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 Problem 1. Turbine and System dynamics (max. 6 points) 

 

Speed number 
𝛺 = 𝜔 ∙ √𝑄 

 

Frequency and period of U-tube oscillation 
𝜔 = √

𝑔

𝐴𝑠ℎ𝑎𝑓𝑡 ∙ 𝐿 𝐴⁄
      𝑇 =

2∙𝜋

𝜔
     

Penstock time constant and 

retardation/acceleration pressure 
𝑇𝑤 =

𝑄

𝑔∙𝐻
∙ 𝛴(𝐿

𝐴⁄ )        𝛥𝐻 =
1

𝑔
∙ ∑

𝐿

𝐴
∙

𝛥𝑄

𝑇𝐶
 

 

Up- or down-surge in the surge shaft 𝛥𝑧 = 𝛥𝑄 ∙ √
𝛴(𝐿 𝐴⁄ )

𝑔 ∙ 𝐴𝑠ℎ𝑎𝑓𝑡
 

 

1 A power plant is under construction with a lay-out as shown in the Figure 

above. The flow rate Q = 30 m3/s, and the generator has 7 pole pairs. 

 

 

Check 

box 

1A.   Calculate the area of the upper surge shaft if z < 10 m. Neglect the head loss. 

(Single-choice question) 

i The area of the upper surge shaft is:  AShaft = 32 m2  

ii The area of the upper surge shaft is:  AShaft = 43 m2  

iii The area of the upper surge shaft is:  AShaft = 56 m2  

iv The area of the upper surge shaft is:  AShaft = 61 m2 X 

 

𝛥𝑧 = 𝛥𝑄 ∙ √
𝛴(𝐿 𝐴⁄ )

𝑔∙𝐴𝑠ℎ𝑎𝑓𝑡
    𝐴𝑠ℎ𝑎𝑓𝑡 = 𝛥𝑄2 ∙

𝛴(𝐿 𝐴⁄ )

𝑔∙𝛥𝑧2 = 302 ∙
2000/30

9.81∙102 = 61 𝑚2 

 

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) 

i The change of pressure in the draft tube at turbine level is:  H = 5,9 m  

ii The change of pressure in the draft tube at turbine level is:  H = 9,7 m  

iii The change of pressure in the draft tube at turbine level is:  H = 10,8 m X 

iv The change of pressure in the draft tube at turbine level is:  H = 11,5 m  

𝛥𝐻 =
1

𝑔
∙ ∑  

𝐿

𝐴
∙

𝛥𝑄

𝑇𝐶
=

1

𝑔
∙ ∑  (

1500

40
+ 1,5) ∙

30

11
= 10,8 𝑚  



Candidate Number: _______________  Page 3 of 8 

 
1C.   The surge shaft at the outlet of the draft tube has an area of 150 m2. Calculate the 

down surge in surge shaft at shut down from a flow rate Q = 30 m3/s 

(Single-choice question) 

i The down surge in surge shaft is:  z = 3,8 m  

ii The down surge in surge shaft is:  z = 4,2 m  

iii The down surge in surge shaft is:  z = 4,8 m X 

iv The down surge in surge shaft is:  z = 5,2 m  

𝛥𝑧 = 𝛥𝑄 ∙ √ 𝛴(𝐿 𝐴⁄ )

𝑔∙𝐴𝑠ℎ𝑎𝑓𝑡
= 30 ∙ √

1500

40

9,81∙150
= 4,8 𝑚    

 
1D.   The surge shaft at the outlet of the draft tube has an area of 150 m2. Calculate the 

down surge period at shut down from a flow rate Q = 30 m3/s 

(Single-choice question) 

i The surge period is:   = 140 s  

ii The surge period is:   = 150 s X 

iii The surge period is:   = 160 s  

iv The surge period is:   = 170 s  

 

𝜔 = √
𝑔

𝐴𝑠ℎ𝑎𝑓𝑡 ∙ 𝐿 𝐴⁄
=  √

9,81∙40

150∙ 1500
= 0,042 𝑟𝑎𝑑/𝑠      𝑇 =

2∙𝜋

𝜔
 = 

2∙𝜋

0,042
= 150 𝑠    

 
1E.   Calculate the waterhammer upstream the turbine as the turbine shut down from the 

flow rate Q = 30 m3/s in TC = 8 seconds and there is no surge shaft installed.  

