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 a b s t r a c t

The Archimedes Screw hydrokinetic turbine (AST) is garnering considerable interest because of its potential 
applicability in harvesting river and tidal energy. The turbine is well suited to bi-directional flows, low-velocity 
flows, and shallow watercourses. Because the AST is a reasonably new hydro-technology, very little literature 
is available on its design and performance optimization. This study experimentally investigates the torque and 
power generation of the AST. Laboratory scale turbine models with one, two, and three flights (blades) were 
tested in a water tunnel to measure torque and angular velocity at different flow velocities and varying inclination 
angles (𝛽) of the turbine. A maximum coefficient of performance (𝐶𝑃 ) of 0.41 was obtained at a tip speed ratio 
(𝜆) of 0.52 at a flow velocity (𝑈∞) of 0.45 m/s and 𝛽 = 30◦ for a turbine with two flights. In the case of the 
3-flight turbine, the highest value of 𝐶𝑃  was also obtained at 30◦ (0.40 at 𝜆 = 0.53). For the 1-flight turbine, a 
maximum 𝐶𝑃  of 0.23 was obtained at a 𝛽 of 28◦ and 𝜆 of 0.30. The results also showed a time-varying fluctuation 
in the torque, which reduced in magnitude with an increase in number of flights. The ripple was found to occur 
once-per-revolution and not once-per-flight, irrespective of the number of flights.

1.  Introduction

The Archimedes screw turbine (AST), shown in Fig. 1a, is a hydroki-
netic turbine that can be used in small hydropower systems, which are 
fast becoming a reliable means of generating power in remote and off-
grid locations where reasonable hydropower resources are readily avail-
able. It is different from the more popular Archimedes screw generator 
(ASG) shown in Fig. 1b by the absence of the casing enclosing the blades 
so that it converts the kinetic energy of the water flow rather than the 
low head of the ASG. The differences between the AST and ASG are 
discussed in more detail in Section 2.

There is an abundance of flow-of-the-river and tidal resources that 
the AST can exploit. The turbine is suited to bi-directional flow, mak-
ing it an excellent candidate for harvesting tidal energy. It is also well 
suited for very low current speeds (Shahsavarifard et al., 2015; Zhang 
et al., 2023) and other low-flow-rate conditions where most other tur-
bine types cannot operate optimally (Williamson et al., 2011). This 
could be important for water resources with significant flow variation 
throughout the year.

The chief advantage of the AST is its simplicity and ruggedness mak-
ing it cheap to manufacture and resilient to water-bourne debris. It is 
also a low-speed turbine whose maximum torque occurs when the tur-
bine is stationary so that it starts easily. Its low-speed operation also 
means that the likelihood of the occurrence of cavitation during its
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operation is low. Like a vertical-axis turbine, the AST is easily configured 
so the generator is above water as shown in Fig. 1a.

The AST is of potential economic importance because of its simple 
design, sturdy construction, and its prospects of a long lifespan. Due to 
its simple design, it can be easily manufactured in developing countries 
and remote locations using locally available materials and technologies 
at low costs. Its more popular and better-known counterparts like the 
Kaplan and Francis turbines have more complex designs and are expen-
sive to manufacture and are hence very likely to be out of reach within 
these target communities. In addition, the AST has the capability to op-
erate at flow speeds that are relatively low compared to vertical and 
horizontal axis hydrokinetic turbines.

The AST can be instrumental in filling the need for clean, renewable, 
sustainable, and affordable energy. Providing an efficient turbine design 
could be of great economic and environmental importance. The litera-
ture review in Section 2 will show that very little is currently known 
about the hydrodynamics of the AST. This study aims to address some of 
the gaps in the literature regarding the AST to better understand its op-
eration by undertaking experiments to determine its performance char-
acteristics.

The remainder of this paper has the following organisation. The lim-
ited literature on the AST is reviewed in the next Section. The experi-
mental setup and measurements are described in Section 3 and the re-
sults in Section 4. The final section contains the conclusions.
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Phillips and Wood

Fig. 1. Geometric differences between the AST (left) and ASG (right).

