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ABSTRACT

The aim of this thesis is to develop a model to study the
performance of Kaplan turbine of unit number four in rosiers
hydro power station .To achieve this aim , a model was develop
using simulation soft ware matlab/simulink based on the dynamic
equations of Kaplan turbine , then the simulation results were
compared with the results of the real system in case of loading and
idling mode .The simulation results showed very good agreement
with the results of the real system , with small deviations in the
results of guide vanes opening and runner blade opening and this
due to the change in the pressure of turbine outlet and downstream

level.
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CHAPTER ONE

Introduction

1.1 Preview:

In1999 the hydropower represented 19% of the world electricity production
and the development of hydroelectric power will be increased in the near future
since there is an increased interest in renewable energy sources. The basic
process of the hydropower plant is to convert the hydraulic energy to mechanical
energy by using the water turbine and then transfer the mechanical energy to
electrical energy by using a generator. . There are two types of water turbines
impulse turbines (pelton) and reaction turbines (Kaplan & Francis).Roseires
Hydroelectric Power Plant harnesses the water of the Blue Nile River and is
located some 550 km south of Khartoum near the city of EI-Damazin. The dam
was constructed between 1964 and 1966, initially for irrigation purposes. From
1971 onwards, a total of seven (7) Kaplan turbines each unit produce 40MW.

The Kaplan turbine is an inward flow reaction turbine, which means that
the working fluid changes pressure as it moves through the turbine and gives up
its energy. The design combines radial and axial features. The inlet is a scroll-
shaped tube that wraps around the turbine’s wicket gate. Water is directed
tangentially through the wicket gate and spirals onto a Kaplan shaped runner,
causing it to spin. The outlet is a specially shaped draft tube that helps decelerate
the water and recover kinetic energy.

The turbine does not need to be at the lowest point of water flow, as long as
the draft tube remains full of water. A higher turbine location, however,
increases the suction that is imparted on the turbine blades by the draft tube that

may lead to cavitations due to the pressure drop. Typically, the efficiencies
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achieved for Kaplan turbine are over 90%, mainly due to the variable geometry
of wicket gate and turbine blades. This efficiency however maybe lower for very
low head applications. Since the Kaplan blades are rotated by high-pressure

hydraulic oil, a critical design element of Kaplan turbine is to maintain a positive
seal to prevent leakage of oil into the waterway. Kaplan turbines are widely used
throughout the world for electrical power production. They are especially suited
for the low head hydro and high flow conditions — mostly in canal based
hydropower sites. Inexpensive micro turbines can be manufactured for specific
site conditions (e.g. for head a slow as one meter). Large Kaplan turbines are
individually designed for each site to operate a t the highest possible efficiency,
typically over 90%. They are very expensive to design, manufacture and install,
but operate for decades. Usually the head ranges for Kaplan turbines are between

6 meters to 60 meters [2].

1.2 Research Importance:
The importance of this research is to model all the needed parameters of the

hydraulic part (dam, penstock, guide vane, runner blade) of Kaplan turbine.

1.3 Statement of the Problem:
The problem of this research lies on the study of all parameters of the Kaplan

turbine mathematically by using Matlab/Simulink software.

Since 1971 Roseires hydro power station with no model to explain and
illustrates how the generation process acts, and this research would investigate

how the turbines work.



1.4 Objectives:
e To model mathematically the Kaplan turbine.

e To simulate the run of the model for the Kaplan turbine using Matlab Simulink

eCompare between the mathematical model and the real life run of the turbine in

terms of performance (runner blade opening, guide vane opening).

1.5 Methodology Approach:
eModel formulation of Kaplan turbine by preparing all the required the

equations for Kaplan turbine.

e Drafting a computer program using MATLAB programming language to solve

equations of the model.

eTaking the final values obtained from the program after making sure to check
the accuracy in these values, these values are plotted charts in order to facilitate

analysis.

1.6 Thesis Outlines:
e Chapter one: The Introduction.

eChapter Two: The Kaplan turbines- general theory.
e Chapter Three: The modeling and simulation for Roseires's hydropower plant.
e Chapter Four: The simulation Results.

e Chapter Five: The Conclusions and recommendations.



