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Abstract 
The high-speed supercritical flow in steeply sloped channels contains a sig-
nificant amount of hydro-kinetic energy. A novel, horizontal axis, spillway 
turbine as presented in this paper attempts to convert that energy into elec-
tricity. We report on the turbine’s design and experimental testing. Its in-
tended use is in low-head, low-flow, manmade, concrete-lined channels such 
as chutes, spillways and other similar steeply sloped open-channels. The de-
sign lends itself from an impulse turbine runner but without a pipe or a noz-
zle. The spillway turbine consists of 2 main components: 1) the runner and 2) 
an accelerator channel that directs the water towards the runner’s blades. The 
runner, once fitted with Pelton-inspired “cup inserts” shows performance 
improvements both in terms of efficiency and specific speeds. The specific 
speed and the speed factors calculated confirm that this novel spillway tur-
bine runner can be categorized as an impulse turbine. The maximum effi-
ciency obtained during laboratory testing is 43.4% and hence competes well 
with standard hydrokinetic turbines. 
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1. Introduction 

The world population has reached 7.2 billion in 2014 and it is predicted to reach 
approximately 9.6 billion by 2050 if current growth trends are applied [1]. 
Moreover, constant and rapid development of technology increased energy de-
mands and energy dependence of the modern society significantly. Both of these 
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factors led to a noteworthy increase of carbon emissions and can be directly 
linked to climate change. 

Concerns about modern society’s effect on climate change have been ad-
dressed in several international agreements. The Paris Agreement [2] signed by 
almost 200 countries, put pressure on involved parties to reduce greenhouse gas 
emissions and keep global temperatures in check. The European Union Direc-
tive from 2009 [3] set the objective to produce at least 20% energy from renew-
able energy sources by 2020. This framework was updated in 2014 proposing to 
increase energy production from renewable sources to at least 27% by 2030 [4]. 
Therefore, the investment into extracting energy from renewable energy sources, 
rather than fossil fuels, is highly encouraged. 

Hydropower is a well-established renewable energy source, providing 71% of 
all renewable energy sources in 2016, and contributing to 16.4% of the world’s 
electricity needs [5]. The majority of investments are directed towards large hy-
dropower plants as they are the biggest contributors of electricity produced from 
water sources. High or medium head turbines such as Pelton, Kaplan or Francis 
turbines are mostly used in these large scale projects and have been established 
for decades. 

Although hydropower is considered one of the cleanest forms of energy, ques-
tions are raised about social and environmental impacts in regions where 
large-scale hydropower plants were built. In the past six decades, between 40 and 
80 million people have been moved from their homes as a direct result of large 
hydropower projects [6]. Also, large hydropower projects are known to impov-
erish river ecosystems considerably.  

Having clean energy extraction from water, with minimal disruption to local 
life and ecosystems resulted in smaller scale hydropower developments becom-
ing increasingly popular. This triggered a growth in new turbine design research, 
with the intention of placing such turbines in low head streams or man-made 
channels. 

The spillway turbine reported on here is a low head, low discharge impulse 
turbine, intended for use in chutes, spillways or other similar, steeply-sloped, 
concrete-lined channels. This turbine design is very attractive due to its low 
production cost, ease of installation, manufacture and portability. The spillway 
turbine system consists of the runner and the accelerator channel(s), which is 
(are) used to direct the flow towards the blades. Only minor civil work and site 
adjustments will be required for the installation because the need for a nozzle 
and therefore a pipe has been eliminated, as the accelerator channel is envi-
sioned to direct the flow to the runner. 

