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a b s t r a c t

Three-dimensional effects in studying a vertical axis tidal current turbine are modeled using a newly
developed vortex method. The effects on predicting power output and wake trajectory are analyzed in
particular. The numerical results suggest that three-dimensional effects are not significant when the
height of the turbine is more than seven times the turbine radius. Further discussions are presented
focusing on the relationship between the turbine height and the angle of attack and the induced velocity
on a blade of the turbine without arms. Besides the three-dimensional effects, arms effects are quantified
with an analytical derivation of the polynomial formula of the relationship between arm effects and the
tip speed ratio of the turbine. Such a formula provides a correction for existing numerical models to
predict the power output of a turbine. Moreover, a series towing tank tests are conducted to study the
three-dimensional effects as well as the arm effects. Good agreements are achieved between the results
obtained with numerical calculations with the arm effects correction and the towing tank tests. Finally,
three-dimensional effects are examined experimentally together with the arm effects by using an
end-plate test, which suggests that the combinational effect is rather minimal. For turbine designers at
the early design stage, we recommend that a two-dimensional model is acceptable considering the high
cost of the three-dimensional model.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

This paper reports a recent investigation on exploring the three-
dimensional effects and arm effects in modeling a vertical axis tidal
current turbine. A tidal current turbine is in principle similar to
a wind turbine. Considerable power can be generated from tidal
currents and in-stream flows by such turbines. These flows are
regarded as one of themost promising alternative energy resources,
given the fact that traditional energy resources are being depleted
and have significant negative environmental impacts [1]. Naturally,
tidal current turbines have receivedwide attention from scholars in
different disciplines, e.g., oceanography [2], industrial engineering
[3], environmental sciences [4], and ocean engineering [5e7]. A
vertical axis turbine means that the turbine’s blades rotate in the
vertical plane (Fig. 1). From now on, when tidal current turbine is
mentioned, it is referred to vertical axis tidal current turbine.
rsity of British Columbia Ye Li
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1.1. Numerical methods

In theocean engineering community, the standard approaches to
evaluate a turbine are experimental tests and numerical simulation.
Because of the high cost of experimental tests, large efforts have
been put on developing numerical simulation methods, especially
since the 1980s when high-speed computational technologies
became widely available. These numerical models have evolved
from one-dimensional [8], two-dimensional [9], and then to three-
dimensional models [10e12]. Of course, a three-dimensional model
can provide a better accuracy than a two-dimensional model.
However, computational tasks for the three-dimensionalmodel lead
to a considerable high cost. The computational cost of three-
dimensional models is at least 30 times higher than that of
two-dimensionalmodels to simulate a turbine. Atearlydesign stage,
the standard procedure is that designers optimize the configuration
(e.g., blade profile and turbine’s diameter) after roughly evaluating
the turbine’s performance (e.g., power output and torque fluctua-
tion)with a certain configuration [7]. Consequently,many designers
prefer to use a two-dimensional model for power estimation.
Technically, such a preference must be justified by evidences
showing that the results predicted by two-dimensional models are
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Fig. 2. An illustration of a two-dimensional time-dependent (unsteady) vortex wake
structure.

Fig. 1. The sketch of a vertical axis tidal current turbine (H: turbine height; R: turbine
radius; c: blade chord length).
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comparable to the results obtainedwith three-dimensional models.
In other words, there must be evidences showing that the three-
dimensional effects are not significant.
1.2. Objective

The main purpose of this paper is to investigate the three-
dimensional effects by comparing the two-dimensional results and
three-dimensional results. In Section 2, after presenting the
difference between two-dimensional and three-dimensional
models, we analyze the relationships between the turbine height
and the power output and between turbine height and wake
trajectory, and compare the wake trajectory and power output of
a tidal current turbine obtained with two-dimensional and three-
dimensional models. Moreover, we analyze the angle of attack and
induced velocity along the blade span, which provides more
theoretical insight into the three-dimensional effects. In Section 3,
we present a series of experimental tests for quantifying the arm
effects, and develop an arm effects correction formula. Additionally,
we present a series of end-plate tests for studying the three-
dimensional effect with arms. Finally, conclusions and future work
are presented in Section 4. The findings in this study suggest that
three-dimensional effects are negligible when the turbine height is
over seven times the turbine radius and the accuracy of the results
obtained with the arm effects correction formula is quite
acceptable.
2 Some turbines’ blade is curved, e.g., helical blade or Darrieus type.
2. Numerical analysis of three-dimensional effects

