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13. RESULTS OF THE ROTOR-TO-STATOR RUB CONTACT STUDY. 

13.1 Introduction 

Rotor dynamic behavior depends considerably on how much the specific physical 
phenomena accompanying rotor rubbing against the stator are involved. One of the factors 
which might represent a measure of severity of rub is the time of the rotor and stator 
physical contact, as a fraction of the rotor precessional period. In this chapter this problem 
is outlined. 

13.2 Rotor-to-Stator Rub Contact ExDeriments 

A series of tests of rubbing rotor was performed on the two-mode rotor rig. The 
rotor/stator contact was carefully measured and correlated with the rotor vibrational 
response. 

13.2.1 Rub Contact Time Versus Rotative Speed Test Conditions 

The two-mode rubbing rotor rig is used for this series of tests. The system consists of a 
horizontal two-disk rotor supported at each end by a relatively rigid bronze sleeve-type 
bearing (Oilite) (Fig. 9.2). A one-half horsepower AC motor drives the rotor through a 
flexible coupling. When observed from the motor end of the shaft, rotation is in the 
clockwise direction. 

The compliant rub fixture, also used in the previous experiments, is mounted between the 
two rotor disks (Fig. 9.3)., The X-Y displacement probes providing the shaft radial 
displacement data are mounted next to the outboard disk. The rub fixture plunger can 
move in the horizontal direction perpendicular to the rotor axis. The plunger motion is 
observed by another displacement probe. Plunger motion data is then correlated with the 
rub contact timing signal in a timebase format. A Keyphasor probe mounted vertically at 
the motor end of the system provides the once-per-turn reference si nal from which all 
phase angles are measured in the direction against rotation. The sha P t observing vertical 
and horizontal displacement probes are installed at 0 and 270 degrees respectively. For 
this entire series of experiments the plunger mechanism preload is constant, and equals 
3.34 lb. The rub block material is aluminum. 

13.2.2 Test Procedure and Transient Test Data 

A controlled unbalance force inserted at  the rotor inboard disk is used to generate the 
required level of synchronous vibration needed to investigate the relationship between 
rotor-to-stator rub contact time (dwelling time) and rotor rotative speed. Rotor speeds 
range from 1200 rpm to 4350 rpm passing through the rotor first and second balance 
resonances at approximately 1570 rpm and 4020 rpm respectively. It should be noted that 
these speeds represent the rotors first and second balance resonances under normal 
operating conditions without rub. 

The unbalance mass employed for this series of experiments is 2.0 grams at 180 degrees 
(relative to the Keyphasor notch) and located at the inboard disk at a radius of 1.2 inches. 
?YLS relatively h g h  mass unbalance is needed to generate the desired rub condition over 
the operational speed range. For reference, transient data in Bod6 plot format is presented 
fcr both balanced and unbalanced (controlled unbalance) states (Figures 13.1 to 13.4). 
Transient data indicates maximum vibration amplitudes through both the first and second 
balance resonances of approximately 4.0 and 28.0 mils for balanced and unbalanced states 
respectively. Slow roll amplitudes have been maintained at less than .5 mils at all times. 
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A set of Bod6 plots (Figures 13.5 and 13.6) as well as spectrum cascade plots (Figures 13.7 
and 13.8) of the rotor response during rotor-twtator rub are also given. As compared 
with the "no rub" case (Figures 13.1 to 13.4) the occurrence of rub modified the rotor 
responses. Figure 13.9 presents the numerical values for the rotor-to-stator rub contact 
time and corresponding elapsed shaft rotation for each chosen operating speed. Figure 
13.10 presents the data from Figure 13.9 graphically. 

13.2.3 Steady-State Test Results 

Steady state data (at constant rotative speed) of the rotor vibrational response is captured 
for each chosen rotative speed and presented in both lx filtered (synchronous) and 
unfiltered orbit/timebase formats (Figures 13.11 to 13.84). 

The vertical and horizontal timebase data used to generate each orbit is presented in a 
format to simplify graphical reconstruction of the orbit. Vertical timebase data is seen to 
the right of each orbit while horizontal timebase data is seen below. The scaling of each 
data type (orbit or timebase) plot is arbitrarily selected, again for purposes of presentation. 
Absolute amplitude scaling for each pair of timebase data used to generate the associated 
orbit will be the same whereas the amplitude scaling for each orbit must be read 
specifically from each graph. 

In addition, the rub plunger motion (compliant stator-simulating boundary mechanism) 
and the associated rub-generated electrical contact signal are presented below the vertical 
timebase data. It is important to understand that the electrical contact signal may be 
generated by rub at any point over the rub clock's 180-degrees half-circle surface. 
Therefore, this signal does not have an angular reference fixed to a specific probe location, 
as is the case with the vertical and horizontal displacement probes. To determine where 
rub occurs from an orbit alone may be difficult. It is necessary to establish when a rub 
occurred in the time domain to determine the corresponding rub location on each given 
orbit. Together with the vertical and horizontal vibration data, rub phase information 
may be obtained. Of interest are the phase angles at which a rub condition initiates and 
terminates, related to the phase angles of the rotor's heavy and high spots. 

13.2.4 Discussion on Results From Rub Test 

Precessional motion of the rotor given in terms of the l x  filtered orbits represents rotor 
vibrations due to the controlled unbalance. The steady-state unfiltered orbits clearly 
indicate modification of the "normal" vibration response of the rotor due to rub. When the 
occurrence of rub is essentially a "clean" once-per-turn event and the rotor-to-stator 
contact is light, the resulting unfiltered orbit is still close to circular. In fact, some of the 
unfiltered orbits are so perfectly circular that a rub condition, although cleanly indicated 
by the electrical contact signal, is not obvious. The "circular" shape of the orbit is an 
indication of the rotor system's highly symmetrical characteristics, specifically, orthogonal 
stiffnesses in the vertical and horizontal directions. The "system's" stiffnesses include the 
rotor as well as the associated bearings and support stiffnesses. 

Given the time scale on each electrical contact signal timebase plot, the shaft dwelling time 
during rub is graphically obtained for each rotative speed. The amount of shaft rotation 
during the period of contact for each chosen rotative speed is then calculated. A tabular 
listing of this information is given in Figure 13.9. Further inspection of this data indicates 
local maxima of rub contact time corresponding to the rotor modified first, twice first, and 
second resonant frequencies. 

The rotor/stator contact values are presented in the form of the angle p which is defined as 
"the amount of shaft revolutions encountered while the shaft is in contact with the rub 
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block for each specific operating speed." The angle p is plotted versus'shaft rotative speed 
(rpm) (Figure 13.10a). The data from Figure 13.9 generates a curve similar in shape to 
that of a rotor vibrational response amplitude due to unbalance during run-up. The l x  
response amplitude is overlayed on the graph. Over the ran e of operating speeds for this 
experiment, the rotor would normally (operation without rub? experience only two distinct 
resonances (Figures 13.3 and 13.4); however, Figure 13.10 indicates three peaks of the angle 
8. The peaks at  1820 and 4105 rpm correspond to the rotor's (modified by rub) first and 
second balance resonance frequencies respectively. The peak at 3610 rpm occurs due to the 
rub-induced excitation. Note that the- speed at which this occurs (3610 r m) is 
approximately twice that of the system's modified first balance resonance (1820 rpm P . The 
data between 3400 and 3800 rpm is somewhat inconsistent due to the excitation of the first 
balance resonance. 

The rotor-t-tator contact arc related to the generalized 360 degree period of 
fundamental lx response versus rotative speed is presented in Figure 13.10b. The bottoms 
of the contact arc lines correspond to rub inception, the tops correspond to rub cessation. 
The lx vertical phase is overlayed on the graph. As the resonant range of rotative speeds 
rub occurs twice per period. The rub inception somewhat follows the lx response phase. 

It is apparent that the phenomena of rub during machine operation modify the system's 
natural frequencies as well as the dynamic motion-of the rotor. Strong subsynchronous 
rub-related vibration components are generated. They have frequencies of predominantly 
1/2 running speed (1/2x) when rotative speed is at and above twice the first balance 
resonance. Super-synchronous components, including two and three times running speed 
(2x, 3x), are also present though much less pronounced (Figures 13.7 and 13.8). 

During rub, the obstacle encountered acts like an additional bearing or support, thus 
momentarily increasing the observed dynamic stiffness of the system. A comparison of the 
pure unbalanced rotor response Bod6 plots (Figures 13.3 and 13.4) with those during rub 
(Figures 13.5 and 13.6) clearly indicates that resonance occurs at higher ,frequencies as a 
result of the rub-induced system stiffening effect. 

The motion of the rotor is modified by rub as indicated by the unfiltered orbits. The 
orbit's deviation from a pure circular or elliptical shape caused by the rubbing shows a rich 
variety, and is rotative speed dependent. The rotor rebounding motion proved to be 
dependent not only on the position of the rotor unbalance, but also the compliance of the 
stator against which rub occurs, thus the time that the rotor spends in contact with the 
stator depends on several conditions. The rub contact time data generated indicates that 
changes in the dwelling time closely follow the nature of the rotor vibration response 
amplitudes and phases. 

13.3 Rub Contact Analytical Study 

It is believed that the "dwelling time," Le., the time of the rotor-to-stationary part 
contact and the following changes in the rotor vibration responses may be used as the 
diagnostic information for determination of the severity of rub (Ref. [4], Section 2.10). In 
this section a simplified model of the phenomenon is discussed. 

Assuming that during the rotor normal operation its lateral vibrational response is 
harmonic, the occurrence of the rotor-to-stationary part contact causes a truncation of the 
harmonic wave, as measured by one lateral probe (Fig. 13.85). The truncated wave f(t) 
with the period $ where w [F] is rotor precessional frequency has the following functional 
form in between one period time: 
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[A = B cos w t o  for 0 < t < to 
27r B cos wt for to < t < 7 - t o  

27r A = B cos wto for 7- 27r t o < t < w  

(13.1) 

where 2to is rotor total dwelling time (maintaining contact with the stationary part) per 
one period of vibration. Applying the Fourier transformation, this function can be 

I 

I presented as follows: 
m 

f(t) = ?+ z avcos vwt 
V = l  

(13.2) 

where 

27r - 
W 

a,,=% J f(t) COS vwt dt, u = 0,1,2 )... (13.3) 
7r 
0 

I Introducing (13.1) into (13.3)) the amplitudes of the static displacement and harmonics are 
obtained: 

a0 = - 2B ( u t 0  cos u t 0  - sin uta> 7r 

a l  = E B (sin 2wt0 + 27r - 2wt0) (13.4) 

= - B 1  [- sin (v+l)wtO - 1 sin (u-l )wto]  av v7r v+l 

All amplitudes depend on the "dwelling time" to, thus, it is indirectly responsible for 
modifications of the rotor vibrational responses. 

The time to can be expressed in terms of the arc p of the rotor precessional motion, as 
, follows: 

t o  [sec] = 

to [min] 

(13.5) 

where in brackets the corresponding units are given. Introducing Eq. (13.5) into (13.4)' the 
amplitudes become expressed in terms of the arc p: 
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a0 = 7r [# cos - sin 51 
a1 = & [sin cp + 27r-z] 

a 

(13.6) 

(13.7) 

The arc cp = 360' theoretically corresponds to the full annular rub. Practically the model 
is valid only for cp < 180". In this range the static displacement, as well as harmonic 
amplitudes a2, a3 are negative, while the first harmonic amplitude a l  is positive. This 
means that the second and third harmonics are 180" out of phase of the first one. 

The amplitudes of the first four components of (13.2) and the amplitude ratios versus angle 
cp are illustrated in Fig. 13.86. 

The model of rub-related straight truncation of the rotor lateral response wave form is 
very simplified, and only roughly qualitatively can describe the rub phenomena. The 
results of a series of experiments described in the next section contest the use of this model. 

13.4 ExDerimentd Results On The Second Harmonic Generation Versus Rubbing 
Rotor/St at or Contact 

The same two-mode rotor rig, as described in Section 13.2 was used for this series of 
experiments. The rubbing rotor vibrational data from the rotative speed range 1260 to 
2920 rpm was reduced, and in particular, the second harmonics (2x) of the vibrational 
responses were extracted (Figs 13.87 to 13.103). Presented along with the fundamental 
term (lx) and the rotor/stator contact time gives an idea on how much the rub affects the 
second harmonics. The summary of results is given in Table 13.1 and in Fig. 13.104. The 
experimental results in Fig 13.104 are presented together with the theoretical curve of 2x to 
l x  response component amplitude ratio, discussed in the previous section. Highly scattered 
experimental points hardly follow the theoretical curve. The results look rather chaotic. 
Plotted versus rotative speed the 2x to l x  response component amplitude ratio (Fig. 
13.105) exhibits clear increase of 2x component at first balance resonance speed and at 
about 2300 rpm. The latter speed is a half of the second resonance. At this speed the 
resonance of 2x component occurs independently of rub mechanism. This resonance occurs 
due to the rotor lateral asymmetry together with the radial preload (due to gravity in the 
considered case). The dramatic phase change of the 2x component causing 2x orbit to flip 
over from reverse to forward direction confirms that the 2x horizontal then vertical 
resonances occur in a short span of the rotative speed (Figs. 13.100 to 13.103). 

The increase of 2x to lx vibration amplitude component ratio at the first balance resonance 
is obvious. However, in this case there also exist two sources contributing to that increase. 
At high l x  amplitudes the system stiffness nonlinearity becomes significant, and causes the 
2x component to occur. More severe rub around the l x  resonant speed, as a result of 
hgher rotor/stator normal force (see Section 11.3) also contributes to the 2x component 
growth. It was difficult, however, to separate all these effects in the vibrational response. 
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The 2x to lx amplitude ratio looks uncorrelated from the rotor/stator contact arc. 
Especially puzzling are results in the range of rotative speeds between 1800 and 2000 rpm 
(Fig. 13.105). In spite of relatively long time rubbing contact, the amplitude ratio remains 
very low. 

TABLE 13.1 Synchronous and Second Harmonic Vibration 
Response Versus Rotor/Stator Contact Arc 

Rota- 
tive 
Speed 

0 

[rpml 

1262 
1302 
1345 
1404 
1456 
1500 
1593 
1646 
1736 
1834 
1933 
1975 
2059 
2292 
2442 
2737 
2917 

Synchro- 
nous 

Eori- 
zont al 
Ampli- 
t ude 

w. 

'mils] 

2.3 
2.5 
3.1 
4.2 
5.5 
6.6 
5.2 
5.7 
9.1 
3.9 
2.5 
2.2 
6.4 
6.5 
6.9 
3.1 
2.9 

Synchro- 

Jer t ical 
impli- 
,ude 

mils] 

lOUS 

1x1 

2.8 
3.1 
4.1 
5.8 
8.3 

10.4 
11.9 
12.3 
17.1 
8.8 
5.7 
5 
4.2 
1.1 
2.6 
2.4 
2.6 

2x 
Hori- 
zontal 
Ampli- 
tude 

[mils] 

0.2 
0.3 
0.2 
0.07 
0.37 
0.9 
3.2 
4.1 
4.7 
0.5 
0.4 
0.7 
3.7 
1.9 
1.3 
0.2 
0.19 

2x 
Ver- 
:ical 
Ampli- 
t ude 

'mils] 

0.2 
0.2 
0.1 
0.1 
0.1 
0.4 
1.5 
1.9 
2.4 
0.3 
0.4 
0.3 
1.9 
1.9 
1.1 
0.1 
0.13 

Hori- 
zontal 
lx to 
2x 
Ampli- 
t ude 

Ratio 

0.09 
0.12 
0.06 
0.02 
0.07 
0.14 
0.62 
0.72 
0.52 
0.13 
0.16 
0.32 
0.58 
0.29 
0.19 
0.06 
0.07 

Vertical 
lx to 2x 

Ampli- 
tude 

Ratio 

0.07 
0.06 
0.02 
0.02 
0.01 
0.04 
0.13 
0.15 
0.14 
0.03 
0.07 
0.06 
0.45 
1.73 
0.42 
0.04 
0.05 

Rub 
time 
to lx 
Vibra- 
tion 
Period 
Ratio, 
At w 

0.13 
0.16 
0.14 
0.31 
0.54 
0.5 
0.48 
0.48 
0.5 
0.64 
0.68 
0.68 
0.46 
0.53 
0.38 
0.6 
0.72 

2ont act 
irc 

?=At w360 

Degrees] 

48.5" 
50" 
50' 

112" 
194.5" 
180" 
173" 
173" 
180" 
230" 
245" 
245" 
166" 
191" 
137" 
216" 
259" 

The range of the rotative speeds for which this test was performed was limited to the value 
of twice first balance resonance speed. For higher speeds the rotor-to-stator rub generates 
1/2x vibration component, thus the second harmonic of the fundamental 1/2x frequency 
becomes lx, and is difficult to separate from the unbalance-related response. 

13.5 Summary f 

The study on the rotor-to-statpr rub contact as a factor correlated to the severity of rub is 
outlined in this chapter. When there is no additional radial preload on the shaft the 
contact time follows the values of the vibration amplitudes of the fundamental component. 
Thus, at resonant speeds, the rotor-to-stator contact is longer than in non-resonant 
ranges of rotative speeds. The second harmonic component exhibits also an increase in the 
lx resonant range. The judgment on severity of rub based on the 2x to lx amplitude ratio 
seems however inappropriate. The experimental results show widely scattered and rather 
chaotic data. 
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LB. PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS, 180 
DEGREES, RADIUS 1.2 INCHES AT THE INBOARD DISK. 
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VIBRATION RESPONSE WITH RUB DURING RUN-UP, AS SEEN 

I 



BENTLY 
NEVADA 
CORP. 

RUNUP 

I 
I 
I 

c 
n 
L 

d 

PLflNT ID: 
T R A I N  ID: 
MACHINE ID: 
PROBE ID: 

0.SX 

S r  

BRDRC 
TEST 
ROTOR K I T  
I N B  VERT 

I X  

FIGURE13.7 SPECTRUM CASCADE PLOT OF THE ROTOR VIBRATION 

INBOARD VERTICAL DISPLACEMENT PROBE. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS, 180 DEGREES, 
RADIUS 1.2 INCHES AT THE INBOARD DISK. 

RESPONSE WITH RUB DURING RUN-UP, AS SEEN BY THE 
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BENTLY 
N EV AD H 
CORP,  

RUNUP 

PLANT ID: 
T R A I N  ID: 
MACHINE I D :  
PROBE ID: 

0.sx 

BRDRC 
TEST 
ROTOR K I T  
OUTE VERT 

I X  

5 

4 . 5  

4 

- e 3.5 
Q 
L 

FIGURE13.8 SPECTRUM CASCADE PLOT OF THE ROTOR VIBRATION 

OUTBOARD VERTICAL DISPLACEMENT PROBE. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS, 180 DEGREES, 
RADIUS 1.2 INCHES AT THE INBOARD DISK. 

RESPONSE WITH RUB DURING RUN-UP, AS SEEN BY THE 
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SHAFT 
RPM W 
4307 
4227 
4116 
4056 
3950 
3865 
3780 
3670 
3621 
3246 
3150 
3062 
3016 
2910 
2845 
2713 
2645 
2517 
2464 
2335 
2269 
2204 
2155 
2094 
2021 
1971 
1931 
1828 
1778 
1711 
1645 
1586 
1508 
1455 
1405 
1340 
1301 
1262 

RUB CONTACT 
TIME (mS) tr- 

4.54 
5.00 
5.71 
5.55 
4.54 
4.76 
6.89 
8.69 
4.76 
3.84 
3.07 
2.40 
2.40 
1.78 
2.63 
1.92 
2.50 
1.61 
3.90 
3.96 
3.96 
4.46 
4.46 
5.55 
5.55 
7.35 
8.33 
11.10 
4.80 
5.90 
5.95 
4.70 
5.20 
4.46 
4.46 
9.25 
4.46 
4.80 

- 

SHAFT REVOLUTIONS 
DURING RUB (,8) 

.3263 

.3522 

.3920 

.3718 

.2990 

.3067 

.4340 

.5310 

.2800 

.2080 

.1600 

.1240 

.1220 

.0860 

.1247 

.0869 

.1100 

.0670 

.1600 

.1550 
,1500 
,1640 
.1640 
.1930 
.1870 
.2415 
.2680 
,3380 
.1420 
.1690 
.1630 
.1200 
.1300 
.1082 
.1040 
.2060 
.0968 
.1010 

FIGURE 13.9 TABULAR LISTINGS OF DATA USED 
13.10. TABLE LISTS CONTACT TIME 

TO GENERATE FIGURE 
1 DURING RUB AND THE 

CORRESPONDING SHAFT ORBITING ARC DURING CONTACT 
FOR EACH GIVEN SHAFT SPEED. 
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0 
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SHAFT RPM x 100 

a 
0 
H 
d 
2 5 0 0  - 

Cn w w 
d 

I I  
I z 

0 
H 

c3 
!4 a 
Y 

3 400 
T .  
0 
0 
lD 
m 

30C 
0 
E 

m 
H > 
crc 
0 

0 
n 

a 

4 2 0 0  w e: 

w 
E 

/VERTICAL ix RESPONSE 
PHASE LAG 

t. 
W e: a: I 

I c7 100 z 
H 
m 
rp 
3 
CG 

KEYPHASOR NOTCH I 
/ I I 

2 5 0 0  3 0 0 0  0 2 0 0 0  1 5 0 0  
ROTATIVE SPEELI (VIBRATION FREQUENCY) [ RPM] 

FIGURE 13.10 CONTACT IN TERMS OF THE 
REVOLUTIONS VERSUS ROTATIVE 

SPEED; b) ROTOR-TO-STATOR CONTACT ARC RELATED TO 
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GENTLY PLANT ID: 8 . R . D . R . C  
NEVADA T R A I N  ID: NASA RUG R I G  
c o w .  %CHIFIE ID: RUB ORBITS 

?POBE 11 I D :  OUTBRD VERT D I S  0 R I EN T A T  I O N  - 
U N F I L T E i l E D  M A X  AMP- 

? R o e €  r 2  ID: ouram HOR DISP SRIENTATION-  
UNFILTERED M A X  AMP- 

R f l T A T i O N :  CW 
R P H t S i A R T ) -  1259 R P t l t E N D ) -  1260 

ORIGINAL PAGE IS 
OF POOR QUALITY 

90 DEG 
7 . 3 0  M I L S  PK-PK 

0 DEC 
6.40 MILS PK-PK 

1. 4 PROBE # 1  

1 

v s 
0 
W 
m 
8h 
N 

NO CONTAC-, -- - - 0  

PROBE ?3 !D: RUB PLUNGER I N E R D  IJR I E N T A T I O N -  
UEJF IL TElED M A X  AtIP- 11. 

P R O B E 1 4  ID: FLEC CONTACT ;NBRn 
UNFILTERE3 

0 DEG 
00 WILS PK-PK 

I I R I E V T A T I O N -  0 DEG 
MAX AMP- 1 1  .50 M I L S  PK-PK 

FIGURE 13.11 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOT10 N. RUB CONTACT TIME: 4.80 ms. SHAFT 
REVOLUTIONS DURING RUB CONTACT = .lo10 ROTATIONS. 
3.34 LB. PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS, 180 
DEGREES, RADIUS 1.2 INCHES AT THE INBOARD DISK, 
UNFILTERED l x  RUE. ROTATIVE SPEED: 1260 RPM. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

PROBE r l  13: O U T E R 0  VERT Di5 O R I E N T A T I O N -  90 OEG 
I X  VECTOR- 7 . 1 0  M I L S  PK-PK a - 1 4 2  1.4 F I L T E R E D  

?ROBE 8 Z r ! D :  OUTER0 HOR D i S ?  O R I E N T A T I O N -  0 DEG 

ROTATION:  CU 
i ?PM(START)-  1259 R P V ( E N 0 ) -  I 258  

I X  i I L i E R E D  I X  VECTOR- 6 . 0 0  flILS ?K-PK 3-219 

Ib 

I 
I I 
I I 

i 
I 

i- 

PROBE 111 , 

a m 

m 8 
N 

FIGURE 13.12 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. 
UNBALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 1258 RPM. 
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3ENTLY 
NEVAOFl 
CGRP. 

PQURE 31  :3 ;ilTBRD VERT D I S  J R I E N T A T I G N -  30 DEG 
UNF i i iEF ;EL l  MAX AMP- 8 . 6 0  MILS PK-PK 

PROBE 32 ID: OUTaRD HOR O I S P  IIRIENTATION- 0 OEG 
U t4F I L T E 2 E G ttRX AMP- 6 . 7 0  N I L S  PK-PK 

Q O T A T I O N :  CA 
HPM(START)-  1299 RPM(END)- 1299 

I 

PROBE #3 
W a 
2 
P 
n 
c 
U 

I . -...-_...--__I- __.I 

PROBE #3 I D :  ?UB WJNGER I'IBRD ORIENTATION- 0 DEG 
IJNF I L T E R E D  M A X  AMP- 0 . 0 0  M I L S  PK-OK 

PROBE t4 i D :  ELEC CONTACT !NERD ~ I R I E N T R T I O N -  
U N F I L T E R E D  MRX AMP- 9 .  

ROTATION: CU 
R P M ( S T f l R T ) -  ' 3 0 0  APM(END1- : 301  

n DEG 
70 MILS PK-PK 

FIGURE 13.13 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 4.46 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .0968 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
1299 RPM. 
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P Q f l Y E  1 1  13: O U T B R D  V E R T  D I S  
A FIL:EXD 

ORIGINAL PAGE IS 
OF POOR QUALITY 

3 9 I i N T F I T I f l N -  90 D E G  
I X  \ I E C i i R -  7 .80  YILS PK-PK 6-144 

?Rf lPE- f2  12: O U T B R D  H O R  DIS? O R I E N T i T I O N -  3 2 E G  

R O T F I T I O N :  CU 

' X  r l , T E R E D  I X  V E C T O R -  6 . 0 0  ilILS PK-PK 11-208 

i?PM(START)- 1299 R P t i ( E N D > -  1299 

- PROBE # 1  , 

w 
P 
0 m m 
=b 
N 

FIGURE 13.14 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. FI- 
LTERED Ix RUB. ROTATIVE SPEED: 1299 RPM. 
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I 
I 
I 

3ENTLY 
NEVADA 
C 3 R P .  

'DOBE 1 1  TD: I U  
UNFILTERED 

PROBE 1 2  I D :  JU 
UNFILTERED 

?CITATION: C W  
?PH(START)- 

?LRNT ID: a . R . 0 . R . c  
T R A I N  I D :  N R S A  R l l B  R I G  
nRCHIEiE I D :  6'UB O R B I T S  

a m  V E ~ T  DIS SR I E N  ? R  T I ON - 
MAX OMP- 

BRD HOR D I S P  JR I EN T A TI ON - 
MAX AMP- 

338 R P B ( E N D ) -  1340 

1 PROBE #1  

I 
L 

I I 

90 DEG 
0 . 5 0  M I L S  PK-PK 

0 DEG 
7.90 M I L S  PK-PK 

PROBE 13 

. 
PROBE63 I D :  ?UB PLUNGER INBRD O R I E ? I T A T T O N -  0 DEG 

PROBE #4 I D :  ELEC I 'ONTWT INBRD O R I E N T A T I O N -  0 5EG 

UNFILTERED MAX AMP- 0 . 0 0  M I L S  PK-PK 

UNFILTERED M A X  AMP- 1? .00  flILS PK-DK 

R O T A T I g N :  CU 
? P f l ( S ? A R T ) -  1341 RPfl(EFID)- ' 3 0 0  

FIGURE 13.15 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 9.25 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = ,2060 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
1340 RPM. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

PROBE I 1  ID: OUTBRD VERT GiS ORIENTATION- 90 DEC 
: X  F I L T E R E D  I X  VECTOR- 10.80 M I L S  PK-PK 3-148 

PROBE 12 iD: OUTBRD HOR D I S P  ORIENTATION- 0 DEG 
I X  F I L I E R E D  I X  VECTOR- 7 . 8 0  MILS PK-PK 9-220 

ROTATION: CU 
R P M ( S T 4 R T ) -  1340 RPM(END)-  1340 

i ' PROBE 111 
I 
I I 

FIGURE 13.16 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 L3. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 1340 RPM. 
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I 
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I 
I 
I 
t 
E 
I 
1 
I 
I 
I 
2 

m RE !I T L  Y 
NE \'AD fi 
CiiRP. 

5Li;NT I D :  B.2.D.R.C 
T R A I N  ID: NASA RUE( R I G  
3 A C H I N E  ID: R U B  O R B I T S  

L '  

?QOB$-*!-;?- L L ' j i i D  V E A i  2:s : R I E U T A T T O N -  90 DEG 

? P O B E  1 2  ID. !UTBRD HOR 3 I S P  3 R I E N T R T I O N -  0 3EG 

R O T C I T I O H :  C A  

I A X  AMP- 1 4 . 7 0  MILS PK-PK JNr  I -  C ' I C J  

J N F I L T E R E D  MAX NIP-  9 4 0  R I L S  P K - P K  

? P t I ( S T A R T ) -  i ~ 0 6  R P ' I ( E I 4 D ) ~  ' 4 0 6  

ORIGINAL PAGE IS 
OF POOR QUALITY 

I A I 

I t 

H I 

4 i i  

j 1. ! I 

I 
I 
L I I  

PROBE 13  

NO CONTACT 

CONTACT 

PROBE #4 

PROBE #3 ID: QUB ? L U N G E 9  I N B R D  !RIE'I'RT!ON- 0 DEG 
U N F  IL TEREC MAX AMP- 0.00 M I L S  PK-OK 

PROBE14 ID: ELEC CONTCICT I t I B R D  I R I E Y T C I r I G N -  0 OEG 
" A X  aMP- ' 1 . 8 0  flILS PK-PI(  UNFILTERED 

90TCITION: C'*l 
R P M t S 7 R R T ) -  1406 R P M t E N D ) .  '4115 

FIGURE 13.17 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 4.46 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .I040 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
1406 RPM. 
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YILEI 4.m n w o m  1 

ORIGINAL PAGE 1s e, POOR QUALITY 

O R I E N T A T I O N -  
I A  V E C i O R -  

PROBE 111 

90 DEG 
5 . 4 0  M I L S  P K - P K  3-161 

0 DEG 
Y.90 M I L S  2K-PK 3-212 

a n 
0 
W m 
a 
N 

FIGURE 13.18 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED l x  RUB. ROTATIVE SPEED: 1406 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
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S E N T L Y  
NEUclDP 
C C R P .  

?CANT I D :  3 . R . D . R . C  
T R A I N  I D :  NASA R U B  216 
IACHINE I D :  RUB G R B I T S  

ORIGINAL. PAGE PS 
OF POOH QUAkiTY 

3?0BE r Z  :D: O U l B R D  H O R  D I S P  J R  IEPl TA TION- 3 D E G  

?OTFITION: CU 
J P M ( S T A R T ) -  1457 R P M ( E E I 0 ) -  1455 

U N F I L T E R E D  f lFIX R M P -  1 1 . 4 0  flILS P K - P K  

I I 
PROBE # I  

PROBE # 3  
I -- i 

N 

PROBE 1 3  ID: R U B  P L U N G E R  :NERD I IR IEVTFIT ION-  0 D E G  
U N F I L T E R E 3  I R X  A M P -  . ’ O  MILS P k - P Y  

PROBE #4 ID: ELEC CONTHST INERD JRIENTGTION- 0 DEG 

R O T A T I O N :  C!4 
R P M ( S T A R T ) -  1455 ? P M ( E I l D ) -  I455 

U N F I L T E R E D  MAX A N P -  1 1 . 1 0  NILS P K - P K  

FIGURE 13.19 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 4.46 ms. SHAFT REVOLU- 
TIONS DiJRING RUB CONTACT = .lo82 ROTATIONS. 3.34 LB. 
PLUNGE& PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
1455 RPM. 
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m o B E  
i X  F 

i B H D  V E R T  DIS CIR I EN T A T I ON - 
I X  V E C T O R -  

90 DEG 
20.50 RILS PK-PK 3- 169 

? R O B E - # :  I D :  O U T B R D  H O R  DISP OR I EN T A T I O N  * 0 DEG 
I X  t I L iE i7E9  I X  V E C T O R -  10.30 MILS PK-PK 9-218 

ROTATION:  CW 
R P M ( S T A R T ) -  1457 R P t l ( E N 0 ) -  ! 4 5 7  

~ . I I 

'd 
I 

Q 
P 
0 

m 
z 
N 

FIGURE 13.20 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 1457 RPM. 
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9 E i l  TL Y 
NEVADA 
C9RP.  

?LANT ID: B . R . 0 . R . C  
TRRIbl I D :  NASFI RUB R I G  
Y A C i l I N E  I D :  RUB O R B I T S  

?ROBE 11 I D .  JUTBRD VE2T 31s ,IR!ENTFITION- 9U DEG 

?SOBE r?- !3 :  i l l ~ T 3 R D  nOR 3:5? 2RIE:ITATION- 0 DEG 

SOTFITION: CW 

UNF;LTERED ! l A X  AflP- 27.50 M I L S  PK-PK 

u N F I L , t R E D  f lRX Af lP-  1 5 . 4 0  M I L S  PK-PK 

R P M ( S T A R T ) -  :so7 a P m E r m ) -  150s 

1 
1 

PROBE 111 
r I 

I I 
I I 

I I 
1 

I 

I 

PROBE # 3  
l j  T 
\ 

II f 

\ 

.... .. 

c 
I 

t 
... ,.. . 

! 

i 
I 

'L!' 
I 
I 

'1- 

I 
I 

PROBE 13 13: RIUB PLUNGER 

PROBE #4 I D :  E L E C  CONTFIC 

UNFILTERED 

UNFILTERED 

INBRD dRIE?ITFITION- rl DEG 

I X B R D  I R I E N T F I T I O N -  1 DEG 

flnx AflP- 30 flILS PK-PI: 

MRX Af lP-  9 . 3 0  f l ! ~ S  PK-PK 

?OTFITION: C!4 
SPY( STFIAT) * ' 5  I 0 ilPMC END 1 - ' 5 0 8  

t 

FIGURE 13.21 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 5.20 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1300 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
1505 RPM. 

I 
11 
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il c e 

PROBE 111 
I 

Lo 
P 
0 
W 
m 

N 

FIGURE 13.22 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED lx RUB. ROTATIVE SPEED: 1505 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
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I 
1 
1 

JCGFIT iD: B . R . 0 . B . C  
TRhiN I D :  NASA R I I B  R I G  
iIHCHlE4E 1 3 :  RUB O R B I T S  

ORIGINAL PAGE IS 
OF POOR QUALITY 

'9CBE * I  I D :  , IUTERD VERT DIS 3RIE!ITATIOH- 90 DEG 
~JNF I L TE2E D M A X  N I P -  3 0 . 4 0  MILS PK-PK 

? 4 0 B E  * 2  I D :  OUTBRD HOR D I S P  J R I E N T A T I O N -  0 DEG 

? O T A T I O N :  CU 
S'Pfl(START)- IS80 RPM(END)-  IS79 

UNFILTERED M A X  At lP- 1 4 . 6 0  MILS PK-PK 

PROBE U 3  

PROBE 113 ID: ?UB PLUNGER I H B R D  i l R I E # T A T I O N -  0 CEG 
UNFILTERED MRX AMD* i . 9 0  MILS PK-PK 

PROBE 14 i D :  ELEC ::CINTRCT IXBRD U R I E H T R T I U N -  1; DEG 
IJNFrLTEREC MRX ARP- 1 0 . 4 0  MILS PK-PK 

FIGURE 13.23 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 4.70 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1200 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCBES. UNFILTERED lx RUB. ROTATIVE SPEED: 
1579 RPM. 
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"ROBE-fi 13 :  SUTBRD.VEi?T DIS 

? R O B E - ~ 2  ID: DUTBRD HOR D I S ? '  

R O T F I T I O N :  CN 
RPM(SIFIRT)- IS80 RPM(END)- 

' X  t . L T E i ? E D  . -  

i X  tIL:ERED 

ORIGINAL PAGE IS 
OF POOR QUALITY 

9R! EEI i A  T I ON- 90 DEG 
' <  VEZTOR- 29.20 flILS PK-PK ,3-212 

i l R  I E h i A 7 I ON - 0 DE G 
' A  /€,TOR- 12.60 flILS PK-PK 3-243 
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FIGURE 13.24 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBFATIONAL RES?ONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED l x  RUB. ROTATIVE SPEED: 1580 RPM. 
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3ENTLY PLANT I D :  3 . H . D . R . C  
NEVRDR T R Q I N  IO: N R S A  2UB R I G  
CJRP. 8AWHIFlE I D :  2UB O R B I T S  

ORIGINAL PAGE IS 
OF POOR QUALITY 

4 

F 'ROBE_-s I  1 3 :  O U i a R O  VEST 3 I S  J R I E N T A T I O N -  90 DEG 
J N t  i L T E i i E D  flax N I P -  32 .50  RILS PK-PK 

PROBE r Z  I D :  OUTSRD HOR S I S P  O H I E N T R T I O N -  0 DEG 
UNFILTERED M A X  At lP-  15 .80  MILS PK-PK 

2OTRTION:  CW 
i i P f l ( S 1 A R T ) -  1644 RPtl(EEID)- 1646 

-J 
% 

8 m 
* 
N 

I 

PROBE 111 
I 

PROBE 113 IO: ?IJB PLUNGE2 IEIBRD JRIENTATTCN-  i) OEG 

PROBE 14 ID: ELEC CONTFICT INBRD J R I E E I T l 7 T I O N -  0 DEG 

ROTRTION:  CU 
?PV(S;RRT)- !645 RPM(EN0)- ' 6 4 5  

UNFILTERED M A X  4MP- 3.30  MILS PK-PK 

UNFILTERED MRY QMP- 9.30 MiLS PK-PK 

FIGURE 13.25 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 5.95 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1630 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DECREES, 
RADIUS 1.2 INCHES. UNFILTERED l x  RUB. ROTATIVE SPEED: 
1646 RPM. 
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P R O B E - r l  I D :  JUTERD J E d i  3 ! S  
i X  1 i LTEdED 

PROBE 8 2  I D :  OUTBRD HOR 3 I S P  
; X  F iLTEXEO 

ROTATION: Ck 
?PM( START) = 164s RPM(EEl0 ) -  

ORIGINAL PAGE IS 
OF POOR QUALITY 

O R I E N T A T I O N -  90 DEG 
I X  ~JECTGR- 3 1 . 4 0  flILS PK-PK '3-224 

G R I E N T A T I O N -  0 DEG 
I Y  dECTOR- 1 1 . 9 0  M I L S  PK-PK 3-238 
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FIGURE 13.26 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED l x  RUE. ROTATIVE SPEED: 1646 RPM. 

