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. Executive Summary

This report is an Oregon Institute of Technology thesis project completed in pafiiiahdumit
for the Masters of Science in Renewable Energy Engineering degree. The testing and research
done for this reporinvestigate the phenomena of water start up time in the spiral case of hydro
units Water start up time is defined as timae it talkes for water to accelerate from zero to rated
velocity. Fromanalysis othe literature there shows no published article of water start up time
being measured and compared to theoretically calculated velowgver a multiplier is used to
create a buffein the estimations of water start up time to use in the engineering andosetdcti
governors for hydro unit§.he multiplier has also been widalged in computer model
simulationswhich causes a dependence of this multiplre2013 an article wagublished which
challenges the hypothegisat water start up time has been dwgpothesize@nd that the
multiplier would be of a smaller value than what wgpothesizedvhich would mean that the
governing ability is more than what was expected. This pedmds higher governing ability
would mean that the hydro facilities that are currently standing has a higher stability rating than
what was initially thought. The higher stability would allow iimcreased penetration of
renewables onto the electricaldyrThe lack of actual water start up time measurements as well
as the infeasibility of testing on an actual hydro unit meantthaidel would need to be
designed, built, and tested.

The model had two testing @aneters that were examinddne of tle parameters wdbw
rate thatvas controlled by the number of wicket gates that was installed into the system and the
other was theeference height from tHerebay to tail water. There were one hundred results
from thetesttrials. The data fronthetrials showed a trend for the multiplier which was not

constant as previoushypothesize@nd instead illustratea parabolic trend that tapers into a



linear digressionThis result meanthat the range of testing was insufficient and the height range
in which the trials were taking placed was subjected to higher variability. The resultsdthatv
the multiplier used in water start up time is not a constanisavatiable based athe water
level. The previous hypothesssating that the water start ume is faster is falsén accordance
with the resultshe trendshowed that thactual water start up time is slower than what is
hypothesizedThis means at lower water levels thgothesizedjoverning ability is actually
lessthan what is calculated twe using the current method of water start up time calculation for
spiral cases

Thetheoretical analysis showed that witicreased water level afidw rate shovedthat the
multiplier has less effect on water start up time. Y&lee of thewater sart up timetapering off
from the experimental data shows that the trend for water start up time for both theoretical and
experimental share similaritie8n increased testinginge ofthewater level in the trials will
hypothetically lower theariability of the multiplier and in turn conform toliaear equation.
The linear equation is shown to approach zero with increased head in which a static value can be

achieved for a specified range.
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V. Introduction

Purpose and Significance/Literature review

Theimportanceof hydro paver inthe Pacifc Northwest is clearly expressed by pecent
contribution to the total power proction in the regiorl]. The growth invariablerenewable
energy sourcesuch as wind and solaause grid instabilityWwhenvariableenergy sourceare
added to the gridhere needs to lreliable source of energy thesin ativatewhen variable
energy sources dip below consumption levEle unpredictability of wind and solanergy
sourcedringshydro power into play as it is reliable and renewables source of energy can
curb the instability that wind and solar brirmgthe grid.The controller of the applications for
hydro power islie governor systemiat allows for the opening and closing of the wickgttes
The wicket gates allecated in the spiral that resides between the penstock addathéube as

shown in fgure 1



Figure 1. Hydro facility layout

When determining thgoverningability, the water startip timg sometimes referred to as
water running up timeor water inertia constayis needed for thessessment as shown in
equation 1 The mechanical start up tineexpressed a8 'Y 0, which is the time the mechanical
unit takes to obtairated rotational velocity from zero. Theater start up time is expresdeyl
A"y o.

"0¢ U Q1 & BNQO © Equationl

T h e g o v klitytoa@antdobthe @peed of the large rotating turbines is primarily rated by
the mechanical start up time to water start up time [2tiorhe designer of a governor system
aims for the value of foumeaning tle medanical start up time i®ur times thabf the water

start up time. According to equation 1, faster the watestart up time design the greatke

governor ability[2].



The origin ofwater start up timevas first brought up ¥ hydro engineer, Charles JaegEne
proposed equatiowasderived from pressure rise in short rigid pgrehe effects of water
hamme(3]. The equation used was the idealized running up time of a pipe finedlas

equdion 2.

— i —_— Equation 2

The—0shown in equation & the timewhich isrequired bythe pressureonstanfio 0 to
accelerate water from zero toatly state rated velocity expsesl agiv 0[3]. The ALO term
the length of the intake to the out|8f.
The equations used to calculate water start up gslmg/n asquation 4s derived from
equation 3the water hammer equatidfVater hammer is the pressure surge when a fluid is
forced to abruptly stop or change direction from current velodfigter start up time relates to
water hammer by having tloppositeeffect whichis whenfluid is abuptly allowed to
accelerate towardsited velocity{2]. One is brought to an abrupt stop and the other is allowed to

accelerate as fast as possible towards nzkity.

