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Problem 1. Turbine and System dynamics (max. 12 points)

200m

Turbine and
generator

- 2
L/A=15m1 A=40m

Speed number 0=0- \/5
w= —2— 1=

Frequency and period of U-tube oscillation B Ashaft AshafeL/y W

Penstock time constant and -9 . y(L _1 L 4

retardation/acceleration pressure

. 2(L/A
Up- or down-surge in the surge shaft Az = AQ - M
g- Ashaft

Vapor pressure (absolute) 0,2 meter water column
1 | A power plant is under construction with a lay-out as shown in the Figure Check
above. The flow rate Q = 30 m¥/s, and the generator has 7 pole pairs. box

1A. Calculate the area of the upper surge shaft if Az < 10 m. Neglect the head loss.
(Single-choice question)
i | The area of the upper surge shaft is: Ashat = 32 m?
ii | The area of the upper surge shaft is: Ashatt = 43 m’
iii | The area of the upper surge shaft is: Ashatt = 56 m?

iv | The area of the upper surge shaft is: Ashat = 61 m? X
_ C[za/a _ ap2.2@/4) 2 2000/30 _ 2
dz =40 9 Ashaft Ashare = 4Q7 g-azz =30 9.81-102 61 m

1B. Calculate the change of pressure in the draft tube at turbine level as the turbine closes
in Tc= 11 seconds if there is no surge shaft installed.
(Single-choice question)
1 | The change of pressure in the draft tube at turbine level is: AH=5,9 m
ii | The change of pressure in the draft tube at turbine level is: AH=9,7m

111 | The change of pressure in the draft tube at turbine level is: AH=10,8 m X
v | The change of pressure in the draft tube at turbine level is: AH=11,5m
_ 1.y L AQ_1 . (1500 30
AH =23 2 =23 (B0 +15) -5 =108m
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1C. The surge shaft at the outlet of the draft tube has an area of 150 m?. Calculate the
down surge in surge shaft at shut down from a flow rate Q = 30 m?/s
(Single-choice question)

1 | The down surge in surge shaft is: Az=3,8 m
i | The down surge in surge shaft is: Az=4,2m
i1 | The down surge in surge shaft is: Az=4,8 m X
iv | The down surge in surge shaftis: Az=52m
1500
Az = AQ - |ZHA _ 3. /l=4,8m
9-Ashaft 9,81150

1D. The surge shaft at the outlet of the draft tube has an area of 150 m?. Calculate the
down surge period at shut down from a flow rate Q = 30 m?/s
(Single-choice question)
1 | The surge periodis: T=140s
ii | The surge periodis: T=150s X
iii | The surge period is: T =160 s
1v | The surge periodis: T=170s

w:\/TL= ’9,81-40 — 0,042 rad/s PET_ 2T e
Ashaft' /A 150- 1500 w 0,042

1E. Calculate the waterhammer upstream the turbine as the turbine shut down from the
flow rate Q = 30 m>/s in Tc = 8 seconds and there is no surge shaft installed.
(Single-choice question)
1 | The waterhammer is: AH=31m X
i1 | The waterhammer is: AH =36 m
iii | The waterhammer is: AH =39 m

1v | The waterhammer is;: AH=41m

1 4Q Iy 1 30 150 2000
AH ==-2%. ( )— (—+—
g T; 10 ' 30

A

=—r—- =31
g 8 ) m

1F. True-False. The consequence of the change of pressure in the draft tube at turbine
level as the turbine closes in Tc= 11 seconds if there no surge shaft will be:
(True or False question)

1 | The change of pressure will not give any problems for the operation | True
of the turbine

i1 | The change of pressure will result in cavitation at the outlet of the False
turbine runner

iii | The change of pressure will result in cavitation at the outlet of the False
draft tube

iv | The change of pressure will result in a water column separation in False
the draft tube
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Problem 2. Head Loss (max. 10 points)

650 m

\/ Surge shaft steady state level
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Rp P f—" " p 2. g Re =——
Given data:
Symbol Unit
Gravity constant g 9,81 m/s?
Mannings constant M 34 m'3/s
Kinematic viscosity v 1,308-10° | m?/s
Turbine efficiency Nt 94 %
Generator efficiency ne 98 %
Transformer efficiency nr 98 %
Penstock material roughness € 0,4 mm
Diameter of the penstock D 4,0 m
Flow rate Q 150 m?/s

2 | Calculate the following for the hydropower plant with tunnel and penstock as | Check
shown in the figure above: box
(Multiple-choice question)