In this paper we report on the design and experimental performance testing of 
the turbine runner and accelerator channel. The laboratory testing is completed 
in the Hydro-Environmental laboratory at Cardiff University. The objectives are 
to proof the concept of the design and quantify the turbine’s performance in 
terms of power coefficient for various design variations.  
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2. Background 

The predecessor of modern hydraulic turbines, the water wheel, was invented in 
the 1st century BC [7]. The water wheel was of great importance in the industrial 
sense as it was used for many different purposes, from grinding grain to cotton 
clothes manufacturing. The biggest industries around the world were dependent 
on the efficiency of water wheels in 19th century. The water wheel inspired new 
and innovative turbine designs such as the first reaction turbine developed in 
England in 1744 which influenced the development of the Francis turbine in 
1855 [8]. Modern Francis turbines are most widely used and are installed in the 
largest hydropower plants such as Three Gorges Dam [9], Grand Coolee Dam 
and Itaipu Dam [10]. The market for new turbines developed after the notation 
that turbines such as the Francis turbines do not perform well in very high head 
or low head conditions. Kaplan or Bulb turbines are most commonly used for 
low head conditions and are also classified as reaction turbines. As reaction tur-
bines such as Francis operate well for medium but not very high head flows, 
impulse turbines were developed for use in such conditions. The principal dif-
ference between reaction and impulse turbines is in the way the flow energy is 
transferred to the runner. In reaction turbines, flow energy is partly converted to 
the kinetic energy but the flow pressure energy also has an effect on the impeller. 
In impulse turbines, water energy is completely converted to kinetic energy and 
the pressure energy does not have an effect on the runner [11]. Impulse turbines 
were invented at the end of 19th century for use in very high head flows. The 
most researched and used of these, that has become a synonym for high head 
turbines, is the Pelton wheel. Turgo and Cross-flow turbines are other renowned 
impulse turbines.  

2.1. Motivation and Principles behind the Spillway Turbine  
Design 

The motivation for the development of the spillway turbine comes from the idea 
of having a turbine that can be placed in a stream without extensive civil con-
struction and installation work and without significant disruption of the local 
ecosystem. The spillway turbine is intended to be an impulse turbine with the 
design inspired by the shape of Savonius hydrokinetic turbine shown in Figure 1 
and on a Pelton wheel bucket, the flow velocity components of which are pre-
sented in Figure 2. 

If considering frictional flows, the influences of Coriolis and centrifugal forces 
can be neglected comparing to the contributions of the frictional forces and the 
relative velocity is majorly affected by flow friction [13]. Similarly, the resulting 
impact force is significantly greater than Coriolis and centrifugal forces. The 
impact force appears due to the flow experiencing a sudden change in flow di-
rection due to bucket curvature [14]. Hence, bucket design has a major influence 
on the performance of the turbine as positive work from forces should be maxi-
mised whilst minimising losses due to friction [15]. 
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2.2. Application Sites 

The spillway turbine is intended for use in manmade steeply-sloped channels 
such as chutes, spillway, etc. A spillway is a channel that ensures a safe transition 
of water from a reservoir to a stream [16] and the flow over a spillway can be 
classified as a super critical shallow flow. Examples of existing spillways include 
the Alqueva Dam spillway in Portugal [17] and Llyn Brianne spillway in Wales 
[18], both shown in Figure 3. Spillways are a common occurrence in reservoir 
and dam schemes. 

If the spillway is large in length, it would be possible to place two or more tur-
bines in series. This would maximise the usage of flow power and therefore re-
sult in higher energy extraction. The design scaling and adjustments would be 
recommended for each application site individually. 

 

 
Figure 1. Hydrokinetic savonius rotor [12]. 

 

 

Figure 2. Velocity components of flow inside a Pelton bucket [15], where 
U-velocity of jet, U1-velocity of the Pelton runner, v1-absolute velocity of 
water at the entrance to the bucket, V2-relative velocity of water at the exit 
from the bucket, v2-absolute velocity of water at the exit from the bucket. 

 

 

Figure 3. LHS, Alqueva Dam spillway, Portugal [17]. RHS, Llyn 
Brianne dam spillway, Wales [18]. 
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3. Design of the Spillway Turbine 

The spillway turbine design consists of two components, the runner and the ac-
celerator channel. The biggest challenge in the spillway turbine design is to 
achieve good performance in very low head and low flow conditions. The need 
for a nozzle is eliminated as this would imply an increase in civil works. Instead, 
an accelerator channel is used to lead the flow towards the cups of the runner 
which significantly reduced installation, maintenance and production difficulty 
and costs.  