558 

I 
I 
1 

I 
I 
I 
I 
1 
1 
I 
I 
1 
I 
1 
1 
1 
d 
I 



% A M T  I D :  3 . R . D . R . C  
T 2 A I N  I D :  NGSA RUB RIG 
W C H I N E  I D :  RU6 ORBITS 

ORIGINAL PAGE IS 
OF POOR QUALITY 

?%IBE a 2  13: i iUT6RD HOR D I S P  
UNFILTERED 

W I E N T A T I O N -  0 DEC 
M A X  AMP- 9 . 3 0  M I L S  PK-PK 

F a I '  1 
.. ... 
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PROBE U 3  I D :  QUE ?LUHGER I:lERD 3RIEEITATION- I) DEG 

PROBE #4 i D :  ELtC C O N T A C T  ::IBRD I G R I E > T A T I O N -  3 DEG 

IJNFILTEREL MRX AMP- n . o n  MILS PI:-PK 

UNFILTERED MRX F~MP- 10.10 rI-s PK-PE 

270TA i I D N  : ICN 
3 P R ( S T A R T ) -  ! ' I :  ?F!+(EEID)= 

FIGURE 13.27 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 5.90 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1690 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
1711 RPM. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

T O B E  JUTBRD V E R T  DIS ORIENTGT!ON= 90 DEC 
' c  ' :cl;Ktg X OEiiJR- ' 2 .30  YILS PK-PK 3-351 

w o e E  g z  ID O U T B R D  dog D I S P  O R I E N T A T I O N -  0 DEG 

R O T F I T I O N :  Ci4 
?PMtSTflAT)- 1 7 1 4  RPM(EN0)- 1715 

' X  F I L T E i l E D  ( x  \ V E C T O R -  8 . 6 0  M I L S  PK-PK 3-308 
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FIGURE 13.28 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 1715 RPM. 
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BENTLY 
NEVADA 
C O R P .  

P.LANT I D :  a . R . 3 . R . C  
T R R i N  ID: NASA RUB R I G  
YHCHIPIE !D: RUB C R B I T S  

ORIGINAL PACE IS 
OF POOR QUALITY 

DQOBE 11 13. JUTaRD VERT 31s J R I E N T A T I O N -  SO DEG 
Jf4: I L i E i i  E D f l A X  AMP- 1 4 . 4 0  MILS PK-PK 

U N F I L T E S E D  MAX AMP- 1 0 . 7 0  M I L S  PK-PK 
'ROBE 12 :D GUTaRD MOR D ! Y  I R I E E I T F I I I O N -  0 DEG 

PROBE 1/3 

PROBE 83 I D :  9UB PLUNGES INBRD 'JRIELITATION-  0 CEG 

PROBE #$-I?:  ELEC CUNTAC7 I H B R D  ! l R I E ~ I T F I T I O N -  7 DEG 

90Tfli;UN: C!4 
? P W ( S T d R T ) -  ' 72fl ?P?(EFID) - : 7 7 9  

IJNF i; Z k E D  HRX AMP- .90  R I L S  PK-PK 

UPIF i- I cRrE HFlX AMP- 1C.30 M I L S  PK-PK 

FIGURE 13.29 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 4.80 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1420 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED l x  RUB. ROTATIVE SPEED: 
1781 RPM. 
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ORIGINAL PAGE 8s 
OF POOR QUALITY 

PROBE-jj I D :  W T S R D  V E R T  ;IS ORIENTATION- 90 DEG 

PROBE 8 2  i D :  OUTBRO HOR D I S P  OR I EN T A T I O N -  0 DEG 

ROTATION: CA 

:X t iLTEXES i X  VECTOR- iS.iO MILS PK-PK '8-4 

' r (  F I L T E ? E D  : X  ' K C T O R -  9 .6 i l  f l ILS PK-PK 8-303 

R P f l ( S 1 A R T ) -  I 7 7 8  RPMfEH0)-  i 784 

FIGURE 13.30 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 1784 RPM. 
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SENTLY 
N EVA D A 
CCRP. 

?CANT ID: 3 . R . D . R . C  
T R A I N  ID: NASA RlJB R I G  
i lF\CHINE I D :  2UB :!REITS 

U 
I 
I 
I 

?QOBE_ 13 2UTBRD VERT BIS 7RTEEtTFITION- 90 DEC 

PROBE r;! i D :  SUTSRD HOR D I S P  ORIikTATIOH- 0 DEC 

ROTATION: CW 
RPt l (START)-  I833 RPM(END1- I835 

UNt I:tE?ED tlAX AMP- 8 . 9 0  V I L S  PK-PK 

UNFILTERED t lAX AMP- 37.90 tlILS PK-PK 

I 
I It 

w 
P 
0 err m * 
N 

PROBE # 3  

. 
PROBE 13 I D :  R l l B  PLUNGER IFIBRD ;RIEVTATION- 0 DEG 

UNF I i  T E E 3  RMP- 7 . 7 0  V I L S  PY-PK 

FIGURE 13.31 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 11.10 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .3380 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED l x  RUB. ROTATIVE SPEED: 
1835 RPM. 
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ORIGINAL PAGE PS 
OF POOR QUALITY 

PROBEr!? I D :  OUTBRD HOR D I S P  
I X  r i L i E R E 0  

FIPTATION: CU 
3Pf l (  5 TART) - ! 834  APM(EN0) - 

O R I E N T A T I O N -  30 DEG 
i X  VECTOR- 1 3 . 3 0  f l ILS PK-PK 9-175 

ORIENTATION- 3 DEC 
l i  VECTOR- 36.Si l  8ILS PK-PK 3-337 
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FIGURE 13.32 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBFLATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 

FILTERED IX RUB. ROTATIVE SPEED: 1834 RPM. 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
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3ENTLY 
NEVADA 
C3RP.  

SQOBE 1 1  I D :  JUTBRD ~ J E ~ T  2:s I R I E N T A T I O N -  90 DEG 

?ROBE 12 :g: 9 U T B R D  ;iOR S I S P  I R I E N T A T I O N : .  0 DEG 

R O T A T I O N :  CW 
R P M ( S T 6 R T ) -  1529 ti’PM(EEID)- l?29 

i iNF ii YERED HAX a w -  10.10 MILS PK-PK 

U N F I L T E R E D  \ A X  AVP- 25.50 VILS PK-PK 

I I 

1 

i- 

i- 

t 
1 I 

PROBE 111 - l- t 

PROBE 113 

PROBE #3 ID: W E  PLUNGER !EIBRD i!R I EFI TR T TON - t 1  DE5 
UNFILTERED M A X  AVF. 2 . 8 0  t’!LS PY-DV 

PROBE #4 ID: ELEC COEITQCT INBRD 3RIEMTATION-  ‘I DEr, 
U N F I L X R t D  M A X  AVP-  9 . 7 0  I I L S  PK-PK 

FIGURE 13.33 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 8.33 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .2680 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
1929 RPM. 

565 



ORlGlNAL PAGE IS 
OF POOR QUALITY 

PROBE 11 ID. OllTBRD V E 2 T  DIS ORIENTATION-  30 DEG 

PROBE uZ ID: OUTBRD HOR D:SF ORIENTATION-  0 DEG 

R O T R T I O N :  ii: 
RPN(STf3RT)- I928 RPH(EN'0)- '330 

' i  FILTEFiED ' X  VECTSR- 6 . 5 0  MILS PK-PK 11-236 

' X  i1L:EL'ED I Y  VECTOR- 24.90 RILS PK-PK 3-348 

____) 
I , PROBE 111 
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FIGURE 13.34 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 1930 RPM. 
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3EN TL Y 31-ANT IO: 8 . R . O . 2 . C  
NEVADA T R A I N  13: NASA RUB R I G  
C3RP.  I f K H I N E  I D :  R U B  CHBITS 

PQOBE * I  I 3 :  J U T B R D  VERT SIS O R I E N T A T I O N -  90 OEG 
U N F I L 7 E,? E G MRX AMP- 8 . 4 0  M I L S  PK-PK 

PROBE r.! 13: 1lUTBRD HOR D I S P  ' 3 R I E N T ~ T I O N -  0 DEG 

ROTATION: CW 
RPM(START)-  1370 RPM(END)- I968 

UNFILTERED M A X  WIP-  2 0 . 7 0  M I L S  PK-PK 

PROBE U3 

PROBE #3 ID: 9UB PLUNGER I Y B R D  JRIENTQTION-  0 5EG 

PROBE 14 ID: ELEC CONTACT :NERD ~ I R I C E J T A T I O N -  0 DEG 
UNFILTERED W A X  HMP- : . E @  ClILS DK-PK 

UNFILTERED I A X  AMP- ! 1 . 6 0  3ILS 2 1 - P Y  

4 0 T A T I O N :  CS 
R P R ( S T A R T ) -  I972 RPY(E!ID)- 1 9 7 1  

FIGURE 13.35 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 7.35 ms. SHAFT REVOLU- 

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED l x  RUB. ROTATIVE SPEED: 
1968 RPM. 

TIONS DURING RUB CONTACT = .2415 ROTATIONS. 3.34 LB. 
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PROBE-II I D :  i311TBRD VERT D I S  

>ROBE 8 2  I D :  OUTBRD HOR DISP 

:,( r . L ~ E ~ E D  

i X  i;L:EiiED 

ROTATION: CW 
X P R ( 5 T A R T ) -  1970 RPt? (END) -  1971 

ORiGlNAL PAGE IIS 
OF POOR QUALITY 

ORIENTATION-  90 DEG 

ORIENTATION-  0 DEG 

! X  V E C T O R -  7 . d O  M I L S  PK-PK 9-266 

I X  V E C T O R -  19.50 R.ILS PK-PK 3-356 

FIGURE 13.36 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 

BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 1971 RPM. 

VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
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I 
I 
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c 
SENTLY 
NEVODA 
CZRP.  

?LANT ID: 8 . 2 . D . R . C  
T R A I N  ID: NASA 7U6 R I G  
W C H I E I E  13: ?LIB CRBITS 

2QflBE 2 1  I D :  O U T B R D  VE8T Di3 
UNFiLTEiiED 

.2R!EFITATIC:I- '30 DEG 
M A X  AMP- 8 .20 MILS PK-PK 

? R O D E  a2 ID: OUTaRD HOR DISP ORIENTATION- 0 DEG 

Q O T F I T I O N :  CU 
2Pf l (START) -  2017 RPM(END1- 7019 

UNFILTERED HAX AMP- 1 5 . 9 0  MILS PK-PK 

I 

I 
I I 

FIGURE 1 

PROBE I 1  

PROBE (13 

PROBE # 3  ID: 2UB ; L I I H G i R  YFlBRD J R I E N T A T I O N -  0 3EG 

PROBE 14 I D :  E L E C  CONTFICT I N B R D  ? R I E N T A T I O N -  0 DEI; 

ROTAi !UN:  CA 

tJ t.IF I L TER ED V n X  AMP- .SO YILS PK-PK 

UNF !L !€RED MAX FlMP- 9 . 9 0  MILS PK-PI! 

t ?P f l (S iART) *  20'22 Q P P ( E # D ) -  202' 

37 STLAD- -STATE ORBIT AND TIMEBASE WA VE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 5.55 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1870 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 IPJCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
2019 RPM. 
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P R O B E - j l  I D :  OUTBRD V E P T  @IS O R I E N T A T I O N -  90 D E G  
: X + I L T E S E D  i X  V E C T O R -  9 . 1 0  f l ILS PK-PK 3-274 

P R O B E  .02 I @ :  O L l T B R D  H O R  DISP O R I E N T A T I O N -  0 DEG 
i X  F i L T E X i l  I X  V E C T O R -  15 .60  iiILS PK-PK 3-8 

R O T A T I O N :  CU 
R P R ( S T A R T ) -  2 0  19 R P R ( E P 4 D )  - 2020 

FIGURE 13.38 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
'VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 2020 RPM. 
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aENTL I 'LfiNT I D :  3 . 2 . D . R . C  
NEUfiDA - R A I N  I D :  NASA RU6 RIG 
C Z R P ,  Y R C H I N E  I D :  QUE i l R B i T S  

'kGRE_ 1 1  :D: JUTBAD bERT DIS GRIEPITATTON- 
LINF I L  W E D  MAX AMP- 

PROBE $2 I D :  OUTBRD HOR D I S P  
U N F I L T E R E  5 

R O T A T I O N :  CY 
RPM(START)-  2U81 RPcl(END)- 2079 

, PROBE # l  
i 
,- 

U R I E N T A T I O N -  
M A X  AMP- 

'----f"---j i , 
i \. 

30 DEG 
1.20 M I L S  PK-PK 

0 DEG 
3 . 7 0  RILS PK-PK 

I t 

I 
I I 
RP 4.m RWON 

-8 
z) 

m 
a 
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om 
PROBE $3 

-- 
I 4 

I - 1  T -7 / 4 NO CONTACT 
I i ~r 

I I \ I  V -. i 
I-- #- F Y '. CONTACT 

T W  SCFLE= i5.w ~ ~ E C / D I V  I 

PROBE 14 

P R O B E 1 3  I D :  ?UB PLUNGER i N O R D  ;lRIEFiTFITlON- 11 DEG 

PROBE 14 ID: EL,:: ICONTACT IYBRI!  ' l R ! E > i T A r I 3 N -  i) DEG 

UNFILTERED HLIX RPlP- 0 . 0 0  MILS PY-PK 

UNF IL TERE3 W A X  GtlP- 1 0 . 4 0  W I L S  PV-PK 

q O T A T i O N :  Ck 
R P f l ( S T A R T ) -  7093 RPM(EW0)-  LO44 

FIGURE 13.39 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 5.55 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .i930 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
2079 RPM. 
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P R O B E  8 2  19: OUTBRD HOR DISP 
‘ A  F i i T E n ’ E D  

ROTFITION: CN 
R P l l ( S T A R T ) *  2084 R P M ( E N 0 ) -  

ORIGINAL PAGE IS 
OF POOR QUALITY 

O R I E N T F I T I O N -  9 0  DEG 
: X  VECTOR- 9 . 2 0  R I L S  PK-PY 3-271 

ORIENTFITION- 0 DEG 
i X  VECTOR- 1 ! . 7 0  flILS PK-PY 3 - 2 1  

2085 

FIGURE 13.40 STEADY-STATE OB.BIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 2085 RPM. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

SENTLY 
NEVADA 
CORP. 

?Li.\NT I D :  3 . R . D . R . C  
T R A I N  I O :  NGSA R lJE  R I G  
'lACHIPIE I D :  3UE O R B I T S  

?QOBE 1 1  ID: W T B R D  VERT D I S  JR I E V T A T  ION-  
UNFILTERED M A X  AMP- 

PROBE 12 I D :  OUTBRD HOR D I S P  OR I E?I T A T I O N  - 
UNFILTERED MFlX AMP- 

ROTATION:  CN 
RPM(START)-  2157 RPM(END)-  2156 

PROBE ill 

90 DEG 

0 DEG 

9.80 M I L S  PK-PK 

9.50 M I L S  PK-PK 

PROBE #3 I D :  4UH PLUNGER INBRD O R I E N T A T I O N -  0 DEG 

PROBE #4 I D :  ELEC CONTACT IEIBRD I R I E P I T ~ T I O N -  0 DEG 

UNFILTERED ' I A X  AMP- 0 . 0 0  MILS PK-DY 

UNFILTERED M A X  ARP- 1 1 . 3 0  M I L S  PK-"K 

ZOTFITION: CU 
R P H ( S T A R T ) -  2'55 QPYCENG)- 2:S5 

FIGURE 13.41 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 4.46 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1640 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
2156 RPM. 
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DROBE = Z  !D: W T R R D  HOR D L S P  
: X  F T L T E X D  

HOTAT!ON:  Ci; 
? P M ( S T H R T ) -  2158 RPM(END)-  

ORIGINAL PAGE IS 
OF POOR QUALITY 

C D ! E Y T A T I O N -  90 DEG 

S?IENTOTION-  I) DEG 

' 1  VECTOR- 8 . 4 0  MILS PK-PK 9-293 

' 4  VECTOR- 8.50  MILS PK-PK 3-25 

2159 

-a m 
0 

m 
4, 
N 

m 

FIGURE 13.42 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATlVE SPEED: 2159 RPM. 
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PLANT I D :  3 . R . O . R . C  
‘RAIN I D :  NASA RUB R I G  
YACHiNE I D :  RUB ORBITS 

? Q O B E  31 ID: QUTERO V E R T  2;s 
UNFILTERED 

UNFILTERED 

ROTFITION: CV 
R P M ( S T 6 R T ) -  2 1 9 8  R P M ( E N 0 ) -  

PROBE g 2  i o :  OUTBRD’HOR D I S P  

O R  I EH Tk? r 1 ON- 
3AX ANP- 

a R i E N T A T I O N -  
flax FlMP- 

2197 

90 DEG 

0 DEG 

8 . 7 0  MILS PK-PK 

8 . 8 0  MILS PK-PK 

PROBE 13 
cb 
P 
0 
rn m 
U 
N 

- - - , 
L -- 

I 

PROBE 14 

PROBE f ?  IO: i l l B  ?ANGER ;PlRRD ORIEEITATION- 0 DEG 

PROBE 14 ID: ELEC COIITCICT I N B R O  3RIEMTATION- 3 OEG 

(JhFT, I €SED nnx WP- ‘ : . o n  MILS PY-DK 

IJNF I L  TERED MAX ARP- 9 . 5 0  N I L S  V - P K  

? O T A r I O N :  CW wwts,aRr)-  2204 w n ( E w ) -  3 1 6  

FIGURE 13.43 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 4.46 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1640 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
2197 RPM. 
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’ROBE 1 . 1  :3: OUTBRD VERT D!S 
: X  FI,TEaED 

?ROBE 1.2 ID: OUTBRD HOR D i S P  
‘ X  ‘I’ -- 
, L 8 ~ R E D  

ROTATION:  CU 
RPM(START)-  2201 RPM(END)- 

ORIGINAL PAGE IS 
OF POOR QUALITY 

O R I E N T A T T O N -  90 DEG 
I X  VECTOR- 8 .10  MILS PK-PK 3-299 

ORIENTRTION-  0 DEG 
! x  V E C T O R -  8.00 n u  PK-PK 3-25 

220 1 

I 

1 PROBE 111 
I I 

I ,n 
I I Y I 

7 

FIGURE 13.44 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UM- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 2201 RPM. 
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ORlGlNAL PAGE IS 
OF POOR QUALITY 

?LANT 13: 8 . R . D . R . C  
T R A I N  I D :  N A S A  KUh RIG 
r A C i i I ! l E  TD: SUB O R B I T S  

PROBE 11 I D :  OU B H D  OERT .3IS J R I E N T A T I O N -  90 DEG 

PROBE r 2  I D :  I IU BRO HOR D I S P  ORIENTATION- 0 DEG 

ROTATION:  CN 
R P f l ( S T A R T ) -  2262 R P f l ( E N 0 ) -  2261 ' 

UNFILTERED MAX-AIIP- 8 . 0 0  MILS PK-PK 

UNFILTERED MAX FLHP- 7 .60  M I L S  PK-PK 

PROBE 111 

PROBE # 3  

PROBE 1 3  IO: 3!18 PLUNGER IIJBRD O R I E N T 4 T I O N -  0 DEG 

PROBE #4 I O :  ELEC CDNTACT :?lBfiD I I R I E N T A T I O N -  0 DEG 

ROTATION: CU 

UNFILTERED MFIX AMP- . 1 0  M I L S  PK-PK 

UNFILTERED flAX FLHP- ' 1 . 1 0  flILS PK-DK 

R P M ( S T A R T ) -  x ? n  APMEVD) -  2x9 

FIGURE 13.45 STEADY-STATE @RBIT ND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 3.96 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1500 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED l x  RUB. ROTATIVE SPEED: 
2261 RPM. 
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SRIENTRTION- 90 DEG 
I X  VECTOR- 7 . 6 0  V I L S  PK-PK 4-295 

PROBE 1 2  ID: OUTBRD HOR DISP O R I E N T A T I O N -  0 DEG 
: X  FILTERED I X  'JECTOR- 7 . 4 0  V ILS  PK-PK 9-25 

ROTATION: CW 
2 P R t S T A R T ) -  1 2 6 2  RPR(iNQ,- 2254 

a 
P 

m 
=a 
N 

8 

FIGURE 13.46 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 2264 RPM. 
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9EN TL Y 
NEVADA 
CSRP. 

?CANT I D :  3 . R . D . R . C  
i R A i l 4  I D :  NASA RUB R I G  
?WHI!tE I D :  ?UB ORBITS 

'SCBE 1 1  I D :  SUTBRD VERT t)IS 2RIENTA 
JNFI-:FRED M A X  

PSOBE a 2  I D :  OUTBRD HOR 0 1 3  
UNFILTERED 

OR I EN T A 
H A X  

I O N -  
ANP- 

I O N -  
ANP- 

30 DEG 

0 DEG 

8 . 7 0  M I L S  PK-DK 

8 . 1 0  MILS PK-PK 

RCTATION:  CW 
i ? P f l ( S T A R T ) -  2331 RPM(EN0)-  2331 

I 
1 PROBE # 1  

'0 
P 
0 
0) 
m 
a 
N 

PROBE U 3  

4 , _- -- , *--- - - , *- NO CONTACT I-- e - 7.;' - II---- +--- : t 

PROBE # 4  

PROBE #3  I D :  RUB OLUNGER INBRD SRIENTATION-  0 3EG 
UNFILTERED f l A X  AttP- 0 . 0 0  N I L S  PY-PK 

PROBE14 ID:  ELEC CONTACT IN8RD IRIENTATION- 1) 9EG 
IJNFILTEPED MFIX AMP- 1 0 . 4 0  NILS PK-PK 

AOTATTON: Ci4 
R P f l ( S T A R T ) -  2335 RPf l (END) -  2335 

FIGURE 13.47 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 3.96 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1550 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
2331 RPM. 
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ORIGINAL PAGE IS 
OF POOR QUALtTY 

PROBE i' :D: LllJTBRLJ V E R T  OIS 

PROBE i 2  13:  OUTBRD HOR D I S P  

ROTATION:  CW 

I X  F i L T E Z E D  

; A  F!,:EilE'LI 

R P M t S T A R T ) -  2320 RPM(ENU)-  

I I 
= 2.m m w o t v  

a 
P 

m * 
N 

8 

ORIENTATION. 90 DEG 
I X  VECTOR- 7 .90  MILS PK-PK 8-29! 

ORIENTAT!ON- 0 DEG 
: x  i ~ E C i i 3 R -  7.30  nILS PK-PK ? - 2 6  

233 1 

PROBE # I  

FIGURE 13.48 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED l x  RUB. ROTATIVE SPEED: 2331 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
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3RD oER 

??OB€ :2  T D .  J U l B R D  HOR 
UNFILTESED 

QOTATION:  CY 
RPM(STRRT)- 2462 RPf l  

PLANT I D :  3 . R . D . R . C  
T R R I N  I D :  t M S A  2U8 R I G  
r A C l i I N E  I D :  2UB ORBITS 

END)-  2462 

1 I 
R9 s(sRE= 2.m M I L Y O N  

ORIGINAL PAGE & 
OF POOR QUALITY 

' IR IENTF lT ION-  90  DEG 
MFlX AMP- 6.90 MILS PK-PK 

ORIEPJTATION- 0 DEG 
flRX AflP- 6 . 1 0  MILS PK-PK 

PROBE 111 

PROBE 1 3  

CONTACT 
P' T I M  SCALE= 25 BO % T ~ D I V  

PROBE 1/4 

FIGURE 13.49 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 3.90 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1600 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
2462 RPM. 
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?ROBE a 1  
' Y  F I L  

ORIGINAL PAGE IS 
OF POOR QUALITY 

I D :  OUTBRD 
.TE2Eil 

VERT D IS 

?ROBE a 2  I@: GllTBRD HOR DISP 
I X  F I i i E 2 E D  

ROTATION: C k  
RPf l (STGRT) -  2462 R P H ( E N 0 ) -  2462 

ORIENTATION- 90 DEG 

ORIENTATION- 0 DEC 

' X  VECTOR- 7 . 0 0  M I L S  PK-PK 3-299 

I X  VECTOR- 6 . 1 0  i l ILS PK-PK 3-23 

CrJ 
21 
0 m 
m 
N 

FIGURE 13.50 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIOKAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 2462 RPM. 
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aEYTL Y 
NEVFIDA 
CORP. 

ID: 3 . R . D . 2 . C  
T R A I N  I D :  N A S A  RUB R I G  
n A C H I N E  ID: RUB O R B I T S  

JROBE rl  ID: OUTBRD VEXT DIS CIRIENTATION- 
UEIF I L  TE8ED M A X  N I P -  

PROBE 8 2  I D :  OUTBfiD HOR D I S P  OR IEEi TAT ION- 
UNFILTEREG f l A X  AMP- 

ROTATION: CU 
RPMtSTFIRT) -  2519 RPH(END)-  2519 

co x 
0 m 
m 
ab 
N 

90 DEG 
6 . 4 0  M I L S  PK-PK 

0 DEG 
5 .80  MILS PK-PK 

PROBE 1 3  
7 

FIGURE 13.51 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 1.61 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .0670 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED l x  RUB. ROTATIVE SPEED: 
2519 RPM. 
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PROSE x !  I D :  OUTBRD VERT D I S  O R I E N T A T I O N -  30 DEG 

PROBE-:,? ID: OUTBRD HOR DISP ORIENTRTTON- 0 DEG 

ROTATION:  CW 

i X  FIL7EiiED i X  VECTOR- 6 . 4 0  MILS PK-PK @-301 

: X  P L L T E ~ E D  i X  VECTOR- 5 .80  MILS PX-PK @-20 

R P R ( S T A R T ) -  2 5 2 0  RPM(END)- 2519 

FIGURE 13.52 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED lx RUB. ROTATIVE SPEED: 2519 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 

584 

I 
I 
I 
I 
I 
I 
I 
I 
1 
1 
I 
I 
1 
I 
I 
I 
I 
I 
I 



3ENTCY 
t G \ ' A D F I  
C 3 R P .  

/ <- - - 
7 I T  

4 -- -- - COMTACT 

?CgNT ID: 3 . R . D . R . C  
TRAIN ID: 1JASFI RU6 RIG 
i if4CHINE ID: 2UB O R B I T S  

?QOBE # I  i 3 :  I jUTaRD iJE2T. DIS S R I E 2 T R T I O N -  90 DEG 
U N F i L T E Z E D  M A X  AMP- 6 . 1 0  MILS PK-PK 

PROBE r 2  ID: JUTBRD hOR DISP 3RIENTATTON- 3 DEG 

R O T A T I O N :  CU 
RPM(START)-  2648 R P M ( E N 0 ) -  2649 

UNFILTERED M A X  AMP- 8 . 4 0  MILS PK-PK 

I I 

I 1 PROBE 111 

PROBE # 3  
a z 
0 
W 
m 
P 
h) 

FIGURE 13.53 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 2.50 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1100 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED l x  RUB. ROTATIVE SPEED: 
2649 RPM. 
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PROBE e l  r D .  OI!TDRD VERT D T S  O R I E N T A T I O N -  90 DEG 

>ROBE 8 2  ID. O U T B R D  HOR D I S P  O R I E N T f l T I O M -  0 DEG 

?ILTERE9 I <  ‘ JECTOR-  6 . 1 0  MILS PK-PK 9-300 

‘ X  i I L T i 2 E i )  ‘ X  ‘JFCTOR- 5 . 4 0  MILS PK-PK 9 - 1 4  

B O T F I T I G N :  CU 
i 3 P H ( S T A R T ) -  2650 R P M ( E N 0 ) -  2647 

I I PROBE # l  
8 I 

FIGURE 13.54 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. F’LUNGER PRELOAD. UN- 
BALANCE: 
FILTERED lx RUB. ROTATIVE SPEED: 2647 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
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GENT1 Y PCRNT ID: S . R . D . R . C  
NEVODA 'RAIN 19:  I4ASA RUB R I G  
S 3 R P .  MACHINE 19: RUB GRBITS 

- w  
n 

m 
P 
N 

8 

2 W B E 7 = ! - I D :  O U T a R D  VERT DIS 5 R I EH T F T I O N  - 
UluF I -  I LRED MAX RMP- 

PROBE * 2  I D :  O U T G R D  HOR D I S P  3RIENTATION- 
UNFILTERED MAX AHP- 

ROTATION: CU 
RPM(START)-  2714 RPM(END)-  2 7 1 3  

ORIGINAL PAGE IS 
OF POOR QUALITY 

90 DEG 
5 . 8 0  M I L S  PK-PK 

0 DEG 
5.50 M I L S  PK-PK 

PROBE 11 

PROBE 1 3  
7 

FIGURE 13.55 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 1.92 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .0869 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
2713 RPM. 

587 



DQOBE-SZ 13: J l lTBRD HOR D I S P  
: X  r L L T E ~ E D  

ROTFITION: Cbi 
J P M ( S T A R T ) -  2 7 7 2  R P f l ( E N D ) =  

I 
A 

i 

!-; ! 
I 

Lo 
P 
0 
QI m 
rp 
N 

O R I E N T A T I O N -  90  DEG 
I X  V E C T O R -  5 . a o  M I L S  PK-PK 9-300 

O R I E N T A T I O N -  0 DEG 
IX VECTOR- 5 . 5 0  MILS PK-PK @ - 7  

PROBE U 1  
--4 

FIGURE 13.56 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED 1% RUB. ROTATIVE SPEED: 2713 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCEES. 
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SENTL Y 
NEV P D A 
;:RP. 

3I-ANT ID: 9 . R . D . R . C  
TRRIN iD:  I I R S A  RlJe  R I G  
,%CHINE ID: 2UB O R B I T S  

PROBE *i! I D :  O l l T B R D  HOR DIS? 
UNFILTERED 

O R I E N T A T I O N -  
V O X  OMP- 

R O T A T I O N :  CU 
R P M ( S T A R T ) -  2337 RPM(EN0)-  2837 

I I 

1 I!-----+ 

1- I 
I 1 

1 I 

*(I 
P 
0 m 
m * 
N 

PROBE 111 

ORIGINAL PAGE ilS 
OF POOR QUALITY 

90 3EG 

0 DEG 

5 . 7 0  V I L S  PK-PK 

7 . 0 0  flILS PK-PK 

PROBE #3- :D:  Rt?B ;LuiIGER i : i a R D  I R i E ! l T 9 T l f i r l -  0 DEG 
Uf lF IL T t R E D  LlAX QflF- . : u  FILS PY-Pf :  

FIGURE 13.57 STEADY-STATE ORBIT.  AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 2.63 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1247 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
2837 RPM. 
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O R I E N T A T I O N -  90 DEG 
: X  '1EZTOR- 5 . 5 0  FILS  PK-PK '3-296 

PROBE rZ ID: OUTBRD HOR CIS? O R I E N T A T I O N -  0 DEG 

ROTATION:  C i i  
R P f l t S T R R T ) -  2839 RPM(END)-  2839 

i X  FiLTERED ' X  VECTOR- 7 . 0 0  MILS PK-PK 9--7 

W 
I 1 
1- PROBE #1 

a 
P 
0 
m m 
N 

ORIGINAL PAGE IS 
OF POOR QUALITY 

FIGURE 13.58 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED l x  RUB. ROTATIVE SPEED: 2839 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
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3ENTLY 
-NEVADA 
C3RP. 

JLArrT I D :  S . R . D . R . C  
iFtP1E.l I D :  N A S A  R l l B  R I G  
i lRCHINE I D :  RUB ORBITS 

ORIGINAL PAGE IS 
OF POOR QUALITY 

; W E E  *!-IO: JUTBRD VERT D I S  ZRIEY [ ? T I O N -  90 DEG 
J N F I L I L R E ~  I R X  AMP- 5 . 7 0  M I L S  PK-PK 

' PROBE *Z I D :  OUTER0 HOR D I S P  O R I E F I T A T I O N -  0 DEG 
UNFILTERED M A X  W P -  7 . 1 0  MILS PK-PK 

R O T A T I O N :  CW 
APf l (START) -  2910 RPII(EN0)- 2910 
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I 
! --t-;--i 

PROBE # I  

! 1 
99 2.w N W O N  

PROBE U 3  
- ' a  

a 
rn 
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I 
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FIGURE 13.59 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 1.78 ms. SHAFT REVOLU- 
TIONS DURING RTJR CONTACT = .0860 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
2910 W M .  
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FIGURE 13.60 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED lx RUB. ROTATIVE SPEED: 2910 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
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FIGURE 13.61 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 2.40 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1220 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED l x  RUB. ROTATIVE SPEED: 
3017 RPM. 
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FIGURE 13.62 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED lx RUB. ROTATIVE SPEED: 3016 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 

594 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



3ENTCY 
NEVADA 
C3RP.  

DLRNT I D :  3 . R . D . R . C  
TRATN I D :  NASA RU3 R I G  
W C H I N E  I D :  9UB ORBITS 

J R I E N T A T I O N -  90 OEG i Q E a E  91 i D :  JUTSRD VERT D l S  
,J N F i L i ER E D 

P R Q B E ' 8 2  I D :  OUTBRD HOR D I S P  ORIENTATION- 0 DEG 
UNFILTERED 

SOTCITION: CU 
i?PM(START)- 3066 RPM(END)- 3067 

M A X  AMP- 10 .60  MILS PK-PK 

MRX AMP- 1 1 . 9 0  M I L S  PK-PK 

I _I 
ccp scFLT= 4.w m w o m  

PROBE # 3  
"D 
P 
0 
m tri 

II 
N 

PROBE-#? !D: qUB ?\ U K E R  T:l8RD ORIE?ITATION-  D 3EG 
!J IG  I L  I ERE5 M A X  AMP- 0 . 0 0  FILS Pw-PK 

I A X  AMP- 1 0 . 9 0  M I L S  PK-PI! 
PROBE 14 I D :  ELEC C O N T A C T  I ' IBRD O R I E N T A T I O N -  n DEG 

UNFILTERED 

W T A i T O N :  I'U 
Z P f I ( S T A R T ) -  ;352 s P t i ( E Y D ) -  3062 

FIGURE 13.63 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 2.40 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1240 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
3067 RPM. 
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FIGURE 13.64 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 3067 RPM. 
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FIGURE 13.65 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 3.07 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .1600 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
3150 RPM. 
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FIGURE 13.66 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER FRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED 1% RUB. ROTATIVE SPEED: 3150 RPM. 
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FIGURE 13.67 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 3.84 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .2080 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
3248 RPM. 
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FIGURE 13.68 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 3246 RPM. 
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FIGURE 13.69 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 4.76 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .2800 ROTATIONS. 3.34 LB. 
PLUNGER FRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
3629 RPM. 
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FIGURE 13.70 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 3629 RPM. 
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FIGURE 13.71 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 8.69 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .5310 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
3671 RPM. 
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FIGURE 13.72 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED lx RUB. ROTATIVE §PEED: 3671 RPM. 

2.0 GRAMS., 180 DEGREE§, RADIUS 1.2 INCHES. 
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FIGURE 13.73 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 6.89 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .4340 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
3790 RPM. 
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FIGURE 13.74 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPQNSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED l x  RUB. ROTATIVE SPEED: 3792 RPM. 
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FIGURE 13.75 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 4.76 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .3067 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED l x  RUB. ROTATIVE SPEED: 
3868 RPM. 
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FIGURE 13.76 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2. GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 3868 RPM. 
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FIGURE 13.77 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 5.55 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .3718 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
4053 RPM. 
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FIGURE 13.78 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
FILTERED lx RUB. ROTATIVE SPEED: 4055 RPM. 
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YRFIIN I D :  I4ASA RUB R I G  
UACHINE 13:  RUB O R B I T S  

ORIGINAL PAGE IS 
OF POOR QUALITY 

190BE = I  :D :  9UTSRD VERT D I S  J R I E N T A T I O N -  90 DEG 
UNF I L 7 ERE D R A X  AMP- 2 1 . 4 0  R I L S  PK-PK 

PQOBE r 2  I D :  i lUTaRD HOR D I S P  JRIENTRTTON- 0 DEG 

ROTATION:  CU 
RPM(STRRT)-  4 1 1 7  RPR(EN0)-  4120 

UNFILTERED R A X  AHP- 28.30 R I L S  PK-PK 

~ 

I 
1 I I 

1 ~- 

PROBE #3 
-8 
;o 

m 
* 
N 

8 
-- -- I-- - 

7 - --- NO CONTACT I - --- r=== 
i , CONTACT --- 

FIGURE 13.79 STEADY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 5.71 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .3920 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
4120 RPM. 
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c 

3Q9BE 1 1  ID: OUTSRD VERT DIS 
' A i i L T E X D  

ORIENTATION- 90 DEG 
I X  VECTOR- 18.20 HILS PK-PK ? - I  

5SnBE r 2  !D: OUTBRO HOR DISP ORIENTATION- 0 DEG 
' X  F:,TE?ED I X  VECTOR- 23.10 MILS PK-PK 9-72 

SOTATION: EN 
?PM(START)- 'I1 1 7  RPM(END)- 4 1  I9 

a 
P 

m s 
* 
N 

FIGURE 13.80 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED l x  RUB. ROTATIVE SPEED: 4119 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
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7ENTLY 
NEVADA 
C3RP. 

OLANT ID: ~ . R . D . R . c  
T R F I I N  I D :  NASA 2U6 RIc 
3 A C H I N E  I D :  RUB O R B I T S  

ORIGINAL PAGE IS 
OF POOR QUALITY 

Z Q C g E  31 r 3 :  GUTSRD VE4T 3:s 3RIEUTATION-  90 DEG 

PQ08E 8 2  i D :  OUTBRD HOR D I S P  ORICNTATION- 0 DEG 
UNFILTERED 

ROTFITION: CH 

dfJFILTERED V A X  AMP- 19.10 RILS PK-PK 

f lFIX AtlP- 23.80 M I L S  PK-PK 

RPW(START)-  4225 R P f l ( E N 0 ) -  4226 

b 

I 
PROBE 111 I- 

*(I 
P 
0 
W m 
SL 
N 

PROBE 113 
I- 

FIGURE 13.81 STEADY-STATE ORBIT AND TIMEaBASE WAVE O F  ROTOR 
VIBRATIONAL RESPONSE AND ASSDCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 5.00 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = ,3522 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED l x  RUB. ROTATIVE SPEED: 
4226 RPM. 

613 



PROBE # l  ID: OUTBRD V E R T  DIS ORIENTGTION-  
I X  F ILTESED I X ' / E C T O R -  

- a  
P 
0 rn 
m 
JI 
N 

PROBE ~2 ID: D l l T B R D  HOR D!SF 
1 %  F:LX?ED 

OR m r G 1  ION- 
I X  OECTOR- 

R O T F t T I O N :  CU 
RPMtSTGRT)- 4228 R P E t E N D i -  4228 

90 DEG 
5.20 U I L S  PY-PK 8 -4  

0 DEG 
8 . 8 0  MILS PK-PK 3-86 

FIGURE 13.82 STEACY-STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 
VIBRA'I'IONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
BALANCE: 
FILTERED 1x RUB. ROTATIVE SPEED: 4228 RPM. 

2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. 
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3EFITI-Y 
NEVADFI 
CCRP. 

