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The Wolf Creek Dam situated on the Cunitéed River in the state of Kentucky, United Stases

a multipurpose damemerating hydroelectricity, providing flood risk reduction, supporting-year
round navigation on the lower Cumberland River, and it creating Lake Cumberlaadréation
and watesupply. The latter is a popular tourist attraction. Because of pipingnerdal erosion
problems in the dam's foundation, it is a USACE-pojprity structure. This thesis experiments
with and tests the applicability of a stochastic simulation of tine asing historical inflow data
basednamodelbuilt on GoldSint . Themodel usesstandardperatingulesof theDamto spot
possiblefailuresto theturbinesthatcouldaffectthe performancef thedam.In addition,themodel
simulates the behavior ofi¢ dam 50 years in to the future during which time the components
reachtheir closeto their maximumlife. Resultsof the studysuggesthatsimulationmodelsof this
type may serve to provide information for reliabiiigsed maintenance strategies, anthelp

identify adverseatternsof damperformancevhichmaybeaddressdthroughassetmanagement.
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1 Introduction

1.1  ResearchMotivation

Dams are large structures which are pivotal to the production of electricaypfarticular

area. Failure to maintain their repair on time can cause serious damage to these structures
and their operation. It is importato understand the cause of operational dam failures

such as mechanicalectrical failure, instrumentation an@€8DA misperformance,

structural failure, or human operator errors, and to conduct regular surveys to determine
how often these failures occaver the life span of these dams and what their

consequences may be.

With dam systems becoming progressively nammplex, failures can creep in from

many points. The management team of the dam must have a clear understanding of the

risks of failures andelise mitigation plans to treat these failures.

1.2  Research Purpose an&cope
The purposes of the research were to,

(1) Test and evaluate stochastic simulation approaches to evaluatopgtiagonal

reliability of hydropower dams

A case study using Wolf Creek dam on the Cumberland River of Kentucky hasseelen
as the vehicle for this research in that it is an irgydrstructure to the US Army Corps
of Engineers and many years of data are availtuit.

(2) Evaluate the application of Weibull reliability models to the manageaient

hydropower dam assets.




I n the same way t hat manyCreelkdam,shé USdAantya ar
Corps of Engineers (USACE), the owner and operator of Wolf Creek, has had an ongoing
effort to collect and maintain asset management reliability data on hydraulic gates, po
generation, and navigation infrastructure in its pomfolihe hydraulic system of the

Wolf Creek Dam consists a complex combination of machines. It is important to
understand the intetependency of the components with one another to maximize the
production of electrical energy.

(3) Seek to identify emergent behanss of the dam and its componentghe

antecedents to adverse performance events

This research has built a Monte Carlo based simulation model of the Wolf Creek dam on
the GoldSimplatform and uses the inflow data from the past 50 years to detefmine t
potential adverse performances of the dam in the future by considering variougscena

In doing so, the reliability of the dam can be improved by analyzing the results from a
myriad of simulations and propose a framework to increase the safetyearaptcity to

consistently produce energy from the dam.

1.3  ThesisOverview
This thesisnvestigates the Wolf Creek project in the following chapters, described as
follow:

I Chapter 2 Literature Reviewhis consists of related research work conduicted

thepast. It describes work pertaining to reliability of dams, risk analysis and work

relaied to the Wolf Creek Project in the past.

e



Chapter 3 Wolf Creek Projecthis chapter sheds light on the dam proijesetf

explaining briefly the water body it creates well as the Hydrological System.

Chapter 4GoldSimModel: The softwarésoldSimwas used to build &orking

model of Wolf Creek Dam. In this chapter, the working model is briefly
explained, and suitable puces are presented to illustrate the model.

Chapter 5 Simulations and Interpretatidine model of the dam was madeua

through numerous simulations and this chapter presents the outputs from these

simulations.

Chapter 6 Conclusiomhe work done with the research is concluded

recommendatio for future betterment of the Wolf Creek dam are proposed.