2a | Head loss in the tunnel; Hf=9,9 m
2b | Head loss in the tunnel; Hf=11,8 m X
2¢ | Head loss in the tunnel; Hf=14,1 m
2d | Head loss in the penstock; Hf=9,6 m
2e | Head loss in the penstock; Hf= 15,1 m
2f | Head loss in the penstock; Hf=21,8 m X
2g | Turbine power output; Pr= 814 MW
2h | Turbine power output; Pr= 831 MW
2i | Turbine power output; Pr= 853 MW X
2j | The steady state level in the surge shaft = 650 m
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2k | The steady state level in the surge shaft = 640,1 m

21 | The steady state level in the surge shaft = 638,2 m X
2m | The steady state level in the surge shaft = 635,9 m
2n | The net head of the turbine; H, = 616,4 m X

2p | The net head of the turbine; H, = 630,5 m
2q | The net head of the turbine; H, = 650,0 m

MOODY DIAGRAM

VALUES OF (V') FOR WATER AT I55°C (VELOCITY IN M/SEC *DIAMETER IN M)
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HH Re = 3,65:107 Reynolds number 0s
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D = 40m Diameter of the pipe
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< o A = 0,012 Friction factor i
*8 The pipe material is steel
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Problem 3. Hydro Turbines (max. 10 points)
3 | The following statements are true or false. True | False

(True or False statements)

3a | Hydropower is the largest source of renewable electrical energy in the world
3b | Pump-turbines will increase the flexibility of the Norwegian energy system
3¢ | At best efficiency operation of a Francis turbine, the rotational component of
the absolute velocity, ce» at the outlet to the runner is zero.

3d | At Francis turbine part load operation, the rotational component of the X
absolute velocity, ce: at the outlet of the runner is in the opposite direction of
the peripheral velocity of the runner, u,

ksl

3e | At best efficiency operation of a Pelton turbine, the rotational component of X
the absolute velocity at the inlet to the runner is zero.

3f | The relative friction losses in a laboratory scale turbine are lower than for the X
full scale turbine in a power plant

3g | The speed factor ngp represent a relative relation to a turbine with a head: X
H=1 m and a diameter D,=1 m

3h | Cavitation is defined as the transition from gas to fluid X

3i | Francis turbines are always submerged X

3j | Pelton turbines are usually chosen for high specific speed numbers, Q X

Problem 4. Francis turbine performance diagram (max. 14 points)
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Given data:
Symbol Unit
Inlet pressure on the model turbine Pin 235 kPa
Outlet pressure on the model turbine Pout 95 kPa
Atmospheric pressure Patm 93 kPa
Flow rate on the model turbine Qm 245 I/s
Gravity constant g 9,8 m/s?
Density of water p 1000 kg/m?
Velocity at the inlet of the turbine Cinlet 3 m/s
Velocity at the outlet of the turbine Coutlet 1 m/s
Level at the inlet Zin 1,5 m
Level at the outlet Zout 1 m
Model Turbine Torque M+ 900 Nm
Model Turbine Speed Nm 350 rpm
Prototype Turbine Speed np 375 rpm
Generator efficiency NG 0,99 -
Model Turbine runner outlet diameter Dwm 0,35 m
Prototype Turbine runner outlet diameter Dp 1,78 m
Number of runner blades Zrunner 30 -
Number of guide vanes Zguide vanes 24 -
4 Check
(Multiple-choice question) box
4a | The net head of the model turbine is; Hy,=149m
4b | The net head of the model turbine is; Hy,=152m X
4¢ | The net head of the model turbine is; H,=15,7m
4d | Model turbine efficiency; Nt =289,3 %
4e | Model turbine efficiency; nr = 90,4 % X
4f | Model turbine efficiency; nr=91,2 %
4g | Speed factor is; nep = 0,12
4h | Speed factor is; ngp = 0,17 X
41 | Speed factor is; nep = 0,19
4j | Flow factor is; Qep =0,14
4k | Flow factor is; Qep =0,16 X
41 | Flow factor is; Qep=0,18
4m | The flow rate of the prototype is: Qr=32m’/s
4n | The flow rate of the prototype is: Qp=35m’/s X
40 | The flow rate of the prototype is: Qpr =38 m’/s
4p | The net head of the prototype is: H,=445m
4q | The net head of the prototype is: H,=454m X
4r | The net head of the prototype is: Hn=473m
4s | The rotor-stator interaction frequency in the model runner is: RSI=99
Hz
4t | The rotor-stator interaction frequency in the model runner is: RSI =140 X
Hz
4u | The rotor-stator interaction frequency in the model runner is: RSI =150
Hz
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Problem 5. Francis turbine net head (max. 6 points)
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Given data:
Symbol Unit
Flow rate Q 100 m3/s
Gravity constant g 9,81 m/s?
Density of water p 1000 kg/m3
Diameter of the inlet pipe to the turbine D+ 4 m
Cross section at the outlet of the draft tube A2 50 m?
Level at the inlet to the turbine Z4 100 m
Level at the outlet from the draft tube 22 95 m
Tail Water Level ZTwiL 115 m
Absolute Static pressure at the inlet to the turbine h1 450 m
Absolute Static pressure at the outlet from the h2 20 m
draft tube
Atmospheric pressure Patm 100 kPa
Turbine efficiency N 94 %
Generator efficiency NG 98 %
Transformer efficiency nr 98 %
<"
Il
C1 @ _—j\—{_—_ 1
—Pl— T —
Z
Z1 <7 4 W
_______ Y ___Referenceline __y__________V._
5 Check box
(Multiple-choice question)
5a | The net head of the turbine is; Hy,=412m
5b | The net head of the turbine is; H,=438m X
5c¢ | The net head of the turbine is; H,=425m
5d | The net head of the turbine is; H,=452m
5e | The generator output is; Pg =387 MW
5f | The generator output is; ; Pg =396 MW X
5g | The generator output is; P =421 MW
5h | The generator output is; Pg =430 MW
51 | The submergence of the turbine is; Hs=12m
5] | The submergence of the turbine is; Hy=15m X
Sk | The submergence of the turbine is; Hs=18 m
51 | The submergence of the turbine is; Hy=21m
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Problem 6. Francis turbine - scale up from model to prototype (max. 8