In this study, we consider the turbine in an ideal flow, i.e., open
water, no bottom no turbulence and no free surface. Many
numerical methods are used to develop both two-dimensional and
three-dimensional models, e.g., boundary element method [13],
finite element method [10], vortex method [11] and Reynolds
Averaged NaviereStokes(RANS) [10]. It is understood that RANS
can provide an accurate result but it is too costly. Among rest
methods, vortex method and boundary element method are the
most cost-effective. The vortex method is more suitable for
simulating a turbine’s behavior with the rotation of the turbine
and the unsteady wake and the boundary element method can
provide a more detailed description of force and pressure on the
blade surface. In this study, our focus is to study the main char-
acteristics of the turbine (i.e., power output and wake velocity)
while we do not study the cavitation of the blade or other features
related to the blade surface; thus, we use a newly developed
vortex method, DVM-UBC, to develop both two-dimensional and
three-dimensional models and study the three-dimensional
effects.

DVM-UBC is a discrete vortex method for simulating under-
water structures with unsteady flow-through proposed by Li and
Calisal [11]. DVM-UBC is a fully three-dimensional method. Each
blade is represented by a set of vortices filaments with an accurate
description of the blade curvature.2 Similarly, one set of free
vortices filaments together with uniform flow is used to represent
the unsteady flow. The wake free vortices are shed from the blade
tip in each time step, as DVM-UBC is a time-dependent method. In
each time step, DVM-UBC utilizes the relationship between the
strength of free vortex and induced velocity to approximate flow
and to predict lift, and uses this relationship together with viscous
effect to predict drag. Compared with previous discrete vortex
methods, e.g., [14], DVM-UBC introduces viscous effects into its
formulation by simulating the wake vortices from their appearance
to their disappearance. The physics of water is well represented.
The computational stability problems is well discussed as well.
Furthermore, good agreement have been obtained between the
experimental results and the numerical results obtained
with DVM-UBC [12]. In this section, we briefly recapitulate the
formulation of DVM-UBC, before we discuss the specific difference
between two-dimensional modeling and three-dimensional
modeling; readers who are interested in the details of modeling
and validation of the DVM-UBC are referred to Li and Calisal [11,12].
Basically, the primary difference of a two-dimensional model and
three-dimensional model is the representation of the wake and the
blade, and it is reviewed here. The blade in the two-dimensional
modal is described as two-dimensional foil. The strength of the
two-dimensional wake vortices, as depicted in Fig. 2, can be
written as (1).

GW;i ¼ GB;i � GB;i�1 (1)



Fig. 3. An illustration of a three-dimensional time-dependent (unsteady) vortex wake
structure (redrawn from Li and Calisal [12]).
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where GW;i and GB;i denote the strengths of wake vortex and blade
bound vortex at time step i, respectively.

In a three-dimensional model, each blade is described as
a number of blade elements. The vortex system of each element is
assumed to be of a horseshoe shape initially, and it is divided into
two types of wake vortices which are the spanwise vortex and
trailing edge vortex (Fig. 3). The strength of the spanwise vortex
filament, GS, and strength of the trailing edge vortex shedding
filament, GT , can be expressed as follows,

GS;i�1;j ¼ GB;i�1;j � GB;i;j (2)

GT ;i�1;j ¼ GB;i;j � GB;i;j�1 (3)
where i is the index of the time step and j is the index of the blade
element.