Chapter 7 ResultdJsing the model, ten 10@€eration simulationsvere

conducted for a span of 50 years, nominally from 196I0fidl. Subsequently, an
additional set of ten 106@teration simiations were conducted for a span of 100
years, nominally from 1906 to 2059. Selected graphical results are presented and
discussed.

Chapter 8 Analysis and Interpretatidrhe simulation results and out@are

discussed with respect to the three resepnchoses.

Chapter 9 Conclusiongmplications of the research with respect tottiree

research purposes are considered.

Chapterl0 Future directions for this warkour important Direct shins féuture

work are identified and discussed.



2 Literature Review

The primary modeling approach in the present research was adopted from Hartford et al.
(2016) and Hartford andd&cher (2004). This approach uses stochastic simulation to
model hydropower operation over time, focusing on systems engineering aspkcts
reliability-centered asset management.

Komey, Deng, Baecher, Zielinski, & Atkinson (2015) with their paper predeamtalysis

on systems reliability of flow control on dam safety. According to this paper,
environmental factors and the operating rulethe reservoir affects the reliability of the
spillway structure. From the research conducted by numerous simulagiog§&oldSim
software, it was concluded in this paper that the reliability of the spillway is dependent on
human factors among otheirtgs, such as incorrect decisions, failure to control
instruments, loss of dam access during emergency etc.

Sivakumar Bhu & Srivastava (2010) in their paper studied the earth dams on the
Kachchh region of Gujarat in India and came up with a risk analf/giee dams using
response surface methodology. In addition, they used first order reliability method and
Monte Carlo snhulations to determine the risks pertaining the earth dams.

Westberg Wilde & Johansson (2012) presented a paper in which they anbhb/zed t
structural reliability of the spillway of the dam. They use limit state functions that are
defined from the failure modes in concrete. Efforts were taken in calculating the safe
index of the dam by using a and the usage of direct integration ofdte/anrmal
distribution to calculate the system reliability. They use the system reliability to find the

probability of failure and the types of failure mode.



Jordaret al. (2014) in this paper conducted stochastic simulation of inflow hydrographs
for Wivenhoe and Somerset dams. They use@tiidSimsoftware to build the model

and implemented stochastic analysis of rainfall bursts. Finally, they produced
hydrographs bhighest inflow location that have that highest probability of flooding.

With the type d modelling adopted by the authors, they were able to open the possibility
of modeling the variability of rainfall in the catchment area by using the model for the
stachastic simulation the dam.

Ahmadisharaf & Kalyanapu (2015) presented a paper wherg#ré&ymed a case study

on high hazard dams. By identifying overtopping as one of the major reasons for failure
of dams. With their research on a high hazard dam eduatNorth Carolina, they

tracked the temporal variation on overtopping and concluaddtth risk of the dams

overtopping increased drastically compared to what was witnessed prior to 1980.



3 Wolf Creek Project

Wolf Creek Dam is built on .nCumberland River in the state of Kentucky, USA.
Completing its construction in August of 1952, thelf\Creek dam is the 22largest

dam in the USA and built and operated by the United States Army Corps of Engineers

(USACE)

3.1  Project Background
Wolf Creek is a Concrete gravity and earthfill dam which is built in the vicinity of
Jamestown located 10 msleff US 127 North. Figure 1 shows aerial view of Wolf Creek

Dam.

Figure 1. Aerial view of Wolf Creek Dam

The dam spans 5,736 feet with a total length of the concrete section being 1,796 feet. The
top of the dam is at elevation 773 feet whereas thefttpe gates are at 760 feet. There
are 10 spillway gates which avéradial (Tainter) type with a dimension of 50 x 37 feet.

At discharge capacity the gates is 553,000 cfs. Table 1 contains the statistics of the Dam.