Wwo Qi DO Qi —— Equation 3
OHo o OYHYQER —o0 Equation 4
o — — Equation 5

Equation 5 is used to transform equation 4 into equatiamigh is the common form used

when calculating water start up time.

OWOo Didi ofYQdw @—m—— Equation 6



The subjecofuncert ainty that Lee Shel donds researc

the calculation ofvater start up time. Thaw of continuity states that when a fluid enters a
singlepoint, it will have to leave inlte sme amount through the exThisis representt by
equati on ast hwei tfH ofiwQ asaht areaafrihé orificBh@ case fowater start

up time in a spiratasefor a hydro turbindehaves differently ate waterentes through

multiple points and discharges through multiple orifices at different ratkee effect in the hydro
turbine has water enter throutfie penstock from one point and leaves multiple points through
the wicket gates at défent ratesThis varied set up is whetiee 0.5 multiplier for the length

over areaatio expressed ds L / dkthe spiral case comes froifhe fifty percent multiplier
assumes that any water molecule witthia spiral case has an equal fifigrcent chare to leave
the spiral casevhich is a value that is used for getting closer tcaitteal water start up tin{g].
The examination of the spireasepresented as figureshows that this theoig incorrecf2]. A
water molecule starting at the inner radius of the spiral has a greater chance to exit through the
wicket gates than a water molecule starting at the oatiuis of the spiral c2.This shows that
there is bias in which not all water molecules within the spiral case have an equal chance of

discharging through the wicket gates.



Traditional Spiral Case Stream Tube Spiral Case

Figure 2.Simple gometric calculation and multiple stream tube applicaf@in

The research proposed a new method of calculating the water start up time using stream
tubes which will account for the bias that is dependent on the starting location of the molecule
The research resulshowsthat the 0.5 multiplier for the lengtiver area should be closer to
0.398 when using actual spiral case geometi2¢g4]. A smaller multiplier would result in a
decrease overall vdue ofwater sart up time which wouldincrease the value of the governing
ability. This would mean that that the stability of the grid would need to be re\chiuiditea
likely chance that there is more stap on the grid tharoriginally defired

To prove that the proposed method of evaluating water start up time was more accurate, a
experimental verification of the water start up time on the facility wbaic to be done.
However with the size of the facilities it is not feasitdgerform the tesas the wicket gates
would need to be instantaneously opeimeghichthe facilities cannot perfornThe infeasibility
of this option has left a lack of water start up tirfi@scomparison
There has also been a hypothéisét full load rejection can be used to calculate water start up
time. Full load rejection is a test used for power systems to determine if it can handle a sudden

loss of load and by using the governor to return to stable opefatidrhe equation starts with



calculating the full closing time of thersemotor defined by equatiohandrepresented by
AYo.
Y muv Y Equation 7
The servomotominimum closing time is labeleal s"Yoiineasured fronT5 percent to 25
percent closingThe next stejis to calculate the mechanical dtap timedenoted ad" Yo using
equation §6]. Th¥o i s denoted as thei hgypwhesl @&hted
expressed aberd at i onal speed O®f dtemeotmac Hihree.t uTFtéd nfe

at rated head or at rated power.
Y — Equation8
The next step is to calcuéaa ratiobetween the mimum servo motor closing time dn
mechanical start up timghown as equatio®
Y — Equation 9
The next step is to determine the theoretical speed rise percemMpghich is based on
three equationghe design spedd speed and the type of turbireguation10is used fo Kaplan

turbineunits and equations XHihd P are used for Franctsirbineunits with aspecific speed:

equaion 11 if the value is below 60 and equatidBif the value is over 6(5].

Y et F&Y o@ mMEY pXcCcpp Equation10
Y Erm1zY TR PBPY B wYX Equationll
Y X Y@FitY 1T & THYY pdpw Equation12

The final step to acquire water start up tinses the full load rejection tesatdspeed rise

including the effects of water hammeéy) in equationl3 [6].

Y - pzY Equation13



The method showasing full load rejections a waythe U.S Bureau of Reclamatiarbtains
water start up time valuesloweve this method does not mattie definition of water start up
time, which requiresn instantaneous gate openjf A full load rejection is an instantaneous
gate tosure while water start up time require an instantaneous gate op2niRgom thereport,
hydro turbinegovernor nodel validation in pacific northwest by Dmitry Kosterévt her e i s
significant difference in amount and speed
for models such as that of The Dalles and John Day hydro facilities located on the Columbia
river. This means thahere is a gap between whatssnulatel and whahappensinder real life
test condibns,anda model test is further justifiedlie to constants that are usedatculations
that are not validat], such as water start up tin{é]

From the literature review it is learned that wat@rt up time represent a large factor in
determining lhe governing ability and in tutthe grid stability. However theie a gap in the
research wherthere is nactual water start up time valugscompare to or unpublished results

of these tests.