Table 1 
List of Symbols.
 Symbol  Quantity  Unit
𝛽  Inclination angle  Degrees ◦
𝛿  Diameter ratio
𝜖  Blockage ratio
𝜆  Tip speed ratio
𝜔  Angular velocity  rad/s
Λ  Turbine pitch  m
Λ𝑟  Pitch ratio
𝜌  Density  kg/m3

𝜏  Torque  Nm
𝐴  Water channel cross sectional area  m2

𝐴𝑡  Turbine swept area  m2

𝐶𝑃  Power coefficient
𝐶𝜏  Torque coefficient
𝐷, 𝑑  Turbine outside and inside diameters  m
𝑓𝑛  Low-pass frequency  Hz
𝐿  Turbine length  m
𝐿𝑟  Length ratio
𝑁  Number of flights
𝑅  Turbine radius  m
 P  Power  W
𝑃𝑡  Turbine power  W
𝑈∞  Freestream velocity  m/s

2.  Review of available literature

The Archimedes screw originated in the middle of the second century 
BC as a positive displacement pump (Alton and Howell, 2003; Nagel, 
1968; Rorres, 2000; Thakur et al., 2024). Over the years, the screw 
found application in myriad applications: water pumps, fish ladders, 
sewage pumps, grain pumps, and heart valve replacement devices. It 
was in the latter part of the twentieth century that the screw started to 
be researched as a form of hydro turbine.

A large portion of available literature and research data focuses on 
the operation of the Archimedes screw turbine as a function of the avail-
able head rather than on the kinetic energy of moving water. When har-
nessing the potential energy of water due to a head difference, the tur-
bine will be referred to as an Archimedes Screw Generator (ASG). The 
ASG is essentially an Archimedes screw enclosed within a casing and 
operated at an angle to the horizontal (see Fig. 1b). Buckets are formed 
between the screw blades and the casing. These buckets trap water be-
tween the blades (Rorres, 2000; Lyons and Lubitz, 2013; Kozyn et al., 
2015; Simmons and Lubitz, 2017; Shahverdi et al., 2021) and the head 
difference between buckets generates pressure on the screw causing it 
to rotate (Shimomura and Takano, 2013; Waters, 2015; Kozyn et al., 
2015; Shahverdi et al., 2021).

The first Archimedes Screw hydro turbine was tested in 1995 at the 
Technical University in Prague, and the first operational ASG was in-
stalled on the river Eger in Aufhausen, Germany, in 1997 (Lashofer et al., 
2012). In the early 2000s, it was introduced to the UK (Waters and Ag-
gidis, 2015) and in September 2013, the first ASG was connected to the 

North American power grid in Ontario (Kozyn et al., 2015). There are 
presently about 400 installations of the ASG of varying sizes around the 
world, with the majority of these installations in Europe (Lashofer et al., 
2012; Kozyn et al., 2015).

Even though the ASG operates at very low heads, it still requires 
at least a 1m head difference between the blades upstream and down-
stream for its operation. This head difference usually results from its 
inclination, and no hydrostatic force is created in the absence of an in-
clination (Rorres, 2000). The maximum efficiency of the ASG is limited 
by a combination of geometry and mechanical losses (Waters, 2015; 
Müller and Senior, 2009; Rohmer et al., 2016).

The AST is effectively an ASG without a casing and, therefore, does 
not form buckets (Fig. 1). It can be partially or fully submerged in water 
and placed horizontally or at an angle (𝛽) to the horizontal. Unlike the 
ASG which utilises a hydrostatic head, the AST uses kinetic energy to 
produce a pressure difference between the upstream and downstream 
sides of the blades. The pressure difference produces a torque about the 
axis of rotation of the turbine.

There is still very little research on the AST, either experimental 
or numerical. The only large-scale prototypes reported in the litera-
ture are the Delta unit and the Cat 3EC42 deployed by Jupiter Hy-
dro (Shahsavarifard et al., 2015). The Cat 3EC42 prototype, which 
is Jupiter Hydro’s latest prototype, consists of two 0.91 m diameter, 
2.85 m long ASTs fixed to an equilateral triangular platform. Each tur-
bine was connected to a 3-kW synchronous permanent magnet gener-
ator, with the generator upstream of the turbine. They were able to 
obtain a maximum power coefficient (𝐶𝑃 ) of 0.5 for one of the turbines
(see Figs. 2 and 3). The mechanical power was obtained by direct

Fig. 2. Plot of 𝐶𝑃  against 𝜆 (TSR) for the Energy CAT 3EC42. Reproduced from 
Shahsavarifard et al. (2015).
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Table 2 
Summary of Shahsavarifard et al. (2015)’s, Zhang et al. (2023)’s, and Zitti et al. (2020)’s results.
 Ref.  D (m)  L (m) Λ (m) 𝛽 𝜆 𝐶𝑃  Type
Shahsavarifard et al. (2015)  1.06  2.87  0.60  30◦  2.04  0.500  Field Test
Zhang et al. (2023)  0.30  0.30  0.15  0◦  1.20  0.350  CFD
Zitti et al. (2020)  0.10  0.32  0.16  10◦  0.75, 0.1112  0.144, 0.07  CFD, Experiments
Zitti et al. (2020)  0.10  0.32  0.16  0◦  0.75, 0.1117  0.238, 0.12  CFD, Experiments

Fig. 3. Plot of 𝐶𝜏 against 𝜆 (TSR) for the Energy CAT 3EC42. Reproduced from 
Shahsavarifard et al. (2015).

measurement of the shaft torque and is therefore the energy extracted 
from the water. The electrical power is the output power from the gen-
erator and includes the generator efficiency. They also obtained maxi-
mum torque (𝜏) at tip speed ratio (𝜆) of 0.5, with torque coefficient (𝐶𝜏 ) 
decreasing as 𝜆 increased.