Table 1. Statistical information t¢fie Wolf Creek Dam (from USACE)

Dam
Type | Concrete- Gravity and Earthfill
Quantities
Concrete , Cubic Yards 1,380,000
Earthfill, Cubic Yards 10,016,500
Dimensions
Maximum height, feet 258
Length, feet(concrete,1796:earth,3490) 5736

Elevations (above mean sea level)

Top of Dam 773
Top of Gates 760
Spillway Crest 723
Spillway Crest Gates:
Number and Type 10, Radial
Size (width and height), feet 50 x 37
Discharge Capacity c.f.s 553,000
Sluices
Number of Conduits 6
Size (width and height), feet 4x6
Total discharge capacity, c.f.s 9800
Hydropower
Installation 270,000 kw in 6 units
Rating, each generator, kilowatts 45,000
Estimated energy output, average yearly
kilowatt- hours 800,000,000
Reservoir
Drainage are, square miles: 5789
Length of pool at Elv. 760 river miles 101
Length of shoreline,pool atElev.760 miles 1255
Area, acres
Top of Flood- Control pool( Elv.760) 63,530
Maximum power pool (Elev. 723) 50,250
Minimum Power Pool ( Elev. 673) 35,820
Storage Capacities, acre feet
Flood control (Elev. 760-723 2,094,000
Power drawdown (Elev. 723-673) 2,142,000
Dead (below Elev. 673) 1,853,000
Total (below Elev. 760) 6,089,000




3.2 Cumberland River

The Cumberland river is the water body that serves the Wolf Creek Dam. The reservoir
of Lake Cumberland is 101 miles long and has a shoreline of 1,B&& irhe total

storage capacity is about 6,089,000 dert. Figure 2 shows the map of Cumberland

River.
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Figure 2. Cumberlan®River

Following are important statistics of the Cumberl&ner

1 Capacity of the Reservoir = 2,094,000 afeet. It is usd to hold flood watert

prevent causing flooding in the downstrearaa.

1 Power Operation Allocation = 2,142,000 acre feet (with 50destdown)



On average the dam produces enouggrgy to serve a population 875,000
Reservoir Level at Top of PowBool is at about 52,250 acres witaimum
surface are of 35,820 acres. At times of high inflow, the floor storage is used

which take the surface to about 63,%5@0es.



4  Major Components of theDam
The Wolf Creek dam consists of the following composéhé constitutes the
hydro power plant. Figure 3 shows the Hydroelectric System.
1. Reservoir
2. Spillway Gates

3. Turbines

HV Transmission
Line

E\F

Reservoir

Sluwee Gates
Penstock

Power

Transfoemer

Tail Waser

Figure 3. Hydroelectric System

4.1 Reservoir

Reservoir on the Wolf Creek acts as a system for various functions for the hydro power
plart. The reservoir is built to store inflow water, water for irrigation or consumption and
outflow that is used for power generation. Following are the various levsterage in

the reservoir.

1 Full reservoir level is the highest level of storage whidd$ithe activetorage,

inactive storage and floatorage.
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1 Maximum water level is the level of water that is reached during a designed flood

condition.

1 Minimum drawdown level is the minimum amount of water that is reqéired
power generation and belomhich the water wont allowed to dradewn.

1 Dead storage levéd the amount of water left in the water that cannatrbeed
by the force ofyravity.

1 Surcharge is the reserve capacity between operating and the maximurewehter
to accommodate for pealobd levels.

Figure 4 shows the schematic diagram of the Regdevel
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L—— INACTINE STORAGE CAPACITY

Figure 4. Schematic Diagram of the Reservoir Levels

Important terms for reservoirs

1 Water Level (h) = the amount of water stored in the reservoir and measurgd

a specialnstrument.
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1 Inflow (q) = the amount of water that enters the reservoir through varatusal
sources.

1 Discharge = amount of water leaves the reservoir for various reasons power
generation, irrigation and floatbntrol

9 Storage (s) = the amount of water stbie thereservoir.

4.2  Spillway Gates

Spillway is the structure in the dam which is used to allow water through the regarvoir
various reasondt is generally used when the water in the reservoir reaches a level of
overtopping and the spillways are opdro avad flooding and destruction to the dam as
well as the settlement nearby. In a spillway system, there are mainly two ways of
releasing water which are Controlled and Uncontrolled release. During a controlled
release, the water is released througloeningand is made to pass in to the

downstream into the catchment area without entering the turbine. In case of uncontrolled
release, the water gets released when the water goes above a certain level caused by

overflow.

