

















The data for the continuous line labeled “Measured” are very close for both turbine
units. It can be said that the governor controls the units to keep them in similar
transient state conditions. Also it is clear from the figures that the fluctuation trends
of the transient pressure head at the turbine inlets are very similar for the computed
and measured traces. However, there is a phase shift between them for both turbine

units.
It can be concluded from transient results of three scenarios that, the validity of

simulation model of the small hydropower plant is successfully established for the

related operating cases.
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5.2  Case Study 2: Erfelek Small Hydropower Plant

In this case study, the operation of a small hydropower plant with Francis turbines
subjected to several transient states due to load rejection, load acceptance and
instant load rejection is simulated. According to the operation data gathered from
the operation company and a determined worst case disturbance, instant load
rejection, the system is analyzed in order to investigate the power plant behavior
and ensure its safety. Also three protective measures namely, flywheel, pressure
relief valve and safety membrane, are considered and analyzed within the system

separately to control the waterhammer pressures in the penstock.

5.2.1 Background Information about the Hydropower Plant

Erfelek Hydropower Plant is located on the Karapinar River at the Sinop province in
the middle Black Sea region of Turkey (Figure 5.7). Feasibility and final design
studies and construction of it were carried out by Birim Hydroelectric Production
Company. Also the operation of the power plant has been conducted by the same
company.It is a run of river type small hydropower plant with 6.45 MW installed

capacity. It was put in operation in the beginning of April 2010.

The project consists of three diversion weirs built on individual streams. Erfelek
Weir diverts water from Karapinar River by means of a lateral intake structure. The
diverted water is conveyed to the forebay by the transmission line 1 which is a pipe
and made of unplasticized PVC. A diversion weir with a drop type intake called
Hira, located on the Hira stream and consists of an overflow spillway and a fish
passage. The transmission line 2 receives water from Hira Weir and joins to the first
transmission line. The third and the smallest weir is called Ebe and it is similar to

the Hira with its type and dimensions. As the Ebe weir is close to the forebay, the
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transmission line 3 directly transmits water to the forebay. All transmission lines are
buried. Flow in the first and the second transmission line is free surface. This is
maintained by manholes which are open to atmosphere. However, the third
transmission line has pressurized flow. The dimensions of the forebay are designed
to meet the one hour demand of the turbines at peak times when the energy is most
expensive. Hydraulic suction in the penstock is prevented by operating the forebay

within the permissible water level ranges.

The main features of the Erfelek HP are given below.

The main penstock has a length of 1518.69 m and consists of 19 pipes with different
wall thicknesses. The wall thickness of the penstock is increasing throughout the
flow direction. After an optimization study, the diameter of the main penstock was
determined as 1300 mm. Since there are two turbines, the main penstock branches
into two pipes just upstream of the powerhouse. The diameter of the two branching
pipes ensures almost the same velocity inside the branches with the velocity in the
main penstock. Both branching pipes have a diameter of 900 mm. The main
penstock and branches are buried from forebay to powerhouse. Therefore, in the
transient simulation model of the structure, the wave speed in the pipe is calculated
as it is anchored throughout. The schematic layout of the penstock and its as built

properties are given in Figure 5.8 and Table 5.8, respectively.

There are two Francis turbine units which have horizontal axes. Each one has 800
mm diameter inlet butterfly valves in front of them. However, the flow through the
turbines is controlled by their wicket gates. Basic characteristics of the Francis

turbines are presented in Table 5.9.
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Table 5.8 As Built Penstock Properties of the Erfelek SHP

Wall
Pipe Pipe Wave Diameter
Thickness
Number Length Speed (m/s) (mm)
(mm)

1 34.51

2 15.15

3 152.99

4 224.19 8 920.36

5 136.81

6 79.02

7 30.13

8 121.14

9 57.38 1300
10 36.28 10 982.63
11 31.53
12 30.61
13 61.36
14 74.05
15 69.42 12 1031.93
16 120.10
17 6.83
18 172.39 14 1072.07
19 64.80

Branch x 2 19.78 14 1160.40 900

Table 5.9 Basic Characteristics of the Francis Turbine Units

Type Horizontal Axis Francis
No. of Identical Turbine Units 2

Turbine Output (kW) 2x 3225

Rated Speed (rpm) 1000

Rated discharge (m?/s) 2x1.83
Nominal Gross Head (m) 204.90
Nominal Net head (m) 197.90
Moment of inertia (kg.m?) 4800 (turb. + gen.)
Runner diameter (mm) 552
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For the steady state computational model of the hydropower plant, following
output and efficiency tabulation, provided by the manufacturer, is used. For the
transient analysis and computations of the turbines, a set of differential equations

are used to compute the head and flow.

