unbalance estimated by
Aerojet. This wvalue nas been used to calculate steady state un-

balance response in the speed range of 4,000 to 60,000 rpm in o

increments of 2,000 rpm.

Bearing and damper‘stiffness values selected in pfevious

sections were again used in this analysis. A damping value of

10 lb-sec/in. was used, and one calculatlon was made w1th a damp-
ing of 70 lb-sec/in. -and a damper stlffness of 100 000 1bs/in. '

to verify that acceptable dynamic performance can be obtained '

.e_i4_
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TABLE 1A
"“ERDA Steam Turbine Rotor Dynamics Analysis

Detailed Calculation of Unbalances

Due..to Loose Turbine Wheels at Cold Assembly Condition

a b e d e £ g h i 3 k 1 m=gxl “n=hxl o=kxl p
Stage | Model | Sta. Total ¥ Machined | Machined Maximum Minimum Inspected Inspected Actual | Total W Max. Cold | Min. Cold Actual Material
No. Co " No. | of Turbine 1.pla. 0.D.of Machined Machined 1.D.of © 0.D.of Heasured | of Turbine Design Design Cold - of the
Wheel of Wheel Shaft- Radial Radial the the Radial Wheel Unbalance | Unbalance | Unbalance] ' Wheel
1bs. in. in. Clearance | Clearance Wheel ‘ Shaft Clearance oz, oz.in. oz.in. oz.inT | .
: in. in. in, in. in. )
_ 0.5000 = ' : . : . :
1 C 3 0.0438 0.5002 0.00015 0.00005 0.5002 0.0002 0.7008 0.000105 | 0.000035 0.000140 | Inconel 625
0.4998
: 0.5001 ' , : -
2 D 5 0.0646 0.5002 0.00015 0.00005 0.5003 0.00025 1.0336 0.000155 | 0.000052 0.000258 | Inconel 625
s ' 0.5001 : . : ' - ;
-3 E 6 0.1067 0.5002 0.00015 0.00005 0.5003 0.0002 1.7072 .0.000256 | 0.000085 0.000341 Inconel 625
: 0.5001 0.5000 - ‘ : v
4 F 7 0.1641 0.5002 0.4999 0.00015 0.00005 0.5003 - 0.4999 0.0002 2.6256 0.000394 | 0.000131 0.000525 Inconel 625
0.5001 » : '
5 K 8 0.2505 0.5002 0.00015 0.00005 0.5005 0.0003 4.0080 0.000601 | 0.000200 0.001202 Inconel 718
6 H. 9 0.3520 g:gg; 0.00015 0.00005 _0.5006 7 0.0004 5.6320 0.000845 | 0.000282 0.002253 Inconel 718
10.4998
- : 0.5001 _ - :
7 I 11 0.5544 . 0.5002 0.00015 0.00005 0.5010 0.0006 8.8704 0.001331 " | 0.000444 0.005322 Inconel 718
TOTAL 1.5361 24.5776 0.003687 | 0.001229 0.010041
* Note: - Shaft Material Inconel 718 -




Detailed Calculation of Unbalances of Loose

TABLE 1B

Turbine Wheels

Due to Steady State Operation of 1000°F Steam Inlet

and 60,000 RPM Speed

.

0.006962

a b b_ c q r 8 t u v w x y z Case A case B | casec
Stage | Model| Sta. ] Avg. AT bor Radial E Radial E Radial Total Total | Total Max.| Total Min.] Total Poison's
No. No.| Op. |(q-70)| Therm. Coeff. Clearance ||of Shaft | Clearancé ||of Wheel | Clearance Radial Unbalance |-Unbalance | Unbalance | Actual Ratio
Temp.. OF‘ Diffegence _d @t change [lat Tgmp. | Change Due |{at Tgmp. Change Due|| Clearance Due to "y" as as Unbalance v
oP in./in./ F(10) Temp. (10) psi to Shaft (10) psi | to Wheel Change. at | oz.in. Designed: Designed | oz.in.
(r) (8)(0.250) at Speed at Speed ||Temp. & Speed oz.in. oz.in.
in. in. - in. in.
1 [ 3 900 830 0.455 -0.000094 25.3 -0.000009 25.7 ©0.000030 || -0.000073 -0.000051 | 0.000054 |-0.000016 |[0.000089 0.305
. 2 D 5 840 770 0.480 - ~0.000092 25.6 -0.000009 26.0 0.000070 || -0.000031 -0.000032 | 0.000123 0.000020 {0.000226 0.303
1 | ’ .
=
[}
1 . . ! .
3 E 6 760 690 0.507 -0.000087 25.9 -0.000009 26.4 - 0.000110 0.000014 0.000024 | 0.000280 0.000109 |0.000365 0.301
4 F 7 680 610 0.530 1 -0.000081 26.3 -0.000009 26.8 0.000150 || '0.000060 0.000158 | 0.000552 0.000289 |0.000683 0.300
S c | 8 610 540 |  eemee ] esececea- 26.6 ~0.000009 || 26.6 0.000250 ',0.000261 0.000966 | 0.001567 0.001166 |0.002168 0.272
6 H 9 520 450 |  e--==-  fmecaocees 27.0 -0.000009 {| 27.0 0.000330 0.000321 0.001808 | 0.002653 0.002090 | 0.004061 0.275
7 1 '_ll 440 370 | weee= | mmmmmmee- 27.4 -0.00000¢ 7.4 0.000470 0.000461 0.004089 | 0.005420 0.004533 ) 0.009411 | 0.278
TOTALS o= 0.010649 0.008191 ]0.017003




even at high damper stiffness if optimal high démping levels are -
achieved. The result is shown in Tables 2 through 5, and a
summary of vibration amplitudes in the range of the first damped

critical speed is shown in the following table:

TABLE " DAMPER _ MAX. RADIAL RESPONSE AT . COMMENTS
S : Approx. 1st Turbine End Static
Stiffness Damping Speed = Wheel Brg. Damper Load. Dynamic
No. _ Ibs/in. = lb-sec/in. = RPM. mil mil mil Capacity Performance
2 10,000 10 6,000 . .79 .33 .45 inadequate - good
. : . (damper too
soft)
| 3 30,000 10 10,000 1.69 .63 .84 damper - -marginal but
i » : T close to - acceptable
' marginal but
acceptable
‘ ) 4 100,000 _ 10 16,000 5.45 1,58 1.81 good ' unacceptable
l . 5 . 100,000 70 22,000- 1,37 .33 .25 good ‘ acceptable
‘ : - 24,000
|

The following observations should be made from this analyéis:

e At high levels of damper stiffhess (100,000 1b/in.) and
'deéign levels of damping (10 lb-sec/in4),.vibfation amplitudes .
become very large. The first turbine wheel dynamic deflections
are on the order of the present labyrinth seal design clearance

~ and deflections at the damper are 60 percent of nominal clearance.

e With damper stiffness and damping at design values, rotor
performance appears to be acceptable.

e A very soft damperzWould'exhibit'very good dyhamic per-
formance, but.would provide inadequate static load capability

aé it would bottom out under the gear load.

