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CRACKED SHAFT DETECTION ON LARGE VERTICAL NUCLEAR REACTOR COOLANT PUMP 

L. Stanley Jenkins 
Westi nghouse Electric Corporati on 

Cheswick, Pennsylvania 15024 

Due to the difficulty and radiation exposure associated with examin'atfon of 
the internals of large commercial nuclear reactor coolant pumps (RCP's), it is 
necessary to be able to diagnose the cause of an excessive vibration problem 
quickly without resorting to extensive trial and error efforts. 
is necessary to make maximum use of all available data to develop a consistent 
theory which locates the problem area in the machine. 

February 1984 by the author to identify and locate the cause of a continuously 
cllmbing vibration level of the pump shaft. The data gathered necessitated some 
In-depth knowledge of the pump lnternals to provide proper interpretation and avoid 
misleading conclusions. Therefore, the raw data included more than just the 
vibration characteristics. 

Consequently, i t  

This type of approach was taken at Three Mile Island (TMI), Unit #1, in 

Pertinent details of the data gathered Is shown herein and Is necessary and 
sufficient to show that the cause of the observed vibration problem could logically 
only be a cracked pump shaft In the shaft overhang below the pump bearing. 

MACHINE DESCRIPTION 

TMI #l Is a Babcock and Wilcox Nuclear Steam Supply System (NSSS) with four 
93A spool piece design reactor coolant pumps designed and manufactured by 
W stinghouse, Electro-Mechanical Division. Pump head and flow are about 107 m/7.20 

Chalmers 6700 kw (rated) motors (totally enclosed, water/air cooled). The spool 
piece design i s  a common feature to this type of pump whereby an 457 m long 
section of shaft can be removed to permit maintenance of the seals without removal 
of the motor and breaklng of the pump/motor alignment, The 93A pumps In this plant 
are a special adaption of the very common series of 93A pumps found in the majority 
of Hestinghouse NSSS's. A cutaway view of the typical 93A RCP is shown In Figure 
1. Detail differences between the TMI #l pumps and the typical 93A pump design are 
insignificant relative to the discussion details in this paper. 

dlagramatically in Figure 2. The range of flows possible with this system design 
(as a percentage of total four pump operation "best estimate" flow) Is depicted in 
Table 1 for typical combinations of pump operation. The negative values Indicates 
reverse flow in the loop. Increasing flow rates generate radial loads (on the 
impeller, fixed relative to the casing) which increase approximately as the square 
of the flow rate. This load is estimated to be In excess of 2300 kgf for single 
pump operation at TMI #l. 

m f /sec. at 288OC in the loop. The pumps are vertical and driven by Allis 

. The TMI #l Reactor Coolant System (main primary piping only) is shown 
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ations are shown In Figure 1. This is the standard probe 
location for all RCP's of this design. The shaft probes I'see" the 347 stainless 
steel shaft surface. Nominal pump shaft diameter 1s 200 to 230 mm. 

INITIAL OETECTION OF THE PROBLEM 
AN0 VIBRATION CHARACTERISTICS OBSERVE0 

In late January 1984, EMD Engineering was alerted by plant personnel of a 
worsenlng vlbration problem on IIlB" RCP (referred to as 6 ) .  The shaft vlbration 
had been in the 225 - 280 micron (9 - 1 1  mil) range for several months prior to 
this, during which time the pump was run prlmarily alone. Approximately 1400 hours 
had been logged on the pump in this mode. A tape of the vlbration signals was made 
prlor to shutdown of the pump as the levels neared 750 microns (30 mils) and the 
rate o f  Increase cllmbed to 25 mlcrons/hr (1 mil/hr) (Instruction book limits, 
slngle pump operation). 

The lnvestigatlon Into the cause o f  the problem took the following direction: 

1. Compare frequency content, vibration levels, etc., on all RCP's in the plant. 

2. 

3. 

Oetermine the effect o f  balance weight changes on 8 REP. 

Run the motor on B RCP %o-loadI' and compare data to the loaded operation. 