Table 5.10 Turbine Discharge, Net Head and Output Table (Birim Hydroelectric Production

Co., 2008)

Turbine Design Net Turbine Turbine

Discharge Head Efficiency Output
(m¥/s) (m) (%) (kW)
1.83 197.90 90.8 32259
1.65 199.20 90.6 2896.9
1.46 200.36 89.9 2555.1
1.28 201.39 88.5 2200.9
1.10 202.29 86.2 1837.5
0.91 203.06 81.8 1453.1
0.73 203.69 75.7 1075.8
0.55 204.19 68.8 733.3
0.34 204.56 52.0 369.5
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5.2.2 Transient Analysis of the Hydropower Plant

The transient behavior of the power plant is simulated by setting up its
computational model with HAMMER. To investigate the waterhammer effects in
the penstock of the hydropower plant, five different scenarios are modeled.

Following table represents the scenarios with related transient cases.

Table 5.11 The Description of the Scenarios

Operating Case Alternative/Installation
Scenario A Load Rejection Different Closure Curves
Scenario B Load Acceptance -
Scenario C  Instant Load Rejection Flywheel
Scenario D  Instant Load Rejection Pressure Relief Valve
Scenario E Instant Load Rejection Safety Membrane

5.2.2.1 Scenario A: Regular Stop Procedure of the Turbines during Load

Rejection with Different Closure Curves

In this scenario, the pressure rise at the turbine inlet and the rotational speed of the
turbine runner are computed for the load rejection operation case. Regularly, when
load is rejected in operation, turbines are closed in 57.61 seconds with one stroke,
linearly. However, along with the regular closure, to investigate the effect of wicket
gate strokes, two other closure curves are considered, and pressure rise and turbine
speed rise behavior in regular closure is compared with these new closure curves. In
the second and the third closure curves, the first stroke takes place during the
interval of 0 s<t<19.20 s, the second stroke interval is 19.20 s<t<38.40 s and finally,
similarly, third stroke interval is 38.40 s<t<57.61 s (see Figure 5.9 a). It is regarded
that the turbines are in their rated conditions just before the load rejection. The

initial characteristics of the Francis turbine units are given in Table 5.12.
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Table 5.12 Initial Characteristics of the Francis Turbine units for the Scenario A

Turbine x 2
Discharge (m?/s) 1.83
Net Head (m) 197.9
Turbine Output (kW) 32259
Closing Time 57 61

of the Wicket Gates (sec)

The regular closing time, 7, =57.61s is greater than pressure wave return time,
T =2L/a=3s, therefore, closures can be called as slow closures. For the “Closure
Curve 17, by the first movement of the wicket gates, the pressure head at the turbine
inlet increases relatively slightly and this increase is accompanied by the increase in
the rotational turbine speed. There is 10.7 % increase in the pressure head at the

turbine inlet over the steady state value, H, =197.9m, when it reaches to its

maximum value. The time required for the head rise to reach its peak point,

t, =43s, is relatively long compared to other closure curves. After the peak point,

pressure head decreases again slightly and is dampened with the frictional effects in
the pipe. The point where the turbine speed starts to decrease cannot be modeled
via HAMMER for this closure curve, but it is expected to happen at the instant

when the peak pressure head occurs.

For the “Closure Curve 2”, the pressure head at the turbine inlet reaches its

maximum value at the end of the first stroke, whenzp2 =19 s. The duration of the

first stroke determines the peak time of the pressure head. The magnitude of the

peak pressure, H 6 =220.1m, is similar to the one obtained by the first closure

curve and is nearly 11.2 % over the nominal pressure head, H, =197.9m. When the

second stroke starts at t=19.20 s, the head rise slumps and the turbine speed rises

and reaches its maximum value due to the increase in the pressure head. The peak
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value of the turbine speed is smaller than that of the first closure curve. The slight
decrease in the rotational speed starts during the second stroke. By the end of the
second stroke at 34.40 seconds, the slope of the closing law changes to reach the
wicket gate opening to 0 %. At the beginning of the third stroke, pressure head

continues to decrease slightly. Then, it oscillates with cycles in an unstable manner.