19~
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C.

. In addition to the dynamit deflections tabulated above, additional

~deflections: are caused by steady state gear loads.:

" namic deflections calculated above, 1dentify the total motion experienced

_ damper design is somewhat marginal, and that modifications should be

A damper with a static stiffness of 30,000 1bs/in., (or close to the

design value) would deflect about' 1 mil under a representative gear

load of 30 lbs. The resulting deflection at the first turbine wheel

would be about 2 mils.

at both locations. The resulting total deflection 1ndicates that the

made to insure that the damper functions as designed and to minimize the

" potential rotor unbalance response.

Desig

n Modifications

1. D

amper Modifications

T

caused the apparent unsatisfactory performance of the existing rotor

he present damper design has several weaknesses which may have

system, and which should be modified to insure acceptable operation.

The de51red modifications are discussed belOW‘

The means by which the‘damper cage is attached to the housing
appears to be inadequate. ‘There is evidence that the cage is
moving in the housing and, therefore, not providing the con-
ventional "guided cantilever" support to the squeeze film
journal. The cage and housing both have a similar burnished
appearance, as if the two have been working against each other.
If this is the case, there is very little to oppose the gear

load. With a static stiffness of 5,000 1lbs/in. for the.O—rings,

even a 15 1b gear load may bottom out the damper. A more positive

method for holding the cage in the housing should be designed.

The damper.squeezenfilm,'located between the two O-rings,iis
marginally short."Since damping at this L/D is roughly propor-
tional to L3, a 25 percent increase in length would have a sub-

stantial benefit in damping and permit a reduction of the supply

pressure needed to eliminate cavitation in the film. Part of the

length is consumed by a wide oil supply groove which could be

made_shorter and deeper, thus providing increased film length.

-20~ -

These static deflections, when added to the dy-




TABLE 2

Damping = 10 lb-sec/in. Stiffness = lelO3 1b/in.