CHAPTER TWO
THE COMPONENTS OF KAPLAN TURBINE

2.1 Background:

This section will give a brief presentation of the main components of a
Kaplan Turbine hydropower plant. From the water inlet to resulting generation
of power, the plant is divided into the subsystems; penstock, turbine and
generator. An overview of the system is depicted in Figure (2.1). The theory
presented for each of the subsystems constitutes the base of the simulation model

and the purpose is to give a basic understanding of each part’s properties and

functions.

l . 3 a i i F Feer pumr pwr pewr e g pe—

Figure (2.1) Kaplan Hydropower Plant



2.2 The Dam:
The purposes of dams include water supply, and creating a reservoir of

[water to supply generating hydroelectric power]. Most hydropower plants rely
on dam that holds back water, creating a large reservoir. For Kaplan turbine
hydropower plant the hydroelectric power comes from the potential energy of the

water in the dam, which drives the turbine and generator the figure (2.2) show

the dam [3].

Figure (2.2) The Dam



2.3 The Penstock:
Penstocks are pressurized conduits that transport water from the reservoir

to a turbine. Penstocks can be either exposed or built integral with the dam
structure. There are many different materials of penstocks such as wood,
concrete and steel. Usually the length of a penstock is varying. In a dynamic

process of a hydropower plant the water inertia is proportional to the length of

the penstock which can increase the dynamic height loss the penstock given in
Figure (2.3).

Figure (2.3) The Penstock



2.4 The Spiral Case:
The function of the spiral case is to supply water from the intake to the

stay vanes, directly to the upstream portion of the turbine, and through a unique
shape of continual cross sectional area reduction to the downstream portion of

the turbine; maintaining a near uniform velocity of water around the stay vanes

(fixed gates) and wicket gates, the spiral case given in Figure (2.4) o

Figure (2.4) The Spiral Case



2.5 The Guide Vanes:

Guide vanes are the special constructions of Kaplan turbines. A unit of
guide vanes consists of many small gates, which are divided by numbers of
guide vanes. The guide vanes are manufactured of steel plate material. The vanes
design is purposely to obtain optimal hydraulic flow conditions, and they are
given a smooth surface. Guide vanes are warped around by a scroll-shaped tube
inlet. The primary function of wicket gates, or guide vanes, is to control and
direct the flow of water to the turbine runner. Guide vanes are generally

supported in two or three bearings or bushings. Usually, Francis and vertical

Kaplan turbines are three-bearing arrangements show Figure (2.5) 1

21/06/2011

Figure (2.5) The Guide Vanes



2.6 The Discharge Ring:

The discharge ring's function is to transmit pressure containment loads and
portions of the powerhouse loads above it to the foundations that support the
unit.

The discharge ring or the bottom ring when not integral with the discharge ring
supports the lower guide vanes stem bushings, forms a portion of the water
passage adjacent to the wicket gates, and forms a tight clearance with the ends of
the guide vanes. For Francis-type machines, it also contains the stationary
portion of the lower wearing ring that provides a close running clearance with
the rotating runner. For axial flow machines, the discharge ring forms the
primary water passage adjacent to the periphery of the runner blades Sufficient
stiffness must be provided to ensure that the discharge ring will not undergo
unacceptable distortions in these critical areas during anchorage pre-load,
embedment in concrete, grouting operations, and transient operating conditions
to provide protection against cavitations pitting, consideration should be given to

specifying stainless steel material for portions of the discharge rings adjacent to

the runner in axial flow machines given in Figure (2.6) o



Figure (2 6) The Discharge Ring
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2.7 The Runner Blades:
The runner in a Kaplan turbine is a very challenging part to design. The

Kaplan shaped runner is mounted vertically with several blades. The length and
number of blades can determine the turbine's rotational torque, which can
indirectly influence the hydraulic effect. Usually runners consisting of 4 blades
can be used up to heads of 25-30 meters while 6 blades could be used for heads

60 meters given in Figure (2.7) I

21/06/2011

Figure (2.7) The Runner Blades
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2.8 The Generator:
Turbines are coupled to generators in a hydropower scheme in

order to transform the mechanical energy produced by the turbine in to
electrical energy. There are two main types of generator, synchronous or
induction, which is used depending on what, is required in terms of
network characteristics. Both types of generator are being constantly
improved and the newest generators have efficiencies of almost
100%qgiven in Figure (2.8).

