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ABSTRACT 

This project is to provide the U. S. Army COTS of Engineers with a risk analysis that 
evaluates the non-routine closure of water jlow through the turbines of powerhouses along the 
Columbia and Snake Rivers. The project is divided into four phases. Phase 1 efforts collected 
and analyzed relevant plant failure data for hydroelectric generating stations in the United 
States and Canada. Results from the Phase I efforts will be used to assess the risk 
@robability times consequences) associated with non-routine shut down of hydroelectric 
stations, which will bepevonned in the remainingphases of the project. Results of this 
project may be used to provide policy recommendations regarding operation and maintenance 
of hydroelectric stations. 

The methodology used to complete the Phase 1 of the project is composed of data collection 
and analysis activities. Data collection included pe@orming site yisits, conducting a dQta 
survey of hydroelectric stations, conducting an expert panel workshop, and reviewing and 
tabulating failure. data from generic sources. Data analysis included estimating failure rates 
obtained from the survey data, expert judgment elicitation process, generic data, and 
combining these failure rates to produce final failure rate parameters. This paper summarizes 
the data collection analysis, results and discussions for the Phase 1 efforts. 

I 

1.0 INTRODUCTION 

The Pacific Northwest Laboratory PNL) was requested by the U.S. Army Corps of Engineers 
(COE) to provide a risk analysis that evaluates the non-routine closure of waterflow through 
the tqbines of powerhouses along the Columbia and Snake Rivers. The purpose of the 
analysis is to evaluate the risks associated with events that would require a non-routine 
shutdown at hydroelectric stations and involve an inability to close the intake gates within the 
time normally allotted. The project is divided into four phases. 

. .  
Phase 1 - Collects and analyzes relevant plant failure data regarding hydroelectric 
generating stations. 

Phase 2 - Assesses the frequencies of significant failures and estimates the damages 
incurred. 

Phase 3 - Considers and evaluates the consequences and costs of failures requiring an 
emergency intake closure. 
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Phase 4 - Develops input for policy recommendations based on results of previous 
phases. 

This paper summarizes the collection and analysis of plant'failure data, summarizes the 
results, and provides discussions for the Phase 1 efforts. Details of the analysis are provided 
in Blackbum et al. 1995. 

2.0 PHASE 1 - DATA COLLECTION AND ANALYSIS 

Phase 1 of the project consisted of two major activities: data collection and data analysis. Data 
collection included performing site visits, conducting a survey of hydroelectric stations, 
conducting an expert panel elicitation, and reviewing failure data from generic sources. Data 
analysis included estimating survey, expert, and generic failure rates and then combining these 
failure rates to produce the final failure data base to be used in the Phases 2, 3, and 4 efforts. 

2.1 Data Collection 

To initiate the data collection process, site visits with PNL and COE personnel were conducted 
at five hydroelectric stations. The site visits were performed to help familiarize analysis staff 

. with hydroelectric station design and operation, and to gather the necessary information to 
prepare the survey and develop the preliminary risk assessment model. Using data obtained 
from the site visits, preliminary system analysis (using fault .tree technique) and accident 
scenarios (using event tree technique) were developed to the degree necessary to identifj the 
major components to be addressed in the survey and expert workshop. The preljminary event 
trees and fault trees from Phase 1 will be fully developed in. Phase 2 of the project and used to 
perform the risk analysis regarding non-routine shut down of hydroelectric stations. (Risk is 
defmed as the measure of the potential harm or loss [Le., hazard] that reflects the likelihood 
[e.g., frequency] and severity of an adverse effect to health, property, or environment). 

. 
I 
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A survey was developed to gather historical design and operations data, maintenance data, and 
failure rate information on hydroelectric stations with Kaplan and Francis turbines that have 
ratings above 25 W e .  The survey was sent to hydroelectric power plants within the 

/continental United States and Canada. 