FORCE: - TRANSMI¥¥EB—TO FOUNDAIION ay PEDFSFALv"PEDESTALwNO%!ON AND—MAKKMUM—RELAJIVE FCCFNIR!GL¥¥—————

] STATION 25 : STATION 3§
. e e - OREE - o+ - oo e MO T ON— - FARCE- : MOTTON
SPEED MAJOR MA.JOR ----MAX REL-- MAJOR MAJOR - - MAX REL-- —---—-
RPM . Axls CAX[S -+ —ECCy~ - - AXIS - “AXIS - ECCq - = wommmeomme
4000, ,1315.01 W121F=03  L,2B6E=05 ,S523F+00 ,523E-08 L116E-0S
6000, J37TE+0]  L4S1E=03 ,LB06E=05 ,L141E+01 L,1S4E-07 312€-05
~w—8000.~~m~,618€001-—.3265-93——w8905-05—~ s 207E=0T—32FE=05—
10000, W400E+01  ,276F=03-- .AI1E=05 .1365001 «193E<07~-4303F =05 ————
12000, W40SE+0) +252F<03- JRIGE=05 - .138E+01 194E=07 - (IOTE~06— —-
22160004 ~— 1 426E+01-—¢ 240F=03—, 87 2E~05— 149€ +01—¢ 206E<0F—¢332F=05———
16000, W4S6E+01 L 234F=03 .931E=05 L16BE¢N] (224E-07 ,374E-0S
18000, J492E+01  L231E-0) L100F=06 ,194F+01 246E=0T L431E-0S
-zoooo.~—«w.5335oox~—.aaos-oa——r+oes-oa——.?stoo1—-737Je-o:-—usoas-os-_—-—-
22000. - oSTBE+01 - 4230F=03-—o119E~04 - o 264E+0]1 —e303E-07 - ,GATE=05 ————
26000, - W 62TE+0] 2326203130604 -, IL0E+0) - +3IBE<07 - (4BTE05 e
- 26000y-——-¢6TIE+0)-— 234E=03—142F=04 .3eas.ax——13155-94—-19025-05—————-
28000, JTI6E+01  ,238E-03 ,1SSE-04 L421E+01 L422E-07 .93IE-0S ‘
30000, <T9BE+01 L242E-03 L ]70E-04 +4BIEeNY  ,4BIE-DT ,108E-04 ‘
-~ 32000 ¢ ———- «BOAE +01—, 24TE=0I—186F=04—566E+H F—1566E= 07— 125E-06——
34000,  .9ISE+01 ,253E=-03 ,203E=04 L653E+01 (653E=07 . 14SE-04 |
36000, L101€+02 L2A0F=03 ,223F=04 . J7526+01 752F=07 .166E=04 |
{ 38000, <110E402 .26TE=03 .245€-04 .B863E+01 .RA3E=07 L191E-04 |
| 40000, <119E€+02 .276F~03 ,269€=04 .989E+01 989E-07 ,219E-04
. 42000, W129E¢02 L286F=03 ,295€-04 113E+02 ,L113E-06 ,250€-04
© %4000, - 1460020297603 —y325E=04—y130E+02-—130E+06—¢ 286E=04———
46000, J152E402 ,309F=03 .358F-06 L14BE+02 L148E-06 ,327E-04
48000, L165E+02 .3225-03 VI9SE=04 L169E+02 ,169€=06 3IT4E=04
; . 500004 — - s 180E 402 —o3VRE=D3—43TE =043 | 94E + 02——v194E=06——4BBE~Do——
| . 52000, C19TE+02 - L I55E=03.—4BLE=04. -4 222F +02- -4 222206~ ¢ 489E =04 ——
- 56000, - «21SE+02 3I74E<03—(53BF =04 - o 254E+02 - 4 AS4E =06 -4 561E~0b——
4 . 560004 - 4236E402 —e396E=03.—o599E=04—, 292E 403 ¢ 292E - 06— ¢ 64IE =06
r $8000. +259E+02 L421E=03 L669F=04 .336€+02 ,343E-06 .T739E=04
‘ - 60000, ‘.zsssooz WoBIE=03  ,749E=06 ,3IBTE+02 L 412E~06 LBS1E=~04
2 - b e o —
# ERDA UNBALANCE RESPONSE ANALYSIS # JULY 19+ 1977 # M, CHEN ® CASE ) S
" RESPONSE suuquv TARLE STA. NO., UNBALANCE (0Z-1N.)
MAJOR SEMI=AMPLITUDE (IN.) VS. 3 +A900E=04
SPEED—AND—ST 260E~03
- 6 +3650€-03
7 «6A30E=-03
8 v21608F-02
[ - e e Qenm - 3 4061E=02 - B
SR C e - — - 1) - -3 961 1E=-02 B
. STATION | .
i RPM 1 7 13 18 25 28 33 35 37
R — 60004 o3015-03~—12§?E-03——r?0?5-03~—1}70F-03——1l?6E-03——v7685-04——v+ﬁﬁE-OA-—v¥¥7E-05——1+6SF-OA——
| ~~>~6000.  T790E-03 - s 6HOE—03—¢SINE=03-—3446TE=03 —+326E=03- -« 197E=03-~- 4 I61E~04—I14E- =05 --4431E-04
| : 8000. -+7ATE-03 m-6595-03~—15306-03—« 44TE=03 -3 327E=03 ¢ 190E=03-—¢I6TE~06—+I29E 05— 4INE-04 - -
| : l0000r——-673E-03——15635-03——14565—03——13ﬂhE-Oa——w?84E-G%——v¥?l 05E~05—+3hAE=04—
| 12000, +608F=03 ,510E-0) L413E-03 (3S0F-03 ,257€-03 ¢157E-N3  ,299E=04 +30RE-0S II0E-04
14000, .STOE-03 ,479E-03 .389E-03 ,331E-0) J244E=03 .1S50E=03 .291€E-04 334E-0S5 ,JI09E-04
L——-160004 —+546E= 03-—1460E-03——7975F-03——13206-03——12375-03——rl46F-03——v€906-94——v3768-95——12QAE -04—
e 180004 - oB2BE<03 v bb&E<03—36AE=03 -4 31IE=0F-- 12IIE~03 — v 145E =03~ 294E~04---¢ 433605 2ALE-D4..
| uw_mzoooo.--.s)Se-oJ-.aJsr-os-—.3595-03-—.alor 203-—4232€=03 —¢146E=03-—302E=04—9504E=05-— ¢27SE~04- -
' zrooo.——1soas-o3—~1heaE-oa——vasas—ea——faove-oa——fe3aE—na——-+45e—oa——vn+ae-oa-vsoos-os-_,aavs—oa__
26000, <494E=03 L421E<03 3S2E-03 LI07E-03 L233E-0) +147€-03 JI25E=06 +690E=-0S5 260E-04
26000, .485E-03 J415E<03 .349€<03 ,L3I0TE=03 .235€-03 +149€-03 «J41E-06. .AOSE=05 L253E-06
20000 ¢ - s 6TTE=03-— 4 1 NE<03——34BE=~03—330TE-03—> 230E~ «03—v152E=03—359E=04—+BIRE=05-—— 266E=-046—
30000, +469E=03-- ¢40SE~03—34TE=03 —4309F =03 — ¢241E~)3—+156E=03--—3B0E=06-——+1 09E=04-.— , 239E=-04 - -
e 320000 -eis61E=03 2 40AE=0I—y346E=03 - 4311E=03 —y245E=03 -—v160E=03—403E+04—- . 126E=04- - c232E-04 .
.__--aaooo.——.as35-o3——'3955-03——73665-03——73145-os——125oE-qa——1+655—93——7439e-on-—.+4ss-oa-'aaae-oa__
. . 36000, J465E-03 4390E=03 ,346E-03 LI1TE-03 256E-03 171E-03 L4A0E-04 167E=06 ,216E-04
38000, <4636E-03 o3IBSE<03 oIGTE=03 o3I21E=03 .262E-03 +177€=-03 .494E-04 .192E-04 ,208E-04
"-“_"50000.—-v“ZHE'03‘~v39}E'03——1367E-03——15255‘03——12695'03——7!GQF.OQ——VSBEE‘OA——v2295-0“——120IE-OA——
42000,  +421E<03 -eITHE<03——¢I4RE=03 —~3IB0E=03- +2TBE=0I - 192E=03 — +STSE=04—(262E04--- 2 194E~04 -
. 440000 o414E=03 —e371E=03-—s349F-03-- s IIAE~03. - ¢2BTE=N3-— e201E-03 - -+ 624E=04- e 2BRE=04 -+ 189E-04
. ————66000-——vhosE-O3——v36ﬁE-09——1350F-03——13#25-03——12945-03——v2P}E—OQ——T649E~04——v3395-04——v4865-0#——
48000, o404E~03 L362€=03 (3S2E-03 .349€-03 .I08E-03 ,222E-03 T42E~04 I76E-08 i1R9F-04 |
" 50000. +403E-03 .359E-03 .354€-03 .ISTE-03 .321E- 03 .235E-03 .A14E=04. .430E-04 .199E~064
7 f— 52000 s—3 50 TE<03-—3ISAE-1I3—¥354E-03—+365F= 203—335E~N3—249E-03—AISE=N4——492R=04— 21 RE~04-—
! 56000, - +416E=03. -4355E-03—IS9E-03- +375E=03- ¢351E=03 +265E=03 ~v9RIE=04—-s5A3E=04-- ¢ 26AE-04---

~3370E=03 -+ 283F=03 1 10E=03 -¢h4HE-006 — 291E~04--

Vo 56000, «435E-03 - +357E-03--—+362F=0D - ;IAGE-0) |
A——-——58000-——-665E-03~—1363E-03——7365E-03—-1397E—03——199OE-03——7304E-O3——v+F?E—Os——vlkéE—OA——vQQRE-OA——
i 60000 .SO9E- =03 .374E-03 o169F 03 L610F=03 ,L612E-03 L32RE=N3 .136E-03 LBSSE-04 .421E~04 |
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TABLE 3

- Damping = 10 1lb-sec/in.  Stiffness = 30x103'1b/in.