4.3  Turbine

Turbines are the powleouse othe dam system. They convert the mechanical energy
generated by the inflowing water in to electrical energy. In the case of Wolf Creek Dam,
the dam system contains six Francis turbines which produce energy. The turbines consist

of five internal conponentavhich are as follows:

1 Stator
2 Rotor

12



3  Excitor
4  Transformers

5 Governors

Francis turbines function well over a range of heads and discharges. Along with high
efficiency, they have become possibly the most widely used turbine worldwide. Figure 5

shows the diagram of a Francis Turbine.

Scroll case I » j w U e
P ' “~connecting rod
1, RERCHD, BB
Water , $- W :
inlet 1 g ' | Upper lip plate

Lower lip plate
Draft

> tube &

Figure 5. Francis Turbine
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5 Water Control Plan

5.1  Primary Objective
According to the water manual of the Wolf Creek, the dam has majorly two objectives
which are as follows:
1 To store water in event of flood and tecdease the potential damage caused
the downstream are of the Cumberl&tider.

1 To generate enough hydrizetric energy.

5.2  Inactive Pool

In the Wolf Creek dam, the Inactive pool operates from the bottom of the reservoir until
an elevation of 673 fedf. the water drops below the top of this pool, the water is
prevented from releasing. Another usage of tletime pool is to provide head for
production hydroelectricity and to oppose lake sedimentation. Additionally, this pool also
opens the avenue farprospering aquatic life, recreation, and to counter the drought

periods.

5.3  Power Pool

It is the part of theeservoir that is used for the production electrical energy. In the Wolf
Creek this pool spans from 673 feet to 723 feet. The difference of 5@ tbe middle is
called the operating zone. Usually, the pool is made to fill up to the elevation ofef23 fe
from winter weather up until spring. During summer when the requirement for electricity
is at its peak, the water stored in the pool is useddaer generation causing a steady

drawdown. Table 2 shows the Hydraulics and Hydrology of the dam

14



Table 2. Hydraulics and Hydrology

Total

Project
Total 5789 sq mi
Local Uncontrolled 5451 sq mi

7307 sq mi

Local Uncontrolled

Total

583 sq mi

8096 sq mi

Local Uncontrolled

1372 sq mi

Flood Control 760 NGVD
Hydropower 723 NGVD
Inactive 673 NGVD

Flood Control 63,530 acres
Hydropower 50,250 acres
Inactive 35,820 acres

Flood Control 101 miles
Hydropower 98 miles
Inactive 92 miles
Flood Control 1255 miles
This pool is later divided intoarr i ous zones which ar

mar keting zonebo.

e

call ed
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5.4  Regulation Curve
It is a guide curve that works as the guidance for Wolf Creek dam operations. The curve
consists of hardlines and softlines whiivide the information presented by the drap

The hardlines divide the reservoir into 3 pools and softlines categorize the power pool.

5.5  Flood Control Pool
The flood control pool spans from 723 feet to 760 feet which the highest point of the
dam. Normapractice governs the pool to be empty to helpare for the event of flood

and to reduce the damaging effects of the flood.

5.6  Normal Regulation

When the water inside the system is flowing at normal levels, the water surface levels is
made sure it mainit@ed at the pool limits. The water entering tarbine is also

monitored and the flow is regulated based on the requirements of power. Additionally,

the SEPA band also helps locating suitable locations for water surface.

5.7  Flood Regulation

According to tle manual there are two mode of operation tiénd event of flood:

1 During flood events, the outflow from the reservoir is reduced to proteaifcity

Celina and the major damage center of Nashville ftoous.

1 When flooding is at high level, the Emergency Flood operations is initdtece

the proection of the dam is of the highest priority over downstrisations.

16



5.8

Drought Regulation

In the event of droughts in the Cumberland River Basin, following are drought

regulations and the priorities for the basin:

il
il

5.9

WaterSupply
WaterQuality
Navigation
Hydropower

Recreation

Wolf Creek Dam Operating Rules

Normal and Drought Conditions

T

To maintain headwater elevation within the limits of the hydropowergrabl
release all water through the turbines as governed by hydropower generation
schedule.

