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Summarv 

The paper describes the fai lure  of one of the 
two magnet power supply alternators which resulted 
i n  the rewind of one s ta tor  and the modificazion 
and rebuild of the rotors of both alternators. 
T h i s  fa i lure  prevented Nimroq operating a t  7 GeV 
from la te  February, 1965 t o  the end of November, 
1965. Certain design changes mde when the rotors 
were rebui l t  are  described. A resume’ is given of 
the investigations carried out h m d i a t e l y  a f t e r  
the fai lure ,  while rebuilding was i n  progress, and 
after the machines were returned t o  service. 
Present plans are also br ie f ly  mentioned. 

1.0 Description of Instal la t ion 

Duty of Power suppl;$ 

./min motor-alternator-flywheel se t s  feeding 
transformers and mercury arc convertors is  inter-  
posed betweer- the magnet and the e lec t r ic i ty  
supply network. 

h r i n g  the current r i se  period the machines 
a c t  as generators, and a t  the beginning of f l a t  
top,half the convertors are switched from rect i -  
f icat ion to  inversion, the remaining half follow- 
ing into inversion a t  the end of the f lat  top 
period. 
from the magnet to the machines which now operate 
as synchronous motors (Figs l a  and lb). 
construction as originally designed i s  shown i n  
Fig 2. 

A power supply consisting of two 60 MVA 1,000 

During decay time, energy is returned 

The pole 

2.0 The Failure 

On the evening of February 21st, 1965, a loud 
thud was heard f r o m  No. 1 al ternator  and dense 
smoke emerged from i t ,  
operated and the s e t  came to  r e s t  under braking i n  
15 mins. 
the time of the fau l t ,  and the al ternator  which 
fa i led  had been sub‘ected since it was commis- 

a d  shaft eccentricity readings were normal even 
seconds before the incident. 

The emergency t r i p  was 

The alternators were not energised a t  

sioned to 7.25 x 10 6 pulses. Pedestal vibration 

3.0 Investigation of Failure 

3 . 1  Si t e  examination of machine 
The fau l t  w a s  caused by the fatigue fa i lure  

of a rotor 
(Figs 3 & l+r 
on the i r  s ta tor  laminations. 
the endplates of Mo. 2 alternator were examined 
f o r  cracking and found t o  be sound. 

gauge measuremects in the neck region. 
stress distribution across Yne neck with the s e t  

l e  endplate across the neck region 
Both drive motor rotors had rubbed 

A l l  pedestals and 

It was therefore decideu t o  carry out s t r a in  
The 

D. Reed 
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a t  no load speed was about Lk,OOO lbf  in2 towards 
the neck edge and approx. 19,000 lbf  / in2 a t  the 
neck centre. It was noticed that  superimposed on 
the D.C. s t ress  due to  CF force was an alternating 
gravitational component of s t ress  a t  rotational 
f r e  uency having an approximate value of  fi,450 
Ibfyin2. 
turely discontinued because a very small crack was 
detected i n  an endplate. 

3.2 Detailed examination of rotor 

all detai ls  recorded. 
the failed rotor were found to  have cracks and 
only one fa i lure  was not a t  the flywheel end, 
where the large shaft t o r q u e  changes occur. 
There was l i t t l e  evidence of a preferred side f o r  
the crack t o  s t a r t .  This suggested tha t  tensi le  
and transverse bending stresses could be s ignif i -  
cant. 

The pole side of the keys showed tha t  lamin- 
ated portions of the pole were well bedded against 
the key surface, with l i t t l e  sign of f re t t ing  or  
pick-up. I n  the region of the endplate there was 
evidence of f re t t ing  especially on the top edge of 
the key. 

ant2 were found to  be sound. Laminations were 
found to  be sat isfactory except f o r  those 
adjacent t o  endplates in which advanced cracks 
were present. 