Hypothesis

The results of the experiment would yield results that are comparative to the geometric
calculation method and the stream tube method. This experiment will yield definitively accurate
water start up time data for a model test in whadrue multipliecanbe obtained for theshgth
over area ratio of the water start up time equaiidith the results, a comparative theoretical
value can be compared to in order define and gauge where the current stability of the grid

resides.

of



VI. Methodology

Experimental Design

The experimental procedure starts with the design of the instantaneous gate.dpening
reason for the design is becalisesizedhydro facilities are notquipped to perforran
instantaneous gate openiagd sca model test is required to confirm the behavior of water in
water start upime.

In order to be able to perform an instantaneous gate op@ngce of elastic wittension
around the end of the draft tulweuld be used. feelasticwould be pulled offeffectively
making the gate disappear. This option would have no defioser that would affect the water
flow after the gate opening. This option would also allow the elastic to be rewtsedis more
economical.

The system would also be designed to be modularderto test for a larger array of
varialdes such as material, shaped size of the model. The modularyows the system to be
more economical and serf@ more than just a single type of test. The design of the coupling
system allowsdr parts to be interchangeable.

The hypothesidor how the water will react to an instantaneous gate opening is that the
velocity of the water will shift from one steady state to another. This assumiptiased on the
principleinBer noul i 6s princi pl e t ha increasednvaopityion pr es s
compensate for the transih from potential to kinetic energy. This brings up the need for a
pressure transducer to measure the two pressures at the start and end of the model. This will
allow for verification of the steady stataswater start up time is tltirationit takes for wate

to reach rated velocity from zel@]



The experiment was also designed to have a sensitivity an@ysse a wide array of data
to compare and contrasith a single variable alteration. The sensitivity analysis will be done
with referenced water levahd the amount of wicket gateshich will alter the flow rates and
patternsThe number ofrials will be at a minimum of threger variable change whichill
allow for more data to analyze addcrease the risk ofsing outliers in the analysis.
The water level referengarameters done by changinthe starting water level of the upper
reservoir right before the start of the experiment. Thiemtavel reference will be 10
centimeters, 15 centimeters, 20 centimeters, 30 centimeters, 35 centimeters, and 40 centimeters
This parameter will change the flow rate of the system and is one of the sensitivity analyses.
Thenumber of wicket gatethat wil be tested is 10 gates, 15 gates, and 20 gaitesith the
same porosity of 30.8 percent. The porosity was determined by analyzing the area that is open to
discharge from a vertical and horizontal view. The porosity can be any nianteraris from
facility to facility, but the number chosen wisrepresent comparable porositiesm a hydro
facility and to justify the results obtainethe design of the wicket gates were represented by
number of slits that were equally spaced from edhbr.The numler of wicket gates is the

other parameter that affects the flow rate.
Equipment Selection

Acrylic materialwas selected to be used due to the Wghight and easiness to cut and mold
to a desired shap&he acrylic also had a low roughnéastor to decrease the effects of friction
acting within the fluid column. The translucence of the material also allowed for visibility of
large bubbles are goockets within the modé¢hatcould affect the measurement results

Thesquare orifice desigwas chosen instead of a rounded or circular orifice desigiuweas

to the initial design of the spiral which had square owsfi¢éis allowed for the measurement of



thelengthand area of the orifice to be ascurateas possible as well as the alyilio couple to
the spiral caselThe rounéd orifice design was considered due to less friction aotirifpe water
column in @mparison to the square orifidde roured orifice design resulted less friction
due to less of the surface amaosed, which loweretthe contact the water colunmad with the
sides of the model.

TheUSB-6009 data acquison unitfigure 3 was used because it had #i®lity to record

data
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Figure 3.National Instruments USB009
USB-6009canacquireup to 14000 points per secqnehich allows the analysis of data

points within a hundredth of a millisecond from one angtties capability is necessarsine

timing is the main variable to be measumethis model test. The system uses a lab view set up
with adata acquisition assistafithe blockdiagram operates with tliata acquisition assistant
that sends to a write to measurement file that is controlled by a true false condition statement
which is contrded by the record button. The recard functions stes recording and writing the

test data to al@, which thercreates new files in ascending order every time the program

10



restarts. The entire program etesithin a while loop with a time delayhich is set at one
millisecondto capthe amounbf data points recorded to 1000 points per secbhe.points per
second was chosen based on the error the pressure transducer based on linear, stdresis

had a max error percentage of tWhe block diagram anddnt panel is shown ifigure 4 and

figure 5

Pressure Difference-Water Start Up Time _ Voltage N/ _I
-0.01-

Record : 1

S Time

STOP

Figure 4. Labview front panel water start up time

0 g Pressure Difference-Water Start Up Time
E : . ™ True 't
| DAQ Assistant ﬁ'ru Measurement File
| data j