Although “Closure Curve 3” has the same stroke times with the second closure
curve, it has much greater stroke percentages. In other words, the wicket gates
closure rate is bigger. Similar to the second case, the peak time of the pressure head,

t,,=18s, is determined by the first stroke and the maximum head rise,

H, =234.2m,is 18.3 % above the rated pressure head. At the end of this stroke,

»
wicket gates dropped to 20 % opening from fully open configuration. When the
second stroke starts, pressure head decreases severely. Due to the small opening of
the wicket gates, the flow rate changes drastically, causing the wave speed to reflect
in cycles and severe pressure rise in the penstock. The time between two successive
peak points of the pressure heads is nearly (4L/a) = 65 . The start of the third stroke
leads to more severe pressure heads at the turbine inlet. In this closure curve, the

maximum value of the turbine rotational speed isn, =1517.67pm , and it is the

smallest compared to other closure curves. However, its magnitude is only 4.7 %
smaller than that of the first closure curve. Table 5.13 shows some significant

quantities in scenario A.

108



Table 5.13 Comparison of the Maximum Pressure Head and Turbine Speed Values for

Scenario A

% Increase

% Increase

Maximum Compared Maximum Compared
to the .
Occurrence Pressure Stead Occurrence Turbine to the
Time (s) Head Statey Time (s) Speed Rated
(m) P (rpm) Turbine
ressure Speed
Head p
Closure 43 219.1 10.1 30 1588.1 58.8
Curve 1
Closure 19 220.1 11.2 21 1547.4 54.7
Curve 2
Closure 18 2342 183 19 1517.6 51.8
Curve 3
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5.2.2.2 Scenario B: Regular Start Procedure of the Turbines during Load

Acceptance

The opening of the wicket gates during load acceptance also creates waterhammer
pressures in the penstock and they are investigated in this scenario. The hydraulic
transient analysis is performed for the simultaneous start of the turbines. In routine
operation, turbine wicket gates are opened in 360 seconds with six strokes. The final
characteristics of the Francis turbine units and the order and timing of the strokes
are given in Table 5.14 and 5.15, respectively. The results of the computations are

presented in Figure 5.10.

Table 5.14 Final Characteristics of the Francis Turbine units for the Scenario B

Turbine x 2
Discharge (m?/s) 1.83
Net Head (m) 197.9
Turbine Output (kW) 3225.9
Opening Ti
pening Time 360

of the Wicket Gates (sec)

Table 5.15 Stroke Timing and Order for Scenario B

1stStroke 0 s<t<60 s

2nd Stroke 60 s<t<120 s
3rd Stroke 120 s<t<180 s
4t Stroke 180 s<t<240 s
5t Stroke 240 s<t<300 s
6t Stroke 300 s<t<360 s
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As a result of the opening of the wicket gates during the first stroke, pressure head
drops instantaneously. However, this drop is relatively small because of the small
opening of the wicket gates. Owing to the same reason, pressure head oscillates
with the period of wave reflection time in cycles. Also in this stage, turbine
rotational speed starts to rise linearly. The second stroke has very small effect in the
opening, and it has an adverse effect on the pressure head. The increase rate of the
turbined flow is suddenly dropping with the second stroke and this causes the
turbine inlet pressure to increase. The third and fourth strokes have relatively
smaller effects in the opening; therefore, the wave speed reflection goes on and the
pressure head oscillates throughout these movements. The turbine rotational speed
reaches to its rated value and at the end of the fourth stroke. Then, to synchronize

the unit to the grid with the fifth and final strokes, wicket gates are opened further.

The critical pressure head is determined by the fifth stroke. Because of the high
increase rate in the gate opening, just after the action of it, pressure decreases
severely and minimum head drop occurs. The wicket gate opening is large enough
to relief the pressure wave, therefore after one reflection of the wave, pressure head
fluctuation dampens. By the movement of the wicket gates during the final stroke,
the pressure head falls again; however, the pressure head drop is smaller for this
time, because the increase rate of the wicket gate opening is greater than the
previous stroke. Then, with small fluctuations, the pressure head dampens and after

the fully opened position of the gates, it reaches to its steady state value.
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5.2.2.3 Scenario C: Instant Stop Procedure of the Turbines during Instant

Load Rejection with the Protective Measure “Flywheel”