?CANT I D :  3 . R . D . R . C  
-9AiE! IC: NASA HUB R I G  
IIHCHINE I D :  RUB O R B I T S  

3 Q ~ B E  = ! - ; 3 _  311'9RD OE?T 3 f S  :RIiUIATION- 90 DEG 

='QOBE 32 i D .  IIUTSRD HOR D I S P  ORIENTATION-  0 DEG 

SOTATION: C A  
R P M t S T A R T ) -  '4311 RPM(EN0)-  4307 

JNFi ,  LRLD MFIX AMP- 16.30 MILS PK-PK 

IJNFILTERED MFIX AMP- 19.60 MILS PK-PK 

- 
[ . . .  + 
I 

?J 
P 
0 a 
m 
z 
N 

PROBE 1 3  
r 

- CONTACT ------- -m_ 

i 
T W €  SClXE= 18.- nsEcnllV 

PROBE 14 

r J R I E N T A T I O N -  0 DEC PROBE 1 3  ID: RUB PLUNGER I>JBRD 

PROBE #4 I D :  ELEC CONTACT INBRD ~3RIEFITATION-  0 DEG 
UNFILTERED MAX FIMP- 2.90 MILS PK-PK 

UNFILTERED MFIX AMP- 8 .80  MILS PK-PK 

3OTATIUEI :  CH 
Q P R ( S T A R T ) -  4310 R P R ( E N 0 ) -  4308 

FIGURE 13.83 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR 
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER 
MOTION. RUB CONTACT TIME: 4.54 ms. SHAFT REVOLU- 
TIONS DURING RUB CONTACT = .3263 ROTATIONS. 3.34 LB. 
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES, 
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED: 
4307 RPM. 
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PROBE rl  1 3 :  OUTBRD VERT DIS ORIENTFITION- DEC 
i X  FILIEK'ED 1 X  VECTOR- 12.90 MILS PK-PK 3-5 

DROBE 8 2 - , ! 0 :  QUTBRD HOR DISP ORIENTRTION- 0 DEG 

R O T F I T I O N :  Cri 

I X  FiLlcJED ' X  VECTOR- 15.50 X!LS PK-PK 3-92 

imcs;Afir)- 4308 RPM(EEID)- 4307 

FIGURE13.84 STEADY STATE ORBIT AND TIMEBASE WAVE O F  ROTOR 

BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES AT 
THE INBOARD DISK, FILTERED l x  RUB ROTATIVE SPEED: 
4307 RPM. 

VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN- 
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8 
U 
B 
1 
I 

0 
n h  

J e: 
E 

/-\ 

TIME 
\ 

t o  \ 7r 1”- 
e: w 

1 FIGURE13.85 ROTOR RESPONSE HARMONIC WAVE TRUNCATED DUE TO 
RO TOR-TO-ST AT 0 R RUB. 
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i 
I -  
1 
1 

1 

617 



R O T O R - T O - S T A T O R  C O N T A C T  A N G L E  
[ D E G R E E S  1 

90' 180' 

1 

0.5 

a 

a, 
0 - 

90 1 8 0  
ROTOR-TO-STATOR CCNTACT ANGLE [DEGREES] 

FIGURE 13.86 AMPLITUDES OF FOUR COMPONENTS OF VIBRATIONAL 
RESPONSE AND THE AMPLITUDE RATIOS VERSUS 
ROTOR/STATOR CONTACT ARC 
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ROTATION: CW 
RPM(START)=  1262 RPf l (END)=  1261 

ORIGINAL PAGE IS 
OF POOR QUALITY 

I 
I 
8 
8 
I 
I 
1 
I 
1 
1 
8 
I 
I 
I 
I 
1 

. .  _. ... ....... 

................................................. * ..................... 

AMP SCRLE= .50 HILS/OIV 

LIP 

-... ._ .............. 

..... _. ._ ................ .._......... . 
...... - 
. ...,....... ....._......,... .. 

. . . . . . . .  . . .  
............ , . ...,......... ........ 

...... .... ......... 

TINE SCRLE= Zf.00 MSEC/DIV 

........... ...*.. .......... ..................... ........................... 

............................... ....,............. ................ ......................... . 

TINE SCALE= Z S  00 MSEC..’DIV 

PROBE n i  I D :  

PROBE n z  I D :  

UNFILTERED 

UNFILTERED 

OUTBRD VERT ORIENTATIOCI= a8 D E G  
?IAX 2 - 1 0  M I L S  PK-PK, v 

OUTBRD HOR ORIENTATION= @ DEG 
M A X  AMPI 2 . a 0  M I L S  PK-PK 

PROBE 1;1 ID1 

PROBE n i  ID: OUTBRD VERT ORIENTATION-  30 D E G  
2X F I L T E R E D  MAX flflpa .26 M I L S  PY-PK 

PROBE 02 ID: OUTBRD HOR ORIENTATION= a DEG 
LX F I L T E R E D  flmx AMP= . 2 0  M I L S  PK-PK 

PROBE n i  ID: HORIZ RUB PLNGR ORIENTRTION- ‘?e DEG 
UNFILTERED flRX flflP= ~ 1 0  M I L S  PK-PK 

PROBE nz ID: ELECT CONT ORIENTATION- e DEG 
UNFILTERED MfiX AMPa 4 . 7 8  MILS PK-PK 

NO CONTACT 
CONTACT 

FIGURE 13.87 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1262 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM) 
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ROTATION: CW 
RPM(START)= 1302 RPN<END)= 129s 

... 
..... 

........ 

...,......... ...... 

.... 

AMP SCRLE= . 5 0  N I L S / O I V  

. ....................... 

............................. 

I i 
I , ', ....... ......... ' ,... .,... .......,... f.... . , i....... I 

PROBE a1 ID: OUTBRD VERT 
UNFILTERED 

PROBE 1 2  ID! OUTBRD HOR 
UNFILTERED 

I 1 
TINE SCRLE= 2 S . 0 0  HSEC/DIV 

PROBE I1 101 OUTBRD VERT 
.... 1 1X FILTERED 

PROBE a2 ID: OUTBRD HOR 
I X  FILTERED 

, 
TINE SCALE= 25 00 NSEO n 1 v 1 

........... .. " ......................................................................... 
" ...... PROBE 11 

2X FIL 
ID! OUTBRD VERT 

TERED 

PROBE a2 ID: OUTBRD HOR 
2X FILTERED 

TINE SCRLE= 2s.w rcSEvniv  

ORIENTATION. ?a DEC 

I M A X  A M P =  :.ia M I L S  PK-PK 

W A X  A M P =  3 . 8 0  MILS PK-PK 
ORIENTATION= 0 DEG 

OR ENTATION= 90 DEG 

~ I x VECTOR= 3 .16  M I L S  PK-PI( ,?-207 

E N T A T I O N =  a D E G  
X VECTOR. 2.60 MILS PY-PI( < ? - 2 6 2  

ORIENTATION= 30 DEG 

ORIENTATION= a DEG 
MAX AMPI . 2 0  MILS PK-PK 

M A X  AMP= .30 M I L S  PK-PK 

PROBE 11 ID! HORIZ RUB PLNGR ORIENTATION. 9 8  DEG 
UNFILTERED MAX .I0 NILS PK-PK 

PROBE @2 ID: ELECT CONT ORIENTATION. 0 DEG 

NO CONTAC'I' 

CONTACT 

UNFILTERED W A X  AMP= 5.313 NILS PK-PK 

FIGURE 13.88 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1302 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM) 
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8 
1 
I 
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I 

ROTATION: CW 
RPPl<START>= 1345 RPM(END>= 1341 

..... 

Fcfr SCRLE= .50 MILS/OIV 

.... 

........ ...... ............ 

.... " ., ...................... 

... (........ ...... ., .......,.. . -.. ..................... .. 

ORGGlNAL PAGE IS * 

OF POOR QUALITY 

PROBE 111 ID: OUTBRD VERT 
UNFILTERED 

PROBE 0 2  ID: OUTBRD HOR 
UNFILTERED ,... ................ ..................... j .._....... i... .................. ....... I 

.- .............................. ..................... ........................................ 
TINE 5CRLES 2 3 . 0 0  MSEODIV 

PROBE 111 I D :  OUTBRD VERT 
1X F I L T E R E D  

PROBE 02 ID :  OUTBRD HOR 
1 X  F I L T E R E D  

....... .............. - ................................................................ .................... 

PROBE 01 ID: OUTBRD VERT 
Z X  F I L T E R E D  

PROBE 02 ID: OUTBRD 
ZX F I L T E R E D  

NOR 

ORIENTATION-  30 DEG 
M A X  imp= 4 . 6 0  MILS P K - P K  

ORIENTATION*  0 DEG 
MAX ANP. 3.68 M I L S  PK-Pk 

ORIENTATION= 9 0  DEG 
I X  VECTOR- 4 . 1 0  M I L S  PK-PK @-Z!FJ 

ORIENTATION= B DEG 
1X VECTORS 3 . 1 0  M I L S  PK-PY # ? - l e e  

ORIENTATION= 3 0  DEG 
M A X  Amp= . i o  mILs P K - P C  

ORIENTRTION= 0 DEG 
m x  AMP= . z 0  n I L s  PK-PK 

PROBE * I  ID: HORIZ RUB PLNGR ORIENTATION= )e DEG 

PROPE b2 ID: ELECT CONT ORIENTATION= e DEG 

NO CONTACT 
CONTACT 

UNFILTERED mAx AMP= . i o  MILS PK-PK 

UNFILTERED Rnx ARP= 5 . 2 8  MILS PK-PK 

R).Ip SCRLES 1.00 MfLWON TME SCFiLE= 2 ¶ . 0 0  nSEC/UlV 

FIGURE 13.89 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1345 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM) 
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ROTATION: CW 
RPM(STRRT)= 1 4 8 4  RPM(END)= 1 4 8 7  

I 

AMP 5CRLE= 1.00 MILS/OIV 

........... - .. 
... ..,....... .... ..._... . 

mi i.." - ....... . .  .,L _ . .  .............. ............ 

. .  ... -. ........... ...... . .  
... " ........ __* 

, .  ........... - . . .  
.-.. ...-........ .... 

,. ............ ,. . ...,.... ......................... 
_ I  ................ ., ..................................... ..... 1 .̂_ 

Rnp SCRE= .w MCLS/OIV 

PROBE Ill ID: OUTBRD C'ERT 
I 1 UNFILTERED 

PROBE Il2 ID: OUTBRD HOR 
UNFILTERED 

TIME SCRLE= Z S .  00 MSEC., UIV 

.................................. ....,.. .............................. ,, ..... 

PROBE 01 ID: OUTBRD VERT 
1X FILTERED 

PROBE It2 ID: OUTBRD HOR 
1X FILTERED 

I . ...................... ........................ I 
, -- 

TIME SCALE= 25 00 MSEC>UIV 

PROBE 01 ID: OUTBRD VERT 
2X FILTERED 

PROBE 0 2  ID: OUTBRO HOR 
2X FILTERED 

I I ...... ., ......................................................... 
TIME SCALE= ZS.00 MSEC/nXV 

OR 

OR 

ENTATION= a @  DEG 
MAX HMP= < . O B  N I L j  P k - P k  

ENTATION= Q DEL 
RRX AMPS 4 . 8 8  NIL3 PK-PK 

ORIENTATION= 98 DEG 

ORIENTATION= a DEG 

I X  VECTOR= 5 . w  M I L S  P t - p k  ,?-:I? 

I X  VECTOR= 4.ia Y I L S  p t - D *  ,?-i.;2 

ORIENTATION= 38 DEC 
MAX R M P 9  . I 1  NILS PK-PK 

ORIENTATION= 8 DEG 
M A X  AMP= . a 7  M I L S  P K - P K  

PROBE 01 I D #  NORIZ R U B  PLNCR ORIENTATION= 98 DEL UNFILTERED M A X  AMP- . l a  M I L S  PK-PK 

UNFILTERED M R X  A M P =  5.38 MILS PK-PK 
8 DEL PROBE 02 ID1 ELECT CON7 ORIENTATION' 

NO CONTACT 

FIGURE 13.90 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1404 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM) 
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ROTATION: CU 
RPM(STRRT)= 1 4 S 6  R P M ( E N D ) r  1 4 5 4  . 

I I j .. . . . . .  
' ' I .. . i- ............. i 

I 

...... * ............ , ...... 

- .............. 
j 

RFIP SCRLE= 1 . 0 0  MILSOIV 

........... - 

.... ........................ ................ _ ............ ,...... 
........................ 

- 

PROBE n l  ID: OUTBRD VERT ORIENTATION= 38 DEG 
I X  F I L T E R E D  1 X  VECTOR= 8 . 3 8  MILS Pb-PK 1?-229 

PROBE l 2  I D :  OUTBRD NOR ORIENTATION= 0 DEG 
1 X  F I L T E R E D  1 X  VECTOR- 5 .58  M I L S  P k - P C  (3-iC: 

.................................. ............... ....-.... ............................. 

PROBE $ 1  ID: OUTBRD VERT ORIENTATION= 38  DEG 
2X F I L T E R E D  MAX AMP+ . I 1  M I L S  PK-PK 

PROBE r)2 I D :  OUTBRD HOR ORIEN.TRTION= 8 DEG 
2 X  F I L T E R E D  MAX F?PlPa . 3 7  N I L S  PK-PK 

PROBE e 1  ID: 
UNFILTERED 

PROBE 02 in: 
UNFILTERED 

NO CONTACT 
C 0 N T A C T 

MOR12 

ELECT 

RUB PLNGR 

CON1 

ORIENTATION= 
MAX AMP= 

ORIENTATION= 
MRX AMP- 

9 0  DEG 
.10  MILS 

0 DEG 
5 .18  MILS 

FIGURE 13.91 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1456 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 

THE 2X ORBIT IS REVERSE. 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE THE 
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r 
I 

- 
. ..,..... ............... .......,......... ........................ 

....................... 
.............. 

..... .... . 
....,. ............ ... c .................. ..,....... 
........... ............ *.. .,,.. .... 

.. .......... ........... _ ._ 
............ .- 

i - _ _  I 
....... -. 

.- _ .............. 
....... - ............. ,.... ... 

.... , ........... _ ......, ..... ., ................... .,, ..... 

...... ................... ..... _ ..................... 

.......... - 
................................... ..... ........................... 
.................................................. 

" ........... 
.... 
, . .  - ......... ~ ..................... 

....................... .........,.... ...... , ....... _ ..... 

AW 5CRLE= . Z 0  MKLS/OIV 

......................................... ........... 

I ,.. 
TIME SCRLE. ,?S 00 HSEC/OIV ' 

1 
PROBE n i  ID: OUTBRD V E R T  O R I E N T A T I O N =  '0 OEG 

M A X  AMP= 1 i . m  MILS p k - p k  UNFILTERED 

PROBE Y2 IO: OUTBRO HOR ORIENTATION= d OEG 
UNFILTERED MAX AMP= 3.10 M I L S  PK-PK 

.................................... ., ................................. ., ...... 

I 
PROBE n t  IO: OUTBRD VERT ORIENTATIOt4= 58 DEG 

1 X  F I L T E R E D  1 X  VECTOR. 1 0 . 4 0  MILS P k - p y  a ? - i . c >  

PROBE nz IO: OUTBRD HOR 
L X  F I L T E R E D  

I i ,-  
TIME SCALE. 2 S  00 MSEC/IIIV ' 

............................. ........,.......... ..................... .., .................... 

PROBE Y 1  ID: OUTBRD VERT 
2X F I L T E R E D  

PROBE 02 IO: OUTBRD HOR 
Z X  F I L T E R E D  

PROBE LI I D :  H O R I Z  RUB PLNGR 
U N F I L T E R E D  

PROBE Y 2  ID8 ELECT CONT 
U N F I L T E R E D  

I 
.~ 1 NO CONTACT 

CONTACT 
RW scRLE= 1.00 M I L 9 0 I V  T I N E  5CRLE= 2 ¶ . 0 0  MSEC/llIV 

ORIENTATION= ?a OEG 

ORIENTATION' a OEG 

MAX RBP= . S 9  M I L S  PK-PK 

M A X  AMP- 5 . 9 9  M I L S  PK-PK 

FIGURE 13.92 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1500 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). 
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ROTRTION: CU 
RPM(STRRT)= is93 RPfl(END)= 1S93 

r 

.. . . . . .  
. _. . .  -. . -. ........ 

. . .  ............,. ..... .+L ...... , ...... 
. ...,.... .. ............I ........ ........................... . 

.. ....... ..... 
.......... r'.......... ..... _... .. .-.. .... - .............. 
... (....... 1 / ......I I ......................................... 
. .  ,.... ...... '.- .......................... *... ... 

. 

ORIGINAL PAGE IS 
OF POOR QUALITY 

PROBE 0 1  ID: OUTBRD VERT 
UNFILTERED 

I 1 PROBE 02 ID: OUTBRD HOR 

I 
TtME SCALE= 211 B0 MSEC,DIV 

L 
RMP SCRLE= 2.00 MtLS/OtV 

UNFILTERED 

PROBE 4 1  
IX FIL 

b SCRLE= 2.m nILS/OIV' 

...... ...._..... ................ 

. . . . . . . . . . .  , .._.............,..... 
..... I..........*......* ................. .......,....... 

PROBE 0 2  ID: OUTBRD HOR 
I X  FILTERED 

............ ........................... ............................... .................... ....... 
TIME SCRLE= 2 S  .OO tl!at~/DIV 

PROBE 0 1   ID^ OUTBRD VERT 
2 X  FILTERED 

PROBE 02 ID: OUTBRD HOR 
2X FILTERED 

ORIENTATION= 30 DEG 
MAX AflPI i.2.70 flILS PK-PK 

O R I E N T A T I O N -  a DEG 
MRX AMP- .3.43 flILS PK-PK 

ORIENTRTION- 
1 X  VECTOR= 

ORIENTATION= 
iX 'VECTOR= 

9 8  DEG 
1 . 3 3  f l I L 5  PK-PK :'-2?3 

5.20 0 MILS DEG PY-Pk ) - > ? z  

ORIENTATION= 30 DEG 
MAX AflP- L.50 MILS PK-PY 

ORIENTATION= a DEG 
MAX AflP- 3.26 MILS PI(-PK 

PROBE 41 ID: 
UNFILTERED 

HORIZ RUB PLNGR 

PROBE # 2  ID: ELECT CONT 
UNFILTERED 

NO CONTACT 

CONTACT 

ORIENTATION- 
MAX AMP- 

ORIENTATION- 
RRX ARP- 

98 DEG 
3.28 MILS PK-PK 

0 DEG 
6 . 4 0  MILS PK-PK 

FIGURE 13.93 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1593 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 

THAT THE 2X ORBIT IS REVERSE. 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE 
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ROTRTION: CU 
RPn<START)= 1646 RPII(END)= 1559 

. ............._.. ....-.......... ....... ._- ............ 

.... ..,.. .................. ......... ....,...... 
.............- ....... 
......-........ ..... - ...... 
.... ... ....... ....-.. . 
..... _ ......,.. ... ... ........ 

....,, ......... ................ 
....... _. .,... ...... - . ......... 

1 

IP , ... . . . . . . . . .  

RHP 5CRLE= 2.00 MILS/'OIV 

..... ~ ...... L..... I. ................... I 

PROBE 0 1  ID: OUTBRD VERT 
UNFILTERED 

PROBE 0 2  ID: OUTBRD HOR 
UNFILTERED 

TrME SCRLE= 23 I 00 HSEG'DIV 

ORIENTATION= '30 DEG 
nAx Amp= 14.49 n1Ls PK-PK 

ORIENTATION= 0 DEG 
n R X  AMP- '3.39 MILS PK-PK 

I ... .......................... I 

PROBE 01 
I ' I X  FIL 

ID: OUTBRD 
TERED 

VERT 

PROBE 0 2  ID: OUTBRD HOR .................................. .....,... ........................ ,.. ................. ................... ............................. ..................... t X  FILTERED 

PROBE Ill ID: OUTBRD 
ZX FILTERED 

VERT 

I 

TIME SCRLE= 2 3 . 0 8  MSEC/DIV ' 

ORIENTATION= 3 0  DEG 
1 X  VECTOR= 12.39 nILs PY-PK ~ ? - z j z  

ORIENTATION= 0 DEG 
1 X  VECTOR= 5.70 M I L S  P l r - P k  ~ ? - i i j  

ORIENTATION- '30  DE^ 
nex Amp= 1.99 niLs PK-PK 

M A X  Amp= 4.19 M I L S  P K - D K  
0 DEG ORIENTATION- 

PROBE 01 ID1 MOR12 RUB PLNGR ORIENTRTION= 98 DEG 
UNFILTERED M A X  Amp- 4 . 5 9  ~ I L S  P<-PY 

PROBE 02 I D I  ELECT CON1 ORIENTATION= d DEG 
U Y F I L  TEIEU MAX ANPI  5 . S E  M I L S  PK-PK ............ .~ .__ 

NO CONTACT 

CONTACT 

FIGTJRE 13.94 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1646 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE O F  THE PLUNGER MOTION AND 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM) 

I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
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I 
I 
I 

ROTATION: C Y  
RPMCSTART). 1736 RPM(END)= 1736 

............................... 

A M P  5CRLE= 1.00 MILS/O t V  

w scRLE= .sa MtLS/OIV 

ORIGINAL PAGE IS 
OF POOR QUALITY 

PROBE 0 1  I D Z  OUTBRD VERT ORIENTATION. 
MAX AMP= UNFILTERED 

hi; ::::::: Lt/ ::::::: -$d; ::::-: .... 
.................... ....................... ..........I .............. 3 

. ......................................................................... ... ..,..... 
TIME SCALE= 2 3 . 0 0  flSEC/DIV 

sa DEG 

a DEG 

' . ? 8  MIL) PI(-PK 

1.30 M I L S  PK-PK 

...... 

PROBE $1 IDI OUTBRD VERT ORIENTATION= 98 DEL 
I X  F I L T E R E D  ix VECTOR= i i . 1 8  M I L S  PK-PK 1?-2:31 

PROBE 1)2 I D :  OUTBRD HOR ORIENTRTION= 0 DEG 
1X F I L T E R E D  1 X  VECTOR= ' 3 .18  M I L S  PK-PK '?-2'36 

.............. 1 

.. C .- ................................ " 

PROBE b l  
2X F I L T  

I D :  ou 
'ERED 

TBRD 

PROBE 1)2 I D :  OUTBRD 
2X F I L T E R E D  

PROBE b l  10: 
UNFILTERED 

PROBE b 2  ID: 
UNFILTERED 

NO CONTACT 

CONTACT 

VERT 

HOR 

H O R I Z  RUB PL 

ELECT CONT 

.NGR 

ORIENTATION= 
MAX AMP= 

ORIENTATION-  

?e DEG 

a DEG 

2.40 M I L S  PY-PK 

MAX A M P I  4 . 7 8  M I L S  PK-PK 

ORIENTATION-  90 DEG 
NRX AMP= 7 . 0 8  M I L S  PK-PK 

ORIENTATION= 0 DEG 
MRX AMP- 6 . 2 0  M I L S  PK-PK 

FIGURE 13.95 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1736 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM) 
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ROTATION: CW 
RPM<STRRT)= 1834 RPM(END)= 1835 

ORIGINAL PAGE IS 
OF POOR QUALITY 

AMP SCRLEI 1.00 MLLS/OtV 

-1 .......... ..._... -.. 
.."" -...... 

. .  .... ....... 
.___ 
........ 

.. ....... 

PROBE n I  ID: OUTBRD VERT 
UNFILTERED 

PROBE ((2 ID: OUTBRD HOR 
UNFILTERED 

.... - _ 
~ ........................................ , .................... 

TIME SCRLE= ZS.00 MSEC/IIIV 

PROBE # I  ID :  OU 
I X  F I L T E R E D  

.......... - .......................... ................ 
....................... .,.._ ............... 

TIHE SCRLE= 2 5  00 HSEC/DIV 

PROBE w 
1 X  F I L l  

ID: 
'ERE 

ou 
:D 

BRD VERT 

BRD HOR 

PROBE # 1  ID: OUTBRD VERT 
2X F I L T E R E D  

PROBE # 2  I D :  OUTBRD HOR 
2 X  F I L T E R E D  

TIME S C R E =  23.00 MSEC/UIV 

.................................................................................................................... ~ ................................................................................ , .......................... .............................. I 

ORIENTATION= 
M A X  AMP= 

ORIENTATION. 
MRX A R P l  

ORIENTATION. 
1 X  VECTOR= 

O R I E N T A T I O N x  
1 X  VECTOR- 

ORIENTATION= 
MAX Amp= 

ORIENTATION= 
MAX AMP= 

?e DEG 

e DEG 

? . e 8  R I L S  Pk -PK 

4.20 M I L S  PK-PK 

?9 DEG 
. 3 8  M I L S  PK-PY 

0 DEG 
. 5 a  MILS PK-PK 

unr L L  I LUCY 

CONTACT 

FIGURE 13.96 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1834 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE O F  THE PLUNGER MOTION AND 

THAT THE 2X ORBIT IS REVERSE. 
ROTOR-TO-STATOR CONTACT TIhiE (BOTTOM). NOTE 

I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
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1 

I 
I 
I 
8 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

~I ROTATION: CW 
RPM(STRRT>= 1333 RPM(END)= 1938 

ORIENTATION= 90 DEG 
n A x  RnP= 5 . 8 0  MILS PI(-PI( 

ORIENTATION= 0 DEG 
M A X  RMP= 2 .70  M I L S  PK-PK 

PROBE # 1  ID: 
UNFILTERED 

PROBE # 2  I D I  
UNFILTERED 

OUTBRD 'ERT 

OUTBRD HOR 

- ......................................................... 
.......................... ...,..... .............. 

T M E  SCRLE= Z3.00 MSECJ'DIV 

I IP 
. ,  . .  

.......................... 

........................... 

aw SCRLL= 1.00 nILs/oIv- 

PROBE # I  ID :  BRD VERT 

BRD HOR 

ORIENTAT 
I X  VEC 

OU ON= 
OR= 

............... I 1 X  F I L T E R E D  "..I ................................................... 

PROBE 0 2  
1 X  F I L T  

I D :  Ou 
'ERED 

ORIENTRTION-  
1 X  VECTOR= 

.......... .. .,.. ........................... ...., .................... - ........................................ 

ORIENTATION= 
M(1X R M P I  

ORIENTATION= 
wtx AMP= 

90  DEG 
4 0  n I L s  PK-PK 

............ - ........................................ 
PROBE 0 1  ID: OUTBRD VERT 

2X F I L T E R E D  

0 DEG 
. J 0  M I L S  PK-PK 

PROBE W2 I D :  OUTBRD HOR 
2 X  F I L T E R E D  

......... 

I I 
TINE SCRLE= 2 3 . 0 0  nSEC/DIV 

-- ...................................... .......................... 

'30 DEG 
-2.0 NILS PK-PK 

0 DEG 
6 - 8 0  WILS PK-PK 

PROBE # i  ID: n O R I Z  RUB PLNGR ORIENTATION. 
UNFILTERED imx RMP= 

... ....................... . PROBE # 2  I D :  ELECT CONT ORIENTATION-  
MAX RnP= UNFILTERED 

NO CONTACT 

CONTACT 

FIGURE 13.97 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1933 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE O F  THE PLUNGER MOTION AND 

THAT THE 2X ORBIT IS REVERSE. 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE 
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ROTATION: CLJ 
RPM<START)= 1975 RPflCEND)= 1974 

JP 

........ ................. _. ... _. . . 

. . .  ....... :. . ......... 

r , ._ ~ - -  . . . . .  

. . .  .... 

.... ,,. .........._.. ..,. .... 
...... .......... 

........ ..._......_.. ._ .... 

................................................................... 
.... 

RW S C R E -  1.00 H I L S / O I V  

................. ............................ 
................................ 

FiW S C F U -  .LE  H t L 5 ' 0 1 V  

....... ......... /... .... , ,...... + ..... . .  4 ... ::,. ......... p... ' I  
PROBE 01 ID: OUTBRD VERT 

UNFILTERED 

PROBE 02 ID: OUTBRD HOR 
UNFILTERED 

.... " .................... 
~ .................... 

TINE S C U =  ZS.00 HSEC/DIV 

PROBE Ill ID: OUTBRD VERT 
1 X  FILTERED 

PROBE 02 ID: OUTBRD MOR 
1X FILTERED 

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

PROBE # I  ID: OUTBRD VERT 
2X FILTERED 

PROBE 02 ID: OUTBRD HOR .......fi :::::::fi ~ ~ ~ : ~ ~ ~ ~ : ~ ~ ~ ~ ~ ~ : : ~ : ~ ~ ~ ~  ,;:E 2x I LTERED 
..... L .................... I. 

T W L  SCRLE= ZS.00 MSEC/DIV 

ORIENTATION= iO DEG 

I 
mRx A M P +  5.30 M I L S  PK-PK 

M A X  Amp- 2 .88  MILS PK-PK 
ORIENTATION= 0 DEG 

I 

ORIENTRTION= ?e DEG 

I 
IX VECTOR= 5.130 MILS P v - P Y  ?-?a 

0 DEG ORIENTRTION- 
1X VECTOR= 2 . 2 0  n I L S  PK-PY * - ! -  

ORIENTRTION= 3 0  DEG 
MAX AMPS . 3 0  f l I LS  Plc-Plc 

I ORIENTATIOH- 0 DEG 
MRX AMP= - 7 0  M I L S  PK-PK 

PROBE 01 ID: HORIZ RUB PLNCR 
UNFILTERED 

PROBE 02 ID! ELECT CONT 
UNFILTERED 

NO CONTACT 

CONTACT 

ORIENTRTION= 
MAX AMP= 

ORIENTATION= 
M A X  AMP= 

?e DEG 
. 3 8  MILS PK-PK 

0 DEG 
5 . 5 ~  MILS PK-PK 

FIGURE 13.98 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1975 RPM. 
* UNFILTERED, 1X FILTERED AND 2X FILTERED SIGKALS. 

TIME BASE OF THE PLUNGER MOTION AND 

THAT THE 2X ORBIT IS REVERSE. 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE 
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ROTATION: CU 
RPR(STRRT)= 2 0 5 9  RPR(END)- 2 0 S 2  

I 
I 
I ......... . _. . .  ....... . .  

,... .................. ,. ......................... , ....... 

............ ̂ 

R W  SCRLE= 2 . 0 0  nILSlOLV 

...... -. ...... .... 

ORIENTRTION= 30 DEG 
MAX amp= 5 . 4 8  MILS PK-PY P R O B E  (I1 ID: OUTBRD VERT 

PROBE 02 ID: OUTBRD HOR 

UNFILTERED 
ORIENTRTIONI 0 DEC 

MnX HMP= 8 . 4 0  MILS PK-PK UNFILTERED 

.... " . .~  .............................................................. 
TINE SCFILE= 2 5 . 0 0  n s m n i v  

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

PROBE Ll ID: OUTBRD VERT ORIENTATION= 90 DEG 
1X FILTERED 1X 'VECTOR- 4 . 2 0  N I L ' S  PK-PY 1@-!41 

PROBE L 2  ID: OUTBRD HOR ORIENTATION= 8 DEG 
1X FILTERED 1 X  VECTOR= 6.40 MILS PK-PK 1 i - 3 5 5  

.......... ....... 
I ............................ I 

PROBE 01 ID: OUTBRD VERT ORIENTATION= 9 0  DEC 
M R X  AMPI 1.30 MILS PK-PK 2% FILTERED 

PROBE # I  ID: HORIZ 
UNFILTERED 

PROBE 02 IDI ELECT 
UNFILTERED 

NO CONTACT 

CONTACT 

RUB PL 

CONT 

.NGR ORIENTATION- 30 DEC 
nRx Amp- 1.50 ~ I L S  PK-PK 

ORIENTATION= 0 DEG 
MAX AMPI 6.10 M I L S  PK-PK 

FIGURE 13.99 RUBBING ROTOR VIBRATIONAL RESPONSE AT 2059 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 

THAT THE 2X ORBIT IS REVERSE. 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE 
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ROTATIONi CW 
RPM(STRRT)= 2292 RPM(ENO)= 2291 

........ , ..... ,... .................... 

...... ...... 
............................ 

PROBE 0 1  ID: OU 
UNFILTERED 

PROBE lb2 ID: UU 
UNFILTERED 

......... .- . ...-.............. ._ .............. 

................................... I. .-..*-I I 

.......... ...-. -..... ......... 
......... ..... ............ I ..................................................................... 

: ,  .... .._ .......................... " ............ 
. . . . .  ............. _. -. ........ 

1 ... . .  

SCME= 1.00 MILS 'OIV 

... .._. ... _. . ........ 
...... ........... ...._.. . ..._... ........... 

...... .,_. . , ....................... , ..... 
.......................... 1 ' -  . I 

RrlP SCRLE. .su  M t L 9 O N  

...... - ......................... ........... ......,.. .............. 
TIME SCALE= Z3.00 MSEC.,'DI'# 

........ ., ........................................ ,...... .............. 
.... ............................. .......... 

PROBE 01 IO: OU 
I X  FILTERED 

.................................. ,_.. . .................... ...,.. .......... 
TIME SCALE= 23 .OO nSEC,~nIv 

.... .... 

PROBE lb2 ID: ou 
1 X  FILTERED 

BRO VERT 

BRO HUR 

MAX RMP= 3 . 0 0  MIL5 PK-PK 

I ORIENTATION= 0 OEG 
MAX AMP= 7 . 7 0  MILS PK-PK 

B R O  VERT 

BRD MOR 

ORIENTRTION- 90 OEG 

ORIENTRTION- B DEG 
1 X  VECTOR= 6 . 5 0  M I L S  PK-PK 13-47 

1 X  VECTOR= 1.10 MIL5 PK-PY I ? - ~ D $  

.I 

PROBE 01 IO: OUTBRD VERT 
2 X  FILTERED 

PROBE a2 ID1 OUTBRD HOR 
2 X  FILTERED 

TIME SCALE= 2s.00 MsEcmv 

~ ~ ~ : : ; : ~ ~ ~ ~ ~ ~ . : : : ~ ; : . :  ..................................................-.- ........... 
I..(. .......-.. . --_. 1 ......................... !! ....... ... .... ::::: ........ ;::.:J:::::.:~::.:-::::;:::I::~~;~ 
RHP S C R E =  1.00 MtLS/OfV T I M  SCRLE= 25.00 MSEC/DIV 

PROBE 1)l ID: HORIZ RUB PLNGR 

PROBE B 2  ID8 ELECT CONT 

UNFILTERED 

UNPILTERED 
NO CONTACT 

CONTACT 

ORIENTATION= 
mRX AMP= 

ORIENTATION= 
MRX Amp= 

ORIENTATION= 
M A X  AMPI 

ORIENTATION= 
mRx A M P =  

90 OEG 
1 . 9 0  MILS PK-PK 

0 OEG 
1 .90  MILS PK-PK 

90 DEG 
2 . 9 e  M I L S  PK-PK 

0 OEG 
6 . 0 0  MILS PK-PK 

FIGURE 13.100 RUBBING ROTOR VIBRATIONAL RESPONSE AT 2292 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 

THAT THE 2X ORBIT IS REVERSE. 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE 
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I 
I 
1 

I 
I 

ROTRTIONi CW 
RPM(STRRT)= 2442 RPM<EHD)= 2443 

I 
~ 

..... 
........................................................ 

. . .  ......... 

.......... ...... ..... 
.................................................. ..._..... ......... 

............................................................. 
............... ......... 

AMP SCRLE= 1.00 f l ILS/OIV 

..... .......... . .......... 

. . ........ 
SCFI'E IL&oIr/ 

L I 1 .  fl 

....."_..I ...... e .... ; 
. .  

.., 1. 

....... 

........... ...... 

i ......,.. ........ . ,  .....$... ............. ,. .... 1 
. . .  - _ -  

R(p SCRLE= .20  MILS/OIV 

I I 
PROBE 01 ID: OUTBRD 'VERT 

UNFILTERED 

PROBE 02 ID: OUTBRD HOR 
UNFILTERED 

I ......... ~ .... 

O R I E N T A T I O N =  9c) DEG 
M A X  AMP- 3.20 MILS PY-PK 

ORIENTRTION= c) DEG 
MAX AMP= 7.60 MILS PK-PK 

PROBE 01 IDi OUTBRD VERT 
1 X 'FILTERED 

PROBE 02 ID: OUTBRD HOR 
1 X  FILTERED 

ORIENTATION- 
1 X  VECTOR= 

ORIENTATION= 
1 X  VECTOR= 

......................... I ........................... I 

PROBE 11 ID: OUTBRD VERT 
ZX FILTERED 

PROBE n2 ID: OUTBRD 
2 X  FILTERED 

HOR 

I I 
TINE SCALE= 25.01 M S E C ~ D I V  

ORIENTATION= 
MRX AMP= 

ORIENTRTION= 
MRX AMP= 

'30 DEG 
1.10 MILS PK-PK 

0 DEG 
1.30 MILS PK-PK 

PROBE 11 ID: HORIZ R U B  PLNGR O R I E N T R T I O N -  98 DEC 

PROBE nz ID: ELECT CONT ORIENTATION= 0 DEC 

NO CONTACT 

UNFILTERED M A X  A M P =  3 . 1 8  nILs PK-PK 

UNFILTERED MRX RMP- 6.29 MILS PK-PK 

CONTACT 

I 
I 

FIGURE 13.101 RUBBING ROTOR VIBRATIONAL RESPONSE AT 2442 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 

TFfAT THE 2X ORBIT IS FORWARD. 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE 
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ROTATION: CW 
RPMCSTRRT). 2737 RPM(END)+ 2738 

1 
I 

....... ........ 
....... _. ................ -. ......... 

. .  . .  
........ .. .................... 

tu 

......... -. ......... ._ ...-.. .......... 
... 

AMP SCFILEI - 5 0  MLLS/OIv 

........ .......... ....... 
............................................. 

..... ,.. ........ ".. ....................................... (.. ... 
...... j . ; I  

RB SCRLE. .O¶ M ~ O I V  

 PROBE'^^ ID: OUTBRD VERT 
UNFILTERED 

PROBE *2  ID: OUTBRD HOR 
UNFILTERED 

TINE SCRLE= 10.00 MSEC/DlV 

ORIENTATION- 30 DEG 
M A X  A M P =  2 . 5 0  mILs PK-PY 

M A X  AMP= 3 . 3 8  M I L S  PK-PK 
ORIENTATION= 8 DEG 

1 ... ........ ......................................................... I 

PROBE 01 ID: OUTBRD VERT 
1 X  FILTERED 

PROBE 02 ID: OUTBRD HOR 
1 X  FILTERED 

I I 

PROBE 01 ID: OUTBRD VERT 
2X FILTERED 

PROBE 
2X F 

02 ID: OUTBRD 
'I LTERED 

HOR 

PROBE 01 ID: H O R I Z  RUB PLNGR 
UNFILTERED 

PROBE 0 2  ID: ELECT CON1 
UNFILTERED 

NO CONTACT 

CONTACT 

 ORIENTATION^ 
M A X  AMP= 

ORIENTATION. 
nAx AMP- 

90 DEG 
. 3 8  MILS PK-PK 

0 DEG 
5 .38  MILS PK-PK 

FIGURE 13.102 RUBBING ROTOR VIBRATIONAL RESPONSE AT 2737 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 

THAT THE 2X ORBIT IS REVERSE. 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE 
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~ ~ ........ 
....... -, ............. ...... 

............. ............ ._ ......_...... _ .............. 
........................ l... ...,...... * ........................... 