In terms of torque (𝜏), the power extracted from the water (P) can 
be expressed as: 
𝑃 = 𝜏𝜔 (1)

where 𝜔 is angular velocity. When the blades are stationary, 𝑃 = 0. What 
is desired in any operation is for 𝐶𝑃  to increase rapidly from zero as the 
speed increases. Differentiating both sides of Eq. (1) gives: 
𝑑𝑃
𝑑𝜔

= 𝜔 𝑑𝜏
𝑑𝜔

+ 𝜏 (2)

Eq. (2) shows that when 𝜔 = 0, 𝜏 is the rate of change of P with respect to 
𝜔, and that maximum 𝜏 always occurs below maximum power in terms 
of 𝜆. The smaller the 𝜆 at which maximum P is obtained, the higher 
the starting torque will be. This analysis shows that because the AST 
achieves its best performance at low shaft speeds, it will have good self-
starting capabilities. Zhang et al. (2023)’s work supports this analysis. 
They proposed an AST array for in situ power generation in deep-sea 
environments, and the results from their CFD simulations showed that 
the AST can start at speeds as low as 0.1m/s and achieve average 𝐶𝑃
values of up to 0.35 (see also Zhang et al., 2022).

In their investigations, Zhang et al. (2023) arranged three AST units 
in a triangular layout, with one turbine upstream of the other two. They 
chose this layout to maximise coupling effects between the turbines, 
optimise space utilisation for deep-sea deployment, and to facilitate the 
study of both co-rotating (all three turbines spinning in the same di-
rection) and counter-rotating (upstream and downstream turbines spin-
ning in opposite directions) setups. They modelled the opposing rota-
tion for the counter-rotating configuration using CFD (ANSYS Fluent) 
by assigning opposite rotational directions (angular velocity vectors) to 
the downstream turbines compared to the upstream one. This allowed 

them to analyse the effect of opposite wake interactions, specifically how 
the meshing effect of the wake improves downstream performance and 
overall energy density. The co-rotating setup achieved a 6% maximum 
𝐶𝑃  improvement over that of a single turbine operating in an open-flow 
field, and the counter-rotating setup achieved an 8% improvement. This 
is because the counter-rotating setup reduces wake interference between 
the turbines and increases energy density by allowing tighter spacing. 
It also produces synergistic vortex structures that increase downstream 
turbine performance. It is important to note that the turbine models used 
in these investigations have a non-zero blade curvature, i.e. the blade 
is not mirror-symmetrical. One side of the blade is concave while the 
other side is convex. The present study used straight blades.

Zitti et al. (2020) conducted both experimental and computational 
studies on a small AST model and found that the performance coeffi-
cients obtained were in line with those for other types of hydrokinetic 
turbines. They recorded an average 𝐶𝑃  of 0.07 from experiments and 
0.15 from numerical simulations for their AST model, which had 𝐷 = 
0.1m, Λ = 0.16 m, 𝐿 = 0.32 m, 𝑁 = 1, 𝛽 = 10◦ and two turns. Their 
comparatively low values could be attributed to the lower value of 𝛽
and the relatively smaller model size. Table 2 summarises the results of 
Shahsavarifard et al. (2015), Zhang et al. (2023), and Zitti et al. (2020).

A final advantage of the AST is that it can operate with either left-
to-right flow or the reverse in Fig. 1. This would make it unnecessary to 
alter the turbine orientation in a tidal flow, for example, which would 
simplify installation. If the turbine flights are well below the water sur-
face, the direction of flow should be immaterial, but if the turbine is 
located close to the water surface, which is likely for practical reasons, 
the free surface may influence the performance. This motivated us to 
test the AST with both flow directions.