In the operation, when the load is instantly rejected or in case of a mechanical
failure, the turbine has to be stopped in few seconds contrary to the regular
operating cases. As a worst case scenario, the sudden stoppage of the turbine in 11
seconds with one stroke is also analyzed herein. For the scenario, both turbines
stopped at the same time when they are working in their rated conditions. As a
protective measure, two flywheels having different moment of inertia values are
added to the generator and turbine couple and their effects on waterhammer
pressures during the transient state are investigated. The as built moment of inertia
of the rotating parts of the hydropower plant is 4800 kg.m?. The system is analyzed
for the as built conditions first, and then, a reasonable and applicable flywheel,
which increases the total rotating mass of inertia 1200 kg.m?, is considered. Finally a
fictitious, much larger GDg? value is regarded for the analysis. Here, G is the weight

of rotating parts and D, is the radius of gyration of rotating mass. The initial

hydraulic characteristics of the turbines are given in Table 5.16.

Table 5.16 Initial Characteristics of the Francis Turbine units for the Scenario C, D & E

Turbine x 2
Discharge (m?/s) 1.83
Net Head (m) 197.9
Turbine Output (kW) 32259
Closing Time
11

of the Wicket Gates (sec)

Results of transient simulations of the scenario are presented in Figure 5.11.
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It can be seen from Figure 5.11 (b) that the maximum pressure rise at the turbine
inlet during a sudden closure is about 32.1 % over the steady state pressure,

H,=1979m. For the simulation that has the biggest moment of inertia, this

pressure rise ratio is about 35.5 %. The maximum and minimum transient pressure
head values are close to each other for different moment of inertias. Also it is clear
that as the value of GDg? rises, the maximum pressure head increases and the
minimum pressure head drops in the penstock. Because, when the magnitude of
GDg?increases, the rate of turbine speed change reduces, and this causes a reduction
in the rate of change of turbined flow. The greater the flow velocity change in the

turbine, the greater the pressure changes in the penstock.

For all simulations, when the closure starts, pressure rises sharply and drops
severely. This pressure rise is accommodated by the turbine speed rise. After the
fully closed position of the gates, the pressure fluctuates and turbine speed
dampens. However, the explicit behavior of the rotational speed cannot be
computed with HAMMER after the closure takes place for this scenario and closing

law.

By use of flywheels, increasing the moment of inertia of rotating parts reduce the
maximum rotational speed of the turbine significantly. From Figure 5.11 (c), it is
clear that flywheels are very effective for preventing the turbine excessive
overspeeding. Significant values of the results of scenario C are represented in Table

5.17.
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Table 5.17 Comparison of the Maximum Pressure Head and Turbine Speed Values for

Scenario C
% Increase o
Compared Yo Increase
Maximum to It)he Maximum Compared
Occurrence Pressure Stead Turbine to the
Time (s) Head Statey Speed Rated
(m) Pressure (rpm) Turbine
Head Speed
Without a
Protective 9 261.5 32.1 1376.4 37.6
Measure
Flywheel with
GD¢2=1200 9 261.1 32.0 1316.9 31.7
kg.m?
Flywheel with
GDg2=7200 11 268.1 35.5 1174.3 17.4
kg.m?
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5.2.2.4 Scenario D: Instant Stop Procedure of the Turbines during Instant

Load Rejection with the Protective Measure “Pressure Relief Valve”

According to the simulation results of the previous scenario, flywheels are not
effective in diminishing the maximum surges in the penstock. Although transient
pressures resulting from the instant load rejection are not above the maximum
allowable pressure of the system, for regulation of the pressure in the penstock, in
scenario D, the system is analyzed with a pressure relief valve (PRV) for instant load
rejection case. PRVs are commonly used in small hydroelectric power plants. A
surge tank or an air chamber require relatively large amount of construction time
and work and are not economic solutions for SHPs. Therefore a PRV, loaded by a
spring, is placed 20 m away from the branch junction with a set pressure of 220 m
on the main penstock. The schematic layout of the powerhouse and the pressure
relief valve is given in Figure 5.12. The initial hydraulic characteristics of the system
and the closing law of turbines are the same as those with the previous scenario’s

and given in Table 5.16 and Figure 5.11 (a), respectively.

Turbines

Pressure Relief Valve

Main Penstock

Figure 5.12 Plan view of the Powerhouse and the Location of Pressure Relief Valve

Pressure-time response of the system with and without pressure relief valve

protection is given in Figure 5.13.

