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Investigation into Kaplan Turbines 

RQ: How does the changing flow rate on a Kaplan turbine affect its 

power output. 

Word count: 3380 
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Introduction 
With global warming causing massive changes in the climate and the ecosystems of the world. To 

combat this problem many countries are turning into renewable energy sources to reduce the 

pollution caused by fossil fuels and other harmful energy sources like coal, oil and gasses. From 

this rapid approach to renewable energy sources the interest in hydro electricity power plants 

peaked in the current years as with improving technology it is way easier and much more efficient 

to use hydro power. In this investigation I choose Kaplan turbines for the type of hydraulic turbine 

as it is the most efficient one. Also, the characteristics of the Kaplan turbine fits my needs as it 

doesn’t need certain moving parts like the guide vanes in turbines like Francis which makes the 

modelling and simulating part easier.  

As an aspiring engineering with a curiosity in hydraulics I choose this topic to learn more about 

hydro electric power plants and how they function however as this is a highly complex topic, I 

tried to simple it down with the usage of simulations and other investigations into Kaplan turbines. 

This essay’s main purpose is to see how the potential energy changes into kinetic energy and then 

how it turns into electricity inside of a turbine and with increasing volumes of water how does this 

energy output increases or decreases then finally check if with increasing power output how does 

efficiency change with it. 

After choosing the type of turbine and finding research on it was time to pick a research question 

as the dams in my country losing their reservoirs with increasing speeds, I chose the research 

question of How does the power output of a Kaplan turbine is affected from changing flow rates. 
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The reasoning behind choosing power over efficiency and other important factors such as cavities 

and cavity chances is that with the usage of simulations it is the easiest factor to find, and it requires 

less engineering physics knowledge. 

 

Background Information: 
Kaplan turbines:  A Kaplan turbine is a hydraulic turbine with an axial flow (the flow of fluid is 

downwards) that is specialized in low head (the height difference between where the water enters 

the system and where it leaves) and high flow rates. Kaplan turbines are special with their 

adjustable rotating blades to maximize the efficiency with changing flow rate.  Kaplan turbines 

consist of 4 main parts which are.  

1.Scroll Casing: It is a spiral type of casing that has decreasing cross section area. The water from 

the penstocks enters the scroll casing and then moves to the guide vanes where the water turns 

through 90° and flows axially through the runner. It protects the runner, runner blades guide vanes 

and other internal parts of the turbine from an external damage. 

2.  Guide Vane Mechanism: It is the only controlling part of the whole turbine, which opens and 

closes depending upon the demand of power requirement. In case of more power output 

requirements, it opens wider to allow more water to hit the blades of the rotor and when low power 

output requires it closes itself to cease the flow of water. If guide vanes are absent than the turbine 

cannot work efficiently and its efficiency decreases. 

3. Draft Tube: The pressure at the exit of the runner of Reaction Turbine is generally less than 

atmospheric pressure. The water at exit cannot be directly discharged to the tail race. A tube or 

pipe of gradually increasing area is used for discharging water from the exit of turbine to the tail 
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race. This tube of increasing area is called Draft Tube. One end of the tube is connected to the 

outlet of runner while the other end is sub-merged below the level of water in the tailrace. 

4. Runner Blades: The heart of the component in Kaplan turbine are its runner blades, as it the 

rotating part which helps in production of electricity. Its shaft is connected to the shaft of the 

generator. The runner of this turbine has a large boss on which its blades are attached, and the 

blade of the runner is adjustable to an optimum angle of attack for maximum power output. The 

blades of the Kaplan turbine have twist along its length. (8) 

 

Figure 1.  Kaplan Turbine with its components 

CFD simulations and CAD: Computational Fluid Dynamics (CFD) is the analysis of fluid flows 

using numerical solution methods. Using (CFD) one can analyze and investigate complex 

problems and mechanisms involving fluid to fluid, fluid to gas and fluid to solid interactions. By 

using simulations CFD programs can calculate differential equations that are very hard and 

complex to understand with ease and help with simplifying the investigation. Also, with the current 
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technology the calculations done with CFD are accurate enough to be used in engineering reports 

and project designs. CAD is needed for CFD as CAD stands for Computer aided design and 

everything needs to be designed in CAD before starting the simulation. 

Formulas:  While working on Kaplan turbines certain formulas are used in the simulations as 

These formulas got standardized within the engineering community 

Power:  A turbine is a rotary machine that converts kinetic energy and potential energy of water into 

mechanical work. Power of the turbine can be calculated using this equation. 

𝑃 = 𝑄𝐻𝜂ℎ𝜌𝑔[1] 

Where: 

Q = Discharge  

H= Gross head (head) 

𝜂ℎ= Hydraulic efficiency 

𝜌= Water density 

G= Gravitational acceleration 

 

The Kaplan turbines Hydraulic Efficiency formulas uses the Inlet and Outlet velocity triangles 

however with the usage of simulations there is no need to do the advanced calculations needed.  