3.3 Theoretical Ar&ysis 

The dovetail f w  had been considered 
during the or iginal  design and photoelastic t e s t s  
had indicated a s t ress  concentration factor 
(S.C.F.) of 1.7. The reasons fo r  fa i lure  were 
not readily apparent. 
were investigated: 

A t  t h i s  stage the t e s t s  were prema- 

The rotor  was very carefully dismantled and 
Four other endplates on 

The rotor  bodies were examined for  cracking 

Because of this two f i e lds  

( i )  

( i i )  

Additional forms of loading which could be 
significant. 

Ehmination of the known loadhgs  to  deter- 
mine whether They acted in a different  
manner t o  tk-at anticipated i n  the or iginal  
design. 

3.3.1 Additional loadings. Both rotors had 
been subjected t o  the effects  of more r e c t i f i e r  
backfires than anticipated but t h i s  was not 
considered t o  be a cause of fa i lure .  The e f fec ts  
of flux changes were reconsidered and the or iginal  
design leve ls  confirmed. 
complex pole-shaft-flywheel system s t ruc tu re  were 
analysed. 
could be up t o  20% higher on the flywheel end, but 
again this was not considered to be significant. 

3.3.2 Alternative mechanisms f o r  known 
loadinq. 

The dynamics of the 

It was fourd tha t  the torque loads 

The main loads on the dovetail neck are 
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due to  centrifugal force, torque and gravity. 

l i p  on the endplate. In the origiqal design it 
was considered that  this eccentric load was 
resisted by the laminations and that  the endplate 
w a s  able t o  take up the appropriate att i tude.  
However, if the dovetail i s  restrained and the 
support offered by the laminations small then 
considerable bending moments can be produced. 
Tests on the poles showed that such a mode of 
behaviour was possible even with normal consolid- 
ation. Stress variation due t o  sped is  super- 
impsed on the direct  and bending components. 

The effects o f  gravity on the pole stresses 
had been examined but the variable stress on the 
neck due t o  the se l f  weight of the pole, was 
small. 
Due t o  the sag of the shaft there is a very smal l  
angle (Fig. 5 )  between the catenarg line a t  the 
endplate and the axis A B. This means that  the 
effective pole length oscil lates between C D and 
E F producing changes i n  lamination pressure and. 
a resulting rotational frequency bending about the 
X X axis (Fig. 2). This s t ress  variation i s  a 
feature of a l l  horizontal machines of keyed 
laminated pole construction. 

Reference t o  table 1 shows that  without 
s t ress  concentration fit was estimated that the 
mean direct  tensile stress across the neck was  i n  
the range 31-39,OOO lbf/in2 u p n  which was super- 
im sed a variable component o f  3,1100-4,200 lbf /  inq Even a f t e r  allowing for  S.C.F. of 1.7 
(based on the nominal neck s t r e s s )  a Goodman 
diagram f o r  the conditions shows the endplate to  
be well removed from failure. 

It was clear that  a fundamental discrepancy 
existed. 

Interest  became centred on the local condi- 
tions between the key and pole dovetail. 
si tuation had features i n  common w i t h  failures of 
steam turbine shafts a t  low variable stresses.2 
These were:- 

The end turns were supported on a projecting 

It however acts i n  a more subtle way. 

The 

( i )  The key acd pole are held i n  contact under 
high compressive stresses and could behave 
as solid material. 
In such a configuration as in  ( i )  then the 
transit ion between dovetail neck and key 
represents a very sharp corner. 
in this corner is subject t o  high tensile 
stresses. 

I f  strength reduction factors comparable w i t h  

( i i )  

Material 

those found i n  the turbine investigation were 
applicable, fa i lure  could occur. 

Some of the c r a c b  i n  the endplates had 
propagated in the areas of f r e t t i ng  damage a t  the 
top corner of the key. The torsion of the shaft 
and the small changes of centrifugal loading 
could both produce the required oscillatory move- 
m n t  fo r  f r e t t i ng  fatigue damage to  occur. 
necessary pressure is inherent i n  the arrangement. 
Further theoretical  analysis of this aspect w a s  
d i f f i c u l t  and experimental work was essential. 