117



300

285

270

255
Set Pressure
240

225

210

195

Pressure Head at Turbine Inlet (m)

180

165

150 L 1 1 1 1 1 1 1 1 1 L L L L 1 L L L L 1 1 1 1 1 1 1 1 1 1 1 L L L L

0 5 10 15 20 25 30 35
Time (sec)

1500 (®)

1400

1300

1200

Turbine Speed (rpm)

—_
—_
o
o

1000

900 TN N T N [ T T N T S T Y T S T T S U T T [ T N T S T N TN T [ T N T Y B 1

0 1 2 3 4 5 6 7 8
Time (sec)

Without a
Protective Measure
Figure 5.13 (a) Turbines’ Inlet Pressure; (b) Turbines’ Speed Rise with PRV Effect for Instant
Load Rejection

————— With PRV

118



Just before the transient state, the surge relief valve is closed. When the load on the
unit is instantly rejected, by the closure of the wicket gates, pressure surge develops
in the penstock and it propagates through it. Then, this pressure wave reaches the
PRV. As the pressure increase is greater than the threshold pressure head, Hr=220
m, of the relief valve, it causes the PRV to open at t=3 seconds. One of the basic
characteristic of the PRV is that it can open very quickly to decrease the surge
pressures. Therefore, just after the pressure exceeds the threshold point, it acts
rapidly. The head rise on the penstock is diminished by releasing some quantity of
water in 22 seconds through the PRV (see Figure 5.13 a). As it is loaded by a spring,
the release of that water is regulated and this provides controlled pressure waves in
the penstock. As a consequence of this relief, pressure head at the turbine inlet is
kept at nearly 222 m during the opening of the PRV. When the transient state
pressure decreases to the set pressure point, valve is closed at t=24 seconds. The
closing time is regarded as long enough not to cause secondary waterhammer
pressures in the penstock. One of the advantages of the PRV is the closure of the
relief opening after releasing the maximum pressure surge. This full closure causes
the pressure not to drop instantaneously following the relief. Afterwards, the
relieved pressure drops mildly and fluctuates until it dampens with the friction. It is
clear that, system will stabilize faster than the unprotected one. Also the minimum
pressure occurred in the penstock is kept relatively small with pressure relief valve.
Moreover, it can be seen from Figure 5.13 (b) that, the maximum turbine rotational
speed is decreased from 1376.4 rpm to 1332.7 rpm with a decrease rate of 4.4 % over

its synchronous speed, 1000 rpm.

One disadvantage of the PRV may be the regular maintenance necessity of it;
however reliability and efficiency of it in preventing large pressure rises in the
penstock makes it a standalone protective measure, as can be seen from results, and

it may easily replace a surge tank in small hydropower plants.
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5.2.2.5 Scenario E: Instant Stop Procedure of the Turbines during Instant

Load Rejection with the Protective Measure “Safety Membranes”

As an alternative to the PRV, another transient control device that acts directly due
to pressure rise in the penstock, called safety membrane, is used in the system and
its effects are investigated for instant load rejection case in this scenario. Despite
being an effective protective measure, relief valves are more expensive and may
require more maintenance work than safety membranes. In the present scenario,
like a design study, safety membranes are designed to work alone as a protection
device and protect the unit and penstock efficiently. Safety membranes are placed
on the penstock, near the turbines for safer operation. They consist of three
membranes with 10 m of intervals and a diameter of 300 mm. Schematic illustration

of installed safety membranes are presented in Figure 5.14.

Turbines
Safety Membranes
0
13 12 ¥ =
| ——p—t-
- —> «—> —
Main Penstock 10m — 10m  10m 0 i @ﬁ
i B
L L

Figure 5.14 Plan view of the Powerhouse and the Location of Safety Membranes

These controlled weak points are designed to rupture in sequence when the
pressure on the membranes rises above their set point. First one, nearest to the
turbines, is designed to rupture first. When the discharge through it is inadequate to
relief the pressure rise, the second one and similarly the third one will rupture
successively. Figure 5.15 (a) and (b) shows transient pressure heads at turbines’

inlets and turbine speed rise, respectively.
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To keep the pressure rise under a certain level in the penstock, the first and second
membranes rupture pressure is set up to 220 m, which is labeled as “Set Pressure 17,
and the third one’s set pressure is selected as 230 m and labeled as “Set Pressure 2”
in Figure 5.15 (a). The initial hydraulic characteristics of the system and the closing
law of turbines are the same as those with the scenario C and given in Table 5.16

and Figure 5.11 (a), respectively.

