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FIG . 5. D.H.R. SYSTEM FA ILURE PROBABILITY FOR VARYING FAULT 

RATES AND REPAIR TIMES FOR THE N A K /A IR  HEAT EXCHANGER.

FIG . fe. D.H.R. SYSTEM FAILURE PROBABILITY FOR VARYING 

FAULT RATES AND REPAIR TIMES FOR THE DUMP VALVES.

6. Predictive Reliability Assess- P.- Westwell United Kingdom
ment of the Automatic Clutch
on a Primary Sodium Pump Drive

INTRODUCTION

This paper examines the reliability of a group of three clutch 
couplings each mounted between a pony motor and the main drive for the 
primary sodium pumps. The sodium pumps specification requires that 

continuously running AC pony motors be fitted to give a guaranteed 10% 
drive to the pumps in the event of a main supply failure. The drive to the
main shaft is via 3 ■ 1 reduction gearing such that a six pole pony motor
running at 300 rpm would drive the main shaft at 100 rpm i.e., 1.0# "of ■ its 
rated speed. In order that the pony motor drive could be permanently 
energised during normal operation a free wheeling clutch is fitted between 
the motor and the reduction gearing. The type of clutch chosen is. the 
Synchro-Self Shifting (SSS) clutch, shown in Figure 1. This type of clutch 
has proved itself under fairly onerous operating conditions, but is 
normally mounted on a horizontal driving shaft whereas in this case because
of space limitations, it is necessary to mount it vertically.

The reliability target set is that the chance of losing all three 
independent back-up pony motor drives on loss of main supplies should fall 
within the 10~5 - 10 ■ band. Since the electrical supplies and other parts 
of the pony motor drives have been assessed within this target and some 
doubts expressed about the clutch it was now necessary to look at this in 
some detail.

DESCRIPTION OF CLUTCH ACTION 

(Reference Fig. 1)

After running on pony motor drive and then being stopped the clutch 
will remain engaged. On.starting the main motor drive the clutch will 
disengage since rotation of the outer clutch ring will cause the SSS unit 
to move downwards along its. helical splines until its outer teeth are in 
engagement with the pawls. The pawls will then ratchet on the driving 
teeth until the outer ring carrying the pawls reaches a speed of about 
450 rpm at which point they will lose contact through the centrifugal 
action on the "nose heavy" pawls.

After the outer ring speed exceeds 600 rpm (200 rpm on the main pump 
shaft).at which speed there should be no pawl ratchetting, the pony motor 
is started and run up to 300 rpm and continues to run at this speed whilst 
the main drive is run up to 1000 rpm or 3000 rpm on the clutch outer ring. 
The two inner and outer rotating clutch elements then continue at 300 and
3,000 rpm respectively throughout normal operation.

When main drive is interrupted on shut down or loss of supply the 
main shaft speed falls. When it reaches about 150 rpm the clutch outer 
ring will be at about ^50 rpm at which point the pawls should begin to 
move into contact with the SSS unit gear teeth and ratchet. When the outer 
ring reaches 300 rpm i.e., it becomes synchronous with the pony motor, the 
pawl tips will each engage with a tooth on the SSS unit gear. As the outer 
ring speed falls further the SSS unit is caused to rotate and move upwards' 
on its helical splines and engage its external teeth with the gear teeth on 
the outer ring at which point drive through the clutch is established.



SCOPE OF ASSESSMENT

The assessment covers the individual SSS clutch unit and its oil 
supply with respect to:-

(a) its principal or dangerous type of failure i.e., its failure to 
engage when main pump drive is lost and the drive shaft speed 
synchronises with that of the pony motor-.

(b) other hazardous types of failure which could subsequently lead to 
dangerous failure.

Interest was directed to (b) in particular because of some early
seizures during the acceptance testing phase of the units. Following an
investigation the driving gearing was re-designed and improvements were 
made to lubrication and to the bearings themselves^ It is still not 
certain that all doubts on the integrity of the bearings have been removed.

The report assesses the chance that a seized bearing will free itself, 
and illustrates the need to assess the chance of losing the electrical 
supply due to overloading if a bearing seizes.