° e m m e ———

P ~~-; e et e FORCE—TRANSM !—T?E‘)—TO—FOUNDATION— HV—PEDFST AHEDFSTiHQMNWQ*HUHEtkT

STATION 25 STATION 35 |
w. = FORCE - ——MOTioN ~FORCE~- ~—--————— MOFION-
T SPEED.. - MAJOR - MAJOR-———MAX - REL- -~ MAJOR - — - MAJOR- —-- MAX REL~——-
. . APM... - AXIS-- ——AXIS— EEC o~ ARG = cons = AXT G oo - ECE ==
4000+ L100€+01 +331E-08 .221€-05 L416FE+00 .416E=08 ,925E-06
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/20000 - +919E+01: —.251F-03~—m179F-06——1265E~01 ~—eI2TE=07-—>543E-05——
. 22000.~~u-.9l6E001»«.2&2F-03~—'176F-04—~.2615001-—.1165 <07 ---«S53SE-05——
. 26000, - - «927E+01 23762035 1 75E=04—-s 250E+01 35307 — «556F=05—--

- 26000-~m~m.949500l"-1214F-03——rl77E~06——127lFool——1377F-07——-60i5‘05———

28000, Z9R0E+01 o236E=03 L1R1E-04 .304E+01 S40REZ0T  J6T4E-0S
30000. “102€402 .234E=03 1ATE=04 JIABE+N]  H4LE=0T  LTT2E-0S
32000.- ~.1065‘02-v.?37F-03——1lan-Ok—-wAOLEool-—-687E-07——169hE-05——-
34000, S1126402 .240F=0) L203E=04 L 4TOEe0l .S3ITE-07 +104E=04
36000. . 1I7E+02 .244F=03 ,214E-06 .S4TE«N] «S96E<07 .121E=04
38000, L124E402 L,249E203  (276E-04  ,6I6F+0L S664E-07  o161E=04
40000, T131E+02 L255E-03 .241E<04  LTIAE01 L T43IE-07 «163F-04
. %2000, 1406402 .262F=03 .258F-04 "85S5Fen] .855E-07 .1A9E=04
pr——-64000 .la95*02——:270F-03-r?776-0~———989ﬁ00t——1969E-04——12!99-0b——
46000, .. 159E+02 »2ROF=03 ,299E=04 L114F+02 <114E:-06 «252E-04
48000. T170E402 .290F=03 ,325E-06 .132Fe02 <132F-06 . .290E=04
'-——~soooo--——»—1825002——130?5-03——Tasaf-o~———151e.oe——risle-os——waake-o~——
52000s-—- 3196E+02 —5316E=03—3IRTE=04 - 5174E+02 s174E 06—+ 38SE =04~
84000 -+ :212E+02 — 3331203 -~3425F =0 n3201F+02 — s201E=06 - 3463E=06 —-

'l —-56000s -—-—3230€+02 _r369F-0-3—'1663F'0‘0——t?32F002—U ?326=06——510E=04—
58000« «2S0E+02 «348E=03 .S518E-04 L 267E+02 .267E-06 ,SBARE=04
60000- .2725002 .191F-03 .S7SE=04  .309E+02 +312E-06 .679E-06
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RESPONSE _SUMMARY TARLE STA. NO. UNRALANCE (0Z=iN.)
MAJOR SEMi=AMPLITUDE (IN.) VS. 3 +8900F =04
oo - SPEED - AND—-STATION—NO~ S +2260E=03
; : 6 +3650E-03
: 7 +6R0F=07 .
i - — 8 21 6RE~02
[ o e @ e 5 4061£=02 B
e R L il —m e e9611E=02-
. ' STATION
; RPM i 7 13_ | 18 25 28 1 35 a7
i e 4000, - c961E=06. _~7RAE-0k-—~6++E-Oh——~50lF—Oh—-7353F-oa——~2075-04——13398-05-—79295-96——75275-05——-
6000, o2T4E=03 -.o224E=03—1T6E=03 -2 143E=03. T101F=03 - .592E=06—.-s0A2E =051 2A0F=05 -  150E-04 -
. 8000, .737€-03 e 0LE=03 o 670F=03— 23RTEZ0Y --«273E-03 - L 160E-03-—, 255E-04— BASE- =05y 406E=04-
10000 ..169€=02-—+139E202—~10RE=02892E-03—6I0E~03—I12E 83— 500Ea04—153E=04—~024E~04
120005 <133F-02 +109€<02 . +AS6E=03 L707E-03 ,SO1E-03 .296E- —03 .4BTE-04 .116E-06 .T727E-04
16000. -.9T6E~03 +AO02E=03 <6I0E=03 .522E<03 <371E-03 +220€-03 JITIE=04 .B26E-05 .531€-04
uWN",1sooo..n.ele-oa._.6sne-03-_.527R-03——'A35r-o3_-.41aE-os.—,xa7;-os—-va:as~oa-—.6ens-os——.uaos-oa___
18000,  +7226=03 :596E-03-..472E=03 .- 2393€-03 . .2A2E-03 .169E-03 +301E=04 - - ,SB6E-05 - +390E=04
20000. .666E=03 L5S51E-03 —.438E-03 -,I6TE-03 . ,265E- 73 . 160E=03 +293E=06 - .546E-05 +ISIE-04
,.-»—»22000.——-6?8E-03——+5215-03——w4475-03——v351F-03~—72<55o03——14SSE-03——73935-06——v§315—05——19365904———
| 26000, .600E-03 ,499E-0] .401E-03 T340E-03 .249E-03 .152E-03 ,297E-04 ,SSTE-05 +J19E-06
i 26000, .578E-03 482E-0) .3I91E-03 .33JE-03 .245E-03 J151E=03  .306E=04 ,A04E-05 ,306E-04

