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Abstract FIGURE 1

WEIBULL PLOT FOR AUGMENTOR PUMP BEARING
This paper is an example of how Weibull analysis
played an important role in the solution of a gas
turbine fighter engine problem encountered in service Beta = 10.084
operation. An extremely small sample of failure data v ;"‘_:":;:::’ﬁn
(3 points) was available for analysis. Even with Faures = 3
this short fall of information, the Weibull analysis
provided invaiuable information that led to quick €2
corrective action that solved a major problem.
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Introduction

Waloddi Weibull indicated in his hallmark paper
(Ref. 1) that over a broad range of examples his
Weibull analysis "may cometimee render good service".
The authors certainly agree. The Weibull technique
has pecome the standard approach for analyzing
failure data at Pratt & Whitney Aircraft Government
Products Division. As applied to failure analysis.
it affects major program decisions involving develop-
ment, production and service problems. Weibull 10—
distributions are the foundation of our maintainability,
safety, support cost and risk models, and provide the os
basis of much of the dialogue with our customers. To c:
illustrate specifically how Weibull analysis is used, ¢
a case study associated with a fighter engine augmentor oz
turbopump will be discussed. Bearing failures in
this pump may allow escaping fuel to ignite and bl
produce fire in the nacelle. Because of this hazard e t“” TINEEIR {1 H“]
we were asked to assign top priority to our analysis 0.08 - .

. . 0.1 2 3 4567891 2 3 45678910 2 3 456788
of any and all data that might help in resolving Total Operationas Tume - Hours X 103
this, problem.
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Initial Analysis - Small Sample

The first .amalysis performed was the evaluation
of the three faiiures through Weibull analysis.
Note that this is an extremely small sample. At that
time there were 978 turbopumps operating in the fleet.

FIGURE 2. CLASSIFICATION OF FALURES

Four Classdications of Weibull Falure Modes

1. intant Mortaiity d=1%
Inadequate Burn-in. Green Run

The data was ordered by run time, treating the Misassembly L]
successful pumps as censored wnits and the resulting Some Quaity Problems

Weitull plot is shown in Figure 1. Mediau rank order
statistics were used as plotting positions (Ref. 2).

Tune
Random Fai 8= 10
Even with this small sample we were able to make = .,m,mmsym
some valuahle ohservations. First, the very steep Mamntanance: Errars el
siope, Beta = 10, indicates that the failure mode is ;‘m
one- of rapid wearout preceded by a relatively safe
period. Inspection of Figure 1 shows that the Time
probability of z turbopump failure prior to 200 hours 4 =30
is negligible but after 250 hours the probability 3. Gradust Weerot -
increases very rapidly« The shape parameter, Beta, Surprise! Pt
will help identify the type of failure mode. Betas LeF
less than 1.0 imply an infant mortality problem—perhaps —
quality control cr misassembly. See Figure 2. A Beta
of 1.0 indicates a random failure, that is, a failure 8 =60

mode that is independent of time. A slope between 1

and 3 indicates gradual wearcut. Slopes greater than Bearings. P
3 indicates a more rapid wearout. Comomon




The second inference made from the Weibull
analysis was that the problem could be a batch problem,
i.e., it may not apply to the entire fleet of turbo-
pumps. The method that we use to determine whether
or not a given failure mode is a batch problem is to
evaluate the Weibull equation with the parameters
calculared (see Figure 1) for each successful and
failed turbopump. For each pump, we determine the
probability of failure from the Weibuli equation and
these probabilities are then summed. If the failure
mnde applies to the entire flecet, the sum of the
cumulative hazards, as they are called, should approxi-
mate the number of failures observed, in this case 3.
However, with this data, the answer was 117 failures.
This was an important clue that the failure mode
applied to less than the entire fleet of turbopumps.
Recommendations were made to Project Engineering that
the turbopump vendor and the bearing vendor should
review their processes to see if anything had changed
eicther in the process, the material, or the assembly.

Initially, no changes were found -that supported the
batch hypothesis.