1

R

1

Figure (2.8) The Generator
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2.9 The Draft Tube:
The outlet of a Kaplan turbine is a specially shaped draft tube. The

function of draft tubes is to decelerate the water at the outlet of a turbine. Since
the power extracted from a turbine is a directly function of the drop in pressure
across it, the reduction of water velocity will reduce the pressure on the outlet
side, which can increase the difference in water pressure between inlet and outlet
side. Usually the draft tubes are conical shaped which are similar to an inverted

ice cream cone given in Figure (2.9)[3].
1 |

1
L

— -

-

Figure (2.9 The Draft Tube
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2.10 The Bearings:

The bearing system for hydraulic turbine-generator units typically consists
of two or three guide bearings and a thrust bearing. The guide bearings are
arranged to meet the requirements of the shafting system's mechanical design.
The number of guide bearings and their spacing are important factors in
determining the critical speed of the shafting system.

The type of guide bearing that offers adjustability, good combined (oil and

structural) stiffness, and the closest load support to the runner is the adjustable
[1]

shoe or segment bearing given in Figure (2.10)

Figure (2.10) Turbine Guide Bearing
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A thrust bearing supports the weight of the rotating elements in the turbine
generator and hydraulic thrust loads. Normally, thrust bearings are designed so
that the rotating element builds a supporting oil film against a series of thrust
shoes that are rigidly or elastically supported. The thrust bearing components are
housed in an oil basin and flooded with oil for lubrication. Qil coolers in the oil
basin or an external lubrication system equipped with heat exchangers, controls,
and pumps removes the heat. Many thrust bearings use a hydrostatic lift system
to pump oil into the bearing surface for starting and stopping to minimize wear at
low speed operation. The high-pressure lift system is used often during

maintenance to reduce bearing friction during manual rotation of the turbine-
)[1].

generator given in Figure (2.11

Figure (2.11) Turbine Guide Bearing
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2.11 Basic Definition:
2.11.1 The Head:
A water turbine uses the potential energy from the difference in the
elevation an upstream water reservoir and the turbine exit water level (the

tailrace) to convert this so-called head. There are some different types of head,

which are normally used in turbine o

2.11.2The Gross Head:
Gross head is the difference between hydraulic heads in the upstream and

downstream reservoirs

Pq
p*g

P
p*g

+ Zz) = P;*‘;Z + 27— 7, (2.)

Hgr = +Z1—(

2.11.3 The Net head:

Net head is lower than gross head due to energy losses in the penstock

V12-1,2
2xg

= Hpy +2 (=-=) @2

H, = H

16



REMOTE REMOTE UNIT3 REMOTE UNIT4

us 481.1 ; D us 481.1 us 490.8
DS 445.4 | ? D.s 445.4 D.s 445.4
NH 33.15 ! : NH 36.28 NH 33.0

intake gate trip @ PET 3.41 intake gate trip | PBT 3.43 intake gate trip ntake gate trip @
crackpos. m e : crack pos. n crack pos. | U """ |crackpos. m
penstock full PB.T 3.46 | penstockful g P.B.T 3.39 | penstockfull g P.B.T 3.73 | penstockfull | PBT 3.5

REMOTE UNITS REMOTE — -

PBT 3.4

DS 445.4 S 445.4 A
NH 33.18 NH =0.9 NH 34.45
DETNEIIED
intake gate trip intake gate trip | intake gate tri mm-.
crack pos. ] 90 3.8 crack pos. PBT 0.1 crackgpos p: PB.T 3.54 0.4 | NN

penstock full PB.T 3.48 | penstockful m PBT 0.0 pensto:k.full P.B.T 3.60 - 0.