Theoretically, these wake vortices affect the performance of
a turbine by inducing induced velocities on the blade. According to
BioteSavart law [15], given a vortex filament of an arbitrary shape
with a strength G and a length l (e.g., a turbine blade), the induced
velocity at point p (but not on the filament) can be calculated in its
three-dimensional format by using (4) and in its two-dimensional
format by using (5),
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where r! denotes the position vector from a point on the filament
to point p. Then, the totally induced velocity on the blade induced
by the wake vortices can be obtained by using either (6) for the
three-dimensional model or (7) for the two-dimensional model.
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Fig. 4. Comparison of power coefficients of an example turbine obtained with different
methods.
Additionally, in order to simplify the analysis, we nondimension-
alize all the parameters. Besides using the power coefficient to
represent the power output of a turbine, we select UN (incoming
flow velocity), R (turbine radius) and rw (water density) as inde-
pendent variables to nondimensionalize other parameters. For
example, we have dimensionless velocity and length by using (8)
and (9), respectively.

cU
�
velocity

�
; we have bU ¼ U

UN
(8)

cl
�
length

�
; we have bl ¼ l

R
(9)
2.1. Power output and wake trajectory

A standard procedure to validate a numerical method is to
conduct kinematic analysis and dynamic analysis. When designers
are evaluating a tidal current turbine, they usually evaluate the
turbine’s performance (e.g., power output) and environmental
impacts (e.g., wake fluctuation [7]). Power output is a dynamic
result and an indicator of the performance of a turbine, and wake
trajectory is a kinematic result and an indicator of the environ-
mental impact of the turbine. Hence, we analyze the power output
and the wake trajectory of tidal current turbines in both two-
dimension and three-dimension so as to study the three-dimen-
sional modeling’s impacts on the prediction of the performance
and environmental impacts.

2.1.1. Power output
Firstly, we compare the power coefficients obtained by using the

numerical models (both two-dimensional and three-dimensional)
with the experimental results reported by Templin [16]. The basic
specifications of the turbine are that the turbine is a one-blade
turbine, the blade type is NACA0015 (curved blade, the detailed
curvature can be found in Templin [16]), the solidity (Nc/R, where N
and c denote the number of the blades and the length of blade
chord, respectively) is 0.08333, the height to radius ratio is 2, and
the Reynolds number(with respect to the blade chord length) is
360,000. The comparison in Fig. 4 shows the power coefficient with
respect to with respect to tip speed ratio (TSR¼ Ru=UN, where u



Fig. 6. Two-dimensional wake comparison of a three-blade turbine (dash-circle:
numerical result; white bubble: Strickland [17]).
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denotes turbine angular velocity). It suggests that both numerical
results are comparable to the experimental results. It also shows
that the maximum power coefficient of an ideal turbine, i.e., the
maximum power coefficient obtained with the two-dimensional
model is 0.447. Such a power coefficient is a few percent higher
than that of the experimental result while that obtained with the
three-dimensional model is a few percent lower than that of the
experimental result. The difference between the three-dimensional
results and the experimental results may be caused by the
approximation of the blade curvature in the numerical model.

We quantify the three-dimensional effects on power coefficient
by simulating turbines with different heights while keeping the
other specifications the same as those stated above (Fig. 5). It is
noted that when the height is more than six times the turbine
radius, the maximum power coefficient increases much more
slowly with respect to the turbine height. The maximum power
coefficient of a three-dimensional turbine, the height of which is
more than six times turbine radius, is more than 0.43, which is
more than 95% of that of a two-dimensional turbine. Thus, one can
say that the three-dimensional effect on power coefficients is not
significant when the turbine height to radius ration is more than
six.