The simulation uses the formula given bellow. 

𝜂ℎ =
𝑣𝑤1

𝑢1

𝑔𝐻
[2] 
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(7) 

Where: 

𝑣𝑤1
= Inlet velocity triangle  

𝑢1= Outlet velocity triangle 

H= Head of the Kaplan turbine 

With the overall efficiency formula being 

𝜂𝑜 =
𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟

𝑤𝑎𝑡𝑒𝑟 𝑝𝑜𝑤𝑒𝑟
[3] 

 waterpower =
𝜌𝑔𝑄𝐻

1000
 

 (7)                                                   

 

Inlet and outlet velocity triangles can be found using the figure bellow with the formulas listed. 
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Figure 2. Kaplan turbine inlet and outlet velocity triangles 

Where: 𝐻𝑢𝑏𝑜𝑢𝑡𝑙𝑒𝑡(𝜃) = tan−1 (
𝑣𝑓

⋃ −𝑣𝑤ℎℎ

) + 180[4] 

𝜙ℎ = 𝑡𝑎𝑛−1 (
𝑣𝑓

𝑈ℎ
) [5] 

𝑈ℎ =
𝜋

60
𝐷1𝑁[6] 

(6) 

Finding the discharge (Q) using the formula 

Area of flow x velocity of flow= 
𝜋

4
(𝐷0

2 − 𝐷𝑏
2)𝑣𝐹[7] 

Where: 𝐷0 = outside diameter of the runner 

𝐷𝑏= Diameter of the hub  

𝑣𝐹 = Velocity of flow 

And one can find flow rate using the formula 𝑄 =
𝑣

𝑡
[8] 

Where: 

V= velocity 

T= time 

This formula can be rewritten as 𝐴𝑣 

A= area of the opening in which fluid is moving through 

V= velocity of the fluid 
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There are many more formulas however by relying on a simulation those calculations are being 

handled by a computer. 

Methodology: 
In this investigation a simulation was used as it is nearly impossible to make a real turbine because 

of its sheer size and production cost. Making a small-scale version is an option but with the turbine 

parts being fragile and complex this option isn’t viable too as the parts cant be printed because 

they are complex and machines and it out or cant withstand the constant pressure coming from the 

stream of water and cave in resulting in a system collapse. Even though  making a small scale 

version is an option by conducting a preliminary experiment in which I printed out a little Kaplan 

turbine which was scaled to the flow rate of an 1 L/s the turbine couldn’t work as the pieces weren’t 

made for this small of a scale and in the end the turbine collapsed as it couldn’t handle the constant 

pressure. These limiting factors forced me to use simulations and rely on numerical analysis alone. 

To do this simulation I found a simulation program that was easy enough to use and a Kaplan 

turbine design from the simulation’s tutorial builds and edited the design for my own personal 

usage. To edit the design and also check certain parts of it (runner diameter, blade angles, number 

of wicked gates, number of blades) a CAD program is also essential. In this simulation certain 

aspects of the turbine are kept as a constant as changing these variables directly impact power 

output and efficiency. 



 

10 
 

Variables: 

Controlled: the density of the water, the turbine design, number of wicked gates and their angels, 

number of turbine blades and their angles, gravitational acceleration, the fluid used, the physical 

model of the fluid(incompressible), number of runs in each simulation, Gross head of the turbine 

, temperature of the fluid 

Independent: The flow rate going into the turbine 

Dependent: The power output, efficiency, cavities  

 

 

Material list: 

•   CAD program where you can edit and create the turbine. 

•  Kaplan turbine model that can be simulated without errors. 

• Simulation capable of doing CFD simulations. 

• Computer 

Procedure: 

1.  Either find a Kaplan turbine design which can be simulated from resources such as 

grabhub.com or design a turbine design 

2. Check the design for its runner diameter, blade angles , number of blades, number of 

wicked gates 

3. Use the simulation program to check the mesh of the design(with mesh errors simulation 

can give errors and have fluctuating results or no result at all) 

4. After checking the mesh follow the instructions in the simulation training booklet to 

combine each part of the turbine and designate where water will enter and leave 
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5. By using the simulation training booklet make the turbine part of the design rotatable as it 

needs to be able to turn to finish the simulation 

6. After making sure the simulation boundaries are set choose water as the fluid and choose 

the incompressible setting 

7. Enter the desired flow rates into the simulation to get results. 

8.  Repeat steps 1-7 2 more times to check if the values in each simulation match each other 

this is for finding the uncertainty of the simulation. 