3.  Experimental methodology

3.1.  Turbine geometry

The parameters that determine the geometry of the AST (Fig. 4) can 
be classified into external and internal parameters. The external param-
eters are those that are likely to be influenced by the site in which the 

Fig. 4. Geometric configuration of the AST.
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screw will be deployed, and they include the outside diameter (𝐷) and 
the total length of the screw (𝐿). The internal parameters are those that 
are required in addition to the external parameters to fully specify the 
screw’s geometry and which can be modified to optimise the perfor-
mance of the screw. They are the inside diameter (𝑑), the pitch (Λ), and 
the number of flights (𝑁).
1. External Parameters
(a) Outside Diameter (𝐷): This is the diameter of the coaxial circle 

whose circumference coincides with the crests of the blades.
(b) Total Length of screw (𝐿): This is the overall length of the turbine 

flights.
2. Internal Parameters
(a) Inside Diameter (𝑑): This is the diameter of the screw’s inner 

cylindrical shaft around which the blades are wrapped.
(b) Pitch (Λ): This is the distance between corresponding points on 

adjacent threads of the same flight, measured parallel to the axis 
of the screw.

(c) Number of Flights (𝑁): This is the number of blades/helices on 
the turbine and is equivalent to the number of blades in other 
turbine types.

3. Important Design Ratios
(a) Diameter Ratio (𝛿 = 𝑑∕𝐷): If 𝜏 depends on the pressure difference 

across the turbine’s blades (i.e. 𝜏 depends on pressure and 𝐷 − 𝑑), 
then as 𝑑 approaches 𝐷 (reducing 𝛿), 𝜏 would decrease and would 
approach zero when 𝑑 is almost equal to 𝐷. In the same way, as 
𝑑 approaches zero, 𝜏 would also approach zero. This implies that 
there would be an optimal 𝛿 at which the maximum possible 𝜏
can be obtained.

(b) Pitch Ratio (Λ𝑟 = Λ∕𝐷): Literature on the ASG and ASP have 
shown that Λ𝑟 has an important influence on the performance 
of these devices. This ratio could be of great importance to the 
AST as well.

(c) Length Ratio (𝐿𝑟 = 𝐿∕𝐷): The length of the turbine is a direct 
function of the number of flights and the pitch. It is postulated 
that there could be an optimal maximum length that would pro-
duce maximum power output before the effects of weight and 
rotational inertia start to be dominant. There would also be a 
minimum length below which the pressure difference between 
the upstream and downstream sections of the turbine would be 
insignificant.

3.2.  Experimental setup

To carry out tests on turbine models in the two flow directions in 
a unidirectional tunnel, the turbine models were inclined in two dif-
ferent configurations as shown in Fig. 5. In the first configuration, the 
turbine was inclined “against” the flow direction of the water and the 
instrumentation was upstream of the turbine as shown in Fig. 5a. In the 
second configuration, the turbine is inclined “into” the flow and the in-
strumentation was downstream of the turbine as shown in Fig. 5b. The 
turbine’s performance would be expected to be the same for the two 
configurations when surface effects are negligible.

The water channel used is an Eidetics 1520 water tunnel with a 
test section that is 1.2 ft x 1.2 ft x 15 ft long (0.365 m x 0.365 m x 
4.57 m long) and provides an adjustable free stream flow speed between 
0.07 m/s and 0.45 m/s. It is a recirculating closed-circuit tunnel with a 
free water surface in the test section. The contraction upstream of the 
test section has an inlet/outlet area ratio of 6:1, which gives a uniform 
velocity distribution and turbulence level (the turbulence intensity is 
less than 1.0% RMS) and avoids the likelihood of local flow separa-
tions. The turbine model shown in Fig. 5 has the following geometric 
properties:

1. 𝐷 = 100.2 mm. This value was selected based on the dimensions of 
the water tunnel and the effects of blockage.

2. 𝛿 = 0.5. Hence, 𝑑 = 50.1 mm

Fig. 5. Turbine orientation and experimental configurations.

3. Λ𝑟 = 1.4. Hence, Λ = 0.142 m
4. 𝑁 = 3 flights spaced at 120◦ to each other.
5. Number of turns (number of complete revolutions of the flights) = 
3.5

6. 𝐿 = 3.5Λ = 0.497 m

3.3.  Instrumentation

A Futek TQ513-062 rotary torque sensor was used to measure the 
torque exerted on the turbine as water flows over it. Thus, we measured 
the equivalent of the “mechanical power” in Fig. 2. A Warner Electric 
MPB2-1-24 magnetic particle brake was used to apply variable torque 
to the turbine shaft to accommodate changes in shaft rotational speed 
at different flow rates. A US Digital HB5M hollow bore optical encoder 
was used to measure the RPM of the turbine, and an ATI Gamma SI-32-
2.5 force/torque sensor was used to measure forces. For data collection, 
the values of 𝛽 and flow velocity (𝑈∞) were varied, while values of 𝜏, 
and 𝜔 were recorded. Data was taken for turbines with one, two, and 
three flights in the two configurations.