2.1.2. Wake trajectory
We compare thewake trajectories of a turbine obtainedwith the

numerical models (both two-dimensional and three-dimensional)
with the experimental results reported by Strickland [17]. The
specifications of the turbine include that the blade is NACA0012
(straight blade), TSR is equal to 5, the height to radius ratio is 2, the
solidity is 0.45, and the Reynolds number is 80,000. Because of the
similarity between the wake trajectory obtained with the two-
dimensional model and the wake’s projection on the horizontal
plane obtained with the three-dimensional model, we only show
the projection of the three-dimensional wake trajectory on the
horizontal plane (Fig. 6). We calculate the deviation of results
obtained with numerical methods from the experimental results
with respect to the turbine radius. In order to systematically study
the deviation, we compare the values of the first five cross-x-axis
points(i.e., the x values of the points, the y values which are zero),
which are x1, x2, x3, x4 and x5, and the values of the four extreme y
points in the first two revolutions(i.e., the maximum and minimum
y value of each revolution), which are y1, y2, y3 and y4, e.g. we
calculate ðx1ðnumericalÞ � x1ðexperimentalÞÞ=R. The deviations are
presented in Table 1. In general, the results generated with both the
three-dimensional model and the two-dimensional model are
comparable with the experimental results. The difference between
Fig. 5. The relationship between turbine height and maximum power coefficient.
the experimental results and the results generated with the three-
dimensional model is within 5%, and the difference between the
experimental results and the results generated with the two-
dimensional model is within 8%.

We then investigate the three-dimensional effects by
analyzing the deviation of the results obtained with the three-
dimensional model from the two-dimensional model with respect
to the radius at different turbine heights. Here, we calculate
jxiðthree � dimensionalÞ � xiðtwo� dimensionalÞj=R. The results
suggest that the deviations tend to be constant when the turbine’s
height is over seven times turbine radius (Fig. 7). Thus, one can
say that the three-dimensional effects on the wake trajectory of
the turbine are not significant when the turbine height is over
seven times turbine radius.

We have analyzed the three-dimensional effects on the
horizontal plane. Here, we analyze the maximum relative elevation
(i.e., maxjdzj=R) of the wake trajectory from the location where the
wake vortices are shed in the vertical plane. For illustration
purposes, we show the first two cycles of the wake trajectory from
a blade’s mid-span (Fig. 8), and the specifications of the turbine are
the same as that in the horizontal wake analysis. We find that the
relative elevation of the first cycle is 1.4% and that of the second
cycle is 3.6%. Similarly, we investigate turbines with different
heights. Fig. 9 shows the relationship between the maximum
relative elevations from two locations (i.e., mid-span and blade tip)
and the turbine heights. The more the wake cycles are developed,
the higher the elevation is. However, a high elevation does not
increase the three-dimensional effects because the strength of the
wake vortices farther downstream (e.g., in the eighth cycle) is much
less than that of the wake vortices in the first couple of cycles. One
can notice that the three-dimensional effects on the elevation are
not significant when the turbine height is more than six times the
turbine radius. Furthermore, it is noted that the elevation of the
wake from the blade tip is much greater than that from mid-span.
This is primarily because the wake from the blade tip is affected by
both trailing edge wake vortices and spanwise wake vortices at
blade tips while the wake from the mid-span is affected by a quasi
Table 1
The relative deviation of the results with numerical models from the experimental
results.

Model x1 x2 x3 x4 x5 y1 y2 y3 y4

3-D �1.9% 1.1% �0.8% �4.2% �2.1% �0.7% �1.8% 3.3% �3.6%
2-D 2.6% �1.8% 1.1% 2.5% 3.4% 2.7% 2.4% 7.4% 6.1%



Fig. 7. The deviation of significant points: a) jxiðthree� dimensionalÞ � xiðtwo� dimensionalÞj=R, and b) jyiðthree� dimensionalÞ � yiðtwo� dimensionalÞj=R.
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symmetric trailing edge wake. Moreover, three-dimensional effects
on the blade tip will be analyzed in Section 2.2 in greater details by
studying the induced velocity and angle of attack(AOA).
2.2. Induced velocity and angle of attack