A formal expert judgement elicitation was conducted to validate the risk analysis model, and to 
supplement the estimates of failure data for various hydroelectric station components. A 
standard procedure that has evolved over the years. was used to conduct the elicitation (Vo et 
al. 1991). Figure 1 shows the expert judgment elicitation process. 
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Selection of 
Issues and 
Parameters 

+ Selection of . Familiarization 
Experts of Issues 

2.2 Data Analysis 

Training and 
Elicitation of 

Experts 

The data analysis consisted of tabulating the general survey data, and analyzing the failure rate 
information from the survey, generic sources, and expert elicitation. The general survey data 
were evaluated using basic descriptive statistics as applicable. Failure rate information was 
combined to yield a final failure rate (failuredunit-yr) for each system component of interest. 

I 

Recomposition 
and ' Aggregation of 

Results 

Review by 

Documentation 
b Experts and 

The survey and expert elicited component failure rate information was first tested to determine 
the most appropriate distribution function to describe the data. Norplal, log-normal, and 
Weibull distributions were considered, and the data were found to be best represented by a 
log-normal distribution. In both data sets shape (a) and scale (p) parameters were computed 
for each component. In the survey data, a censored data approach was used to account for the 
high incidence of zero failure data (no'failures during the reported period). For comparison 
purposes, the survey and expert elicited failure rates (A) were calculated from the p values. 
GeneEic failure rate information was used to supplement the survey data when survey 
information was absent or statistically insufficient. 

The log-normal distribution parameters (a and p) from each data source were then used in a 
Bayesian analysis to produce a combined failure rate estimate for each component. In the 
Bayesian analysis two distributions are used. The fust distribution, called the prior 
distribution, used survey information supplemented by generic information. This distribution 
was then modified using the expert elicited information, called the likelihoodfunction, to yield 
a final distribution called the posterior distribution. From the posterior distribution, the final 
component failure rates were calculated. Table 1 provides the survey/generic, expert, and 
combined (Bayesian) log-normal distribution parameters and failure rates for each component. 
Shaded boxes ip Table 1 indicate generic data were used. 
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Table 1. Component Failure Rate Summary Data Table 

i 

u - standard deviation of a log-normal distribution 
/3 - mean of a log-normal distribution 

A - failure rate (failures/unit-year) 



Table 1. Component Failure Rate Summary Data Table 

a - standard dgviation of a log-normal distribution 
j3 - mean of a log-normal distribution 

A - failure rate (failures/unit-year) 



Table 1. Component Failure Rate Summary Data Table 
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a - standard deviation of a log-normal distribution 
0 - mean of a log-normal distribution 

A - failure rate (failureshnit-year) 



Table 1. Component Failure Rate Summary Data Table 

a - standard deviation of a log-normal distribution 
p - mean of a log-normal distribution 

h - failure rate (failureshnit-year) 



2.3 Discussion 

Of the 337 surveys distributed, 150 were returned. This overall return rate of 45% is 
considered excellent. The 150 respondents have a total of 680 units with an average operation 
time of 34.9 years for a total of 23,732 unit-years of operation. It should be noted that every 
plant responding to the survey did not necessarily provide complete component failure rate 
information. On the average, only 32 plants (9.5 % of the distributed surveys) responded for 
any given component. Generally, the number of respondents was sufficient to generate a 
statistically valid failure rate estimate. However, in some cases the reported numbers of 
failures were either too few or too widely'varied to be usable in this analysis. In these cases 
generic information was compiled from a number of sources and was used to supplement the 
survey information (NUREG/CR-4550 1987, NUREGKR-2815 1985, IEEE 1983, Curley 
1994). 

Several insights can be drawn from the survey general information and from the comments 
provided with the survey component failure rates. First, the initiating events identified in the 
model have in fact occurred. Twenty-nine of the respondents indicated events have occurred 
where intake gate closure was required to control a running unit. In one case damage from an 
overspeed condition was reported. A second insight from the survey is that failures of 
systems required to mitigate overspeed conditions (e.g., wicket gates, governor, intake gate, 
etc.) can be expected to occur in the future. 

For components with adequate survey data, the component failure rates (failures/unit-yr) 
ranged from 1.OE-05 (generator phase unbalance relay) to 1.6E-01 (fish screen wire rope 
handling controls) failures per unit-year. NOTE: A failure rate of 1.OE-01 failures per unit- 
year correlates to one failure every 10 years for each unit. Overall, the data are considered 
very reasonable. In general, the components with moving parts and others such as shear pins 
and shaft packing had the higher failure rates. Large structural components such as the trash 
rack frame and supports, gantry crane structures, and head gates tended to have lower failure 
rates. 