3.1. The Runner Design 

The runner was designed in such a way that different design variations can be 
tested with minimal structural changes. The basic runner design with no inserts 
is shown in Figure 4. 

The runner’s shaft is a stainless steel, 0.02 m diameter rod. The acrylic disks, 
0.01 m thick were placed on both sides of the runner to protect it from side fric-
tion and to deliver structural stability to the system, while allowing to observe 
from the outside how the water interacts with the blades. The disks placed on the 
runner have a diameter of 0.2 m and are attached to the runner with 24 socket 
head cap screws on each side. The runner has 6 blades is 0.3 m wide with a di-
ameter of 0.2 m. The basic runner design is then modified by implanting 2 cup 
or 4 cup inserts into the runner. Detailed CAD drawings of both inserts are 
shown in Figure 5 and Figure 6. 

The runner and the cup inserts are made of polyamide powder with a 3D 
printing technique called selective laser sintering (SLS). This production tech-
nique is based on a laser bringing powder material close to its boiling point and 
the heating of the powder particles results in formation of a solid shape. Syn-
thetic laser sintering allows for quick and cheap production of the runner and 
the “cup inserts” and therefore it is chosen as a production method. Alterna-
tively, the runner could have been manufactured from CNC machining of a solid 
block of material (e.g. aluminium or high-performance plastic), most likely the 
method of choice for real-world installations of the system.  

 

 

Figure 4. Exploded view of the runner with no inserts, 
1-runner shaft, 2-acrylic disk, 3-screws, 4-runner blades. 
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Figure 5. Drawing of the 2 cup insert and runner with 2 cup inserts. 

 

 
Figure 6. Drawing of the 4 cup insert and runner with 4 cup inserts. 

3.2. Accelerator Channel(s) 

The purpose of the accelerator channel(s) is to direct high-speed flow towards 
the runner. The accelerator channel consists of a 0.015 m thick stainless steel in-
sert and acrylic sides. After analysing lower and higher thicknesses for the steel 
section in the initial stages of testing, it was concluded that the thickness of 0.015 
m should be adopted and taken forward. Three different wedge designs were 
tested with the same thickness stainless steel inserts and are given below. The 
lengths of all wedges were adjusted to fit the laboratory spillway but they can be 
further elongated to fit specific sites. With the goal to test the influence of the 
accelerator channel width on the turbine’s performance, the runner with 2 cup 
inserts was tested with a 0.15 m wide accelerator channel (A) shown in Figure 7 
as well as a 0.126 m wide accelerator channel (B) shown in Figure 8. Channels A 
and B direct the flow towards the blades in the same manner as shown in Figure 
7. The only notable difference between these two channels is the width. Whilst 
channel A’s width-to-runner-ratio is 1:2 and channel B’s width-to-runner-ratio 
is 1:2.4. 

The runner with 4 cup inserts is tested with the channel (C) shown in Figure 
9. The 4 cup insert diameter is 0.075 m, same as the width of channel C. The 
runner with no cup inserts is also tested with the accelerator channel A.  

4. Laboratory Testing 

All tests are completed in the recirculating flume at Cardiff University, School of 
Engineering hydraulics laboratory. The flume is 1.2 m wide, 1 m deep and 17 m 
long. This flume has been used in previous laboratory experiments investigating 
hydrokinetic turbines [19] [20] [21]. At the flume inlet, a weir is installed in or-
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der to generate a difference in water elevation. At a height of 1 m, a 0.3 m wide 
channel spillway is attached to the weir where water is discharged as soon as the 
weir-channel opening overspills. After a short horizontal section, the channel 
slope changes to 45˚ in order to accelerate the flow and eventually drive the tur-
bine runner as shown in Figure 10. All tests are conducted with discharges 
ranging from 6 to 16 l/s. The head ranges from 0.49 to 0.55 m.  
 

 

Figure 7. Accelerator channel A, 0.15 m wide. 
 

 
Figure 8. Accelerator channel B, 0.126 m wide. 

 

 
Figure 9. Accelerator channel C comprising two 
sections, each 0.075 m wide. 
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Figure 10. Spillway construction in the testing flume. 