The following was noted during these tests: 

1. Comparison o f  vibration levels between pumps indicated nothing unusual. 
However, B RCP contained a large amount of 2X vibration component not present 
to any significant degree in the other RCP's. Table 2 shows the vibration 
level and frequency content comparison. 

A reduction In 1X (runnlng speed 3: 20 Hz) motlon due to the additlon of weight 
to a pump coupling bolt had no impact on the 2X component. Table 3 shows the 
results of this test. Response to the weight was normal (approximately 3.5 
grams/micron, 40Olag). 

Durlng no-load motor operation, all 2X components dlsappeared from frame and 
shaft (motor) data (a probe had been mounted to read motor shaft motion 
speciflcally for this one test). 

2. 

3. 

Figures 2 through 6 are samples of  the waveform and spectral data taken during 
the above tests on 8 RCP. 

ASSESSMENT OF THE FACTS 

In additlon to the facts noted above, the followlng was known: 

1. The 2X vibration level would "ratchet" up on each start o f  the coupled pump 
assembly (see Flgure 7). 

2. The pump and motor were found to be 812 microns (32 mils) out of alignment, 
laterally (centerline to centerline shift). The effect of this I s  depicted In 
Flgure 8. 
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3 .  A shaf t  o r b i t  w i t h  an Inner loop was observed dur lng coupled pump operation, 
l i k e  tha t  shown here: 

Per standard references on rnachlnery malfunct lon 
diagnostics, i t  was apparent tha t  two p o s s l b i l l t i e s  f o r  the 
cause of the problem were pump/motor mlsalignment or a 
cracklng shaft .  
impel ler ,  bearlng deter iorat ion,  o r  f u l l  or p a r t i a l  rubs 
were el lminated since they were inconsis tent  w i th  some or 
a l l  o f  the data taken. The primary problem was then 
determining which o f  these two p o s s i b i l i t i e s  was ac tua l l y  
correct  . 

Other p o s s i b i l l t l e s  such as a loose 

RESOLUTION OF THE ALIGNMENT/CRACK CONTROVERSY 

Assuming tha t  a cracked shaf t  was the most l o g l c a l  choice o f  malfunctions, t o  
r a t i o n a l l y  expla ln  the observations and data i t  was necessary to: 1)  choose a 
l oca t l on  f o r  a crack i n  the shaf t  and pred ic t  the shaf t  mot lon  t o  determine l f  i t  
y ie lds  the observed shaf t  motion, and 2) show tha t  the misalignment observed could 
not produce su f f i c ' len t  shaf t  bending t o  cause the observed 2X motion. The obvious 
method o f  realignment and rerunning the pump was discarded due t o  the t l m e  
consurnptlon f o r  t h i s  e f f o r t ,  unnecessary rad ia t i on  exposure, and the des i re  t o  
minimize damage t o  the s ta t ionary  par ts  due t o  add i t lona l  operation. 

The ra t i ona le  f o r  e l lm lna t ion  o f  misalignment induced 2X I s  based on bear lng 
clearances i n  the pump and motor plus the bene f i c la l  e f f e c t  o f  long dlstances 
between bearings. Again, r e f e r r i n g  t o  Figure 8 i t  I s  easy t o  see tha t  a minlmum 
o f  457 microns (18 m i l s )  cen ter l ine  s h i f t ,  wi thout any t i l t i n g  o f  the r o t o r  on the 
Klngsbury th rus t  bearing, is possible wi thout i ncu r r i ng  any bending o f  the r o t o r .  
Furthermore, the long distance between bearings w l l l  permlt  add i t lona l  t l l t l n g  o f  
the motor ro to r  ( the  Kingsbury th rus t  bearing can accommodate t h l s  eas i l y  as w l l l  
the spher ica l l y  seated pump bearlng) t o  accommodate the measured 812 micron shaf t  
l a t e r a l  misalignment w i th  in t roduc t ion  o f  some edge loading o f  the motor  r a d i a l  
t i l t e d  pad bearings. Hence, i t  is h igh ly  u n l l k e l y  tha t  2X would be generated by 
bearing mlsallgnment. 
basis o f  a separate evaluat lon o f  the d l r e c t i o n  o f  misalignment coupled w i t h  
ant ic ipated r a d i a l  motlon o f  the impel ler  under a f i x e d  load i n  the casing) does 
not  produce shaf t  bending slnce rubs I n  water wear out In a r e l a t l v e l y  short  time. 