. 28000-—A05605-03——'ﬁ69E-03——1383&-03——13285-03——12&45-03——r1578-09——1a!85-04——16?75-05——1PObE-G“———
30000.... .SGSF-03 . e#45AE=03.—¢37TF=03- - s 325E€-03 - 9 264E=-03 - e153E=03 ¢ 3VIE=06--- ¢ TTHE=05 - +2RIE~ 04 -
32000, .3315-03 —.thE-OJ«—.37?E-O3——.3?“5-01 ?h5E~03 - e155E=03 -- 4 IS2E=04--- s BYRE=AS -~

360004 s518E-03 - 639E <03 —rI69E=03—y324E 03— 24AE-03—I58E-03—373E -2
36000,  JB06E-03 .6326-03 I6AE=03 ,324E<03 ,251E-03 - L1626-03 LIFTE-O4
38000, J49SE-03 .424E203 o3I64E-03 .I2KE-03 ,25SE-03 L167€-03 L42S5E-04

o 48000, +443E-03 .3917-03 #362E-03  2344E-0) «290E-03 .203E-03 «630E-04
50000, .43SE=03 L3BSE-03 “363E=03 L350E-03 ,LJ01E- 03 .213E-03 +ARAE=04

I _60000,»-.6965-03~~.617E-03——v363F-03——-3285-03-—1760F 03-—7172F-03——1656F-06——14GQE—Ob——v?33F-Oh——-
42000. .- «473E=03 J411E- 03.—-«362F=03: -»331E-03- ~-266E-03 .178E=03 - 492E=06-- . 1G0E~04 -

L 44000, J463E=03 .. 604E-03.—.361E-03 L 335E~03 - «273E=03. . 4185E=03 .- .53I2E~ ~04 - J219E=~04
e 60000 — +45IE=03. —.JQRE-OJ——13645-03——133°E-03——128lE-03——v+935-03——157QE-O“——vZSBF-Oh——v?OhF-Ob——

V2TIE-04 -
O UE-04—R6IE—04
V122606  .253E-06
W141E-06 ,263E-06

- e223E-04 -

- e213E-064 -
.292E-04 ,19RE-~06
+336E=06 .19GE=04

. 52000, - +429€=03 ~-3805-03——'3665-03—~'3§7E—03——-Jl25—03"—'225F-03——v7%45-04——v386E-04——w!97F -04——
54000, o425€=03.. 375E=03-—¢I6SE=03~ +365E-03 - (325€-03 -«23RFE-03 CAIPE=006 — 4 H4SE=Nb— 2NRE-06 -~
56000, +427€-03 - ¢«371E=03-—¢367E=-03 - 33T6E~03 - §360E-03 - +253E-03- 4920€=-04—-4512F=04 - 230E-04 -

-~ 58000, - +434E=- 03—~-3695-03——19695-03——1384E-03——1357E°03——7270E-03~—1102E~93——15°+E°06——1?69F~0b——

60000, L4S51E=03 ,370E-03 ,372€-03 .J95F=03 L 376E-03 .290E-03 «114€-03
-22- '

+682E-00

«J15E£-06




TABLE 4

Damping

10 lb-sgc/in. - Stiffness = lOOxlO3 1b/in. -

T FORCE_TRANSMITTRD—TO-FOUNNATFON-RY—PEDES FALv—PEDESTAL—MOTIAN

. STATion 2S5 . - B STATION 35§
e eem e FORCE<<*~-—-———_7-—_-MO?<|-0N———-————FOPGE MO-T-1ON
—- . SPEED.....--MAJOR ——nnMAJO?—-—MAXTREhwm~~HAJOR-——F~MAJOQW--MAXTREk-~a~m
i RPMeeroee AXTS e —- AXIS. £6Ce—-——AXES ———AX]S-————ECCs

i 4000, “902E+00 ,901E-05 V200605 ,382E+00 382E-08 “B4BE=06
’ 6000. V2226401 ,222F-06 L491E=05 ,930F.00 .930E-08 +207E=05

e - 80000 .QSSEOO)»——,AsaﬁfOIo——.3005706—-,‘1985.001—--1886707—-.10\75-05—-—
10000, - - JAROES01--—yBISE<04— 19IE-06-~ 4 ISEE 401 s ISEEZ0T — 2 TIIE-05 ———
. 12000e—- «17T7E+02 -—¢ 176€=03—3ASE=04—-4 699F+01-— e 699E=0T-—4 155F~04——
—~ --16000.- +43SE 402 — ‘!30500-3——'95°F"0“—‘r1 6TE+02—vl 675706—1‘37'}5'94——
16000, +131€+03 ﬂ.lMETOZ «2R2€=03 }“885‘02 +689€=06 +108E=02
18000. «601E+02 ,590E-0] 21286203 L214E+02 +216E-06 +675€E-04

. 20000.- 384E +02 -~ 3T6F 03— BO0TF~06—- ¢ 131E+02 ¢ }I1E-06—v290E04—
. 22000.. ,306E‘02~~,2965-03~—16$2E-06u~,9835?0l~"-9335701~—1218E404—*—
. 26000.. 1 265E402— 2 257E=03—563E~04---s807E 01— BOTE=07-— ¢ 179E-04——
e 26000 0——— 243E+02— 2 234E=03— 401 E~04—y692F+0 s 692207 —v15IE-04—
28000. = .229E402 L220F<03 L4S7E-06 L607E+01 .607E-07 +135E=004
30000. J221E+02 o211F<03 435E=06 ,540E+A1  ,S60E=07 .120E-04
320004 s 21 TE 402 —2 205F =03 — 419E-04-—3 4ASE 01— 4ASE=07—u 1076 -04—
34000, TP16E«02 .2026-01 L 60NE=04 43RE01 438E=07 ,969E-0S

36000, L210E+02 +201F=03 401E=04 ,J99E+01 L403E-07 .AALE-0S
38000. T216£402 .200E<03 .396E-06 .IT2ESN1  (4I0E-07  ,B2IE-03
40000, 1218E+02 .201E=03 .393F<06 ISBESOl  L463E-07 ,TI2E-05
42000, 12226402 L203F=03 ,393E-06 ,362E+01 .S02E-07 .BO1E-05
1 000 w522 TE+ 02—3 206F—03—394E—04—¥IBAE+ 0 +—549E-0 I —B5AE-05—
46000, 12336402 .210E-03 .396E-04 L43BE+01 .60SE-07 ,967E-0S