points)
Given data:
Symbol Unit
Gravity constant g 9,81 m/s?
Density of water p 1000 kg/m?
Net head of the model turbine Ham 14,6 m
Net head of the prototype turbine Hpp 377 m
Speed factor at best efficiency point NED 0,17
Flow factor at best efficiency point Qep 0,16
Model Turbine runner outlet diameter Dwm 0,35 m
Prototype Turbine runner outlet diameter Dp 1,86 m
Number of runner blades Zunner 17 -
Number of guide vanes Zguide vanes 23 -
6 Check
(Multiple-choice question) box
6a | The speed of the prototype turbine is; np = 300 rpm
6b | The speed of the prototype turbine is; np =333 rpm X
6¢ | The speed of the prototype turbine is; np =375 rpm
6d | The flow rate of the prototype is: Qp =28,1 m%/s
6¢ | The flow rate of the prototype is: Qp=33,7m’/s X
6f | The flow rate of the prototype is: Qp =382 m%/s
6g | The Speed number is; Q=022
6h | The Speed number is; Q=025 X
61 | The Speed number is; Q=028
6] | RSI measured in between the guide vanes and the runner is: RSI =94 Hz
6k | RSI measured in between the guide vanes and the runner is: RSI = 128 Hz X
61 | RSI measured in between the guide vanes and the runner is: RSI =153 Hz
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Problem 7 System dynamics

A power plant is under construction with a lay-out as shown in Figure 1. The selected turbine
is a Francis turbine with design head of 400 m and design flow 40 m%/s.

405 m ij‘

150m
— 20m?
2000m
40m?2 | 500[11:1 | Om
400m — |
10m? 100 m
30m?
7 som
L/A=2
Figure 1 Water power plant
1 A power plant is under construction with a lay-out as shown in Figure 1. The | Check
selected turbine is a Francis turbine with design head of 400 m and design box
flow 40 m*/s.
1A. The generator has 6 pole pairs. What is the synchronous speed of rotation? Grid
frequency is 50 Hz.
i 300 RPM
i | 500 RPM X
iii_ | 600 RPM
iv._| 750 RPM

1B. The closing time of the wicket gate is Tc = 8 sec. Calculate the pressure rise at the
turbine. Use AQ = 40 m?/s.

1 242 m X
1i 49.7 m
m {293 m
v |27.7m

1C. Which of the following criteria should be fulfilled in order to neglect the elasticity?

2L X
' T, >» =
a
ii T.=T,
o 2L
iii T« 22
a
v T.=T,

1D. The up-surge in the upstream surge shaft shall be restricted to a maximum level of
Az=10m.
What will the area of the surge shaft be?
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i

93.8 m?

X

il

77.5 m*

iii

81.5 m?

v

146.8 m*

1E. If Ta=5 sec, is the governor stability sufficient?