 

Figure 3.  Design of inflow-inlet 
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Figure 4. Design of the Wheel 

 

Figure 5. design of outflow-outlet 
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Figure 6. Complete design of the turbine 

Hypothesis: 

Going from my physics knowledge and analyzing the formulas by increasing the flow rate the 

power output will also increase as they are directly positively correlated.  However, there are no 

predictions made for efficiency as there is too many factors that affect it. 

Going from this hypothesis by using the power output and efficiency graph it is possible to find 

the ideal flow rate for this turbine with constant gross head and other constant variables listed 

above. 

The ideal flow rate will be the highest efficiency one as wasting power isn’t something engineers 

are looking for while designing turbines. 
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Data collection: 

Flow Rate (𝒎𝟑 ∕ 𝒔) Power output (W) 

105 44018000 

100 37443100 

95 31199000 

90 25392600 

85 19990000 

80 15012000 

75 10467400 

70 6362870 

65 2244520 

60 1110020 

Table 1.  Flow rate vs Power output 
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Graph 1. Flow rate Against Power output 

After checking the values that the simulation calculated it can be clearly seen that power output  

has a  strong positive correlation with flow rate . The results of the simulation follows my 

hypothesis as it was stated before flow rate should have a positive and directly proportional 

relationship with power out. The linear trend of the data supports this verdict and going from the 

graph. By checking the equations [1,8] the volume of the flow is directly proportional to power 

output.  The values given by the simulation can be used to reverse engineering to find missing 

parts of certain equations and this can be used to figure out nearly every aspect of the turbine. 

Further analysis of the graph and the best fit line shows a correlation of 0.9915 which is an 

indicator of the positive connection 

.  
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Flow Rate (𝒎𝟑 ∕ 𝒔) Velocity Magnitude (Inlet) (m/s) 

105 1.122730 

100 1.069260 

95 1.015800 

90 0.962337 

85 0.908874 

80 0.855410 

75 0.801947 

70 0.748484 

65 0.695021 

60 0.641558 

Table 2. Flow rate vs Velocity Magnitude 
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Graph 2. Flow rate Against velocity magnitude (Inlet) 

By checking the values, we get from Flow rate against velocity magnitude we can also see a 

positive correlation between each other as this was expected. By using the equation [8] we can see 

that there is a positive correlation between velocity magnitude and flowrate as well. This further 

supports my thesis as increasing velocity magnitude means increasing discharge and increasing 

discharge meaning increasing.  
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Flow Rate (𝒎𝟑 ∕ 𝒔) Efficiency 

105 0.856753 

100 0.870055 

95 0.888706 

90 0.906776 

85 0.925090 

80 0.927862 

75 0.807938 

70 0.768175 

65 0.486739 

60 -0.455908 

 Table 4. Flow rate vs Efficiency  
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Graph 3. Flow rate against Efficiency 

the Efficiency curve gives unexpected results as going from other trends like power output, 

velocity magnitude there is simple formulas and already expected results as there is enough 

knowledge in how kinetic and potential energy works and with simple knowledge in fluid 

dynamics these values can be reached . However, in the case of efficiency there is a lot of factors 

effecting the results with the main one being the velocity triangles and cavities (Cavitations are 

the process of formation of vapor of a liquid when it has its pressure dropped at a constant 

temperature. Which in the end damages the turbine lowering the efficiency and creating a need for 

maintenance or just simply disturbs the flow of the liquid). Because these topics are quite complex 

no correlation can be found using or comment can be found using the current information available 

from the simulation 
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Error Calculation: 
One of the strong suits of this investigation is that there is no need for error calculation as the 

simulation does every calculation on its own leaving no room for human error. However just to be 

safe I used the simulation with the same inputs 2 more times to see if any value changed and after 

checking it there was no change in any value which makes error calculations. Also, with the 

simulation running 2000 iterations for each value and the mesh passing the mesh test in every 

variable between 105-65( including these) there is no random or systemic errors in these values. 

For the flow rate 60(𝑚3 ∕ 𝑠) there is a problem with efficiency as it shows -%40 efficiency which 

is impossible.  Because of this error flow rate of 60 (𝑚3 ∕ 𝑠) won’t be considered while doing the 

evaluation of the data. 

Theoretical Data 
For this investigation only the power output and efficiency formula needed is the power output as 

the power output is the independent variable. Using the simulation values and founding certain 

values such as hydraulic head and gross head from reverse engineering a sample calculation can 

be made for certain conditions. However these calculations aren’t perfectly accurate as there are 

many factors to affect the power output and efficiency in each iteration so the simulation takes the 

average of each iteration. 