The torque sensor measures the shaft torque which is the torque ex-
tracted from the water. A Futek IAA100 analog amplifier with voltage 
output amplified the signal before going into a data acquisition device 
(DAQ 6212). Using scripts written in Matlab, the torque data was ob-
tained directly from the torque sensor. Data from the HB5M optical 
encoder were also processed through Matlab scripts, and the angular 
velocity was calculated from the RPM data. The power coefficient was 
obtained using Eq. (1): 

𝐶𝑃 = 𝑃
1
2𝜌𝐴𝑡𝑈3

∞

= 𝜏𝜔
1
2𝜌𝐴𝑡𝑈3

∞

(3)

where 𝜌 is the fluid density, and 𝐴𝑡 is the turbine’s swept area, which is 
defined as
𝐴𝑡 = 𝐿𝐷 sin 𝛽 (4)

𝐶𝜏 = 𝜏
1
2𝜌𝐴𝑡𝑅𝑈2

∞

= 4𝜏
𝜌𝐿𝐷2 sin 𝛽𝑈2

∞
(5)

Fig. 6 shows the instrumentation and how they are connected to the 
turbine in the experimental setup.

3.4.  Error analysis

The uncertainties in the torque (Δ𝜏), angular velocity (Δ𝜔), tip 
speed ratio (Δ𝜆), turbine power (Δ𝑃𝑡), power coefficient (Δ𝐶𝑃 ) and 
torque coefficient (Δ𝐶𝜏 ) were determined using the methods defined by
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Fig. 6. Experimental setup with instrumentation (a) rig with turbine in the water tunnel with flow from left to right, (b) and (c) close-up of instrumentation.

Moffat (1982) and Taylor and Thompson (1998). The propagated errors 
in these quantities were estimated as follows: 

Δ𝜏 = 𝜏

√

( 𝛿𝑙
𝑙

)2
+
( 𝛿ℎ
ℎ

)2
+
( 𝛿𝑧
𝑍

)2
(6)

where 𝛿𝑙∕𝑙, 𝛿ℎ∕ℎ, and 𝛿𝑧∕𝑧 are the linearity, hysteresis, and zero er-
ror uncertainties in the torque sensor respectively, as provided by the 
manufacturer (Omega Engineering, 2000). 

Δ𝜔 = 𝜔

√

( 𝛿𝑣
𝑣

)2
+
( 𝛿𝑇
𝑇

)2
+
(

𝛿𝜌
𝜌

)2
(7)

where 𝛿𝑣∕𝑣 and 𝛿𝑇 ∕𝑇  are the uncertainties in the velocity uniformity 
and turbulent intensity level in the water tunnel respectively, as pro-
vided by the manufacturer (Rolling Hills Research Corporation, 2003), 
and 𝛿𝜌∕𝜌 is the water density uncertainty, which is assumed to be 
0.001 kg/m3. 

Δ𝜆 = 𝜆

√

(Δ𝜔
𝜔

)2
(8)

Δ𝑃𝑡 = 𝑃𝑡

√

(Δ𝜔
𝜔

)2
+
(Δ𝜏

𝜏

)2
(9)

Δ𝐶𝑃 = 𝐶𝑃

√

(

Δ𝑃𝑡
𝑃𝑡

)2
(10)

Δ𝐶𝜏 = 𝐶𝜏

√

(Δ𝜏
𝜏

)2
(11)

These errors are typical and were fully analysed in Phillips (2024).

4.  Experimental results

Table 3 shows the details of the experiments documented in this 
paper. For each case number, the first numerical value indicates the 
configuration (1 for the first configuration and 2 for the second configu-
ration), and the second numerical value specifies the number of flights. 

Table 3 
Details of experimental cases.

 Case 𝑈∞ (m/s) 𝛽  Configuration 𝑁

 E1-3  0.45  30◦  First  3
 E1-2  0.45  30◦  First  2
 E1-1  0.45  30◦  First  1
 E1-v3  various  various  First  3
 E1-v2  various  various  First  2
 E1-v1  various  various  First  1
 E2-3  0.45  30◦  Second  3
 E2-2  0.45  30◦  Second  2
 E2-1  0.45  30◦  Second  1
 E2-v3  various  various  Second  3
 E2-v2  various  various  Second  2
 E2-v1  various  various  Second  1

As shown in Table 3, the variations in 𝐶𝑃  and 𝜆 have been obtained 
by varying the values of 𝑈∞ while keeping 𝛽 constant for Cases E1-v3, 
E1-v2, E1-v1, E2-v3, E2-v2, and E2-v1. Variations in 𝑈∞ were small, so 
significant Reynolds number effects were unlikely.

4.1.  Torque and power results for the first configuration

Fig. 7 shows the plot of 𝐶𝑃  against 𝜆 for a 3-flight turbine at different 
values of 𝛽 in the first configuration (Case E1-v3). A maximum 𝐶𝑃  value 
of 0.40 was obtained at 𝜆 = 0.53. This value is relatively high and is 
close to the Betz-Joukowsky limit.