In the light of current uncertainties,- upper and lower failure- 
probabilities are assessed for a single clutch. These are put into the 
two worst possible operating situations where:-

(i) Two pumps only are available.

(ii) Two pumps are available and one incurs bearing seizure which may have
to. be tolerated over an average 3 week period.

METHOD OF QUANTITATIVE ANALYSIS

In order to carry out a quantified assessment a number of assumptions 
about the operating regime must be made. Some arise from proposed 
operating procedures whilst others are in effect recommendations. The 
effect of varying some of these assumptions will tie covered in the dis
cussion of the results.

Maintenance and Spares

It is assumed that a full maintenance of each clutch is carried out 
at three yearly intervals and phased such that one clutch each year is 
changed with a fully serviced unit and is sent to the manufacturers for a 
full service, at which pawl springs and bearings will always be renewed and 
other items as required.

An additional unit is available on site for use as a spare during 
servicing. ^

Testing

Reactor shutdown for refuelling will not be less frequent than 
annually and it can therefore be assumed that clutch engagement is tested 
annually. If planned shutdowns are. more frequent then advantage should be 
taken to test the clutches. There will be other forced outages of primary 
pumps when clutch engagement will be tested but these can be regarded as a 
bonus and they should not influence decisions on planned testing. Also

planned testing will be carried out under controlled conditions and may 
well include methods of monitoring clutch deterioration by detecting the 
onset of ratchetting, if test methods now being tried are successful.

Operation

It is assumed that no extended operation of the pumps below 190 rpm 
will take place i.e., there should be no continuous ratchetting of the 
clutch pawls.

It is assumed that if the clutch fails to disengage at start-up the 
pump will be stopped and the clutch changed.

It is assumed that running of a clutch with seized bearings will be 
limited to a minimum operating time when 2 pumps are running, and this will 
be equal to half the estimated mean time to restore a failed pump.

The analysis has been confined in this report to the main working 
components of the clutch. The structural elements have been examined for 
their modes of failure and are not considered to make any significant 
contribution to failure and within the limits of error of this numerical 
analysis they can be disregarded. Only a very small number of components 
within the clutch are critical in respect of their failure:-

the bearings, the springs and pawls, and the SSS unit. Because of 
the complex nature of the series of events which can arise from 
failure modes of these items, fault mode and effect logic diagrams 
have been drawn for the important initiating failures these are:-

(a) pawl spring fracture

(b) pawl stiction

(c) SSS unit seizure

and (d) bearing seizure

It should be noted that the analysis disregards the second and higher 
order failure events since these would not significantly alter the final 
results and are well within the limits of error of the analysis. A second 
order event would be for example one pawl spring fracture and the other 
pawl sticking, the rate for such an event would be in the order of 10~5 per 
annum.

(a) Pawl Spring; Fracture

The consequences of pawl spring fracture are dealt with in Fig. 2 
showing the possible event sequences leading to five possible conditions:

(i) where the clut ch will operate correctly on demand.

(ii) where the clutch will operate with a jammed SSS Unit.

(iii) where the lower bearing is caused to seize.

(iv) where the 
damaged.

clutch will not operate on demand and is not

(v) where the 
damage.

clutch will not operate on demand and sustains



Probability estimates were based on what was considered to be the 
best available judgment i.e., from the manufacturers based on operating 
feedback and test experience. Confidence cannot be high in the figures 
used, since these are extremely difficult judgments to make but they 
should give some feeling for orders of magnitude.

The results also depend upon a right order of magnitude being 
given to spring failure. Since no specific data was available, 
generic data had to form a starting point. Rates range from 0.01 to
0.002 faults/year for high and low stressed springs. It was con
sidered that the higher figure should be adopted as an upper boundary 
since, although not heavily stressed, they are quite small springs and 
therefore more susceptible to failure from minor manufacturing defects, 
handling and other operating damage.

The figure was broken down on the basis of 50% failure being from 
random causes and 50% being from fatigue failure. The latter is then 
taken to be negligible since springs are assumed to be replaced every 
3 years, hence the rate adopted per spring is 0.005 faults per year or
0.01 faults/year for two springs.