PROBE 01 I D :  OUTBRD VERT O R I E N T A T I O N = ,  '90 DEG 
UNFILTERED MAX AMP= 2 . 3 8  MILS PK-PK 

UNFILTERED MAX AMP- 3 .10  MILS PK-PK 
PROBE 02 I D :  OUTBRD HOR ORIENTATION-  0 DEG 

PROBE I1 I D :  OUTBRD VERT ORIENTATION-  98 DEG 
18 F I L T E R E D  1 X  VECTOR= 1 . 6 0  M I L S  F Y - P ~  ,* - I@ 

PROBE 02 I D :  OUTBRD-HOR ORIENTATION-  8 DEG 
I X  VECTOR= 2 . 7 8  M I L S  Plr-Pk 12-48 I X  F I L T E R E D  

- ................................................................................................ - . 

PROBE CLl I D I  OUTBRD VERT ORIENTATION= 33 DEG 
2X F I L T E R E D  MAX AMP* , 1 3  M I L S  PK-PK 

PROBE 02 I D :  OUTBRD HOR ORIENTATION= 0 DEG 
M A X  Amp= .I9 M I L S  PK-PK 2X F I L T E R E D  

TIM SCRLE= 11.00 r(SEC)'DIV 

PROBE 01 ID: H O R I Z  RUB PL 

PROBE e 2  I D :  ELECT CONT 

UNFILTERED 

UNFILTERED 

NO CONTACT 
CONTACT 

.NGR ORIENTRTION= 98 DEC 
MAX AMP= .23 M I L S  PK-PK 

ORIENTATION= 8 DEG 
RRX AMP= 5 . 5 8  M I L S  PK-PK 

FIGURE 13.103 RUBBING ROTOR VIBRATIONAL RESPONSE A T  2919 RPM. 
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS. 
TIME BASE OF THE PLUNGER MOTION AND 

THAT THE 2X ORBIT IS FORWARD. 
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE 
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O H  
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EXPERIMENT 
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0 w 
m 
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A n  

0 100 150 2 0 0  250  

8 *  
* 

50 

0 

CONTACT ANGLE [DEGREES] 

FIGURE 13.104 SECOND HARMONIC (2X) TO FUNDAMENTAL COMPONENT 
(1X) AMPLITUDE RATIO VERSUS ROTOR/STATOR CONTACT 
ARC. THEORETICAL CURVE AND EXPERIMENTAL DATA 
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I 
ff 
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I 
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d o  50  

0 
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ROTATIVE SPEED = FUNDAMENTAL VIBRATION FREQUENCY [RPM] 

FIGURE 13.105 SECOND HARMONIC 2X) TO FUNDAMENTAL COMPONENT 
AMPLITUDE R A TI0 AND ROTOR/STATOR CONTACT 

VERSUS ROTATIVE SPEED. EXPERIMENTAL RESULTS. I 
1 
I 

637 



14. ROTOR-TO-STATOR RUB COMPUTER SIMULATION PROGRAM 
DEVELOPMENT AND OPERATION. 

14.1 Introduction 

This computer program was written to help explore the effects of rotor-to-stator contact 
on the vibrational response of rotating machines operating under rubbing conditions. This 
chapter of the report outlines the program development and operation. A few numerical 
test results used to guide its development are presented. 

14.2 General DescriDtion of the Pronam 

The computer program objective is to calculate the rotor response during rotor-twtator 
rub conditions. The rotor/bearing/seal/stator basic system is presented in Fig. 14.1. 

The program is designed for the IBM PC computer and is written in Pascal language. The 
computer program is composed of two major subprograms: (1) the linear rotor/bearing 
system synchronous response with no rub, and (2) the timebase response of the nonlinear 
system with rub at a selected rotative speed. The first of the subprograms allows the user 
to calculate the synchronous response of the system versus rotative speed, producing 
transient type data which may be displayed in Bod6 plot format. This allows for easy 
identification of the system resonances and modal characteristics indicating at which 
rotative speeds the largest vibration amplitudes occur. This information is eventually used 
to determine rotative speeds at which rotor motion should be investigated more closely by 
taking into account the rub nonlinear effects in the timebase response,'the second portion 
of the program. It is at these rotative speeds the rotor-twtator contact occurs. This 
portion of the program allows a more detailed analysis of the shaft vibrational response 
caused by external and rub-related excitation forces at the desired rotative speed, by 
calculating (using numerical integration) the shaft centerline motion versus time. In 
addition to the linear parameters of the shaft and support structure, the nonlinear timebase 
response subprogram uses the nonlinear properties imposed on the' rotating system by 
outside support structures with limited clearance. Since these structures are non-rotating, 
the tangential forces generated due to the rotor/stator relative surface velocities are 
considered as well as the nonlinear modification of the system support structure. The 
following sections provide a more detailed description of the computer program operation. 

14.3 Pronr am Initialization 

The overall program sequence is shown on the first page of the flow chart section (Fig. 
14.2). Each of the larger program blocks is expanded and presented in Figs. 14.3 to 14.10 
to show the program operation in more detail. The rotor system being modeled along with 
the identification/location of the input parameters and calculated output motion is shown 
in Figure 14.1. Program operation begins with the computer setting aside the memory 
required to store the output motion data. This consists of data buffers for both the linear 
and nonlinear responses at each of the three mass stations, Ax, and each of the bearing/seal 
locations, Bx, plus buffers indicating positions and times of rotor-to-st ator contact. Once 
the data storage area hits been reserved, the linear parameters for the system need to be 
entered. The parameters necessary to allow computation of the synchronous response 
include the following parameters: the system modal mass at each mass station, the 
stiffness for each shaft section, the external damping at each mass location, the rotational 
unbalance force vector, the radial constant preload force and its associated angle, and the 
fluid radial damping, fluid average circumferential velocity ratio, fluid radial stiffness, and 
radial clearance at each of the bearing/seal locations. To enter a new value for a system 
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parameter, i t  is necessary to select the subgroup from the screen menu which contains the 
desired parameter. The program then lists the individual elements within the subgroup 
and their current values. The parameter to be changed can be selected from the list and 
the new value entered. The program will then update the parameter values for the 
subgroup allowin verification of the new value. This process can be repeated until all the 

return to the list of available parameter subgroups the exit selection in the screen menu 
should be used. Once back to the list of parameter subgroups, a different subgroup may be 
selected, and the above process described repeated to change the individual values within 
the new subgroup. This whole data entry process is repeated until all individual parameter 
values are set to the desired values. After the system parameters have been entered and 
verified, the exit selection in the subgroup menu initiates the storage of the parameter 
values on the mass storage medium, allowing them to be recalled and used as the starting 
values for future calculations. At this stage the program begins the execution of the 
synchronous response calculations. 

input elements o P the subgroup are as desired. At this point in the data entry process, to 

14.4 Linear Svnchronous ResDonse Calculation 

The first user input required with the synchronous response calculation determines whether 
the routine needs to be executed. If the synchronous vibration response is not required, the 
program skips the calculation and proceeds to the nonlinear parameter input routine 
described in Section 14.5. Otherwise, the program prompts for the rotative speed range 
over which the synchronous calculations are to be performed and the rotative speed 
increment between calculations. The data entry process for these variables is the same as 
for the input of the other linear system parameters previously described. Once this data 
has been entered, the program proceeds to calculate the linear synchronous response of the 
rotor at axial locations A l ,  A2, A3 (disk locations), B1, B2, B3, and B4 (bearing/seal 
locations). 

14.4.1 Linear Equations and Their Solution 

The linear equations of motion for the model being used (Figure 14.1) are the same as 
described in Chapter 11 (Eqs. (11.1) to (11.8)). With slightly modified rotation, they are 
as follows: 

(14. 2) 

(14. 3) 

02280 640 

1 
1 
l 
1 
1 
I 
I 
1 
1 
I 
1 
1 
1 
1 
1 
1 
I 
1 
1 



(14. 6) 

D424 + 24(Kb4+K6+KrjhSdD4) - K 6 Z 3  = 0 (14. 7) 

Since the equations represent a linear system, the response to each forcing function can be 
computed separately and the results summed to get the complete response. Starting with 
the unbalance responses, the following solutions are assumed: 

(14.8) 

The coordinates zi describe rotor responses at the disk stations. The coordinates Zi 
describe responses at each bearing/seal location. Also, since synchronous responses have 
been assumed, the rotor response frequency is rotative speed, o. Substituting the responses 
into Eqs. (14.1) through (14.7) with F =F =F =O results in the following algebraic 
equations 

P1 P2 P3 

j( A+ QI) 
= o  

j(&+Pd 

j(Wt+al) j(hfP1) j( wt+P2) j( &+&I) 

j(wt+P2) 

B le ( Kb l+K l+jD lW(1-X 1)) - K 1A le 

= F  e 
U1 

A le (K 1+Kzm 1u2+jDs lw) - K 1B le - K2BS 

j(wt+a1) j( a+ QZ) 
= o  B S  (Kb2+K2+K3+jD2w(l-X2)) - K2A le - K3As 

A 2e (K3+K4-m2u2+jD s2 w) - K3B2e u2 

(14.9) 

j( ~ t t - 5 2 )  
= F  e 

j( wt+P3) 
- K4B3e 

j( ut+ 4 j( wt+P2) 
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I These equations can be solved to obtain the response amplitudes and phase angles AI, ai, 
A2, a21 A3, a32 B1, P I ,  B2, P2, B3, P3, B4, and P4. 

For the static preload response the following solutions are assumed: 

(14.10) 

I When these solutions (14.10) are substituted into Eqs. (14.1) through (14.7) with 
F =F =F =0, the following algebraic equations are obtained: 

I u1 u2 u3 

(14.11) 

These equations are solved to get the values of Aol, a01, A02, 0 0 2 ,  A03, a03, Bol, pol, B02, 

The maximum amplitude and its angle are then computed by combining the synchronous 
and static preload solutions (14.8) and (14.10). These results are then compared with the 

p02 ,  Bo37 PO39 B04, and 004. 
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specified radial clearances at the bearing/seal locations B1, B2, B3, and B4 to determine 
whether rubs would have occurred. This potential rub information is placed in the "RUB" 
and "ANGLE" data buffers which may be displayed the same way as the computed 
vibration responses. 

14.4.2 Linear Synchronous Response Plots : Exit Data 

The linear system synchronous response data and the potential rotor-to-stator rub data 
may be plotted using a Bod4 format or listed in a tabular format. Both formats may be 
displayed on the computer screen or hard copied using the graphics printer. To display the 
desired data, one must select the data location from the list on the available menu. Once 
the desired location is selected, the program prompts to determine if the data is to be 
plotted or tabularly listed, and if it is to be hard copied or only displayed on the computer 
screen. Once the prompts have been answered, the program executes the desired action. 
When all the desired information has been displayed, one must select the exit option within 
the plot location selection menu in order to continue to the nonlinear numerical integration 
portion of the program. 

14.5 Nonlinear Timebase Calculation 

As with the linear solutions, the first task within the nonlinear portion of the program is to 
determine whether .the nonlinear calculations need to be performed. If the nonlinear 
calculations are not required, they may be skipped and the program proceeds to the prompt 
to exit the program. If they are to be performed, the additional parameters necessary to 
complete the calculations must be entered. 

These include the initial displacements and velocities at each location (initial conditions), 
the stator stiffness, the coefficient of friction between the rotor and stator surfaces, and the 
impact restitution coefficient at each of the potential rub locations, plus the program 
control variables, namely operating speed, number of revolutions to compute, and the 
number of computational steps per revolution. 

If the linear calculations by the first portion of the program were performed, the initial 
displacements and velocities are calculated from the synchronous responses; therefore, any 
values entered during the data input process will not be used by the program. The initial 
conditions in the parameter table are also not used when the nonlinear calculations are 
being extended. The process of extending the nonlinear calculations is discussed in Section 
14.5.5; for now it is sufficient to realize that the initial conditions for the current 
calculation are obtained from the previous calculation, and their input into the parameter 
table is not required. 

The actual program operation to select and change any of these parameters is identical to 
the process used to enter the parameters for the synchronous vibration response 
calculations. When the parameters have been set to the desired values, selection of the exit 
option in the group menu allows the program to proceed with the actual numerical 
calculations of the shaft centerline motion. 

14.5.1 Nonlinear Equations 

The nonlinear program uses the same physical model as the linear system; however, the 
equations of motion must be sli htly modified to include the effects due to rub at the 
bearing/seal ''B" locations. Eqs. ?14.1), (14.3), (14.5), and (14.7) are modified to 
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c 

(14. 12) 

(14.13) 

(14.14) 

(14.15) 

where fi = 1 and 3 = current restitution coefficient input value if ( I ti I - Ci) 1 0 and fi = 

0 and 3 = 1 if ( I  ti I - Ci) < 0 (i = 1, 2, 3, 4)) where Ci are allowable radial clearances at 
each bearing or seal. 

For non-rub conditions, (Zi  - Ci) < 0, the modified equations (14.12) to  (14.15) reduce to 
the original linear equations. Since rub can only occur at the "B" locations, the equations 
of motion for the responses at the "A" locations remain the same as for the linear solutions. 

Instead of assuming a solution form and substituting it into the original equations as was 
done to get the linear solution, the numerical integration algorithm used requires that each 
equation be solved for its highest order derivative. For example, Eqs. (14.12) and (14.2) 
become : 

The remaining equations are similarly solved for their highest order derivatives. 

14.5.2 Numerical Met hod 

The RUNGE-KUTTA algorithm then uses the values calculated for the highest order 
derivatives, along with the current state of the system, (shaft positions and velocities) to 
predict the state of the system at some point in the future. This process continues until 
the motion for the specified period has been calculated. The accuracy and numerical 
stability of the RUNGE-KUTTA algorithm is very sensitive to the step size between 
computed points. Large step sizes provide increased computational speed at the cost of 
reduced accuracy and stability, since both accuracy and stability depend on the product of 
the step size and the value of the hishest order derivative. This program uses a variable 
step size, based on the percentage change (2 percent) between the value for the new point 
and the current point, to optimize both the computational speed and accuracy. This 
produces relatively large step changes when the function is producing slowly changing 
values, which increases computational speed, and then decreases the step size during 
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periods of rapid change in values to preserve the accuracy. When the change is too high, 
the step size is reduced by one-half, and the calculation restarted. This process is repeated 
until the maximum change in amplitude requirements is met, or the numerical precision of 
the computer is exceeded. At this point, the new value is transferred into the current value 
location. If the time coincides with the next data sample time, it is stored in the data 
buffer. Otherwise, the program returns to the previous time that did not produce 
acceptable results, and retries that time with the new current values. This process is 
repeated until the sample data buffer is complete. Figure 14.11 illustrates this process by 
showing the steps for a possible computation sequence between two data sample times. 
Since any change from the value of zero will produce percentage changes greater than 
allowed, the program also has an amplitude threshold (0.01 mils) which overrides the 
change requirements between points if the new value is less than the threshold. The 
threshold and percent change parameters should be picked carefully as they significantly 
affect both the computational speed and accuracy. 

14.5.3 Accuracy Sensitivity 

Since the transient response is much more susceptible to computational errors than the 
forced response, it makes a good subject to study the sensitivity of the computational 
accuracy with these parameters. Such tests were performed in a test environment which 
allowed computation at only one plane of motion. Figures 14.12 to 14.17 present computed 
output shaft waveforms for a 5 mil initial displacement in a system with no damping. 
Each figure lists the system parameters used in the computations above the waveform plot. 
The actual response should be a cosine wave with a 5 mil amplitude at the system's 
resonant frequency; any deviation from this ideal waveform is due to errors generated 
during the numerical solution. Note that the response in Figure 14.17 would be the 
numerical solution produced using 64 points per revolution period with no percentage 
change correction to the step size, as the threshold exceeds the maximum response 
amplitude. 

14.5.4 Nonlinear Timebase Plots: Exit Data 

Once the computations are performed and data buffers have been completed, the nonlinear 
motion display selection menu is displayed. The nonlinear display selection process 
operates similarly to that for the synchronous response, the only difference being the plot 
format is orbit/timebase instead of Bod& After all the desired data has been presented, 
the exit selection in the menu is used to continue to the calculation extension program 
function. 

14.5.5 Extension of the Nonlinear Timebase Calculations 

The program prompts to determine whether the nonlinear calculations need to be extended. 
The extension can be used to continue the computational period until a s teadystate  
solution is obtained by using the values at the last computed point as the initial conditions 
for another computational period. This process can be continued until the s teadystate  
solution has been obtained. 

14.5.6 Program Termination 

If the nonlinear calculations are not to be extended, the program prompts for program 
termination. If Exit program is selected, control is returned to the computer's operating 
system; if not, the program is restarted at the data entry for the synchronous response 
calculations. 
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14.6 Summary 

This chapter presented the description of the computer simulation pro ram and its 

equations describing its motion were presented. The manipulation of these equations 
required by the program to produce transformed equations compatible with the linear 
synchronous response and nonlinear timebase calculations is also described. The numerical 
solution technique and tests used to determine the sensitivity of the numerical solutions to 
control parameters is presented, along with a description of the modifications made to the 
primary numerical solution technique to minimize the effects of the control parameters on 
the final solution. 

operation. The rubbing rotor/bearing/seal system to be modeled was de % ned and the 
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Bx are bearing/seal stations with the fluid stiffness, fluid 
damping, fluid average circumferential velocity ratio, 
clearance, coefficient of friction, restitution coefficient,and 
stator stiffness as program input parameters. Motion at each 
point is calculated for output. 

are mass stations with the modal mass, and external damping as 
program input parameters. Motion at each point is calculated 
for output. 

are the rotor system modal stiffnesses between the stations Ax 
and Bx as shown above; they are also program input parameters. 

Ax 

Kx 

FIGURE 14.1 ROTOR/SUPPORT SYSTEM MODELLED BY COMPUTER 
PROGRAM. 
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I f I 

N V  = NEW VALUE 
U = UNACCEPTABLE AMPLITUDE CHANGE 
A = ACCEPTABLE AMPLITUDE CHANGE 
D S  = DATA STORED 

FIGURE 14.11 COMPUTATIONAL SEQUENCE FOR VARIABLE STEP SIZE 
RUNGE-KUTTA NUMERICAL ALGORITHM. 
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FIGURE 14.12 NUMERICALLY CALCULATED SOLUTION FOR MAXIMUM 
CHANGE OF 1% AND OVERRIDE THRESHOLD OF 1 x 10-8 
INCHES FOR A SYSTEM WITH NO EXTERNAL DAMPING AND 5 
MILS OF INITIAL DISPLACEMENT. 
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FIGURE 14.13 NUMERICALLY CALCULATED SOLUTION FOR MAXIMUM 
CHANGE OF 5% AND OVERRIDE THRESHOLD OF 1 x 10-6 
INCHES FOR A SYSTEM WITH NO EXTERNAL DAMPING AND 5 
MILS OF INITIAL DISPLACEMENT. 
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FIGURE 14.14 NUMERICALLY CALCULATED SOLUTION FOR MAXIMI: 
CHANGE O F  10% AND OVERRIDE THRESHOLD OF 1 x 10-8 
INCHES FOR A SYSTEM WITH NO EXTERNAL DAMPING AND 5 
MILS OF INITIAL DISPLACEMENT. 
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FIGURE 14.15 NUMERICALLY CALCULATED SOLUTION FOR MAXIMUM 

INCHES FOR A SYSTEM WITH NO EXTERNAL DAMPING AND 5 
MILS OF INITIAL DISPLACEMENT. 

CHANGE OF 5% AND OVERRIDE THRESHOLD OF 1 x 10-4 
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FIGURE 14.16 NUMERICALLY CALCULATED SOLUTION FOR MAXIMUM 

INCHES FOR A SYSTEM WITH NO EXTERNAL DAMPING AND 5 
MILS O F  INITIAL DISPLACEMENT. 

CHANGE OF 5% AND OVERRIDE THRESHOLD OF 1 x 10-3 
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FIGURE 14.17 NUMERICALLY CALCULATED SOLUTION FOR MAXIMUM 

INCHES FOR A SYSTEM WITH NO EXTERNAL DAMPING AND 5 
MILS OF INITIAL DISPLACEMENT. 

CHANGE O F  5% AND OVER-RIDE THRESHOLD OF 1 x 10-2 
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15. 

15.1 Introduction 

RESULTS FROM COMPUTER SIMULATION PROGRAM. 

The computer program described in the previous chapter was written to help explore the 
effects of rotor-twtator contact on the vibrational response of rotating machines 
operating under rubbin conditions. This chapter of the report presents some rotor 
vibrational responses c 9 culated by the program for conditions similar to those used to 
produce the data from the HPFTP simulation rotor rig presented in Chapter 12 of this 
report. 

15.2 Determination of the System Dynamic Parameters Using the Linear Svnchronous 
ResDonse Part of the ComDuter Program 

The first step in the rub analysis process using this computer program consists of defining 
the system parameters. As with any simulation process, the computed responses only 
represent the actual responses of the target system to the degree that the computer model 
and its parameters match those of the real system. To verify pro ram operation, the 
parameters were selected to roughly model the HPFTP simulation ru t  rig. Therefore, it 
should be possible to determine whether the calculated rub responses exhibit the same 
characteristics as those obtained experimentally. The system parameters were determined 
by choosing a set of parameters and then using the linear synchronous portion of the 
program to get the resonant frequencies and rotor mode shape at each resonance. The 
parameters were then adjusted and the program run again, until the resonant frequencies 
approximated those of the simulation rotor rig. The parameters selected for these tests are 
listed in Table 15.1, and the synchronous responses at each location are presented in 
Figures 15.1 through 15.7. These can be compared with the experimental results from the 
simulation rotor rig presented in Chapter 7. Since the parameters are axially symmetrical 
for ease of selection, the mode shapes only roughly approximate those of the simulation rig. 

15.3 Results From the Nonlinear Timebase Portion of the ComDuter Program 

Table 15.2 lists the additional parameters necessary for the nonlinear system calculations. 
As was discussed in the previous section, the values for the system parameters used for the 
computational tests represent a system similar to, but not identical with, the HPFTP 
simulation rub rig. This produces calculated linear response resonant frequencies 
reasonably close to those of the simulation rotor rig, but the mode shape at each of these 
frequencies only roughly approximates mode shapes of the simulation rotor rig. In order to 
get results which match the experimental test results more closely, the parameters need to 
be adjusted from the symmetrical system used for these calculations to a set which more 
closely approximates the skewed mode shapes produced by the experimental rotor rig. 
Also, the unbalance and radial preload forces should be distributed amongst the three mass 
locations, "A," to produce the same once-per-turn synchronous responses and static mode 
shapes as those generated in the simulation rig by the mass unbalance and radial preload 
applied for the individual tests. The test sequence used to generate the experimental data 
was repeated to produce the calculated results. This consists of introducing an unbalance 
force which does not result with a lar e enough amplitude to generate rub at the desired 

rubbing conditions of variable ranges of severity. 

Two sets of test data were generated usin this test sequence. The first was produced with 
the unbalance force located at the third $ 'sk, the plane 23 (A3), while the second with the 
unbalance force located in the second disk, at 22 A2). The static radial preload force was 

rotative speed and then incremental P y increasing the static radial preload to initiate 

applied at the third disk, location 23 (A3), for bot 6 sets of tests. 
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15.3.1 Results From the Calculations With the Unbalance and the Radial Preload 
at the Third Disk 

Even though the model parameters do not exactly match the simulation rub rig, when the 
computed results from the program, presented in Figures 15.8 through 15.42, are compared 
with the experimentally obtained data from the rub rig presented in Chapter 12, the 
similarity is readily apparent. 

For comparison purposes, the data for low oil pressures at seal simulation bearing should be 
used, either 0.0 or 2.5 psi oil pressures, since no seal stifhesses were introduced in the 
example of computer model parameters. Vibrational data responses near a primary rub 
location are represented in the computer results at location NB3, and in the experimental 
data at probe location 2. Therefore, the vibration responses at these points may be 
compared for response similarity near a rub location, even though the points are not 
identical because of the difficulty in installin measurement transducers at the exact 

along the shaft; NA1 should be compared with probe location 3, NA2 with probe location 4, 
and NA3 with probe location 5. Again, these comparisons cannot be entirely exact since 
there are no exact matches between calculated points and measurement points. 

location where rub occurs. For comparison of vi % ration response at different axial locations 

At low radial preload forces, before rotor-twtator contact occurs, both systems produce 
linear responses to the applied forces. As the radial preload (with a chosen vertical 
direction) is increased until light radial contact occurs, the shaft response orbits become 
highly nonsymetrical with the highest amplitudes in the direction from the contact point to 
the centerline of the system, in this case the vertical direction. This large vertical 
component of the vibration response is predominantly 1/2x for both the calculated and 
experimental data while the horizontal vibration response remains predominantly lx with a 
much smaller 1/2x component. At  the highest forces used in the calculated results, which 
correspond with the medium preload results from the experimental data, the larger preload 
have reduced the 1/2x vibration component in the vertical direction producing a vibration 
response that is moving back toward predominantly lx components, with the addition of 
some higher harmonics. The horizontal vibration response has increased, mostly due to a 
large increase in the 1/2x component in the computer-calculated responses. The 
experimental data also shows an increase in the horizontal response; however, the major 
increase is in the lx component instead of the 1 2x. This could be attributed to the 

experimental models, or differences in the rub parameters such as friction coefficients, 
restitution coefficients, or maybe even the increased restraint added due to the stator 
stiffness. Additional parametric studies using the computer program would have to be 
conducted to determine the exact cause for the observed variation. A comparison of the 
results calculated by the computer program with the experimental results obtained from 
the HPFTP simulation rotor rig indicates that the computer program produces responses 
similar to those obtained experimentally for operating conditions including rotor-toatator 
rubbing. 

Results From the Calculations With the Unbalance in the Second Disk and 
the Radial Preload at the Third Disk 

difference in contact and measurement planes t h at exist between the computer and 

15.3.2 

The calculated responses for this series of tests are presented in Figures 15.43 t h o u  h 

the rub responses are the same as those determined from the test with the unbalance in the 
third disk. Again the same basic trends are seen in both the experimental and calculated 
vibrational responses. 

15.70. As with the experimental results from the simulation rotor rig, the basic trends ! or 
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11 15.4 Summary 

This chapter presented the calculated responses from the computer simulation program and 
compared these with the data experimentally obtained from the HPFTP simulation rotor 
rig. Even though the system parameters in the computer program have not been perfectly 
matched to those of the HPFTP rub rig, there is strong similarity between the responses 
produced using the computer program and those obtained experimentally from the rub rig. 
The results presented in this chapter represent only a sample of the computer program use 
and abilities. This program may have a wide range of applications in rotor dynamic 
problems. 
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TABLE 15.1 SYSTEM PARAMETERS USED IN THE COMPUTER SIMULATION 
PROGRAM T O  APPROXIMATE THE HPFTP SIMULATION ROTOR 
RIG. 

RUB CONDITIONING 
LINEAR PARAMETER VALUE 

MASS 1 
MASS 2 
MASS 3 

SHAFT STIFFNESS 1 
SHAFT STIFFNESS 2 
SHAFT STIFFNESS 3 
SHAFT STIFFNESS 4 
SHAFT STIFFNESS 5 
SHAFT STIFFNESS 6 
SHAFT STIFFNESS 7 

SHAFT DAMPING 1 
SHAFT DAMPING 2 
SHAFT DAMPING 3 

0 . 0 0 2 5 0 0 0 0  
0 .00180000  
0 . 0 0 2 5 0 0 0 0  

2 0 0 . 0 0 0  
4 0 0 . 0 0 0  
4 0 0 . 0 0 0  
4 0 0 . 0 0 0  
4 0 0 . 0 0 0  
2 0 0 . 0 0 0  

0 . 0 0 0  

0 . 0 5 0 0 0 0  
0 , 0 5 0 0 0 0  
0 . 0 5 0 0 0 0  

UNBALANCE AMPLITUDE 1 
UNBALANCE AMPLITUDE 2 
UNBALANCE AMPLITUDE 3 

UNBALANCE PHASE 1 in degrees 
UNBALANCE PHASE 2 in degrees 
UNBALANCE PHASE 3 in degrees 

RADIAL FORCE 1 
RADIAL FORCE 2 
RADIAL FORCE 3 

FORCE PHASE 1 in degrees 
FORCE PHASE 2 in degrees 
FORCE'PHASE 3 i n  degrees 

FLUID DAMPING 1 
FLUID DAMPING 2 
FLUID DAMPING 3 
FLUID DAMPING 4 

FLUID VELOCITY RATIO 1 
FLUID VELOCITY RATIO 2 
FLUID VELOCITY RATIO 3 
FLUID VELOCITY RATIO 4 

FLUID RADIAL STIFFNESS 1 
FLUID RADIAL STIFFNESS 2 
FLUID RADIAL STIFFNESS 3 
FLUID RADIAL STIFFNESS 4 

SEAL CLEARANCE 1 
SEAL CLEARANCE 2 
SEAL CLEARANCE 3 
SEAL CLEARANCE 4 

BEGINNING RPM = >  10 

TEST VARIABLE-- SEE INDIVIDUAL PLOT 
CAPTIONS FOR THE VALUE OF THESE 
PARAMETERS USED TO PRODUCE THE PLOT 

0 * 000 
0 . 0 0 0  
0 e 000 

TEST VARIABLE-- SEE INDIVIDUAL PLOT 
CAPTIONS FOR THE VALUE OF THESE 
PARAMETERS USED TO PRODUCE THE PLOT 

0 . 0 0 0  
0 . 0 0 0  

9 O I O O O  

ENDING RPM = >  10000 

0 . 0 5 0  
0 . 0 1 0  
0 . 0 1 0  
0 . 0 5 0  

0 . 0 0 0 0 0 0  
0 * 000000 
0 .000000  
0 . 0 0 0 0 0 0  

1 0 0 . 0 0 0 0 0  
0 . 0 0 0 0 0  
0 * 0 0 0 0 0  

1 0 0  * 00000 

1 0 . 0 0 0 0 0 0 0 0  
0 . 0 5 0 0 0 0 0 0  
0 . 0 5 0 0 0 0 0 0  

10 .00000000  

DELTA RPM = >  20 

I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
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TABLE 15.2 ADDITIONAL SYSTEM PARAMETERS NECESSARY TO PERFORM 
NONLINEAR TIMEBASE RESPONSE CALCULATIONS USING THE 
COMPUTER SIMULATION PROGRAM. 

NONLINEAR PARAMETER 

INITIAL X DISPLACEMENT A 1  
INITIAL X DISPLACEMENT A2 
INITIAL X DISPLACEMENT A3 
INITIAL X DISPLACEMENT B1 
INITIAL X DISPLACEMENT B2 
INITIAL X DISPLACEMENT B3 
INITIAL X DISPLACEMENT B4 

INITIAL Y DISPLACEMENT A1 
INITIAL Y DISPLACEMENT A2 
INITIAL Y DISPLACEMENT A3 
INITIAL Y DISPLACEMENT B1 
INITIAL Y DISPLACEMENT B2 
INITIAL Y DISPLACEMENT B3 
INITIAL Y DISPLACEMENT B4 

INITIAL X VELOCITY A1 
.INITIAL X VELOCITY A2 
INITIAL X VELOCITY A3 
INITIAL X VELOCITY EL 
INITIAL X VELOCITY B2 
INITIAL X VELOCITY B3 
INITIAL X VELOCITY B 4  

RUB CONDITIONING 

INITIAL Y VELOCITY A1 
INITIAL Y VELOCITY A2 
INITIAL Y VELOCITY A3 
INITIAL Y VELOCITY B1 
INITIAL Y VELOCITY B2 
INITIAL Y VELOCITY B3 
INITIAL Y VELOCITY B4 

STATOR STIFFNESS 1 
STATOR STIFFNESS 2 
STATOR STIFFNESS 3 
STATOR STIFFNESS 4 

FRICTION COEFFICIENTS 1 
FRICTION COEFFICIENTS 2 
FRICTION COEFFICIENTS 3 
FRICTION COEFFICIENTS 4 

RESTITUTION COEFFICIENT 1 
RESTITUTION COEFFICIENT 2 
RESTITUTION COEFFICIENT 3 
RESTITUTION COEFFICIENT 4 

OPERATING SPEED 

NZJMBER OF SAMPLES PER REVOLUTION 

NUMBER OF REVOLUTIONS 

667 

VALUE 

0 . 0 0 0 0 0 0 0 0  
0 . 0 0 0 0 0 0 0 0  
0 . 0 0 0 0 0 0 0 0  
0 .00000000  
0 . 0 0 0 0 0 0 0 0  
0 . 0 0 0 0 0 0 0 0  
0 . 0 0 0 0 0 0 0 0  

0 . 0 0 1 0 0 0 0 0  
0 . 0 0 1 0 0 0 0 0  
0 . 0 0 1 0 0 0 0 0  
0 . 0 0 1 0 0 0 0 0  
0 .00100000  
0 , 0 0 L 0 0 0 0 0  
0 . 0 0 1 0 0 0 0 0  

0 . 0 0 0  
0 * 000  
O I O O O  
0 . 0 0 0  
0 9 000 
0 . 0 0 0  
0 . 0 0 0  

0 . 0 0 0  
0 * 0 0 0  
0 , 0 0 0  
0 . 0 0 0  
0 . 0 0 0  
0 . 0 0 0  
0 * 0 0 0  

10'0000.000 
100000.000 
1 0 0 0 0 0 . 0 0 0  
100000 .000  

0.40000000 
0.40000000 
0.40000000 
0.40000000 

4 

1 . 0 0 0  
1 * 0 0 0  
1 . 0 0 0  
1 a 000 

4000 

150 
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FIGURE 15.1 CALCULATED TRANSIENT RESPONSE USING LINEAR POR- 
TION OF COMPUTER SIMULATION PROGRAM FOR LOCATION 
B1. 
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FIGURE 15.2 CALCULATED TRANSIENT RESPONSE USING LINEAR POR- 
TION OF COMPUTER SIMULATION PROGRAM FOR LOCATION 
Al .  
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FIGURE 15.3 CALCULATED TRANSIENT RESPONSE USING LINEAR POR- 
TION OF COMPUTER SIMULATION PROGRAM FOR LOCATION 
B2. 
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FIGURE 15.4 CALCULATED TRANSIENT RESPONSE USING LINEAR POR- 
TION OF COMPUTER SIMULATION PROGRAM FOR LOCATION 
A2. 
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FIGURE 15.5 CALCULATED TRANSIENT RESPONSE USING LINEAR POR- 
TION OF COMPUTER SIMULATION PROGRAM FOR LOCATION 
B3. 
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FIGURE 15.6 CALCULATED TRANSIENT RESPONSE USING LINEAR POR- 
TION OF COMPUTER SIMULATION PROGRAM FOR LOCATION 
A3. 
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FIGURE 15.7 CALCULATED TRANSIENT RESPONSE USING LINEAR POR- 
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FIGURE 15.8 CALCULATED STEADY-STATE RESPONSE AT LOCATION B1 
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FIGURE 15.9 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A1 

PROGRAM FOR 4000 RPM, A 0.00002 IN-LB UNBALANCE IN A3 
USING KONLINEAR PORTION OF COMPUTER SIMULATION 

AND A 0.G LB. RADIAL PRELOAD. 
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FIGURE 15.10 CALCULATED STEADY-STATE RESPONSE AT LOCATION B2 

PROGRAM FOR 4000 RPM, A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND A 0.0 LB. RADIAL PRELOAD. 
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FIGURE 15.11 CALCULATED STEADY-STATE RESPONSE AT LOCATION A2 

PROGRAM FOR 4000 RPM, A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND A 0.0 LB. RADIAL PRELOAD 
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FIGURE 15.12 CALCULATED STEADY-STATE RESPONSE AT LOCATION B3 

PROGRAM FOR 4000 RPM, A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND A 0.0 LB. RADIAL PRELOAD. 1 
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FIGURE 15.13 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A3 

PROGRAM FOR 4000 RPM, A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND A 0.0 LB. RADIAL PRELOAD. 
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FIGURE 15.14 CALCULATED STEADY-STATE RESPONSE AT LOCATION B4 

PROGRAM FOR 4000 RPM, A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND A 0.0 LB. RADIAL PRELOAD. 
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FIGURE 15.15 CALCULATED STEADY-STATE RESPONSE AT LOCATION B1 

PROGRAM FOR 4000 RPM, A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR PORTION COMPUTER SIMULATION 
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FIGURE 15.16 CALCULATED STEADY-STATE RESPONSE AT LOCATION A1 

PROGRAM FOR 4000 RPM, A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND A 6.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.17 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B2 

PROGRAM F O R  4000 RPM. A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR PORTION COMPUTER SIMULATION 
- _ _ _  - ~ 

AND A6.0 LB. RADIAL PRELOAD AT A3. 
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Point IO: NAy 1 8 dmg 
Point ID: N A r  1 279 d y  Plot. 

a 
1 

I 

F I G U R E  15.18 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A2 

P R O G R A M  FOR 4000 R P M ,  A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR P O R T I O N  C O M P U T E R  SIMULATION 

AND A6.0 LB. RADIAL P R E L O A D  A T  A3. 
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F I G U R E  15.19 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B3 

P R O G R A M  FOR 4000 R P M ,  A 0.00002 IN-LB UNBALANCE I N  A3 
AND A6.0 LB. RADIAL P R E L O A D  A T  A3. 

USING NONLINEAR P O R T I O N  C O M P U T E R  SIMULATION 
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FIGURE 15.20 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A3 

PROGRAM F O R  4000 RPM,  A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR PORTION COMPUTER SIMULATION 

AND A6.0 LB. RADIAL PRELOAD A T  A3. - 
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FIGURE 15.21 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B4 

PROGRAM F O R  4000 RPM,  A 0.00002 IN-LB UNBALANCE IN A3 
USING NONLINEAR PORTION COMPUTER SIMULATION 

AND A6.0 LB. RADIAL PRELOAD A T  A3. 
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FIGURE 15.22 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B1 

UNBALANCE IN A3, 
USING NONLINEAR PORTION COMPUTER SIMULATION 

AND 9.0 LB. RADIAL PRELOAD A T  A3. 
PROGRAM F O R  4000 RPM,  0.0002 IN-LB 
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P a L n t  IO: NQc: 1 0 dag 
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NO CONTl lCT  

FIGURE 15.23 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A1 

PROGRAM F O R  4000 RPM,  0.0002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION COMPUTER SIMULATION 

AND 9.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.24 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B2 

PROGRAM F O R  4000 RPM,  0.0002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION COMPUTER SIMULATION 

AND 9.0 LB. RADIAL PRELOAD A T  A3. 
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FIGURE 15.25 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A2 

PROGRAM F O R  4000 RPM, 0.0002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION COMPUTER SIMULATION 

AND 9.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.26 CALCULATED STEADY-STATE RESPONSE AT LOCATION B3 

UNBALANCE IN A3, 
USING NONLINEAR PORTION COMPUTER SIMULATION 

AND 9.0 LB. RADIAL PRELOAD AT A3. 
PROGRAM F O R  4000 RPM,  0.0002 IN-LB 
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I 1 6  m i l s  / d i v  CCU Rotrtron 4000 rpr 
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F I G U R E  15.27 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A3 

P R O G R A M  F O R  4000 RPM, 0.0002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR P O R T I O N  C O M P U T E R  SIMULATION 

AND 9.0 LB. RADIAL PRELOAD A T  A3. 