4.1. Flow Discharge Measurement 

A fully contracted rectangular weir is placed 10 m downstream from the runner. 
It is used to measure the discharge of the flow. The weir is designed [22] with 
dimensions in millimetres shown in Figure 11. The discharge can be calculated 
using Equation (1) as follows [22]: 

( )( )3/21.84 0.2 weir weirQ L h h= −                    (1) 

where hweir represents the height of water above the weir opening in meters, Q 
(m/s3) is discharge and L (m) is the width of the weir, which is 0.5 m.  

4.2. Data Logging 

Data is logged to calculate the power of flow going into the system and the 
power produced by the turbine. The coefficient of power, or turbine efficiency is 
calculated by using Equation (2), which reads:  

out inCp P P=                          (2) 

where Pin is the power of flow and Pout is the power produced by the turbine. Pin 
is obtained from:   

inP gHQρ=                          (3) 

with density of water (ρ) is ρ = 1000 m3/kg, gravitational constant (g) is 9.81 
m2/s, H is the head measured in meters and Q is discharge obtained from the 
weir equation.  

Torque (T) s measured in Nm and rotational velocity (ω) in rad/s and hence 
Pout can be calculated from:  

outP Tω=                           (4) 

The specific speed Ns is calculated using Equation (5):  
5/4

s outN N P H=                       (5)  

where N is rotational speed in rev/min, Pout is power produced by the turbine in 
kW and H is effective head in m. The speed factor φ is calculated using Equation 
(6) where D is the diameter of the runner in m and N and H are the same as in 
Equation (5). 
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Figure 11. Rectangular weir used in the testing flume. 

 
0.584.6DN Hϕ =                           (6) 

For the power out (4) calculation, torque and the rotational velocity are 
measured with the torque transducer Futek TRS605. 

4.3. Turbine Drive Train Design 

The turbine laboratory set up consists of 4 main components which are shown 
in Figure 12 and are summarised below. The bridge, the drive train, the genera-
tor and the supporting structure components are kept the same throughout all 
tests. A movable bridge is used to support the drive train and the generator. The 
belt is tensioned by moving the bridge horizontally away from the runner in or-
der to avoid belt slipping. 

The drive train consists of 5 components as shown in Figure 13. The role of 
the drivetrain and generator are to transfer and convert mechanical rotational 
energy at the runner to electrical energy.  

For the runner, a 20 mm stainless steel shaft is used with a 30 teeth pulley (4) 
placed at the end. A similar pulley is mounted at the end of the drive shaft (3). 
Both pulleys are connected with a Continental HTD 1500-5M timing belt (5) 
which transfers the rotational mechanical energy from the runner to the drive 
train. The torque transducer (2) is placed on the main shaft and is used for tor-
que and rotational velocity measurements. At the very end of the main drive 
train shaft, a low speed AC generator (1) is mounted which converts the turbine 
system’s mechanical energy into electrical energy. The entire process from the 
spinning of the runner to electricity generationis depicted in Figure 14. 

5. Results and Discussion 

More than 380 tests are completed in the laboratory. Early results and findings 
influence both the runner and the wedge design and have led to optimisations. 
The results are presented in terms of power coefficients calculated using Equa-
tion (2). As there are several geometrical parameters involved in the optimisa-
tion, a sketch of these is given in Figure 15. Variable “x” represented the hori-
zontal distance of the runner to the wedge, “y” was the vertical distance of the 
runner to the flume bed and “z” was the perpendicular distance of the runner to 
the chute spillway. The overview of designs tested and their descriptions is 
shown in Table 1. 
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Figure 12. Spillway turbine testing structure: 1-drive train 
and generator, 2-bridge, 3-supporting structure, 4-runner. 

 

 
Figure 13. The drive train: 1-generator, 2-torque trans-
ducer, 3-drive train shaft, 4-pulley, 5-belt. 

 

 

Figure 14. Mechanical to electrical energy conversion in the spillway turbine system. 
 

 

Figure 15. Sketch of geometrical parameters. 
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Table 1. Descriptions of designs tested. 