By the instant rejection of the load and the initiation of the wicket gate closure,
waterhammer pressure in the penstock rises to the set pressure of the membranes in
2 seconds and causes the first safety membrane to rupture. Releasing some quantity
of water, it provides a drop in pressure; however, after the reflection of the wave
speed from the forebay and further closing of the wicket gates, the pressure rises
again to 220 m and causes the second membrane to explode. Similarly, released
quantity of water from the second membrane is insufficient to suppress the pressure
rise and third one ruptures. After this final explode, the closure of the wicket gates
is fully completed. As safety membranes are free and uncontrolled openings, after
every relief of the transient pressure, it drops instantaneously. After the fully
closure takes place, the pressure oscillates in an unstable manner. It is possible to
observe that considerable amount of pressure rise at the end of the penstock is
dampened out thanks to the safety membranes. Moreover, their existence on the
system decreases the maximum turbine rotational speed from 1376.4 rpm to 1312.8

rpm and this means a 6.4 % decrease over the synchronous speed, 1000 rpm.

Despite the replacement of a safety membrane may be troublesome; they are reliable
and can be simply operated. It can be concluded from the results that safety
membranes can also work alone and protect the penstock from large waterhammer

pressures effectively.
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Comparison of significant values of scenario D and E is given in Table 5.18.

Table 5.18 Comparison of the Maximum Pressure Head and Turbine Speed Values of
Scenario D & E

% Increase %I
. Compared . o 'mcrease
Maximum to the Maximum Compared
Occurrence Pressure Stead Turbine to the
Time (s) Head Statey Speed Rated
(m) Pressure (rpm) Turbine
Head Speed
Without a
Protective 9 261.5 32.1 1376.4 37.6
Measure
With Pressure
Relief Valve 8 2235 12.9 1332.7 33.3
With Safety 8.5 2252 13.8 1312.8 31.3
Membranes
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5.3 Discussions on the Case Studies

In this chapter, various transient states of two small hydropower plants were
modeled by the computer software. For both systems, by using real operating data,
the time dependent variable, namely pressure at the end of the penstocks were
computed for the transient states. Turbine rotational speed during waterhammer
was also modeled for Francis units. By comparing the computed results of “Case
Study 1”7 with its measured ones, the validation of the software is satisfied.
Following inferences and discussions are made for this case study by considering its

compared results.

There is a good agreement between measured and computed results in regular stop
procedure. Especially maximum values of transient pressures are very close.
However, there are relatively little differences between the results. The lack of
agreement may be the consequence of the improper transient behavior description
of the simulation model. In the model, Pelton turbine nozzles were characterized by
needle valve. The rate of change of the flow area of needle valve may be different
from nozzle's flow area change rate. Phase and small amplitude shifts in transient

pressures might be caused by this reason.

In load acceptance case, the agreement between results is well established for 60
seconds. In this time range, nozzles are opened and kept at the lowest rate at which
the turbine rotates at its rated speed. It can be concluded that, this start up
procedure prevents low transient state pressures in the penstock and hence the
formation of vapor cavities. When the unit was synchronizing with the grid system,
simultaneously, nozzle opening was increasing. This action caused a divergence
between measured and computed results. In the model, unsteady friction factors
were assumed to be the same with the steady state’s friction factors. During

relatively low pressures, the variation of the wave speed throughout the penstock
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might have affected the transient frictional losses, and might have caused

disagreements between computed and measured results.

The governor controlled instant load rejection case illustrates that the mechanically
identical turbine units may be started to close at the same time with different
closure times. The closing law and order of the turbines are determined according to
their hydraulic conditions. As the main penstock of the power plant branches just
upstream of the powerhouse, the transient state pressures at the end of the
branching penstocks are also balanced with this operating procedure and the
possibility of existence of big pressures and forces on the branch is eliminated. For
both turbines, measured and computed transient pressures have similar oscillation
trends. In other words there is a good agreement between the shapes of pressure
curves; but, there are shifts between them. These shifts may be caused by the
existence of air in the water before the rejection or entrainment of it during the

rejection.

“Case Study 2” is a hydropower plant that has been operated only for six months.
During the design of this power plant, transient analysis was done by considering
its operating cases. The aim of this case study is to examine other possible operating
applications and alternatives for further practices and/or problems of the operation.
Following discussions and interpretations are made regarding the simulation

results.