48000. W260E402 .215F=03 - .A00E-04 «S10€+01 | +6TOE=0T ,113E-04
" b G0N00s —3248E +02—3PP20E-03—406F=06——7604E+0 t—746E«0 1—31IVIE~06—
- . 52000, - ;2SRE*02--3226F=03-—4]4E-N4 3T19€+01 -3A3TE=07 —s159E~064-—~
540004 :269€+02 3 234E=0F 5423606 3 8S7F+01 —3945€=07 - s1A9E-04——

- —seooor—-——;zeleyoe——yaeeefoa——wqase-oe——gfoee,oe—-vroveéos—-re?he-ob——
B 58000, V295E+02 L252F03 L449E-04 .121E+02 123E-06 «266E=04

uatiaN—AND—MAXIMUM—RE
AND—MAK-FMUM—RE

. ‘ 60000, VIIIE+02 263603 466E=-04 L143E+02 .143€206 ,314E=-06
* ERDA UNBALANCE RESPONSE. ANALYSIS ® JULY 19+ 1977 @ M. CHEN @ CASE 3
RESPONSE SUMMARY TARLE STA. NOs UNBALANCE (0Z=1Me)
MAJOR SEMI=-AMPLITUDE (IN,) VS, 3 .8900F-04
- . SPEED AND STATION-NO-—me s o o e G o 26 0E =03
6 «36S0F=-03
7 +6830€E-0]
e . e e et et e B g AV 6 RE =02
S .9 - CANBIE=02 -~ - wmrmem s e [ - —
v - —— Co . - 11 - .9“]]6-02 - e e e ———— - - v
i STATION
i RPM R T 13 18 2s i 28 N 35 37
: 4000, +393E=06 ~.3035704——12235—0h—~¢l72E-06"~.1105-@4——wSB7E-G5——16955-06——1852E-06——w214E-OS————
i 6000, .964E=06 JTSAE-04. - (S4BE=04 ,623E-04 W271E-04 .144E-04 -, 103E-05 -, 208E-05 +S33E=-05 - -
i 8000, ~ «196E~03 - J154E-03-—112E-03 ,B62E-04 .553E=04 ¢295E=04- 21 1E~05--,419E-05 - ¢ 108E=04 -~
: 10000, .3785-03»m.2°ﬁ5703——13t55703——p4665703«-rl015-93——.5106004——.42GE-OS——14955—05——wQORE-0¢————
: 12000, .752€-03 ,S90E-03 L429E-03 ,332E-03 (214E=03  (115E-03  (BAGE-0S ,156E-04 L14E-04
i 14000, .183€-02 .144E<02 +10SE-02 ,B12E-03 ,S523E-03 .2826-03 L230E~04 ,I72E-064 ,100E-03
i leooo.mn.5455-02_m.bassgoZ——vayae-oa——,aaae-oa——rlsae-ga——135ae-oa——14as5—04——~4995-oa——72995-e&————
; 18000, o245€=02 +193E=02 - 4141€-02 ,110E-02 o 716E=03 - 43B9E-03 - «3SAE~04 -~ o 4T TE=04 - ¢ 134E=03--—
: 20000, +154E<02 o121£-02--+892E=03 -4698E=03 - ,465E-0] o 249F =03 - 244E=04 - s292E-04 -« 841E04 - -
: 22000, +119€=02 ~a9k2E103——y6955703——3S“GE-OJMM.3565-93—~rl97€-03——12065-04——12+95‘04——-65lE~9“————
26000, ,102€-02 LA0IE=03 .59SE=03 ,469E-03 "WI10E-03 L1726-03 L191E-04 .180E-04 ,553€-04
. 26000. <908E-03 .719E-03 ,SISE-03 ,424E-03 «281E-03 ,1S7E=03 ,1A7E=04 ,154E-04 +492E=04
' 28000r——08365?03wnmGQQE?03——19965.03——y3955-03f—1?6“Ef93~—1449E.OQ——V¥99E-@#——14355-04——145}E-04————
! 30000, o7BIE=03. .627E~03-—4468E-03 LITSE-03 W252E203- - ¢164E=03-¢ 194E=04— ¢ 1 20E=04-— 421£ 04~~~
- ; 320000 o74JE=03 L 593E-03.—-144AE-03- L3IG1E-03 ,265E-03 o 161E=03 - 4203E~04- ¢ 108E~04—¢IGTE~04~- -~
' 34000, - +711E=0] 4.ssas?os——1aagsfos—-,3515-03—~,2405-93—711395-03—-1a{aeook——1943s-os——ra?75-94————
36000, .68SE«03 - 56AE-03 ,421E-03" ,344E-03 ,2I7E-03 .1396-03 ,22BE-04 BBBE-0S 361E-04
: 38000, «663€=03 o512E-03 L411E-03 L339E=03 .236E-03 J140E=03 ,244E-04 oB26E~-05 346E-04
“ 40000, - +643E=03 - sS18E-0I——406E=03—2335F-03 +237E=03—142E~03——~263IE~ 04— FISE-95—332E-R4—
. ! ©2000, +625E=03 L S0AE-03--,19A€=-03 (33IE-03 .23RE-03 145E=03 - (284E=06--¢B805E=-05-¢31BE=04—- -~
i 44000, +609E=03 (495E=03—4396E-03- ,33I2E-03 +240E=03 - 148E=03 —,30RE=04——4 B62E~0S--—¢305E-04 - —
. ! 46000, «594£-03 ~.4845703——r3995~03——,3325703m—.ahae-93——1xsae—oa——raase-Ob——1944E—ose—reeae-04———
< ! 48000, +579E-03 L475€-03 L387E-03 .334E~03 (248E-03 JASTE-03  366E-04 113E-06 ,278BE-04
: Co 50000, +565E=03 .4K4E=03 «JB4E~03 - L33SE=-02 «253E=03 <162E=03  L400E=04 ,134E=~04 e 264E-04

T . szooo.-A.5505-03-_.asveéoa——;aaaefoa—-;aaae-oa—~12545-@3——74695-03—<Taa9e—oa-;1+see«o~——wasoe-ou———
i‘ 564000, «S36E=03 649E-03-—~382E~03- ,342€-03. .266E-Q3~w.L76€-03—~.483£-04——1190E-0h—"12365-04~~-
: 56000, +522E=03 ,640E=03--—.3A1€-03 -,346€-03'~.27#E-03-~ulSSE-OB-—wSQSE-Ob——w226E-Oh——n???E-Ob_——

! 58000, .--+S08E=03 ».“32E703——138!E’03—“,leE+03~‘.2836-@3——119“6'93——15696‘9“——T264E‘04——15H05'0“———

60000. +495E-03 W423E-03 L3IB1E=03 L, 3STE=03 294E=-03 205E~03 6S54E=04 (I16E~04 +202E=04

-23-

. .