(Single-choice question) 

i The waterhammer is:  H = 31 m X 

ii The waterhammer is:  H = 36 m  

iii The waterhammer is:  H = 39 m  

iv The waterhammer is:  H = 41 m  

𝛥𝐻 =
1

𝑔
∙

𝛥𝑄

𝑇𝐶
∙ ∑  (

𝐿

𝐴
) =

1

𝑔
∙

30

8
∙ ∑  (

150

10
+

2000

30
) = 31 𝑚 

 

 
1 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) 

i The change of pressure will not give any problems for the operation 

of the turbine 

 False 

ii The change of pressure will result in cavitation at the outlet of the 

turbine runner 

True  

iii The change of pressure will result in cavitation at the outlet of the 

draft tube 

 False 

iv The change of pressure will result in a water column separation in 

the draft tube 

True  
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Problem 2. Head Loss   (max. 6 points) 

 

 
 

 

 

 

 
Given data: 

 Symbol  Unit 

Gravity constant g 9,81 m/s2 

Mannings constant M 34 m1/3/s 

Kinematic viscosity  1,308106 m2/s 

Turbine efficiency t 94 % 

Generator efficiency G 98 % 

Transformer efficiency T 98 % 

Penstock material roughness  0,5 mm 

Diameter of the penstock D 3,0 m 

Flow rate  Q 45 m3/s 

    

 
2 Calculate the following for the hydropower plant with tunnel and penstock as 

shown in the figure above: 

(Multiple-choice question) 

Check 

box 

2a Head loss in the tunnel;   Hf = 9,9 m X 

2b Head loss in the tunnel;   Hf = 12,9 m  

2c Head loss in the tunnel;   Hf = 14,1 m  

2d Head loss in the penstock;   Hf = 9,6 m X 

2e Head loss in the penstock;   Hf = 10,1 m  

2f Head loss in the penstock;   Hf = 11,3 m  

2g Turbine power output; PT = 262 MW X 

2h Turbine power output; PT = 264 MW  

2i Turbine power output; PT = 267 MW  

2j The steady state level in the surge shaft = 630 m  

ℎ𝑓 =
𝐿

𝑀2
∙

𝑐2

𝑅ℎ
4/3

 
ℎ𝑓 = 𝜆 ⋅

𝐿

𝐷
⋅

𝑐2

2 ⋅ 𝑔
 𝑅ℎ =

𝐴

𝑃
 

𝑅𝑒 =
𝑐 ⋅ 𝐷

𝜐
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2k The steady state level in the surge shaft = 640 m X 

2l The steady state level in the surge shaft = 650 m  

2m The net head of the turbine; Hn = 630,5 m X 

2n The net head of the turbine; Hn = 630,5 m  

2p The net head of the turbine; Hn = 650,0 m  

If the power plant has a gross head of 700 meter, what is the Generator Power output: 

2q Generator power output; PG = 277 MW X 

2r Generator power output; PG = 294 MW  

2s Generator power output; PG = 300 MW  

 

 
 

Problem 3. Hydro Turbines   
3 The following statements are true or false.  

 

(True or False statements) 

True False 

3a Hydropower is the largest source renewable electrical energy in the world X  

3b LCOE of hydropower is higher than solar and onshore wind X  

3c The reservoir storage of hydropower is the largest battery of the world X  

3d Runaway speed will always be lower than rated speed on a Francis turbine  X 

3e Runaway speed will always be higher than rated speed on a Pelton turbine X  

3f The relative friction losses in a laboratory scale turbine are higher than 

for the full scale turbine in a power plant 

X  

3g The speed factor nED represent a relative relation to a turbine with a 

head: H=1 m and a diameter D2=1 m 

 X 

3h Cavitation occurs only at the outlet of the runner in a Francis turbine  X 

3i Francis turbines are always submerged  X 

3j Pelton turbines are not submerged X  
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Problem 4. Francis turbine performance diagram (max. 7 points) 
 

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 l/s 

Gravity constant g 9,8 m/s2 

Density of water  1000 Kg/m3 

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 MT 900 Nm 

Model Turbine Speed nM 350 rpm 

Prototype Turbine Speed nP 375 rpm 

Generator efficiency G - 0,99 

Model Turbine runner outlet diameter DM 0,35 m 

Prototype Turbine runner outlet diameter DP 1,78 m 

Number of runner blades Zrunner 28 - 

Number of guide vanes  Zguide vanes 17 - 

 

 
4  

(Multiple-choice question) 