Limit Change in hydropower generation to three units per pusydown.

Make a special report to Water Management personnel if minidesmed

hydropower releases of at least 1000 ctclseduled.

Flood Periods

When spillway gates are being operated,nt@n uniform openings of all gates

as closely as possible, with no more than foot difference among thepgaiegs.
When sluices are operated, they will be either fully closed ordpiyned.

Limit the rate dincrease of combined spillway and sluregeases to 2000 cfs per

hour, unless operating under the Emergency Operation Scheduledéareases

17



in these releases to 4000 cfs per hour and, if practical, limit this decrease to 2000
cfs per tour.

In conjunction with Dale hollow, limit the flow &elina to 30,000 cfs during

crop season and 40,000 cfs during flood season. | f during flood control season,
more than one half of the flood control capacity of Wolf Creek and Ballew

is being usé and if the Center Hill flood control pool is nesnpty.

Limit total project releases to full capacity of 60,000 cfs unless larger rebrases
required to the Emergency Operation Sche(&@S)

If the Operating under the Emergency Operation Scheduili the rate of

increase in the total outflow to 20,063 per two wo hour period unpbol

elevation reaches the Limiting Surcha@erve.

Once the Limiting Surcharge Curve is reached, it must be follevtbdut

deviation.
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6 GOLDSIM Model

The Wolf Creek Dam water manual formed the basis of the model. &rdgscriptive
operating rules, the working model of the dam was bhait tises the daily inflow data
from 1950 to 2014 to simulate the dam operations in the future.

The model is divided into three modules which are as follows:

6.1  Model Input Parameters, Data & Documentation

Includes Inputs such as Initial Pool Elevation, Wgesth daily flow and functions such as
Initial Storage Capacity and Total Outflow all were acquired from the USACE for the
Wolf Creek Dam.

Inputs

Initial Pool Elevation = 700 ft

Upsteam Daily = 65 years Daily inflow data starting from 1950 until 2014

Furctions

Initial Storage capacity = It is the function of initial pool elevation

Total Outflow = It is the function which is the sum of total turbine flow and spillway
flow.

The abovealata form the input for the Reservoir system which uses them to generate

various relevant Graphs. Figure 6 shows the input module of the model.
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Figure 6. Input Module
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6.2 Reservoir System

The Reservoir system uses the data from the Input module sistoof the Gate

opening and closing conditions for the spillway gates. Based on the elevation of water in
the pool

Input

Top of the dam embankment: 773 ft

Storage Capacity = It is 229 data plots which illustrates the amount of water present at
variouselevation points in reservoir pool.

Reservoir Elevation: It used as an input for Reservoir Pool Elevation Function.
Function

Reservoir Pool Elevation = It iké¢ function of Wolf Creek

Figure 7 shows the reservoir system of the model

S
~

'Y

Wolf_Creek ReservairPool_Elevation_WCreek

A

Top_of_Dam_Embankment l =

StorageCapacity L] L]

RESERVOIR SYSTEM Reservoir_Elevation
] 4 ]

Figure 7. ReservoiBystem

6.3  Reservoir Operating Conditions

Following is the is figure of the operating rules function in the module:
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Gate_Opening_Condition

Gate_Closing_Condition

RESERVOIR SYSTEM OPERATING RULES

Figure 8. Reservoir Opereig Rules

Operating Rules for the Gates are illustrated in the Water Manual:

6.3.1 Gate OpeningCondition:

1 ReservoirPool_Elevation WCreek>=723ft
Above the 723 ft the gates are opened to avoid flooding as it is above the Powel Pool

elevation.

1 UpstreamDailyFlow>=Turbine_Flows
When the inflow into the system is more than the amount that should enter the, turbine

the spillway gates open to allow the water to pass into the downstream catchment area.