These rates are based on an assumption that ratchetting will 
not take place over any substantial operating period i.e., that 
the .clutch outer sleeve will not be rotating in the range of about 
300-500 rpm.

It is assumed in cases where drive is taken up via.the pawls or 
with the SSS unit in a partially engaged position, that there is no 
increase in probability to disengage, since in the former case it will 
be disengaged and in the latter case the mechanism of disengagement is 
via the outer.ring gear teeth and not the pawls.

(b) Pawl Stiction

The vertical mounting of the SSS clutches initially raised some 
doubt as to whether stiction could be a serious fault mode. These 
doubts arose for three main reasons:-

(i) The weight of the pawls and gravity assist movement when
mounted horizontally.

(ii) There is frictional resistance between the pawl side and
the pawl groove in the vertical mounting.

(iii) The pawl groove is more likely to act as a collector of
particulate, under centrifugal action with the vertical 
mounting^'

In the absence of test data at the.time of the assessment it was 
not possible to give any clear indication of probabilities, and a 
tentative upper boundary failure rate of 10“̂ for one pawl and also 
for two pawls sticking, was assumed. The consequences of such failures 
are shown in figure 3 which demonstrates that single pawl stiction will 
not prevent operation but it is likely to be with the SSS unit jammed, 
which is undesirable and might cause minor dapage to the clutch. 
Stiction of both pawls will certainly result in failure to engage and 
if one or both pawls subsequently frees, when the cl-utch outer sleeve 
is rotating below 300 rpm then serious damage to the SSS unit gear 
teeth can be expected.

The suggested figures for failure probability for pawl stiction 
can be put into perspective by comparing recorded data on horizontally 
mounted clutches. Data obtained from other industrial applications 
record no failures in about 2,000 clutch operations suggesting that 
this mode of failure probability should not be greater than 10-3 and 
is more likely to approach 10~^ per annum since it is only one of 
several modes involved in clutch failure.

Tests were subsequently carried out to establish whether there 
was any difference in behaviour in respect of the speed at which pawl 
ratchetting begins, in both horizontal and vertical mountings. A 
serious drop in the speed observed for the onset of ratchetting would 
have indicated that stiction could be a serious problem, as also 
would any large difference between ratchetting speed of the two pawls. 
In fact the tests showed that there was no detectable difference in 
performance between the two mounting orientations.

(c) Seizure of SSS Unit

Seizure of the helically splined SSS sleeve can occur as a result 
of a pawl failing to operate and this is dealt with in the logic flow 
diagrams for pawl spring fracture and pawl stiction (figs. 2 and 3).

This section deals only with random seizure from other causes 
which can include perhaps only two; the most likely is some metal or 
other foreign material getting 'into the spline groove, and, less 
likely, some damage caused on assembly or during operation. It is 
suggested that the rate for such failure is not likely to exceed 10“3 
per annum. The logic pf the events following seizure shows that no 
serious consequences arise but that the clutch may fail to disengage 
in about 50% of cases.

(d) Bearing Seizure

Bearing seizure must be treated as a serious failure event for 
the following reasons:-

(i) All 3 clutches gave early trouble in this respect and
further experience is needed to show whether this type of 
failure has been reduced to an acceptable level.

ii) Continuous successful bearing operation is dependent upon a 
number of other factors each making its own contribution to 
failure probability (see figure 5)•

The seven items listed on fig. 5 as contributors to bearing seizure 
can be divided into those which cannot be influenced to any great extent 
and in which the failure rates are what would normally be expected; and 
those Where some element of uncertainty is expressed with a higher rate 
than normal.

The two falling into the latter category are:- loss of or lack of oil 
supply and dynamic instability due to unknown causes. Doubts on oil supply 
arise because it is not clear how much oil is essential for cooling 
purposes, nor how much of the total design flow (-J gallon/minute) actually 
passes through the clutch. The need to install a restriction in the line 
to control flow rate does not help the blockage problem. Also there is no 
means by which the operator can detect a change or stoppage of oil flow, 
and some flow indication or alarm sensor in.the clutch supply pipe would be



one means of forewarning, provided it can be simply engineered and does not 
become a further blockage hazard.