Shahsavarifard et al. (2015) and Zhang et al. (2023, 2022) also 
recorded high maximum 𝐶𝑃  values (0.5 and 0.35 respectively). It is, 
however, important to note that (Shahsavarifard et al., 2015) described 
a field test in which blockage effects were negligible. It is also neces-
sary to note the important geometric difference between (Zhang et al., 
2023)’s model and that used in this current work, and that is the non-
zero blade curvature in their model.

Ocean Engineering 339 (2025) 122062 

5 



Phillips and Wood

Fig. 7. 𝐶𝑃  against 𝜆 for Case E1-v3.

Fig. 8. 𝐶𝑃  against 𝜆 for Case E1-v2.

Fig. 9. 𝐶𝑃  against 𝜆 for Case E1-v1.

Fig. 10. 𝐶𝜏 against 𝜆 for E1-v3.

Fig. 11. 𝐶𝜏 against 𝜆 for Case E1-v2.

Fig. 12. 𝐶𝜏 against 𝜆 for Case E1-v1.

There are two possible explanations for the high 𝐶𝑃  values obtained 
in the current work. The first is the effects of blockage as the block-
age ratio 𝜖 = 𝐴𝑡∕𝐴 = 0.187. Values above 0.1 have been shown to affect 
turbine performance appreciably (Eltayesh et al., 2019; Jeong et al., 
2018; Kinsey and Dumas, 2017; Kolekar and Banerjee, 2015; Ross and 
Polagye, 2020) principally by increasing 𝐶𝑃  and 𝐶𝜏 . The other possi-
ble explanation for the high 𝐶𝑃  values is the fact that the model of the 
vanishingly thin actuator disc at right angles to the flow, upon which 
the Betz-Joukowsky limit is based, might not be an accurate repre-
sentation of the AST. The turbine’s streamwise extent suggests using 
the alternative of a sequence of actuator discs in deriving performance
maxima.

Shahsavarifard et al. (2015) also reported maximum 𝐶𝑃  at 𝛽 = 30◦. 
However, the values of 𝜆 at which maximum 𝐶𝑃  and 𝐶𝜏 were obtained 
in these experiments are smaller by about 74% compared to Shahsavar-
ifard et al.’s values (Figs. 2 and 3). This could result from the differences 
in the sizes between their full-scale model and the small-scale models 
used in these experiments. It could also depend on the geometric differ-
ences between the two models (pitch, number of flights, and number of 
turns).

In the case of the 2-flight turbine (Case E1-v2), the highest value of 
𝐶𝑃  of 0.41 was also obtained at 30◦ and 𝜆 = 0.49 (Fig. 8). In the case of 
the 1-flight turbine (Case E1-v1), a maximum 𝐶𝑃  of 0.24 was obtained 
at 𝜆 = 0.30 at 𝛽 = 28◦ as shown in Fig. 9. It can also be observed 
that the tip speed ratio increases for maximum 𝐶𝑃  with an increase in 
the number of flights, as observed by Consul et al. (2009) for crossflow 
turbines.

Figs. 10–12 show the plots of 𝐶𝜏 against 𝜆 for Cases E1-v3, E1-v2, 
and E1-v1 respectively. These figures show that 𝐶𝜏 is maximised at
𝜆 = 0, so the AST will likely start quickly as the water speed increases. 
In Fig. 13, 𝐶𝑃  and 𝐶𝜏 have been plotted together for Case E1-v3. Error 
bars have been included in these plots.
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Fig. 13. 𝐶𝑃  and 𝐶𝜏 against 𝜆 for Case E1-3.

Fig. 14. Plot of filtered torque against angular position for Case E1-3. A low-
pass filter at 250 Hz has been applied.

The experimental results also showed a combination of a phase-
dependent and a random variation in the torque output (torque ripple) 
as shown in Fig. 14. A Matlab low-pass Fourier transform filter func-
tion was used to filter out the effects of random fluctuations and noise 
in the raw data. A low-pass frequency (𝑓𝑛) value of 250 Hz was used 
as it appeared to retain the vital signal information in the torque while 
removing the noise without distorting the signal significantly. It is also 
much greater than the turbine’s rotational frequency, which has a range 
between 0.17 Hz and 0.83 Hz.