1 Gate Closing Condition
ReservoirPool_Elevation WCreek73ft
The spillway gates close when the water falls below the lower lower limit of the power
pool.
UpstreamDaiFlow<Turbine_Flows
When the inflow into the system is below the turbine flows

The gates are active when the water in the pool is either aboveoar thel power pool.
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The 50 ft buffer in the middle which governs the gate operating conditions makes sure
t hat gates dondét constantly open and cl ose

elevations inside the pool as that would cause #tesgo break due to wear and tear.

6.4  Power Generation Module
It is the acts as the powerhouse of the model andrancalates the working of the six
turbines. Figure 9 indicates the Power Generation module. Figure 9 shows the Power

generation module

; ~g——®

Power_Head / Generatlon _Conditions Total_Power_Genenerated

L

PeakPowerFLow

/Ufbne Flows

Figure 9. Power Generation Module

It consists of two functions that which are as follows:
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1 Power head = It is the dé&rence between the Reservoir PBl@vation
and 537 ft which is the lowest part of tteservoir.

1 Peak Power Flow = It is the function Povirerad.

1 SepaFlow = When the power generated is less the 3860 timaswbe
produced by the siturns.

Figure 10 Boes the Turbine system of the mbde

Turhbine_1

»

Turbine_5 Turbine_&

Figure 10. Turbine System

Total Turbine Flow = It is the sum of the all the six turbines
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6.4.1 Turbine System
The Wolf Creek Dam consists of 6 Francis Turbine which work together to produce the
energy required for théamestown Area. Inside the turbines, there are 5 components
which are stator, rotor, governor, excitor and transformers. In the following pages the

turbine system is delineated:

Function?

Jx

o o
Turbine_Discharge 2

Figure 11. Turbinel

Thefunctionconstitutedor turbinefailure it hasWeibull DistributionactingasReliability
Component. Turbine discharge is the function that governs the inflow of water and it

programed to fail Wwen the flow is 50 m3/s. Figure 11 shows the system of Tutbine
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6.4.2 Turbine System FaultTree
The turbine sgtem consists of components such as stator, rotor, excitor, governor and
transformer and they are given Weibull parameters in théiuré modes. This system is
designed such that if one of the 5 components fails, then the whole system fails.
Characterist life of the components are based on Weibull parameters and they are given
specific mean repair time during failures. The amountvafer through the turbine is
governed by the SEPA curve in addition to the upstream daily flow. Figure 12 shows the

fault tree of the turbine components.
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{f' Governor (R-Tree)
---gﬂ Rotor (R-Tree)
{;‘n Stator (R-Tree)
H-¢47 Transformer (R-Tree)

O Hesources

Figure 12. Fault Tree of the turbine components
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6.5 Grid Demands
The rating tables from SEPA is used for the function for addressing the power demands

of the area. Figure 13 shows the Grid demand Function.

Grid_Demands
[

SEPA_TOP

s \

Jx ]

Grid_Demand_Per_Turbne

[+
SEPA_BOTTOM

Figure 13. Grid Demand Function
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7 Results

Using the model, simulations are conducted for a spaf gears from 1960 to 2011

and the results are as follows: Figure 14 shows the graph of inflow outflow and pool

elevation

UpstreamDailyFlow (m3/s)

Inflow vs Qutflow vs PooElevations

Inflow History

Elevations

Flows

TurbineDischarge

Power Generation ¥sSlows

Inflow_v_Outflows_v_PoolElevat
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-1000
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1965
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Time
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1985 2000 2005 2010

UpstreamDailyFlow
Top_of_Dam_Embankment

Realization #1

Spillway_flow
ReservoirPool_Elevation_WCreek

Figure 14. Inflow vs Outflow vs Pool elevation
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The graph above depicts the upstream daily flow, spillway flow for the 52 years of
simulation. From analysis it is visible ththe dam does not overtop over the 50 years but
does come dangerously close to the top of the dam embankment. This opens an avenu
for simulating the dam for the following 50 years (100 years total) from the present day
to see if the dam overtops in théure. Figure 15 shows the elevations of the dam and

figure 16 shows the inflow history.
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Figure 15. Elevations
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Power Generation vs Flows
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Figure 18. Power Generation vs Flows

The GoldSimModel also simulates the turl@irmnd their failures. The turbines are
modelled such a way that if one of the components fail, themwhbée turbine system
fails. Weibull data where used for the turbine components.