694 

I 
1 
I 
I 
I 
1 
I 
I 
I 
I 
1 
1 
1 
I 
I 
1 



0 

P o i n t  ID: Nby 4 9 dmg 
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FIGURE 15.28 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B4 

PROGRAM FOR 4000 RPM,  0.0002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION COMPUTER SIMULATION 

AND 9.0 LB. RADIAL PRELOAD AT AS. 
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PaLnt ID: NBx 1 2 1 9  e80 

P l o t .  

l a 

8.8' mAlS / d A U  CCU Rotatron 4888  r p m  

COMTnCP 

NO coninci  

F I G U W  15.29 CALCULATED STEADY-STATE RESPONSE AT LOCATION B1 

PROGRAM FOR 4000 RPM, 0.00002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND 12.0 LB RADIAL PRELOAD AT A3. 
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FIGURE 15.30 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A1 

PROGRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 12.0 LBRADIAL PRELOAD A T  A3. 
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FIGURE 15.31 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B2 

PROGRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 12.0 LB RADIAL PRELOAD A T  A3. 
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FIGURE 15.32 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A2 

PROGRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND 12.0 LB RADIAL PRELOAD A T  A3. 
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FIGURE 15.33 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B3 

PROGRAM F O R  4000 RPM, 0.00002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 12.0 LBRADIAL PRELOAD AT A3. 
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FIGURE 15.34 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A3 

PROGRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 12.0 LB RADIAL PRELOAD A T  A3. 
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FIGURE 15.35 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B4 

PROGRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 12.0LB RADIAL PRELOAD A T  A3. 
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FIGURE 15.36 CALCULATED STEADY-STATE RESPONSE AT LOCATION B1 
USING NONLINEAR PORTION COMPUTER SIMULATION PRO- 
GRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, AND 
15.0 LB. RADIAL PRELOAD A T A 3 .  
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P o r n t  IO: May 1 9 dmg 
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FIGURE 15.37 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A1 
USING NONLINEAR PORTION COMPUTER SIMULATION PRO- 
GRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, AND 
15.0 LB. RADIAL PRELOAD A T  A3. 
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FIGURE 15.38 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B2 
USING NONLINEAR PORTION COMPUTER SIMULATION PRO- 
GRAM F O R  4000 RPM, 0.00002 IN-LB UNBALANCE IN A3, AND 
15.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.39 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A2 
USING NONLINEAR PORTION COMPUTER SIMULATION PRO- 
GRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, AND 
15.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.40 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B3 
USING NONLINEAR PORTION COMPUTER SIMULATION PRO- 
GRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, AND 
15.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.41 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A3 
USING NONLINEAR PORTION COMPUTER SIMULATION PRO- 
GRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, AND 
15.0 LB. RADIAL PRELOAD AT A3. A 

708 

I 
1 
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
1 
I 
I 
I 



I 
I 0 

P o r n t  f0: .!b,y A 8 d m g  
P a i n t  - 0 :  Nbx 4 2 1 8  dog Plat. U m r i m b l m :  

I 

j 
31 mils /diu CCU Rotation oeoe r p m  

FIGURE 15.42 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B4 
USING NONLINEAR PORTION COMPUTER SIMULATION PRO- 
GRAM F O R  4000 RPM,  0.00002 IN-LB UNBALANCE IN A3, AND 
15.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.43 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B1 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIivlULATION 

AND 5.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.44 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A1 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 5.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.45 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B2 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND 5.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.46 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A2 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 5.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.47 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B3 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND 5.0 LB. RADIAL PRELOAD AT A3. 1 
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FIGURE 15.48 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A3 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND 5.0 LB. RADIAL PRELOAD AT A3. 
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0 . a  m r l m  /d iu  CCW Rota t ion  4000 rpn 

FIGURE 15.49 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B4 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND 5.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.50 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B1 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 
PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
AND 6.0 LB. RADIAL PRELOAD A T  A3. 
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FIGURE 15.51 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A1 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 6.0 LB. RADIAL PRELOAD AT A3. 
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D o i n t  TO: Nby 2 9 dmg 
% A n t  TO: N b x  2 279 dog Plot. uariablm: 
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FIGURE 15.52 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B2 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 6.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.53 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A2 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 
PROGRAM F O R  4000 RPM, 0.00016 IN-LB UNBALANCE IN A2, 
AND 6.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.54 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B3 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 6.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.55 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A3 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 6.0 LB. RADIAL PRELOAD A T  A3. A 
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FIGURE 15.56 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B4 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 6.0 LB. RADIAL PRELOAD AT A3. 
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FIGURE 15.57 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B1 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION OF COMPUTER SIMULATION 

AND 7.0 LB. RADIAL PRELOAD AT A3. 
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24  mil. /diu CCW RotatLon 4 e e e  tpn 

FIGURE 15.58 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A1 

PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 7.0 LB. RADIAL PRELOAD AT A3. 
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F I G U R E  15.59 CALCULATED STEADY-STATE RESPONSE A T  LOCATION B2 

P R O G R A M  FOR 4000 R P M ,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR P O R T I O N  OF C O M P U T E R  SIMULATION 

AND 7.0 LB. RADIAL PRELOAD A T  A3. 
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FIGURE 15.65 CALCULATED STEADY-STATE RESPONSE A T  LOCATION A1 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 10.0 LB RADIAL PRELOAD A T  A3. 
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FIGURE 15.68 CALCULATED STEADY-STATE RESPONSE AT LOCATION B3 

PROGRAM F O R  4000 RPM,  0.00016 IN-LB UNBALANCE IN A2, 
USING NONLINEAR PORTION O F  COMPUTER SIMULATION 

AND 10.0 LB RADIAL PRELOAD AT A3. 
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16. CONCLUSIONS 

16.1 General Remarks 

Rotor-to-stator rub-affected vibrational phenomena experienced by rotors can be 
considered in the framework of the chaos theory: in a seeming randomness due to a 
multitude of factors and parameters affecting rotor responses, which in turn exhibit a rich 
manifold of occurrences, there exist some regularities and well pronounced, dominant 
patterns. These patterns represent strong attractors to make the rub-affected rotor 
dynamics better ordered in its apparent randomness. The attractors defined by the chaos 
theory iLTe represented here by steady-state regimes of rotor vibrational responses. 
Steady-state processes can be maintained during a prolonged time, provided that all 
conditions remain unchanged. From the point of view of correct operation of the rotating 
machine a practical question arises on how much damage these steady-state rotor 
vibrations bring to the machine. For rub-related attractors the answer is always the same: 
an extreme damage, with the possibility of ultimate failure included. 

The ctefinition of steady-state processes, as existing during a prolonged time should be 
modified in the case of rubbing: the conditions which determine the steady-state rotor 
vibrations are usually changing relatively fast. Among these changing conditions the 
surface wear is the most significant. It can lead to two extreme situations: either 
clearances become opened, thus the rotor loses contact with the stationary part, and 
without further damage comes back to the normal operation (no-rub attractor), or the 
damage increases, leading possibly to the ultimate failure of the machine. 

The characterization of rotor-to-stator rub phenomena in rotating machines exposed a 
rich array of parameters which have influence on the rotating system vibrational responses. 
Some of these parameters can be rationally controlled in order to prevent the rotor from 
rubbing and, if rubbing occurs, to limit its damaging effects. 

Rub is always a secondary phenomenon, preceded by rotor motion exceeding the allowable 
clearance within the stationary element. The tendency to reduce clearances in order to 
increase fluid-handling machine efficiency contribute considerably to more often 
occurrences of rotor rubbing. The first preventive measure is therefore maintaining rotor 
eccentricities and vibration level low, compromising with the clearance requirements. The 
recommendation regarding low vibration level refers to prevention or elimination of all 
possible malfunctions resulting in rotor vibrations. Among the most common malfunctions 
there are unbalance, inappropriate choice of the rotative operating speed versus natural 
frequency spectrum: too close to any of the systems natural frequencies, their fractions 
(especially 1/2x), or their multiples especially 2x), internal/structural friction, such as 
results from stacked-type rotors, and I, nally fluid flow-related instabilities of rotors. The 
latter can be prevented by controlling circumferential flow around the rotating shaft, by 
applying for instance anti-swirl devices. 

The other contributor to rotor rub is the operation of the rotor at high eccentricities. The 
rotor displacement from concentric to an eccentric position is a result of some radial 
preload forces, such as generated by fluid flow, or rotor misalignment. The amount of rotor 
preload should be compromised with the rotor eccentricity-related control of fluid 
circumferential flows, the most often used measure to prevent rotor instabilities in 
fluid-lubricated bearings. There is a very narrow dividing line between a "friendly" 
preload, controlling fluid-induced instabilities of rotors and an entirely "unfriendly" 
preload, possibly leading to rubs. A compromise can be achieved here by controlling fluid 
flow using other means than radially preloading the rotors (mainly using anti-swirl 
arrangements and externally pressurized, ("hydrostatic") bearings). This will allow the 
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application of the second preventive measure, namely a reduction of rotor radial preloads 
below the margin of potential rubs. 

There exist two main steady-state attractors in rotor rub-affected vibrational response 
patterns: a partial rub and a full annular rub ("dry whip"). The first, less damaging 
pattern is characterized by occasional rotor/stator contact during the rotor precessional 
motion. The contact may occur once, or several times and not necessarily at the same 

the "no-contact time" per precessional period rarely exceeds a half. The partial rub most 
often occurs when the rotor is preloaded and rotates at higher eccentricity. With reduced 
eccentricity and increasing vibration amplitude the partial rub inside a circular seal 
gradually evolves from single location rub to multiple location, exhibiting star-like orbits. 

The second main steady-state attractor is rotor full annular rub. Characterized by lateral 
symmetry, it usually occurs when rotor eccentricity is low, but vibration amplitudes high. 
The threshold of stability for full annular rub occurs at high rotative speed. The 
multi-partial rub can be instantaneously replaced by the full annular rub due to any 
random impulse (e.g., sudden change of speed or load). The-full annular rub is much more 
damaging to both stator and rotor, as their contact, accompanied by significant normal and 
tangential forces, is maintained the whole 360 degrees of the precessional period. In barely 
a few rotations, the damage to the machine may become ultimate. Preventive measures 
against full annular rub should be taken into consideration, because full annular rub is the 
most destructive to the machine integrity. Again, one of these preventive measures is the 
"friendly" radial preload, and carefully controlled rotor vibration level. 

The steady-state partial rub vibrations exhibit a manifold of occurrences. There exists, 
however, a very well determined rule regarding frequency of these vibrations. At rotative 
speeds lower than twice first balance resonance (first natural frequency of the shaft bending 
mode) the rotor rubbing against the stationary part modifies vibrational amplitudes, but 
does not change the lowest frequency of vibration: If the original (no-rub) response was 
synchronous x vibration due to unbalance, the rubbing rotor response remains mainly 
synchronous [:xi (accompanied however by higher frequency components). When the 
rubbing is light, at twice or above the twice first balance resonance speed the situation 
changes: A new subsynchronous component appears in the rotor vibrational spectrum. 
This component has a distinct subsynchronous half rotative frequency (1/2x). The rotor 
rubs against the stator once per two rotations. If however the rubbing is more severe 
(when a radial preload force results in rotor eccentricity, and the rotorlstator normal force 
becomes higher) then again, only l x  is the fundamental frequency component. The 
threshold between these two patterns for a constant rotative speed is however difficult to 
quantify, as it depends on several geometric and physical factors of the system. 

The clean frequency-related pattern of rub continues also for higher rotative speeds: For 
example, when the rub is light, and rotative speed exceeds three times first balance 
resonance value the 1/3x subsynchronous component may appear in the rotor response 
spectrum. A larger radial preload resulting in rotor higher eccentricity, and more severe 
rubbing causes the 1/3x component to be replaced by 1/2x, and eventually, with increasing 
eccentricity, by l x  as the lowest frequency component. The partial rub is, therefore, 
characterized by frequencies proportional to the rotative speed. The partial rub is 
repeatable phenomenon, but it can also be accompanied by some chaotic action of transient 
processes. 

The full annular rub vibration also has a clean frequency pattern: its frequency is equal to 
the natural frequency of the significantly more rigid coupled rotorlseal system, and is 

angular location of the stator) per precessional period. T 6 e ratio of the "contact time" to 
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entirely independent from the actual rotative speed. The full annular rub is very stable, 
and persists even if the rotative speed is reduced below first balance resonance. 

When the conditions leading to steady-state regimes change, the system responds with a 
transient process, usually leading to another steady-state regime. This transient process 
has also a distinct frequency characterization: the rotor responds with its natural 
fiequency free vibrations. 

Amplitudes of either rotor steady-state or transient regimes are much more difficult to 
predict, as nonlinear factors of the system are usually involved. The latter are not easy to 
quantify. 

Rubbing arc, i.e., the time of rotor/stator contact, as a possible measure of the severity of 
rub was investigated. A parameter to vary was again the rotative speed. It was shown 
that the time of this contact depends significantly on the rotor original vibrational 
amplitude versus the available clearance. Particular patterns of these rotor orbital 
responses after the contact was broken were however somewhat chaotic. 

It should be well understood that rotor-to-stator rubbing is not an isolated phenomenon. 
It is a dynamic process determined by the entire system dynamic characteristics. In order 
to properly interpret the rotor rub-affected motion it is necessary to identify first these 
characteristics. The system dynamic characteristic identification methodology developed 
and used during this study is described in this report. 

Ideally, system analysis provides insight leading to an improved design yielding better, 
more reliable performance of machines. Application of the knowledge acquired from 
analysis should, if possible, be implemented at the most elementary design stage. 

System response may be considered as the fingerprint of a particular machine, 
representative of the fundamental operational dynamic properties for these type of 
machines. The most important basic dynamic properties are characterized by modal 
behavior of the system. The latter can be investigated by the modal identification testing 
and dynamic stiffness approach used in this project. The practical two-mode identification 
procedure for the rotor/bearing system was developed and eventually applied for 
identification of more mode characteristics. The latter include system modal masses, 
stiffnesses and dampings related to specific modes. The identification is based on presumed 
linear system behavior. It gives, however, some insight into nonlinearity-related changes 
in the characteristics. The model complexity can increase rapidly, however, when 
considering nonlinearities, such as fluid-related effects, and of particular interest in this 
study, friction forces, impacting, and irregular or periodic modifications to system stiffness. 
The latter effects caused by rotor-to-stator rub are highly nonlinear, with lateral 
nonsymmetry, greatly modifying the vibrational responses of the machine. 

Modelling the interface of rubbing surfaces proves to be quite challenging. In order to 
provide adequate results the rub model should comprise local micro elastic and plastic 
effects, wear and heat transfer, as well as global effects, i.e., the rotor system dynamics in 
the macro scale. 

The model developed during this study was not that highly ambitious. The micro-local 
part was omitted, and only averaged macro effects were taken into consideration. The 
developed computer code, enabling to calculate rotor response for an array of input 
parameters, brought some promising results which could be adequately compared with 
obtained experimental results. A limited time and resources for this project prevented, 
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however, obtaining wider matrix of computer parametric studies. The proposed code might 
eventually be adapted to a main frame computer programs for rotor dynamics. 

Experimentally tested rotor responses compared with computer calculated results suggest 
that a simple "dead band" (noncontinuous stiffness of the system) model is not adequate to 
describe the rub phenomena. Both friction and impacting play significant roles in the rub 
occurrences, thus they cannot be neglected in the model. 

Being an undesired malfunction of the machine, rub is relatively easy to detect and 
diagnose as it causes specific modifications of the rotor system vibrational patterns. The 
rubbing, however, is always not a primary, but secondary malfunction. By monitoring the 
growth trend of both rotor eccentricity and vibration magnitude which both result from a 
primary malfunction, the rub inception can be predicted. Once rub occurs it modifies the 
previous rotor response vibrational pattern. The most pronounced effect consists of an 
increase of response components in the frequency spectrum: from subharmonic to 
superharmonic components. The previously existing components undergo amplitude and 
phase changes. By using appropriate vibration monitoring systems these effects are easily 
detected. 

At this point it is necessary to mention what is considered an "appropriate" vibration 
monitoring system. The heart of the system consists of adequately selected and installed 
transducers. For diagnosing rotating machine malfunctions the best are noncontacting 
shaft-observing displacement probes. The advantage from the use of such probes has two 
aspects: (i) rotor is the main source of the machine'vibration, thus observation is direct, 
and not affected by transmissibility of the supporting structure, and (ii) displacement 
transducer highest sensitivity falls in the low frequency vibration range, including 
zero-frequency, static displacements of the rotor. It should be well understood that the 
low frequency subsynchronous vibrations of rotors are the most important indicators of 
machine malfunctions, thus from the diagnostic point of view bring direct information. The 
subsynchronous vibrations usually acquire high amplitudes, thus are most dangerous for 
the machine integrity. The higher frequency components result most often from the 
secondary effects, and appear as harmonics of the low-frequency components. 

Accelerometers mounted on the machine casing, as sensitive to higher frequency vibrations 
easily detect these high frequency components. The accelerometer readings are, however, 
affected by casing transmissibility, and for rigid, thick, and vibration wave 
absorbing/dispersing supporting structures the accelerometers would not be able to detect 
a major malfunction. In the instance of softer casings, when accelerometers are the only 
used transducers, the relative strength of higher frequency harmonics can give a meaningful 
diagnostic signal about rub malfunction. Quantification of the rub "severity" might be 
however difficult , when only accelerometers are in use. 

. 

Another important part of the rotating machine monitoring system should be mentioned. 
One of the shaft-observing displacement transducers should play a role of the 
KEYPHASOR, the once-per-turn marker. The information provided by such transducer 
enables one to relate rotor vibrations to its rotational motion, which, as a matter of fact, is 
the most important source of all dynamic processes in the system. Relation to the rotative 
motion bring therefore the relation to the main source, thus providing a most significant 
diagnostic tool. 

The monitoring system for a rotating fluid-handling machine should also contain fluid flow 
and pressure transducers, which would provide a meaningful information regarding rotor 
load. Combined with vibration information constitutes a powerful diagnostic base. 
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Advancements in the modern electronic technology result in efficient data acquisition and 
processing systems which quantify and display the required cross-correlated information in 
meaningful formats. 

16.2 Conclusions Related to HPFTP 

Based on the diversity of information ,obtained through the research on rotor-to-stator 
rubbing it seems imperative the rub be studied for a particular application. Otherwise, the 
investigator can get lost in a sea of confusion due to the many varieties of rub and the 
multiplicity of factors contributing to the phenomena associated with the rub dynamic 
process. By studying a specific application, both the varieties of rub and their contributing 
factors may be reduced to a tolerable level. This study centered on the effects of rub on 
the vibrational response of the rotor and stator of a rotating machine caused by partial 
rubs generated due to a limited level of unbalance-related synchronous vibration and a 
static displacement of the rotor due to a radial preload force. Both dry and lubricated 
contact surfaces were used in the tests. From a macroscopic view of the rub process, both 
types of rub could be reduced to a set of parameters that describe the additional forces on 
the rotor and stator caused by the rub. The experiments with dry contact surfaces allowed 
the acquisition of actual rotor-to-stator contact initiation times and contact durations, 
monitored by electrical contact devices. The rotating systems analyzed and used for 
experimental tests were limited to not more than three vibrational modes and the 
operating rotative speeds kept below the third balance resonance. Some preliminary 
testing was performed to determine the change in rotor vibrational response due to rub 
caused by excessive synchronous vibrations and limited radial displacement (eccentricity) 
of the rotor. The testing indicated that rub causes significant alterations in the vibrational 
response of rotating systems. A correctly functioning rotating system, without 
malfunctions, produces a small synchronous vibration response due to residual unbalances 
plus a small static centerline deflection due to constant radial preloads such as gravity, 
process flows, or other external forces. Often, especially for pumps, the forces from process 
flows can be significantly larger than the force generated by gravity and the rotor mass. As 
was mentioned earlier, rub was induced and its severity controlled by usin a radial static 
preload force which results in a static radial displacement (eccentricity? of the rotor. 
Under these conditions, and when the rotative operating speed exceeds twice first balance 
resonance frequency which is true for the HPFTP, as well as the HPFTP simulation rig 
cases, light rubbing produces predominantly subsynchronous vibration with a half of the 
operating speed frequency (i.e., 1/2x). 

The 1/2x frequency component in the vibration response usually exhibits a very flat reverse 
orbit which produces the "figure eight" shaped orbits when mixed with the lx component 
normally associated with rotor unbalance response. As the rub increases in severity, the 
subsynchronous components tend to decrease in amplitude until they virtually disappear. 
They are then replaced by lx vibrational components along with increasing amplitudes of 
super synchronous harmonics (25 3 5  4x, etc.), and components with natural frequencies of 
the system. This results in flattened, elliptically shaped orbits that seem to bounce around 
a center location. Rub at one discrete axial location along the rotor produces changes in 
the vibrational response of the rotor at all axial locations. The changes are more severe at 
the axial position of the rub occurrence and tend to decrease, or soften, as the distance 
from the rub location increases. 

The stiffness of the stationary element against which the rotor rubs, has a large effect on 
the rotor response during rub. The vibrational response modifications due to rub described 
in the previous paragraph would occur in a system in which the stator stiffness was 
relatively high. Most rotating systems would probably fall within this category. As the 
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stator stiffness is decreased the rotor response would be affected less and less. The entire 
energy would be then transferred to the stator. 

The 'rotor vibrational response modification discussed earlier were for preload-induced 
rubs. The situation gradually changes when the preload and resulting rotor eccentricity are 
reduced and rotor unbalance increased. Preliminary tests indicate that for light rub 
conditions the fractional subharmonics generated for preload induced rubs are not present 
when rubbing is generated by excessive synchronous vibrations. Instead, the response 
frequency content is synchronous, with components at system natural frequencies also 
appearing in the spectrum. This produces a star-shaped orbit, instead of the "figure 
eight". The star shape indicates largely reverse orbiting. These types of rubs tend to 
progress into a full annular rub for increasing rub severity. The comments pertaining to 
axial propagation of the vibration modification, and the role of stator stiffness in these 
modifications discussed above are also valid for this class of rubs. 

Surface conditions of the rubbing elements have an influence on the vibration response 
modification. They do not change the qualitative description given above, but have a 
drastic effect in determining the transition point from light to heavy rubs. However, due 
to the destructive nature of the rub, surface preparations to minimize the effects of friction 
would probably be ineffective. The damage to the contacting surfaces continually changes 
the surface conditions of the rotor and stator at the rub location. Rotors and stators with 
several initial surface finishes of the contact areas were tested under rubbing conditions. 
Over the duration of the tests the differences in the surface initial characteristics had little 
or no effect on the vibration response modifications described earlier. However, material 
removal from one surface which is deposited on the other can have drastic effects on the 
vibration response. For example, the build up of aluminum on the steel rotor during 
contact with an aluminum stator assembly changes the coefficient of friction between the 
two contacting surfaces from 0.47 for aluminum on steel to approximately 1.5 for 
aluminum on aluminum. This drastic increase in the coefficient of friction between the 
contacting surfaces produced extremely violent rubs during the tests on the HPFTP 
simulation rig until the steel shaft was cleaned, thereby reducing the coefficient of friction 
to its original value. The changes in the surface characteristics of the rubbing surfaces and 
the material removal/deposition encountered in the rubbing process are virtually . 
impossible to predict or control under operating conditions. 

In order to study the rub phenomena from a parametric viewpoint, a mathematical model 
of the target system was generated. This model includes all the parameters that influence 
the linear system response as well as those governing the motion at the contact. Due to the 
high nonlinearities and impact-related accelerations encountered during the sudden 
rotor stator contact, the appropriate numerical algorithm used in the calculations had to 

computer simdation program developed during this study is very stable and produces 
accurate results as long as the integration variable step size multiplied by the acceleration 
term is kept small. To maintain reasonable size data buffers, some form of variable 
integration step size was mandatory. In other words, if an integration variable step size is 
selected for the impact conditions, the personal size computer memory would be filled 
before enough revolutions of the shaft had been computed to allow the initial transient 
responses 30 decay enough to reach the steady-state response for the system. The 
simulation program developed can be used to identify the effects on the rotor vibrational 
response due to parameters that are difficult to control during experimental tests, such as 
stator stiffnesses, coefficients of friction, and impact restitution coefficients. 

be se I ected for the stability of its solution. The RUNGE-KUTTA algorithm chosen for the 

The hypothetical sequence of conditions leading to the possibility of rub in the HPFTP 
focuses on the increasing preload on the rotor generated by the hydrogen exiting the final 
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pump stage. This sequence of events would result in a static radial displacement of the 
rotor. Based on the discussion of the rub variety presented earlier, the following vibration 
response changes should occur. Since the operating speed of the HPFTP falls between two 
and three times the system first natural frequency, when the flow increases enough to 
provide a preload adequate to initiate light rub conditions the vibration response should 
shift from predominantly lx frequency components to 0 . 5 ~  components. The pump would 
probably not survive the transition to the heavy rub condition; therefore, the change from 
0 . 5 ~  frequency components back to lx and higher harmonics for the heavy rub might never 
be seen. 

It is obvious that in the dynamics of the HPFTP the flow plays the major role. The flow 
provides the major radial preload force, and the flow irregularities act as instantaneous 
impulse forces applied to the rotor. Finally the flow circumferential shaft 
rotation-generated component is responsible for possible whirl/whip instabilities of the 
rotor. Rub occurs as a secondary effect of rotor high eccentricity resulting from the 
load, or high amplitude transient motion due to flow impulse forces, or finally due to 
whirl/whip vibrations. The control of the flow would provide better performance of the 
HPFTP, and prevent rotor rubbing. 

The appearance of the close-to-a-half rotative speed subsynchronous frequency 
component in the HPFTP hot fire test results proves that there is a problem. The HPFTP 
operational speed falls between second and third natural frequencies of the rotor lateral 
modes. The rotative speed to first natural frequency ratio is 2.26. When the rotor rubs 
the system stifhess increases and natural frequencies increase. This causes the operating 
speed to first natural frequency ratio to decrease, and become closer to 2, however in a 
dynamic transient manner, following the irregularity of rub occurrences. This explains 
differences in frequencies of the subsynchronous components of vibration. The latter most 
probably should be correlated to the first natural frequency of the system. The flow 
irregularities certainly contribute to impulse excitation of this transient component. 

A redesigned version of the HPFTP should take into consideration specific ratios of 
operational speed versus natural frequencies in order to avoid magnification of the 
subsynchronous vibration by combining two effects: the half-frequency partial rub and 
impulse-related transients. 

The method of rub detection within the HPFTP explored in this study is based on the 
modification of the rotor vibrational response due to the rub and how this response might 
couple through to the casing. In order to obtain and evaluate the rotor response some form 
of displacement transducers measuring direct rotor motion need to be installed in the 
HPFTP. The frequencies of interest generated by the rub phenomena, at least at the 
inception of rub when it should be detected, are predominantly subsynchronous. This 
would suggest that at least for hot fire testing, the eddy current displacement transducers 
observing shaft motion should be used, since they provide high sensitivity at low 
frequencies, including zero frequency rotor static displacement. Test results indicate that 
for low casing stiffnesses a sufficient motion due to rub is transmitted through the casing. 
Under these conditions, casing mounted transducers (such as accelerometers or velocity 
pickups) might be used to detect the inception of rub. However, as the casing stiffness is 
increased, less and less rub-related motion would be transmitted through the casing to the 
transducers, eliminating the effectiveness of the casing-mounted transducers to detect 
rubs. In addition, these types of transducers have limited sensitivity to detect low 
frequency vibration components. The proximity transducers properly located along the 
rotor, and enhanced by once-per-turn, KEYFTASOR-type marker would provide 
additional information valuable for determining operating conditions, such as rotor 
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the system, fluid-induced whirl/whip instabilities, etc. 
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APPENDIX 1 

DATA REDUCTION OF THE HPFTP HOT FIRE TAPES 

A. 1.1 Introduction 

The data from the HPFTP hot fire test provided by NASA was reduced to determine the 
factors contributing to the HPFTP rotor dynamic behavior. Of special interest was a small 
subsynchronous vibration occurring at approximately one-half running speed frequency. 

A.1.2 Data Reduction 

Transducer locations at the HPFTP are as shown in Figure A.1 supplied by NASA alon 
with the data tapes. The first run selected for data reduction was number 750-268 NAS 

the data supplied by NASA. Since the recorded data did not contain the Keyphasor 
channel (once-per-turn marker), the first step in the data reduction process was to locate 
a signal suitable for use as a Keyphasor. The signals from the radial probes indicated the 
existence of a glitch (discontinuity in vibration amplitude), caused probably by a notch or * 
irregularity on the impeller surface being observed by the noncontacting proximity probe. 
It would serve as a Keyphasor signal. The probe at the 8 o’clock radial position was 
selected as the Keyphasor. For rotor dynamic behavior, probes mounted 180 degrees apart 
produce redundant information; therefore, only the data from two of the four radial probes 
was reduced. The data from the probes at 8 and 11 oklock were selected for processing. 
The first reduction pass consisted of recording the variation of the rotative speed (Figure 
A.3) and l x  filtered vibration component (Figures A.4 and A.5) as functions of time for the 
test duration. The speed profile obtained from the tape matches the one supplied by 
NASA (Figure A.2) almost perfectly. The l x  filtered amplitude is very small and is 
inversely proportional to rotative speed changes. It also shows some transient behavior at 
approximately 3 minutes into the test. The data from the pressure transducers (Figure 
A.6) shows at the same time a sudden pressure drop at the 8 o’clock location. This would 
indicate that the transient process in the vibration data was a transient reaction to this 
pressure drop. 

The next step in the data reduction process was to obtain orbit, timebase, and spectral 
information on vibration of the HPFTP rotor at the radial probe locations for different 
operating time points during the test. This data is presented in Figures A.7 to A.22. The 
shaft orbits are basically circular with two excursions caused by the signal spike (glitch) 
being used as the Keyphasor signal. There is only one Keyphasor mark on the orbit, 
indicating the motion is predominantly synchronous with the rotative frequency (lx). This 
synchronous motion is probably caused by the residual unbalance in the rotor being 
restrained by supports with laterally symmetrical stifhesses. The spectral information 
confirms that the majority of the motion is l x  with small amounts of higher harmonics 2x, 
3x, and subsynchronous component with frequency close to 19,000 rpm. The 2x and 3x 
components can be caused by nonlinearities in the system, including the impeller surface 
notch-orrelated signal spike. The latter can be well seen in the time-base waveforms and 
orbits presented in Figures A7, A9, A l l ,  A13, A15, A17, A19, and A21. The signal spike 
resulting in a high irregularity of the sine waveform is most likely the highest contributor 
to the occurrence of higher harmonics in the rotor response spectrum. The small 
subsynchronous signal at slightly less than 19,000 rpm is probably caused by background 
noise forces exciting the first balance resonance vibration (with natural frequency of the 
first lateral mode of the system). The probability of two other major causes of 
subsynchronous vibrations, namely rub and fluidinduced whirl/whip, is reduced for the 

notation). Figure A.2 presents the relationship between HPFTP rotative speed an 6 l  time, 
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following reasons. The rub should rather produce an exact 0 . 5 ~  subsynchronous component 
as it is strongly rotative speed dependent. The observed subsynchronous component seems 
to be independent of rotative speed. The flow-related whirl/whip is harder to discount. 
The whirl is easily rejected as it again would be a function of rotative speed; however, the 
whip would appear to be independent of rotative speed and excite the first balance 
resonance of the system. One of the two reasons that background noise forces were selected 
as the probably cause over whip is that whip most often produces large response 
amplitudes, usually larger than the l x  vibration amplitude. The other reason background 
noise was selected is based on the relative amplitude of the subsynchronous displacement 
peak to the adjacent frequency signal levels. The peak is only 2 to 3 times higher than the 
signal level around it, indicating selective amplification of a general broadband noise force. 
Other plot formats emphasizing the independence of the subsynchronous signal from 
rotative speed and its relationship to surrounding vibration levels are shown in Figures 
A.23 to A.27. 

The last piece of information obtained is the spectral content from two of the axial probes. 
This data (Figures A.28 to A.31) show small l x  vibration amplitudes due to cross coupling 
between the lateral and axial vibrations. 

A.1.3 Conclusions and Recommendations 

The major vibration response in the system is represented by a small l x  (synchronous) 
component which is mostly due to the residual unbalance in the system. There are some 2x 
and 3x components (higher harmonics) in the response, generated by system nonlinearities, 
including a signal s ike from some surface irregularity on the impeller it might be an 

of interest was the small subsynchronous vibration with the frequency approximately 
19,000 rpm. This is probably the first balance resonance vibration (bending mode) bein 
excited by broadband background noisee due to uneven process fluid flow, backgroun 
vibration coupled through the test stand support, etc. It was unfortunate that the 
operating speed for the HPFTP occurs at almost twice first balance resonance. 

Another area of concern that needs to be addressed is the number and location of the 
transducers - the eddy current proximity probes, as well as the correctness of the 
vibration data acquisition system. The vibration data obtained from the current probe 
location allowed some conclusions to be drawn concerning the rotor behavior; however, 
much more could have been learned with better probe placement. For instance, if radial 
probes had been located at several ~ a l  locations along the rotor, accurate mode shapes for 
the rotor could have been determined. If the number of probes are limited by some 
structural or other considerations, they should be placed where major vibration problems 
are expected. Onl two XY probes per axial section of the shaft are required (four of them 

and misalignment caused by the process flow and also would be more sensitive to 
associated vibration data (due to rubs, etc.). In order to correlate the vibration si nal 
frequencies to the rotative speed, one Keyphasor probe (producing one-per-turn s i g n a  is 
required. The Keyphasor probe provides also important phase measurements. For future 
tests, we strongly urge considerin selecting probe locations to maximize the useful 
vibration data. Along these same ‘nes, it would also be beneficial if the start-up data 
before the test, and the coast-down data after the test, could also be recorded on tape. 

The proximity probes provide extremely useful vibrational information for signals with low 
frequency, including static position of the shaft. The position of shaft centerline during 
dynamic motion represents extremely important information. From this information, flow 

initiation of a crack(. This effect was discussed in the previous section. I he other signal 

8 

give redundant in P ormation). Probes in the vicinity of the fuel exit could show rotor bow 
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dynamic actions, as well as rotor-to-stator rube, can be estimated. The lack of the shaft 
centerline position data from the HPFTP hot fire test leaves a broad margin for guessing, 
not substantiated by test recorded evidences. 
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FIGURE A.l PROBE LOCATIONS FOR HPFTP HOT FIRE TESTS. 
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FIGURE A.2 ROTATIVE SPEED PROFILE SUPPLIED BY MSFC FOR HPFTP 
HOT FIRE TESTS. 
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FIGURE A.3 ROTATIVE SPEED PROFILE FOR TEST 750-268 REDUCED 
FROM NASA SUPPLIED TAPES. 
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FIGURE A.6.A PRESSURE PROFILE FOR TEST 750-268, FROM 8 O’CLOCK 
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FIGURE A.6.B PRESSURE PROFILE FOR TEST 750-268, FROM 5 O’CLOCK 
LOCATION PROBE. 
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BENTLY 
NEVADA 
CORP s 

PLANT ID: B.R.D.R.C. 
TRAIN ID: NASA TEST 750-268 
MACHINE ID: ENGINE 2012 

PLOT NO8 

RUN! 1 DATE: TIME: 08:25:51 

PROBE # 1  ID: PROX 8 O'CK RADIAL ORIENTATION= 248 DEG 
1X FILTERED 1X VECTOR= . 1 4  MILS PK-PK @-278 

PROBE # 2  ID: PROX 11 O'CK RHDIHL ORIEtlTATIOtI= 3.38 hEC 1 %  FILTERED 1X VECTOR' .14 MILS PK-PE: @-180 

ROTATION: CCW 
RPM(START>= 38424 RPM(EFID>= 38420 

.................. . 

OTB PLOT CORRESPONDS TO 60 SECOIIDS FROM ENGINE START 

FIGURE A.7 ORBIT AND TIMEBASE DATA FOR TEST 750-268, TAKEN 60 
SECONDS FROM ENGINE START. 
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FIGURE A.8 SPECTRAL DATA FOR TEST 750-268, tl AND 11 O'CLOCK 
PROBES, TAKEN 60 SECONDS FROM ENGINE START. 



BENTLY 
N E.V A D A 
CORP. 

PLANT I D :  B.R.D.R.C. PLOT NO: 
T R H I N  I D :  NASA TEST 758-268 
MHCHINE I D :  ENGINE 2 8 1 2  

RUN; 3 DATE: T IME:  18: 49: 16 

PROBE R1 I D :  PROX 8 O'CK R A D I A L  ORIENTATIOM= 2 4 0  DEG 
1X F I L T E R E D  1X VECTOR= 015 M I L S  PK-PK @-286 

PROBE R2 I D :  PROX 11 O'CK R A D I A L  ORIENTATION= 338 DEC 
1X F I L T E R E D  1X VECTOR= . i 4  r i ILs  PK-PI: ca-196 

ROTATION: CCW 
RPM(START)= 3 4 3 8 8  RPM(EI.ID>= 38892 

P 
OTB RESULTS 80 SECONDS FROM ENGINE START 

FIGURE A.9 ORBIT-TIMEBASE DATA F O R  TEST 750-268, TAKEN 80 
SECONDS FROM ENGINE START. 
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I 
I 

NEVADA TRAIN ID: N A S A  T E S T  7se-268 
CORP. MACHINE ID; ENGINE 2012 
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FIGURE A.10 SPECTRAL DATA FOR TEST 750-268, 8 AND 11 O'CLOCK 
PROBES, TAKEN 80 SECONDS FROM ENGINE START. 
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~ ~~ 
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O T B  R E S U L T S  180 S E C O N D S  F R O M  E N G I N E  S T A R T  

FIGURE A . l l  ORBIT-TIMEBASE DATA F O R  TEST 750-268, TAKEN 100 
SECONDS FROM ENGINE START. 
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FIGURE A.12 SPECTRAL DATA FOR TEST 750-268, 8 AND 11 O'CLOCK 
PROBES, TAKEN 100 SECONDS FROM ENGINE START. 
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BENTLY 
NEVADA 
CORP. 