Record

H
TF

STOP

Figure 5. Labview block diagram water start up time

Time Delay
3

m
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Figure 6.0megaPX40310WDWUV
The selection of the pressure transgluwas selected based on the specification that it was

wet to wet ratedmeaning that the device was designed to measure the pressure difference
between liquid mediums. Thenge of the pressure transddseperationwas chosen to b0
inches of water. The devdmperates with linear hysteresis in which the accuracy of the device
will vary depending on the range of the pressure measurement. The absolute accuracy of the
pressuraneasurement is not of high importance due to the scaje girojectfocusing on the

the relation and behavior of all the data points as a whtier thartheaccuracy of each data
point The pressure transducer that was setbeties the @negaPX40910WDWUV as showrnin

figure 6
Experimentalprocedure

The systeis arranged as shown in figureasé an Autoaddesignfile and figure 8asthe
actual set upThe upper and lower reservoir is filled to the appropriate water levels with the
upper reservoir filled slightly above the rated water level and the end of théuthedealed
with a balloon which simulates the gate. Next bubble are purged from the pressure
transducer lines by bdeling the valves. Next theabview data collegon program is initiated
and with theprogramrunning. Ater the gate is fully operthe water flow will take from 1 to 2

seconds to reach rated flpthe program ishenstopped.

12



Figure 7. Cad design file layout

Figure 8. Real vorld layout

The experiment was designed with selseasitivity analyse® obtain data over a wide
variety of parameters. The parameters that are set to change are the differential water levels and
thenumberof wicket gates. The sensitivity will show variation of the test resultddw dibr
examinatio of a trend.
An example of th data plot is shown digure 9which shows the sudden change in the
pressure and the momentum of the watgng to equalize the upper reservoir discharge rate

with the rated flow ratentil the pressurapproache steady state. Tiveater start up time is

13



measured is by finding the difference between the last crescent before the pressure drop and the
first crescent after the pressure drop. This method is repeatable but comes with inaccuracy as the
water starup time should be a larger valthen what is obtained. Thisl&cause the recovery of

the pressure drop takasongerdurationthan what is perceived to be the lasescent after the

pressure drofrom the first crescent

Water Start Up Time

0.1 Last
0.09 First Crescent
Crescent

0.08

0.07

0.06

0.05

Pressure

0.04
0.03
0.02

0.01

9 9.2 9.4 9.6 9.8 10 10.2 104 10.6 10.8 11
Time(s)

Figure 9. Example of water start up time data
For calcuationsthe water start up time equation is transformed to fit the needs of finding the
length over areaatio as shown in equation 1%he transform changes the length over area
portion by facbring out the threeomponentshat make it upThetwo componentthat can be
have the length over area ratio measwasilyare the penstock and draft tuBaie to the
simplicity of the shape of the penstamkdthe draft tube théengthandarea of the orificean
easily be calculated’he componset that cannot be easily measured is the spiral Gédmsespial

case which cannot have the length over area ratio calcdagd¢d the behavioof water on the

14



orifice. The threeomponents arsplit between the spiral case and penstock with the draft tube.

The length over area clearly defined witlthepenstock and drafttubvei t b fi X pr esent i n
the multiplier for the spiral case length over area ratio. The equation to determine the multiplier

for thelength over aregatio is shown as equation.Ibhe water start up time is denoted by

AY0O. The | engqudiedadndo aarneda AiASO respectively and
corresponding part of the model. The gravitational constant,ritey andated head i Q0 ,

AGo, Caondr eispecti vely.

Yo @ Equation 14

The length of the penstock was measured to be 32.43700787, withess measured orifice
area opening of 3.87R&Qyielding a length over area ratio of 8.370840724 Q.
The length of the draft tube was measured to be 28.57205 inches with a measured orifice area
opening of 3.8750&Qyjielding a length over area ratio of 7.373432238Q.
The length over area ratios of the penstock and tirladt can be summédxkcause thego not

havea multiplier factor that is associated and the whole value of each is used.

@ Equationl5

VIl. Analysis

Test Runs

Theamount & usable datavhere the water staop time is identifiablend can be justifiably
usedis 10 results The flow rate was calculated from a water drop test in which the water is
filled to highest level in the reservoir adscharged througtine modelwhile it is wateredThe

rated flow rate will vary for eacheight and gateestedas shown in figure 10

15



Flow Rate of Model

180
160
140
120
100

30 Flow rate 10 gate(30.8 percent) (in"3/s)

Flow Rate (inch"3/s)

60
Flow rate 15 gate(30.8 percent) (in"3/s)

40

20 Flow rate 20 Gate(30.8 percent) (in"3/s)

0 Height(inches)
3 4
Figure 10. Measured flow rate
The flow rate was asypothesizegwith the amount of gates affecting the flow rate. Aes th
number of gates increggbe less coarghe orifices iswhichresults in less head losescuring
whenthe water is dicharged through the gates. During testing there was also leakage within the
mode| however the leakage was minuscule as shown from the resaltsai test where the
entire system was filled and a leakage test was performed. The multiple leakage tests showed
that of the 31.96 gallons spilled over the course of a maximum of 5&:88dse the greatest
amountof water thateaked from the mjor sites of the system beitige coupled parts was
0.0833 gallons0.261 percent of the total water spilled. Anothetdato take note in is that a
single trial lasts no more than 2 secqrile leakage test was over the is®uof 56 to 57

seconds.