The 

4.0 Nodified h s i g n  

tron operational again i n  the shortest possible 
t h e .  
rotors would have meant up to  two years delay and 
so it was decided tha t  provided worthwhile 
improvements could be made, the existing rotor 
forgings and pole laninations should be used 
again. With this policy i t  was clear that  the 
basic keyed pole construction was implied. 
decisions had t o  be made well before any of the 
extensive theoretical and laboratory kvestiga- 
tions were completed, but there was sufficient 
confidence that  a real improvement could be 
achieved, t o  just i fy  th i s  course of action. 

It was essential  GO have the proton synchro- 

A decision t o  radically redesign the 

These 

The following modifications were made:- 

4.1 The endplate material was changed t o  a high 
strength forg ing  t o  give a gain of  50% t o  60% Lr 
mminal properties. The forgings were arranged 
t o  obtain good grain flow in the c r i t i c a l  neck 
region, and were heat-treated t o  develop a yield 
strength of ll0,OOO l b f / j d .  

4.2 The neck thickness was increased fron 5 ins 
t o  6 ins t o  reduce neck stresses. 

4.3 The dovetail geometry was modified by intro- 
ducing a re l ief  (Fig. 6) s o  that both fret t ing 
and stress concentration problems were reduced. 
Additionally the key was extended axially past 
the pole. 

4.4 The machining processes on the endplate were 
arranged as f a r  as possible fo r  any machining 
marks t o  l i e  parallel  t o  the neck axes, thus 
giving the best fatigue resistance. The stressed 
areas were finished by polishing t o  about 16 micro 

4.5 
overhung copper the laminations were consolidated 
during pole construction t o  three times the 
o r i g i n a l  pressure and retained by higher tensile 
t i e  rods. 

4.6 
the beddwg between keys and pole, especially i n  
the region of the endplate. 
4.7 A phosphate/molybdenum disulphide treatmect 
was applied t o  the keys t o  reduce the extent of 
f re t t ing and corrosion and hence the risk of crack 
init iation. 

4.8 
was altered i n  order t o  a l l o w  access t o  the end- 
plates for  ultrasonic examination. 

irach finish.  

To -se any bending stresses due t o  the 

Close attention was paid t o  the quality o f  

The location of r o t o r  excitation connecixions 

5.0 Fxpe rimental Investigations 

5 . 1  Laboratory Tests 
The aims of the t e s t  programms were:- 

reproduced a t  appropriate loads. 

dovetail geometry and material and hence 
assess the performance of a modified 
design. 

( i )  

( i i )  

To verify that  the actual failures could be 

To investigate the effect  of changes of 
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A r i g  was designed t o  accept a full sized 
section of endplate but of reduced thiclmess. 
The actual loading in the rotor i s  a complex 
combination of pulsating direct  loads, and bending 
stresses in two planes. Any attenpt t o  reprodwe 
this exactly would be impracticable. The l o d i n g  
system was therefore simplified t o  represent the 
cross section with the highest stress,  >.e. the 
outer surface of the endplate. 
load was applied by a hydraulic jack, and the 
variable direct  and bending stresses were produced 
by a rotating out-of-balance weight attached t o  
the t e s t  specimen a t  an appropriate point. In  
addition t o  fatigue t e s t s  the r i g  was used fo r  
photoelastic coa thg  investigations. 

the conditions o f  the failure.  Tests were 
Carrie2 out at a mean nominal s t ress  of 43,500 
lbf/in*.. 
from h9,500 lbf/in2 t o  t4,OOO lbf/in* over 8 
unrelieved cast endplate specimens and the results 
of these runs gave a stress-l ife curve and mode of 
fa i lure  (Fig. 7 ) ,  which was acceptably consistent 
with the actual one. 