The effect of different wicket gate closing laws on the transient state pressures at the
penstock and turbine rotational speed is investigated with the load rejection case of
the hydropower plant. To observe the effects of valve closing law and its strokes,
three different closing laws which have the same closure times but different strokes
are studied. According to the results, if the wicket gate closing rate is greater during

the first stroke, bigger head rises occurs in the penstock. This is because when the
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gates are closed faster, discharge passing through the turbine decreases. At the same
time, the maximum value of turbine rotational speed reduces. Similarly, slower the
gates are closed at the first stroke, greater the turbine rotational speed takes place.
Results showed that rapid closing would result in an increase in transient pressures
in the penstock and decrease in the maximum turbine rotational speed rise.
Simultaneously reducing the maximum pressure rise and turbine rotational speed

with closing law can only be achieved with an optimization study.

As mentioned in the first case study, like in Pelton turbines, complete starting of the
two Francis turbines simultaneously does not cause very low pressures in the
penstock if the wicket gates are opened slowly and the unit is synchronized with the
grid system after the turbines reach their rated speed with the speed no load gate

position.

Additionally, the instantaneous disconnection of the generator from the grid system
is investigated in scenario C. Following this action, the rotational speed of the
turbine and hence the frequency of the system increases rapidly. The governor must
act immediately to keep the turbine and generator couple stable. The stable
operation of a hydropower plant can be handled by keeping the turbine speed rise
within the permissible limits. It can be effectively controlled by the sufficient
moment of inertia of the system. Turbine inertia is very small relative to the
generator. Therefore, to increase the GDg? value, generator’s inertia may be
increased or a flywheel can be added to the system as a more economical solution. It
is clear from the computations done for two flywheel effects that, when the system
inertia increases, the turbine rotational speed substantially reduces. However,
oscillation trend of the transient state pressures at the end of the penstock does not
change greatly. Moreover, the maximum and minimum pressure head values are
close to each other for three different moment of inertia values. It can be concluded

that, as a protective measure, a flywheel is very effective for decreasing turbine
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rotational speed; however, it is insufficient in reducing the maximum transient state

pressures in the penstock.

Since the flywheels do not have satisfactory effects on reducing the rising pressure
in the penstock, two different and simple protection measures acting as a result of
pressure rise are used within the system and their effects are simulated on both
turbine rotational speed and pressure head rise in the penstock. These devices are
pressure relief valve and safety membranes. The instant load rejection case that is
considered for the simulations does not result in great pressures that exceed the
maximum allowable pressure of the penstock; however, regulated transient
pressures in the penstock and turbine rotational speed ensure safer operation,
minimize maintenance cost and may extend lifetime of the mechanical equipment.
Threshold pressures of both PRV and safety membranes are set to yield the same
maximum pressure in the penstock with the regular stop, in case of the instant stop
of the turbines. In both scenario E and D, protection measures reduce the maximum
pressure surge approximately 19 % over steady state pressure. Without protection,
generated pressure wave propagates along the penstock and creates cycling effect.
The existence of each protective device separately minimizes this effect. Their
behavior shows that they are effective, reliable and can be used as the only measure
of safety in a small hydropower plant to protect its penstock. Also, the effect of both
protective measures on pressure rise and turbine speed proves that there is no need

for complicated and expensive protection devices in SHPs.
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CHAPTER 6

CONCLUSIONS AND FINAL REMARKS

Growing energy consumption of Turkey has led the government to promote the
private sector in investing clean and renewable energy sources; especially, small
hydropower plants. Nowadays design studies of many small hydropower plants are
being conducted by several companies. In design of a hydropower plant it is
inevitable to analyze the system for unsteady flow conditions. However, a small
hydropower plant can not be treated as a large scale HP in transient analysis. Their
transient behavior is different since small hydropower plants have considerably
long penstocks and small inertia turbines. In this thesis, waterhammer phenomenon
in SHPs is investigated. Based on the discussions of this study and results of the

simulations, following conclusions can be drawn:

¢ Dynamic simulation of any small hydropower plant by the help of computer
software is inevitable because they save time and help the designer in
complicated studies of waterhammer analysis. A system with its possible
components and protective devices can be modeled with various transient
scenarios and alternatives to develop a cost effective hydropower plant
easily. However, to have a proper description of transient behavior in the

model system should be defined properly.

e For the operational safety of a small hydropower plant, holding a detailed
transient analysis that considers both usual and extreme operating

conditions is the key factor. Every possible excitation that starts transient
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state in the penstock should be considered. An ignored worst case

disturbance may cause undesirable consequences in unprotected systems.