16



10 gate

The first test with 10 gates yieldid® resultsshowed that the multiplier for the spiral case
varies in a linear digressiamth all values being above the 0.5 modifier that is commonly,used
shownin figure 11 The results were expected to yield results such as that of a horizontal line but

from this data it shows that the multiplier is not constant.

L/A multiplier 10-gate

N W s~ 01O

[Spiral Case L/A Multipligr
=

o

0 5 10 15 20 25
Rated Height (inches)

Figure 11. L/A multiplier 10 gate
Figure 12shows a comparison to the between the thigatesalue of water start up time and

the experimental water start up tinfderesults show that thectual water start up time is

slower as opposed to faster based on what was originally hypothesized.
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10 Gate Water Start Up Time
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® Water start up time(s) Theoretical water start up time(s)
Figure 12. 10 gate theoretical anaheasured water start up time
15 gate

For the 15 gate testing4 results were gatherefls inthetesting from the 10 gate tesitere
wasno constant in the muiier and by the trend it showedparabolic relationship with
negativevalues The negative value for the mydlier would mean that spiral component
decreases the overall length over arglae of the entire ggaratus. Howevehe multiplier
follows a trendbut a majority of theralues are positive which leao believingthatthe negaive

values are error values fraifme measurement.
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L/A multiplier 15 gate

[
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Figure 13. L/A multiplier 15 gate
The comparison of the themical valueof water start up time and experimentalueabf 15

gate shown in figure 1ghows that even though thalwes are quite differenthe trend was the

same which waparabolic with the vertex of both data setguring near the same height.

15 Gate Water Start Up Time
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Figure 14. 15 gate theoretical and measured water start up time
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20 gate

The 20 gatedst was done twic® verify if the trend of the parabolic curvesulting in 60
data pointsin the secondary trials the same type of trend appearifying that the parabolic
trend was noanerror. kgure 15 shows a parabolic trendpwever as the height passes 20
inches there seems to be a curtailment. The curtailment could mean that the testing range of
heiglts in the project was too small. This alludeshe possibility that higher heights or heads

reach a point of stability.

L/A Multiplier 20 Gate
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Figure 15. L/A multiplier 20 gate

20



20 Gate Water Start Up Time
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Figure 16. 20 gate theoretical and measured water start up time

ConsolidatedResults

The total number of results from the test is 100 datatp and when graphed tdager, shown
in figure 17, the parabolic trend seems more apparent along with a linear trend that appears after

20 inches in height.

Water Start Up Time
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Figure 17. Consolidated water start up time comparison
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Consolidated Water Start Up Time L/A Multiplier
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Figure 18. Consolidated water staup time multiplier comparison
Thecurrent number of testhows thathere is no proothatthe trend of water start up time

starts to curtail as the height increases due to the restrictitmsnmodel. However with the data
from themodel a theoretical watr start up time can bg/pothesizedby examiningf the trends
that are showing in the test dree. Rgure 19 and 2Ghowa theoretical trend of water start up
time for 1.0, 0.5, aoh 0.4 multipliers for the length over anedios At low heads there is at first
very little variancewhich causes the data to balistinguistable Thenresults shift tdhaving
great variancewith increases in head. Then as the head increagbsifthe datebecomes more
distinguishablevith less variances in betgn themultiplier values The theeoetical plot also
follows alinear trendsimilar towhatthe experimental data shows. This is proof that the data that
was acquired was an accurate representation of water start uf tiengroblem shown in figure
18is that some of the length over area multipliers are in the negative region. The reémoning
the negative multipliers is that to keep the procedure repeatable, accusaogivehe method
for determining the water start time was measuring the tinbetweerthe firstcrescentwhich
signals the instantaneous gate opening and the last cregh@ht signals when the fluid column
has reached rated weity. The water start up time is hypothesized tdooger becausthe

steady state is a horizontal line which happens after the last creggelntis difficult to define
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how much discrepeies between points is allowethismeans most of the results gathered for
the multiplier would increase due to the slower water start up time. A théthbwas not
repeatable but accuratesolving the use ofrenchcurvesis discussed in thfuture

considerations section

Theorhetical Water Start Up Time Comparison
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Figure 19. Theoretical water start up time comparison with varying multipliers
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Differences between the L/A ratios affecting the water start up

time
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Figure 20. Differences in theoretical water start up time comparison with varying multipliers
Figure 21 and 28how thatwith the bounds expandéa 1400 incheshewater start up time
will at first exponentially slow down, exponenljaspeed up, theslowly increase infgeed as
the height increases. The result®wthat the testingangewas done where the results would
vary greatly This meanghat althoughhe trend is accurately measuréee actual values of
water start up time is more diffidub distinguishin terms of calculating the length over area

ratioin that region of testing
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Water Start Up Time(s)

Differences in water start up time(s)