Figure (2.12) Net Heads

2.12 Efficiency:
Efficiency is a dimensionless number, with a value between zero to one,

which is defined as the ratio between the power developed by the available water

power. 14]

n=—1 (2.3)

p available

P1: Static pressure in spiral case

P oaitabie - Vater power

17



2.12.1Hydraulic Efficiency:
The hydraulic efficiency of turbine is defined as the ratio of mechanical

output power of runner and hydraulic input power

_ _Pny
Ny WxQ*H

(2.4)

Py,,, - Hydraulic power

W = Q » H: Mmechanical output power of runner

2.12.1 Mechanical Efficiency:
It is the ratio of the power available at the shaft to the power developed by
the runner of a turbine.

__SP
mec = gp

S. P: Shaft power

(2.5)

R. P:Power developed by the runner blade

2.12.3 Overall Efficiency:
Is a product of the hydraulic efficiency time's mechanical efficiency.

Mo = May XMy (2.6)

18



CHAPTER THREE

MODELIND AND SIMULATION

3.1 Dam Modeling:

The parameters and variables that are utilized to this model are shown in
Figure (3.1).

m: mass in dam

Pout dam +P; = Pout dam
|

Figure (3.1) the Dam

Parameters:

g =Gravity acceleration
p =The density of the fluid

P,.., =Atmospheric pressure

19



Variables:

m:The mass of the water [kg]

h:The height of water in the dam [m]
V:The volume of water in the dam [m?]
P1:Pressure [Pa]

Pt dam : The pressure at the outlet of the dam [Pa]

. k
Mg, :INCOMing mass flow rate [Tg]
: k
My :0Utgoing mass flow rate [=]

Q:Volume flow rate [m3]
Equations:

Patm + Plzpout dam (31)

m = Mgam — Mout dam (3.2)

Equation 3.1 describes the pressure balance of a dam.

pl= pxgx*h (3.3)

Equation 3.2 represents the mass flow rate balance of the dam.

20



3.2 Penstock Modeling:

A penstock is a large pipe which connects the dam's outlet to the wicket
gate's inlet. The variables and parameters that are utilized to this model are
shown in Figure (3.2).

|l
Pin pen a I ‘| A en
ﬁ‘
Maam Pout pen
A p Mout pen
Figure (3.2) The Penstock
Parameters:

A ey the cross section area of penstock [m?]

L:The length of the penstock [m]

p: Water density [’;—i]

g: A cceleration due to gravity [;n—z]

2
C,: The friction coefficient [
m

]

m : The mass of the water [kTg]

- m
a : Acceleration [s_z]
Variables:
Py, pen : The pressure at the penstock's inlet [Pa]

Pout pen :The pressure at the penstock’s outlet [Pa]

21



Pfyen :The pressure drop due to the friction [Pa]

Pi,., The pressure drop due to the water inertia [Pa]
Min pen :INCOMINgG mass flow rate [kTg]

Moyt pen * OUtgoing mass flow rate [kTg]

3
Q :Volume flow rate [mT]

Equations:
Pin pen APpen - Pout pen — 0 (34)
Min pen — Mout pen = 0 (35)

Equation 3.5 describes the mass flow rate balance of the penstock.
Equation 3.4 describes the pressure balance of penstock.

AP, Is the pressure drop between pin_pen and pout_pen and in this case it is
considered by two different types of the pressure drop

AP = Pfyen + Pipen (3.6)

Pfen IS the pressure drop due to the turbulent flow friction

Pi,., Is the pressure drop due to the inertia of the water.

Apls the pressure drop between P, and P, ,., and in this case it is

considered by two different types of the pressure drop.

According to the Bernoulli equation [3] a turbulent flow friction in enclosed

Tube could be modeled as

Pfiaen = Cﬁaen * Q2 (38)

Cfpen =Friction coefficient.

22



3.3 Guide Vanes Modeling:

The guide vanes are located between the outlet of the penstock and the
inlet of the Kaplan turbine. The variables and parameters of the equation-based
modeling are given by Figure 3.3. Figure 3.3 is an illustration of the guide vane's
angle o. o is the angle between the guide vanes relative to the stay vane.