The ra t i ona le  fo r  showing tha t  the observed motion is predtc tab le is more 
d i f f i c u l t .  F i r s t  o f  a l l ,  i t  is l o g i c a l  t o  p lace the crack below the pump bearing. 
(The presence o f  a f i x e d  r a d i a l  load I n  the casing, and the observation tha t  - 
balance weight response was normal suggest a crack below the pump bearlng.) Then, 
by u t l l l z i n g  a s imp l i f i ed  model o f  the pump shaf t  and tak ing the motor shaf t  
between bearlngs as a " b u i l t - i n  beam," i t  is posslble t o  r e l a t e  a dynamic motion 
observed at the Dump coupl ing t o  a s tat lonary -- f i x e d  i n  the casing -- hydraul ic  
load a t  the lmoel ler .  The end r e s u l t  o f  t h l s  ana ly t i ca l  exercise (uslng the 
p r inc lpa l  o f  superposi t ion o f  loadings and def lect ions t o  es tab l l sh  the proper 
phasing o f  the motions a t  the impel ler  and coupllng) is shown i n  Flgures 9 and 10. 
Thls e f f e c t  was successful i n  not only p red ic t i ng  the observed 2X motion 
q u a l i t a t i v e l y  bu t  also, when the 1 X  motion is added i n  (generated by the "hinging" 
ac t ion  o f  the impel ler  mass below the crack) the observed composite waveform was 
predicted. 
equal. 

Note tha t  l a b y r l n t h  rubbing (which was predicted on the 

Compare Figure 10 w i t h  Figure 4 where 1 X  and 2X amplltudes are near ly  
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AOOITIONAL (NON-ESSENTIAL) V E R I F I C A T I O N  OF CRACK EXISTENCE 

For obvlous reasons, there was an extreme reluctance t o  accept t ha t  the 
d l f f l c u l t  t o  access pump shaf t  was cracked. Hence, another Independent method o f  
crack v e r l f l c a t l o n  was desked. 
shaft was attempted f r o m  the accessqble coupl lng end. Data obtalned was compared 
t o  another survey on a new pump shaf t  on s i t e .  
data (ac tua l l y  obtalned a f t e r  removal o f  the pump sha f t )  I s  I n  Flgure 11. Durlng 
the l nves t l ga t l ve  e f f o r t  and afterwards as wel l ,  i t  was found t o  be near ly 
lmposslble t o  p red tc t  by UT, f r o m  the coupl lng end o f  the shaft ,  l f  a crack ex ls ted 
I n  the.overhang and where I n  the overhang l t  was located. 

An Ul t rasonlc  T e s t  (UT) o f  the 3.3 m long pump 

The best ava i lab le  comparison o f  

I t  was noted, however, tha t  once the impel ler  end o f  the shaf t  was exposed. 
tha t  a UT o f  t h l s  end o f  the shaf t  produced very strong evidence o f  a s izeable 
d iscont inu i ty .  The a x l a l  l oca t l on  predlc ted and I t s  o r l en ta t l on  r e l a t i v e  t o  the 
coupl ing keyway was very c lose t o  the predlc t lons made on the basls o f  v fb ra t l on  
analysls descrlbed I n  t h l s  paper. 
approximately 60% o f  the cross-sectlon was estlmated t o  be cracked through. 

From the UT check o f  the Impel ler  end, 

CONCLUSIONS 

I t  I s  evtdent f r o m  by t h l s  e f f o r t  t ha t  I t  is posslb le  t o  p o s l t l v e l y  I d e n t i f y  
the presence o f  a crack i n  a r a d l a l l y  loaded v e r t l c a l  machlne by means o f  v l b r a t i o n  
analysls techntques and use o f  very slmple ana ly t l ca l  methods. A determlnatlon o f  
response t o  balance welght and separatlon o f  the machlne t r a l n  i n t o  separate 
operable components t o  the greatest  extent posslble l s  very Important t o  p o s l t l v e l y  
I d e n t i f y i n g  the l oca t l on  o f  the suspected crack. 