Theorhetical Water Start Up Time Comparison
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Figure 21. Theoretical water start up time comparison expanded bound
Differences between the L/A ratios affecting the water start up
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Figure 22. Differences in theoretical water start up time congam expanded bound
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VIIl. Conclusion

Evaluation

In this projectaccurate trends of water start up time were measured as well as the water start
up time valuesvhich now allow for comparison with theoretical valuggrue multiplier for the
length over arefor spiral cases was not discoverediat was discovered is that water start up
time has a trend in which the values show large variability at low, hgpdthesizedo have low
variability at high head. This hypothesifudes to tle idea that the length over aradio
component of the spiral case has little difference in affecting the water start up time that is not at
low heads. Anothenypothesiss that there is an equatitimat determines the length over area
multiplier based o the height or reference head of the hydro Whdst of the actual water start
up time valuesn the dataare slower than thieypothesizedialue of water start up time meanjng
that very low head units run the possibility of a lowered governing abilitlythe need for
accurate measurement of water start up.tifilie need for accurate water start up time values
targets units such as micro hydvbich have extremely low headndin which water start up
time variability is at its highes®The lack of data fdnigher head and the data of actual water start
up time being greater than what is theoretichilpothesizedloes not mean that this is true in all
ranges and that there is still a possibilitgttwater start up time fsypothesizedo be lower than
what is ratedn currently opeating hydro units and that there is undocumented stability on the

grid.

IX. Future Consideration

Leakage

Water discharging at non determinate locations within the systems allows for error. The

leakage areas within model allow for minute changes witterflow rate calculations and

26



affects the value of water start up tilmgaccelerating the water column slightly before the
instantaneous gate openiMyhen leaks occuthe value of water start up time does not match
the true definition of water start wine, whichis water accelerated through a fiutolumn from
zero to rated. \th leakagethe starting point of the water is not zeee to preliminary fluid

flow. A large portion of the leakage were at the modadapler sites shown in figure 23

'y
W

Figure 23. Coupler sites on model
The couplers were made from acrylic which matches the material used for the model

however acrylic cannot withstand high pressure on the face of the matenskabgect to
fractures and shatiag. A proposed strategy is to switth a material tlat does not shatter or
fracture under thrated conditionssuch as a steel or aluminum

Another proposed solution is to form the entire model from upper reservoir to lower reservoir
with no connetions This would be the easiest and quickest solution to leakage within the
system. However the draabks of this course of action includ#screasing the amount of

sensitivity analysis and further tegjidifferent paramers as well as limitg the abilty of the
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model as a teaching todl.modularity is a factor that cannot be sacrificékaén different types

of seals can be researched and explorstbjpleaks within the model.

Surge tank

For future researclif the modéis equipped with the modular ability to add in attachments
this will allow for the installation and testing of surge tanks. The surge tanks at hydro facilities
are usually installed between the power house and the upper reservoir to compensate ffer pressu
changes in the system such as low pressure at high load and high pressure at MitHdae
seupit is possible to measure thBest surge tanks have on water start up time basdetad,
location or even maber of surge tanks.igure 24illustratesa concept drawing of the relative

size and placemenpf the surge tank relative to tiearrentmodel.

Figure 24. Surge tank model

French Curve Analysis

The French curve analysis is a method that was proposed asheypnethod of
determining the water start up time by use of French cuives. method wasejected due tthe

increased rate of bias atatk ofrepeatability Howewer, this methoddoes hold merit in that it
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can produce rests closer to that dhe actual water start up time becauss & tool used for

approximating curves.

Larger Reservoirs

The ideal set up is to have the largest surface area water possible on the upper and lower
reservoir. Thearger the surface arghe slower the change in height of the forebay and tail
water in respect to each otlare to the sheer volume of water to height raliehanging
height, as the test goes pwill have a variedated flow rate and in tespect the rated velocity.
The drawback would be storage and cost of fabricating the larger resedtusitiie to the lack
of therange ofmeasurements that a larger reservoir is needestoThe larger reservoir would
allow for ahigher flow rate ana larger range destingheights.Theresults allude to a
hypothesisthatlarger heights would yield data that has less varibgaxtendng thetestrange

outside thevolatile region
Increased Trial Count

The suggestion for more results is necessary to decrease the variance in data ated separ
usable data from the outliefBhe increased count would also decrease the standard deviations of
the data from each othddue to time and costs the numioétests werdess tharoriginally

planned.
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Appendix A-Data tables from water start up time trials
The tables in appendix,Ahows the variables used to calculate the multiplier value of the

length over areand the value of the water start up time recofdaen the experimental trials.