Cast s t e e l  specimens with rel ief ,  and forged 
s t e e l  specimens with and without relief were 
prepared. 
t o  the original w a s  la id  down fo r  each and Fig. 7 
shows the results obtained. It was found the 
fatigue limit was equivalent t o  k29,OOO lbf/in2 
fo r  the new endplates compared with about &4,500 
lbf/in2 for  the original endplates, both a t  the 
same steady s t ress  level. 

With th i s  vindication of the redesign t e s t s  
were continued t o  ensure that  no mechanism (such 
as f re t t ing)  would become significant a f t e r  a 
large number of cycles. 
successfully extended t o  l$ cycles a t  stresses 
above operatjng conditions. 

5.2 Si te  Testin5 
5.2.1 Strain gauge measurements. Strain 

gauge measurements using resistance wire gauges 
showed steady s t r e s s  levels t o  be generally as 
predicted (Table 1) but alternating stresses when 
pulsing could not be accurately assessed because 
o f  high noise level  due primarily t o  the gauge 
locations within the machine. 
that  f a s t  stress overshoots might occur particu- 
l a r l y  a t  torque change periods due, fo r  example, 
t o  pole mechanical resonance effects. 

Piezo electr ic  s t ra in  gauges were used even 
though it was realised that  very s m a l l  outputs 
would be obtained a t  pulsing frequency. 
the gravitational component of stress, t o  which 
reference has already been made, was clearly 
observed and t h i s  suggested that  any rapid stress 
changes should have been apparent. No such 
excess s t ress  levels were observed. 

strain sensi t ivi t ies  almost one hundred times 
greater than conventional resistance w i r e  gauges 
were  f i na l ly  used. These proved very satisfac- 
tory f o r  cyclic s t r e s s  nieasureinents and confirmed 
estimated s t ress  figures. 

A steady tensile 

The f i r s t  s tep was t o  attempt to  reproduce 

The cyclic s t ress  component was  varied 

A t e s t  programme along similar l ines 

Two test runs were 

It w a s  possible 

However 

Silicon piezo resist ive strain gauges having 

Again no excess stress 

overshoots were observed. 

excellent response could be expected a t  a l l  
frequencies up t o  900 cycles per second. 

5.3 Si te  photoelastic investigation3 

5.3.1 Work carried out on experimental rigs. 
Investigation using a t e s t  r i g  similar t o  that  
described i n  Section 5.1 confirmed that  the S.C.F. 
across the neck section was about 1.7 but in the 
5/8 in  radiused neck edge region it was found to 
be 1.9 f0.2 fo r  the new design and 2.15 k0.2 fo r  
the old design. 

very localised region of maxi" tensile s t ress  
occurred about 2/3 of the way round the 5/8 in 
radius away from the key, whereas Fn the old 
desigr, the d is tmce  of the highest tensile s t ress  
was only about half this  distance away from the 
key. 

5.3.2 
endplate urder operational conditions 

Photoelastic material was cemented t o  a pole 
endplate and techniques were developed to enable 
s t i l l  and cine photography to be carried oc t  when 
the machine was pulsing. 
observed i n  the neck region immediately above the 
thick key section was 55,000 lbf/in2 26, O0 lbf /  

observed ju s t  above the thin key section. 
not easy t o  evaluate the cyclic stress components 
since they represented only about 0.3 of a colour 
fringe. With a S .C.F. of 2 applied it will be 
noted tha t  these figures are in close agreement 
with Table 1. 

Conpressive stresses i n  the pole endplate 
immediately adjacent t o  the thick key regior. were 
observed t o  be of the order of '72,000 lbf/&. 

5.4 Measurement of relative movement between key 
and endplate 

A transducer was used t o  measure the 
displacement between key and endplate. 
machine ran up t o  speed a movement of 0.004 in 
occurred and when pulsing further movenients up 
t o  0.0003 i n  were recorded. It i s  frequently 
held that the most serious frettage attacks which 
tend t o  lead t o  cracking occur when the relative 
displacements of the two surfaces in question are 
0.0002 i n  t o  0.002 in. 