Non-destructlve examlnatlon by UT o f  the shaf t  o f  a 93A RCP from the coupl lng 
end has not  ye t  proven t o  be a r e l i a b l e  lnd lca tor  o f  the presence o f  a crack. 
However, a p red lc t l on  o f  an t tc ipa ted  shaf t  motlon based on the expected l oca t l on  o f  
the crack ( i n  a bearlng span or overhang) produced the observed motlon wi th slmple 
r o t o r  assembly models. Knowledge o f  some o f  the charac ter ts t l cs  o f  the machlne l s  
a prerequ ls f te  f o r  t h i s  approach. 

SYMBOLS AND UNITS 

m meter kgf  k l logram ( fo rce)  

"C degrees Celsius MPa megapascal 

kw k i l o w a t t  1X runnlng speed component o f  v l b r a t l o n  

sec second 2X twlce runnlng speed component o f  v l b r a t l o n  

mn mt l l lmeter  
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Figure 1 .  - Cutaway view of typical reactor coolant punp. 
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(a) Isanetric view of typical primary piping a t  TI41 I1 (one S.G. loop shown). 
(b) Plan view of primary piping at Tnf  #l. 

Figure 2. - Piping schematic. 
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RC PIS HORl ZONTALi 

INCH P-P 
16.8E-3 
8. UOE-3 

CPM 

1200.0 
2400.0 

01-FEB-84 

12: 28: 40 
All vibration levels in mils. D.rk-to-wk 

Figure 3. - Sample of waveform and spectral data taken on B RCP: February 1, 1984 (original data). 

RC Pi6 HORI ZONTcy 

INCH P-P 
7.8OE-3 
8.8UE-3 

CPM 
1200.0 
2400.0 

03 -F Et3 -- 8 4 

19: 38: 05 
I .l , 11.1) .--- , 

All wibratlon levels In mils. Deok-to-ueak 

Figure 4. - Sample of waveform and spectral data taken on B RCP: February 3, 1984 (after balance). 
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R C PI6 
FRAME HORl t  

VOLT RMS 

196. E-3 
63.6E-3 
S8.3E-3 
S8.3E-3 

HERTZ 

40.000 
46.252 

-.- 

277.52 
297.52 

04-'FEB-84. 

12: 39: 3s 

RCP16  FRAME VERT 

VOLT RMS HERTZ 
75.8E-3 20.001 
37.2E-3 '23,751 

' 66. SE-3 40.000 
34.6E-3 277. S2 

u 

n 

04-FEB-84 

123 43: 46 

AFTER BALANCE 

Figure 5. - Frame vibration spectral data: February 4, 1984 (after "balancing"). 
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RC PIB 

VOLT RMS 
42.4E-3 
47.7E-3 
42.4E-3 

HERTZ 

20.001 
176.26 
470.02 

Uncoupled Frame Notion 
05-FEQ-84 

98: 18: 06 ' 

RCPIB . 
U 

I T  

INCH P-P HERTZ 
. 2.33E-3 20.001 

n 
Stand 

Shown 

MI( c i a  (II TW 2 

Uncbupled Motor Shaft  Extension Motion 

05-FEE-84 

18: 16: 07 
- _  

Figure 6. - Spectral and wavefonn plots frun uncoupled motor run of B RCP, sharing frame and shaft 
motion. 
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Figure 7. - Trend plot for 1X and 2X vibration levels for B RCP shaft. 
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Figure 8. - Effect of 0.032-inch-bearing centerline offsets on shaft bending. 
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COUPLING 
END 

L 0 1:O a i  

ao oun REFLECTOM 

S.0 7.0 

6.0 7.0 

IMPELLER 
END 

Figure 11. - Carparison of old shaft and new shaft UT reflectors. 
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