Tablel. 10 gate water start up timesults

L/A
Water penstock

Rated height | start up Rated flow Gravitational | and draft | L/A spiral

(inches) time(s) rate(in"3/s) | constant tube case Multiplier
11.83562992 0.803| 64.39051509 385.92| 15.744273| 7.744029279 5.322467476
11.83562992 0.766| 64.39051509 385.92| 15.744273| 7.744029279 4.983544118
13.80413386 0.712| 81.63720231 385.92| 15.744273| 7.744029279 3.966639547
13.80413386 0.79| 81.63720231 385.92| 15.744273| 7.744029279 4.623912788
15.77263779 0.676| 96.60837023 385.92| 15.744273| 7.744029279 3.466963729
15.77263779 0.685| 96.60837023 385.92| 15.744273| 7.744029279 3.540189236
15.77263779 0.769| 96.60837023 385.92| 15.744273| 7.744029279 4.223627295
17.74114173 0.697| 110.0870379 385.92| 15.744273| 7.744029279 3.564599599
17.74114173 0.679| 110.0870379 385.92| 15.744273| 7.744029279 3.420039584
17.74114173 0.768| 110.0870379 385.92| 15.744273| 7.744029279 4.134808546
19.70964567 0.828| 122.4844537 385.92| 15.744273| 7.744029279 4.6067678B
19.70964567 0.565| 122.4844537 385.92| 15.744273| 7.744029279 2.497732349
19.70964567 0.634| 122.4844537 385.92| 15.744273| 7.744029279 3.051053457
19.70964567 0.632| 122.4844537 385.92| 15.744273| 7.744029279 3.035015164
21.6781496 0.39| 134.0494158 385.92| 15.744273| 7.744029279 1.109971099
21.6781496 0.423| 134.0494158 385.92| 15.744273| 7.744029279 1.375922035
21.6781496 0.466| 134.0494158 385.92| 15.744273| 7.744029279 1.722464164
23.64665354 0.422| 144.9464597 385.92| 15.744273| 7.744029279 1.397789042
23.646655%4 0.422| 144.9464597 385.92| 15.744273| 7.744029279 1.397789042
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Table2. 15Gate water start up timeessults

L/A

Rated height penstock
(inches) Water start | Rated flow | Gravitational | and draft L/A spiral

up time(s) rate(in"3/s) | constant tube case Multiplier
118356299 | 0.318 77.209834 | 385.92 15.744273 | 7.744029 0.39618675
11.8356299 | 0.224 77.209834 | 385.92 15.744273 | 7.744029 0.32189998
11.8356299 | 0.294 77.209834 | 385.92 15.744273 | 7.744029 0.21284545
13.8041338 | 0.712 96.237205 | 385.92 15.74428B | 7.744029 3.05643021
13.8041338 | 0.884 96.237205 | 385.92 15.744273 | 7.744029 4.28591994
13.8041338 | 0.494 96.237205 | 385.92 15.744273 | 7.744029 1.49812346
15.7726377 | 0.751 112.51805 | 385.92 15.744273 | 7.744029 3.21320524
15.7726377 | 0.802 112.51805 | 385.92 15.744273 | 7.744029 3.5694779
15.7726377 | 0.77 112.51805 | 385.92 15.744273 | 7.744029 3.34593430
15.7726377 | 0.879 112.51805 | 385.92 15.744273 | 7.744029 4.10737995
17.7411417 | 0.679 127.02038 | 385.92 15.744273 | 7.744029 2.69307230
17.7411417 | 0.781 127.02038 | 385.92 15744273 | 7.744029 3.40304003
17.7411417 | 0.81 127.02038 | 385.92 15.744273 | 7.744029 3.60489360
17.7411417 | 0.795 127.02038 | 385.92 15.744273 | 7.744029 3.50048658
19.7096456 | 0.689 14024668 | 385.92 15.744273 | 7.744029 2.79234145
19.7096456 | 1.249 140.24668 | 385.92 15.744273 | 7.744029 6.71431395
19.7096456 | 0.907 140.24668 | 385.92 15.744273 | 7.744029 4.3191093
19.7096456 | 0.517 140.24668 | 385.92 15.744273 | 7.744029 1.5877356
21.6781496 | 0.362 152.49822 | 385.92 15.744273 | 7.744029 0.5313767
21.6781496 | 0.175 152.49822 | 385.@ 15.744273 | 7.744029 -0.7933592
21.6781496 | 0.446 152.49822 | 385.92 15.744273 | 7.744029 1.1264452
23.646653 | 0.271 163.97280 | 385.92 15.744273 | 7.744029 -0.0854957
23.646653 | 0.245 163.97280 | 385.92 15.744273 | 7.744029 -0.2723493
23.646653 | 0.246 163.97280 | 385.® 15.74427 7.744029 -0.2651626
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Table 320 Gate water start up timessults