The power output and wake of a tidal current turbine are deter-
mined by the change of the circulation of the blade, which is
significantly affected by the unsteady wake via the induced velocity
on the blade and the angle of attack (AOA). Therefore, we conduct
amore fundamental analysis about the three-dimensional effects by
studying the induced velocity and AOA along the blade span.
Specifically, we study a straight blade turbine, the specification of
which includes that the blade is NACA0015, the solidity is 0.375, TSR
is 4.75, and the Reynolds number is 200,000. Fig 10 shows the
induced velocities and AOA at five locations of a blade (i.e., blade tip,
20%, 40%, 60% and 80% of the span) and of the corresponding
two-dimensional turbine. One may notice that the differences
between the induced velocities at the blade tip and those of the
two-dimensional results are much larger than the difference of
the induced velocities at other locations and those of the two-
dimensional results. Similar feature is observed for AOA. These
results suggest that the three-dimensional effects are primarily at
the blade tip. We also find that the taller the turbine is, the less the
deviation of the three-dimensional results from the two-dimensional
results are.That is to say, foravery tall turbine (e.g.,when theheightof
the turbine is more than seven times the radius of the turbine), the
three-dimensional effects can be neglected. On the contrary, for
a practical turbine, e.g., the height of which is one to two times the
turbine radius, the three-dimensional effects will significantly affect
its power output. One may modify the blade tip to obtain better
Fig. 8. Wake trajectory of the first two cycles of a three-blade turbine (TSR¼ 4.75, H/
R¼ 2).
performance. For example, one can install an end-plate, which is
analyzed in detail in Section 3.4.

Additionally, because of the turbine rotation, the unsteady wake
is asymmetric with respect to the plane where the azimuth angle is
zero (Fig. 6). Consequently, the AOA and the induced velocity are
asymmetric too. Furthermore, for turbines with different height to
radius ratios, one can observe a shift of the AOA and induced
velocities with respect to the azimuth angle. Such a feature
suggests that the three-dimensional effect will affect the asym-
metry of the characteristics (e.g., wake, force and torque) along the
span, although this feature is not noticeable when the turbine is
very tall.

Above discussions all focus on the height to radius ratio, one
may also concern about the aspect ratio. For the straight blade
application studied in this paper, the aspect ratio can be written as
c=H. In this case, we can derive the impact of aspect ratio from the
impact of height to radius ratio and solidity. It is understood that
the aspect ratio is proportional to the product of solidity and radius
to height ratio, i.e. c=HfNc=R� R=H. Thus, when solidity, a two
dimensional coefficient, is fixed, the impact of the aspect ratio on
the three-dimensional effect is the opposite of the impact of the
height to radius ratio. For those blades with curvature and with
twist, we shall conduct a further investigation.

3. Arm effects

The arms are not simulated in the numerical methods as
reviewed in Section 1. However, a real vertical axis tidal turbine
always has arms that connect the blade with the shaft to support
the structure. Arms inevitably affects the power output of a turbine
by adding additional drag on the turbine and inducing hydrody-
namic interactions among arms, shaft and blades. By using
a perturbation theory, e.g., Van Dyke [18], we can calculate the
power coefficient of a turbine as follows,

CP ¼ CP;B þ CP;AS þ CP;INT (10)

where CP;B, CP;AS and CP;INT denote the power coefficients contrib-
uted by the blades, the arms and shaft, and the interactions among
blade, arms and shaft, respectively. Theoretically, the interactions
term is a higher order term and is much less than those first order
terms. Thus, we only keep the first order terms and rewrite (10) as
follows,

CPzCP;B þ CP;AS (11)

3.1. Experimental setup

We conducted a series of experimental tests to the performance
of several turbines. These tests were conducted in the towing tank



Fig. 9. Deviation of the wake elevation with respect to the turbine height from two locations (a: from mid-span, and b: from blade tip).

Fig. 10. Induced velocities and angle of attacks of turbines with different heights (a: H/R¼ 6; b: H/R¼ 4; c: H/R¼ 1).
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Fig. 11. Experimental setup of the test in the towing tank at the University of British Columbia.
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at the University of British Columbia, which is 67 m long, 3.7 m
wide and 2.4 m deep and was built in late 1970s. A ship testing
carriage was constructed when the tank was built. In order to
support the turbine’s operation, we designed an additional carriage
attached to the original one, as shown in Fig. 11. During the test, the
carriage speeds were up to 2 m/s and the turbine’s TSR varied from
1.25 to 3.5. The turbine blades are mounted to the central shaft of
the turbine via two arms connected at different locations
depending on the design. Readers who are interested in experi-
mental setup are suggested to read Li and Calisal [12].