For components where generic data were used to supplement the survey information, failure 
rates ranged from 1.9E-04 (wicket gate thrust collar) to 8.8E-01 (fish screen brush drive 
assembly) failures per unit-year. The generic failure rate values tend to be conservatively 
higher than the survey data failure rates. 

The conduct of the expert elicitation went extremely well, and exceptional cooperation was 
achieved from both expert participants and observers alike. The experts carefully deliberated 
about their failure rate estimates during the workshop, and a number of carefuliy thoughtout 
revisions were made after the workshop. Excellent rationale was provided by the experts to 
justify their estimates. In general, the data were tightly grouped indicating good agreement 
among the experts. A general trend was ncted. The failure rate derived from the expert 
estimates tends to be larger than &e one derived from the survey data. It is expected that the 
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survey data will tend to underestimate the failure rates because the respondent is being asked 
to recall specific failures. Some failures are frequently forgotten or simply not reported. 
Experts were asked to give a best estimate of the failure rate based on their experience. This 
type of elicitation tends to produce an estimate that overestimates the actual value. 
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The expert rationale and comments provided insights on several issues. Specifically, proper 
maintenance can be instrumental in reducing component and system failure rates. The experts 
indicated that systems 'which were easily accessible and routinely inspected were much more 
reliable than systems receiving little or no preventive maintenance. In addition, the experts 
noted that failure rates would be higher early and late in component life (bathtub curve), and 
higher in newly designed systems. Newly designed systems were considered to be especially 
susceptible to the commonly experienced failure modes of cavitation and flow induced 
vibrations. 

+Expert Faiiure Rate 
-0-SUNey Failure Rate 

For all plant components studied, expert elicited failure rate estimates ranged from 1.OE-04 
(wicket gate stay vanes) to 1.1E-01 (wicket gate shear pin) failures per unit-year. In general, 
the data seem to be very reasonable. The components with moving parts had the higher failure 
rates, and large structural components tended to have lower failure rates. 

Figure 2 shows the expert elicited and survey failure rates plotted for the 13 components of the 

I .OOE+OO 

I 
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Component 

Figure 2. - Wicket Gate System Expert and Survey Failure Rate Plot 
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wicket gate system. Gaps in the plot correlate to components that were added at the expert 
workshop (no survey data exists). When the expert elicited failure rates are compared to the 
survey failure rates, the failure rate trends match exceptionally well. Although the expert 
elicited failure rate is generally higher than the survey failure rate, it is obvious that there is 
significant agreement about the relative failure rates between components. This trending 
improves the confidence in both the survey' and expert data. The same general trends are 
apparent throughout the remainder of the data. 

As expected the Bayesian updated failure rates lie between the expert eiicited and 
survey/generic failure rates. Figure 3 shows the medians and uncertainties for the first three 
applicable components of the wicket gate system. It is obvious from this plot that the final 
Bayesian failure rates are closer to the expert elicited failure rate. This is due in part to the 
fact that the Bayesian process naturally weights the results toward the data which have lower 
statistical uncertainties. The survey data have larger uncertainties than the expert data by one 
or two orders of magnitude. The Bayesian process weights the expert data accordingly. 

The Bayesian technique used also naturally weights the final result toward the likelihood data. 
The analyst must determine which data set is the most reliable and then use this data set as the 
likelihood function. In this study, the expert elicitation process was a more focused data 
collection technique than .the survey distribution so the expert data were judged to be more 
reliable than the survey data. They provided improved knowledge based on operational 
experience. The expert data were therefore used as the likelihood function in the Bayesian 
analysis. The Bayesian process then weighted the results accordingly. The same general 
trends shown in Figure 3 are apparent throughout the data. 