 Channel A Channel B Channel C Runner NC Runner 2C Runner 4C 

Description 

0.15 m wide, 
tested with 
runner NC and 
runner 2C. 

0.126 m 
wide, tested 
with runner 
2C. 

Two part, 
0.075 m 
wide, tested 
with runner 
4C. 

Runner  
with no cup 
inserts 
shown in 
Figure 5. 

Runner with 
2 cup inserts 
shown in 
Figure 6. 

Runner with 
4 cup inserts 
shown in 
Figure 7. 

5.1. Runner with 2 Cup Inserts 

Runner with 2 cup inserts (Runner 2C) is tested with accelerator channels A and 
B. The results in terms of power coefficient as a function of torque produced of 
Runner 2C with channel A are shown in Figure 16 and Figure 17, and these 
show how changing the “x” and “y” geometric parameters affect turbine per-
formance. Maximum efficiencies for power curves shown in Figure 18 are 
summarised in Table 2. The channel bed distance was increased to 0.385 m for 
results shown in Figure 19 and maximum efficiencies achieved for this setup are 
summarised in Table 3. 

The runner performs best when it is placed 0.02 m from the wedge and 0.375 
m from the channel bed achieving efficiency of 43.4%. The efficiencies drop 
when the runner is moved away from the wedge in x direction and the channel 
bed in y direction, as it can be observed from Table 2 and Table 3. 

This observation is also made when the runner with 2 semi-circular cup in-
serts is tested with channel B, which is narrower than channel A. Channel A and 
B test results are plotted in Figure 18. The runner is placed 0.02 m from the 
wedge in x direction and 0.375 m from the channel bed in y direction for both 
cases, as this variable set up resulted in best turbine performance.  

The maximum efficiency achieved with the 0.15 m wide channel (A) is 43.4% 
and the maximum efficiency attained with the 0.126 m wide channel (B) is 34.9%. 
Therefore, it can be noted that runner 2C performs better with a wider channel 
than for a narrower channel, suggesting a channel-width-to-runner-width-ratio of 
1:2 for the final design of the turbine.  

5.2. Runner with 4 Cup Inserts 

Runner 4C with the accelerator channel C is tested with different “x” and “y” 
geometric parameters shown in Figure 15. A photo of this setup is shown in 
Figure 19. 

The measured power curves for the 4C runner with different “x” and “y” pa-
rameters are presented in Figure 20 and Figure 21. The power curves are shown 
in Figure 20, with a channel bed distance of 0.375 m and maximum power coef-
ficients are given in Table 4. The channel bed distance is then increased to 0.385 
m and the power curves are presented in Figure 21 and maximum efficiencies 
achieved for this setup are summarised in Table 5. 

The runner with 4 cup semi-circular inserts performed best when it was 
placed 0.02 m from the wedge and 0.375 m from the channel bed achieving a 
maximum power coefficient (or efficiency) of 34.36%. The efficiencies dropped 
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when the runner was moved away from the wedge in “x” direction and the 
channel bed in “y” direction, as it can be observed from Table 4 and Table 5.  

 
Table 2. Maximum efficiencies from.  

Distance to channel bed (y) = 0.375 m 

Channel A position (x) Maximum Efficiency % 

0.02 m 43.38% 

0.03 m 39.07% 

 
Table 3. Maximum efficiencies from. 

Distance to channel bed (y) = 0.385 m 

Channel A position (x) Maximum Efficiency % 

0.02 m 34.87% 

0.03 m 32.16% 

 
Table 4. Maximum efficiencies from.  

Distance to channel bed (y) = 0.375 m 

Wedge position (x) Maximum Efficiency % 

0.02 m 34.36% 

0.03 m 29.49% 

 
Table 5. Maximum efficiencies from.  

Distance to channel bed (y) = 0.385 m 

Wedge position (x) Maximum Efficiency % 

0.02 m 20.64% 

0.03 m 20.35% 

 

 

Figure 16. Power curve of Runner 2C and channel A at y = 
0.375 m distance. 
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Figure 17. Power curve of Runner 2C and channel A at y = 
0.385 m distance. 