In this section, we mainly discuss the power coefficient of
turbines with different arms. Among all arms, we present two in
this paper (Fig. 12): Arm type A (heavy arms) and arm type B (light
arms). The diameter of the shaft is 3 cm. It is important to know
Fig. 12. Configuration of
that the clamping mechanism is used for arm type A. This clamping
mechanism is designed for adjusting AOA, which significantly
increases the drag. Upon removing the blades to examine the
power absorbed by the arms, a large portion of the clamping
mechanism is also removed, which greatly reduces the parasitic
drag compared with that when the blade is mounted. To quantify
the effects of arms, we investigated the arm effects by testing the
turbine without blades.

3.2. Arm corrections

In order to approximate the power coefficient of the turbine
following (11),wepresent the relationshipbetweenTSRandCP;AS for
different types arms (Fig. 13). The results show that the power
arms Type A and B.



Fig. 13. Power coefficient caused by the arm effects.
Fig. 14. Power coefficients of a turbine with arm type B.

Fig. 15. Turbine with end-plates using the profile of a) NACA0012 and b) circular.
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coefficient contributed by the arm effects of arm type A is the lowest
at the same incomingvelocity,mainly because thedrag coefficient of
this arm is more than that of the other two. Furthermore, it shows
that the CP;AS of the arm operating at a faster incoming velocity is
higher than that of the same arm operating at a slower incoming
velocity, due to the change of the Reynolds number.

Considering that the arms are perpendicular to the blade, we
assume that the AOA of the arm is 0�, which is theoretically true
when the arm is located at the center of the blade. Therefore, we
can assume that the power coefficient contributed by the arms, i.e.,
CP;AS, is caused by the drag only. Additionally, the thickness and
chord length do not change alone the span. Thus, CP;AS can be
written as,

CP;ASz

1
T

Z T

0

Z R

0
CD

�
ruþ UNsinut þ ~Uinduce

�2
rudr dt

1=2rRU3
N

(12)

T ¼ 2p
u

(13)

where CD, ~Uinduce, u and r denote drag coefficient, the induced
velocity’s projection parallel to the chord line of the arm, angular
velocity and water density,, respectively. By solving (12) together
with (13), we can have CP;AS as a function of TSR, given as follows

CP;AS ¼ k1TSR
3 þ k2TSR

2 þ k3TSR þ k4 (14)

The parameters ki (i¼ 1, 2, 3 and 4) are determined by the profile of
the arm’s cross section, the material of the arm, and the Reynolds
number, etc. For example, ki of arm Type A in 1.5 m/s are (�0.0038,
�0.0013, �0.0061, and 0.0022) when the Reynolds number is
160,000.

3.3. Power prediction with arm effect correction

Here, we analyze the power coefficient of a turbine with arm
Type B. The specifications of the turbine include that the turbine is
a 0.91 m-diameter, three-blade vertical axis turbine, the foil section
used for the blades is a NACA 63(4)-021 section, the solidity is 0.435,
the turbine height is 0.5 m, arm type is B, and the incoming flow
velocity is 1.5 m/s. We compare the power coefficients obtained
using the numerical models with the arm effects correction, (14),
with the experimental results (Fig. 14). The results show that the
accuracy of the numerical results is quite high. However, because
we do not simulate the towing tank’s wall, bottom and free surface,
which potentially create blockage effects and increase the turbine’s
power output, the power coefficient obtained with the three-
dimensional model is slightly lower than the experimental results.
Additionally, it is noted that there is a crossover when TSR is around
2.3. This is mainly because the Reynolds number is the same over
the whole computational domain so that the hydrodynamic char-
acteristic does not exactly match the experimental test, although
this is acceptable [11].