With six working turbines in the system, following are the results fwbifie Discharge
and the number of failures over the simulation period. Failure rates of the system are

based on the Weibull parameters. Figure 18 shows the power generation vgdiotvs g
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Turbine 7 1

Following is the graph that shows the discharge atewthrough turbind

Turbine_Discharge
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Turbine_Discharge_1

Figure 19. Turbine Dischargé

Figure 19 shows the wavering flow of water through various months of the year from
1960 to 2010. It indicates that when the turbine fails, the model is programed to allow no

discharge to flow ttough the turbines.
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Turbine Failure
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Figure 20 Turbine Failurel

Figure 20 shows the number of failures in the turbine. As indicated the turbine fails 5
times over the 50 years with just one failure in the first 40 years of service. As the
machine goes above 48ars, the turbine ages acding to the Weibull model and fails

more number of times as most of the components are reaching their max life.
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Turbine 17 2
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Figure 21. Turbine Discharg@

Figure 21 shows the wavering flow of water through varimosths of the for Turbine
year from 1960 to 2010. It indicates that when the turbine fails, the model is programed,

as above for Turbiné, to allow no discharge to flow through the turbines.
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Turbine_Failure
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Figure 22. Turbine Failure 2

Figure 22 indicates thfailures in Turbine 2. Over the 50 years, the turbine fails only two
times with same Weibull parameters for the components. On an average, this turbine has
failed once in abou5 years which could mean that the governor must have failed the

first time & it has a life span of 25 years.
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Turbine 3

Turbine Discharge_3

120

ge_3 (m*3/s)

" |

. ] hkll H lu “

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Time

Turbine_Dischar|

Realization #65
Turbine_Discharge_3

Figure 23 Turbine Discharge 3

Figure 23 shows the discharge in Turbine 3. On closer analysis we can understand that
the turbines must have experienced failures in their components that aae aydrt

even though their failure is random.
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Turbine Failure_3
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Figure 24. Turbine Failte 3

Figure 24 shows the number of failures in turbine 3. There have been 4 failures in the 50
years and the failures have a difference of about 10 years when comparefailarés
at the end which have a gap of about 5 year. By analyzing the Weibull Penaofahe
components, it is most likely that all are different components that have failed since they

have much longer life than the difference in years from the ésilur
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Turbine -4
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Figure 25. Turbine Discharge 4

Figure 25 provides the Turbine discharge of Turbine 4 for last 50 years. We can see that
it hasnot failed for the first 25 years wi

end.
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Turbine Failure_4
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Figure 26. Turbine Failure 4

Figure 26 showghe failures in Turbine 4. One sees in this chart is few Turbine 4 failures
in the first 50 years of operation, but as the Weibull aging begins to manifest, we see
increasing failure rates in the secoridygars. Chances are that the governor must have

filed twice indicating regular repair requirements for that component.
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Turbine -5

Turbine Discharge 5
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Figure 27. Turbine Discharge 5

Figure 27 shows the discharge of turbine 5 which is indicating that turbinebhas f ai | e d

as much as other turbines as there are fewer points of zero discharge from the turbines
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Turbine Failure 5
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Figure 28. Turbine Failure 5

Figure 28 indicates that there were only three failures in Turbine 5. The first failure has
occurred at about 23zgrs indicating that the governor must have failed. The second

failure most likely is the stator as it hagfa bf 40 years in usual.
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Turbine 6
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Figure 29. Turbine Discharge 6

Figure 29 shows the discharge from turbine 6 for the fistéars of the service

indicating failures within the first 20 years.
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Figure 30. Turbine Failure 6

Figure 30 shows that Turbine 6 has failed four times in total in the first 50 years of
service and the with two failure in the first 20 yeatsol could possibly mean that the
governor and the rotor must have failed. Looking at other failure, it migletiodicate
that stator would have failed gain since it is not too long after the first failure and it is

having the least amount life when caoangd to other components...
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