I n  a l l  the foregoing measurement systems an 

It was also found that  on the new desigr the 

Work carried out on an alternator pole 

The highest stress 

k2. Only 41,500 lbf/in2 8,500 lbf/in 1 was 
It was 

As the 

6.0 Analysis of Probable Causes of Failure 

Investigation results show that i n  the orig- 
i n a l  design, crack in i t i a t ion  could occur due t o  
e i ther  f r e t t i ng  o r  conventional fatigue, the 
stresses necessary t o  cause th i s  being o f  similar 
order of magnitude. 
t ing phenomena by having a relieved profile on the 
cast  specimens produced l i t t l e  improvement. 
unrelieved forged specimens failed by fretting- 
fatigue. 
mechanical strength of this material was not fully 
realised because of notch sensit ivity.  
removal of the f r e t t i ng  situation to  a %afer" 
area by provision o f  the relief, the improved 

The reduction of the fret -  

The 

Once any crack i s  formed the higher 

With the 
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properties of the forging were now ut i l i sed ,  and. 
additionally the strength reduction factor  was 
lower than that of the casting. With the reduc- 
t ion  of  s t resses  i n  the new design and the 
improved strength of  the arrangement it i s  es t i -  
mated that on the basis of variable load levels 
the design is improved by a factor  approaching 10. 

a combination of three factors, each of which 
acting alone would not have produced fai lure .  
!hese factors were:- 

It i s  concluded tha t  the fa i lure  was due t o  

( i )  The precise mechanism by which the s t ress  
summation a t  certain c r i t i c a l  points was 
aggravated by the pulsing duty was not 
ful ly appreciated. 

high strength reduction factor was 
obtained. 

( i i )  The geometry and material were such that  a 

( i i i )  Fretting occurred i n  a c r i t i c a l  region. 

7.0 Present Policy 
The re u i l t  rotors have now been subjected 

t o  9.0 x 10 7 GeV pulses and the endplates are 
examined ultrasonically about every 1.5 x lo6 
pulses. 

ing t o  obtain fur ther  information concerning the 
behaviour of the rotor. 

rotor  is very complex and the mechanism of fret- 
t ing fatigue is not perfectly understood. 
keyed form of pole construction relat ive movement 
must OCCLW within such keyed assemblies. It was 
therefore considered prudeEt t o  order a spare 
rotor having solid poles forged integral ly  With 
the body, although it i s  realised tha t  in this 
form of construction problems can ar ise  i n  the 
pole shoe to  pole body assembly regions. 

The possibi l i ty  of replacing the complete 
rotating plant by a saturable reactor network 
compensation device which would enable 7 GeV 
pulsing d i rec t  from the e lec t r ic i ty  supply network 
i s  a l s o  being considered. 

A number of investigatioris are s t i l l  proceed- 

"he interplay of a l l  the forces acting on the 

On any 
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cost steel endplate 147, ~ n . r w e t  
Min. ultimnte TS:iOOW Ibf/in* 

coli cr Mhyield ! 6S000 IM/itf 

on hdy  and pok. 

PI00 P O 0 0  

4500 

Fig. 2 Original pole construction 

e 
Relieved castinqs 

----.-Relieved castinqs 
- - K'\>-y-;4- D- (thin) 

Unrelieved castinq - (thick) 
- 

Fig. 4 Lower ha l f  of f rac tured  dovetail  

Fig. 6 Par t  of r edes igned  endplate 
pole assembly showing r e l i e f s  

Fig, 3 Damaged pole and s t a t o r  

Fig. 5 Shaft  s t r e s s  catenary e f f e c t  

Fluctuatinq Stress KEY 
Ampli tu de:l bf/inE . Unrelieved cmtinqs I x Relieved castinss 

0 Unrelieved forqbqs 
0 Relieved forqinqr 
-Unbroken specimen 

Mean direct stress was 
4 3 5 0 0  lbf/iR for all specimens 

44800  - 

22400 

P -'\ - - ,Unrelieved forainas 

Fig. 7 Fatigue curves obtained from 
t e s t  rig r e s u l t s  
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