(Fixed gates)

suide vanes

~ {::ijhu
b 1
s [} .
T s :
n ; ;

o .
S L B ~

coan R

guide vanes -
guide vanes

i ~ %
~ \I-O ‘mtay vanes 2 ™ \s % stay vanes
1 : o ~ :
@\ H ™ ~ !
& 7 o /
| . '?"'; s ,\r
1 T B
] -7 ‘\ 2 b - =% .
1 o - =

o== 0

increasing & decreasing &

Figure (3.3 The Guide vanes

Parameters:
p:The water density [%]

o:The angle of the guide vane [rad]

]

. . o pas
Cfgate :Friction coefficient [~

23



Variables:

Piy gate :The pressure at the wicket gate's inlet [Pa ]
Pout gate The pressure at the wicket gate's outlet [Pa]

Pfyate + The pressure drop due to turbulent friction [Pa]

- k
Min gate *INCOMIng mass flow rate [~*]

Moyt gate OUtOING Mass flow rate [kTg]

Equations:
Pin gate Pfgate = Pout gate (39)
Min gate — Mout gate — 0 (310)

Equation 3.10 describes the mass flow rate balance of the wicket gate, the
incoming mass flow rate is equal to the outgoing mass flow rate in the wicket
gate

Equation 3.9 describes the pressure balance of the guide vane. Py, 4. is the
Inflow pressure of the guide vane and P,y;4q:c IS the out flow pressure of the
wicket gate. Pf .. is the pressure drop when the water flows through the gate
The pressure drop is created by a turbulent fluid flow through the gate vanes The
turbulence occurs on the vane surface and increases with the fluid flow rate.
This flow can be modeled by utilizing Bernoulli's equation of turbulent flow
Friction in an enclosed tube. This will in this case be described as
Pfgate = Cfgatex (3.11)
Here Cf,qc. is a constant parameter. In this case, equation 3.10 could be modeled
As equation 3.12 which represents the pressure drop is determined by o in
equation 3.12 6 0 is the optimal angle, 25. When 6 is equal to 60 then the

pressure drop is at its minimum and results in the maximumPy,; 44z -
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Py, gate CfgateX (2 — cos(6-60)) * QZ = Pour gate (3.12)

3.4 Kaplan Turbine Modeling:

The Kaplan turbine model has adjustable runner blades. The variables and

parameters of the equation-based modeling are followed by an illustrated
Figure3.4.

Figure (3.4) The A schematic of the turbine
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Parameters:
r: The average radius of the turbine propeller [m]

A: runner: the cross sectional area of the turbine propeller [m?]

p:Density [-4]

g:Acceleration due to gravity[75]

Cf., :Hydraulic friction coefficient [%]

Km,,, :Mechanical friction coefficient [%]

Variables:

F :Force [k‘Z—zm]

Pf., : The friction pressure drop [Pa]
Q :Volume flow rate [m;]

W : Angular velocity [%]

8: The angle between the runner blades to the horizontal plan [rad]

Equations:
Min tur =~ Mout gate =0 (313)
Pin tur APtur = Pout tur (314)

Equation 3.13 describes the mass flow rate balance of the turbine. Equation 3.14

describes the pressure balance of the turbine. P;, 1, 1S the inflow pressure of the
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turbine and P,,; - 1S the outflow pressure of the turbine. AP, is the pressure

drop when the water flows through the turbine .

APy, = Pfy, + Pm (3.15)

Pf.1s the turbulent flow friction and could be modeled as below as the same
Way as in Equation 3.11. Pm is the pressure drop due to the interaction of the
flowing water with the runner blades transforming the hydraulic energy to the

mechanical energy.

Pftur = CfturXQZ (3'16)

Cf. 1S a friction coefficient

3.5 Equations of Penstock:

LxV 2
Hi =—— 3.17
f MZ*R% ( )

L=53m
V = 558~
S
M = 140
Apen -
= P =1 449 (3.18)

- 2% %2.9

53%5.582
Hp=———
1402%104493

Hy=0.0514

Pfoen = p* g *hf (3.19)

999.8394 * 9.81 x 0.0514 = 504.234 pa
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Pf en
Cfpen= % (3.20)

504.234

W = 0023pa

3.5 Equations of Guide Vanes:
2
AH f =Bxsina *(%)* 1.25 * V; * g (3.21)

242 + sin43 +(;)* 1.25 *5.58%  9.81

=1.82/m

Pfoate=p * g * AHf (3.22)
999.8394 * 9.81 * 1.827=17924.44pa

Pf ate
Cfgate = # (323)