TABLE 5

’ - ' Damping = 70 lb-sec/in. Stiffness = 100x103 1b/in.

?0RéE—ié&Nﬁﬁ*iiEa—*O~ﬁ0UMﬁé*iON—FV—PEbES$3Ef—DEPES¥AE—H044AN—AND—MA&+MUM—REEAFPVF—Eé@ENiQiGL#L—

: .. STATiON 25 B STATION 35
vt e oo cane FORCE: -——MOTION FORCE-———— ~——MO T-] ONo———
SPEED - MAJOR - -MAJOR-——-MAX REL - - MAJOR --- - MAJOR . MAX REL-- -
RPM. .. -- AX1§ .— -——AXIS £CCe ~ AXTS — - o AXIS 1o o ECCe = -
4000, +B9BE+00 BK2E=05 L199E-05 ,.3IB1E+00 «IA1EZN8  LB46E=-06
6000. L218E+01 .200E=04 L4B3E=05 L917E+N0 ,917E-08 ,204E-05
8000 - 5429E+0]—3 ITOE=0b——v9LBE~05—31TIF+0H— 1796207 —IFTE05—
10000, - s7S8E+01 --4635€=04-—s167F =04 -4 312€ 601 -4 312E207 -~ 694E-05—-
12000+ - - +125€+02 —}13E=03-—2275F=06 - +S11E401 ~4511€-07 - o 114E-04
16000+ — s 196E +02—y}A5E=03——430E~ 04— TI4E +01—T94E 07— 1 T6E-D4—
16000 L289E+02 +26SES0) L632E-04 L116€+02 o116E-06 ,2S7E-04
18000, LIB7E402 ,307E=0) .B46E-04 L1SSE¢02 178E-06 ,J63E-04
e 20000 0~ 66IE +02—v2HBFE~0I— 1 A1E-03—7 1 RLES02—247E= 06—y b0BE=04 -
22000+~ +500E+02 - s264F=03—¢]109E=03 —o19BE+02.— 4279E 06 -~ 43BE-04.-—
. 26000, . -- +S09E+02--p251F=03—2111F=03--4200E+02 —279E<06-— 644 =04 -

-———zsgbo.————,sanAoa—a,eggefoa—-fyroe-oa——ri975+¢a——'asae;os-—vaaae-oa__
28000. W49SE+02 ,217€=03 " (108E-03 .193E+02 .246E-06 ,429E=04

30000, W4BTES02 L.202F=03 ;106E-03 190fF.+02 ¢230E=06 .420E-04
< 32000 0~ 3480E+02— 4} QGE?O‘HO’OE?H B86F+N2—2 !'65706——11&}35-06—;
34000, 474E402 J177E=03 .103E-03 L1B4E+H2 .206E-06 .407E-04

36000, 0T1E+02 L167E=03 .1026-03 L1B2E+02 ,195E-06 . ,4O3E~04
38000, T469E+02 L158E203 .]026-03 L1R1E+02 .188E-06 ,400E-04
40000, L06BE+02 .151F=03 .102E-03 .180E+02 ,182E-06 .399E-04
42000, T46BES02 1456203 .102E-03 .1R0E+02 .1B0E-06 ,I9BE-04

-wm.6aooo._m_m;aeee903__n447:503__;gnzsfas-—.1aoe@éz-‘+soe;as——,aoaeeoa—-

46000, L469E+02 L147F=03 .102€-03 L1B0E+02 +180E<06 +398E=06
. 48000, L67T1E+02 L1a76~03 L103F-03 L181E+02 .181FE-06 «399E-04
- . 50000... . S4T4E$02 —o14TE=03— 2103603 —4 1A2E+02— FA2E-06—vAO01E=04—
o~ . 52000, SBT6E+02 . 146R=03—y104E=03.--c)8IE+02 -w1BIE-06-—+40IE-064-—
- . 54000.... J6BOE+02 —,145F=03. —L106F =03 -~y 1R4E+02-——s 1B4E-06-—s4OSE-04 —
. 5 L 56000.- .. -26RIE 02— 144E203—~}05E~03——0185F 02— 1ASE-06—vA40BE~04—
. i 58000, LGBTES02 L143E=0) ,]06E-03 1B7F+02 LI1ATEZ06 .412E-06
!

60000, T491€402 .142F<03 L107€=03 L189E+02 .189E-06 .415E-04

® ERDA UNBALANCE RESPONSE ANALYSIS ® JULY 19 1977 » M, CHEN ® CASE &

RESPONSE SIMMARY TARLE STAe NO. UNBALANCE (0Z=1Ne)
MAJOR SEMI=AMPLITUDE (IM.) VS, 3 +8900E=04
e GPEED - AND - STAFLON—NA =+ §———————y 226 0E =63
6 +3650E=03
7 +6830E-02
- 8 +2168E~02—
- R . . e amreem t PO . e . .. 9 .koﬁlE-oz ——t et = e e—e s e o e e+ = P
e - . . - - e nre. memmsme— i v . e = . B “ . .9‘.‘ ]E-OE N R e R Tt U
STATION .
RPM 1 7 1 18 25 28 33 15 17