The sample calculation for 105(𝑚3 𝑠⁄ ) flow rate will use formulas [1] 

𝑃 = 𝑄𝐻𝜂ℎ𝜌𝑔[1] 

Where: 

Q = Discharge  

H= Gross head (head) 
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𝜂ℎ= Hydraulic efficiency 

𝜌= Water density (997) 

G= Gravitational acceleration (9.81) 

With a head of 50 meters and a discharge of 105 to get  

50x105x0.857x997x9.81= 44005230 (W) 

There is a small difference between the theoretical power output and the simulations output as the 

simulation accounts for the chaotic flow of the water and the random movement of the fluid. 

After dividing the values 0.1% of a difference is found which shows the simulation is almost 

perfect in finding the power output.  

 

 

 

Conclusion and Evaluation 
In this investigation about different flow rates and how they affect the power output of an Kaplan 

turbine usage of Continuity principle, Potential energy of fluids (fluid dynamics) and kinetic 

energy leads to conclusion that was expected from the hypothesis as the hypothesis was written 

using basic knowledge in engineering physics this shows that the correlation between flow rate 

and power output is directly proportional as the flow rate increases the volume of the water 

increases . With higher volumes of water there is more potential energy which turns into kinetic 

energy then mechanical power. This conclusion is supported by the data gathered from the 

simulation and the theoretical data as well.   
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Secondly, it can be noticed that efficiency doesn’t fit the same trend as power output and other 

velocity, speed, force graphs as the efficiency curve shown in Graph 4 has a bell curve and it maxes 

out in the flow rate of 80 𝑚 3
𝑠⁄ . No comments were made about efficiency as it required further 

knowledge in the subject and with the inclusion of cavities to the equations it isn’t something that 

can be explained an investigation of this level.  Simply going from the data given by the graph for 

this specific turbine the ideal flow rate is 80 𝑚 3
𝑠⁄ . Even though 105 𝑚 3

𝑠⁄  has greater power 

output with having lower efficiency it is the worse choice in these conditions. 

Lastly with the usage of formulas listed in the background information ,the data gathered from the 

simulation and by reverse engineering the turbine in a CAD program certain unknown aspects of 

the turbine can be learnt . Also, by investigating the turbine in a CAD program its blade angles, 

runner diameter, hub diameter and the distance between blades can be found. These can provide 

additional information about the turbine and help with the calculations as one doesn’t need to find 

the values of these parts by hand. 

Overall, usage of simulation program aided this investigation drastically it doesn’t mean there are 

no problems with using a simulation. During the meshing of the turbine, I encountered an error 

which messed with the 60 𝑚 3
𝑠⁄   flow rate and caused it to have an efficiency of -%40. 

Additionally by not having a real life experiment no real value can be reached as it is all 

numerical analysis  even though the calculations done by the simulation is accurate . By 

having real life examples and values from a real example can better support the 

investigation. On the contrast by having simulation for my experiment there is no random 

errors and 1 systematical error in the system. Additionally by using simulations it removes 
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the need to calculate hard differential equations and made the investigation exceptionally 

easier making it understandable by an Highschool student. 

This investigation can be improved by having better knowledge in engineering physics (fluid 

dynamics) and better knowledge in CAD, CFD. Because I don’t have much experience with 

these kinds of soft wares I relied on premade designs with little adjustments made by me 

which messed up the mesh of the turbine. By following the instructions on the tutorials of 

these programs and experimenting on my own I tried to design and simulate a turbine which 

wasn’t that efficient and has no room for error. Someone with experience can use these tools 

better can simulate the turbine better and design his/her own turbine. 

The aim of this investigation was to find the effect of changing flow rates on a Kaplan turbine. 

Simple comments were made about their relation and the data gathered supported my 

hypothesis. However, a detailed investigation requiring knowledge on a higher level this 

investigation can be extended excessively. Because of the limitations caused by my 

knowledge efficiency, cavities and forces weren’t investigated and was briefly mentioned 

which leaves this investigation incomplete and beyond my level to complete it myself. 

Extension: 
In this investigation power output was the main variable and it was focused on it however Kaplan 

turbines are complicated designs with many aspects with the main one being able to change its 

blade angles according to the flow rate going into it. Someone with enough experience and 

knowledge in CAD can adjust these blades to see how in constant flow rate the blade angles affect 

the efficiency as they are the main component changing the efficiency and also try to work out 

how the blades move according to the changing flow rate and find a function that can be used to 
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adjust the blades according to the flow rate. Also by moving this investigation to the real world 

and inspecting real life turbines can aid with better understanding the mechanism of the turbine. 

With having a real turbine inspected monetary costs can be introduced into the investigation. 

Finally with the usage of certain programs turbines and other designs can be optimized. Using 

those programs on this turbine to find its maximum efficiency in its optimal blade angle, flow rate. 

By introducing these components into the investigation unfinished parts of this paper can be filled 

in and explain every principle of the turbine better. 
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