A Pelton turbine unit can be modeled as a needle valve in a computational
model. Compared results proved that their transient behavior in a system is

very similar to the needle valves.

Transient states of Pelton turbines are more controllable compared to Francis
turbines. Even if, load on a Pelton unit instantly rejected, needle valves can

be closed slowly compared to Francis turbines wicket gates.

During load acceptance procedure of both turbine types, speed no load gate
position of the wicket gates and needle valves play very important role. It
prevents the occurrence of excessively low pressures and hence the

formation of vapor cavities in the penstock.

The closing law of both wicket gates and needle valves has a vital effect on
waterhammer pressures in the penstock and turbine rotational speed rise. In
order to cope with transient situations by dampening the waterhammer
effects and reduce the possible risk of damage to the system, an optimum
closing law can be chosen instead of installing auxiliary protective devices

on the system.

Flywheels can easily reduce the speed rise of reaction turbines during
transient states. Rather than decreasing the pressure rise in the penstock,
they are very effective in preventing the turbine from reaching its runaway

speed.

Speed rise of impulse turbines in small hydropower schemes is not
considerably large and they may not require any protective device that

prevents turbine from overspeeding.
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e Aninstalled pressure relief valve or safety membrane can be effectively used
in reducing pressure peaks of waterhammer, protecting the penstock and
preventing turbines from runaway speed in small hydropower plants. They
might be preferred as standalone protective measures instead of surge tanks

or air chambers in these types of hydropower plants.

For prospective researches, a study that acquires small hydropower plant operation
data would be very helpful for investigation of waterhammer problems. The
experiences gathered from these investigations may also help developing a
computer program that only deals with transient simulation and operation of small
hydropower plants and even determination of protection devices. Moreover a built-
in simulation tool that analyses the economy of the protection devices with an

optimization study would be beneficial.
In addition to the above stated recommendations, investigation of the damping

effect of the forebay, as a surge tank, on pressure rise in the penstock and speed rise

of the turbine in small hydropower schemes may be the aspect of future studies.
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APPENDIX

In this thesis, two case studies under various operation conditions such as load
rejection, load acceptance and instant load rejection are studied. A software,
HAMMER, that utilizes method of characteristics for solving nonlinear differential
equations of transient flow is used in the study. In determination of the approximate
maximum and minimum pressure head values in the penstock during
waterhammer, rigid water column theory (RWCT) can be used if the transient state
is caused by uniform movement of the gate. In this theory, water is considered to be
incompressible, and pipe walls do not stretch regardless of the pressure inside the

pipe. For uniform gate operations, pressure head change can be calculated by

K / K?

(Parmakian, 1963)

2
and K :( LV, j (A.2)
gH,T
where;
AH : Change in the pressure head, V,: Initial velocity, [m/s]
[m]
Hg: Gross head, [m] g : Gravitational acceleration, [m/s?]
K': Dimensionless parameter T : Time of closure or opening, [sec]

L : Length of the penstock, [m]

Following tables show the comparison of maximum and minimum transient
pressure head values of two case studies with related scenarios, according to

different solution methods.
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Table A.3 Comparison of Maximum and Minimum Transient Pressure Head Values of
Cakarlar SHP with Related Scenarios According to Different Solution Methods

Measured HAMMER Solution = RWCT Solution
Scenario Maximum Pressure Head Maximum Pressure Head Maximum Pressure Head
(m) (m) (m)
A
. . 461.50 462.29 467.14
(Turbine unit 1)
A
. . 467.90 466.79 467.17
(Turbine unit 2)
C
. . 471.40 476.98 463.30
(Turbine unit 1)
C
473.40 475.76 472.03

(Turbine unit 2)

HAMMER Solution RWCT Solution

Minimum Pressure Head Minimum Pressure Head
(m) (m)
B 451.70 449.06 457.86

Table A.4 Comparison of Maximum and Minimum Transient Pressure Head Values of
Erfelek SHP with Related Scenarios According to Different Solution Methods

HAMMER Solution RWCT Solution
Scenario
Maximum Pressure Head (m) Maximum Pressure Head (m)
A 219.08 212.54
C&D&E 261.50 248.15
HAMMER Solution RWCT Solution
Minimum Pressure Head (m) Minimum Pressure Head (m)
B 193.97 201.33

It should be noted that RWCT provides a simple way for determining waterhammer
effects for slow valve (gate) operations. For rapid valve operations, the elastic

waterhammer theory must be used.
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