Two Months Later = Batch Identified

At this point in the analysis there were 7
failures (see Figure 3). It was noticed that the
serial numbers of the failed pumps were all quite
high ranging from No. 671 to No. 872 in the sample
of approximately 1000 pumps. This supported our
hypothesis that a batch problem was involved. There
were two more unconfirmed failures in the field for
a total of 9 failures. If we assume that the batch
started at Serlal No. 671 and assumed our batch
extended from there to the latest pumps produced, we
generated less than 9 failures. By iterating we found
that if we assumed the batch started at Serial No. 650
we would generate 9 failures corresponding to those
observgg<§nd those unconfirmed. This implied that
there{é;e>35§ pumps in the batch.
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Risk Prediction

With a serious problem involving approximacely 350
pumps, the next step was to forecast the number of
failures we could expect in the near future. This is
fairly straightforward. We limited the analysis to the
353 pumps. We also know that each pump accumulates an
average of 25 hours of total operating time per month.
Knowing the Weibull distribution, it is simply a
matter of accumulating the probability of failure
(cumulative hazards) for each pump as it moves (ages)
in time. This risk analysis is fllustrated iu Fig. 4.
With the 353 pump times for the Weibull curve in Fig. 3,
we calculated a cumulative total of 9.17 failures for
the "now" time as explained above. Increasing each
pump's time bv 25 hours and accumulating the proba-
bilities of failur;/, the value of 12.26 was cbtained.
The delta between 9.17 and 12.26 indicated that we
might expect approximately three more failures in the
next month. This analysis was conrinued for 24 months
of operation and the results are presented in Fig. 5.
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FIGURE 5. PROJECTED PUMP FAILURES
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As the forecast indicates, almost all of the suspect
lot was expected to fail within the two year time
ryate. This was coviously a & sus problos 79 -
<aiveis was cerrect.



Based on this analysis, we recommended to Project
Engireering that turbopumps No. 650 and up with more
than 175 hours of time be replaced in the fleet.
Fortunately, there were sufficient spare turbopumps te
allow this to be accomplished without grounding air-
craft. This action was effective as no bearings have
failed since.

Laboratory analysis of the failed pumps indicated
that the failure mode was caused by swelling of the
plastic ball bearing cage to the extent that the balls
would skid and at that point, fail the bearing.
Coordinating with the turbopump manufacurer, the
bearing manufacturer, and the plastic manufacturer, a
statistical factorial experiment was designed to
determina the cause of the ewclling of the plastic
cages.

Four Months Later - Final Weibull Plot

Inspection of the turobpumps replaced in service
(Serials 650 and up with 175 hours or more) produced
15 more bearings considered to be imminent failures.
The addition cf these failures to those originally
seen in the field produced the final Weibull plot with
24 fallures in a sample of 387 turbopumps (Figure 6).
Note that this final Weibull curve was approximated
by the original 3 failure curve four months earlier
before we identified the batch. The only difference
was that the earlier curve had z steeper slope (10
rather than 4.6) indicated on Figure 1. Although
this slcpe difference sounds large, in fact, the
inference from either curve would be substantially
the same, that is, a rapid wearout problem. The.
second Weibull based on 7 failures was an accurate
prediction of the final Weibull (Figure 6). Later
Monte Carlo simulation studies on the accuracy and
validity of the Weibull method with small samples
indicates that the slope will generally be overesti-
mated for very small samples (Figure 7).
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By this time the results of the statistically
designed factorial experiment were available. It
was fourid that a process change nad been made in the
manufacture of the plastic cage to reduce costs. The
change resulted in cages of lower demsity. When these
lower density cages were subjected to the combination
of heat from hot fuel and alcciiol, the aleohol would
diffuse through the plastic and cause it to swell and
crack. All such cages were remaved from service.
(Alcohol is a deicing agent additive to jet fuel.)

Conclusions:

1. Weibull analysis provided Pratt & Whitney
Aircraft with information necessary to quickly resolve
the turbopump bearing problem:

o A batch characteristic was inferred and the batch
jdentified.

o A risk projection scoped the problem.

o A safe period for the bad batch indicated by the
Weibull, combined with the reduced number of pumps
involved, allowed corrective action to be taken without
impacting fighter availability.

o The physics of the failure based on failed pump
analysis and a statistically designed experiment
confirmed the inferences made from the Weibull analysis.

2. 1t is the opinion of the authors that this
analytical tool is one of the most useful and versatile
tools that can be used in handling failure data,
particularly with small samples. Research, conducted
after the case study reported, has:

o Identified both weaknesses and strengths of this
method.

o Developed useful new Weibull methods.

o Investigated alternative distributions that may be
preferred under certain conditioms.

The authors plan to publish these results at a
iater date.

3. The successful application of Weibull analysis
requires the close collaboration between the statis-
tician and the engineer. The use of a statistician
to resolve engineering problems without this relation-
ship is usually nonpreductive.
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