 

 

Figure 18. Runner 2C with accelerator channels A and B. 
 

 
Figure 19. Laboratory testing of runner 4C and 
accelerator channel C. 
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Figure 20. Power curve for Runner 4C and channel C 
with y = 0.375 m. 

 

 
Figure 21. Power curve for Runner 4C and channel C 
with y = 0.385 m. 

5.3. Runner with No Inserts 

Finally, the runner with no cup inserts is tested with the accelerator channel A in 
order to quantify the effect of the cup inserts on turbine performance.The peak 
power coefficient achieved with different “x” and “y” distances are summarized 
in Table 6. 

From previously presented results it is noted that all runners performed best 
when placed 0.02 m horizontally from the wedge and 0.375 m from the channel 
bed. Hence, these parameters are used in the performance comparison plot of 
runner 2C, runner 4C and runner with no inserts which is presented in Figure 22. 

It can be noted that the runner with 2 cup semi-circular inserts and 0.15 m 
wide channel A showed best performance from all setups tested. It is noteworthy 
that the turbine’s performance is similar to recently investigated horizontal [23] 
[24] and vertical [19] [20] [21] axis hydrokinetic turbines and hence offers an 
opportunity to harness very shallow high-speed flows which were previously 
deemed unsuitable for hydrokinetic energy exploitation.  
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5.4. Specific Speed and the Speed Factor 

The specific speed and speed factors are calculated using Equations (5) and (6) 
respectively. The calculated values for peak power coefficients are given in Table 
7. The speed factors against the power coefficient for all three runners are de-
picted in Figure 23.  

From Figure 23 and Table 7 it can be noted that the runners with cup inserts 
have higher specific speeds and speed factors than the runner with no cup in-
serts. Hence, the idea of achieving similar water blade interaction as it occurs in 
Pelton blades shown in Figure 2 and Figure 3 is considered validated. As the 
speed factors fall into 0.43 - 0.48 range of impulse turbine speed factors [11], it 
can be concluded that the spillway turbine with 2 cup inserts can be classified as 
an impulse turbine. The specific speed [25] range shown in Table 7 also con-
firms that the spillway turbine can be defined as an impulse turbine. 

 

 

Figure 22. Comparison of all runners tested, x = 0.02 m 
and y = 0.375 m. 

 

 
Figure 23. Speed factors of tested runners. 
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Table 6. Runner with no inserts and channel A. 

Distance to channel bed (y) = 0.375 m Distance to channel bed (y) = 0.385 m 

Wedge position (x) Maximum Efficiency % Wedge position (x) Maximum Efficiency% 

0.02 m 22.43% 0.02 m 21.96% 

0.03 m 22.03% 0.03 m 21.35% 

 
Table 7. Speed factor and specific speeds. 

 Runner 2C, Channel A Runner 4C, Channel A Runner NC, Channel A 

Speed Factor (φ) 0.437 0.414 0.398 

Specific Speed, Ns 43.66 37.49 28.64 

6. Conclusions 

A novel spillway turbine has been designed and experimentally tested in Cardiff 
University’s hydraulics laboratory. The main components of the turbine are the 
6-bladed runner and its cup inserts, combining the advantages of a Savonius 
freestream drag turbine and a Pelton turbine, the cups of which promote local 
flow reversal and thus improve the Savonius-type runner’s efficiency.  

The runner is placed downstream of an accelerator channel and the run-
ner-width-to-channel-ratio is found to be an important geometric parameter 
too. The tests confirmed that a 1:2 ratio works better than a smaller ratio.  

Furthermore, the influence of the number of cup inserts on the performance 
of the turbine has been tested, too. The design that shows the best efficiency is 
the 6-bladed runner with 2 semi-circular cup inserts.  

The specific speeds and maximum speed factor obtained for the best per-
forming runner, indicate that this turbine can be considered an impulse turbine. 
The specific speed and the speed factor are in the same range as a Pelton wheel’s 
parameters. 

The best performing design reached a peak efficiency of 43.4%. The next step 
forward in the development of the spillway turbine will be testing a scaled-up 
version in a relevant environment. 
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