The possibility of some inherent dynamic instability in the bearings 
cannot be ruled out since bearings in gear type couplings are known to 
suffer sometimes from dynamic problems. This is an area of specialist know
ledge in the tribology discipline. It would also be prudent to renew 
bearings when the clutches are serviced at the assumed 3 yearly interval.

If the above doubts on the bearings and lubrication can be dispelled, 
the failure rate for seizure could be about half the level suggested, 
i.e., 0.015 faults/year since failure from instability is presumed to be 
negligible and oil supply faults could be less than half the figure 
suggested.

It should also be noted that in addition to the above consideration 
of mechanical failure, the reflected effect of bearing seizure on the pony 
motor and its power supply must be considered. As a result of pony motor 
operation at this excess speed, voltage, current and frequency disturbances 
in the system might:-

(i) cause loss of the pony motor supply due to fuse operation or 
component failure.

(ii) cause major damage to an inverter, still resulting in loss of 
supply.

or (iii) cause loss of all inverter supplies due to the severity of the 
system disturbance causing loss of the DC input to the DC board 
supplying all three inverters.

In terms of reactor safety the above failures only represent a 
potential hazard if they are undetected since in the event of continued, 
reactor operation and a reactor trip then all pony motor drives would not 
be available. The assumption has already been made that spurious engage
ment will be detected and it is assumed that it will also raise an alarm.

If (i) above occurs then it is essential that this also be detected 
since in the event of continued operation in this state and a demand 
arising, then the particular pony motor drive would not be available. The 
situation under (ii) would be. the same as (i) except that plant loss is 
undesirable.

If such a failure occurred when three pumps were available it has been 
also assumed that the pump would be shut down and repair carried out.

If a second such failure occurrred during the repair time of the first 
failed pump then the subsequent loss of supply to this pump would neces
sitate shutting down of the reactor since only one healthy pony motor 
would be available.

Case (iii) is a low probability event since apart from any internal 
inverter protection, each inverter supply is individually fused. Further
more one inverter will be supplied from an 'A' battery and the other two 
inverters from a 'B' battery. Each battery supply is also individually 
fused.

The conclusions arising from the foregoing are

(i) it should be determined whether loss of pony motor supply will
occur due to system transients in the event of a pony motor 
operating at 3,000 rpm.

(ii) any such loss of supply be alarmed.

(iii) if on two pump operation, then if spurious engagement of a
clutch can result in loss of pony motor supply, the reactor 
should be shut down.

Subsequent engineering assessment has shown that system transients 
caused by pony motor operation at 3,000 rpm are unlikely to result in a 
loss of supply to the pony motors. Nevertheless action has been taken to 
alarm any such loss of supply, and Station Operating Rules cover the third 
of the above conclusions.

ASSESSMENT
(ID Assessment of "Fail-to-Danger11 Sate

Failures classed as "dangerous" are those which will inhibit 
clutch engagement and will not be revealed until there is a demand to 
engage.

The upper rates shown below are taken from figures 2 and 3; the 
lower rate for pawl stiction being the order of magnitude indicated by 
field data on horizontally mounted clutches.

Dangerous Failure Rates (0^)

Upper Lower

Spring Fracture .0013 .0013
Pawl Stiction .010 .0001

.011 .001^

(b) Implications of Bearing Seizure

(a) Bearing seizure is assessed at an upper value rate of .03
times per year. Since we are concerned only with the case of 
two pumps running, we can say that the rate at which one out 'of 
two clutches will seize will be 0.06 (0.03 x 2) multiplied by the 
probability of two pump operation (0.2) i.e., .012 seizures per
year. If a seizure is permitted for a period of 3 weeks on
average.or 3/52 year the fractional time for two pumps running 
with one bearing seized will be 3/52 x .012.

= 6.8 x 10 ^

(b) If a demand arises on a clutch with a bearing seized, the 
logic and numerical estimates in figure 5 suggest that for every 
seizure there will be a 1 in 7 probability of the clutch not 
engaging on demand, i.e., the probability being the ratio of 
dangerous to overall consequence .00k2/.0Ji.