Check 

box 

4a The net head of the model turbine is;   Hn = 14,9 m  

4b The net head of the model turbine is;   Hn = 15,2 m X 

4c The net head of the model turbine is;   Hn = 15,7 m  

4d Model turbine efficiency;       T = 89,3 %  

4e Model turbine efficiency;       T = 90,4 % X 

4f Model turbine efficiency;       T = 91,2 %  

4g Speed factor is;       nED = 0,16  

4h Speed factor is;       nED = 0,17 X 

4i Speed factor is;       nED = 0,18  

4j Flow factor is;       QED = 0,15  

4k Flow factor is;       QED = 0,16 X 

4l Flow factor is;       QED = 0,17  

4m The flow rate of the prototype is:     QP = 32 m3/s  

4n The flow rate of the prototype is:     QP = 35 m3/s X 

4o The flow rate of the prototype is:     QP = 38 m3/s  

4p The net head of the prototype is:     Hn = 445 m  

4q The net head of the prototype is:     Hn = 454 m X 

4r The net head of the prototype is:     Hn = 473 m  

4s The rotor-stator interaction frequency in the runner is:  RSI = 99 Hz X 

4t The rotor-stator interaction frequency in the runner is:  RSI = 163 Hz  

4u The rotor-stator interaction frequency in the runner is:  RSI = 473 Hz  
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Given equations: 

 

Head loss:      ℎ𝑓 = 𝜆 ⋅
𝐿

𝐷
⋅

𝑐2

2⋅𝑔
 

 

Head loss:      ℎ𝑓 =
𝐿

𝑀2
∙

𝑐2

𝑅ℎ
4/3 

 

Hydraulic radius:   𝑅ℎ =
𝐴

𝑃
 

 

Reynolds number:   𝑅𝑒 =
𝑐⋅𝐷

𝜐
 

 

Power output;     𝑃 = 𝜌 ∙ 𝑔 ∙ 𝐻𝑛 ∙ 𝑄 ∙ 𝜂 

 

Frequency of U-tube oscillation:    𝜔 = √
𝑔

𝐴𝑠ℎ𝑎𝑓𝑡 ∙ 𝐿 𝐴⁄
       

Period of U-tube oscillation:     𝑇 =
2∙𝜋

𝜔
     

 

Penstock time constant:    𝑇𝑤 =
𝑄

𝑔∙𝐻
∙ 𝛴(𝐿

𝐴⁄ )            

  

Penstock retardation/acceleration pressure:  𝛥𝐻 =
1

𝑔
∙ ∑

𝐿

𝐴
∙

𝛥𝑄

𝑇𝐶
 

 

Up- or down-surge in the surge shaft:   𝛥𝑧 = 𝛥𝑄 ∙ √
𝛴(𝐿 𝐴⁄ )

𝑔∙𝐴𝑠ℎ𝑎𝑓𝑡
     

 

 

Reduced numbers; c= 
𝑐

√2∙𝑔∙𝐻
  u= 

𝑢

√2∙𝑔∙𝐻
  w= 

𝑤

√2∙𝑔∙𝐻
 Q= 

𝑄

√2∙𝑔∙𝐻
  = 

𝜔

√2∙𝑔∙𝐻
 

 

   𝛺 = 𝜔 ∙ √𝑄 𝑛𝐸𝐷 =
𝑛⋅𝐷

√𝐸
 𝑛𝑞 = 𝑛 ⋅

√𝑄

𝐻0,75  𝑄𝐸𝐷 =
𝑄

𝐷2⋅√𝐸
 

  
Affinity equations; 

𝐻1

n1
2∙D1

2 =
𝐻2

n2
2∙D2

2  
𝑄1

n1∙D1
3 =

𝑄2

n2∙D2
3  

𝑃1

𝑛1
3∙D1

5 =
𝑃2

𝑛2
3∙D2

5  

 

 

Bernoulli’s equation on a turbine:  ℎ𝑖𝑛 + 𝑍𝑖𝑛 +
𝐶𝑖𝑛

2

2∙𝑔
= 𝐻𝑛 + ℎ𝑜𝑢𝑡 + 𝑍𝑜𝑢𝑡 +

𝐶𝑜𝑢𝑡
2

2∙𝑔
 

 

Turbine efficiency:   𝜂 =
𝜔⋅𝑀

𝜌⋅𝑔⋅𝑄⋅𝐻𝑛
 

 

Rotor Stator Interaction frequency: 𝑅𝑆𝐼 = 𝑛 ⋅ 𝑍  



Candidate Number: _______________  Page 8 of 8 

 