1

Yes

i

No

il

Ta has nothing to do with governor stability

v

Not enough information to determine governor stability

1F. Time period of Tail water surge is

1

216.7

il

103.6

iii

2104

v

225.8

g
. . w =
Frequency of U-tube oscillation ]f Agpar %4
Q51
. T, 6 =——2X
Penstock time constant v ogH /4
SL/A
Up-surge in the surge shaft Az=AQ Asha
Retardation pressure when Tc >>2L/a AH = L AQ

gd T,
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Problem 8 System Dynamics

A hydro power system has the following APF diagram or Bode diagram:

Bode Diagram

From: Nref To: Integrator
60
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Frequency (rad/sec)

2 A hydro power system has the APF diagram or Bode diagram shown above:

2a. What is the cross frequency?
1 4.5x 10" rad/s X
i 1.1 rad/s

iii | 1x10?rad/s
iv | 4.5x10° rad/s

2b. If the shapes on the curves in the diagram represent the height of the lines they are on,
choose the shape that represents Phase Margin.

i |
i ‘ X
iii

iv @

2c. If the shapes on the curves in the diagram represent the height of the lines they are on,
choose the shape that represents Amplification Margin.

i X

il
il
iv @

2d. Which of the following statements is True?




Candidate Number: Page 12 of 14

1 Increasing the proportional constant ‘P’ on PID governor increases the cross X
frequency

i1 | Increasing the proportional constant ‘P’ on PID governor decreases the cross
frequency

iii | The cross frequency is independent of proportional constant ‘P’.

iv_ | None of the above




Candidate Number:

Page 13 of 14

Given equations:

Head loss:

Head loss:

Hydraulic radius:

Reynolds number:

Power output;

Frequency of U-tube oscillation:
Period of U-tube oscillation:

Penstock time constant:

L ¢
he = }-=.
f D 2g
L c?
hf_Mz'Rh4/3
A
R, =2
h—p
c-D
Re = —
v

Ty =g%'2(L/A)

. . 1 @l 4
Penstock retardation/acceleration pressure for Tc >>2L/a AH = 7 > e T—Q
Cc
. s(L/A)
Up- or down-surge in the surge shaft: Az = AQ - ZW/A
9 Ashaft
. c u w Q w
Reduced numbers; ¢ Yo U oow W Q- WD 0 e
n-D Q Q
Q:Q'\/é nED_\/E nq:n‘H\ﬁ__ﬁ QED_DZ\/E
: : . Hiy __  Hp  _ @ Py Py
Affinity equations; 07 = ol D = mpl TDE = 08

Bernoulli’s equation on a turbine:

Net Positive Suction Head, NPSH:

Turbine efficiency:

Rotor Stator Interaction frequency:

Cizn Cgut
hin+Zin+2__g= Hn+hout+Zout+2__g

2
NPSH:hatm_hv+(z4_22)+(§s_1)'2c'_?g

_ w-M
= g,
RSI=n-Z



Candidate Number:

MOODY DIAGRAM

VALUES OF (VD") FOR WATER AT 155°C (VELOCITY IN M/SEC »DIAMETER IN M)

Page 14 of 14

0001 0002 0004 0006 0,01 Q02 004 006 008 0.\ 02 04 06 08 1 2 60 &0 100
ot ' | L L ' L ! ' i
g | % h,
JLAMINAR FLOW {72 8
.09 H —-[——I——I ] r—! 17
HH1—h-] LAMINAR —¢ CRITICAL-|-1-TRANSITION
08 O N oONE COMPLE TE TU - ROUGH PIPES
| 5 05
07 g N =
1 N 04
06 \
A} 03
AY
‘\ & — N
osH \ =
] T Ay 02
— - \ N ——
; Ny N 015
< o0a - = =
e " \ b — vie
[e) \ NI o1 @
S ma = il
~ N o Se=mu
© Sw 3 006 3
= 03 S S 3
o
c e 2 004
o T 3 2
S0 c i = <
° ‘ : o 3
= RN
L 02 NN ] =] <,
Al NONDS T~ = 3 001
N - ~. it 0008
€, mm N B3 0006
RIVETED STEEL 09 ~ g0 SMOOTH PIPES —|-{— N M —
CONCRETE 93— 30 o5 N 0004
015 X
WOOD STAVE 018 — 0,9 NN I .
CAST IRON 025 NN TN 0002
GALVANIZED IRON 0I5 S ==
ASPHALTED CAST IRON o1z RN '
COMMERCIAL STEEL OR b
WROUGHT IRON Q045 o
o ORAWN TUBING 00015 NN 3
009
008 [T+ 000,01

200% 3 4 5678 ¢

200% 3 4 5678 05

REYNOLDS NUMBER R+ %>

(Vin M/SEG,Din M, v in MYSEC)

11
200% 3 4 5678 o6 200 3 4 567

3~4_5678 |°.
" 000,005
o 00,001