PLANT I D :  B . R . D . R . C .  
T R A I N  I D :  NASA TEST 7 5 0 - 2 6 8  
MACHINE I D :  E N G I N E  2 8 1 2  

RUN: 6 DATE: T I M E :  1 1 : 3 7 :  1 3  

PLOT NO: 

PROBE # l  ID: PROX 8 O ’ C K  R A D I A L  O R  I ENTAT I O N =  249 DEI: 
1X F I L T E R E D  1X V E C T O R =  , 1 4  r i I L s  PI:-FK 8 - 2 8 8  

PROBE # 2  I D :  PROX 1 1  O’CK R A D I A L  ORIENTFITION= 338 DEC 
1X F I L T E R E D  1X VECTORS . 1 4  M I L S  PK-PK @-198 

ROTATION: CCW 
RPM(START>= 3 2 2 7 4  RPM(END>= 3 2 4 4 2  

I 
T IME 5C ALE- 1 , Z S  MSEWDIV 

OTB RESULTS 128 SECONDS F R O M  E N G I N E  START 

FIGURE A.13 ORBIT-TIMEBASE DATA F O R  TEST 750-268, TAKEN 120 
SECONDS FROM ENGINE START. 
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PLANT I D :  B. R.  D. R. C. PLOT NO: I 
1 
1 

BENTLY 
NEVADA T R A I N  ID: NASR TEST 750-268 
CORP. MACHINE I D :  ENGINE 2012 

RUN: 6A DATE: T IME:  11: 40: 1 8  PROBE I D :  FROX 8 O‘CK R A D I A L  
1 X  F I L T E R E D  AP1P = . 1 4  TO , 15 M I L S ,  PK-PK 
1 X  = 3 2 3 9 5  RPM HVERHGED - 16 SPECTRH 

0.15 
Y e 
I 
x 
B. 0 . ~ 0 :  

L 

m 
J 
g 0 . 0 5 :  

I RUN: 6 A  DATE: T I N E :  11: 4 8 :  4 6  PROBE I D :  PROX 11 O’CK R A D I A L  
1 X  F I L T E R E D  RMP = . 1 3  TO . 1 4  M I L S ,  PK-PK 
1 X  = 32396 RPM AVERAGED - 16 SPECTRA 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

092a 1 

8.28 

0.1s Y 

Y 
9 

0.10 

J E 0.05 

0.ae 
a 
N 

a 
T 

10 
W 

8 
N 

FREQUENCY (Euents /Min x 1000) 

SPEC RESULTS 120 SECONDS FROM ENGINE START 

FIGURE A.14 SPECTRAL DATA FOR TEST 750-268, 8 AND 11 O’CLOCK 
PROBES, TAKEN 120 SECONDS FROM ENGINE START. 
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BENTLY 
NEVADFI 
CORP. 

c 

PLANT I D :  B . R . D . R . C .  
TRFlIt.4 I D :  NASA TEST 7 5 0 - 2 6 8  
MACHINE I D 8  E N G I N E  2 8 1 2  

PLOT NO: 

RUN8 7 DATE: T I M E :  13: 0 8 :  2 1  

PROBE # l  I D :  P R O X  S O’CK RFlDIAL ORIENTHTIOt4=  240 DEG 
1X F I L T E R E D  1X VECTOR= . 1 4  M I L S  PK-PK @ - 2 9 8 .  

PROBE #2 I D :  PROX 1 1  O’CK R A D I A L  ORIENTATIOt4= 3 3 0  DEG 
1 X  F I L T E R E D  1X VECTOR= . I 3  M I L S  PK-PK 8 - 1 9 6  

ROTATION;  CCW 
R P f l < S T A R T ) =  32952 RPM(END>= 33052 

................................. ................. ....... - ......................................... ................................................. 

....... L ........ .e.. ...................... 
L ...... ; ...... ! .......... r\ ........... J!: 
.\,. . i... ............... *;;;;.d .... ............................................ ....... 27 - ....................................... 
....... * ....................................... 

OTB RESULTS 1 4 0  SECONDS FROM E H G I N E  START 

FIGURE A.15 ORBIT-TIMEBASE DATA F O R  T E S T  750-268, TAKEN 140 
SECONDS FROM ENGINE START. 



BENTLY PLANT I D :  B. R. 0 .  R .  C .  PLOT NO: I 
I 
1 

NEVRDA T R R I H  I D :  NRSA TEST 750-26s  
CORP s MACHINE I D :  E N G I N E  2 8 1 2  

RUN: 7A DATE: T I M E :  13:84:  17 PROBE ID: PROX 8 O'CK R A D I A L  
1 X  F I L T E R E D  AMP = . 1 3  TO . 1 4  M I L S ,  PK-PK 
1X = 33837 RPM AVERAGED - 16 SPECTRA 

B . 2 0 .  

9-15 
Y 
(I 
I 

Y 
(I 9-10 

Ln 
J 

9-85 

1 RUN: 7R DATE: T I M E :  1 3 :  0 4 :  55  P R O E E  I D :  PRO::: 11 O " C K  R H D I A L  
i x  FILTERED AriP = 0 . 0 0  TO . 1 3  M I L S ,  PK-PK 
1X = 28198 RPM AVERAGED - 16 SPECTRH 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

: .  . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.15 Y a 
I 
Y a 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

r 

cni 
A 
S 
Y 

0 .10 .  

0.05 . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B.90 

FREQUENCY (Euents/ f l in  x 1 8 8 0 >  

SPEC RESULTS 1 4 0  SECONDS FROM E N G I N E  START 

FIGURE A.16 SPECTRAL D.ATA FOR TEST 750-268, 8 AND 11 O'CLOCK 
PROBES, TAKEN 140 SECONDS FROM ENGINE START. 
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BENTLY 
NEVFIDR 
CORP. 

PLANT ID: B.R.D.R.C. 
TRAIN ID: NASR TEST 750-266 
MACHINE ID; ENGINE 2012 

PLOT NO: 

RUN8 8 DATE: TINE: 13: 08: 44 

PROBE # l  ID: PROX 8 O'CK RADIAL ORIENTATION= 2 4 8  DEG 
1 X  FILTERED 1 X  VECTOR= . 1 2  MILS FK-PK 0-294 

PROBE W2 ID: PROX 1 1  O'CK RHDIHL OR I ENTAT I O N =  338 DEG 
1 X  FILTERED 1 X  VECTOR= . 12  MILS PK-PK @-288 

ROTATION: CCW 
RPM(START>- 33708 RPM(END>= 33708 

, .  I ' TIME 5CRLE= ' l,Z5 MSEC4IV 

1 
c. 

OTB RESULTS 160 SECONDS FROM ENGINE START 

I 
I 
I 

FIGURE A.17 ORBIT-TIMEBASE DATA FOR TEST 750-268, TAKEN 160 
SECONDS FROM ENGINE START. 
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BENTLY 
NEVADA 
CORP a 

8.28 

0.L9 Y 
Q. 

I 
Y 
Q. 0.10 

cn' 
E: 0.05 
A u 

0.09 

I 
1 

PLANT I D :  B. R e  De R. C. PLOT NO: 
T R A I N  I D :  NASA TEST 750-268 
MACHINE I D :  E N G I N E  2012 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I, . 4 1 ' s ' '  1 .  . I .  

D 8 

I ;  
--->- e:. , . 1  . -4:. ,?-m+--t; ; 

-. RUN: 8 A  DATE: T I M E :  13: 12:29 P R O B E  I D :  PROX 8 O'CK R H D I A L  
1 X  F I L T E R E D  RPlP = . 1 2  TO . 1 3  M I L S ,  PE-PK 
1X = 33778 RPM H'v'ERAGED - 16 SPECTRA 1 
RUN: 8 A  DATE: T I M E :  13: 13: 22 PROBE I D :  PRUX 1 1  O'CK R A D I A L  
1 X  F I L T E R E D  AMP = .12 TO .13 M I L S ,  PK-PK 
1'X = 33748 RPM AVERAGED - 16 SPECTRA 

0.20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t 
a 

m 
A 
n 
I: 

W w 3 61 m E 
m 

w 

~ 

FIGURE A.18 SPECTRAL DATA FOR TEST 750-268, 8 AND 11 O'CLOCK 
PROBES, TAKEN 160 SFuCONDS FROM ENGINE START. 
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B E N T L Y  
N E V A D A  
C O R P .  

P L A N T  I D :  B . R . D . R . C .  
T R F I I H  I D :  .NRSA T E S T  7 5 8 - 2 6 8  
M A C H I t 4 E  I D :  E N G I N E  2812 

P L O T  NO: 

R U N 8  9 D A T E :  T I M E :  13: 34: 5 1  

P R O B E  # 1  I D :  P R O X  8 O ' C K  R A D I A L  O R I E N T A T I O N =  240 D E G  
1 X  F I L T E R E D  1 X  V E C T O R =  . l l  M I L S  P K - P K  @ - 2 9 6  

OR I E H T A T  I ON= 338 D E G  
1 X  V E C T O R =  , 11 M I L S  PK-PK 6-208  

P R O B E  #2 I D :  P R O X  11 O ' C K  R A D I A L  
f X  F I L T E R E D  

R O T A T I O N :  CCW 
R P M ( S T A R T > =  34466 R P M ( E N D r =  34446 

. . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  .................................................. - ...... - .............. . . . . . . . . .  . . . . . . . . .  

....... 4 ...... ...... ......(....... I......+ ......+.......,...... I ....... 

....... 4 ......+......e...... I ....... I ...... + ...... * ...... 0 ...... I.. ..... 

i i i ! i i i i i  

.................... 9 .................... I .................... + .................... I .................... *I ......................................... ....................+.................... : I .................... .................... ......................................... .................... I .................... 

.................. ...................... #& .... - ............. p p  .................. 
; d j  ::::::: ::::::: f"< ::::::: +::p ................... .................................... ...+.................... I . . .  ................ ................................... ...................... ..- ......................................... ....................+.................... I ....................+....................,.............. ...... 

. . . . . . . . .  . . . . . . . . .  1 I 
RMP SCRLE= .a2 M~LSOIV T i r x  SCRCE= 1 , 2 5  MSEC/IIIV 

O T B  R E S U L T S  380 S E C O N D S  F R O M  E N G I N E  S T A R T  

FIGURE A.19 ORBIT-TIMEBASE DATA FOR TEST 750-268, TAKEN 180 
SECONDS FROM ENGINE START. 
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BENTLY PLAEIT I D :  B. R. D. R .  C. PLOT NO: I 
I 
I 

NEVRDR TRAIN I D :  NASA TEST 736-2638 
CORP. MflCHINE I D :  ENGINE 2012 

RUN: 9 A  DATE: TIME: 13: 4 1 :  87 PROBE I D :  PROX 8 O’CK R A D I A L  
1X F ILTERED AMP = . 1 0  T O  .ll M I L S ,  PK-PK 
1 X  = 34428 RPM AVERAGED - 16 SPECTRA 

B.29- 

0.15 
Y 
Q 
I 

Y 
e g - t a .  .. 
VI 
J 

0.05 

I RUN: 9 A  DATE: T INE:  1 3 :  41 :  53 PROBE ID: PRO!< 1 1  O’CK R A D I A L  
1 X  FILTERED AMP = . 10 TI2 . 11 M I L S ,  PI<-PK 
1 X  - 3 4 4 8 2  RPM AVERAGED - 16 SPECTRA 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.05 

B.2gr . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  
8 
c) 

Y 
I 

Y 
a 
a 

. . . . . . . .  

FREQUENCY (Euents/Min x 1080) 

SPEC RESULTS 180 SECONDS FROM ENGINE START 

I FIGURE A.20 SPECTRAL DATA FOR TEST 750-268, 8 AND 11 O’CLOCK 
PROBES, TAKEN 180 SECONDS FROM ENGINE START. 
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BENTLY 
NEVADA 
CORP a 

PLANT I D :  B.R.D.R.C. 
T R A I N  I D :  NRSA TEST 758-268 
MACHINE I D :  ENGINE 2812 

PLOT NO: 

RUN: 18 DFITE: T IME:  13: 45: 52 

PROBE 81 I D :  PROX 8 O’CK R R I I I R L  OR I ENTHT I OH= 240 DEG 
1 X  F I L T E R E D  1X VECTOR= .lo N I L S  P t i - F K  @-298 

PROBE #2 I D :  PROX 1 1  O’CK R R I I I H L  OR I Et4THT I Ot4= 330 DEG 
1% F I L T E R E D  i x  VECTORS .io r i I L s  PK-PK 8-284 

ROTATION: CCW 
RPM(START)-  35066 RPM(END)= 35168 

.......... * .................. .......... .................. 

. .  I ................. .! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : ................. ....I .................. I 

OTB RESULTS 288 SECONDS FROM ENGINE STRRT 

FIGURE A.21 ORBIT-TIMEBASE DATA FOR TEST 750-268, TAKEN 200 
SECONDS FROM ENGINE START. 
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BENTLY PLANT I D :  B . R . D . R . C .  PLOT NO: I 
I 
I 

NEVADR T R A I N  I D :  HRSR TEST 750-268 
CORP s NACHIt4E ID: E N G I N E  2812 

RUN: 10A DATE: T I M E :  1 4 :  1 4 :  30 PPOEE ID: F R O X  8 O’CK R A D I A L  
1X F I L T E R E D  AMP = . 0 9  T O  , 18 M I L S ,  FK-PK 
1X = 3 5 1 6 4  RPM AVERAGED - 1 6  SPECTRA 

9 .28-  

0.15 
Y 
a .  

I 
Y 
B 0.10 .  

m 
J 

L 

I 
g B-QS 

0.m 

I RUN: 18A DATE: T I N E :  1 4 :  1 5 :  1 4  PROBE I D :  FROX 1 1  O’CK Rt3DIAL 
i x  FILTERED AriP = - 1 0  TO .ll M I L S ,  PK-PK 
1 X  = 35167 RPM AVERAGED - 1 6  SPECTRA 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

h 

: 

.A. =--w: 

0.20 

0.15 Y 

Y 
9- 
a 0.10 

W 7 
. . . . . . . . . . . . . . . .  

Q 
LD 

m m 

. . . . . . . . . . . . . . . . . .  i . .  . . . .  . . . .  

. . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  
L 

ol 
d 0,05 

9.80 

8 a 
N 

8 
W 

Q 
Q 

I 
I 
1 
I 
I 
1 
1 
1 
I 

FREQUENCY ( E v r n t s / M i n  x 1 8 0 8 )  I 
1 SPEC RESULTS 208 SECOt4DS FROM Et4GINE STHRT 

I 

FIGURE A.22 SPECTRAL DATA F O R  TEST 750-268, 8 AND 11 O’CLOCK 
PROBES, TAKEN 200 SECONDS FROM ENGINE START. 
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I 
1 
I 

BENTLY 
NEVADA 
C O R P .  

RUNUP 

RUN1 2 

PLANT I D :  
T R A I N  I D :  
MACH I HE ID: 
PROEE I D :  

DATE: 1 4  JULY 87 

PLOT NO: 

B. R .  D . R .  C .  
NASk TEST 7 5 0 - 2 6 8  
E t.4 1; I t.1 E 2 L3 1 2 
FROX 8 U’CK R A D I H L  

TIPlE:  11: 11  

A 

FREOUENC Y (EVENTS441 N x 1 888 

THE RPM SCALE IS It4ACCURATE. THE RPM SCALE SHOULD BE Fl T I M E  SCALE 
W I T H  EVERY 5 8 8  RPM CORRESPONDING TO 25 SECONDS OF E N G I N E  RUN T I M E .  

1 

FIGURE A.23 TIME CASCADE VIBRATION SPECTRUM DATA FOR RUN 
750-268, 8 O’CLOCK PROBE LOCATION. 
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PLOT NO: BENTLY 
NEVADA 
CORP 

RUNUP 

RUN: 2 

PLANT I D :  

MACHINE I D :  
PpOBE I D :  

T R f i I N  I D :  

DATE1 1 4  JULY 87  

B. R .  D.  R . C .  
H A S A  TEST 7 5 8 - 2 6 8  
E N G I N E  2012 
PROX 11 O'CK R A D I A L  

T I M E ;  11:11 

FREOUENC Y < EVENTSAM IN x 1 888 

THE RPM SCALE IS INACCURATE. THE RPM SCALE SHOULD BE A T I l l E  SCALE 
W I T H  EVERY 590 RPM CORRESPONDING TO 25 SECONDS OF Et4GINE RUN T I M E .  

FIGUREA.24 TIME CASCADE OF VIBRATION SPECTRUM DATA FOR RUN 
750-268, 11 O'CLOCK PROBE LOCATION. 

I 
I 
I 
1 
I 
1 
I 
I 
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FIGURE A.25 PEAK HELD SPECTRAL DATA PROFILE F O R  RUN 750-268. 

FIGURE A.26 PEAK HELD SPECTRAL DATA 
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PROFILE F O R  RUN 750-270. 



FIGURE A.27 PEAK HELD SPECTRAL DATA PROFILE FOR RTTN 750-271. 

ORIGINAL PAGE IS 
OF POOR QUALITY 

I 
I 
I 
I 
1 
I 
1 
1 
I 
I 
I 
I 
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BENTLY 
NEVADA 
CORP 

PLANT IDr B. R. D. R. C. PLOT NO, 
TRAIN ID; NASA TEST 750-268 
MRCHINE ID: HPFTP/ENCINE 2012 

RUN; 1 DATE: TINE: 14: 37:30 PROBE ID: 8 O'CK AXIAL 
1X FILTERED AMP = . 0 4  TO .05 NILS, PK-PK 
1 X  = 30509 RPM TINE AVERAGED - 16 SAMPLES 

RUN1 1 DATE: TINE: 14:38:06 PROBE IDS 1 1  O'CK AXIRL 
1 X  FILTERED AMP = .0S TO. .06  MILS, PK-PK 
1% = 30476 RPM TIME AVERAGED - 16 SRMPLES 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

e.La f 
I Y 

& 
I 
x e 0-05 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

8.  la . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  r 
Y 
4. 
f 0.83 

B F VI 
8 
n B 

N 

FREQUENCY ( E u m t r O l i n  x 1008) 

SPECTRUM RESULTS CORRESPOND T O  60 SECONDS FROM ENGINE START 

FIGURE A.28 SPECTRAL DATA FOR TEST 750-268, AXIAL PROBES, TAKEN 60 
SECONDS FROM ENGINE START. 
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BENTLY 
NEVRDA 
CORP. 

0 . 8 $ .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

8-03 . . . . . . . . . . . . . . . . . . . . . . . . .  
Y e 

a 
v* 0 , 0 t :  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I: 0.81 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
-I 
H 

RUN, 2 DATE: 
1 X  FILTERED AMP = 
1X = 31689 RPM 

. . . . . . . . . . . . . . . . . . . . . . .  

RUN: 2 DATE: 
1 X  FILTERED RMP - 
1X - 31689 RPM 

PLANT ID: B. R. D. R. C. 
TRAIN ID: NFISA TEST 750-268 
MACHINE. ID: HPFTPIENGINE 2012 

PLOT NO: 

TIME: 13: 49: 42 PROBE ID: 8 O‘CK AXIAL 
. 04  TO . 0 J  MILS, PK-PK 

TIME AVERAGED - 16 SAMPLES 

TIME: 13:49:42 PROBE ID: 11 O’CK RXIRL 
. 0 5  TO - 0 6  MILS, PK-PK 

TIME AVERRGED - 16 SRMPLES 

. . . . .  

: N s 91 3 W 
(9 

Q m 

. . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . .  

B Q 
Ln 

FREQUENCY (Euonts/Mln x 1000) 

SPECTRUM RESULTS CORRESPOND TO 100 SECONDS FROM ENGINE START 

FIGURE A.29 SPECTRAL DATA FOR TEST 750-268, AXIAL PROBES, TAKEN 
100 SECONDS ZROM ENGINE START. 
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BENTLY 
NEVADA 
CORP 

g . g l 5  x 
I 
a 

PLANT ID: B. R. Dm R e  C. PLOT NO: 
TRAIN ID; NASA TEST 750-268 
MRCHINE ID: HPFTP/ENGINE 2012 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RUN; 3 DATE: TIME: 13: 56: 49 PROBE ID: 8 O'CK AXIAL 
1X FILTERED AMP - .06 TO .06 MILS, PK-PK 
1 X  = 33128 RPM TIME AVERAGED - 16 SAMPLES 

I 

if 0,830 

f E g * e 5  

RUN; 3 DATE: TIME: 13: 56: 49 PROBE ID: 1 1  O'CK AXIAL 
1X FILTERED AMP = . 05  TO 06 MILS, PK-PK 
1X - 33128 RPM TIME AVERACED - 16 SAMPLES 

: .  . . . . . . . . . . . . . . . . . . . . . . . .  *pa.. . . . . . . . . . . . . . . . . . .  

: ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

8 

FREQUENCY (EUent8/Min x 1000) 

SPECTRUM RESULTS CORRESPOND TO 140 SECONDS FROM ENGINE START 

FIGURE A.30 SPECTRAL DATA FOR TEST 750-268, AXIAL PROBES, TAKEN 
140 SECONDS FROM ENGINE START. 
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FREQUENCY (Eurnts/Min x 1000) 

SPECTRUM RESULTS CORRESPOND TO 180 SECONDS FROM ENGINE START 

FIGURE A.31 SPECTRAL DATA FOR TEST 750-268, AXIAL PROBES, TAKEN 
180 SECONDS FROM ENGINE START. 
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ABSTRACT 

This paper presents the progress report from the experimental and analytical 
studies on the influence of rubbing in rotating machines, with direct application 
to the space shuttle hydrogen turbopump. The dynamic response and vibrational 
pattern of the rotor when rubbing occurs is carefully measured and correlated 
with various physical factors such as rotative speed, impacting conditions, 
drybubricated friction, system stiffness modifications, mode shapes, and un- 
balance. 

A categorization of rub-related dynamic responses of rotors, as well as pattern 
recognition for identification of such machine malfunction, emerges from this 
study. Mathematical models of the observable physical phenomena are bui It. 
These models can be implemented in more complex, computerized rotor dynamic 
analyses. 

1. INTRODUCTION 

Improving machine efficiency, by increasing the power and operational velocity 
of machines, represents a significant trend in technology. In rotative machines, 
higher efficiency is often achieved by tightening operating clearances between 
stationary and rotating elements. Reduced clearances lead more frequently to 
rotor-to-stator rubs. The most common types of rubs in rotating machinery are 
blade tip rubs and seal rubs. Both are caused either by,casing distortion or by 
the displacement of the rotor centerline and/or high rotor vibrations, which are, 
in turn, caused by imbalance, gravity force, various radial preloads, fluid 
dynamic forces, thermal expansion, misalignment, etc. 

Rub occurs, therefore, as a secondary effect of some initial machine malfunction. 
Once a rotor starts rubbing, however, this effect becomes dominant in the dynamic 
response. Vibrations may become violent. They can easily cause serious damage 
and even lead to machine catastrophic failure. 

2. CHARACTERIZATION OF RUB PHENOMENA I N  ROTATING MACHINERY 

2.1 Definitions 

The normal o eration o f  a rotating machine is related to an appropriate torque/ 
loadaa --ea- ance an consists of main rotative motion of the shaft (together with all 
rotating elements associated with the shaft) performed with an appropriate 
rotative speed around the appropriate axis. This main motion can be accompanied 
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by a l i m i t e d  l e v e l  o f  lateral/torsional/longitudinal v i b r a t i o n s  ( p a r a s i t i c  
motion) o f  the r o t o r  i t s e l f  and a l i m i t e d  l e v e l  o f  v i b r a t i o n  o f  s t a t i o n a r y  
(nonrotat ing) parts.  

- Rub i n  a r o t a t i n g  machine i s  a mal funct ion cond i t i on  associated w i t h  the  phys ica l  
contact  o f  r o t a t i n g  and s t a t i o n a r y  pa r t s  which otherwise should n o t  be i n  con- 
t a c t .  Rub 
changes the system fo rce  balance and dynamic s t i f f n e s s ,  which r e s u l t s  i n  m o d i f i -  
cat ions o f  the machine motion. The e f f e c t  i s  . usua l l y  associated w i t h  a decrease 
o f  the amount o f  energy i n  the main motion and an increase i n  the l e v e l  o f  
" p a r a s i t i c "  moti on. 

2 . 2  Rub-related changes i n  the r o t a t i n g  machine fo rce  balance and dynamic 
s t  i f f ness 

2.2.1 Cou l i n  e f fec t .  Due t o  the phys ica l  contact  o f  t he  r o t a t i n g  and s t a t i o n -  
a ry  par  s * t e mec an ica l  s t r u c t u r e  w i l l  be invo lved i n  motion changes. This 
e f f e c t  i s  s i m i l a r  t o  coupl ing an add i t i ona l  s t r u c t u r e  t o  the e x i s t i n g  ("normal") 
s t ruc tu re .  Since the rub-re la ted coupl ing i s  usua l l y  t ime dependent (on/of f  
p e r i o d i c  type), the system dynamic s t i f f n e s s  a lso becomes p e r i o d i c a l l y  t ime 
dependent. 

As a r e s u l t  o f  rub the "normal operat ion" o f  the machine i s  a f fected.  

The rub coupl ing e f f e c t  w i l l  vary with: 

contact  normal forces 
0 contact  surface area 

f l e x i b i l i t y  (degrees o f  freedom) of the con tac t i ng  elements dynamic 
s t i f f n e s s e s  o f  the normally operat ing s t r u c t u r e  and the a d d i t i o n a l ,  
coupled a d d i t i o n a l  , coupled s t r u c t u r e  (strong/weak coup1 ing)  

* t ime o f  contact  versus t ime o f  separation; 

Parameters o f  concern f o r  mathematical model i z a t i o n  are: 

"normal operat ion system'' and "coupled system" spectra o f  na tu ra l  f r e -  

f u n c t i o n  o f  coupl ing and decoupling r e l a t i o n s h i p  versus t ime and i t s  
quencies and corresponding modes 

r e l a t i o n  t o  r o t o r  unbalance. 

2 . 2 . 2  S t i f f e n i n q  e f f e c t .  An a d d i t i o n a l  e f f e c t  o f  rub-coupl ing r e s u l t s  i n  s t i f f -  
ening o f  the s h a f t  as  i t  i s  forced t o  r o t a t e  i n  a bent pos i t i on .  This r e s u l t s  
i n  an increase o f  the system r i g i d i t y  and a s l i g h t  increase o f  the na tu ra l  f r e -  
quenci es. 

Parameters o f  concern f o r  mathematical model i z a t i o n :  

0 s t i f f n e s s e s  o f  the normally supported s h a f t  and bent shaft .  

2.2.3 F r i c t i o n  e f f e c t .  F r i c t i o n  accompanies the r e l a t i v e  motion o f  ro to r / s ta -  
t i o n a r y  p a r t s  dur ing t h e i r  contact .  I t  produces the usual f r i c t i o n - r e l a t e d  
e f f e c t s :  wear (gr ind ing,  p i t t i n g )  o f  the rubbing surfaces together w i t h  heat 
generation (up t o  metal me l t i ng  temperatures). Since the rubbing surface r e l a -  
t i v e  tangent ia l  v e l o c i t y  i s  usua l l y  high, the des t ruc t i ve  e f f e c t s  o f  f r i c t i o n  
can be extremely s t rong producing s i g n i f i c a n t  damage w i t h i n  very shor t  time. 
F r i c t i o n  i s  a nonl inear  phenomenon. Due t o  the wear e f f e c t ,  the surface rubbing 
condi t ions change very f a s t  w i t h  time. This may lead t o  e i t h e r  widening c lea r -  
ances and e l i m i n a t i o n  o f  the contact  o r  t o  an enlargement o f  t he  contact  surface 
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area (breaking-in e f f e c t ) .  Therefore, i n  a shor t  t ime e i t h e r  rub stops (causing 
some short-t ime t r a n s i e n t  condi t ions f o r  the r o t o r  system) o r  rub w i l l  continue 
w i t h  f u r t h e r  continuous mod i f i ca t i on  o f  condi t ions and dynamic responses. 

Parameters o f  concern f o r  mathematical model i za t i on :  

normal forces a t  the contact  surfaces and contact  stresses 
0 surface area o f  contact  

f r i c t i o n  condi t ions ( d r y / f l u i d  l ub r i ca ted )  leading t o  r e a l i s t i c  model 

t ime i n t e r v a l s  o f  contact/separation. 
o f  the f r i c t i o n  force 

2 . 2 . 4  Impacting e f f e c t .  Impact condi t ions occur when the contact  o f  ro to r / s ta -  
t i o n a r y  p a r t  occurs instantaneously. An impact generates a wide frequency 
spectrum o f  e x c i t i n g  forces; however, r e p e t i t i v e  p e r i o d i c  impacts can r e s u l t  i n  a 
d e f i n i t e  spectrum o f  pe r iod i c  exc i ta t i on .  

Impacts create an " a f t e r  impact" response -- most o f ten,  a rebounding motion 
(separation) w i t h  the i n i t i a l  d i r e c t i o n  depending on impact condi t ions (mater ia l ,  
and i t s  r i g i d i t y  i n  p a r t i c u l a r )  and r e l a t i v e  tangent ia l  v e l o c i t i e s .  From the 
dynamic p o i n t  o f  view, impacting i s  a h i g h l y  nonl inear phenomenon. 

Parameters o f  concern f o r  mathematical model i za t i on :  

0 impact surface condi t ions,  r e s t i t u t i o n  coe f f i c i en t / f unc t i on ,  incoming 

t ime i n t e r v a l s  o f  contact/separation. 
ve l  o c i  t i e s  

2.2.5 F l u i d  dynamic forces and thermal unbalance. Rub-related wear o f  seal 
surfaces causes an increase o f  clearances and,changes i n  the f l o w  p a t t e r n  o f  the 
working f l u i d .  . This generates new f l u i d  dynamic forces and modi f icat ions o f  
thermal condi t ions which, i n  turn,  can change clearance s i t u a t i o n s  due t o  thermal 
expansion. Both ef fects  have t o  be invest igated when rub-resul ts  i n  the condi- 
t i o n s  o f  s lowly o r  r a p i d l y  increasing clearances, 

2.3 Rub l o c a t i o n  

General ly rub locat ions can be c l a s s i f i e d  i n  terms of occurrence along the s h a f t  
axis: 

a t  one a x i a l  l o c a t i o n  
a t  several a x i a l  locat ions.  

A t  each a x i a l  locat ion,  rub can occur: 

a t  one angular r a d i a l  l o c a t i o n  (seals o r  o ther  s t a t i o n a r y  pa r t s )  w i t h  
determined area o f  contact  

0 a t  several angular r a d i a l  1ocat.ions (e.g. rebounding motion i n s i d e  a 
seal) 
continuously maintaining the shaft /seal  contact  ( f o r  an obviously 
1 i m i  t ed  t i m e ) .  

Relat ing t o  the shaft  ax i s ,  the rubbing surfaces can be located r a d i a l l y ,  
a x i a l l y ,  o r  conica l  ly. 
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2.4 Conditions leading to rub 

Rub is a secondary phenomenon usually result,ng from a primary cause which 
perturbs the "normal operating conditions." This primary cause can originate 
from various sources (such as unbalance, misalignment, fluid dynamic forces in 
main f low/beari ngs/seal s 1 eadi ng to i nstabi 1 i ty , etc. ). The occurrence o f  the 
"primary source" results in: 

changes of shaft centerline position 
and/or shaft vibrations (most often lateral mode). 

The amount of the centerline displacement and the vibration amplitude have to be 
considered in relationship to clearance values (together with their tolerances). 
By taking into account the most probable mode of the shaft centerline bow for the 
operational conditions, the most probable "weak" point, which i s  susceptible to 
rub can be determined. The first "weak point" is the one where rub starts. This 
causes a modification in system properties which eventually may lead to rubbing 
in other locations. The conditions leading to rub must, therefore, be considered 
in a sequential form. 

2.5 Transient character o f  rub-related effects 

Most o f  rub-related dynamic phenomena are characterized by continuously changing 
conditions due to "grinding effect'' at the rubbing surfaces. Steady-state 
conditions can be maintained during significantly long (but limited) time only 
if: 

0 rub is very light (short contact time and/or low contact normal 
forces), or 

0 there are full annular backward rub conditions (the regime which is 
most often destructive for the machine i.e., the "steady state" lasts a 
limited time before transforming into a transient regime of destruc- 
tion). 

2.6 

2.6.1 Fre uenc . The starting point is no-rub machine operation. Machine 

Expected modifications o f  the rotating machine vibrational response 

vi brationa + response frequencies of interest are: 

shaft actual rotative speed, w 
spectrum of machine natural frequencies, wn, n = 1,2,3,. . 

Rub can cause machine element vibrational responses with frequencies being: 

0 a fraction (p/r) o f  the rotative speed w (p, r are integers) 
0 one (or more) system natural frequencies w (note the coupling and 

stiffening effects causing modifications ifl the natural frequency 
spectrum) 

0 higher harmonics (mu1 tiples) of the lowest frequency component (qw(p/r) 
and/or qu ; q = 2 , 3 , 4 ,  . . . )  

0 combinati8ns of the above. 

1 

Note: Higher harmonics (multiples) are generated (or significantly magnified if 
they already exist in limited amount in the vibrational response) due to strong 
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nonl inear  e f f e c t s  of rub-re la ted f r i c t i o n ,  impacting, and the on/of f  type o f  
motion. 

2.6.2 Amplitude, phase. Both amplitude and phase ( the  l a t t e r  f o r  synchronous 1 X  
and m u l t i p l e s  o f  synchronous 2x ,  3x , .  . . components) o f  the system responses are 
mod i f i ed  by rub. 

Response frequency content,  amp1 i tudes, phases o f  t he  response components, s t a t i c  
displacement p o s i t i o n ,  and s h a f t  o r b i t a l  motion c a r r y  s i g n i f i c a n t  rub-diagnost ics 
i n f  orma t i on. 

2.6.3 Mode o f  sha f t - cen te r l i ne .  Rub can modify the s h a f t - c e n t e r l i n e  modal 
d e f l e c t i o n  shape. The in format ion can be s i g n i f i c a n t  f o r  l o c a l i z a t i o n  o f  rub 
area. 

3. MATHEMATICAL MODELLING 

I n  the mathematical model o f  the rubbing r o t o r  the modal concept i s  appl ied.  
The r o t o r  model i s  l i m i t e d  t o  one, two ,  o r  three l a t e r a l  modes. A t  the f i r s t  
approximation, the r o t o r  i s  considered l a t e r a l l y  symmetric ( i s o t r o p i c ) .  Up 
t o  f ou r  rub a x i a l  l oca t i ons  are poss ib l y  considered i n  the model. Since rub most 
probably occurs a t  the seal l oca t i ons ,  the a d d i t i o n a l  f l ow- re la ted  forces are 
introduced i n  the model. The rub forces included i n  the model descr ibe the main 
phys ica l  phenomena t a k i n g  place, when r o t o r - t o - s t a t o r  rub occurs, namely f r i c -  
t i o n ,  system s t i f f n e s s  mod i f i ca t i ons  and impacting. The rub forces are expressed 
i n  an "averaged" sense. 

The r o t o r  model i s ,  t he re fo re ,  as fo l l ows  (Fig. 1): 

where 
K2i  hi = Rpi+l 

Eqs. (1) descr ibe the r o t o r  l a t e r a l  motion ( x . ,  y. are h o r i z o n t a l  and v e r t i -  
c a l  displacements o f  the r o t o r  corresponding ax\ial l o c a t i o n s  I'i" respec t i ve l y ) .  
Mi, Ki, Dsi are modal masses, s t i f f nesses  and damping c o e f f i c i e n t s  respec t i ve l y ,  
The parameters a i  and pZi take i n t o  cons ide ra t i on  t h a t  rub l o c a t i o n  does n o t  

co inc ide  with the modal mass a x i a l  l oca t i on ,  are modal unbalance vec- 
j E  i 

Mirie 
j y i  

t o r s ,  w is r o t a t i v e  speed, Pi e are constant r a d i a l  f o r c e  vectors.  The rub 
and f l u i d  forces are described by the funct ions F1' and impact v e l o c i t y  r e l a t i o n -  
ships: 
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FIG. 1 RUBBING ROTOR/BEARING/SEAL MODEL. 

MOTION 
FIG. 2 RADIAL LOCATION OF RUB. 

( 3 )  

where A=O, 1,. . . , n i n d i c a t e s  number o f  t h e  consecut ive r o t o r - t o - s t a t o r  c o n t a c t  
w i t h i n  one p e r i o d  R t  o f  r o t o r  precess ional  mot ion (t i s  t ime).  The f u n c t i o n s  

descr ibe  t h e  t i m i n g  o f  "contac t "  versus "no contact . "  Krilzil i s  r a d i -  f,i 
a l l y  a p p l i e d  a d d i t i o n a l  s t i f f n e s s  f o r c e  due t o  rub. N,. i s  t h e  normal f o r c e  
a t  rubb ing  sur faces;  pgi i s  f r i c t i o n  c o e f f i c i e n t .  The dngle 6i i n d i c a t e s  rub  
location (Fig.  2) .  

and c i rcumferent iad  v e l o c i t y  r a t i o s  r e s p e c t i v e l y ,  a t  seal  and bear ing  l o c a t i o n s .  
Di, KbiS and hi a re  non l i nea r  f u n c t i o n s  o f  Iz i l=  Jxz + y2. Eq. ( 3 )  g ives  t h e  

impact ing  c o n d i t i o n ;  K i s  t he  c o e f f i c i e n t  o f  r e s t i t u t i o n .  Due t o  r o t a t i o n -  
r e l a t e d  t a n g e n t i a l  v e l o c i t y  component, K might  acqu i re  more complex form. 

Di, Kbi, and hi a r e  f l u i d  f i l m  r a d i a l  dampings, s t i f f n e s s ,  

Eqs. (l), (2), and (3) represent  the  mathematical model o f  t h e  rubb ing  r o t o r .  
Note t h a t  t h r e e  modes are  coupled i n  Eq. (1). The modal masses and s t i f f n e s s e s  
can be ob ta ined f r o m  numerical  ana lys i s  ( t r a n s f e r  m a t r i x  b r  FE methods fo l l owed  
by r e d u c t i o n  t o  t h r e e  modes), and/or i d e n t i f i e d  f rom an exper iment,  us ing  dynamic 
s t ' i f f n e s s  concept. The c l a s s i c a l  modal approach would leave each mode uncoupled 
from t h e  o thers ,  thus would make t h e  ana lys i s  much s impler .  The uncoupled model 
o f  a rubb ing  r o t o r  i s  a p a r t i c u l a r  case o f  Eqs. (l), (Z), and (3) and was ana- 
l yzed  i n  [l]. I n  the  model proposed here a more general  case i s  considered. I t  
may p rov ide  r e s u l t s  which c o r r e l a t e  rub  phenomena w i t h  r o t o r  modal responses. 

4. ROTOR-TO-STATOR RUB EXPERIMENTAL RESULTS 

4 .1  Scope 

A rub  f i x t u r e  used i n  con junc t i on  w i t h  t h e  r o t o r  system shown i n  F ig .  3 a l lows 
t h e  e x p l o r a t i o n  o f  r o t o r  v i b r a t i o n a l  response d u r i n g  p a r t i a l  rub  cond i t i ons .  I n  
t h i s  p a r t  o f  t h e  s tudy,  emphasis has been p laced on t h e  comparison o f  r e s u l t s  f r o m  
r o t o r  v i b r a t i o n a l  responses generated by r o t o r - t o - s t a t o r  p a r t i a l  rubs w i t h  
va ry ing  s t a t o r  compliances. 

4 .1 .1  Rub F i x t u r e  Mechanism. The rub  f i x t u r e  (Fig.  4) cons i s t s  o f  a p lunger  
supported i n  two bear ings a l l o d i n g  f o r  i t s  l i n e a r  motion. The rub  b lock  i s  
l oca ted  a t  one end o f  the  p lunger  t o  a l l o w  i t s  p o s i t i o n i n g  a long the  r o t o r  sha f t .  
The p lunger  i s  bo th  p o s i t i o n e d  and r e s t r a i n e d  a x i a l l y  by a compression s p r i n g  
l oca ted  i n  t h e  f i x t u r e  body. Adjustments t o  the  s p r i n g  a l l o w  f o r  a x i a l  p o s i t i o n  
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FIG. 3 RUB TEST RIG. 

and preload to be made independently o f  one another, Located at the plunger end 
opposite the rub block is a displacement probe monitoring the axial motion of the 
plunger. . 
4.1.2 System Configuration. 
rotor and data acquisition system configuration. 