3
e eeee 4000y - » 3BOE=04——4 297E 2 04— R }SE=0G | 165E 04— 11 0SE =3, 56 1E=05—v4I0E-06—B50E-06—~21 0E-05—
6000, +BBAE=04 - +691E-04-—(S00E=04 L 3A4E=06 - ,245E-04 1 130E~04- —-o113E=05--,205E=-05 -,491E=05 -
8000. .g67e¢os-~,13@5703——.a3«e-04-~,?\se-oa—».as«e-qam~.2415-0h~—.aavs-os_~.aoqe-osw-.9215-05~«—
-m-mloqoo..”.geoe,o;——,zn75793——y15g5793«—,1195,03~—,75as-ea—-Taqqe-oa——,q4ae—os-—vsozs-os—-rxssa-oa--
12000. .437€=03 ,339E=03 L261E-03 ,L1A4E-03 ,116E-03 T61SE=04 J7R4E=05 o116E-046 ,242E-04
14000, J649E=03 ,S01E=0] +356F<03 .270E-03 .169E-03 .B3IBE-04 J128E=06 J177E~04 43S9E-04
ce=16000 4 ~.9095703-m,sqqsgea——j4996703-—79135703——.a335-93——1+a:e-o3-—14g§s-04—-vasee-ou——vsoms,oh__.
18000. +116E<02 <BBIE=03-— (624E=03-- 470E<03 ,292E-03 V1SSE=03 -4 271 E~04-—¢34SE-04-—e 64 1E=06- -
20000. - «+133E-02- +101E=02 -~ TO7€=03 ~ ,530E~03 2327€-03 - ¢173E=03 -0 3VE=04- — &1 0E~04——s 7IIE~06- -
-——»—~22000.~Mo!375702—~,l0&Eg°3~—,4255703——?5&]5763~—133ZE-93——11466-03——736k5004——vkhOE-O&——~JSQE¢04——-
24000, .134E-02 .102E<02 7026203 LS521E-03 ,318E-03 .1A9E-03 LI76E=04 o446E-04 oT4IE-06
: 26000, 128E-02 +9AAE=03  ,666E-03 .491€-03 .298E-03 J1SBE=03  (IT7E=04  (440E=04 JT11E-04
~»~m-2sqoo.--.1225,02-—.9}55,03——¢aage-oa——?@61sfoa-—javae-qa——rg«aefo3-—,344EAoA——.As4s-ou-.s1»s—on__
30000, +116E-02 ,8695-03-.5935703~-.43“5703-—,260€-Q3~—.l386-03——137lE-Oh——whaaE-oa——.64BE-0¢——
32000, +111€202 +830E=03-—,562E=03-~.410E~03 - S265E-03--+1306-03 —¢368E=04—— 415E=04—622E~04 —
--w‘»zaooo.-m,1075702-u?vove,ea——jsa?efoa——,3915793——,23}e«@a-—~aeaefo3——13665-04——v4095-04——,6015-04-_
36000,  104E-02 .769E=03 oSI1SE=03 L374€-03 ,220€-03 .117€-03 +J6SE~04 40SE=04 oSAGE=04
38000, .101E-02 ,745E-03 ,497€-03 ,360E-03 ,211E€-03 J1126-03  (I6SE-06 ,402E=04 ,STOE-04

- . ~~WA*“0000.'“o983&?03“—57255703——7“825-03——w3435703——12035“93——r¥085—03——73665-0“——149OE-O#——vSSQE-Ok——

42000, .968F=03 +707E<03 --,468E=03 - 4337E=~03 - (195E-03 -, 10SE-03 036762006 40NE=04-—¢550E=04—
. 44000, ,951E<03 ~ +692E=03-—~¢45TE=0 - ,I2AE-0) - (1B9E-03 - v101E=03---0 369E =04~ 400E =04~ 562E=04

- -u'-uaeooo.-ﬁ.oasefos~—,s79&,03——,6475-93——3aaoe-oa—~wlaus—g3——143asfoa-waJ4E-OA——vAeqe-oa_-wsa1s-oa—_
. 48000, .923E-03 .667E-03 ,43IBE-03 ,3I1IE-03 L179E-03 .96SE-04 \IT4E=04 L401E-06 S3I2E-~04
: S0000, .912E-03 .657E=03 L430E=03 ,307€-03 L17SE-03 .946E-04 W377€E-04 L403E-04 .529E-04

--- 52000, —09035-03~“@648E703——1#235-03——13025-03——3}1\E-é3——1929E‘O“——738+E‘0“——v“3§5-04——v5365‘0&——
54000, +B95E=03 - 640E=03 --4416E=03- - ,297E-03 " T168E=03 o 916E=06-- ¢IBSE=0i-——40TE=0b-- -4 525E~04----
56000, .887E-03 - 4633603 - 411E-03 ,293E-03 .165E-03 . 904E~0b- — ¢ IAGE=04-— (410E=04- ¢ 5A4E=0b--
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e Supply of oil to a grbove at one end of the damper, as shown in

the following sketch, makes the damper film a "dead end" due to
the positive flow pafh,provided to the bearing. Air éould readily
be trapped in the damper film. Elimination of the turbine end
damper seal would have the benefit of allowing a positive oil flow
through the damper journal. A careful check of the relative re-
sistance of the film and bearing suppiy'passages would be required

in order to insure the oil supply to the bearing.
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e Damper concentricity is an important factor. Errors ih con-
centricity and the depth of the O—ring grooves may have an im-
pact on the assembled concentricity of the damperkjournal and

a significant impact on the damping, since damping varies with

. C3.

Turbine Modifications

From the fofegoing discussions, it has been concluded that rotor

unbalance must be minimized to control dynamic response even with

a revised damper design. Inspection of the tﬁrbipe revealed ex-

cessively lpbse fits between the turbine wheels and rotor shaft.
Theée clearances‘can<bé reduced by plating and shodld be made as

tight as possible'to improve rotor balance and prevent balance

- shifts during operation.
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Bearing O0il System

The following changes should Be considered to obtain a unit with a longer

life.

In Figure 9, it may be seen that the B-10 fatigue life of the bearing

at design speed and with the nomlnal preload of 125 1bs 1s 2, 000 hours,
This calculatlon is péssimistic and does not account for possible im-
provements in the bearing fatigue life, .which could be realized by the
utilization of modern vacuum cleaned materials. Optimal bearing lubri-
cation was assumed, however, and there is-concern that the oil drain
system from one side of each bearing may be inadequate. With the bearing
being in dénge; of running flqued and subjéct to overheating, it is
recommended thaf proper oil drains be provided. As the redesign of the -
damper requires a review of the oil system, this additional task shoﬁld

be included.