3.4. End-plate study

With the towing tank setup, we also studied the three-
dimensional effects with arms experimentally. We used a typical
experimental design to quantify the three-dimensional effects by
adding end-plates to the turbine blade so that the test results
with end-plates can be considered as two-dimensional results.
The specifications of the turbine include that the turbine is
a 0.91 m-diameter, three-blade vertical axis turbine, the foil
section used for the blades is a NACA 63(4)-021 section, the
solidity is 0.435, the turbine height is 0.5 m, the arm type is A,
and the incoming flow velocity is 1.5 m/s. In particular, we used
two different end-plates, circular and NACA0012 end-plates
(Fig. 15), applied to the turbine discussed in Section 3.3. Fig. 16
shows the power coefficients of the turbines with and without
end-plates. Good agreement is achieved between the numerical



Fig. 16. Power coefficients of turbines with end-plates and arm type A.
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results and experimental results. Thus, one can conclude that the
arm effects do not increase the three-dimensional effect
significantly.

It is noted that the numerical results are higher than the result
obtained in the experimental test. This is mainly because high order
interactions are not simulated in the numerical model. Other
reasons for the noticeable difference between the numerical results
and the experimental results include: 1) the quarter spanmounting
of the foils reduces the length of the working span of the blade; 2)
bolt heads are removed, and thus in the assembled case, parasitic
drag is larger in tests with those heavier arms. Heavier arms require
different blade-arm connection for the purpose of stability, and this
connectionwill significantly increase thedrag. Besides, heavier arms
will increase the inertia of thewhole systemso that thedynamic stall
may exist; 3) connections are designed for a variable pitch blade,
which creates a large space between the blades and arms and
produces considerable drag that cannot be measured without the
blade been installed; and 4) arm Type A is much heavier than arm
Type B; 5) the scale of the end-plate is relatively small.

4. Summary

This paper systematically analyzed the three-dimensional
effects in studying vertical axis tidal current turbines. Both two-
dimensional and three-dimensional numerical predictions of
turbine power coefficient and wake trajectory were compared with
experimental results. Fundamental analysis of AOA and induced
velocity shows that the higher the height to radius ratio of the
turbine, the smaller the three-dimensional effect. We also studied
the relationship between the turbine height and these numerical
results. The results show that three-dimensional effects are
significant when the turbine height is less than two times its radius
and can be neglected when the turbine height is more than seven
times the turbine radius. However, a three-dimensional model is
required for some special purposes such as calculating the vertical
flow fluctuation, i.e., the flow fluctuation in the z direction. In
addition, arm effects were studied by conducting an experimental
test. A quasi-linear relationship is built between the power output
of the turbine and the arm effects as a correction for predicting the
power output of the turbine. With this new formulation, good
agreement was obtained between the numerical results and
experimental tests. Additionally, end-plate test results were
analyzed, which suggest that a combination of three-dimensional
effects and arm effects are rather trivial. For those turbine designers
in the initial design stage, because the computational time of the
three-dimensional model is more than thirty times that of the two-
dimensional model, one can say that the two-dimensional model is
more cost-effective than the three-dimensional model.

However, the numerical model used in this paper simulates an
ideal condition. Practical conditions such as boundary layer profile,
turbulence, and free surface and bottom effects are not discussed.
Future work is desired to analyze these effects in the three-
dimensional model. Besides, towing tank tests were conducted
close to the free surface and tank bottom. Although acceptable
agreement was achieved between the numerical prediction and the
experimental results, the missing representations of free surface
and tank bottom indicate that the agreement should be improved
further. The effects of hydrodynamic interactions between the arm,
shaft and blade shall be investigated theoretically so as to lessen the
power reduction caused by such effects.

Another worth noting point is the arm effect correction [10e12].
It is clear that the derivation is based on perturbation method and
by assuming that the AOA of the arm is is 0�. Practically, due to the
effects of the induced velocity, AOA shall periodically fluctuate if
the arm is not connected with the middle plane of the blade.
Furthermore, the higher order term of the interaction between arm,
shaft and blades will also affect the arm effects although it is not
significant in the case studies in this paper. In the future, we shall
study both the AOA fluctuation and the higher order interaction in
a more generic scenario.
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