The torque ripple is defined as the cyclic fluctuation in the torque. 
It can be quantified as a percentage or as the arithmetic range of the 
torque as defined in Eqs. (12) and (13), respectively:

TRP =
𝜏max − 𝜏min

𝜏mean
× 100 (12)

TRF = 𝜏max − 𝜏min (13)

where TRP is the torque ripple percentage, TRF is the torque ripple func-
tion, and 𝜏max and 𝜏min are the maximum and minimum torque values, 
respectively, and 𝜏mean is the mean torque. Eqs. (12) and (13) are ap-
plied to the filtered data. For Case E1-3 shown in Fig. 14, the values of 
TRP and TRF are 65.51% and 0.063 Nm, respectively, for a 60-second 
duration. Table 4 shows the values of TRP and TRF for the main cases 
detailed in this paper.

The ripples were observed to be a once-per-revolution occurrence 
and not once-per-flight; that is, irrespective of the number of flights 
(one, two or three), they were periodic with the turbine’s revolution. 
Characterising and analysing the torque ripple and understanding its 
effects is important because it could potentially have consequences on 
power output and turbine performance and efficiency, as well as on the 
fatigue life of the drive train and generator. The nature, causes, and ef-
fects of this torque fluctuation/rippling are still poorly understood at this 
time and require further investigation. The only clue to its cause comes 
from Table 4, which shows the ripple differs significantly between the 

Fig. 15. Torque ripple for Cases E1-1, E1-2, and E1-3. All the torque measure-
ments have been filtered at 250 Hz.

Table 4 
TRP and TRF values for experimental 
cases. Values have been calculated over 
a duration of 60 seconds.

 Case  TRP (%)  TRF (Nm)
 E1-3  65.51  0.063
 E1-2  170.07  0.164
 E1-1  157.73  0.157
 E2-3  21.71  0.017
 E2-2  20.23  0.015
 E2-1  76.56  0.045

two configurations, suggesting that the different free-surface conditions 
are, at least, partly responsible.

Rippling has been reported in the literature on other types of tur-
bines. Dellinger et al. (2016) attributed the torque ripple in ASGs to the 
fact that the first and last blades of the turbine are not subjected to the 
same fluid pressures, depending on the circumferential position of the 
screw and the filling of the buckets. They also recorded that the rip-
pling reduced with an increase in the number of flights and the screw’s 
length. They hence concluded that rippling depends on the filling of the 
buckets. For Darieus turbines, varying the pitch to accommodate higher 
solidity allowed power output to be maximised while reducing torque 
ripple (Winchester and Quayle, 2008).

Delafin et al. (2016) observed a reduction in torque ripple with an 
increase in the number of identical blades from two to three in vertical-
axis wind turbines. This could be translated to an increase in 𝑁 for 
the AST. Increasing 𝑁 would effectively increase the solidity of the 
AST, which might result in a reduction in rippling. Increasing 𝑁 is also 
likely to even out the hydrodynamic forces on the turbine, hence reduc-
ing torque ripple. As shown in Fig. 15 and Table 4, the ripple is more 
prominent in turbines with one and two flight(s) than those with three
flights.
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Fig. 16. 𝐶𝑃  against 𝜆 for Case E2-v3.

Fig. 17. 𝐶𝑃  against 𝜆 for Case E2-v2.

Fig. 18. 𝐶𝑃  against 𝜆 for Case E2-v1.

Fig. 19. 𝐶𝜏 against 𝜆 for Case E2-v3.

4.2.  Torque and power results for the second configuration

Optimal performance was also achieved at 30◦ in the second config-
uration, with a maximum 𝐶𝑃  of 0.34 at 𝜆 = 0.54 for three flights (Case 
E2-3). For the turbine with two flights (Case E2-2), maximum 𝐶𝑃  of 0.17 
was obtained at 𝜆 = 0.54 and 30◦. The single-flight turbine (Case E2-1) 

Fig. 20. 𝐶𝜏 against 𝜆 for Case E2-v2.

Fig. 21. 𝐶𝜏 against 𝜆 for Case E2-v1.

Fig. 22. 𝐶𝑃  and 𝐶𝜏 against 𝜆 for Case E2-3.

achieved a maximum 𝐶𝑃  of 0.21 at 𝜆 = 0.42 and 30◦. Figs. 16–18 show 
the plots of 𝐶𝑃  against 𝜆 for Cases E2-3, E2-2, and E2-1 respectively.

Figs. 19–21 show the corresponding plots of 𝐶𝜏 against 𝜆. Fig. 22 
shows the plots of both 𝐶𝑃  and 𝐶𝜏 against 𝜆 with error bars included for 
Case E2-3. The figure shows that maximum 𝐶𝜏 is achieved at minimum 
𝐶𝑃 .

Table 5 summarises the experimental results for both configura-
tions. Comparing the results for turbines with the same number of 
flights and at comparable tip speed ratios, it can be seen that the tur-
bine performed generally better in the first configuration. The results 
also show that the turbine with three flights performed better than 
those with one and two flights. This significant difference in perfor-
mance between the two configurations could be due to free surface 
effects, and it would be expected that for a turbine submerged far 
enough from the surface, the configuration would not matter to its
performance.
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Table 5 
Summary of experimental results for both 
configurations.