(c) Probabilities of Failure to Engage on Demand.

The probability of failure of a clutch to engage on demand when 
operating normally is the probability that it will be in an unrevealed 
failed condition at any given time. This is equal to what is termed 
its fractional dead time given by where r is the proof test

~
interval and 0^ is the unrevealed dangerous failure rate.

Taking r = 1 year as assumed.

8 , =  .011 
d

The probability of failure to engage on demand 

= .006 or 6 x 10 ^

From the previous section the probability of failure to engage 
on demand of a clutch with a seized bearing is 0.14.

(d) Assessment of System Failure Probabilities

In the same way as for a single clutch the probabilities of 
failure on demand of a system of two or 3 pump clutches can be 
assessed.

The fractional dead times for 1 out of two and 1 out of 3 items 
in a redundant situation are given by

% 2r2 ed?T3
—^—  and — —  respectively

hence we can derive upper probabilities for a system failure on 
demand when 3 pumps are running

ee?T'> -7
i.e., -Sjj—  3 x 10

and when 2 pumps are running

0ri2T2 -5
^ x 10 ^

3 ■ ,

and when 2 pumps are running, one with a seized bearing,

8 dT
x 0.1*t

■Z _Zr
or 6 x 10 x 0.14 = 8 x 10

The above probabilities can be combined into a weighted average 
by assuming that 3 pump running applies for say about 80% of operating 
time, two pump running about 20% of operating time and two pump - one 
bearing seized for 6.8 x 10-if fraction of time as derived above under

0.8 x 3 x 10"7 =. 2 x 10-7

0.2 x if x 10-5 = 1 x 10-5

6 . 8 x 1 0 ^ x 8 x 1 0 ^ =  5 x 10 7

_5
Weighted average 1 x 10

implications of bearing failure; the weighted average is therefore;-

RESULTS

The random failure analysis indicates an upper probability of a single 
pony motor to engage on demand of the order of 6 x 10~3.

With three primary pumps in operation the assessed probability of 
failure to engage one pony motor drive is 3 X 10~7 per demand. This figure 
increases to ? x 10~5 per demand for two pump operation;, and to 8 x 10“̂ 
per demand for two pump operation when one of them is running with a 
failed bearing.

Assuming that two pump operation may exist for 20% of total operating 
time, the overall mean probability of failing to engage at least one pony 
motor drive is assessed at 10-5 per demand. It should be noted that all 
the above figures depend critically upon a single failure rate estimate for 
stiction of the pawls of 10-2 which is subjective pending further evidence.

In order to establish the necessary degree of confidence in the 
engineering, which will substantiate the bounds on reliability assessed 
here it was recommended and accepted as follows:-

(a) That tests be carried out to check the point of ratchetting 
onset - or if possible the onset of ratchetting for each 
individual pawl.

(b) That visual examination be carried out to check the condition of 
the pawls and springs following the ratchetting tests.

CONCLUSION - SUBSEQUENT ACTION

This paper reports a predictive reliability assessment of mechanical 
equipment and has been included as a demonstration of the techniques and 
procedures involved. Several months have elapsed since its completion and 
in this period the recommendations made have been acted upon.

For example additional tests by the manufacturer have established that 
there is no difference in performance associated with the orientation of 
mounting, and visual examination after the ratchetting tests showed only 
minor wear to be present.

Nevertheless it must, be realised that the achievement of reliability 
and its demonstration requires/continued vigilance, and does not stop at 
the end of a predictive assessment. With this in mind throughout the life 
of the plant the performance and condition of these units will be regularly 
monitored, for example by the following:-
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(i) Further series of tests on pony motor drive engagement based on a 

reasonable sample size.

^ii) A maintenance contract with the manufacturers involving regular
replacement of pawl springs and bearings which shall be available 
for examination by the National .Centre of Tribology.

(.iii) Monitoring of pawl ratchetting performance in addition to clutch 
engagement, at scheduled shut downs using an agreed test method.

(iv) Provision of means of warning of a change in oil flow to the 
clutches.

The joint result of the predictive assessment and continuing monitoring 
programme give confidence in the reliability of these units for their 
operational role.
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