' 
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Figure 3. - Failure Rate Median and Uncertainty Comparison Plot 
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For all systems studied, the final combined component failure rates ranged from 9.5E-05 
(wicket gate stay vanes) to 1.1E-01 (wicket gate shear pin) failures per unit-year. A listing of 
the ten components with the highest failure rates are provided in Table 2. These component 
failure rate values do not reflect the associated system reliability. Overall, the data are 
considered very reasonable and will provide an excellent input into the Phase 2 and Phase 3 
analyses. 

Sys tem 

Phase 2 and Phase 3 of the project will evaluate the overall plant risk including component 
importance factors. While specific system reliability predications cannot be made at this time, 
it is expected that the fish screen system will be important. Experience has shown that new 
designs tend to have a higher failure rate compared to proven designs. The fish screen system 
is an example of a new design that ths experts believe to have a higher failure rate than most 
other hydroelectric station systems. The survey results support this opinion. Fish screen 
system final combined failure rates occupied three of the top ten calculated failure rates. Its 
components have some of the highest failure rates, and certain failures of the fish screen could 
result in debris being carried into the turbine. 

Failure R a t e  
Component  . (failurehnit- 

It should be noted that systems with low reliability components are not necessarily the most 
risk significant. Risk significance is a combination of the component reliability and severity of 
the component failure consequences. If a system has high reliability, but a failure results in 
serious consequences, it could be very risk significant. Conversely, a system'with low 
reliability could prove to be risk insignificant if a failure of the system results in minor 
consequences. The fish screen and vertical barrier screen have low reliability compared to 
other components but their failure consequences have not yet been determined. Component 
failure consequences and risk significance will be assessed in Phase 2 and Phase 3 analyses. 
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3.0 PHASE 2,3, AM) 4 EFFORTS 

Phase 2 of the project (which is currently being performed) evaluates the probability per year 
that emergency or non-routine shut down of a unit will be .required due to occurrence of an 
event. The analysis includes qualitative and quantitative risk assessments using approaches 
outlined in the ASME Risk-Based Inspection Guidelines (ASME 1991). Analysis considers 
the hydroelectric plant’s component functional interactions and the probability of their failures 
initiating events and/or contributing to events that require emergency closure of turbine intake 
gates. 

Phase 3 will evaluate the economic consequences involved in a failure requiring an emergency 
intake gate closure. The analysis will consider adverse effects, direct and indirect effects, and 
losses as described in the ASME Guidelines. The analysis will determine the probable and 
foreseeable maximum losses for closure times ranging from 5 minutes to infinity. Results 
from Phase 2 and Phase 3 analyses will be used in the Phase 4 effort, which will focus on 
policy recommendations regarding operation and maintenance of hydroelectric stations. 

4.0 CONCLUSIONS 
I 

Based on the results of the Phase 1 study, the following observations and insights were gained. 

The survey data return rate was excel1ent;’and the surveys provided a substantial 
amount of very useful information regarding design and operation of hydroelectric 
stations. 

The expert elicitation workshop went very well. The experts carefully deliberated 
about their failure rate estimates during the workshop, and a number of carehlly 
thought out revisions were made after the workshop. The rationale provided by the 

comments provided insights on several issues. ’Specifically, proper maintenance can be 
instrumental in reducing component and system failure rates. Infomiation obtained 
from expert panel indicated that the systems which were easily accessible and routinely 
inspected were much more reliable. 

. experts to justify their estimates were also excellent: The expert rationale and 

The final Bayesian analysis. combined failure rates are between the expert elicited 
failure rates and the survey/generic failure rates. The combined estimates tended to be 
closer to the expert elicited data. As expected, the final combined data appear 
reasonable and reflect plant operational practices. 

The final combined data will be useful in the Phase 2 and Phase 3 analyses for estimating 
frequencies and consequences of non-routine shutdown/closure of hydroelectric generating 
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stations. Results of this project may be used to provide policy recommendations regarding 
operation and maintenance of hydroelectric stations, which will be performed in Phase 4 
efforts. 

Specifically, information obtained from this project can be used to estimate the service life of 
components and probability of hydroelectric station failures. This information may also be 
used to assist the Corps in establishing scheduled replacement policies, and better decision 
making for costly investments for major rehabilitation and major maintenance and inspections. 
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