The rub test rig presented in.Fig. 3 shows both the 
The slender shaft rotor incorp- 

orates two masses' and is supported if bronze sliding bearings at both ends of 
the shaft. The rig allows for various modifications, such as mass, stiffness, 
modes, unbalance, preload rub materi a1 s , rub surface conditions , etc. , thus, 
providing a rich matrix of parameters for the investigation of the rub-related 
dynamic phenomena. 

4.1.3 Transducer Selection/Appl ication. A1 1 rotor vibrational data are captured 
via X-Y eddy current noncontacting displacement probes mounted at three axial 
positions along the shaft. These probes are specifically helpful when identifi- 
c a t i o n  o f  l o w  frequency vibrations are of interest. To measure high frequency 
vibrations, two accelerometers are used. One accelerometer is mounted vertically 
on the rub fixture base, the other horizontally on the rub plunger. It should be 
noted that appropriate applications of proximity probes and accelerometers are 
necessary to obtain useful and interpretable vibration information. Accelero- 
meters measure casing vi brations , not the vi bration main source, rotor vi bra- 
tions. Thus, the casing transmissibility plays a significant role in the re- 
sults. In addition, the accelerometers do not provide enough sensitivity to 
detect low frequency components and, therefore, high amplitude low frequency, 
potentially destructive vibration may not be detected. On the other hand, 
accelerometers provide useful information when looking at the higher order fre- 
quency vibration components generated during rub. A KeyphasorO probe provides 
rotative speed and an angular reference for rotor phase measurements. 

A n  extremely light rub may not be detected by either vibration signals or a 
significantly a1 tered orbit shape. Therefore, an electrical contact device is 
used to more accurately identify the rotor-to-stator contact. Uti1 izing 1-vol t 
dc potential, any mechanical contact between the rotor shaft and rub block pro- 
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vides a circuit that can 
to the Keyphasor signal 
device is quite useful, 

1 be monitored with continuity position/timing correlated 
and plunqer movements, Information obtained from this 
as a rib condition does not require any detectable 

plunger movement, This -is due to the fact that as plunger compliance decreases 
(spring preload increases), a greater impact force is necessary to overcome the 
spring force and thus produce motion. 

4.2 Test Procedure 

After achieving the desired balance state o f  the rotor, a controlled unbalance 
was introduced at the inboard plane, this unbalance being used to obtain a 
required level o f  synchronous vibrations in order to initiate a rotor-to-stator 
rub. Both transient (during start-ups) and steady-state data (at constant 
rotative speed) have been monitored and presented in spectrum cascade and orbit 
formats respectively. Operating speeds (for data recording) range from 300 to 
10,000 rpm, running well above the first and second balance resonances (1600 and 
4200 rpm respectively) for this rotor rig. 

The controlled unbalance weight is 0.48 grams at 0.0 degrees relative to the 
Keyphasor notch. The slow roll amplitude was maintained less than 0.5 mils 
at all times. The sample results o f  the experiment are presented in the next 
section. For the series o f  data presented, all runs were with the unbalance 
located at the inboard plane. The rub block material was aluminum with a plunger 
spring stiffness o f  107 lb/in, 

4.3 Results 

The data presented in Figs. 5 to 8 are from runs with two plunger preloads o f  
3.34 lb and 10.03 lb  respectively. The chosen preloads are representative o f  a 
rotor system with high and low stator compliances, 

Transient rub data from displacement probes show the presence of both subsyn- 
chronous and supersynchronous vi bration components. Data from the horizontal 
accelerometer mounted on the plunger shows highly defined, we1 1-ordered harmo- 

1. Eddy Current Dlrplocement Probe 

Z Flxture Body 

3 Plungr  Shoft 

4. Compreaelon !5prlng 
5. Toot -oft 
6. Toot Rub Block 

7. Al:9nment Pln 

8. Poritlon ond Prelood Adbatera 
9. Llneor Antl-frlctlon Bwring 

10. Hlgh Frequency Accderometer 

11. Electrical Contact Inmulatorm 

FIG. 4 RUB FIXTURE. 

I 
1 
I 
1 
I 
I 

1 
I 
I 

i 

1 rpm: 5838 
Preload : 10.03 Ib 

Rub Block : Alumhum 
Orblt MagnMcotlon : I) X Z S  

FIG. 5 ORBIT OF THE SHAFT 
RUBBING AGAINST RUB BLOCK, 
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(B) ROTRIION: cu PRELOAD 10.03 1bS 
RPH(S1IRT)- 5849 RPfl(EN0)- 5850 

( A )  RlJTnTIOt(: CW 3 * 3 4  lbs 
RPH(S1flRT)- 5648 RPH(EN0)- 5649 

. --- 
iw Y" . W ~ I I S I O N  

F I G .  6 T I M E  BASE RESPONSE OF THE PLUNGER (TOP) AND E L E C T R I C A L  CONTACT 'S IGNAL 

PLUNGER MOTION AT T H I S  R O T A T I V E  SPEED OCCURS EVERY T H I R D  ROTATION OF THE SHAFT 
(SEE KEYPHASOR MARK). I T S  MOTION IS CONSISTENT W I T H  THE ROTOR-TO-STATOR CONTACT/ 
NO CONTACT P E R I O D I C I T Y .  HIGHER PRELOAD REDUCES PLUNGER AMPLITUDE (B) 

(BOTTOM) FOR THE CASE OF 3.34 LB PLUNGER PRELOAD (A )  AND 10.03 LE PRELOAD (6).  

FREQUENCY (kCPM] 

F I G .  7 SPECTRUM CASCADE OF RUBBING ROTOR V I B R A T I O N A L  RESPONSE DURING START-UP, 
MEASURED BY RUB F I X T U R E  HORIZONTAL DISPLACEMENT PROBE ((A)  AND ( C ) )  AND ACCELERO- 
METER ON PLUNGER MECHANISM ( (8 )  AND (0 ) )  FOR TWO VALUES OF THE PLUNGER PRELOAD: 
3.34 LBS ( (A )  AND ( E ) )  AND 10.03 LBS ( ( C )  AND ( D ) )  NOTE RUB-RELATED SUBSYN- 
CHRONOUS V I B R A T I O N S  MEASURED BY THE DISPLACEMENT PROBE AND LACK OF SUBSYNCHRONOUS 
COMPONENTS I N  THE ACCELERATION SPECTRUM. NOTE A DECREASE OF HIGHER FREQUENCY 
COMPONENT AMPLITUDES WITH INCREASE OF STATOR R I G I D I T Y .  
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F I G .  8 SHAFT ORBITAL  MOTION FOR A SEQUENCE OF ROTATIVE SPEEDS, AS SEEN BY RUB 
FIXTURE X-Y DISPLACEMENT PROBES FOR TWO VALUES OF THE PLUNGER PRELOAD: 3.34 LBS 
(A)  AND 10.03 LBS (6). NOTE THE VARIETY OF THE ORBITAL  PATTERNS. 

nics. However, the prevalence o f  these components diminishes with increasing 
preload (decreasing compl iance) o f  the plunger mechanism. 

Steady-state data for both plunger preloads presented in orbit format also 
supports the presence of both subsynchronous and supersynchronous vi bration 
components indicated by mu1 tiple Keyphasor marks and external loops. Orbit 
plots represent the rotor shaft centerline motion. A s  an example, to better 
illustrate the relationship between rub and shaft motion, the orbital (pre- 
cessional) motion of the rotor can be overlayed with a figure of the rub block 
Fig. 5. Note that the orbit is highly magnified while the rub block and shaft 
sizes are reduced, so the figure represents the actual behavior in qualitative 
terms only. The orbit very clearly indicates the rebounding effect o f  the rotor 
shaft caused by the rub. 

With less preload on the plunger mechanism (greater casing/stator compliance), 
accelerometer data from the plunger indicates significant excitation of lower 
frequency components in the range from 5 kcpm to 15 kcpm, (83.3-250 H z ) ,  with 
displacement probes showing significant subsynchronous components (1/4x, 1/3x, 
1 / 2 x ) .  A s  plunger compliance decreases, accelerometer, as we1 1 as displacement 
probe data indicate decreasing excitation of lower frequency subsynchronous 
components. Relatively speaking, lower frequency vibrations correspond to large 
displacements over long time intervals. A s  plunger preload increases, its 
displacement must decrease, providing external forces remain constant, thus 
resulting in the progressive lack of lower frequency components. 

Data captured while observing plunger motion is presented together with data from 
electrical contact device (Fig. 6). This data clearly represents the time of 
contact versus separation, as well as transient vibrational process o f  the 
plunger when the contact i s  broken. 
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4.4 Conclusions 

Mode HPFTP rpm SCALED HPFTP rpm 0 psi 5 psi 

1st 16828 1870 1650 1900 
2nd 30881 3435 3000 3100 
3rd 46286 5150 5400 4800 

From the rub data presented, ib becomes apparent t h a t  rub p lays a l a r g e  r o l e  i n  
the r o t o r  v i b r a t i o n a l  response. This p a r t i c u l a r  study a1 lows manipulat ion o f  the 
casing compliance, which may a lso be co r re la ted  t o  s t a t o r  compliance i n  the event 
o f  a r o t o r - t o - s t a t o r  rub. The e f f e c t  i n  e i t h e r  case, i s  a p e r i o d i c  m o d i f i c a t i o n  
o f  the system s t i f f n e s s  dur ing rub and m o d i f i c a t i o n  o f  impact ing condi t ions.  The 
la rge  amp1 i tude subsynchronous v i b r a t i o n  response ind i ca ted  by the displace- 
ment probes can be co r re la ted  t o  increas ing plunger preload. The increase i n  
plunger preload e f f e c t i v e l y  increases the c o e f f i c i e n t  o f  r e s t i t u t i o n ,  thus the 
v e l o c i t y  o f  the r o t o r  s h a f t  a f t e r  impact and r e s u l t a n t  displacements are accord- 
i n g l y  greater.  

5. APPLICATION TO SSME: HPFTP SIMULATING R I G  EXPERIMENTAL RESULTS 

10 psi 15 psi 

2200 2300 
3350 3750 
5100 5200 

I n  order t o  develop a h igh  pressure f u e l  turbo pump (HPFTP) s imu la t i ng  system t o  
study r o t o r - t o - s t a t o r  rubs t h a t  was safe f o r  experimentation i n  the laboratory ,  
the r o t a t i o n a l  k i n e t i c  energy o f  the system needed t o  be reduced. This has been 
accomplished by designing and b u i l d i n g  a s imulat ion system w i t h  both lower 
r o t a t i o n a l  i n e r t i a  and reduced r o t a t i v e  v e l o c i t y  (Fig. 9). To maintain a recog- 
n izable r e l a t i o n s h i p  between the v i b r a t i o n a l  data taken using the s imulat ion 
system and t h a t  o f  the HPFTP, the s imulat ion system first three mode shapes have 
been matched t o  the p red ic ted  HPFTP mode shapes (Fig. lo), and the r a t i o m e t r i c  
r e l a t i o n s h i p  between the f i r s t  three na tu ra l  frequencies maintained (Table 1). 
These cons t ra in t s  d i c t a t e d  a system cons is t i ng  o f  a 0.375" diameter s t e e l  s h a f t  
w i t h  four 1.5" diameter d isks mounted on the s h a f t  t o  s imulate pump and t u r b i n e  
stages (Fig.  9). The um stage d isks are 0.5" t h i c k  wh i l e  the t u r b i n e  d i s k  i s  
s l i g h t l y  t h i c k e r  (0.75"). Ax ia l  dimensions o f  the r i g  and HPFTP r o t o r s  a re  the 

SCALED HPFTP rpm 0 psi 5 psi 

1870 1650 1900 
3435 3000 3100 
5150 5400 4800 

1 

I 1 

10 psi 15 psi 

2200 2300 
3350 3750 
5100 5200 

c I 
1. N C T R l C  UOTOR 5. TURBINE IMPaLER 01% 0. ROTOR BASE 

2 F L W B U  COUPUNC 6. SUPPORT BEARINGS 10- PRaOAD SPRING 
3. BALANCING DISK 

I PUMP IUPUJLR 01% 
7. SUL SMUUTING BEARINGS 
8. 0.375' MAMETER SHAFT 

11. DRY RUB RJNG 

Mode I HPFTP rpm 

FIG. 9 HPFTP SIMULATION RUB R I G .  

I 
TABLE 1 SLjMMARY OF RESONANT SPEED FOR HPFTP AND RUB R I G  AT DIFFERENT PRESSURES. 

1st 
2nd 
3rd 

16828 
30881 
46286 
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FIG. 10 COMPARISON OF MSFC 
SHAPES AT CORRESPONDING OIL 

HPFTP MODE SHAPES WITH SIMULATION RUB RIG MODE 
PRESSURES IN THE SEAL-SIMULATING BEARINGS. THE 

NUMBERS ON THE RIG SKETCH INDICATE DISPLACEMENT PROBE LOCATIONS. 

same. The shaft  i s  supported by rolling element bearings suspended within a 
rigid frame with four radial springs positioned 90 degrees apart. This config- 
uration produces a relatively- soft support with light damping. The interstage 
seals between the pump stages are simulated with externally pressurized oil 
bearings. The system stiffness at these locations can be modified by varying the 
inlet oil pressure. This allows the simulation of different flow conditions 
within the turbo pump. The principal rub locations are at the two seal simula- 
ting bearings, and at a third non-lubricated rub ring mounted inboard of the 
turbine disk. A l l  the rub positions have a 10 mil diametral clearance and are 
instrumented with an electrical circuit which indicates the rotor-to-stator 
contact, Le., the occurrence of rub. An additional rolling element bearing 
suspended with weak springs in a rigid frame is located inboard o f  the last pump 
stage to simulate the shaft unidirectional radial preload induced by the fuel 
flow in the HPFTP. 

Representative rub data is shown in Fig. 11. The data was obtained at a constant 
rotative speed of 4000 rpm by introducing a sequence of preload forces at point 
P. Seal simulation bearings were run with no lubrication. The data consists of 
orbits and horizontal and vertical spectral information at the axial shaft 
locations for three different rub conditions, following the increasing radial 
preload: As can be seen in the data, there is 
a definite change in both orbit shapes and spectral content for the three dif- 
ferent rub conditions. In the no-rub case the rotor vibrates predominately 
with once-per-turn frequency. Some small free vibration components with system 
natural frequencies may appear in the spectrum. The orbits are circular with 
jitter. The introduction o f  light rub increases the relative imp'ortance of the 
subsynchronous half-per-turn frequency component which transforms the orbit to 
the "figure eight" shape. During heavy rubs the twice and three times per turn 
components become more dominant, along with stronger excitation of the system 
natural frequencies, producing orbits with more el 1 iptic shapes and jitter. 

no rub, light rub, and heavy rub. 
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FIG.  11 ORBIT AND SPECTRAL SIGNAL CONTENT AT S I X  A X I A L  LOCATIONS FOR NO RUB 
(NR), L IGHT RUB ( I R ) ,  AND HEAVY RUB (HR) CONDITIONS GENERATED BY INCREASING 
PRELOAD AT POINT P. l R ,  2R, 3R DEiYOTE CORRESPONDING NATURAL FREQUENCIES OF THE 
SYSTEM. 
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Another test performed, at MSFC request, was the effect of rub during rotor 
subsynchronous self-excited vibrations due to fluid flow interaction, known as 
whir?/whip instability. This test was done using a brass rub screw fixture 
located inboard of the third pump impeller to provide a controlled rub. Data was 
taken again for three separate rub conditions: "no rub", "intermittent rub", and 
"continuous rub" (Fig. 12). The data labeled "no rub" pro.vides reference level 
indicating the systems response in the absence of rub. Severe whirl/whip vibra- 
tions are present in the spectrum. The screw was then moved close enough to the 
shaft to provide rub at the higher vibration levels encountered during unstable 
operation (when whirl/whips occurs), but not during normal operation. For the 
third condition the screw was moved close enough to the shaft to provide light 
contact at all vibration levels. As can be seen form the data, the intermittent 
rub case shows an instability similar to the no-rub case pattern, however, with 
reduced amplitudes. In the continuous rub case, the whirl/whip instability is 
eliminated. This would be expected, since the amplitude of these vibrations is 
determined primarily by the nonlinearity of the system stiffness which signifi- 
cantly increases in this case. In the intermittent rub case there is some 
stiffness increase. This results in a reduction of the. self-excited vibration 
limit cycle amplitude, as compared to the no-rub case. I n  the continuous rub 
case the stiffness has increased enough to prevent the instability due to fluid- 
flow in the seal simulating bearings. 

6. FINAL REMARKS 

This paper presented and discussed the selected results obtained during the 
study on influence of rubbing on rotor dynamics. Lack of space prevented the 
authors from including results of other accomplished tests, such as rotor-to- 
stator rubs for various unbalances, rub-related changes in shaft centerline, 
rotating system dynamic stiffness identification, friction force measurements and 
metal lographic analysis of rubbing surface damage. 

Another area o f  investigation not included within this report is the design and 
testing of the oil bearings used to simulate the HPFTP interstage seals. This 

' knowledge and the testing methodology of identification of the bearing dynamic 
characteristics could be used to enhance future seal design efforts. 

One more area of study was the reduction of hot fire test data for the HPFTP. 
The item of greatest concern to us was the 'lack o f  appropriately installed 
instrumentation to monitor the dynamic response of the pump rotor. It is almost 
impossible to improve a design without obtaining adequate diagnostic information 
from tests. We feel that for future tests this might be accomplished by better 
sensor selection and appropriate sensor location. 

Rubs in rotating machinery and their dynamic effects on the machine performance 
represent very complex phenomena. In the adapted approach to study them, a 
distinct separation of various rub-affecting factors has been attempted. 

A relatively simple test rig (as compared with HPFTP simulating rig) with ad- 
justable rub block allows for investigation of the rub influence on the rotor 
behavior during various operating conditions. The results provide a good insight 
ints the specifics of observable dynamic phenomena and create a basis for ade- 
quate mathematical modeling. There stil? remain several aspects of the rotor- 
to-stator rubs which require further investigation, in order to accomplish 
numerical parametic study of mathematical model. 
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a R O T A T I V E  S P E E D  
PI 

-1 

FIG. 12 SPECTRUM DATA FOR NO RUB (NR 
RUE ( C R )  GENERATED BY THE BRASS SCREb 
ACTION. 
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During the design o f  the HPFTP simulation rotor rig some problems other than rub 
have been encountered. A n  occurrence of similar problems on the actual HPFTP was 
also reported. Of these, two seem to be of interest to NASA. They are internal 
friction and fluid-related rotor instabilities. Some data showing the effect 
of rub on the fluid-related instability is included in this paper. further 
investigation into this area of rotor dynamics is not a part o f  the current rub 
study, but might be considered in the future. Some results pertaining to the 
rotor internal friction and fluid-interaction instabilities have been obtained. 
The first were primarily associated with rotor disk attachments. The second 
cover several bearing and seal types at various operational conditions with 
shaft low eccentricities. The results are not included in this paper, as they 
are not directly related to the present rub study. 
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3000 and 7000 Series Proximity 
Transducer Systems 
TechnicaVOrdering Information 

Radial vibration and thrust 
position measurements on 
machines requiring a small linear 
measuring range 

The 3000 and 7000 Series Proximity 
Transducer Systems are ideal for mea- 
suring radial vibration and thrust posi- 
t ion movements on machines that 
require only 40 to 50 mils linear range. 

Operating on the same principle as 
Bently Nevada 7 2 0 0  Series proximity 
probes, the 3000 Series Proximity 
Probes have no moving parts. They are 
not subject to  mechanical wear that 
occurs on other types of transducers, 
such as shaft riders, Linear Variable 
Differential Transformers (LVDT), and 
potentiometers. 

The 3000 and 7000  Series Proximity 
Transducers are not designed for used in 
API 670  type installations. 

The 3000 and 7 0 0 0  Series Proximity 
Transducer Systems provide vibration 
and position information for diagnostics 
as well as monitoring. You receive mea- 
surements of vibration amplitude, fre- 
quency, phase angle, and other rator 
characteristics for determining specific 
machine malfunctions. The typical re- 
sponse of 0 Hz to  10 kHz enables you to  
measure static shaft position as well as 
dynamic motion. 

The 3000 Series transducer systems 
utilize the 190 or 300 probes. The 7000 
Series transducer systems use the 300 
probe. 

Each transducer system consists of a 
proximity probe, extension cable, and 
Proximitor.@ All 3000 and 7000 Series 
transducer systems can be used in con- 
junction wi th  the 7200 Series and 
9000 Series Monitoring Systems. 

Types of measurements obtained 
with a 3000 and 7000 Series 
Proximity Transducer System 

Whether used in static, low rpm, or 
rapidly-changing conditions, the 7000  
Series Proximity Transducer Systems 
provide accurate linear, gap-to-voltage 
measurements. They can be used on 
virtually all types of rotating machines, 
including turbines, compressors, genera- 
tors, pumps, and centrifuges, t o  make 
the following types of measurements: 

ing condition, rotor unbalance, and 
misalignment. 
0 Thrust or axial position for deter- 

mining bearing wear and potential bear- 
ing failure. (3000 Series probes only.) 

0 Radial vibration for indicating bear- 

BENTLY n 

3000 and 7000 Series Proximity 
Transducer System 

0 Shaft attitude angle or axial posi- 

0 Vibration amplitude and phase 
tion, an indicator of rotor stability. 

angle for plotting diagnostic information 
in polar and Bode' formats. 
0 Eccentricity to measure the amount 

of rotor bow and the steady-state posi- 
tion of the rotor in the journal bearing. 

0 Peak-to-peak eccentricity to  indi- 
cate bearing wear, heavy preloads 
caused by misalignment, lube oil break- 
down, and electrostatic discharge. 

190 and 300 Proximity Probes 
The 190 and 300 Proximity Probes 

are offered in 12 configurations. You 
have a choice of fiberglass or Tonox@ 
construction. Tonox versions are de- 
signed for use in high pH environments, 
but are not recommended for use in 
pressurized ammonia. 

The 300 Proximity Probe is available 
in t w o  linear measuring ranges: 50 mils 
wi th  a scale factor of 200 mV/mil using 
a 3000 Proximitor and 60 mils wi th a 
scale factor of 100 mV mil using a 7 0 0 0  
Proximitor. 

The 190 Proximity Probe has a linear 
measuring range of 40 mils wi th  a scale 
factor of 200 mV/mil when used with a 
3000 Proximitor. It is the smallest 
standard probe that Bently Nevada 
offers. 

3000 and 7000 Proximitors 
A three-conductor, shielded cable 

provides the signal output and power 
source input interface between the 
Proximitor and a Bently Nevada monitor. 
The 3000 and 7000 Proximitors can be 
placed up to  1,000 feet from standard 
Bently Nevada monitors without degra- 
dation of performance. 

The 3000 Proximitor is available in 
four configurations. The 7 0 0 0  Prox- 
imitor is offered in t w o  configurations. 

The 3000 and 7 0 0 0  Proximitors can 
be used wi th  the 300 Proximity Probes. 
The 190 Proximity Probe is used with 
the 3000 Proximitor. 

Extension Cables 
The combination of a probe lead and 

extension cable is designed to  achieve a 
system length of either 15 or 20 feet. 
The extension cable is ordered in six- 
inch increments. It is available wi th  or 
without protective armor. 
Tonox@ is a registered trademark of 
Uniroyal Corporation. 

Specifications 
OUTPUTS 

Calibrated Range: 

With 3000 Proximitor: 5 0  mils for 300 
probe; 40 mils for 190 probe. Range 
begins a t  approximately 20 mils from 
target surface. 

With 7000 Proximitor: 60 mils, for 300 
probes only. Range begins a t  approxi- 
mately 30 mils from target surface. 

Scale Factor: 

With 3000 Proximitors: 200 mV/mil (8 V/ 

With 7000 Proximitors: 100 mV/mil (3.94 
mm). 

V/mm). 
Frequency Response: 0 to 600,000 cpm f 1% 
Power Requirements: 

mA nominal. 

mA nominal. 

With 3000 Proximitors: -18 Vdc at 8.0 

With 7000 Proximitors: -24 Vdc at  8.0 

EO. BOX 157 MINDEN, NEVADA USA 8 9 4 2 3  ( 7 0 2 )  782-3611 

NEVADA TELEX: 7400983 FAX: ( 7 0 2 )  7 8 2 - 9 2 5 3  



ENVIRONMENTAL 

Operating Temperature Range: 

3000 Proximitor: -29 O C  to + 66 O C  

7000 Proximitor: -51 O C  to + 100 O C  

Probe and extension cable: -56 O C  to 

Tonox version probe specifications available 
upon request. 

DIMENSIONS 

Height: 

(-20 O F  to + 150 O F ) .  

(-60°F to +212OF). 

+ 177 O C  (-50°F to + 350 O F ) .  

3000 Proximitor: 1.60 inches (40.6 mm). 

7000 Proximitor: 2.00 inches (50.8 mm). 

Width: 

3000 Proximitor: 2.14 inches (54.4 mm). 

7000 Proximitor: 2.38 inches (60.4 mm). 

Length: 

3000 and 7000 Proximitor: 3.14 inches 
(79.8 mm). 

Weight: 

3000 Proximitor: 7.2 ounces (204 

7000 Proximitor: 6.4 ounces (181 

grams). 

grams). 

Ordering Information 
Standard Moun t  Probe 

A B C D E  
m - m - a - m - m  
Option Description 
A Probe Catalog Number Option 
B Unthreaded Length Option 
C Case Length Option 
D Cable Length Option 
E Connector Option 

A U U U  Probe Catalog Number Option 
Select from Table 1. 

B CU Unthreaded Length Option 
Order in increments of 0.1 inches 
m f o r  English thread, 10 mm 
for metric threads. 
English thread configurations: 
Maximum unthreaded length: 9.0 
inches 

Minimum unthreaded length: 0.0 
i n c h e s m  

Metric thread configuration: 
Maximum unthreaded length: 
900 m m m  

Minimum unthreaded length: 
0.0 m m m  

3000 and 7000 Series Proximity 
Transducer Systems 

3000 and 7000 Series Probe Configurations 

Reverse Mount 
50 ohm Cable 

Cab* bnmh + 10 5% 

Standard Mount 
Armor loplionall 50 ohm Cable 

15 081 

Diameter 
conn.ctar 

Unthreaded Length 

Cab* bnmh + 10 -5% 

c m  

D U 7  

~a 
00 
0 2  

Case Length Option 
Order in increments of 0.1 inches 
m f o r  English thread, 10 mm 
for metric thread. 
English thread configurations: 
Maximum case length: 9.8 inches 
rn 
Minimum case length: 1.0 inches 

Metric thread configurations: 
Maximum length: 250 m m m  

Minimum length: 20 mm 

Cable Length Option 
Order in increments of 6.0 inches 
m ( 1 5 2  mm). Total length must 
exceed case length by a minimum 
of 4.75 inches (120.6 mm). 
Maximum cable length: 36.0 
i n c h e s m ( 9 1 4  mm). 

Minimum cable length: 6.0 inches 
m ( 1 5 2  mm). 

Connector Option 
Without connector. 
With miniature male coaxial 
connector. 

rn 

Reverse Mount  Probe 

A B C  
Fiberglass - C U  -04-02- 12- m - E L I  

Tonox - [11113 -02- 12- m - m 
A B C  

Option Description 
A Probe Catalog Number Option 
B Cable Length Option 
C Connector Option 

Note: The unthreaded length and case length 
are supplied in standard, pre-set lengths. 

A Probe Catalog Number Option 
mFiberg lass or U I I U T o n o x  
Select from Table 1. 

B CU Cable Length Option* 
Order in increments of 6.0 inches 
m ( 1 5 2  mm). Total length must 
exceed case length by a minimum 
of 4.75 inches (120.6 mm). 
Maximum cable length: 36.0 
inches (914 mm). 

Minimum cable length: 6.0 inches 
m ( 1 5 2 . 4 0  mm). 

To obtain the electrical length, multiply the 
cable length by 2. 

1 
1 
I 
I 
1 
I 
1 
I 
I 
I 
1 
I 
1 
I 
1 
1 
I 
1 
1 
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3000 and 7000 Series Proximity 

CASE 

CONFIGURATION THREADS 

3/8-24 Standard 

Standard 3/8-24 

Transducer Systems 

LEAD 

ARMOR 

No 

Yes 

C C@ Connector Option 
00 Without connector. 
0 2  With miniature male coaxial 

connector. 

Proximitors 

20929  - 3000 Series Proximitor 

01 For combined system electrical 
length of 15 feet, with 300  tip 
transducer. 

0 2  For combined system electrical 
length of 15 feet, with 190 tip 
transducer. 

0 3  For combined system electrical 
length of 20  feet, with 300  tip 
transducer. 

0 4  For combined system electrical 
length of 20  feet, with 190 tip 
transducer. 

m 

12237 - D 7000 Series Proximitor 

0 1  For combined system electrical 

0 2  For combined system electrical 

m 

length of 15 feet, with 300  probe tip. 

length of 20  feet, with 300  probe tip. 

6 Inches 12 Inches 

Extension Cable 

18 Inches 24 Inches 30 Inches 36 Inche: 

4454 - Cm Extension cable with armor 
2 7 8 9  - Oll Extension cable without armor 

oI1 Cable Length Option 
Order in increments of 12 inches 
m ( 3 0 4 . 8  mml. 

Maximum cable length: 468  inches 
m ( 1 1 . 8 9  meters). 

Minimum cable length: 12 inches 
m ( 3 0 5  mm). 

TABLE 1 

CATALOG NUMBER 

FIBERGLASS TONOX 

300-00 28407 
I I 

300-01 I 28408 I 300  

300-04-02-12" I 28411 I 300  Reverse I 3/8-24 I No 

I 300-06 I 28413 I 3 0 0  I Pressure I 3/8-24 I No I 
I 300-11 I 28416 I 300  I Standard I MlOX1 I No I 

300-12 1 28417 I 300  I Standard 
I I I 

190-01 28401 Standard 

190-07 I 28405 I 190 I Standard 

190-08 I 28406 I 190 I Standard 

M lOX l  I Yes 

1/4-28 I No 

1/4-28 

3/8-24 

1/4-28 

M8X1 

M8X1 I Yes 

*The unthreaded length and case length are set on the reverse mount probe. 

20929-01, 20929-02, 156 144 132 120 108 
and 12237-01 I lnltc6hses I Inches 1 Inches I Inches I Inches 1 Inches 

20929-03, 20929-04. 228 216 204 180 168 
and 12237-01 1 Inches I Inches I Inches 1 lnlc9h2es I Inches I Inches 

Note: Other cable lengths-up to 25 feet-not listed in Table 2 may be ordered, but are not recommended. 

Lengths are critical to obtain the correct system performance. 



Acceleration Transducer System 
TechnicaVOrdering Information 

High frequency measurements 
for determining overall machine 
condition 

The Acceleration Transducer System 
is most suited for measuring high fre- 
quency vibration on the machine case or 
bearing housing. Under certain condi- 
tions, it also is useful for evaluating the 
overall mechanical condition of some 
machines. 

The Acceleration Transducer System 
is easy to  install. The transducer is 
mounted on the machine case, or when 
feasible, the bearing housing. 

The Acceleration Transducer System 
consists of an accelerometer, intercon- 
nect cable, and interface module. It can 
be used in conjunction wi th  the 7 2 0 0  
Series and 9000 Series Monitoring 
Systems. 

Applications recommended for 
acceleration measurements 

The Acceleration Transducer System 
normally should not be used in place of 
direct shaft vibration measurement, 
except in specific applications, such as: 
0 When a supplementary casing 

measurement may provide pertinent 
information about the mechanical condi- 
t ion of rotating machinery. Supplemen- 
tal casing measurements are typically 
required for measuring gear mesh fre- 
quencies and turbine blade passage 
frequencies. 

When the machine housing, piping, 
or foundation are suspected of being the 
source of significant vibration. 

How an acceleration transducer 
system works 

Acceleration is the measurement of 
the time rate of change of velocity. To 
make this measurement, the accelerom- 
eter uses a piezoelectric crystal situated 
between the accelerometer base and an 
inertial reference mass. 

When compression or a tension force 
excites the crystal, the crystal acts as a 
precision spring to  oppose the compres- 
sion or tension force. It generates a 
displaced electric charge. An integral 
amplifier converts the charge to  a volt- 
age, which is transmitted via the inter- 
connect cable to  the interface module. 

The interface module supplies a con- 
stant current to the accelerometer. It 
also amplifies the signal from the 
accelerometer. 

sensitivity of 100 mVlg. 
The interface module has an output 

BENTLY n 

Acceleration Transducer System 

Accelerometer 

offered: a standard version for measur- 
ing vibration frequencies up to 2 0  kHz 
and a high frequency version for mea- 
suring vibration frequencies up to 3 0  
kHz. 

Two versions of the accelerometer are 

Interface Module 
The standard accelerometer uses a 

23733-03  interface module. The high 
frequency version utilizes a 24145-02 
interface module. 

Interconnect Cable 

or without armor. It is ordered in one- 
foot increments. 

The standard accelerometer utilizes a 
18622 interconnect cable. A radiation- 
resistant option is available for the 
18622 interconnect cable for use in 
radiation environments. 

The high frequency accelerometer 
uses a 21165 interconnect cable. Both 
the 21165 and 18622 interconnect 
cables are available wi th  a stainless 
steel protective armor. 

NOTE: If casing acceleration measurements are 
being made for the overall protection of a machine, 
thought should be given to the usefulness of the 
measurement for each application. Most common 
machine malfunctions, such as unbalance, misalign- 
ment, etc.. occur on the rotor and originate as an 
increase (or at least a change) in rotor vibration. 

The interconnect cable is offered wi th  

For any casing measurement alone to be effective 
for overall machine protection, a significant amount 
of rotor vibration must be faithfully transmitted to 
the machine casing or mounting location of the 
transducer. 
In addition, care should be exercised in the physical 
installation of the acceleration transducer on the 
bearing housing or machine casing. Improper instal- 
lation may result in a decrease of the transducer 
amplitude and frequency response andlor the 
generation of false signals that do not represent 
actual vibration. For more information, please refer 
to the appropriate Instruction Manuals and Applica- 
tion Notes. 

Specifications 

Accelerometer 
OUTPUT SENSITIVITY 

Standard: 25 mV/g f 5% (2.55 mV/m/sec.2). 

High Frequency: 10 mV/g + 10% (1.02 mV/ 

Acceleration Range: 50 g’s peak (490 me- 

Frequency Response: 

mlsec.’). 

treslsec.’). 

Standard: 2 Hz to 20 kHz f 3 de, 5 Hz to 

High Frequency: 2 Hz to 30 kHz f 3 dB, 

10 kHz +5%. 

7 Hz to 14 kHz f 5%. 
Mounted Resonant Frequency: 

Standard: 30 kHz minimum. 

High Frequency: 55 kHz minimum. 

Amplitude Linearity: f 1% to 50g’s (490 
metrelsec.’). 

ELECTRICAL ISOLATION 

Case is internally connected to system com- 
mon. Isolation from machine case is provided 
by a built-in isolator. 

Interface Module 

OUTPUT SENSITIVITY 

Standard: 100 mV/g (10.2 mV/metre/sec.’). 

High Frequency: 100 mV/g (10.2 mV/metre/ 
sec.’). 

POWER REQUIREMENTS 

Standard: -18 to -24 Vdc at 15 mA maxi- 

High Frequency: -22 to -26 Vdc at 30 mA 

mum; 10 mA typical. 

maximum; 21 mA typical. 

EO. BOX 157 MINDEN. NEVADA USA 89423 1702) 782-3611 
U m  TELEX: 354437 FAX: (702) 782-9253 NEVADA 
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ENVIRONMENTAL 

Accelerometer Operating Temperature Range: 
-2OOFto +250°F(-290Cto +121 OC). 

Accelerometer Shock Survivability: 
Standard: ? 5000g's ( ? 49,050 mlsec.') 

High Frequency: ? 10,OOOg's ( + 98,100 
peak. 

m/sec.') peak. 
Interface Module Operating Temperature 

Range: - 4 O O F  to +21Z0F (-40°C to 
+ 100OC). 

Interface Module Storage Temperature Range: 
-60 O F  to + 302 O F  (-51 OC to + 150 OC). 

Ordering Information 

Accelerometer 

23732-01 Standard Accelerometer 

24147-01 High Frequency Accelerometer 

Interface Module 

23733-03  Standard Interface Module 

24145-02 High Frequency Interface Module 

Extension Cable 

A B  
18622 - m - u3 Standard Extension 

Cable 

21165 - ffi - ffi High Frequency Extension 
Cable 

Option Description 
A Cable Length Option 
B Armor Option 

A m Cable Length Option 
Order in increments of 1 foot 
Minimum: 1 f o o t m  

Maximum: 30 feet 

B m Armor Option 
00 

0 1  

0 2  

0 3  

For 18622 and 21165 cables, with- 
out armor. 
For 18622 and 21165 cables, with 
armor. 
For 18622 cable used in radiation 
environments, without armor. 
For 18622 cable used in radiation 
environments, with armor. 

~~ ~ 
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ADRE" 
Tech n i ca I/ 0 r d er i n g Inform at ion 

Reduces data reduction time for 
machinery behavior analysis 

Bently Nevada's ADRE system (Auto- 
mated Diagnostics for Rotating Equip- 
ment) significantly reduces the time 
required to analyze and diagnose ma- 
chinery behavior. A computer-based 
data acquisition and reduction system, 
ADRE eliminates the time-consuming 
task of hand logging and reducing 
steady-state and transient dynamic 
vibration data. 

Automated reduction of dynamic 
vibration data, including startup and 
shutdown information, enables you to 
analyze and document the mechanical 
condition of rotating machinery and 
troubleshoot machine malfunctions. The 
information received from the ADRE also 
can be used to balance machines, deter- 
mine mechanical impedances and multi- 
ple resonances, and assist wi th stability 
studies. 

Transient dynamic vibration data col- 
lected during startup and shutdown is 
presented in Bod&, polar, and cascade 
plots. These plots provide insight into 
the rotating system's margin of stability 
and reveal synchronous, sub-, and 
super-synchronous vibration 
components. 

presented in orbit, time base, and com- 
parative spectrum plots. This informa- 
tion can be used to examine magnitude, 
frequency, phase angle, and the shape 
or path of dynamic motion as well as to 
track change in spectral content over a 
period of time. 

ADRE is available in a variety of hard- 
ware and software options to meet your 
machinery information needs and 
budget requirements. The hardware 
consists of a choice of two  Hewlett- 
Packard (HP) computers, a Bently 
Nevada Digital Vector Filter (DVF 2),  and 
a spectrum analyzer. Recommended 
additional hardware includes a multi- 
channel FM tape recorder and a Re- 
corder Amplifier System. 

Steady-state dynamic vibration data is 

Software packages for machine 
analysis 

The heart of the ADRE system is soft 
ware. Developed by Bently Nevada's 
engineering staff from years of field 
experience, the software is tailored for 
efficient behavior analysis and 
diagnosis. 

Transient, Steady-State, Shaft Center- 
line, and Hardware Diagnostics soft- 

Five software packages are available. 