 Case 𝜆 𝐶𝑃 𝐶𝜏

 E1-3  0.53  0.40  0.76
 0.48  0.39  0.82
 0.43  0.38  0.88
 0.35  0.33  0.94

 E1-2  0.52  0.41  0.79
 0.49  0.40  0.82
 0.42  0.37  0.88
 0.36  0.34  0.95

 E1-1  0.30  0.23  0.76
 0.25  0.20  0.82
 0.15  0.13  0.88

 E2-3  0.54  0.34  0.62
 0.48  0.32  0.66
 0.38  0.28  0.74
 0.31  0.25  0.78

 E2-2  0.54  0.17  0.32
 0.51  0.18  0.34
 0.42  0.16  0.39
 0.35  0.15  0.42

 E2-1  0.42  0.21  0.49
 0.38  0.20  0.53
 0.26  0.15  0.57

5.  Summary and conclusion

This work discussed the experimental measurements of the AST’s 
performance characteristics. The effects of different operating condi-
tions were studied, including the effects of inclination angle 𝛽 to deter-
mine optimal angle, the effects of the number of blades on performance, 
as well as quantifying the torque ripple in terms of TRP and TRF. Inves-
tigations of this kind have not been reported anywhere in the literature.

The results, as summarised in Table 5, showed that the turbine per-
formed optimally for both configurations at 𝛽 = 30◦. A maximum 𝐶𝑃
value of 0.4 was obtained for a 3-flight turbine in the first configuration 
at 𝛽 = 30◦, 𝜆 = 0.53, and 𝑈∞ = 0.45m/s. In the second configuration, 
maximum 𝐶𝑃  was 0.34 at 𝜆 = 0.54 and 𝑈∞ = 0.45m/s. These exper-
iments confirm the findings of Shahsavarifard et al. (2015) and Zhang 
et al. (2023) that the AST can achieve surprisingly high power outputs 
at low tip speed ratios and is thus a very appropriate candidate for tidal 
power generation.

There is a significant difference between the performance of the tur-
bine in the two configurations. This suggests the importance of doing 
more detailed analyses of the flow field around the turbine to better 
understand how the two configurations differ. A CFD study could also 
shed light on the effects of the free surface on the difference in the per-
formance of the two configurations. It can also show if the configuration 
remains unimportant in cases where surface effects are negligible.

The results also showed that the turbine with three flights generally 
performed better than those with one and two flight(s) in both con-
figurations. Hence, it can be concluded that the turbine’s performance 
improves with an increase in the number of flights. However, this work 
did not study the limit at which increasing number of flights leads to 
physical blockage in the turbine.

The torque measurements showed a combination of a phase-
dependent and a random cyclic variation in the torque output, which 
reduced in magnitude with an increase in number of flights. The peri-
odicity of the torque was found to occur once-per-revolution and not 
once-per-flight, irrespective of the number of flights. Additionally, the 
magnitude of this rippling decreased as the number of flights increased. 
The nature, causes, and effects of this torque fluctuation/rippling are 
still poorly understood at this time and require further investigation.

The large magnitude of the torque ripple implies a strongly periodic 
flow, which could make a steady CFD study unsuitable. In addition, the 
periodicity motivated a PIV study to investigate the periodicity of the 
flow around the turbine and to determine the applicability of a URANS 
numerical model in the CFD study. This work will be reported later.

The cause and effects of the rippling are still not understood, and it 
could have significant consequences for the turbine’s efficiency and the 
lifespan of other components like the drive train and the generator. This 
makes future study of the torque ripple very important. The effects of 
blockage on the turbine’s performance are also important and should be 
investigated.

6.  Recommendations and future work

The opportunities for future work on the AST are numerous and, 
quite frankly, exciting. There is still so much unknown about the turbine, 
and any analysis which will lead to a better understanding of the flow 
mechanisms influencing the power extraction from the turbine would 
be very pertinent.

It is essential to study the influence of different geometric properties 
and design ratios (as discussed in Section 3) on turbine performance. 
Like with the ASG, these parameters and ratios could be vital for the tur-
bine’s operations and efficiencies. This can be done quickly and cheaply 
using CFD. CFD also allows different flow conditions, like the free stream 
velocity and blockage, to be varied. CFD can also be used to investigate 
the influence of surface effects on the performance of the two different 
configurations. It can show if the configuration remains unimportant in 
cases where surface effects are negligible.

The causes and effects of the rippling are still not understood, and it 
could have significant consequences for the turbine’s efficiency and the 
lifespan of other components like the drive train and the generator.
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