17924 .44

147.52 =0.82

3.6 Equations of Turbine:
Pout dam — P * g * h+Patm (324)

9.81 * 999.8394 * 50=490422.25 pa

P tur = Pout dam — pren - Pfgate (3.25)
490422.25 —17924.44 — 504.234 = 471993.0pa

APuyr = Pinur — Pout tur (3.26)

APy tyr =Pfor + Pm (3.27)

4719930 - Pout tur = A Ptur
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Assume
Pmx*xQ =MinxW
Min =Mf+]\4] +Min

When W is constant and M; IS zero

40 = 1000000
14.28

= 2801120.45pa
Mf = Kf * W

1x*14.28
= 14.28

Min = Mf + +Mgen
2801120.45 + 14.28 = 2801134.728

Pm=Ml-n>l<g

T

Pm = 2801134.728 *

75 = 271187pa
14.28

Pftur = Pintur_ Pouttur_ Pm

Assume P out tur = 200000pa

471993.0 — 200000 — 271187 = 805.2pa

P ur

Cfour = 24"
805.2

1475+ 14= 03726
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CHAPTER FOUR
SIMULATION RESULTS

4.1 Start up:
The response of the model at start up compared with the illustrated in

Figures[4:1 and Figures 4.2] unit number four response .the guide vane opening
of the model is(14.38%) as in Figure (4:3) which is approximately equal to the
plant response(15.7%). The deviation which is (1.32%) due to variation of

downstream level.

4.2 Loading Condition:
Step set-point of (3MW) applied to the model and the response time was

found to be (4sec).While the real life to unit four was found to be (5 sec) given

in Figure (4.4), (4.5) respectively

4.3 Hill Chart:
Head of 35m and using the model the efficiency was found to be 89.98%.

While using the mathematically equation it was found the efficiency 89.29%.
The hill chart as in Figure (6.4) to explain that.
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Tag name Designation Type Ruler Current Unit
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04MEY10DS100 XJ55 SPEED CTRL STATIC AVG 0,000
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C 0030 4TURBKURVZ ANALYSIS
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Figure (4.2) Gv and_RB opening to reach synchronous speed
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Figure (4.4) Response to 3 MW Step Change. (a) GV AND,RB
Open, (b) Set point
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions:
The conclusion on the research was as follows:-

eKaplan turbine unit number four has been mathematically, modeled.
e Using Matlab Simulink in unit number four the simulation was done.

eTo make the performance of the model as identical as the turbine, losses
account have been in every part of the turbine unit and included in the model

equation.

eThe model were compared to the performance of the unit number four
Roseires hydropower plant, and compared the reading of the guide vane and
runner blade in loading and no loading conditions ,the guide vane opening in
simulated (14.38%) while the real life in unit number four is (15.7%). The
deviation which is (1.32%) due to variation of downstream level .the
efficiency in the simulated was found to be 89.98% while the real life is
89.295%. The deviation due to pressure in draft tube is not constant. The

performance of the model almost identical to the turbine.

5.2 RECOMMENDATIONS:
After the study was completed, the following recommendations are

suggested:-

eTo carry study taking into accounts the variation in the pressure in the draft
tube.

e To study the losses in the intake control gates and bearings.
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APPENDICES

Constant parameters
Table 3.1 constant parameters used in the Modeling and simulation for Roseires's
hydropower plant,

Parameter Description Units
g gravity acceleration 9.801 [m? ]
: K
p water density 999.8394 [m_g2
[ atmosphere pressure 100000 [Pa]

Table (A. 1) Constant parameters of the Matlab program Test

Variables Description Unit
Q water flow rate 1475 [m_3]
S
P Power 45 [MW]
W turbines angular velocity 14.28 [E]
S
h water height in the dam 50 [m]
Parameters Description Unit
K the mechanical friction 12
rad
L the length of the penstock 53 [m]
4 the area of the penstock 26.42 [m?]
/ the area of the dam 6000 [m?]
r the average radius of the propeller 2.25 [m]
A the cross section area of the 12.6 [m?]
propellers

Table (A.2) assumption variables and parameters of the Modeling for
Roseires's hydropower plant, used in Matlab program test
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