I A- 
I 2- - 

Digital Vector Filter 2 (top) 

Spectrum Analyzer (bottom) Hewlett-Packard computer with Bently Nevada software 

ware packages are supplied as standard 
components of the ADRE system. An 
additional package - Snapshot Predic- 
tive Maintenance - is available as an 
option and requires additional memory 
and hardware. 

Designed for personnel with minimal 
computer training, the ADRE software 
packages are easy to use. Operator input 
prompts written in simple English make 
program execution quick and easy. 

Transient package 
The Transient package enables you to 

acquire data for identifying rotor and 
structural resonances and their amplifi- 
cation factors, instabilities, misalign- 
ment, rubs, and other malfunctions. 
Data is plotted in polar, Bod&, or cascade 
formats or in tabular listings. 

Steady-State package 
The Steady-State package gives you 

information on the on-line condition of 
your machinery at operating speed. 
Data can be plotted in orbit, time base, 
or comparative spectrum formats. 

Shaft Centerline package 
The Shaft Centerline package pro- 

vides information that can be used to 
determine the margin of stability on 
rotating machinery and the position of 
the shaft within its bearing. It also can 
be used to identify thin-film oil thick- 
ness, bearing wear, and the presence of 

shaft preloads. Data can be plotted as a 
function of machine speed or elapsed 
time. 

Hardware Diagnostics package 
The Hardware Diagnostics package 

makes it possible to diagnose potential 
ADRE hardware failures. A series of 
diagnostic programs allows you to test 
and verify the correct operation of the 
instruments and peripheral devices in 
theADRE system. The program ensures 
that all hardware is connected and oper- 
ating properly. 

Snapshot Predictive Maintenance IPM) 
package 

The optional Snapshot PM package, 
used in conjunction with Bently 
Nevada's Snapshot,@ reduces, stores, 
and plots data for a large number of 
machine points. This capability enables 
you to increase the number of machines 
in your vibration monitoring or predictive 
maintenance program. Information is 
presented in trend, spectrum, and time 
base plots. 

The software package requires addi- 
tional memory. The Snapshot system, 
when used with the ADRE computer, 
does not require a DVF 2 or spectrum 
analyzer for data collection and 
reduction. 

For more details on the Snapshot PM 
package and the Snapshot system see 
data sheets LO546 and L0559. 

P.O. BOX 157 MINDEN, NEVADA USA 89423 (702) 782-3611 
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Software packages operate on the Specifications OUTPUTS 
specified computers when they are 
accompanied by specific hardware and a 
specific operating system. No claims to  
software compatibility are expressed or 

Display: 
INPUTS Model IO: 9-inch diagonal ( 2 2 9  mm). 

Model 30: 12.2-inch diagonal ( 3 0 9  mm). Power: 90-125 Vac or 180-250 Vac. 48-66  
H Z .  implied for any other computer, hard- 

ware, or operating system revision. Call 
your Bently Nevada representative for 
details of computer requirements. 

Consumption: 

Model 10: 80 Watts. 

Model 30: 300 Watts. 

STORAGE 

Capacity (Mass Storage): 5 4 0  Kbytes. 

Data Sheet Number: L0453. 

Hardware 

the HP Series 2 0 0  computer, are 
available. 

Series 200 Model 16s computer. 

Two hardware system models, using 

The Model 10 system uses the HP 

The Model 10 system consists of: 
Hewlett-Packard Series 2 0 0  Model 
16s computer with a nine-inch CRT, 
HP-IB and RS-232 interfaces, RAM 
BASIC with extensions, and 512 
Kbytes of RAM. 
Dual 31/z-inch microfloppy disk 
drive. 
Thermal graphics line printer. 
Bently Nevada DVF 2 with carrying 
case. 
Spectrum analyzer with carrying 
case. 
Bently Nevada Transient, Steady- 
State, Shaft Centerline, and Hard- 
ware Diagnostics software 
packages. 

The Model 30 system uses an HP Series 
2 0 0  Model 36CS computer. 

The Model 30 system consists of: 
HP Series 200 Model 36CS with a 
12-inch color CRT; an HP-IB inter- 
face; built-in, dual 5’/a-inch mi- 
crofloppy disk drives; RAM BASIC 
wi th  extensions and RAM Pascal 
language systems and 540 Kbytes 
of RAM. 
Thermal graphics line printer. 
Bently Nevada DVF 2 wi th  carrying 
case. 
Spectrum analyzer with carrying 
case. 
Bently Nevada Transient, Steady- 
State, Shaft Centerline, and Hard- 
ware Diagnostics software 
packages. 

The heart of the ADRE is software. Developed by Bently Nevada’s engineering staff from years 
of field experience, the software is tailored for efficient behavior analysis and diagnosis. 
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ADRE" 

Ordering Information 
Model 10 

A B C  D 
44163 -EU-i I -O-CC 

Option Descr ipt ion 
A Computer Option 
B Peripheral Device Option 
C Instrumentation Option 
D Software Option 

A CG Computer Option 
1 0  Standard offering 
11 With ROM BASIC 
1 2  With HP 9836  Keyboard 
1 3  With ROM BASIC and HP 9836  

Keyboard 
B C Peripheral Device Option 

0 Standard offering 
1 Without standard printer 
2 Without standard disk drive 

D m Software Option 
Ordering ADRE software requires 
assistance from your Bently Nevada 
sales representative. The following 
software packages are available: 

Steady-State Package 
Shaft Centerline Package 
Transient Package 
Snapshot Predictive Maintenance 
(PM) Package 

Hardware Diagnostics Package 

Model 30 

A B C  D 
44165 -m-o-o-m 
Option Description 
A Computer Option 
B Peripheral Device Option 
C Instrumentation Option 
D Software Option 

3 Without standard printer and standard 
disk drive A i ~ ]  computer option 

1 0  Standard offering 
I 

11 With ROM BASIC 
1 2  Without color CRT 
1 3  With ROM BASIC and without color 

C Instrumentation Option 
0 Standard offering 
1 Without standard DVF 2 

2 Without standard spectrum analyzer CRT -. .. 
3 Without DVF 2 and spectrum analyzer 

B 0 Peripheral Device Option 
0 Standard offering 
1 Without standard printer 

C 0 Instrumentation Options 
0 Standard offering 

1 Without standard DVF 2 
2 Without standard spectrum analyzer 
3 Without DVF 2 and spectrum 

analyzer 

D EO Software Option 
Ordering ADRE software requires 
assistance from your Bently Nevada 
sales representative. The following 
software packages are available: 

Steady-State Package 
Shaft Centerline Package 
Transient Package 
Snapshot Predictive Maintenance 
(PM) Package 

Hardware Diagnostics Package 
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The heart of the ADRE is software. Developed by Bently Nevada's 
engineering staff from years of field experience, the software is tailored 

for efficient behavior analysis and diagnosis. The software packages 
require minimal computer training to operate and are easy to  use. 
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24000 Digital Vector Filter 2 
TechnicaVOrdering Information 

In-place diagnostic and balancing 
data for rotating machinery 

The Digital Vector Filter 2 (DVF 2)  
gives you amplitude, phase, and speed 
data for diagnosing, balancing, and 
detecting shaft cracks on all types 
of rotating machinery. 

ble. One version processes ' hX ,  1 X, 
and 2X rotative speed signals. 

The second version processes 1 X, 
2X, 3X, and 4X rotative speed data. 
The ability to analyze 1 X, 2X. 3X. and 
4 X  rotative speed data is vital for de- 
tecting and diagnosing shaft cracks on 
turbine generators and other rotating 
machinery. 

The DVF 2 can be interfaced with a 
computer, such as Bently Nevada's 
ADREQ (Automated Diagnostics for 
Rotating Equipment) system, via its IEEE 
4 8 8  computer interface. When used 
with the ADRE, data can be presented in 
Bodd, polar, cascade, orbit, time base, 
and comparative spectrum plots. 

Applications for the DVF 2 
The ability t o  accurately measure 

amplitude, phase, and speed data helps 
answer the questions: What is happen- 
ing on the machine, when, where, and 
how? This information can be used on 
steam, gas, or hydroelectric turbines; 
electric motors; centrifugal, reciprocat- 
ing, or screw compressors; generators; 
pumps; and fans for some of the follow- 
ing applications: 

Detecting and diagnosing shaft 
cracks, using data on the 1 X, 2X. 
3X, and 4 X  rotative speed behavior 
of turbine generators and other 
rotating machinery. 

of a machine and locating the resid- 
ual unbalances on a rotor. 
Determining the rpm location of the 
natural rotor balance resonances, 
or "criticals," on a machine. 
Establishing the machine response 
for documenting acceptance tests 
and for evaluating and diagnosing 
current and future machine 
behavior. 

Two versions of the DVF 2 are availa- 

Determining the balance condition 

The DVF 2 provides t w o  continuous 
channels of amplitude and phase data, 
which is filtered at running speed, and 
one channel of speed data. 

Triggering signals from a KeyphasoP 
and signals from proximity, velocity, or 
acceleration transducers are converted 
by the digital circuitry in the DVF 2 t o  
display rotor rpm, vibration amplitude, 
and phase angle. 

Digital Vector Filter 2 

Specifications 

Power: 95-125 Vac or 190-250 Vac. rear 

Nominal power consumption: 100 watts. 
panel switch selectable. 50-60 Hz 1 phase. 

Scale Factors: 
Displacement: 200 or 100 mV/mil (8  or 

4 V/mm) fixed. 100 to 1,000 mV/mil 
(4 to 40 mV/mm) variable. 

Velocity: 100 to 1,000 mvlinchlsecond 
(4 to 40 mV/mm/second) variable. 

Acceleration: 100 to 1,000 mV/G (10 to 
100 mV/M/second2) variable. 

Input Impedance: 1.1 M ohms minimum at 
AC signal frequencies; 2.4 M ohms at 
DC signal frequencies. 

Threshold Range: f 15 Vdc. 
Hysteresis: 0.5V typical (internally adjustable 

from 0.2 to 2.0VI. 

ORIGINAL PAGE 

Scala Factors: 
Displacement: 200 mV/mil (8Vlmm) or 

100 mV/mil (4  V/mm) for fixed input of 
200 mVlmil or 100 mV/mil respectively. 
For variable input scale factors, an out- 
put of 200 mV/mil is standard. 

Velocity: 500 mvlinchlsecond (20 mV/ 
mmlsecond). 

Acceleration: 100 mV/G 
(10 mV/M/second'). 

Output Impedance: 100 ohms. 
Manual Sweep Oscillator Ranges: 

Low: 100-10,000 rpm. 
High: 1,000-100,000 rpm. 

Computer Interface: DVF 2 output data is 
available through an IEEE 488 compatible 
interface. 

Temperature Range: 

+ 149OF). 

+ 185 O F ) .  

Operating: 0 OC to + 65 OC ( +  32 OF to 

Storage: -40 OC to + 85 OC (-40 OF to 

Humidity: To 95% noncondensing. 

-Q 
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Bench Mounted 
(includes handle) 

Height 8 inches 
(203 mm) 

Width 18 inches 
(457 mm) 

Depth 18 718 inches 
(479 mm) 

Weight: 

Rack Mounted 

8 inches 
(203 mm) 
19 inches 
(483 mm) 

18 7/8 inches 
(479 mml 

DVF: 33 pounds (15 kg) nominal. 
Case: 28.5 pounds (12.9 kg) nominal. 

24000 Digital Vector Fitter 2 

Ordering Information 
Digital Vector Filter 2 
'IzX, 1 X, and 2X Version 

24000 - rn 
CU Mounting Option 
01 Bench Mount (includes case). 
02  19-inch EIA Rack Mount. 

Digital Vector Filter 2 
1 X, 2X. 3X, and 4X Version 

24000 - m 
m Mounting Option 
0 3  Bench Mount (includes case). 
04 19-inch EIA Rack Mount. 

The DVF 2 enables you to accurately measure amplitude, phase, and 
speed for determining the balance condition of rotating machinery, 

locating the residual unbalances on a rotor, and diagnosing shaft cracks 
and other machine malfunctions. 
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Digital Vector Filter 3 
TechnicaVOrdering Information 

The solution for balancing and 
diagnosing rotating machinery 
problems at a competitive price 

The Digital Vector Filter 3 (DVF 3) 
provides amplitude, phase, and shaft 
rotative speed data for detailed vibration 
analysis including balancing, rotor 
response evaluation and shaft crack 
detection on all types of rotating ma- 
chinery. The instrument’s primary appli- 
cation is for documentation of vibration 
data during machine transient (runup 
and coastdown) and steady-state 
(constant speed) conditions. 

The DVF 3 accommodates two signal 
inputs for vibration transducers and a 
third for a KeyphasoP transducer. Vibra- 
tion inputs can be from either displace- 
ment (proximity), velocity, or 
acceleration transducers. The Keyphasor 
input represents a once-per-revolution 
pulse from either a proximity probe, an 
optical pickup, or a strobe light. This 
provides the measurement of shaft 
rotative speed, and the reference point 
for measuring phase lag angle. It also 
provides a trigger signal to tune the 
tracking filter in each vibration channel 
to shaft rotative speed. 

The instrument provides excellent 
reliability and outstanding performance 
in a rugged, lightweight package. Its 
alphanumeric display and menu-driven 
setup make the instrument easy to 
operate. It provides the information 
accuracy required to make sound deci- 
sions regarding machine condition. The 
DVF 3 can be ordered in several pack- 
ages, which enables you to select the 
components best suited for your spe- 
cific applications without the expendi- 
ture for unnecessary functions. 

Easy-to-use functional features 

porates the features our customers 
have found most useful from years of 
experience and adds new features 
which assist in solving today’s machin- 
ery problems. 

Two channels are simultaneously 
displayed on the large, highly visible 
readout, showing vibration amplitude, 
phase angle, and shaft rotative speed. 
The display also shows status of instru- 
ment setup parameters, such as filter 
mode and hold. 

The DVF 3‘s streamlined design incor- 

BoddlPolar Plots 
A GP-IB interface is provided for 

connection to a computer or directly to 
one or up to two  digital plotters depend- 
ing on the type of DVF 3. The DVF 3 is 

BENTLY n 
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programmed to produce high quality 
Bode and polar plots on-site with the 
accessory digital plotter(s). These plots 
can be generated “real-time”, on full 
size blank paper (8’ /2 x 11 in. or A4) 
with full annotation. 

Alternatively, the accessory DVF 3 
software package may be used to pro- 
duce these plots on an IBM AT or com- 
patible computer. See DVF 3 Storage 
and Plotting Application Software prod- 
uct data sheet L6030. 

Bode‘ and polar plots are useful for 
evaluating vibration response during 
machine transient conditions. These 
plots reveal balance resonances (critical 
speeds), synchronous amplification 
factors, and other characteristics for 
evaluating machine condition. 

Sweep Frequency Plots 
For machinery operation under 

steady-state conditions the DVF 3 will 
produce sweep frequency spectrum 
plots. Frequency analysis provides 
useful additional information for com- 
plete evaluation of machinery vibration 
characteristics. 
Automatic signal sweep allows: 

Frequency spectrum plotting within 
user-defined start and end frequen- 
cies. 

instrument pauses at components 
above a user-defined amplitude 
threshold. 

Frequency component search; 

Manual (coarse/fine) tuning to 
pinpoint frequencies of interest. 

Other Features 
Keyphasor error indication appears 
when: 

Shaft rotative speed is outside the 
operating range (50  to 100,000 
rpm) 
Consecutive Keyphasor pulses 
(shaft rotative speed measure- 
ments) vary more than 12.5% 
Trigger threshold is set too low or 
high. 

Peak Hold stores the maximum vector 
(for both channels) since the last time 
the memory was reset; a useful feature 
for identification of peak amplitudes 
from transient data. 

Variable Trensducer Input scale fac- 
tors (0.1 to 9999.9 millivolts per engi- 
neering unit) allow connection of 
virtually all available proximity, velocity 
and acceleration transducers. Scale 
factors between input and output are 
equal, providing convenient interface 
with other diagnostic instruments. 

Hold function freezes the display for 
easy reading and interpretation of the 
values; useful for identifying 1 X vectors 
a t  a particular balancing speed. 

Multiple Full Scale Ranges enhance 
the accuracy of measured variables and 
make the instrument extremely useful 
for a variety of applications. 

EO. BOX 157 MINDEN, NEVADA USA 89423 (702) 782-3611 

NEVADA TELEX: 7400983 BNC UC FAX: (7021 782-9253 
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Signallntegration from acceleration to  
velocity or from velocity t o  displacement 
is available independently on each 
channel. 

display of measured variables. Displace- 
ment values are shown in pk-pk units; 
velocity and acceleration units can be 
0-pk or RMS. 

DC Gap Voltage measurements are 
available for both channels. The high 
resolution of this data allows the deter- 
mination of shaft average radial position 
relative to the bearing clearance. 

liiggering in Two Modes is possible. In 
the AUTOMATIC mode, the threshold 
level is determined by the DVF 3; ideal 
for triggering on a noise-free Keyphasor 
pulse. In the MANUAL mode, the thresh- 
old level is selected by the user, which 
allows triggering on a poor quality 
Keyphasor pulse. In addition, the manual 
mode allows Keyphasor indexing. The 
index function identifies the location of 
the Keyphasor reference mark when 
visual observation is impossible. Index- 
ing, indicated by an asterisk on the dis- 
play, is performed on the negative slope 
of the Keyphasor pulse, which for a 
notch, relates to  the leading edge, and 
for a projection or optical pickup, the 
trailing edge. 

are indicated on the display to  ensure 
data integrity. 

nacking Filter Bandwidth is selectable 
between 12 and 120 cpm to  provide 
accurate measurements for low and high 
speed applications. 

Filtered 1/2X, 1 X and 2X signal 
outputs are available. These dynamic 
signals may be used for display on an 
oscilloscope (e.g. for filtered orbits) or 
connected to other diagnostic 
instruments. 

order to  eliminate the effects of shaft 
runout. The runout vectors may be 
stored automatically with the rotor at 
slow roll speed, or the previously docu- 
mented vectors can be entered manually. 

Coaxial Connectors on the front and 
rear panel inputs and outputs provide a 
reliable interface for transducers and 
other instruments. 

Metric or English Units can be used for 

Amplitude 0 ver/Underrange conditions 

Slow Roll Compensation is provided in 

Useful for a Wide Variety of 
Applications 

The extended operating range of the 
DVF 3 ( 5 0  to  100,000 rpm) allows it t o  
be used on virtually all types of rotating 
machinery. 

Steam, gas, and hydroelectric 

Electric motors and generators 
turbines 

COMPANY: 
PLANT: 
MACHINE TRAIN: XDCR ID:  
DATE: STATE: START-UP 1X F i l t a r a d  Comp 
SLOW ROLL: 1 .42  m i l  pp I 348 dag C o l l a c t a d  a t  369 r p m  

" 

Bode Plot 

Centrifugal, reciprocating, and 

Vertical and horizontal pumps 
Gearboxes 

sampled or manually entered by the 
user. The HOLD function enables the 
user to freeze the displayed data for 
easy interpretation at the balancing 

screw compressors 

Fans and blowers 
Centrifuges 
Paper machine rollers 
Propulsion systems 

speed. 
The Field Balancing Package option 

provides a programmable handheld 
HP 41 CV calculator and Bently Nevada 
software for multiplane balancing solu- 
tions, up to four planes. 

Using the DVF 3 for balancing 
The DVF 3 is ideal for balancing rotat- 

ing machinery due to  it 's ability t o  track 
the 1 X vibration response of the ma- 
chine. The 1 X vector on each channel 
can be slow roll compensated for shaft 
runout effects to  display the true 1 X 
dynamic motion. The slow roll compen- 
sation vectors can be automatically 

Using the DVF 3 for REAL TIME 
Bod; and Polar Plotting. 

The DVF 3 and the acces,sory digital 
plotter(s1 can produce Bode or polar 
plots in "real time"; a useful feature for 
the engineer faced with deciding 
whether a machine start-up should con- 
tinue or not. 
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I COMPANY: 
PLANT: 
MACHINE TRAIN: XDCR ID: 
DATE: STATE: START-UP 1X Filtered Comp 
SLOW ROLL: 1.42 mil pp B 340 dag Collacted at 369 rpm 
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Polar Plot 

The polar plots are automatically 
annotated with rpm tic marks at rotative 
speed increments. This plot is extremely 
useful for structural resonance and 
mode shape identification, particularly 
on balancing exercises where modal 
consideration is required. 

able in terms of amplitude, rpm and 
phase lag angle. This plot allows the 
exact frequency of resonances to be 
accurately determined. The damping 
characteristics of a system resonance 
can be evaluated by calculating synchro- 
nous amplification factors from the 
presented data. 

Both the Bod; and polar plots can be 
made using the 1 X or 2X vectors. The 
2 X  plot is very useful in the detection of 
shaft cracks where lateral stiffness asvm- 

The Bod; plot scaling is user-select- 

Using the DVF 3 with a tape 
recorder. 

Multi-channel tape recording of a 
startup or shutdown can be easily 
reduFed in the field into report-quality 
Bode and polar plots for each channel. 
The DVF 3 and its accessory plotter(s) 
can produce these quality plots from 
blank (8’12 x 11 inch or A 4 )  paper or 
previously prepared graph paper. The 
DVF 3 firmware is programmed to fully 
label these plots. Plot correlation is 
possible by replaying data from other 
transducers or channels and plotting on 
the same sheet. The multi-pen, multi- 
color plotter(s1 facilitates this feature. 

Using the DVF 3 for Pre- and 
Post-Maintenance checks. 

metry due to a crack is to be evaluated. When a long running machine is being 

shutdown for planned maintenance, the 
DVF 3, digital plotter(s) and a tape 
recorder can be used to provide quick 
documentation of the transient charac- 
teristics during shutdown. This data can 
be used either as a baseline transient 
response curve or compared with the 
last response curve plotted for that 
machine. Indications of changes in 
balance condition, system dynamic 
stiffness and damping effects can be 
quickly pinpointed using such methods. 

Plots generated from shutdown data 
can be compared to  those made during 
startup in order to  evaluate the effects 
of any maintenance performed on the 
machine during shutdown. In addition, 
the post-maintenance transient re- 
sponse can be used as a reference for 
the next scheduled maintenance. 

Using the DVF 3 for Acceptance 
Testing. 

A typical acceptance test may include 
the documentation of measured balance 
resonances, calculation of synchronous 
amplification factors (0). shaft mode 
shapes and frequency spectra. It may 
also call for casing measurements 
which are specified in either 0-to-peak 
or RMS units. The DVF 3 and its 
accessories can document and display 
all of this information, making it an ideal 
test stand instrument. 

Using the DVF 3 with Low 
Speed Machinery. 

The tracking filters on the DVF 3 can 
operate down to  5 0  rpm, making the 
instrument useful for low speed applica- 
tions. Hydroturbines and cooling tower 
fans can be balanced accurately using 
1 X vector information. The 12 cpm 
bandwidth selection is useful for low 
speed applications. 

useful for measuring shaft runout at 
slow roll speeds for eliminating runout 
effects from subsequent vibration data 
and detection of shaft cracks. 

The low speed DVF 3 response is also 

Using the DVF 3 with the 
ADRE II System. 

The DVF 3 can be used in place of the 
DVF 2 with the ADRE II system. When 
DVF 3 is used with the ADRE II system, 
one additional useful feature is the 
ability t o  manually enter slow roll com- 
pensation vectors at the instrument’s 
front panel. This eliminates having to 
sample real slow roll data from tape 
recordings before compensation can be 
performed on any plot. 



Specifications 
The following specifications are 

intended to provide basic information 
only. 

Specifications provided are a t  73 O F  
(23  OC) with a sine wave input, a t  input 
scale factor greater than 3 mV/mil and 
with a full scale setting of 10 mils. 
Where required, input signal level is the 
full scale selection. Specifications given 
are for a shaft rotative speed of 3600 
rpm and with the tracking filter set for 
12 cpm bandwidth. 

Power: 90-132 Vac or 180-264 Vac, 
(switch selectable), 47 to 63  Hz, 
1 phase. Nominal power consumption 
3 0  Watts. 

Vibration Signals: 
Sensitivity: Selectable in 0.1 mV per 

engineering unit increments from 
0.1 to 9,999.9 mV/unit. 

Range: From one to six full scale ranges 
are available depending on sensitivity 
and units selected. For example 2, 5, 
10, 20  and 50  mil ranges are available 
with an input sensitivity of 200 mVI 
mil. 

Probe Gap Voltage: f 25 Vdc. 
Impedance: 1 Mf2. 
Keyphasor Signal: 

Input impedance: 100 kf2. 
Transducer: 7200, 7000 or 3000 

series transducer system, optical 
pickup, or stroboscope; one event 
per shaft revolution. 

Threshold range: f 18 Vdc. 
Hysteresis: Factory set at 0.5 volts. 

Internally adjustable for 0.2, 0.5 and 
1.5 volts. 

Display Accuracy: Input to front panel 
display 

Amplitude (non-integrating): 
Direct Mode: pk-pk and 0-pk; within 

RMS Mode: Within +2.8%, -3.1% 

Filtered Mode: Within +2.0%, 

+2.9%, -3.2% (maximurn). 

(maximum). 

-2.4% (maximum). 
Phase: 

Filtered Mode: Within +0.6%, 
-2.1% (maximum). 

Digital Vector Filter 3 

COMPANY - 
PLANT - - 
MACHINE TRAIN - - XDCR I D  - 
DATE - - STATE Sweep 

i 

Sweep Frequency Plot 

Output Accuracy: Integration: 
Input to fronthear outputs 
Amplitude: 

- 1.7% 

0 dB frequencies: 
Velocity: 63.9 Hz f 1.1 Hz. 
Acceleration: 305 Hz f 5.0 Hz. Direct Mode: Within + 1.3%, 

.. 

Filtered Mode: Within +4.9%, 
- 5.3%. 

Phase: 
Direct Mode: Within +0.2 ", - 1.3 O, 
Filtered Mode: 1 X phase shift within 

RPM: 
+2.1 O, -3.6'. 

5 0  to 3600 rpm: Within f 1 rpm 
3601 to 10,000 rpm: Within t 3 

10,001 to 25,000 rpm: Within 

25,001 to 99,900 rpm: Within f 100 

rPm 

f 20 rpm 

rPm 
Probe Gap Voltages: 

Accuracy: k 1.5%. 
Resolution: 

I Range I Resolution I 
1-25.0 Vdc to -10.0 Vdc I 0.1 Vdc I 
1-9.99 Vdc to +9.99 Vdc I 0.01 Vdc I 
I + 10.0 Vdc to +25.0 Vdc I 0.1 Vdc I 
Trigger Signal: 

Impedance: 220 Q. 
Drive Capacity: 1 TTL load. 

Amplitude: Within + 1.5% , -2.5% 
of input signal in addition to vibra- 
tion measurement deviation. 

Velocity to Displacement: 0.4 times 

Example: Input of 500 rn V7id.s 

Output Signal Scale Factors: 

the input scale factor, k 1.6%. 

provides output of 200 rn V/rnil, 
f 1.6%. 

Acceleration to Velocity: 5.0 times 
the input scale factor, f 1.4%. 

Example: Input of 100 rn V/g pro- 
vides output of 500 m Vhn/s, 
f 1.4%. 

Filter: 
Bandwidths: 

120 k 10 cpm (2 .0  Hz). 
12 k 1 cpm (0 .2  Hz). 

Value: 
120 cpm: 0.65 second. 
12 cpm: 7.30 seconds. 

Response Time to 99% of Final 

Note: Add 0.4 second for RMS measurements 

Signal Frequency Sweep: 
Range: 100 ( t 2.0) cpm to 99.900 

Increments: 2 5 cpm increments. 
( f 100) cpm. 

Operating Range: 50 rpm to 99,900 
rpm. 

The DVF 3 is equipped with a GP-I6 and 
an ADRE II interface. 
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Temperature Range: 
Operating: + 3 2  OF to  + 122 OF 

Storage: -4OOF to  + 185OF 
(0  OC to  + 5 0  OC). 

( -40°C  to  +85OC). 
Relative Humidity: Up to  90%,  noncon- 

densing. 

I CSA: Certified safe for general purpose 
use in laboratory environments. 

1 
I 
I 
I 
I 
I 
I 
I 
I 
8 
I 
1 

Width: 17.40 in. (440 mm). 
Depth: 17.25 in. ( 4 3 0  rnm). 
Height: 5.18 in. (130 mrn). 
Weight: 2 2  Ibs. ( IO  kg). 
Rack mountable (19 inches - 482 .6  

mm) with optional EIA rack-mount kit 

~ 

Ordering Information 
The DVF 3 and commonly-used 

accessories comprise the DVF 3 Field 
Packages. You can design your package 
by using the accessories list for 
maximum flexibility. 

81496-01 
Includes: 
1 DVF 3 Type 77581-01 
1 DVF 3 soft carrying case 
1 Digital plotter 
1 Set of interconnect cables 

81496-02 
Includes: 
1 DVF 3 Type 77581-02 A 
1 DVF 3 soft carrying case 
2 Digital plotters 
1 Set of interconnect cables 

82246-01 
Includes: 
1 HP-41 CV calculator with card 

reader and printer 
1 HP Infrared printer with interface 

module 
1 Bently Nevada Multiplane Balancing 

software package (4-plane 
maximum) 

User Selection: 
mils peak-to-peak . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
micrometres peak-to-peak . . . . . . . . . . . . . . . . . . . . . . . . . .  
inches per second peak . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
inches per second rms . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
millimetres per second peak . . . . . . . . . . . . . . . . . . . . . . . . .  
millimetres per second rms . . . . . . . . . . . . . . . . . . . . . . . . . .  
velocity integrated to displacement in mils peak-to-peak . . . . . .  
velocity integrated to  displacement in rnicrometres peak-to-peak 
g'speak . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
g'srms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
metres per second per second peak . . . . . . . . . . . . . . . . . . . .  
metres per second per second rms . . . . . . . . . . . . . . . . . . . . .  
acceleration integrated to velocity in inches per second peak . . .  
acceleration integrated to velocity in inches per second rms . . . .  
acceleration integrated to  velocity in millimetres per second peak 
acceleration integrated t o  velocity in rnillimetres per second rms . 

Abbreviation: 
. . . . . . . . .  (mil pp) 
. . . . . . . . .  (pm pp) 
. . . . . . . . .  ( i n k  pk) 
. . . . . . . .  (inis rms) 
. . . . . . .  (rnm/s pk) 
. . . . . .  (mm/s rms) 
. . . . . . .  (int mil pp) 
. . . . . . .  (int prn pp) 
. . . . . . . . . .  (g Pk) 
. . . . . . . . .  (g rms) 

. . . . . . . .  (miss pk) 
. . . . . . .  (m/ss rms) 
. . . . . . .  (int inis pk) 
. . . . . .  (int in/s rms) 
. . . . .  (int mm/s pk) 
. . . .  (int mm/s rms) 

82705-01 
Includes: 
1 Proximitora panel. 
4 Proximity probes and cables. 
2 Velocity transducers and mounting 

1 Optical Keyphasorm and mounting 
accessories. 

accessories. 
Co-axial t o  Banana adapters. 
Co-axial cables 
Banana cables 

1 TK 15 Keyphasor Conditioner/Power 

2 Manuals 
1 Hard carrying case. 

Supply. 

77581-01 DVF 3 
77581-02 DVF 3 A 
79981-01 DVF 3 test cable kit A 
76285-01 DVF 3 hard transit case 
78858-01 DVF 3 soft carrying case 
75237-01 DVF 3 rack-mount kit 
82292-01 DVF 3 Users Guide A 
02198937 DVF 3 power cord A 
83194-01 DVF 3 Storage and Plotting 

Application So f twareQ 
02290871  Tektronix HCIOO digital 

p lo t te rA  
04160166 HC100 Hard carry case 
02290003 HP-IB Computer Interface 

0 2 2 6 0 3 7 2  HP-IB Cable 
02290381  HP 7440A digital plotter 
9200-09-01-01 Velocity transducer A 
80705-02 Velocity interconnect cable, 

6 f t  ( 2  m)  
16707-01 Adapter (3 to  2 wire) A 
46000-01 Super Mag 100 magnetic 

base 
7989-01 Extension rod, for use with 

9 2 0 0  velocity transducer 
10798-03 Optical pickup 
20545-25  Optical pickup cable (25f t )  
20211-05 Optical pickup mounting 

package (Includes: locking 
pliers, magnetic base, 
gooseneck transducer 
holder) 

81769-01 Reflective tape roll 
0 2 2 9 0 9 4 7  HP 41 CV programmable 

card 

calculator 



4 3 9 8 0 - 0 1  Bently Nevada multiplane 
balancing software 
(HP 41 CV or CX)  

02290948 HP card reader 
0 2 2 9 0 9 5 1  HP infrared printer 
0 2 2 9 0 9 4 9  Printer interface module 
7613 1-01 

76131-02 

7613 1 -04  

7613 1-03 

73783-01  
81663-01 

Stroboscope kit with 
12 Vdc battery pack and 
240 Vac. 5 0 / 6 0  Hz 
charger 
Stroboscope k i t  with 
12 Vdc battery pack and 
120 Vac, 5 0 / 6 0  Hz charger 
Stroboscope k i t  with 
120 Vac, 5 0 / 6 0  Hz power 
supply 
Stroboscope k i t  with 
240 Vac, 5 0 / 6 0  Hz power 
supply 
Keyphasor Multiplier/Divider 
Keyphasor Conditioner/ 
Power Supply 

Digital Vector Filter 3 

A Supplied with DVF 3 and all 
packages 
A Other velocity transducers are 
available. 
A For use with Bently Nevada 16699 
3-wire velocity transducers. 
A Test cable kit consists of a set of 
short coaxial cables with BNC 
connectors for use with the DVF 3 self 
test function. 
A DVF 3 type 77581-02 has additional 
features; - 78, -24 Vdc power supply to 
drive Proximitors and the ability to drive 
two digital plotters simultaneously. 
A See product data sheet L6030 for 
details on DVF 3 software for IBM AT 
and compatible computers. 
A US style plug, 110 v ac. Other power 
and mains plug configurations available 
for UK, European, Swiss, Australian and 
North American users. 

BENTLy NEVADA 3 
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St Petersburg, Florida 0 Charlotte, North Carolina [ J Atlanta, Georgia 0 Chicago, Illinois 0 Kansas City, Kansas 
Baton Rouge, Louisiana 0 Boston, Massachusetts I I Chester, New Jersey fl Buffalo, New York I 1 Cincinnati, Ohio I7 Tulsa, Oklahoma 

Portland, Oregon U Philadelphia, Pennsylvania n Pittsburgh, Pennsylvania r l  Dallas, Texas n Houston, Texas 

Germany 0 Greece 0 India 0 Indonesia U Italy CJ Japan Ll Korea L1 Kuwait LI Malaysia ' 1 Mexico 0 The Netherlands 0 New Zealand 
Nigeria 0 Norway U Pakistan rl People's Republic of China Qatar 0 Quebec '3 Saudi Arabia I? Singapore 0 South Africa 0 Sweden 
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ADRE" 3 
Technicallordering Information 

Fast acquisition and reduction 
of dynamic vibration data for 
rotating machinery behavior 
analysis 

The ADREB 3 system (Automated 
Diagnostics for Rotating Equipment) 
provides affordable, fast and simple 
acquisition and reduction of vibration 
data for diagnostics on rotating 
machinery. 

capture eight channels of dynamic 
vibration data during machine transient 
conditions (startup or shutdown), or 
while the machine is operating at a 
constant speed, makes ADRE 3 essen- 
tial for rotating equipment specialists. 

An ADRE 3 data acquisition and 
reduction system consists of: 

One (or up to ten) Bently Nevada 
108 Data Acquisition Instrument(s) 
Bently Nevada ADRE 3 application 
software 
Computer system 

With ADRE 3's application software, 
dynamic waveform records and static 
data records (vector and scalar values) 
are retrieved from the 108 Data Acquisi- 
tion Instrument (108 DAI) or floppy 
disk, and reduced in a variety of plotting 
formats suitable for diagnosis of rotat- 
ing machinery malfunctions. 

Ease of use and low cost make it 
economical to  utilize ADRE 3 as part of 
a (predictive) vibration analysis pro- 
gram. Its ease of operation enables 
acquisition and reduction of vibration 
data for analysis with minimal training. 

Low weight and compact size make 
the ADRE 3 system (with "portable" 
computer) the ideal setup for "in the 
field" work, on acceptance test and 
balancing stands, control rooms and 
laboratories. 

ADRE 3 is specifically designed to 
analyze rotating machinery; in particu- 
lar, steam and gas turbines, electric 
motors, centrifugal and screw compres- 
sors, vertical and horizontal pumps, 
turbogenerator sets, hydroturbine- 
generator sets, turbo expanders, ship 
propulsion systems, aircraft engines, 
fans, blowers, reciprocating engines and 
compressors. 

The system's ability to simultaneously 

108 Data Aquisition Instrument 
The 108 DAI is a highly versatile 

instrument with many features aimed at 
application flexibility and easy user 
interface. 

The ADRE 3 system consists of one (or up to IO) 108 DAI Data Acquisition 
Instrument(s) (left) and computer system with ADRE 3 software (right). 

Vibration input signals can be from 
acceleration, velocity and displace- 
ment transducers. 
Scale factors are user selectable 
(default values or manual entry). 
Single integration may be per- 
formed on each of the eight 
channels. 
English and metric engineering units 
can be displayed in pk-pk values for 
displacement and 0-pk or RMS for 
velocity and acceleration. 
Independent channel overload and 
KeyphasoP error LEDs ensure that 
the user is alerted of irregularities 
during data collection. 

Setup keys on the 108 DAI make it 
simple to configure the instrument to 
acquire data. Selections which can be 
made using the clearly labeled keys 
include the transducer units, scale 
factor, full scale range, trigger mode, 
filter mode (1 X or 2x1 and bandwidth. 
The user selects whether data will be 
acquired based on elapsed time 
(ATIME), change in shaft rotative speed 
(ARPM), or both. 

For ease of use and efficiency, the 
108 DAI enables the user to configure 
and store (in non-volatile EEPROM) up 
to seven instrument setup configura- 
tions. Eight setup configurations can be 
recalled. The eighth is a factory pro- 
grammed setup. 

For complete system integrity, the 
user can initiate nine different self tests 
simply by pressing two dedicated keys 
simultaneously. The 108 DAI display 
indicates completion and results of a 
performed self test. Individual channels 
can be tested, using the test signal at 
the rear panel. 

programmed, based on elapsed time 
(ATIME), changes in machine speed 
(ARPM), or both. 
Data also can be acquired manually, by 
pressing the MANUAL SAMPLE key on 
the 108 DAI front panel, or by a 
(remote) contact closure. 

Each channel on the 108 DAI can 
store up to 3 2  dynamic waveform 
records and 3 2 0  static data records. 
Under ATIME or ARPM control, a wave- 
form record is sampled concurrently 
with each tenth static data record. 

a waveform record and a static data 
record are sampled and stored. 

A dynamic waveform record consists 
of 512 data samples and represents the 
"real time" vibration waveform from the 
measured points. The first 2 5 6  samples 
are used for orbit and time base wave- 
form reconstruction and presentation. 
Antialiasing filters are not used when 
these samples are taken because such 
filters introduce phase errors in the data. 

Automatic data collection can be pre- 

When using MANUAL SAMPLE, both 
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