L/A
Rated height penstock
(inches) Water start | Rated flow | Gravitational | and draft L/A spiral
up time(s) rate(in"3/s) | constant tube case Multiplier
11.83563 0.097 84.3101 385.92 15.74427 7.744029 -1.35449
11.83563 0.23 84.3101 385.92 15.74427 7.744029 -0.42403
11.83563 0.295 84.3101 385.92 15.74427 7.744029 0.030698
11.83563 0.649 95.93249 385.92 15.74427 7.744029 1.957169
11.83563 0.43 95.93249 385.92 15.74427 7.744029 0.610689
11.83563 0.665 95.93249 385.92 15.74427 7.744029 2.055542
11.83563 0.641 95.93249 385.92 15.74427 7.744029 1.907983
11.83563 1.056 95.93249 385.92 15.74427 7.744029 4.459533
11.83563 0.576 95.93249 385.92 15.74427 7.744029 1.508313
11.83563 0.686 95.93249 385.92 15.74427 7.744029 2.184657
11.83563 0.834 95.93249 385.92 15.74427 7.744029 3.094607
11.83563 0.971 95.93249 385.92 15.74427 7.744029 3.936926
13.80413 0.674 105.6383 385.92 15.74427 7.744029 2.35604
13.80413 0.721 105.6383 385.92 15.74427 7.744029 2.662106
13.80413 0.86 105.6383 385.92 15.74427 7.744029 3.567282
13.80413 0.432 112.6825 385.92 15.74427 7.744029 0.604259
13.80413 0.542 112.6825 385.92 15.74427 7.744029 1.275805
13.80413 0.695 112.6825 385.92 15.744% 7.744029 2.209865
15.77264 0.887 123.9688 385.92 15.74427 7.744029 3.590922
15.77264 0.587 123.9688 385.92 15.74427 7.744029 1.688777
15.77264 0.926 123.9688 385.92 15.74427 7.744029 3.8382
15.77264 0.982 123.9688 385.92 15.74427 7.744029 4.193267
15.77264 0.579 126.312 385.92 15.74427 7.744029 1.569951
15.77264 0.626 126.312 385.92 15.74427 7.744029 1.862425
15.77264 0.524 126.312 385.92 15.74427 7.744029 1.227694
15.77264 0.683 126.312 385.92 15.74427 7.744029 2.217129
17.74114 0.893 140.3505 385.92 15.74427 7.744029 3.592262
17.74114 0.821 140.3505 385.92 15.74427 7.744029 3.138707
17.74114 0.769 140.3505 385.92 15.74427 7.744029 2.811139
17.74114 0.602 138.0092 385.92 15.74427 7.744029 1.823476
17.74114 0.764 138.0092 385.92 15.74427 7.744)29 2.861288
17.74114 0.604 138.0092 385.92 15.74427 7.744029 1.836288
17.74114 0.789 138.0092 385.92 15.74427 7.744029 3.021444
17.74114 0.279 138.0092 385.92 15.74427 7.744029 -0.24574
19.70965 0.927 155.3297 385.92 15.74427 7.744029 3.82876
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Table4. 20 Gate water start up time resuitentinued

L/A
penstock
Rated Height Water start | Rated flow | Gravitational | and draft L/A spiral
(inches) up time(s) rate(in"3/s) | constant tube case Multiplier
19.70965 0.822 155.3297 385.92 15.74427 7.744029 3.164797
19.70965 0.96 155.3297 385.92 15.74427 7.744029 4.037434
19.70965 0.912 148.3663 385.92 15.74427 7.744029 4.004577
19.70965 0.326 148.3663 385.92 15.74427 7.744029 0.125114
19.70965 0.187 148.3663 385.92 15.74427 7.744029 -0.7951
19.70965 0.421 148.363 385.92 15.74427 7.744029 0.754037
19.70965 0.252 148.3663 385.92 15.74427 7.744029 -0.36478
19.70965 0.828 148.3663 385.92 15.74427 7.744029 3.448476
21.67815 0.296 169.235 385.92 15.74427 7.744029 -0.14355
21.67815 0.234 169.235 385.92 15.74427 7.744029 -0.53933
21.67815 0.113 169.235 385.92 15.74427 7.744029 -1.31174
21.67815 0.132 169.235 385.92 15.74427 7.744029 -1.19046
21.67815 0.0909 157.7271 385.92 15.74427 7.744029 -1.41048
21.67815 0.226 157.7271 385.92 15.74427 7.744029 -0.48514
21.6815 0.243 157.7271 385.92 15.74427 7.744029 -0.36871
21.67815 0.331 157.7271 385.92 15.74427 7.744029 0.234033
21.67815 0.201 157.7271 385.92 15.74427 7.744029 -0.65638
21.67815 0.287 157.7271 385.92 15.74427 7.744029 -0.06734
23.64665 0.239 182.2827 385.92 15.74427 7.744029 -0.488
23.64665 0.098 182.2827 385.92 15.74427 7.744029 -1.39954
23.64665 0.249 182.2827 385.92 15.74427 7.744029 -0.42335
23.64665 0.158 166.3119 385.92 15.74427 7.744029 -0.91356
23.64665 0.406 166.3119 385.92 15.74427 7.744029 0.843668
23.64665 0.198 166.3119 385.92 15.74427 7.744029 -0.63014
23.64665 0.27 166.3119 385.92 15.74427 7.744029 -0.11997
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